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Abstract Mesoporous polymer–silica composites are

attractive new materials because these systems can com-

bine the advantages of highly porous silica and the vast

functional diversity of organic polymers in a single robust

structure. This contribution deals with the effects of

organic solvent treatment on the physicochemical proper-

ties of mesostructured polymer–SBA-15 silica nanocom-

posites. For this study, two distinct reference mesoporous

nanocomposites were prepared using a previously reported

surface-confined polymerization technique, e.g., poly(styrene)

(PS)–SBA-15 composite and poly(2-hydroxyethyl meth-

acrylate)(PHEMA)–SBA-15 composite. The resulting

materials are treated either with chloroform or toluene

under heating for a prolonged period of time (24 h). Both

materials are characterized prior and after solvent treatment

by nitrogen physisorption at -196 �C, thermogravimetry

and Attenuated Total Reflection Infra-Red (ATR-IR)

spectroscopy. In general, solvent stability is excellent for

both types of composite, even for low cross-linking degree

of the polymer. Our data reveal that a treatment of meso-

porous PHEMA–SBA-15 with chloroform or toluene has a

minor, but reproducible, effect on the composite material in

terms of porosity. Here, a reorganization of the polymer

layer–silica interface seems to occur to some extent, which

is leading to slight variation of the intrawall porosity. As a

consequence, an increase of the thermal stability is clearly

observed, with, however, no marked difference in the mean

mesopore diameter. On the other hand, the PS–SBA-15

composite treated with the same solvents shows higher

specific surface area values and an improved homogeneity

in terms of polymer coating compared to untreated mate-

rials, especially for composites synthesized using benzoyle

peroxide as the polymerization initiator. However, no

increase in thermal stability is observed in this case.

Introduction

To design mesostructured materials [1, 2] for applications

in liquid-phase heterogeneous catalysis [3–5], separation

[6], and immobilization or controlled release of bioactive

compounds [7, 8], the introduction of specific organic

functions is often a crucial step [9–13]. To do so, the

inclusion of organic polymers in mesoporous silica has

been proposed as an interesting alternative [14–19] to more

classical strategies which are widely adopted to function-

alize mesoporous silica, namely post-grafting of functional

organosilanes and co-condensation methods. In particular,

the mesopore surface-confined polymerization approach

developed by Choi et al. [20] appears as a versatile method

to introduce diverse organic functionalities with a control

of the spatial location and tailored functional site densities.

In this strategy, specific vinyl-based monomers are selec-

tively polymerized inside large pore silica (e.g., SBA-15-

type silica [2]). Precisely, the monomers are polymerized

while being adsorbed on the mesopore surface, forming

ultimately a thin polymeric coating on the mesopore walls.

Several research groups have already taken advantage of

this approach in the recent years to develop new functional

materials [21–24]. Also, it has been shown that these

mesostructured polymer–silica composites can further be

functionalized by reacting suitable molecular species with

the mesoporous polymer surface [20, 25]. However, the

effects of such post-polymerization treatments on the
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properties of the polymer coating remain to be examined in

details. In this contribution, we investigate the solvent

stability of the materials, with emphasis on the effects

observed upon prolonged exposure of the composites to

polar and non-polar organic media. For our investigations,

we selected two systems: (1) polymer–SBA-15 composites

synthesized with the hydrophilic 2-hydroxyethyl methac-

rylate monomer, (PHEMA), and (2) polymer–SBA-15

composites prepared with the apolar styrene monomer

(PS). The resulting mesoporous materials are treated with

chloroform or toluene solutions under heating for a period

of 24 h. All materials are characterized before and after the

solvent treatment using nitrogen physisorption at -196 �C,

thermogravimetric analyses and ATR-IR spectroscopy.

These techniques are shown here to be particularly suited

for the characterization of the porous composites under

investigation. In particular, distinct effects on the materials

porosity are revealed depending on the nature of the

polymer and type of solvent.

