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’ INTRODUCTION

Surface-initiated controlled radical polymerization (SI-CRP)
from inorganic materials has been widely studied with the aim of
producing a well-defined polymer layer at the surface, with a
good control over thickness and surface density.1,2 In compar-
ison to colloidal particles such as silica,3,4 or planar surfaces such
as silicon wafers,4 SI-CRP from ordered mesoporous silica (OMS)
particles has been much less investigated. It was reported in the
literature as a way to produce well-defined hybrid materials for
various applications.5�7 These hybrid materials usually aimed at
taking advantage of the mesoporosity of the particles, combined
with the properties of the polymer layer.

Surface-initiated atom transfer radical polymerization (SI-
ATRP)8�10 of monomers leading to thermosensitive polymers
was performed from mesostructured silica in order to synthesize
smart materials for the controlled release of fluorescein5,6 or
ibuprofen.7 For a different purpose, SI-ATRP of acrylonitrile was
performed by Kruk et al.11 from FDU-1 and SBA-15mesoporous
silica, to fill the inner porous volume; after carbonization and
elimination of the silica template, mesoporous carbon was
obtained. Oligomers of methyl methacrylate (5 to 15 units)
synthesized by SI-ATRP were later employed by Sherrington

et al. to modify the pore surface of SBA-15 particles,12 while
preserving part of the inner porous volume. RAFT (reversible
addition�fragmentation transfer)13�15 agents were grafted on
the outer surface of OMS particles, and acrylic acid16 or N-
isopropylacrylamide17,18 were subsequently polymerized, afford-
ing hybrid nanoparticles with a polymer shell sensitive to pH or
temperature. The RAFT agent was mainly grafted on the outer
surface because the reaction was performed in the presence of the
surfactant template, and no polymerization could thus take place
inside the pores. Lenarda et al.19 performed the surface-initiated
nitroxide-mediated polymerization (SI-NMP) of styrene from
MCM-41 mesoporous silica particles previously grafted by a
styryl�TEMPO alkoxyamine. However, no macromolecular
characteristics of the grafted chains were provided.

It appears from the literature data that CRP initiated from an
OMS surface in such a confined environment was not straight-
forward and there is still a lack of information on the polymer-
ization kinetics inside the pores and on the grafted polymer chain
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ABSTRACT: This work describes, for the first time, the nitr-
oxide-mediated polymerization (NMP) of styrene initiated from
an SG1-based alkoxyamine grafted on both the inner and outer
surfaces of ordered mesoporous silica (OMS) particles. The
OMS particles with various morphologies were synthesized by
sol�gel chemistry in the presence of a surfactant template. The
initiator derived from the BlocBuilder alkoxyamine was cova-
lently grafted via a dimethylethoxysilane functional group. The
polymerizations were conducted in the presence of a free
alkoxyamine with chemical structure similar to that of the grafted
one. The monomer conversion was monitored by 1HNMR analysis and the concentration of released nitroxide could be calculated,
providing an estimation of the fraction of dead chains. The weight fraction of grafted polymer and themolar mass distributions of the
free and grafted chains were determined. From this information, an effect of the OMS particle structure on the outcome of the
polymerization could be evaluated.
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characteristics. The currently available results are actually all
based on ATRP. For instance, our team performed the detailed
analysis of SI-ATRP20 of methyl methacrylate and styrene from
MSU mesoporous particles exhibiting cylindrical pores (diameter
5 nm), in the presence of a free ATRP initiator. The cleaved
polymer chain features were relatively similar to those of the free
chains, which was usually expected for SI-CRP initiated from
dense spherical particles.10,21�25 The polymerizations were con-
ducted to relatively high conversions and the grafted poly(methyl
methacrylate) (PMMA) and polystyrene (PS) displayed a dis-
persity of 1.13 (conversion 43%) and 1.23 (conversion 85%)
respectively. Another study led to the synthesis of hybrid multi-
structured mesoporous particles26 of various morphologies
grafted by poly(methyl methacrylate). The final materials
showed very high polymer contents up to 90 wt % and no
residual porosity, as the polymer filled the pores. Kruk et al.27

reported the SI-ATRP of acrylonitrile and styrene from SBA-15
and FDU-1 mesoporous silica particles. SBA-15 silica was
characterized by 10 nm wide cylindrical pores in a 2 dimensions
hexagonal arrangement, whereas FDU-1 silica possessed sphe-
rical cubically ordered pores with a diameter up to 14.5 nm.
Polyacrylonitrile thin films grew in a controlled manner without
blocking the pores and the chains cleaved from the FDU-1 silica
had a low dispersity (^ = 1.06�1.34, for 28 to 61 monomer
units). In contrast, even though the porous volume of SBA-15
silica was higher than that of the FDU-1 particles, the pores were
blocked more quickly during the SI-ATRP of acrylonitrile under
the same conditions, while the dispersity of the grafted polymer
increased. The SI-ATRP of styrene from the same substrates gave
even less satisfying results and higher dispersities than that of
polyacrylonitrile. In a recent study, Kruk et al.28 described the
grafting of PMMA by ATRP with activator regenerated by
electron transfer (ARGET ATRP) from SBA-15 silica exhibiting
large mesopores (14 and 22 nm). The dispersity of the grafted
chains increased up to 2.1 with the increase of the polymer molar
mass. The grafting densities and initiator efficiencies were 2 to 3
times lower than those observed earlier for polyacrylonitrile
grafted via normal ATRP.27 A thorough study of the SI-ATRP29

of methyl methacrylate and styrene from mesoporous particles
providing a wide range of pore sizes (2.5�14.5 nm) and
morphologies was then reported by our team. It was shown that
the grafted polymer displayed a significant population of low
molar mass chains corresponding to dead species, along with a
population of living chains. Genzer calculated that the concave
nature of a porous substrate might increase the dispersity of
grafted polymer chains,30 due to confinement of the radicals and
steric hindrance.

