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An efficient synthetic strategy for the preparation of monodisperse
colloidal core/shell architectures with reactive epoxy functionalities is
reported, based on the bifunctional vinylphenylglycidyl ether mono-
mer. Accessibility of the reactive immobilized epoxy moieties was
quantified by UV/vis spectroscopy in an isorefractive medium. Inor-
revealed a

ganic—organic hybrid raspberry-type architectures

tremendous inpact on the surface wettability of water.

The design and control of hierarchical particle-based architec-
tures play a key role in current polymer and colloid science in
order to mimic sophisticated structures known from nature.
Biomimetic strategies have created enormous potential for the
development of multi-dimensional materials, featuring tailor
made nano-scaled architectures for optical, electrical and
magnetic applications.”™ Moreover, the control and under-
standing of (switchable) surface properties are crucial for the
development of advanced materials with well-defined wetting
properties. Such so-called smart surfaces have already been used
in applications as self-cleaning surfaces, tunable optical lenses,
lab-on-chip systems, microfluidic devices and for different
textile applications.>*® Considerable effort has been made to
understanding the influence of designed, rough surfaces on the
wetting properties, initiated by the pioneering works of Wenzel,
Cassie and Baxter some time ago.'>'? In several recent studies,
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raspberry-architectures consisting of a larger core particle sur-
rounded by surface-attached smaller particles have especially
been observed to provide high and adjustable surface rough-
ness and high specific surface areas. This effect is also referred
to as the “lotus effect”, and such materials are appealing for
superhydrophobic coatings and films."*® Generally, raspberry-
like particles have been obtained via Pickering emulsion poly-
merization,"?* miniemulsion polymerization,> hetero-
coagulation®** or direct hydrolysis of an inorganic precursor at
the particle surface.>®*” An interesting and convenient approach
for formation of raspberry-type structures was recently reported
by Zhao and Middelberg by taking advantage of microfluidic
synthetic protocols.®

In general, modification of monodisperse particles proves
feasible, if bifunctional monomers (e.g. bearing both a vinylic
and an epoxy functionality) are used, maintaining at least one
reactive moiety subsequent to polymerization. For this purpose,
especially the bifunctional glycidyl methacrylate (GMA) has
been used as a monomer in order to prepare core/shell archi-
tectures or gels with reactive epoxy groups for further func-
tionalization. The advantage of using epoxy groups is their
convenient conversion into diols, amines or aldehydes. Hence,
GMA has been polymerized and used for subsequent protein
immobilization,**?*" drug delivery from PGMA gels,** for liquid
chromatography,®»** for self-healing materials,**** for the
formation of macroporous hydrogels,*® as a polylactide tough-
ening agent,*” as membrane adsorber®® or for photonic crys-
tals.** GMA has also been used in order to produce functional
(hybrid) core/shell and raspberry-like architectures for different
applications.***

Recently, the bifunctional monomer vinyl-
phenylglycidyl ether (VPGE) bearing both styrenic and epoxy
functionalities has been presented in a patent.*® Compared to
PGMA, PVPGE features superior thermal stability and a higher
chemical and hydrolytic stability. In this work we present a
strategy for the one-pot preparation of VPGE-based functional
core/shell particles using a seeded emulsion polymerization
approach, which is advantageous compared to established
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procedures. Moreover, another focus of this work is the quan-
tification of the reactive epoxy sites at the latex particles. The
epoxy moieties in the particle shell have also been employed for
subsequent crosslinking reactions. Functional, hierarchically
structured raspberry-like particles have been developed and
deposited on surfaces in order to adjust wettability, aiming at
highly hydrophobic surfaces.

In order to prepare core/shell particles featuring a reactive
functional shell based on VPGE, semi-continuous and stepwise
emulsion polymerization protocols were applied, as depicted in
Fig. 1 and described in the experimental section (ESIY).

This procedure allows precise control over the polymer
composition and the shell constitution.**>* For this purpose,
poly(butyl acrylate) (PBA) seeds were synthesized in a batch
process in the first step followed by the continuous addition of
styrene (S) and butyl acrylate (BA) in the second step. VPGE
bearing epoxy moieties was introduced in the last step of the
particle synthesis by adding a mixture of VPGE and BA, as is also
described in the experimental section. In order to maintain the
epoxy functionalities without significant ring-opening reaction,
a mixture of sodium dihydrogen phosphate and sodium
hydrogen carbonate was used as a buffer system during the
seeded emulsion polymerization. The success of the core/shell
particle synthesis was verified by transmission electron
microscopy (TEM) measurements for the final particle disper-
sion (Fig. 2, left). A corresponding TEM image of the soft core
particles is given in the ESI Fig. S1.7

In addition to TEM measurements, dynamic light scattering
(DLS) measurements for all particle synthesis steps were carried
out (Fig. 2, right), furnishing proof for the successful generation
of PVPGE-containing core/shell particles, as confirmed by the
increasing average particle diameter. Moreover, corresponding
particle size distributions after each reaction step revealed that
monodisperse particles with a final average diameter of 348 nm
were obtained. Values for the obtained average particle diame-
ters for all syntheses steps are compiled in Table S2 of the ESL.{

