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ABSTRACT
We report a facile centrifugation-based method for assembling polystyrene (PSSH)-functionalized gold nanoparticles (Au NPs)

onto porous silicon (pSi) substrates in two distinct configurations: two- and three-dimensional (2D and 3D) assemblies. The 2D

assemblies are densely packed monolayer coatings of the exposed Si-surfaces including the inner pore walls, whereas the 3D

structures result from Au NPs clustering inside the pores. Remarkably, this shift from 2D to 3D architectures was achieved

by minor modification of the PSSH coating thickness. Scanning electron microscopy (SEM) characterization confirmed the homo-

geneity and high packing density of these assemblies extending over several thousand square micrometers. This approach offers a

straightforward and versatile route for the fabrication of well-ordered pSi–Au NP hybrid nanostructures with potential applica-

tions in catalysis, surface-enhanced spectroscopy and optical metamaterials.

1 | Introduction

pSi platforms have emerged as versatile host materials for incor-
porating plasmonic nanoparticles (NPs) into their porous net-
works. With their high porosity, large configurable surface area,
and open matrix structure, pSi-based hybrids have attracted inter-
est for applications in optics, catalysis, and sensing [1–6]. A
method for precisely arranging plasmonic NPs as two-dimensional
(2D) coatings or three-dimensional (3D) aggregates within pSi
membranes could further expand their functionality and optimize
their performance for such applications. Moreover, the precision
and tunability of hierarchically pSi fabrication via metal-assisted
catalytic etching (MACE) [7]—where metallic NPs serve as self-
propelled etching centers within the pore structure—could be

significantly enhanced through the controlled, well-defined
arrangement of these NPs at the onset of the etching process.

Plasmonic NPs have unique optical and electric properties that
depend strongly on their size, shape, and organization [8–12]. In
particular, gold NPs (Au NPs) have been extensively studied as
building blocks for 2D and 3D assemblies, owing to their synthe-
ses being well developed, allowing for tunable individual and col-
lective plasmonic resonances, and their chemical stability
[11, 13–16]. However, despite promising efforts to incorporate
plasmonic NPs into porous structures [2, 17–20], translating
assemblies into uniform hybrid materials has proven difficult.
Conventional in situ growth techniques, such as immersion/dip-
ping plating [21, 22] and electrochemical deposition [23] often
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lead to broad NP size distributions, uneven pore loading, and
unwanted agglomeration at pore entrances [21, 24, 25]. These
limitations hinder the reproducibility and uniformity required
for functional devices.

An alternative strategy involves the ex situ incorporation of pre-
synthesized colloidal NPs [26]. Advances in colloidal chemistry
now allow precise control over NP size, shape, and surface chem-
istry [27], but incorporating them into porous substrates in a con-
trolled and reproducible way remains a significant challenge.
Achieving well-defined 2D and 3D NP arrangements within
pSi requires a careful balance of NP–substrate, NP–NP, and
NP–solvent interactions, as well as consideration of fluid dynam-
ics during the assembly process.

Here, we present a robust and straightforward centrifugation-
based method for fabricating pSi–AuNP hybrid platforms. By
tuning NP size, ligand shell properties, and centrifugation param-
eters, we achieve either uniform 2D coatings of the inner pore
walls or confined 3D aggregates extending into the pores. Our
findings highlight the critical role of surface chemistry and fluid
dynamics in directing assembly outcomes and demonstrate the
potential of this approach for creating functional hybrid materi-
als. This simple yet versatile strategy opens pathways to applica-
tions in the scalable fabrication of multiscale structured silicon,
photonics, sensing, and catalysis.

2 | Experimental Section

2.1 | Materials

Macro-pSi membranes doped with phosphorus (n-type) were pur-
chased from Smart Membranes GmbH (Germany). The mem-
branes have a pore diameter of 1 μm and a pore pitch of 1.5 μm
(MakroPorP1.5). The membranes were 5mm× 5mm in size and
0.05mm in thickness. Tetrachloroauric(III) acid (≥99.9% trace
metal basis), ascorbic acid (AA, ≥99.0%), sodium borohydride
(NaBH4,≥98%), cetyltrimethylammonium bromide (CTAB,≥ 98%),
and cetyltrimethylammonium chloride (CTAC, ≥ 99%) were
ordered from Merck/Sigma-Aldrich. Toluene (≥99.5%), tetrahy-
drofuran (≥99.5%), and ethanol (denat., 96%), were from
VWR (USA). Thiolated polystyrenes (PSSH, 5kPSSH: Mn:
5300 g mol−1,Mw= 5800 g mol−1; 12kPSSH:Mn= 11,500 g mol−1,
Mw= 12,400 g mol−1) were purchased from Polymer Source
(Canada). Ultrapure water (18.6MΩ cm, Millipore) was used for
all experiments. All reagents were used without further treatments.

