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Abstract: The incorporation of nanoparticles into soft matrices opens a broad spectrum of novel
property combinations. However, one of the major challenges for these systems remains the
compatibilization of particles with the surrounding matrix by proper surface functionalization.
For silicon-based systems or liquid crystalline phases, polydimethylsiloxane (PDMS) brushes at
the surface of particles increase the stability against particle agglomeration in such systems. Here,
we report a novel approach for the functionalization of particles with a polysiloxane brush by
surface-initiated ring-opening polymerization of a cyclosiloxane. For this purpose, surface hydroxy
groups of silica and silica-coated hematite particles are used as initiators in combination with
phosphazene bases as catalysts. The ring–chain equilibrium of a model-based solution polymerization
is investigated in detail to find the appropriate reaction parameters. The corresponding molar
masses are determined and compared by 1H-NMR and SEC measurements to confirm the underlying
mechanism. In the resulting hybrid nanostructures, a covalently bound PDMS fraction is achieved up
to 47 mass %.
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1. Introduction

Soft hybrid nanocomposites based on both organic and inorganic components attract considerable
attention since they open the pathway to combine fundamentally different functions and functionalities
in one material, and thus enable the design of novel smart devices. By tailoring the properties of the
utilized nanostructures, e.g., inorganic nanoparticles and organic or polymeric matrices), the material
can be responsive to various magnetic, electric and mechanical stimuli.

Strong coupling effects in these hybrid nanocomposites, material stability and reversibility
thereby significantly depend on the stability of the particles against phase separation. Today, surface
functionalization of inorganic nanoparticles is a common stabilization route and thus is a key for the
fabrication of soft nanocomposites. Here, the surface modification with covalently bound polymer
layers or brushes is a particularly successful compatibilization method when it comes to well-defined
systems [1–10].

In general, the choice of the type of polymer for the particle compatibilization with its environment
needs to be adapted to the final composite matrix. For hydrophobic materials, such as silicones or liquid
crystalline phases, polydimethylsiloxane (PDMS) brushes created by a “grafting-to” process are shown
to be suitable coatings to increase the stability of the system [7,11–14]. In contrast, end-tethered polymer
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brushes that are created by surface-initiated polymerization (SIP, “grafting-from”) can be much denser,
and if properly controlled, of significant thickness. In a grafting-from process, linear polymer chains
are generated by direct growth. SIP can be divided into surface-confined and non-confined processes,
where apart from surface-attached polymers, free polymers are also formed, and are now reported for
use in a wide range of monomers. The main mechanisms include controlled radical polymerization
(styrene [15], methyl methacrylate [16]) and ring-opening polymerization (ε-caprolactone [10,17–19],
p-dioxanone [8], lactide [2,20]). However, for the ring-opening polymerization of cyclosiloxanes, up to
now, to our knowledge a SIP has not been reported yet, although it opens a wide range of future
options for functional nanoparticle coatings.

There are various pathways for the synthesis of PDMS, generally classified into step polymerization
of end-functional oligosiloxanes and chain ring-opening polymerization of cyclosiloxanes [21,22].
A suitable mechanism for the generation of a PDMS brush by SIP has to fulfill a number of requirements.
First of all, the pathway has to be free of branching or crosslinking side reactions, in particular the
latter, which can lead to particle agglomeration. In addition, it is essential to possess an exclusive or at
least competitive surface initiation process. Chain transfer reactions, if any, in addition, should not lead
to a loss of end group control. These requirements are not in agreement with step-growth mechanisms
as they possess only statistical end group control [23]. Further, for platinum-catalyzed hydrosilylation
reactions, crosslinking side reactions are frequently reported [24]. As a feasible process for the
surface-initiated polymerization towards polysiloxanes, anionic ring-opening (ROP) polymerization
of cyclosiloxanes is a promising method, as it allows the creation of linear macromolecules with
predefined end groups.

The bulk- or solution-based ring-opening polymerization of cyclosiloxanes is well-investigated,
and is generally performed under acidic or basic conditions. [21,25–34]. For cationic ROP, various
strong protonic acids such as sulfuric acid, triflourmethane sulfonic acid [25,27,30] or Lewis acids such
as ferric chloride or tris(pentafluorophenyl)borane [28,35] are employed together with a low molecular
linear siloxane used and as chain-controllers leading to high molar masses with good reaction control.
However, in order to be useful in an SI–ROP, a surface-attached chain controller would be required that
is experimentally difficult to access due to the ease of condensation between different adjacent siloxane
groups in confinement. In comparison, an anionic ROP mechanism catalyzed by strong inorganic
or organic nucleophilic bases is better suited for the purpose. Usually, alkali metal hydroxides such
as KOH, alcoholates, silonates or lithium organyls are used as initiators/catalysts. It is well known
that, this way, high-molecular polymers with excellent end group control are accessible [31,36,37].
The polymerization rate strongly depends on the size of the cation [21,26]. However, the use of these
initiators/catalysts involves problems like low solubility, long reaction times and the requirement
for high temperatures [36,38]. Molenberg et al. [39,40] reported a fast and effective catalytic system
for these monomers using the organophilic phosphazene bases developed by Schwesinger and
Schlemper [41,42] as catalysts. Phosphazene bases in combination with alcohols form very soft and
large cations with a great solubility in apolar solvents. Compared to other catalysts, this system
polymerizes cyclosiloxanes fast and under very mild conditions [37,39,43]. For SI–ROP, it is useful that
the end group control inherent to the mechanism allows initiation from surface-attached, deprotonated
hydroxyl groups. Owing to the strong basicity of the basic form and the large size of the conjugate
acid cation, phosphazene bases are identified as the most promising concept towards the SI–ROP
of cyclosiloxanes.

We here report a novel route towards the surface-initiated functionalization of SiO2-coated
nanoparticles with PDMS brushes using octamethylcyclotetrasiloxane (M4) as a monomer. In this
process, we employ inherent surface hydroxy groups as the initiator species, and a phosphazene base
as catalyst. We investigate suitable reaction parameters in a model, solution-based polymerization and
compare two different base catalysts, P4-t-Bu and P2-t-Bu. We show that surface hydroxy groups of
silica (SiO2) and silica-coated hematite (SiO2@α-Fe2O3) particles in combination with phosphazene
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bases initiate the ROP of M4, and demonstrate how to modify the reaction conditions to increase the
PDMS content.

