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ABSTRACT 

 

We report an efficient and easy to implement waterborne sol-gel process for the synthesis of 

nanometric organosilica particles. In this process, tetraethyl orthosilicate (TEOS) and 

3-(methacryloxy)propyl trimethoxy silane (-MPS), employed as silica sources, are 

heterogeneously delivered in an aqueous solution of L-arginine, a basic amino acid used as 

catalyst, from a top organic layer. Co-condensation of TEOS with γ-MPS led to organosilica 

particles with diameters comprised between 30 and 230 nm when increasing the -MPS 

content from 0 to 10.1 mol % in the silica source. Nitrogen sorption analyses confirmed the 

microporous nature of the obtained particles after calcination. The Brunauer–Emmett–Teller 

(BET) surface areas increased from 27 (before calcination) to 684 m
2
 g

-1
 (after calcination) 

for the organosilica particles containing 10.1 mol% of -MPS. Fourier transform infrared 

(FTIR) spectroscopy and 
29

Si nuclear magnetic resonance (NMR) were employed to analyze 

the chemical structure of the organosilica spheres and provide insight into the mechanism of 

particle formation. In a second part, hybrid organosilica particles with a core-shell 

morphology were synthesized through the combination of Pickering emulsion and the sol-gel 

process. -MPS emulsion droplets stabilized by tiny silica particles (formed in a separate step) 
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were firstly generated, and used as seeds to grow a silica shell on their surface through TEOS 

addition from the top organic layer. TEM and pore size analyses of the resulting particles 

after calcination revealed a unique dual-porosity structure with a mesoporous inner core and a 

micro/mesoporous silica shell with ink-bottle type pores. 

 

Keywords: Biphasic, sol-gel, waterborne, organosilica, L-arginine, hydrolysis, 

co-condensation, Pickering, mesoporous, core-shell, microporous, ink-bottle pores 
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INTRODUCTION 

 

Silica nanoparticles have been the focus of the majority of studies on oxide-based 

nanostructured materials.
1 

One main reason for this is its easy processability, high chemical 

inertness and exceptional colloidal stability. Moreover, silica can be processed as thin films or 

powders of controllable porosity.
2
 Since the discovery of mesoporous materials by 

Yanagisawa et al.
3
 and Kresge et al.

4
 in the early 1990’s, significant progress has been made 

in the synthesis of ordered mesoporous materials with various compositions, structures, and 

morphologies.
5,6

 Mesoporous silica materials can provide scientists with several advantages. 

Mesoporous silica synthesized by using surfactant molecules as templates are highly stable, 

and have controlled pore sizes and narrow pore size distributions. They can be used in 

different fields, such as separation techniques, adsorption, catalysis, sensors, or photonics for 

instance.
7,8,9 

Among them, mesoporous silica particles have attracted increasing attention 

because of their huge potential in catalysis or medicine.
10,11,12

 To date, many different 

strategies have been developed for the synthesis of mesoporous silica nanoparticles (MSNs) 

including self-assembly,
13,14

 emulsion templating
15

 and post-etching.
16,17

 Among them, 

synergetic self-assembly between surfactants and a silica precursor (such as tetraethyl 

orthosilicate: TEOS) proved to be an efficient method to form uniform spherical 

MSNs.
18,19,20,21

 For instance, Suzuki et al.
22

 demonstrated that well-ordered MSNs with 

diameters lower than typically 100 nm can be prepared by using cetyltrimethylammonium 

chloride (CTAC) together with a nonionic triblock copolymer (Pluronic F127). The reaction 

was conducted in acidic conditions to allow complete hydrolysis of the alkoxide followed by 

an increase of pH to promote the assembly of the negatively charged silicate precursors with 

the positively charged CTA micelles. Recently, Yokoi et al.
23

 and Wang et al.
24

 described the 

direct synthesis of 15-200 nm diameter MSNs in basic conditions using a two-phase process 

where TEOS was slowly delivered in an aqueous solution containing amino acids or primary 
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amines and CTAC as structure directing agent.
 
 

Silica particles can also be easily functionalized by the incorporation of specific organic 

groups.
13

 Compared to purely inorganic silica particles typically prepared by the Stöber 

method using TEOS as precursor,
25

 organosilica nanoparticles have potential applications in 

optics,
26,27,28,29,30

 functional materials,
31,32

 and biosciences
33,34,35,36

 due to their high surface 

reactivity, smaller negative surface charge and enhanced biological compatibility. 

Organosilica particles can be readily obtained by post-synthetic grafting of 

organoalkoxysilanes onto preformed silica particles. The terminal group of the alkoxysilane 

molecules can be reactive such as thiol,
37 

amino,
38,39

 epoxy,
40

 vinyl or methacrylate, or 

non-reactive (e.g., alkyl).
41

 One-pot synthetic approaches involving the homo-condensation 

or the co-condensation reaction between hydrolyzed organotrialkoxysilanes and silica 

precursors have also been reported.
31,36,42,43

 Such reactions are usually performed in 

hydro-alcoholic media (or in any other organic solvent that is miscible with water) which 

conditions ensure that an homogeneous solution of precursors is formed initially. There is an 

abundant literature on this topic and the interested reader is referred to recent reviews.
1,44

