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Surfactant self-assembly at solid–liquid interfaces governs interfacial stability, transport, and re-
activity across many technologies, yet resolving interfacial surfactant phases and their transition
kinetics in situ remains challenging. Here, we establish an atomistically grounded plasmonic frame-
work that quantitatively maps interfacial surfactant phases and phase transitions onto optical sig-
natures. Distinct morphologies differ in packing and hydration, modifying the effective permittivity
within the optical near field and producing surfactant phase-specific plasmonic extinction peak shifts.
Using cetyltrimethylammonium bromide on silica as a prototypical surfactant–surface system, we
combine atomistic simulations, electronic-structure calculations, and continuum electrodynamics to
translate molecular morphologies into predicted spectral shifts for literature-reported surface phases.
We experimentally confirm the predicted ordering and magnitude of steady-state peak shifts during
stepwise concentration changes, and extract transition kinetics from exponential relaxations of the
time-resolved peak shift. A key mechanistic signature is reversal of the spectral shift direction upon
transition from an impermeable bilayer to a water-accessible, channel-containing phase, consistent
with hydration-driven reduction of the local effective permittivity. Because the approach relies on
dielectric contrast in the plasmonic near field and works through a dielectric overlayer, it provides a
broadly applicable route for real-time identification of interfacial surfactant phases and their kinetics
in aqueous conditions.

INTRODUCTION

Surfactants govern the structure and dynamics of
solid–liquid and liquid–liquid interfaces across a wide
range of technological processes, including nanostructure
templating [1–7], pharmaceutical synthesis [8–11], per-
ovskite solar cell stabilization [12], and microrobotics
[13, 14]. Their functionality arises from spontaneous self-
assembly at interfaces, where amphiphilic molecules re-
organize to minimize interfacial free energy and thereby
form distinct surface morphologies [15]. These morpholo-
gies govern mechanical stability, transport, chemical re-
activity, and templating behavior, such that predictive
control of surfactant-mediated processes requires knowl-
edge of interfacial phase diagrams and the kinetics of
transitions between surfactant surface phases.

Currently, experimental access to this information re-
mains limited. Atomic force microscopy provides high
spatial resolution but may perturb soft interfaces and
offers restricted temporal resolution [16]. Ensemble-
averaging techniques such as ellipsometry or quartz crys-
tal microbalance measurements yield thickness or mass
but cannot unambiguously distinguish morphologies with
similar coverage [17, 18], while scattering and reflectom-
etry approaches require specialized instrumentation and
are not readily suited for continuous real-time measure-
ments under dynamic aqueous conditions [17]. Plasmonic
sensing can in principle be used to track adsorption-
driven changes in surfactant layers [19] but has not yet

been used to its potential. Consequently, resolving inter-
facial surfactant phases in situ and tracking their transi-
tions remains a central challenge.

Here, we demonstrate a strategy based on plasmonic
sensing that probes interfacial surfactant phases via their
dielectric fingerprints, which we show can be derived from
atomistic simulations. Differences in packing, porosity,
and hydration between morphologies determine the effec-
tive permittivity within the nanometer-scale region ad-
jacent to the surface. Phase transitions therefore induce
characteristic changes in the local dielectric environment
that can be detected as shifts in the extinction spectrum
of plasmonic nanostructures. This near-field readout en-
ables continuous, non-contact measurements under fully
aqueous conditions and provides direct access to both
equilibrium surface phases and their transformation ki-
netics.

We validate this concept using cetyltrimethylammo-
nium bromide (CTAB) adsorbed on silica as a prototyp-
ical surfactant–surface system. CTAB is one of the most
extensively studied cationic surfactants and plays a cen-
tral role in nanoparticle synthesis and colloidal stabiliza-
tion [22–24]. Although its bulk phase diagram is well es-
tablished [25, 26], interfacial phase behavior remains less
well understood due to the difficulty of probing buried
solid–liquid interfaces. Using atomic force microscopy,
Kadirov et al. reported a concentration-dependent tran-
sition from an impermeable bilayer to a permeable cylin-
drical surface phase on silica [20]. This structurally non-
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FIG. 1. Atomistic view of CTAB surface phases. (a–c) Schematic representations of CTAB surface phases on silica
according to Kadirov et al. [20], shown in order of increasing concentration: bilayer (I), hemispherically capped bilayer (II), and
cylindrical micelles (III). (d–f) Corresponding atomistic MD snapshots illustrating the molecular organization of each phase
at the solid–liquid interface. (g–i) Spatial distribution of water for the same structures. Water is shown as individual atoms
(left) and as a density isosurface (right), illustrating the pronounced differences in interfacial hydration and water accessibility
between phases. These variations in local water content give rise to distinct effective dielectric environments within the optical
near field. The blue isosurfaces were generated using OVITO [21]. The length scale is indicated by the scale bars in (f,g).

