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Abstract A hybrid organic-inorganic material was
prepared by surface initiated controlled/*“living” radi-
cal polymerization (CRP) of styrene in the internal
space of a MCM-41 silica. The inorganic precursor was
synthesized, via sol-gel, using tetraethoxysilane and
cetyltrimethylammonium bromide, in the presence of
ammonia and ethanol to induce the formation of sub-
micrometric spherical particles. After characterization
by powder X-ray diffraction (XRD), transmission
electron micrography (TEM), scanning electron
micrography (SEM), N, adsorption and titration of the
surface silanol groups, the mesoporous silica was func-
tionalized through a 3-step grafting process, in order to
link the nitroxide initiator to the inorganic matrix
(TEMPO-MCM-41). The anchorage of the TEMPO-
based initiator was checked by diffuse reflectance
infrared spectroscopy (DRIFT-IR). Experimental data
confirmed that the styrene polymerization occurred
inside the MCM-41 channels system.
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Introduction

In recent years, combining organic and inorganic
reagents on a nanometer/submicrometer scale, to cre-
ate functional hybrid materials is receiving a great deal
of attention. Organic modification of inorganic mate-
rials such as silicas and/or silicates, not only permits a
precise control of surface properties for specific appli-
cations, but also can affect their bulk properties. In
fact, organic features can introduce flexibility into the
framework, while the inorganic components can pro-
vide structural, mechanical or thermal stability [1-6].
One of the most important class of nanocomposites are
the materials obtained by the incorporation of various
kind of polymers of controlled physico-chemical
properties into porous inorganic material. The inser-
tion of the polymers into the inorganic host cavities can
be obtained carrying out the polymerization process
inside the cavities themselves [7-15]. If the initiator is
covalently bound to inner surface of the host the
polymer can be synthesized directly inside the host
pores [12, 15-21]. Recent developments in surface
initiated “living”” anionic and controlled ““living” rad-
ical polymerization (CRP) [22, 23] are providing a
particularly valuable ‘“grafting” methodology that
allows one to initiate the polymerization from func-
tional groups tethered to the inorganic surface [10,
24-26]. The ordered mesoporous silica, known as
MCM-41, was first described by Mobil researchers [27].
The material is characterized by a high specific surface
area and pore volume, an ordered pore system with a
hexagonal geometry and a narrow pore size distribu-
tion. The pore walls are composed of amorphous silica
with an approximate thickness of about 1 nm that can
be modified by changing the synthetic parameters or by
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post-synthetic treatments. The pore size, that can range
between 2 nm and 8 nm, can be adjusted during the
synthesis using surfactants of different chain length or
by addition of suitable organic molecules. Further-
more, a careful tuning of the synthesis parameters
allows one to obtain ordered mesoporous silica parti-
cles of a well-defined shape. The synthesis of a polymer
inside the pore system of a highly ordered mesoporous
material appeared soon particularly interesting and it
has been the subject of various studies [17-21, 28-30].
In this work we describe the preparation and the use of
a TEMPO (2°,2",6’,6"-tetramethyl-1’-piperidinyloxy)-
based derivative, covalently tethered to the internal
walls MCM-41 silica, to initiate the CRP of styrene.
The inorganic host was prepared as spheres of submi-
crometric dimensions in order to have a microdimen-
sionally more uniform material.

Experimental section
Materials

All chemicals were provided by Aldrich and used
without purification, except for styrene, toluene and
tetrahydrofuran, which were distilled immediately
before use.

Synthetic procedures

Synthesis of 1-hydroxy-2-phenyl-2-(2',2',6',6’-
tetramethyl-1"-piperidinyloxy) ethane

The precursor TEMPO initiator was prepared follow-
ing the conditions described in the literature (yield
92%) [31].

Preparation of the MCM-41 spheres

The spherical silica particles featuring a MCM-41 type
structure were synthesized following the procedure
described by Griin et al. [32] using tetraethoxysilane as
silica source, cetyltrimethylammonium bromide as
cationic surfactant, ethanol as the solvent and aqueous
ammonia as catalyst, to allow control of the morphol-
ogy during the synthesis.

Synthesis of 3-aminopropylsilylated MCM-41
(NH;-MCM-41)

A suspension of MCM-41 silica (0.7 mmol OH/1 g) in
freshly distilled toluene (30 mL) was refluxed and
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stirred with 3-aminopropyltriethoxysilane (0.7 mmol)
for 5 h. The solid was successively filtered and washed
by continuous extraction with diethyl ether and
dichloromethane in a Soxhlet apparatus [33].

Synthesis of 3-amidopropylsilylated MCM-41

Triethylamine (0.7 mmol) was added to a suspension
of terephtaloyl chloride (17.5 mmol) in dry carbon
tetrachloride. A freshly activated (1 h at 120 °C)
NH,-MCM-41 (0.7 mmol NH,/g) sample was slowly
added to the mixture and stirred for 24 h at 0 °C.

