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Abstract

The atom transfer radical polymerization (ATRP) technique using the copper halide/sparteine complexes was applied to the graft
polymerization of methyl methacrylate on a porous glass filter on which the initiator, 2-(4-chlorosulfonylphenyl) ethyltrichlorosilane,
was immobilized by chemisorption. The graft chains were cleaved from the glass filter by the HF treatment in the presence of a phase
transfer catalyst. Gel permeation chromatographic and infrared absorption spectroscopic measurements confirmed that the polymerization
carried out in the presence of the free (sacrificing) initiator, p-toluenesulfonyl chloride, afforded a graft layer of well-controlled, low-
polydispersity polymer on the inner surface of the porous glass filter. The number-average molecular weight (M,) of the graft polymer
increased with reaction time, and it was nearly equal to the M, of the free polymer produced in the solution. The graft density on the inner
surface of the porous glass filter was as high as those formed on a silicon wafer and a silica particle under similar conditions. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Due to a high surface area, porous materials are of speci-
fic interest in a wide range of applications for, e.g.
adsorbents, solid supports for sensors and catalysts, low-
dielectric materials for microelectronics devices, and
membranes for separation and purification [1-7]. Porous
materials equipped with responsibilities to chemical and
physical stimuli such as pH, temperature, light and chemi-
cals can provide a basis for the design and development of
intelligent materials with such functions as ‘chemical gate’
[8—15]. Attempts have been made of grafting stimuli-
responsive polymers and hence preparing a polymer-brush
layer on the inner surface of porous materials. However, it is
difficult to achieve, by conventional surface-initiated graft
polymerization techniques, a high-density uniform graft
layer (brush) of well-defined polymers on solid surfaces
[16—-21]. Recently, some living polymerization techniques
were successfully applied to the surface-initiated graft
polymerization to prepare a uniform dense polymer brush
[22-33].

We succeeded in achieving a dense polymer brush on the
surfaces of silicon wafer and silica particle by applying
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atom transfer radical polymerization (ATRP), one of living
radical polymerization techniques see for example [34]:
well-defined polymers successfully grafted by this surface-
initiated ATRP include poly(methyl methacrylate) (PMMA)
[24], polystyrene [25], and a glycopolymer [26] with a bulky
side group. In addition to control of chain length and chain
length distribution, this technique afforded exceptionally
high graft densities. The properties of these high-density
polymer brushes were quite different and unpredictable
from those of the ‘moderately dense’ polymer brushes
previously studied [35,36]. Thus, the application of this
novel technique to porous materials would give a new
route to the development of materials with sophisticatedly
designed functions. The key question to be asked is
whether the catalytic system governing the ATRP process
effectively works even on the surfaces of small pores in
these materials.

As a model system to study this, we attempt to carry out
the graft polymerization of methyl methacrylate (MMA) on
a porous glass filter with the ATRP initiator, 2-(4-chloro-
sulfonylphenyl) ethyltrichlorosilane (CTCS), immobilized
on its inner surfaces (see Fig. 1). After the polymerization,
the grafted polymers were cleaved from the surface by the
HF treatment and directly characterized by gel permeation
chromatography (GPC) to examine the degree of control
achieved by this process.
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2. Experimental
2.1. Materials

A porous glass filter disc (diameter, 65 mm; thickness,
5 mm; average pore diameter, 5 wm) was purchased from
Sogo Laboratory Glass Works Japan. The scanning electron
micrograph (Fig. 1) of the crashed surface of the glass filter
suggests a broad distribution of pore size. Fig. 2 shows the
pore size distribution as measured by Hg porosimetry (Pore-
sizer 9310, Micromeritics Instrument, USA): it can be seen
that the pore size ranges from one to a few tens of wm. The
inner surface area as measured on a BET surface area
analyzer (NOVA 1200, Quanta Chrome Instruments,
USA) was 1 £05m?g ", A 50wt% CTCS solution in
dichloromethane was obtained from Gelest, USA and used
as received. p-Toluenesulfonyl chloride (TsCl), copper
bromide (CuBr, 99.0%), L-(—)-sparteine (Sp), aqueous HF
solution (46%) and trioctylmethylammonium chloride
(TOC) were purchased from Nacalai Tesque, Japan and
used without further purification. MMA was obtained
from Nacalai Tesque, Japan and distilled under reduced
pressure over CaH, before use. Toluene (Nacalai Tesque,
Japan) was distilled over CaH,.