 In 

contrast, examples of synthesis of organosilica particles in aqueous solution (without the 

addition of co-solvent) remain scarce. For instance, Johnson,
45

 Miller
35

 or more recently Lee 

et al.
46

 reported the preparation of monodisperse organosilica particles using 

3-mercaptopropyl- or vinyl- trialkoxysilane precursors directly in water. An emulsion was 

formed initially by adding the organosilane to acidified water. The emulsion gradually broke 

down to give a clear solution as the silane progressively hydrolyzed, and an intermediate 

emulsion phase mainly composed of oligomeric species appeared. A base catalyst was finally 

introduced to promote the condensation reaction and form solid particles by cross-linking the 

short polymer chains. The particle size was controlled by the concentration of the 

organosilane and the reaction temperature. The method was further improved by Deng et al.
47
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who formed hybrid organosilica spheres with diameters comprised between 360 and 770 nm 

through strict control of the precursor and ammonia catalyst concentrations. Following a 

similar approach, van der Wel et al.
48

 recently reported the synthesis of 

3-(methacryloxy)propyl trimethoxy silane (-MPS)-based microspheres in the absence of 

surfactant. Contrary to the previous examples, the silane precursor was directly injected in a 

solution of ammonium hydroxide used as catalyst leading to spontaneous emulsification of 

-MPS oligomeric droplets, which were solidified by polymerization. Hollow silica spheres 

were also prepared by Segers et al.
49

 using a related method and phenyl trimethoxysilane as 

precursor. An inconvenience of the self-emulsification process, however, is that it leads to 

relatively large particles with diameters in the range of 0.5 to several micrometers. The 

synthesis of monodisperse organosilica spheres in the nanometer range is indeed challenging. 

In order to decrease the hybrid particle size, Ottenbrite et al.
50

 and Meng et al.
51

 reported the 

use of surfactant molecules. However, surfactants can adversely affect the final material 

properties and are undesirable in many applications.  

In this work, we report a simple surfactant-free method for the preparation of nanometric 

organosilica particles suspended in water using a biphasic sol-gel process.
52,53 

Our strategy 

relies on the co-condensation of TEOS and γ-MPS precursors, which are slowly delivered to 

an aqueous solution of L-arginine, used as catalyst. One of the key benefits of this process is 

that it does not require the use of surfactant or inert solvent. It was found that the hybrid 

particle size could be controlled by the molar ratio of the starting materials, which also 

revealed to be an important parameter influencing the colloidal stability of the resulting 

particles. Indeed, a too high -MPS content resulted in unstable suspensions. Building on this 

observation, we next developed a three steps process for the synthesis of organosilica 

particles with a core-shell morphology. A Pickering emulsion was first prepared using -MPS 

as the oil phase and nanometer silica particles - synthesized in situ - as solid stabilizer. The 
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Pickering-stabilized -MPS droplets were then used as seeds for the subsequent growth of a 

silica shell on their surface resulting in the formation of core-shell particles with a -MPS 

core and an organosilica shell. The physicochemical and structural properties of the 

organosilica and core-shell organosilica particles were carefully analyzed before and after 

calcination using complementary characterization techniques. To the best of our knowledge 

this is the first report on the synthesis of organosilica particles with nanometer dimensions 

directly in aqueous solution, and also one of the rare examples of the formation of porous 

structures using the L-arginine-catalyzed two-phase reaction process.  

 

EXPERIMENTAL SECTION 

 

Materials. L-arginine (≧98.5%, Aldrich), tetraethyl orthosilicate (TEOS, ≧ 99.0%, Aldrich) 

and 3-(methacryloxy)propyl trimethoxy silane (γ-MPS, 98%, Aldrich) were used without 

further purification. Deionized water (Purelab Classic UV, ElgaLabWater) was used for all 

experiments. 

 

Synthesis of hybrid organosilica particles. The hybrid organosilica particles were 

synthesized using the L-arginine catalyzed two-phase process following a procedure similar 

to the one described in the work of Hartlen et al.
52 

Typically, 25 mL of a 6 mmol L
-1 

L-Arginine solution were first introduced in a thermostated cylindrical reactor equipped with 

a reflux condenser and a magnetic stirrer bar (Figure S1 in the Supporting Information). Once 

the solution reached 60°C, a mixture of TEOS and γ-MPS was added carefully on top of the 

reactor to get a two-phase solution. The stirring rate was fixed at 250 rpm to mix the aqueous 

solution well, while keeping the top layer relatively undisturbed. The reaction was kept at 

60°C for 72 h.  
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Synthesis of core-shell organosilica particles. The core-shell organosilica particles were 

synthesized in one pot following three steps. In a first step, 25 mL of a 6 mmol L
-1

 L-arginine 

solution was introduced in a cylindrical reactor. Once the temperature reached 60°C, 0.5 mL 

of TEOS was added carefully to get a two-phase solution. This step was carried out for at 

least 48 h to reach full TEOS consumption leading to silica nanoparticles around 15 nm in 

diameter (Figure S2, Supporting Information). In a second step, various amounts of γ-MPS 

were introduced in the reactor. At the same time, the stirring speed was increased to 750 rpm 

and this high speed was maintained for 30 min to form a stable emulsion. Finally, the stirring 

speed was reduced to 250 rpm and TEOS (5 mL) was carefully added to the solution to get a 

two-phase mixture again. The reaction then proceeded at 60°C for 96 h. Samples were 

withdrawn during the reaction to characterize the evolution of particle morphology with time.  

 

Formation of porous silica particles. The organosilica and core-shell organosilica particles 

were calcined under air at 800°C for 24h to remove the organic part of the silane molecule 

and generate porous particles. The mass before and after calcination is indicated in the 

Supporting Information (Table S1).  

