
polymers

Article

Water-Dispersible Silica-Polyelectrolyte Nanocomposites
Prepared via Acid-Triggered Polycondensation of
Silicic Acid and Directed by Polycations

Philip Overton 1, Elena Danilovtseva 2, Erno Karjalainen 1, Mikko Karesoja 1, Vadim Annenkov 2,
Heikki Tenhu 1 and Vladimir Aseyev 1,*

1 Laboratory of Polymer Chemistry, Department of Chemistry, University of Helsinki, A.I. Virtasen aukio 1,
P.O. Box 55, FIN-00014 HY Helsinki, Finland; Philip.Overton@cea.fr (P.O.); Erno.Karjalainen@nottingham.ac.uk (E.K.);
Mikko.Karesoja@kemira.com (M.K.); Heikki.Tenhu@helsinki.fi (H.T.)

2 Limnological Institute Siberian Branch of the Russian Academy of Sciences, 3, Ulan-Bator Str.,
Irkutsk 664033, Russia; danilovtseva@yahoo.com (E.D.); annenkov@lin.irk.ru (V.A.)

* Correspondence: Vladimir.Aseyev@helsinki.fi; Tel.: +358-504-486-533

Academic Editor: André Laschewsky
Received: 26 February 2016; Accepted: 16 March 2016; Published: 22 March 2016

Abstract: The present work describes the acid-triggered condensation of silicic acid, Si(OH)4,
as directed by selected polycations in aqueous solution in the pH range of 6.5–8.0 at room temperature,
without the use of additional solvents or surfactants. This process results in the formation of
silica-polyelectrolyte (S-PE) nanocomposites in the form of precipitate or water-dispersible particles.
The mean hydrodynamic diameter (dh) of size distributions of the prepared water-dispersible
S-PE composites is presented as a function of the solution pH at which the composite formation
was achieved. Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and block copolymers
of DMAEMA and oligo(ethylene glycol) methyl ether methacrylate (OEGMA) were used as
weak polyelectrolytes in S-PE composite formation. The activity of the strong polyelectrolytes
poly(methacryloxyethyl trimethylammonium iodide) (PMOTAI) and PMOTAI-b-POEGMA in S-PE
formation is also examined. The effect of polyelectrolyte strength and the OEGMA block on the
formation of the S-PE composites is assessed with respect to the S-PE composites prepared using the
PDMAEMA homopolymer. In the presence of the PDMAEMA60 homopolymer (Mw = 9400 g/mol),
the size of the dispersible S-PE composites increases with solution pH in the range pH 6.6–8.1,
from dh = 30 nm to dh = 800 nm. S-PDMAEMA60 prepared at pH 7.8 contained 66% silica by mass
(TGA). The increase in dispersible S-PE particle size is diminished when directed by PDMAEMA300

(Mw = 47,000 g/mol), reaching a maximum of dh = 75 nm. S-PE composites formed using
PDMAEMA-b-POEGMA remain in the range dh = 20–30 nm across this same pH regime. Precipitated
S-PE composites were obtained as spheres of up to 200 nm in diameter (SEM) and up to 65% mass
content of silica (TGA). The conditions of pH for the preparation of dispersible and precipitate S-PE
nanocomposites, as directed by the five selected polyelectrolytes PDMAEMA60, PDMAEMA300,
PMOTAI60, PDMAEMA60-b-POEGMA38 and PMOTAI60-b-POEGMA38 is summarized.

Keywords: silica; nanoparticles; polyelectrolyte; polycations; condensation; colloid; sodium
metasilicate; PDMAEMA; PMOTAI; OEGMA; POEGMA

1. Introduction

Inspiration for this work is derived from the discovery of specialized macromolecules in
biological systems which direct the formation of ordered silica structures in the micro- and nanometer
scale [1–7]. Silica nanoparticles are useful as support structures for novel polymer grafts [8–11] and
catalysts [12–14], as components in controlled release systems for biologically active molecules [15,16]
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and as fillers in durable polymeric materials [17]. Deposition of silicates onto polymeric supports
has been reported as demonstration of the reverse process [18,19]. The existence of proteins able
to direct the condensation of silicates under mild conditions has been revealed in recent studies of
enzyme-controlled systems [6,20]. Significantly, these biologically active macromolecules have been
found to contain amines and other cationic functional groups. Silicic acid, Si(OH)4, has been identified
as the dominant silicon-containing compound available to biological systems involved in the controlled
synthesis of silica nanostructures [1,21]. The acid catalyzed hydrolysis of sodium silicate (Na2SiO3,
SS) has been utilized for the in situ formation of silicic acid (SA) under mild conditions [22–25]. In the
present work, the electrostatic interactions of monomeric and oligomeric SA (generated in situ from
SS) with synthetic polycations is exploited as means for the preparation silica-polyelectrolyte (S-PE)
nanocomposites. These are selectively obtained as either water-stable (dispersible) or precipitated
particles from aqueous solutions of the selected precursors.

Chemical syntheses of silica-based materials such as resins and micro-sieves have traditionally
required extremes of temperature and pressure. Calcination, thermo-spinning techniques and pyrolysis
of precursors are common approaches in this field [26]. Silica–polymer nanocomposites have been
successfully prepared by sol–gel synthesis from tetraethyl orthosilicate (Si(OEt)4; TEOS) followed by
carbonization [27–29]. Attempts have been made to optimize this technique [30,31]. However, the
potential denaturing activity of alcohols on enzymes has limited the use of silicon alkoxides such as
TEOS and tetramethyl orthosilicate (Si(OMe)4; TMOS) as precursors of SA [32] because their hydrolysis
produces alcohols. Evaporation of alcohol by-products of silicon alkoxide hydrolysis under vacuum,
prior to the addition of the desired enzyme to the reaction mixture, has been shown to improve the
enzyme activity of the resultant composite [33]. However, enzymatic action of proteins known as
“silacateins” [6] have been applied in vitro to chemically and spatially direct the preparation of silica
by polymerization of TEOS under mild conditions in water at neutral pH [20]. Considering the above,
the complete absence of alcohol from the synthetic strategy would benefit these sensitive biomimetic
studies. The use of SS as a precursor provides an alcohol-free route to the in situ formation of SA. In
this case, the two-step sol–gel process often involves the preparation of a silicate solution at low pH
and subsequent gelation at neutral pH in the presence of biomolecules and a phosphate buffer. In the
work reported here, silicic acid (Si(OH)4, SA) is generated in situ by acid hydrolysis of sodium silicate
(Na2SiO3, SS).

The majority of dissolved silicon in marine environments is found in the form of silicic
acid [1,21,34,35]. Diatom algae, a major subset of phytoplankton, are micro-organisms which utilize
dissolved SA in the biogenesis of cellular structures called “frustules.” The silica nanostructures
observed in diatoms are both species-specific and hereditary: evidently the biosynthesis of such
structures is genetically controlled by functional proteins. Certain genes, first discovered in the diatom
Cylindrotheca fusiformis, have been suggested as silicon transporters (SITs) [36,37].

Long-chain polyamines (LCPAs) have been shown to be key components in the biological
transport of silicon [3,4]. LCPAs are consistently found in different diatoms and marine sponges
which are able to form ordered, micro-scale structures through controlled condensation of silicates.
Cationic proteins called “silaffins” contain covalently modified lysine units and have been observed
to direct the biosilification processes of diatom algae, wherein ordered nanostructures containing
silicon are created under biological conditions [3,4]. Consequently, silaffins have been identified as
promising components for use in the development of biocompatible, composite materials [38–41].
Natural silaffins exist in diatom cell walls in tiny amounts and are tedious to extract, leading to a
growing interest in synthetic polymers able to perform a similar function. Thus poly(allyl amine) [42]
and poly(vinyl amine) [43] have been suggested as such synthetic analogs of natural polyamines.
The proximity of the amine groups to the non-polar primary chain of these synthetic polymers weakens
their electrostatic interactions with silicates in solution. The tertiary amine in the repeating unit of
PDMAEMA is bound to the polymer primary chain by an ester linker and is an effort, in the present
work, to mimic the chemistry of silaffins in a more appropriate manner.
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In this study, “silica” refers to (SiO2)n, which is prepared from sodium silicate (SS).
The acid-catalyzed condensation of silicic acid from solution yields poly(silicic acid) (PSA), a material
acknowledged to consist of (SiO2)n with a surface bearing silanol (Si–OH) groups. The PSA which
has become physically bound to the polyelectrolytes (PE) is abbreviated to “S.” When the selected
polyelectrolyte is bound to silica, the resultant composite is termed S-PE, wherein “-” refers to the
interaction of the two species.

Colloidal dispersions of S-PE particles have been observed by dynamic light scattering (DLS) to
be stable with respect to size and number over a period of days. Similarly, S-PE precipitates were
prepared under the same pH regime using higher concentrations of the SS precursor relative to a
constant (10 mM) concentration of amine repeating units. In cases where precipitation was induced
by the presence of polymer, the resultant S-PE composite was studied by thermogravimetric analysis
(TGA) and scanning electron microscopy (SEM). Selected water-stable S-PE particles were isolated by
ultrafiltration and analyzed in the same way.

PDMAEMA is a thermally responsive polymer at high pH. The effect of temperature on the
formation of the S-PE composites is beyond the scope of this study.