The results described above highlight all the complexity of
SI-CRP from mesoporous substrates. Along with the usual
issues of SI-CRP from dense substrates,21,31 such as the
initiator and deactivator concentrations or the initiator effi-
ciency, the porous nature of OMS brings new parameters,
such as diffusion of the reactants. In addition to the high
specific surface area and high porous volume of the substrate,
the morphology of the pores, their connectivity and their
diameter may be very important to ensure the control of the
polymerization.

Because of the particular features of SI-ATRP (i.e., need for a
transition metal complex catalyst: Cu(I) activator to produce the
radicals from the grafted alkyl halide initiator and Cu(II)
deactivator to turn the propagating macroradical into dormant
chain), the diffusion processes should have a significant impact

on the outcome of the polymerization.32,33 For this reason, we
were interested in studying SI-NMP,34�39 in which the produc-
tion of radicals from the surface results from a simple thermal
activation of the grafted alkoxyamines. NMP is a reversible
termination CRP technique, which relies on the deactivation of
the growing polymer radical by a nitroxide.34,40 The simplicity of
NMP is thus considered as an advantage for the better under-
standing of surface-initiated polymerization mechanisms from
mesoporous substrates. SI-NMP has actually proven to be a useful
tool for the functionalization of dense silica particles.24,25,41�50

Herein, a study of the SI-NMP of styrene controlled by the
nitroxide SG1 from various mesoporous substrates is detailed.
The mesoporous particles employed in this work correspond to
those used previously in our group for SI-ATRP.20,26,29 The
influence of the morphology of the substrate on the polymeri-
zation kinetics, on the average molar mass and molar mass
distribution (MMD)of the free and grafted chains is investigated.

’EXPERIMENTAL PART

Materials. Styrene (St, Acros, 99%), n-butyl acrylate (Aldrich, 99%)
and toluene were distilled from calcium hydride prior to use. All other
reagents, tetraethoxysilane (TEOS, Fluka, >99%), cetyltrimethylammo-
nium bromide (CTAB, Aldrich, 99%), Pluronic P123 (poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock copo-
lymer, Mn ≈ 5800 g 3mol�1, Aldrich), Brij 56 (poly(ethylene glycol)
hexadecyl ether, Mn ≈ 680 g 3mol�1, Aldrich), sodium fluoride (NaF,
Prolabo, 98%), ethanol (VWR, 99.5%), ammonia (30% in water, Carlo
Erba), dimethylformamide (DMF, Carlo Erba, 99.9%), N-hydroxysuc-
cinimide (NHS, Aldrich), dicyclohexylcarbodiimide (DCC, Aldrich),
3-aminopropyldimethylethoxysilane (APDMES, 99%, ABCR), dichlor-
omethane (VWR), tetrahydrofuran (VWR), tert-butanol (Aldrich),
hydrofluoric acid (HF, 49% in water) were used as received. The
alkoxyamine BlocBuilder and the nitroxide SG1 were kindly provided
by Arkema.
Preparation of Ordered Mesoporous Silica (OMS) Particles.

TheOMS particlesMSU-Brij56 and SBA-15were synthesized according to
already published protocols51�53 and the experimental procedures are
detailed in the Supporting Information. The core�shell spherical silica
nanoparticles (CSSN) with dense silica core and ordered mesoporous silica
shell with mesopores oriented perpendicular to the surface were synthesized
via a two-step procedure.54 First, the spherical dense core was prepared via
the St€ober protocol55 (see Supporting Information). Then, the formation of
themesoporous shell was performed as follows. For theCSSN50 particles, a
mixture of 400 mL of water and 60 mL of CTAB solution (110 mM, 40 mL
of water, 20 mL of ethanol) was prepared. The crude suspension (200 mL,
1.95 wt% silica) of the St€ober spherical silica nanoparticles (S) was added to
the prepared mixture and stirred for 30 min at room temperature. Then,
TEOS (4.0 g) was slowly introduced and the reaction was performed at
room temperature overnight. The TEOS:CTAB:NH3:EtOH:H2O molar
ratio used in the present synthesis was 1:0.34:7.0:168:1320. The average
thickness of the mesoporous shell was 50 nm. The CSSN20 and CSSN70
particles were synthesized according to a similar procedure, using various
quantities of TEOS (see Supporting Information). The average thicknesses
of the mesoporous shells were 20 and 70 nm for theCSSN20 andCSSN70
particles, respectively. The particles were collected by centrifugation
(8000 rpm, 10 min), dried for one night at 80 �C and calcined at 500 �C
for 10 h. Characteristics of the ordered mesoporous silica particles are given
in Table 1.
Synthesis of the NMP Alkoxyamine Initiators. The alkoxya-

mine 1 (Scheme 1) was synthesized according to the procedure
described previously by Nicolas et al.56 In a round-bottom flask were
introduced 1.0 g of distilled n-butyl acrylate (7.8 mmol, 1 equiv), 3.0 g of
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BlocBuilder alkoxyamine (7.9 mmol, 1.1 equiv), and 6.0 g of tert-butanol
as a solvent. The reaction mixture was degassed by nitrogen bubbling for
15 min then stirred at 100 �C in an oil bath for 1.25 h. The excess tert-
butanol was removed by evaporation, and the reaction product was
precipitated in cold pentane as a white powder. Only one diastereoi-
somer precipitated, in a 45% total yield. NMR characterization: 1H
NMR (CDCl3, 250 MHz, δ, ppm): 0.89 (t, 3H, CH3CH2CH2); 1.10
(s, 9H, (CH3)3CCH(P)); 1.18 (s, 9H, (CH3)3CN); 1.22 (s, 6H,
(CH3)2CCOOH); 1.29 (t, 6H, P(OCH2CH3)2); 1.41 (m, 2H, CH3-
CH2CH2); 1.69 (m, 2H, CH3CH2CH2); 2.17 (t, 1H, HOOCC-
(CH3)2CH2); 2.54 (d, 1H, HOOCC(CH3)2CH2); 3.25 (d, 1H, JHP =
26,1 Hz, CHP); 3.69 (m, 2H, CH2C(O)O); 4.1 (m, 4H, P(OCH2-
CH3)2); 4.45 (dd, 1H, NOCH(CH2)(COO)).

