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Abstract: Well-defined polymer brushes attached to nanoparticles offer an elegant opportunity
for surface modification because of their excellent mechanical stability, functional versatility, high
graft density as well as controllability of surface properties. This study aimed to prepare hybrid
materials with good dispersion in different solvents, and to endow this material with certain
fluorescence characteristics. Well-defined diblock copolymers poly (styrene)-b-poly (hydroxyethyl
methyl acrylate)—co-poly (hydroxyethyl methyl acrylate- rhodamine B) grafted silica nanoparticles
(SNPs-g-PS-b-PHEMA-co-PHEMA-RhB) hybrid materials were synthesized via surface-initiated
activators regenerated by electron transfer atom transfer radical polymerization (SI-ARGET ATRP).
The SNPs surfaces were modified by 3-aminopropyltriethoxysilane (KH-550) firstly, then the initiators
2-Bromoisobutyryl bromide (BIBB) was attached to SNPs surfaces through the esterification of acyl
bromide groups and amidogen groups. The synthetic initiators (SNPs-Br) were further used for the
SI-ARGET ATRP of styrene (St), hydroxyethyl methyl acrylate (HEMA) and hydroxyethyl methyl
acrylate-rhodamine B (HEMA-RhB). The results indicated that the SI-FARGET ATRP initiator had been
immobilized onto SNPs surfaces, the Br atom have located at the end of the main polymer chains,
and the polymerization process possessed the characteristic of controlled/“living” polymerization.
The SNPs-g-PS-b-PHEMA-co-PHEMA-RhB hybrid materials show good fluorescence performance
and good dispersion in water and EtOH but aggregated in THF. This study demonstrates that the
SI-ARGET ATRP provided a unique way to tune the polymer brushes structure on silica nanoparticles
surface and further broaden the application of SI-ARGET ATRP.
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1. Introduction

Polymer/silica nanoparticles (polymer/SNPs) hybrid materials combine the advantages of SNPs
(thermal stability, rigidity, ease of modification) and polymers (ductility, functionality, machinability,
compatibility) [1-3]. A variety of methods have been developed for preparation polymer/SNPs
hybrid nanoparticles, including the in-situ introduction or adsorption of nanoparticles [4], the sol-gel
technique [5,6], layer-by-layer deposition [7] and graft polymerization [8,9]. Among these methods,
graft polymerization is a very popular potential method to form a film layer (perhaps polymers)
that are covalently bonded onto the substrate surface [10-12], this modified surface shows good
mechanical and chemical stability, as well as structural controllable. Within various methods of graft
polymerization, surface-initiated atom transfer radical polymerization (SI-ATRP) [13-16] has been
widely applied for grafting polymers on different materials surface, especially for grafting a densely
anchored polymer shell with a high degree of control on the size, structure, and unique uniformity
of the polymer chains, which was owing to the high compatibility of SI-ATRP process has a wide
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variety of monomers, molecular weight (MW) and structure designability, mild reaction conditions,
well-defined thickness, and composition [17-19].

However, traditional ATRP is sensitive to oxygen and requires high transition-metal (Cu (I))
complex catalyst concentration to maintain activity throughout the polymerization process, which
results in an inevitable metal residue in final products and is harmful to physiological systems [20].
Several new ATRP techniques were developed to solve these drawbacks in recent years, especially
the technique of activators regenerated by electron transfer for ATRP (ARGET ATRP), can effectively
decrease the amount of metal catalyst required by introducing excess reducing agent, the ARGET
ATRP technique allows the utilization of ppm level of Cu catalysts to greatly reduce the sensitivity of
oxygen, with good prospects for use in industry [21-25].

Silica nanoparticles (SNPs) due to their thermal stability and high rigidity as well as chemical
resistance [26,27] and physical [28,29] have received much attentions. However, their poor
hydrophobicity and dispersibility [30,31] have been largely restricted in many application fields.
Therefore, the surface modification of SNPs with different polymers to improve their dispersibility
in various solvents and extend their physicochemical properties is very essential. It has been
proved by researchers’ continuous exploration that SNPs surface modified with organic materials
to form silica/polymer core/shell nanohybrids [32-34], which also named polymer-modified SNPs
(PM-SNPs), have been applied in various areas such as electrical materials and catalysis [35-38], optical
performance [39,40], drug delivery [41,42], chain end fluorescein labeling [43,44] and so on.

