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ABSTRACT: A simple heterogeneous synthesis of pure
modified porous polysiloxane SiO2 by condensing a func-
tionalized C,C-pyridylpyrazole with a 3-glycidoxy-propyl-
trimethoxy-silane silylant agent, previously anchored on a
silica surface is reported. The epoxide group was opened
yielding a receptor pendant group bonded to the inor-
ganic surface. The surface modification (MS) was charac-
terized by elemental analysis, infrared spectra, nitrogen

adsorption–desorption isotherm, BET surface area and
B.J.H. Pore sizes. The new material exhibits good chemical
and thermal stability determined by thermogravimetry
curves. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 117:
3345–3349, 2010
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INTRODUCTION

Porous materials have been widely used in applica-
tions, such as concentration and separation proc-
esses,1–4 ion exchange,5 chemical sensors,6–8 heteroge-
neous catalysis,9 biotechnology,10 electrochemistry,7

molten metal filtration,11 yeasts fixation,12 hot gas
filtration,13–15 isolation and concentration of target
analytes, and the clean-up of samples (removal of
matrix interferences) in pharmaceutical, clinical, envi-
ronmental and food chemistry.16 To meet the strin-
gent requirements of these applications, it is essential
for control purposes that the porous materials be
characterizable and the determination of porosity,
pore volume, pore size, specific surface area, thermal
stability are among the most fundamental properties
of porous materials.

The main advantages of these required porous
materials are because of their: (i) higher enrichment
factors; (ii) safety with respect to hazardous samples;
and (iii) minimal costs because of low consumption
of reagents.

Recently, the use of organic–inorganic materials,
such as SiO2, Al2O3, and TiO2 has been interesting
in the research.17–25 First, immobilized receptor on
the inorganic support can liberate the organic guest
molecule into the solution containing the pollutant.

Second, the organic–inorganic hybrid materials can
be recyclable by suitable chemical treatment. Lastly,
functionalized organic–inorganic materials display
high selective and absorption changes because of
their large surface area and well-defined pores in
comparison to spherical structures. So, taking
advantage of the homogeneous porosity with the
large surface area, the porous silica, regarded as a
polymer of silicic acid, has been quite interesting as
an inorganic support.26–34

Porous polysiloxanes SiO2 (silicas) with high spe-
cific surface and adjustable pore have gained
renewed interest as a class of products presenting
some particular characteristics when modified with
selected organic groups. It is not surprising, there-
fore, to note that the chemistry of the interior surface
of polysiloxane plays a dominant role in its chemical
and physical behavior. It is this property that makes
silica gel an attractive material for use as catalysts,
catalyst substrates, and adsorbents.
Although unmodified porous silicas show no spe-

cific interactions with metal ions, organo-functionali-
zation may be used to make them suitable for metal
ions complexation. Indeed, porous polysiloxane-
immobilized ligand systems showed strong complex-
ing properties in presence of some heavy metals.
To this end, we report in this article our prelimi-

nary results for the preparation and the characteriza-
tion of a new organic–inorganic material (MS)
(Fig. 1) obtained by grafting of functionalized recep-
tor on porous silica, based on a recent35 synthesized
C,C-pyridylpyrazole. The immobilization of this
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receptor on silica gel was carried out through an
arm spacer rather long in order to facilitate the con-
tact between the receiver and the hazardous sam-
ples, it is about the arm 3-glycidoxypropyltrimethox-
ysilane which was used recently as silylating agent
in the immobilization of many structures on silica
gel.36,37

EXPERIMENTAL

All solvents and others chemicals purchased from
commercial sources were of analytical grade and used
without further purification. Silica gel (E. Merck) with
particle size in the range 70–230 mesh, median pore
diameter 60 Å, was activated before use by heating at
160�C during 24 h. The silylating agent 3-glycidoxy-
propyltrimethoxysilane (Janssen Chimica) was used
without purification. C,C-pyridylpyrazole was pre-
pared as reported in our previous works.35 Infrared
spectra were obtained with Perkin–Elmer 1310. The
product was analyzed by elemental analysis on a Per-
kin–Elmer PE-2400 elemental analyzer. A specific area
of modified silica was determined by using the BET
equation. The nitrogen adsorption–desorption iso-
therms were obtained by means of a Thermoquest
Sorpsomatic1990 analyzer, after the material had been
purged in a stream of dry nitrogen. The mass loss
determinations were performed under (90% of oxygen
and 10% of nitrogen) on a TGA Q50 V6.7 Build 203
instrument, at a heating rate of 10�Cmin�1.

