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ABSTRACT

This study presents the assembly of titania nanoplates (TNPs) into three-dimensional supraparticles (SPs) via an emulsion-based
assembly technique using dodecyltrimethylammonium bromide (DTAB) as surfactant. The SPs have diameters ranging from
~100 to ~400 nm and are encapsulated within a polystyrene shell. The encapsulation is achieved through surface-initiated photo-
catalyzed radical polymerization (UVP), utilizing the intrinsic photocatalytic activity of the TNPs. By varying the duration of UV
light (1 = 365 nm) exposure, the overall organic fraction of the polymer can be tuned. Small-angle X-ray scattering (SAXS) meas-
urements indicate a higher degree of order within the SPs after the polymerization and increased interparticle distances between
the encapsulated TNPs. Presumably, the polymerization initiates at the double bond of the native oleylamine ligands on the
TNP surface, resulting in surface-grafting of the polymer and re-ordering of the TNPs within the encapsulated SPs.
Furthermore, the functionalization of the polymer shell with carboxylic acid or azide groups is demonstrated. As a proof-of-
concept, TNPs were assembled with superparamagnetic iron oxide nanocubes (SPIONs) to form hybrid SPs. The UVP could
be easily adapted to these hybrid SPs, resulting in encapsulated TNP/SPION-based SPs that combine the optical and magnetic
properties of both materials.

1 | Introduction photonics [9, 10, 16, 17], sensing [18], and energy storage

Supraparticles (SPs) are comprised of colloidal inorganic nanoma-
terials that agglomerate and form higher-ordered entities [1-3].
Their functionality is a combination of the individual characteristics
of the nanomaterial itself and collective properties arising from
the combination and synergisms of the nanomaterial building
blocks, such as magnetic [4-7], catalytic [2, 8], and optical
[9, 10] properties. Their synergistic functions are of great interest
for applications in catalysis [2, 8, 11, 12], drug delivery [13-15],

[19, 20]. To enable specific applications of SPs, control over their
composition, size, morphology, shape, and stability is essential
[1, 3, 21]. A typical synthetic route to SPs is the droplet-based tem-
plate method. It commonly uses surfactant-stabilized emulsion
droplets to achieve the self-assembly of nanoparticles into SPs with
good control over the size of the resulting SPs [1, 2, 4, 22-24]. A
common example is evaporation-induced self-assembly (EISA),
which is a versatile, facile, fast, and low-cost assembly technique
that allows the size of the SPs to be controlled by various parameters
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[4, 24]. Emulsion-based self-assembly is a well-established
approach for the preparation of SPs, which has been studied
using a broad variety of nanomaterials and even the combination
of different types of nanoparticles [25-27]. Other techniques,
such as DNA-directed self-assembly [28, 29] or photoclick
chemistry-based self-assembly [30], allow for the fabrication of
more complex SP structures, but usually entail more expensive
precursors or linkers and laborious modification of the nanopar-
ticle surface [29, 30].

Besides the self-assembly of one type of nanomaterial into SPs, the
co-assembly of nanomaterials with different functionality within
the same hybrid SPs is of interest. One example is the combination
of photocatalytic active titania and magnetic iron oxide nanopar-
ticles. Bonnefond et al. [31] demonstrated the advancements of
such multifunctional hybrid SPs for wastewater treatment. The
titania photocatalyst decomposes organic compounds in the
wastewater, and due to the added magnetic nanoparticles, the pho-
tocatalyst can be recovered after its usage through simple magnetic
separation [31]. Similar concepts were introduced by Bagheri et al.
[32] and reviewed by Pervaiz et al. [33].

Additionally, it is important to consider the stability of the assem-
bled SPs. The synergistic properties of SPs emerge from the com-
bination and spatial arrangement of the nanoparticle building
blocks [1, 21]. It is, therefore, crucial to provide mechanically
robust SPs that maintain their internal structural features during
processing and application [21]. Hence, major research efforts
are focusing on the development of techniques for the stabiliza-
tion of SPs by their encapsulation within a polymer shell.
This also enables surface-functionalization of the polymer shell,
for example, for biomedical applications or the integration into
other materials [34].

Currently, most encapsulation methods are based on emulsion or
mini-emulsion polymerization. A very common method is the
seeded emulsion polymerization. Kloust et al. [35] reported a seeded
emulsion technique for iron oxide nanoparticles. The hydrophobic
shells of the nanoparticles function as seeds for the following emul-
sion polymerization. For seed formation, the nanoparticles were
injected into an aqueous polysorbate-80 surfactant solution.
Next, a polystyrene shell was formed via seeded emulsion polymer-
ization. This approach allowed the adjustment of the number of
nanoparticles per seed and the polystyrene shell thickness [35].
Another example is the free radical polymerization (FRP) method
developed by Schmidtke et al. [36]. However, FRP-based methods
have the main drawback of uncontrolled fast termination reactions,
resulting in broader molecular weight distributions and lower
control over the polymer architecture [37, 38]. A solution to this
problem is the controlled radical polymerization (CRP). CRP results
in a much narrower molecular weight distribution and allows
for improved control over the morphology [37]. Atom transfer rad-
ical polymerization (ATRP) [39-42] and reversible-addition-
fragmentation chain-transfer polymerization (RAFT) [43] are the
most commonly used CRP techniques. Zhu et al. [44] fabricated
polymer-cadmium selenide (CdSe) quantum dot (QD) nanocompo-
sites in a one-pot photopolymerization based on RAFT. First, they
surface-modified the CdSe QDs with a RAFT agent, enabling
grafting from the modified nanoparticle surface. The second step
was the photoinduced electron transfer (PET) RAFT polymeriza-
tion, where the CdSe QDs acted as photocatalysts. By illumination

with a wavelength of 460-480 nm and the addition of a hole scav-
enger, they synthesized individually polymer-encapsulated QDs
with tunable monomer conversion [44]. This method, as well as
the example of Yan et al. [45], illustrate the photoinitiated polymer
encapsulation of nanoparticles and SPs.

The photocatalytic polymerization enables a fast and energy-
efficient initiation of the encapsulation of SPs at low temperatures
and, in addition, enables the tunability of the polymerization rates
by controlling the exposure to light and therefore, the amount of
formed polymer [46, 47]. Another photocatalyst for photopolyme-
rization is the metal oxide semiconductor titania (TiO,). It is one of
the most intensively studied photocatalysts, characterized by low
cost, nontoxicity, as well as high chemical, electronic, and optical
stability [48, 49]. Typical applications include water and air puri-
fication [50], gas sensing [51], as well as applications as photoca-
talysts, for example, for hydrogen production [52] or the initiation
of polymerization [53-56]. Titania naturally exists in three main
crystalline phases: rutile, anatase, and brookite [57]. The most
widely used phase is anatase, with a band gap of 3.20eV
[57, 58]. It is considered to be the most active phase regarding pho-
tocatalytic activity, which likely depends on the exposed facets
according to recent studies [49]. It was reported that the energeti-
cally high {001} facets have the highest photocatalytic activity.
Current research is therefore focusing on the facet-controlled
synthesis to obtain a high percentage of the {001} facets, for exam-
ple, in titania nanoplates (TNPs) [59]. As titania only absorbs light
in the UV spectral range due to its wide band gap, it is well suited
for the photoinitiation or photocatalytic activation of polymeriza-
tion reactions. The self-assembly of TNPs into SPs is of interest
since it enables synergistic properties resulting, for example, in
improved photocatalytic activity [60] or in advanced optical
properties via the formation of photonic crystals [61]. In addition,
the self-assembly of TNPs into ordered SPs is of interest
regarding the bio-imitation of the hierarchically ordered structure
of nacre, which possesses exceptional mechanical properties, such
as high strength and toughness [62, 63]. In this regard, the assem-
bly of nanoplates is beneficial, because it results in a higher theo-
retical packing density (~90vol%) [64] compared to spheres
(~75vol%) [64, 65].

In order to obtain robust inorganic-polymer nanocomposites,
surface-grafting of the polymer shell is beneficial. Several studies
have been carried out in which titania was used as the photoinitia-
tor for the polymerization based on FRP and, in some cases,
CRP. Most of these photopolymerizations used vinyl monomers,
acrylates, and methacrylates [53-56, 66-70]. Usually, surface-
grafted photopolymerization entails surface-modification of the
nanomaterial using a coupling agent [70, 71]. Typical coupling
agents are double-bond-terminated silyl compounds, for example,
3-(trimethoxysilyl)propyl methacrylate (MPS) [72, 73]. A previously
reported approach using individually MPS surface-modified titania
nanospheres was developed by Wang et al. [72]. They implemented
a photocatalytic surface-initiated polymerization on titania to fab-
ricate well-defined core-shell nanocomposites. This approach ena-
bles tunability of the polymer shell thickness by varying the UV
exposure time [72]. The main drawback of this method is the
necessity of a coupling agent to enable surface-initiation. Hence,
current research focuses on in situ photopolymerization without
additional surface-modification of the nanomaterial. Recently,
Tanaka et al. [74] reported the in situ photopolymerization on
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titania nanoparticle surfaces without any pretreatment of the nano-
material. They demonstrated the simplicity of this method using
different vinyl monomers for the polymerization on either titania
nanotubes or commercial titania nanoparticles [74].

