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Abstract

:

Hybrid particles consisting of an organic polymer and silica or polyorganosiloxanes are interesting building blocks for nanocomposites. The synthesis of such particles typically requires multiple reaction steps involving the formation of polymer colloids and the subsequent deposition of silicon-containing material either inside or on the surface of these colloids, or vice versa. In 2014, we reported a facile method for the one-pot synthesis of sub-micron sized hybrid particles based on simultaneous sol-gel conversion of organotrimethoxysilanes and emulsion polymerization of a vinylic monomer, illustrated by the synthesis of polystyrene-polyphenylsiloxane particles from the monomers styrene and phenyltrimethoxysilane (Segers et al (2014). In this process, the required surface active species was formed in situ through hydrolytic conversion of phenyltrimethoxysilane to phenylsilanolate oligomers. Introduction of thiol groups in such hybrid particles should yield particles suited for functionalization with small metal nanoparticles, e.g., Au. Here, we present the synthesis of thiol-containing hybrid particles consisting of poly(3-mercaptopropyl)siloxane and polystyrene using the one-pot synthesis method based on simultaneous conversion of (3-mercaptopropyl)trimethoxysilane and styrene. We prepared particles from different volume ratios of (3-mercaptopropyl)trimethoxysilane and styrene, ranging from 1:99 to 80:20. The resulting spherical hybrid particles displayed different sizes, compositions, and architectures (including core-shell), which were studied in detail using scanning electron microscopy, thermogravimetric analysis, and scanning transmission electron microscopy combined with energy dispersive x-ray spectroscopy. The composition of these particles, and consequently the number of thiol groups available for further functionalization such as metal anchoring, was tunable.






Keywords:


polystyrene; silica; surfmer; multidomain; core-shell; phase separation; thiol












1. Introduction


Hybrid nanoparticles, or particles derived thereof, are interesting materials for use in a broad range of applications [1,2,3] including coatings [4,5,6]. In particular, hybrid particles of which the properties can be tailored for a specific application through precise control over size, composition, and architecture are highly desired [7,8]. Such particles, however, are typically prepared in a multi-step synthesis involving the formation of polymer colloids followed by the deposition of inorganic material inside or on the surface of these colloids [1,9,10], or vice versa [11,12,13,14]. Therefore, such particles are costly and/or challenging to prepare at the pilot or industrial scale, which limits their application. In 2014, our group reported a method for the one-pot synthesis of sub-micron sized hybrid particles in aqueous ammonia, based on simultaneous sol-gel conversion of organotrimethoxysilanes and emulsion polymerization of vinylic monomers (styrene or methyl methacrylate) [15]. Using the combination of phenyltrimethoxysilane (Ph-TMS) and styrene as prototypical example, we demonstrated that well-defined spherical hybrid particles consisting of polyphenylsiloxane and polystyrene could be produced [15]. The mechanism of formation of these particles involved the formation of an oil-in-water (o/w) emulsion comprising a mixture of Ph-TMS and styrene as the oil phase, which was stabilized by surface active phenylsilanolate oligomers formed in situ through the hydrolytic conversion of Ph-TMS. Ergo, Ph-TMS serves as monomer and precursor for the surface active species in this synthesis route (surfmer) [15]. The formation of these surface active species has been confirmed in multiple studies, as well as exploited for the synthesis of hollow and porous polyphenylsiloxane spheres [16,17], and polystyrene-polyphenylsiloxane Janus particles [18,19].



In addition to use in composites and coatings, hybrid spheres may also be particles suited for further functionalization, e.g., surface decoration with small metal nanoparticles, or even nanoshells [20,21], e.g., of Au. Based on their localized surface plasmon resonance, such composite particles are of interest for a wide range of applications in which plasmonic absorption and/or scattering play a key role. Examples of such applications are plasmon-mediated chemical conversions [22,23], surface enhanced Raman scattering [24,25], and photothermal tumor treatment [26,27].



Since thiol moieties are attractive groups for further functionalization, e.g., for anchoring of noble metal nanoparticles, the aim of this study was to prepare hybrid particles comprising a tunable number of thiol groups using the previously developed one-pot conversion method. For this purpose, we selected the combination of styrene and the thiol-containing sol-gel reagent (3-mercaptopropyl)trimethoxysilane (MPTMS, Figure 1).



