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Abstract

Silsesquioxane microgel nanoparticles characterized by low diameters (below 30 nm) and reduced polydispersity can be produced in an
acid-catalyzed sol—gel process in an aqueous microemulsion. Suitable surface modification of such structures leads to macroinitiators for
atom-transfer radical polymerization (ATRP). This polymerization method was applied in order to graft polystyrene chains onto the surface
of the microgels. Well-defined structures exhibiting a core-shell architecture were produced with the M,, of grafted polymers ranging from
8.5 to about 30 kg/mol. The products were extensively characterized with light scattering, X-ray scattering, thermal analysis (TGA/DSC)
and microscopy (TEM/SEM) to obtain information on parameters characterizing polystyrene brush. Polymer-grafted nanoparticles will be
used for the modification of homopolymer and block copolymer matrices.

© 2007 Published by Elsevier Ltd.
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1. Introduction

Polymer-based nanocomposites have been an object of in-
tensive research since almost 15 years. Several factors, like
low filler loading (compared to ‘““classic”’, pm-sized reinforc-
ing agents) combined with impressive enhancement ability de-
cided about the growing interest on this class of materials. The
scope of their utilization has been significantly broadened over
years — starting from ‘““simple”” improvement of mechanical or
thermal properties (e.g. polymer—clay nanocomposites [1,2])
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up to such advanced areas like optoelectronics [3—5] and
energy conversion [6,7].

In almost all cases an inherent incompatibility between
inorganic fillers and organic polymer matrix is a central
difficulty in composite preparation. In order to overcome
this problem several approaches — like surfactant absorption
[8], ion exchange [1,2,9] and polymer grafting [10] were devel-
oped. All those approaches focus almost exclusively at the
modification of the filler surface. Especially in the case of
polymer grafting, the requirement of a high compatibility
between matrix and reinforcing agent is often envisioned to
be facilely realized.

However, both theoretical [11—14] and experimental re-
sults [10,15—17], obtained for the fillers with surface-grafted
polymer brushes, alluded to some additional factors that
must be taken into consideration — e.g. the molecular weight
and grafting density of immobilized chains. In a limiting case
grafted filler cannot be uniformly dispersed in the matrix and
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phase separation occurs — as stated by a few research teams
[10,15—17].

The immobilization of polymer chains onto the substrate
can be realized via several methods. Physical adsorption or
chemical reaction of previously prepared macromolecules
constitute so-called “‘grafting to” approaches, which allow
to preserve an excellent control over chain properties (espe-
cially, concerning molecular weight and polydispersity). How-
ever, the accessibility of reactive surface groups is severely
hindered after attachment of a few macromolecules, implying
unsatisfactory grafting densities. The removal of significant
amount of ungrafted polymer requires tedious procedures, es-
pecially in case of systems consisting of polymer and colloid
particles [10].

The second possibility is offered by the “grafting from”
approaches based on surface-initiated growth of polymer
chains. In this context, controlled free-radical polymeriza-
tion techniques — e.g. atom-transfer-radical-polymerization
(ATRP) have gained a lot of interest. These methods appear
to offer the best way for the preparation of hybrid organic—
inorganic materials. Devoid from the high sensitivity towards
impurities characterizing ionic polymerization processes, they
allow to synthesize well-defined structures with grafted poly-
mer chains [18—20]. High grafting densities, good control
over the reaction course and ease of copolymerization are
the most important advantages of this approach. On the other
hand, some monomers (e.g. dienes) cannot be still polymer-
ized according to this route [21]. The development of new
catalytic systems and preparative routes would be required
to overcome this limitation.

The main scope of our work is related to investigation of
interactions between polymer matrix and polymer-grafted
(“hairy”) filler. We decided to choose polystyrene (PS) homo-
polymer matrix and silsesquioxane nanoparticles grafted with
PS in an ATRP process, because this enabled us to use very
well-defined components. Various analytical techniques —
like electron microscopy, static and dynamic light scattering
(SLS and DLS), small-angle X-ray scattering (SAXS), gel-
permeation chromatography (GPC) and thermogravimetry
(TGA) — were used to fully characterize the investigated sys-
tems and to define the conditions for homogeneous filler
dispersion.

The results presented here were thought to be a preceding
step in our investigation on the influence of such organic—in-
organic core-shell structures on the block copolymer matrices.

2. Experimental part
2.1. Materials and syntheses

2.1.1. Synthesis of the silane ATRP initiator

We followed the preparation route of the ATRP initiator
described by Ramakrishnan et al. [22]. 2-Bromoisobutyrate
bromide (98%, Aldrich) was added dropwise to the solution
of allyl alcohol (99%, Aldrich) and freshly distilled trimethyl-
amine (Aldrich) in dichloromethane (HPLC-grade, Fisher).

The reactor was placed in an ice bath in order to prevent an
uncontrolled reaction.

After about 16 h the mixture was diluted with diethyl ether
(p-a. — grade, Riedel de Haén) and the precipitated salt was
separated by filtration. The mixture of liquid products was re-
peatedly washed with: 1% hydrochloric acid (p.a., Fluka), 5%
sodium bicarbonate (p.a., Fisher) solutions and, finally, with
distilled water. After drying over MgSO, (WTL Laborbedarf)
and two-stage distillation the main product — allyl 2-bromo-
isobutyrate — was recovered.

Allyl ester and distilled dimethylchlorosilane (98%, Fluka)
or dimethylethoxysilane (97%, ABCR) were then coupled via
hydrosillylation process. The reaction was catalyzed with plat-
inum on activated charcoal (10% Pt, Fluka). The colourless,
oily products — denoted by ATRP—Cl and ATRP—Et (at-
tached structures — Fig. 1), respectively — were purified by
two-stage distillation and stored in desiccator under inert
atmosphere (argon, Ar).

2.1.2. Microgel synthesis

The synthesis of silsesquioxane microgel (pgel) nanopar-
ticles in microemulsion was firstly introduced by Baumann
and further developed by Schmidt and coworkers [23—28].
One of its variants — with dodecylbenzenesulfonic acid
(DBA) as a surfactant — was originally introduced by Linden-
blatt et al. [10]. The synthesis described below is a modifica-
tion of this method. The reactions (with corresponding
abbreviations used in text) are depicted in the attached scheme
(Fig. 2). The intermediate product — non-modified pgel (de-
noted with an asterisk) cannot be separated without further
treatment and must be stabilized against agglomeration.

Distilled methyltrimethoxysilane (MzMeS 99%, Aldrich)
was added dropwise to vigorously stirred aqueous solution
of DBA (97%, Aldrich). We decided to follow the acid-cata-
lyzed approach by Lindenblatt due to the better microemulsion
stability and reaction yield observed in this case (as compared
to the basic system based on the benzethonium chloride).