 

Characterizations. Dynamic light scattering (DLS, Nano ZS from Malvern Instruments) was 

used to measure the particle size (average hydrodynamic diameter, Zav). The broadness of the 

distribution was given by a dimensionless number called poly value determined from the 

autocorrelation function using the second-order method of cumulant analysis (the higher this 

value, the broader the size distribution). Before measurement, the samples were diluted in 

deionized water and the reported particle size represents an average of 3 measurements. The 

silica and organosilica particles were imaged by transmission electron microscopy (TEM) 

with a Philips CM120 transmission electron microscope operating at an accelerating voltage 

of 80 kV (Centre Technologique des Microstructures, plate-forme de l’Université Claude 
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Bernard, Lyon 1). Highly diluted samples were dropped on a formvar-carbon coated copper 

grid and dried under air. The Pickering -MPS emulsion droplets were characterized by 

cryo-transmission electron microscopy (cryo-TEM). As described in details elsewhere,
54 

thin 

liquid films of 5 wt% suspensions were formed onto commercial holey carbon membranes 

(Quantifoil R2.1, Germany) and vitrified by quench freezing into liquefied ethane. The grids 

were then mounted in a Gatan 626 specimen holder, precooled with liquid nitrogen, and 

subsequently observed at -180°C, using a Philips CM120 Cryo microscope operating at 120 kV. 

The number-average (Dn) and the weight-average (Dw) diameters of the silica and 

organosilica particles were determined directly on the TEM micrographs according to: Dn = 

niDi/ni and Dw = niDi
4
/niDi

3
, where ni is the number of particles with diameter Di. A 

minimum of 150 particles was counted for each batch. Scanning electronic microscopy (SEM) 

was performed using a FEI QUANTA 250 FEG scanning electron microscope, at an 

acceleration voltage of 10kV. A drop of the particle suspension was placed on a 

formvar/carbon film, dried and covered by a thin layer of platinum (6 nm, MED020 coating 

system, BAL-TEC, Germany) before analysis. Fourier transform infrared (FTIR) spectra 

were recorded from KBr pellets at room temperature using a Nicolet Avatar FTIR 

spectrometer. Background and sample were acquired using 32 scans at a spectral resolution 

of 4 cm
-1

 from 4000 to 400 cm
-1

. Spectral data were obtained using the OMNIC Software 

from Thermo Scientific. 
29

Si solid-state NMR was performed on a Bruker DSX-300 

spectrometer operating at 59.63 MHz. The spinning rate was 10 kHz. The 
29

Si chemical shifts 

were referenced to tetramethylsilane. Nitrogen adsorption-desorption isotherms were 

recorded in a Micromeritics ASAP 2000 device. Prior to analysis, all samples were purged 

under a vacuum at 120°C overnight to remove surface water. Specific surface areas were 

estimated by using the Brunauer–Emmett–Teller (BET) approach while the t-plot method of 

de Boer et al.
55

 was used to determine the size and the volume of the micropores. The pore 
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size distribution of the core-shell particles was calculated by applying the 

Barret–Joyner–Halenda (BJH) formalism to the desorption branch of the isotherm assuming a 

cylindrical pore geometry. Thermogravimetry analyses (TGA) were performed on a TGA 

Q50 from TA Instrument using a temperature ramp from 20 to 800°C at a heating rate of 

10°C min
-1

.  

 

RESULT AND DISCUSSION 

 

1. Synthesis and characterization of hybrid organosilica particles 

 

The hybrid organosilica nanoparticles were synthesized using the two-phase L-arginine 

catalyzed aqueous method first reported by Yokoi
56

 and Hartlen.
52

 In this liquid–liquid 

biphasic process, L-arginine, a basic amino acid, is used as catalyst in aqueous media, while 

the TEOS and γ-MPS mixture is delivered heterogeneously from the top organic layer to the 

aqueous phase. According to the literature, the very slow increase of the solution 

supersaturation and the weakly basic conditions are key factors to ensure the formation of 

size controlled monodisperse nanoparticles by this two-phase technique.
57

 The concentration 

of the L-arginine solution was set at 6 mM giving an initial pH of 10.3. To get a stable 

biphasic system and allow slow diffusion of the silica precursors in the reaction medium, the 

density of the top organic layer must be lower than that of pure water (1.0 g cm
-3

). Thus, the 

ratio of TEOS and γ-MPS in the mixture is very important considering the respective 

densities of TEOS (0.933 g cm
-3

) and γ-MPS (1.055 g cm
-3

). Here, the mixture was supposed 

to be an ideal solution whose density (x) was determined according to: 

 

  
   

  

  
                            

where xi is the mass fraction and i the density of component i in the solution. As shown in 

Table 1, the density of the γ-MPS/TEOS mixture was kept at values lower than 1.0 g cm
-3

. 
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However, the monomer mixture quickly settled down into the water phase to form an 

unstable milky solution when the γ-MPS content in the organic phase was increased to 14.8 

mol% even though the density of the mixture was still lower than 1.0 g cm
-3

. In fact, 

according to van der Wel et al.
48

 the density of -MPS is closer to 1.235 g cm
-3

, whose value 

is significantly higher than the one provided by the supplier. Such a difference can account 

for our experimental observations as the density of the organic mixture would be then close 

to that of water. 