Herein, we describe a synthesis of well-defined PS-b-PHEMA-co-PHEMA-RhB-grafted SNPs
(SNPs-g-PS-b-PHEMA-co-PHEMA-RhB) via surface-initiated ARGET ATRP (SI-ARGET ATRP). Firstly,
the ARGET ATRP initiator was grafted from the SNPs surface and used to initiate styrene polymerization
on SNPs surface, which can make resulted in SNPs-g-PS hybrid materials. Owing to the livingness of
the ATRP process [45-47] (which also can be verified by 1IH-NMR in this work), the end group of the PS
block can be reinitiated to continue the polymerization on SNPs surface with the hydrophilic monomer,
HEMA and HEMA-RhB, resulting in the SNPs-g-PS-b-PHEMA-co-PHEMA-RhB. The purpose of this
study is to obtain hybrid materials with good dispersion in different solvents, and to endow this material
with certain fluorescence characteristics, so as to further broaden the application of SI-ARGET ATRP.

2. Materials and Methods

2.1. Materials

The styrene (St, AR) was obtained from Shanghai Chemical Reagent Plant (Shanghai, China)
and distilled under reduced pressure before use. 2-Bromoisobutyryl bromide (BIBB), ethyl
2-bromo-2-methylpropionate (EBiB), rhodamine B (RhB) and triethylamine (TEA) was acquired
from Shanghai Aladdin Chemical Reagent Co. Ltd. (Shanghai, China). 2-hydroxyethyl
methacrylate (HEMA), N,N,N’,N’,N”-pentamethyl diethylenetriamine (PMDETA) were purchased
from Sigma-Aldrich (Shanghai, China). ascorbic acid (Vc¢), tetrahydrofuran (THF), ethanol (EtOH) and
other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). and
used without further purification. All other chemical reagents were analytical grade and used without
further purification.

2.2. Instrumental Characterization

Fourier Transform Infrared Spectrum (FT-IR) of the samples was achieved using FTIR Spectroscopy
on a Nicolet iS5 (Thermo Fisher Scientific, Madison, WI, USA) spectroscopy, within a range of
5004000 cm~!. X-ray photoelectron spectra (XPS) were taken on an Escalab 250xi spectrometer
(Thermo Fisher Scientific, waltham, MA, USA) equipped with an Al Ko X-ray source (hv = 1486.6 eV).
Proton nuclear magnetic resonance ('H NMR) spectra were recorded on a 400 MHz (Varian Mercury
Plus 400, Palo Alto, CA, USA) nuclear magnetic resonance instrument, using CDCl3 and CD3;0D as
solvent and tetramethylsilane (TMS) as the internal reference. The molecular weights and molecular
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distributions of the polymers were measured at an alliance GPC 1515 (Waters 1515, Milford, MA,
USA) gel permeation chromatographer (GPC) using THF as the eluent at a flow rate of 0.6 mL/min~!
Thermogravimetry analysis (TGA) of the materials was recorded on an STA 449C simultaneous
DSC-TGA (Netzsch Instruments, Selb, Germany) with a heating rate of 10 °C min~! in a nitrogen
atmosphere and between the 30-800 °C temperature. The ultra-violet (UV-vis) images were taken on a
Portable dark box UV analyzer (Jiapeng Instruments, Shanghai, China) at 365 nm.

2.3. Preparation of the Hydrophilic Monomer with Rhodamine B (HEMA-RhB)

The synthesis of monomer was prepared through two painstaking steps of the reaction. (The
reaction process is shown in Figure 1a). First, rhodamine B was acylated chlorination by sulfoxide
chloride. Rhodamine B 19.1 mg (0.03996 mmol) was dissolved in 4 mL 1, 2-dichloroethane, and
sulfoxide chloride 30 pL (0.676 mmol) was added rapidly under nitrogen atmosphere. The reaction
was heated to reflux and equipped with an absorption device for 6 h. After the reaction, the solvent
and unreacted SOCI, were decompressed to obtain the product 1 (RhB-Cl). Then, the resulting RhB-Cl
and 2-Hydroxyethyl methacrylate (0.24 mL, 0.00198 mol) was dissolved in 3 mL dichloromethane, the
reaction was treated for 12 h at room temperature. Finally, the resulted HEMA-RhB was concentrated
and stored at room temperature in the dark.
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Figure 1. General synthetic procedure to fabricate SNPs-g-PS-b-PHEMA-RhB: (a) Synthesis of the
HEMA-RhB (Product 2) and (b) Synthesis of SNPs-g-PS-b-PHEMA-RhB via surface-initiated.