The nanoparticles were basically formed after about 6 h. In
order to suppress agglomeration processes, the obtained mi-
crogel particles had to be modified. Modification was initially
carried out in aqueous phase with trimethylethoxysilane
(BMELS; 98% Wacker, Aldrich) and excess ATRP—Et. After
about 24 h the microgel particles were precipitated with
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Fig. 1. Chemical structures of the silane modifying agents used as ATRP
initiators.
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Fig. 2. Schematic representation for the synthesis of the silsesquioxane microgel nanoparticles functionalized with the ATRP-initiators.

methanol (MeOH, HPLC-grade, Fisher). The precipitate was
separated by filtration and washed with MeOH to remove
surfactant. Wet product was then re-dispersed in toluene
(p-a. — grade, Riedel de Haén) and residual water and MeOH
were removed under reduced pressure. After additional drying
over MgSQy, the modification with ATRP—CI was continued,
followed by the subsequent addition of 1,1,1,3,3,3-
hexamethyldisilazane (HMDS, 97%, Janssen) to ensure the
complete removal of silanol groups (according to the proce-
dure described in Ref. [18]). Afterwards, the main product
was recovered by precipitation, filtered and repeatedly washed
with MeOH. The microgel macroinitiators were then dried
under reduced pressure and stored in the fridge.

The amount of particular reagents (monomer, ATRP initia-
tors, HMDS, 3MEtS) was varied in order to find out, whether
it is possible to tailor the surface coverage (for detailed infor-
mation — see Table 1) and subsequent comments in Section 3.
The concentration of the ATRP—Et used in the first stage of
reaction was changed between 6.5 and 10% of the monomer
amount. For the second stage of the process (after transfer to
toluene) the amount of the ATRP initiators was set to be about
20, 25 and 30 mol.% of the monomer amount.

2.1.3. ATRP polymerization

Styrene (99%, Acros Organics) was filtered through
alumina (Fluka) to remove stabilizers, subsequently distilled
under reduced pressure, and stored under air at —20 °C.
Copper(I) bromide (98%, Aldrich), was purified prior to use,

according to the method described in Bumbu et al. [29]. Cop-
per(Il) bromide (99.999%, Aldrich) was used as supplied. The
N,N'.N' ,N" N"-pentamethyldiethylenetriamine (PMDTA; 99%,
Aldrich) was vacuum distilled and stored under argon in the
fridge. The solvent (toluene) and precipitant (MeOH) were
used as received.

All liquid components (monomer, solvent and amine) were
extensively bubbled with Ar to remove residual oxygen prior
to use.

Typically, about 1 g of Br-functionalized microgels (about
0.43—0.50 mmol Br/g, depending on the microgel type),
0.114 g (0.8 mmol) of CuBr and 0.134 g (0.6 mmol) CuBr,
were degassed under vacuum for 3h in a 100 ml Schlenk-
flask. Toluene (15—20ml) was added under Ar purge,

Table 1
Amounts of monomer and silane ATRP-initiators used in particular syntheses

Microgel Monomer Total amount [mmol/% of the monomer
amount amount] of the ATRP initiators (ATRP—Et or
[mmol] ATRP—CI) added at
First stage of reaction Second stage of
(aqueous dispersion) reaction (organic
dispersion)
MGI11 147.2 14.8/10.06 44.2/30.02
MG12 264.4 26.2/9.92 65.1/24.62
MGI13 268.3 17.6/6.56 80.1/29.84
MG14 300.8 20.2/6.70 75.3/25.05
MGI5 235.9 15.3/6.50 58.5/24.8
MG17 133.8 8.8/6.55 27.1/20.25
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followed by the dispergation of solid components (ultrasonic
bath, 30 min). Afterwards, usually about 20 g (192 mmol) of
styrene and 0.254 g (1.47 mmol) of PMDTA were introduced
using a syringe, under Ar flow. We commonly kept the solvent
volume ratio at about 50% and used a 5% excess of amine (for
better catalyst dispersion). Afterwards the dark green mixture
was immediately subjected to three freeze-pump-thaw cycles.
The exact dispergation of the copper salts was carried out in an
ultrasonic bath after the first cycle.

The mixture was allowed to polymerize at 90 °C for several
hours. The average monomer conversion was kept below 20%.
Upon reaching the desired conversion, the reaction was inter-
rupted and the mixture was diluted with THF (p.a. — grade,
Acros) and consequently stirred for 1 h with ion-exchange
resin (Dowex® Marathon® Msc, Aldrich) to remove residual
copper. The resin was separated by filtration and the core-shell
structures (polystyrene-grafted microgel, further denoted as:
PS-g-pgels) were recovered by precipitation into MeOH.
Finally, the white, fluffy product was dried for 24 h at 80 °C
under reduced pressure.

2.14. Cleaving of the grafted polystyrene chains

The grafted polymer was cleaved according to the proce-
dure described elsewhere [18—20]. In order to remove the
silsesquioxane network about 0.1—0.15 g of PS-g-pgels were
dispersed in 10 ml of toluene together with 0.2 g of the
phase-transfer catalyst — trioctylmethylammonium chloride
(Adogen® 464, Acros). Finally about 1.5 g of 49% HF (Fluka)
was added and the mixture was allowed to react for 24 h under
intensive stirring. The polymer was recovered then by precipi-
tation into MeOH and subsequent filtration. After vacuum
drying molecular weight and polydispersity of the grafted
chains were analyzed with the GPC.

2.2. Characterization methods and sample preparation

Solution "H NMR spectra of the synthesized compounds
were recorded with the Bruker Avance spectrometer operating
at 250 MHz. The substances were dispersed in appropriate
deuterated solvents (CDCls, dg-toluene or d-THF) prior to
analysis. Solid-state CP (cross-polarization) MAS (magic-
angle-spinning) °Si NMR measurements of the microgels
were carried out on a 600 MHz Bruker Avance spectrometer.

All scanning images were recorded using the LEO Gemini
1530 microscope operating at low accelerating voltage (1.0 to
max. 3 kV). Samples of neat p-gels and nanoparticles with
grafted PS (PS-g-pgels) were prepared by re-dispersing the
mentioned substances in toluene (to avoid the presence of
agglomerates dispersions were additionally sonicated for 1 h)
and subsequent spin-coating on the silicon substrate at about
2000 rpm.

Transmission electron microscopy (TEM) images were re-
corded on a Tecnai FEI F20 microscope. All samples of nano-
particles were prepared by depositing a droplet of highly
diluted microgel dispersions in toluene (mass concentration
below 0.01%) onto the carbon substrate. The solvent was al-
lowed to evaporate afterwards. Subsequently micrographs

were recorded and diameters as well as values of standard
deviation were calculated for several hundreds of particles.

GPC — analyses of molecular weight and polydispersity of
polymers and microgels were conducted using the four-com-
ponent system Water Alliance 2000, consisting of the Waters
590 pump and three columns (pore sizes: 10°, 10, 500 A).

The refractive index increment dn/dc — necessary for eval-
uation of the grafted PS amount — was investigated using the
scanning Michelson interferometer. As a source an Ar-Ion la-
ser (Siemens) with 25 mW output power, operating at 633 nm
was used. All measurements were conducted at 25 °C.

Dynamic and static light scattering (DLS/SLS) experiments
were performed at 25 °C, using a setup consisting of an ALV
5000 digital correlator (320 channels), ALV-SP81 goniometer,
an Avalanche Photodiode and an air-cooled He/Ne-laser oper-
ating at 632.8 nm and giving 20 mW output power. The inten-
sity of scattered light was measured between 25 and 150° at
a usual time resolution ranging from 107> to 10°s. Light
was polarized vertically with respect to the scattering plane us-
ing the Glan—Thomson polarizers with an extinction coeffi-
cient lower than 10~’. When the recorded intensity was too
high a reducing filter was used to attenuate the scattered light.
The dimensions and molecular weight of the microgel nano-
particles were computed with ALV 5000 software (utilizing
an approach based on Contin algorithm). The samples of the
non-modified and PS-grafted microgels for DLS analyses
were prepared by re-dispergation of the substances in toluene,
yielding dilute dispersions (0.025 wt.% on average).