 

Table 1. Experimental conditions and main characteristics of the organosilica particles 

synthesized in one step using a liquid–liquid biphasic sol-gel process.
a
 

No 
γ-MPS  

(mol%)
b
 

x  

(g cm
-3

)
c
 

Zav (DLS) 

(nm) 

Poly value 

(DLS) 

Dn (TEM) 

(nm) 

Dw/Dn 

(TEM) 

SJLA01 0 0.933 43.3 0.05 30 1.01 

SLMT02 2.1 0.935 49.6 0.04 32 1.02 

SLMT03 5.0 0.939 76.3 0.02 57 1.02 

SLMT04 7.5 0.942 160.4 0.02 133 1.02 

SLMT05 10.1 0.944 263.7 0.04 233 1.14 

SLMT06 14.8 0.952 1020 0.18 830 1.26 
a
 All reactions were carried out at 60°C for 72 h. Water: 25 mL, TEOS: 4 mL and [L-arginine] = 6 mmol 

L
-1

.
 b 

With respect to the total mole amount of the organic phase. 
c 
Density of the γ-MPS/TEOS mixture 

determined using equation (1). 

 

1.1 Particle size measurements 

The hybrid particles were characterized by DLS. As shown in Figure 1 and Table 1, the 

diameter of the organosilica particles increased from around 43 nm to more than 1 m with 

increasing the γ-MPS content from 0 to 14.8 mol%. The increase in particle size for -MPS 

contents lower than typically 10.1 mol% (samples 2 - 5, Table 1) can tentatively be attributed 

to hydrophobic interactions due to -MPS incorporation into the silica particles. The 

hydrophobic moieties would favor particle aggregation to reduce the surface energy as the 
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-MPS content increases. The corresponding low poly values nevertheless indicate that the 

final particles have a high colloidal stability and a narrow size distribution suggesting limited 

aggregation. However, when the MPS content was increased further to 14.8 mol% (SLMT06, 

Table 1), the system was disturbed as the organic top-layer progressively mixed with the 

aqueous phase, resulting in a significant increase in particle size and poly value (Table 1 and 

Figure 1). This undesirable phenomenon spurred us to explore an alternative approach to 

generate organosilica spheres, which will be described in the second part of the manuscript. 

 

Figure 1. Evolution of the final diameter (Zav, ◆) and poly value (□) of the organosilica 

particles for increasing γ-MPS contents in the organic phase. 

 

1.2 Chemical structure of the organosilica particles 

The FTIR spectra of pure silica and organosilica particles are shown in Figure 2. The bands 

in the 2850–3000 cm
−1

 region and at 1453 cm
−1

 are from the stretching of CH3, CH2 and CH 

groups (and ) of -MPS while the peaks at 1050–1250 cm
−1

 are characteristic of C-O-C 

and Si-O-Si stretchings, providing clear evidence of -MPS incorporation in the organosilica 

spheres. In addition to an adsorption peak at 1635 cm
-1

 characteristic of the C=C double bond 

stretching vibrations of -MPS overlapping with the OH deformation band of physisorbed 
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water at 1640 cm
-1

, the FTIR spectra of the organosilica particles show a strong band at 1701 

cm
−1

 attributed to hydrogen-bonded carbonyl groups (C=O) of the silane moiety.
58

 

Interestingly, this band increased in intensity as the γ-MPS content increased. Simultaneously, 

a new band appeared at 1719 cm
-1

 attributed to ‘‘free’’ non-bonded carbonyl groups.
59 

Based 

on these observations, it can be postulated that the organosilane molecules likely undergo 

condensation reactions with primary silica precursors formed in the very early stage of the 

process.
60

 At very low surface coverage, the chemisorbed silane molecules lie flat on the 

surface and the carbonyl groups of the methacrylate moiety form hydrogen bonds with the 

silanol groups of silica resulting in a shift of the C=O band towards a lower wavenumber.
61

 

As the γ-MPS concentration increases, a new carbonyl peak at 1719 cm
-1 

appeared, reflecting 

a new environment for the organosilane where free carbonyls predominate.  

 

 

Figure 2. FTIR spectra of the organosilica particles for increasing γ-MPS contents. A: 

SLMT01 (0), B: SLMT02 (2.1 mol%), C: SLMT03 (5.0 mol%), D: SLMT04 (7.5 mol%), E: 

SLMT05 (10.1 mol%) and F: SLMT06 (14.9 mol%) (see Table 1 for detailed experimental 

conditions). 
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To gain further insight into the chemical structure of the organosilica particles, the samples 

were characterized by 
29

Si solid-state NMR (Figure S3, Supporting Information). The 

different species are denoted according to the conventional Q
n
 and T

n
 notation where Q and T 

designate tetra- and tri-functional units, respectively, and n is the number of bridging O atoms 

surrounding the silicon atom.
62

 The NMR spectrum of pure silica is characterized by two 

resonances at -110 and -101.4 ppm, which correspond respectively to Q
4
 and Q

3
 silicon atoms. 

The appearance in the 
29

Si NMR spectra of signals assigned to mono- (T
1
), di- (T

2
) and tri- 

(T
3
) substituted siloxane units at -48.5, -57 and -65.8 ppm, respectively, provides 

unambiguous evidence for TEOS and -MPS condensation reactions. It is worthwhile to note 

that, as expected, the relative intensities of the T
1
, T

2
 and T

3
 signals increased with increasing 

-MPS content.  

The thermal degradation behavior of the hybrid particles was further assessed by TGA under 

air atmosphere (Figure S4, Supporting Information). Thermal decomposition of the hybrid 

copolymers occurred in two steps. The first step between 250 and 450°C corresponds to the 

decomposition of the organic moiety of the silane molecule while the weight loss above 

450°C is due to dehydroxylation.
63

 Interestingly, the thermal stability decreased with 

increasing the γ-MPS content as attested by a shift of the decomposition temperature at 5% 

weight loss to lower temperatures, while concurrently the weight loss residue at 800°C 

decreased since the fraction of volatile compounds increased with increasing silane content. 