2. Materials and Methods

2.1. Materials

2,21-Azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich, St. Louis, MO, USA, 98%) was
recrystallized from methanol prior to use. 4-cyanopentanoic acid dithiobenzoate (CPA) (Aldrich,
Sigma-Aldrich >97%) was used as received. 2-(dimethylamino)ethyl methacrylate (DMAEMA) (Acros
Organics, part of Thermo Fisher Scientific, Bridgewater, NJ, USA, 99%) and poly(ethylene glycol)methyl
ether methacrylate (OEGMA) (Aldrich, Average Mn = 475 g/mol, 99%) were each passed through
a 10 cm (70 cm3) column of Al2O3 and filtered before use. DMAEMA was additionally distilled
under reduced pressure. The number-average molecular weight (Mn) of the OEGMA oligomers
(423 g/mol; 7 ethylene glycol repeating units per oligomer) was calculated by 1H nuclear magnetic
resonance (NMR) in order to make the necessary stoichiometric calculations. Acetone (VWR, Radnor,
PA, USA, HPLC-grade), acetonitrile (VWR, HPLC-grade), CuCl (Aldrich, 99.995%), CuCl2 (Aldrich,
99.999%), deuterium oxide (Eurisotop, Saint-Aubin, France), ethyl α-bromoisobutyrate (EBiB) (Aldrich,
98%), 0.10 M NaOH-solution and 0.10 M HCl-solution (FF-chemical, Haukipudas, Finland), n-hexane
(Aldrich, HPLC-grade), sodium metasilicate pentahydrate (Fluka, a part of Sigma-Aldrich, assay
ě97.0%) tetra-n-butylammonium bromide (TBAB) (Aldrich, 99%) and tetrahydrofuran (THF) (Aldrich,
HPLC-grade) were used as received. Toluene (Fisher Chemical, Pittsburgh, PA, USA, HPLC-grade)
was distilled over metallic sodium prior to use.

2.2. Polymer Synthesis and Preparation of Composites

2.2.1. Synthesis of Polymers

PDMAEMA and the related polyelectrolytes used in the present work were synthesized by
reversible addition fragmentation chain-transfer (RAFT) [44,45] polymerization and atom-transfer
radical polymerization (ATRP) [46]. Full details of all the polymerizations and the characterization of
the products can be found in the Supplementary Materials (SM; Figures S1–S8, Tables S1–S3).

As an example, the synthesis of PDMAEMA60 via RAFT polymerization was conducted as follows.
AIBN (0.021 g, 0.128 mmol), CPA (0.358 g, 1.281 mmol) and DMAEMA (10.011 g, 63.679 mmol) were
dissolved in distilled toluene (3 mL) and placed in a 25 mL round bottom flask with a magnetic
stirrer bar. The reaction mixture was degassed with three freeze-pump-thaw cycles and placed in
a 70 ˝C oil bath to initiate the reaction. The flask was heated at 70 ˝C with stirring (19 h) and the
reaction was finally quenched by exposing the reaction mixture to air and submerging the flask in
liquid nitrogen. At this point, a conversion sample for NMR analysis was taken. The product was
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precipitated from cold hexane and a second time from acetone. The second precipitate was dissolved
in the minimum amount of acetonitrile and concentrated by rotary evaporation. The resulting solution
was diluted with water (40 mL) and dialyzed against water (4 L, 3 days, water changed 4 times).
The coral-colored product was isolated by freeze-drying (69.7% conversion by 1H NMR, 76.9% yield by
mass, Mn = 9400 g/mol by 1H NMR end group analysis, Mw = 9200 g/mol by SEC, Mw/Mn = 1.12 by
SEC). Number of repeating units (1H NMR) = 60. 1H NMR (500 MHz, D2O, protons marked “a”–“e”
in SM, Figure S4), chemical shift (δ)/ppm: (–CH2–) Ha = 1.85; (R–CH3) Hb = 0.86, 1.06; (–COOCH2)
Hc = 4.10; (–CH2–NMe2) Hd = 2.69; (RN(CH3)2) He = 2.27.

Chain extensions of PDMAEMA60 to yield PDMAEMA60-b-POEGMA38 were conducted in the
same manner as the synthesis of the homopolymer. PDMAEMA fulfilled the role of the macro-RAFT
chain transfer agent (SM, Figure S2). The masses and mole ratios of the compounds used in the
polymerizations are summarized below (Table 1).

PMOTAI and PMOTAIn-b-POEGMAm were synthesized via quaternization of the same batches of
polymers bearing DMAEMA repeating units (Figure 1). For example, a flask was charged with the
PDMAEMA60 homopolymer (2.5 g, 15.9 mmol of repeating units), iodomethane (3 mL, 48.1 mmol,
3 equiv. with respect to DMAEMA repeating units) and acetone (100 mL). Iodomethane was added to
the clear pink, stirring polymer solution at room temperature. The flask was sealed and the solution
was stirred in the dark (22 h). The product formed as a pale pink precipitate and was separated from
the solvent using a centrifuge. After decanting the solvent, the residual acetone was removed by
vacuum desiccation with heating (80 ˝C, overnight). The product was then dissolved in acetonitrile,
transferred to aqueous solution and freeze dried. Close to quantitative quaternization of the amine
was achieved (97% quaternization by 1H NMR, 85.5% yield, Mn = 17,400 g/mol by 1H NMR).

1H NMR (500 MHz, D2O, protons marked “a”–“e” in SM), chemical shift (δ)/ppm: (–CH2–) Ha = 1.06;
(R–CH3) Hb = 1.02, 1.14; (–COOCH2) Hc = 4.51; (–CH2–N+Me3) Hd = 3.85; (N+(CH3)3) He = 3.29.

2.2.2. Preparation of Silica-Polyelectrolyte (S-PE) Precipitate Nanocomposites

Sodium silicate (SS) is used as a precursor for the silica incorporated into S-PE composites. The stock
SS solution was prepared from solid sodium silicate pentahydrate (Na2SiO3¨ 5H2O) and deionized water.
The true concentration of SS was calculated by potentiometric titration of a (~10 mM) solution with
0.1 M HCl (see SM; Figure S11). Precipitates were prepared by mixing 1:1, 2:1, 2.5:1 and 5:1 molar ratios
of SS/polymer. The homopolymer concentration was fixed with respect to the molar concentration of
amine repeating units, whether the case be with respect to DMAEMA or MOTAI. When using a block
copolymer, the concentration of amine units was fixed using the amine unit mole fraction of the copolymer,
as determined by 1H NMR. An example procedure is described as follows. Stock solutions of PDMAEMA
(50 mM) and aqueous sodium silicate (SS, 100 mM), then deionized water were placed sequentially as
listed in a 5 mL plastic Eppendorf tube with a magnetic stirrer bar. The final concentration of amine
repeating units was always 10 mM and the concentration of SS was varied as required. The solution was
stirred throughout the addition of the three components. The pH of the solution was measured after the
addition of water (Initial pH). If no additional water was added, the pH was measured after the addition
of SS. Aqueous HCl (0.1 M or 1.0 M) was added with continuous stirring and the pH of the solution was
measured a second time. This is the pH at which particle growth is initiated. All compounds were added
to the tube using an appropriate mechanical pipette. The final volume of the solution was always 2 mL.
The volume of HCl required was estimated in advance of the experiment, by titration of an SS/polymer
solution of the appropriate ratio (SM, Figure S13).

The mixture was stirred for 1 h. The solid phase was separated by centrifuge (5 min at 3500 rpm).
The supernatant was removed using a syringe fitted with a needle. The remaining solid phase was
washed with deionized water (2 mL) and centrifuged a second time (5 min at 3500 rpm). Excess aqueous
phase was removed using a syringe and needle. The washed precipitate was then freeze-dried
and stored in a refrigerator (3–5 ˝C). The pH and ratios of the components are summarized in the
reported results.
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Table 1. Amounts of DMAEMA, PDMAEMA, OEGMA, AIBN initiator and CPA chain transfer agent used in the synthesis of PDMAEMA and PDMAEMAn-b-POEGMAm.

Polymers Ratio
(M:I:CTA)

DMAEMA
(mmol)

DMAEMA
(g)

OEGMA
(mmol)

OEGMA
(g)

AIBN
(mmol)

AIBN
(mg)

CPA
(mmol)

CPA
(mg)

PDMAEMA
(mmol)

PDMAEMA
(mg)

PDMAEMA60 50:0.1:1.0 63.61 10.00 - - 0.13 21.7 1.28 358.0 - -

PDMAEMA60-b-
POEGMA38

60:0.1:1.0 - - 4.73 2.00 0.01 1.5 - - 0.08 745.0

PDMAEMA60-b-
POEGMA100

120:0.1:1.0 - - 9.46 4.00 0.01 1.5 - - 0.08 742.0
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2.2.3. Preparation of Silica-Polyelectrolyte (S-PE) Water-Dispersible Nanocomposites

Mixing and pH measurements were made in the same way as for the preparation of precipitates.
Importantly, stable S-PE dispersions were possible only when ď25 mM initial concentration of sodium
silicate was used. Initial Na2SiO3 concentrations of 10, 20 and 25 mM were used against a 10 mM
concentration of amine repeating units. The final volume of the solution was always 2 mL. After
the addition of HCl, the pH was measured and the stable dispersion was removed from the tube
using a syringe without a needle. The syringe was then equipped with a filter (0.45 µm PVDF
membrane). The stable dispersion was filtered from the syringe into a polystyrene cuvette suitable for
light-scattering measurements. The cuvette was then sealed with a cap and wrapped with Parafilm.
Light scattering size measurements were initiated soon (<10 min) after transfer of the stable dispersion
to the cuvette. All DLS data points are presented as an average of at least three measurements.
Examples of DLS measurements are presented in the Supplementary Materials (SM, Figures S14–S20).
The pH and ratios of the components are summarized in the reported results.

