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1 | INTRODUCTION
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Abstract

Hairy nanoparticles (HNPs) constitute a class of hybrid nanocomposites that
are resistant to aggregation and agglomeration, although the green, large-scale
synthesis of HNPs remains a challenge. In this work, 25 nm-diameter silica-
core HNPs with a poly(methyl methacrylate) (PMMA) shell were synthesized
using a graft-from approach in aqueous miniemulsion, employing atom transfer
radical polymerization with activators regenerated by electron transfer (ARGET-
ATRP). In particular, this work used tetrabutylammonium bromide (TBAB)-
assisted phase transfer of monomer, markedly improving upon earlier methods by
showing that phase transfer could take place in the absence of organic solvents.
Furthermore, syntheses with selected monomer addition rates produced HNP
graft densities ranging from 0.011 to 0.017 chains/nm® and shell thicknesses
ranging from 2.5 to 11 nm. Finally, analysis of reaction kinetics revealed that
shell growth reached completion in as little as 2 hr, confirmed by the synthesis
of >1 g of PMMA-shell HNPs in a reduced timeframe.

KEYWORDS
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inorganic core with an outer shell formed from grafted poly-
mer chains. HNPs are unique in their capacity to resist the

Organic-inorganic hybrid nanomaterials have been widely
studied for their ability to combine the functional properties
of vastly different materials.! For instance, inorganic
nanoparticles can lend optical, mechanical, electronic, and
other functional properties to hybrid particle-matrix blends,
enhancing performance for a wide variety of applications.
Hairy nanoparticles (HNPs) are a particularly promising
class of hybrid nanomaterial. An HNP consists of a small,

This article was published online on 14™ August 2020. A minor error in
Scheme S1 and an error in Figure S1 in the supporting information
were subsequently identified. This notice is included to indicate that
these were corrected on the 15™ February 2021.

aggregation and agglomeration inherent to traditional hybrid
blends, allowing a wide array of processing methods to be
used without losing the intended functionality of the compos-
ite.> HNPs also exhibit many practical features, such as chain
entanglement with neighboring particles in addition to self-
assembly in a wide variety of conditions.® These unique prop-
erties, among others, have already been exploited for applica-
tions including sensing, photonics, and catalysis.*”

Forming well-defined assemblies of HNPs and study-
ing structure-property relationships requires precise con-
trol of particle size, polymer molecular weight, and chain
graft density. Of the methods known for synthesizing
HNPs, the greatest structural control is afforded by using a
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“graft-from” approach, in which initiators are grafted to the
surfaces of bare nanoparticles, followed by surface-initiated
polymerization.® HNP synthesis using a graft-from approach
is often performed via atom transfer radical polymerization
(ATRP), a common and versatile method for creating well-
defined polymeric structures.”® For instance, Werne et al
used surface-initiated ATRP in bulk monomer to achieve the
controlled growth of silica-core HNPs with polystyrene
(PS) and poly(methyl methacrylate) (PMMA) shells.*’ In a
similar fashion, Pyun et al used ATRP to synthesize silica-
core HNPs with well-defined shells consisting of PS, PMMA,
and poly(n-butyl acrylate) (PBA) homopolymers and copol-
ymers, highlighting the versatility of this approach.'®

While these approaches demonstrate the high degree
of flexibility in designing HNP shells, a water-based,
green synthesis would be preferable for scaling up HNP
production in an eco-friendly fashion."' Unlike the
methods employed in the studies described above, ATRP
can be performed in water-based systems by using
electron transfer reactions to generate polymerization
activators.'? This variation on ATRP was further refined
by using activators regenerated by electron transfer
(ARGET-ATRP), which made synthesis more eco-friendly
by drastically reducing the amount of metal catalyst
needed.”*'* These advances allowed for the green,
scalable synthesis of PBA-shell HNPs via ATRP in aque-
ous miniemulsion."> Despite the progress made on these
fronts, however, there is still a desire for a versatile,
water-based method for synthesizing HNP shells with a
broad variety of monomeric precursors.
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Recently, Cordero et al developed a scheme for
performing ARGET-ATRP in aqueous emulsion by using a
tetrabutylammonium bromide (TBAB) salt as a phase trans-
fer agent to shuttle hydrophobic ATRP catalyst complexes
between micelles and the aqueous phase.” In this work,
Cordero et al's method is extended to the synthesis of
PMMA-shell HNPs from 25 nm silica nanoparticle cores by
using graft-from ATRP in miniemulsion with a nonionic
surfactant (Scheme 1). Although versatile, the technique
reported by Cordero et al promoted phase transfer of the
monomer by using acetone, which is undesirable for scal-
able, green reactions. In this work, it is found that polymeri-
zation can take place in the absence of acetone, and it is
further shown that acetone-free conditions eliminate
unwanted side products. Furthermore, by varying monomer
addition rates, it is found that HNP shell properties such as
graft density, molecular weight, and shell thickness can be
fine-tuned. This work provides a feasible method for the
green, scalable synthesis of a variety of HNP shells.

