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ABSTRACT: Polymer functionalization of ordered mesoporous silicas (OMS) offer wide
applications owing to their synergy properties. In this study, a new approach for polymer
functionalization of OMS is demonstrated by the co-condensation of silica precursor and a
functional polymer bearing triethoxysilane end-group in the presence of a tailored poly(ethylene
oxide)-b-polystyrene (PEO-b-PS) amphiphilic copolymer used as pore template. The novelty of
this strategy resides in the co-micellization of PEO-b-PS and functional polymer that enables the
incorporation of the latter into the mesoporous silica. By changing the nature of the functional
polymer, as well as their loading concentration and process conditions, different ordered polymer-
mesoporous silicas containing aryl, nitro or amide groups and high polymer content, up to 38 wt%
were synthesized. These materials exhibit high specific surface area (488 m? g ') and large pores

(8 nm) with acceptable COz adsorption capacity and selectivity towards CH4 and No.

KEYWORDS: mesoporous silica, hybrid materials, gas adsorption.

1. Introduction

Organic-inorganic hybrid mesoporous silicas are a class of materials in which the inorganic

support provides mechanical and thermal stability while the organic layer adds specific chemical



functionalities [1]. These materials provide a synergy between the organic and inorganic phase
properties, are characterized by large specific surface areas and tunable pore sizes, i.e. between 2
and 15 nm. They have found various applications in fields such as catalysis [2], gas adsorption [3],
biomedicine [4, 5], etc... The possibility to perfectly control their chemical and topological features
explains the success of these materials. Indeed, the versatility of the sol-gel process enables the
preparation of an ordered porous framework with a fine control of the organic function localization

thanks to a smart choice of the synthesis conditions and the organic building-blocks.

Ordered porous frameworks can mainly be built by two pathways, that are liquid-crystal
templating processes (Evaporation-induced self-assembly (EISA)) and cooperative self-assembly
[6]. Both methods have benefits and drawbacks and the choice of the synthetic pathway depends
on the structure and the shape of the desired final material [7]. The first method, relatively flexible,
involves the use of a liquid crystalline mesophase obtained by a high concentration of surfactant.
But the release of alcohols upon hydrolysis of alkoxide precursors can interfere with the initial
lyotropic liquid crystal phase. In order to overcome this drawback, solvent evaporation-induced
self-assembly approach can be used, and film or monolith can result [8-11]. The second pathway
is based on a cooperative self-assembly of low concentrated surfactant and a silica source to form
the mesostructured material by precipitation, this method yields only powders, and large quantities

can be made.

The chemical functionalization of the mesoporous silicas is critical since it opens the door to
a wide range of applications. The incorporation of organic functional groups into mesoporous
silicas can be done through covalent and noncovalent approaches [12-15]. In this regard, covalent
functionalization via silane chemistry is the most widespread and can be accomplished through
both direct (co-condensation) and indirect (postsynthetic grafting) methods [1]. The co-
condensation method consists in the co-polymerization of an organo-silane and a silica source in
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the presence of a structure directing agent. Hence, organic functionalities are part of the silica
matrix and homogenously distributed in the mesopores [16-18]. However, the pore ordering
degrades with increasing concentration of organic groups, which ultimately leads to totally
disordered products. Consequently, the functional groups loading is limited to 25% [19]. In the
post-synthetic grafting method, organic groups are attached onto the pore surface by the reaction
of organosilanes subsequent to the silica synthesis[20]. This very general method of modification
does not permit the control of the loading and can lead to a nonhomogeneous distribution of the
organic groups within the pores and in extreme cases to complete closure of the pores[21].
Nevertheless, by this method, large biologic molecules including dendrimers [22, 23], enzymes
[24] and polypeptides [25] have been incorporated into ordered mesoporous silicas (OMS) by
further functionalization of small functional groups such as amines, thiols, alkyl halides or alkenes.
In terms of the production cost, the one-pot synthesis is more advantageous than the post-synthetic

grafting method.

A large domain of synthesis of OMS is the preparation of polymer/silica composites since they
present a broad spectrum of applications [26]. This enabled the study of both the behavior of
macromolecular building blocks confined in the pores and the polymerization in nano-confined
environments [27]. Non-covalent or covalent methods can be implemented to functionalize
mesoporous silicas with polymers. Non-covalent method consists in an immobilization of the
polymer onto the nanoporous materials by using wet impregnation methods whereas covalent
anchoring on the surface can be accomplished by either co-condensation, “grafting to” and
“grafting from” approaches. The co-condensation method consits in a polymerization of silica
precursor such as tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) and a copolymer
bearing containing alkoxysilane groups. There was only few examples of polymers functionalized

