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In electronic devices based on hybrid materials such as nonvolatile memory elements (NVMEs), it is essential to control precisely the
dispersion of metallic nanoparticles (NPs) in an insulating polymer matrix such as polystyrene in order to control the functionality
of the device. In this work the incorporation of AuNPs in polystyrene films is controlled by tuning the surface functionalization of
the metallic nanoparticles via ligand exchange. Two ligands with different structures were used for functionalization: 1-decanethiol
and thiol-terminated polystyrene. This paper presents a versatile method for the modification of gold nanoparticles (AuNPs) with
thiol-terminated polystyrene ligands via phase transfer process. An organic colloid of AuNPs (5 + 1 nm diameter) is obtained by
the phase transfer process (from water to toluene) that allows exchanging the ligand adsorbed on AuNPs surface (hydrophilic
citrate/tannic acid to hydrophobic thiols). The stability, size distribution, and precise location of modified AuNPs in the polymer
matrix are obtained from UV-Vis spectroscopy, dynamic light scattering (DLS), and electron tomography. TEM tomographic
3D imaging demonstrates that the modification of AuNPs with thiol-terminated polystyrene results in homogeneous particle
distribution in the polystyrene matrix compared to 1-decanethiol modified AuNPs for which a vertical phase separation with a
homogeneous layer of AuNPs located at the bottom of the polymer matrix was observed.

1. Introduction

Nowadays, almost every branch of science and industry
exploits the unique properties of nanoparticles (NPs) that
can be tuned by adjusting precisely their nanometric size and
shape. In biology NPs are used as tools for drug delivery
[1, 2], imaging [1], and sensing [1, 3-5]. In catalysis, NPs help
to enhance the selectivity and efficiency of heterogeneous
catalysis [6, 7], whereas in tribology material wear resistance
can be adjusted [8, 9]. In some cases, the incorporation
of polydisperse NPs allows obtaining a new material with
expected properties, whereas the use of monodisperse NPs

with defined and very well controlled shape and homogeneity
in size is more stringent in electronics applications, especially
in case of nonvolatile memory elements (NVMEs). More-
over, the use of NPs in electronic applications requires the
adjustment of NPs composition (the core material of the NPs,
the substances present on NPs surface as well as substances
present in the colloid solution, etc.) to the manufacturing
technology of hybrid materials.

There are two main roads to incorporate chemically
synthesized NPs into memory element: the first one is the
deposition of NPs from aqueous colloids onto memory
element without a direct contact of solvent (water) with the



element surface (e.g., via electrospray deposition technique
[10]). The second method is based on the spin-coating or
ink-jet printing of polymer inks containing NPs dispersed in
nonpolar solvent (e.g., toluene, hexane, dichlorobenzene, and
anisole) which will preserve the memory element structure.
In both cases, the use of monodisperse NPs with well defined
size and very narrow size distribution is mandatory to
control precisely the incorporation of metallic NPs (mNPs)
in an organic matrix (polymer or molecular semiconductor
or insulator) and hence the functionality of the hybrid
layers. Moreover, the use of monodisperse mNPs allows the
modelling of the system and thus comparison and under-
standing of the phenomenon responsible for the properties
and functionality of such systems. Existing explanation of
the role of nanoparticles in the process of resistive memory
switching mechanisms is based on two different phenomena.
One is the change of electrical conductance between two
electrodes that depends on the amount of charge stored or
trapped, on the metallic nanoparticles. Depending on the
voltage applied to electrodes, nanoparticles may be charged
or discharged and, as a consequence, provide two different
electrical states essential for the functioning of the memory
[11]. The second phenomenon is the local change of electrical
conductance based on filament formation. The simplest form
of filament is a metallic bridge connecting the two electrodes.
Filament formation or rupture provides two electrical states
of low or high conductance [12]. In both mentioned cases
mNPs nanoparticles play an important role in memory
functionality.