Unless otherwise specified, all other reagents were
purchased from commercially available sources and used
without purification.

2.2. Immobilization of initiator and graft polymerization

The glass filter was cut into small blocks measuring about
5% 5% 30 mm?, and treated with 0.1 M HNOj; at 70°C for
3 h, washed with distilled water several times, and then
dried in vacuum oven at 140°C for 6 h [13]. CTCS with a
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Fig. 1. Schematic illustration showing the control graft polymerization of
MMA on the pore surfaces of a glass filter.
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Fig. 2. Pore size distribution of glass filter estimated by Hg porosimetry.

chlorosulfonylphenyl group, which is one of the best initi-
ating groups for ATRP [37-39], was immobilized on the
surface of the glass filter blocks by the self-assembled
monolayer-deposition method; namely, the blocks were
dipped in dry toluene containing ca. 6 wt% CTCS for
18 h, washed several times with toluene and finally with
tetrahydrofuran (THF), and dried in vacuum.

The graft polymerization was carried out as follows; a
degassed diphenyl ether solution of CuBr (0.03 M), Sp
(0.06 M), MMA (5.0 M) and free initiator (TsCl, 5.0 mM),
in which the CTCS-fixed glass filter block was dipped, was
sealed in a glass tube under vacuum and heated for a
prescribed period of time at 70°C. Sp is a ligand coordinat-
ing with Cu, providing a homogeneous ATRP system for
MMA [40]. The free initiator was added to self-adjust the
concentration of the Cu" complex and to control the poly-
merization [24]. After polymerization, in order to efficiently
remove ungrafted, physically adsorbed (free) polymers, the
glass filter blocks were hammered into small pieces and
washed by ultrasonication in toluene followed by centri-
fugation. This washing process was repeated until no free
polymer was detectable in the supernatant solution by GPC.

2.3. Cleavage of the graft polymer from the glass filter

PMMA chains grafted on the glass filter were cleaved as
follows; 500 mg of the solid (the washed glass filter pieces)
was vigorously stirred in a poly(ethylene) flask containing
3.5 ml of toluene, 3.5 ml of 20 wt% aqueous HF solution
and 2 wt% TOC as a phase transfer catalyst [31]. After ca.
4 h, the aqueous layer was removed, and 3.5 ml of 5%
aqueous HF solution containing 1.6 wt% of TOC was
added and stirred for further 2 h. The organic layer contain-
ing cleaved polymers was washed with aqueous NaHCO;
solution and water, filtered to remove solid impurities, and
then subjected to the GPC measurements.

2.4. Measurements

Monomer conversion and the number-average molecular
weight (M,) and polydispersity index (M,/M,) of the free
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polymer produced in the solution and those of the graft
polymer cleaved from the glass filter were determined by
PMMA -calibrated GPC (8010 high-speed liquid chromato-
graph, Tosoh, Japan). THF was used as eluent, and the
temperature was maintained at 40°C. Sample detection
and quantification were made with a Tosoh refractive-
index detector, RI-8020. For Fourier transform infrared
absorption (IR) spectroscopy (KBr pellet), a BioRad FTS
6000 Fourier transform Infrared Spectrometer (BioRad
Laboratories, USA) was used. The cross-sectional view of
the glass filter was obtained by a scanning electron micro-
scope (SEM, S-510, Hitachi, Japan) with an accelerating
voltage of 50 kV.

3. Result and discussion

The addition of an appropriate amount of TsCl as a free
initiator brought about a well-controlled polymerization; the
M, of the free polymer increased proportionally to the
monomer conversion, and the M,/M, ratio remained
small, as will be discussed later. The supernatant solution
obtained in the washing process (see Section 2), which
should contain the free polymer produced in the pores of
the glass filter, was subjected to the GPC analysis. It gave a
GPC curve nearly the same as that of the free polymer
sampled from the bulk solution just after the polymeriza-
tion. This suggests that the polymerization conditions, e.g.
the concentrations of the free initiator, the monomer, and the
Cu/ligand complexes, were almost the same in the pores of
the glass filter and in the bulk solution.

