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ABSTRACT: Surface-initiated atom transfer radical polymerization (ATRP) was used to graft uniform layers
of polyacrylonitrile (PAN), poly(2-(dimethylamino)ethyl methacrylate), and polystyrene on concave surfaces of
cylindrical mesopores of diameter ∼10 nm and spherical mesopores of diameter ∼15 nm. The grafting process
was optimized through the introduction of appropriate amounts of Cu(II) species that act as a deactivator, allowing
us to grow polymer layers of controlled thickness (as seen from gas adsorption), which consisted of monodisperse
polymer chains of controlled molecular weight (as seen from gel permeation chromatography). For PAN, the
degrees of polymerization ranged from DP ) 25 to 70, and the polydispersity indexes of the polymer grafted
under optimal conditions were as low as Mw/Mn ) 1.06-1.07. Grafted chain densities up to 0.28 chains/nm2 and
initiation efficiencies up to 37% were achieved. In cases of spherical mesopores of diameter ∼15 nm, it was
possible to introduce significant loadings of polymer (up to 28 wt % in resulting composite) without making the
uniform mesopores inaccessible. The specific surface areas of the silica/polymer hybrids were 70-350 m2 g-1,
and the thicknesses of the polymer films were controlled in the range up to 1-2 nm without causing any major
pore blockage. This work demonstrates new opportunities in the synthesis of well-defined nanostructured/
nanoporous silica/polymer hybrids.

Introduction

The synthesis of polymers in well-defined nanoporous media
has been an exciting area of research that has implications on
fields of electronics,1-4 polymer synthesis,5-7 controlled re-
lease,8 and heterogeneous catalysis.9 The functionalization of
surfaces of nanoporous materials with well-defined polymers9-12

is a new frontier in the development of porous inorganic-organic
hybrid materials with designed properties. Because of the
diversity of structural and functional properties of polymers,
the modification of solid surfaces with polymers can be viewed
as perhaps the most robust approach for the surface function-
alization with organic moieties, rendering desired hydrophobic/
hydrophilic properties, chemical stability, catalytic properties,
stimuli-responsive properties, and so forth.13-19 One of the
approaches explored recently was the polymerization of vinyl
monomers and appropriate cross-linkers on the surface of
mesopores (pores of diameter between 2 and 50 nm20) and in
the micropores (pores of diameter below 2 nm20) of ordered
mesoporous silicas (SBA-15 with cylindrical pores) with
complementary microporosity.9 The polymer formed in mi-
cropores served as an anchor for the polymer layer on the surface
of mesopores. In cases of supports with appropriate comple-
mentary microporosity, an excellent control of the thickness of
the cross-linked polymer film was demonstrated, and the
blockage of the pores with polymer was avoided. SBA-15 was
also used as support for the introduction of thin layers of
polyaniline either through adsorption of monomer from vapor
phase21 or copolymerization of surface-bonded monomer with

monomer in solution.22 The growth of dendrimers in well-
defined pores of high-surface-area silicas has recently been
demonstrated.23,24

Another emerging opportunity in the introduction of well-
defined polymer species on surfaces of porous materials is
related to the development of surface-initiated controlled
polymerization methods, which allow one to form polymer
brushes, that is, high-surface-density layers of well-defined
polymer chains covalently bonded to solid support.25-31 Atom
transfer radical polymerization (ATRP)32-35 is particularly
convenient as a means for the controlled growth of polymers
initiated from solid surfaces,11,25,27,29,31,36-44 but other controlled
radical polymerization methods were also successfully
used.28,45-47 Surface-initiated ATRP was explored11,27,48 for
macroporous materials (pore diameter above 50 nm20) that
exhibit specific surface areas of ∼10-100 m2 g-1. In some
cases, the grafted polymer had a narrow molecular weight
distribution.27 The growth of polymer chains in cylindrical pores
of anodic aluminas (diameter 20-200 nm)49 or in voids between
the spheres of diameter ∼200 nm in colloidal crystals were also
explored,50,51 but no information about the polydispersity of the
polymer graft and, in the first case,49 about the accessibility of
pores after polymerization was reported. The surface-initiated
ATRP was used to graft poly(N-isopropylacrylamide) (PNIPAAm)
on the surface of cylindrical mesopores of diameter ∼3 nm,52