To incorporate the mNP within the polymer matrix in
order to produce polymer inks, two main approaches were
followed so far: the first one is the in situ synthesis of NPs
from metal precursor directly inside the polymer matrix
[13, 14] and the second one is the ex situ method where
tailored and presynthesized NPs are incorporated into the
polymer matrix [15, 16]. The in situ approach has several
limitations mainly related to the difficulties in controlling
the NPs uniformity in size. In turn, the ex situ approach is
more straightforward as it makes use of presynthesized NPs
with desired uniformity in size and shape and hence is much
more suitable for electronic applications. Furthermore, the
location of particles in polymer matrix can be easily and
precisely controlled by tailoring the surface properties of NPs.
The distribution of presynthesized NPs in a polymer matrix
can be controlled by surface modification using different
compounds, for example, dendrimers [17], peptides [18], and
polymers [19, 20], which can be attached to the NPs via
grafting-from, grafting-to, ligand exchange, or templating
methods. In the grafting-from method, ligands (mainly
polymers) are usually grown directly from the NP surfaces
via living free radical polymerization [21, 22]. Alternatively,
presynthesized end-functionalized polymers can be directly
grafted to the NP surface [23, 24]. Regarding templating
methods, polymers (e.g., di- or triblock copolymer micelles
and star polymers) are used as templates for NPs [25-27].

Finally, the ligand exchange method involves the
exchange of adsorbed ligands on NPs [28, 29]. The main
requirement and limitation of this method are that the
final ligands should have a stronger affinity to the NPs
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surface compared to the initial ligands. Notwithstanding,
this method is fast and versatile and allows using highly
monodispersed NP colloids prepared according to well-
known and optimized procedures.

Monodisperse NPs can be obtained in both polar (e.g., via
chemical reduction method [30-32]) and nonpolar solvents
(e.g., using the Brust-Schiftfrin method [33, 34]). However,
the syntheses of mNPs in nonpolar solvents have some
limitations, which are mainly related to the limited NPs
size (usually below 10 nm) [35, 36]. Furthermore, mNPs in
nonpolar solvents are usually synthesized in the presence of
thiols or amines, which are very difficult to exchange with
other ligands. Synthesis of mNPs in aqueous solvents is much
more versatile and makes it possible to synthesize NPs with
a wide range of sizes and composition depending on the
synthesis method and conditions of the process [32].

For the incorporation of mNPs via electrospray deposi-
tion, aqueous NPs colloids synthesized via well-known and
optimized procedures (e.g., chemical reduction method [32])
can be used. Instead, in the case of polymer inks, mNPs
must be soluble in common organic solvents such as toluene.
The organic colloids of mNPs are obtained via modification
of aqueous synthesized NPs with hydrophobic ligands (e.g.,
thiols and amines) using a phase transfer process from water
to nonpolar solvents [30, 31]. Organic colloids can then be
used for the preparation of polymer inks suitable for spin-
coating or ink-jet printing to fabricate nonvolatile memory
elements.

The modification of mNPs is important not only to
obtain a stable polymer ink but also to ensure homogeneous
distribution of mNPs in the polymer matrix after the ink
deposition onto memory element and solvent evaporation.
The problem with inhomogeneous distribution of mNPs in
polymer layer was presented by Corbierre et al. [23, 37, 38].
The authors showed that the incorporation of NPs in a
polymer matrix is thermodynamically more favorable when
the NPs are functionalized with a ligand that is chemically
similar to the polymer matrix [37]. This method implies a
rather complex synthesis of thiol-terminated polystyrene lig-
and according to Stouffer and McCarthy [39]. Moreover, this
NPs’ preparation necessitates a purification step of the colloid
to eliminate by-products of the synthesis by evaporation of
the colloid and washing the precipitate with an appropriate
solvent. This in turn may result in NPs aggregation. Another
difficulty of this protocol is that the synthesis of other
types of NPs (e.g., silver and platinum) modified with thiol-
terminated polystyrene will require the specific optimization
of the synthesis conditions.

As mentioned previously, the shape, the size distribution,
and the location of mNPs are important parameters for the
optimization of the expected properties of hybrid systems
[11].

Besides UV-Vis spectroscopy or dynamic light scattering
(DLS) which are applied for evaluating the size and the
stability of metallic colloids in solution, the characterization
of hybrid films requires other methods such as transmission
electron microscopy (TEM) to characterize the bulk distri-
bution of NPs in the polymer matrix [22]. Conventional
2D TEM analysis provides proper information on size and
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density of mNPs on a given surface. However, for a precise
location of NPs within the bulk volume of a thin film,
electron tomography is necessary. TEM tomography is able
to reconstruct the 3D morphology of complex polymer-based
systems such as gyroid phases of block copolymers or the
NPs location in hybrid systems made of mNPs dispersed
in a copolymer matrix [40-44]. Other techniques such as
superresolution fluorescence microscopy [45] can also be
used for determination of the spatial arrangement of organic
and inorganic phases in advanced materials (e.g., biological
organic-inorganic hybrid materials).

