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Abstract 16 

In this work, mesoporous silica nanoparticles (MSN) hybridized with an organosilane are grafted with hyper-17 

crosslinked poly(vinylbenzyl chloride) (PVBC), which is anchored into the mesopores and onto the external 18 

surface of MSN. The obtained nanoparticles are characterized by a MSN-templated hierarchical porosity 19 

composed of micropores, mesopores and macropores originated from the hyper-crosslinking of the PVBC 20 

phase, with a microporous fraction reaching up to 28 % of the total pore volume. Tested for the adsorption 21 

of a model dye (Rhodamine 6G, Rh6G), these nanoparticles result much more efficient in Rh6G adsorption 22 

with respect to plain MSN, showing a Rh6G uptake of about 125 mg/g in highly concentrated solutions (1000 23 

mg/L) and quite complete removal (about 98 %) of the dye in more diluted conditions (30 mg/L) with 24 



comparable efficiency in repeated adsorption cycles. Overall results demonstrate the key role of the 25 

hierarchical porosity of the hyper-crosslinked PVBC-grafted MSN to tailor their adsorption properties. 26 

 27 

Keywords: mesoporous silica nanoparticles; hyper-crosslinked resin; hierarchical porosity; microporosity; 28 

dye adsorption. 29 

  30 



1. Introduction 31 

Hierarchically porous materials are broadly defined as those containing pores on multiple length scales, from 32 

macro- (>50 nm), to meso- (2–50 nm) and micro- (<2 nm) pore size [1]. This class of materials is very appealing 33 

for a wide range of applications, such as catalysis [2, 3], energy storage [4,5], drug delivery [6-8] and water 34 

and air remediation [9-11], due to the peculiar combination of improved transport phenomena in larger 35 

pores and remarkable adsorption properties of the smaller pores [12, 13]. Several examples of hierarchically 36 

porous systems are reported in literature, mainly based on two different designs: (i) composite systems which 37 

contain at least two phases characterized by different porosity [14] and (ii) hierarchical monomaterial or 38 

hybrid structures with a gradual interconnectivity amongst different pore levels [15]. 39 

Silica-based porous materials - in particular mesoporous silica nanoparticles (MSN) - represent an interesting 40 

solution for several of the above cited applications, thanks to their tuneable size [16], well-defined pore 41 

structures, high specific surface area (SSA) [17] and chemical stability [18]. In fact, MSN have been effectively 42 

used as nanocarriers of active agents, for instance drugs [19, 20] and corrosion inhibitors [21-23] or as 43 

adsorbent materials [24]. Nevertheless, to enhance the adsorption capacity of silica-based mesoporous 44 

materials, approaches aimed at creating hierarchical porosity in MSN have been proposed. For instance, 45 

methods based on silica precursors with properly selected functional groups combined with the application 46 

of structure directing agents have been developed for the realization of controlled macro-, meso- and 47 

microporosity [25] and enhanced adsorption of specific class of pollutants [26]. Moreover, silica 48 

nanoparticles characterized by ordered macropores with micro-/mesoporous honeycomb walls were 49 

obtained by an ice-templating technique combined to hydrothermal treatments [27].  50 

With another approach, MSN were embedded in a divinylbenzene/vinylbenzyl chloride hyper-crosslinked 51 

resin obtaining hyper-crosslinked nanocomposites showing high SSA, increased microporosity and enhanced 52 

adsorption capacity towards organic pollutants dissolved in water [28]. Indeed, hyper-crosslinked resins are 53 

a class of polymers very attractive for their adsorption properties due to their micro-/mesoporous structure, 54 

realized through the creation of numerous methylene bridges between neighbouring aromatic rings during 55 

the hyper-crosslinking reaction. In contrast to the very ordered porous channels of mesoporous silica 56 



nanoparticles, these resins are characterized by amorphous porosity in the micro- and mesoporous range. 57 

Also, they are very interesting for adsorption application for their narrow porosity and for the high tunability 58 

of the size and functionality of their porosity [11, 14, 29]. 59 

As a matter of fact, the development of new advanced adsorbent materials has recently become a very 60 

relevant research topic aimed towards the removal of hazardous organic contaminants derived from human 61 

productive activities from wastewater, thus developing new sustainable water treatment strategies and 62 

processes. In this context, in order to test the newly developed materials adsorption capacity towards organic 63 

contaminants, different types of model pollutants are usually selected in research experiments. In particular, 64 

synthetic dyes represent a category of pollutants that are very dangerous for the environment, because they 65 

have demonstrated to be very persistent to degradation and, even at low concentration, they significantly 66 

prevent the use, or reuse, of water. For example, xanthenic dyes stand out as candidate model dyes, since 67 

these dyes are largely used to synthesize drugs and to prepare dyes of the fluorescein and eosin class. Among 68 

these, rhodamine 6G (Rh6G) is a cationic polar dye with a rigid heterocyclic structure which exhibits a strong 69 

absorption in the visible and an intense fluorescence, and has been largely used as model organic pollutant 70 

for different adsorbent materials [14, 30-33].  71 

In this work, we propose a new approach that, starting from properly functionalized MSN, leads to the 72 

creation of micropores into the nanoparticles mesopores and new meso- and macropores on the external 73 

surface of the MSN, by grafting and hyper-crosslinking a vinylbenzyl chloride precursor resin. In this way, 74 