In this work, we report the straightforward emulsion-based
assembly of SPs from titania nanoplates (TNPs) and their facile
encapsulation via a photocatalytic surface-initiated polymeriza-
tion (UVP). A major advantage of this method is that no
additional initiator or catalyst is required. Furthermore, no addi-
tional surface-modification of the TNPs is necessary. Presumably,
the double bond of the native oleylamine ligands at the
TNP surface enables surface-grafting of the polymer. The well-
defined TNP-polystyrene composites were characterized using
electron microscopy, Fourier-transform infrared spectroscopy
(FTIR) spectroscopy, thermogravimetric analysis (TGA), and
synchrotron-based small-angle X-ray scattering (SAXS). We
show that the encapsulation process further increases the degree
of order within the assembled SPs, and with prolonged UV expo-
sure time, a pronounced swelling of the SPs was observed.
Furthermore, the polystyrene shell could be decorated with car-
boxylic acid or azide groups using functionalized monomers for
the UVP. To demonstrate the fabrication of multifunctional SPs,
the TNPs were co-assembled into hybrid SPs with superparamag-
netic iron oxide nanocubes (SPIONs). It was possible to easily
adapt the UVP to these hybrid SPs, resulting in polystyrene
encapsulated TNP/SPION SPs, which combine the photocatalytic
and magnetic properties of both inorganic materials. Therefore,
our study exemplifies the use of photocatalytically active TNPs as
a general strategy for the synthesis of novel polymer-encapsu-
lated and multifunctional hybrid SPs.

2 | Results and Discussion
2.1 | Fabrication of SPs via EISA

The starting material of this study consists of oleylamine (OLAM)
stabilized TNPs with an edge length of 21.7 + 4.2 nm and a thick-
ness of 7.1 1.3 nm. Transmission electron microscopy (TEM)
images, TGA, X-ray diffraction (XRD) data of the TNPs, as
well as of all the other TNP batches used in this work, are
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provided in the Supporting Information, Section S1. The assembly
of the TNPs into three-dimensional SPs was done using an
emulsion-based bottom-up approach. Here, we used the EISA
approach [24]. EISA is a versatile, facile, and fast assembly tech-
nique, which allows the control over the SPs average size by
varying experimental parameters such as the surfactant and nano-
particle concentration or the type of surfactant [1, 2, 4, 24, 25]. In
the EISA procedure, a stable TNP dispersion in chloroform (1 mL,
12.5mg mL ™) was injected into an aqueous dodecyltrimethylam-
monium bromide surfactant solution (DTAB; 1 mL, 20 mg mL™)
under vigorous vortexing, resulting in the formation of an emul-
sion. The subsequent evaporation of the organic solvent at room
temperature induced the self-assembly of the TNPs into SPs. This
process is schematically shown in Figure 1a. By varying the con-
centration of the DTAB solution (10-100 mg mL ™), the size of the
SPs can be controlled. Using dynamic light scattering (DLS), the z-
average of the assembled SPs was determined, revealing a decreas-
ing size of the SPs with increasing DTAB concentration
(Figure 1b). This trend is in accordance with previously reported
observations [4, 7]. In the following, we focused on SPs assembled
using a DTAB concentration of 20 mg mL™, resulting in stable SPs
with sizes ranging from ~100 to ~400 nm (determined by TEM)
and a low polydispersity index (PDI) of 0.15. Two typical size histo-
grams of SP samples that were assembled from two different TNP
batches and which are based on TEM analysis, can be found in the
Supporting Information, Section S4, Figure S15. Note, using a
higher DTAB concentration (>30 mg mL™") resulted in the forma-
tion of significantly smaller SPs. For comparison, the DLS intensity
distributions of the SPs assembled with DTAB concentrations of
10-30mgmL™" can be found in the Supporting Information,
Section S5, Figure S16. The TEM images presented in Figure 1c
reveal the size and shape of the assembled SPs. Some deviations
from the ideal spherical shape are observed, indicating the ten-
dency to the formation of facetted surfaces. In a set of initial
experiments, we observed that an excess of OLAM ligands in
the TNP batches used for the assembly process can disturb the
assembly of the TNPs into SPs. Hence, we used TNP solutions that
contained OLAM ligands in a concentration corresponding to
roughly one monolayer coverage of the TNP surface, or less
(see the Supporting Information, Table S1 and Section S6).
Depending on the intended application, a more uniform size dis-
tribution of the SPs is possibly desired. In that case, the usage of
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FIGURE 1 | (a) Scheme of the evaporation-induced self-assembly (EISA) of TNPs into SPs. (b) Dependency of the z-average size and the
polydispersity index (PDI) of the SPs on the DTAB concentration used for the EISA process. (¢) TEM images of fabricated TNP-based SPs.
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microfluidic techniques can be beneficial as they enable better
control over the size distribution of the SPs and the fabrication
of more complex SP structures [2, 75-77].

2.2 | Photocatalytic Surface-Initiated Radical
Polymerization

The method used for the encapsulation of TNP-based SPs exploits
the photocatalytic activity of titania nanoparticles and was
inspired by previous work of Wang et al. [72]. By exposing the
TNPs to UV light, electrons are excited from the valence band into
the conduction band, resulting in the formation of electron-hole
pairs. If the recombination rate is low enough, the charge carriers
are able to migrate to the nanoparticle’s surface and undergo redox
reactions [78, 79]. In this instance, and in the presence of mono-
mers, this photoactivation enables the free radical polymerization
resulting in the polymer encapsulation of the SPs. The TNPs show
a strong absorption edge starting at ~380 nm with an absorbance
maximum at ~254 nm, corresponding to a band gap of 3.20eV
(see the UV-vis spectra in the Supporting Information, Section
S7, Figure S17). This feature is in accordance with the optical prop-
erties of TNPs reported previously [57, 58, 80].

After the assembly of the TNPs into DTAB-stabilized SPs (total
TNP concentration ~8 mg mL™), as described above, the SPs
were transferred into a three-necked quartz flask with additional
DTAB solution (8 mL, 4.5 mgmL™") whilst stirring at 300 rpm.
The suspension was saturated with nitrogen, and a 1:1 (viv)
monomer mixture (total volume 70 pL) of styrene and the cross-
linker divinylbenzene [81] (DVB) was added. The suspension
was continuously stirred for 5min at 300 rpm. The monomer/
SP dispersion was exposed to UV light under inert gas atmo-
sphere using blacklight UVA lamps with a main emission peak
at 365 nm (see Supporting Information, Section S24), resulting in
the formation of crosslinked polystyrene (PS) shells. Figure 2
illustrates the encapsulation procedure. After the encapsu-
lation, the SPs were separated and purified via centrifugation
(see Experimental Section for details). FTIR spectroscopy of
the purified SPs confirmed the formation of a polystyrene shell.
The spectra shown in Figure 3b show the typical aromatic C-H
stretching vibrations of polystyrene at wavenumbers ranging
from 3026 to 3082cm . Additionally, absorption bands at
wavenumbers of 1602, 1493, and 1452cm™* correspond to
the aromatic C=C stretching vibrations of the benzene ring
[82-84]. These specific bands are observed in the case of the
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FIGURE2 | Schematic showing the encapsulation of SPs within poly-
styrene (PS) shells via the UV light-induced photocatalytic free radical
polymerization (UVP).

polystyrene-encapsulated SPs, but they are missing in the non-
encapsulated SPs, confirming the successful formation of polysty-
rene. As stated above, the encapsulation procedure was inspired
by the work of Wang et al. [72]. However, we conducted the
polymer encapsulation on SPs assembled from TNPs without
additional surface-modification, while Wang et al. encapsulated
individual titania nanospheres, which were surface-modified
with 3-(trimethoxysilyl)propyl methacrylate (MPS). As a major
advantage, our approach to polymer-encapsulated SPs enables
the synthesis of multifunctional hybrid structures consisting
of different types of nanocrystals, as demonstrated below
(see Section 2.5). In addition, we demonstrate the straightforward
functionalization of the encapsulated SPs by simply adding different
styrene derivatives to the polymerization reaction. To confirm that
the UV light-induced photocatalytic free radical polymerization
(UVP) is based on photocatalysis, we conducted control experi-
ments in which we tried to initiate the polymerization thermally.
These control experiments were done because the reaction mixture
heated up to 42 °C due to the heat radiation of the UV reactor dur-
ing the UVP reaction. In these control experiments, we did not
observe any polymerization of the monomers (details can be
found in the Supporting Information Section S8). To test the possi-
ble PS encapsulation via UVP without the presence of photocata-
lytically active titania nanoparticles, another control experiment
using superparamagnetic iron oxide nanocube (SPION)-based
SPs was carried out. As expected, TEM images and FTIR data
(Supporting Information Section S8, Figure S18) did not indicate
the formation of a PS shell, confirming that the presence of
photocatalytically active nanoparticles, such as TNPs, is indeed
essential for successfully conducting the UVP encapsulation of
SPs. Furthermore, an additional experiment was conducted to
investigate the influence of the illumination power of the UV reac-
tor (A =365nm), utilizing either 4 or 7 lamps of the reactor. The
obtained data can be found in the Supporting Information,
Section S9. As shown by TGA measurements, the use of 7 lamps
(~31mW cm™) resulted in the formation of only slightly more
polymer than the use of 4 lamps (~16 mWcm™2). Hence, the photo-
activated polymerization reaction was almost complete after 2h UV
irradiation at both power levels. SEM images confirm that the
encapsulation of the SPs was successful in both experiments.