2.3. Instrumentation

1H NMR spectroscopy was conducted using a Bruker “UltrashieldTM Plus” 500 MHz spectrometer
(Bruker, Billerica, MA, USA). Dialysis of synthesized polymers was performed using regenerated
cellulose dialysis membranes (CelluSep, Seguin, TX, USA) with appropriate nominal molecular weight
limits (3500–4000 kDa and 12,000–14,000 kDa). Dynamic Light Scattering (DLS) and ζ-potential
measurements were made using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK), operating at
a wavelength of 633 nm and a back scattering angle of 173˝ at a temperature of 20 ˝C. The correlation
functions of the scattered light intensity were analyzed using a multi-exponential fit based on the inverse
Laplace transform algorithm (Contin). Mean values of unimodal distributions of the hydrodynamic
diameter (dh) were analyzed. Potentiometric measurements of pH were made using a MeterLabTM
PHM210 standard pH meter (Radiometer Analytical SAS, Lyon, France) fitted with a pH Electrode
(VWR International). Colloidal dispersions and precipitates were prepared in (5.0 mL) Eppendorf Tubes
(Eppendorf AG, Hamburg, Germany). Scanning Electron Microscopy (SEM) was conducted using a
Hitachi S-4800 SE microscope (Hitachi High-Technologies Europe; Krefeld, Germany). Samples were
coated with platinum (4 nm film thickness) under reduced pressure using a Cressington 208 HR Sputter
Coater (Cressington Scientific Instruments Ltd., Watford, UK). SEM samples on conductive carbon
tape adhered to aluminum sample plates were flushed with argon prior to application of the coating.
Size Exclusion Chromatography (SEC) measurements were made using a Waters 2410 refractive index
(RI) detector (Waters Corporation, Milford, MA, USA). Waters Styragel columns were connected to
a Waters 515 HPCL pump; THF eluent containing 1% TBAB was used at a flow rate of 0.8 mL/min.
The system was calibrated using poly(methyl methacrylate) standards: column temp. of 30 ˝C, detector
temp. of 22 ˝C, and injection volume of 50 µL. Thermogravimetric Anaylsis (TGA) was conducted using
a Mettler Toledo TGA 850 (Mettler-Toledo International Inc. Greifensee, Switzerland). A (0.5–1.0 mg)
sample was placed in a 70 µL Alumina (Al2O3) pan and heated from 25 to 800 ˝C at a rate of 10 ˝C/min
under nitrogen flow of 50 mL/min. Infrared spectra were recorded by means of an Infralum FT-801
spectrophotometer (SIMEX Co. Ltd., Novosibirsk, Russia) in KBr pellets. Ultrafiltration of dispersible
S-PDMAEMA particles was performed using a Millipore solvent resistant stirred cell (Merck Millipore,
Merck KGaA, Darmstadt, Germany) fitted with an Amicon Ultrafiltration disc membrane (regenerated
cellulose, NMWC = 100 kDa) under pressure (400 kPa).

3. Results

3.1. Water-Stable S-PE Nanocomposites

Water-stable S-PDMAEMA60 nanoparticles were prepared in the range of pH 5.9–9.6 using a
(10 mM) 1:1 feed ratio of SS/PDMAEMA60. DLS analysis (Figure 2) of these particles over several days
indicated pH dependence of particle size in the cases where no precipitation was observed (pH 6.9, 7.4,
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8.0). However, precipitation did occur when particles were prepared outside this pH range (pH <5.9,
>9.6). Whereas the particles observed to form at pH 9.6 grew over a long time period and eventually
precipitated from solution, those prepared in mildly acidic conditions (pH 5.9) grew rapidly and only
partial precipitation from the dispersion occurred (see SM, Figure S14). This was observed as a drop
in the total intensity of scattered light around 2 h after initiation of S-PDMAEMA60 particle growth.
Following the precipitation of the unstable silicate particles, a stable, mono-disperse population of
particles was observed to grow over several days. Reaching a mean diameter of 160–170 nm after
7 days, these particles were much larger than those prepared at pH 6.8 and pH 7.3 (dh = 30 and 55 nm
after 7 days respectively, Figure 3).
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Figure 2. Representative DLS data of S-PDMAEMA60 particles prepared at pH 8.0 (blue diamonds �),
pH 7.4 (green triangles N) and pH 6.9 (red squares �) using a 1:1 feed ratio of SS/PDMAEMA,
corresponding to a 10 mM concentration of DMAEMA repeating units, a 1.57 g/L polymer concentration:
(a) The total intensity of scattered light and (b) Mean hydrodynamic diameter of corresponding size
distributions (dh) are shown, as observed over 12 h following acid-triggered initiation of particle growth.
Data obtained at a 173˝ scattering angle using the Zetasizer instrument.
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Figure 3. Comparison of stable aqueous colloid dispersions of S-PDMAEMA60 particles prepared using
10 mM SS/PDMAEMA (1:1) feed ratio. The initial polymer mass concentration is 1.57 g/L. Particle
size shows dependence on the pH at the time of the initiation of particle growth. Particle size by mean
hydrodynamic diameter is shown for S-PDMAEMA60 particles prepared at pH 5.9 (red squares �),
pH 6.8 (green open squares ˝), pH 6.9 (green triangles N), pH 7.3 (purple circles ‚) and pH 8.0 (blue
diamonds �).

The dh and zeta (ζ) potential of S-PDMAEMA60 prepared at pH 7.5 were measured over a period
of 4 days (see SM, Figure S20). The average zeta potential over the entire measurement period was
+28 mV. Despite the equimolar ratio of SS and PDMAEMA repeating units, the positive sign of
the ζ-potential suggests formation of a polycationic corona on the particle surface that contributes
electrostatic stabilization to the S-PE colloid. This ζ is not enough to stabilize the particles completely
and it is likely that steric stabilization also has role to play. A good agreement was observed of S-PE dh
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and light scattering intensity of the zeta potential sample, in comparison with a control sample obtained
from the same batch of particles. The constant mean and unimodal distribution of dh, in conjunction
with the stable intensity of scattered light throughout the measurement period, demonstrates that
S-PDMAEMA60 remained stable in the dispersion state under the applied effective voltage of 80 V.

Larger S-PDMAEMA60 nanocomposites were obtained when using a higher initial concentration
of SS at constant pH. The effect of increasing the SS/PDMAEMA ratio was studied at pH 6.8, where
particles prepared at ratios of 1:1 and 2:1 were observed over more than 7 days by DLS (Figure 4).
S-PDMAEMA60 particles of dh of 140–150 nm were obtained using a 20 mM concentration (2:1) of SS
in the feed, while those prepared from an equimolar (1:1) feed remained stable around a mean dh of
30 nm. The same trend was observed for S-PMOTAI60 at pH 6.7 (see SM, Figure S16). The upper pH
limit of stable colloid preparation falls with greater concentrations of SS in the feed: precipitation of
S-PDMAEMA60 was observed at pH 9.6 using 10 mM SS, pH 9.3 using 20 mM SS and pH 7.7 using
25 mM SS. Precipitation occurred using 50 mM SS in (5:1) SS/PDMAEMA60 mixtures across the entire
pH range investigated here (pH 5.5–pH 10.1).

Polymers 2016, 8, 96 8 of 19 

dh and light scattering intensity of the zeta potential sample, in comparison with a control sample 
obtained from the same batch of particles. The constant mean and unimodal distribution of dh, in 
conjunction with the stable intensity of scattered light throughout the measurement period, 
demonstrates that S-PDMAEMA60 remained stable in the dispersion state under the applied effective 
voltage of 80 V. 

Larger S-PDMAEMA60 nanocomposites were obtained when using a higher initial concentration 
of SS at constant pH. The effect of increasing the SS/PDMAEMA ratio was studied at pH 6.8, where 
particles prepared at ratios of 1:1 and 2:1 were observed over more than 7 days by DLS (Figure 4). S-
PDMAEMA60 particles of dh of 140–150 nm were obtained using a 20 mM concentration (2:1) of SS in 
the feed, while those prepared from an equimolar (1:1) feed remained stable around a mean dh of 30 
nm. The same trend was observed for S-PMOTAI60 at pH 6.7 (see SM, Figure S16). The upper pH limit 
of stable colloid preparation falls with greater concentrations of SS in the feed: precipitation of S-
PDMAEMA60 was observed at pH 9.6 using 10 mM SS, pH 9.3 using 20 mM SS and pH 7.7 using 25 
mM SS. Precipitation occurred using 50 mM SS in (5:1) SS/PDMAEMA60 mixtures across the entire 
pH range investigated here (pH 5.5–pH 10.1). 

 
Figure 4. Time-dependent change in the mean hydrodynamic diameter (dh, nm) of S-PDMAEMA60 
particles prepared at pH 6.8 using feed ratio of 1:1 SS/PDMAEMA (10 mM SS, filled blue circles ●) 
and of 2:1 SS/PDMAEMA (20 mM SS, filled blue squares ■) presented as a function of time (h). Here 
the concentration of DMAEMA repeating units is 10 mM and the polymer concentration is 1.57 g/L. 
Light scattering intensity (I, kcps) is shown as open red symbols of corresponding shape (○ and □). 
Data obtained at a 173 ° scattering angle using the Zetasizer instrument. 

Preparation of 10 mM solutions of amine repeating units from PMOTAI and the block 
copolymers results in higher polymer mass concentrations (see SM, Table S3). However, these 
concentrations are sufficiently low to guarantee dilute polymer solutions, wherein no polymer 
aggregates are observed in the DLS measurements of the polymers in the absence of silicates. The 
visibility of large polymer aggregates is reduced by decreasing the polymer concentration and 
eliminated at high scattering angle (θ). An example is provided in the Supplementary Materials (see 
SM, Figure S9). 