Experimental

Materials

High quality mesoporous SBA-15 silica host was synthe-

sized using the procedure proposed by Choi et al. [26]. In a

typical SBA-15 synthesis, 18.46 g of P123 (Aldrich) was

dissolved in a mixture of 331.00 g H2O and 10.30 g HCl

(37 wt%, Fisher). The clear solution was then stirred at

35 �C for 1 h before addition of 29.76 g of TEOS (98%,

Aldrich). The reaction was carried out with vigorous stir-

ring at 35 �C for 24 h. Subsequent hydrothermal treatment

was performed at 100 �C for 48 h. The resulting powder

was then filtered and dried at 100 �C for 24 h. Extraction of

the structure-directing agent was performed in an acidic

EtOH solution followed by calcination in air at 550 �C for

5 h. The mesoporous composites were synthesized

according to the procedure reported by Choi et al. [20]. For

the present study, the monomers used were 2-hydroxyethyl

methacrylate, HEMA (Aldrich, 97%) and styrene, Sty

(Alfa Aesar, 99%). Polymer loading was kept constant at

30 wt%, and three different cross-linking degrees, 20, 5

and 2% were applied by introducing ethyleneglycol

dimethacrylate (EDMA, Sigma-Aldrich, 97%) and divi-

nylbenzene (DVB, Aldrich, 80%), for PHEMA and PS,

respectively. Benzoyle peroxide, BPO (Aldrich, 97%), was

used as radical initiator in the case of PHEMA, and both

BPO or 4,40-azoisobutyronitrile, AIBN (Laboratoires Mat,

98%), were used in the case of PS. In a typical PHEMA–

SBA-15 synthesis with 20% cross-linking, 217 mg HEMA,

83 mg EDMA, and 18 mg BPO were first dissolved in

1.9 mL of CH2Cl2 (Fisher, 99.9%). The mixture was then

introduced into 1.0 g SBA-15 (outgassed overnight at

150 �C under vacuum) using the incipient wetness tech-

nique. CH2Cl2 was then evaporated at 35 �C for 4 h, fol-

lowed by vacuum-freeze thaw cycles. Thermal

polymerization was then conducted under vacuum fol-

lowing the temperature program: 35 �C for 6 h, 60 �C for

4 h, 100 �C for 1 h, and 120 �C for 1 h. The composites

were then washed briefly with CHCl3 and EtOH and

thoroughly dried at 90 �C for 24 h under air. The synthesis

conditions for the PS–SBA-15 materials are the same but

using the following reagent ratio: 229 mg Sty, 71 mg

DVB, 16 mg AIBN, and 1.8 mL of CH2Cl2.

Solvent treatments

Exposure to organic solvents was performed using either

chloroform (BDH, 99.8%) or toluene (Fisher, 99.5%). In a

typical test, 100 mg of a given composite was heated at

60 �C in a round bottom flask equipped with a reflux

condenser for 24 h in the presence of 40 mL of the organic

solvent. The resulting materials where then recovered by

filtration and thoroughly dried under air at 90 �C for 24 h.

Composite materials treated with chloroform and toluene

are denoted –C and –T, respectively.

Characterization

N2 sorption isotherms were measured at -196 �C with a

Quantachrome Autosorb 1-C instrument. The composite

materials were outgassed at 80 �C for 6 h prior to analysis.

Specific surface area, SBET, has been determined using the

BET equation in the range 0.05 C P/P0 C 0.20 and the

total pore volume measured at P/P0 = 0.95. Pore size

distributions have been determined both using the classical

BJH model based on macroscopic thermodynamics and by

using modern non-local density functional theory (NLDFT)

approaches which consider interactions at the molecular

level. In the latter case, both metastability (adsorption) and

equilibrium models (desorption) that consider N2 sorption

at -196 �C in silica with cylindrical pore geometry are

used for calculating pore size distributions and cumulative

pore volumes [27, 28]. TG-DTA measurements were per-

formed using a Netzsch STA 449C thermogravimetric

analyzer, under air flow of 20 mL/min with a heating rate

of 10 �C/min. FTIR-ATR spectra were recorded using a

Nicolet Magna FTIR spectrometer with a narrow band

MCT detector and a diamond ATR Golden-Gate accessory

(Specac Ltd., London). The spectra were obtained from

128 scans with a resolution of 4 cm-1. The deconvolutions

of the carbonyl band were performed using the peak fitting

tool in Grams/AI 8.0.
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Results and discussion

Mesoporous PHEMA–silica composites

The N2 sorption isotherms and the physicochemical char-

acteristics of PHEMA–silica composites are presented in

Fig. 1a and Table 1, respectively. The sorption and ther-

mogravimetric data obtained for the PHEMA–SBA-15

material are consistent with previous reports [20, 25],

indicative of uniform coating of PHEMA on the SBA-15

mesopore surface and high polymerization yields ([95%).