OMS prepared by co-condensation method. Feng et al. have reported the synthesis of a



polystyrene—silica hybrid mesoporous materials by co-condensation of tetraethyl orthosilicate
(TEOS) with poly(styrene-co-styrylethyl trimethoxysilane) using dibenzoyl tartraric acid as non-
surfactant template [28]. The hybrid materials exhibit high surface area and pore volume with small
pore diameters of ~ 2 —4 nm, however TEM image of mesoporeous material showed no identifiable
structural order. Fu et al. have synthesized the ordered mesoporous silice/poly(N-
isopropylacrylamide (PNIPAM) copolymer composites by co-condensation of TEOS and
PNIPAM-co-poly(3-methacryloyloxypropyltrimethoxysilane) in the presence of surfactant [29].
The authors did not studied the mesostructure (surface area, pore volume and pore size) of
PNIPAM/silica hybrid materials. The common point of these studies was the alkoxysilane groups
are distributed along the copolymer chain that could lead to an embeding of polymer chain in the
wall of OMS during the formation of silica networks. “Grafting to” is the anchoring of a silylated
polymer onto the surface of the mesoporous silica. This method usually generated nongrafted
chains. In addition, the grafted chains prevent attachement of the next ones and then limit the
grafting density [30]. The “grafting from” method is based on the growth of the polymer chains
from the initiator-modified mesopore surface, predominantly through controlled radical
polymerization such as reversible addition-fragmentation chain transfer polymerization (RAFT)
[31-33], atom transfer radical polymerization (ATRP) [34-37], and nitroxide-mediated radical
polymerization (NMP) [38-40]. The use of metallic catalyst and organic ligands in ATRP technique
is considered as a disadvantage compared to the other techniques. Although the “grafting from”
method allows to achieve grafting of various polymer chains of controlled molecular weight and
low dispersity to mesoporous silica surface however, in some cases, the polymer filled the entire
volume of the silica mesopores, leading to quasi-nonporous materials with very low activity of
polymer organic groups. Furthermore, the initiator is grafted to silica surface via post-modification
after the synthesis of OMS. The initiator and thus the polymer chains can be found both inside and

outside pores surface.



To overcome the main drawback of methods described in the literature, we propose in the
present article an alternative synthesis route toward polymer-silica mesoporous materials. Our
approach is based on an adaptation of the sol-gel process by direct synthesis in which a block
copolymer, poly(ethylene oxide)-b-polystyrene (SEO), used as structure directing agent, is
designed to exhibit a good affinity with a functional polymer bearing triethoxysilane end-group
(Figure 1). The novelty of this strategy resides in the formation of micelles in aqueous medium,
with a core composing of polystyrene and functional polymer surrounded by a shell of
poly(ethylene oxide). The silica precursors can thus co-condensate around this supramolecular
structure. By this approach, the SEO template is eliminated by extraction, mesoporous silica with
well-defined, accessible functional polymer homogenously distributed inside the pores channels
were obtained. By controlling the functional polymer loading and their molar mass, polymer-
mesoporous silica with different morphologies were synthesized. The resulting functionalized
polymer mesoporous silica were evaluated for CO2 capture. On the other hand, utilization of
mesoporous silica impregnated or tethered with active group such as alkyl-amines for CO2 capture
was well known and widely reported in the literature [3, 41-44]. Among polymer/mesoporous silica
composites used for CO2 capture, polymeric amine-functionalized silica sorbents were the most
studied [45]. However, they are subject to oxidation degradation in the presence of dioxygen [46-
50]. The degraded products of amine-functionalized silicas have been found to be compounds
containing C=0, N=0O and -CH=N- species [48, 51, 52]. In addition, the amine degradation

products include nitrosamines may cause environmental and health problems.

In the aim to develop new efficient hybrid materials for CO2 capture, functional polymers
bearing reactive groups such as NO2, and N(CH3)2 were prepared in order to synthesize functional

OMS and their adsorption capability was studied in the present work. The relationship between



sorbent structure-and CO: capture properties will be investigated since the recent studies

highlighted the key role of these parameters [53, 54].

(Figure 1)

2. Experimental section

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%), 3-aminipropyl triethoxysilane (APS, 99%), styrene (S,
99%), 4-vinylbenzyl chloride (VBC, 90%), N,N-dimethylacrylamide (DMA, 99%), NaNj3
(>99.5%), tetrahydrofuran, ethanol were purchased from Aldrich. BlocBuilderMA® (>99%), an
alkoxyamine based on the nitroxide SGI1 (N-tert-butyl-N-[1-diethylphosphono-(2,2-
dimethylpropyl)] nitroxide) and the 1-carboxy-1-methylethylalkyl moiety was kindly provided by
Arkema (France). MAMA-NHS, an alkoxyamine bearing the activated carboxylic function was
prepared from the BlocBuilderMA® following the method reported by Vinas et al. [55].
Amphiphilic block copolymer, poy(ethylene oxide)-b-polystyrene (called SEO), was synthesized
by nitroxide mediated polymerization (NMP) of styrene using PEO-macroalkoxyamine as initiator
as previously reported [8]. Two SEO block copolymers were used, both composing of PEO of 5000
g mol™! with PS block of 3000 (SEO1) or 5000 (SEO2) g mol™!. 4-nitrostyrene (NS) was
synthesized according to the works of Schmidt et al. [S6]. All solvents and other reagents were

synthesis grade and used without further purification.

