Nano-Sized Organo-Silica Particles with 'Built-In’ SI-ATRP
Capability as Platform for Brush Particle Synthesis
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ABSTRACT: A facile synthetic method was developed to prepare sub-5 nm organo-silica (0SiO;) nanoparticles through
the self-condensation of ATRP-initiator-containing silica precursors. The obtained 0SiO, nanoparticles were characterized
by a combination of nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA), transmission electron
microscopy (TEM), dynamic light scattering (DLS) and small-angle neutron scattering (SANS). The accessibility of the
surface -Br initiating sites was evaluated by the polymerization of poly(methyl methacrylate) (PMMA) ligands from the
surface of the 0SiO; nanoparticles using surface-initiated atom transfer radical polymerization (SI-ATRP). The ultra-small
size, tunable composition and ease of surface modification may render these organosilica nanoparticle systems with built-in

SI-ATRP capability an interesting alternative to conventional silica nanoparticles for functional material design.

Over the past decades, silica nanoparticles have
received much attention in diverse areas, such as catalysis,
adsorption, separation and chromatography.!* Due to the
high level of biocompatibility and the well-established
surface chemistry of silica that enables versatile
functionalization of particle surfaces,” more recent
applications of silica nanoparticles also include
nanotechnology and nanomedicine. For example, silica
nanoparticles have been utilized as biocompatible and
multifunctional components in disease diagnosis and
therapy and they have been widely explored as nanocarrier
systems for drug delivery.®” However, although small
particle sizes are preferable in these applications, there are
only few reports concerning the use of sub-10 nm particles,®
10 as their synthesis has remained a challenge.!'"’> The
chemical and thermal stability of nano-silica that derives
from the high strength of Si-O bonds, has also fueled interest
in the application of silica nanoparticles as platform for
‘functional materials’. Examples are the synthesis of
microporous templates with controlled morphology and
porosity that have emerged as attractive host matrices for
functional nanohybrids with applications ranging from
catalysis to medicine or energy storage.!¢?!

Surface functionalization is of central importance
for the application of silica nanoparticles and a variety of
methods enabling the selective functionalization with
multiple organic and inorganic groups have been
demonstrated.?? Especially, the modification of surfaces by
polymer grafting techniques has become an important means
for tailoring the surface of nanoparticles and the properties
of the formed composite materials.?3-?¢ Controlled radical
polymerization (CRP) procedures allow for the versatile
synthesis of polymers with tunable molecular weight,
narrow molecular weight distribution, and diverse
architecture.”’” When applied to surface modification, CRP
provides control of the composition, density, and length of
surface-grafted polymer ligands.?®3° However, often the
required process involves multiple steps, i.e. the
functionalization of initiator groups and subsequent surface
polymerization. This can be detrimental to the viability of
materials and thus limit their practical use.

In this contribution, we present a one-step process
(based on the condensation of brominated organosilane
precursors) to prepare initiator-modified organo-silica
hybrid particles (C,-0Si0,-Br) with diameter of about 3 nm
and narrow size dispersity. Here, ‘Br’ indicates the bromine
functionalities that are intrinsic to the hybrid particles and



‘C,” indicates the composition (i.e. ‘y’ is the number of
carbon atoms) of the vinyl alcohol used to synthesize the
respective precursor (see below). The hybrid particles could
readily be polymer-modified via surface-initiated atom
transfer radical polymerization (SI-ATRP) without further
surface modification.? 3!

The tetherable ATRP initiator, 3-
(triethoxysilyl)alkyl a-bromoisobutyrate (TES-ABMP), was
synthesized through the reaction between triethoxysilane
(TES) and an intermediate, which was synthesized by
reaction of vinyl alcohol derivatives (Cy+2 Ha:30H) and a-
bromoisobutyryl bromide (where ‘x’ corresponds to the
number of methylene units and y =x + 2, Scheme S1). TES-
ABMP could then be used to synthesize C,-0SiO,-Br hybrid
nanoparticles with different sizes containing —Br groups,
Scheme 1. The use of an initiator-containing precursor
allowed skipping the functionalization steps before
polymerization, thus avoiding the formation of extra atomic
layers due to coupling reactions. In principle, this process
allows for the variation of the number of initiating sites on
the particles by changing the ratio between TES-ABMP and
TES in the precursors. The particle size was found to be
sensitive to the polarity of the solvent; in this work, organic
solvent mixtures DMF: MeOH = 3:1 (vol/vol) were found to
yield the most reproducible results, presumably due to the
most favorable dissolution conditions of reactants.
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Scheme 1. Synthesis of 0SiO, nanoparticles and 0SiO,-g-
PMMA particle brushes.