2.2 | Synthesis of Au NPs and Ligand Exchange

Au NPs with designated core diameters of dc= 50 and 70 nm
were synthesized according to the seeded growth protocol pre-
sented by Zheng et al. [28] with minor modifications and scaled
up by a factor of 10 to achieve high Au NP concentrations as
described previously [29]. Briefly, for the preparation of the ini-
tial CTAB-stabilized seeds, sodium borohydride (NaBH4, 600 μL,
10 mM) was quickly added into a 10-mL mixture of CTAB (5mL,
200mM) and tetrachloroauric(III) acid (HAuCl4, 5 mL, 0.5 mM)
under rapid stirring (900 rpm). The final mixture remained
undisturbed at room temperature for 3 h.

For the first growth step, aqueous solutions of AA (1.5 mL,
100mM) and CTAC (2.0 mL, 200 mM) were mixed with 50 μL

of the initial CTAB-coated seeds at 900 rpm, followed by addition
of HAuCl4 (2 mL, 0.5 mM). These synthesized Au NPs were
stirred at 900 rpm for 15 min and then collected by centrifugation
(21,000 g, 30 min). The pellet was dispersed in CTAC (1mL,
20 mM), and these Au NPs were used as seeds for the growth
of larger Au NPs. The AuNP concentration was estimated to
be 21 nM by UV/vis spectroscopy using their absorbance at
450 nm as described by Haiss et al. [30] In their method, a theo-
retical analysis was experimentally confirmed by determining
extinction coefficients for a range of spherical Au NP sizes,
thereby allowing for the determination of Au NP size and con-
centration with UV/vis spectroscopy.

To synthesize Au NPs (50 nm), an aqueous solution of AA
(1.3 mL, 10 mM) and CTAC (20 mL, 100 mM) was mixed with
150 μL of the Au NP seeds at 600 rpm and treated with ultra-
sound (Sonorex Super RK 103H, Bandelin) for 1 min, followed
by a dropwise injection of HAuCl4 (20 mL, 0.5 mM). The Au
NPs were purified two times by centrifugation (9,000 g,
30 min), the first time the supernatant was replaced with water
and the second time the pellet was redispersed in CTAC (1mL,
20 mM) for the next growing step.

To synthesize Au NPs (70 nm), an aqueous solution of AA
(1.3 mL, 10 mM) and CTAC (20 mL, 100 mM) was mixed with
300 μL of the previous Au NPs (Au NPs@50 nm) at 600 rpm
and treated with ultrasound for 10 min, followed by a dropwise
injection of HAuCl4 (20mL, 0.5 mM). The Au NPs were washed
twice via centrifugation (5,000 g, 30 min) as described above and
redispersed in CTAC (1mL, 20mM).

A direct ligand exchange of the AuNPswas performed based on the
protocol presented by Schulz et al. [29]. The previously synthesized
Au NPs were concentrated to a volume of �100 μL by centrifuga-
tion and removal of the supernatant. The redispersed pellet was
then added dropwise to a solution of the according PSSH-ligand
in tetrahydrofuran (THF, 6mL, c(PSSH)= 1mM) in a 100ml
single-neck round-bottom flaks under rapid stirring (600 rpm).
The reaction was left stirring overnight. Then, the THF was
removed under reduced pressure with a rotary evaporator, the
dry residue was redispersed in 1mL of toluene and purified by
repeated centrifugation (four centrifugation steps, 7,000 g,
15min, replacing 950 μl of the supernatant with toluene after each
step). To ensure complete removal of CTAC, liquid–liquid phase
extraction was performed. To this end, the Au NPs in toluene were
added to amixture of water and ethanol in a volume ratio 1:1:1. The
mixture was shaken vigorously and after phase separation being
completed, the ethanol/water phase was carefully removed with
a pipette. This process was repeated four times. The final dispersion
was washed three more times with toluene by centrifugation as
described above. Finally, the Au NPs@PSSH were centrifuged
(7,000 g, 15min) and the pellet redispersed in 0.5mL toluene.

2.3 | Standard Procedure for the Self-Assembly of
Au NPs Within the Pores of Porous Silicon
Membranes

The assembly of Au NPs@PSSH on the pSi membranes was per-
formed by immersing pieces of themembranes (cut to sizes of�2.3×
2.3mm2 with a glass cutter) in 20 μL of the according Au NP@PSSH
dispersion in toluene in a 0.5mL reaction tube. The pSi membranes
were used without further treatment. The tube was carefully sealed
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with parafilm to avoid evaporation of toluene, and the membranes
were left in the dispersion for 24 h and then centrifuged. The sub-
strates were placed at 45° to ensure the centrifugation force was per-
pendicular to the substrates’ surfaces. The centrifugation parameters
(ranging from 1,000 to 2,000 g and 30 to 60min) and their impact on
the outcome of the experiments are discussed in the main text. The
pSi membranes were then removed from the dispersion and dried
for 24 h at room temperature.