31P NMR (CDCl3,
δ, ppm): 24.7.

The alkoxyamine 2was synthesized according to a procedure adapted
from the synthesis of NHS-functionalized alkoxyamine by Vinas et al.57

In a round-bottom flask were introduced 300 mg of 1 (5.9 mmol,
1 equiv), 74.6mg of NHS (6.5 mmol, 1.1 equiv) and 10mL of THF. The
mixture was degassed by nitrogen bubbling for 5min, then 5mL of DCC
dissolved in THF were added (146 mg, 7.1 mmol, 1.2 equiv). The
solution was stirred under nitrogen at 0 �C during 2 h. At the end of the
reaction, the dicyclohexylurea byproduct precipitate was eliminated by
filtration. The excess THF was evaporated and 2was precipitated in cold
pentane, as a sticky solid, soluble in dichloromethane and chloroform.
NMR characterization: 1H NMR (CDCl3, 200 MHz, δ, ppm): 0.89 (t,
3H, CH3CH2CH2) ; 1.05 (s, 9H, (CH3)3CCH(P)); 1.13 (s, 9H,
(CH3)3CN); 1.24�1.7 (6H, P(OCH2CH3)2 � 6H, HOOCC(CH3)2-
CH2� 2H, CH3CH2CH2� 2H, CH3CH2CH2); 2.23 (t, 1H, HOOCC-
(CH3)2CH2); 2.66 (d, 1H, HOOCC(CH3)2CH2); 2.74 (s, 4H,
C(O)CH2CH2C(O)); 3.19 (d, 1H, JHP = 31 Hz, CHP); 3.70 (m, 2H,

CH2C(O)O); 4.1 (m, 4H, P(OCH2CH3)2); 4.56 (dd, 1H, NOCH-
(CH2)(COO)).

31P NMR (CDCl3, δ, ppm): 29.9 ppm.
For the synthesis of the alkoxyamine 3, 0.5 g of alkoxyamine 2 (8.24�

10�1 mol, 1 equiv) and 20 g of dichloromethane were introduced in a
round-bottom flask. The reaction mixture was degassed by nitrogen
bubbling for 15 min. In a separated flask, 133 mg of 3-aminopropyldi-
methylethoxysilane (8.24� 10�4 mol, 1 equiv) were dissolved in 5 mL
of dichloromethane, under nitrogen. This mixture was added via a
syringe into the first flask, and the reactionmixture was stirred for 2.5 h at
room temperature. At the end of the reaction, the excess dichloro-
methane was evaporated under reduced pressure, and a white oil was
obtained. The crude oil was dissolved in cold ether in order to precipitate
the excess remaining NHS, and the alkoxyamine 3 was obtained as a
transparent oil (85% yield). NMR characterization: 1H NMR (CDCl3,
200 MHz, δ, ppm): 0.1 (s, 6H, (CH3)2Si); 0.55 (t, 2H, SiCH2CH2);
0.89 (t, 3H, CH3CH2CH2); 1.05�1.6 (9H, (CH3)3CCHP; 9H,
(CH3)3C�N; 6H, P(OCH2CH3)2; 6H, HOOCC(CH3)2CH2; 2H,
CH3CH2CH2; 2H, CH3CH2CH2; 3H, CH3CH2OSi; 2H, SiCH2CH2);
1.90 (m, 1H,HOOCC(CH3)2CH2) ; 2.37 (d, 1H,HOOCC(CH3)2CH2);
2.57 (s, 1H, NH); 2.87 (m, 1H, CH2NH); 3.2 (m, 1H, CH2NH); 3.19 (d,
1H, JHP = 25.7 Hz, CHP); 3.53 (q, 2H, CH3CH2Osi); 3.81 (m, 2H,
CH2C(O)O); 4.10 (m, 4H, P(OCH2CH3)2) ; 4.38 (dd, 1H, NOCH-
(CH2)(COO)).

31P NMR (CDCl3, δ, ppm): 24.2 ppm.
Grafting of the Alkoxyamine 3. The mesoporous silica samples

were exposed to a water saturated atmosphere during 12 h at room
temperature and then dried at 100 �C under vacuum for 1 h in order to
eliminate any physisorbed water in the pores. This protocol enables the
creation of a maximum of silanol functions on the silica surface, thus
favoring future functionalization. The silylated alkoxyamine 3 was
introduced in dry toluene under a nitrogen flow (1 mol 3 L

�1), and the

Scheme 1. Synthetic Scheme for the SG1-Based Alkoxyamine Initiator 1 Used as a Free Initiator in This Work

Table 1. Characteristics of the Ordered Mesoporous Silica Particles Used in This Work

name particle morphology mesopore ordering Dpore,
a nm Dcore, nm Sspe,

a m2
3 g

�1 Vp,
a cm3

3 g
�1

S St€ober spherical silica particles. / / 340 8.9 /

CSSN20 core�shell spherical nanoparticles radial 2.1 410 210 0.16

Monodisperse (shell thickness =20 nm)

CSSN50 Core�shell spherical nanoparticles radial 2.2 400 315 0.32

monodisperse (shell thickness =50 nm)

CSSN70 core�shell spherical nanoparticles. radial 2.4 380 430 0.39

monodisperse (shell thickness =70 nm)

MSU ill-defined shape (MSU-Brij56) 2D hexagonal 5 / 760 1.07

polydisperse (500 nm to 5 μm)

SBA ill-defined shape (SBA-15) 2D hexagonal 10 / 490 0.97

polydisperse (500 nm to 5 μm)
aData measured by nitrogen adsorption except for S silica. Dpore, mesopore average diameter; Sspe, specific surface area; Vp, porous volume.
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solution was transferred into a purged flask containing mesoporous
silica. A proportion of approximately 2 alkoxyamine molecules per nm2

of silica surface was respected, the theoretical number of available surface
silanol groups being considered equal to 5 OH/nm2. The mixture was
stirred for 12 h at 35 �C under nitrogen, then the ungrafted molecules
were removed from the silica powder by five cycles of centrifugation �
solvent replacement, in toluene and dichloromethane. The grafted silica
was collected and dried under vacuum before characterization. See
Table 2 for the characterization data.