In the following, the synthesis and
characterization process will be illustrated for x = 1. The 'H
NMR (nuclear magnetic resonance) spectrum of the
precursor is shown in Figure S1. The progress of the
condensation reaction was studied by 2°Si NMR, as shown
in Figure 1 which displays the results for the x = 1 precursor
(3-(triethoxysilyl)propyl a-bromoisobutyrate, TES-PBMP).
The signal of the silicon atom in the precursor silane
appeared at -46.0 ppm as single sharp peak. The
development of a much smaller peak at -47.0 ppm was
ascribed to the silicon atom of minor amounts of hydrolyzed
precursor silane (presumably caused by a small amount of
water in the CDCl; solvent and the long time of the 2°Si
NMR experiment). The silicon signal of the Si-O-Si moiety
in the fully hydrolyzed and condensed C3-0SiO,-Br particles
appeared at from (-65.0 to -71.0) ppm as a broad peak, which
was in accordance with the -69.0 ppm signal of silicon in
reference materials ((c-C¢H11)sSisO12) reported in the
literature.*?
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Figure 1. Si NMR spectrum of the TES-PBMP precursor
(black) and C3-0Si0»-Br hybrid nanoparticles (red).

Figure 2a shows the TEM images of the C3-0Si0»-
Br nanoparticles which appeared well dispersed on the Cu
grids without agglomeration. The average particle diameter
was around 3 nm with narrow size distribution. This was in
good agreement with the hydrodynamic diameter of 3.3+0.5
nm that was obtained by DLS (Fig. S2).
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Figure 2. Characterization of structure and composition of
C3-0Si0,-Br hybrid nanoparticles: (a) TEM image of Cs-
0Si0,-Br nanoparticles; scale bars: 50 nm, inset: 20 nm. (b)
TGA curves of C3-0Si0,-Br nanoparticle product.

TGA analysis was performed to confirm the
composition of the C3-0SiO,-Br nanoparticles, which is
shown in Figure 2b. C3-0SiO,-Br nanoparticles displayed
~75 mass % of organic content. Moreover, two peaks are
shown in the decomposition profile, one of which can be
assigned to the weight loss between (250 and 300) °C and
the other between (500 and 600) °C. The first transition
shown in Figure 2b corresponds to approximately a 55%
weight loss, suggesting that the thermal event was likely due
to the removal of the bromoisobutyrate functional groups
from the Si-O-Si framework (C4HsBrO). Assuming uniform
crosslinking, the fraction of C4H¢BrO (150 g/mol) is
estimated to 57.7 mass % of the total molecular weight of
C3-0Si0,-Br  nanoparticles. The second transition,
corresponding to approximately 20 mass %, confirms that
this weight loss is caused by the removal of the alkyl
fragments. The elemental analysis reveals that the molar
mass of C3HeO is 58 g/mol, thus corresponding to about 22.3
mass % of the total mass of nanoparticles. The agreement
between TGA results and elemental analysis supports that
crosslinking during condensation was uniform. To evaluate
the effect of precursor composition on the resulting size of
hybrid particles, spacers with longer organic backbones x =
4, 8 (5-hexen-1-ol, 9-decen-1-o0l) were employed using the
same synthetic procedure (Scheme 1). Increasing x from 1 to
4 (C¢-0Si0,-Br) resulted in the increase of organic content
(79.8 % g/g) and particle size (4.2 nm, Figure S4).!> Further
increase to x = 8 (i.e. the 9-decen-1-ol system) did not result



in discrete nanoparticle products. Rather, small molecular
clusters with a hydrodynamic diameter < 0.5 nm were
observed. We attribute the observed effect of solvent
polarity on particle size to be caused by the balance of
increased organic content and decreased solubility with
increasing x. For x = 1 and 4 reactants were found to be
readily soluble. Thus, assuming equal degree of crosslinking,
the increased organic content gives rise to increased particle
size. In contrast, a reduced solubility was observed for x =8,
which constrained the crosslinking process.