MSN are used as a template for the realization of hierarchical micro/meso/macroporous silica/polymer 75 

structures. In particular, MSN functionalized with different amount of vinyl moieties are realized through a 76 

one-step high yield and high throughput synthetic procedure. The vinyl functionalities of nanoparticles are 77 

exploited to graft poly(vinylbenzyl chloride) by in-situ polymerization and the resulting polymer phase is 78 

subjected to hyper-crosslinking through Friedel-Crafts reaction. The morphology, structure and textural 79 

properties of the synthesized nanoparticles is investigated through a multitechnique approach. Finally, the 80 

hierarchically porous nanoparticles are tested, in comparison to plain MSN, for the adsorption of organic 81 

aromatic contaminants from water, using Rh6G as a model pollutant. 82 



2. Experimental section 83 

2.1 Materials 84 

Vinylbenzyl chloride (VBC, ≥95.0%, mixture of isomers, 70% meta + 30% para), 2,2’-azobis(2-85 

methylpropionitrile) (AIBN, >98%), tetraethyl orthosilicate (TEOS, 99.999%), cetyltrimethylammonium 86 

bromide (CTAB, ≥99%), triethanolamine (TEA, ≥ 99%), vinyl-trimethoxysilane (VTMOS, >98%), rhodamine 6G 87 

(Rh6G), hydrochloric acid (HCl, 37 wt%), FeCl3 (≥97%), 1,2-dichloroethane (DCE) and all solvents were 88 

purchased from Sigma-Aldrich (Milan, Italy) and used without further purification. Bi-distilled water was used 89 

for all the laboratory procedures.  90 

 91 

2.2 Synthesis of vinyl-functionalized mesoporous silica nanoparticles 92 

Organic functionalized mesoporous silica nanoparticles were realized by a one-step reaction. In the specific, 93 

1 g of CTAB and 57 g of TEA were dissolved in 70 g of distilled water and mixed for 1 hour at 80 °C and 1200 94 

rpm. Then, a total amount of 10 g of TEOS and VTMOS were added in the 95:5, 90:10 and 80:20 TEOS:VTMOS 95 

weight ratio. In particular, TEOS was added first in order to induce its pre-hydrolysis and VTMOS was added 96 

after 10 minutes. The solution was kept under stirring for 1.5 hour, the product obtained was then filtered 97 

on filter paper and washed with 0.5 L of 1.5 M ethanol/HCl solution. Finally, the product was washed with 98 

distilled water until neutrality, collected through filtration and placed in an oven at 80 °C under vacuum 99 

overnight. The resulting products were coded MSN_xVTMOS, where x represents the weight percent of 100 

VTMOS employed.  101 

Furthermore, plain mesoporous silica nanoparticles (MSN) were synthesized following the procedure 102 

indicated above but without adding VTMOS, therefore using 10 g of TEOS, in order to get a non-functionalized 103 

sample to be used as a reference to evaluate the effect of the functionalization on the textural and adsorption 104 

properties of the nanoparticles. 105 

Yield of reaction for MSN and MSN_xVTMOS was evaluated on the basis of the TEOS/VTMOS reaction mixture 106 

composition and the stoichiometry of the reaction. The contribute of terminal hydroxyl groups was omitted 107 

by approximating the chemical formula of plain MSN to SiO2 and the chemical formula of the product of 108 

VTMOS after hydrolysis and condensation to SiO1.5CH=CH2.  109 



 110 
2.3 Grafting of hyper-crosslinked resin onto mesoporous silica nanoparticles  111 

Poly(vinylbenzyl chloride) (PVBC) was grafted on MSN_xVTMOS by free radical polymerization. 112 

MSN_xVTMOS were dispersed in vinylbenzyl chloride by ultrasonication with a tip Sonics Vibracell ultrasonic 113 

processor (500 W, 20kHz; Newton, USA) at 25% power with an ON/OFF cycle of 10s/50s for 10 minutes, while 114 

the dispersion was kept in an ice/water bath. Then, free radical polymerization of VBC was started by adding 115 

0.5 phr of AIBN and the mixture was stirred at 80 °C, under nitrogen flow. This stage was prolonged until the 116 

mixture viscosity increased enough to hinder nanoparticles re-aggregation (about 1.5 hour), and then the 117 

polymerization was completed in oven for 24 h at 80 °C. The obtained nanoparticles were washed twice with 118 

dichloroethane in order to dissolve the excess of unbound polymer and recovered by centrifugation at 13000 119 

rpm and 4 °C for 10 minutes. Then, the obtained samples were placed in oven at 80 °C under vacuum 120 

overnight. The resulting products were coded MSN_xPVBC, correspondingly to the precursors 121 