These results thus indicate that incorporation of the organosilane into a silica-like network 

enhanced its thermal stability, which can be tentatively ascribed to the formation of a physical 

inorganic barrier preventing the release of the evolved degradation products. The higher the 

fraction of inorganic material, the better was the thermal stability.   
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1.3 Morphology and structure analyses 

TEM analysis of the organosilica particles confirmed that the particle size increased with 

increasing the γ-MPS content in the organic phase (Figure 3). The TEM diameters are in 

relative good agreement with DLS measurements (Table 1) although they are all smaller. 

Indeed, DLS measures the hydrodynamic diameter (with the solvation shell that surrounds 

the particles), and hydrodynamic diameters are always greater than the size determined by 

TEM. A direct comparison of the TEM image of Figure 3A (without γ-MPS) with all other 

TEM images clearly shows that the organosilica particles have a rough surface conferring an 

irregular appearance to the smallest particles. 

 

   

   

Figure 3. TEM images of the organosilica particles for increasing γ-MPS contents. A: 

SJLA01 (0), B: SLMT02 (2.09 mol%), C: SLMT03 (5.0 mol%), D: SLMT04 (7.5 mol%), E: 

SLMT05 (10.1 mol%) and F: SLMT06 (14.8 mol%) (see Table 1 for detailed experimental 

conditions). 

 

A B C 

D E F 
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SEM observations of the hybrid particles further confirmed the irregular shape and the 

surface roughness, which decreased as the particle size increased (Figure 4).  

 

  

  

Figure 4. SEM images of organosilica particles for increasing γ-MPS contents. A: SLMT03 

(5.0 mol%), B: SLMT04 (7.5 mol%), C: SLMT05 (10.1 mol%) and D: SLMT06 (14.8 mol%) 

(see Table 1 for detailed experimental conditions). 

 
 

A similar rough surface was observed in the literature during the synthesis of mesoporous 

silica nanoparticles using a cationic surfactant as porogen,
17,24,64 

and is typical of assemblies 

produced in water. Indeed, according to Carcouët et al.,
60

 silica particles prepared in aqueous 

media using amino acids as catalysts have a rougher surface than Stöber particles. In both 

cases, it is hypothesized that primary particles are formed initially, that first aggregate to form 

larger particles and then grow by further addition of monomer, short polymer or primary 

A B 

C D 
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nuclei. However, in the Stöber process, the reversible exchange of alkoxy (Si-OR) and 

hydroxyl (Si-OH) groups creates a relaxation mechanism promoting smoothening, while in 

pure water the formation of Si-O-Si bonds is irreversible leading to silica assemblies with 

rough surfaces. As the particles size increases, further condensation of short oligomers or 

primary particles tends to increase the homogeneity and surface smoothness leading to more 

regular particles.
60,65

  

Figure S5 shows the nitrogen adsorption–desorption isotherms of the hybrid particles before 

and after calcination for increasing amounts of γ-MPS (samples 3, 4 and 5 in Table 1). All 

isotherms are of type IV according to the IUPAC classification. As shown in Table 2, the 

BET specific surface area of the hybrid particles before calcination decreased with increasing 

the γ-MPS content, which can be attributed to the concomitant increase of particle size. After 

removal of the organic group by calcination, the specific surface area increased further due to 

the formation of micropores as attested by the larger nitrogen uptake in the low pressure 

range. The micropore volume determined by the t-plot method varied from 0.135 to 0.275 

cm
3
 g

-1
, and increased with increasing the -MPS content (Table 2). These results thus 

demonstrate that γ-MPS is not only a silicate source, but also a mesostructural template. 

 

Table 2. BET surface area before and after calcination, pore diameter and micropore volume 

determined by the t-plot method after calcination, for increasing -MPS contents. 

N° 
γ-MPS 

(mol%)
a
 

S BET (m
2
 g

-1
) 

 

Pore diameter  

(nm) 

Micropore volume 

(cm
3
 g

-1
) 

Before 

calcination 

After 

calcination 

After  

calcination 

After  

calcination 

SLMT03 5.0 114 475 4.4 0.135 

SLMT04 7.5 82 644 4.3 0.238 

SLMT05 10.1 27 684 3 0.275 
a 
With respect to the total mole amount of the organic phase (see Table 1 for more details).  
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Figure 5 shows the TEM images of the three samples (SLMT03, 04 and 05, Table 1) after 

calcination. Compared with the original hybrid particles (Figure 3), the removal of the 

organic part had little effect on particle morphology except for the highest γ-MPS content, for 

which some hollow particles could be clearly observed in Figure 5C. Indeed as mentioned 

above, the density of the organic phase increased with increasing the -MPS content leading 

to the formation of -MPS-rich emulsion droplets by self-emulsification, which after reaction 

with TEOS and calcination formed hollow spheres. 

 

   

Figure 5. TEM images of the organosilica particles after calcination for increasing -MPS 

contents. A: SLMT03 (5.0 mol%), B: SLMT04 (7.5 mol%) and C: SLMT05 (10.1 mol%) 

(see Table 1 for detailed experimental conditions). 