Unlike PDMAEMA, the cationic strength of the strong polyelectrolyte PMOTAI is not dependent 
on pH. The ammonium of the MOTAI repeating unit has a positive charge and an iodide counterion 
(Figure 1). Increase in particle size was observed as the initiation pH was decreased from pH 8.6 to 
pH 7.8. S-PMOTAI60 particles prepared at pH 8.6, pH 7.9 and pH 7.8 were observed to have dh of 120, 
160 and 210 nm respectively after 20 days (Figure 5). At pH 6.7, continual growth in the size of 
particles in dispersion was observed over the same measurement period. S-PMOTAI60 prepared at 
pH 6.0 were unstable: a fraction of the dispersed population of nanocomposites precipitated from 
solution within 12 h of particle growth initiation. The size of particles shown in Figure 5, for the 
dispersion of S-PMOTAI60 prepared from a pH 6.0 solution, is that of a single population of particles 
which spontaneously formed after precipitation of the unstable species. 

1

10

100

1000

10000

10

100

1000

0 1 2 3 4 5 6 7 8 9 10 11

In
te

n
si

ty
 (

kc
p

s)

d
h

(n
m

)

Time (h)

Figure 4. Time-dependent change in the mean hydrodynamic diameter (dh, nm) of S-PDMAEMA60

particles prepared at pH 6.8 using feed ratio of 1:1 SS/PDMAEMA (10 mM SS, filled blue circles ‚) and
of 2:1 SS/PDMAEMA (20 mM SS, filled blue squares �) presented as a function of time (h). Here the
concentration of DMAEMA repeating units is 10 mM and the polymer concentration is 1.57 g/L. Light
scattering intensity (I, kcps) is shown as open red symbols of corresponding shape (˝ and ˝). Data
obtained at a 173˝ scattering angle using the Zetasizer instrument.

Preparation of 10 mM solutions of amine repeating units from PMOTAI and the block copolymers
results in higher polymer mass concentrations (see SM, Table S3). However, these concentrations are
sufficiently low to guarantee dilute polymer solutions, wherein no polymer aggregates are observed
in the DLS measurements of the polymers in the absence of silicates. The visibility of large polymer
aggregates is reduced by decreasing the polymer concentration and eliminated at high scattering angle
(θ). An example is provided in the Supplementary Materials (see SM, Figure S9).

Unlike PDMAEMA, the cationic strength of the strong polyelectrolyte PMOTAI is not dependent
on pH. The ammonium of the MOTAI repeating unit has a positive charge and an iodide counterion
(Figure 1). Increase in particle size was observed as the initiation pH was decreased from pH 8.6 to
pH 7.8. S-PMOTAI60 particles prepared at pH 8.6, pH 7.9 and pH 7.8 were observed to have dh of
120, 160 and 210 nm respectively after 20 days (Figure 5). At pH 6.7, continual growth in the size of
particles in dispersion was observed over the same measurement period. S-PMOTAI60 prepared at pH
6.0 were unstable: a fraction of the dispersed population of nanocomposites precipitated from solution
within 12 h of particle growth initiation. The size of particles shown in Figure 5, for the dispersion
of S-PMOTAI60 prepared from a pH 6.0 solution, is that of a single population of particles which
spontaneously formed after precipitation of the unstable species.



Polymers 2016, 8, 96 9 of 19

Polymers 2016, 8, 96 9 of 19 

 
Figure 5. Colloidal dispersions of (1:1) S-PMOTAI particles prepared at pH 6.0 (red circles ο), pH 6.7 
(dark red squares ■), pH 7.8 (green triangles ▲), pH 7.9 (purple circles ●) and pH 8.6 (blue diamonds 
♦). A constant 10 mM concentration of MOTAI repeating units is used (2.99 g/L). The mean 
hydrodynamic diameter (dh, nm) is shown as a function of time (h). Lines are drawn only as a guide 
for the eye. 

PDMAEMA60-b-POEGMA38 was used to successfully prepare S-copolymer composite 
dispersions. The contribution of steric stabilization by OEGMA to S-copolymer particles was assessed 
by DLS in the range pH 6.0–8.1 using a 1:1 SS/PDMAEMA60-b-POEGMA38 feed ratio with respect to 
10 mM concentration of DMAEMA repeating units. S-PDMAEMA60-b-POEGMA38 particles prepared 
at pH 6.0 were meta-stable (precipitation occurred after 12 h) but those prepared in the range pH 6.6–
8.1 formed stable colloids, as observed by DLS over several days (see SM, Figure S17). These were 
uniformly smaller than water-stable S-PE nanocomposites prepared in the same range of pH using 
the PDMAEMA60 homopolymer. 

The size (dh) is presented as a function of the initial solution pH at which S-PE particles were 
prepared, via acid-triggered condensation of SA, as directed by the selected polyelectrolytes 
PDMAEMA60, PDMAEMA300, PMOTAI60, PDMAEMA60-b-POEGMA38 and PMOTAI60-b-POEGMA38 
(Figure 6). Exponential fits were used to estimate the S-PE particle size 72 h after the initiation of 
particle growth. Analysis of data gathered by DLS revealed that, in the range pH 6.6–8.1 after 24 h, 
S-PE particle growth in every case had either ceased or slowed to a rate that allows reasonable 
estimation of particle size. In every case, DLS data points were available close to either side of the 
time of 72 h, affording good accuracy for the estimation of particle size at the chosen time. 

 
Figure 6. The mean hydrodynamic diameter (dh, nm) of stable S-PE particles 72 h after particle growth 
initiation by addition of the appropriate volume of (0.1 M) HCL (see Experimental Section 2.2.3). Each 
data point is obtained using exponential fit of individual DLS data sets (i.e., dh vs. time curves) 
gathered at the corresponding pH: S-PDMAEMA60 (blue diamonds ♦), S-PMOTAI (red squares ■), S-
PDMAEMA60-b-POEGMA38 (green triangles ▲), S-PMOTAI60-b-POEGMA38 (purple circles ●) and 
PDMAEMA300 (orange circles ο). All S-PE composites were prepared using a 1:1 (10 mM) SS/DMAEMA 
or SS/MOTAI ratio with respect to the concentration of amine-functional repeating units. 

10

100

1000

0 120 240 360 480 600
d

h
(n

m
)

Time (h)

10

100

1000

6.5 7 7.5 8 8.5 9 9.5

d
h

(n
m

)

pH

Figure 5. Colloidal dispersions of (1:1) S-PMOTAI particles prepared at pH 6.0 (red circles ˝), pH 6.7
(dark red squares�), pH 7.8 (green triangles N), pH 7.9 (purple circles ‚) and pH 8.6 (blue diamonds �).
A constant 10 mM concentration of MOTAI repeating units is used (2.99 g/L). The mean hydrodynamic
diameter (dh, nm) is shown as a function of time (h). Lines are drawn only as a guide for the eye.

PDMAEMA60-b-POEGMA38 was used to successfully prepare S-copolymer composite dispersions.
The contribution of steric stabilization by OEGMA to S-copolymer particles was assessed by DLS
in the range pH 6.0–8.1 using a 1:1 SS/PDMAEMA60-b-POEGMA38 feed ratio with respect to 10
mM concentration of DMAEMA repeating units. S-PDMAEMA60-b-POEGMA38 particles prepared
at pH 6.0 were meta-stable (precipitation occurred after 12 h) but those prepared in the range pH
6.6–8.1 formed stable colloids, as observed by DLS over several days (see SM, Figure S17). These were
uniformly smaller than water-stable S-PE nanocomposites prepared in the same range of pH using the
PDMAEMA60 homopolymer.

The size (dh) is presented as a function of the initial solution pH at which S-PE particles
were prepared, via acid-triggered condensation of SA, as directed by the selected polyelectrolytes
PDMAEMA60, PDMAEMA300, PMOTAI60, PDMAEMA60-b-POEGMA38 and PMOTAI60-b-POEGMA38

(Figure 6). Exponential fits were used to estimate the S-PE particle size 72 h after the initiation of
particle growth. Analysis of data gathered by DLS revealed that, in the range pH 6.6–8.1 after 24 h, S-PE
particle growth in every case had either ceased or slowed to a rate that allows reasonable estimation
of particle size. In every case, DLS data points were available close to either side of the time of 72 h,
affording good accuracy for the estimation of particle size at the chosen time.
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Figure 6. The mean hydrodynamic diameter (dh, nm) of stable S-PE particles 72 h after particle growth
initiation by addition of the appropriate volume of (0.1 M) HCL (see Experimental Section 2.2.3).
Each data point is obtained using exponential fit of individual DLS data sets (i.e., dh vs. time curves)
gathered at the corresponding pH: S-PDMAEMA60 (blue diamonds �), S-PMOTAI (red squares �),
S-PDMAEMA60-b-POEGMA38 (green triangles N), S-PMOTAI60-b-POEGMA38 (purple circles ‚) and
PDMAEMA300 (orange circles ˝). All S-PE composites were prepared using a 1:1 (10 mM) SS/DMAEMA
or SS/MOTAI ratio with respect to the concentration of amine-functional repeating units.
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The hydrodynamic diameters of particles plotted on Figure 6 are of unimodal populations of S-PE
nanocomposites. Outside the range of pH presented for each dataset, either bimodal distributions or
precipitation occurred. In the cases of PDMAEMA60 and PDMAEMA300, the largest particles were
prepared at pH 8.0 and pH 8.1, respectively. However, the higher Mw PDMAEMA300 (at pH 8.1)
yielded nanocomposites approximately one order of magnitude smaller than lower Mw PDMAEMA60

(at pH 8.0). The longer dangling chains of the higher molecular weight polymer contribute more
effective steric stabilization. Under more basic conditions, weaker electrostatic interactions result in
precipitation of S-PDMAEMA, regardless of the homopolymer Mw.