2.4. Anchoring of the ARGET ATRP Initiator (Bromo-Initiator) on SNPs Surfaces

Silicon nanoparticles (SNPs) surface was modified with KH550 and 2-bromoisobutyryl bromide
orderly. Following the typical steps: first, SPNs (1 g) was dispersed in 50 mL toluene, the KH550 was
added into the dispersion liquid slowly. After treated at 80 °C for 12 h, the crude SNPs-KH550 was
separated by centrifugation and washed completely by Soxhlet extraction with ethanol. The obtained
SNPs-KH550 was dried at 40 °C under vacuum. XPS Calcd. (Atomic %): Si, 10.38; C, 18.61; N, 7.74; O,
62.97; Br, 0.3; N, 4.680 mmol g_1 (calculated according to the N atomic %) (Table 1).
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Table 1. The element compositions (atomic %) of SNPs-KH550 and SNPs-Br from XPS.

lements
Si C N (0] Br
Sample
SNPs-KH550 10.38 18.61 7.74 6297 0.3

SNPs-Br 893 20 718 5582 8.07

Second, SNPs-KH550 0.7 g was dispersed in a round flask with 25 mL toluene containing 2 mL
(0.014 mol) of TEA. Then 1.43 mL (0.0115 mol) of 2-bromoisobutyryl bromide (the mole ratio of TEA:
BIBB with 1.5:1.2) was added dropwise into the reaction mixture at 0 °C keeping 2 h, then, the reaction
was degassed at 25 °C for 12 h. Thereafter, the products were separated by centrifugation and the
obtained solid (crude SNPs-Br) was rinsed with deionized water, ethanol thoroughly. The resulted
SNPs-Br was dried at 40 °C in a vacuum. XPS Calcd. (Atomic %): Si, 8.93; C, 20; N, 7.18; O, 55.82; Br,
8.07; Br, 3.781 mmol g~! (calculated according to the Br atomic %) (Table 1).

2.5. Synthesis of Silica-Grafting-Polystyrene (SNPs-g-PS)

Figure 1b shows the general synthetic routine to fabricate polystyrene-grafted SNPs via SI-ARGET
ATRP, SNPs-¢-PS. In brief, SNPs-Br (0.15 g, 0.567 mmol Br groups) dispersed into 5 mL cyclohexanone.
Then, styrene (4 mL, 0.035 mol), PMDETA (14.5 pL 0.0698 mmol), EBiB (10 pL, 0.0698 mmol), catalytic
agent (CuCl,-2H,0) (1.2 mg, 0.007 mmol) was added in these reactions with the mole ratio with
500:1:1:0.1, after which the flask system was deoxygenated by degassing and backfilling with argon
and stirring under ambient conditions up to homogeneity. After that, the reaction treated at 90 °C in an
oil bath for 12 h. The products were collected by centrifugation, obtained two parts with a clear liquid
(which contains the polystyrene homopolymer in solution) and sediment (which was named crude
SNPs-¢-PS). The clear liquid was precipitated in methanol to obtain polystyrene homopolymer. On the
other hand, sediment (SNPs-g-PS) was washed with THF via Soxhlet extraction for 24 h to remove the
ungrafted PS completely and dried at 40 °C under vacuum.