trivial transition entails a qualitative change in interfa-
cial hydration, from water exclusion to water-accessible
domains, and is therefore expected to produce distinct
dielectric signatures within the optical near field.

By combining multiscale modeling with experiment,
we quantitatively link interfacial morphology to plas-
monic response and identify the microscopic origin of the
observed spectral shifts. The agreement between pre-
dicted and measured signatures during controlled varia-
tion of surfactant concentration establishes a framework
in which interfacial phase transitions are mapped onto
measurable dielectric contrasts.

Because the method relies solely on changes in near-
field permittivity, it is independent of specific molecular
chemistry. Although demonstrated for CTAB on silica,
the approach can be expected to be broadly applicable
to diverse surfactant–surface systems and offers a route
toward real-time mapping of interfacial phase diagrams
and transition kinetics in soft and nanoscale materials.

RESULTS AND DISCUSSION

For CTAB adsorbed on silica—the prototypical
surfactant–solid interface under consideration—a surface
phase diagram has been proposed based on atomic force
microscopy measurements [20]. Upon increasing the
CTAB concentration from 0mM to above 1mM, qual-
itatively distinct surface morphologies are expected to

form. Between 0–0.5mM, an impermeable bilayer phase
(I; Fig. 1a) has been reported. In the range 0.5–0.7mM,
this bilayer transforms into a hemispherically capped bi-
layer phase (II; Fig. 1b), and for concentrations exceed-
ing 1mM, a permeable cylindrical phase containing water
channels is formed (III; Fig. 1c). These phases differ not
only in thickness and surfactant density, but also in the
spatial distribution of water within the interfacial layer.
Such structural differences are expected to modify the
effective permittivity in the near-surface region. Given
that the localized surface plasmon resonance (LSPR) re-
sponse is highly sensitive to changes in the local dielectric
environment, these phase transitions are anticipated to
produce measurable peak shifts in the extinction spec-
trum [27, 28].

To quantify this expectation, we employ a multiscale
modeling framework that connects electronic structure
calculations, atomistic simulations, and continuum elec-
trodynamics. At the atomic scale, the relevant CTAB
surface phases are modeled using molecular dynamics
(MD) simulations. The resulting equilibrium morpholo-
gies then provide geometric parameters and water dis-
tributions that are subsequently translated into con-
tinuum representations used in finite-difference time-
domain (FDTD) simulations. Combining these geome-
tries with permittivities obtained from electronic struc-
ture calculations enables computation of extinction spec-
tra, which constitute the experimentally accessible ob-
servable in plasmonic sensing measurements. Finally, we
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FIG. 2. Continuum representations of the CTAB surface phases used in the FDTD simulations. (a) Bilayer phase
(I), (b) hemispherically capped bilayer phase (II), and (c) cylindrical micelle phase (III). The interfacial region is represented
as layers parallel to the surface. Pure CTAB layers (f = 0) and bulk water (f = 1) are assigned their respective permittivities,
while mixed layers are described by an effective permittivity εeff obtained from the layer-resolved water volume fraction f
according to Eq. (1). In phase I, the layer adjacent to silica consists of pure CTAB; in phase II, an additional mixed layer
represents the caps; and in phase III, a mixed layer is present directly at the surface due to water-accessible channels.

confirm these predictions through targeted experiments,
and exploit this sensing approach to quantify the kinetics
of the transitions between different phases.