2 | EXPERIMENTAL

2.1 | Materials

Copper (II) bromide (99%, extra pure, anhydrous), methyl
methacrylate (MMA) (stabilized), L (+)-ascorbic acid,
TBAB (99%), aluminum oxide (basic), and dimethyl-
ethoxysilane (94 wt%) were purchased from Acros Organics
and used as received. Triethylamine, 2-bromoisobutyryl

HO o, Br
HO OH \Si/\/\/\/\/\/\n)<
/

0
SiO, - EDMP nanopartices

Purify Surfactant

Si0,-PMMA HNPs

TBAB @ MMA? Pluronic F-127 surfactant ===~ PMMA

SCHEME 1 (a)Preparation of EDMP-functionalized SiO, nanoparticles. (b) Synthesis of SiO,-PMMA HNPs using miniemulsion
ARGET-ATRP (polymer shell enlarged for illustrative purposes) [Color figure can be viewed at wileyonlinelibrary.com]
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bromide (BIBB), Pt,[(Me,SiCH=CH,),0]; (Karstedt's cata-
lyst) in water, Pluronic F-127, 28% NHj, and Ludox TM-40
particles were purchased from Sigma-Aldrich and used as
received. Tris(2-pyridylmethyl) amine (TPMA, 98 wt%) was
purchased from TCI. Ammonium hydroxide (28 wt%),
hydrochloric acid (36.5-38.0 wt%), Dowex 50 W X8 100-200
mesh, Dowex 1X8-200 mesh ion-exchange resin, and
10 k MW cut-off 35 mm Snakeskin dialysis tubing were
purchased from Fisher Chemical. The deionized water used
in all experiments was obtained from a MilliporeSigma
Milli-Q IQ 7000 Ultrapure Water System with a resistance
of 18.2 MQ.

2.2 | Synthesis of EDMP

The synthesis of the ATRP initiator, 11-(ethoxydi-
methylsilyl) undecyl 2-bromo-2-methylpropanoate (EDMP),
was carried out in two steps (Scheme S1). Step 1 (bromina-
tion): 10-undecen-1-ol (4.257 g, 25 mmol) and pyridine
(2.1 ml, 26 mmol) were dissolved in 30 ml of anhydrous tet-
rahydrofuran (THF) in a 100 ml round-bottom flask.
2-bromoisobutyryl bromide (BIBB) (5.760 g, 24 mmol, in
10 ml THF) was added dropwise over 2 hr, while stirring
in an ice bath. After 2 hr, the ice bath was removed and
the solution was subsequently stirred for 24 hr at 25°C.
Afterwards, the precipitate was filtered off and THF
was removed under reduced pressure to obtain a yellow
oil. The crude product was washed twice with dichloro-
methane (DCM) and saturated Na,CO;. DCM was
removed under reduced pressure, then the crude product
was dried using Na,SO, and purified using column chro-
matography with DCM to obtain a pale-yellow oil (95%
yield). Step 2 (hydrosilylation): Karstedt's catalyst (6 pl,
11 pmol) and dimethylethoxysilane (8.9 g, 85.4 mmol)
were added to the product from step 1 (1.28 g, 4 mmol).
The mixture was stirred overnight at room temperature
under a nitrogen atmosphere. After removing the excess
dimethylethoxysilane under reduced pressure, the resulting
EDMP was stored at 20°C. The synthesized EDMP was
characterized by 'H NMR (Figure S1). Peaks appeared at
§ =021 (Si—CH;); 061 (—CH,—CH,—Si—); 121
(—CH,—CHys); 1.23-1.60 (polymer backbone, —CH,—); 2.02
(—C[CHj3],Br); 3.83, 4.13 (—O—CH, —CH,—) ppm.

