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a b s t r a c t

pH- and salinity-responsive organic–inorganic nanohybrid stars based on poly(acrylic acid) (PAA) stars
and N,N-di(2,3-dihydroxypropyl)3-aminopropylfunctional silsesquioxane nanoparticles are readily
formed by mixing of aqueous solutions of the components. The interaction between stars of two different
arm lengths, (PAA100)21, (PAA200)24, with water-soluble silsesquioxane nanoparticles is studied according
to changes in pH and salt concentration. The original size of the stars is conserved during complexation
according to dynamic light scattering (DLS) measurements and light scattering (LS) titration experi-
ments, which exclude star–star aggregation or crosslinking during the interaction. The proposed inter-
action mechanism is based on hydrogen-bonding and Coulomb interactions. Cryogenic transmission
electron microscopy measurements demonstrate the formation of nanohybrid stars. Small-angle neutron
scattering experiments enable a quantitative determination of the fraction of bound nanoparticles and
indicate an equilibrium between free and bound nanoparticles.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Organic–inorganic hybrid materials have found great interest, in
particular in the areas of biomaterials, optical and mechanical
applications. New materials like those hybrids with unique prop-
erties are formed through the combination of organic and inorganic
material properties [1–5]. An important class of hybrid materials
contains silica or silsesquioxanes as the inorganic component. The
organic and inorganic components can be simply mixed, e.g. in
nanocomposites [5–14], they can be attached in a covalent way
[5,9,10,15–22] or they can form defined complexes [9,10,23–27].
The preparation of polymer–nanoparticle assemblies remains
a tedious task. Nanoparticles are commonly not readily miscible
with polymers [28,29] due to entropic reasons combined with
chain stretching. Only strong enthalpic interactions may overcome
the entropic penalty and may promote the mixing of nanoparticles
with polymers. One important driving force is Coulombic
interaction.

Smart materials, i.e. materials that react on external stimuli like
pH, salinity, or temperature offer new applications, in particular
: þ49 921 55 3393.
.E. Müller).
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sensors, membranes, drug delivery, emulsifiers, foam stabilizers,
detergents, nanocontainers, catalysis and biohybrid materials [2–
4,30,31]. In particular, weak polyelectrolytes like poly(acrylic acid)
(PAA) or poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)
have been shown to react by structural and solubility changes on
pH, salinity or on the presence of multivalent counterions [3,31–
44]. Complexes of weak polyelectrolytes and inorganic materials
offer the chance to develop a new class of smart nano-structured
organic–inorganic materials [1,2,32].

In various publications we reported the pH-dependent inter-
action of N,N-di(2,3-dihydroxypropyl)3-aminopropylfunctional
silsesquioxane nanoparticles (Chart 1) with PAA of various
topologies. These nanoparticles possess about 14.2 Si atoms and
secondary amino functions on average. They have irregular, cage-
like structures [45]. Aqueous solution of the nanoparticles and
linear PAA showed a pH-dependent turbidity [24,25]. The strongest
turbidity was found between pH 2.5 and 5.7. Similarly, planar PAA
brushes grafted onto a gold surface showed the strongest interac-
tion at pH¼ 5.3 [27]. Thus, these nanoparticles penetrate into the
PAA brush in the pH range from 5 to 6 but can be liberated at higher
or lower pH. Similarly, the interaction of the PAA corona of block
copolymer micelles composed of amphiphilic poly(n-butyl acry-
late)-block-poly(acrylic acid) showed a dependence on pH and
salinity, the strongest interaction being found at pH w 7.5 [26]. We
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Chart 1. Structure of the used silsesquioxane nanoparticles.
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proposed Coulombic and hydrogen-bonding interactions between
the acid functions of PAA and the hydroxyl- as well as the amino
functions of the nanoparticles. In the case of the interaction with
micellar corona it was shown that the nanoparticles have a higher
density close to the core of the micelle.

Such interactions resemble the well-known complexation
between complementary polymers resulting in the formation of
inter-macromolecular complexes stabilized via multisite interac-
tions, either hydrogen-bonding [46,47] or ionic interactions [46,48–
50] of complementary units of the coupled polymers. Complexes
formed by oppositely charged polyelectrolytes (interpolyelectrolyte
complexes, IPECs) precipitate once a certain charge ratio is excee-
ded [30,42,51–66]. However, in contrast to most IPECs reported in
the literature we deal here with two weak polyelectrolytes and the
number of ionizable groups in the nanoparticle is rather low
(14 tertiary nitrogens).

Polyelectrolyte star polymers containing anionic or cationic
hydrophilic arms readily dissolve in water [2,30–32,61,67,68]. In
particular, when the arms are weak polyelectrolytes the size of the
star depends on pH and salinity. Star polymers may serve as model
systems for ‘‘frozen’’ star-like micelles. Interaction of star-shaped
PAA having 5–21 arm numbers with a strong cationic poly-
electrolyte results in two coexisting populations of complex
species, the small ones, forming the major fraction of the mixture,
are assumed to represent the water-soluble IPECs. The minor
fraction of a large complex species is considered to be aggregates of
complexes built through crosslinking of stars by the cationic
polyelectrolyte [61].