2.2. Synthesis of polystyrene-based polymers

Synthesis of polystyrene (PS), poly(4-nitrostyrene-co-styrene) (P(NS-co-S)) and poly(N,N-
dimethylacrylamide-co-styrene) (P(DMA-c0-S)) were performed using NMP. Typically, styrene,

co-monomers and MAMA-NHS were dissolved in a given volume of ethylbenzene to generate a



mixture containing 65 wt% of monomers. The mixture was then loaded in a three-neck flask
equipped with a reflux condenser and a magnetic stir bar, purged with argon for 20 min at room
temperature to remove dioxygen. Polymerization was performed at 120°C for 180 min under argon
atmosphere. The crude product was poured into a large excess of cold pentane to precipitate the
copolymer. The copolymer was then isolated by filtration and dried under vacuum at room
temperature to a constant weight. The experimental data of these synthesis are summarized in Table

1.

(Table 1)

2.3. Synthesis of triethoxysilane functionalized polystyrene-based copolymers

In a typical experiment, 1 g of PS or PS-based copolymers such as P(NS-co-S) and P(DMA-
co-S), previously synthesized was introduced into a round bottom flask and dried at 100°C under
reduced pressure for 15 min to eliminate all traces of water. The copolymer was dissolved with 20
mL of distilled dichloromethane under Ar atmosphere, and then APS (5 eq relative to terminal
activated carboxylic group) were added to the solution via a syringe. After 2h of reaction at room
temperature, the copolymer solution was filtered through 0.45 um Millipore filter and precipitated
in cold pentane to isolate the functional copolymer. The copolymer was dried and stored at room

temperature under Ar atmosphere until use.

2.4. Synthesis of silica-based mesoporous polymeric-inorganic hybrid materials

Two processes were used for the synthesis of mesoporous silica. The first one is evaporation-
induced self-assembly (EISA) and the second process is cooperative self-assembly (or
precipitation). In a typical synthesis, 500 mg of SEO block copolymer and 100 mg (or 50 mg) of
triethoxysilane functionalized copolymer were dissolved in 4 mL of THF at 40°C. Under vigorous

agitation, 2 mL of HCl at pH 2 or 22 mL of HCl solution at 2M were added dropwise to the previous
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mixture according to the EISA or precipitation processes respectively. Then a mixture of 1 g of
TEOS and 0.5 g of ethanol was added. Stirring was continued until gelation or precipitation of the
product. The as-formed clear gel was aged for three days at room temperature and then 48h at 40°C
while the solid suspension obtained from the precipitation process was aged for 24h at 40°C and
then at 100°C for 48h. Finally, the block copolymer template was removed by soxhlet extraction
in THF for 2 days. The silica materials were dried at 100°C for 24h and stored in ambient air. In
order to investigate the correlation between materials morphologies and loading functional
copolymer as well as the materials performance for CO:2 capture, different samples were
synthesized, which were denoted P@MS _Cx, where P represents the nature of grafted functional
polymer, and Cx is the quantity of triethoxysilane functionalized (co)polymer used in the synthesis
of mesoporous silica (MS) with x = 1 corresponding to 50 mg of functionalized copolymer and x
= 2 corresponding to 100 mg of functionalized copolymer. P = S, NO2 and DMA designated MS
functionalized with PS, (P(NS-co-S)) and P(DMA-co0-S) respectively. Experimental conditions for

the synthesis of functionalized mesoporous silicas are summarized in Table 2.

(Table 2)

2.5. Characterization techniques

"H NMR spectra in CDCl3 were recorded on a Bruker Advance 400 spectrometer. Chemical

shift was given in ppm relative to tetramethylsilane.

All solid-state Cross Polarization Magic Angle Spinning (CP MAS) NMR spectra were
obtained on a Bruker Avance-400 MHz NMR spectrometer operating at a '*C and *Si resonance
frequency of 101.6 MHz and 79.5MHz, respectively. '3C and Si CP MAS experiments were

performed with a commercial Bruker Double-bearing probe. About 100 mg of samples were placed



in zirconium dioxide rotors of 4-mm outer diameter and spun at a Magic Angle Spinning rate of 10

kHz. The '3C and ?°Si chemical shifts were referenced to tetramethylsilane.