 

On the basis of these results and the previous literature, we propose the following mechanism 

for the formation of the organosilica particles. In a first step, the TEOS/-MPS mixture is 

hydrolyzed and slowly released in the aqueous solution containing L-arginine used as catalyst, 

leading to the formation of primary particles. According to the literature,
53,66 

the slow 

hydrolysis of the inorganic precursors (either TEOS or γ-MPS) is the rate-limiting step during 

the formation of the primary nanoparticles in such biphasic conditions. The hydrolysis rate in 

turn depends on various parameters including the geometry of the reactor, the stirring rate, 

A B C 
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the volume and composition of the organic phase, the L-arginine concentration and the 

temperature.
57

 Everything else being equal, it is reasonable to assume that in the present study, 

TEOS hydrolyses faster than -MPS as it is present in a fairly higher proportion in the 

organic mixture. Furthermore, according to the literature, the reaction rate between a 

hydrolyzed TEOS molecule and a hydrolyzed -MPS molecule is likely much smaller than 

that between two hydrolyzed TEOS molecules. This would thus lead to the formation of 

primary silica particles onto which -MPS molecules could subsequently bind as supported 

by FTIR analysis. As the silane content in the precursor solution increases, the probability of 

-MPS homo-condensation reactions also increases leading to the appearance of free 

carbonyl groups in the condensation products. Densification of the oligomeric structures 

formed in the earlier stages of the reaction would thus lead to primary organosilica particles 

with a silica core and a -MPS-rich shell. In order to minimize their surface contact with 

water and hence decrease the associated surface energy, these primary particles would soon 

aggregate into larger organosilica spheres stabilized by negative charges on their surface 

(arising from silanol groups deprotonation), and containing hydrophobic methacryloyloxy 

moieties buried in the particle core as schematically represented in Scheme 1. The resulting 

assemblies would finally grow by the continuous addition of primary particles formed in 

solution leading to rough surfaces. 

 

 

Scheme 1. Schematic illustration of the formation mechanism of the organosilica particles 
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using a one-step liquid-liquid biphasic sol-gel process. 

 

2. Synthesis and characterization of core-shell organosilica particles using Pickering 

-MPS droplets as seeds  

 

As shown in the previous section, the addition of a too large amount of -MPS disturbed the 

top organic layer leading to the formation of a milky suspension, which after polymerization 

resulted in hybrid particles with a broad size distribution and a heterogeneous morphology. 

Based on this result, an extension of the biphasic process was thus investigated in order to 

control this undesirable phenomenon and form well-defined core-shell organosilica particles. 

Our strategy builds on the recent observation of Sacanna et al.
67,68

 that -MPS can 

spontaneously form oil-in-water Pickering emulsions in the presence of inorganic particles. 

Hence, a Pickering emulsion composed of -MPS droplets stabilized by very small silica 

nanoparticles was first generated. As described in the experimental part, the silica 

nanoparticles were synthesized in a separate step using the same liquid-liquid biphasic 

process in which the -MPS/TEOS mixture was replaced by pure TEOS. The addition of 0.5 

mL of TEOS enabled to get 15 nm diameter silica nanoparticles (Figure S2 in the Supporting 

Information) with 100% conversion ([SiO2] = 5.4 g L
-1

). γ-MPS was then added directly to 

the aqueous silica dispersion in the same reactor, and the mixture was stirred at 750 rpm for 

30 minutes. Carefully observed by eyes, the color of the suspension changed from white 

opaque to light blue in around 10 min indicating the formation of small Pickering-stabilized 

emulsion droplets. Cryo-TEM analysis confirmed the formation of small droplets around 45 

nm in diameter, stabilized by a small number of silica particles (Figure 6A). The experiment 

was repeated two times leading to very similar results, attesting for the robustness of the 
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Pickering emulsification process (Figure 6B).  

 

  

Figure 6. Cryo-TEM images of γ-MPS Pickering emulsion droplets stabilized by very small 

silica nanoparticles (15 nm in diameter) synthesized in a separate step. The two images 

correspond to duplicate experiments showing the reproducibility of the Pickering emulsion 

formed after stirring at 750 rpm for 30 minutes. Scale bar = 100 nm. 

 

After 30 minutes stirring, TEOS was introduced in the reactor and the speeding rate was 

reduced to 250 rpm so as not to disturb the top organic layer during the subsequent growth 

step. Figure 7A shows the morphology of the γ-MPS droplets 1 hour after TEOS addition. 

The diameter of the -MPS droplets increased from 45 to around 60 nm while the 

morphology evolved from multipod (Figure 6) to raspberry-like (Figure 7). The increase in 

droplet size suggests that only a fraction of the bulk monomer was consumed initially to form 

the Pickering emulsion, the remaining part being progressively taken up by the nucleated 

droplets. In other words, the droplet size increased until full consumption of the monomer 

reservoir. Van de Wel et al. also reached a similar conclusion in their recent work on the 

formation of -MPS droplets by self-emulsification.
48

 Besides, cryo-TEM analysis provided 

clear evidence of the presence of residual monomer, which can be identified in Figure S7 

(Supporting Information) as cloudy (diffuse) structures next to the -MPS Pickering emulsion 

A B 
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droplets. The addition of TEOS to the Pickering emulsion induced the formation of a new 

crop of tiny silica particles that immediately adsorbed at the surface of the droplets, further 

contributing to their stabilization. Silica adsorption was in turn promoted by the concomitant 

grafting of organosilane molecules at their surface. The droplets became consequently fully 

covered with silica particles and exhibited a raspberry morphology up to 7 hours after TEOS 

addition (Figures 7A and 7B). Shell growth then occurred through further deposition of 

primary silica or organosilica particles leading to a more homogeneous shell over time. We 

can note that a granular shell was however still apparent after 48 hours and that the shell 

thickness continued increasing, and became visibly smoother only after full TEOS 

consumption.  