2.6. Preparation of the Fluorescence SNPs-g-PS-b-PHEMA-co-PHEMA-RHB Via SI-IARGET ATRP

Typical batch of SI-ARGET ATRP polymerization was charged with the molar ratio of
300:1:0.1:1:0.05 for [M]: [EBiB]: [CuCl,-2H,0]: [PMDETA]: [Vc]. In round bottom flak, SNPs-g-PS
(72.6 mg) was well dispersed in the isopropanol (2 mL) and then the 2-Hydroxyethyl methacrylate
(4.6 mL, 0.038 mol), HEMA-RhB, CuCl,-2H,0 (2.2 mg, 0.0126 mmol) and PMDETA (26.4 uL, 0.126 mmol)
were added into the suspension orderly. The mix was degassed and back-filled with nitrogen,
subsequently, the solutions of reducing agent Vc (1.1 mg, 0.0063 mmol) and initiator EBiB (18.5 uL,
0.126 mmol) were injected into the flask. The reaction bottle was placed into an oil bath at 60 °C for
8 h. After the reaction, the system was opened into the air and separated by centrifugation. The
obtained solid (crude SNPs-g-PS-b-PHEMA-co-PHEMA-RHB) was precipitated in cold diethyl ether
and extracted with ethanol to remove the ungrafted polymers completely and dried at 40 °C in vacuum.
The solution after centrifugation was precipitated in cold diethyl ether and dried at 30 °C in a vacuum,
resulting in PHEMA-co-PHEMA-RHB. The detailed reaction process was listed in Figure 1.

3. Results and Discussion

3.1. Structure Analysis

The hydroxyl groups on SNPs surface can hydrolyze with the activation groups -OC,Hs of
KH550, then the products contain -NH; on SNPs surface, which is advantageous for ATRP initiator
BiBB immobilized to the SNPs surface. Figure 2 shows the FT-IR spectrum of (a) pure SNPs, (b)
SNPs-KH550, (c) SNPs-Br, (d) SNPs-¢-PS and (e) SNPs-¢-PS-b-PHEMA-co-PHEMA-RhB. The bands at
1064 cm™ are attributed to the stretching vibration absorption of Si-O-Si in SNPs. In Figure 2b, the
bands emerged at 3400 cm™~! are owing to the -NHp, the bands at 2930 cm ™! are corresponding to the
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C-H stretching vibrations. These results demonstrate the surfaces of SNPs were modified with silane
coupling agent KH550. Compared with Figure 2b, the new emerged bands at 1637 cm™! is attributed
to the NH-C=0 stretching vibration of BiBB on SNPs surface, indicating the successful immobilization
of BiBB to SNPs surface (Figure 2c). Figure 2d shows the FT-IR spectrum of SNPs-¢-PS: the bands
at 1453 and 1491cm™! are attributed to C=C stretching vibrations of the benzene ring in PS, which
confirm that polystyrene has been grafted onto SNPs surface. As for the diblock copolymer-grafted
SNPs: SNPs-g-PS-b-PHEMA-co-PHEMA-RhB (Figure 2e), the C=C stretching vibrations in PS are still
there. The new bands at 1723 cm™! belongs to ester carbonyl C=O stretching vibration of PHEMA in
SNPs-¢-PS-b-PHEMA-co-PHEMA-RhB, which indicated that PHEMA been grafted from SNPs surface.
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Figure 2. FT-IR spectrum of (a) SNPs, (b) SNPs-KH550, (c¢) SNPs-Br, (d) SNPs-g-PS,
(e) SNPs-g-PS-b-PHEMA-co-PHEMA-RhB.

Figure 3a,b show the full spectrum of XPS before (SNPs-KH550) and after (SNPs-Br) modification
respectively. It can be seen from the spectrum that they mainly contain Si, C, O and N. In addition,
there is an obvious difference between them: the signal of Br 3d appears at 68 eV in Figure 3b,d. Expect
that the binding type of C 1s also changed as shown in Figure 3¢, the C 1s of SNPs-Br consisted with
five types bond, which contains C-C, C-H, C-N, C=0 and C-Br, accompanied by the appearance of
peak at 284.8, 284.2, 286.3 and 285.4 eV, respectively. The existence of C=0 and C-Br indicated that
the -NH,; groups on the surface have reacted with the acyl bromide groups in BiBB to form amide
bonds, which corroborates with the peaks (-C=0) in Figure 2c. Furthermore, the element compositions
(atomic %) of SNPs surface based on XPS obtain were listed in Table 1. From Table 1, it is easy to see the
changes of the elements intuitively, especially bromine, which provides a guarantee for the following
SI-ARGET ATRP.
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Figure 3. XPS spectra of SNPs-KH550 (a), and SNPs-Br (b—d): Survey scan curves range from 0 to
1400 eV (b), the Cl1s core-level spectra (c) and Br3d region (d).