MSN_xVTMOS. 122 

The grafted PVBC phase of MSN_xPVBC was subjected to hyper-crosslinking via Friedel-Crafts reaction. 123 

MSN_xPVBC (0.4 g) were stirred in DCE (40 g) for 2 h, under nitrogen. Then, the mixture was cooled to 0 °C 124 

in an ice/water bath, FeCl3 (2 g) was added and the reaction mixture was kept stirring for 2 h. Finally, the 125 

system was heated to 80 °C for 18 h. The obtained materials were repeatedly washed with methanol and 126 

dried under vacuum at 80 °C overnight. The samples thus obtained were coded X_MSN_xPVBC, where the 127 

prefix X_ denotes the hyper-crosslinking. 128 

 129 

2.4 Characterization 130 

MSN_xVTMOS, pVBC, MSN_xPVBC and X_MSN_xPVBC were analyzed by FTIR in attenuated total reflection 131 

(ATR) mode. Spectra were recorded with a PerkinElmer Spectrum One FTIR spectrometer equipped with an 132 

ATR module, using a resolution of 4 cm−1 and 32 scan collections. 133 

MSN_xVTMOS, MSN_xPVBC and X_MSN_xPVBC were analyzed by solid-state 13C CP-MAS NMR, using a 134 

Bruker Avance II 400 spectrometer equipped with a 4 mm magic angle spinning (MAS) probe. Samples were 135 



packed in 4 mm zirconia rotors sealed with Kel-F caps and rotated at a spinning speed between 8 and 9 kHz. 136 

A 1H π/2 pulse width of 3.6 μs, a contact time of 2 ms and a repetition time of 5 s were used. 137 

Bright field transmission electron microscopy (TEM) analysis was performed on MSN_xVTMOS, MSN_xPVBC 138 

and X_MSN_10PVBC using a FEI Tecnai G12 Spirit Twin (LaB6 source) at 120 kV acceleration voltage. Images 139 

were collected on a FEI Eagle 4k CCD camera. Before the analysis, the samples were dispersed in DCE by 140 

ultrasonication with the above mentioned equipment for 2 min at 25% power. The samples were then 141 

collected by immersing holey carbon-coated copper grids in the dispersions. Average diameters of the 142 

nanoparticles were calculated through analysis of the collected image with the software ImageJ.  143 

Thermogravimetric analysis was carried out on MSN_xVTMOS, pVBC, MSN_xPVBC and X_MSN_xPVBC using 144 

a Perkin Elmer Pyris 1 thermogravimetric analyzer. All samples were analyzed in oxidizing atmosphere, at 10 145 

°C/min heating rate, from 100 °C to 800 °C. A further scan in nitrogen atmosphere at 1 °C/min heating rate 146 

from 100 °C to 800 °C was also collected on MSN_10VTMOS.  147 

Gas adsorption volumetric analysis was performed on MSN, MSN_xVTMOS, MSN_xPVBC and X_MSN_xPVBC 148 

using a Micromeritics ASAP 2020 analyzer. SSA was determined by nitrogen adsorption measurements at 77 149 

K from the linear part of the Brunauer–Emmett–Teller (BET) equation. Prior to the analysis, all samples were 150 

degassed at 100 °C under vacuum (p < 10−5 mbar). All the adsorption measurements were performed using 151 

high purity gases ( > 99.999%). Nonlocal Density Functional Theory (NLDFT) was applied to nitrogen 152 

adsorption isotherms to evaluate the pore size distribution of the nanoparticles. In particular, a cylindrical 153 

pore model was applied for MSN, MSN_xVTMOS and MSN_xPVBC and a slit pore model was applied for the 154 

hyper-crosslinked X_MSN_xPVBC. 155 

Finally, MSN and X_MSN_10PVBC were tested for the adsorption of a reactive cationic dye from water, 156 

rhodamine 6G. Tests were performed at 25 °C at different concentrations ranging from 30 mg/L to 1000 157 

mg/L. Samples of 10 mg were added to 10 mL of dye solution, which was kept at 25 °C until equilibrium was 158 

reached (at least 24 h). Then, the dye concentration in the supernatant was measured by a Jasco V570 UV-159 

Vis spectrophotometer, using a rhodamine 6G previously recorded calibration curve. 160 

The amount of adsorbed dye (Qe, mg/g) was determined using the equation: 161 

 162 



𝑄𝑒 =
(𝐶0−𝐶𝑓)𝑉

𝑚
      (eq.1) 163 

 164 

where C0 and Cf are the initial and final concentration of the dye solution, V is the volume of dye solution and 165 

m is the mass of the adsorbent. 166 

Also, three cyclic adsorption/desorption tests were performed on X_MSN_10PVBC with a Rh6G solution at 167 

the initial concentration of 30 mg/L. Between adsorption cycles, the desorption of Rh6G was induced with 168 

ethanol washings performed in this way: after an adsorption test, the nanoparticles were left to settle on the 169 

bottom of the vial and the supernatant aqueous Rh6G solution was removed with a pipette; then, ethanol 170 

was added to the nanoparticles and the vial was placed on a  shaker, inducing the desorption of Rh6G in the 171 

solvent; subsequently, the nanoparticles were left to settle again and the ethanol supernatant solution was 172 

replaced with fresh ethanol. Further washings with ethanol (about three in each case) were performed 173 

similarly, until the supernatant solution appeared completely transparent and the absence of appreciable 174 

amounts of Rh6G in the supernatant was verified by UV-Vis. Therefore, the nanoparticles were dried under 175 

vacuum and then were subjected to a subsequent adsorption cycle with the previously described modalities.  176 