Atomistic Simulations

Atomistic MD simulations were performed to resolve
the morphology and hydration characteristics of the pro-
posed CTAB surface phases. Because the length and
time scales accessible in these simulations preclude di-
rect simulation of macroscopic adsorption equilibria, we
initialize systems with varying surface coverages to ob-
tain the relevant interfacial structures. Equilibration of
these systems yields stable morphologies corresponding
to phases I–III (Fig. 1d–f), which allow us to determine
the corresponding spatial distribution of CTAB and wa-
ter (Fig. 1g–i). The simulated layer heights and charac-
teristic dimensions are consistent with the experimentally
reported values within the substantial uncertainty of the
atomic force microscopy measurements.

The simulations reveal pronounced morphological dif-
ferences between the phases. In the bilayer (I) and
hemispherically capped bilayer (II) phases, the surfactant
layer largely excludes water from the region immediately
adjacent to the silica surface. In contrast, the cylindrical
phase (III) exhibits water-accessible channels that pene-
trate the surfactant layer. These differences in interfacial
hydration imply distinct effective dielectric environments
within the optical near field. The atomistic simulations
thereby provide the structural basis for predicting phase-
dependent variations in the plasmonic response.

Simulated Dielectric Response

To compute extinction spectra for the different interfa-
cial morphologies, we performed FDTD simulations us-
ing continuum representations of the surfactant surface
phases derived from the atomistic structures. The result-

ing geometries are parameterized by the surfactant-layer
height and the spatial distribution of water within the
interfacial region (Fig. 2), as obtained from the MD sim-
ulations.

The continuum models describe the interfacial region
as a stack of layers parallel to the surface, each assigned
an effective permittivity. In layers containing both CTAB
and water, we approximate the local dielectric response
using an effective-medium description,

εeff = fεH2O + (1− f)εCTAB, (1)

where f is the layer-resolved volume fraction of water
(i.e., the fraction of the layer volume occupied by wa-
ter, as determined from the atomistic structure). This
definition allows the continuum models to capture the
key physical distinction between impermeable and per-
meable phases in a minimal way: in the bilayer phase (I),
the layer adjacent to the silica surface is purely CTAB
(f = 0) with bulk water above (f = 1), whereas the
capped bilayer (II) contains an intermediate mixed layer
(0 < f < 1) representing the caps, and the cylindrical
micelle phase (III) contains a mixed layer already at the
surface due to water-accessible channels (Fig. 2).

The use of an effective-medium approximation is justi-
fied here by the separation of length scales relevant to the
optical response. The characteristic feature sizes within
the surfactant layer (e.g., channel/cap dimensions) are
much smaller than the optical wavelength and smaller
than the near-field probing depth of the plasmonic sen-
sor, such that the measured response is dominated by an
averaged dielectric environment over the interfacial re-
gion. To ensure that the conclusions do not depend on
the specific mixing rule, we compare alternative effective-
medium schemes (e.g., Maxwell–Garnett and Brugge-
man) in the SI, finding that the qualitative trends re-
ported below, including the change in peak-shift direction
for the impermeable-to-permeable transition, are robust
(Fig. S1).

The permittivity of water, εH2O, is taken from tabu-
lated, wavelength-dependent optical data. Determining
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FIG. 3. Simulated plasmonic response and FDTD sensitivity analysis. (a) Schematic extinction spectrum (top)
illustrating the sensing principle. The peak shift is defined as ∆λ = λpeak − λref, where λref is the extinction peak position
of a water-only reference surface (bottom). (b) Predicted LSPR peak shifts ∆λ obtained from the FDTD simulations of the
continuum geometries for the bilayer (I), hemispherically capped bilayer (II), and cylindrical micelle (III) phases. The colored
violin plots indicate the probability distributions obtained from MD simulations of (I) bilayer height h, (II) water volume
fraction f in the mixed cap layer, and (III) water volume fraction f in the cylindrical phase. The dashed lines indicate the
25% and 75% quantiles. The black dots mark the peak shifts for the respective most likely configurations, while the triangles
indicate the range of values tested in the FDTD simulations. (c) Parameter sweeps performed in the FDTD simulations to
assess the sensitivity of ∆λ to (I) bilayer height h, (II) water volume fraction f in the mixed cap layer, and (III) water volume
fraction f in the cylindrical phase. The circles and triangles refer to the respective data points in (b) and the dashed lines
correspond to the 25% and 75% quantiles of the probabiliy distributions in (b). Increasing the layer height increases ∆λ,
whereas increasing water fraction decreases ∆λ. The opposing trends for thickness and hydration explain the sign change in
peak shift between phases II and III.