2.3 | Pretreatment of Ludox TM-40 silica
particles

Ludox TM-40 particles were pretreated with Dowex
resins to replace surface ions with hydroxyl groups,
allowing for subsequent surface functionalization. First,
each of Dowex 50 W X8 and Dowex 1X8 (both 50 g) were

transferred to separate 600 ml beakers. The resins were
washed with 3 N NaOH, hot water, methanol, and cold
water. After each individual wash, the resins were
collected by filtration. This washing cycle was repeated
5 times for both resins. After the last wash cycle of
Dowex 50 W X8, the resin was converted to the hydrogen
form by a final washing step using an excess amount of a
3 N HCI solution. Similarly, Dowex 1X8 was converted to
the hydroxy form shortly before use with a 3 N NaOH
solution. Next, the Ludox TM-40 silica particle dispersion
(100 ml) was diluted with 100 ml of Milli-Q water,
stirred, and added to Dowex 50 W X8 resin in a beaker
and agitated overnight. Ludox TM-40 particles were then
collected via filtration and added to Dowex 1X8 resin in a
beaker and stirred overnight. The particles were then
collected via filtration, with large aggregates centrifuged
down at 3000 rpm, then dialyzed against ethanol for
1 week. Next, the Ludox TM-40 silica particle dispersion
(100 ml) was diluted with 100 ml of Milli-Q water,
stirred, and added to Dowex 50 W X8 resin in a beaker
and agitated overnight. Ludox TM-40 particles were then
collected via filtration and added to Dowex 1X8 resin in a
beaker and stirred overnight. The particles were then
collected via filtration, with large aggregates centrifuged
down at 3000 rpm, then dialyzed against ethanol for 1 week.

2.4 | Preparation of EDMP-
functionalized Ludox TM-40 particles

In the first step of attaching ATRP initiators to the silica
particle surfaces (Scheme 1(a)), pretreated Ludox TM-40
silica particles were dispersed in ethanol (1 g, 50 ml) and
added to a 200 ml round-bottom flask. Afterward, a pH
of 10 was obtained by the addition of 28% NH; solution.
EDMP (0.860 g, 0.002 mol) was then slowly added to the
dispersion and refluxed for 24 hr at 85°C. Finally, the
particles were purified by dialysis against ethanol for
1 week, freeze-dried, and stored at 4°C with minimal
humidity. The amount of grafted EDMP was determined
by TGA, see Figure S2.

2.5 | Synthesis of Silica-PMMA HNPs

EDMP-functionalized SiO, nanoparticles (200 mg) were
mixed with 10 ml of a Pluronic F-127 (0.04 g/ml) solution
in a 20 ml scintillation vial and vortexed and sonicated
until a milky white suspension was formed. In parallel,
TBAB (1.934 g, 6 mmol), CuBr, (1 mg, 4.48 pmol), tris
(2-pyridylmethyl) amine (TPMA) (12.2 mg, 42 pmol), and
water (43.2 ml) were added in a 100 ml round-bottom
flask with a stirring bar. The particle suspension was
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added to the 100 ml flask and degassed for 20 min by
bubbling with argon. After removing the stabilizer via
vacuum distillation, MMA (7.5-14.1 mmol/hr) and an
aqueous solution of ascorbic acid (2.27 mM, 3.6 ml,
1.4 pmol/hr) were added to the 100 ml flask simulta-
neously over the course of 6 hr using two syringe pumps
(Scheme S2). In cases, where the syringe pumping rate was
not precise enough to add the exact amount of MMA
desired during the reaction, the pumping rate was adjusted
so that all monomer would be added a short time before
the reaction was terminated. After 6 hr, at which point the
addition of both MMA and ascorbic acid was complete, the
polymerization was terminated by opening the reaction
flask to air. The HNPs were separated by centrifuging at
4400 rpm for 20 min, washed twice with THF and Milli-Q
water, and dried in a vacuum oven at 80°C (Scheme 1(b)).
The polymer content of the synthesized HNPs was deter-
mined by TGA, see Figure S3.

