Macromolecules

ARTICLE

Macromolecules 2009, 42, 5983-5995 5983
DOI: 10.1021/ma9003506

Mechanistic Insight into Surface-Initiated Polymerization of Methyl
Methacrylate and Styrene via ATRP from Ordered Mesoporous Silica

Particles

Pamela Pasetto,” Hélene Blas,” Fabrice Audouin,” Cédric Boissiere,* Clément Sanchez,*

Maud Save,* "8 and Bernadette Charleux*"'

" Laboratoire de Chimie des Polyméres (UMR 7610) and *Laboratoire de Chimie de la Matiére Condensée
(UMR 7574), UPMC and CNRS, Université Paris 6, 4 place Jussieu, 75252 PARIS Cedex 05, France.
SPresent address: IPREM Equipe Physique et Chimie des Polyméres, UMR 5254, Université de Pau et des
Pays de I’Adour and CNRS, Technopole Hélioparc, 2 Av Président Angot, 64053 PAU Cedex 9, France

Received February 17, 2009; Revised Manuscript Received May 30, 2009

ABSTRACT: Hybrid materials were synthesized by grafting polymer chains from the surface of ordered
mesoporous silica (OMS) particles via surface-initiated atom transfer radical polymerization (SI—ATRP) of
methyl methacrylate or styrene. Various types of OMS particles were used as substrates: micrometric particles
with ill-defined shape and varying mesopore diameters (9—14 nm), submicrometric polydisperse spherical
OMS particles, and monodisperse core—shell particles composed of a dense silica core and an OMS shell, the
latter two materials exhibiting ordered mesopores (diameter 2.5 nm) with radial orientation. This work
proposes a systematic investigation of the molar mass, molar mass distribution and chain-end structure of
both the grafted chains grown from the silica surface and the free chains produced in solution from an
additional free initiator. The polymerizations of methyl methacrylate and styrene were perfectly controlled in
the homogeneous medium via the ATRP mechanism whereas the study of the grafted chains highlighted the
formation of a large fraction of dead species together with the expected population of living chains. The
influence of the polymerization conditions and of the OMS particle structure on the occurrence of the
extensive termination reactions was studied and discussed.

Introduction

Functionalization of mesostructured silica has attracted con-
siderable research interest in the past few years due to their large
specific surface area, high internal volume, narrow pore size
distribution, and stable mesoporous structure.'* Functional
materials based on ordered mesoporous silica (OMS)? offer
new potential appl1cat10ns for instance, in the biomedical field,
such as blocataly51s bone tissue engmeermg, controlled drug
dehvery, or stimuli-responsive nanovalves.’ Polymer—silica
composites structured by ordered mesoporous silica have also
gained attention in the recent years for the development
of specific materials for biomolecule adsorption,® enzyme im-
mobilization,’ temperature-responsive 1burprofen release,lo
thermosensitive vehlcles for cellular imaging,'" catalysis,® opto-
electronic devices,'? or the synthesis of mesoporous carbon via
the carbomzatlon of 1ncorporated polyacrylonitrile."® Those
materials were obtained either via in situ free-radical polymeri-
zation, after adsorption of vinyl monomers as a thin layer on the
pore walls,>>'> or via atom transfer radical polymerization
initiated from the functional surface of the mesopores.'®