Note that low angle powder X-ray diffraction (XRD) data

obtained for the materials (not shown) are also consistent

with previous data reported on similar materials [20, 25,

29]. This mesoporous PHEMA–SBA-15 composite mate-

rial exhibits elevated specific surface area (387 m2/g) and

high pore volume (0.62 cc/g) despite the inclusion of

30 wt% of organic polymer. The pore size distributions

(PSDs) were calculated either with the NLDFT model

considering N2 sorption at -196 �C in silica with cylin-

drical pores, or using the BJH algorithm (adsorption

branch). The BJH model has also been selected to quali-

tatively illustrate pore size distributions in the 2–6 nm

range. The pore size is estimated at 7.3 nm from both the

NLDFT equilibrium model and the BJH method (adsorp-

tion branch). From the difference in pore size with the

parent silica matrix (8.4 nm, from NLDFT equilibrium),

the thickness of the coating is therefore estimated to be

0.55 nm. From the sorption isotherm, it can be seen that no

dramatic changes in porosity occur upon solvent treatment,

either using chloroform or toluene. The sharp H1 type

hysteresis, characteristics of well-coated polymer–SBA-15

composites, is conserved indicating that the quality of the

polymer coating is not altered and that the polymer com-

ponent remains homogeneously distributed inside the pores

of the SBA-15 host. However, slight variations can be

found when comparing the data from Table 1. Specific

surface area increases up to 480 and 462 m2/g for materials

treated in chloroform and toluene, respectively. Similarly,

the total pore volume increases up to 0.75 and 0.78 cc/g for

the materials treated in chloroform and toluene, respec-

tively. These variations could apparently be due to the pore

system of SBA-15 being less occupied by PHEMA, which

in turn suggest that some of the polymer has been leached

out during the treatment. However, no substantial variation

in mass loss is observed by thermogravimetric analysis.

The porosity feature observed in the 2–6 nm regions is

commonly associated with intrawall porosity and inter-

connections that are present in the pristine SBA-15 silica,

originating from the interpenetration of ethylene oxide

(EO) chains of the P123 block copolymer inside the silica

matrix during synthesis [30]. This secondary porosity is of

crucial importance for the synthesis of the polymer–mes-

oporous silica composites, since it is assumed to serve as

the anchoring sites for the polymer moieties [20]. When

taking a closer look at the PSDs, some differences seem to

be visible in the 2–6 nm range (Fig. 1c). Compared to the

untreated material, an increase in the volume derivative can

be seen upon solvent treatment irrespective of the nature of

the solvent used. This observation suggests that the poly-

mer rearrange in some way upon solvent treatment to lib-

erate a fraction of the intrawall porosity, which becomes

Fig. 1 a N2 sorption isotherms at -196 �C of the different PHEMA–

SBA-15 composites (20% cross-linking), b resulting NLDFT pore

size distributions (metastability), and c resulting BJH pore size

distributions [PHEMA (circle), PHEMA-T (filled inverted triangle),

and PHEMA-C (filled square) composites]. The isotherms are offset

by 175 and 400 cc/g, respectively
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more important than for the untreated material. This

intrawall pore volume remains, nevertheless, noticeably

lower compared to the parent mesoporous silica host (not

shown). This variation is coherent with the observed

increase in specific surface area and pore volume (Table 1).

For the PHEMA–SBA-15 composites, only materials pre-

pared using BPO were considered in the present study

since it had been established previously in the case of

related PHEMA–inorganic systems that the use of AIBN

instead of BPO led to no discernible differences [31].