We were interested in how star-like PAA would interact with the
highly functional silsesquioxane particles. These stars have a higher
degree of organization than linear PAA. In contrast to dynamic – but
kinetically frozen – micelles (with arm lengths from 100 to 300 PAA
units and aggregation numbers, Nagg> 200) they have similar arm
lengths (100 and 200 PAA units, respectively) but a fixed, much
lower arm number (21–24 arms). The system presented here
follows the same simple mixing procedure of two transparent
aqueous solutions to yield a nanohybrid system through the
complexation of the PAA arms of the star polymer with the inor-
ganic silsesquioxane nanoparticles in aqueous solution.

Upon complexation various morphological changes may occur.
The nanoparticles are expected to interact with the PAA chains
inside a single star polymer, resulting in a new class of hybrid
materials. Thus, the dimensions of the polyelectrolyte star may be
altered but the silsesquioxane nanoparticles may also act as
crosslinkers for the stars, leading to larger aggregates. This study
should provide a deeper insight into the complexation mechanism
of IPECs and organic–inorganic nanohybrids under more controlled
conditions as micelles. The potential effects on the dimension of the
polyelectrolyte shell on the organic–inorganic nanohybrids are
investigated as a function of salinity and pH. Thus, this system may
act as a model system for the investigation of water-soluble and
stimuli-responsive organic–inorganic nanohybrids.
2. Experimental part

2.1. Materials

Millipore water (Milli-Q, deionized water) was freshly taken
from the Milliporeþ apparatus, equipped with filtration packs
QPAK2E (0.5 mm prefilter, macroreticular activated carbon, high
purity mixed bed ion exchange resin, Organex polisher). The
resistance of the Millipore water was always around 18.2 MU, to
ensure that all ions were sufficiently removed. NaCl (Riedel de
Haën, p.a.) and NaOH platelets (Merck, p.a.) were used as received.
HCl (0.1 N) and NaOH (0.1 N) stock solutions were prepared with
Millipore water and Titrisol (Merck) stock solutions. tert-Butyl
acrylate (tBA), acetone, ethylacetate, N,N,N0,N00,N00-pentamethyl-
diethylenetriamine (PMDETA), CuBr, CuBr2, CaH2 and CH2Cl2 were
bought from Aldrich in highest available purity.

The synthesis of the silsesquioxane nanoparticles is a straight-
forward two-step synthesis. The addition reaction between 2
molecules of glycidol and (3-aminopropyl)triethoxysilane to N,
N-di(2,3-dihydroxypropyl) (3-aminopropyl)triethoxysilane was
followed by a hydrofluoric acid catalyzed hydrolytic condensation
reaction [24,25,45]. This led to silsesquioxane particles with an
average diameter of 3 nm and a calculated cage-like structure of
(R-SiO1.5)n with n¼ 12–18 (number-average n¼ 14.2).

The synthesis and characterization of the star-shaped poly
(acrylic acid) (PAA) with 21 arms and a degree of polymerization
(DP) of 100 per arm (denoted as (PAA100)21) via atom transfer
radical polymerization (ATRP) of tert-butyl acrylate (tBA) as a core-
first approach using cyclodextrin-based initiator with subsequent
acid treatment of the PtBA groups to PAA were reported elsewhere
[67]. (PAA200)24 stars were synthesized via a comparable route as
the (PAA100)21 stars, but using an initiator based on the above-
mentioned silsesquioxane nanoparticles, the hydroxyl functions of
which were reacted with ATRP initiator functions [68]. Details of
the synthesis are given in the Supporting information. Whereas the
arm number in the first polymer (PAA100)21 is nearly equal for all
polymer molecules [67], the (PAA200)24 star obtained from the sil-
sesquioxane macroinitiator has a certain arm number distribution,
which is reflected in the polydispersity index of 1.4. In addition it
contains ca. 10% of 4-arm stars.

2.2. Preparation of solutions

All star stock solutions (cpolymer,max¼ 5 g/L) were obtained by
the following procedure. The amphiphilic star polymer was dis-
solved in NaOH solution overnight at room temperature under
stirring. The amount of sodium hydroxide was calculated as 10%
excess with respect to the COOH groups of the weighed star poly-
mer to ensure complete deprotonation of the PAA. After addition of
the desired amount of NaCl the polymer solution was stirred for at
least 12 h. Adjustments of the pH were performed by slow addition
of 0.1 M HCl solution under stirring. The stock solutions were
diluted by addition of Millipore water with the same salt content
and pH as the initial stock solution. All solutions of the PAA stars
were transparent and exhibited low viscosity.

The transparent silsesquioxane nanoparticle stock solutions
were prepared by dissolving the glassy nanoparticles in Millipore
water under stirring at room temperature. The required amount of
solid NaCl was added after 1 h.

2.3. Preparation of organic–inorganic nanohybrid stars

Complexation was achieved by slow addition of the nanoparticle
stock solution to the star solution with the same ionic strength
under stirring. All solutions were equilibrated by stirring for at least
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12 h at room temperature prior to the measurements. All nano-
hybrid star solutions were transparent and showed low viscosity.