To demonstrate and assess the activity of initiator
groups that are presented at the surface, SI-ATRP was
performed without prior surface modification. Scheme 1
illustrates the preparation process of Cs3-0Si0»-g-PMMA
brush particles from the as-prepared C3-0SiO,-Br
nanoparticles. The C3-0Si0,-g-PMMA particles brushes

were synthesized by activators regenerated
by electron transfer (ARGET) SI-ATRP. In the ARGET
ATRP system, the amount of copper in the polymerization
can be significantly reduced, since a fraction of the stable
Cu"' complex is continuously reduced to the active Cu'/L
species by a reducing agent. Due to the complete
condensation of the C3-0SiO»-Br precursor (Fig. 1), the
product stock solution was directly used in the
polymerization without purification thereby avoiding waste
and agglomeration of the particles. Cu'' and highly active
ligand MesTREN were chosen as the catalyst/ligand system.
With 20 vol% initial monomer concentration, the reaction
reached ~40 % conversion after 12 hours at 60 °C, Table 1.
The hybrid particle brushes were obtained by precipitation
in cold MeOH for further characterization.

Table 1. Result of the synthesis of C,-0Si0,-Br nanoparticle and C3-0Si0,-g-PMMA particle brushes.

Entry* x My¢ MMy fsioo(%) fomma (%) o (nm?y dn(nm)®
C3-0Si10,-Br 1 N/A N/A 24.87 N/A N/A 33
Ce-0S10,-Br 4 N/A N/A 20.19 N/A N/A 4.2
C10-0S10,-Br 8 N/A N/A - N/A N/A 0.4

D:H
a * . - LD
Entry M MMy fsio2 (%) fomma (%)° o (nm?2y S; 2y
) (10 A )
molar ratio
C3-OSi02-g- 0:100

PMMA ’ 17,550 1.39 4.56 81.66 0.122 1.05
C3-OSi02-g- 10:90
10%dPMMA ’ 17,930 1.44 3.97 84.03 0.140 1.63
C3-OSi02-g- 20:80
20%dPMMA ’ 18,300 1.49 4.03 83.80 0.136 2.22
C3-OSi02-g- 30:70
30%dPMMA ’ 18,590 1.38 3.38 86.41 0.165 2.80
C3-OSi02-g- 40:60
40%dPMMA ’ 16,910 1.34 3.94 84.16 0.151 3.38
C3-OSi02-g- 50:50
50%dPMMA ’ 18,060 1.42 2.83 88.62 0.208 3.97

“Reaction condition:[MMA ]o/[C3-0Si0,]o/[ CuBr2]o/[Mes TREN]o:[Sn(EH)2]o = 400:1:0.5:5:2, with 30 vol% anisole, 33 vol% DMF,
17 vol% methanol, at 60 °C, [MMA]o= 1.8 M, reaction time is 12 h. * Number of spacer (carbon atom) in nanoparticle precursors.
¢ Determined by SEC. ¢ Mass fraction (% g/g) of silica content determined by TGA. ¢ Calculated from Eq. S1 according to TGA
data. / Calculated from Eq. S2 according to TGA data. ¢ Hydrodynamic size of Cs3-0SiO,-Br nanoparticle and particle brushes
determined by DLS. # Scattering length density of PMMA polymer brushes which is calculated from equation S3.

The molecular weight of PMMA ligands, was determined
after etching of C3-0Si0,-g-PMMA to be M, = 17,550 with
dispersity My/M, = 1.39. Concurrent with polymer
modification, a significant increase of the hydrodynamic
diameter from (3.3 to 11) nm was observed. Electron
micrographs such as shown in Figure 3a revealed uniform
particle morphologies as well as an increase on the particle
surface-to-surface distance. The core size of C;-0SiO;

remained about constant during the polymerization. Figure
3b shows the TGA curves of C3-0SiO,-Br nanoparticle and
the corresponding particle brush product. The mass fraction
of PMMA polymer in the C3-0Si0,-g-PMMA system was
determined after normalization (Eq. S1) to be 81.7 % g/g.
Brush particles could be processed (by solvent casting) to
form mechanically robust and transparent films (Fig. 3c).
Note that due to the small size of the nanoparticles and the



uniform microstructure of the brush particle hybrids, the
scattering loss of the particle fillers was negligible, and the
bulk film exhibited outstanding transparency at thickness
around 500 um (Fig. 3c).
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Figure 3. Characterization of Cs3-0Si0;-g-PMMA hybrid
particles. (a) TEM image of C;-0SiO;-g-PMMA particle
brush, scale bars: 50 nm; inset scale bar: 20 nm; (b) TGA
curves of C3-0Si0,-Br nanoparticles (black) and C3-0SiO»-
g-PMMA particle brushes (red); (c) photograph of Cs-
0Si0,-g-PMMA bulk film , film size is 1.2 inches (diameter)
by 0.5 mm (thickness); (d) DLS number distribution of Cs-
0Si0,-Br nanoparticles (black) and Cs-0Si0,-g-PMMA
particle brushes (red).