but taking into account that prior to the polymerization the pore
diameter was decreased by the introduction of a layer of the
initiation sites, the resulting pore diameter would be sufficient
to accommodate only one or several polymer chains. Similarly,
the grafting of polystyrene in cylindrical pores (diameter ∼3
nm) of MCM-41 was attempted via nitroxide-mediated polym-
erization (NMP),53 but the resulting silica/polymer composite
exhibited the specific surface area of only 20 m2 g-1, and
no evidence of pore accessibility was provided. More recently,
external surfaces of MCM-41 particles were grafted with
PNIPAAm54 and poly(methyl methacrylate) (PMMA).55
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Recently, the research on grafting of polymers from high-
surface-area materials with pores of diameter 5-50 nm has
begun to attract much attention. We demonstrated that ATRP
can be used to grow uniform polymer layers on the surfaces of
mesopores of chromatographic silica gels (nominal pore diam-
eter ∼20 and 50 nm).56,57 In most cases, the pores were
accessible after polymerization, and the amount of grafted
polymer increased with the polymerization time. Later, PNIPAAm
was grafted from the surface of relatively large spherical pores
(diameter 22 nm) of silica mesocellular foam using ATRP
initiator,58 but a moderate amount of polymer was introduced
and the reported gas adsorption data indicated unexpected
formation of large pores after the introduction of the polymer,
pointing to a complex nature of the polymer grafting procedure.
We used the surface-initiated ATRP to completely fill the
cylindrical pores of ordered mesoporous silica SBA-1559

(diameter ∼10 nm) and spherical pores of FDU-1 (diameter
∼15 nm) with polyacrylonitrile (PAN), which served as a
precursor in the synthesis of ordered mesoporous carbons with
large mesopores and high pore volume.60 It was observed that
the amount of the grafted polymer can be controlled by adjusting
the time of polymerization. Later, our preliminary report noted
that in cases of short polymerization times, when the mesopores
of SBA-15 silica were not fully filled with PAN (and yet were
inaccessible to gas molecules after the isolation of the silica/
PAN composites), the grafted PAN had a relatively low
polydispersity of 1.14-1.17.61 It was also possible to prepare
FDU-1/PAN composite with accessible mesoporosity.61 Re-
cently, the surface-initiated growth of polymer chains of low
polydispersity (1.13-1.24) was achieved for ordered mesopo-
rous material with pores of diameter ∼8.5 nm.62 However, only
in one case of well-controlled polymerization (in the presence
of free initiator), the amount of the grafted polymer was
commensurate with the pore volume of the silica support. In
this case, the position of the capillary condensation step was

not shifted to any appreciable extent after the polymerization
(despite a 20-fold decrease in adsorption capacity), revealing
the lack of any significant pore diameter decrease and thus a
very limited polymer growth in a part of the pore space. A recent
study63 showed that, by limiting the supply of the monomer,
the grafting of polymer layer of thickness up to ∼0.5 nm in the
pores of SBA-15 silica can be accomplished without compro-
mising the pore accessibility. The monomer/initiator ratio was
varied to achieve different polymer layer thicknesses.

While the prior research afforded silica/polymer composites
with accessible porosity and quite low polydispersity of the
grafted polymer chains, little insight was gained into funda-
mental aspects of surface-initiated growth of polymer in narrow
mesopores. In particular, an important question that was not
addressed was to what extent the molecular weight of the
polymer can be controlled in a way achievable for polymeriza-
tions in solution.35 Moreover, questions whether the thickness
of the polymer layer in narrow pores can be readily adjusted as
in the best cases of polymerizations initiated from flat and
convex surfaces19,37 and whether low polydispersities of grafted
polymer (<1.1)64,65 can be achieved in polymerizations initiated
from surfaces of narrow nanopores. To this end, it was recently
suggested that the confinement effects increase polydispersities
of grafted polymers even in pores as wide as 200 nm.66 Herein,
it is demonstrated that the surface-initiated ATRP (see Scheme
1) allows one to graft the surfaces of cylindrical and spherical
mesopores (diameter 10-15 nm) of high-surface-area silicas
with polymer chains of very low polydispersity (1.06-1.08),
comparable to that attainable in well-controlled polymerizations
in solution. Uniform polymer films of thickness tailorable up
to 2.3 nm were successfully grown on the surfaces of the ordered
mesoporous silicas, providing hybrid materials with accessible
pores of uniform size and with specific surface areas of 70-350
m2 g-1.