Additionally, we tried to photocatalytically initiate the radical poly-
merization by exposure to deep UV (DUV) radiation using mercury
UVC fluorescent lamps with a main emission peak at a wavelength
of 254 nm. This wavelength matches the absorption maximum of
the TNPs. However, when trying to initiate the photocatalytic poly-
merization using DUV radiation, we observed the spontaneous self-
initiation [85] of the polymerization reaction of styrene and divinyl-
benzene. The PS encapsulation of the TNPs was still observable, but
less selective, as the polymer was also formed without being grafted
to the TNP surface. Details of this experiment can be found in the
Supporting Information, Section S10. Based on this observation, it is
recommended to use UV irradiation with longer wavelengths, not
resulting in the self-initiated photopolymerization of the mono-
mers. The UV reactor with a wavelength of ~365nm, which
was used in most experiments of this study, ensures the selective
and well-controlled polymerization of PS at the surface of the
TNPs, and hence the highly efficient encapsulation of the SPs.

By varying the UV exposure time, it was possible to tune the
amount of the formed polymer, as shown by the TEM images
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FIGURE 3 | (a) TEM images of TNP-based SPs encapsulated within polystyrene shells with increasing amount of polymer depending on the UV
exposure time. (b, left) FTIR spectra of the purified nonencapsulated (gray) and encapsulated (blue) SPs with increasing UV exposure time. (b, right)
Zoom into the wavenumber region from 3130 to 2770 cm™* showing the aromatic C-H vibrations of PS. (c) Evolution of the organic mass fraction of the
SPs with increasing UV exposure time. The organic fraction was determined via TGA (see Supporting Information, Section S11, for the TGA curves).

in Figure 3a. Furthermore, Figure 3a indicates that with pro-
gressing polymerization, the degree of ordering of the TNPs
within the polymer shell near the SP surface is decreasing,
especially visible after 6 h of UV exposure. The tunability of
the amount of formed polymer is further confirmed by the
increasing organic fraction of the SP composites (Figure 3c),
which was determined using TGA of the purified samples
(TGA data can be found in the Supporting Information,
Section S11, Figure S21). With increasing duration of UV expo-
sure, the organic fraction increased steeply within the first
hour and then leveled off to saturation after several hours.
This finding suggests that at the beginning of the reaction,
the emulsion consists of surfactant-stabilized SPs and micelles
containing the water-insoluble monomers. By initiating
and maintaining the polymerization under UV exposure, the
monomers gradually diffuse to the surface of the surfactant-
stabilized SPs and are consumed in the radical polymerization
reaction. When most of the monomer is consumed, the growth
of the shell approaches the saturation level seen in Figure 3c.
Additional experiments revealed the formation of polymeric
deposits on the SP surface already after a UV exposure time
of 5min. TEM images and FTIR spectra can be found in the
Supporting Information, Section S12, Figure S22.

The straightforward encapsulation as well as the well-controlled
tunability of the amount of the formed polymer are advantages
over other methods reported for SP encapsulation, previously,
such as activators generated by electron transfer atom-transfer
radical polymerization (AGET ATRP) [7, 39-42] or free radical
emulsion polymerization [86-88]. A significant drawback of
these methods, compared to our UVP approach, is the necessity
of surface-modification in order to obtain surface-grafting of the
initiator molecule to the SPs or nanoparticles. Furthermore, a
catalyst or initiator needs to be added, and the time required
for complete polymerization is long (~6h) [89, 90]. The UVP
encapsulation reported in this study does not require additional
surface-modification with an initiator molecule, needs no addi-
tional catalyst, and is much faster.

In order to compare the UVP encapsulation of TNP-based SPs
to the encapsulation via AGET ATRP, some additional experi-
ments were conducted. To this end, we used the AGET ATRP
encapsulation method developed in our previous study by
Klauke et al. [7]. Details of these experiments can be found in
the Experimental Section and the Supporting Information,
Section S13, Figure S23. Since the AGET ATRP encapsulation
requires the surface-modification of the TNPs with an initiator
based on a phosphonic acid derivative, the method was much
more labor-intensive than the UVP approach. In addition, the
binding of the initiator molecule to the TNP surface was more
difficult to achieve than in our previous study, where we used
SPs from iron oxide nanocubes. Hence, the AGET ATRP encap-
sulation of TNP-based SPs suffered from limited reproducibility.
Furthermore, the amount of formed polymer after a polymeriza-
tion time of 6 h was significantly lower than in the case of the
UVP method after 6h of UV exposure (see the Supporting
Information, Section S13, Figure S23b).

Moreover, our results suggest that the UVP method is also based
on surface-grafting of the growing polymer shell. Wang et al. [72]
modified the surface of amorphous titania nanospheres with 3-
(trimethoxysilyl)propyl methacrylate (MPS), stating that these
ligands provide C=C double bonds functioning as the initiation
point of the polymerization and enabling the capture of photo-
generated radicals. Further, they explained that the MPS ligands
improve the affinity of the polymer to the titania surface, result-
ing in a homogenous coating of the nanoparticles [72]. In con-
trast, using titania nanospheres without MPS modification
resulted in the formation of rough polymer coatings [72]. In
our study, the TNPs were stabilized by oleylamine (OLAM)
ligands. Similar as suggested by Wang et al. [72] and Ge et al.
[91], it is conceivable that the double bond of the OLAM ligands
is involved in the initiation of the UVP [92]. Since the IR signa-
ture of the double bond was too weak to be observed in FTIR
spectra (cf. Figure 3b) our data do not evidence the reaction
of the double bond. However, TEM images of single TNPs encap-
sulated within a PS shell as well as of encapsulated SPs, where
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the PS shell is formed near and around the TNP surface reveal a
surface-grafted polymerization reaction (see the Supporting
Information, Section S14, Figure S24). Furthermore, the poly-
merization reaction resulted in rather uniform coatings on the
TNPs and SPs, similar to the observations of Wang et al. [72]
for titania nanospheres modified with MPS. Presumably, also
other processes resulting in surface-initiation are involved.
Tanaka et al. [74] reported the in situ photopolymerization on
the surface of individual titania nanoparticles without any pre-
treatment of the nanomaterial, resulting in the formation of poly-
mer near the nanoparticle surfaces. However, the coating
appeared rougher, and the authors mentioned the presence of
free polymer in the reaction solution. In our study, the PS was
formed near the TNP surface and resulted in a rather homoge-
nous coating of the SPs. Furthermore, we did not find significant
amounts of free PS in the reaction solutions. In addition, the
occasionally observed encapsulation of single TNPs within a
PS shell suggests that the OLAM ligands located near the TNP
surface enable surface-grafting of the polymer, underlining the
results of Wang et al. [72].

To investigate the adaptability of the self-assembly procedure
(EISA) and the UVP method to nanoparticles of different shapes,
experiments with titania nanorods (TNRs) and titania nanodots
(TNDs) were conducted. TEM images and FTIR spectra of the
resulting SPs (see the Supporting Information, Section S15)
clearly confirm the straightforward adaptability of the two pro-
cedures reported in this study.

2.3 | Internal Order and Swelling of Encapsulated
SPs

The scanning electron microscopy (SEM) images shown in
Figure 4a underline the tunability of the amount of formed poly-
mer and increased swelling of the SPs with UV exposure time.
Additionally, while the degree of order of the TNP assembly close
to the SP surface decreases (see above, cf. Figure 3a), the degree of
order in the inner volume of the SPs seems to increase with UV
exposure duration. Furthermore, swelling of the SPs is indicated

by increasing interparticle distances (cf. Figures 3a and 4a). The
improved order is a result of the surface-grafted PS shell formed
between the single TNPs (additional examples can be found in
the Supporting Information, Section S16, Figure S26). This is
especially visible by comparing the nonencapsulated SPs with
the encapsulated SPs. Due to the surface-grafting of the polymer
to the TNP surface, the PS is polymerized on the TNP surface,
that is, also between the single TNPs of the assembly. Hence,
the soft polymer enables the re-ordering during the encapsula-
tion, and a higher overall degree of order within the encapsulated
SPs is achieved. The increasing degree of order and the swelling
effect were investigated using synchrotron-based SAXS. The scat-
tering curves are presented in Figure 4b. The three reflections are
related to the structure factor and indicate an ordered system.
The comparison of the SAXS curves of the nonencapsulated
(gray) and encapsulated SPs (blue) confirms the increase of order
after the encapsulation, as indicated by the more pronounced
reflections. The shift of the first- and second reflection to lower
scattering vectors (highlighted in gray) confirms the formation of
a less densely packed superlattice of TNPs within the encapsu-
lated SPs with increasing duration of UV exposure [93]. The lat-
tice constant d can be estimated by the relation of the scattering
vector q and the Bragg condition according to Equation (1) [94].
The lattice constants were calculated using the scattering vectors
of the first reflection in the SAXS curves for the different UV
exposure times (see the Supporting Information Section S17).

d[nm] = (%) /10 o

By subtracting the average edge length of the TNPs (21.7 £ 4.2 nm)
from the calculated lattice constants, one obtains an estimation of
the interparticle distance between the TNPs. The values are listed
in Table 1. For the nonencapsulated SPs, the interparticle distance
is 2.7 nm, similar to the characteristic length of oleylamine ligands
(2.05nm) [95]. The increasing interparticle distances with increas-
ing UV exposure time reveal progressive swelling of the TNP
superlattice and, hence, the formation and growth of the PS matrix
during UV exposure. Furthermore, the SEM images shown in

—
O

log (q) / cm™ —

FIGURE 4 | (a) SEM images indicating an increased order of TNPs with increasing polymer content as well as pronounced swelling of the SPs.