The monomer polymerized was obtained simultaneously by sacrificing the initiator in the solution.
This has some theoretical support for us to understand the reaction process. Figures 4 and 5 show the
'H NMR spectrum of PS and PHEMA-co-PHEMA-RhB. It is worth noting that the solvent is different
between PS and PHEMA-co-PHEMA-RhB, the CDCl; and CD3;0D were used respectively. In general,
the peak of NMR internal reference (TMS) at 0.00 ppm and CDCl3 at 7.27 ppm (Figure 4), CD30D at
3.30 ppm (Figure 5). In Figure 4, except for the signals at around 1.85 ppm and 1.25-1.55 ppm are
ascribed to the protons of methylene and methyl to the repeat unit in the main polystyrene chain. The
peak at 6.58 and 7.09 ppm are attributed to the hydrogen on the benzene. Simultaneously, a weak signal
at 2.36 ppm was also detected, which is the contribution of hydrogen to secondary carbon at the end of
the main chain. As expected, due to the presence of Br atom, the density of the electron cloud near the
Br decreases, which results in the resonance signal moving to the low field at 2.34 ppm. In addition,
compared with the peak at 1.95 ppm form the -CH,- of PHEMA-co-PHEMA-RhB main chain, the peak
at 2.34 ppm was also due to the Br influence (Figure 5). This proved the mechanism of SI-ARGET
ATRP furthermore. Table S1 shows the molecular weight and distribution of PS formed in solution.
The molecular weight (Mn) values reaches 6995 g mol™! and the molecular weight distribution
(Mw/My) is narrow (1.20), which indicated that the polymerizations possess the characteristic of
controlled polymerization.
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Figure 5. 'H NMR spectrum of PHEMA-co-PHEMA-RhB formed in solution.

3.2. Morphology Analysis
In order to intuitively observe the changes of SNPs particle size and distribution morphology

before (SNPs) and after grafting (SNPs-g-PS), the changes of particle size distribution were analyzed
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by TEM and Nano Measurer software. Figure 6 shows the TEM images of SNPs and SNPs-¢-PS. It can
be observed that the diameter tends to increases with the process of grafting polymerization, as shown
in Figure 6a,b. The average diameter of the pure SNPs mainly centered at 14-15 nm. The smaller size
has higher specific surface energy, which makes them easy to agglomerate and less to dispersible as
shown in Figure 6a;—-a3. This phenomenon hinders the application of SNPs. But after grafting PS by
SI-ARGET ATRP, as shown in Figure 6b;-bs, the SNPs-¢g-PS diameter increased, mainly distribution
at 18-19 nm, and the degree of dispersion is better than before. This is due to that the hydrophobic
groups of polystyrene grafted on SNPs surface allow them to interact with each other to facilitate
dispersion. Regardless of particle size or dispersion, the introduction of the polymer increases the
functionality of SNPs, which indirectly indicates that the grafting of SNPs on the surface by SI-ARGET
ATRP was successful.

m 12 13 14 15 16 17 18

Diamater /nm

Frequency

Diamater /nm

Figure 6. TEM images of (a;—a3) SNPs, (b1-b3) SNPs-¢-PS and the particle size distribution.

3.3. TGA Analysis

The TGA was employed to investigate the thermostability of the hybrid materials and the grafting
percentage of polymers on SNPs surface. Figure 7 shows the TGA of the SNPs, SNPs-Br, SNPs-g-PS,
SNPs-g-PS-b-PHMEA-co-PHMEA-RhB, pure polymers PS and PHEMA-RhB with temperature increase
from 30 to 800 °C. The first weight loss below 200 °C is due to the solvent evaporation in the samples.
The significant weight loss stage appeared at the range of 200-700 °C is associated with the thermal
decomposition of the organic content in the samples (the thermal decomposition temperature of pure
PS and pure PHMEA-co-PHMEA-co-PHMEA-RhB is 450 °C, above 450 °C all the organic residues will
decompose, with the breakage of organosilica bonds). The pure SNPs show no obvious decomposition
(7.0%) between 30-800 °C. Therefore, the grafting percentage of polymers on the SNPs surfaces can be
obtained via the weight loss of 200-700 °C. The organic content calculated for SNPs-Br, SNPs-g-PS and
SNPs-g-PS-b-PHMEA-co-PHMEA-RhB is 17.73%, 38.47% and 41.47% respectively. That is, the grafted
PS and the grafted PHMEA-co-PHMEA-RhB on SNPs surface is about 20.74% and 3.01% respectively.
These results indicated that polymers have grafted from SNPs surface by SILARGET ATRP successfully.
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Figure 7. (A) TGA curves of (a) SNPs, (b) SNPs-Br, (c) SNPs -g-PS, (d)