2.4. Gel permeation chromatography (GPC) measurements

Molecular weight distributions and averages were characterized
by conventional GPC and GPC/viscosity using THF as the eluent, at
a flow rate of 0.8–1.0 mL per min, at room temperature. For all GPC
systems precolumns (5 mm, 100 Å, 5 cm� 0.8 cm diameter) are
used to protect the separation columns. A conventional THF-phase
GPC system was used to obtain the apparent molecular weights.
GPC system I: column set: 5 mm PSS SDV gel, 102, 103, 104, 105 Å,
30 cm� 0.8 cm diameter each; injection volume 20 mL of a 2 mg per
mL solution; detectors: Waters 410 differential refractometer and
Waters 996 photodiode array detector. Narrow PS standards
(PSS, Mainz) were used for the calibration of column set I. The
molecular weight of the star-shaped polymer was determined by
the universal calibration principle [69] using the viscosity module
of the PSS WinGPC scientific V 6.1 software package on GPC system
II. Linear PMMA standards (PSS, Mainz) were used to construct the
universal calibration curve. GPC system II: column set: 5 mm PSS
SDV gel, 103 Å, 105 Å and 106 Å, 30 cm� 0.8 cm diameter each;
detectors: Shodex RI-71 refractive index detector, Jasco Uvidec-
100-III UV-detector (l¼ 254 nm), Viscotek viscosity detector
H502B, which needed to be purged extensively before every
measurement and on an Agilent HPLC system (1200 series) with
four detectors (UV (260 nm), RI, Viscometer, Model 250 (Viscotek),
(Columns: PSS SDV, 106 Å, 5 mm, 105 Å, 5 mm, 103 Å, 5 mm)). The
extracted number-average molecular mass Mn was used to deter-
mine the degree of polymerization DPn,arm of one arm by dividing
Mn by the molar mass of the polymer’s repeating unit and, for stars,
by the initiation sites per initiator molecule (assuming fi¼ 1). The
initiator was taken into account. The third setup was an aqueous
GPC (internal standard ethylene glycol; additives: 0.1 M NaN3,
0.01 M NaH2PO4), which validated that the PAA stars were intact
both before and after the purification steps. Column set: two 8 mm
PL Aquagel-OH columns (mixed and 30 Å), operated at 35 �C.
Detector: Bischoff RI-Detector 8110.

2.5. Dynamic light scattering (DLS) measurements

All solutions were filtered three times through nylon filters
(13-HV, Millipore, 0.45 mm pore size) prior to the DLS measure-
ments. The filtered star and the corresponding nanohybrid star
solutions were allowed to equilibrate at least for 5 h. The filtered
nanoparticle solutions equilibrated at least for 2 h prior use. The
DLS measurements were conducted in cross-correlation mode
using sealed cylindrical scattering cells (d¼ 10 mm) at five different
scattering angles (30�, 60�, 90�, 120� and 150�) with the use of an
ALV DLS/SLS-SP 5022F equipment consisting of an ALV-SP 125 laser
goniometer, an ALV 5000/E correlator, and a HeNe laser with the
wavelength (l¼ 632.8 nm). Measurements were repeated three to
five times with an accumulation time between 30 and 300 s. The
regularized Laplace inversion (CONTIN algorithm) was applied to
analyze the obtained autocorrelation functions. Apparent hydro-
dynamic radii, Rh, were determined using the intensity-weighted
distribution of diffusion coefficients and the Stokes–Einstein
equation.

2.6. Light scattering (LS) titration

Experiments were performed with an ALV5000 multiple s digital
correlator and an argon ion laser with a wavelength of 514.5 nm.
Titrations were performed using a computer-controlled titration
setup (Schott) utilizing a home-made software for synchronising
the titrator and the DLS apparatus. LS titration measurements were
carried out in home-made glass cells consisting of a cylindrical
scattering cell connected to a three necked reservoir containing the
solution, the stirrer, the pH-electrode (Mettler Toledo) and the
titration tube. Sample preparation followed the same protocol as
above. Five DLS measurements per titration step were performed at
an angle of 90� with accumulation times of 30–90 s. The different
titration parameters like stirring speed, stirring time as well as the
lag time between consecutive stirring periods (equilibration period)
and DLS measurements were optimized to prevent any kinetic
effects. About 65–75 titration steps with a 30 mL addition volume
per addition step were mostly used for one LS titration experiment.
The concentration of the titrant (100 g/L silsesquioxane nano-
particles) was chosen to ensure only minor dilution effects of the
polymer solution. However, the dilution was taken into account
during the analysis of the data. After addition of nanoparticles the
solutions were vigorously stirred for 60 s for each titration step,
followed by a lag time of 60 s without stirring to allow subsequent
DLS measurements on quiescent solutions. Measurements of the
refractive index increment of the polymer solution were performed
on a Diffraction Refractometer DnDC2010/620 (PSS) at l¼ 620 nm.