Polymer molecular weights and dispersities were determined by size exclusion
chromatography (SEC). The used system was an EcoSEC (Tosoh, Japan) equipped with a PL
Resipore Precolumn (4.6 x 50 mm, Agilent) and two linear M columns (4.6 x 250 mm, Agilent)
with a gel particle diameter of 3 um. These columns were thermostated at 40°C. Detection was
made by an UV/visible detector operated at A = 254 nm, a dual flow differential refractive index
detector, both from Tosoh, and a viscometer ETA2010 from PSS. Measurements were performed
in THF at a flow rate of 0.3 mL min!. Calibration was based on polystyrene standards from

Polymer Laboratories (ranging from 370 g mol™! to 371 100 g mol ).

Dynamic Light Scattering (DLS) measurements were performed on a Malvern Nanosizer ZS-
apparatus equipped with a He—Ne laser operating at a wavelength of 633 nm and working at a fixed
angle of 117°. The temperature was controlled at 25 °C. Each analysis was repeated three time to

give the average particle size.

The thermal degradation of the hybrid silica-polymer material was investigated by
Thermogravimetric Analysis (TGA Q500, TA Instruments), performed between 25 and 800 °C with
a maximum heating rate of 5 K min' under dynamic air atmosphere (sample flow rate 40 mL min~

1) in platinum sample holders.

The N2 adsorption—desorption isotherms were obtained at 77 K on a Micrometrics ASAP 2010.
The specific surface area was determined with the Brunauer, Emmet and Teller (BET) method and
the pore size distribution was calculated from the adsorption isotherms using the Barrett—Joyner—
Halenda (BJH) method. Prior to adsorption, samples were outgassed at 393 K overnight under a

residual vacuum pressure of 2.10~ mbar.



Silicas for TEM measurements were embedded in epoxy resin. Samples were prepared using
ultramichrotomy techniques and then deposited on copper grids. TEM measurements were carried

out at 120kV with a JEOL 1200 EXII microscope.

SAXS experiments were performed on SAXSess-MC2 (Anton-Paar, GmbH, Austria) with a
sealed copper tube as X-ray source (wavelength is 0.15417 nm (Cu K-a)) and CCD camera as

detection system.

2.6. Gas adsorption measurements

The gas adsorption measurements at 303 K and up to 25-30 bars were made with CO2, CHa,
and N2 using a homemade high-throughput instrument [57]. Gas adsorption is measured via a
manometric gas dosing system on six samples in parallel. The amounts of gas adsorbed are
calculated by an equation of state using the Reference Fluid Thermodynamic and Transport
Properties (REFPROP) software package 8.0 of the National Institute of Standards and Technology
(NIST) [58]. Around 100 mg of sample is used, and each sample can be thermally activated
individually in situ under primary vacuum, at a 393 K overnight. The gases were obtained from Air

Liquide. Nitrogen and methane were of 99.9995% purity (N55), carbon dioxide was of 99.995%

purity (N45).

3. Results and Discussion

3.1. Synthesis of functional (co)polymers.

Several well-defined functional polystyrene based copolymers bearing triethoxysilane end
group were synthesized in two steps. The first step was the nitroxide-mediated polymerization
(NMP) of styrene and functional monomer using MAMA-NHS as initiator and the second step was

the coupling reaction between the obtained functional copolymer and 3-aminopropyl
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triethoxysilane (APS) (Scheme 1). The molar mass of these copolymers was between 2200 and
3200 g mol™!, determined by size exclusion chromatography (SEC) and their dispersity was quite
low (D < 1.3). The molar composition of these copolymers, determined by '"H NMR, was 44 and
26 mol %, of 4-nitrostyrene and dimethylacrylamide respectively. The characterization data of used

functional copolymers for the synthesis of mesoporous silicas are listed in Table 1.

(Scheme 1)

The sol-gel process by direct synthesis was selected to prepare hybrid mesoporous silicas.
Preliminary investigation showed that standard structure-directing agent Pluronic123 (P123) was
unsuitable for incorporating these functional polymers into P123 micelles. In order to overcome
this key point for the success of the sol-gel process and to maximize the affinity of functional
polymers with the structure-directing agent, two diblock copolymers were designed. Both were
built from a common hydrophilic PEO of 5000 g mol™! that covalently links to hydrophobic PS
block with two molar masses of 3000 and 5000 g mol!, called SEO1 and SEO2 respectively.
Before processing to the preparation of hybrid silicas, we checked the miscibility of the mixture of
SEO1 amphiphilic copolymer and functional polymer bearing triethoxysilane end-group in
aqueous medium. For that, SEO1 copolymer and functional polymer were dissolved in THF at the
same ratios as used in the synthesis of silica. Under vigorous stirring, acidic water (pH = 2) was
then added to this solution which underwent micellization forming a supramolecular structure.
Micelles size of solution prepared with and without the presence of functional polymers was
measured by dynamic light scattering (DLS). We observed an increase of micelles size when the
SEO1 diblock copolymer was dissolved in THF/H20 with the presence of 10 or 20 wt.% of
poly(styrene-co-nitrostyrene) (Figure S1). This result indicates that functional polymer was

incorporated in the core of SEO1 micelles. Similar results were also observed for PS and P(DMA-
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c0-S) (co)polymers (not presented here). These PEO-based systems were then used as structure-

directing agents for the synthesis of silica under acidic conditions.