Immobilization of C,C-pyridylpyrazole compound
on silica gel surface

The procedure for the preparation of a new material
was adopted from the literature,38 and was used
without any other treatment. In a typical prepara-
tion, the converted hydroxy-substituted C,C-pyridyl-

pyrazole35 to the alcoholate derivative using sodium
metal in tetrahydrofuran was added to a suspension
of epoxy-substituted silica (10 g) in 300 mL of dime-
thylformamide (DMF). The mixture was stirred and
refluxed under nitrogen for 24 h. The solid material
was filtered and the residue was washed with DMF,
toluene, water (distilled and deionized), methanol,
dichloromethane (150 mL of each) and finally dried.

Determination of the C,C-pyridylpyrazole groups

The amount of C,C-pyridylpyrazole groups grafted
on epoxy-silica was determined by four different
methods: (i) elemental analysis of nitrogen; (ii) from
the determination of the unreacted epoxy groups by
thiosulfate method;39–41 3-Glycidoxypropyl-function-
alized silica (MS) (200 � 10�3 g) was vigorously
shaken with 10 mL of sodium thiosulfate (6 �
10�3M) to constant pH and the released hydroxyl
groups were titrated with hydrochloric acid (0.1M);
(iii) determination of the mass loss by thermog-
ravimetry curves; and (iv) by simple weight mea-
surement of the quantity of material before and after
grafting on epoxy-silica.

RESULTS AND DISCUSSION

Preparation of the material

The synthetic procedure to describe the new mate-
rial can be summarized in Scheme 1. The first stage
of the preparation consists in reacting the activated
silica gel with 3-glycidoxypropyltrimethoxysilane to
form the epoxy-silica38 that acts as precursor for fur-
ther immobilization of the molecule containing the
donor atom. The second stage involved the conden-
sation of the C,C-pyridylpyrazole35 salt with epoxy-
silica to give the target material MS as shown in
Scheme 1.
The results of the determination of the amount of

C,C-pyridylpyrazole groups determined in four
ways gave concordant results (Table I) at 280
lmol g�1 of C,C-pyridylpyrazole groups per gram of
silica.

Figure 1 Modified SiO2 with C,C-pyridylpyrazole recep-
tor. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Scheme 1 Synthetic procedure of modified SiO2.
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Infrared characterization of the material

The infrared spectra (Fig. 2) of the modified silica MS
shows the strong decrease of the large m(OH) adsorp-
tion around 3300 cm�1 and the appearance of a
m(CAH) weak band at 3000–2800 cm�1 corresponding
to the organic receptor attached to the inorganic
matrix. Another characteristic band m(SiAOH)
assigned to silanol groups was observed near 965
cm�1 for the activated silica. After immobilization of
the organic groups, this band was considerably
reduced as expected in such immobilization proc-
esses.37 In addition to those bands the modified silica,
displays the characteristic C¼¼N and C¼¼C stretching
vibrations at 1637 and 1491 cm�1, respectively.

Surface characterization

Figure 3 shows the nitrogen adsorption–desorption
isotherm of a sample at the various relative pressure
(P/P0). The isotherm is of Type IV according to the
I.U.P.A.C. classification42,43 and displays a pro-
nounced hysteresis for partial pressures 0.4 < P/P0

< 1, which is the direct evidence of the presence of
mesopores.42,43 In addition, the hysteresis loops is of
Type H2 which indicates that there is a uniform
pore diameter distribution.

The density of the pendant groups covalently
attached to the inorganic silica backbone changes the
original characteristic of the surface. Thus, the initial
specific surface area of 550 m2 g�1 decreases as the
immobilization takes place to give 314 m2 g�1 deter-
mined through the BET line (Brunauer–Emmett–
Teller) (Fig. 4). The pore volume and the pore
diameter of MS determined by nitrogen adsorption–
desorption isotherms (Fig. 3) and Barrett–Joyner–
Halenda (BJH) pore sizes (Fig. 5) decrease also
to give 0.690 cm3 g�1 and 2.866 nm, respectively
(Table II).
The decreased parameters are attributable to the

presence of the grafted receptor on the silica surface
that partially blocks the adsorption of nitrogen mole-
cules. In addition, the median pore size distribution of
2.866 nm provides the evidence for the uniform frame-
work porosity of the material44 and confirms the pres-
ence of mesopores. Figure 4 leads also to a decrease of
the monolayer capacity of Nm ¼ 71.96 cm3 g�1 used to

TABLE I
Determination of the C,C-Pyridylpyrazole Groups Per

Gram of Support

C,C-pyridylpyrazole
groups (lmol g�1)

of support

Elemental analysis of nitrogen 280
Thiosulfate method 281
Thermogravimetry method 280
Weighing method 278

Figure 2 Infrared spectra of porous silica and modified
silica MS.