The modified solid was filtered, washed first with
carbon tetrachloride and then in a Soxhlet extractor
with diethyl ether and dichloromethane.

Immobilization of 1-hydroxy-2-phenyl-2-TEMPO-
ethane by bonding with the 3-amidopropylsilylated
MCM-41 (TEMPO-MCM-41)

A total of 0.7 mmol of 1-hydroxy-2-phenyl-2-TEMPO-
ethane was dissolved in dry tetrahydrofuran (30 ml)
at room temperature. Sodium hydride 60% wt
(1.05 mmol) was then added. After stirring (30 min),
3-amidopropylsilylated MCM-41 was rapidly added.
The mixture was stirred under argon at room tempera-
ture for 24 h.

The solid was filtered, washed with methanol and
then dried at 70 °C under vacuum.

Polymerization of styrene on TEMPO-MCM-41

Freshly activated (1 h at 120 °C) TEMPO-MCM-41
(1 mmol) and freshly distilled styrene (100 mmol)
were mixed in a round-bottom flask under argon after
which the mixture was heated at 125 °C under argon
for 24 h [34].

The resulting material was then filtered, washed
with chloroform in a Soxhlet apparatus for 9 days and
dried overnight at room temperature.

Instrumental and procedures
Characterizations

'"H-NMR was recorded in a (CDCl;) solution with a
Bruker Aspect Advance 300 (300 MHz) spectrometer,
considering the TMS proton signal as an internal
standard.

Powder X-ray diffraction patterns were measured
using a Philips diffractometer with Cu-Ka Ni-filtered
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radiation, a graphite monochromator and a propor-
tional counter with a pulse height discriminator.

Adsorption—desorption experiments using N, were
carried out at —-196 °C on a Micromeritics ASAP 2010.
Before each measurement the samples were outgassed
first at 130 °C for 12 h at 0.67 Pa and then at room
temperature for 2 h at 5.1 x 107’ Pa. The N, isotherms
were used to determine the specific surface areas (S.A.),
using the BET equation, and the specific pore volume
(Vs). Vs was calculated at p/p°® = 0.98. The pore size
distribution was calculated following the BJH method.

Scanning electron micrographs were taken on a
JEOL-JSM 5600 LV microscope, equipped with a 6587
EDS (Energy Dispersive X-ray Spectrometry) detec-
tor, using an accelerating voltage of 20 kV. The sam-
ples were deposited on a sample holder with an
adhesive carbon foil and sputtered with gold.

Transmission electron micrographs were taken on a
JEOL-JEM 3010 high-resolution microscope (point
resolution 0.14 nm), equipped with a lanthanum
hexaboride (LaBg) gun, using an accelerating voltage
of 300 kV. The images were taken with a CCD camera
(Gatan, mod. 694). The powder was suspended in iso-
propyl alcohol and dropped on a holey carbon film
grid.

FT-Infrared spectra were recorded on a Nicolet Mag-
na-IR™ spectrophotometer in the 4000-400 cm™' region
(resolution of 4 cm™), equipped with an AVATAR 360
FT-IR E.S.P. diffuse reflectance accessory.

Determination of the number of surfae silanol groups
of MCM-41 silica

Titration of silanol groups of the MCM-41 sample was
carried out by a procedure analogous to that described
by Van Der Voort [35].

The procedure is based on the reaction of
1,1,1,3,3,3-hexamethyldisilazane (HMDS), a selective
poison for Bronsted acid sites, with the OH groups of
silica [36]. The reaction yields very stable trimethylsilyl
groups which are bound to the surface according to the
following reaction:

2SiOH + (CH,),SiNHSi(CH,); — 2Si0Si(CH,); + NH

A suspension of freshly activated (1 h at 120 °C)
MCM-41 silica (1 g) in HMDS (30 mL) was refluxed
under argon and stirred for 3 h.

The ammonia evolved during the reaction was
bubbled in a set volume of H;BO; 0.05% (wt/wt) in
water solution and the resulting solution was titrated
with HCI 0.01 M.

Results and discussion
Synthesis

The synthetic strategy we have developed to attach
latent TEMPO-based initiating groups to MCM-41
particles is centered on the stepwise modification of
this material.

The synthesis starts by grafting 3-aminopropyl
groups on the silanol-containing surface 1 to yield the
aminopropyl silica, according to a literature method-
ology [33] (Scheme 1). Compound 2 was then reacted
with terephtaloyl chloride to give the corresponding
amide 3. A large excess of terephtaloyl chloride was
used in order to ensure the complete reaction of the
amino groups and to minimize the formation of cross-
links by reaction at both extremities of the diacid
chloride. After purification using the standard protocol
described in the Experimental Section, the modi-
fied silica 3 was treated with 1-hydroxy-2-phenyl-2-
(2,2,6’,6’-tetramethyl-1"-piperidinyloxy)ethane to affo
rd the desired material 4.