(b) SAXS curves revealing a shift of the two main reflections to lower g-values highlighted in gray with increasing UV exposure time. (c) Left: SEM image

recorded with an energy-selective backscattered electron (ESB) detector revealing the migration of single TNPs within the outer growing PS shell
(the contrast and brightness of the image were increased for better visibility). Right: SEM image recorded with the standard detector.
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TABLE 1 | Approximate interparticle distances calculated by
subtracting the average edge length of the TNPs from the calculated
lattice constants obtained from the first SAXS reflection for different
UV exposure times.

UV exposure Approximate interparticle
time/h distance/nm

0 2.7

0.5 9.5

1 10.1

2 10.8

6 13.1

Figure 4a confirm the concentric encapsulation of the SPs
within a growing polymer shell. This is most obvious after long
UV light exposure time. However, a small amount of single
TNPs seems to migrate within the growing polystyrene shell,
presumably due to the continuous formation of PS on the TNPs
located at the SP surface. This effect is clearly visible in the
SEM image recorded with an energy-selective backscattered
electron (ESB) detector (Figure 4c left). Due to its higher back-
scatter coefficient, the TNPs embedded near the surface of the
growing PS shell appear brighter than the organic PS matrix
[96]. By repeating the TNP assembly into SPs and the UVP
encapsulation several times, we confirmed that the protocol
presented in this study provides well-reproducible results.
However, occasionally we observed that the SPs formed hollow
structures. Exemplary SEM images of these structures can be
found in the Supporting Information, Section S18, Figure S28.
The formation of such hollow structures is most likely based
on the formation of a Pickering emulsion as proposed by
Park et al. [97]. In Pickering emulsions [98, 99], the interface
between the organic and the aqueous phase is stabilized by the
surfactant and the nanoparticles. In this case, the TNPs assem-
ble preferentially at the oil/water interface and stabilize the
oil-in-water droplets. The liquid core formed inside these drop-
lets decreases in size during solvent evaporation. Finally, when
the solvent is evaporated completely, a hollow structure with a
shell of assembled TNPs is formed, as occasionally observed in
some SEM images.

Another important property is the long-term colloidal stability
of the encapsulated SPs. Hence, DLS experiments of
re-suspended SPs (ultrasonication for 2 min) were repeated
9 and 11 months after their PS encapsulation. Confirming good
long-term stability in aqueous solution, the DLS size distribu-
tion profiles of these samples did not reveal any significant
changes. The corresponding DLS data can be found in the
Supporting Information, Section S19, Figure S29a. In addition,
for biochemical applications, the colloidal stability in buffered
aqueous media is of relevance. We observed a pronounced
tendency of aggregation after transferring the encapsulated
SPs into phosphate-buffered saline solution (PBS, pH ~7.4).
In contrast, the encapsulated SPs were stable after transferring
them into 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid) buffer (pH: ~7.0). The corresponding
DLS data can be found in the Supporting Information,
Section S19, Figure S29b.

2.4 | Surface-Functionalization of SPs

To enable specific applications of SPs, it is often necessary to couple
them to other functional molecules [34, 100]. Hence, it is desirable
to decorate their surface with functional groups enabling chemical
coupling reactions. As a proof-of-concept, we decorated the surface
of SPs with either carboxylic acid or azide groups. This was achieved
by simply substituting 10 vol% of the styrene monomers used for the
UVP reaction for 4-vinylbenzoic acid or 4-vinylbenzyl azide. For
these encapsulation reactions, the 1:1 (v:v) monomer mixture of sty-
rene and the crosslinker divinylbenzene was increased to a total
volume of 140 pL to obtain a thicker PS shell within a UV exposure
time of 2 h. Note, varying the total volume of the monomer, whilst
maintaining the UV exposure time, also enables control over the
amount of the formed polymer (see the Supporting Information,
Section S20). The UVP reaction with the functionalized monomers
resulted in the formation of PS shells that were clearly observable in
TEM images, as presented in Figure 5a. The FTIR spectra shown in
Figure 5b confirm the incorporation of azide (blue) and carboxylic
acid (red) groups in the PS shell. The characteristic N=N vibration
of the azide group is located at a wavenumber of 2094 cm™?, in
accordance with the literature [101]. The incorporation of the
carboxylic acid group was confirmed by the characteristic C=0
vibration at a wavenumber of ~1694cm™' [102]. Additionally,
the aromatic C-H stretching vibrations of PS at wavenumbers from
3026 to 3082 cm™" confirm the formation of the PS shell (dark gray,
red, and blue), as discussed above (cf. Figure 3b). Since a mixture of
styrene and its functionalized derivatives was used for the UVP
reaction, we assume that the functional groups are not exclusively
located at the outer surface of the polymer shell. Most likely, the
functional groups are randomly distributed within the formed poly-
mer, that is, within the shell encapsulating the SPs and the polymer
matrix formed between the TNPs.

2.5 | Multifunctional SPs Assembled from
Nanocrystal Mixtures

Hybrid SPs containing different types of nanomaterials, such as
semiconductors, magnetic, and plasmonic nanoparticles, have
been studied by different research groups [27, 98, 103, 104].
Such combined nanomaterials enable synergistic properties
which can be tailored, for example, for applications in photoca-
talysis [27], energy storage [103, 105], or biomedicine [105]. Here,
we combined the TNPs with superparamagnetic iron oxide nano-
cubes (SPIONs) and assembled them using our EISA protocol
into TNP/SPION hybrid SPs. This combination of nanomaterials
results in a hybrid material with superparamagnetic and photo-
catalytic properties. Previously, Xue et al. [103] reported the
assembly of iron oxide nanoparticles into a titania nanorod
matrix, enabling promising application as an anode material
for lithium ion storage. Other research groups combined iron
oxide nanoparticles with photocatalytically active titania-based
polymer composites to enable the extraction and reuse of the
composite via magnetic separation [31]. Here, we used a mixture
of cubic SPIONs with an edge length of ~10 nm and TNPs with
an edge length of ~24nm and a thickness of ~8 nm, with a
weight fraction of 50% for each material. The TEM images of both
nanomaterials are shown in Figure 6a,b (for details, see the
Supporting Information, Section S1 and S21).
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FIGURES5 | (a) TEM images of SPs encapsulated within a nonfunctionalized (dark gray) or functionalized (red: -COOH; blue: -N3) PS shell. (b, left)
FTIR spectra of the nonencapsulated SPs (light gray), the SPs encapsulated with a nonfunctionalized PS shell (dark gray), and with the functionalized PS

shell (red: -COOH; blue: -N3). (b, right) Zoom into the wavenumber region from 2150 to 1500 cm™

L showing the characteristic vibrations of the azide
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FIGURE 6 | (a,b) TEM image of the superparamagnetic iron oxide
nanocubes (SPIONSs) and titania nanoplates (TNPs), respectively. (c, left)
SEM image of the assembled TNP/SPION hybrid SPs. (c, right)
Superimposition of the EDX measurements of the TNP/SPION hybrid
SPs representing the elemental distribution of iron (green), titanium
(pink), oxygen (blue), and carbon (red). (d) TEM image of the PS encap-
sulated TNP/SPION hybrid SPs. The UVP reaction was done with a UV
exposure time of 2 h.