SAXS diffraction patterns of neat microgels were recorded
in transmission mode using SAXS-setup consisting of Micro-
Maxx 007 rotating anode and 2D-Histar detector with a dis-
tance to sample of 1.78 m and angular resolution 0.01°.
Scattering profiles were calculated for 26 values between
0.20 and 1.90°, diffractograms were corrected for detector
efficiency and distortion using GADDS software (Bruker).

Thermogravimetric analyses of the neat and polymer-
grafted microgels were recorded using Mettler TGA-851 ther-
mobalance (temperature interval: 25—700 °C, heating rate:
10 K/min, under air flow). Differential scanning calorimetry
(DSC) experiments with PS-g-pgels were performed on a Met-
tler DSC 822 calorimeter within temperature interval 25—
180 °C, at heating rate 10 K/min. All samples were subjected
to the same temperature program with heating—cooling—heat-
ing cycles. First heating cycle allowed to erase the thermal
history of the sample.

3. Results and discussion
3.1. Microgel synthesis

Silsesquioxane-based materials are characterized by the
general formula RSiO3/,, where R denotes the organic substit-
uent (alkyl, aryl). Since the advent of nanotechnology they
have been subject of intensive research mainly due to numer-
ous possibilities of synthesis and modification of silsesquiox-
ane-based nanostructures. Much interest was devoted to the
preparation and property evaluation of so-called polyhedral
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oligo-silsesquioxanes constituting the smallest organically-
modified analogues of silica [30—33]. These nanostructures
exhibit regular internal structure, but can exist in a variety of
forms (e.g. cage- or ladder-like). Undoubtedly the most popu-
lar ones are the cubic oligo-silsesquioxanes (denoted with Tg)
obtained by condesation of 8 monomer units and bearing
8 organic groups situated at the corners. The other available
variants are T4 T, or T4 structures composed of 4, 12 and
14 monomeric units, respectively. Due to extremely high sur-
face-to-volume ratio (particle dimension 0.5—0.7 nm [32])
these particles can be used e.g. as highly active fillers for poly-
mer modification [31]. However, they are not the subject of
our report and will therefore not be treated in much detail.

The family of silsesquioxane materials includes the amor-
phous products of organotrialkoxysilane polycondensation,
either. These organosilicon microgels [23] or (polysilsesquiox-
ane colloids [32]) of intermediate dimensions (from about five
to several tens of nanometers) can be facilely produced in dis-
persed systems (emulsion or microemulsion) [23,24,34] and
were a filler of choice in our case. We decided to make use
of the synthetic method of sol—gel reaction in microemulsion
introduced by Lindenblatt et al. [10]. It was based on tech-
niques originally developed for the coating industry in the
60’s and adapted later by Baumann and coworkers [23,24].
This preparative route has some important advantages, espe-
cially when referred to the Stober’s approach. The satisfactory
dimensional control (shape regularity) during the nanoparticle
synthesis in alcoholic solutions cannot be preserved below cer-
tain limiting value of product diameter (~35—40 nm) under
standard conditions. However, such particles are still too big
with respect to the domain size of commonly used block co-
polymers. The attempts to reduce the size of the colloids usu-
ally result in its higher polydispersity and perturbed form.
Additionally, the mass fraction of the product (defined by
the monomer amount) must also be limited, otherwise particle
polydispersity will increase [35]. In comparison, the nanopar-
ticles produced in the surfactant-supported systems (synthesis
in reversed microemulsion reported by Arrigada and Osseo-
Asare [36] and Chang and Fogler [37]) or according to so-
called ‘“seeding” technique (presented by Buining et al.
[38]) exhibit more advantageous properties being character-
ized by smaller diameters, low polydispersity and regular
shape. However, tedious purification and unsatisfactory yield
of the product constitute the essential drawbacks of the
method.

In contrast, the method of Baumann et al. and Lindenblatt
et al. allows — due to the presence of the surfactant — to effi-
ciently produce nanoparticles with diameters below 30 nm and
preserved shape control. Upon changing the reaction condi-
tions (e.g. monomer type, dosing sequence, type of modifying
agent) diversified products exhibiting interesting physical
properties — like amphiphilic character, adjustable degree of
swelling, core-shell morphology — can be prepared [23—28].
The amphiphilic core-shell nanostructures can be obtained
within a “‘one-pot” process using monomer mixtures and ex-
hibit different character of the constituting parts (hydrophobic
or hydrophilic) followed by different mechanical behavior. In

these way the interactions between the chosen part of the
structure (core, shell) and surrounding medium can be con-
trolled (valuable feature with respect to sensors or medical ap-
plications [23—25]). Furthermore, hollow spheres (ideal drug
carriers for certain applications) of controlled architecture
can be synthesized by simply changing the ratio between di-
and trialkoxysilanes [25]. The microgel synthesis offers also
the possibility of obtaining well-defined nanostructures of reg-
ular shape and dimensions for further modification, like poly-
mer grafting, dye-labelling [27]. Upon using different
monomers, porosity of the microgel, its swelling behavior
and the accessibility of the active groups under different con-
ditions can be finely tuned.

Another important advantage of the chosen synthetic ap-
proach (especially, when compared to the W/O-microemul-
sions [36]) is the relatively low surfactant content (typically
0.8—1.4 wt.%) implying its facile removal. According to the
elemental analysis conducted after precipitation and washing
of the obtained microgels the sulfur content in the product
was lower than 0.2wt.%, suggesting very effective
purification.

All examined samples of silsesquioxane microgels were
synthesized in aqueous microemulsions based on dodecyl-
benzenesulfonic acid (DBA). Dynamic light scattering (DLS)
allowed to evaluate the influence of DBA on the product
dimensions directly after synthesis.

The basic characteristics of the obtained nanoparticles are
summarized in Table 2.

The fleet ratio (F') — defined as surfactant-to-polymer (cal-
culated for full monomer conversion) weight ratio is one of the
basic parameters, describing microemulsion [23,24]. An in-
crease in its value (up to the certain level) led to diameter re-
duction. However, undesired effects of diameter increase and
higher product polydispersity were observed for higher DBA
concentration (e.g. MG13 and MG15). Possible explanation
could be different spatial distribution of surfactant particles
(formation of other mesophases), but the experimental evi-
dence is still lacking. Baumann et al. had observed similar
phenomenon and assigned it to the decreasing microemulsion
instability as well as interparticle agglomeration [23]. Though
the recorded electron micrographs of MG13 and MG17 (see:
Figs. 3 and 4, respectively) revealed more pronounced product

Table 2
Microgel nanoparticles — synthesis conditions and results

Microgel F* Particle Bromine Molecular weight x
diameter® [nm] content® [wt.%] 10 [g/mol]
MGI11 0.068 284 4.01 5.60
MGI12 0.100 23.8 3.38 3.85
MG13 0.201  29.2 3.99 4.35
MG14 0.150  20.8 3.40 1.76
MG15 0.402 29.6 1.93 4.08
MG17 0.340° 15.6 3.06 0.96

? F — fleet ratio (surfactant/polymer weight ratio) [23,24].

® Determined by the dynamic light scattering (DLS).

¢ Determined by elemental analysis.

Determined by the static light scattering (SLS).