It is a key issue, whether the epoxide moieties of the VPGE-
units are still present and reactive subsequent to emulsion
polymerization. For this purpose, two strategies were followed:
(i) UV/vis spectroscopy measurements in an isorefractive solvent
for the particle dispersion after attachment of a dye and (ii)
differential scanning calorimetry (DSC) measurements of VPGE-
core/shell particles in the presence of a crosslinker, as described
in the ensuing section. In general, determination of the amount

/
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Fig.1 Successive core/shell particle synthesis starting from poly(butyl
acrylate) (PBA) seed particles followed by the continuous addition of
butyl acrylate (BA) and styrene (S) and the final addition of BA and VPGE
monomer.
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Fig. 2 Left: TEM image of P(S-co-BA) core P(BA-co-VPGE) shell
particles. Scale bar corresponds to 500 nm. Right: DLS results for the
step-wise prepared P(BA) seed (dotted line), P(S-co-BA) core particles
(black solid line) and the epoxy-functionalized PVPGE-containing
core/shell particles (red line).

of functional groups at organic micro- and nanoparticles is a
challenging task and typical analytical methods, such as
elemental analysis, attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR), X-ray photoelectron
spectroscopy (XPS), solid-state NMR, or calorimetric, colori-
metric and fluorometric methods were used.*>** Recently, we
were able to show that transferring originally invisible ATRP
initiators attached to organic particles into a RAFT chain
transfer agent entity with a typical absorption band is a valuable
technique in order to determine the amount of accessible ATRP-
initiator by using UV/vis spectroscopy.*>** For this purpose it
was necessary to use an isorefractive dispersion medium for the
investigated nanoparticles. Notably, accessibility in this partic-
ular case strongly depends on the size of the compounds to be
attached and the molecular and local environment.

In the current study we choose 4-(4-nitrobenzyl)pyridine
(NBP) - also referred to as the Preussmann Reagent - for effi-
cient ring-opening reaction of epoxy functionalities (Fig. 3).>*~*

Ring-opening reaction of NBP with surface-attached epoxy
moieties at the organic particle surface or shell, respectively,
results in an intensive purple coloration. Recently, Schonherr
and co-workers successfully applied the Preussmann test for
determining the amount of epoxy functionalities at various
inorganic substrates.”® We now expand these findings to the
determination of epoxy functionalities in the exterior of a
polymeric particle shell by using anisole as an isorefractive
solvent for the particle dispersion, relying on UV/vis spectros-
copy. Exemplarily, images of the Preussmann reagent in a
solution of ethanol, particle dispersion after treatment with the

N N
| HO.
N
Preussmann Reagent
[ — -

Fig. 3 Reaction of surface-immobilized epoxy moieties with 4-(4-
nitrobenzyl)pyridine (NBP, Preussmann reagent) for organic core/shell
particle coloration.
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Preussmann reagent and the corresponding diluted particle
dispersion in an isorefractive solvent are shown in Fig. S3 of the
ESI.7 By further dispersing the pristine particle dispersion in
anisole, the particles became nearly invisible, since the refrac-
tive index of the organic particles and the solvent (refractive
indexanisole = 1.516) are very close. Consequently, the recorded
UV/vis absorption spectra of the heterogeneous system indi-
cated a suppression of particle scattering, enabling the quan-
tification of epoxy functionalities (Fig. S41). A detailed
calculation of accessible epoxy functionalities after reaction
with NBP is described in the ESI.f The molar extinction coeffi-
cient ¢ for NBP in anisole at 544 nm was determined to 1537.36
cm” mmol ! from the corresponding calibration plot (Fig. S57).
After reaction with NBP, the amount of accessible epoxy func-
tionalities, Cchromo, could be determined by UV/vis measure-
ments. By assuming an average particle diameter of 350 nm, a
value of 5.3 epoxide moiety per nm? could be calculated, which
is in excellent agreement with expectation.

To further confirm the maintained reactivity of surface-
attached epoxides at the particles subsequent to emulsion
polymerization, exothermic ring-opening reactions of PVPGE-
containing core/shell particles with 3-aminomethyl-3,5,5-tri-
methylcyclohexylamine as a commercially available cross-link-
ing reagent — also referred to as isophorone diamine (IPDA) -
were studied using DSC measurements. Samples with different
amounts of epoxy functionalities in the particle shell were
treated with IPDA, as described in the experimental section
(ESIT and Fig. S61). In the first DSC run, an exothermic peak at
approximately 70 °C due to the crosslinking reaction was
obvious (Fig. S7,1 top) demonstrating that immobilized epoxy
functionalities were capable of undergoing ring-opening reac-
tion with IPDA. Furthermore, in the second subsequent DSC
experiment (Fig. S7,T bottom) of the same sample, a significant
shift of the original glass transition temperature of 58 °C for the
pristine organic particles (dotted line in Fig. S51) to 95 °C was
observed. These results additionally evidence fast and efficient
ring-opening reaction of PVPGE-containing particles with IPDA.
The possibility of subsequent crosslinking due to the presence
of reactive epoxy-groups in the particle shell is an important tool
for additional particle modification.