The size of the prepared S-PDMAEMA60-b-POEGMA38 nanocomposites displays little pH
dependence. Similarly, the size of S-PMOTAI60 nanocomposites varies little in the range of pH
7.4–8.6, although these are all much larger, with dh in excess of 100 nm. A single population of
S-PMOTAI60 particles was successfully prepared at pH 7.4 but under more acidic conditions a bimodal
distribution of sizes was observed and, at pH 6.0, some of the S-PMOTAI60 particles precipitated from
dispersion. S-PMOTAI60-b-POEGMA38 nanocomposites could not be prepared below pH 8.0.

3.2. Precipitate S-PE Nanocomposites

Precipitation of S-PDMAEMA60 was achieved using 5:1, 2.5:1, 2:1 and 1:1 feed ratios of
SS/PDMAEMA. A 10 mM concentration of PDMAEMA60 repeating units was used in all cases
while the concentration SS was altered from 10 to 50 mM as required. The aqueous stability of silicate
under this pH regimen was tested by altering the pH of 50 mM solutions of SS in the range pH 6.0–10.0
by the same method in the absence of polymer, whereupon no precipitation was observed. Therefore,
in the SS/Polymer systems, precipitation was induced by action of the polymers. TGA analysis of
the precipitate material confirmed the presence of polymer: dynamic analysis from 25 to 800 ˝C at
10 ˝C/min revealed the mass percentage of silicate remaining once all the polymer had thermally
decomposed (Table 2). Neat sodium silicate (SS) was tested by TGA under identical conditions and
showed no change in mass once trapped water had been removed by evaporation during heating from
25 to 150 ˝C (see SM, Figure S22).

An optimal pH condition is implied by comparison of S-PDMAEMA60 precipitate particles
prepared using a 5:1 feed ratio (Table 2; 1–6). Of these, the greatest mass percentage was observed
for S-PDMAEMA60 prepared at pH 7.4 (65.7%). Under more acidic conditions than the optimum
pH, association of PDMAEMA with dispersed silicates is limited by the availability of deprotonated
Si-OH-groups for electrostatic interactions; under more basic conditions, other interactions are limited
by the degree of protonation of the polymer repeating units.

Table 2. Thermogravimetric Analysis (TGA) of S-PDMAEMA60 precipitates except 9 *, which is
water-dispersible S-PDMAEMA60 isolated by ultrafiltration. The pH at which S-PDMAEMA60 formation
was initiated is shown, as well as the feed ratio of SS/PDMAEMA. (For examples of the TGA plots, see
SM Figure S21).

Ratio SS:PDMAEMA pH Silica Mass Residue (%)

1 5:1 10.0 49.5
2 5:1 8.8 46.4
3 5:1 8.5 55.5
4 5:1 7.8 61.3
5 5:1 7.4 65.7
6 5:1 6.8 62.3
7 2.5:1 7.7 51.1
8 2:1 9.3 46.0

9 * 1:1 7.8 65.7
10 1:1 9.6 57.1
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Scanning Electron Microscopy (SEM) of the S-PDMAEMA60 precipitate nanocomposites revealed
spherical particles (Figure 7a–d). Samples of S-PDMAEMA which contain greater amounts of silica
are those consisting of smaller particles (Table 2; 1–4). The S-PDMAEMA60 precipitates prepared at
pH 7.8 (61.3% silica) are around 50 nm in diameter and are smaller than those prepared at pH 8.5,
pH 8.8 and pH 10, all of which have diameters in the range 150–200 nm. Water dispersible (1:1, pH
7.8) S-PDMAEMA60 was also analyzed by SEM (see Figure 8). TGA of these same samples showed
(1:1) S-PDMAEMA60 contains 65.7% silica by mass and (5:1) S-PDMAEMA60 contains 61.3% (Table 2).
A fivefold increase in SS concentration does not significantly increase the silica mass fraction in the
S-PDMAEMA60 composite. Both examples are close to the limit of S-PE silica mass fraction using the
specific polymer studied here, regardless of the colloidal stability of the composite.
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same pH using a 5:1 feed ratio and collected by centrifuge. Both samples were washed with deionized 
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Figure 7. SEM images of S-PDMAEMA60 precipitates prepared using a 5:1 feed ratio of SS/PDMAEMA
at (a) pH 7.8; (b) pH 8.5; (c) pH 8.8 and (d) pH 10.0. Polymer concentration was fixed at 10 mM of
repeating units. Frames (a)–(c) are at 60,000ˆ magnification; frame (d) is 70,000ˆ magnification.
A 500 nm scale bar is provided within each frame.
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Figure 8. SEM images of water-stable and precipitated composites (60,000ˆ magnification).
(a) S-PDMAEMA water-stable particles prepared at pH 7.8 using a 1:1 feed ratio of SS and PDMAEMA
and extracted by ultrafiltration; (b) precipitated S-PDMAEMA particles prepared at the same pH using
a 5:1 feed ratio and collected by centrifuge. Both samples were washed with deionized water, isolated
by freeze-drying and adhered to electrically conductive carbon tape for SEM imaging.
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The water-stable S-PDMAEMA60 (1:1, pH 7.8) was observed by DLS to have a mean dh of around
190 nm after 72 h (Figure 6). SEM images revealed clusters of S-PDMAEMA60 spheres around one
quarter of the diameter of those observed by DLS. This disparity in size is attributed to the nature of the
sample, its preparation for measurement and the measurement technique. The solid sample observed
by SEM is obtained by ultrafiltration of the dispersion, isolation by freeze-drying, then adhesion onto
carbon tape. Swelling of the hydrophilic polymer in solution and aggregation of the particles when
filtered under pressure can contribute to changes in the apparent size of the composite particles.

4. Discussion

Neat SA is monomeric at concentrations of less than 2 mM but forms dimers and polymerizes
at higher concentrations into poly(silicic acid) (PSA) colloidal particles. Precipitation of neat silicic
acid (SA) does not occur in the range of pH 5.0–pH 10.0 by the method implemented in this work,
using a 50 mM concentration of the sodium silicate (SS) precursor. At pH 7.8 in the absence of polymer,
SA forms a colloid with dh in the range 600–800 nm, which remains stable in dispersion for several
days (see SM, Figure S10). This is in good agreement with similar results obtained in the literature [43].
These large particles are difficult to characterize by DLS due to their high polydispersity, and low
specific refractive index increment [47].

The specific refractive index increment (dn/dc) of PSA in water is small (dn/dc = 0.06 mL/g)
for the scattering of (λo = 438 nm) visible light [47]. This describes the low intensity of scattered light
per unit mass of PSA, as observed by DLS. The value is much larger for the polycation PDMAEMA,
however, for which dn/dc = 0.18 mL/g (λo = 633 nm) in water [45,48]. Physical association of
PDMAEMA with PSA results in the formation of particles which scatter more light and are therefore
more easily detectable by DLS than neat PSA particles of equivalent mass. This effect is noticeable
across the range of pH tested here. At pH 7.8, for example, neat PSA was observed to scatter around
120 kcps while S-PDMAEMA particles prepared at the same pH have a scattering intensity of 7200 kcps,
using the same instrumental setup.

The degree of protonation (α) of PDMAEMA and silicates in aqueous solution was determined
experimentally by titration of the polymer and the sodium silicate precursor against 0.1 M HCl (see SM,
Figure S11). From these titration curves, α was calculated using the Henderson-Hasselbach equation:

pH “ pKa ` logpp1´αq{αq (1)

Rearrangement for α and plotting against pH illustrates well how PDMAEMA and SS differ
in their pH response (Figure 9). When studying PDMAEMA and SS separately, it is clear that the
neat silicates are already well protonated before the equivalent (10 mM) concentration of PDMAEMA
repeating units has begun to accept protons from the solution. In the region of pH 8–10, very little
charging is induced along the PDMAEMA chain. However, in the region pH 6–8, the number of
PDMAEMA repeating units which are charged increases rapidly as the pH decreases. When 7 < pH
< 8, strong silicate-polymer interaction is expected as both silanol-amine and silanol-ester hydrogen
bonding and ~Si–O´ +NHR2~ ionic interactions are possible. The hydrogen bonding during particle
formation is implied by the IR spectra of the precipitated composites (SM, Figures S23–S25). However,
the isoelectric point of silanol groups present on the surface of bulk silica has been reported at
pH 2 [26,49], so any conditions at pH > 2 would allow the exchange of protons with the silica surface.
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Figure 9. Degree of protonation (α) of PDMAEMA (10 mM of repeating units, 1.57 g/L, black diamonds�)
and silicate (initially SiO3

2´ from a 10 mM solution of SS, which undergoes hydrolysis to yield SA, red
squares�) solutions as a function of pH, as determined by titration. The pKa (PDMAEMA) = 6.1 and pKa
(SA) = 9.9.

The apparent pKa of PDMAEMA changes in the presence of salts. Titration of PDMAEMA60

against HCl was performed in the presence of NaCl and Na2SO4 (see SM, Figure S12). These are analog
for the conversion of SS to SA and the effect this has on ionic strength. Na2SO4 represents the initial
condition of SS in solution (no SA has been formed yet) and NaCl represents the final conditions (all
Na2SiO3 has reacted). The true ionic strength is always between the two extremes. This experiment
shows that, although the ionic strength varies during the preparation of the composites, it does not
significantly affect the pKa of PDMAEMA. In the presence of 100 mM NaCl, pKa (PDMAEMA) = 7.3
and in the presence of 50 mM Na2SO4, pKa (PDMAEMA) = 7.6, using a 10 mM concentration of
DMAEMA repeating units. The same sample of PDMAEMA60 has pKa = 6.1 in the absence of salt
(Figure 9). Although the pKa of PDMAEMA is higher in the presence of salts, only a small change is
affected by the difference in the ´1 and ´2 anionic charges. As reported in Table 3, S-PE precipitate
composites are obtained upon the addition of acid to a solution containing (10 mM) PDMAEMA60 and
(50 mM) SS. However, no precipitation of the same homopolymer was observed in the presence of
(100 mM) NaCl or (50 mM) Na2SO4 at room temperature.