The most important feature of these TEMPO-based
initiators is the presence of a homolitically unstable
alkoxyamine (C-ON) bond. This permits, during
polymerization, reversible homolysis of the covalent
species, followed by monomer insertion and reversible
recombination [37, 38] (Scheme 2). The presence of
inactive chain ends results in a dramatic reduction of
the concentration of radical chain ends which coupled
with the inability of the nitroxide free radicals to ini-
tiate new chain growth, leads to a lower number of
unwanted side reactions (termination, combination or
disproportionation).

Structural and morphological characterization
of the silica microspheres

The XRD pattern of the mesoporous material is shown
in Fig. 1. The observation of several Bragg peaks at
low reflection angles (2.5-7.0° 20), which can be
indexed in a hexagonal lattice and correspond well to
the hexagonally arranged pore structure of MCM-41, is
the proof of a long-range order and consequently of
the good quality of the sample. As the material is not
crystalline at the atomic level, no reflections at higher
angles are observed.

The nitrogen adsorption—desorption isotherm
exhibits both a reversible type IV isotherm and a sharp
pore filling step at p/po 0.2-0.3 which are characteristic
of uniform pores (Fig.2). The sample shows high
specific surface area, approximately 1,000 m? ¢!, and a

@ Springer



6308

J Mater Sci (2006) 41:6305-6312

H (CoH50)5Si(CHY)3NH

H S0C,Hg

O—N

H%

/\/\NH2

/\/\NH N
OCZH5 ” E
4

Scheme 1 Schematic representation of functionalization of MCM-41 silica
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Scheme 2 Schematic representation of polymerization of styrene on MCM-41 spherical particles

narrow distribution of pore diameters centered at
2.6 nm (Table 1).

The ordered channel system can be clearly observed
in the TEM micrograph (Fig. 3). The silica micro-
spheres show a pseudo-periodic lattice of pores in the
central part and a radial arrangement at the side. The
images further suggest that radial parallel pore bindles
start from the central part and run up to the surface of
the particle, as suggested by Van Tendeloo [39].

SEM was used to confirm particle morphology and
size; they resulted almost perfectly spherical, with an
average size of 600 nm (Fig. 4) [40].

In conclusion, the spherical particles appear to have
the same physical properties as the MCM-41 silicas
synthesized by traditional methods [41-43].

Finally, the mesoporous silica was titrated following
the Van Der Voort procedure and an average value of
0.7 mmol OH/g of silica was found (Table 1).

Physico-chemical characterization of the chemically
modified silica spheres and of the resulting
nanocomposite

All post-synthesis modifications of the mesoporoussilica

spheres were monitored by DRIFT-IR spectroscopy.
As shown in Fig. 5 the FT-IR spectrum of pure

MCM-41 silica exhibits a broad band located in the
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3,700-2,700 cm™ interval, assigned to hydrogen-
bonded Si—-OH groups with adsorbed water. Bands
ranging from 1,400 to 400 cm™ arise from fundamental
lattice vibrations.

The spectrum of NH,-MCM-41 shows four further
bands: two at 2,937 cm™! and 2,875 cm™!, characteristic
of asymmetrical and symmetrical vibrations of the
—CH, groups of the propyl chains and two at 3,370 cm™*
and 3,303 cm™' that can be assigned to the NH
stretching of -NH, groups.

100
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% 110 2.2
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é 1I0 1I5 2IO 2I5 30
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Fig. 1 X-ray diffraction pattern of freshly calcined MCM-41
spherical particles
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Fig. 2 N, sorption isotherm of MCM-41 sample (®: adsorption
branch, e: desorption branch)

The spectrum of the amidopropylsilylated MCM-41
sample shows two bands at 1,637 cm'and 1,538 cm™
that are characteristic of the amide function, and a
band at 1,787 cm™ that can be assigned to the carbonyl
of the acid halide C=0O, unambiguously indicating that
the initiator is bound to the phenyl ring via an estereal
bond.

The final TEMPO-MCM-41 sample shows a band at
1,712 cm™, that can be assigned to the ester carbonyl
group, while the adsorption of the acylic C=O band
disappears.

The FT-IR spectrum of the material, after poly-
merization, shows additional bands at 3,090-3,000 cm™!
that can be ascribed to the styrene phenyl groups
(Fig. 5).

Therefore, infrared spectroscopy suggests that sty-
rene was effectively polymerized on the surface of
silica support, but it cannot be taken as an evidence of
the occurrence of the reaction inside the pores. The
modification of the silica pores volume after polymer-
ization was evaluated by nitrogen adsorption and
desorption measurements.