2. Materials and Methods

2.1. Chemicals

Iron (III) chloride hexahydrate (FeCl3·6H2O, 99%), tetramethylammonium hydroxide (TMAH,
25% in water), 2,2-dimethyl-1-propanol (NOH, 99%), 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-
bis[tris(dimethylamino)-phosphoranylidenamino]-2λ5,4λ5-catenadi(phosphazene) (P4-t-Bu, 0.8 M
in hexane), 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene) (P2-t-Bu,
2 M in THF) and clorotrimethylsilane (CTMS, 98%) were purchased from Sigma Aldrich (Darmstadt,
Germany). Octamethylcyclosiloxane (M4, 99%), tetraethylorthosilicate (TEOS, 99.9%) and ammonium
hydroxide solution (NH4OH, 25 wt % in water) were obtained from ABCR (Karlsruhe, Germany).
Sodium dihydrogen phosphate monohydrate (NaH2PO4·H2O, 98%) was bought from Alfa Asear
(Kandel, Germany). L-arginine (99%) was purchased from TCI. Toluene (HPLC) and calcium hydride
(CaH2, 93%) were brought from Acros Organics (Geel, Belgium). Ethanol (HPLC), methanol (HPLC),
acetone (HPLC), cyclohexane (HPLC), iron (III) nitrate nonahydrate (Fe(NO3)3, laboratory reagent
grade) and technical nitric acid (HNO3, 65 wt % in water) were purchased from Fisher Scientific
(Schwerte, Germany). Deuterated chloroform (CDCl3) was obtained from Eurisotop (Saarbrücken,
Germany). Citric acid monohydrate (≥99.5%) was bought from Jungbunzlauer GmbH (Ladenburg,
Germany). M4 was distilled from CaH2. Toluene distilled over CaCl2. Other chemicals were used
as received.

2.2. Instrumentation

1H-NMR spectra were taken on a Bruker Advance III 499 spectrometer (Billerica, Massachusetts)
in CDCl3 at 499.2 MHz. Size exclusion chromatography (SEC) was performed with toluene as
eluent on an SEC system from hs-GmbH with a four-column system of MZ-Analysetechnik (Mainz,
Germany) with MZ-gel SD plus as the stationary phase, using a RI2012 reflective index detector
from Schambeck (Bad Honnef, Germany) and multi-angle static light scattering (MALLS) detector
Dark 4 from Consenxus (Ober-Hilbersheim, Germany) with a wavelength of 420 nm The system was
calibrated using polystyrene standards, and the initial results were recalculated using the universal
calibration approach based on the Mark–Houwink method (KPDMS = 8.28 × 10−3 mL·g−1; α = 0.72,
KPS = 8.50 × 10−3 mL·g−1; α = 0.74) [44,45]) Transmission electron microscopy (TEM) images were
taken using a Zeiss LEO 912 Omega (Jena, Germany). Elemental analyses of the amount of nitrogen,
carbon and hydrogen were observed on an Elementar Vario EL (Langenselbold, Germany). IR spectra
were measured on a Shimadazu IR Affinity-1 FT-IR spectrometer (Duisburg, Germany) using the total
reflectance technique (ATR). Thermogravimetric analysis (TGA) of carefully vacuum-dried samples
were performed on Perkin Elmer STA 6000 (Rodgau, Germany). After the samples were equilibrated
at 30 ◦C for 10 min, they were heated to 800 ◦C with a heating rate of 10 K·min−1. Water contents
of solutions and compounds were measured on a 756 KF Coulometer from Metrohm (Fliderstadt,
Germany).

2.3. Synthetic Procedures

2.3.1. ROP of M4 Initiated by NeOH

General procedure: Under an argon atmosphere, 500 µL of the monomer M4 was dissolved in the
appropriate volume of toluene (see below). The reaction was started by adding the initiator NeOH and
an equivalent amount of the catalyst solution (P4-t-Bu or P2-t-Bu in hexane). After 10 min of stirring at
ambient temperature, the reaction was quenched with an excess of CTMS. The polymer was obtained
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by precipitation in ice cold MeOH for two times and centrifugation at 7000 rpm for 10 min. Volatile
residues were removed by carefully drying in a vacuum at 90 ◦C.

Series 1: The molar monomer-to-initiator ratio was kept at nM/nI = 25, and the initial monomer
concentration was varied between [M4]0 = 0.45 mol·L−1 and [M4]0 = 1.50 mol·L−1. The reaction was
performed with P4-t-Bu as catalyst.

Series 2: The molar monomer-to-initiator was varied between nM/nI = 5 and nM/nI = 50 and the
monomer concentration was kept constant at [M4]0 = 0.96 mol·L−1. The reactions were performed
with both P4-t-Bu and P2-t-Bu as catalysts, respectively.

1H-NMR (499 MHz, CDCl3): δ [ppm] = 3.28 (s, 2H), 0.87 (s, 9H), 0.07 (s, Si–CH3). The molar mass
was calculated using the integral for the Si–CH3 A0.07ppm, the molar masses of M4 and the deprotonated
species of NeOHand Equation (1)

Mn,NMR =
3 · A0.07ppm

8 · A0.87ppm
·MM4 + MNeO− (1)

2.3.2. Synthesis of SiO2 Nanoparticles

Silica (SiO2) nanoparticles were synthesized using a modified Stöber process [46]. 362 mg
(2.08 mmol) L-(+)-Arginin was solved in 276 mL water and 18 mL cyclohexane. The mixture was
heated to 60 ◦C and 22 mL (99.27 mmol) TEOS were added. After stirring for 20 h at 60 ◦C and cooling
to room temperature, the organic phase was separated and the aqueous phase was reduced to ~30 mL
under reduced pressure. The particles were precipitated with ~150 mL acetone and collected via
centrifugation at 8500 rpm for 15 min. SiO2 particles were washed four times with ethanol. Finally,
the particles were transferred to toluene.