 177 

3. Results 178 

3.1 Synthesis of vinyl-functionalized mesoporous silica nanoparticles 179 

Vinyl-functionalized mesoporous silica nanoparticles are obtained through a one-step high yield sol-gel 180 

synthesis. Three different TEOS:VTMOS weigh ratio have been used for the synthesis, namely 95:5, 90:10 and 181 

80:20, in order to optimize the relative amount of vinyl moieties in view of the grafting of the microporous 182 

resin. For all samples the reaction yield is quite high, ranging from 98 % for MSN to 96% for MSN_5VTMOS 183 

and to about 91% for MSN_10VTMOS and MSN_20VTMOS. 184 

FTIR spectroscopy, shown in Figure 1a, reveals the characteristic absorption signals of silica for all the 185 

nanoparticles. In particular, MSN_xVTMOS spectra are characterized by the strong absorption band at 1050 186 

cm-1 corresponding to the stretching vibration Si-O-Si, the peak at 970 cm-1 corresponding to the Si-OH 187 

bending vibration, and the peak at 780 cm-1 attributed to the symmetric Si-O-Si stretching [34]. Then, 188 



absorption signals associated to vinyl moieties increase with increasing the VTMOS content, specifically the 189 

absorption bands centred at 1600 cm-1 and 1410 cm-1, attributed to C=C vibration, and the absorption signals 190 

at 1010 cm-1 and 967 cm-1, associated to the Si-O vibration of silicon atoms linked to vinyl carbon atoms [35]. 191 

 192 

 193 

Figure 1. FT-IR spectrum (a) and TGA traces (b) of MSN_xVTMOS; TEM images of MSN_5VTMOS (c), 194 

MSN_10VTMOS (d) and MSN_20VTMOS (e); nitrogen adsorption (full symbols) and desorption (empty 195 

symbols) isotherms (f) and DTF pore size distribution (g) of MSN_xVTMOS. 196 

 197 



Thermogravimetric analysis of MSN_xVTMOS performed in oxidative conditions confirms that the 198 

nanoparticles are characterized by increasing amounts of organic moieties at increasing content of VTMOS 199 

precursor, as shown by the increasing thermo-oxidative degradation of the nanoparticles (Figure 1b). Indeed, 200 

the residual weights at 800 °C are 92.0 wt% for MSN_5VTMOS, 90.7 wt% for MSN_10VTMOS, and 88.8 wt% 201 

for MSN_20VTMOS. To be noticed is that at the same temperature the residual weight is about 96.5 wt% for 202 

plain MSN. A peculiar behaviour of the TGA curve is evidenced for the sample MSN_20VTMOS which, during 203 

heating, shows a weight gain at temperature close to 300 °C, due to the oxidation of the vinyl groups [36]. 204 

In all cases, the TGA curves show a multistep degradation of the organic moieties of the MSN_xVTMOS 205 

nanoparticles, clearly evidenced through the analysis of the TG and differential TG curve collected at low 206 

heating rate (1°C/min, Figure S1) on the sample MSN_10VTMOS. Indeed, these curves well show that the 207 

degradation occurs in multiple convoluted steps in the temperature ranges 110-800 °C with the last main 208 

DTG peak centred at about 550 °C. Thus, the degradation of the organic moieties occurs in a temperature 209 

range much wider than the ones reported for organosilanes grafted on non-porous silica nanoparticles [37, 210 

38]. This phenomenon is ascribable to the presence of vinyl moieties both on the peripheral surface and on 211 

the surface of the inner pores. Indeed, for MSN_xVTMOS, the nanoparticles porous structure acts as a 212 

physical barrier able to hinder the degradation of the organic functionalities present in the inner pores [39].  213 

As observed by TEM analysis (Figure 1c-e), all MSN_xVTMOS show a spherical morphology with geminal 214 

structure and very ordered worm-like porous channels. MSN_5VTMOS, MSN_10VTMOS and MSN_20VTMOS 215 

show an average diameter of 173 ± 19 nm,  151 ± 23 nm, and 160 ± 22 nm, respectively. The VTMOS content 216 

does not significantly alter the structure of the nanoparticles. Only a thin (1-2 nm) layer characterized by 217 

higher contrast is observed on the nanoparticles outer surface, whose thickness slightly increases with the 218 

increase of the VTMOS content. The presence of the external layer is more evident for the sample 219 

MSN_20VTMOS, this finding being in agreement with the TGA results, revealing the presence of a more 220 

consistent organic phase for this sample. 221 

N2 adsorption analysis of MSN_xVTMOS shows that all nanoparticles are characterized by a type IV isotherm 222 