2.4 | Uv/Vis Spectroscopy

Absorbance measurements were carried out using a Cary Eclipse
60 spectrometer (Agilent). Quartz cuvettes (Hellma QS, Hellma,
Germany) were used.

2.5 | Scanning Electron Microscopy

Scanning electron microscopy (SEM) micrographs were obtained
using a Zeiss Sigma HD field emission SEM operated at an accel-
erating voltage of 10 kV. To characterize the distribution of the
Au NPs on and in the pores of the pSi membranes, the impreg-
nated substrates were directly deposited on a carbon tape. Cross-
sectional images of the pSi-Au NP hybrids were performed by
carefully cutting the membranes vertically with a glass cutter
and depositing them directly on a carbon tape. High-resolution
micrographs were obtained using an InLens detector with a
working distance in the range of 2.6–3.2 mm.

Transmission electron microscopy (TEM) micrographs of Au
NPs@PSSH were recorded with a JEOL JEM-1011 microscope
with an operating voltage of 100 kV. The TEM samples were pre-
pared by transferring Au NPs@PSSH that were self-assembled on
a liquid subphase as described previously [29] onto a carbon-
coated TEM grid. The Au NP core diameters dc were obtained
from the TEM micrographs using the software Image J 1.53e.

2.6 | Surface-Enhanced Raman Spectroscopy
(SERS)

Raman spectroscopy was carried out using a Horiba LabRAMHR
Evolution confocal micro spectrometer. The microscope is made
by Olympus. A grating of 1800 gr/mm and a Syncerity 2D CCD
detector were used. The confocal hole in front of the spectrome-
ter was fully opened, allowing a conventional (nonconfocal) esti-
mation of the sampling volume. A laser with 633 or 785 nm
wavelength was used as light source. The laser was focused with
a 100x plan objective onto the membrane surface with a spot
diameter of�1 μm in the range of the pore sizes. Spectra were
recorded from 900 to 1200 cm−1 with a laser excitation power
of 1600 μW on at least five different pores randomly distributed
throughout each sample surface (Figure S7). In additional meas-
urements, laser powers of 458 μW at 633 nm and 472 μW at
785 nm were used with a 10x (numerical aperture NA= 0.25)
or a 100x objective (NA= 0.90) (Figures S8 and S9). The sampling
volume was estimated as cylinder of width w= 1.22 λ/NA and
height L= 4 l/(NA)2. Integration time was 60 s, except for a
PSSH plate control (450 μm thickness) where it was 6 s and
the signal multiplied by 10 for comparisons. Intensities were
evaluated relative to the according baselines. The baselines were

corrected with asymmetric least square baseline correction. All
experiments were performed at room temperature.

3 | Results

3.1 | Preparation and Structure of Au
NP-Impregnated Porous Substrates

Scheme 1 illustrates the method to fabricate 2D and 3D arrays of
Au NPs@PSSH on and within the pores of the pSi membranes.
The Au NPs were functionalized with thiol-terminated PSSH
ligands that stabilize the Au NPs and are known to facilitate their
self-assembly into well-ordered thin-film supercrystals [29, 31–33].
First, we tested the self-assembly of Au NPs@PSSH with core
diameters dc= 50 and 70 nm, coated with two different ligands,
12kPSSH, and 5kPSSH, on diethylene glycol, which is an estab-
lished protocol [29, 33–35]. TEM micrographs of the formed
supercrystals are shown in Figure 1 confirming the uniformity
and low dispersity of the Au NPs and their successful function-
alization with the PSSH ligands. The interparticle spacing is
affected by the molecular weight of the PSSH ligands, but not
necessarily in a linear manner, as discussed in previous work
[36]. No broadening of the plasmon resonance was observed
in the absorbance spectra of the dispersed Au NPs@PSSH, con-
firming their colloidal stability (Figure S1). SEM micrographs of
the commercially available pSi membranes show the rounded-
square macropores arranged in a hexagonal structure with pore
diameters of�1 μm and a pore-to-pore distance (pitch) of 1.5 μm
(Figure 1e).

To prepare hybrid structures, the pSi substrates were immersed
in a dispersion containing the Au NPs@PSSH for 24 h. The use of
toluene as solvent has shown promise in controlling and achiev-
ing large-scale self-assembly of Au NPs@PSSH into 2D and 3D
supercrystals [29, 36]. In addition, it has been shown that toluene
and 24 h of impregnation time help to fill and lead to a more
homogenous deposition of Au NPs and FeCo NPs into the pores
of pSi membranes [26, 37]. After this impregnation time, the dis-
persions with the immersed pSi membranes were centrifuged,
which can enhance the infiltration of the Au NPs@PSSH into
the pores. The self-assembly of Au NPs@PSSH on the surfaces
or within the pores of the pSi membranes was tested for different
combinations of Au NP core diameter and ligand size and for
different centrifugation conditions (relative centrifugation force
(RCF) and time (tcent)). The concentration of the according Au
NPs@PSSH (50 or 70 nm) was kept constant for all experiments.
The experiments with a clear outcome (optimized parameters)
are summarized in Table 1.