This paper presents a versatile method for AuNPs surface
functionalization with thiol-terminated polystyrene using a
simple phase transfer method in order to prepare AuNPs-
polystyrene inks of interest for the preparation of nonvolatile
hybrid memories. This method is based on the use of an aque-
ous colloid of mNPs and its modification with commercially
available thiol-terminated polystyrene (M,, = 11.000) by
phase transfer method from water to toluene. The presented
method is flexible and is based on the modification of
mNPs prepared in aqueous solvent according to well-known
and optimized procedure (i.e., chemical reduction method).
Regarding the method used hereafter, the synthesis of mNPs
is carried out by the reduction of metal salt using: sodium
citrate and tannic acid which can be next easily replaced by
other ligands that have greater affinity to the surface of the
NPs (e.g., hydrophobic ligands like thiols) via phase transfer
process from water to toluene [30, 31]. This allows obtaining
a stable organic colloid that does not require purification
steps, as all by-products remain in water after a phase transfer
process. The size and stability of modified AuNPs were
monitored with DLS and UV-Vis spectroscopy. Moreover, the
density and the location of mNPs within the bulk volume of
polymer matrix were investigated by conventional TEM and
electron tomography.

2. Materials and Methods

2.1. Materials. Gold(IIT) chloride hydrate (Sigma-Aldrich,
>49%), tannic acid (Fluka), sodium citrate (Sigma-Aldrich,
>99.0%), l-decanethiol (Sigma-Aldrich, 96%), thiol-
terminated polystyrene (Sigma-Aldrich, M, = 11.000), and
polystyrene (Sigma-Aldrich, analytical standard for GPC,
M, = 2.500) were used as received. Toluene and acetone
used for the phase transfer process were distilled before use.
For all of the preparation of aqueous colloids deionized water
obtained from Deionizer Millipore Simplicity UV system
was used. The specific resistivity of water was 18.2 MQ-cm.

2.2. AuNPs Synthesis. AuNPs (5nm diameter and concen-
tration 100 ppm) were synthesized in water via chemical
reduction following our previous work [31]. Aqueous solution
of chloroauric acid (93.80 g, of 1.84 - 1072 wt%) was boiled, at
which point a mixture of sodium citrate (4.48 g, 0,877 wt%)
and tannic acid (1.73 g, 1 wt%) was added. Following the addi-
tion of the mixture, the solution colour changed from yellow
to dark red. The suspension was stirred for additional 15 min
and cooled down to room temperature. AuNPs colloids were
used in the next steps for the preparation of polymer inks.

2.3. AuNPs Functionalization. AuNPs were modified with
1-decanethiol and thiol-terminated polystyrene. The ligand
exchange was realized by using a phase transfer process
from water to toluene. The samples will be referred to as
Au-Th for AuNPs modified with 1-decanethiol ligand (-Th)
and Au-PS for the AuNPs modified with polystyrene thiol-
terminated ligand (-PS). For the phase transfer process each
of the modifiers was prepared as a 0.01 wt%. toluene solution.
The modifier amount corresponds to 5 modifier molecules
per nm? of NP surface in both cases. Briefly, to the aqueous
AuNPs colloid acetone and toluene with one of the modifier
compounds were added. Acetone was used to reduce the
surface tension between the water and toluene phases [46]
and to increase the miscibility of aqueous and organic phases.
The weight ratio of aqueous colloid to acetone and toluene
was: 2:1:1, respectively. The solutions undergo vigorous
shaking for 5min in the case of 1-decanethiol and 30 min
for thiol-terminated polystyrene for ligand exchange and
followed by a phase separation for 1h. The mobility of small
molecules of -Th ligand is much higher compared to the large
-PS ligand. Hence, the exchange of citrate/tannic acid ligand
to -Th ligand occurs much faster compared to -PS ligand.
Organic colloids of Au-Th and Au-PS were further used for
the preparation of polymer inks.