Titration of PDMAEMA60 against HCl in the presence of SS is a more complex matter. Protonation,
hydrolysis and condensation of silicates occur upon addition of strong acid to the solution containing
SS. The pH response of the (5:1) SS/PDMAEMA60 system, which is initially a solution at pH 12.8, is
dominated by the silicates of high dissociation constants (pKa = 11.8 and 9.9)—see SM, Figure S11 and
also reference [50]. During titration, all available protons are taken up by silicates until they are fully
protonated and equilibrium conditions of silicate condensation have been reached. Only at low pH
is the abundance of free protons sufficient to induce charging along the PDMAEMA chain. This is
visible in the titration curve of for the (5:1) SS/PDMAEMA60 system against HCl, wherein two steps
are observed in the plot, for the protonation of the silicates and PDMAEMA, respectively (see SM,
Figure S12). The procedure reported in the present work consequently involves the rapid addition of
the precise amount of strong acid to achieve the desired pH for the formation of S-PE composites: slow
addition of HCl under titration conditions precludes the role of the weak polycation in directing S-PE
particle formation at pH > 8.

The association of the polyelectrolytes with aggregate PSA is dependent on the pH of the solution.
In S-PE composite formation directed by the weak polycations PDMAEMA60 and PDMAEMA60-
b-POEGMA38, the pH dependence arises from the degree of charging of the amine groups along
the polymer chain and from the pH-dependent aggregation behavior of SA. In the case of PMOTAI,
charging of the quaternary ammonium repeating unit is not pH dependent, although the aggregation
of SA and the surface charge of PSA particles remain so.
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Table 3. Colloid (water-dispersible) and precipitate S-PE composites, as prepared in this work
under different conditions of pH, with respect to the initial ratio of SS/amine repeating units.
The concentration of amine repeating units in all cases is 10 mM. Four components were used in
the preparation of all S-PE composites: sodium silicate, polymer, hydrochloric acid and deionized
water. Colloids are defined as those S-PE composites which remained stable in aqueous dispersion
for at least 7 days. The total initial volume of each solution was 2 mL. The pH of the solution was
adjusted by addition of the appropriate amount of (0.1 or 1.0 M) HCl. A range of pH values are shown
to illustrate the maximum and minimum values of pH in a series.

Polymer Polymer Conc.
(g/L)

SS Conc.
(mM)

Ratio
(SS:amine units) pH Result

PDMAEMA60 1.57 10 1:1 6.8–8.0 colloid
9.6 precipitate

20 2:1 6.8–7.8 colloid
9.3 precipitate

25 2.5:1 6.1–7.5 colloid
7.7 precipitate

50 5:1 6.1–10.0 precipitate
PDMAEMA300 1.57 10 1:1 6.6–8.1 colloid

PDMAEMA60-b-POEGMA38 2.15 10 1:1 6.6–8.1 colloid
50 5:1 6.6–8.5 precipitate

PMOTAI60 2.99 10 1:1 6.0–8.6 colloid
20 2:1 6.7 colloid
25 2.5:1 6.5–6.9 precipitate

PMOTAI60-b-POEGMA38 4.79 10 1:1 7.5 precipitate
8.0–9.3 colloid

Using an appropriate molar ratio of SS and amine (DMAEMA) or ammonium (MOTAI) repeating
units, either dispersible or precipitate S-PE nanocomposite particles are selectively obtained by the
reported method, in the studied pH regime at room temperature (see Figure 10). Water-dispersible
colloids of S-PE nanocomposites were obtained using a 10–25 mM concentration of the SS precursor
with respect to a 10 mM concentration of cationic DMAEMA or MOTAI polymer repeating units. S-PE
precipitate nanocomposites are prepared using 50 mM SS across the studied pH regime or at 10–25 mM
SS at higher pH (Table 3).

The ranges of pH presented in Table 3 are those at which particle formation was achieved in this
research and are not intended as exhaustive boundary conditions of pH for S-PE particle formation
by the reported method. It is demonstrated that in the range pH 6–8 both colloidal and precipitate
particles can be obtained with respect to the feed ratio of SS/amine repeating units. S-PDMAEMA60

can be prepared when particle growth is initiated in the range pH 6.8–8.0; however, using higher
concentrations of the SS precursor lowers the upper limit of pH. When the SS/DMAEMA ratio is
1:1, colloids of S-PDMAEMA60-b-POEGMA38 can be prepared in the same range of pH as for both
the PDMAEMA60 and PDMAEMA300 homopolymers. S-PMOTAI60 is prepared in a narrower range,
pH 6.0–8.6, but precipitates when using a 2.5:1 SS/MOTAI ratio at the same pH regime.

Even at a 1:1 SS/DMAEMA ratio, using PDMAEMA60, precipitation occurs at pH 9.6 (Table 3).
Above pH 9, PDMAEMA is practically uncharged and able to interact with silanol groups of PSA via
H-bonds. In this case, the number of contacts of a PDMAEMA chain with a single PSA particle is small.
One macromolecule can interact with several silica particles and flocculate the dispersion. This effect
is already visible as the formation of large yet stable particles at pH 8 (Figure 3).

The PDMAEMA60-b-POEGMA38 block copolymer comprises a bulky POEGMA block to contribute
steric stabilization to the S-PE composite in dispersion. However, the POEGMA block is also a physical
barrier to the electrostatic charge at the silica-PDMAEMA interface. Moreover, the build-up of osmotic
pressure as two S-PDMAEMA60-b-POEGMA38 particles approach each other prevents aggregation of
the composites. The growth of S-PDMAEMA60-b-POEGMA38 particles, by condensation of SA onto
their charged surface and by their aggregation with PSA and other composites, is thus inhibited by the
POEGMA block. This model is supported by the absence of significant pH dependence of the size of
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S-PDMAEMA60-b-POEGMA38 (Figure 9). The POEGMA block readily acts as a flocculant in the presence
of the strong cationic charge of PMOTAI, such that S-PMOTAI60-b-POEGMA38 dispersions could not be
prepared at pH < 8.0 by the reported method (Table 3).
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Figure 10. Acid-triggered hydrolysis of sodium silicate (Na2SiO3) and subsequent polycondensation of
silicic acid (Si(OH)4) is directed by polycation bearing DMAEMA repeating units. The resultant
silica-polyelectrolyte (S-PE) nanocomposites either precipitate or form water-stable (dispersible)
particles, depending on the initial concentration of the sodium silicate precursor with respect to
the (10 mM) concentration of DMAEMA repeating units.

5. Conclusions

In this work, the acid-triggered condensation of silicic acid from aqueous solution is
directed by the weak polycation PDMAEMA, the strong polycation PMOTAI, and their derivative
PDMAEMA-b-POEGMA and PMOTAI-b-POEGMA block copolymers. The resultant silica-polyelectrolyte
(S-PE) nanocomposites are prepared under mild conditions of pH and can be selectively obtained as either
stable, aqueous dispersions (colloids) or as particles which precipitate from the solution (see Figure 10).

The size of the S-PE colloid particles depends on the mass of the PDMAEMA homopolymer,
the strength of the polycation and the presence of the sterically bulky POEGMA block (Figure 6).
Dispersions of S-PDMAEMA60 are obtained from solutions of the homopolymer and sodium silicate
(SS), wherein the molar ratio of SS/PDMAEMA is 1:1–2.5:1 with respect to a 10 mM concentration
of DMAEMA repeating units. The size of S-PDMAEMA60 increases from dh = 30 to 800 nm when
the pH at which particle formation is initiated is increased from pH 6.8 to 8.0. The mass percentage
of silica in dispersible S-PDMAEMA60, prepared at pH 7.8 (dh = 200 nm), was 66%. Dispersible
S-PMOTAI60 nanoparticles do not vary much in size with solution pH (dh = 120–150 nm) and
a stable dispersion can only be obtained in a narrower range of pH 7.8–8.6, below which partial
precipitation or bimodal size distributions are observed. In the range of pH 6.6–8.1, the higher Mw

PDMAEMA300 directs the formation of smaller nanocomposites which vary only slightly in size. The
size of S-PDMAEMA-b-POEGMA nanoparticles does not vary significantly under the same conditions.
Precipitation of S-PE nanocomposites is observed at higher pH than those indicated, or when using
greater relative concentrations (25–50 mM) of the SS precursor (see Table 3).

In the range of pH 6–8, the following interactions can take place: (i) electrostatic interactions
between the anionic, deprotonated silanol groups of oligomeric silicates and PSA with the protonated
(cationic) amine of PDMAEMA and (ii) hydrogen bonding between silanol and the nitrogen lone pair
of the amine.

Hydrolysis of sodium silicate provides the in situ formation of silicic acid (SA) required for S-PE
particle formation. SA is a weak acid (pKa = 9.9) and is well protonated below pH 8 (see Figure 9).
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However, acid-catalyzed condensation of SA yields oligomers, which have pKa = 6–7 [50]. At close
to neutral pH, further condensation of free monosilicic acid proceeds via reaction with the ionized
silanol groups of the oligomers. Growth of a silica particle proceeds via condensation of successive
monosilicic acid molecules onto the anionic particle surface.