In order to estimate the amount of PMMA grafted on the
glass filter, the IR spectra were measured. As Fig. 3 shows, a
sharp absorption band characteristic of the ester group of
PMMA is clearly observed at a wavenumber of 1735 cm ™.
By referring to the absorption band characteristic of silica at
around 800 cm ™', the amount of the graft polymer per 1 g of
glass filter (w) can be evaluated. In order for this analysis to
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Fig. 3. IR spectrum of the glass filter after graft polymerization for 9 h.
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Fig. 4. Relationship between w, and monomer conversion.

be correct, no free polymer should remain in the pores of the
glass filter. To check this, graft polymerization was carried
out with the glass filter on which phenylethyl trimethoxysi-
lane with no ATRP initiating group had been immobilized.
The IR measurements detected no PMMA in the sample
after the washing process described in Section 2. This
confirms the appropriateness of the used washing procedure.
Fig. 4 shows the relationship between w, and monomer
conversion. Within the (admittedly large) experimental
error, a proportionality exists between these two quantities.

For direct characterization of the graft polymer, it
was cleaved from the surface at their point of attachment
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Fig. 5. Plots of M, and M, /M, of the cleaved (@) and free (O) polymers vs.
monomer conversion. The broken line is the theoretical prediction calculated
from the conversion/[TsCl], ratio, and the solid curves are an aid for the eye.
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Fig. 6. Relationship between w, and M, of graft polymers.

according to the procedure described in Section 2. By using
a standard PMMA sample, it was confirmed that the
cleavage process including the two-step addition of HF
and TOC gave no damage on the PMMA chain. In Fig. 5,
the M, and M,/M,, of the cleaved (graft) and free polymers
are plotted as a function of monomer conversion. For both
polymers, M, increased proportionally to the monomer
conversion, in good agreement with the theoretical value
(shown by the broken line in the figure) calculated from
the conversion/[TsCl], ratio, where [TsCl], is the initial
concentration of TsClI (the contribution of the fixed initiator
to the monomer consumption was negligibly small under the
polymerization condition adopted in this study). In addition
to this, the polydispersity remained low in all cases. These
results confirm that the graft polymerization process is as
well controlled as the free ATRP of MMA in solution. Fig. 5
also shows that the M, and M, /M, values of the graft poly-
mer are nearly the same as those of the free polymer. This
means that the free polymer gives a good measure of the M,
and M, /M, of the graft polymer, as was the case with the
graft polymerization on the silica particle [24,25]. Fig. 6
shows that the w, value is approximately proportional to
M,, of the graft polymer. This indicates that the graft density,
the number of graft chains per unit area, is constant during
the course of polymerization. From the slope of the line, the
graft density is estimated to be 0.6 + 0.3 chains nm 2 on the
basis of the BET-estimated surface area of 1 + 0.5m* g™ ".
This value is comparable to the value obtained for the sili-
con wafer and the silica particle [24,25]. All these results
suggest that all the inner (and outer) surfaces of the porous
glass filter were uniformly covered by a high-density poly-
mer brush, an ultrathin polymer layer.

4. Conclusions

We have succeeded in achieving a homogeneous and
dense graft layer of a low-polydispersity PMMA on the

inner (and outer) surface of a glass filter with a large distri-
bution of pore size in a wm range. The ATRP of MMA
initiated with a free initiator proceeded in a controlled
way in the small pores of the glass filter as well as in the
bulk solution, giving free polymers with the same M, and
M /M,. The graft polymer was successfully cleaved from
the glass filter by the HF treatment and analyzed by GPC. IR
and GPC analyses revealed the following points: (i) the M,
of the graft polymer increased linearly with increasing
monomer conversion, keeping the polydispersity low (M,,/
M, < 1.2). (ii) The M,, and M, /M, values of the graft poly-
mer were nearly equal to those of the free polymer through-
out the course of polymerization. (iii) The amount of grafted
polymer increased proportionally to monomer conversion
and hence the M, of the graft polymer. The proportionality
suggests a constant and high graft density of 0.6 = 0.3
chains nm 2. Since living radical polymerization can be
applied not only to homopolymerizations but also to block
and/or random copolymerizations of a variety of monomers,
this success will open up a new and wide route to ‘precision’
surface modification of various porous materials including
organic and inorganic membranes.
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