TG–DTA measurements for the PHEMA composites are

presented in Fig. 2. From these TG curves, almost no dif-

ference in mass loss is observed, indicating virtually no

leaching of the polymer. However, the decomposition

process is clearly delayed when the material is treated

either with chloroform or toluene. A shift in the mass loss

towards higher temperatures is observed and further evi-

denced when comparing the maxima in DTA (Table 2),

which rise from 342 to 360 �C and 372 �C for toluene and

chloroform, respectively. This higher thermal stability

could be associated to enhanced polymer–silica interac-

tions, which will be substantiated later below by ATR-IR.

Based on our results, the following hypothesis may be

formulated: PHEMA having high surface area could swell

moderately in the presence of the organic solvent, despite

being highly cross-linked, and then rearrange in such way

that surface coverage is maximized. This rearrangement is

thought then to enhance the interfacial polymer–silica

interactions (van der Waals, hydrogen-bonding or con-

finement), resulting in enhanced stability of the PHEMA

coating against thermal degradation.

A quite similar behavior is observed for the composites

synthesized with a lower degree of polymer cross-linking

(see Table 2, Fig. 2c). Note that the polymerization yields

are slightly lower in the case of a reduced cross-linking

degree (2%), as judged from the mass loss profiles

Table 1 Physicochemical characteristics of PHEMA- and PS-based composites (20% cross-linking) obtained from N2 sorption, TG–DTA

measurements and ATR-IR spectroscopy

Material SBET (m2/g) Vp
a (cc/g) wa

b (nm) wd
c (nm) wb

d (nm) Mass losse (%) Bound carbonylsf (%)

PHEMA 387 0.62 7.0 7.3 7.3 24.5 56

PHEMA–C 480 0.75 7.0 7.3 7.3 24.0 58

PHEMA–T 462 0.78 7.0 7.3 7.3 23.4 58

PS 462 0.63 7.0 7.0 7.3 20.1 –

PS–C 547 0.78 7.0 7.0 7.3 19.2 –

PS–T 577 0.80 7.0 7.3 7.3 18.9 –

a Determined at P/P0 = 0.95
b Obtained from the NLDFT metastability model (adsorption branch)
c Obtained from NLDFT equilibrium model (desorption branch)
d Obtained from the BJH algorithm (adsorption branch)
e Obtained from TG
f Obtained from ATR-IR deconvolutions

Fig. 2 a TG and b DTA curves of untreated (solid), chloroform-

treated (dotted), and toluene-treated (dashed) PHEMA composites

with 20% cross-linking; c TG curves of treated and untreated PHEMA

composites with 2% cross-linking
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indicating lower organic content. The composites with low

cross-linking generally show slightly lower degradation

temperatures (i.e., lower thermal stability), being 330 and

325 �C for 5 and 2% materials, respectively. However, our

data provide evidence that the polymer coating is suffi-

ciently stable in organic solvent also at lower cross-linking

degrees. From these sets of data, it is obvious that the

maximum in DTA is also shifted to higher temperatures

when the materials are treated with CHCl3 or toluene.

However, the observed effect of an improved thermal

stability upon solvent treatment is slightly less pronounced

than in the case of high cross-linking (20%) (Table 2).

Interestingly, an additional process is visible between 400

and 500 �C for the 2% cross-linked PHEMA composite

treated with toluene, which may be attributed to some

solvent entrapment. Further investigations are under way to

substantiate this effect.

Rearrangement upon solvent treatment is further evi-

denced by ATR-IR (Fig. 3A). The ATR-IR method can

provide very reproducible measurement conditions for

solid samples combined with high resolution [32]. This

method is also particularly suitable for the characterization

of functionalized mesoporous powders. The carbonyl band

of PHEMA composites centered at 1,725 cm-1 is believed

to arise from the contribution of carbonyls with different

environments: free carbonyls (1,735 cm-1) and carbonyls

H-bonded (1,715 cm-1) to surface silanols of the silica

host [33]. Deconvolution of this carbonyl band allows us to

determine the relative ratio of the two types of environ-

ments present in PHEMA–SBA-15 composites, as pre-

sented in Table 1. One can see that the bound to unbound

carbonyls ratio slightly, but reproducibly, increase from 56

to 58% upon solvent treatment. This evolution further

supports the hypothesis that rearrangement could be

induced by solvent treatment, leading to greater PHEMA–

silica interaction, and thus an increase in thermal stability.