After drying, the pSi–Au NPs@PSSH hybrid materials were stud-
ied with SEM. Three different sets of centrifugation parameters
were tested: 1000 g for 60 min, 2000 g for 30 min, and 2000 g for
60 min. Figure 2 summarizes exemplary SEM micrographs with
top views of the pSi membranes after their interaction with Au
NPs (50 nm)@5kPSSH and Au NPs (70 nm)@12kPSSH under
these different sets of centrifugation parameters. For the Au
NPs (50 nm)@5kPSSH samples we observed that the surfaces
of the pSi membranes were quite densely and homogeneously
coated with monolayers, whereas the NP coverage at and around
the pore peripheries was markedly reduced. This observation was
consistent across different centrifugation conditions and suggests
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that fluid dynamics near the pore entrances may play a role in
modulating NP deposition. The homogeneity of the 2D coatings
of the Au NPs (50 nm)@5kPSSH over large areas is shown in
Figure S2. These 2D coatings can extend up to several thousand
square micrometers. On the other hand, we observed completely
different structures for Au NPs (70 nm)@12kPSSH after interact-
ing with the pSi membranes under identical centrifugation con-
ditions. Here, the pores were found to be partially or even
completely filled with Au NPs (70 nm)@12kPSSH, while the
top surfaces exhibited very low coverage, lacking monolayers
and showing only occasional isolated NPs. For this 3D configu-
ration, the areas with filled pores can also extend up to several
thousand square micrometers (Figure S3) but smaller areas of
several tens of square micrometers were more frequently
observed. The degree of pore filling depended strongly on the

centrifugation conditions. With 1,000 g the pores were only
sparsely filled, with 30min at 2,000 g most pores were completely
filled and with 60min at 2,000 g the pores were partially filled. In
parallel to the reduced coverage observed at the pore peripheries
for the smaller Au NPs (50 nm)@5kPSSH, the partial pore filling
at longer centrifugation times for the larger Au NPs (70 nm)
@12kPSSH may similarly reflect the influence of fluid dynamics
during centrifugation on NP delivery and retention.

Cross-sectional SEM of the impregnated pSi membranes pro-
vided additional insights into the Au NPs’ distribution within
the pores (Figure 3). For Au NPs (50 nm)@5kPSSH, uniform
coatings of the inner pore walls were observed, with no apparent
gradient along the pore depth. This highlights the ability of the
experimental conditions to promote homogeneous NP deposition
within the confined geometry. For the Au NPs (70 nm)

SCHEME 1 | Idealized schematic representation of the self-assembly of 2D and 3D arrays of Au NPs within and on the surface of the pores of pSi

membranes. The Au NPs were functionalized with polystyrene (PSSH) ligand molecules, followed by their interaction with pSi under different param-

eters such as NP size, surface chemistry, centrifugation time, and speed.
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@12kPSSH under optimum pore-filling conditions (Figures 2d
and 3d), cross-sectional SEM revealed that the pores were filled
with compact aggregates extending approximately 1 μm into the
pores. These structures appeared uniform in dimensions and
density across the substrate, as confirmed by observations of
multiple aggregates that detached upon membrane fracture
(Figure S4). While they exhibited local close packing of NPs,
no long-range order was evident. These results indicate that
the pores can be filled in a defined and reproducible manner
under optimized conditions, resulting in confined NP structures
of high packing density.

To further clarify the role of ligand properties, we investigated Au
NPs (50 nm)@12kPSSH and Au NPs (70 nm)@5kPSSH under
identical centrifugation conditions (Figure S5). For Au NPs
(50 nm)@12kPSSH, only sparse filling of the pores was observed,
and no monolayers formed on the membrane surfaces or inner

pore walls. In contrast, Au NPs (70 nm)@5kPSSH exhibited a
behavior that was somehow similar to the 2D coatings found
for Au NPs (50 nm)@5kPSSH, but with a stronger dependence
on centrifugation conditions. At 1000 g, a uniform coating of
the inner pore walls was achieved without deposition on the
exposed surfaces (Figure S6). Increasing the force to 2000 g for
30 min resulted in dense 2D coatings on the membrane surfaces
(again with reduced coverage at the pore peripheries), while pro-
longed centrifugation at 2000 g for 60 min led to partial removal
of these coatings, indicating a “washing” effect. Notably, no com-
plete pore clogging was observed for either configuration, under-
lining the strong impact and delicate interplay of NP size and
ligand length on the assembly behavior within and on the porous
membranes. The experiments were repeated at least three times
and the results were reproducible when the experiments were
repeated using different batches of Au NPs@PSSH.