(Figure 1f), typical of mesoporous materials with very ordered porosity and comparable to the MSN isotherm 223 

(Figure S2a). The total pore volume of the functionalized nanoparticles and the nanoparticles pores diameter 224 



decrease with the extent of functionalization (Figure 1g). While plain MSN pores diameter distribution is 225 

centred around 3.48 nm (Figure S2b), in MSN_5VTMOS, MSN_10VTMOS and MSN_20VTMOS the pores 226 

diameter distributions are centred at 3.1 nm, 2.7 nm and 2.5 nm, respectively. No significant differences on 227 

the BET SSA of the nanoparticles is shown for VTMOS content up to 10 %, explainable with the fact that 228 

together with the volume reduction, MSN_5VTMOS and MSN_10VTMOS are also characterized by smaller 229 

pores with respect to MSN, giving rise to slightly higher SSA. At higher VTMOS content, instead, a further but 230 

very limited reduction of the nanoparticles pore size is associated to a moderate reduction of pore volume 231 

and SSA. 232 

 233 

Table 1. BET SSA and porosity of MSN, MSN_xVTMOS and X_MSN_xPVBC 234 

Sample BET SSA (m2/g) Total pore volume (cm3/g) Micropore fraction (%) 

MSN 810 ± 15 0.49 - 

MSN_5VTMOS 824 ± 19 0.42 - 

MSN_10VTMOS 825 ± 20 0.40 - 

MSN_20VTMOS 785 ± 17 0.37 - 

X_MSN_5PVBC 297 ± 5 0.25 27.9 

X_MSN_10PVBC 420 ± 7 0.45 22.9 

X_MSN_20PVBC 245 ± 4 0.26 22.3 

 235 

 236 

3.2 Grafting of precursor resin onto mesoporous silica nanoparticles  237 

The vinyl functionalities of MSN_xVTMOS were exploited to graft the PVBC phase on the MSN surface by in-238 

situ polymerization of vinylbenzyl chloride. A schematic representation of this reaction is reported In Figure 239 

2 (I step).  240 

 241 



 242 

Figure 2. Scheme of reaction of PVBC grafting onto MSN_xVTMOS (I step) and following hyper-crosslinking 243 

(II step).  244 

 245 

The effectiveness of the PVBC grafting is confirmed by FTIR and NMR analysis of the functionalized 246 

nanoparticles. Indeed, the analysis of MSN_xPVBC by FTIR spectroscopy shows the typical PVBC signals in the 247 

range 3200-1300 cm-1, attributed to C-H and C=C vibrations, a signal at 1265 cm-1 due to the  –CH2-Cl 248 

stretching, evidenced as a shoulder of the main Si-O-Si peak, and the C-Cl vibration signals at 708 and 675 249 

cm-1 (Figure 3a) [40]. Likewise, 13C CP/MAS NMR spectra of MSN_xPVBC show the typical PVBC signals, with 250 

a fairly well resolved aromatic region and the evident chloromethyl signal centred at 47 ppm, superimposed 251 

to the broad peak of the saturated backbone (Figure 3b) [29]Errore. Il segnalibro non è definito.. 252 



 253 

Figure 3. FTIR (a) and NMR spectra (b, the position of the CH2Cl resonance is indicated by a dashed line, 254 

spinning sidebands are marked by dots) of MSN_xPVBC; TGA traces of MSN_xPVBC (c); TEM images of 255 

MSN_5PVBC (d), MSN_10 PVBC (e) and MSN_20 PVBC (f) 256 

 257 



Thermogravimetric analysis of MSN_xPVBC (Figure 3c) shows for all samples two degradation steps at 400 °C 258 

and 620 °C, ascribable to the grafted PVBC phase. All samples show a quite comparable weight loss, in the 259 

range of 45-50 wt%, which is to be attributed to the polymer phase. In particular, although the MSN_xVTMOS 260 

nanoparticles are characterized by varying amounts of vinyl moieties, TGA indicates that the amount of PVBC 261 

grafted on MSN_5PVBC and MSN_10PVBC is similar (weight loss at 800 °C about 50 wt%), while at the same 262 

temperature MSN_20PVBC shows about 45 wt% weight loss, indicating a slightly lower grafting efficiency. 263 

For all MSN_xPVBC samples, the grafted PVBC phase is noticeable in TEM images as a diffuse shell of thickness 264 

between 5 nm and 10 nm, which covers the silica nanoparticles. Also, the typical ordered porosity of 265 

mesoporous silica nanoparticles appears less visible in TEM images of MSN_xPVBC, compared to the 266 

MSN_xVTMOS images, indicating that the PVBC phase is grafted also within the nanoparticles mesopores. 267 