Scheme 1. Surface-Initiated Atom Transfer Radical Polymerization in Ordered Nanopores
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Materials and Methods

Materials. SBA-15 silica with cylindrical pores of diameter ∼10
nm and FDU-1 silica with spherical pores of diameter ∼15 nm
were synthesized as described elsewhere.59,60,67 The characterization
of the FDU-1 sample was reported earlier.60 The surfaces of the
silicas were reacted with 3-(chlorodimethylsilyl)propyl 2-bro-
moisobutyrate (ATRP initiator) and subsequently with chlorotri-
methylsilane.60,68 (2-Bromoisobutyryloxy)propyldimethylsilyl groups
are denoted BiB. The reaction with chlorotrimethylsilane was
performed to introduce small trimethylsilyl (TMS) groups between
the larger BiB groups, thus hindering the possible adsorption of
copper complexes on the bare surface of the silica support. For the
surface-initiated polymerization of acrylonitrile (AN), the molar
ratio of reactants was as follows: BiB:AN:CuCl:CuCl2:bpy ) 1:300:
1:x:2 + 2x, where x ) 0 (0%), 0.1 (10%), or 0.2 (20%) and bpy is
2,2′-bipyridine. The polymerization was carried out in DMF (DMF/
AN volume ratio of 1.74:1) at 35 or 55 °C. For x ) 0 and
temperature of 55 °C, these conditions are analogous to those used
in our earlier work.60 For the surface-initiated polymerization of
2-(dimethylamino)ethyl methacrylate (DMAEMA), the reactant
molar ratios were similar (BiB:DMAEMA:CuCl:CuCl2:bpy )
1:300:1:0.1:2.2); acetone was used as a solvent, and the temperature
was 35 °C. The polymerization time was between 18 and 162 h
for PAN and between 2 and 25 h for PDAEMA. For PS, the
conditions are provided in the Supporting Information. The polymer/
silica composites were isolated by filtration, washed with DMF (for
PAN) or acetone (for PDMAEMA and PS) and methanol, and dried
in a vacuum oven.

Measurements. Nitrogen adsorption isotherms were measured
on Micromeritics ASAP 2010 and ASAP 2020 volumetric adsorp-
tion analyzers. The specific surface area was determined using the
BET method.20 The total pore volume was calculated from the
amount adsorbed at a relative pressure of 0.99.20 The pore size
distribution was calculated using the KJS method for cylindrical
mesopores.69 The weight change patterns were recorded under air
using a TA Instruments TGA 2950 thermogravimetric analyzer.
Elemental analysis for carbon and bromine was carried out by
Midwest Microlab, LLC (Indianapolis, IN). Molecular weight
distributions of grafted PAN and PS were determined via gel
permeation chromatography (GPC) using DMF (for PAN) or THF
(for PS) as an eluent and polystyrenes as standards. The polystyrene
calibration results in the molecular weight overestimation by the
factor of ∼5.59 for PAN of molecular weight in the range observed
for our grafted polymers (see Figure S1 of the Supporting
Information). Therefore, molecular weights of PAN determined by
GPC were divided by 5.59 in calculations of the actual molecular
weight. For GPC analysis, the polymer was isolated through the
dissolution of the silica support using 48% HF water solution mixed
with DMF (for PAN) and THF (for PS) in the volume ratio of one
to one.

Results and Discussion

The polymerization of acrylonitrile (AN) initiated from the
surfaces of ordered mesoporous silicas (OMSs) with spherical

and cylindrical pore geometries was selected for our initial study,
which was in part due to our long-standing interest in this
polymer as a precursor for nanostructured carbon synthe-
sis.57,60,65,70-72 One of the silica supports used was FDU-1
silica60,67,73 with approximately spherical mesopores of diameter
14.4 nm, as estimated using the KJS method for calculation of
pore size distributions (PSDs)69 (a more accurate estimate of
the pore diameter performed on the basis of the unit-cell
parameter, mesopore volume, and micropore volume74 yields
17.5 nm). The ATRP initiation sites were introduced on the
surface of the silica support through a reaction with 3-(chlo-
rodimethylsilyl)propyl 2-bromoisobutyrate.60 The chlorosilane
moiety reacted with the silanol groups (Si-OH) on the silica
surface to form Si-O-Si linkages. The attached 3-(2-bro-
moisobutyryloxy)propyldimethylsilyl groups (BiB) exhibited a
surface coverage of 1.26 µmol m-2 (0.76 group nm-2), as
calculated from the bromine content determined by elemental
analysis and the silica content determined using thermogravim-
etry.