The initiator grafting density (GI) was calculated according to eq 1 in
which W % is the weight loss between 120 and 800 �C determined by
thermogravimetric analysis (TGA), NA is Avogadro’s number, Minitiator

is themolar mass of the initiator calculated by subtracting themolar mass
of the �Si-OEt anchoring group, Sspe is the specific surface area of the
mesoporous silica samples.

GI ¼
W%initiator þ silica

100�W%initiator þ silica
� W%silica

100�W%silica

Minitiator � Sspe

� NA ðmolecule=nm2Þ ð1Þ
Procedure for Surface-Initiated Nitroxide-Mediated Po-

lymerization of Styrene (SI-NMP). In a typical experiment (NMP
of styrene fromCSSN50 particles,CSSN50-St in Table 3), the initiator-
grafted silica particles (401 mg, 5.4� 10�5 mol grafted initiator, 10 mol
% of the total initiator content) and free alkoxyamine initiator 1 (248mg,
4.9� 10�5 mol, 90 mol % of the total initiator content) were introduced
in a round-bottom flask. Along with 1 g of dimethylformamide, 14.1 g of
styrene were added in the flask (135 mmol, 250 equiv of the total
initiator content) and the reaction mixture was degassed by nitrogen
bubbling for 30 min. The polymerization was carried out at 115 �C for
300 min, and aliquots were regularly withdrawn at regular time intervals
for kinetic analysis. Monomer conversion was calculated from the
proton NMR spectrum of a raw aliquot using DMF as an internal
standard (see Supporting Information). At the end of the polymeriza-
tion, the polymer-grafted hybrid particles were recovered by centrifuga-
tion and carefully washed at least five times with dichloromethane or
tetrahydrofuran. After evaporation of the excess solvents, the free
polymer was analyzed by size exclusion chromatography.

The experiment SBA-St was carried out in three separated flasks and
the polymerization was stopped at different time intervals. This proce-
dure allowed the free and grafted chains macromolecular characteristics
to be compared at each time.

The grafted polymer chains were cleaved from the hybrid silica
particles using hydrofluoric acid according to the procedure described
in ref 58. Dichloromethane was then added in order to dissolve the
previously grafted chains, and HF was eliminated by water extraction
until neutral pH. Polymer grafting density, GP, was calculated according

to eq 2, in which W % is the weight loss between 120 and 800 �C
determined by TGA andMn,grafted is the number-average molar mass of
the grafted polystyrene chains. The experimental conditions for all
surface-initiated NMP of styrene are summarized in Table 3.

GP ¼
W%initiator þ silica þ polymer

100�W%initiator þ silica þ polymer
� W%initiator þ silica

100�W%initiator þ silica

Mn, graf ted � Sspe

� NA ðchains=nmÞ ð2Þ
Characterization Methods. Proton (250 MHz) and carbon 13

(62.5 MHz) NMR analyses were performed in CDCl3 using an AC250
Bruker spectrometer. The number-average molar mass (Mn), the
weight-average molar mass (Mw) and the molar mass distribution
(dispersity ^ = Mw/Mn) of the obtained polystyrene were determined
by size exclusion chromatography (SEC) using tetrahydrofuran (THF)
as an eluent at a flow rate of 1 mL 3min�1. The SEC apparatus was
equipped with a Viscotek VE 5200 automatic injector, two columns
thermostated at 40 �C(PSS SDV, linearM, 8mm, 300mm, particle size = 5
μm, mixed bed columns, separation range 102�106 g mol�1, and a
differential refractive index detector (LDC Analytical refractoMonitor
IV). The average molar masses were derived from a calibration curve
based on polystyrene standards from Polymer Standards Service
(separation limits: 260 to 2 � 106 g 3mol�1). The hydrodynamic dia-
meters of the particles were determined by dynamic light scattering with
a Zetasizer Nano S90 apparatus from Malvern. Thermogravimetric
analyses (TGA) were performed on a TGA Q50 from TA Instrument
using a temperature ramp from 20 to 800 at 20 �C 3min�1 (the weight
loss is denoted W %). Fourier transform infrared (FTIR) spectra were
recorded from KBr pellets at room temperature using a Nicolet Avatar
FTIR spectrometer. Transmission electron microscopy (TEM) images
were taken with a JEOL JEM 100CX II (100 kV) instrument. The
samples dispersed in ethanol were dropped onto a carbon-coated copper
grid and dried before TEM analysis. Powder X-ray diffraction (XRD)
patterns were recorded by using a conventional diffractometer (Philips
PW1820) operating in reflection geometry (θ�2θmode) withCu (KR)
radiation (λ = 0.15418 nm). Porosity was characterized by N2 adsorp-
tion/desorption curves obtained with a Micromeritics ASAP2010 appa-
ratus. Surface area value and pore size distribution were obtained with
the corrected BET equation and Broekhoff and de Boer models,
respectively.59 All measurements were performed on calcined powders.

’RESULTS AND DISCUSSION

Synthesis and Functionalization of Ordered Mesoporous
Silica Particles. The MSU and SBA ordered mesoporous silica
particles were synthesized via hydrolysis/condensation of tetra-
ethoxysilane in the presence of either poly(ethylene oxide)
hexadecyl ether (Brij 56) (for MSU) or poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) triblock copo-
lymer (Pluronic P123) (for SBA) used as templates (Table 1).
The MSU and SBA particles had an ill-defined shape, but an
ordered arrangement of the cylindrical mesopores with a narrow
pore size distribution as observed by transmission electron
microscopy (Figure 1). The 2-dimensional hexagonal ordering
of the mesopores was checked by powder X-ray diffraction (see
Figure SI-1 in Supporting Information). The MSU and SBA
particles exhibited pore diameters of 5 and 10 nm and specific
surface areas of 760 and 490 m2

3 g
�1 respectively (see Table 1).