εCTAB requires additional attention because the dielectric
response depends on the molecular packing density of the
surfactant phase. We therefore compute the frequency-
dependent dielectric function of bulk CTAB using den-
sity functional theory (DFT) for a range of representative
bulk densities. Over the density range relevant to the
simulated surface phases, the real part of εCTAB varies
only weakly with density, but the trend is systematic and
is included in the continuum modeling (Fig. S2). Previ-
ous experimental studies report εCTAB ≈ 2 for CTAB
without accounting for this density dependence [19, 29].
Using the phase-resolved densities extracted from the
atomistic structures (Fig. 1d–f), we adopt εCTAB ≈ 2.6
for phases I–II and εCTAB ≈ 2.4 for phase III in the
FDTD simulations, consistent with Fig. S2. We note
that both water and CTAB are wide-gap materials, and
accordingly the real part of their dielectric functions is
smooth across the spectral range of interest, without
sharp structure that would qualitatively alter the trends
discussed here.

The simulated extinction spectra are analyzed in terms
of the LSPR peak shift, ∆λ, relative to the spectrum
in the absence of CTAB (Fig. 3a). The resulting phase-
dependent peak shifts (black dots in Fig. 3b) are distinct,
even when accounting for the uncertainty in the geomet-
ric parameters extracted from the atomistic simulations

(violin plots in Fig. 3b). Specifically, adsorption of the
impermeable bilayer (I) produces a positive peak shift rel-
ative to the water-only reference, the peak shift increases
further for the capped bilayer (II), and the peak shift
decreases for the cylindrical micelle phase (III). This es-
tablishes that plasmonic sensing can, in principle, distin-
guish between the proposed CTAB surface phases based
on their dielectric signatures.

A key result is that the direction of the peak shift
changes between phases II and III. Although the CTAB
concentration increases from phase I to II and from phase
II to III (Fig. 1a–c), the simulated optical response differs
qualitatively in the latter case. This behavior indicates
that the II→III transition is not simply a thickening or
densification of the interfacial layer, but is instead domi-
nated by the emergence of water-accessible domains that
reduce the effective permittivity sampled by the plas-
monic near field. To disentangle the geometric and com-
positional contributions to ∆λ and to rationalize the sign
change in the response, we next perform a sensitivity
analysis in which we vary (i) the bilayer height h and (ii)
the water volume fraction f within the mixed interfacial
layer for phases II and III (Fig. 3c). This is a sensible ap-
proach since these variations solely affect the interfacial
hydration level without altering the respective geometries
of each phase.
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FIG. 4. Operating principle and experimental plasmonic response to interfacial CTAB-on-silica phases, with
extracted apparent rate constants. (a) Schematic view of the localized surface plasmon resonance (LSPR) sensor. (b)
Representative extinction spectra, illustrating how changes in the interfacial dielectric environment shift the plasmonic peak.
(c) Measured ∆λ(t) (solid black line) during stepwise changes of CTAB concentration (dashed green line), showing relaxation
to a plateau after each step. These plateaus are in quantitative agreement with the simulated steady-state peak shifts (black
dots) from Fig. 3. Notably, increasing the concentration from 0.7mM to 1.2mM decreases ∆λ, consistent with a transition
from an impermeable phase (II) to a permeable, channel-containing phase (III). Apparent rate constants kapp = 1/τ for the
CTAB surface-phase transitions are obtained from exponential relaxations of the LSPR response (dotted gray lines mark single-
exponential fits). The transition from the water-only reference surface to the bilayer phase (I) is the slowest, whereas the I→II
transition (bilayer to capped bilayer) is the fastest.