The controlled growth of polymers through ATRP requires
the presence of sufficient amount of deactivator (oxidized form
of the catalytic complex; Cu(II) complex in the considered case)
in the reaction mixture in order to convert growing polymer
chains with radical ends to dormant species and thus limit the
concentration of the radicals to reduce their coupling and to
allow for their controlled growth.35 The concentration of Cu(II)
species builds up as the polymerization proceeds, but it is
beneficial to introduce copper(II) species before the beginning
of the polymerization. Controlled polymerizations also require
a fast initiation of the growth of the polymer chains with respect
to their propagation. To promote that, the halogen exchange
method was used; that is, a more reactive brominated initiator
was used in combination with copper(I) chloride and copper(II)
chloride as components of the ATRP catalyst.35 This is known
to lead to an exchange of the bromide by chloride at the end of
the growing polymer chain, and it slows down the propagation
relative to the initiation.75 On the basis of these considerations
and our earlier work,56,61 the PAN grafting on the surface of
FDU-1 silica was carried out with the following molar ratios
of reagents: BiB:AN:CuCl:CuCl2:bpy ) 1:300:1:x:2 + 2x,
where x ) 0 (0%), 0.1 (10%), and 0.2 (20%). The catalyst was
a complex of copper(I) with 2,2′-bipyridine (bpy). The solvent
was N,N-dimethylformamide (DMF) (DMF/AN volume ratio
was 1.74 to 1), and the temperature was either 55 or 35 ° C
(for conditions used in cases of particular samples; see Table
1).

As seen in Figure 1, the amount of the introduced PAN
strongly depended on whether CuCl2 was used as a reagent in
order to facilitate the deactivation during initial stages of the
polymerization. The amount of PAN introduced after 92 h of
polymerization (0% or 10% CuCl2) was close to the limit of
the complete filling of the mesopores (as estimated from the

Table 1. Conditions of Polymerization of Acrylonitrile Initiated from the Surface of FDU-1 and the Results of Characterization of the
Grafted Polyacrylonitrile by GPC and TGAa

sample conditions time (h) wt % PAN Mn (PS calibr) PDI DP initiation efficiency (%)

FDU-1-PAN-1 0% Cu(II), 55 °C 18 33.3 15 700 1.12 53 33
FDU-1-PAN-2b 0% Cu(II), 55 °C 92 38.5 18 200 1.32 61 36
FDU-1-PAN-3 10% Cu(II), 55 °C 92 37.6 17 000 1.34 57 37
FDU-1-PAN-4 10% Cu(II), 35 °C 18 17.7 9 600 1.06 32 23
FDU-1-PAN-5 20% Cu(II), 35 °C 18 14.8 8 200 1.07 28 22
FDU-1-PAN-6 20% Cu(II), 35 °C 44 21.1 9 100 1.06 31 30
FDU-1-PAN-7 20% Cu(II), 35 °C 68 27.8 10 900 1.07 37 37
a Notation: wt % PAN ) weight percent of PAN in silica-PAN composite estimated from TGA data for silica-BiB-TMS and silica-PAN composite