3.2 | Raman Measurements

Raman measurements performed on the hybrid structures formed
by Au NPs (50 nm)@5kPSSH (2D) and Au NPs (70 nm)@12kPSSH
(3D) under optimum conditions (cf. Figure 2c,d) confirmed the
presence of PSSH ligands and showed little variations in signal
intensities across different spots, indicating structural homogeneity
(Figure S7). The Raman signals from both hybrid configurations
were comparable in intensity, suggesting that both arrangements
are capable of providing sufficient plasmonic enhancement for
ligand detection. To obtain a rough estimate of the enhancement,
a polystyrene plate (450 μm thickness, PS plate) was measured for
comparison. A comparison of 633 and 785 nm excitation was also
done on an Au NPs (70 nm)@12kPSSH/pSi hybrid structure. In
optical microscopy the filled pores appear golden, but coated
and incompletely filled pores appear black and cannot be distin-
guished from empty ones (Figure S7). With a 100x objective, the
laser spot size of�1 μm was similar to the pore size and single
pores could be measured. Based on the geometry of the aggregates
in the clogged pores, the number of Au NPs was roughly estimated
to be�1000 per clogged pore. Based on previous work, the grafting
density of the 12kPSSH ligands can be estimated to be 0.5 nm−2

[36]. With an estimate of the focal volume in the PS plate
(Methods) the intensity could then be normalized with the number
of PSSHmonomers, additional to a normalization with laser power
density. The results are summarized in Figure 4. The spectra are
provided as Supporting Information (Figures S8 and S9). This
approach gives a very conservative and rough estimate of the effec-
tive enhancement factor (Figure 4a). The enhancement factors
determined by this approach are very low:�19 for 785 nm and just
1.7 for 633 nm. The reasons are that only small volumes of the

FIGURE 1 | (a–d) Transmission electronmicroscopy (TEM) images of

Au NPs@PSSH monolayers obtained by self-assembly on a liquid sub-

phase. The Au NP core diameters were 50 and 70 nm and the molecular

weights of the PSSH ligands were�5,000 Da (5kPSSH) and�12,000 Da

(12kPSSH) as indicated. (e) Scanning electron microscopy (SEM) micro-

graph of a pSi membrane. The inset shows a photograph of the�2.3 ×
2.3 mm2 pSi membrane.

TABLE 1 | Optimized parameters used for the self-assembly of Au NPs@PSSH on porous silicon membranes: Dimensionality of the array,

immersion time timmers, NP concentrations cNP, and centrifugation parameters (relative centrifugal force, RCF, and centrifugation time tcent). All

samples were prepared at room temperature.

Sample Array dimension timmers, h cNP, nM RCF tcent, min

Au NPs (50 nm)@5kPSSH 2D 24 �2.2 2,000 30

1,000 60

Au NPs (70 nm)@5kPSSH 2D 24 � 1.1 1,000 60

Au NPs (70 nm)@12kPSSH 3D 24 � 1.1 2,000 30

ChemNanoMat, 2026 5 of 10
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samples are “hot spots” with a high local enhancement of the elec-
tromagnetic field and that the light field is distributed amongmany
hot spots and absorbers [38]. By analyzing hot spots alone, a much
larger enhancement factor would result [29], but we limit our dis-
cussion here to the effective enhancement factor averaged over all
molecules, not only those in hot spots. Another reason for the low

enhancement factors is plasmonic losses. Au NPs are very good
absorbers and this absorption necessarily reduces the measured
intensity of Raman scattered light [39]. Accordingly, for the filled
pores, not all Au NPs will be sampled, but only the top layers.

This is consistent with the observation, that the signal intensities
where not strongly reduced on “black” pores with much less Au
NPs (Figure 4b). It is impossible to quantify the amount of Au
NPs in these pores based on optical microscopy, but based on
the SEM analysis, the number is markedly reduced. Another
important finding is that excitation dependence scales very dif-
ferently for the PS plate control and the plasmonic porous struc-
tures. For the PS plate, the intensity ratios of 633 nm excitation to
785 nm excitation (I(633 nm)/I(785 nm)) are much higher (Figure
S10). This underlines the plasmonic contributions in the hybrid
structures. In plasmonic structures, the field enhancement does
not track the absorption but is redshifted spectrally which is
known as near-field-far-field shift [40, 41]. In consequence, the
spectral region for optimum Raman enhancement/intensity is sig-
nificantly shifted from 633 nm toward 785 nm. This is an interest-
ing region for sensing applications, because in general background
scattering, absorption and autofluorescence are reduced. It is also
worth noting that due to the different scaling (with volume for the
PS plates andwith area for the plasmonic AuNPs/pSi hybrid struc-
tures) and plasmonic near-field enhancement effects, the intensi-
ties (without normalization) are higher when measuring with a
10x objective compared to a 100x objective for the PS plates,
whereas the opposite is the case for the Au NPs/pSi hybrid struc-
tures (Figures S8 and S9). In the context of surface-enhanced
Raman spectroscopy (SERS) it can be concluded that the 2D
surface-assembled structures (as in Figure 2c) are favorable and
the pore-filled structures (Figure 2d) bring no advantage in terms
of enhancement due to competing plasmonic losses.