Initial amounts of reagents calculated as for the MG 14, reduced amount of
added monomer (details in the text).

d

e
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Fig. 3. SEM image of microgel MG13 nanoparticles (scale bar: 100 nm).

polydispersity, the particles preserved regular, spherical shape.
If their assumption is right, the eventual agglomeration must
occur at early stage of reaction. Upon reducing the monomer
amount (at fixed DBA concentration — see: MG17) we were
able to obtain smaller structures with diameters about
10 nm. The diameter reduction could be achieved at cost of in-
creased polydispersity that should affect the results of the DLS
and SAXS experiments (see Section 3.2). This issue will be
treated in detail in further part of the article.

Scanning electron microscopy was used as the basic tech-
nique for preliminary assessment of the product quality. The
recorded images (Figs. 3 and 4) revealed in most cases good
control over particle shape — obtained microgels exhibited
rather low dimensional polydispersity (e.g. 1.07 for MGI12
as evaluated by the GPC — see Table 3). Even in case of the
smallest nanoparticles MG17 (Fig. 4) regular shape seemed
to be preserved.

3.2. Microgel characterization

Surface modification of the nanofiller particles was realized
according to the procedure described by Savin et al. [18] and

Fig. 4. SEM image of microgel MG17 nanoparticles (scale bar: 100 nm).
Picture quality results from operating at the resolution limit and low object/
support contrast.

Table 3
Results of the dynamic/static light scattering measurements of the microgel
nanoparticles (dispersed in toluene)

Microgel R," R," R,/R, Molecular

Microgel ~ PDI° dn/dc®

[nm] [nm] weight x 107%% density p,* [em®/g]
[g/mol] [g/em?]
MGl11 142 169 1.19 5.60 0.775 1.14 —0.0481
MG12 119 119 1.00 3.85 0.906 1.07 —0.0447
MGI13 146 16.1 1.10 4.35 0.554 1.11 —0.0463
MG14 104 129 124 1.76 0.620 1.10 —0.0523
MGI15 157 233 148 4.08 0.499 1.42 —0.0487
MG17 7.8 21.5 276 0.96 0.799 1.21 —0.0403

# Determined with the DLS, the density was calculated for the swollen state.
® Polydispersity index (PDI), determined with GPC.
¢ Calculated from the dn/dc measurements.

Pyun et al. [19]. As a consequence of an additional modifica-
tion stage (in aqueous phase) higher degree of initiator immo-
bilization could be achieved, reaching in case of the MG11
and MG13 almost 4 wt.%. This had severely influenced the
activity of the macroinitiators for polymerization processes —
as it will be shown further.

The presence of the ATRP-initiating moieties was qualita-
tively confirmed via NMR experiments and elemental
analysis. The 'H NMR spectrum of the MG17 microgel in
dg-toluene is presented in Fig. 5.

All the NMR spectra collected for the reported microgels
showed the presence of distinctly broadened signals. This
effect was attributed to the reduced mobility of the groups
constituting microgel network and is consistent with the
observations reported elsewhere [30,32]. More noticeable
smearing of the signals (as compared with Tg polyhedral oligo-
mers [32]) can be related to higher number of atoms and
number of steric hindrances in the network. As a direct
consequence not all expected peaks can be found in the spec-
tra, some signals remain obscured. For assigning the peaks we
referred to the analyses of similar systems published by other
groups [22,32]. The broad peak observed at about 0.30 ppm,
with a small shoulder at 0.54 ppm, is related to the protons
of —Si(CH3); and —Si(CH3),— groups, respectively, whereas

ppm

Fig. 5. '"H NMR spectrum of the microgel MG17 (250 MHz; solvent:
dg-toluene).
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the protons of —CH,—Si appear near to 0.85—0.9 ppm. In the
range from about 1.6—1.9 ppm one can see the irregular group
of overlapping signals from —CH,— (in B-position to Si atom)
and —CH3; protons of the initiator rest showing up at 1.60—
1.80 and 1.90 ppm, respectively. The peak at about 3.60 could,
in our opinion, orginate from unhydrolyzed —OCHj; groups of
the monomer, whereas the signal at 4.05 was assigned to the
hydrogens of the —CH,—OCO— group. The latter signal pro-
vided a clear evidence for the immobilization of initiator. The
solvent peaks (dg-toluene) appear at around 2.10 and
7.00 ppm.

The *°Si NMR measurements of the chosen microgels
(deconvoluted spectra of the MG11 and MG14 — see Fig. 6)
confirmed the successful immobilization of the initiator. The
signal at about 8.8—8.9 ppm was attributed to the silicon
atom coupled to the ATRP initiator rest [18]. Furthermore,

A

Hydrogel "MG11", **Si, 59.65 MHz@10 kHz MAS

5= 8.9 ppm (14.3%)
5,= -57.4 ppm (9.3%)
§,= -65.6 ppm (76.4%)

SN

T 1+ 1 "+ 1 * 1T " T * 1T ™ 1T * T ™ T 7
90 60 30 0 -30 -60 -90 -120 -150 -180

8/ppm

Hydrogel "MG14", DSi, 59.65 MHz@10 kHz MAS
8= 8.8 ppm (7.7%)

§,= -56.9 ppm (8.1%)

8,= -65.5 ppm (84.2%)

I ! I ! I I ! I ! I ! I ! I

I i ' I
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8/ppm
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Fig. 6. The CPMAS 2’Si NMR spectra recorded for the microgels: MG11 (A)
and MG14 (B).

we were able to characterize the internal structure of our
gels. The main peak around —60 ppm comprised of reso-
nances appearing at about —57 and —65.5 ppm, respectively,
which were attributed to the silicon atoms having two (so-
called T, resonance [30]) or three siloxane bonds (T53). The
obtained microgel network seems to be dense, but the peak
intensity exhibits the reciprocal dependence with respect to the
colloid diameter. For the smaller particles (MG14) the degree
of silanol conversion (expressed by the T, intensity) is reduced
when compared to the bigger structures (MG11), suggesting
more effectively cross-linked structure. The bigger the parti-
cles, the more defects will occur during their formation lead-
ing finally to a rigid ‘“‘gradient” network with more sterically
excluded, non-converted alkoxy or silanol groups.

The elemental analysis at the University of Wroclaw en-
abled quantitative estimation of the attachment efficacy. By
changing the molar ratio of ATRP—Et/CI to 3MEtS (see Table
1) used, the amount of immobilized bromine became adjust-
able, leading to nanoparticles with various surface coverage.
Due to the subsequent polymer grafting we were interested
in obtaining high bromine content of about 3 wt.%. The mod-
ification could be carried out as early as at the first stage (in
the aqueous phase) with the ATRP—Et initiator. However, re-
duced solubility of the compound in water remains the main
obstacle and, in our opinion, may affect the modification pro-
cess at this stage. After the microgel stabilization required to
transfer the product quantitatively to the organic phase the
modification had to be continued at elevated temperature using
an excess of compound. Taking into consideration the data
presented in Table 1 this was the crucial stage of reaction
that allowed to control the amount of the immobilized
initiator.

With respect to evaluation of grafting densities, the dimen-
sional characterization of the nanoparticles became an issue of
utmost importance. Static (SLS) and dynamic light scattering
(DLS) measurements are the experimental techniques of com-
mon use in this relation that provide valuable information on
physical properties as presented by Baumann et al. [23,24].
Results of the DLS/SLS measurements performed for our
microgels are summarized in Table 3.