We present the synthesis of spherical hybrid particles consisting of poly(3-mercaptopropyl)siloxane and polystyrene, and demonstrate the effect of varying the ratio of styrene to MPTMS on the size, composition, and architecture of the resulting hybrid spheres.




2. Materials and Methods


2.1. Materials


MPTMS (95%), styrene (≥99%), potassium peroxodisulfate (99%), and aqueous ammonia (30–33%) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Prior to use, styrene was purified through removal of the inhibitor via filtration over a short aluminum oxide column. Styrene and potassium peroxodisulfate were degassed and stored under nitrogen at 4 °C. MPTMS and aqueous ammonia were used without purification.




2.2. Synthesis of Hybrid Particles


The synthesis was performed under a nitrogen atmosphere. Degassed Milli-Q water (340 mL) was heated to 60 °C in a glass reactor equipped with an overhead stirrer. Subsequently, aqueous ammonia (30 mL, 30–33%) and MPTMS (3−x mL) were added. After 5 min stirring at 350 rpm, the reaction mixture became turbid white, indicating that an emulsion was formed. Then, styrene (x mL) and a solution of potassium peroxodisulfate (0.150 g) in water (3.0 mL) were added. The resulting mixture was heated to 80 °C for 4 h. Subsequently, the mixture was cooled to 0 in an ice bath, and the particles were purified through centrifugation and washing with Milli-Q water. The purified particles were dispersed in Milli-Q water.




2.3. Characterization and Measurement Methods


2.3.1. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was performed using a Discovery TGA (TA Instruments, New Castle, PA, USA). Samples were loaded in platinum pans and ramped at 10 °C·min−1 to 700 °C or 900 °C under dry air with a flow rate of 20 mL·min−1.




2.3.2. Scanning Electron Microscopy


Scanning electron microscopy (SEM) measurements were carried out using a FEI quanta 600 microscope. Samples were prepared by drying a dispersion droplet on a cleaned microscope slide and were subsequently sputtered with a gold coating. The accelerating voltage used was 15 kV.




2.3.3. Transmission Electron Microscopy


Transmission electron microscopy (TEM) studies were performed using a JEOL ARM 200 probe corrected TEM, operated at 200 kV. Imaging of the particles was performed in high-angle annular dark field (HAADF)-scanning TEM (STEM) mode. Energy dispersive X-ray spectroscopy (EDS) spectra were recorded using a 100 mm2 Centurio SDD detector. EDS mappings were obtained in STEM mode by acquiring full spectra in grids of either 256 × 256 or 512 × 512 pixels. All mappings were obtained by the summation of 50–100 frames, each having 0.1 ms acquisition time per pixel per frame. In this way, the particles remained unaffected by the impact of the incident electron beam.






3. Results and Discussion


To successfully perform the emulsion polymerization of styrene in the presence of MPTMS and obtain corresponding hybrid particles consisting of poly(3-mercaptopropyl)siloxane and polystyrene, it is of vital importance that styrene and MPTMS are miscible in all mixing ratios, and that MPTMS forms a surface active species through hydrolytic conversion. Through macroscopic mixing experiments, we confirmed that styrene and MPTMS are miscible in all mixing ratios. To validate the formation of the surface active species from MPTMS, we added MPTMS to aqueous ammonia at pH 11 (volume ratio 1:100) at a temperature of 60 °C. After 5 min, we observed the formation of a turbid white emulsion of MPTMS in aqueous ammonia, which confirmed the formation of the surface active species through hydrolytic conversion of a small amount of MPTMS. This is in agreement with previous results obtained for Ph-TMS and other organotrimethoxysilanes [15,16,17,18,19]. After confirming that both reagents were fully miscible and MPTMS formed a surface active species through hydrolytic conversion, we performed the particle synthesis at a volume fraction of 8.04 × 10−3 (=0.084 vol %) monomers (sum of MPTMS and styrene) in aqueous ammonia. After the formation of the emulsion of MPTMS in aqueous ammonia at 60 °C, we added styrene and potassium peroxodisulfate to the reaction mixture. After 4 h reaction time at 80 °C, the particles were purified through centrifugation and washing with water, and redispersed in water. We performed experiments at four different volume ratios of MPTMS:styrene, viz. 1:99, 20:80, 50:50, and 80:20, and analyzed the resulting particles using SEM (Figure 2).