The bilayer height scan (Fig. 3c, I) shows that increas-
ing the surfactant-layer thickness increases the peak shift.
This follows from the increased overlap of the plasmonic
near field with the higher-permittivity surfactant region
and the corresponding displacement of water away from
the surface. Conversely, increasing the water fraction
f within the interfacial layer reduces the peak shift, as
observed for both the capped bilayer (Fig. 3c, II) and
the cylindrical micelle phase (Fig. 3c, III). These trends
explain the qualitative difference between the I→II and
II→III transitions. In the absence of channel formation,
an increased surfactant loading primarily thickens the
layer and thus increases ∆λ, consistent with the I→II
transition. By contrast, a decrease in ∆λ upon increasing
concentration, as observed for II→III, requires a reduc-
tion of the local effective permittivity, which is naturally
achieved by introducing water-accessible domains within
the interfacial structure. Importantly, the qualitative
sign change for the impermeable-to-permeable transition
is robust to the precise value of εCTAB and persists across
the explored parameter range (Fig. S3), supporting its
generality as an optical signature of hydration-driven
morphological reorganization rather than a consequence
of a particular dielectric parameter choice.

Experimental Validation by LSPR Measurements

Motivated by the multiscale modeling, we experimen-
tally validate that plasmonic sensing is sensitive to the

interfacial adsorption/rehydration state of CTAB, that
the steady-state peak shifts follow the predicted phase-
dependent ordering, and that the response is reversible.
We monitor the LSPR peak shift, ∆λ, relative to its ini-
tial value (Fig. 4a) while varying the CTAB concentra-
tion in a stepwise manner (Fig. 4c). Each concentration
step produces a clear spectral response (Fig. 4b, c), and
∆λ relaxes on timescales ranging from minutes to hours
until reaching a plateau (Fig. 4c).

While the transition kinetics are analyzed in detail be-
low, we first compare the plateau values at the end of
each concentration interval to the FDTD-predicted peak
shifts extracted from the simulated extinction spectra
(black dots in Fig. 4c). The experimentally measured
plateau shifts show qualitative agreement with the simu-
lated ordering across the concentration regimes, demon-
strating sensitivity to phase-dependent changes in inter-
facial morphology and hydration. In addition, the exper-
imental plateaus match the predicted LSPR peak shift
magnitudes quantitatively. That both the ordering and
the magnitude of the predicted steady-state peak shifts
are confirmed by the experiment strongly corroborates
our theoretical approach and explanation of the under-
lying microscopic mechanism. Moreover, the saturated
response is reversible under the concentration protocol
employed here. Upon decreasing the concentration from
1.2mM back to 0.7mM, ∆λ returns to the plateau value
previously recorded at 0.7mM within experimental un-
certainty.
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Kinetics of the Phase Transitions

A key advantage of plasmonic sensing is that it pro-
vides continuous, time-resolved access to the kinetics of
adsorption and phase transitions within the interfacial
surfactant layer without interfering with the dynamics.
For each stepwise change in CTAB concentration, we an-
alyze the relaxation of the LSPR peak shift, ∆λ(t), to-
ward its new plateau value (Fig. 4c) and extract a charac-
teristic transition time. In practice, each relaxation seg-
ment is well described by a single-exponential approach
to the plateau, from which we obtain a time constant
τ . From this characteristic time, we report the apparent
rate constant as kapp = 1/τ for each transition (labels in
Fig. 4c).

The adsorption step from the water-only reference sur-
face to formation of the bilayer phase (I) is the slow-
est transition, with an apparent rate constant approxi-
mately two orders of magnitude smaller than that of the
I→II transition. The remaining transitions between the
capped bilayer (II) and cylindrical micelle phase (III), as
well as the reverse transition, exhibit apparent rate con-
stants of the same order of magnitude and lie between
these two extremes.

The broad distribution of time scales suggests that the
interfacial CTAB layer can, under certain conditions, be-
come kinetically trapped in metastable morphologies on
experimental time scales. This has practical implications
for surfactant-mediated processes, where the functional
response may depend not only on the equilibrium surface
phase but also on the available equilibration time follow-
ing changes in concentration or operating conditions.

CONCLUSIONS

We have demonstrated that interfacial surfactant
phases can be distinguished through their dielectric fin-
gerprints using plasmonic sensing. Because different
morphologies modify the local permittivity within the
optical near field, phase transitions are translated into
measurable shifts of the LSPR resonance. This provides
a non-contact, label-free route to probe surfactant struc-
ture in situ under fully aqueous conditions.