To further elucidate the structure and composition of Cs-
0Si0,-Br and C3-0Si0,-g-PMMA hybrid particles, small-
angle neutron scattering (SANS) on partially deuterated
homologs was performed. The specific objective of neutron
scattering experiments was to infer the approximate
elemental composition of organosilica cores by
determination of the ‘minimum contrast’ condition of films
formed by brush particles tethered with selectively
deuterated PMMA. The total scattering of films was
measured in terms of the scattering invariant Q;,y which was
determined from the scattering intensity via Qi =
4 Il(q)qqu where ¢ is the momentum of the scattering
vector and I(g) is the (background-corrected) scattered
intensity.33 The scattering invariant for a two-phase system
is given as Qiny = 22¢(1 — ¢) (ASLD)?, where ¢ is the volume
fraction and ASLD is the scattering length density contrast
between the phases.>* Thus, the invariant would vanish if the
scattering length density of polymer ligands and core are
matched (i.e. SLDpmma = SLDcore). Conversely, if Qiny
vanishes and the SLDpmma of polymer tethers is known, then
SLDcore can be determined. Since the scattering length
density of a material depends on its elemental composition
(see Eq. 3 in Supporting Information), this process could be
used to independently validate the composition of C3-0SiO»-
g-PMMA particles.> A series of hybrid particle analogs with
about equal composition but systematically varied degree of
deuteration of PMMA tethers was synthesized by using
appropriate mixtures of hydrogenated and deuterated (d8)
MMA monomers (see Table 1). Since deuteration is not
expected to affect the polymerization kinetics, the final
deuteration fraction of partially deuterated brush particles
was assumed to be equal to the monomer H/D molar ratio.

The scattering length density of the polymer brush could be
calculated from Eq. S3 and is summarized in Table 1. These
six samples were solvent-casted in a Teflon mold to form
free-standing films with thickness of 500 um. Small angle
neutron scattering was performed using NGB 30m SANS
instrument at NIST.
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Figure 4. a) Scattered intensity profile /(g) for C3-0Si0,-g-
(d/h) PMMA particle brush films with error bar representing
one sigma uncertainties. The upwards trend of /(g) in the
limit of small ¢ is attributed to film inhomogeneities. b)
Scattering invariant determined by integration of the
scattering intensity between (0.028 and 0.11) A", The
minimum point is found at approximately 3% deuteration.

Figure 4a shows the corresponding 1D scattered intensity
curves of all systems after correction for empty beam and
blocked beam. The invariant was determined by integration
of the respective I(q) data (corrected for incoherent
scattering) and is displayed in Figure 4b. A cubic polynomial
was fitted to the invariant data to determine the deuteration
fraction corresponding to the minimum scattering invariant
as fp = 0.03. This corresponds to scattering length density
of polymer tethers (and core) of 1.23 10 A2, From this
result the mass density of organosilica nanoparticles was
determined using Eq. S4 to be 1.61 g/cm?®. Moreover, based
on the molar mass, density and size of a single particle from
SANS, DLS and TEM, an average number of 71 siloxane
repeat units per particle core was calculated. According to
Eq. S2, the grafting density of C3-0SiO,-g-PMMA brush
particles is 0.12 chains/nm?, corresponding to an average of
5 chains per particle. Therefore, the apparent Br initiation
efficiency was estimated to be about 7%. This suggests that
a significant fraction of Br atoms was ‘buried” within the
particle and thus not accessible to the grafting-from process.
Thus, the technique described herein might be most useful



for the synthesis of brush particle systems with intermediate
grafting densities.3¢

In conclusion, a method for the synthesis of sub-5
nm initiator-modified organo-SiO; nanoparticles through the
condensation of ATRP-initiator-containing silica precursor
was developed. One-step grafting-from polymerization
(without the need of purification or surface modification)
using ARGET SI-ATRP resulted in brush particle products
with grafting densities > 0.1 nm™. Si-NMR in conjunction
with  SANS analysis demonstrated near complete
crosslinking  of  precursor  species.  Organo-silica
nanoparticles exhibited up to 75 mass % organic content
resulting in a mass density of 1.61 g/cm3. We expect that the
method provides a versatile platform for the synthesis of
functional nano-silica materials with application in areas like
sensing, medical therapy, drug delivery, and energy storage
field. For example, additional functionalities could be
introduced by using appropriately composed precursor
blends. Future research will establish the robustness of the
method to changes in precursor composition or process
conditions.
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