All synthesized microgel nanoparticles were characterized
by relatively low (with respect to their dimensions) molecular
weights (between 1.1—5.3 x 10° g/mol). This resulted in
rather low density of the colloids (as calculated from the
DLS), but similar effects had also been observed and described
elsewhere [23,24]. In case of the MG15 and MG17 light scat-
tering experiments were repeated. In both cases the obtained
R, values were surprisingly high, what in our opinion can re-
sult from higher — as detected by the GPC — product
polydispersity.

The synthesized structures showed additionally an unex-
pected behavior of the Ry /Ry, ratio (§). The ratios calculated
for the systems (see Table 3) exceed the theoretical value of
0.775 characteristic for monodisperse hard spheres [23].
This suggests the obtained networks are rather loose and the
solvent can penetrate particle interior quite easily. Such net-
work morphology is the consequence of a polycondensation
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process realized under acidic conditions. On the other hand,
network swelling is expected to be rather limited as indicated
by the ratio of R, and M,, (in comparison with linear mole-
cules in solution).

Possible explanation for the values of { may also be a cer-
tain dimensional polydispersity of nanoparticles. The bigger
the particles, the more defects will occur leading finally to
a rigid “gradient” network.

The experimental approach, limited only to the DLS/SLS
experiments, turned out to be insufficient. The hydrodynamic
radius depends strongly on polymer—solvent affinity and is
rather not suitable for exact geometrical description of un-
swollen (“‘dry”’) networks.

More reliable, statistical data can be collected, utilizing
transmission electron microscopy (TEM) along with small-
angle X-ray scattering (SAXS).

Two examples of TEM micrographs recorded for MG14
and MGI1S5 are presented below (Figs. 7 and 8, respectively).
Although the resulting products predominantly exhibited di-
mensional homogeneity, a quantitative analysis of the micro-
graphs turned out to be complicated. The picture quality
could not be severely improved at high magnifications, and
formation of Fresnel rings was unavoidable (Fig. 8). In conse-
quence, the relative error in diameter estimation could reach
10—15%. In case of the MG15 and MG17 the increased prod-
uct polydispersity was observed, as mentioned earlier.

For almost all examined nanoparticles fairly well-resolved
SAXS diffractograms were obtained. Peaks up to third order
could be distinguished indicating rather narrow shape distribu-
tion. Only in case of the MG17 the resolution showed by the
scattering profile is poor — probably as a result of more dis-
tinct polydispersity (as evidenced earlier). The examples of
the scattering curves are depicted in Fig. 9.

_

Fig. 7. TEM micrograph of the microgel MG14 (scale bar: 100 nm).

Fig. 8. TEM micrograph of the microgel MG15 (scale bar: 50 nm).

The obtained scattering profiles were complicated and had
to be analyzed in terms of scattering and form factor. What
could be anticipated is, the position of particular peaks in scat-
tering patterns did not correspond to any regular spatial
arrangement characteristic for highly organized materials
(e.g. with FCC or BCC geometry). The first Bragg peak aris-
ing at low ¢ values contained general information on the basic
correlation length characterizing the system. It was particu-
larly well pronounced in case of MG11 or MG14. The com-
plete description of the structure required additionally the
analysis of following peaks displaying the form factor. In con-
clusion the values of particle diameters were estimated [39].

The data, collected from the DLS, TEM and SAXS experi-
ments, have been compared in Table 4.

10* 3

10°

I(q) [a.u.]

10"

10° I

q [nm™]

Fig. 9. Scattering profiles of the chosen microgel nanoparticles.
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Table 4
Dimensions of the microgel nanoparticles estimated with the DLS, TEM and
SAXS

Microgel (DpLs) = 2 X Ry" [nm] (DTEM>b [nm] (Dsaxs)® [nm]
MGIl11 284 22.8 19.7
MGI12 23.8 19.1 16.8
MGI13 29.2 222 19.2
MG14 20.8 17.5 14.1
MGI15 29.6 194 15.3
MG17 15.6 11.0 10.6

* Determined with the DLS.
® Estimated from the TEM images.
¢ Estimated from the position of the first order Bragg peak.

As presented above, the DLS provides severely overesti-
mated results in comparison with other techniques. The high-
est discrepancy of about 52% was observed in case of MG15.
Naturally, grafting densities calculated on this basis would
also be affected.

This overestimation may be a consequence of product poly-
dispersity (scattering intensity scales as ~R® R — being the
particle radius, so the fraction of biggest particles in popula-
tion scatters relatively stronger) and the presence of “‘shell”
at particle’s surface, consisting of solvent molecules with
reduced mobility.

The inconsistency between TEM and SAXS results may
arise from the problems emerging during evaluation of the mi-
crographs (low contrast, Fresnel rings, limited number of the
measured particles) rather than from the conditions of scatter-
ing experiments. The biggest deviation was observed for the
MG14 and MG15 and reached about 20%, in other cases it
did not exceed 15%.

3.3. ATRP polymerization

The silsesquioxane nanostructures, both polyhedral oligo-
mers and amorphous colloids can be used as effective initia-
tors of controlled polymerization processes after appropriate
surface modification [33,40,41]. As early as in 2000 Pyun
et al. succeeded in grafting vinyl monomers onto the surface
of oligomeric silsesquioxanes [40] and silsesquioxane colloids
[41] utilizing the copper-mediated ATRP and described the
morphology of the hybrids by means of AFM [41]. Over fol-
lowing years, several research groups investigated various as-
pects of polymer grafting onto the silsesquioxane substrates
[10,33]. Referring to above-mentioned works and results pre-
sented in papers [18,19] we were able to define the optimum
conditions for surface-initiated ATRP processes.

The obtained microgels were characterized by higher bro-
mine content, that should allow the preparation of structures
with high grafting density. On the other hand, increased activ-
ity of such macroinitiator requires better control during the po-
lymerization. Predominant product gelation (in consequence
of recombination) can strongly reduce the reaction yield.
The formation of ungrafted chains becomes an additional fac-
tor, affecting properties of the final product (especially when
used as filler for modification of block copolymers).

We were interested in obtaining fairly high product yields
with respect to the subsequent experiments on miscibility of
grafted fillers within different systems (homopolymer, block
copolymer). Hence, bigger amounts of macroinitiators were
used (~1g) and their average concentration reached even
3.5 wt.% with respect to the monomer.

The reaction conditions in particular experiments are sum-
marized in Table 5.

First attempts to graft PS in a reaction carried out in bulk
monomer and using only CuBr (catalyst) along with PMDTA
(as ligand) were unsuccessful. At the catalyst/initiator ratio
about 4 the reaction proceeded in an uncontrolled fashion,
leading to considerable product gelation after about 1 h. Re-
duction in catalyst amount (to the catalyst/initiator ratio about
1) and addition of 10 mol.% of CuBr, (as described in [18,20])
as well as introduction of solvent (50 vol.%) led on contrary to
an unacceptable suppression of the reaction rate (reaction
times exceeded 100 h). Slow polymerization was observed
also with bipyridine used as the ligand. Too long reaction
times should be avoided because of the considerably higher
probability of side-reactions.