By combining multiscale modeling with experiment,
we established that plasmonic sensing enables monitor-
ing of both the equilibrium CTAB surface phases on silica
and the kinetics of the transitions between them. The ex-
perimentally observed steady-state plasmonic peak shifts
follow the ordering predicted by the simulations, and the
response is reversible under the applied concentration
protocol. Importantly, the qualitative trends in the sim-
ulated peak shifts, including the reversal in the direction
of the response for the impermeable-to-permeable tran-
sition, are robust with respect to the specific numerical
value of the CTAB permittivity used in the continuum

description. As the approach relies only on dielectric con-
trast within the near-field region, it is broadly applicable
to surfactant–surface systems in which the surfactant and
surrounding medium exhibit distinct permittivities.

The ability to directly observe transitions between
impermeable and water-accessible surfactant morpholo-
gies in situ has practical implications for systems in
which interfacial structure governs functionality, such
as surfactant-mediated nanoparticle growth or hetero-
geneous catalysis. Moreover, the wide range of transi-
tion time scales observed here highlights the potential
for kinetic trapping of metastable surface phases on ex-
perimentally relevant time scales. Real-time plasmonic
monitoring therefore offers a means to verify whether a
desired interfacial state has been reached before subse-
quent processing steps are undertaken.

METHODOLOGY

Atomistic Simulations

All MD simulations were performed using the gro-
macs package (version 2022.2) [30, 31] with the gro-
mos96 54a7 force field [32]. The model systems com-
prise a silica slab described by the Q3 model parame-
ters from Emami et al. [33], CTA+ with force-field pa-
rameters from the Automated Topology Builder (ATB;
entry 366763) [34, 35], and Br– with parameters from
da Silva and Meneghetti [36]. Initially, a silica slab of
dimensions 6.7 × 7.0 × 2.6 nm3 was placed in a simula-
tion cell of height 25 nm, with a CTAB bilayer on ei-
ther side of the slab, following previous simulations of
related systems [36, 37]. The interdigitation of the alkyl
tails was 1.8 nm. To generate different initial configu-
rations, the surface density of CTAB was varied in the
range 1.05–3.10 nm−2. The surfactant-covered surfaces
were solvated with SPC/E water [38], and any water
molecules initially located within the hydrophobic region
of the bilayer were removed prior to equilibration.

Periodic boundary conditions were applied in all di-
rections. The simulation protocol consisted of steepest-
descent energy minimization until the maximum force
was below 1000 kJ/mol, followed by 500 ps of equilibra-
tion in the canonical (NVT) ensemble using a velocity-
rescaling thermostat [39] at 300K. Subsequently, 1000 ps
of equilibration was performed in the isothermal–isobaric
(NPT) ensemble at 300K and 1 bar using a semi-isotropic
Berendsen barostat [40]. Production simulations were
then carried out in the NVT ensemble with a time step
of 2 fs. Production run lengths ranged from 250–400 ns,
depending on the time required for the interfacial mor-
phology to reach a stable surface phase, and the final
30 ns of each trajectory were used for analysis. Configu-
rations were visualized using ovito [21].
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Density Functional Theory Calculations

The DFT calculations of bulk CTAB (8 molecules with
periodic boundary conditions) were performed using the
projector augmented-wave method [41, 42] with a plane-
wave energy cutoff of 520 eV, as implemented in ver-
sion 6.4.2 of the Vienna Ab initio Simulation Package
[43–45]. The PBE exchange-correlation functional [46]
was employed. An automatically generated Γ-centered
Monkhorst–Pack k-point mesh [47] with a maximum
spacing of 0.2Å−1 was used to sample the Brillouin zone.
Frequency-dependent dielectric functions were computed
within the independent-particle approximation, with the
number of empty bands increased stepwise to a final value
of 2600 to ensure convergence (Fig. S4).

Finite-Difference Time-Domain Simulations

Extinction spectra were computed using FDTD sim-
ulations carried out with meep (version 1.12.0) [48].
A cylindrical gold nanodisk with diameter 100 nm and
height 20 nm was positioned 20 nm below the top surface
of a 140 nm thick silica substrate. The silica was modeled
with a constant refractive index of 1.478 13, while gold
was described using the dielectric function from Ref. 49
as provided in the materials library in meep.