2.7. Cryogenic transmission electron microscopy (cryo-TEM)

Measurements were performed on a Zeiss EM922 EF-TEM (Zeiss
NTS GmbH, Oberkochen, Germany) at temperatures around 90 K.
The TEM was operated at an acceleration voltage of 200 kV. Zero-
loss filtered images (DE¼ 0 eV) were taken under reduced dose
conditions (approx. 100–1000 e/nm2). All images were recorded
digitally by a bottom mounted CCD camera system (Ultrascan 1000,
Gatan) combined and processed with a digital imaging processing
system (Digital Micrograph 3.10 for GMS 1.5, Gatan). To prepare the
sample one drop of the aqueous solution was put on a hydro-
philized (home-made equipment, Biozentrum Basel) lacey carbon-
coated copper grid (Plano GmbH, Wetzlar, Germany), where most
of the liquid was removed with blotting paper leaving a thin film
stretched over the lacey holes. The specimens were instantly shock
vitrified by rapid immersion into liquid ethane cooled at w90 K by
liquid nitrogen in a temperature-controlled freezing unit (Zeiss
Cryobox, Zeiss NTS GmbH, Oberkochen, Germany). The tempera-
ture was monitored and kept constant in the chamber during the
whole sample preparation steps. After freezing a specimen,
remaining ethane was removed using blotting paper. The specimen
was inserted into a cryo-transfer holder (CT3500, Gatan, München,
Germany) and transferred to the TEM instrument. Examinations
were carried out at w90 K. For evaluation of the data the open
source programme ImageJ [70] was used. For normalized averaged
radially integrated grey-scale analysis (in the following denoted as
‘‘grey-scale analysis’’) the plugins ‘‘Radial Profile’’ and ‘‘Radial
Profile Extended’’ were used. The grey-scale analysis had been
performed on various cryo-TEM micrographs with the same
magnification over 80–170 nanohybrid stars to ensure good
statistics. Cryo-TEM micrographs of the pure stars cannot be
obtained due to the bad signal to noise ratio.

2.8. Small-angle neutron scattering (SANS) measurements

Samples for SANS experiments were prepared in D2O and
measured in 1 mm or 2 mm quartz cuvettes (Hellma) at room
temperature. Measurements were performed using the instrument
D11 at the Institut Laue-Langevin (ILL) (Grenoble, France) with
a neutron wavelength l between 6 Å and 8 Å and at sample-to-
detector distances of 1.1, 4 and 16 m, which correspond to a scat-
tering vector q of 0.003–0.34 Å�1. The detector sensitivity and the
intensity of the primary beam were calibrated with a 1 mm
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reference water sample. The obtained data were radially averaged,
corrected for detector background, detector dead time, and the
scattering from the empty quartz cuvettes. The relative scattering
intensities were converted into absolute units using water as
a secondary standard and in accordance with standard routines
supplied by ILL. The ‘‘GRASP’’ [71] software package was used for
data reduction. SANS data were not corrected for the incoherent
background mainly resulting from the solute. DCl and NaOD solu-
tions (Deutero GmbH) were diluted with D2O (Deutero GmbH) to
obtain the required concentration.
Table 1
Radii of star systems from DLS and from cryo-TEM measurements (cpolymer¼ 0.5–
1.0 g/L) at pH 9 before addition of silsesquioxane nanoparticles and at a final
stoichiometric ratio r¼ n(nanoparticles)/n(AA)¼ 0.28–0.60.

cNaCl [mol/L] Rh,z [nm]
pure star

Rh,z [nm]
nanohybrid

Rn,TEM

nanohybrid

(PAA100)21 0.1 10� 1 12� 1 12� 1
0.02 10� 1 10� 1 –

(PAA200)24 0.1 23� 2 (broad) 14� 2 (sharp) 15� 1
0.02 24� 3 (broad) 18� 1 (broad) –
2.9. Fitting of SANS measurements

All SANS data shown were normalized to the concentration of
the star polymer and given in units of cm2/g. As the number of PAA
arms per star is fixed the detectable increase of the forward scat-
tering intensity can be attributed to the incorporation of the sil-
sesquioxane nanoparticle in the star. The relative change in the
scattering intensity compared to the unloaded star can thereby be
used to determine the number of nanoparticles per star nnano. The
forward scattering intensity as observed by SANS, after subtraction
of the q-independent incoherent background and q�4 dependent
background contribution, which was needed to describe the
intensity at very small q-values, can then be calculated (see e.g.
[72–75]) by

Iðq ¼ 0Þ ¼ k½bcore þ Nstarbsh�
2 (1)

with k as a scaling constant, bcore as the excess scattering intensity
of the core, bsh as the excess scattering intensity of a single PAA
molecule in the shell and Nstar as the arm number of the star.

These are the contribution from the core and a contribution
from the scattering of the individual PAA chains. k is a scaling
constant, which is obtained from the forward scattering of the pure
star.

k ¼ Ipure starð0Þ
ðbcore þ NstarbPAAÞ

2 (2)

The excess scattering length of the core bcore was taken equal to that
of the nanoparticles. The error introduced by this is low since the
contribution of this scattering length is small compared to the other
contributions. The arm number of the star is known to be Nstar¼ 21.