SNPs-¢g-PS-b-PHMEA-co-PHMEA-RhB. (B) TGA curves of (c¢) SNPs -¢g-PS, (d)
SNPs-¢-PS-b-PHMEA-co-PHMEA-RhB, (e) PHEMA-co-PHEMA-RhB and (f) PS.

3.4. Fluorescence and Dispersibility Analysis

Figure 8 presents the fluorescence of SNPs-¢-PS-b-PHMEA-co-PHMEA-RhB and
PHMEA-co-PHMEA-RhB formed in solution, and the images of the dispersions of SNPs (al,
a2, a3), SNPs-Br (b1, b2, b3), SNPs-¢-PS (c1, 2, ¢3), SNPs-¢g-PS-b-PHMEA-co-PHMEA-RhB (d1, d2,
d3) in H,O, EtOH, THF solutions, and the UV-irradiation of SNPs-g-PS-b-PHMEA-co-PHMEA-RhB
in three difference solutions. From Figure 8A, it can be observed obviously that I has a range of
fluorescence emission peak at about 618 nm, which is in accord with the RhB characteristic emission
peak as well as II. The pure SNPs dispersed in water and EtOH, but the mass of shrinkage in THE. The
grafting of PS onto SNPs surfaces (cl, c2, c3) resulted in completely opposite dispersibility. After
grafting the PHEMA-RhB from SNPs surfaces, good dispersion in water and EtOH but aggregated in
THF appeared, which was owing to the contribution of the amphiphilic PHEMA-co-PHEMA-RhB
chains. SNPs-g-PS-b-PHMEA-co-PHMEA-RhB appearance jacinth and royal purple in H,O, THF
respectively at 365 nm UV-irradiation light, but quenching in EtOH. These all instructions that the
monomer with RhB successfully grafted.

(A)

5x10° 4

4x10° 4

3x10° 4

2x10° 4
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=

1x10° 4

04

600 620 640 660 680 700 720
Wavelength / nm

Figure 8. (A) The fluorescence spectrum of I SNPs-¢g-PS-b-PHMEA-co-PHMEA-RhB, 1II
PHMEA-co-PHMEA-RhB formed in solution. (B) The dispersibility of SNPs (al, a2, a3), SNPs-Br
(b1, b2, b3), SNPs-g-PS (cl, <2, 3), SNPs-g-PS-h-PHMEA-co-PHMEA-RhB (d1, d2, d3) with
concentration 0.33 mg/mL in HyO, EtOH, THF solutions, respectively, and the UV-irradiation picture of
SNPs-g-PS-b-PHMEA-co-PHMEA-RhB in H,O(1), EtOH(2), THF(3) three difference solutions at 365 nm.

4. Conclusions

The controllable growth of polymer from SNPs surface was realized by “grafting from” method.
Firstly, the initiator 2-bromoisobutyryl bromide was immobilized on the surface of SNPs, and the
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controlled of polystyrene was grafted on SNPs surface by surface-induced ARGET ATRP. The chain
end functionality of SNPs-g-PS was confirmed and was used as a macroinitiator for further preparation
of SNPs-g-PS-b-PHEMA-co-PHEMA-RhB hybrid materials. The PDI was narrow which indicated
that the polymerization process possesses the characteristic of controlled/“living” polymerization.
In addition, the grafted SNPs were well dispersed in water with a certain optical property, due to
the presence of the PHEMA hydrophilic group and the rhodamine B fluorescent group. This work
provides an effective strategy for solving the dispersion of small-sized nanoparticles by grafting a
polymer brush, and also realizes the design and preparation of multi-functionality hybrid material by
the surface-induced ARGET ATRP method.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/7/1228/s1,
Table S1: Molecular weight and distribution of PS in solution.
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