2.4. Polymer Inks Preparation. Polymer inks with NPs were
prepared based on the organic colloids of Au-Th and Au-
PS. Phase transfer process of AuNPs was realized with
acetone to reduce the surface tension between the water and
organic phase and to increase phase’s miscibility and hence
facilitate the exchange of ligand molecules on AuNPs surface.
However, acetone is a polar solvent and even small amounts
of this solvent in polymer ink used for preparation of hybrid
memory devices may affect its proper functionality. Hence,
before the inks preparation acetone was removed from the
organic colloid by evaporation process. The organic colloid
was heated to 60°C and acetone was removed by evaporation
(acetone Ty, = 57°C) and consequently toluene colloids of Au-
Th and Au-PS were obtained. Two toluene colloids of Au-Th
and Au-PS with NPs weight concentration of gold of about
200 ppm and 400 ppm were used to prepare polymer inks.

Colloid 400 ppm was prepared based on the colloid
200 ppm by evaporation of toluene. Polystyrene inks PS@Au-
Th (PS-polystyrene and thiol functionalized gold nanopar-
ticles) and PS@Au-PS (PS-polystyrene and thio-polystyrene
functionalized gold nanoparticles) were prepared by incorpo-
ration of polystyrene (M,, = 2.500) into the toluene colloids,
in case of both NPs concentrations, 200 ppm and 400 ppm,
respectively. The weight ratio of polystyrene to toluene colloid
was 3.5:1, respectively. Any further purification steps were
not carried out.

2.5. PS@Au Film Preparation. To probe the effect of the
AuNPs surface functionalization on the dispersion in the
polymer matrix, hybrid films were prepared by spin-coating
(2000 rpm for 180s) the AuNPs/polystyrene inks on ITO
substrates. ITO substrates were cleaned by sequential sonica-
tion in acetone, ethanol, an aqueous solution of Hellmanex
(Hellma, Germany), and distilled water (3x). Finally they



were dried in a flow of nitrogen. To reduce electron beam
damage and charging effects during TEM analysis, the films
were coated with a thin amorphous carbon layer (2-5nm
thick) using an Auto 306 evaporator. The 100-120 nm thick
films were removed from ITO by floating on a 1 wt% solution
of HF and recovered on TEM copper grids. The hybrid
films did not undergo any annealing or staining treatment.
The scheme of the preparation procedure of polymer films
with functionalized AuNPs is shown in Supplementary
Material (see Supplementary Material available online at
http://dx.doi.org/10.1155/2016/9058323).

2.6. Methods

2.6.1. UV-Vis Spectroscopy. The UV-Vis spectra were recorded
with a spectrophotometer USB2000 + detector (miniature
fiber optic spectrometer), Ocean Optics, HL-2000 (tungsten
halogen light sources) using 1 cm quartz cuvette.

2.6.2. Dynamic Light Scattering (DLS). The DLS of AuNPs in
water and Au-Th and Au-PS in toluene were carried out with
a DLS Nano ZS Zetasizer system (Malvern Instruments) with
a He-Nelaser (633 nm) as the light source. The measurements
were performed with a scattering angle of 173° (a mea-
surement temperature of 25°C; aqueous colloids, medium
viscosity 0.887 mPa-s, and material refractive index 1.330;
toluene colloids, medium viscosity 0.556 mPa-s, dispersant
refractive index 1.496, and material refractive index 1.330).

2.6.3. TEM. The experimental data for conventional TEM
analysis and for electron tomography were acquired with
a JEOL 2100F transmission electron microscope equipped
with a field emission gun operating at 200kV, a spherical
aberration probe corrector, and a GATAN Tridiem energy
filter. Acquisitions of the tilt images series were performed
using a high tilt sample holder, under angles spanning from
+65 to —65 degrees, with projections taken every 2° according
to Saxton scheme. The irradiation damage was limited by
using low electron doses. The acquisition of the 84 TEM
tilt images series was achieved with a cooled CCD detector
(2048 x 2048 pixels with a pixel size of 0.2 nm). The images
were first roughly aligned using a cross-correlation algorithm.
A refinement of this initial alignment and a precise determi-
nation of the tilt axis direction were then obtained using the
IMOD software where the centers of several Au nanoparticles
from the analyzed group were used as fiducial markers [47].
The volume reconstructions have been computed using an
iterative approach consisting of a simultaneous algebraic
reconstruction technique implemented using the TOMO3D
software [48], the number of iterations not exceeding 40.
Visualization and quantitative analysis of the final volumes
were carried out using Image]J software.