The SEM images clearly display that the size of the particles produced from MPTMS:styrene mixtures at volume ratios of 1:99 (Figure 2A), 20:80 (Figure 2B), and 50:50 (Figure 2C) are similar. All reactions were carried out in triplicate, and the average particle size was determined from the SEM images through analysis of at least 100 particles (Supplementary Materials Figures S1–S4). The average particle diameters were determined as 288 nm (1:99), 312 nm (20:80), and 305 nm (50:50). The particles produced from the 80:20 mixture were substantially larger with a diameter of 556 nm (Figure 2D). All batches displayed a reasonably narrow size distribution with a ratio of standard deviation to particle diameter between 0.052 and 0.14. As a reference material, we synthesized particles without styrene using only MPTMS as a monomer. The resulting poly(3-mercaptopropyl)siloxane spheres display an average diameter of 557 nm (Supplementary Materials S5). Although the hybrid spheres formed in this study are slightly smaller, a similar trend in particle size was observed for hybrid particles derived from the previously reported Ph-TMS:styrene system [15]. Similar to miniemulsion polymerization, we expect that the particle size could be reduced using e.g., sonication, and smaller hybrid spheres should be achievable. Up to a ratio of Ph-TMS:styrene of 40:60, the particle size was approximately 350 nm. At a ratio of 50:50 and upwards, a particle size of approximately 600 nm was reported.



The composition of the particles was analyzed using TGA. As displayed, the particles decompose in two steps (Figure 3): polystyrene decomposes at about 300 °C, and poly(3-mercaptopropyl)siloxane at 400 °C.



From the TGA analysis, we obtained the following weight percentages of silica: 19.7% (20:80), 32.7% (50:50), and 39.0% (80:20) (Table 1). The particles obtained at a ratio of 1:99 could not be analyzed using TGA due to the limited accuracy of the technique. In previous work, we demonstrated through Raman spectroscopic analyses that the thiol group of MPTMS does not react under the reaction conditions applied for the synthesis of the hybrid spheres [15]. Based on that, we conclude that they are available for further chemical reactions applied for the functionalization of the hybrid spheres.



At low to medium ratios of MPTMS: styrene (20:80 and 50:50, Figure 3A,B), the amount of silica present in the sample is higher than the theoretical value. The reason for this could be that the polymerization of styrene is hampered, and unreacted styrene monomer is lost in the purification process. At a ratio of 80:20 (Figure 3C), the amount of silica in the sample is close to the theoretical value. Particles obtained from MPTMS only have a theoretical and experimental silica content of 47.2% and 46.3%, respectively (Figure 3D). This behavior deviates from the previously reported Ph-TMS:styrene mixtures, in which for all investigated monomer ratios the experimentally obtained silica percentage was very similar to its theoretical value [15].



To demonstrate that the particles are really hybrid, and to study the architecture of the particles, we performed STEM-EDS analyses (Figure 4 and Supplementary Materials Figures S6 and S7).



These STEM-EDS analyses clearly confirm that the particles obtained from the 20:80, 50:50, and 80:20 mixtures consist of polystyrene and poly(3-mercaptopropyl)siloxane. There are neither pure polystyrene nor pure poly(3-mercaptopropyl)siloxane particles present in the samples. Although the monomers are miscible, the particle architectures seem to be the result of the phase separation of the polymers during the polymerization processes. At a ratio of 20:80, the resulting particles display a core-shell architecture with a core of polystyrene and a shell of poly(3-mercaptopropyl)siloxane. Although both polymers seem rather homogeneously distributed for the MPTMS:styrene ratios 50:50 and 80:20, the images show signs of the formation of small domains which seem more or less randomly distributed throughout the spherical particle. When compared to the previously reported polystyrene-polyphenylsiloxane spheres, we observe that in both cases particles with a polystyrene core and polyorganosiloxane shell are formed at low volume ratios. Large differences occur at a 50:50 ratio. In the case of MPTMS:styrene, both polymers seem rather homogeneously distributed. For Ph-TMS:styrene, phase separation results in inhomogeneous polymer particles with rather large domain structures. At high ratios (80:20 or higher), the resulting spheres show rather homogeneous distributions of both polymers for the MPTMS and Ph-TMS cases.