 

   

  

Figure 7. Cryo-TEM (A, B) and TEM (C and D) images of core-shell organosilica particles 

as a function of reaction time (SLMT09). A) 1h, B) 7h, C) 48h and D) 96 h. The morphology 

A B 

C D 
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evolved from raspberry-like droplets to core-shell particles (from A to D). The inset shows a 

magnified portion of the image (see Table 3 for detailed experimental conditions). 

2.1. Effect of the γ-MPS concentration 

Table 3 and Figure 8 show the effect of the -MPS concentration on the diameter and 

morphology of the core-shell particles. DLS shows that when the concentration of γ-MPS 

was too low (i.e., 2.3 mol%, SLMT07), the poly value of the particles was very high. TEM 

revealed the formation of a few core-shell particles surrounded by many free silica particles 

(which appear as small grey spots), indicating that the amount of -MPS introduced was 

insufficient to absorb all the silica particles (Figure 8A). The population of free silica 

particles vanished when the concentration of -MPS was increased to 4.9 and then 9.9 mol% 

(Figures 8B and 8C, respectively). As seen in Table 3, the diameter of the -MPS droplets 

depends on the MPS content and increased from 20 to 60 nm with increasing the MPS 

concentration from 2.3 to 9.9 mol%. Consequently the shell thickness increased from 28 nm 

to 43 nm as there were initially less droplets for SLMT09 than for SLMT08. The shell 

thickness also depends on the reaction time and increased from 15 nm after 48h to 43 nm 

after 96h, as determined from the TEM images (Figure 7). 

 

Table 3. Effect of the -MPS concentration on the main characteristics of the -MPS droplets 

and the core-shell organosilica particles obtained by the L-arginine-catalyzed two-phase 

process using the Pickering emulsion droplets as seeds.
a
 

  Core Core-shell particles 

No 
γ-MPS 

(mol%)
 b

 

Dn 

(TEM) 

nm 

Zav 

(DLS) 

(nm) 

Poly 

value 

(DLS) 

Dn 

(TEM) 

(nm) 

Dw/Dn 

(TEM) 

Shell 

thickness 

(nm) 

SLMT07 2.3 20 131 0.45 / / / 

SLMT08 4.9 31 156 0.09 87 1.04 28 

SLMT09 9.9 60 194 0.05 146 1.03 43 
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a
 All reactions were carried out at 60°C for 96 h. Silica suspension: 25 mL ([SiO2] = 5.4 g L

-1
), TEOS: 5 

mL and [L-arginine] = 6 mmol L
-1

.
 b 

With respect to the mole amount of TEOS added to form the shell.
  

 

   

Figure 8. Effect of -MPS content on the morphology of the core-shell organosilica particles. 

A: SLMT07 (2.3 mol%), B: SLMT08 (4.9 mol%) and C: SLMT09 (9.9 mol%) (see Table 3 ). 

 

2.2. Structural characterizations 

Figure 9 shows the TEM images of SLMT08 and SLMT09 after calcination. At first sight, 

these images are very similar to the ones of Figure 8 before calcination. However, a closer 

look at Figure 9B reveals the presence of white spots in the particle core corresponding to the 

void spaces created upon removal of the organic porogen by calcination.  

 

Figure 9. TEM images of the core-shell organosilica particles after calcination for two 

  

A B 

A B C 
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different γ-MPS contents. A: SLMT08 (4.9 mol%) and B: SLMT09 (9.9 mol%) (see Table 3 

for detailed experimental conditions). 

 

The N2 adsorption-desorption isotherm of the core-shell particles after calcination (SLMT09, 

Figure 10A) exhibits a type IV shape showing a desorption branch with a pronounced 

hysteresis loop of type H4 usually observed for complex materials that contain both 

micropores and mesopores.
69

 The amount of adsorbed N2 gradually raised at low relative 

pressure, reached a long pseudo-plateau and then increased significantly at higher relative 

pressure (P/P0 = 0.9 - 1.0).  

 

  

Figure 10. A) Nitrogen adsorption (ADS, ♦) and desorption (DES, ■) isotherms and B) BJH 

pore-neck size distribution of SLMT09 after calcination (see Table 3 for detailed 

experimental conditions). 

 

Nitrogen uptake at very low pressures is due to monolayer adsorption of nitrogen molecules 

in the micropores. As will be discussed in more details below and by analogy with the 

organosilica spheres described above, the micropores most likely originate from the pyrolysis 

of the organic ligand entrapped in the organosilica shell. The sharp increase in nitrogen 

uptake for high relative pressures is due to the filling by capillary condensation of both the 
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interparticle voids and the hollow cavities in the particle core. Also associated to the capillary 

condensation, the isotherm exhibits a strong hysteresis in the desorption branch over the 

pressure range of P/P0 = 0.5 - 1.0 with two inflection points corresponding to N2 evaporation 

from the interparticle voids and the hollow cavity, respectively. The desorption branch 

exhibits a sharp drop at P/P0 = 0.5 which corresponds to the delay of N2 evaporation from the 

hollow voids blocked by the surrounding micro/mesoporous shell during the desorption 

step.
70

 Such a behavior is typical of hollow mesoporous spheres and is often referred to as the 

ink-bottle or pore blocking effect. In ink-bottle pores, evaporation from the pore body is 

delayed because the connection to the bulk gas phase is obstructed by the condensed liquid in 

the necks. The wide body of the pore is unable to evaporate until the narrow neck empties 

during desorption and the pore size distribution cannot therefore be determined using the 

desorption branch of the isotherm which only gives information about the neck size (Figure 

10B). Another possible evaporation regime from ink-bottle type pores is cavitation.
71

 

Cavitation is expected to occur when the pore neck is lower than a critical size (estimated to 

be be ca. 5 nm for nitrogen at 77 K), and usually corresponds to mesopores blocked by 

micropores. The pore body empties by diffusion while the pore neck remains filled. Therefore, 

in this case, the pressure at which desorption occurs has very little to do with the neck pore 

size. Although the shape of the isotherm and the large hysteresis suggest a cavitation-induced 

desorption, determining which mechanism (either pore blocking or cavitation), predominates 

is beyond the scope of this paper. Finally, the BET and t-plot analyses were used to determine 

the specific surface area and the micropore volume. As expected, the obtained values: 258 m
2
 

g
-1

 and 0.1 cm
3
 g

-1
, respectively, were lower than for the organosilica particles of similar 

composition. 