3. Results and Discussion

3.1. Nanoparticles Surface Modification. The modification of
AuNPs with the size of about 5 + 1 nm was performed via
a phase transfer of NPs from water to toluene with the
respective ligand: 1-decanethiol (Au-Th) or thiol terminated
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FIGURE 1: UV-Vis spectra of AuNPs aqueous colloid (1, =521 nm),
AuNPs modified with 1-decanethiol (Au-Th) (A, = 517 nm),
AuNPs modified with thiol-terminated polystyrene (Au-PS) (A, =
531nm), and water phases after phase transfer process.

polystyrene (Au-PS). The effects of NPs modifications were
easily visible as a result of the NP transfer from water to
toluene with the corresponding coloration/discoloration of
the toluene and the water phases, respectively. The phase
transfer of AuNPs is a result of the ligand exchange on
the AuNPs surface from hydrophilic citrate/tannic acid that
stabilize NPs in polar solvent (water) to the hydrophobic
thiols that stabilize colloidally NPs in nonpolar solvent
(toluene). The effectiveness of the modification process was
monitored with UV-vis spectroscopy (Figure 1).

The absorption band maxima for modified NPs were
recorded in the region characteristic for AuNPs, at 517 nm
and 531nm for Au-Th and Au-PS, respectively. No charac-
teristic band from AuNPs was observed in the water phases
after the phase transfer process. These results demonstrate
the efficiency of the phase transfer process and prove the
controlled AuNPs modification with hydrophobic ligands,
-Th and -PS, respectively.

The colloidal state of AuNPs after the modification
process with -Th and -PS ligands was monitored by DLS
and compared with the results obtained for aqueous colloid
(Figure 2).

The hydrodynamic size of AuNPs remains almost
unchanged after the modification with 1-decanethiol (8 +
2nm) compared to the initial aqueous colloid (9 + 2nm)
(Figures 2(a) and 2(b)). The modification of AuNPs with
thiol-terminated polystyrene ligand results in objects with
the hydrodynamic size of about 33 + 9nm (Figure 2(c)).
The thiol-terminated polystyrene ligand (M,, = 11.000 g/mol)
is much bigger compared with aliphatic 1-decanethiol or
citrate/tannic acid molecules. Hence, the hydrodynamic size
of AuNPs modified with thiol-terminated polystyrene ligand
(Au-PS) is bigger than the hydrodynamic size of Au-Th
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FIGURE 2: DLS size distribution histograms of (a) citrate/tannic acid stabilized AuNPs (aqueous colloid); (b) Au-Th (toluene colloid after a
phase transfer of AuNPs with 1-decanethiol); (c) Au-PS (toluene colloid after a phase transfer of AuNPs with thiol-terminated polystyrene).
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521nm) and polystyrene inks: PS@Au-Th (AuNPs modified with
1-decanethiol in polystyrene) (A, = 531 nm); PS@Au-PS (AuNPs
modified with polystyrene thiol terminated) (A,,,, = 531 nm).

max

or aqueous AuNPs colloid modified with 1-decanethiol or
citric/tannic acid ligand, respectively.

3.2. Nanoparticles in Polymer Inks. The stability of Au-Th
and Au-PS in polystyrene inks was monitored with UV-
Vis spectroscopy (Figure 3). The absorption band maxima
recorded in the region characteristic for AuNPs smaller than
30nm [49] at 531nm for both PS@Au-Th and PS@Au-PS
prove the colloidal stability of NPs in polystyrene inks. Small
changes in the position of the absorption band maxima
compared to the aqueous colloid result from the changes in
the refractive index of the surrounding medium (water and

toluene) as well as NPs shell (citrate/tannic acid mixture and
thiols) which have an impact on the local surface plasmon
resonance (LSPR) of NPs.

3.3. Nanoparticles in Polymer Films. From a general point of
view, the colloid solutions of AuNPs have to be processed
under film form for electronic applications. In order to
observe the influence of -Th or -PS functionalization of
AuNPs on their dispersion within the polystyrene matrix,
a first approach by using conventional TEM analyses was
realized. The images showed in Figure 4 highlight a clear
difference between both functionalizations.