Hence, we decided to modify the catalytic system by the
addition of copper(Il) bromide. Better polymerization control
was obtained through a change in equilibrium between active
and dormant species [42]. Good results — in terms of accept-
able product yield and reaction rates — were achieved, when
the amount of CuBr reached almost 2-fold concentration of
the initiator used and the content of CuBr, was about
50 mol.%. The reaction times varied between 15 and 72 h.
The synthesized polymer was characterized by M,, ranging
from about 8500 to almost 30000 g/mol and narrow poly-
dispersity (polydispersity index, PDI — typically 1.10). As
expected, the determining factor was the amount of Cu(Il)
used — its reduction to 40 mol.% caused significant accelera-
tion of the process (stopped after 16 h). The low values of
polydispersity (in comparison to the systems based on
bipyridine [18]) are certainly related to higher complexing
efficiency, typical for multidentate amines (PMDTA,
HMTETA).

It was necessary to interrupt polymerizations at relatively
low conversion to suppress the risk of interparticle coupling
by radical recombination. In two cases (P11PS and P20PS)
the conversion reached the level, when partial gelation of the
product occurred. Generally, our results correlated well with
the observation of Savin and coworkers, setting the upper limit
of monomer conversion about 15 wt.% [18].

The formation of free polymer was another issue, particu-
larly important with respect to the filler properties. Originally
observed during the ATRP of styrene by von Werne and Savin,
it was suggested to occur in diluted (i.e. characterized by
a high monomer-to-initiator ratio reaching 1000:1) [18,20].
Referring to our experiments, we would assume the polymer-
ization time to be the main factor. The mentioned concentra-
tion ratio in our experiments was ranging from 423:1 to
606:1, but the formation of ungrafted chains was clearly ob-
served in all cases (as presented in Table 1). The lowest
amount of free polymer was observed in case of a relatively
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Table 5

ATRP of styrene initiated with functionalized silsesquioxane microgels- conditions and results®

Product (core-shell Microgel Catalyst/initiator CuBr; [mol.%] Amount of free Monomer M,, hairs [g/mol] pDI¢
structure) molar ratio PS® [wt.%] conversion® [wt.%]

PO9PS MGl1 0.76 54.24 19.65 2.96 8250 1.11
P10PS MG12 2.11 42.26 20.43 7.18 21880 1.20
P11PS 2.14 4243 20.88 25.20° 29530 1.11
PI12PS 1.78 45.45 31.15 13.41 24000 1.10
P13PS 1.71 44.96 21.57 10.66 16950 1.10
P14PS MGl14 1.70 47.61 12.21 19.43 21850 1.07
P17PS 1.54 47.07 4.23 11.35 13250 1.09
P18PS MG17 1.73 47.07 10.00 12.98 11750 1.06
P20PS 1.55 39.80 10.91 30.05° 17240 1.09

# All reactions were carried out in solution (solvent — toluene, solvent volume fraction ~ 50 vol.%, ligand — PMDTA) and at 90 °C.

® Determined with the GPC.

¢ Estimated gravimetrically.

4 Determined with the GPC after cleaving reaction with HF.
¢ Partial gelation of the product occured.

short process (P14PS — 22 h, P17PS — 16 h), the highest was
recorded for P12PS (36 h; reaction was stopped and initiated
again by heating). To prove our assumption, we decided to
run an additional polymerization (not specified in the table) —
the reaction was conducted with an reduced charge (40% of
the average reagent amount), at lower temperature (85 °C)
and with the amount of CuBr, increased to 65 mol.%. After
72 h the M,, of the grafts reached nearly 9000 g/mol, but the
free polymer content simultaneously exceeded 22 wt.%.

The example image of the core-shell structure is presented
in Fig. 10.

3.4. Characterization of the core-shell structures

During the investigation of polymer-grafted nanoparticles
we tried to find the answers for two major questions:

(a) What is the exact amount of grafted polystyrene?
(b) What are the values of parameters describing the distribu-
tion of tethered chains on the filler surface?

Fig. 10. SEM image of the core-shell structure P11PS (core: microgel MG12,
shell: PS 29530 g/mol, scale bar: 200 nm).

The amount of grafted PS was evaluated using thermo-
gravimetry (TGA) and refractive index increment (dn/dc)
analysis, as suggested elsewhere [10]. The results of both
experiments are summarized in Table 6.

The obtained values allowed to calculate grafting densities,
by making an assumption defining the dimensions of microgel
particles. The diameters derived from the SAXS curves were
chosen as relevant measure of unswollen networks. The de-
tailed information on mathematical formalism is presented
in the attached Appendix.

Taken into consideration bromine content (elemental ana-
lysis) the initiating efficiency (ratio of the number of grafted
PS chains to the total number of immobilized initiating moie-
ties) was evaluated.

The results of TGA allowed for the presence of organic
groups on neat nanoparticles, the values from the dn/dc mea-
surements were slightly higher in almost all cases. The differ-
ences varied form 1.5% to about 6.5%.

The analysis of initiator efficiency provided valuable infor-
mation. However, in this case one had to take into account
the specificity of utilized microgels. Quite loose network re-
sulted probably in a significant number of sterically-hindered
(e.g. closed in pores) initiating moieties, thus lowering the
initiator efficiency. In general, bigger particles should contain

Table 6
Core-shell structures- amount of grafted PS and grafting densities

Product Microgel Polymer amount  Grafting density  Initiator

[Wt.%] [nm 23] efficiency® [%)

TGA dn/dc TGA dn/dc
PO9PS MGI1  47.70 50.79 031 035 18.1
PIOPS MGI2  58.12 59.50 0.17 0.18 11.9
P11PS 77.33 76.50 0.31 029 204
P12PS 72.81 75.86 0.26 030 19.1
P13PS 65.16 66.17 0.29 030 202
P14PS MGI4  75.83 83.98 0.24 039 387
P17PS 71.96 78.49 0.34 048 513
PI8PS MGI7  71.53 73.50 0.49 0.60 54.4
P20PS 80.59 8322 0.54 0.65 59.6

? Average value from the TGA and dn/dc experiments.
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larger number of them (less advantageous surface-to-volume
ratio). This assumption was confirmed for the examined sys-
tems (see Table 6) — the smaller the particles, the higher the
initiator efficiency. In case of P10PS, the slightly reduced
value along with higher PS polydispersity should be ex-
plained with perturbed reaction control probably at the early
stage. In consequence, higher fraction of the surface could be
excluded and blocked by polymer chains growing too fast.

Differential scanning calorimetry (DSC) and X-ray scatter-
ing (SAXS) were used in order to answer the question that
concerned the values of parameters describing the surface dis-
tribution of tethered chains. In this sense, we were particularly
interested in unique behavior of polymer chains resulting from
dense grafting.

The chains attached to the surface constitute a polymer
brush, when the dense packing forces them to stretch away
(at the cost of the reduction in conformational entropy).
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Fig. 11. Results of the DLS experiments for the core-shell structures: (A)
based on the microgels MG11 and MG12; (B) based on the microgels
MG14 and MG17. The lines are added to guide the eye.

Such a system will exhibit interesting physical properties —
among others, this unique ordering of macromolecules affects
their miscibility with polymer matrices [10].

To confirm the grafting of polymer chains, the DLS mea-
surements were performed for the toluene dispersions of
core-shell structures. The technique is characterized by high
sensitivity towards the presence of agglomerated structures.
The results of examination are depicted in Fig. 11A and B.