2.6 | Analytical procedures

Fourier transform infrared spectroscopy (FTIR) measure-
ments were performed on a Vertex V80V vacuum FTIR
instrument; Bruker, Billerica, MA. Samples analyzed
with FTIR were first ground into a fine powder. Spectrum
were acquired at 2 cm™' resolution in the range of
4,000-400 cm™' with an integrating time of 1 min for
each sample. Thermogravimetric analysis (TGA) mea-
surements were performed on a TA Instruments Inc.
TGA Q500, heating the samples from 20 to 600°C with a
heating rate of 10°C/min under a nitrogen atmosphere.
The mass of the samples for each measurement was in
the range of 8-10 mg. The molar mass of the grafted poly-
mer chains were obtained after HF etching by using a
Waters ambient temperature THF-GPC. A Waters 410 -
differential refractive index detector and a Waters 486,106
UV/vis detector were applied in parallel. The three GPC
columns used are PSS (Polymer Standards Service) SDV
models with 8 x 300 mm dimensions, with porosities of
50 A, 500 A, and Linear M. Elugrams were obtained at
35°C using a THF flow rate of 1 ml/min and were
calibrated with narrow polystyrene standards. The molar
mass was analyzed using the Breeze software. NMR
spectrum were measured using a Varian INOVA-500 NMR
Spectrometer in CDCl; at 20°C with an HBB nanoprobe,
and the data was recorded using the VNMR 6.1C software.
XRD measurements of the HNPs were carried out on
Bruker-D8 Advance ECO powder diffractometer. Diffrac-
tion was measured using Cu K-a radiation with a wave-
length of approximately 2 = 1.54 A and photon energy of
8.04 keV. The source of the 40 kV x 25 mA X-rays was a
water-cooled fixed Cu target excited by an electron gun.

Transmission electron microscope (TEM) images were col-
lected by an FEI F20 TEM STEM with a Thermo-Fisher
GF20 scope, monochromated and operated at 200 kV.
Samples were suspended in tetrahydrofuran and deposited
on carbon plated grids. The images were acquired in
High Angular Annular Darkfield (HAADF) mode TEM.
Dynamic light scattering (DLS) measurements in water
were performed with a Malvern Zetasizer Nano ZS90.

3 | RESULTS AND DISCUSSION

In general, the synthesis of HNPs was carried out in two
steps. In the first step, Ludox TM-40 silica particles with
a diameter of 25 nm were functionalized with the ATRP
initiator EDMP, as shown in Scheme 1(a). Notably, the
hydrophobic initiator EDMP was used in order to localize
all polymerization steps within the monomer phase for
better reaction control. After surface-functionalization,
the second step involved adding the now hydrophobic
nanoparticles to a heated reaction flask with Pluronic
F-127 surfactant, forming a micellar particle suspension
stable enough for hydrophobic polymer chains to be
grown from the SiO, surface with minimal particle
aggregation. The synthesis of PMMA shells from the
functionalized SiO, nanoparticle surfaces via ARGET-
ATRP in miniemulsion is the primary object of this
research and is discussed in detail below.

The polymerization scheme described herein was
based on the technique of Cordero et al, wherein TBAB
and acetone played a role in monomer and catalyst trans-
port.7 In particular, Cordero et al used TBAB, which has
a finite solubility in both the oil and aqueous phases, as a
phase transfer agent to help to shuttle monomer and
ATRP catalyst complex into the micelles. Furthermore,
Cordero et al introduced acetone in the miniemulsion
ARGET-ATRP of MMA to both increase the solubility of
monomer in the aqueous phase and assist in the diffusion
of monomer into the micellar oil phase, thereby localiz-
ing polymerization in the micelles.'® Since the use of
acetone is undesirable for green, scalable syntheses, the
present work further investigates the roles of TBAB and
acetone for producing PMMA-shell HNPs.