2.3.3. Synthesis of SiO2@Fe2O3 Spindle-Shaped Nanoparticles

Spindle-like hematite (Fe2O3) particles were obtained via the hydrothermal method based on the
synthetic route of Ozaki et al. [47]. In a three-necked flask with a reflux condenser, 1 L of distilled
water was heated to 100 ◦C. After the water reached 100 ◦C, first 0.07176 g NaH2PO4·H2O in 120 mL
water and then 7.015 g FeCl3·6H2O dissolved in 150 mL water was added to the reaction mixture.
The solution was stirred under reflux for 72 h. After cooling to room temperature, the particles were
collected via centrifugation (7000 rpm, 15 min) and washed with water five times. Finally, the particles
were dispersed in water. The particles were electrostatically stabilized with citric acid following the
protocol of Wagner et al. [48]. To a 35 mL solution of α-Fe2O3 in water, 30 mL of 2 M HNO3 was
added and stirred 5 min at room temperature. Afterwards, 30 mL of an aqueous solution of Fe(NO3)3

(0.35 M) was added and the reaction was stirred to reflux for 1 h. After cooling to room temperature,
the particles were collected via centrifugation (7000 rpm, 15 min) and washed one time with 2 M HNO3

and three times with water. To the resulting dispersion of Fe2O3 in water, 0.1 M citric acid solution was
added dropwise until the particles precipitate, followed by the addition of tetramethylammonium
hydroxide to set the pH to 8–9. Finally, the particles were washed two times with water.

Core-shell particles SiO2@Fe2O3 were synthesized based on the routes of Philipse [49] and
Wagner [48]. One gram of Fe2O3 particles was dispersed in a mixture of 167 mL water, 667 mL EtOH
and 21 mL NH4OH-solution. The mixture was treated in the ultrasonic bath while 914 µL TEOS were
added in two aliquots with a time delay of 10 min between the aliquot. After a further 10 min in the
ultrasonic bath, the reaction was allowed to stir overnight at room temperature. The particles were
collected via centrifugation (7000 rpm, 15 min) and washed five times with EtOH. Finally, the particles
were transferred to toluene by collecting the particles via centrifugation (7000 rpm, 15 min) and
dispersing into toluene.
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2.3.4. SI–ROP of M4

General procedure: Under argon atmosphere, 50 mg of SiO2 or SiO2@Fe2O3 particles dispersed in
the appropriate volume of toluene were mixed with P4-t-Bu. After adding the respective amount of
monomer M4, the mixture was allowed to stir for at least 24 h and quenched with an excess of CTMS.
The particles were then collected via centrifugation (8500 rpm, 10 min), washed six times with toluene
and dried in vacuo. The supernatant of each washing process was collected and precipitated into cold
MeOH to quantify and analyze free PDMS. The used amounts of reactants for the different reaction
series were described in the following.

Series 3: 50 milligrams of SiO2 were dispersed in varying amounts of toluene to reach a final
monomer concentration [M4]0 between 0.57 mol·L−1 and 2.57 mol·L−1. The monomer-to-initiator ratio
was kept constant using 607 µL of M4 and 28 µL P4-t-Bu-solution.

Series 4: 50 milligrams of SiO2@Fe2O3 were dispersed in varying amounts of toluene to reach a
final monomer concentration [M4]0 between 0.57 mol·L−1 and 2.57 mol·L−1. The monomer-to-initiator
ratio was kept constant by using a constant amount of 607 µL of M4 and 8 µL P4-t-Bu-solution.

Series 5: 50 milligrams of SiO2 were dispersed in 820 µL toluene and mixed with a 28 µL P4-t-Bu
solution. The amount of M4 was varied to reach a final monomer concentration [M4]0 between
0.45 mol·L−1 and 1.49 mol·L−1.

Series 6: 50 milligrams of SiO2@Fe2O3 were dispersed in 230 µL toluene and mixed with an
8 µL P4-t-Bu solution. The amount of M4 was varied to reach final monomer concentrations between
[M4]0 = 0.45 mol·L−1 and [M4]0 = 1.49 mol·L−1.

Series 7: For the kinetic investigation, 400 mg SiO2 particles were dispersed in 6.5 mL toluene and
mixed with 226 µL P4-t-Bu solution and 5.6 mL M4. After appropriate periods of time samples were
taken and immediately introduced to a vial containing toluene and an excess of CTMS.

3. Results

3.1. Parameter Evaluation in Model Solution-Based Polymerization

For the formation of a well-defined polymer brush on the surface of nanoparticles or flat interfaces,
the surface-initiated polymerization suitable grafting-from process is a powerful tool. The process
involves the provision of appropriate surface-attached functional groups that serve as initiators, and a
catalyst with appropriate selectivity. Further, the polymerization mechanism should possess the
appropriate characteristics in order to allow proper control of the process. In particular, it is essential to
exclude side reactions that would lead to crosslinking and thus imperfect surface brushes. In addition,
it is desirable to understand and control the relation between surface-bound and free polymer, in cases
that the latter cannot be excluded.

In the case of poly(dimethylsiloxane) and related polymers, the ring-opening polymerization
of cyclosiloxanes is principally a suitable mechanism, as it enables a chain-type polymerization
in the absence of branching side reactions. Suitable initiating groups include mostly hydroxy
moieties or other weak acids that are transferred to the initiator anion in the presence of a suitable
base. In combination with alcohols, phosphazene bases are found to be highly efficient catalysts for
ring-opening polymerization of cyclosiloxanes in organic solvents by proton abstraction and formation
of a large and soft counterion [37,39,40,50]. Accordingly, the combination of (surface-bound) hydroxy
groups with a phosphazene base seems to be a suitable approach for the development of a method to
create end-functional PDMS chains and PDMS-based polymer brushes. The general reaction scheme
and the respective chain polymerization mechanism is shown for the case of neopentyl alcohol in
Scheme 1.
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Scheme 1. Mechanism of the ring-opening (ROP) of M4 initiated by NeOH and phosphazene base.

The mechanism of this reaction is well-elaborated [26,32,33,51]. The phosphazene base and the
initiating alcohol form a phosphazenium alcoxide (initiating species I) which rapidly initiates the
polymerization by nucleophilic attack at the silicon atom of a cyclic monomer M4 and formation into a
phosphazenium silonate. This silanolate (active species) can open more monomer rings and thereby
the active chain is extended. The reaction possesses several side reactions such as the formation of
macrocycles. Because the propagation of the chains is reversible also backbiting of active centers with
its own chain is possible. Thus, the reaction is a thermodynamically controlled ring–chain equilibration
reaction between active linear polymer chains (Cn*) and ring species (Mx) with x monomeric units
as described by the Jacobson-Stockmayer theory [33,50,52–54] and shown in Scheme 2. Numerous
earlier works [21,26,33,53] have demonstrated that the anionic ROP of cyclosiloxanes can be seen as an
excellent model system for this theory.
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Scheme 2. Ring–chain equilibrium in the anionic ring-opening polymerization of cyclosiloxanes. One
monomeric unit M represents one -SiO(CH3)2- unit, while n and x give the numbers of repeating units
in linear chains and ring molecules.