Figure 3 Nitrogen adsorption–desorption isotherm plots
of sample. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4 BET. line of sample for partial pressures 0.05 <
P/P0 < 0.31. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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normalize the surface coverage, whereas native silica
has a monolayer volume of 89.11 cm3 g�1. The BET pa-
rameters are all within the range normally observed
when the isotherm is adequately described by the BET
equation.

Taking into account L0 and SBET of the modified
silica, the average surface density, d, of the attached
molecule and the average intermolecular distance, l,
can be calculated by applying the following equa-
tions:45,46

d ¼ N L0=SBET

1 ¼ ð1=dÞ1=2

where N is the Avogadro’s number and L0 is the
proportion of functional groups attached on the sur-
face. Results obtained (d ¼ 0.54 molecule nm�2 and l
¼ 1.36 nm) confirm an efficiency in the functionali-
zation of the MS. The considerable functionalization
degree obtained can be explained as a consequence
of its high surface area.

Thermogravimetric analysis

The thermogravimetric curve (Fig. 6) indicates a
degradation process between 275 and 780�C which
confirms the high thermal stability for the prepared
material. The mass loss observed is consistent with
the amount of ligand covalently bound to the sup-
port (5.65%, 56.5 mg g�1, 280 lmol g�1). All these
results provide evidence that the preparation of the
functionalized material was successful. Indeed, for
the free silica (So), two stages of mass losses are to

be distinguished: the first one corresponds to 3.30%
(from 25 to 150�C) assigned with physically
adsorbed water; the second stage of mass loss of
2.84% in the 150–780�C allotted to the condensation
of the free silanol groups which cause siloxane bond
formation (SiAOASi).47,48 In addition, the curve
involving epoxy groups (Si-Ep) presented a mass
loss, after the drainage of physically adsorbed water,
of 12.84% in the 150–780�C. The final material (MS)
showed an increase of mass loss allotted to the
decomposition of the organic fraction immobilized
on the surface of silica gel, together with the conden-
sation of the remaining silanol groups. The pro-
nounced increase in mass loss for the MS matrix
reflects the higher amount of the anchored organic
groups.

Chemical stability

Finally, the chemical stability of the newly modified
material was examined in various acidic and buffer
solutions (pH 1–7). Samples were mixed with differ-
ent concentrations and stirred at room temperature
during 24 h. The change in the degree of functionali-
zation was calculated by elemental analysis of the
samples both before and after the chemical treat-
ment. After acid treatment, the percentage of nitro-
gen in the functionalized silica was not modified
(%N � 1.18). The high stability exhibited by the
attached organofunctional group is presumably due
to the length of the pendant group, which binds the
C,C-pyridylpyrazole groups to the silica surface.
Indeed, it has been shown that when the length of
the hydrocarbon bridge was more than two methyl-
ene groups, the rupture of SiAC bond did not occur
in mineral acid medium, as longer chains do not

Figure 5 BJH pore size distribution. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

TABLE II
Physical Properties of Native Silica and Modified Silica

MS

Specific
surface
(m2 g�1)

Pore
volume
(cm3 g�1)

Pore
diameter
(nm)

Monolayer
volume
(cm3 g�1)

Native silica 550 0.80 6.000 89.11
Modified silica 314 0.69 2.866 71.96

Figure 6 Thermogravimetric curves of free silica (So),
epoxy silica (Si-Ep) and modified silica (MS).
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have a functional handle which can undergo beta-
elimination of the Si cation.49,50

CONCLUSIONS

Modified porous silica with significant porosity (Nm

¼ 71.96 cm3/g), pore volume (0.69 cm3/g), pore size
(2.866 nm), BET surface (314 m2/g), and chemical
(pH 1–7) and thermal (275–780�C) stability was syn-
thesized. The density of the attached molecules (d ¼
0.54 molecule nm�2) and the intermolecular distance
(l ¼ 1.36 nm) were also calculated. Elemental analy-
sis, IR spectroscopy, TGA, and nitrogen adsorption–
desorption isotherm were used for its characteriza-
tion. This new material can be used in various appli-
cations quoted in the introduction. Especially, this
system can be explored for extracting hazardous
metals from water solutions if the high donor prop-
erties of nitrogen toward these metals are
considered.
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Soc 2001, 21, 1261.
15. She, J. H.; Deng, Z. Y.; Daniel-Doni, J.; Ohji, T. J Mat Sci 2002,

37, 3615.
16. Haginaka, J. Trends Anal Chem 2005, 24, 407.
17. Wight, A. P.; Davis, M. E. Chem Rev 2002, 102, 3589.
18. Topoglidis, E.; Campbell, C. J.; Palomares, E.; Durrant, J. R.

Chem Commun 2002, 1518.

19. Lai, C. Y.; Trewyn, B. G.; Jeftinija, D. M.; Jeftinija, K.; Xu, S.;
Jeftinija, S.; Lin, V. S. Y. J Am Chem Soc 2003, 125, 4451.