4 | Discussion of Au NP–Pore Interactions

The main observations of the experiments—which were repro-
ducible for different batches of AuNP@PSSH—are two distinct
structural outcomes: surface-assembled (2D) versus pore-filling
(3D) for the different Au NP@PSSH samples tested.
Additionally, we found a clear effect of centrifugation param-
eters. Of note, without centrifugation—when the pSi was sim-
ply immersed in the Au NP@PSSH dispersions for 24 h—we
observed neither 2D nor 3D assemblies. For the shorter ligand
5kPSSH surface-assembled structures were observed for both
Au NP core sizes (50 and 70 nm), however with different depen-
dencies on centrifugation parameters. For the longer ligand
12kPSSH complete pore-filling was only observed for the larger
Au NP (70 nm) under optimum centrifugation conditions.
Additional key observations were the reduced coverages at pore
peripheries and the dependence on centrifugation parameters
in general.

These observations point at several key contributions in the
assembly experiments:

1. Fluid mechanics which are governed by centrifugation
parameters. These govern the interplay of Au NP@PSSH
delivery, pore infiltration, retention, and hydrodynamic
shear, which could, for instance, explain the reduced cov-
erage at pore peripheries.

FIGURE 2 | SEM images of porous silicon (pSi) membranes after inter-

action with PSSH-functionalized AuNPs. Top view of pSi membranes after

interacting with AuNPs (50 nm)@5kPSSH and AuNPs (70 nm)@12kPSSH

under different centrifugation parameters as indicated.

FIGURE 3 | Cross-sectional view of the porous membranes after

interacting with Au NPs (50 nm)@5kPSSH and Au NPs (70 nm)

@12kPSSH under different centrifugation parameters. The samples

shown are the same as in Figure 2 but with a cross-sectional (tilted) view

that reveals the structures inside the pores.
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2. Au NP@PSSH–substrate interactions, which are modulated
by the thickness of the ligand coating which in turn is mod-
ulated by centrifugation parameters leading to compression
upon contact with the substrate. The thickness of a 5kPSSH
coating in toluene dispersion was determined to be�5 nm
and that of a 12kPSSH coating as�8 nm in previous work
[36, 42]. Comparison of the attractive van der Waals inter-
actions between bare AuNP–AuNP (no coating) and bare
AuNP–Si surfaces shows that the AuNP–Si surface interac-
tion is consistently stronger, regardless of the separation dis-
tance (Figure S11). These attractive interactions are reduced
by both: solvent screening effects and the ligand coatings
which increase the separation distance Au NP core–
substrate and add a repulsive interaction. Accordingly, the
longer ligand PSSH12k leads to a reduced adhesion. A
detailed discussion is provided as Supporting Information
(Note 1 and Figure S12). Additional noncovalent attractive
ligand–substrate interactions might also contribute.

3. Au NP@PSSH–Au NP@PSSH and Au NP@PSSH–solvent
interactions. Toluene is a good solvent for the PSSH-based
PSSH ligands and accordingly in toluene, the Au
NPs@PSSH are well-dispersed and colloidally stable. As
the toluene evaporates during drying, the ligand shells
transition from a swollen to a collapsed state, making
ligand–ligand interactions attractive and promoting Au
NPs@PSSH interparticle aggregation. This is commonly
exploited in self-assembly of PSSH-coated NPs with multi-
ple examples in literature [31, 43, 44].

With these contributions in mind, the experimental outcomes
can be rationalized. In the case of 5kPSSH coatings, the Au
NPs@5kPSSH–substrate interactions are sufficiently strong
under optimized centrifugation conditions to result in densely
packed monolayer coatings (2D) of the exposed surfaces and
the inner pore walls. The Au NPs@5kPSSH mass affects the
resulting compression of the ligand shell upon contact with

Si-surfaces under a given RCF, but also changes their inertia
which in turn dictates how they are affected by hydrodynamic
shear. This might explain why the different Au NP sizes, Au
NPs (50 nm)@5kPSSH and Au NPs (70 nm)@5kPSSH, are differ-
ently affected by the centrifugation parameters. Under optimized
centrifugation conditions, a dense and homogeneous coating of
the inner pore walls could be achieved for both AuNP sizes. If the
centrifugation time, tcent, was too long, the coverage was reduced,
indicating that shear forces overcame adhesion, leading to a
“washing” effect. Overall, the combination of strong NP–substrate
adhesion and manageable shear forces under optimized centrifu-
gation conditions explains why 5kPSSH systems consistently lead
to 2D monolayer assembly (inside the pores, on the substrate, or
both) rather than 3D clogging.