The excess scattering intensity of the silsesquioxane nano-
particle, b1,nano, is known to be b1,nano¼ Vnano(hnano� hsolv)¼
2596 fm with D2O as solvent (hsolv¼ 6.33�1010 cm�2). The same
holds for the excess scattering, bsh, of a single PAA molecule in the
shell, bsh¼ bPAA¼VPAA(hPAA� hsolv) with hPAA¼ 1.59�1010 cm�2

and VPAA100
¼ 10:40� 10�21 cm3. The value can be calculated from

the scattering length density of PAA, hPAA, and from the molecular
volume of PAA, VPAA, where hsolv is the scattering length density of
the solvent. Hence, bPAA results in 4932 fm for the case of PAA100.

For the nanohybrid stars the excess scattering length of the shell
increases linearly with the amount of nanoparticles incorporated in
the shell. To account for their scattering contribution – the excess
scattering of the shell – is assumed to be

bsh ¼ bPAA þ bnano

¼ VPAAðhPAA � hsolvÞ þ xnanoVnanoðhnano � hsolvÞ (3)

where xnano is the average number of silsesquioxane nanoparticles
per PAA arm of the star, Vnano (¼4.62�10�21 cm3) the volume of
a single nanoparticle and hnano its scattering length density with
the value of 0.71�1010 cm�2. Equations (1)–(3) allow to calculate
xnano from the forward scattering by
ffiffiffiffiffiffi
Ið0Þ

k

q
� ðbcore þ NstarbPAAÞ
xnano ¼ Nstarb1;nano

¼

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ið0Þ

Ipure starð0Þ

q
� 1

�
ðbcore þ NstarbPAAÞ

Nstarb1;nano
(4)

To fit the scattering curves over the whole q-range a model was
developed, which is given as Supporting information.

3. Results and discussion

Poly(acrylic acid) (PAA) stars can directly be dissolved in Milli-
pore water containing 1.1 equivalents of NaOH with respect to the
carboxylic functions of the PAA, leading to polyelectrolyte star
solutions at pH 9. NaCl can be added subsequently. The pH of the
star solutions was adjusted by addition of HCl. The silsesquioxane
nanoparticles are highly functionalized with an average of 14.2
tertiary amino groups per particle, each amino function bearing
four hydroxyl groups. The radius of the nanoparticles (R¼ 1.5 nm)
[24,45] in aqueous solutions is still small compared to the size of
the stars (R¼ 10–23 nm at pH 9 and 0.1 M NaCl; see below).

For the formation of the water-soluble nanohybrid stars the star
solutions were simply mixed at room temperature with an aqueous
solution of the silsesquioxane nanoparticles possessing the same
salinity as the star solution. The pH of the formed nanohybrid stars
was adjusted by addition of HCl solution. The effect of pH and
salinity in the system was studied as they were shown earlier to
play an important role in the interaction between the nanoparticles
and the PAA.

3.1. Dynamic light scattering (DLS) and LS titrations

DLS measurements (Table 1) provide a first insight into the
system. LS titration measurements show systematic changes within
the star system during the addition of the nanoparticles. Here, star
polyelectrolyte solutions were titrated with a solution of nano-
particles using online pH monitoring and simultaneous dynamic
and static LS measurements that were performed on quiescent
solutions subsequently after each titration step. The titrations were
performed up to a relatively high ratio of nanoparticles per acrylic
acid unit of the star polymer, r¼ n(nanoparticles)/n(AA), to ensure
oversaturation, which might provoke crosslinking of stars. Here we
note that DLS (intensity-weighted CONTIN plot, Fig. 1) and cryo-
TEM (Fig. 3 indicated by circles) revealed a minor quantity of large
aggregates already present in pure star solutions in the case of the
(PAA100)21 star system. In a mass-weighted size distribution the
fraction of aggregates is negligible (<0.1%).

In the case of (PAA200)24 star–star aggregation led to a charac-
teristic broadening of the size distribution as obtained by CONTIN
analysis of the DLS correlation function. This broadening (Table 1)
may be rationalised considering the insufficient resolution to
discriminate between single PAA stars and star–star aggregates
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(with our instrument a factor of 3 in diffusion times is at least
required to discriminate different species). Addition of nano-
particles led to sharper distributions as the screening of charges
leads to a lower stretching of the PAA arms and hence to a more
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Fig. 2. Light scattering intensities (filled squares) and pH values (open circles) during ti
cpolymer¼ 1.010 g/L, cNaCl¼ 0.02 M, starting pH 5.06) and (PAA200)24 (B: cpolymer¼ 0.958 g/L,
with the silsesquioxane nanoparticles (100 g/L).
globular morphology that is in contrast to star–star aggregation
[2,31,32,36].