The assembly of both materials into spherical SPs via our stan-
dard EISA protocol was straightforward. An SEM image of
formed SPs is presented in Figure 6c, left. Interestingly, we
observed the preferred assembly of the TNPs at the SP surface,
whereas the SPIONs were mostly located in the center of the
hybrid SPs. This is clearly recognized in the superimposition
of the energy-dispersive X-ray spectroscopy (EDX) maps
(Figure 6c, right), revealing the elements iron (green), titanium
(pink), oxygen (blue), and carbon (red). As mentioned above, we
also observed the tendency to form hollow hybrid SPs, presum-
ably caused by the Pickering effect [97]. Accordingly, we attribute
the preferred assembly of the TNPs at the oil/water interface to
their larger size, enabling a more efficient stabilization of the
oil-in-water droplets, compared to the smaller SPIONs. Taking

these hybrid SPs, we demonstrated the straightforward adaptabil-
ity of the developed photocatalytic surface-initiated polymeriza-
tion. To this end, the UVP was conducted with a 1:1 (viv)
mixture of styrene/DVB with a UV exposure time of 2 h (for details
see the Experimental Section). The TEM image of the encapsu-
lated hybrid SPs in Figure 6d clearly confirms the formation
of the PS shell. Additionally, the weight fraction of TNPs
co-assembled with the SPIONs was varied to investigate its influ-
ence on the UVP encapsulation. To this end, we conducted the
UVP encapsulation of TNP/SPION hybrid SPs with the following
TNP/SPION ratios: 50/50, 25/75, and 10/90. The corresponding
TEM images and FTIR spectra can be found in the Supporting
Information, Section S22. Interestingly, the encapsulation via
UVP was still feasible with only 10 wt% of titania. However, the
FTIR spectra indicate that the amount of formed PS decreased sig-
nificantly with the decreasing fraction of TNPs. This observation
suggests that very small fractions of TNPs are sufficient to encap-
sulate multifunctional SPs within a polymer shell using the UVP
method.

Additionally, the superparamagnetic properties of the assembled
SPs were confirmed using a vibrating sample magnetometer
(VSM). Data from this measurement can be found in the
Supporting Information, Section S23, Figure S33a. We also added
a photograph demonstrating the magnetic properties of the
encapsulated hybrid SPs (Section S23, Figure S33b). In conclu-
sion, the EISA protocol presented above should be easily adapt-
able to a broad variety of nanocrystal combinations. The TNPs
preferentially assemble at the surface and provide the SPs with
photocatalytic activity, for example, to encapsulate the SPs with a
polymer shell, as demonstrated in this study.

3 | Summary and Conclusions

In this study, we reported a surface-initiated polymerization pro-
cedure for the encapsulation of TNP-based SPs which utilizes the
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intrinsic photocatalytic activity of the TNPs. By illuminating the
TNPs with UV light (1 = 365 nm), the polymerization is activated,
resulting in the encapsulation of the SPs within a polystyrene
shell. The organic fraction of the formed polymer was tuned by
varying the UV exposure time. The TNPs used in this study were
stabilized by OLAM ligands. According to previous works [72, 91],
we assume that the double bond of the OLAM ligand is the
initiation point of the UVP, thereby resulting in surface-
grafting of the formed polystyrene shell. Compared to other
polymerization approaches, surface-grafting without additional
surface-modification and polymer encapsulation of nanomaterials
without the need for an additional catalyst or initiator are a great
advantage. Before the polymer encapsulation, the spherical SPs
were prepared via the EISA process using DTAB as the surfactant.
The EISA protocol allows for the fabrication of surfactant-
stabilized SPs with sizes of approximately 100-400 nm. After
assembly, the monomers (styrene/DVB) were added to the SP dis-
persion, and the UVP was initiated by UV illumination, resulting
in the formation of the cross-linked polystyrene shell.

TEM and TGA clearly evidenced control over the amount of
formed polymer by variation of the UV exposure time. The
organic fraction increased with UV exposure and reached a sat-
uration level after UV illumination for approximately 6 h. Due to
the surface-initiation of the polymerization at the TNP surface,
the PS is polymerized near the TNP surface, that is, on the surface
of the assembled SPs as well as in-between the TNPs. Due to the
formation of the soft polymer phase between the TNPs, they re-
order, and a higher degree of internal order is achieved within
the encapsulated SPs. Synchrotron-based SAXS measurements
confirmed the increased degree of order after the encapsulation
of the SPs and increasing inter-TNP distances within the SPs with
increasing UVP reaction time. Furthermore, the functionaliza-
tion of the polystyrene shell with carboxylic acid or azide groups
was demonstrated by simply adding functionalized styrene
derivatives to the monomer mixture used for the UVP reaction.
To demonstrate the assembly of multifunctional SPs comprised
of different types of nanomaterials, a mixture of TNPs and
SPIONs was assembled into hybrid SPs. The larger TNPs prefer-
entially assembled near the surface, while the smaller SPIONs
assembled in the interior of the SPs. The combination of these
materials resulted in hybrid SPs combining the photocatalytic
activity of the TNPs and the superparamagnetic properties of
the SPIONs. Utilizing the photocatalytic properties of the
TNPs, the SPs could be encapsulated via the UVP reaction, as
in the case of the SPs consisting only of TNPs.

In conclusion, the methods presented in this study provide a
straightforward approach to the assembly and photocatalytically
initiated polymer encapsulation of multifunctional SPs without
the need for elaborate surface-modifications or additional
catalysts.

4 | Experimental Section
4.1 | Materials

All chemicals were used without further purification unless oth-
erwise stated. The solvents chloroform and tetrahydrofuran

obtained from VWR were of analytical grade. Hexadecane
(99%) was obtained from FLUKA. L-Ascorbic acid (99%),
11-(2-bromoiso-butyrate)-undecyl-1-phosphonic acid (BiB-UDPA,
95%), copper(Il) bromide (99%), dodecyltrimethylammonium bro-
mide (>98%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, >99.5%), iron oxide hydroxide (30%—60%), 1-octadecene
(technical grade, 90%), oleic acid (technical grade, 90%),
oleylamine (>98% primary amine), sodium oleate (>82%), and
titanium(IV) chloride (100%) were obtained from Sigma-
Aldrich. Titanium(IV) fluoride (>98%) was obtained from
Sigma-Aldrich or Fisher scientific. Diethylene glycol (>99%),
potassium bromide (Uvasol), styrene (99%), and divinylbenzene
(99%, isomeric mixture) were obtained from Merck. Styrene
and divinylbenzene were distilled to remove the stabilizer
4-tert-butylcatechol and stored at —20°C until use. Ultrapure water
(resistivity 18.2 MQcm) was obtained using an ELGA LabWater
purification system (Veolia Water Solutions & Technologies,
Paris, France).

4.2 | Synthesis of the Titania Nanoplates

The titania nanoplates (TNPs) were synthesized according to the
procedure described by Gordon et al. [57] with minor modifica-
tions (for details see the Supporting Information, Section S1). For
purification, the suspension was centrifuged at 4000 g at 15°C for
15 min. The residue was dispersed in chloroform, precipitated 1:1
(v:v) with a mixture of isopropyl alcohol and acetone with a ratio
of 2:1 (vv), and centrifuged again as described above. This step
was repeated once. The resulting blue solid was dispersed in 8 mL
of chloroform, and a slightly turbid blue solution was obtained.
The solution was filtered with a syringe-filter (PTFE, 0.45 pm),
and the filter was rinsed with ~2mL of chloroform. Finally,
~10mL of a clear blue TNP solution was obtained. Warning:
During the TNP synthesis, hydrofluoric acid is formed in situ
as a byproduct during the reaction of TiF, and OLAC.

A detailed overview of the properties of each used TNP batch and
for which experiments each batch was used can be found in the
Supporting Information, Section S1.

4.3 | Synthesis of the Titania Nanorods

The titania nanorods (TNRs) were synthesized according to the
procedure described by Gordon et al. [57] with minor modifica-
tions (for details see the Supporting Information, Section S2). For
purification, the suspension was centrifuged at 8000 g at 15°C for
15 min. The residue was dispersed in chloroform, precipitated 1:1
(v:v) with a mixture of isopropyl alcohol and acetone with a ratio
of 2:1 (vv), and centrifuged again as described above. This step
was repeated once. The resulting yellow solid was dispersed in
6 mL of chloroform, and a slightly turbid yellow solution was
obtained. The solution was filtered with a syringe-filter (PTFE,
0.45 pm), and the filter was rinsed with ~1 mL of chloroform.
Finally, ~7 mL of a clear yellow TNR solution was obtained.

A detailed overview of the properties of the used TNR batch and
for which experiment it was used can be found in the Supporting
Information, Section S2.

Small Structures, 2025

9 of 17

85U80|7 SUOWILIOD BAITe81D) 3(cedldde au Aq peusenob ae Sspiie YO ‘88N JO Sa|N. J0j ARIgI T 8UIUO 48] 1/ UO (SUO I IPUOD-PUR-SWLBIW0D A8 | IMAed|1|Bu|UO//:Stiy) SUORIPUOD Pue SWwie | 8u3 8eS *[9202/T0/S0] Uo A%iq1auluo A8|IM ‘95¥00S20Z 115S/200T OT/I0P/W0" A3 1M ARe.d Ul juo//Sdny Wouy papeo|umod ‘0 ‘29078892



4.4 | Synthesis of the Titania Nanodots

The titania nanodots (TNDs) were synthesized according to a pro-
cedure by Fraunhofer-Zentrum fiir Angewandte Nanotechnologie
(for details see the Supporting Information, Section S3). For purifi-
cation, the colorless precipitate was centrifuged at 8000 g at 15°C for
15 min, followed by washing with ~40 mL acetone and centrifuga-
tion at 5000 g at 15°C for 15 min. The resulting light brown residue
was dried in vacuum for 3 h. The TNDs were transferred from an
aqueous medium to an organic solvent via surface-modification
with oleylamine according to the procedure by Hensel et al.
[106] (for details see the Supporting Information, Section S3).