and from the wt % Br for the former, assuming that the halogen exchange (exchange of Br by Cl at the polymer chain end) was complete; Mn ) number-
average molecular weight estimated by GPC calibrated using polystyrene (PS) standards; PDI ) polydispersity index evaluated by GPC; DP ) degree of
polymerization evaluated under assumption that the molecular weight of PAN obtained using the PS calibration is overestimated by the factor of 5.59 (see
Supporting Figure S1); initiation efficiency ) estimated from DP, content of PAN (from TGA), and amount of surface-bonded initiator. b Sample was used
elsewhere60 to obtain an ordered mesoporous carbon.
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pore volume of the silica and the weight loss of the silica/
polymer composite under an assumption that the density of the
organic moiety in the pores is ∼1.0 g cm-3). The pores of
FDU-1 appeared to be also nearly fully filled after 18 h of
polymerization, when CuCl2 was not added. On the other hand,
the addition of CuCl2 slowed down the polymerization process.
In the case of addition of 20% CuCl2 (with respect to the amount
of CuCl), the amount of PAN gradually increased with time,
as seen from TGA (see Figure 1). The PAN grafting resulted
in a gradual decrease in the adsorption capacity (see Figure 2
and total pore volume data in Table 2). The position of the peak
on the pore size distribution (PSD) systematically shifted to
lower pore diameter values as the PAN content increased, and
no major broadening of PSD was observed (Figure 3). To our

knowledge, this is the first example of a systematic control of
the pore diameter of OMS through the surface-initiated polym-
erization. Others achieved a limited adjustment of pore diameter
of OMS through the variation of the surface density of the
initiator or the use of limited supply of monomer.63 In our case,
the growth of the polymer was gradual, and different polymer
film thicknesses and polymer loadings can be obtained using
the same composition of the reaction mixture simply by stopping
the polymerization after an appropriate period of time.

The shape of adsorption-desorption hysteresis loop did not
change until the loading of organic groups in mesopores reached
∼0.4 g per gram of silica, indicating that the growth of the
polymer did not obstruct the connectivity between the spherical
mesopores of FDU-1, unless the polymer loading was very high.
These results provide strong evidence that the formation of the
PAN layer was uniform throughout the surface of the silica
support. In the considered case, the thickness of the PAN layer
was 0.6-2.3 nm, as calculated from the decrease in the pore
radius after the polymerization. The BET specific surface area
of the obtained well-defined FDU-1/PAN composites was about
100 m2 g-1, while the total pore volume was on the order of
0.25 cm3 g-1. It can be concluded that the formation of a very
thin, uniform PAN film of controlled thickness was achieved
on high-surface-area silica supports, thus generating silica/
polymer composites with accessible porosity and appreciable
surface area and pore volume. As preliminarily reported earlier,
in the case of one sample of FDU-1, we were able to graft a
thin film of PAN without pore blockage, when CuCl2 was not
added as a deactivator.61 However, the film appeared to be less
uniform, as inferred from the comparison of PSDs. More
recently, the feasibility of ATRP of methyl methacrylate (MMA)
and glycidyl methacrylate (GMA) initiated from surface of SBA-
15 silica was studied, and uniform polymer layers of thickness
up to ∼0.5 nm were grafted.63 The thickness of these relatively
very thin films was controlled by changing the initiator/monomer
ratio (which was in all cases very low, that is, from 5:1 to
25:1) rather than the polymerization time or other conditions.

As seen in Figure 4 and in Table 1, the grafted PAN had
low polydispersity. After 18 h, the polydispersity was 1.12 when
Cu(II) halide was not added. The polydispersity was even lower
(1.06-1.07) when Cu(II) halide was added. Such a low
polydispersity index is comparable to the lowest values attain-
able for ATRP in solutions35 or surface-initiated ATRP.64,65 It
should be noted that the use of PS standards for PAN is expected
to provide good estimates of polydispersity. It was shown that
apparent polydispersity of polymer 1 (calibrated using standards
of polymer 2) is equal to the actual polydispersity taken to the
power of (a1 + 1)/(a2 + 1), where a1 and a2 are the
Mark-Houwink constants for the considered polymer 1 and
for the polymer 2 used for calibration.76 Using a1 ) 0.750 (for
PAN) and a2 ) 0.603 (for PS),77 one finds that actual

Figure 1. Weight change patterns recorded under air for FDU-1 silica
with surface-bonded 2-bromoisobutyrate groups and trimethylsilyl
groups (-BiB-TMS), before and after acrylonitrile polymerization for
different periods of time (in some cases with addition of CuCl2).

Figure 2. Nitrogen adsorption isotherms for FDU-1 silica before and
after bonding of 2-bromoisobutyrate groups and trimethylsilyl groups
(-BiB-TMS) and after acrylonitrile polymerization for different
periods of time. The schemes on the right illustrate the stage of the
synthesis corresponding to the particular adsorption isotherm.