CONTIN analysis of the DLS data of each titration step shows
a constant hydrodynamic radius of 10�1 nm in the case of 0.02 M
NaCl (Table 1) for the (PAA100)21 stars and the corresponding
nanohybrids. In the case of 0.1 M NaCl (Table 1) the size of the
nanohybrids (12�1 nm) is slightly larger than the corresponding
pure star (10�1 nm; Fig. 1). Nevertheless, this size change is within
the experimental error. The evaluation of the differences between
the pure star and the nanohybrid stars was tedious in the case
of the (PAA200)24. As already mentioned the size distribution was
broadened (Table 1). Nevertheless, no nanoparticle induced cross-
linking of various stars was observed for both star polymers.
However, the hydrodynamic radius – as obtained by DLS – is
insufficient to provide clear evidence for complexation between the
PAA stars and nanoparticles. Here, the discussion of the scattering
intensity is more valuable and provides more detailed information.

Fig. 2A (0.1 M NaCl) and C (0.02 M NaCl) shows the LS titration
measurement of the (PAA100)21 star with the nanoparticles. Fig. 2B
(0.1 M NaCl) and D (0.02 M NaCl) depicts the same measurement of
the larger star (PAA200)24. The pH increase for all LS titrations is due
to the silsesquioxane nanoparticle solution, having an intrinsic pH
of 8–9. The polyelectrolyte star solutions were not buffered to
eliminate any influence of additional components. All LS titrations
(Fig. 2) show a distinct effect in the scattering intensities, measured
as the count rates at 90�. The count rate of the star solutions with
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tration of (PAA100)21 stars (A: cpolymer¼ 0.989 g/L, cNaCl¼ 0.1 M, starting pH 4.76; C:
cNaCl¼ 0.1 M, starting pH 5.43; D: cpolymer¼ 0.942 g/L, cNaCl¼ 0.02 M, starting pH 5.36)
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a starting pH of around 5 shows a remarkable increase in intensity
by a factor of 4–5 for the case of high salinity. In the case of low
salinity the effect is even more pronounced with an increased
scattering intensity of 10–11. As the count rate depends on the
weight concentration, c, and the molecular weight, Mw, of scat-
tering particles and the refractive index increment, dn/dc, and the
equipment specific constant K0, this increase is a strong indication
for the formation of particles with higher molecular weight, i.e.
complexation of the stars and silsesquioxane nanoparticles.

I ¼ K 0c,Mw

�
dn
dc

�2

(5)

This is true as long as dn/dc of the nanohybrid stars does not
increase significantly, the number of the stars stays constant and the
pure nanoparticles do not have any significant contribution to the
scattering intensity of the solution. The nanoparticles possess
a refractive index increment, dn/dc¼ 0.150 mL/g without added salt
and of 0.151 mL/g for the solutions with 0.1 M NaCl. Furthermore
almost no scattering signal of the pure nanoparticles in solution can
be detected because of their low molecular weight (Mw¼ 3760 g/
mol). The concentration of the stars and the corresponding nano-
hybrid stars decrease by 19.5–23.1% of the original value as a result
of dilution during titration. The dilution was taken into account for
all calculations. The dn/dc values for the polyelectrolyte stars
((PAA100)21: 0.244 mL/g and (PAA200)24: 0.197 mL/g) are higher than
those of the silsesquioxane nanoparticles. In conclusion, the
increased count rate can be only explained by an increased molec-
ular weight, indicating the formation of complexes. The apparent
hydrodynamic radii of the stars do not change significantly during
complex formation within experimental error (Table 1).

Both star systems with 0.1 M NaCl (Fig. 2A and B) exhibit an
increase of the count rate with each titration step until a maximum
is reached. A further increase of the nanoparticle concentration
leads to gradual decrease of the scattering intensity, which
converges to a value 4–5 times higher than the initial scattering
intensity. The already mentioned observable second peak (Fig. 1) in
the (PAA100)21 star solutions does not increase during addition of
nanoparticles compared to the peak of the pure polyelectrolyte star.
The decrease of the count rate starts at pH w 8 (0.1 M NaCl, Fig. 2A
and B). In the cases of low salinity no maximum is observed (Fig. 2C
and D) and the count rate is gradually increasing, reaching a plateau
at ca. 10–11 times the initial value. However, a significant change in
the slope of the count rate can be detected at pH w 8. The absolute
scattering intensity is higher than in the case of high ionic strength,
because the charges of the polyelectrolyte system with low salt
content are less screened. As a result the force to entrap nano-
particles into the PAA star is stronger, leading to nanohybrid stars
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Table 2).

Table 3
Fitted parameters for the (PAA100)21 star and the corresponding nanohybrid stars at
pH 9.5 and 0.1 M NaCl with bPAA¼ 4932 fm and b1,nano¼ 2596 fm corresponding to
the excess scattering length of a single silsesquioxane nanoparticle.

Symbol bnano

[fm]
Iinc 106 C I(Q¼ 0)

[cm2/g]
xnano rfit¼ xnano/AA

unit
rfit/rstoich

, 0 0.028 0.6 0.014 0 0
6 755 0.013 0.8 0.019 0.29 0.0029 0.06
B 2269 0.015 1.1 0.029 0.87 0.0087 0.08
q 2392 0.020 1.1 0.030 0.92 0.0092 0.04
8 5425 0.022 0.7 0.060 2.09 0.021 0.06

OH
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with a larger number of interacting nanoparticles and due to that to
a higher molecular weight.