Indeed, the PVBC grafting also induces a drastic decrease in the accessible porosity and SSA of the 268 

nanoparticles. N2 adsorption measurements conducted on MSN_xPVBC show that the SSA of the 269 

nanoparticles is reduced to values lower than 10 m2/g and their pore volume is not detectable (less than 0.01 270 

cm3/g). This result also indicates that the PVBC grafting reaction takes place on all the accessible surface of 271 

the nanoparticles where the vinyl functionalities are present, including both the external nanoparticle surface 272 

and the surface of the inner mesopores. Indeed, both internal and external surfaces of mesoporous silica are 273 

available to chemical functionalization, and specific protection mechanisms of the inner walls of the 274 

mesopores are needed when the selective functionalization of the external surface is desired [41]. 275 

 276 

3.3 Hyper-crosslinking of the grafted PVBC phase onto mesoporous silica nanoparticles  277 

MSN_xPVBC were subjected to hyper-crosslinking through Friedel-Crafts reaction, obtaining the 278 

corresponding X_MSN_5PVBC, X_MSN_10PVBC, and X_MSN_20PVBC samples. In this phase, methylene 279 

bridges are installed between the aromatic rings of adjacent PVBC chains grafted onto the mesoporous silica 280 

nanoparticles. In this way, the grafted PVBC chains are locked into an interconnected configuration, creating 281 

new porosities into the pores and onto the surface of the MSN. A schematic representation of this reaction 282 

is reported in Figure 2 (II step). The occurrence of the hyper-crosslinking reaction in the PVBC phase is 283 

revealed by spectroscopic analyses. For all the hyper-crosslinked samples, FTIR spectra (Figure 4a) show a 284 



significant attenuation of the peaks associated to the C-Cl vibration modes (708 and 675 cm-1) in comparison 285 

to the corresponding MSN_xPVBC, revealing that the hyper-crosslinking of the samples is effective. In 286 

particular, while the signal at 675 cm-1 is almost completely undetected for all samples, the signal at 708 cm-287 

1 is much less intense in sample X_MSN_10PVBC, in comparison to X_MSN_5PVBC and X_MSN_20PVBC, 288 

suggesting that at the intermediate TEOS:VTMOS composition the extent of hyper-crosslinking is the highest 289 

achieved among the three samples. These results are confirmed by 13C CP/MAS NMR (Figure 4b). Indeed, 290 

while in all samples the main aromatic signals (110-160 ppm) result broadened upon hyper-crosslinking, 291 

indicating a higher degree of substitution of the aromatic carbons, this effect is much more evident at the 292 

intermediate composition X_MSN_10PVBC. Likewise, the chloromethyl signal (47 ppm) intensity decreases 293 

in all samples with respect to the corresponding MSN_xPVBC spectra but only in the X_MSN_10PVBC  sample 294 

it is no more detectable, indicating a high yield of the hyper-crosslinking reaction [15, 29]. 295 



 296 

Figure 4. FTIR spectra (a), NMR spectra (b)and TGA traces (c) of X_MSN_xPVBC; in (b) , the position of the 297 

CH2Cl resonance is indicated by a dashed line, spinning sidebands are marked by dots; TEM image of 298 

X_MSN_10PVBC (d); nitrogen adsorption (full symbols) and desorption (empty symbols) isotherms (e) and 299 

DTF pore size distribution (f) of X_MSN_xPVBC 300 

 301 

TGA analysis of X_MSN_xPVBC is consistent with TGA results of MSN_xPVBC, showing a weight loss at 800 °C 302 

for all samples between 45 wt% and 50 wt% (Figure 4c), with lower weight loss, attributed to the grafted 303 



organic phases, for X_MSN_20PVBC and progressively higher weight loss values for X_MSN_5PVBC and 304 

X_MSN_10PVBC, respectively. 305 

The hyper-crosslinked nanoparticles X_MSN_10PVBC morphology was observed by TEM analysis. TEM 306 

images, shown in Figure 4d, show that the hybrid nanoparticles are surrounded by a consistent and diffuse 307 

layer characterized by higher thickness (up to 30 nm) and less contrast with respect to the polymeric layer 308 

revealed in MSN_xPVBC TEM images. This is to be ascribed to the swelling and the hyper-crosslinking of the 309 

PVBC phase. Indeed, during these processes, the PVBC grafted chains of the nanoparticles increase their 310 

volume, due to the uptake of dichloroethane. Then, through Friedel-Crafts reaction, the swollen polymer 311 

phase is consolidated in this configuration through the installing of methylene bridges between neighbouring 312 

aromatic rings. Through this process, micropores and mesopores typical of the hyper-crosslinked polymers 313 

are formed [42, 43].  314 

The analysis of the textural properties of the hyper-crosslinked nanoparticles confirms this mechanism, as 315 

the presence of new micro-, meso- and macroporosity is revealed. Indeed, the X_MSN_xPVBC isotherms 316 

(Figure 4e) have very different shape with respect to the curves of their MSN_xVTMOS precursors, showing 317 

type II isotherms, typical of micro/mesoporous materials with a broad distribution of porosity. In fact, 318 

X_MSN_xPVBC are characterized by a large distribution of porosity, ranging from 0.8 nm to 100 nm (Figure 319 