The synthesis of well-defined, submicrometric, spherical OMS
particles (diameter below 550 nm) was performed to design a
series of particles exhibiting an increasing ratio of the overall
specific surface area over the external surface area. In this spirit,

Table 2. Characteristics of the Silica Particles Functionalized
with the Alkoxyamine Initiator 3

sample name

W %120�800,

initiator grafted silica
a

W %120�800,

silica
a GI,

b molecule 3 nm
-2

S-3 2.1 1.02 1.90

CSSN20�3 6.9 1.54 0.26

CSSN50�3 9.7 1.51 0.26

CSSN70�3 12.2 2.82 0.24

MSU-3 30.3 0.90 0.51

SBA-3 18.8 3.80 0.36
aW %120�800: weight loss between 120 and 800 �C (TGA analysis).
b GI: initiator grafting density calculated using eq 1.



2581 dx.doi.org/10.1021/ma200354r |Macromolecules 2011, 44, 2577–2588

Macromolecules ARTICLE

St€ober silica particles (S) were used to synthesize core�shell
spherical particles (CSSN)26 composed of a dense silica core and
an organized mesoporous shell (Figure SI-2 in Supporting
Information) with mesopores having a radial orientation. Meso-
pore diameters of about 2 nmwere obtained using cetyltrimethy-
lammonium bromide as a template at basic pH, and the meso-
porous shell thickness of CSSN20, CSSN50, and CSSN70
samples were evaluated at 20, 50, and 70 nm, respectively, by
transmission electron microscopy (see Figure 1 for CSSN70
shown as an example). The pores exhibited a radial orientation as
illustrated by the TEM images (Figure 1) and already discussed
in our previous article.60 It is thus reasonable to assume that the
pore lengths are directly related to the mesoporous shell thick-
ness. The values of the specific surface area and porous volume of
each sample are gathered in Table 1.
An alkoxyamine initiator system based on the nitroxide SG1

was selected for our study. SG1 is a very efficient deactivating
radical, which usually ensures a good control over the NMP of
styrene.61,62 Alkoxyamines dissociate under heating into a pro-
pagating radical and the nitroxide.34 A 100% initiation efficiency
can be attained leading to well-controlled polymer chains. The
alkoxyamine 1, used as a free (i.e., sacrificial) initiator, was syn-
thesized by radical addition of BlocBuilder onto n-butyl acrylate
(Scheme 1).56 The reaction was performed in tert-butanol and a
pure product was obtained after precipitation. This method,
which exploits the difference of reactivity between alkoxyamine 1
and BlocBuilder, was previously used to synthesize functional
alkoxyamines.56,63 The silylated alkoxyamine 3 used for grafting
was synthesized from 1 by modifying the carboxylic acid into an
activated N-succinimidyl ester42,57 to form the alkoxyamine 2,
followed by subsequent addition of 3-aminopropyldimethy-
lethoxysilane (Scheme 2). A monoalkoxysilane reactive group
was chosen in order to avoid the formation of multilayers during
the grafting step. The initiator grafting densities reported in
Table 2 were exceptionally high for the St€ober silica particles and
remained very good for the mesoporous particles, i.e., in the 0.26
to 0.51molecule.nm�2 range, which is high when considering the
size of the SG1-based alkoxyamine molecule.39 Both the alkox-
yamines 1 and 3 have the same structure, which is important for

controlling the initiation in a similar manner in the solution (free
chains) and at the surface (grafted chains). A comparable strategy
based on activated ester had been proposed to synthesize
silylated ATRP initiators64 or to graft alkoxyamines.65,66 Other
methods to prepare silylated SG1-based alkoxyamines were
described in the literature by Bourgeat-Lami et al.24,45 and Billon
et al.25,67,68

Kinetics of SI-NMP from Ordered Mesoporous Silica. The
polymerization kinetics were monitored by 1H NMR analysis of
the remaining styrene in the samples taken at various times; for
this purpose DMF was used as an internal reference (see Figure
SI-3 in the Supporting Information). For the silica particles
exhibiting a low specific surface area, the fraction of grafted
initiator was 10 mol % (S-St, CSSN20-St, CSSN50-St, and
CSSN70-St), while it was 50mol % forMSU-St and SBA-Stwith
large specific surface areas. In all cases, the initial overall con-
centration of alkoxyamine was the same, so as to target a similar
chain length at full conversion (the final number-average degree
of polymerization was 250). The experimental conditions are
shown in Table 3 and the results are summarized in Table 4, in
comparison with a model bulk polymerization of styrene con-
ducted in the absence of silica (named B-St).
In all cases, for a similar polymerization time, the final con-

versions were not very different and the concentrations of
propagating radical and released SG1 were quite comparable
(in all cases the ln(1/(1-x)) versus time plots were linear, see
Supporting Information). The slowest polymerization was found
for SBA-St, while the fastest one was for MSU-St. The average
proportion of released SG1 (also giving the proportion of dead
chains)70 was close to 20%, similar to the value found for the
polymerization conducted in the absence of silica. From these
kinetic results no particular trend could be found, i.e., no decisive
influence of parameters such as the silica specific surface area, its
overall morphology or the proportion of grafted initiator.
The free polymer chains from samples taken at various times

were analyzed by size exclusion chromatography. The results are
given in Table 5 and illustrated in Figure 2 for the samples S-St,
CSSN20-St,CSSN50-St, andCSSN70-St and in Figure 3 for the
samplesMSU-St and SBA-St. For all systems exceptMSU-St, the
experimental Mn points fitted well with the theoretical values
and the dispersities were low, in the expected range for nitro-
xide-mediated polymerization.61 These results are in agreement
with a high initiator efficiency: 100% for S-St, CSSN20-St, and
CSSN70-St, 92% forCSSN50-St and 87% for SBA-St, calculated
from the ratio of Mn,th over Mn,free. For the samples collected
from theMSU-St experiment, theMn data were above the theo-
retical line with an initiator efficiency of 71%. Also illustrated in
Figures 2 and 3 are the size exclusion chromatograms of the free
chains, which exhibit a very clear shift with monomer conversion