Mesoporous PS–silica composites

The N2 sorption isotherms and the physicochemical char-

acteristics of PS–silica composites are presented in Fig. 4

and Table 1, respectively. The sorption and thermogravi-

metric data obtained for the PS–SBA-15 material are also

consistent with data described in previous reports [20, 25],

indicative of uniform coating of PS on the SBA-15 mes-

opore surface and high polymerization yields ([90%).

Powder XRD data (not shown) are consistent as well with

previous data reported on similar materials [20, 25]. The

mesoporous PS–SBA-15 composite material exhibits high

specific surface area (429 m2/g) and high pore volume

(0.79 cc/g) despite the inclusion of 30 wt% of organic

polymer. The pore size is estimated at 7.0 nm using the

NLDFT equilibrium model (7.3 nm from BJH using the

adsorption branch). From the difference in pore size with

the parent silica matrix (8.4 nm, from NLDFT equilib-

rium), the thickness of the coating is therefore estimated to

be 0.7 nm, being apparently larger than the PHEMA

coating. Solvent effects are expected to be quite different

with the PS composites from those observed with PHEMA,

Table 2 DTA results (peak maxima in �C) obtained from measure-

ments for the PHEMA and PS (lower peak) composites upon solvent

treatment

Material Cross-linking degree (%)

20 5 2

PHEMA 342 330 325

PHEMA–C 360 359 338

PHEMA–T 370 348 336

PS 350 322 328

PS–C 350 328 341

PS–T 338 331 383

Fig. 3 ATR-IR spectra of

A PHEMA–SBA-15 and B PS–

SBA-15 composites (a) CHCl3-

treated; (b) toluene-treated; and

(c) untreated
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first because the silica–PS interactions through hydrogen-

bonding between silanols and aromatics [34] are expected

to be weaker than the carbonyl–silanols interactions pres-

ent in the PHEMA–silica composites, and second, because

the intra-macromolecular interactions in PS are also con-

sidered weaker compared to carbonyl–hydroxyl hydrogen-

bonding within PHEMA. One could thus expect the polymer

to have an increased mobility and flexibility, which might

eventually account for enhanced solvent effects. Such an

effect is clearly seen for PS composites synthesized using

BPO as a radical initiator: the N2 sorption isotherms shown

in Fig. 4b reveal that the solvent treatment induces distinct

changes in the hysteresis loop, which becomes narrower.

These observations suggest that treatment with either

toluene or chloroform could be a suitable way to improve

the homogeneity, and therefore the quality of the PS

coating in SBA-15-type silicas when BPO is used as

the radical initiator. Differently, little difference on the

hysteresis is observed for PS-(AIBN)–SBA-15 composites

(Fig. 4a). It can be seen from Table 1 that variations in

surface area and pore volume occur as well upon treatment

of PS-(AIBN)–SBA-15 composites with organic solvents,

and these variations are quite similar to those observed for

PHEMA. Specific surface area increases up to 547 and

577 m2/g for chloroform and toluene, respectively, while

the total pore volume increases slightly up to 0.78 cc/g for

the PS–C sample and 0.80 cc/g for the PS–T material. A

slight increase in pore size from 7.0 to 7.3 nm (from the

PSD calculated using the NLDFT equilibrium model,

Table 1) is observed for PS–T, which may be attributed to

a more uniform PS surface coating along the mesopores

obtained after organic solvent treatment. The PSD obtained

from BJH are presented in Fig. 4d. As described previously

for the PHEMA composites, an increase in volume deriv-

ative is similarly observed for the treated composites. Here

again, swelling of the polymer, despite high cross-linking,

Fig. 4 a N2 sorption isotherms

at -196 �C of PS (AIBN)–

SBA-15 composites (20% cross-

linking); b N2 sorption

isotherms at -196 �C of PS

(BPO)–SBA-15 composites;

c resulting NLDFT

(metastability) pore size

distributions (PS-AIBN); and

d BJH pore size distributions of

PS (AIBN)–SBA-15 composites

[PS (circle), PS–T (filled
square), and PS–C (filled
inverted triangle) composites).