20. Numata, M.; Li, C.; Bae, A. H.; Kaneko, K.; Sakurai, K.; Shin-
kai, S. Chem Commun 2005, 4655.

21. Lee, S. J.; Lee, S. S.; Lah, M. S.; Hong, J. M.; Jung, J. H. Chem
Commun 2006, 4539.

22. Lee, S. J.; Lee, S. S.; Lee, J. Y.; Jung, J. H. Chem Mater 2006,
18, 4713.

23. Son, S. J.; Lee, S. B. J Am Chem Soc 2006, 128, 15974.
24. Palomares, E.; Vilar, R.; Green, A.; Durrant, J. R. Adv Funct

Mater 2004, 14, 111.
25. Balaji, T.; El-Safty, S. A.; Matsunaga, H.; Hanaoka, T.; Mizu-

kami, F. Angew Chem Int Ed 2006, 45, 7202.
26. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.;

Beck, J. S. Nature 1992, 359, 710.
27. Yang, H.; Coombs, N.; Ozin, G. A. Nature 1997, 386, 692.
28. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.;

Chmelka, B. F.; Stucky, G. D. Science 1998, 279, 548.
29. Sakamoto, Y.; Kaneda, M.; Terasaki, O.; Zhao, D. Y.; Kim, J. M.;

Stucky, G.; Ryoo, R. Nature 2000, 408, 449.
30. Kim, J. M.; Stucky, G. D. Chem Commun 2000, 1159.
31. Kleitz, F.; Marlow, F.; Stucky, G. D.; Schuth, F. Chem Mater

2001, 13, 3587.
32. Wong, M. S.; Cha, J. N.; Choi, K. S.; Deming, T. J.; Stucky, G.

D. Nano Lett 2002, 2, 583.
33. Kruk, M.; Asefa, T.; Jaroniec, M.; Ozin, G. A. J Am Chem Soc

2002, 124, 6383.
34. Mamak, M.; Metraux, G. S.; Petrov, S.; Coombs, N.; Ozin, G. A.;

Green, M. A. J Am Chem Soc 2003, 125, 5161.
35. Radi, S.; Attayibat, A.; Ramdani, A.; Bacquet, M. J Chem Res

2009, 2, 72.
36. Hoorn, H. J.; De Joode, P.; Dijkstra, D. J.; Driessen, W. L.;

Kooijman, H.; Veldman, N.; Spek, A. L.; Reedijk, J. J Mater
Chem 1997, 7, 1747.

37. Sales, J. A. A.; Airoldi, C. J Non-Cryst Solids 2003, 330, 142.
38. Radi, S.; Attayibat, A.; Ramdani, A.; Lekchiri, Y.; Bacquet, M.

Mat Chem Phy 2008, 111, 296.
39. Glad, M.; Ohlson, S.; Hansson, L.; Mansson, M. O.; Mosbach,

K. J Chromatogr 1980, 200, 254.
40. Millot, M. C.; Sebille, B. React Polym 1990, 13, 177.
41. Sundberg, L.; Porath, J. J Chromatogr 1974, 90, 87.
42. Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscow, L.;

Pieroffl, R. A.; Rouquerol, J.; Siemieni-Ewska, T. Pure Appl
Chem 1985, 57, 603.

43. Rouquerol, J.; Avnir, D.; Fairbridge, C. W.; Everett, D. H.;
Haynes, J. H.; Pernicone, N.; Ramsay, J. D. F.; Sing, K. S. W.;
Unger, K. K. Pure Appl Chem 1994, 66, 1739.

44. Lippens, B. C.; Linsen, B. G.; De Boer, J. H. J Catal 1964, 3, 32.
45. Dias Filho, N. L. Colloid Surf A Physicochem Eng Asp 1998,

144, 219.
46. Dias Filho, N. L. Polyhedron 1999, 18, 2241.
47. Sales, J. A. A.; Faria, F. P.; Prado, A. G. S.; Airoldi, C. Polyhe-

dron 2004, 23, 719.
48. Sales, J. A. A.; Airoldi, C. Thermochim Acta 2005, 427, 77.
49. Roumeliotis, P.; Kurganov, A. A.; Davankov, V. A. J Chroma-

togr 1983, 266, 439.
50. Kudryavtsev, G. V.; Milchenko, D. V.; Bernadyuk, S. Z.; Verti-

nskaya, T. E.; Lisichkin, G. V. Theor Exp ChemUSSR 1987, 23, 711.

NOVEL POROUS SiO2 FUNCTIONALIZED WITH C,C-PYRIDYLPYRAZOLE 3349

Journal of Applied Polymer Science DOI 10.1002/app