To investigate the roles of TBAB and acetone in HNP
synthesis, a constant MMA concentration of 0.67 mol/L
was added to the reaction flask at the beginning of each
of three separate reactions (Table 1, Samples 1-3). The
reaction in Sample 1 was conducted with only TBAB; the
reaction in Sample 2 was conducted with both TBAB and
20 vol% acetone; and the reaction in Sample 3 was
performed with only 20 vol% acetone. As shown in
Table 1, it was observed that the inclusion of acetone
leads to generally higher polymer content in the resulting
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TABLE 1 SiO,-PMMA HNPs synthesized using mini-emulsion ARGET-ATRP
MMA MMA feeding rate Polymer content Graft density Molar Shell

Sample (mol/L) (mmol/hr) (Wt%) (chains/nm?) mass thickness (nm)?
1° 0.67 — 32 0.0084 214,300 —

P 0.67 = 50 0.013 328,700 =

3> ed 0.67 — 53 0.029 158,600 —

4 0.67 7.5 21 0.011 86,400 25+0.3

5 1 10.3 25 0.011 106,200 70+ 1.0

6 1.17 12.2 32 0.017 105,800 110+ 1.6

7 1.34 14.1 61 0.024 276,300 —

*The diameters of SiO,-PMMA HNPs were determined by averaging the diameters of 10 particles measured by TEM and analyzed with

Imagel].

°All MMA was added at the beginning of the sample.
“With 20 vol% acetone.

‘Without TBAB.

HNPs, compared with the results of TBAB alone. The poly-
mer graft density, calculated according to Equation S1, was
also higher for both reactions containing acetone. A
possible explanation for this difference is that the acetone-
assisted transfer of monomer results in the increase of
initial MMA concentration located inside the micelles, lead-
ing to a higher initial number of growing chains. The trend
for the molecular weight of grafted polymers is less clear,
but TBAB alone results in a value of M, intermediate
between those of acetone alone and TBAB + acetone.

An additional factor that must be taken into account
is the amount of ungrafted free polymer found in the
reaction flask after the synthesis, measured as a weight
fraction of the total amount of monomer added. The
presence of ungrafted polymer chains can result from
several pathways, including chain transfer reactions,
residual ungrafted EDMP, or chain scission due to hydrolysis
or shear during processing."> In general, the presence of free
polymer is undesirable, since it lowers yield and reaction
purity. For Sample 1 containing only TBAB, free polymer
was present at 20 wt%, whereas for Samples 2 and 3 con-
taining 20 vol% acetone, free polymer was measured at
40 wt% and 36 wt%, respectively (Table S1). The higher
amounts of ungrafted polymer produced when acetone is
present, coupled with the fact that acetone leads to only
slight changes in shell characteristics, means that the use
of TBAB alone is preferable for a scalable, green synthetic
system. Thus, for the remainder of the experiments
described, acetone was excluded from the reaction and
TBAB alone was used.

The rate of monomer addition was observed to play
an important role in reaction control. For instance,
Samples 1 and 4 in Table 1 share the same final concen-
tration of added MMA, but the MMA was added all at
once for Sample 1 and over the course of the whole

reaction for Sample 4. Although the HNPs in Sample 1 -
possessed greater polymer content and the chains had a
higher molar mass than those of Sample 4, Sample 4 had
no measurable free polymer present at the end of the
reaction, compared with 20 wt% free polymer found in
the Sample 1 reaction flask. Similarly, Samples 5 and
6 contained no measurable quantities of free polymer
(Table S1). This suggests that slowly adding MMA over
the course of the reaction limits the mechanisms respon-
sible for the formation of ungrafted polymer, since, for
instance, one might expect a lower monomer concentra-
tion at any given time to limit chain transfer.