Table 3. Experimental Conditions Used for the SI-NMP of
Styrene Performed at 115 �C from St€ober and OMS Particles
Grafted with the Alkoxyamine 3, in the Presence of Free
Alkoxyamine 1a

sample name wt % SiO2
b % grafted initiatorc DPn,th

d

B-Ste 0 0 250

S-St 10 10 256

CSSN20-St 3.7 8 250

CSSN50-St 2.4 10 249

CSSN70-St 2.0 10 250

MSU-St 2.6 50 249

SBA-St 5.3 50 253
a [St]0 = 7.5�7.9 mol 3 L

�1; initial concentration of grafted and free
alkoxyamines: [1 þ 3]0 = 30 mmol L�1; [DMF] = 1.1�1.6 mol 3 L

�1.
bWeight fraction of silica in the polymerization medium. cMolar ratio of
grafted initiator 3 compared to the total alkoxyamine content = [3]0/
[1 þ 3]0

dDPn,th = [St]0/[1 þ 3]0 is the theoretical number-average
degree of polymerization at full conversion. eModel bulk polymerization
of styrene conducted in the absence of silica; the initiator used was the
alkoxyamine 1.

Figure 1. Transmission electron micrographs of the ordered mesopor-
ous silica particlesMSU (left) and CSSN70 (middle and right) used in
this work.
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along with a symmetrical and narrow shape, confirming the living
character of the polymerizations.
In a next step, the final hybrid samples were carefully washed

to remove all free chains and were analyzed by TGA to determine
the amount of grafted polymer (Table 5). Upon treatment with
HF to dissolve the silica component, the grafted polymers were
collected and further analyzed by SEC (Table 5, Figure 4). The
weight percentage of grafted initiator and polymer was low (5 wt%)
for the St€ober silica with the lowest specific surface area. It
increased to 35�38 wt % for the core�shell particles, was close
to 60 wt % for the SBA-St experiment and reached a value as high
as 87 wt % for theMSU-St experiment. From the weight percent
loss values provided by the TGA analysis and assuming a density
of 1 for the organic matter, one can calculate the volume (cm3) of
the organic phase per gram of pure silica (see Table 5). These
values can be compared with the porous volume values Vp

(calculated in cm3
3 g

�1) of the particles given in Table 1.
Interestingly they were always larger than Vp, indicating that the
inner volume was possibly filled but that polymer chains also

grew from the outer surface. The largest difference was found for
the experiment MSU-St, in which the OMS particles exhibited
the highest specific surface area and also the highest initiator
grafting density.
The number-average molar mass and dispersity values of the

grafted chains are reported in Table 5 and the size exclusion
chromatogram overlays of the free and grafted chains are shown
in Figure 4 for the experiments S-St and CSSN50-St. It appears
very clearly that the grafted chains initiated from the CSSN50
particles exhibited a broader MMD than the free ones, along with
slightly higher Mn values. In contrast, for the St€ober particles, a
very good overlap was observed. As shown in Figure 5, the final
MMDs of the polymers grafted from all mesoporous particles
were very similar: they displayed a main narrow peak shifted
toward the higher molar mass values by comparison with the free
chain peak, along with shoulders or tailings on both sides.
The surface fraction of shoulder and tailing in comparison with
the main peak depended on the type of silica substrate. The
dispersity was the lowest (1.41) for the St€ober particles, it was

Scheme 2. Synthetic Scheme for the SG1-Based Alkoxyamine Initiator 3, Used as a Grafted Initiator in This Work

Table 4. Determination of Conversion x, Propagating Radical Concentration [P•], Released SG1Concentration [SG1]released, and
Molar Ratio R of Released SG1 Compared to the Total Initiator Concentration for the NMP of Styrene from Various Ordered
Mesoporous Silica Particles

sample name x (time), % (min) slope,a s�1 [P•], mol L�1 [SG1]released,
b mol L�1 R, %

B-Stc 65 (315) 5.6� 10�5 3.1� 10�8 6.1� 10�3 19

S-St 56 (300) 4.8� 10�5 2.7� 10�8 6.7� 10�3 22

CSSN20-St 62 (300) 5.7� 10�5 3.2� 10�8 5.8 � 10�3 19

CSSN50-St 63 (300) 5.7� 10�5 3.1� 10�8 5.8� 10�3 19

CSSN70-St 62 (302) 5.9� 10�5 3.2� 10�8 5.8� 10�3 18

MSU-St 70 (306) 6.9� 10�5 3.8� 10�8 4.9� 10�3 16

SBA-St 52 (300) 4.6� 10�5 2.5� 10�8 7.0� 10�3 24
a Slope of the linear regression of ln(1/(1 � x)) versus time giving kp[P

•] and allowing [P•] to be calculated using kp = 1800 L 3mol�1
3 s
�1 at 115 �C

[69]. b [SG1]released: concentration of released SG1, calculated from [P•] and from the activation�deactivation equilibrium according to [SG1] =K[1þ
3]0/[P