The concentration of active polymer chains can be assumed to be equal to the amount of added
initiator, because alcohol and base are utilized in an equal amount. In general, the equilibrium constant
Kx for a cycle monomer with x repeating units Mx is given by [21,33]

Kx =
[Cn−x

∗]·[Mx]

[Cn∗]
(2)

where [Mx] is the concentration of cyclosiloxane rings with x repeating units and [Cn
∗] and [Cn−x

∗] are
the concentration of active polymer chains with n and (n-x) repeating units, respectively.
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For a Flory distribution of chain lengths in the linear part of the equilibrium, Equation (2) reduces
to [21,33]

Kx =
[Mx]

px (3)

with p as the extent of functional groups in the chain polymer, which for the present system can be
described by the polymerization degree Xn as [21,33]

p = 1−
1

Xn
(4)

For practical reasons, in the following, the equilibrium constant is considered as effective
equilibrium constant Ke f f for the formation of every x-meric ring with x being a small number [21].
Based on the ring chain equilibrium, the final mass-related yield Φ of the linear polymer chains is
determined by

Φ = 1−
[Mx]eq ·Mx

[M4]0 ·M4
. (5)

= 1−
Ke f f · p

xe f f

[M4]0
·

Mx

M4
(6)

with the initial monomer concentration [M4]0, the molar mass of the applied monomer M4 and the
average molar mass of rings in the equilibrium Mx. Thus, the yield of the obtained linear polymer
strongly depends on the initial monomer concentration. A simple way to experimentally confirm the
relation in Equation (4) for M4 in toluene catalyzed by P4-t-Bu is to vary [M4]0 on the one hand and
monomer to initiator ratio nM/nI on the other hand.

With the yield and Mn obtained by SEC measurements the equilibrium polymer concentration
[C]eq and ring concentration [Mx]eq can be calculated according to Equations (7) and (8), respectively.

[C]eq =
Φ · [M4]0 ·M4

Mn
(7)

[Mx]eq ≈ [M4]0 · (1−Φ) = [M4]0 −
[C]eq ·Mn

M4
(8)

In order to find suitable parameters for the surface-initiated ring-opening polymerization of
M4; the ring–chain equilibrium as well as the possibility for molar mass control is investigated on
a model solution-based polymerization. As a model initiator, 2,2-dimethyl-1-propanol (neopentyl
alcohol, NeOH) is chosen to get access to the obtained molar mass Mn by end group analysis of
1H-NMR. Additionally, the molar mass distribution is determined by SEC relative to PS standards
under application of the Mark–Houwink relationship.

3.1.1. Ring–Chain Equilibrium

The influence of the initial monomer concentration on the ring–chain equilibrium of the
solution-based model reaction is investigated to find a suitable concentration regime for the SI–ROP.
Therefore, the ROP of M4 is investigated using P4-t-Bu as catalysts, NeOH as initiator and toluene
as a solvent in different monomer concentrations. While silanols would principally be an apparently
obvious alternative to serve as model initiators, they hold the general drawback to tendentially dimerize.
In one set of experiments, the monomer-to-initiator ratio is kept constant at nM/nI = 25 (Series 1). After
the equilibrium is reached, the base is removed by quenching the reactive silanolate end group with
chlorosilane. Low molecular oligomers and rings are separated from linear polymers and macrocycles
by precipitation in cold MeOH.

From Equation (5), the yield Φ is expected to decrease with a decreasing monomer concentration.
In Figure 1a, the yield is plotted as a function of the reciprocal initial monomer concentration. With
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an increasing dilution, the ring–chain equilibrium shifts to the side of cycles, and the obtained
yield decreases linearly until a critical monomer concentration [M4]0 is reached. Below this
cut-off-concentration, virtually no polymer chains are formed. From the intercept at Φ = 0, the cut-off

concentration can be determined to be [M4]# = 0.45 mol·L−1. This information is important for the
identification of the suitable concentration regime for the SI–ROP. From the slope of the graph, we learn
that dΦ

d[M4]
−1
0

= [Mx]eq·
Mx
M4

= 0.43 mol·L−1 which is close to the result for [M4]#. From Equation (3),

it follows that [Mx]eq ≈ [M4]
# for not too short polymers (p→ 1) and x being a small number. Thus,

Mx
M4

is close to 1 and mostly small rings with four to six repeating units are formed.
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3.1.2. Molar Mass Control

The ring–chain equilibrium is known to hamper the control of molar mass [26,31]. The control of
molar mass is investigated by performing the ROP of M4 with P4-t-Bu (B) as catalysts and NeOH as
initiator at constant monomer concentration ([M4]0 = 0.96 mol·L−1) for different nM/nI ratios (Series 2).
The molar mass of the polymer after precipitation is determined using end group analysis of 1H-NMR
and SEC (see Figures S1–S4). The obtained Mn,NMR and Mn,SEC as functions of the theoretically
determined molar mass Mn,theo are shown in Figure 1c. The yields in the expected regime for the
chosen monomer concentration and Mn obtained by 1H-NMR are in good agreement with Mn obtained
by SEC. In general, for the chosen nM/nI regime, the final molar mass is close to the value of Mtheo

which is calculated based on the employed nM/nI ratio. Only for very small nM/nI ratios is the molar
mass control is less optimal, because low molar mass polymers are separated from the product during
the purification step as they do not precipitate into cold MeOH.

With the molar masses and Equation (8), the equilibrium ring concentration [Mx]eq is determined
for each nM/nI ratio. According to Equation (3), an effective number of monomeric units xe f f can be
obtained from the slope of the linear fit from the plot of log([Mx]eq) as a function of log(p) as shown
in Figure 1b. For the present system, a value of xeff = 4.63 is obtained. Thus, mostly rings with four
and five siloxane units are formed in the ROP of M4 as already assumed in Section 3.1.2. Moreover,
from the intercept, a value for Ke f f = 0.47 mol·L−1 is obtained, which is thus similar to the cut-off

concentration [M0]# as determined from the results from experimental Series 1 and as again would be
expected from Equation (2) with p ~ 1 and x as a small number.