In the case of -Th ligand a homogenous distribution of
individual AuNPs is observed at 200 ppm concentration and
at 400 ppm concentration, as shown in Figures 4(a) and 4(c),
respectively. For a higher concentration, the AuNPs seem to
form single agglomerates of NPs but without metallic con-
nections between individual particles (Figure 4(c)). The dis-
persion of individual AuNPs is about 5300 particles/um? for
200 ppm concentration and 9300 particles/ ;/tm2 for 400 ppm
concentration, respectively. In the case of -PS ligands, the
TEM analysis shows a homogenous dispersion of indi-
vidual AuNPs for both concentrations and the presence
of several AuNPs agglomerates (without metallic connec-
tions between individual NPs) (Figures 4(b) and 4(d)). The
density of individual AuNPs/um* for this functionaliza-
tion is 625 par‘[ic:les/um2 for 200 ppm concentration and
1000 particles/um? for 400 ppm concentration, respectively.

It is interesting to notice that the AuNPs agglomerates in
the PS@Au-Th 400 ppm sample show regular hexagonal 2D
packing suggesting 2D-type agglomerates. This observation
opens the important question regarding the precise location
of such 2D-like aggregates in the hybrid layers. The precise
3D distribution of individual AuNPs and agglomerates on
the surface or within the polystyrene layer for both types
of ligands is an important parameter for understanding the
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(c)

(d)

FIGURE 4: Bright field TEM images of PS@ AuNPs for different functionalized ligands and different concentration in gold nanoparticles: (a)
PS@Au-Th 200 ppm; (b) PS@Au-PS 200 ppm; (c) PS@Au-Th 400 ppm; (d) PS@Au-PS 400 ppm.

behaviour of such hybrid systems used in NVMEs, since such
agglomerates might influence their switching mechanism.
To obtain this information TEM tomography was used. The
results of tomographic analysis for PS@Au samples with a
concentration of 200 ppm in AuNPs are presented in Figure 5.

Representative areas of the PS@Au-Th and PS@Au-PS
samples used for tomographic analysis are presented in
Figures 5(a) and 5(b). In all samples, TEM tomography shows
the coexistence of individually dispersed AuNPs and AuNPs
agglomerates without metallic connections between NPs.
However, as seen in Figures 5(c) and 5(d), the tomographic
reconstruction reveals unambiguously a different location of
the AuNPs within the bulk of the PS matrix depending on the
surface ligands on the AuNPs. For the AuNPs functionalized
with -Th ligands, a vertical phase separation is observed: a
homogeneous layer of AuNPs is localized at the bottom of the
polystyrene film (interface between ITO and PS film). As seen
in the 2D TEM images, tomography confirms the formation
of 2D agglomerates of AuNPs at the upper surface of the film
(Figure 5(c)). The hexagonal packing of the AuNPs and the
2D character of these agglomerates indicates that they could

be formed at the surface of the liquid film during the spin-
coating process. In any case, the segregation of all AuNPs to
the film interfaces underlines the incompatibility of mixing
between thiol-functionalized AuNPs and the polystyrene
matrix.

In contrast, the use of the -PS ligand changes radically
the distribution of the AuNPs within the PS matrix. In that
case, the sum of cross-sectional images in the xz plane
reveals a uniform distribution of individual AuNPs and 3D
aggregates within the bulk of the PS layer (Figure 5(d)).
Contrary to the case of -Th ligands, no 2D agglomerates
are formed on the surface of the hybrid layers but only 3D
agglomerates that are embedded in the PS matrix. The fact
that -PS ligand AuNPs form 3D ligands is possibly related
to the entanglement of the PS chains belonging to adjacent
AuNPs in these agglomerates. Such entanglements would
favor the clustering of the AuNPs into 3D aggregates.

In addition to different AuNPs ligands functionalization,
the increase in the AuNPs concentration is another parameter
that can influence their distribution in the PS matrix. The
results concerning the films prepared from PS@Au with
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FIGURE 5: 3D analysis by electron tomography of PS@AuNPs 200 ppm: (a) PS@Au-Th and (b) PS@Au-PS bright field TEM images at 0° tilt
from the tilt series; (c) PS@Au-Th and (d) PS@Au-PS representation of transversal sum of cross-sectional slices along one direction in the
plane of 3D reconstructed volume showing different location of AuNPs within the PS layer. The upper and lower interfaces of the hybrid layer
are highlighted by dotted lines. The substrate/film interface is on the bottom side of the cross-sectional views as indicated.