•] with K, the activation�deactivation equilibrium constant =6.0 � 10�9.61 cBulk polymerization of styrene in the absence of silica.
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close to 2 for the core�shell (CSSN) and MSU particles, and
above 5 for the SBA-St experiments for which the shoulders were
particularly pronounced (Figure 5b).
From Mn of the grafted chains and TGA values, the poly-

mer grafting density, Gp, was calculated via eq 2 to be below
0.2 chain 3 nm

�2 (Table 5) for the mesoporous structures,
significantly below the corresponding initiator grafting densities,
GI, reported in Table 2. Indeed, the grafted initiator efficiency
calculated by Gp/GI (Table 5) was close to 10% for the St€ober
particles (with a significant error on the value due to the low
amount of grafted polymer), close to 20% for the core�shell
silica, close to 30% for the SBA particles (at final conversion) and
close to 40% for the MSU particles.
For the SBA-St experiment, three runs were performed and

stopped at various times to follow the free and grafted poly-
mer chain features as a function of monomer conversion. The
corresponding SEC peaks are shown in Figure 6. In this experi-
ment, the grafted initiator efficiency varied from 0.20 at 32%
conversion, to 0.27 at 47% conversion, and finally to 0.31 at 53%
conversion. The MMD of the grafted chains exhibited a main
narrow peak clearly shifted with monomer conversion and two
large shoulders on both sides, which did not seem to change very
significantly in elution volume nor in intensity with respect to the
main peak. Such multimodal shape of the SEC peaks was
observed in the above-mentioned experiments, but the shoulders
were generally less pronounced. It was also described in ATRP
systems previously studied in our group,29 with an even larger
contribution of the low molar mass shoulder compared with the
main narrow peak. In that previous work, with the help of
MALDI-TOF mass spectrometry analysis, the low molar mass
shoulder was assigned to dead chains formed early in the
polymerization process, whereas the narrow peak was attributed
to living chains.29 When the narrow peaks are compared for the
grafted (Figure 6a) and the free (Figure 6b) chains, it appears
that the former have their maximum (Mp) at higher molar mass.
This result can be explained by different chain growth kinetics in
the porous volume and in the solution, possibly due to differing
concentrations of the reactants.

’DISCUSSION

The polymerization kinetics were shown to be independent of
the OMS particle morphology and remained close to that of the
experiment performed in bulk. This is expected, considering that

the initial concentration of alkoxyamine was the same in all
polymerizations. However, the reactions differed in the propor-
tion of grafted initiator (10% for the experiments S-St, CSSN20-
St, CSSN50-St, andCSSN70-St; 50% for the experimentsMSU-
St and SBA-St) and in the grafted initiator efficiency (see
Table 5) (the efficiency of the free initiator was considered to
be 100%). In the experiments, with only 10% of grafted initiator,
the grafted initiator efficiency, calculated on the basis of the GP/
GI ratio, was approximately 20% for the CSSN particles, which
means that 80% of the grafted alkoxyamine, i.e. 8% relative to the
overall initial concentration, were not active. In consequence,
the polymerization kinetics were mainly governed by the free
initiator concentration. In the cases where 50% of the alkoxyamine
was grafted, the grafted initiator efficiency reached 30% for the
experiments SBA-St and 40% for the experiments MSU-St.
Consequently, for the experiments SBA-St, 70% of the grafted
alkoxyamine was inactive (i.e., 35% of the overall concentration),
and for the experimentMSU-St, 60% of the grafted alkoxyamine
was inactive (i.e., 30% of the overall concentration). Those last
values are above the proportion R of released SG1 given in
Table 4. This means that, even though all alkoxyamines should
similarly dissociate under the high temperature condition of the
polymerization medium, either part of the produced radicals
recombine with SG1 without adding monomer units (or a very
small number), or part of the released SG1 remains trapped by
adsorption at the silica surface.

The highest values of the polymer grafting density, Gp, were
found for the St€ober and theMSU particles (0.14 and 0.20 chain.
nm�2 respectively; see Table 5). For the latter, the calculation was
made considering the whole surface, which indicates a good
accessibility of the inner volume to the grafting and polymerization
reactions, for an average pore diameter of 5 nm, a specific surface
area of 760 m2

3 g
�1, a porous volume of 1.07 cm3

3 g
�1 and large

mesoporous particles (Table 1). In the case of the SBA-St
experiment (pore diameter of 10 nm, Sspe = 490 m2

3 g
�1 and Vp

= 0.97 cm3
3 g
�1), large mesoporous particles; Table 1), the

polymer grafting density was lower and increased from 0.071 to
0.11 chain 3 nm

�2 with the monomer conversion (Table 5). For
this SBA silica, the initiator grafting density was also lower than
that found for the MSU silica. Focusing now on the CSSN silica
particles with pore diameters of 2.1 to 2.4 nm, the polymer grafting
density was in the 0.04�0.06 chain 3 nm

�2 range, whereas it was
0.24�0.26 molecule 3 nm

�2 for the initiator grafting density,
irrespective of the specific surface area and the porous volume,

Table 5. Characteristics of the Polystyrene Chains Grown from Ordered Mesoporous Silica Particles at Final Conversion (x)

sample name x (time), % (min) W %,a % Vorganic,
bcm3

3 g
�1 Mn,th,

c g mol�1 Mn,free,
c g mol�1 ^free Mn,grafted,

c g mol�1 ^grafted Gp,
d chain 3 nm

�2 Gp/GI

B-St 65 (315) / / 17 400 15 850 1.14 / / / /

S-St 56 (300) 5 0.05 15 400 13 650 1.18 15 000 1.41 1.4� 10�1 0.07

CSSN20-St 62 (302) 35 0.54 16 750 15 250 1.18 18 100 1.79 5.5� 10�2 0.21

CSSN50-St 63 (300) 38 0.61 16 830 17 050 1.17 16 200 2.45 5.9� 10�2 0.23

CSSN70-St 62 (302) 37 0.59 16 630 16 000 1.20 17 900 1.97 3.5� 10�2 0.15

MSU-St 70 (300) 87 6.69 18 750 24 450 1.22 24 800 2.1 2.0� 10�1 0.39

SBA-St 32 (120) 58 1.38 8950 11 400 1.25 13 200 5.3 7.1� 10�2 e 0.20

SBA-St 47 (210) 60 1.50 12 924 13 700 1.18 15 900 5.2 9.8� 10�2 e 0.27

SBA-St 53 (300) 62 1.63 14 250 15 900 1.17 15 740 7.25 1.1� 10�1 e 0.31
aWeight loss of polystyrene-functionalized silica (i.e., initiator and polystyrene) between 120 and 800 �C, determined by TGA. bVolume of the organic
matter per gram of silica calculated as follows:Vorganic =W%/(100�W%), considering that the volumicmass of the organic part was 1 g 3 cm