This indicates that the interaction between nanoparticles and
PAA stars is the strongest for pH< 8 in the case of high salinity. At
higher pH the interaction strength weakens, resulting in either
a release of nanoparticles at high ionic strength or a diminishing
uptake of nanoparticles in the case of low ionic strength. This is in
good agreement with the observation that (PAA100)21 stars with
a starting pH> 8 do not show any significant increase in the count
rate during the LS titration measurement. Mori et al. [24] found
maximum turbidity in the range of pH 2.5–5.7 for linear PAA.
Retsch et al. [27] observed a binding maximum at pH¼ 5.3 for
Table 2
Denotation of the (PAA100)21 star and the stoichiometry of the mixed solutions of
stars and nanoparticles.

Symbol mnano/mstar nnano/star xnano,stoich¼ nnano/arm rstoich¼ nnano/AA unit

, 0 0 0 0
6 2.4 96 4.57 0.046
B 6.1 246 11.6 0.116
q 12.2 485 23.1 0.231
8 18.1 717 34.1 0.341
planar PAA brushes, whereas we found strongest interaction for
pH< 7.5 for PnBA90-b-PAA300 micelles at high salinity [26]. The fact
that the stability of IPECs decreases with increasing salinity is well
known [61–66]. It indicates that ionic interactions play a significant
role in the complexation process.

In conclusion, LS titration measurement revealed a distinct
impact of pH and salinity on the interaction strength between PAA
stars and nanoparticles. The strongest interactions are present for
pH< 7.8, where hydrogen-bonding and Coulomb interactions may
be envisaged as main driving forces for complexation. For pH> 8
only ionic interaction or weak hydrogen-bonding interactions may
mediate complex formation at intermediate and high pH, respec-
tively. This is sustained by the fact, that an uptake of nanoparticles
is maintained at low ionic strength, while a saturation limit is
observed at high ionic strength, where Coulomb interactions are
known to be effectively screened. This indicates that the degree of
ionization of the PAA is a key factor for an effective interaction with
the nanoparticles and that hydrogen bonding also plays a vital role
[24,25].

3.2. Cryo-TEM

Fig. 3 shows typical cryo-TEM micrographs of the nanohybrid
stars (pH 9, 0.1 M NaCl). No staining agent was added. This provides
direct evidence for the presence of nanohybrid complexes as the
contrast of the pure PAA stars is insufficient to be visible without
staining. The evident contrast can be solely attributed to the
incorporation of silsesquioxane nanoparticles.

All samples measured by cryo-TEM are solutions after LS titra-
tion measurements, i.e. in the presence of a high nanoparticle
concentration. Even under these conditions no nanoparticle
induced star–star aggregation is evident (Fig. 3A and B). The few
larger assemblies in Fig. 3A (circles) are already present in the pure
star polymer solutions and are attributed to counterion-mediated
star–star aggregation as already mentioned above.

The cryo-TEM micrographs of (PAA100)21 (Fig. 3A) and (PAA200)24

(Fig. 3B) clearly prove the uniform distribution of the poly(acrylic
acid) nanohybrid stars without significant crosslinking. The single
nanohybrid stars exhibit an increased electron and mass density
compared to the water background leading to a high contrast (dark
spots in the corresponding cryo-TEM micrographs) and they are
N
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Fig. 5. Formation of organic–inorganic nanohybrid stars.
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well separated. The scale bar in the two mentioned micrographs is
different (100 nm for (PAA100)21 in Fig. 3A and 200 nm for
(PAA200)24 in Fig. 3B) due to the different size of the corresponding
nanohybrid stars.

The detectable radius of the nanohybrid stars was evaluated by
the method of the grey-scale analysis [26]. Here, the high intensity
values correspond to low contrast i.e. the lighter parts and vice
versa. Thus, the part with an intensity value of 0.0 in the grey-scale
analysis corresponds to the PAA–silsesquioxane complex of the
nanohybrid star as the data were normalized to be zero for the star
centre. The corresponding radial average of the grey-scale inten-
sities is shown in Fig. 3C for the (PAA100) and in Fig. 3D for
(PAA200)24. Both figures illustrate a continuous increase of the grey-
scale intensity with increasing distance from the star centre. The
radius is deduced at 90% of the total grey-scale intensity, where
a distinct change in the slope is evident. For the nanohybrid
(PAA100)21 stars at 0.1 M NaCl (Fig. 3C) we obtain a radius of
12�1 nm which is in good agreement to the DLS measurements of
the nanohybrid stars that give a hydrodynamic radius of 12�1 nm
(Table 1). The same holds true for the larger PAA star and its cor-
responding nanohybrids. From Fig. 3D a radius of 15�1.0 nm is
evaluated at 90% intensity, close to the hydrodynamic radius.

3.3. SANS experiments

The aim of the SANS measurements was to quantify the amount
of nanoparticles within the nanohybrid star. The increase of the
forward scattering is a sensitive measure for the amount of silses-
quioxane nanoparticles incorporated inside the star. The parame-
terization for I(q¼ 0) in Equation (1) has been chosen to account for
all constrains determined by the chemical composition of the
nanohybrid complexes.