4.5 | SP Assembly via EISA

The TNPs were assembled into three-dimensional SPs via EISA
inspired by Wang et al. [107] and Bai et al. [24]. Prior to the
assembly process, a surfactant solution consisting of dodecyltrime-
thylammonium bromide (DTAB) in different concentrations
(4.5-100 mg mL™") was prepared. In a standard procedure, 1 mL
of TNPs (12.5mgmL™") dispersed in chloroform was injected
with a syringe into 1 mL of an aqueous DTAB solution (standard:
20 mg mL ™) under vigorous stirring on a vortex mixer (2500 rpm).
The mixing was continued for 30 s. Afterward, the formed emulsion
was transferred into a beaker and stirred (300 rpm) for 60 min at
room temperature, during which the chloroform evaporated.
The assembled SPs were centrifuged at 2000-3000g at 15°C for
5-10 min and dispersed in 1mL of an aqueous DTAB solution
(4.5mgmL™"). A turbid light-blue aqueous SP solution was
obtained.

4.6 | Encapsulation of SPs within a Polystyrene
Shell via the Photocatalytic Surface-Initiated
Radical Polymerization

In a standard procedure, freshly assembled SPs (stabilized in an
aqueous DTAB solution (4.5 mg mL ™)) were added to 8 mL of an
aqueous DTAB solution (4.5 mgmL™") in a three-necked quartz
flask and stirred for 15 min at 300 rpm and room temperature.
The obtained suspension was saturated with nitrogen for
15min. Next, a 1:1 (v:v) monomer mixture (total volume
70 uL) of styrene and the crosslinker divinylbenzene was added
under nitrogen flow. The quartz flask setup was transferred into a
custom-built UV reactor (A=365nm, for details see the
Supporting Information, Section S24) and stirred for 5min at
300 rpm and room temperature. The UV exposure was started
for different time periods under continuous stirring (300 rpm)
and under a nitrogen atmosphere. The reaction was terminated
by stopping the UV exposure and exposure to air. For purifica-
tion, the encapsulated turbid, light-blue SPs were centrifuged at
3000-5000 g at 15°C for 10 min and dispersed in 2 mL of an aque-
ous DTAB solution (4.5 mgmL™).

4.7 | Surface-Modification and Surface-Grafted
Encapsulation of SPs via AGET ATRP

The surface-modification and encapsulation of the TNP-based
SPs were conducted according to the procedure by

Klauke et al. [7]. For details regarding the surface-modification
with the 11-(2-bromoiso-butyrate)-undecyl-1-phosphonic acid
(BiB-UDPA) ligand, the preparation of the CuBr,/BPMODA
(IN,N-bis(2-pyridylmethyl)octadecylamine) catalyst complex and
the encapsulation procedure using AGET ATRP see the descrip-
tions by Klauke et al. [7]. The encapsulation of the TNP-based
SPs was conducted in a standard three-necked flask instead of
the reactor setup described by Klauke et al. [7].

4.8 | Synthesis of N,N-bis(2-pyridylmethyl)
octadecylamine (BPMODA)

BPMODA was synthesized according to the procedure by
Kampferbeck et al. [90] based on the approach by Menger
and Lee [108].

4.9 | Synthesis of 4-Vinylbenzyl Azide

The 4-vinylbenzyl azide monomer was synthesized according to
the procedure by Albuszis et al. [109]. For details, see the descrip-
tion by Klauke et al. [7].

4.10 | Surface-Functionalization of the
Polystyrene Shell with Functionalized Monomers

In order to functionalize the polystyrene shell of the TNP-based
SPs with different functional groups, 70 pL (0.48 mmol) divinyl-
benzene, 54 uL (0.47 mmol) styrene, and 14 mg (0.094 mmol)
4-vinylbenzoic acid or 4-vinylbenzyl azide were added to the
degassed surfactant-stabilized SP dispersion under stirring.
Due to solubility properties, the 4-vinylbenzoic acid was
dissolved in 100 pL tetrahydrofuran prior to the addition.
Otherwise, the standard encapsulation procedure, as described
above, was conducted.

4.11 | Synthesis of Superparamagnetic Iron Oxide
Nanocubes

The superparamagnetic iron oxide nanocubes (SPIONs) were
synthesized according to the procedure of Kampferbeck et al.
[110]. The SPIONs had an edge length of 10.5+ 1.0 nm and an
organic fraction of either 14% (sample used for SEM EDX maps)
or 8% (sample used for UVP). The native ligand on the surface of
the SPIONs was OLAC. For details, see the Supporting
Information, Section S21.

4.12 | Assembly of Multifunctional SPs from
Nanoparticle Mixtures via EISA

The TNP/SPION hybrid SPs were assembled following the same
EISA procedure as described above, with slight modifications.
Instead of 1 mL of pure TNP/CHCI; solution, different ratios
(wt%) of the TNPs and SPIONS (total nanoparticle concentration:
10 mgmL™; 10 mgmL™ or 15mgmL™~" for the UVP) dispersed
in 1 mL (or 1.5 mL for the UVP) of chloroform were injected into
the DTAB solution (20 mg mL ™). Due to the magnetic properties
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of the SPIONS, the stirring was conducted using a KPG stirrer
instead of the standard magnetic stirring plate. The assembled
hybrid SPs were centrifuged at 4000 g at room temperature for
5min and dispersed in 1 mL of an aqueous DTAB solution
(4.5mgmL™"). A turbid brown aqueous hybrid SP solution
was obtained. The encapsulation of the TNP/SPION-based SPs
via UVP was conducted as described above. Due to the magnetic
properties of the SPIONs and the setup restrictions of the UV
reactor, the mixture was not continuously stirred. The mixture
was mixed by hand every 15 min.

413 | TGA

TGA was used to determine the organic mass fraction of the TNPs
and the encapsulated SPs, as well as the mass concentration of the
TNP solutions. The measurements were performed using a Netzsch
TG 209 F1 Libra (Netzsch Gerdtebau GmbH, Ahlden, Germany)
device. After purification, the encapsulated SPs were centrifuged
at 4000-5000g at 15°C for 5-10 min and dispersed in ultrapure
water. The SP samples were dried in an oven at ~70°C overnight.
Approximately 5-10mg of the dried samples were transferred
into an alumina crucible and put into the thermogravimeter
for the TGA measurements. The following heating program was
conducted whilst purging with nitrogen (40 mL min~?). The sam-
ples were heated to 120°C at a rate of 10°Cmin~" and kept
for 10min. Then, the temperature was increased to 800°C
(10°C min™") and kept for 10 min. In the last step, the test chamber
was purged with air (20mLmin™") for 10min. Afterward, the
ligand coverage of the TNP surface was calculated with the
obtained organic fractions. A detailed description of the calculation
can be found in the Supporting Information, Section Sé6.

414 | FTIR

FTIR was performed using a FTIR spectrometer, PE Spectrum Two
(Perkin Elmer, Waltham, MA, United States) or a Bruker Invenio R
FTIR spectrometer (Bruker, Billerica, MA, United States). All meas-
urements were conducted whilst purging with dried air or nitrogen.
After purification, the nonencapsulated and encapsulated SPs were
centrifuged at 4000-5000 g at 15°C for 5-10 min and dispersed in
ultrapure water. The samples were dried in an oven overnight at
~70°C. A potassium bromide pellet was fabricated by finely blend-
ing 2-3 mg of the sample with two spatula tips of potassium bro-
mide and subsequent pressing at ~10 tons. For each measurement,
16 scans with a resolution of 2cm ™" (PE spectrum two spectrome-
ter) or 128 scans with a resolution of 4cm™" (Bruker Invenio R
FTIR spectrometer) were collected. The FTIR spectra were recorded
at wavenumbers of 4000-400 cm™" and were baseline corrected
with the Perkin Elmer Spectrum IR software (version: 10.7.2) or
the Opus 8.1 software of Bruker. Before the measurements, a base-
line of the dried air or nitrogen atmosphere was measured, and the
FTIR spectra were corrected accordingly.

415 | TEM
TEM was performed using a JEOL JEM-1011 (JEOL, Freising,

Germany; LaB¢ cathode) with an acceleration voltage of
100kV or a FEI Tecnai G2 Spirit Twin cryo microscope

(FEIL Hillsboro, OR, United States; LaBys cathode) operated at
an acceleration voltage of 120 kV. For sample preparation, a drop
of the diluted TNP or SP solution was deposited onto a carbon-
coated 400-mesh copper TEM grid.

4.16 | SEM and EDX

SEM and EDX were performed using a Zeiss Leo Gemini 1550
(Zeiss, Oberkochen, Germany) with an Everhardt-Thornley
detector. The measurements were conducted with the previously
prepared TEM samples (as described above).

417 | XRD

XRD measurements were performed from 20° to 90° using a
Philips X’Pert PRO MPD (Philips, Amsterdam, Netherlands)
equipped with a copper K, source (1= 0.154 nm). To determine
the crystal structure of the synthesized TNPs ~60 pL of the TNP
stock solution was drop-casted onto a silicon wafer and dried
under ambient conditions. The obtained diffractograms were ref-
erenced to the diffractogram of anatase from the ICSD database
[111].