3.2. Influence of synthesis conditions on the composition and the mesostructure of hybrid silica

All mesoporous hybrid silicas were characterized by TGA and solid-state '*C and >’Si CP MAS
NMR to determine their composition and structure while their mesoporous structures were
analyzed by TEM, SAXS and N2 adsorption. Quantitative determination of organic content by TGA
showed that the extraction of SEO1 and SEO2 amphiphilic copolymer template was not complete
from silica matrix (similar to residual P123 in SBA-15 synthesis), particularly in DMA@MS_C2
sample (Figure 2a). Three weight losses were observed on all TGA diagrams, the first one until
120°C corresponds to physisorbed species (water, solvent), the second one between 180-500°C
corresponds to the decomposition of functional polymer and the last one above 500°C is attributed
to the loss of PEO-b-PS copolymer template. It was demonstrated that for most assemblies of
nonionic amphiphiles such as PEO-b-PS with M» PEO significantly higher than Mn PS, PEO
contributes to both the meso- and micropores [59]. It suggests that the PEO chains are partially
dissolved in the inorganic phase during the sol-gel process and embedded in the silica walls. For
this reason, the decomposition of the remaining copolymer template occurred at temperatures
higher than that of functional polymer. The total weight loss of functional (co)polymers inside
hybrid MS at 500°C is reported in Table 2. From this data and knowing the weight ratio of
functional copolymer (Table 1), we can calculate the content of styrene and comonomer

(nitrostyrene or N,N-dimethylacrylamide) incorporated in mesoporous silica (Table 2).

To compare the influence of the synthesis protocol on the composition and mesostructure of
hybrid MS, two processes were used namely EISA and precipitation. Polystyrene and poly(styrene-

co-nitrostyrene) copolymer were used as functional polymer (Table 2, entries 1, 2, 4 and 6). Figure

12



2b shows the TGA thermograms of PS and P(NS-co-S) functionalized MS prepared by EISA and
precipitation processes respectively. At the same loading quantity of polymer, one can see that
EISA process allows to graft more functional polymer than the precipitation process. We can
explain this by the difference in functional polymer concentration in the mixture. Indeed, the
concentration of functional polymer was lower in the mixture of precipitation process than the
EISA; in addition, all polymer chains did not co-precipitate during silica formation and hence they

were eliminated by filtration.

(Figure 2)

On the other hand, by using EISA process and the same loading quantity of functional polymer,
the grafting amount of these polymers increases as PS < P(NS-co-S) < P(DMA-co-S) (Figure 2a).
This suggests that the hydrophilic character of functional polymers improves their incorporation or
grafting to MS. Furthermore, increase of loading quantity of functional polymers in the sol-gel
process led to a hybrid MS with high grafting amount (Table 2, entries 4, 5, 8 and 9), however the
specific surface area of the resulting hybrid MS dramatically decreased (Table 3, entries 5, 9 and
10). Employing a high functional polymer concentration can engender pore obstruction. In contrast
to the EISA process, the precipitation process led to a hybrid MS with high specific surface area
whatever the nature of functional polymer and their loading concentration (Table 3, entries 2, 3, 6
and 7) though the grafting quantity of functional polymer was lower than 20 wt% in any cases. In
summary, whatever the process used, we have successfully grafted high quantities of functional
polymer to MS with quite high specific surface area (Sser), however the value of Sper became low

when the quantity of grafted polymer exceeded 20 wt%.

Solid state '*C and ?°Si MAS NMR analysis provided structural information on the hybrid

materials. Indeed, the 3C CP MAS NMR spectrum of NO2@MS_C2 hybrid silica (Figure 3a)
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displayed two characteristic peaks at 126 ppm and 146 ppm attributed to aromatic carbon of styrene
and nitrostyrene units respectively. On the other hand, we also observed the presence of a small
peak of PEO (-CH2-CH2-O-) at 70 ppm, confirming an incomplete extraction of template
copolymer already stated by TGA analysis. Solid state 2’Si MAS NMR provides information about
silicon environment. The 2°Si MAS NMR spectrum of NO2@MS_C2 hybrid silica (Figure 3b)
shows two kinds of siloxane bonds, Q and T. The obtained hybrid silica exhibits a major peak at —
100.6 ppm corresponding to HOSi(OSi)3 (Q?) silicate species as well as two additional resonances
at —91.5 and — 109.7 ppm corresponding to (HO)2Si(0Si)2 (Q*) and Si(OSi)4 (Q*) respectively.
Since the material is functional silica, the 2’Si MAS NMR spectrum showed also other resonances
at — 57 and 65.3 ppm that were assigned to R-Si(OH)(OSi)2 (T?) and R-Si-(0Si)3 (T?) centers,
respectively. These results suggest that the functional (co)polymer was covalently anchored to

silica pores wall. Similar results were obtained for all hybrid silicas studied in this paper.