For 12kPSSH coated Au NPs, the overall outcome shifts from 2D
coating to 3D pore clogging. The following factors contribute
to this behavior. In the case of the 12kPSSH coatings, the
NP-substrate adhesion is significantly reduced, while attractive
ligand–ligand interactions upon solvent evaporation are
increased. In consequence interparticle interactions are favored
over surface adhesion leading to cluster formation. For the bigger
Au NPs (70 nm)@12kPSSH, a larger overlap area with more
ligand–ligand interactions increases the chance of cluster nucle-
ation and growth. We speculate that drying effects may also con-
tribute. When the pSi substrates dry after impregnation with the
Au NP@PSSH dispersions, the toluene on exposed surfaces evap-
orates much faster than in the filled pores. Capillary effects might
then lead to the observed uniform clogging behavior with densely
packed 3D aggregates extending about 1 μm into the pores.
Although the flow of the dispersion was not measured directly
in situ, the presence of menisci (Figure 3d) and uniform radial
growth of pore-filling aggregates (Figure 2b) are consistent with a
capillary-driven retention and localized drying effects. This
mechanism should therefore be considered a supported hypoth-
esis rather than an experimentally directly confirmed process.
For the smaller Au NPs (50 nm)@12kPSSH, the interparticle

FIGURE 4 | Results of Raman measurements on impregnated pSi substrates. (a) Mean intensity at 1000 cm−1 measured on golden pores and on a

polystyrene plate with 633 or 785 nm laser excitation. The intensities are normalized with the power of the exciting lasers and the estimated numbers of

monomers. (b) Mean intensity at 1000 cm−1 measured on golden and black (i.e., less filled) pores on a pSi- Au NPs (70 nm)@12kPSSH sample with 633 or

785 nm laser excitation. The intensities are normalized with the power density of the exciting laser.
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interactions are less attractive due to less ligand–ligand contacts
and the volume is smaller. Both might contribute to the less effi-
cient clogging that was observed. However, it might be possible to
achieve complete pore filling for smaller Au NPs by further opti-
mizing centrifugation parameters and increasing particle concen-
trations. Taken together, reduced surface adhesion and increased
ligand–ligand interactions for the thicker 12kPSSH coatings shift
the balance toward interparticle aggregation, explaining why
these systems favor 3D pore filling over 2D surface assemblies.

5 | Conclusion

In summary, we have developed a straightforward method,
where PSSH-functionalized Au NPs and centrifugal force are
implemented to tune the 2D and 3D self-assembly of Au NPs
on the surfaces and in the pores of pSi membranes. Under opti-
mized parameters high-density coatings of the inner pore walls
can be achieved. Remarkably, a slight difference in coating thick-
ness by changing the molecular weight of the coating ligand leads
to a completely different outcome of the impregnation experi-
ments. This behavior can be rationalized with the balance of
NP–NP versus NP–substrate interactions in interplay with the
fluid dynamics tuned by centrifugation parameters and upon dry-
ing. Since pSi membranes are commercially available and NP
syntheses, including their functionalization with PSSH-based
ligands, are well-established, the method can easily be imple-
mented to explore further design parameters of both, porous sub-
strates (material, pore size, pitch, and hierarchical pores) and
NPs (material, size, and shape). While we focused here on the
synthesis procedure and possible explanations for the observed
outcomes, we envision several potential directions and applica-
tions that could be explored in future work.