4f). In particular, a major peak of microporosity is centred at about 1.5 nm, and a broad distribution of 320 

porosity extends from 2 nm to 100 nm, constituting a hierarchically porous structure of interconnected 321 

micropores, mesopores and macropores. This result further demonstrates that the grafting and hyper-322 

crosslinking of the PVBC phase takes place both in the mesopores of the hybrid silica nanoparticles and on 323 

their peripheral surface. Indeed, in pore size distribution curves of X_MSN_xPVBC (Figure 4f) it is no more 324 

evident the mesopores peak of pristine MSN_xVTMOS (Figure 1g) but, instead, a broad porosity ranging from 325 

0.8 nm to 100 nm is measured by N2 adsorption analysis. Since, as shown by FTIR and NMR analysis, the PVBC 326 

phase is extensively crosslinked, it follows that the PVBC hyper-crosslinked phase has been grafted both into 327 

the mesopores and onto the external surface of the nanoparticles. Therefore, by grafting and hyper-328 

crosslinking of PVBC into the MSN_xVTMOS mesopores, new microporosity is created. Then, while only pores 329 

of dimension lower than the pristine MSN_xVTMOS pores (from 2.5 to 3.1 nm) can be created in the 330 



polymeric phase grafted within the nanoparticles mesopores, wider pores are created on the outer surface 331 

of the nanoparticles, realizing in this way a MSN-templated hierarchical porous structure. This kind of 332 

porosity is very valuable for adsorption phenomena due to the reduction of diffusion hindrances [44]. Also, 333 

although X_MSN_xPVBC nanoparticles show lower BET SSA than the pristine silica nanoparticles 334 

MSN_xVTMOS, the presence in these sample of the newly generated micropores, especially within a 335 

hierarchically porosity, is very appealing for adsorption applications [14, 25] .  336 

Among all hyper-crosslinked samples, X_MSN_10PVBC is characterized by the highest amount of porosity, 337 

with a total pore volume of 0.45 cm3/g, showing also the highest BET SSA of 420 m2/g (Table 1). As concerning 338 

the recorded differences amongst the three X_MSN_xPVBC samples in terms of hyper-crosslinking yield, as 339 

shown by spectroscopic analysis, and in terms of textural properties, the possible effect of the molecular 340 

weight of the grafted PVBC phase should be considered. Indeed, by varying the TEOS:VTMOS ratio in the 341 

MSN_xVTMOS series, the relative amount of vinyl moieties in the functionalized nanoparticles increases with 342 

the increase of VTMOS added to the reaction mixture. Nevertheless, by grafting the PVBC precursor through 343 

the in-situ polymerization of vinylbenzyl chloride, the increased amount of vinyl groups does not correspond 344 

to a significantly different amount of grafted PVBC. In fact, the MSN_5PVBC and the MSN_10PVCB samples 345 

show similar amounts of grafted organic phase (approximately 50 wt% by TGA) while a higher density of vinyl 346 

groups (MSN_20VTMOS) induces a slightly lower amount of grafted PVBC in the MSN_20PVBC sample. 347 

Therefore, taken into account the increased density of vinyl groups and the comparable amount of grafted 348 

PVBC, a reliable hypothesis is that, by progressively increasing the amount of vinyl groups installed on the 349 

precursor nanoparticles, PVBC chains with lower length are grafted [37]. Considering the well-established 350 

role of the chain lengths of polymer brushed tethered onto inorganic nanoparticles on their steric 351 

confinement, conformation and dynamical properties [45], this hypothesis well matches the results obtained 352 

after the hyper-crosslinking reaction. Indeed, in the chlorinated media used for hyper-crosslinking, longer 353 

PVBC chains grafted onto silica in MSN_5PVBC sample would result well extended from the nanoparticle 354 

surface, with an almost fully stretched conformation due to the enthalpic attraction between chains 355 

segments and solvent molecules and the entropic repulsion between chain segments [46]. On the contrary, 356 

by reducing the chain length of the grafted polymer brushes (MSN_20PVBC), the polymer chains would tend 357 



towards a collapsed conformation, with the polymer segments confined on the silica surface. Both these 358 

conformations are detrimental for the hyper-crosslinking reaction. In the first case (MSN_5PVBC, with lower 359 

grafting density, high polymer/solvent interactions and fully extended conformation) the polymer/polymer 360 

interactions necessary for the extensive hyper-crosslinking are reduced, while in the second case 361 

(MSN_20PVBC, with higher grafting density, shorter polymer segments confined to silica surface and high 362 

silica/polymer interactions) the polymer segment mobility necessary for the extensive hyper-crosslinking is 363 

strongly inhibited. In our set of experiments, the optimal conditions are reached for the sample 364 

MSN_10PVBC, in which the intermediate polymer chain conformation in the swelling solvent possibly favours 365 

an extensive hyper-crosslinking, as confirmed by the most pronounced disappearance of the chloromethyl 366 

groups in the corresponding X_MSN_10PVBC sample, evidenced by FTIR and NMR (Figure 4a-b), and the 367 

highest BET SSA and pore volume registered by nitrogen adsorption analysis (Table 1). 368 