(Figure 3)

3.3. Mesostructure characterization of hybrid materials.

All silicas made from SEOI template in the presence of functional (co)polymers were
mesoporous materials as shown by TEM images in Figure 4. These TEM images highlighted a
homogenous pore structure for three silicas in-situ functionalized with different functional
(co)polymers. However, a minor structural difference was observed in the mesopore system
according to synthesis conditions. For example, two materials functionalized with the same
functional (co)polymer, the sample made with precipitation process (NO2@MS_Cl1-p) appeared

more ordered than the one prepared by EISA process (NO2@MS_C1) (Figures 4a and b).

14



(Figure 4)

The nitrogen adsorption-desorption isotherms at 77 K on NO2@MS _Cl1 hybrid silica series as
a representative example are shown in Figure 5. Despite a steep slope at low relative pressures in
the adsorption branch, suggesting the presence of some micropores, the shape of these adsorption-
desorption isotherms, with a systematic plateau observed for each from p/p°® around 0.7 up to 1,
corresponds to a type IV isotherm according to [IUPAC classification, indicating that the samples
mainly contains mesopores. The equivalent surface areas were calculated using BET method and
the values are given in Table 3 along with estimation of the micropore volumes determined from
the t-plot method. The samples exhibited quite high BET surface areas and their values decreased
with the grafting quantity of functional polymers. Regarding the desorption branches of the curves,
all samples show hysteresis which are generally related to the pore shape. Their common feature
is the closure of the hysteresis loop at a relative pressure around 0.45 revealing mesopores with
small entrances. Moreover, a specific desorption branch with a double step is observed for samples
NO2@MS _C1 and NO2@MS_C1_SEO2, which may be interpreted by a distribution of mesopores
with a same internal width but either with two different sizes for the entrances or with

interconnections between the pores [8].

(Figure 5)

(Table 3)

Figure S2 shows the 1(q) SAXS diffractograms obtained for different polymer functionalized
MS materials. Almost of these scattering curves display only a single broad peak located around
0.4 — 0.6 nm!, characteristic of a wormlike structure. For each MS sample, the characteristics

period, d = 27/Qmax, of the mesostructured can be extracted from the peak position ((max). All
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samples possess a mesopore period between 12.8 nm and 14.7 nm. From SAXS analysis, it can be
underlined different points: a) the chemical nature of the functional polymer has no incidence on
the mesostructure of samples, while their concentration does, b) whatever the processes used, EISA
VS precipitation, almost all samples exhibit the same inter pore distance, c¢) it seems important that
functional polymers should have similar Mn as the PS block of the structure-directing agent, here

is 3000 g mol !, so they can be easily incorporated to MS materials.

3.3. Gas adsorption performance of hybrid silica

Pure silica surfaces, owing naturally residual hydroxyl groups, do not provide strong
adsorption sites to interact with CO2. However, modification of mesoporous silica with silanes-
and polymer- containing amino groups enhanced adsorption and separation towards CO2 [60-62].
The CO2 adsoption properties of the hybrid silicas were evaluated by measuring adsorption
isotherms and the COz adsorption amounts at 30°C and at 22 bars are summarized in Table 3. In
this work, the best adsorption, regarding the amount adsorbed and the selective properties for the
COz, is observed for the NO2@MS Cl-p, NO2@MS C2-p and NO2@MS C1-SEO2 samples
(Table 3, entries 6-8). In these materials, each NO2 group can adsorb in average between 4 - 8§ CO2
molecules (Table 3). The combination of the high specific surface areas and the NO2 groups
accessible as attractive sites can explain these gas adsorption performances. One can note that the
increase in functional polymer grafted content can partially block the pore channels and hence the
decrease of the accessibility of active groups, leading to a reduction of adsorption performance.
Figure 6 presents a comparison of the gas (CO2, N2 and CHa4) adsorption isotherms performed on
NO2@MS_C1-SEO2. The adsorption isotherms were measured at room temperature (303 K) as a
function of gas equilibrium pressure. Functionalized hybrid silica shows higher affinity towards
carbon dioxide compared to nitrogen and methane. Therefore thanks to these pure component