Table 2. Structural Properties of the FDU-1 Samples Determined
from Nitrogen Adsorption Data

silica

BET specific
surface area

(m2 g-1)
total pore

volume (cm3 g-1)
pore diameter

(nm)

FDU-1 500a 1.01a 14.4a,b

FDU-1-BiB 260a 0.63a 13.3a,b

FDU-1-BiB-TMS 240a 0.60a 13.0a,b

FDU-1-PAN-4 119 0.29 11.6b

FDU-1- PAN-5 132 0.32 11.8b

FDU-1- PAN-6 75 0.18 10.9b

FDU-1- PAN-7 91 0.16 8.3b

a Data taken from ref 60. b Actual pore diameter is likely to be ∼3 nm
larger than the values provided.

Figure 3. Pore size distributions for FDU-1 silica before and after
bonding of 2-bromoisobutyrate groups and trimethylsilyl groups
(-BiB-TMS) and after acrylonitrile polymerization for different
periods of time.
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polydispersity for PAN is equal to (apparent) polydispersity for
PAN with PS calibration taken to the power of 1.192. For
instance, the polydispersity of 1.06 corresponds to the actual
polydispersity of 1.07. So the calibration using standards of a
different polymer does not affect the discussed polydispersities
to any appreciable extent.

Our lowest polydispersity values of 1.06-1.07 are appreciably
lower than those reported by Save et al.55,62 (1.13-1.41 in the
presence of free initiator and 1.23-2.59 in the absence of free
initiator) and in our earlier work61 (1.14-1.58) where Cu(II)
halide was not employed. The increase in the molecular weight
of PAN was correlated with the content of the polymer in silica/
PAN composites (determined from TGA). For long polymeri-
zation times (about 4 days), in which case the pores were
essentially completely filled with the polymer, the polydispersity
increased to ∼1.3, and a “tailing” toward higher molecular
weights developed on the molecular weight distribution (see
Figure 4). The origin of the “tailing” is not fully clear. The
“tailing” may represent a population of polymer chains grown
on the external surface of particles of FDU-1. While the growth
of polymer chains inside the pores was hindered because of
the scarcity of available space, the chains growing on the
external surface had no such restriction. Alternatively, at the
stage where the pores were nearly completely filled with
polymer, the diffusion of the deactivator (Cu(II) complex) may
have been restricted and some of the growing radical chains
were not converted to the dormant form, but rather they
underwent uncontrolled growth, consuming the residual amounts
of monomer remaining in the pores, or coupled, forming dead
chains with doubled molecular weight.

The degree of polymerization (DP) was estimated to range
from 28 to 61, depending on the polymerization conditions. For
the same polymerization conditions, DP increased with time.

DP decreased with the increase in the amount of Cu(II) added,
when the time of the polymerization was kept constant. The
efficiency of initiation, that is, the ratio of the number of grafted
polymer chains to the number of initiation sites, was 22-37%,
so the initiation was not quantitative. In exceptional cases of
the surface-initiated polymerization, the initiation efficiency was
reported to be up to 60-80% on convex surfaces,65,78 but
typically observed initiation efficiencies on flat or convex
surfaces15,19,44,79 were lower or at best comparable to our results
for concave surfaces. Taking into account the concave surface
geometry, which is likely to sterically restrict the polymer
growth when compared to flat or convex surfaces, our initiation
efficiencies were high. The polymer grafting density was
0.17-0.28 chains/nm2. Earlier studies of polymerization initiated
from the flat surfaces28,80-82 and convex surfaces83-85 of
nanoparticles provided graft density estimates ranging from very
low values up to 0.6-1.0 chains/nm2, although grafting densities
of ∼0.1-0.4 chains/nm2 were very common.45,86-88 A review
by Tsujii et al.19 mentioned that the grafting density of 0.6
chains/nm2 was achieved for the silica monolith with pore
diameter of ∼50 nm, which is much larger than the diameter
of the pores considered herein. Save et al. reported the grafting
density of 0.05 chains/nm2 and the initiation efficiency of 5%
in the case of the synthesis of polymer-grafted OMS with
accessible pores.62 Given that in our case the polymerization
was initiated from concave surfaces of appreciable degree of

Figure 4. Gel permeation chromatography traces for PAN isolated from
FDU-1/PAN composites.