Since the polymerization rate for the ROP of cyclosiloxanes increases with the size of the
counterion [21,26], the performance of two different phosphazene bases, P4-t-Bu (ionic radius =



Polymers 2020, 12, 787 9 of 19

4.7 Å [55], pKBH+ = 41.9 [56]) and P2-t-Bu (ionic radius = 3.3 Å [55], pKBH+ = 33.5 [56]), is investigated.
The ROP of M4 is performed in toluene at constant monomer concentration (([M4]0 = 0.96 mol·L−1)
with P4-t-Bu and P2-t-Bu (B’), respectively, and varying nM/nI. Figure 1c shows the molar masses as
a function of Mn,theo. The yield does not show a significant change with respect to the initial nM/nI
ratio for both catalysts and is in the expected regime according to the chosen monomer concentration.
However, the catalysts differ in the resulting molar mass. Whereas for P4-t-Bu, Mn,NMR is in good
agreement with Mn,SEC, Mn,NMR is constantly higher than Mn,SEC. By using the model of end group
analysis, we compare the signal for the CH3-group of the initiator NeOH with the signal of the Si-CH3

group assuming that every polymer chain possesses the same initiating group. The high Mn,NMR

indicates the presence of macrocycles or another initiator, possibly due to water residues in the P2-t-Bu
solution, as water in combination with strong bases is known to initiate the ROP of cyclosiloxane [36,38].
Consequently, the study focuses on the employment of P4-t-Bu as a catalyst in the following.

3.2. Surface-Initiated Ring-Opening Polymerization

The knowledge of the anionic ROP catalyzed by phosphazene bases is used to develop a novel
route for the surface functionalization of nanoparticles with PDMS brushes. The polymerization is
initiated by functional groups at the surface of the nanoparticles as presented in Scheme 3.
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Scheme 3. Base catalyzed surface-initiated (SI)–ROP of M4 initiated by SiO2 surface of NP.

Instead of alcohols, surface hydroxy groups are used as initiators. The SI–ROP is performed
on SiO2 and SiO2 coated spindle-like Fe2O3 particles, because the silica surface naturally contains
hydroxy groups.

SiO2 particles are synthesized by decomposition of TEOS using a modified Stöber process [46].
Core-shell particles SiO2@Fe2O3 are prepared using spindle-like α-Fe2O3 particles synthesized by the
hydrothermal composition of iron (III) chloride using the method developed by Ozaki et al. [47]. After
citric acid stabilization hematite spindles are covered with a thin silica shell based on the route of
Philipse [49] and Wagner [48]. Figure 2a,b shows TEM images of the obtained SiO2 and SiO2@Fe2O3

particles after synthesis. The SiO2 spheres show a diameter of d = 26.17 ± 3.5 nm. The spindle-like
hematite core possesses a length of L = 268.2 ± 19.3 nm and a width of a = 67.4 ± 8.1 nm. The thickness
of the silica shell is observed to be s = 8.8 ± 1.6 nm. The purity of the SiO2 nanoparticles is checked by
elemental analysis (see Table S1). Within the experimental error, the values for nitrogen and carbon
content give no evidence for any impurities. 1H-NMR spectroscopy of silica particles (Figure S6) also
only shows the characteristic signals of the solvent.
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Figure 2. TEM image of (a) SiO2 particles and (b) SiO2@α-Fe2O3 particles.

For the SI–ROP, SiO2 particles dispersed in toluene are initially mixed with the catalysts P4-t-Bu.
The reaction is started by rapid addition of the monomer. After stirring the reaction mixture for an
appropriate time (generally 24 h) at ambient temperature, the chains are deactivated by quenching
with CTMS. The particles are collected via centrifugation and washed until no PDMS is detected in the
supernatant. The supernatant is collected, reduced and precipitated into cold MeOH to analyze any
free PDMS species.

The presence of PDMS at the particle’s surface is qualitatively confirmed by ATR–IR spectroscopy.
Compared to the particles prior the polymerization, PDMS@SiO2 show an additional characteristic
C–H stretching vibration at 2930–2850 cm−1 which corresponds to the CH3 groups of the PDMS shown
exemplary in Figure 3a for pure SiO2 particles and PDMS@SiO2 after the SI–ROP of M4 with [M4]0 =

1.49 mol·L−1 and [B] = 1.49 × 10−2 mol·L−1. Quantitative information is obtained from TGA under
inert atmosphere by comparing the mass loss of pure SiO2, pure PDMS and PDMS@SiO2 (Figure 3b).
Pure SiO2 is known to show a small characteristic mass loss due to the dihydroxylation of silanol
groups [57]. For carefully isolated, washed and dried PDMS@SiO2 hybrid particles, the relative mass
loss is drastically increased corresponding to an increase in the organic content in the sample due to
the PDMS brush. In contrast, in blind experiments using linear preformed PDMS and SiO2 particles,
we confirmed that pure physisorption of the polymer to the particle surface does not lead to such
an increase.
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With the relative mass loss of the PDMS@SiO2, ∆m, and of pure SiO2, ∆mSiO2, respectively, and
under proper consideration of the thermostable (inorganic) residue observed in pure PDMS under the
same conditions (µPDMS = 0.8), the PDMS content on the particle µPDMS,p can be determined using
Equation (9)

µPDMS,p =
∆m− ∆mSiO2

µPDMS
, (9)

Accordingly, the yield of surface-attached PDMS, Φp, can be calculated by using Equation (10)

Φp =
mSiO2

mM4,0
·

1
1− µPDMS,p

, (10)

where mSiO2 = mass of SiO2 and mM4,0 = mass of employed monomer.
As an inherent property of the underlying polymerization mechanism, the SI–ROP of most

cyclosiloxanes is accompanied by a series of side reactions that are difficult or impossible to circumvent,
the most relevant of these is the cyclic backbiting reaction investigated in Section 3.1. As a result,
if parasitic initiation in solution is possible, the formation of free polymer that is not attached to the
particle surface is possible. Under these conditions, the SI–ROP is not surface-confined.

In the experiments reported here, the formation of free PDMS in solution is confirmed in all
cases where [M4]0 > [M4]#. It is expected that the corresponding parasitic initiation either occurs from
impurities such as water or siloxanates, or from the monomers themselves under activation by the
P4 catalyst, resulting in the formation of macrocycles. In order to obtain more information, the free
PDMS component is isolated by precipitation of the reaction solution (after particle separation by
centrifugation) in cold MeOH and analyzed via SEC.