Fig. 4A shows the fitting results (continuous line) together with
the experimental data (symbols) of the pure (PAA100)21 star poly-
mer at pH 9.5 with 0.1 M NaCl. Curve 1 (7) shows the experimental
data and the corresponding fit without background subtraction.
Curve 2 ( ) represents the fitted background, a Iincþ Cq�4 contri-
bution to the experimental curve. We assume that this contribution
is due to the small fraction of star aggregates, which can be
described by a q�4 power law. Subtraction of the background from
the experimental data yields to curve 3 (,). Error bars of each
single measurement point are shown.

In Fig. 4B all plots represent experimental data after background
subtraction. In addition to the pure star, the experimental scat-
tering functions and the fitting results of the nanohybrid stars with
different amount of silsesquioxane nanoparticles is shown. The
symbols and the composition of the investigated star–nanoparticle
solutions are given in Table 2.

The results of the analysis of the forward scattering are given in
Table 3.

The value xnano representing the amount of silsesquioxane
nanoparticles within one arm of the star polymer can be divided by
the DP of the arms to obtain the number of particles per AA unit, r
(Table 3). Those values increase with increasing amount of
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nanoparticles in the solution (Table 2). When compared with the
stoichiometric quantity we realize that only a fraction of nano-
particles is complexed by (PAA100)21. This clearly indicates an
equilibrium between trapped and free nanoparticles under condi-
tions studied herein. The comparison of the entrapped silses-
quioxane nanoparticles with the added amount of nanoparticles to
the star solution shows that 4–8% of the added nanoparticles are
taking part in the complexation. The remaining nanoparticles stay
free in the solution. Consequently, the complexation mechanism
must be an equilibrium process, as the addition of more nano-
particles into the polymer solution leads to a higher amount of
entrapped nanoparticles within the star at the same pH and salt
content shifting the equilibrium towards the side of the organic–
inorganic nanohybrid stars.

The quality of the data is not sufficient to provide more precise
information about the distribution of the nanoparticles within the
star additionally to the information from cryo-TEM that the nano-
particles seem to follow a similar distribution pattern along the PAA
chain (Gaussian distribution of the nanoparticles within the PAA star).

The data for the (PAA200)24 star and its nanohybrids are quali-
tatively similar, however, the quality of the data is not satisfying for
a quantitative evaluation of the incorporated silsesquioxane
nanoparticles within the star polymer.

3.4. Proposed interaction model and complexation mechanism

Here we demonstrated the complexation of the nanoparticles
and PAA star, which leads to the formation of star-like nanohybrid
complexes. Whereas SANS clearly indicates an equilibrium
between trapped and free nanoparticles, DLS (Table 1), LS titration
(Fig. 2), and cryo-TEM (Fig. 3) do not indicate any crosslinking even
at high nanoparticle concentrations. Furthermore, a detailed image
analysis of cryo-TEM micrographs (Fig. 3C and D) indicates a linear
concentration profile of trapped nanoparticles within the star
polymer. Hence, we propose the following morphology for the
nanohybrid complexes.

The interaction between silsesquioxane nanoparticles and PAA
star polymers is understood to be fully reversible and results in
nanohybrid complexes, which are in equilibrium with free nano-
particles in alkaline solution. Cryo-TEM strongly indicates a struc-
ture for the nanohybrid complexes, where the density gradually
decreases with increasing distance from the centre. The gradual
decrease of the nanoparticle number density within the corona is
rationalised considering the segment density gradient in the PAA
star. The situation is schematically depicted in Fig. 5.

LS titrations (Fig. 2) demonstrate the vital role of two solution
properties that affect the complexation: ionic strength and pH. The
significant difference in the evolution of the scattering intensity
with increasing nanoparticle concentration and pH can be under-
stood considering the main driving forces for complexation:
attractive Coulombic interactions and hydrogen bonding between
acrylic acid and the hydroxyl groups of the silsesquioxane nano-
particles as shown in Scheme 1 and discussed in detail in our
previous paper on the interaction of the nanoparticles with
micelles having a PAA corona [26].

4. Conclusions

Mixing aqueous solutions of poly(acrylic acid) PAA stars and
silsesquioxane nanoparticles results in the easy and straightfor-
ward formation of stimuli-responsive organic–inorganic nano-
hybrid stars. LS titration measurements provide an insight in the
interaction mechanism and show the responsiveness of the system
on pH and salinity as external stimuli. Complexation in acidic media
is driven by hydrogen-bonding as well as ionic interaction, in
alkaline media complexation is solely driven by ionic interaction.
Cryo-TEM micrographs confirm the formation of organic–inorganic
nanohybrid stars, indicating a gradient in nanoparticle density. This
morphology was also sustained by SANS data, which prove the
interaction between the silsesquioxane nanoparticles and the PAA,
allow for the calculation of the amount of entrapped silsesquioxane
nanoparticles within one star.
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Details of the synthesis of the (PAA200)24 star. Model for the
evaluation of SANS data. This information is available free of charge.
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