Figure 5. Weight change patterns recorded under air for the SBA-15
silica with surface-bonded -Si(CH3)2[(CH2)3-O-CO-C(CH3)2Br]
groups and -Si(CH3)3 groups (denoted -BiB-TMS) before and after
the polymerization of 2-(dimethylamino)ethyl methacrylate for different
periods of time ranging from 2 to 25 h.

Figure 6. Nitrogen adsorption isotherms for SBA-15 silica, and the
SBA-15 with surface-bonded -Si(CH3)2[(CH2)3-O-CO-C(CH3)2Br]
groups and -Si(CH3)3 groups (denoted -BiB-TMS), before and after
the polymerization of 2-(dimethylamino)ethyl methacrylate for different
periods of time from 2 to 25 h. The schemes on the right illustrate the
stage of the synthesis corresponding to the particular adsorption
isotherm.

Figure 7. Pore size distributions for SBA-15 silica and the SBA-15
with surface-bonded -Si(CH3)2[(CH2)3-O-CO-C(CH3)2Br] groups
and -Si(CH3)3 groups (denoted -BiB-TMS), before and after the
polymerization of 2-(dimethylamino)ethyl methacrylate for different
periods of time from 2 to 25 h.
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curvature, and the polymer growth was restricted by the limited
pore dimensions (see schemes in Figure 2), the attained grafting
density appears to be appreciable.

Very low polydispersities of the polymer graft and the
initiation efficiencies of 17-35% were also observed for the
PAN growth in cylindrical mesopores of SBA-15 silica (see
Table S1 and Figure S2 of the Supporting Information). Narrow
PSDs and the decrease in the pore diameter consistent with the
amount of introduced PAN were observed for 10-22 wt %
loadings (see Figures S3 and S4 of the Supporting Information).
However, in the case of both samples with 22% loading, PSDs
were noticeably broader than the PSD of the SBA-15 support,
and the adsorption-desorption hysteresis loops on adsorption
isotherms were quite broad, thus indicating the development of
constrictions in the porous structure as a result of the polymer
grafting. The constrictions may be related to the roughness of
the polymer-covered surface or to the bridging of the inner pore
space by single PAN chains or bundles of chains. The BET
specific surface area of these well-defined SBA-15/PAN com-
posites was about 300 m2 g-1, while the total pore volume was
about 0.4 cm3 g-1. For 32 wt % PAN loading, the primary
mesopores still appeared to be accessible, but a narrow PSD
peak was no longer observed, probably due to the roughness of
PAN film and/or bridging of PAN chains across the mesopores.

The total pore volume of SBA-15 was higher than that of
FDU-1, so one would expect that SBA-15 could accommodate
a higher PAN loading without the pore blocking than FDU-1
could. Since it was not observed, one can conclude that the
larger pore diameter and better pore connectivity (larger number
of entrances per pore) allow one to introduce a higher loading
of PAN in pores of FDU-1 without broadening of PSD. Our
subsequent study89 confirmed that larger pore diameter of
cylindrical pores (∼15 nm) indeed allows one to introduce
higher polymer loadings without the pore blocking. Another
interesting aspect was that the initiation efficiencies were below
100%, despite the fact that the coverage of BiB groups on the
surfaces of SBA-15 and FDU-1 was moderate (0.30 and 0.76
groups/nm2, respectively). Perhaps some of the 2-bromoisobu-
tyrate groups were located in the micropores of FDU-1 and
SBA-15 silicas and thus were not accessible to initiate polym-
erization. However, this is not likely to account for the observed
initiation from less than half of the sites. Perhaps the concave
shape of the surface (see schemes in Figure 2) contributed to
the reduced initiation efficiency.