The amine groups of PDMAEMA carry increasing cationic charge when the solution pH is decreased
from pH 8 to pH 6, to a maximum of around 60% (Figure 9). Electrostatic interactions of the weak
polycation with the anionic silanol surface of PSA particles results in inter-polyelectrolyte complexation
and the release of the low molar mass counterions. Condensation of monosilicic acid onto the composite
exterior and aggregation of S-PE particles results in an uneven distribution of the polycation throughout
the volume of the S-PE composite. However, the polymer can also cover the particle surface, forming free
loops and dangling chains. Concerted steric and electrostatic stabilization of the S-PE particles maintains
the observed colloidal state. The dispersible S-PDMAEMA60 nanoparticles prepared at pH 7.8 (66% silica
by mass) and isolated by ultrafiltration, repeated washing with deionized water and freeze-drying, were
revealed by SEM as clusters of spheres.

The stabilizing capacity of PDMAEMA is limited: the polymer begins to act as a flocculant when
the relative amount of SA in solution is increased. Small S-PE composites aggregate to form secondary
“raspberry-like” particles. The hydrophilic surface-to-mass ratio of these aggregates is insufficient for
the stability of the dispersion and results in precipitation of the composite (see Figure 10). SEM of
freeze-dried S-PDMAEMA60 precipitates revealed polydisperse spherical particles of 50–200 nm in
diameter, depending on solution pH at which particle formation was initiated. The mass percentage
of bound silica in the precipitated S-PDMAEMA60 (45%–65%) and S-PDMAEMA60-b-POEGMA38

(53%–57%) nanoparticles varies in the studied range of solution pH, with a maximum close to neutral
conditions (Table 2 and SM Table S4).

The unique contribution of this research is the definition of the conditions of pH under which
silica-polyelectrolyte (S-PE) nanocomposites can be prepared. These are selectively obtained as either
water-stable dispersions or as precipitates. Furthermore, the size of the colloidal S-PE particles is
dependent on the pH at which particle growth was initiated. The S-PE composites are obtained
as spherical nanostructures, harvested from aqueous solutions of the selected precursors under
mild conditions.

Supplementary Materials: The supplementary materials can be found at www.mdpi.com/2073-4360/8/3/96/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

AIBN 2,21-azobisisobutylnitrile (or 2,21-azobis(2-methylpropionitrile))
ATRP atom-transfer radical-polymerization
CPA 4-cyanopentanoic acid dithiobenzoate
CTA chain transfer agent
DLS dynamic light scattering
EBiB ethyl α-bromoisobutyrate
IR infrared spectroscopy
LCPAs long-chain polyamines
NMR nuclear magnetic resonance
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OEGMA oligo(ethylene glycol) methyl ether methacrylate
PDMAEMA poly(2-(dimethylamino)ethyl methacrylate)
PE polyelectrolyte
PMOTAI poly(methacryloxyethyl trimethylammonium iodide)
PSA poly(silicic acid)
RAFT reversible addition fragmentation chain-transfer polymerization
SA silicic acid (”orthosilicic acid, monosilicic acid)
SEC size exclusion chromatography
SEM scanning electron microscopy
SM supplementary materials
S-PE silica-polyelectrolyte (nanocomposite)
SS sodium silicate (sodium water glass)
TBAB tetra-n-butylammonium bromide
TEOS tetraethyl orthosilicate
TGA thermogravimetric analysis
THF tetrahydrofuran
TMOS tetramethyl orthosilicate

References

1. Amo, Y.D.; Brzezinski, M.A. The chemical form of dissolved Si taken up by marine diatoms. J. Phycol. 1999,
35, 1162–1170. [CrossRef]

2. Cha, J.N.; Stucky, G.D.; Morse, D.E.; Deming, T.J. Biomimetic synthesis of ordered silica structures mediated
by block copolypeptides. Nature 2000, 403, 289–292. [PubMed]

3. Matsunaga, S.; Sakai, R.; Jimbo, M.; Kamiya, H. Long-chain polyamines (LCPAs) from marine sponge:
Possible implication in spicule formation. ChemBioChem 2007, 8, 1729–1735. [CrossRef] [PubMed]

4. Kröger, N.; Deutzmann, R.; Sumper, M. Polycationic peptides from diatom biosilica that direct silica
nanosphere formation. Science 1999, 286, 1129–1132. [PubMed]

5. Sumper, M.; Brunner, E. Silica biomineralisation in diatoms: The model organism thalassiosira pseudonana.
ChemBioChem 2008, 9, 1187–1194. [CrossRef] [PubMed]

6. Shimizu, K.; Cha, J.; Stucky, G.D.; Morse, D.E. Silicatein α: Cathepsin L-like protein in sponge biosilica.
Proc. Natl. Acad. Sci. USA 1998, 95, 6234–6238. [CrossRef] [PubMed]

7. Yang, W.; Lopez, P.J.; Rosengarten, G. Diatoms: Self assembled silica nanostructures, and templates for
bio/chemical sensors and biomimetic membranes. Analyst 2011, 136, 42–53. [CrossRef] [PubMed]

8. Pyun, J.; Matyjaszewski, K. Synthesis of nanocomposite organic/inorganic hybrid materials using
controlled/“living” radical polymerization. Chem. Mater. 2001, 13, 3436–3448. [CrossRef]

9. Niskanen, J.; Karesoja, M.; Rossi, T.; Tenhu, H. Temperature and pH responsive hybrid nanoclay grafted
with PDMAEMA. Polym. Chem. 2011, 2, 2027–2036. [CrossRef]

10. Karesoja, M.; McKee, J.; Karjalainen, E.; Hietala, S.; Bergman, L.; Linden, M.; Tenhu, H. Mesoporous silica
particles grafted with poly(ethyleneoxide-block-N-vinylcaprolactam). J. Polym. Sci. Part Polym. Chem. 2013,
51, 5012–5020. [CrossRef]

11. Li, C.; Benicewicz, B.C. Synthesis of well-defined polymer brushes grafted onto silica nanoparticles via
surface reversible addition-fragmentation chain transfer polymerization. Macromolecules 2005, 38, 5929–5936.
[CrossRef]

12. Zhang, Y.; Ye, Z. Covalent surface grafting of branched polyethylenes on silica nanoparticles by
surface-initiated ethylene “living” polymerization with immobilized Pd-diimine catalysts. Macromolecules
2008, 41, 6331–6338. [CrossRef]

13. Wan, Y.; Wang, H.; Zhao, Q.; Klingstedt, M.; Terasaki, O.; Zhao, D. Ordered mesoporous Pd/silica-carbon
as a highly active heterogeneous catalyst for coupling reaction of chlorobenzene in aqueous media. J. Am.
Chem. Soc. 2009, 131, 4541–4550. [CrossRef] [PubMed]

14. Huang, Y.; Deng, W.; Guo, E.; Chung, P.-W.; Chen, S.; Trewyn, B.G.; Brown, R.C.; Lin, V.S.-Y. Mesoporous silica
nanoparticle-stabilized and manganese-modified rhodium nanoparticles as catalysts for highly selective
synthesis of ethanol and acetaldehyde from syngas. ChemCatChem 2012, 4, 674–680. [CrossRef]

http://dx.doi.org/10.1046/j.1529-8817.1999.3561162.x
http://www.ncbi.nlm.nih.gov/pubmed/10659843
http://dx.doi.org/10.1002/cbic.200700305
http://www.ncbi.nlm.nih.gov/pubmed/17683052
http://www.ncbi.nlm.nih.gov/pubmed/10550045
http://dx.doi.org/10.1002/cbic.200700764
http://www.ncbi.nlm.nih.gov/pubmed/18381716
http://dx.doi.org/10.1073/pnas.95.11.6234
http://www.ncbi.nlm.nih.gov/pubmed/9600948
http://dx.doi.org/10.1039/C0AN00602E
http://www.ncbi.nlm.nih.gov/pubmed/20931107
http://dx.doi.org/10.1021/cm011065j
http://dx.doi.org/10.1039/c1py00143d
http://dx.doi.org/10.1002/pola.26928
http://dx.doi.org/10.1021/ma050216r
http://dx.doi.org/10.1021/ma8008806
http://dx.doi.org/10.1021/ja808481g
http://www.ncbi.nlm.nih.gov/pubmed/19275234
http://dx.doi.org/10.1002/cctc.201100460


Polymers 2016, 8, 96 18 of 19

15. Qu, Z.; Hu, F.; Chen, K.; Duan, Z.; Gu, H.; Xu, H. A facile route to the synthesis of spherical poly(acrylic acid)
brushes via RAFT polymerization for high-capacity protein immobilization. J. Colloid Interface Sci. 2013, 398,
82–87. [CrossRef] [PubMed]

16. Meng, H.; Xue, M.; Xia, T.; Zhao, Y.-L.; Tamanoi, F.; Stoddart, J.F.; Zink, J.I.; Nel, A.E. Autonomous in vitro
anticancer drug release from mesoporous silica nanoparticles by pH-sensitive nanovalves. J. Am. Chem. Soc.
2010, 132, 12690–12697. [CrossRef] [PubMed]

17. Suzuki, N.; Zakaria, M.B.; Chiang, Y.-D.; Wu, K.C.-W.; Yamauchi, Y. Thermally stable polymer composites
with improved transparency by using colloidal mesoporous silica nanoparticles as inorganic fillers.
Phys. Chem. Chem. Phys. 2012, 14, 7427. [CrossRef] [PubMed]

18. Taniguchi, T.; Obi, S.; Kamata, Y.; Kashiwakura, T.; Kasuya, M.; Ogawa, T.; Kohri, M.; Nakahira, T.
Preparation of organic/inorganic hybrid and hollow particles by catalytic deposition of silica onto core/shell
heterocoagulates modified with poly[2-(N,N-dimethylamino)ethyl methacrylate]. J. Colloid Interface Sci. 2012,
368, 107–114. [CrossRef] [PubMed]