400 ppm concentration are presented in Figure 6. Once again,
bright field TEM is unable to identify the precise location
of individual or aggregated AuNPs within the bulk of the
hybrid layer as seen in Figures 6(a) and 6(b). As for the
previous samples, TEM tomography allows determining the
precise 3D location of individual and agglomerates of AuNPs
(unconnected with metallic bound) in the bulk of the sample.
As seen in Figures 6(c) and 6(d), the same trends are observed
as for the 200 ppm samples: (i) a vertical phase separation
with a homogeneous layer of AuNPs localized at the bottom
of the PS film and the 2D agglomerates on the top of the film
for the -Th ligand, (ii) individual, and agglomerates AuNPs
homogeneously distributed in the bulk of the PS matrix for
the -PS ligand. A slight modification can be observed in the
case of PS@Au-PS for which the 3D agglomerates seem to be
localized closer to the center of the PS bulk film.

A statistical analysis of the AuNPs distribution in the
reconstructed volumes yields quantitative information on
the densities of the NPs along the z-direction. The results
of this analysis show that for the -Th ligand the den-
sity of individual AuNPs is about 1750 particles/um’ for
200 ppm concentration and 4200 particles/um? for 400 ppm
concentration, respectively, while in the case of -PS ligand
the density is about 4000 particles/um® for 200 ppm and
7200 particles/um? for 400 ppm concentration, respectively.

4. Conclusions

This study has demonstrated (i) a versatile method to
exchange the surface ligands on AuNPs by a phase transfer
method to prepare stable colloidal inks with polystyrene in
toluene and (ii) the impact of different surface ligands on the
dispersion of AuNPs in the bulk of a polystyrene matrix in
spin-coated thin films.

The method of mNPs modification with thiol-terminated
polystyrene is versatile and offers flexibility regarding the
NPs type (both size and material) as well as NPs surface
ligand. Most importantly, the presented procedure does not
require purification steps and the mNPs modified via the
phase transfer process can be directly used to prepare stable
inks with polystyrene in toluene as demonstrated by UV-Vis
spectroscopy.

Electron tomography was used to investigate the precise
dispersion of AuNPs in the bulk of a PS matrix in spin-coated
thin films prepared from PS@AuNPs inks with different
concentrations of AuNPs and two different types of ligands.
Electron tomography shows that the use of -Th and -PS lig-
ands leads to two distinct 3D distributions of functionalized
AuNPs in the bulk of a polystyrene film (Figure 7).

For -Th ligands, a vertical phase separation between
AuNPs and the PS matrix leads to a preferential location
of AuNPs at the substrate/hybrid interface. Moreover, larger
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FIGURE 6: 3D analysis by electron tomography of PS@AuNPs 400 ppm: (a) PS@Au-Th and (b) PS@Au-PS bright field TEM image at 0° tilt
from the tilt series; (¢) PS@Au-Th and (d) PS@Au-PS representation of transversal sum of cross-sectional slices along one direction in the
plane of the 3D reconstructed volume showing different locations of AuNPs within the PS layer. The upper and lower interfaces of the hybrid
layer are highlighted by dotted lines. The substrate/film interface is on the bottom side of the cross-sectional views as indicated.

()

FIGURE 7: Schematic illustration of individual and aggregated AuNPs distribution within the thickness of PS layer regarding the two
functionalization types: (a) -Th ligand and (b) -PS ligand. The AuNPs are schematized in yellow; the PS polymer bulk in violet; the -Th

ligand in blue and -PS ligand in red.

2D agglomerates (without metallic connections between
individual NPs) with regular hexagonal packing of AuNPs
are observed at air/polymer interface (Figure 7(a)). These
2D agglomerates are possibly formed from AuNPs that were
rejected at the liquid/air interface of the hybrid blends in
toluene in the early stage of spin-coating. However, the
presence of AuNPs agglomerates may not affect the func-
tionality of the hybrid device as these NPs clusters will
be in metallic contact with the electrode located just on

the top of prepared PS@Au-Th coating. For -PS ligands, a
rather homogeneous bulk dispersion of individual AuNPs is
observed. Such individual dispersed AuNPs coexist with 3D
agglomerates (Figure 7(b)), which are formed upon clustering
of AuNPs in the bulk of the hybrid films. Overall, this study
underlines the essential role played by the chemical nature of
surface ligands on mNPs on their homogeneous distribution
in a polymer matrix, which is a general result of interest for
numerous applications based on such hybrid thin films.
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