adsorption isotherms, the CO2/CH4 and CO2/N: selectivities, or separation factors were roughly
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estimated by a simple calculation of the ratio of the amount of CO2 adsorbed divided by the amount
of CH4 and N2 adsorbed at a given pressure (1 bar) and 30°C. In this manner for this sample, the
separation factor at 1 bar was 8.1 and 32.3 for CO2/CH4 and CO2/N2 respectively. Whilst not as
high as for amine grafted materials, this does reveal that the CO2 molecules interact preferentially
with the accessible NO2 groups in the hybrid material. The simulated CO2/CHa4 separation factor is
comparable with the value found in the litterature for a hybrid adsorbent system composing of
zeolite 5A pellets and FAU-zeolite.[63] The maximum separation factor of this hybrid zeolite
membrane for CO2/CH4 was 5.72 at 313 K and at 1.5 bar. Liu et al. have obtained remarkable
selectivity in the separation of CO2/N2 gas mixture using amine-functionalized mesoporous silica
@ reduced graphene sandwichlike structure materials [64]. The CO2/N2 separation factor of 47.6

at 0°C and at 1 bar was found for these systems.

(Figure 6)

The CO: adsorption is progressive and mainly takes place at the surface of the material at 303
K and on the whole pressure domain used in the measurements (0-30 bars). Then, this surface
process can suggest to represent the maximum amount of CO2 adsorbed at a given pressure (22
bars) as a function of BET specific surface area (Sser) for different hybrid silicas. Indeed this
comparison, given in Figure 7, highlights that for all the NO2@MS samples the CO:2 adsorbed
increase with the Sget, and for a similar Sger, MS functionalized with P(N'S-co-S) interacts stronger

with CO2 than PS.

(Figure 7)

4. Conclusions

In this work, we presented an alternative synthesis route toward polymer-silica mesoporous

materials through the co-condensation of silica precursor (TEOS) and a functional polymer with
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triethoxysilane end-group in the presence of a tailored PEO-b-PS amphiphilic copolymer as pore
template. The novelty of this strategy resides in the preparation of a miscible blend of PEO-b-PS
amphiphilic copolymer and triethoxysilane functional polymer bearing -NO2 or -N(CH3)2 groups.
In aqueous medium, this mixture undergoes micellization forming a supramolecular structure
around which the silica precursors can co-condensate. Once the amphiphilic diblock copolymer is
eliminated by extraction, polymer functionalized mesoporous silicas were obtained. By controlling
the functional polymer loading and process conditions, this new approach allowed to prepare
ordered polymer-mesoporous silicas with high polymer content, up to 20 wt%, high specific

surface area and large pores.

The gas adsorption results clearly showed the potential of NO2@MS materials in separation
applications. Indeed, from an applications perspective, a search for alternative functions to the most
widely studies amine derivatives are of interest. This is light of the oxidative degradation of amines
to which can form cancerous nitrosamines or other species that can equally be environmentally
questionable. The materials developped int this work show high stability, significant CO2 uptake

and interaction as well as promising CO2/N2 separation potential.

ASSOCIATED CONTENT

Electronic Supporting Information

Dynamic light scattering curve of PEO-b-PS diblock copolymer and its mixture with poly(styrene-
co-nitrostyrene) in aqueous medium and small angle scattering X-ray curves of different polymer
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Elsevier Publications website.
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Scheme 1. Synthesis of functional polymers bearing triethoxysilane end group.
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Tables

Table 1. Experimental data used for the synthesis of polystyrene and styrene-based copolymers.

Entry  (Co)polymer Mgtyrene  Mcomonomer IMMAMA-NHS M,* b? weight ratio®
(2) () () (g mol™) S/comonomer
(%0)
PS 1.51 / 0.30 2200 1.10 100/0
2 P(NS-co-S) 1.30 0.62 0.38 2500 1.27 47/53
P(DMA-co-S) 2.0 0.80 0.30 3200 1.52 75/25

* Determined by size exclusion chromatography. ® Determined by 'H NMR analysis.

Table 2. Experimental data of Polymer Functionalized Mesoporous Silicas (MS).

Entry  Sample SEO (co)polymer  Process Weight loss S/comonomer
template  mass (mg) at  500°C (mmol/g silica) ¢
a (%) ®