The reaction is investigated regarding two different parameters. On the one hand, the influence of
the monomer concentration on the SI–ROP reaction is investigated by performing the reaction with
constant particle amount (initiator), base amount and M4 amount, thus constant monomer-to-initiator
ratio, but with varying solvent amount (Series 3 and 4, respectively). On the other hand, the SI–ROP
of M4 is further investigated regarding the monomer-to-initiator ratio. Therefore, the amounts of
particles, base and solvent are kept constant and only the amount of M4 is varied (Series 5 and 6,
respectively). Analogously, the SI–ROP is performed using spherical SiO2 particles as spindle-shaped
SiO2@Fe2O3 particles in order to demonstrate the versatility of the approach. Compared to the SiO2

particles used in this study, the employed spindle-like SiO2@Fe2O3 particles are significantly larger
and thus have a lower surface-to-volume ratio. Since the particle surface determines the number of
initiator groups, the amount of M4 is adapted in order to get the same monomer-to-surface ratio as in
the SI–ROP with SiO2 particles.

The surface-attached PDMS fraction µPDMS,p determined by TGA for the different monomer
concentrations and ratios of monomer-to-particle concentration υP are listed in Table 1. For every
monomer concentration in Series 3, PDMS is generated at the surface of particles with µPDMS,p between
37% and 42% for SiO2 and in Series 4 between 7% and 14% for SiO2@Fe2O3, respectively. Within the
experimental error, a significant trend cannot be observed. For Series 5 and 6, both particle types also
indicate an increase in surface-attached polymer fraction with increasing monomer concentration.
The results indicate the presence of an equilibrium situation for PDMS at the particle surface which
limits µPDMS,p with increasing monomer amount. The surface-attached PDMS contents are in total
smaller for SiO2@α-Fe2O3 than for SiO2 but with regard to the surface area Ap, the amount of PDMS
per nm2 for SiO2@α-Fe2O3 (4 × 10−18–9 × 10−18 mg·nm2) is slightly higher than for SiO2 (1 × 10−18–4 ×
10−18 mg·nm2).

Figure 4 compares the yield regarding PDMS at the particle and free PDMS in the solution for
both particle systems. Compared to the yield of free PDMS Φfree, the yield of surface-attached PDMS
ΦP is with ~3.5% quite low and does not show a significant trend with [M4]0. In contrast, the yield of
free PDMS increases with increasing monomer concentration [M4]0 due to the ring–chain equilibrium
as already observed in the model solution-based polymerization in Section 3.1. For the yields for
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the surface-attached and free PDMS of SiO2@Fe2O3, the same trends as for the silica-based system
are observed. While the yield of particle-bound PDMS is almost constant, the amount of free PDMS
increases with increasing monomer concentration, as observed in Section 3.1.

Table 1. Polydimethylsiloxane (PDMS) content µPDMS,p molar mass of free polymer Mn,free and PDI
for the SI–ROP of M4 for the variation of solvent (Series 3 and 4) and the variation of monomer amount
(Series 5 and 6) using SiO2 and SiO2@α-Fe2O3.

SiO2

Series 3 Series 5

[M4]0
mol·L−1

[M4]0/υp
mmol·mg−1 µPDMS,p

mPDMS/Ap
mg·m−2

Mn,free
g·mol−1 PDI [M4]0

mol·L−1
[M4]0/υp

mmol·mg−1 µPDMS,p
mPDMS/Ap

mg·m−2
Mn,free
g·mol−1 PDI

0.57 0.045 0.371 4.44 23252 1.72 0.57 0.011 0.069 0.96 15802 2.09
0.72 0.045 0.395 4.65 24586 1.85 0.97 0.023 0.129 1.42 29864 2.04
0.96 0.045 0.413 4.57 20174 1.68 1.49 0.045 0.402 4.44 30593 1.97
1.17 0.024 0.421 4.36 25967 2.02 2.04 0.090 0.403 4.45 35748 2.15
1.49 0.024 0.402 4.08 30593 1.97 2.57 0.180 0.37 4.09 35521 2.04

SiO2@Fe2O3

Series 4 Series 6

[M4]0
mol·L−1

[M4]0/υp
mmol·mg−1 µPDMS,p

mPDMS/Ap
mg·m−2

Mn,free
g·mol−1 PDI [M4]0

mol·L−1
[M4]0/υp

mmol·mg−1 µPDMS,p
mPDMS/Ap

mg·m−2
Mn,free
g·mol−1 PDI

0.57 0.013 0.056 3.73 20493 2.74 0.57 0.003 0.073 4.73 19420 1.67
0.72 0.013 0.083 5.54 25428 1.67 0.97 0.006 0.130 8.64 23907 1.73
0.96 0.013 0.138 9.12 21355 2.31 1.49 0.013 0.091 4.57 35289 1.87
1.17 0.013 0.139 9.21 26830 1.71 2.04 0.026 0.083 5.53 37084 1.79
1.49 0.013 0.091 6.05 35289 1.87 2.57 0.052 0.082 3.73 34168 1.84
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Figure 4. Yields of surface-attached PDMS and free PDMS as a function of monomer concentration for
the SI–ROP of M4 on SiO2 and on SiO2@α-Fe2O3 obtained in Series 3 to 6.