418 | DLS

DLS was recorded using a Malvern Zetasizer Nano ZS (Malvern
Panalytical, Kassel, Germany). One drop of SPs was diluted in
2mL ultrapure water in a polymethyl methacrylate (PMMA) dis-
posable cuvette. The samples were measured at 20°C, and three
measurements were conducted with automatic measurement
duration.

4.19 | Synchrotron-Based SAXS

SAXS measurements were performed at P03 of PETRA III
(DESY, Hamburg, Germany) [112]. For the SAXS measurements,
the X-ray wavelength was fixed at 1.023 A with a beam size of
roughly 30x30pm?® To collect the scattering patterns, a
Pilatus 2 M detector (Dectris, Baden, Switzerland) with a pixel
size of 172 pm was used. The sample to detector distance was
approximately 5560 =2 mm. For the measurements, ~50 pL of
the aqueous SP solutions (concentration: 10-20 mgmL™" dis-
persed in an aqueous DTAB solution (4.5 mg mL™")) were filled
into quartz glass capillaries. These were sealed with glue and
scanned over a range of 20 mm with an increment of 0.1 mm.
For the data reduction of the 2D detector images to 1D scattering
curves, all images corresponding to the same sample were
summed up and azimuthally integrated using the PyFAI software
suite [113]. The data were then scaled to absolute intensities
[114] and background subtracted using well-known numerical
procedures from the literature [115].

4.20 | UV-Vis Spectroscopy

UV-Vis spectroscopy was performed using a Cary 5000 UV-
Vis-NIR spectrophotometer (Agilent technologies, Santa Clara,

Small Structures, 2025

11 of 17

85U80|7 SUOWILIOD BAITe81D) 3(cedldde au Aq peusenob ae Sspiie YO ‘88N JO Sa|N. J0j ARIgI T 8UIUO 48] 1/ UO (SUO I IPUOD-PUR-SWLBIW0D A8 | IMAed|1|Bu|UO//:Stiy) SUORIPUOD Pue SWwie | 8u3 8eS *[9202/T0/S0] Uo A%iq1auluo A8|IM ‘95¥00S20Z 115S/200T OT/I0P/W0" A3 1M ARe.d Ul juo//Sdny Wouy papeo|umod ‘0 ‘29078892



CA, United States) equipped with an integrating sphere
DRA-2500 (Labsphere, North Sutton, NH, United States). The
software Cary WinUV for UV-Vis-NIR applications was used
for instrument control and data collection. For the measure-
ments, a highly diluted TNP solution (0.005mgmL™") was
prepared. Spectra were recorded in the 200-900 nm range in
quartz cuvettes (optical light path 10 mm). All data were cor-
rected with chloroform as background.

421 | VSM

The VSM measurement of the TNP/SPION (50/50 wt%) hybrid
SPs was performed using an EZ-9 magnetometer (MicroSense,
Lowell, MA, United States). The magnetization curve was mea-
sured in a range from —2.5 to 2.5 T with a step size of 100 mT
between 2.5 and 0.5T, 10 mT steps between 0.5 and 0.1 T, and
1 mT steps between 0.1 and —0.1 T. Both the forward and reverse
curves were measured using the software EasyVSM 20180925-
0.1. Each data set was corrected with a calibration curve of
the device and an additional water measurement. The aqueous
TNP/SPION hybrid SP solution (55 pL) was transferred into a
6 mm poly(ether imide) “ultem” cup, which was attached to a
quartz glass rod with a parallel sample holder. The magnetization
curve was normalized to the inorganic mass of the hybrid SPs
obtained with a TGA measurement.

4.22 | Statistical Analysis

All FTIR spectra were normalized to [0,1] using the OriginPro
2022 or 2025 software. The scattering vector positions of the first
reflection in the SAXS data were determined via peak analysis
using the OriginPro 2022 or 2025 software. All DLS size distribu-
tions represent the mean of three measurements.

The size of the TNPs obtained from TEM was presented as
mean + SD. All TEM images were analyzed with the ImageJ soft-
ware. To determine the average length and the thickness of the
TNPs, ~200 particles or ~100 particles were evaluated per batch,
respectively. Other results were processed with the OriginPro
2022 or 2025 software.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: (a) Representative TEM image of
TNPs from batch TNP-15. (b) Normalized XRD diffractogram with the cor-
responding reference reflexes for anatase and the allocated crystal planes.
(c) TGA graph, depicting the degradation of the organic fraction of the
dried TNP-15 sample. Supporting Fig. S2: (a) Representative TEM image
of TNPs from batch TNP-17. (b) Normalized XRD diffractogram with the
corresponding reference reflexes for anatase and the allocated crystal
planes. (c) TGA graph, depicting the degradation of the organic fraction
of the dried TNP-17 sample. Supporting Fig. S3: (a) Representative
TEM image of TNPs from batch TNP-19. (b) Normalized XRD diffracto-
gram with the corresponding reference reflexes for anatase and the allo-
cated crystal planes. (c) TGA graph, depicting the degradation of the
organic fraction of the dried TNP-19 sample. Supporting Fig. S4:
(a) Representative TEM image of TNPs from batch TNP-22.
(b) Normalized XRD diffractogram with the corresponding reference
reflexes for anatase and the allocated crystal planes. (c) TGA graph, depict-
ing the degradation of the organic fraction of the dried TNP-22 sample.
Supporting Fig. S5: (a) Representative TEM image of TNPs from batch
TNP-25. (b) Normalized XRD diffractogram with the corresponding
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reference reflexes for anatase and the allocated crystal planes. (c¢) TGA
graph, depicting the degradation of the organic fraction of the dried
TNP-25 sample. Supporting Fig. S6: (a) Representative TEM image of
TNPs from batch TNP-30. (b) Normalized XRD diffractogram with the cor-
responding reference reflexes for anatase and the allocated crystal planes.
(c) TGA graph, depicting the degradation of the organic fraction of the
dried TNP-30 sample. Supporting Fig. S7: (a) Representative TEM image
of TNPs from batch TNP-33. (b) Normalized XRD diffractogram with the
corresponding reference reflexes for anatase and the allocated crystal
planes. (c) TGA graph, depicting the degradation of the organic fraction
of the dried TNP-33 sample. Supporting Fig. S8: (a) Representative
TEM image of TNPs from batch TNP-33. (b) Normalized XRD diffracto-
gram with the corresponding reference reflexes for anatase and the allo-
cated crystal planes. (c) TGA graph, depicting the degradation of the
organic fraction of the dried TNP-39 sample. Supporting Fig. S9: (a)
Representative TEM image of TNPs from batch TNP-44. (b) Normalized
XRD diffractogram with the corresponding reference reflexes for anatase
and the allocated crystal planes. (c) TGA graph, depicting the degradation
of the organic fraction of the dried TNP-44 sample. Supporting Fig. S10:
(a) Representative TEM image of TNPs from batch TNP-49.
(b) Normalized XRD diffractogram with the corresponding reference
reflexes for anatase and the allocated crystal planes. (c) TGA graph, depict-
ing the degradation of the organic fraction of the dried TNP-49 sample.
Supporting Fig. S11: (a) Representative TEM image of TNPs from batch
TNP-55. (b) Normalized XRD diffractogram with the corresponding refer-
ence reflexes for anatase and the allocated crystal planes. (c) TGA graph,
depicting the degradation of the organic fraction of the dried TNP-55 sam-
ple. Supporting Fig. S12: (a) Representative TEM image of TNPs from
batch TNP-67. (b) Normalized XRD diffractogram with the corresponding
reference reflexes for anatase and the allocated crystal planes. (c) TGA
graph, depicting the degradation of the organic fraction of the dried
TNP-67 sample. Supporting Fig. S13: (a) Representative TEM image of
TNRs from batch TNR-4. (b) Normalized XRD diffractogram with the cor-
responding reference reflexes for anatase and brookite. (c) TGA graph,
depicting the degradation of the organic fraction of the dried TNR-4 sam-
ple. Supporting Fig. S14: (a) Representative TEM image of TNDs from
batch TND. (b) Normalized XRD diffractogram with the corresponding ref-
erence reflexes for anatase and the allocated crystal planes. (c) TGA graph,
depicting the degradation of the organic fraction of the dried TND sample.
Supporting Fig. S15: Size distributions of self-assembled SPs obtained
from the TEM images. (a) SPs based on TNPs from batch TNP-17, and
(b) SPs based on TNPs from batch TNP-15. Mean particle diameters (mean)
and standard deviation (SD) are indicated. Supporting Fig. S16: DLS
intensity distributions of the purified TNP-based SPs using different
DTAB concentrations and the resulting polydispersity index.
Supporting Fig. S17: UV-vis absorption spectra of the diluted TNP-17
solution in chloroform, showing an absorption maximum around 254
nm and the start of absorption before 365 nm for the 1:8 (undiluted con-
centration 12.5 mg ml™") diluted TNP solution. Supporting Fig. S18:
(a, left) TEM image of the encapsulated TNP-based SPs after UV
exposure for 6 hours, (a, middle) the TNP-based SPs after the unsuccessful
attempt of thermally initiated polymerization at 65 °C, and (a, right) the
non-encapsulated SPION-based SPs exposed to UV light for 2 hours.
(b, left) FTIR spectra of the purified non-encapsulated TNP-based SPs
(grey), the TNP-based SPs after the unsuccessful attempt of thermally ini-
tiated polymerization at 35 °C (light yellow) and 65 °C (orange), the non-
encapsulated SPION-based SPs exposed to UV light for 2 hours (brown),
and the encapsulated TNP-based SPs (UV irradiated for 6 hours, blue).
(b, right) Zoom into the wavenumber region from 3130 to 2770 cm ™
showing the aromatic C-H vibrations of PS. Supporting Fig. S19:
(a) Irradiance measured at a wavelength of 365 nm when 4 or 7 lamps were
switched on in the custom-built UV reactor. The measurement was con-
ducted in the middle of the reactor for 70 seconds. (b) TGA data of TNP-
based SPs encapsulated with a UV exposure time of 2 hours, utilizing either
4 or 7 lamps of the custom-built UV reactor. The second y-axis shows the
temperature program applied during the TGA measurements. In the region
after 98 minutes the samples were exposed to ambient atmosphere. (c)
SEM images of the encapsulated TNP-based SPs utilizing 4 (black) or 7
lamps (red) of the custom-built UV reactor. Supporting Fig. S20:
(a) TEM image of encapsulated TNP-based SPs using a custom-built deep