1 S@MS Cl SEO1 50 EISA 15.61 1.50/0

2 S@MS Cl-p SEO1 50 Precipitation  13.29 1.28/0

3 S@MS_C2-p SEO1 100 Precipitation  19.02 1.83/0

4 NO@MS Cl1 SEO1 50 EISA 19.10 0.86/0.68

5 NO@MS C2 SEO1 100 EISA 29.70 1.34/1.06

6 NO@MS Cl-p SEO1 50 Precipitation  12.53 0.57/0.45

7 NO@MS_C2-p SEO1 100 Precipitation  16.76 0.76/0.60

8 NO@MS_C1-SEO2 SEO2 50 EISA 20.05 0.91/0.71

9 NO,@MS _C2-SEO2 SEO2 100 EISA 38.87 2.08/1.38

10 DMA@MS C2 SEO1 100 EISA 34.15 1.54/0.86

2SEO1 and SEO2 are PS-b-PEO block copolymers of molar masse of 8000 and 10000 g mol ! respectively. ® Determinate by TGA. © The molar
content of styrene and comonomer in mesoporous silica calculated using TGA data and copolymer composition. All experiments were carried out
using PS-b-PEO block copolymers of molar masse of 8000 g mol ' as template excepted those of entries 8 and 9 used PS-b-PEO of 10000 g mol .
Experiments of entries 2, 3, 6 and 7 were performed using precipitation method and the sample name is designated with letter p.

23



Table 3: Characteristics of polymer functionalized MS and their CO2 adsorption performance

Entry  Sample SgET Pore Diameter Pore vol- CO, adsorp- Number of
m g (nm) ume tionat22bar CO, adsorbed
(cmPg')  (mmol g')  at 22 bars per
comonomer
unit
1 S@MS _Cl1 391 8.0 0.61 2.79 /
2 S@MS_Cl-p 488 5.9 0.55 2.79 /
3 S@MS_C2-p 345 5.0 0.37 2.09 /
4 NO@MS _C1 174 8.0 0.25 2.79 4.1
5 NO@MS C2 63 6.6 / 1.31 1.2
6 NO@MS_Cl-p 441 4.0 0.35 3.89 8.6
7 NO@MS _C2-p 375 3.7 0.30 3.42 5.7
8 NO@MS C1-SEO2 250 8.4 0.37 3.12 44
9 NO@MS C2-SEO2 75 - / 1.58 1.1
10 DMA@MS_C2 31 6.0 0.04 1.35 1.8
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Figure captions

Figure 1. Schematic representation of the strategy used for the one-pot preparation of mesoporous

silica functionalized reactive polymer.

Figure 2. (a) TGA thermograms of different MS functionalized with (blue line) PS, (red and orange
lines) P(NS-co-S) and (green line) P(DMA-co-S) prepared by EISA process using two
concentrations of functional (co)polymer. (b) TGA thermograms of different PS and P(NS-co-S)

functionalized MS synthesized by EISA and precipitation processes.

Figure 3. Solid state (a) '*C and (b) Si CP MAS NMR of NO:@MS C2, a hybrid silica

functionalized with P(NS-co-S).

Figure 4. TEM images of (a) NO2@MS C1, (b) NO2@MS Cl1-p and (¢c) DMA@MS C2 hybrid

materials.

Figure 5. Nitrogen adsorption-desorption isotherms at 77K on NO2@MS_C1 hybrid silica series.

Figure 6. Adsorption isotherms of different gases () COz2, (o) N2 and (a) CH4 at 303K on hybrid

silica NO2@MS_C1_SEO2 functionalized styrene-based copolymer bearing NO2 groups.

Figure 7. CO2 adsorption of (®) NO2@MS and (o) S@MS series as function of BET specific

surface area at 303K and at 22 bars.
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Figures

Figure 1. Schematic representation of the strategy used for the one-pot preparation of mesoporous

silica functionalized reactive polymer.
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Figure 2. (a) TGA thermograms of different MS functionalized with (blue line) PS, (red and orange

lines) P(NS-co-S) and (green line) P(DMA-co-S) prepared by EISA process using two

concentrations of functional (co)polymer. (b) TGA thermograms of different PS and P(NS-co-S)

functionalized MS synthesized by EISA and precipitation processes.
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Figure 3. Solid state (a) '*C and (b) Si CP MAS NMR of NO>@MS_C2, a hybrid silica

functionalized with P(NS-co-S).
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Figure 4. TEM images of (a) NO2@MS_Cl1, (b) NO2@MS_Cl-p and (c) DMA@MS_C2 hybrid

materials.
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Figure 5. Nitrogen adsorption-desorption isotherms at 77K on NO2@MS_C1 hybrid silica series.
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Figure 6. Adsorption isotherms of different gases (®) CO2, (o) N2 and (a) CH4 at 303K on hybrid

silica NO2@MS_C1_SEO2 functionalized styrene-based copolymer bearing NO2 groups.
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Figure 7. CO2 adsorption of (¢) NO2@MS and (o) S@MS series as function of BET specific

surface area at 303K and at 22 bars.
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Figure S1. Micelles size of SEO1 (PEO-b-PS) diblock copolymer and its mixture with
poly(styrene-co-nitrostyrene) in aquoues medium, data obtained by dynamic light scattering

measurements.
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Figure S2. SAXS curves of different hybrid silicas.
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