By plotting Φf and ΦP as a function of reciprocal [M4]0 (Figure 5a) it is observed, the values for
Series 3 and 5, respectively, and of Series 4 and 6 (Figure S5a) form a master curve. With the linear
regression of the master curve and Equation (4), a cut-off concentration [M4]0,c of 0.46 mol·L−1 for SiO2

and 0.47 mol·L−1 for SiO2@Fe2O3 (see ESI, Figure S5) is determined, which is close to the ROP in the
absence of particles. To get more information about the origin of the free PDMS, 1H-NMR spectroscopy
is performed (Figure S9), but the spectra give no evidence for initiating impurities. Furthermore,
the molar mass is measured and listed in Table 1 for the variation of solvent amount (Series 3 and 4)
and for the variation of the monomer-to-initiator ratio (Series 5 and 6). The corresponding SEC curves
are shown in the ESI (see Figures S7 and S8). With the yield and the molar mass Mn,free, the molar
polymer concentration [C]eq can be determined using Equation(7). In Figure 5b the results for [C]eq are
plotted over [M4]0. With increasing [M4]0 the polymer concentration [C]eq increases linearly, while
a similar correlation is not found for the concentration of any of the other reaction partners, such as
the particles, solvent, or catalyst. In addition, the water content of the reaction mixtures was in the
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low µmol range in all cases, and thus well below the concentration of free polymer chains. Further,
elemental analysis concerning elements C, N and H, performed on our SiO2 particles confirms the
absence of organic impurities. A plausible explanation for these observations and the linear correlation
between equilibrium polymer concentration and initial monomer concentration is a polymerization
mechanism based on activated monomer initiation that leads to the formation of macrocycles by
repeated monomer insertion. In this case, the inverse slope of the graph, [M4]0/d[C]eq, gives a value for
the degree of polymerization. Using this method, we calculate an average molar mass of 46000 g·mol−1

for SiO2 and 43000 g·mol−1 SiO2@α-Fe2O3 for the free polymer chains.Polymers 2019, 11, x FOR PEER REVIEW  13 of 19 
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Figure 5. (a) Yield Φ as a function of the reciprocal monomer concentration and (b) polymer
concentration from SI–ROP of M4 with SiO2 particles as a function of [M4]0 for Series 3 and 5.

In order to learn more about the SI–ROP of M4 using SiO2 particles, the reaction is investigated
over time (Series 7) by determining the relative polymer fraction µPDMS,p after consecutive different
periods of reaction time. The results are illustrated in Figure 6. Most of the surface-attached PDMS
is generated in the first hour. During this time, µPDMS,p increases to 36%. Afterwards, the polymer
content slowly increases with a maximum µPDMS,p of 40% after 6 h. Compared to the particle-free
polymerization, the formation of surface-attached chains is considerably slower.
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4. Discussion

In this work, the anionic SI–ROP of M4 is used to functionalize nanoparticles with PDMS polymer
brushes. Therefore, surface hydroxy groups are used as initiators and a strong phosphazene base is
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utilized as catalyst. Caused by difficulties arising from the particular polymerization-depolymerization
thermodynamics of the anionic ring-opening polymerization of most cyclosiloxanes, the conditions
that enable the creation of a well-defined, surface-attached polymeric brush based on a grafting-from
mechanism need a careful choice, and accordingly, the SI–ROP of polysiloxanes has not been successfully
reported before.

For this purpose, we deeply explore the conditions based on a solution-based model polymerization
using neopentyl alcohol (NeOH) as initiator. The choice of initiator is motivated to enable the calculation
of the NMR-equivalent number average molar mass, in order to compare it to the corresponding
result obtained by universal calibration SEC. In our results, the mass-related yield of PDMS increases
steadily with increasing [M4]0 (Figure 1), which is in accordance with the expectations as outlined in
Section 3.1. No polymer formation is observed as long as the monomer concentration is below the
cut-off concentration [M4]# that is determined to be at around 0.45 mol·L-1 under the conditions of
choice. The higher the monomer concentration, the more the polymer formation is favored.

The possibility to control the molar mass of the final polymer fraction by choice of the initial molar
monomer-to-initiator ratio is tested for two different, structurally and chemically closely related bases,
P4-t-Bu and P2-t-Bu. Whereas, for P4-t-Bu, the results for Mn,NMR and Mn,SEC are throughout both in
good agreement with the theoretically expected molar mass, for P2-t-Bu the value obtained for Mn,NMR

is significantly higher than Mn,SEC, indicating that not every polymer chain possess the neopentyl
alcoholate as the end group. This is an indication for unwanted side reactions that are almost absent as
found from the results on polymers catalyzed with P4-t-Bu, and the latter is consequently employed in
the experiments of the following up experiments.

With the knowledge gained, a method for the PDMS functionalization of nanoparticles by using
surface hydroxy groups as initiators for the ROP of M4 is developed and demonstrated using spherical
SiO2 particles and silica-coated Fe2O3 spindles as base. The surface-attached PDMS content µPDMS,p is
quantified by TGA measurements. The SI–ROP is successfully applied for both particle types, but also
the formation of free PDMS by some kind of parasitic solution initiation is observed in each system.
The SI–ROP is investigated regarding the variation of solvent amount (Series 3 and 4) and the ratio
between monomer and particles (Series 5 and 6). For both particle systems, the obtained µPDMS,p

differs not substantially between the entries.
We carefully considered the possibility of polymer initiation occurring from hydroxy-functional

impurities, such as water or ethanol, in each of the reaction components, including particles, monomer,
solvent and catalyst. The purity of particles was confirmed by elemental analysis. Particularly the
water content of the particle dispersion was repeatedly shown to be as low as (85 ± 2) ppm with a
Karl-Fischer titrator. In addition, the only correlation between the final polymer concentration and
the fraction of a given compound is found for the monomer concentration, and the yield of isolated
free PDMS increases with increasing monomer concentration, in a similar way as observed for the
model solution-based polymerization. In the absence of an external solution-based initiator, it is
anticipated that the formation of macrocycles by a self-initiation / insertion mechanism might be the
cause. The linear correlation of the polymer concentration [C]eq and the monomer concentration [M4]0

strengthens this hypothesis. It is further confirmed by additional experiments performed by the SEC
with simultaneous refractive index (RI) and multi-angle static light scattering (MALLS) detection.
By direct comparison of the mass-average molar mass obtained from the (absolute) MALLS signal to
the result of the (relative) result related to the RI signal after Mark–Houwink correction, the absolute
value is systematically higher, and we observe a slope of 1.40 in this correlation. The ratio between the
hydrodynamic radius of a macrocycle in relation to its linear analog is expected to be reduced by a
factor of

√
2.

In all investigated series, the cut-off monomer concentration [M4]# and the equilibrium
concentration of small rings [Mx]eq happen to be of constant value similar to the observation in
solution and apparently hardly influenced by the presence of the particles, indicating the presence of a
limiting factor for the surface-attached fraction of PDMS under these reaction conditions.
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To get additional information on the mechanism, the SI–ROP is investigated kinetically by
measuring the PDMS content as a function of reaction time. Compared to the appearance of the free
polymer in the solution that quickly reaches a near-equilibrium concentration within a few minutes,
the fraction of the surface-attached polymer µPDMS,p increases significantly slower, with the main
growth period during the first hour of the reaction time.