4. Conclusions


In conclusion, we successfully prepared hybrid particles consisting of polystyrene and poly(3-mercaptopropyl)siloxane in a one-pot process. The process involves the formation of an o/w emulsion of polystyrene and MPTMS in aqueous ammonia, which is stabilized by in situ formed surface active (3-mercaptopropyl)silanolate oligomers. After the formation of the emulsion, styrene is converted to polystyrene through radical polymerization, and at the same time MPTMS reacts to poly(3-mercaptopropyl)siloxane through hydrolysis and polycondensation in a sol-gel reaction. The resulting hybrid spheres have a diameter between 288 nm and 556 nm, with a reasonably narrow particle size distribution. The composition of the spheres is tunable through the variation of the monomer ratio of MPTMS:styrene, albeit that at low and medium ratios (20:80 and 50:50) the silica content of the hybrid particles is higher than expected. This indicates a loss of styrene. At high ratios (80:20), the silica content is very similar to its theoretical value. The hybrid nature of the particles is confirmed through STEM-EDS analyses. At a MPTMS:styrene ratio of 20:80, the resulting particles have a core-shell architecture with a polystyrene core and a poly(3-mercaptopropyl)siloxane shell. At medium and high ratios, the distribution of both polymers seems rather random. Ergo, we managed to prepare hybrid spheres with a tunable amount of thiol groups, as well as tunable size and architecture. Therefore, these spheres should be of interest for further functionalization via their reactive thiol groups, e.g., for decoration with noble metal nanoparticles. This will be the subject of future investigations.
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The following are available online at http://www.mdpi.com/2504-5377/1/1/7/s1, Figures S1–S5: SEM images of hybrid particles obtained at a volume ratio of MPTMS:styrene of 1:99, 20:80, 50:50, 80:20, and 100:0, each in three independent synthesis experiments; Figures S6 and S7: STEM-EDS mappings displaying the distribution of carbon and oxygen in hybrid particles obtained at a ratio of MPTMS:styrene of (A) 20:80, (B) 50:50 and (C) 80:20.
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Figure 1. Schematic representation of the synthesis of hybrid particles consisting of poly(3-mercaptopropyl)siloxane and polystyrene. 
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Figure 2. SEM images of hybrid particles obtained at a volume ratio of MPTMS:styrene of (A) 1:99, (B) 20:80, (C) 50:50, and (D) 80:20. 
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Figure 3. Thermogravimetric analysis (TGA) of particles obtained from a mixture MPTMS:styrene of (A) 20:80, (B) 50:50, (C) 80:20, and (D) 100:0. 
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Figure 4. Scanning transmission electron microscopy–energy dispersive X-ray spectroscopy (STEM-EDS) mappings displaying the distribution of silicon in hybrid particles obtained at a ratio of MPTMS:styrene of (A) 20:80, (B) 50:50, and (C) 80:20. 






Figure 4. Scanning transmission electron microscopy–energy dispersive X-ray spectroscopy (STEM-EDS) mappings displaying the distribution of silicon in hybrid particles obtained at a ratio of MPTMS:styrene of (A) 20:80, (B) 50:50, and (C) 80:20.



[image: Colloids 01 00007 g004]







[image: Table] 





Table 1. Experimentally obtained and theoretical silica content at different mixing ratios.
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	Ratio MPTMS:Styrene
	Theoretical wt % Silica
	Experimental wt % Silica





	20:80
	7.49
	19.7



	50:50
	20.3
	32.7



	80:20
	35.5
	39.0
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nav.xhtml


  colloids-01-00007


  
    		
      colloids-01-00007
    


  




  





media/file6.jpg





media/file1.png
T=60"C, =5 min
b

Ll

+ styrene, + K,5,04
T=80°C,t=4h

A 4






media/file7.png





media/file5.png
] L] L] L] L] L] 1 L] L] L]
m (=] o o (] (=] o o (] o
= [#)] co M~ w uw =t m o~ —

(%) YS1apm

L] L L] L] L] L L] L] L] L
m o o o o (] o o [ ] o
© gy 0 I~ W owmost M o~ o

(%) 1YS1oM

400 600 800

Temperature ("C)

200

400 600 800

Temperature ("C)

200

m (] o o (] (=] (=] (=] (] (]
= [#)] co [~ w uw =t (33 ~ —f
(%) 1YS1oMm
L} Ll T T L) L) L | 1 T
m o O o o o O o o o
= (0)] o M~ w u =T m ™~ o

(%) IYS1opm

300

600

400

200

800

600

400

200

Temperature ("C)

Temperature ("C)





media/file3.png





media/file4.jpg
(((((((((((






media/file0.jpg
ks,






media/file2.jpg