 369 

3.4 Adsorption Tests 370 

To validate the adsorption capacity of the X_MSN_10PVBC nanoparticles, tailored in terms of amount of 371 

hyper-crosslinking extent and textural properties, adsorption tests of rhodamine 6G from solution were 372 

performed, using plain MSN for comparison. Results show the very good adsorption capacity of 373 

X_MSN_10PVBC, with an uptake of about 125 mg/g for highly concentrated rhodamine 6G solution (C0=1000 374 

mg/L) and a quite complete removal (about 98 %) of the dye in more diluted conditions (C0=30 mg/L) (Figure 375 

5a-b). The equilibrium adsorption results for X_MSN_10PVBC well fit the Freundlich adsorption isotherm, 376 

which reflects the multilayer adsorption of Rh6G molecules onto the hyper-crosslinked nanoparticles (Figure 377 

5a and Table S1). MSN, on the other hand, show very low adsorption capacity towards Rh6G.  378 

X_MSN_10PVBC, tested for repeated adsorption cycles, show very high regenerability. Indeed, repeated 379 

adsorption cycles of Rh6G at initial concentration of 30 mg/L show an uptake of dye between 98 % and 99 % 380 

in three subsequent adsorption tests (see inset in Figure 5b), demonstrating that the nanoparticles are able 381 

to desorb completely the adsorbed dye and therefore to guarantee comparable adsorption efficiency in the 382 

following adsorption cycles.  383 



The adsorption tests show that X_MSN_10PVBC are very efficient for Rh6G removal also when compared to 384 

higher surface area VBC-based hyper-crosslinked resins [14]. Indeed, in comparison to VBC-based hyper-  385 

crosslinked resins characterized by SSA of about 1900 m2/g and pore volume of 1.33 cm3/g, if considered the 386 

normalized adsorption capacity per pore volume, the hyper-crosslinked nanoparticles X_MSN_10PVBC show 387 

comparable or even higher performances for Rh6G removal from solutions of concentration up to 500 mg/L 388 

[14]. Considered that the MSN contribution to Rh6G adsorption is very low, and that the nature of the hyper-389 

crosslinked resin grafted on MSN is very similar to the one of the 1900 m2/g SSA hyper-crosslinked resin, the 390 

significant adsorption capacity of X_MSN_10PVBC is to be ascribed to the peculiar hierarchical porosity of 391 

the nanoparticles. Also, considered that plain MSN show a total pore volume (0.49 cm3/g) higher than 392 

X_MSN_10PVBC (0.45 cm3/g), it is clear that the creation of a hierarchically porous structure in the 393 

synthesized hybrid nanoparticles is of key importance for their adsorption capacity, as shown by the 394 

comparison of the values of dye adsorbed per pore volume of X_MSN_10PVBC and MSN (Figure 5d).  395 

 396 

Figure 5. Rhodamine 6G equilibrium adsorption isotherms of X_MSN_10PVBC and MSN (a); adsorbed dye 397 

percentage by X_MSN_10PVBC and MSN, with repeated cycles of adsorption of Rh6G at C0=30 mg/L by 398 



X_MSN_10PVBC in inset (b); images of Rh6G 30 mg/L solution before and after equilibrium adsorption by 399 

MSN and X_MSN_10PVBC (c); Rh6G equilibrium adsorption capacity per pore volume of X_MSN_10PVBC 400 

and MSN (d). 401 

 402 

4. Conclusions 403 

Hierarchically porous silica nanoparticles grafted with hyper-crosslinked poly(vinylbenzyl chloride) are 404 

designed and realized in this work. Vinyl functionalized MSN are grafted with PVBC and then the anchored 405 

polymer phase is hyper-crosslinked. In this way, the microporosity typical of the hyper-crosslinked resins is 406 

generated into the mesopores and wider pores up to 100 nm are created onto the peripheral surface of the 407 

MSN. Through optimization of the synthetic procedure, hierarchically porous nanoparticles characterized by 408 

about 50 % of organic phase grafted, and constituted by a MSN-templated hierarchical porous structure with 409 

up to 28 % of microporosity, are obtained. These nanoparticles result very efficient in the adsorption of 410 

organic pollutants from aqueous solution, as demonstrated by rhodamine 6G adsorption tests, showing 411 

significantly higher uptake with respect to plain mesoporous silica nanoparticles characterized by higher SSA 412 

and pore volume. The hyper-crosslinked PVBC-grafted MSN show a dye uptake of about 125 mg/g in highly 413 

concentrated solution (1000 mg/L) and quite complete removal (about 98 %) in more diluted conditions (up 414 

to 30 mg/L), with high efficiency in successive adsorption-desorption cycles. Therefore, results demonstrate 415 

that the peculiar hierarchically porous structure obtained by grafting of MSN with hyper-crosslinked PVBC is 416 

an effective strategy to significantly enhance the MSN performances in an environmental-relevant 417 

application such as water remediation. 418 

 419 

 420 
  421 
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