19. Taniguchi, T.; Kashiwakura, T.; Inada, T.; Kunisada, Y.; Kasuya, M.; Kohri, M.; Nakahira, T.
Preparation of organic/inorganic composites by deposition of silica onto shell layers of polystyrene
(core)/poly[2-(N,N-dimethylamino)ethyl methacrylate] (shell) particles. J. Colloid Interface Sci. 2010, 347,
62–68. [CrossRef] [PubMed]

20. Cha, J.N.; Shimizu, K.; Zhou, Y.; Christiansen, S.C.; Chmelka, B.F.; Stucky, G.D.; Morse, D.E. Silicatein
filaments and subunits from a marine sponge direct the polymerization of silica and silicones in vitro.
Proc. Natl. Acad. Sci. USA 1999, 96, 361–365. [CrossRef] [PubMed]

21. Perry, C.C. Silicification: The processes by which organisms capture and mineralize silica.
Rev. Mineral. Geochem. 2003, 54, 291–327. [CrossRef]

22. Knoblich, B.; Gerber, T. Aggregation in SiO2 sols from sodium silicate solutions. J. Non-Cryst. Solids 2001,
283, 109–113. [CrossRef]

23. Knoblich, B.; Gerber, T. The arrangement of fractal clusters dependent on the pH value in silica gels from
sodium silicate solutions. J. Non-Cryst. Solids 2001, 296, 81–87. [CrossRef]

24. Preari, M.; Spinde, K.; Lazic, J.; Brunner, E.; Demadis, K.D. Bioinspired insights into silicic acid stabilization
mechanisms: The dominant role of polyethylene glycol-induced hydrogen bonding. J. Am. Chem. Soc. 2014,
136, 4236–4244. [CrossRef] [PubMed]

25. Danilovtseva, E.; Aseyev, V.; Karesoja, M.; Annenkov, V. Sorption of silicic acid from non-saturated aqueous
solution by a complex of zinc ions with poly(vinylamine). Eur. Polym. J. 2009, 45, 1391–1396. [CrossRef]

26. Si, M.; Feng, D.; Qiu, L.; Jia, D.; Elzatahry, A.A.; Zheng, G.; Zhao, D. Free-standing highly ordered mesoporous
carbon-silica composite thin films. J. Mater. Chem. A 2013, 1, 13490. [CrossRef]

27. Rao, K.S.; El-Hami, K.; Kodaki, T.; Matsushige, K.; Makino, K. A novel method for synthesis of silica
nanoparticles. J. Colloid Interface Sci. 2005, 289, 125–131. [CrossRef] [PubMed]

28. Zhang, X.; Li, Y.; Cao, C. Facile one-pot synthesis of mesoporous hierarchically structured silica/carbon
nanomaterials. J. Mater. Chem. 2012, 22, 13918. [CrossRef]

29. Kawashima, D.; Aihara, T.; Kobayashi, Y.; Kyotani, T.; Tomita, A. Preparation of mesoporous carbon from
organic polymer/silica nanocomposite. Chem. Mater. 2000, 12, 3397–3401. [CrossRef]

30. Park, S.K.; Kim, K.D.; Kim, H.T. Preparation of silica nanoparticles: Determination of the optimal synthesis
conditions for small and uniform particles. Colloids Surf. Physicochem. Eng. Asp. 2002, 197, 7–17. [CrossRef]

31. Pálmai, M.; Nagy, L.N.; Mihály, J.; Varga, Z.; Tárkányi, G.; Mizsei, R.; Szigyártó, I.C.; Kiss, T.; Kremmer, T.;
Bóta, A. Preparation, purification, and characterization of aminopropyl-functionalized silica sol. J. Colloid
Interface Sci. 2013, 390, 34–40. [CrossRef] [PubMed]

32. Avnir, D.; Coradin, T.; Lev, O.; Livage, J. Recent bio-applications of sol–gel materials. J. Mater. Chem. 2006, 16,
1013–1030. [CrossRef]

33. Ferrer, M.L.; del Monte, F.; Levy, D.A. Novel and simple alcohol-free sol-gel route for encapsulation of labile
proteins. Chem. Mater. 2002, 14, 3619–3621. [CrossRef]

34. Nelson, D.M.; Tréguer, P.; Brzezinski, M.A.; Leynaert, A.; Quéguiner, B. Production and dissolution of
biogenic silica in the ocean: Revised global estimates, comparison with regional data and relationship to
biogenic sedimentation. Glob. Biogeochem. Cycles 1995, 9, 359–372. [CrossRef]

35. Treguer, P.; Nelson, D.M.; Van Bennekom, A.J.; DeMaster, D.J.; Leynaert, A.; Queguiner, B. The silica balance
in the world ocean: A reestimate. Science 1995, 268, 375–379. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jcis.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23506746
http://dx.doi.org/10.1021/ja104501a
http://www.ncbi.nlm.nih.gov/pubmed/20718462
http://dx.doi.org/10.1039/c2cp40356k
http://www.ncbi.nlm.nih.gov/pubmed/22531880
http://dx.doi.org/10.1016/j.jcis.2011.11.077
http://www.ncbi.nlm.nih.gov/pubmed/22197056
http://dx.doi.org/10.1016/j.jcis.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20356604
http://dx.doi.org/10.1073/pnas.96.2.361
http://www.ncbi.nlm.nih.gov/pubmed/9892638
http://dx.doi.org/10.2113/0540291
http://dx.doi.org/10.1016/S0022-3093(01)00356-8
http://dx.doi.org/10.1016/S0022-3093(01)00871-7
http://dx.doi.org/10.1021/ja411822s
http://www.ncbi.nlm.nih.gov/pubmed/24564240
http://dx.doi.org/10.1016/j.eurpolymj.2009.01.002
http://dx.doi.org/10.1039/c3ta12925j
http://dx.doi.org/10.1016/j.jcis.2005.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15913636
http://dx.doi.org/10.1039/c2jm32723f
http://dx.doi.org/10.1021/cm000435l
http://dx.doi.org/10.1016/S0927-7757(01)00683-5
http://dx.doi.org/10.1016/j.jcis.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23068887
http://dx.doi.org/10.1039/B512706H
http://dx.doi.org/10.1021/cm025562r
http://dx.doi.org/10.1029/95GB01070
http://dx.doi.org/10.1126/science.268.5209.375
http://www.ncbi.nlm.nih.gov/pubmed/17746543


Polymers 2016, 8, 96 19 of 19

36. Hildebrand, M.; Volcani, B.E.; Gassmann, W.; Schroeder, J.I. A gene family of silicon transporters. Nature
1997, 385, 688–689. [CrossRef] [PubMed]

37. Thamatrakoln, K.; Alverson, A.J.; Hildebrand, M. Comparative sequence analysis of diatom silicon
transporters: Toward a mechanistic model of silicon transport. J. Phycol. 2006, 42, 822–834. [CrossRef]

38. Choi, O.; Kim, B.-C.; An, J.-H.; Min, K.; Kim, Y.H.; Um, Y.; Oh, M.-K.; Sang, B.-I. A biosensor based on
the self-entrapment of glucose oxidase within biomimetic silica nanoparticles induced by a fusion enzyme.
Enzyme Microb. Technol. 2011, 49, 441–445. [CrossRef] [PubMed]

39. Brott, L.L.; Naik, R.R.; Pikas, D.J.; Kirkpatrick, S.M.; Tomlin, D.W.; Whitlock, P.W.; Clarson, S.J.; Stone, M.O.
Ultrafast holographic nanopatterning of biocatalytically formed silica. Nature 2001, 413, 291–293. [CrossRef]
[PubMed]

40. Luckarift, H.R.; Spain, J.C.; Naik, R.R.; Stone, M.O. Enzyme immobilization in a biomimetic silica support.
Nat. Biotechnol. 2004, 22, 211–213. [CrossRef] [PubMed]

41. Nam, D.H.; Lee, J.-O.; Sang, B.-I.; Won, K.; Kim, Y.H. Silaffin peptides as a novel signal enhancer for
gravimetric biosensors. Appl. Biochem. Biotechnol. 2013, 170, 25–31. [CrossRef] [PubMed]

42. Brunner, E.; Lutz, K.; Sumper, M. Biomimetic synthesis of silica nanospheres depends on the aggregation and
phase separation of polyamines in aqueous solution. Phys. Chem. Chem. Phys. 2004, 6, 854–857. [CrossRef]

43. Annenkov, V.V.; Danilovtseva, E.N.; Pal’shin, V.A.; Aseyev, V.O.; Petrov, A.K.; Kozlov, A.S.; Patwardhan, S.V.;
Perry, C.C. Poly(vinyl amine)-silica composite nanoparticles: Models of the silicic acid cytoplasmic pool and
as a silica precursor for composite materials formation. Biomacromolecules 2011, 12, 1772–1780. [CrossRef]
[PubMed]

44. Chiefari, J.; Chong, Y.K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.P.T.; Mayadunne, R.T.A.; Meijs, G.F.; Moad, C.L.;
Moad, G.; et al. Living free-radical polymerization by reversible addition-fragmentation chain transfer:
The RAFT process. Macromolecules 1998, 31, 5559–5562. [CrossRef]

45. Sahnoun, M.; Charreyre, M.-T.; Veron, L.; Delair, T.; D’Agosto, F. Synthetic and characterization aspects of
dimethylaminoethyl methacrylate reversible addition fragmentation chain transfer (RAFT) polymerization.
J. Polym. Sci. Polym. Chem. 2005, 43, 3551–3565. [CrossRef]

46. Wang, J.-S.; Matyjaszewski, K. Controlled/“living” radical polymerization. atom transfer radical
polymerization in the presence of transition-metal complexes. J. Am. Chem. Soc. 1995, 117, 5614–5615.
[CrossRef]
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