To represent the surfactant-covered cases, a layer was
placed on top of the silica substrate with a height deter-
mined from the MD simulations and an effective permit-
tivity εeff according to Eq. (1). Here, f denotes the layer-
resolved volume fraction of water, and εCTAB was deter-
mined from the DFT calculations based on the phase-
resolved densities extracted from the MD simulations. A
100 nm thick water layer was placed above the substrate.
The small dispersion in the water permittivity over the
1–5 eV spectral range considered here was neglected and
the permittivity εH2O = 1.34542 at 330 nm was used as
a representative value [50]. The system was excited with
a normally incident Gaussian source spanning 1–5 eV,
which includes the experimentally accessible range. Per-
fectly matched layers were applied in all directions, with
a minimum distance of 100 nm from the nanodisk. A spa-
tial resolution of 1 pixel/nm was used, ensuring sufficient
accuracy to resolve peak shifts while maintaining compu-
tational feasibility. Peak positions were extracted from
the computed extinction spectra using a polynomial fit
in a narrow window around the resonance maximum.

Localized Surface Plasmon Resonance Measurement

The LSPR measurements were conducted using a 1×
1 cm2 sensor chip comprising a glass substrate (Borofloat,
Schott Scandinavia) decorated with a quasi-random ar-
ray of gold nanodisks (100 nm diameter, 20 nm height)

fabricated by hole-mask colloidal lithography [51–53].
Prior to the experiments, the sensor chip was coated
with a 20 nm conformal silica layer by chemical vapor de-
position (STS PE-CVD). CTAB (Sigma Aldrich, purity
≥ 98%) was diluted in Milli-Q water (Millipore) and in-
troduced at different concentrations using a commercial
titanium flow cell with optical access (XNano, Insplorion
AB). Measurements were performed at room tempera-
ture under a constant flow of 100µL/min, regulated by
a peristaltic pump (Ismatec). The sensor chip was illu-
minated using a fiber-coupled halogen lamp (AvaLight-
Hal, Avantes), and extinction spectra were recorded with
a fiber-coupled fixed-grating spectrometer (AvaSpec-HS-
TEC, Avantes). Peak positions were obtained by fitting
the resonance with a Lorentzian line shape; no baseline
correction was required, as only the peak position was
extracted.
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Supplementary Figure 1: Effect of mixing rule on FDTD peak
shift
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Figure S1: Sensitivity of the FDTD peak shift to mixing rule choice in the effective-
medium description. Linear (Eq. (1) in main text), Maxwell–Garnett, and Bruggeman mixing
rules give consistent shifts. For the bilayer phase, there is no mixing so the shifts are identical.
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Supplementary Figure 2: CTAB permittivity as a function of
bulk density
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Figure S2: Density dependence of the bulk permittivity of CTAB, exhibiting a linear
trend. The slight anisotropy between the different spatial directions at higher density is consistent
with increased intermolecular interactions and orientational ordering.
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Supplementary Figure 3: Peak shift sensitivity to the CTAB
permittivity
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Figure S3: FDTD sensitivity to the permittivity of CTAB. The qualitative change in peak shift
direction between the impermeable capped bilayer (II) and permeable cylindrical micelle phase (III)
is present for all values of the CTAB permittivity ϵCTAB, due to the hydration-driven reduction of
effective permittivity in the plasmonic near field upon formation of channels. The density-dependent
difference between the permittivity of CTAB in phase I and II compared to phase III is here accounted
for by keeping the relation ϵIII/ϵI,II = 2.4/2.6 fixed.
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Supplementary Figure 4: CTAB permittivity convergence with
number of empty bands
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Figure S4: Convergence of the real part of the electronic dielectric function with respect
to the number of empty bands, shown for a surfactant density of 1.8CTAB/nm3. Values in
parentheses denote the number of additional empty states relative to the number of electrons in the
system. Convergence in the ω → 0 limit is particularly important here, as this permittivity is used as
input for the FDTD simulations.
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