Generally, we did not observe strong angular dependencies
of hydrodynamic radius R}, for processes stopped at conversion
lower than 14 wt.% (relatively low M, of PS “hairs”, except
of P12PS). This allowed us to conclude that there was no se-
vere interparticle coupling in consequence of radical recombi-
nation. On the other hand the angular dependencies of Rh
observed in case of P13PS, P14PS, P20PS and, particularly,
P11PS, suggest the presence of some agglomerated structures.
Lower amount of copper(Il) bromide, moderating the reaction
rate, and higher conversion (except of P13PS) are probable ex-
planations for that phenomenon.

The investigation of a similar system PS-g-SiO, nanopar-
ticles provided evidence, that the T, of polymer is a very sen-
sitive probe the state of chain deformation. Hence, the DSC
calorimetry has become a valuable tool to analyze core-shell
structures [18]. The influence of chain stretching usually ob-
served in case of grafted polymer brushes can be highlighted
by a simple comparison with the T, of chains cleaved from
the surface.

The results recorded for PS-g-pgels (used as fillers in fur-
ther experiments) are listed in Table 7. We were able to com-
plement the observations of Savin and coworkers with
additional information [18]. Analyzing the results, one must
keep in mind, how complicated systems were investigated.
In our opinion following parameters must be taken into ac-
count the My, of the PS “hairs”, their grafting density, amount
of free polymer and the surface curvature (defined as the rec-
iprocity of particle radius).

The obtained results seem to correlate well with those
presented elsewhere [18]. We stated the reciprocal relation
between the M,, and the change in T, either. In case of four

Table 7
Comparison of T, for cleaved and grafted polystyrene
Product T, of the T, of the AT, M., of the Grafting
cleaved grafted grafted PS® density®
PS* [°C] PS* [°C] [g/mol] [nm™"]
PO9PS 85.3 97.2 11.9 8250 0.33
P10PS 96.9 98.8 1.9 21880 0.17
P11PS 98.6 100.8 22 29530 0.30
P12PS 98.3 102.5 4.3 24000 0.28
P13PS 94.3 100.6 6.3 16950 0.30
P14PS 97.7 103.7 6.0 21850 0.31
P17PS 94.2 101.5 72 13250 0.41
P18PS 91.7 98.7 7.0 11750 0.54
P20PS 94.8 101.4 6.6 17240 0.59

? Estimated from the DSC experiments, heating rate 10 K/min.

® Determined with the GPC.

¢ Average value calculated from the TGA and dn/dc experiments, particle
area was estimated from TEM images.
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systems exhibiting almost equal grafting density of about
0.3 molecule/nm? (a simplifying assumption for the systems
PO9PS and P11PS—P13PS), similar amount of free polymer
(about 20 wt.%) and nearly uniform surface curvature (0.088
and 0.105 [nm '] for the core of MG11 and MG12, respec-
tively) the highest value of AT, has been observed for the
shortest chains. This behavior can be easily explained taking
into consideration the presence of a gradient in the density
of monomer units perpendicular to the curved surface. The
fairly short molecules (PO9PS) are subjected to deformation
on a significant length-scale, in case of the longest investigated
chains (P11PS) the stretching of an initial fragment of the mol-
ecule cannot influence its overall behavior. Additional factor
arises with the extent of surface curvature — the more planar
the substrate, the longer the deformed part of the chain should
be. This is the probable explanation for significant value of the
interval AT, in case of the product PO9PS. Naturally, the pres-
ence of free, ungrafted chains should also be taken into consid-
eration — at least for the upper “layer” of the brush, where the
reduced steric hindrance allows them to penetrate the polymer
shell. Nevertheless, additional experiments with purified (e.g.
by ultrafiltration) core-shell fillers are required in order to
clarify this.

Keeping in mind all the needed simplifying assumptions
stated above (concerning grafting density, free polymer con-
tent and filler geometry), we additionally made an attempt to
estimate the limiting value of the M,,, in which the difference
between tethered and free PS chains should vanish. The de-
pendence between M,, and AT, for the mentioned systems
(PO9PS, P11PS—P13PS) is depicted in Fig. 12.

For the analyzed conditions we obtained an almost linear
relationship of both parameters. From the intersection the
limiting value of approximately 35 kg/mol was estimated.

Referring to other obtained structures, in case of the P10PS
the previous assumption of low grafting density was addition-
ally confirmed by a fairly low AT, of about 1.9 °C.
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Fig. 12. AT, as a function of M,, (assumed value of the grafting density: 0.3
chain/nm?). The line is added to guide the eye.

The analysis of the systems based on smaller particles — the
products P14PS, P17PS, P18PS and P20PS based on the cores
of MG14 and MG17 — brought some intriguing results, either.
Relatively high values of the interval AT, emphasize the influ-
ence of higher grafting densities. Due to the lowest amount of
ungrafted PS, the product P17PS is especially interesting,
because the measured T, approximates the value expected for
pure core-shell system. On the other hand, relatively lower
values of T, in case of the products P18PS and P20PS could
undoubtedly be related to higher surface curvature, reducing
the length of the deformed fragment of the chain.

4. Concluding remarks

Silsesquioxane microgel nanoparticles exhibiting well-de-
fined shape and diameters lower than 30 nm were synthesized
in microemulsion, and surface modified with an ATRP initia-
tor. The amount of bromine determined by elemental analysis
was relatively high (over 3 wt.%, on average), resulting in cor-
respondingly high activity of these macroinitiators in polymeri-
zation processes. In order to obtain reliable data on grafting
density, particle dimensions were extensively investigated
with SAXS, TEM and DLS.

Organic—inorganic structures consisting of a silsesquioxane
core with a grafted polystyrene shell were successfully pre-
pared according to the ATRP technique. The best results
were achieved using the catalytic system with a medium ex-
cess of copper(I) bromide (towards initial concentration of ini-
tiator) and considerably high content of copper(Il) bromide
(50 mol.% on average). We were not interested in a detailed
process characterization (kinetic investigation).

According to our observation, the formation of ungrafted
polymer in the course of reaction is related mainly to
polymerization time, at least for the examined values of
monomer-to-initiator ratio. The presence of the free chains
creates additional complications, when the core-shell struc-
tures are used as fillers. During our experiments we were
able to reduce the amount of non-grafted PS to about
10—20 wt.%.

The obtained core-shell structures were characterized in
detail using light scattering (SLS, DLS), TGA, electron mi-
croscopy (TEM, SEM) and SAXS. The results suggest that
PS chains are relatively densely grafted and stretched. The
grafting density and M,, of the attached chains is expected
to affect the interactions of the core-shell fillers and the mod-
ified polymer matrix, thereby defining the nanocomposite
performance. We observed reciprocal dependencies between
grafting density and initiator efficiency, and surface curvature
(particle dimensions), as expected. For bigger particles
(MG11 and MG12 with diameters of about 23 and 20 nm, re-
spectively) grafting density of about 0.3 chain/nm” was
found by average initiator efficiency about 20%, whereas
for the smallest particles used (MG17) both parameters
reached the values of nearly 0.6 chain/nm® and 60%, respec-
tively. In case of bigger nanoparticles, the number of steri-
cally excluded initiator groups is believed to be the main
reason.
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Appendix

For the calculation of the parameters described in text we
made use of mathematical formalism proposed elsewhere
[10,24].