�3. c Mn,th,
Mn,free, andMn,grafted are respectively the theoretical number-average molar mass, theMn of the free chains, and theMn of the grafted chains.

dGp is the
polymer grafting density calculated using eq 2. e Poor accuracy of the PSt grafting density (Gp) due to high dispersity (^grafted) of the grafted chains.
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which increased with the increase from 20 to 70 nm of the
mesoporous corona thickness (see Table 1). It is thus possible
to conclude that the efficiency of both the grafting of the
alkoxyamine and the initiation reactions do not directly depend
on the average pore diameter when this one is large enough (for

5-nm diameter pores, both reactions show a better efficiency than
for 10 nm-diameter pores). In contrast, for theCSSN particles, the
polymerization results are the same irrespective of the shell
thickness, indicating possible diffusion limitation that might be
assigned to the small pore size. In addition, the overall particle size,
i.e., the size of the porous domain, does not seem to be an
important parameter for the polymer grafting density.

Figure 2. (a) Evolution of the number-average molar mass Mn,free and
of the dispersity ^ = Mw/Mn for the free chains isolated in the
polymerization of styrene in the presence of various silica particles:
St€ober silica S-St (o), dense core�mesoporous shell silica CSSN20-St
(�),CSSN50-St (Δ) andCSSN70-St (0), in the presence of 90 mol %
of free initiator. The straight line represents the theoretical evolution of
Mn,free calculated on the basis of the overall alkoxyamine initial con-
centration. (b) Size exclusion chromatograms of the free chains as a
function of monomer conversion for the experiment CSSN50-St.

Figure 3. (a) Evolution of the number-average molar mass Mn,free and
of the dispersity ^ = Mw/Mn for the free chains isolated in the
polymerization of styrene in the presence of various silica particles:
SBA-St (þ) and MSU-St (b) in the presence of 50 mol % of free
initiator. The straight line represents the theoretical evolution ofMn,free

calculated on the basis of the overall alkoxyamine initial concentration.
(b) Size exclusion chromatograms of the free chains as a function of
monomer conversion for the experiment MSU-St.
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The molar mass distribution of the grafted polymer had a
similar shape for all OMS particles: a main narrow peak shifted
toward the higher molar mass values with the progress of the
polymerization, in agreement with the behavior of a living polymer,
and shoulders or tailings on both sides. The proportion of the
latter, in comparison with the main peak, depended on the type

of silica substrate. For the St€ober particles, a narrow peak,
without tailing was observed. It is thus clear that the mesoporous
structure of the substrate had a significant influence on the
polymer chain growth. Such a broad MMD might be related to
several parameters: (i) a nonuniform concentration of SG1 in the

Figure 4. Size exclusion chromatograms of the final free (---) and
grafted (—) polymer chains for the experiments S-St (a) and CSSN50-
St (b).

Figure 5. (a) Overlay of the SEC peaks for the final grafted chains of the
experiments: S-St (purple � 3�), CSSN20-St (black �), CSSN50-St
(pink ---), and CSSN70-St (green 3 3 3 ); (b) overlay of the SEC peaks
for the final grafted chains of the experiments CSSN50-St (pink ---),
MSU-St (blue �), and SBA-St (brown 3 3 3 ).
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porous volume, leading to variable lifetimes of the propagating
radicals inducing the formation of short chains when the local
SG1 concentration is high and long chains when the concen-
tration is low; (ii) a nonuniform concentration of monomer
affecting the local rate of propagation; (iii) a nonuniform chain

mobility and/or a nonuniform radical concentration affecting the
rate of irreversible termination. Surprisingly, the broadening of
the MMD was the most pronounced for the SBA particles with
significant populations of short and long chains (Figures 5 and
6), even though the pore diameter was the largest. As shown in
Table 4, the experiment SBA-Stwas also the one with the highest
amount of released SG1, i.e., the highest amount of dead chains.
Such behavior has already been reported for SBA-15.27 The
specific porous structure of SBA-15 is probably playing a major
role. In particular, the distribution of micropores strongly
depends on the synthetic procedure.71 Our SBA particles were
specially treated in order to limit the formation of micropores
(see Supporting Information) and were therefore mainly con-
stituted of long pore channels without interconnection between
them. This situation is not favorable to a rapid diffusion of the
reactive species. For the CSSN particles with very small pore
diameters, one may suspect that a major part of the polymerization
takes place in a restricted volume close to the external surface of the
porous shell, in which diffusion of the reactants remains possible
and sufficiently fast. However, longer porous channels seem to
entail a higher dispersity of the grafted chains. The pore morphol-
ogy of the CSSN particles resembles that of SBA with parallel
channels with few interconnections. For the MSU particles, the
situation is the most favorable (far better than SBA or CSSN) and
was also very good in previously published ATRP experi-
ments.20 This effect is likely to result from the combination of a
large enough mesopore size and a highly connected mesoporous
network.72 Homogeneous and fast monomer and nitroxide diffu-
sion for reaching reactive sites is thus facilitated if compared to
monodimensional and noninterconnected mesoporous networks
which have been proved to be less efficient formolecular diffusion.72

’CONCLUSION

The surface-initiated nitroxide-mediated polymerization of
styrene was performed from various types of ordered mesopor-
ous silica particles with different morphologies and pore sizes,
using an SG1-based alkoxyamine initiator. The polymerization
kinetics were similar in all cases, even though the proportion of
grafted initiator was different. The most important difference
appeared in the molar mass distribution. From the results obtained
in this work, it can be concluded that (i) pore diameters of 2 nm
are too small to ensure a good diffusion of the reactants, while
5 nm seems to be adequate and (ii) for sufficiently large pore
sizes (g5 nm), the porous morphology of the particles is of high
importance, in particular the pore connectivity. In consequence
the best-suited OMS silica structure was the MSU-Brij56
exhibiting 5 nm of mesopore diameter and a highly connected
mesoporous network.
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