The ability to obtain either uniform 2D coatings or confined 3D
aggregates within porous substrates through adjusting NP and
process parameters offers new opportunities for functional
hybrid materials. For instance, the high-density inner pore coat-
ings could serve as catalytic surfaces or as SERS-active interfaces
for analyte detection in flow-through systems. The 3D aggregates,
on the other hand, may be exploited as confined plasmonic
domains potentially enabling optical sensing applications.
Combining such structures with microfluidic systems could pro-
vide further control over mass transport and enable studies of
dynamic processes under flow conditions. In this context it will
also be interesting to explore if more complex ligand layer com-
positions can be incorporated, for instance towards biosensing
applications. Moreover, the use of pore arrays as templates for
assembling NPs into plasmonic supercrystals might open new
directions in optical metamaterials, where coupled photonic
and plasmonic modes could be explored [6, 45]. While these ideas
remain speculative at this stage, they underline the broader
potential of the straightforward method presented here as a plat-
form for designing functional hybrid materials with tailored
nanostructures. Open challenges and questions towards applica-
tions include scalability and stability of these hybrid structures,
for instance under harsh catalytic conditions. In summary, the
simplicity and versatility of this approach provide a promising
platform for the design of functional hybrid materials with tun-
able nanoscale architectures.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1:Normalized absorbance spectra
of AuNPs (50 nm and 70 nm) functionalized with 5KPSSH (dark and
blue) and with 12KPSSH (red and yellow) in toluene. Supporting
Fig. S2: Top view scanning electron microscopy (SEM) images of porous
silicon membranes after interaction with Au NPs (50 nm)@5kPSSH
under different centrifugation parameters. Supporting Fig. S3: Top view
scanning electronmicroscopy (SEM) images of porous siliconmembranes
after interaction with Au NPs (70 nm)@12kPSSH. Supporting Fig. S4:
Top view SEM images of self-assembled Au NPs (70 nm)@12kPSSH with
similar pore shapes of the pores of pSi membranes, randomly dispersed
on the carbon tape. These experiments were performed with the follow-
ing centrifugation parameter: 2,000 g for 30 min. Supporting Fig. S5:
Top view scanning electron microscopy (SEM) images of porous silicon
membranes after interaction with Au NPs (50 nm)@12kPSSH and Au
NPs (70 nm)@5kPSSH under different centrifugation parameters.
Supporting Fig. S6: SEM images of pSi after interaction with Au NPs
(70 nm)@5kPSSH. Top view and crosssection SEM images of pSi after
interacting with Au NPs (70 nm)@5kPSSH under centrifugation at
1000 g for 60 min. Supporting Fig. S7: Raman measurements were per-
formed on multiple locations across the a) Au NPs (50 nm)@5kPSSH and
b) Au NPs (70 nm)@12kPSSH/pSi hybrid structures under 2000 g for
30 min centrifugation conditions (optical microscopy images, laser spot
size �1 μm). The spectra (c and d) consistently showed the characteristic
vibrational modes of the PSSH ligands, with little variation in intensity or
spectral features between spots. e) Comparison with spectra of the pure
PSSH powders (5 kDa and 12 kDa) confirmed the assignment. No ligand
signal was detected on the pSi substrate alone (no Au NPs). Supporting
Fig. S8: Raman measurements on a polystyrene plate (450 μm, top row)
and on multiple locations across an Au NPs (70 nm)@12kPSSH/pSi
hybrid structure. Measurements were done on filled (golden) and on
black pores (cf. Figure S7) with 633 nm or 785 nm excitation as indicated.
For the polystyrene plate, 100x (NA = 0.25, red lines) and 10x objective
(NA = 0.9, black lines) are compared, the measurements on pores were
done with a 100x objective leading to a spot size of �1 μm in diameter.
The measurements reveal that the black pores were clearly not empty but
contained AuNPs (70 nm)@12kPSSH. In incompletely filled pores these
cannot be discerned with optical microscopy. The measurements with
633 nm have a significant contribution of the Si phonon around 950
cm-1 from the substrate. Supporting Fig. S9: Raman measurements
on multiple locations across an Au NPs (70 nm)@12kPSSH/pSi hybrid
structure. Measurements were done on filled (golden) and on black areas
(cf. Figure S7) with 633 nm or 785 nm excitation as indicated. The meas-
urements were done with a 10x objective leading to a spot size of 3-4 μm
in diameter, that covered more than a single pore. The measurements
reveal that the black areas were clearly not empty but contained
AuNPs (70 nm)@12kPSSH. In areas with incompletely filled pores these
cannot be discerned with optical microscopy. Supporting Fig. S10: Ratio
of the intensities (normalized by power density for the plasmonic samples
(golden/black areas and pores) and by power and monomers for the poly-
styrene (PS) plates) with 633 nm excitation I(633 nm) and 785 nm exci-
tation I(785 nm) for the different samples and regions. The spot size for
the 10x objective was in the range 3-4 μm and for the 100x objective it was
�1 μm. Supporting Fig. S11: Attractive van der Waals (vdW) interac-
tions of two Au spheres (no coating, diameter d = 50 nm, Au–Au, blue
line)) and of an Au sphere (d = 50 nm) and a silicon surface (Au–Si,
orange dashed line) as a function of separation distance. Calculations
were done as described by Bishop et al. 1 and Sun.2 Supporting
Fig. S12: Calculated free energy per unit area f(h) as a function of brush
height h as described by Bishop et al.1 The Kuhn length of polystyrene

b = 1.8 nm, according numbers of (statistical) monomers N(12kPSSH)= 16
and N(5kPSSH) = 7, a grafting density of 0.5 nm-2 and T = 298 K were
used. For the equilibrium height, experimental values (h0(5kPSSH) = 5
nm; h0(12kPSSH) = 8 nm) from Schulz et al. were used.3 The interaction
is dominated by the increasing osmotic pressure in the polymer shell upon
compression and is always repulsive. It is also larger for 12kPSSH.
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