1. The density of the microgel network (in dispersion) can be
calculated using formula (1):

<M w particle >
= 1
Pret <Vparticle > X NA ( )

the values of the (My,) of the microgel and (Rp,) (mean hydro-
dynamic radius) of the spherical particle are measured during
the DLS experiment. The volume can be calculated from the
relation 47t(Ry,)>/3.
2. Other parameters were estimated utilizing following for-
mulae [10,24].
(a) The initiator density [1/nm?]:

moles Br

Pin = holes microgel x particle surface’
the amount of bromine is estimated according to elemental
analysis. Particle surface is calculated according to the relation
47R?, where R denotes particle radius measured with the cho-
sen method (DLS, SAXS or TEM).

(b) The fraction of PS in dn/dc measurements [wt.%]

(dn/dc)PS-g-ugel_(dn/dc)

ugel
100%
(dn/dc)ps—(dn/de) * 0,

ngel

Psdn/dc =

refractive index increment for all substances must be measured
by separate experiments.

(c) The fraction of PS in TGA experiments (the results
were additionally corrected for the mass loss of the
microgel) [wt.%]:

Xps-g-pge
PStga = (1 —M) x 100%,

pgel

where: Xpg_g_i5e1 and X|,¢) denote the amounts of residuals left
after TGA of the core-shell structure and corresponding, bare
microgel [both expressed in wt.%], respectively.

(d) The grafting density of polystyrene chains [1/nm?]:

moles PS

Prs = moles microgel x particle surface’

the molar amount of polystyrene can be calculated, provided
the molecular weight and amount (mass) of the polymer in the
sample are known.

References

[1] Messersmith P, Giannelis EP. Journal of Polymer Science A 1995;33:
1047-57.
[2] Shi H, Lan T, Pinnavaia TJ. Chemistry of Materials 1996;8:1584—7.
[3] Ishifuji M, Mitsuishi M, Miyashita T. Applied Physics Letters 2006;89:
011903.
[4] Li Y, Cai W, Cao B, Duan G, Sun F. Polymer 2005;46:12033—6.
[5] Oey C, Djurisic AB, Kwong CY, Cheung CH, Chan WK, Nunzi JM, et al.
Thin Solid Films 2005;492:253—8.
[6] Cheng YJ, Gutmann JS. Journal of the American Chemical Society
2006;128:4658—74.
[71 Beek WIE, Wlenk MM, Janssen RAJ. Advanced Functional Materials
2006;16:1112—6.
[8] Zhang H, Cui Z, Wang Y, Zhang K, Ji X, Lii C, et al. Advanced Materials
2003;15:777—80.
[91 Wang ZM, Chung TC, Gilman JW, Manias E. Journal of Polymer
Science B 2003:;41:3173—87.
[10] Lindenblatt G, Schartl W, Pakula T, Schmidt M. Macromolecules
2000;33:9340—7.
[11] de Gennes P. Macromolecules 1980;13:1069—75.
[12] Shull KR. Journal of Chemical Physics 1991;94(8):5723—38.
[13] Shull KR. Macromolecules 1996;29:2659—66.
[14] Borukhov I, Leibler L. Macromolecules 2002;35:5171—82.
[15] Maas JH, Fleer GJ, Leermakers FAM, Cohen Stuart MA. Langmuir
2002;18:8871—80.
[16] Corbierre M, Cameron N, Sutton M, Mochrie SGJ, Lurio LB, Riihm A,
et al. Journal of the American Chemical Society 2001;123:10411—2.
[17] Corbierre M, Cameron N, Sutton M, Laaziri K, Lennox RB. Langmuir
2005;21:6063—72.
[18] Savin D, Pyun J, Patterson GD, Kowalewski T, Matyjaszewski K. Journal
of Polymer Science B 2002;40:2667—76.
[19] Pyun J, Jia S, Kowalewski T, Patterson GD, Matyjaszewski K. Macro-
molecules 2003;36:5094—104.
[20] von Werne T, Patten TE. Journal of the American Chemical Society
2001;132:7497—-505.
[21] Holzinger D, Liz-Marzan LM, Kickelbick G. Journal of Nanoscience and
Nanotechnology 2006;6:445—52.
[22] Ramakrishnan A, Dhamodharan R, Riihe J. Macromolecular Rapid
Communications 2002;23:612—6.
[23] Baumann F, Schmidt M, Deubzer B, Geck M, Dauth J. Macromolecules
1994;27:6102—6.
[24] Baumann F, Deubzer B, Geck M, Dauth J, Schmidt M. Macromolecules
1997,30:7568.
[25] Emmerich O, Hugenberg N, Schmidt M, Sheiko SS, Baumann F,
Deubzer B, et al. Advanced Materials 1999;11:1299—303.



856 L. Jakuczek et al. | Polymer 49 (2008) 843—856

[26] Graf C, Schirtl W, Fischer K, Hugenberg N, Schmidt M. Langmuir
1999;15:6170—80.

[27] Jungmann N, Schmidt M, Maskos M. Macromolecules 2001;34:
8347-53.

[28] Jungmann N, Schmidt M, Maskos M, Weis J, Ebenhoch J. Macromole-
cules 2002;35:6851—7.

[29] Bumbu G, Kircher G, Wolkenhauer M, Berger R, Gutmann JS. Macro-
molecular Chemistry and Physics 2004;205:1713—20.

[30] Loy D, Rahimian K. Building hybrid organic—inorganic materials using
silsesquioxanes. In: Nalwa HS, editor. Handbook of organic—inorganic
hybrid materials and nanocomposites, vol. 1. American Sci Publ; 2003.
p. 81—141.

[31] Pan G, James ME, Schaefer DW. Journal of Polymer Science B 2003;41:
3314-23.

[32] Mori H, Lanzendorfer MG, Miiller AEH, Klee JE. Macromolecules
2004;37:5228—38.

[33] Mutukrishnan S, Plamper F, Mori H, Miiller AEH. Macromolecules
2005;38:10631—42.

[34] Ma C, Taniguchi I, Miyamoto M, Kimura Y. Polymer Journal (Tokyo)
2003;35:270-5.

[35] Bogush GH, Tracy MA, Zukoski CF. Journal of Non-Crystalline Solids
1988;104:95—106.

[36] Arrigada FJ, Osseo-Asare K. Journal of Colloid and Interface Science
1995;170:8—17.

[37] Chang CL, Fogler HS. Langmuir 1997;13:3295—307.

[38] Buining PA, Liz-Marzan LM, Philipse AP. Journal of Colloid and
Interface Science 1996;179:318—21.

[39] Jakuczek L, Gutmann JS. Polymer, submitted for publication.

[40] Pyun J, Matyjaszewski K. Macromolecules 2000;33:217—20.

[41] PyunJ,Matyjaszewski K, Kowalewski T, Savin D, Patterson G, Kickelbick G,
et al. Journal of the American Chemical Society 2001;123:9445.

[42] Matyjaszewski K, Xia J. Chemical Reviews 2001;101:2921—90.



	Well-defined core-shell structures based on silsesquioxane microgels: Grafting of polystyrene via ATRP and product characterization
	Introduction
	Experimental part
	Materials and syntheses
	Synthesis of the silane ATRP initiator
	Microgel synthesis
	ATRP polymerization
	Cleaving of the grafted polystyrene chains

	Characterization methods and sample preparation

	Results and discussion
	Microgel synthesis
	Microgel characterization
	ATRP polymerization
	Characterization of the core-shell structures

	Concluding remarks
	Acknowledgements
	Appendix
	References