The results indicate that the mechanism behind the generation of surface-grafted PDMS brushes
on SiO2-coated surface of nanoparticles is not only influenced by the fast ROP kinetics of cyclosiloxanes
and the ring–chain equilibrium of the particles, but in addition by a concurring reaction initiated by the
OH-groups of the particle surface; while, from a fundamental acid-base consideration, the initiation
from a Si-OH group as found on the particle surface is principally possible, the missing flexibility of the
corresponding geometry and the confinement on the particle surface give rise to a limited effectivity of
surface initiation.

The presence of free PDMS and surface-attached PDMS indicates the development of various
equilibria in the reaction as illustrated in Scheme 4. The catalysts P4-t-Bu base (B) is in equilibrium with
its protonated species, which can be formed with the free PDMS/initiator (HB+M*n) species or with the
hydroxy group at the particle surface (HB+P*). Because “free” species are more easily accessible than
particle surface groups, the base favor to form a free HB+M*n. Moreover, each active species can open
further rings and form a long linear polymer chain which is known to be a ring–chain equilibrium.
Based on the kinetic measurement, this equilibrium is faster for the free species than for the PDMS at
the particle surface. Due to the equilibrium between HB+M*n and HB+P* the ratio of monomers which is
converted onto the particle surface is limited. An increase in the applied monomer amount only leads
to an increase in the formation of free PDMS.
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If the proposed mechanism is feasible, it can be anticipated that with an increasing portion of
surface-attached Si-O-groups that now are equipped with one or more M4 units, the surface-attached
oligomers will more and more contribute to the faster equilibrium. Accordingly, an increase of the
polymer fraction might generally be possible by quickly adding an additional portion of the monomer
to the reaction mixture after reaching the equilibrium of free polymer, surface-bound polymer and
small rings.

In order to investigate this, the mode of monomer injection, that in all previously described
experiments occurs by rapid injection at once, is varied. In direct comparison to the usual injection in
one portion, the reaction is performed on the one hand by adding the monomer M4 dropwise over a
period of 30 min under stirring, and on the other hand by injecting the monomer M4 in two portions,
the first one at the reaction start, and the second portion after two hours. The TGA thermograms for
these samples that are prepared with the same total monomer amount are compared in Figure 7a,b.
While the dropwise addition of M4 leads to a decrease in the final PDMS content for both particle
types, the addition of a second fraction of the monomer after system equilibration results in an increase
of polymer fraction. For the hematite particle, this increase means an almost double mass fraction
of PDMS.
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All observations are in correspondence for a general cut-off concentration of about 0.45 mol·L−1

for M4 in toluene at 25 ◦C. Below this cut-off concentration, the ring–chain equilibrium is far on the ring
side. By adding the monomer dropwise, virtually no long-chain (or macrocycle) PDMS is generated
until reaching this concentration. Upon further slow monomer addition, a preferably free polymer
is formed. In contrast, by adding the monomer in two portions with a delay of two hours, when
PDMS chains are already generated at the particle surface. Assuming that the surface initiation is the
rate-limiting step for the brush formation, now the surface reaction is more competitive.

5. Conclusions

In this paper, a method for the surface functionalization of nanoparticles with PDMS by anionic
SI–ROP of M4, catalyzed by a phosphazene base, is developed. Suitable reaction parameters are
investigated by using a model solution-based polymerization consisting of M4, NeOH as initiator
and under comparison of two different base catalysts. The findings are applied to identify useful
reaction conditions for a successful surface-initiated ROP of M4 using hydroxy groups at the surface
of SiO2 particles and silica-coated Fe2O3 particles, for the generation of PDMS brushes. The SI–ROP
is shown to be an equilibrium reaction between small rings, free polymer chains/macrocycles and
surface-attached PDMS, which leads to a limit for the PDMS content of the particles. Under these
considerations, the PDMS content can be further increased by the delayed addition of more monomers.
The results for the equilibrium polymer fraction for the different particle types are in accordance with a
similar surface coverage.

The SI–ROP of M4 developed in this work is a promising method for the surface functionalization
of different kinds of nanoparticles with cyclosiloxanes of different polarity or functionality, as we can
expect it to be transferable to other particle core materials and shapes and to other monomers that can
be polymerized by an analogous mechanism. By using functionalized cyclosiloxanes, the introduction
of various functional groups is possible.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/787/s1,
Figure S1: 1H-NMR spectra of ROP of M4 in toluene with NeOH as initiator, P4-t-Bu as catalyst measured
in CDCl3 for an monomer-to-initiator ratio of a) nM/nI = 5, b) nM/nI = 10, c) nM/nI = 25 and d) nM/nI = 50,
Figure S2: Molar mass distribution of ROP of M4 in toluene with NeOH as initiator, P4-t-Bu as catalyst and
different monomer-to-initiator ratios measured by SEC, Figure S3: 1H-NMR spectrum of ROP of M4 in toluene
with NeOH as initiator, P2-t-Bu as catalyst measured in CDCl3 for an monomer-to-initiator ratio of a) nM/nI =
5, b) nM/nI = 10, c) nM/nI = 25 and d) nM/nI = 50, Figure S4: Molar mass distribution of ROP of M4 in toluene
with NeOH as initiator, P2-t-Bu as catalyst and different monomer-to-initiator ratios measured by SEC, Figure S5:
a) Yield as a function of the reciprocal monomer concentration and b) polymer concentration from SI–ROP of
M4 with SiO2@Fe2O3 particles as a function of [M4]0 for series 4 and series 6, Figure S6: 1H-NMR spectrum of
SiO2 particles measured in CDCl3, Figure S7: Molar mass distribution of free Polymer obtained during SI–ROP of
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M4 with SiO2 particles as a function of [M4]0 for a) series 3 and b) series 5, Figure S8: Molar mass distribution of
free PDMS obtained during the SI–ROP of M4 with SiO2@Fe2O3 particles as a function of [M4]0 for a) series 4 and
b) series 6, Figure S9: Example for 1H-NMR spectrum of free PDMS obtained during the SI–ROP of M4 with SiO2
particles measured in CDCl3, Table S1: Results of elemental analysis for SiO2 and SiO2@α-Fe2O3, Table S2: Yield
of surface-attached PDMS and free PDMS for the SI–ROP of M4 performed with different injection methods.
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