The results presented above indicate that one can graft
uniform thin layers of PAN on surfaces of high-surface-area
nanoporous silicas using the surface-initiated ATRP. To confirm
the generality of this finding, poly[2-(dimethylamino)ethyl
methacrylate)] (PDMAEMA) was grafted from surfaces of SBA-
15 and FDU-1 silicas. PDMAEMA is a pH-responsive and
temperature-responsive polymer with lower critical solution
temperature of ∼44 °C.90-93 As shown in Figure 5, TGA
provided evidence for the systematic increase in the amount of
PDMAEMA with the polymerization time. The content of
organic groups attained after 25 h of polymerization is likely
to correspond to a nearly complete filling of the mesopores of
the SBA-15 silica with the surface-initiated polymer graft. Gas
adsorption (Figure 6) showed that the SBA-15/PDMAEMA
composites with 7 and 19 wt % of polymer exhibited accessible
pores of volume 0.40-0.61 cm3 g-1, and specific surface areas
of 240-350 m2 g-1 (see Table S3 of the Supporting Informa-
tion). No appreciable broadening of the pore size distribution
(PSD) was observed (see Figure 7) as a result of the grafting of
the polymer. For longer polymerization times, which led to the
PDMAEMA content of 24-35%, the pores became partially
or fully inaccessible. It should be noted that the analysis of
PDMAEMA by GPC was unsuccessful, presumably due to the

protonation of the amino groups during the HF etching. The
grafting of PDMAEMA in spherical pores of FDU-1 was also
studied and the FDU-1/PDMAEMA composite with 20 wt %
of the polymer was readily obtained with accessible porosity
and narrow PSD (see Figures S5 and S6 and Table S3 of the
Supporting Information). The FDU-1/PDMAEMA composite
with 38 wt % of the polymer was also prepared but had
inaccessible pores.

To additionally confirm the ability to graft highly monodis-
perse polymer chains in nanopores using ATRP, the surface-
initiated growth of polystyrene was studied, so that the molecular
weight of detached PS chains could be assessed using GPC
without recalculation. TGA, gas adsorption, and GPC data for
selected samples are provided as Supporting Information
(Figures S7-S9 and Table S4). As in the cases of PAN and
PDMAEMA, the content of the grafted polymer was controlled
by the polymerization time, and it was possible to obtain
materials with accessible pores and narrow PSD. For short
polymerization times of 4.5 and 8 h (no halogen exchange),
the molecular weights were 1670 and 2270 g mol-1 (degree of
polymerization 16 and 22), and the polydispersity indexes were
1.08 and 1.20, respectively. The initiation efficiency was
estimated to be 9% and 12%, being somewhat lower than that
attained for PAN, but of the same order of magnitude. These
results show that short PS chains of low polydispersity can be
grafted from ordered mesoporous silica surface, which is
consistent with our results on PAN grafting. On the other hand,
the polydispersity of PS appeared to increase significantly with
time of polymerization (or loading of PS). The samples obtained
after 8 h with halogen exchange and after 24 h without halogen
exchange gave very broad molecular weight distributions with
polydispersity indexes of 2.09 and 2.92. These results may be
related to high glass transition temperature of PS and vitrification
of the reaction mixture inside the pores. In order to ensure
catalyst homogeneity in ATRP of styrene,34 [Cu(I)dNbpy2]+ and
[Br-Cu(II)dNbpy2]+ complexes (ATRP catalyst and deactiva-
tor) were used. The 4-nonyl substituents on 2,2′-bipyridine
increase the size of the catalyst complex and may decrease its
effective diffusion in the pores of SBA-15, especially after their
size has already been reduced by the PS graft and viscosity
strongly increased by approaching the glass transition.

Conclusions

Atom-transfer radical polymerization (ATRP) allows one to
graft highly monodisperse polymer chains (PDI as low as
1.06-1.08) from surfaces of high-surface-area silicas with
nanopores of diameter ∼10-15 nm. The grafted polymer forms
a uniform layer of thickness tailorable in the range from several
tenths of a nanometer to at least 2 nm. The control in the
adjustment of the thickness of the polymer film is improved,
the pore blocking is mitigated, and the polydispersity is
minimized when Cu(II) halide is added as a deactivator to the
reaction mixture. If the amount of the surface-grafted polymer
does not approach the level needed to fill the pores completely,
the pores in the polymer-silica hybrids prepared under opti-
mized conditions are accessible in many cases, and pore size
distributions are similarly narrow as those of the corresponding
silica supports. The specific surface areas attained for the silica/
polymer composites prepared using the surface-initiated ATRP
ranged from 75 to 350 m2 g-1. The approach described herein
for the synthesis of silica/polymer composites promises to be
applicable to a wide variety of polymers that can be polymerized
in a controlled way via ATRP.
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