The PVPGE-containing core/shell particles were functional-
ized with smaller silica particles in order to generate raspberry-
like particle architectures (Fig. 4). To this end, PVPGE-con-
taining core particles with a high concentration of accessible
surface epoxide moieties were slowly added to amino-func-
tionalized silica particles. For this purpose, dropwise addition
of a diluted core particle dispersion (0.13 wt% in ethanol) to the

Fig. 4 Reaction of PVPGE-containing core/shell particles bearing
reactive epoxy functionalities and amino-functionalized silica particles
for the preparation of raspberry-like hybrid architectures.
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silica nanoparticle dispersion (2 wt% in ethanol) was used,
resulting in a ring-opening reaction of the epoxide moieties by
the surface-anchored amine groups. Average diameters of the
silica nanoparticles employed were determined to 50 & 7 nm
and 120 + 14 nm, respectively, by using DLS (Fig. S8t) and to
48 = 5 nm and 104 £ 5 nm, respectively, by using TEM
measurements (Fig. S97).

Subsequent to this reaction, the excess of the smaller silica
nanoparticles was removed by centrifugation, yielding rather
pure hybrid raspberry-like particles consisting of an organic
core and a large number of smaller silica particles. The colloidal
organic-inorganic “raspberries” created have been investigated
by TEM and SEM measurements (Fig. 5).

For surface modification and contact angle (CA) measure-
ments, the raspberry-like particles (348 nm PVPGE particles
with 120 nm silica particles) were deposited on glass wafers by
coating with a doctor blade, (details see experimental section).
After exposure to oxygen plasma in order to generate homoge-
neously distributed hydroxyl functionalities, the film was
treated with dichlorodimethylsilane for hydrophobization. Both

Fig. 5 TEM images of 348 nm PVPGE-containing organic core parti-
cles functionalized with 50 nm silica particles (top) and 120 nm silica
particles (middle) and corresponding SEM images of PVPGE-contain-
ing organic core particles functionalized with 120 nm silica particles
(bottom).

This journal is © The Royal Society of Chemistry 2014
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l 98.6°

148.6°

Fig. 6 Static contact angle measurements of water on hydrophobized
glass wafer (left) and hydrophobized film obtained after deposition of
PVPGE-containing hybrid raspberry particles (right), oxygen plasma
treatment and silanization with Me,SiCls.

the entire particle film as well as the particle structure remained
stable, as proven by SEM measurements (Fig. S107). In order to
study the wetting properties of the silane-treated hybrid particle
films, static CA measurements against water were carried out
(Fig. 6).

Results of the static CA for the hydrophobized raspberry-type
structures were directly compared to the hydrophobized glass
wafers after functionalization with dichlorodimethylsilane and
values were found to increase from 98.6° £3.1° for the reference
sample up to 148.6° = 1.7° for the raspberry-particle coated
glass wafers. Noteworthy, CA measurements were carried out at
10 different positions of the glass wafer, revealing nearly iden-
tical CA values. These results evidence the suitability for herein
prepared and investigated raspberry-type colloidal particles as
highly water-repellent surface coatings.

In conclusion, a facile and straightforward synthetic proce-
dure for the preparation of poly(vinylphenylglycidyl ether)
(PVPGE)-containing core/shell latex particles has been devel-
oped that possess a high amount of reactive epoxy moieties at
the surface. The presence of reactive epoxy functionalities was
proven by (i) reaction with the Preussmann reagent (NBP) and
determination of colored functional groups using UV/vis spec-
troscopy in anisole as an isorefractive solvent and (ii) by inves-
tigating the reaction of isophorone diamine (IPDA) with PVPGE-
containing core/shell particles via differential scanning calo-
rimetry (DSC). The addition of silica nanoparticles with amine
functionalities was employed for the preparation of raspberry-
like organic-inorganic hybrid particles with organic core
(348 nm) and smaller silica particles as shell. After surface
deposition, plasma treatment and silanization, the raspberry-
like particles deposited on glass substrates led to excellent static
contact angles against water on the order of 150°, remarkably
without the use of fluorinated compounds as hydrophobic
coating agents. In summary, these findings represent a facile
approach for the preparation of hierarchical particle architec-
tures suitable for highly hydrophobic surfaces. Moreover, the
synthesis of the novel raspberry-like architectures and coating
strategies can be exploited as excellent and facile platform for
the preparation of ultra-hydrophobic surfaces with adjustable
surface roughness which is currently under investigation.
Furthermore, this work evidences the potential of the novel

This journal is © The Royal Society of Chemistry 2014
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bifunctional styrene monomer VPGE that can readily be
combined with styrene and a broad range of other vinyl
monomers. The highly epoxide-functional organic latex parti-
cles are also promising for photonic films, as toughening agents
as well as materials for chemical sensing applications.
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