The isotherms are offset by 250

and 500 cc/g, respectively
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followed by reorganization of the polymer–silica interfaces

may be the cause for the observed differences in intrawall

porosity and the modulation in mesopore uniformity.

The thermal stability of treated and untreated PS com-

posites has also been investigated by TG–DTA and the

results are presented in Fig. 5. In contrast to the PHEMA

composites, the decomposition of PS composites involves

two processes, i.e., the formation of primary char (with

DTA maximum around 350 �C), then its degradation at

higher temperature [35, 36]. From the TG curves of the

materials with 20% cross-linking, one can observe no

important decrease in mass loss, which implies that almost

no polymer leaching would take place. In contrast to

PHEMA, no shift in the maximum of the DTA curves is

observed upon treatment with both solvents. Although

exposure to organic solvent helps to increase the surface

area and the pore volume of the composite, it does not

modify thermal stability. Similarly, no significant change is

observed in the ATR-IR spectra (Fig. 3B). In particular, the

peak at 3,590 cm-1, which is attributable to silanols

interacting with PS aromatic rings [34], is not varying in

intensity relative to the peaks originating from the C–H

vibrations of aromatics (3,084 and 3,023 cm-1), suggesting

that the silica–PS interactions are not altered upon solvent

treatment.

In general, reducing cross-linking of polystyrene from

20 to 5 and 2% in the material leads to a lower thermal

stability of the PS–SBA-15 composites. One can see from

Table 2 that the DTA maximum shifts from 350 to 322 and

328 �C for 5 and 2% of cross-linking, respectively. The

solvent treatments affect strongly the decomposition tem-

perature of the composites prepared with the lower cross-

linking degree. In particular, the TG curves of materials

with 2% clearly shifts to higher temperatures, reflected by a

higher DTA maximum of 341 �C for CHCl3 and 383 �C for

toluene, being more than 50 �C higher in the latter case.

This might be attributable to a higher swelling of the lower

cross-linked polymer, which might cause a more favorable

rearrangement. Again, differences in the TG profile of PS–T

in the 400–550 �C temperature range seem to suggest

possible polymer modification and/or solvent entrapment.

Conclusion

Exposure to organic solvents for mesoporous PHEMA–

SBA-15 and PS–SBA-15 materials appears as a possible

method to improve some of the properties of these com-

posites. Clearly, different effects are observed depending

on the nature of the polymer introduced in SBA-15 silica.

In the case of PHEMA, treatment with chloroform or tol-

uene resulted in an increased thermal stability of the

materials, which may be due to enhanced silica–PHEMA

interactions. We may attribute this behavior to sufficient

swelling of the polymer, irrespective of the nature of the

solvent, allowing for polymer rearrangement on the mes-

opores surface and in the walls. The size and shape of the

main mesopores does not seem to be affected by the

treatment, the pore condensation behavior being similar

before and after treatment. On the other hand, the treatment

of the PS–SBA-15 composite with either chloroform or

toluene resulted in a small variation of the mean pore size,

probably also caused by reorganization of the polymer–

silica interface, which here improved the uniformity of the

polymer coating. When BPO is used as radical initiator, the

resulting materials exhibit modified pore size and shape, as

evidenced by slightly different pore condensation behavior.

However, no improvement of the thermal stability could be

Fig. 5 a TG and b DTA curves of untreated (solid), chloroform-

treated (dotted), and toluene-treated (dashed) PS composites with

20% cross-linking; c TG curves of 2% cross-linked treated and

untreated PS (AIBN) composites
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observed for PS–SBA-15. Lowering the cross-linking

degree for both polymers resulted generally in a slight

decrease in thermal stability of the composites, which

remain sufficiently high even with only 2% cross-linking.

Although confirmation of the observed sorption behaviors

and intrawall porosity variations is still needed with argon

sorption measurements at 87 K [28], we may conclude now

that the treatment of polymer–mesoporous silica compos-

ites with organic solvent seems to provide an simple

method for improving the homogeneity of the polymer

coating, and thus quality of the materials. In addition, a

detailed structural characterization of the mesoporous

composites using high-resolution powder X-ray diffraction

(XRD) and transmission electron microscopy (TEM) is

currently ongoing and will be reported shortly in a separate

study.
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