After the presence of grafted PMMA chains on the SiO,
particle surfaces was confirmed using FTIR (Figure S4) and
XRD (Figure S5) measurements, darkfield TEM measure-
ments of the PMMA-shell HNPs were made to characterize
particle geometry via measurements of diameter and shell
thickness. The TEM images of the HNPs described in
Table 1, Samples 4-7 are shown in Figure 1. As shown in
Figure 1, the HNPs exhibit a spherical core-shell morphol-
ogy with tunable PMMA shell thickness. Shell thickness
was calculated by subtracting the core radius from the outer
radius of individual HNPs as viewed in TEM, then averag-
ing to get a value for the whole sample. As might be
expected, increasing MMA concentrations led to thicker
PMMA shells until the onset of aggregation at a final MMA
concentration of 1.34 mol/L, as seen for Sample 7 in
Figure 1(d, h), showing large 200-300 nm aggregates. The
aggregates in Sample 1 (Figure S6) and the 16 wt% free
polymer in Sample 7 (Table S1) suggest that the presence of
free polymer may cause this aggregation.

For Samples 4-6 in Table 1, on the other hand, mini-
mally aggregated particles with shell thicknesses of
25 +0.3, 7.5 +£1.0, and 11.0 + 1.6 nm (Figure 1(a-c);
(e-g)), respectively, were observed. These values were
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FIGURE 1 TEM images of the SiO,-PMMA HNPs obtained via miniemulsion ARGET-ATRP with selected polymer content (Table 1,
Samples 4-7). (a, e) Sample 4. (b, f) Sample 5. (c, g) Sample 6. (d, h) Sample 7
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FIGURE 2
from silica nanoparticles in miniemulsion ARGET-ATRP.

MMA = 0.67 mol/L; MAA feeding rate = 7.5 mmol/hr at 80°C. The
curves are drawn as a guide to the eye, rectangle (Weight (%)),
circle (Graft density (Chains/nm?)) [Color figure can be viewed at
wileyonlinelibrary.com]

Polymerization kinetics for the grafting of MMA

similar to those found with DLS, which gave shell thick-
nesses of approximately 4.5, 6, and 10 nm, respectively (-
Figure S7). These observations demonstrate that shell
thickness can be tuned by varying the MMA addition
rate, although for high enough MMA concentrations
HNP aggregation may occur.

In order to qualitatively understand the time-
dependence of the polymer grafting process, a study of

polymerization kinetics was performed by regularly
extracting samples from a reaction using the same condi-
tions described for Sample 4 in Table 1. The results of this
experiment are shown in Figure 2. The molar mass and
polymer weight content of the HNPs increased for
approximately 2 hr, then became constant at approximate
values of M,, = 78,000 and 21 wt%, respectively, consis-
tent with the results of Sample 4. As a result, the polymer
graft density calculated according to Equation S1 reached
a value of 0.011 chains/nm? at 2 hr and remained approx-
imately constant for the remainder of the reaction. To
verify that the reaction neared completion at around
2 hr, an experiment was performed to synthesize over 1 g
of PMMA-shell HNPs using the reaction conditions of
Sample 6. Analysis of this reaction was nearly identical to
that of Sample 6 and suggested minimal to no occurrence
of ungrafted PMMA. Furthermore, the resulting particles
had homogeneous shells and a low degree of aggregation,
demonstrating the scalability of the synthetic methods
described herein.

4 | CONCLUSION

It was shown that miniemulsion ARGET-ATRP using the
phase transfer agent TBAB, as originally developed by
Cordero et al, could be adapted to the synthesis of 25 nm
silica-core, PMMA-shell HNPs in aqueous media. Unlike
Cordero et al's method, however, it was found that the
HNP shell synthesis could be performed without acetone,
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thereby eliminating the use of organic solvents. Further-
more, by changing the monomer feeding rate it was
found that free polymer formation could be eliminated
while also giving control of the HNPs' graft density and
shell thickness, which ranged from 0.011 to 0.017 chains/
nm? and 2.5 to 11 nm, respectively. A study of reaction
kinetics revealed that although the reaction took place
over the course of 6 hr, the HNP graft density remained
relatively constant after 2 hr. To demonstrate the feasibil-
ity of large-scale reactions over compressed timeframes, a
gram-scale, 2-hr reaction was successfully performed,
resulting in HNPs with characteristics similar to those
from the smaller-scale, 6-hr reactions. While future work
will focus on extending this method to synthesize HNP
shells of varying materials and morphologies, this work
demonstrates the feasibility of using a phase transfer
agent and varied monomer feeding rates to aid in the
green, scalable synthesis of finely controlled HNPs.
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