UV reactor with a main emission peak at 254 nm. (b) TGA data of TNP-
based SPs encapsulated using a UV radiation source with a main emission
peak at either 365 nm (dark blue) or at 254 nm (light blue). The second
y-axis shows the temperature program applied during the TGA measure-
ments. In the region after 98 minutes the samples were exposed to ambient
atmosphere. (c, left) Normalized FTIR spectrum of the encapsulated TNP-
based SPs using a UV radiation source with a main emission peak at 254
nm. (c, right) Zoom into the wavenumber region from 3130 to 2770 cm ™"
showing the aromatic C-H vibrations of the PS. Supporting Fig. S21:
Thermogravimetric analysis of the non-encapsulated (grey) and the encap-
sulated (blue) SPs with increasing UV exposure time. The second y-axis
shows the temperature program applied during the TGA measurements.
In the region after 98 minutes the samples were exposed to ambient atmo-
sphere. Supporting Fig. S22: (a) TEM images of encapsulated TNP-based
SPs after 5 minutes of UV exposure. (b, left) Normalized FTIR spectra of the
purified non-encapsulated (grey) and the encapsulated SPs after 5 minutes
(orange) and 1 hour of UV exposure (blue). (b, right) Zoom into the wave-
number region from 3130 to 2770 cm™* showing the aromatic C-H vibra-
tions of PS (highlighted grey). Supporting Fig. S23: (a) TEM images of the
TNP-based SPs encapsulated using AGET ATRP (pink) or the UVP method
(blue) with a UV exposure time of 6 hours. (b) Organic mass fraction from
the TGA measurements of the non-encapsulated SPs (grey) and the encap-
sulated SPs with increasing polymerization time. The pink datapoint refers
to SPs encapsulated via AGET ATRP while the blue datapoints refer to SPs
encapsulated via UVP with varying UV exposure times. (c, left) Normalized
FTIR spectra of the purified non-encapsulated SPs (grey) and the SPs
encapsulated via AGET ATRP (pink) and UVP (blue). (c, right) Zoom into
the wavenumber region from 3130 to 2770 cm ™" showing the aromatic C-H
vibrations of PS (highlighted grey). Supporting Fig. S24: (a) TEM image
indicating the formation of the polystyrene (PS) shell around a SP near the
TNP surface. (b) TEM images of encapsulated TNP-based SPs (left) and
single TNPs (right) showing the formation of the PS shell near the TNP
surface and validating the surface-grafting of the PS to the TiO, surface.
Supporting Fig. S25: (a) TEM images of titania nanorods (TNRs, left),
self-assembled TNR-based SPs (middle), and polystyrene encapsulated
TNR-based SPs (right) after applying a UV exposure time of 2 hours.
The TNRs had a length (I) of 24.7 nm and a diameter (d) of 2.8 nm.
(b) TEM images of titania nanodots (TNDs, left), self-assembled TND-
based SPs (middle), and polystyrene encapsulated TND-based SPs (right)
after applying a UV exposure time of 6 hours. (c, left) Normalized FTIR
spectra of the purified non-encapsulated TNR- and TND-based SPs (black
and grey) and the encapsulated TNR- and TND-based SPs (brown and tur-
quoise) after 2 hours or 6 hours UV exposure, respectively. (c, right) Zoom
into the wavenumber region from 3130 to 2770 cm™" showing the aromatic
C-H vibrations of the PS (highlighted grey). Supporting Fig. S26: TEM
images showing the high degree of order in the encapsulated TNP-based
SPs using different TNP batches. (a) TEM images of encapsulated TNP-19-
based SPs after 1 hour of UV exposure and (b) TEM image of encapsulated
TNP-17-based SPs after 30 minutes of UV exposure. Supporting Fig. S27:
SAXS curves of the non-encapsulated (a) and encapsulated TNP-based SPs
with varying UV exposure time (b) 0.5 h, (c) 1 h, (d) 2 h and (e) 6 h. The
scattering vector positions were determined via peak analysis of the
highlighted (light yellow) g-range. Supporting Fig. S28: SEM images
of some hollow non-encapsulated and encapsulated SPs with varying
UV exposure times. Supporting Fig. S29: (a) DLS size distributions of
TNP-based SPs encapsulated using a UV exposure time of 2 hours (blue)
or 6 hours (black). The data reveal good long-term stability of the PS encap-
sulated SPs after 9 or 11 months, respectively. (b) DLS size distributions of
TNP-based SPs encapsulated using a UV exposure time of 2 hours. The data
reveal good colloidal stability of the PS encapsulated SPs after transfer into
50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer. The data were recorded directly after the transfer into the buffer
and 24 h later, as indicated. Supporting Fig. S30: (a) TEM images of
encapsulated TNP-based SPs with increasing total monomer volume for
a UV exposure time of 2 hours. (b) TGA data of the non-encapsulated (yel-
low) and encapsulated SPs with increasing total monomer volume for a UV
exposure time of 2 hours. (c) FTIR spectra of the purified non-encapsulated
SPs (yellow) and the encapsulated SPs with increasing total monomer vol-
ume for a UV exposure time of 2 hours. The highlighted area (grey) show
the vibrations of the aromatic C-H groups representing the formed PS.
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Supporting Fig. S31: (a) Representative TEM image of the SPIONs
(Fel0,4). The subscript represents the organic fraction of the SPION sam-
ple. (b) Size histogram of the SPIONs (Fe10,4). (c) TGA graph, depicting the
degradation of the organic fraction of the dried SPIONs sample Fel0,,4
(grey) and with one additional precipitation step FelOg (red).
Supporting Fig. S32: (a) TEM images of the encapsulated TNP/SPION
hybrid SPs with decreasing TNP/SPION ratios from left to right. The hybrid
SPs were encapsulated by applying a UV exposure time of 2 hours. (b, left)
Normalized FTIR spectra of the purified encapsulated TNP/SPION hybrid
SPs with a TNP/SPION ratio of 50/50 (dark grey), 25/75 (red), and 10/90
(blue). (b, right) Zoom into the wavenumber region from 3130 to 2770 cm™*
showing the aromatic C-H vibrations of the PS (highlighted grey).
Supporting Fig. S33: (a) Magnetization curve of TNP/SPION hybrid
SPs, using a weight fraction of 50% for each material, obtained from a
VSM measurement. (b, left) Photograph of the encapsulated TNP/
SPION hybrid SPs suspension. (b, right) Photograph of the encapsulated
TNP/SPION hybrid SPs suspension standing beside a magnet (NdFeB
blockmagnet, N40), indicating the magnetic properties of the encapsulated
hybrid SPs. Supporting Fig. S34: (a) Photograph of the entire custom-built
UV reactor (left) and the interior of the UV reactor showing four of the
eight UVA lamps. (b) Emission spectrum of two lamps of the custom-built
UV reactor with a main emission peak at ~365 nm. (c) Irradiance mea-
sured directly in front of the individual lamp at a wavelength of 365
nm for two lamps of the custom-built UV reactor during 60 seconds.
Supporting Table S1: Overview of the TNP batches with edge length,
thickness, crystal phase, organic fraction, and calculated amount of ligand
monolayers. Supporting Table S2: Overview of the experiments con-
ducted with the various TNP batches. Supporting Table S3: Overview
of the TNR batch with edge length, thickness, crystal phase, organic frac-
tion, and calculated amount of ligand monolayers. Supporting Table S4:
Overview of the TND batch with diameter, crystal phase, organic fraction,
and calculated amount of ligand monolayers. Supporting Table S5: The
scattering vectors were determined via peak analysis of the first reflection
in the SAXS curves for different UV exposure times. The lattice constant
was calculated with the scattering vectors using equation 1 from the main
document. The approximate interparticle distances were calculated by sub-
tracting the average edge length of the TNPs (21.7+4.2 nm) from the cal-
culated lattice constants.
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