 

2.3. Mechanism of particle formation 
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From the experimental results presented above, the different steps involved in the formation 

of the core-shell organosilica particles can be summarized as follows. γ-MPS homogenization 

under vigorous stirring in the presence of tiny silica particles led to the formation of 

Pickering emulsion droplets around 50 nm in diameter with a narrow size distribution. 

According to the literature,
48

 the -MPS molecules hydrolyse and condense into basic 

solution to form negatively charged polymer chains with amphiphilic character.
72

 These 

silane oligomers being liquid and surface active, they form emulsion droplets in water 

through self-assembly. It was found that in the presence of inorganic particles, the size of the 

emulsion droplets can be significantly reduced due to preferential adsorption of the inorganic 

solid at the oil/water interface.
67

 Partial wetting of the silica particles by the oil phase (which 

is a prerequisite condition for the formation of a stable Pickering emulsion) is in turn 

promoted by in situ grafting of the organosilane molecules at their surface. Given the slow 

hydrolysis rate of organoalkoxysilanes in weakly basic solutions, only a fraction of the silane 

initially introduced contributed to the formation of the emulsion droplets at the beginning of 

the reaction. The droplets thus increased in size by consuming more -MPS precursor until 

the bulk monomer reservoir fully emptied, while concurrently new organosilica particles 

were generated through TEOS addition from the top organic layer. These tiny particles 

further adsorbed on the Pickering emulsion droplets leading to the formation of -MPS 

droplets coated by a monolayer of organosilica particles (Scheme 2). Further growth of the 

shell then took place through continuous deposition of silica and/or organosilica particles 

from solution leading to the formation of a dense and thick shell at the end of the reaction. 

Solid state 
29

Si NMR revealed that the organosilane molecules were highly condensed at this 

stage with a majority of T
2
 and T

3
 species and no T

1
 or T

0
 units present. At last, pyrolysis of 

the templating organic ligand entrapped in the core and shell materials, created micropores in 

the shell and a inner hollow core connected to the exterior via the mesopore necks formed by 
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the free space between the silica particles located at the interface and the micropores in the 

shell (Scheme 2, right hand side).   

 

 

Scheme 2. Scheme illustrating the hypothetic mechanism of formation of core-shell 

organosilica nanoparticles by the L-arginine-catalyzed two-phase process using Pickering 

-MPS droplets as seeds.  

 

CONCLUSIONS AND OUTLOOKS 

 

In conclusion, we have presented here for the first time the surfactant-free synthesis of 

organosilica particles with nanometric dimensions directly in water, using the biphasic 

L-arginine process. In this process, L-arginine was used as catalyst in aqueous media, while a 

TEOS/γ-MPS mixture was delivered heterogeneously from a top organic layer. Organosilica 

spheres with diameters comprised between 30 and 230 nm were successfully obtained by 

increasing the γ-MPS content in the silica source. The resulting hybrid particles had a rough 

surface and a high specific surface area, which increased by up to 25 times after calcination 

(e.g., from 27 m
2
 to 657 m

2
 g

-1 
for 10.1 mol% of -MPS). The pore structure was 

characterized by N2 adsorption/desorption isotherms revealing the presence of micropores 

with pore volumes in the range 0.13-0.27 cm
3
 g

-1
. The process was next extended to the 

synthesis of core-shell organosilica particles in three steps. Tiny silica particles were first 

synthesized using a similar biphasic process where the mixture of sol-gel precursors was 
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replaced by pure TEOS, and used to stabilize -MPS droplets, formed upon addition of the 

organosilane to the silica suspension. The Pickering emulsion droplets (around 50 nm in 

diameter) were finally used as seeds to grow a silica shell at their surface through TEOS 

hydrolysis/condensation, still in a biphasic process. N2 adsorption and TEM analyses of the 

core-shell particles after calcination, suggest a unique dual-porous structure composed of an 

inner mesoporous core and a micro/mesoporous silica shell with ink bottleneck pores. For 

both processes, controlling the γ-MPS concentration was key in order to form stable and 

monodisperse particles. Indeed, in the first route, a two high γ-MPS content adversely 

affected the colloidal stability of the organosilica spheres while in the second approach, a 

minimum amount of organosilane was required to adsorb all the silica particles at the surface 

of the Pickering emulsion droplets and form well-defined core-shell organosilica particles.  

The presented method is easy to implement and highly versatile. The core diameter can be 

controlled by varying the oil volume fraction or the concentration of the silica nanoparticles. 

In addition, the method can be easily extended to other types of reactive oils (potentially 

combined with standard oils) and/or inorganic particles, and used to encapsulate drugs or 

organic compounds in pure aqueous media without any surfactant or co-solvent, which may 

open the door to a new class of inorganic capsules with potential applications in many areas 

of materials science. 
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