The BET value of an accurately washed with
dichloromethane sample evidenced a dramatic decrease
in the surface area (from 997 m%/g to 20 m%/g) after

Table 1 Summary of textural characteristics of the MCM-41 sample

polymerization suggesting that 98% of the pore volume
has become inaccessible to the probe molecule. The
nanocomposite was calcined at 550 °C in air in order to
eliminate the polymer and a BET value of 641 m?%/g was
restored. The incomplete restoring of the original sur-
face area value can be due to a partial collapse of the
inorganic porous structure of the material, as a conse-
quence of the occurrence of hot spots with temperatures
much higher than 550 °C inside the porous system, as is
well known to occur during the regeneration process of
industrial porous catalysts and was observed studying
alkanes oxidation [44] on porous catalysts. But it can
also be due to a partial degradation of the polymer to
non-volatile carbonaceous products that remain trap-
ped in the most internal part of the pores system.

On the other hand, this behavior can be taken as an
evidence of the effective formation of the polymer
inside the cavities of the inorganic substrate.

TG and DTG patterns of the MCM-41 material and
of its post-synthesis modifications are shown in Fig. 6.
Comparison of the DTG profile of the MCM-41 silica
(curve a) with that of calcinated at 550 °C polystyrene-
MCM-41 (curve d) evidenced their close similarity,
suggesting that the thermal treatment of the composite
completely eliminates the included polymer and that
the resulting silica is morphologically and structurally
almost identical to the silica spheres before the styrene
polymerization (Fig. 6).

Furthermore, the XRD pattern of the nanocom-
posite is similar to that of the silica sample before
styrene polymerization (Fig. 7).

As shown in Fig. 7, the intensity of the peaks
decreases, but their pattern is conserved, confirming
that the hexagonal arrangement is retained. Therefore
we can infer that the observed decrease of the surface
area in the nanocomposite is the result of the polymer
formation inside the silica pores. The conservation of
the hexagonal arrangement after polymerization was
further confirmed by TEM micrographs (Fig. 8).

On the basis of the TG/DTG data, the weight frac-
tion of polystyrene inside the MCM-41 silica, that
cannot be removed even after repeated washings, was
evaluated to be 14% of the total weight. This value
indicates, assuming a value of polystyrene density of

Sample S.A. Vs 0 (nm) BJH pore XRD dygo —OH groups
(m? gt (em® g™ diameter (nm) diameter (nm) (mmol g
MCM-41 997 0.76 1.7 2.6 3.7 0.7

S.A. = B.E.T specific surface area; V = pore specific volume at p/p°® = 0.98; 6 = pore wall thickness

digp = interplanar distance
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S nm

Fig. 3 Transmission electron micrograph (TEM) of MCM-41
spheres

-

Fig. 4 Scanning electron micrograph (SEM) of MCM-41 spher-
ical particles
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Fig. 5 DRIFT-IR spectrum of MCM-41 silica (a) before and (b)
after polymerization of styrene
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Fig. 6 Thermogravimetry and differential thermogravimetry of
(a) MCM-41 silica; (b) TEMPO-MCM-41; (¢) polystyrene-
MCM-41; (d) polystyrene-MCM-41 after calcinations at 550 °C

1,050 kg/m® that at least the 30% of the silica space is
filled. However, this evaluation is hazardous since it is
difficult to estimate a realistic value for the density
because the polymerization process and consequently
the polymer final structure is conditioned by the MCM-
41 chemical and framework properties, with a likely
effect on the packing efficiency. Nitrogen physisorption
gives an estimate of the surface accessible to the probe
molecule. A partial occlusion of the pores, like that
caused by styrene polymerization initiated close to the
pores entrance, can deeply affect the inorganic host
accessibility to the nitrogen molecules. On the other
hand, TG/DTG determinations give the total amount
of organic matter occluded in the inorganic host, thus,
it’s quite probable that more than the above
calculated volumes are filled with polystyrene in these
composites.

100

(a) Before polymerizatior
(b) After polymerization

Intensity (A.U.)

Fig. 7 XRD patterns of MCM-41 silica (a) before and (b) after

polymerization
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Fig. 8 Transmission electron micrograph of MCM-41 sample
after styrene polymerization

Conclusions

We can conclude that styrene polymerization, initi-
ated by a TEMPO-based system anchored to the
internal surface of a modified MCM-41 silica, leads to
the formation of a nanocomposite material. The par-
tial filling of the pores, evidenced by the dramatic
decrease of the surface area, occurs while retaining
the structural and morphological characteristics of the
starting silica. This polymerization procedure appears
suitable to insert polystyrenic frameworks in the
internal space of a structurally ordered porous inor-
ganic material. In this context it would be particularly
interesting that the incorporation of functionalized
polystyrenes in this kind of structurally ordered
inorganic hosts and studies are in progress on these
topics.
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