Since the emergence of controlled/living free-radical polymer-
ization (CRP)" techniques, the number of studies concerning
the functionalization of inorganic surfaces via surface-initiated
polymerization (the so-called grafting from method) has con-
tinuously increased. Indeed, the simultaneous growth of
all polymer chains from the surface enables covalent attach-
ment of a homogeneous polymer layer exhibiting high grafting
density.”>""" Among the CRP techniques, nitroxide-mediated
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radical polymerization (NMP),'® atom transfer radical polymer-
ization (ATRP)"”?° and reversible addition—fragmentation
chain transfer (RAFT)?' are the most popular routes. The
preparation of organic/inorganic nanocomposites via surface-
initiated  controlled  free-radical  polymerization  (SI—
CRP) through these techniques has been reviewed by several
authors.” Among the various inorganic substrates used for
grafting polymer chains via SI-CRP, colloidal silica particles
have been extensively studied.”® " The best conditions to achieve
a controlled/living free-radical polymerization were defined. In
particular, in the case of ATRP and NMP, the addition of a
sacrificial initiator solubilized in the continuous phase was shown
to enhance the living character of the polymerization by favoring
the productlon of deactivator (the so-called persistent radical
effect’"). Most of the studies demonstrated that the molar mass of
the free chains produced by the sacrificial initiator matched those
of the grafted chains, both types of chains exhibiting narrow
molar mass distributions.”®> To a lesser extent, some research
groups have been interested in the formation of polymer brushes
via SI—CRP from ordered mesoporous silica. Most of the studies
focused on SI~ATRP and various OMS particles synthesized
with different templates were used as substrates, such as SBA-15
(SBA for Santa Barbara),'®!'**> MCM-41 (MCM for Mobil
composmon of matter), 3 MSU (MSU for Michigan State
University),** spherical OMS nanoparticles,'' or even core—shell
or hollow spherical OMS nanoparticles.>> The preparation of
nanocomp051te matenals from OMS (MCM-41) was also re-
ported via SI-NMP?® or via RAFT polymerlzatlon initiated
from the outer surface of the particles.’’” However, in none of
those studies related to SI-CRP from OMS substrates, the
macromolecular features of the grdfted chains were carefully
studied. In a different way, Kruk et al.*® very recently published
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Table 1. Characteristics of the Ordered Mesoporous Silica (OMS) Particles

name characteristics of silica particles mesopore ordering D? (nm) S (m?+g™") Ve (cm®-g7h

MSU-Brij ill-defined shape 2D-hexagonal 14° 895 1.09
polydisperse (500 nm to 5 um)

MSU-P123 ill-defined shape 2D-hexagonal 9.9 455 0.61
polydisperse (500 nm to 5 um)

SBA-15 ill-defined shape 2D-hexagonal 9.0 490 0.97
polydisperse (500 nm to 5 um)

MCM-41 spherical shape radial orientation 2.8 1150 0.68
polydisperse (250—500 nm)

CSSN-105 core—shell spherical nanoparticle radial orientation 2.5 560 0.40
monodisperse (<600 nm)

CSSN-45 core—shell spherical nanoparticle radial orientation 2.2 265 0.23
monodisperse (<500 nm)

CSSN-30 core—shell spherical nanoparticle radial orientation 2.7 207 0.16

monodisperse (<500 nm)

“Data measured by nitrogen adsorption: D = mesopore diameter; Sy, = specific surface area; ¥ = pore volume. b Presence of a double porosity:
7 v-% of mesopores with 5 nm diameter and 93 v-% of mesopores with 14 nm diameter.

on ATRP of acrylonitrile, styrene, and dimethylaminoethyl
methacrylate (DMAEMA) initiated from the surface of ordered
mesoporous silica particles with mesopore diameters in the 10—
15 nm range, for the purpose of giving more complete informa-
tion on the controlled polymerization characteristics. In particu-
lar, they showed that the SI-ATRP of acrylonitrile was perfectly
controlled but that the polydispersity of the grafted polystyrene
chains increased significantly with conversion (up to 2.1—2.9)
and that the analysis of the PDMAEMA cleaved chains was
unsuccessful, presumably due to the g)rotonation of the amino
groups during hydrolysis of the silica.”®

The lack of more conclusive information on the living char-
acter of the chains produced via SI~ATRP from OMS surfaces
prompted us to investigate the ATRP of methyl methacrylate
(MMA) and styrene (S) initiated from the surface of OMS
particles with different morphologies and different pore sizes.
Our aim was to study the impact of the confined mesopore space
on the polymer characteristics. In this context, Genzer et al.*
suggested an influence of the concave substrate geometry on the
polydispersity of chains grafted via SI_ATRP. Kitagawa et al.*’
showed the impact of microchannel size (diameter < 1 nm) on the
polydispersity, tacticity and branching of polymers synthesized
by conventional radical polymerization performed inside the
microporous structure. For the present investigation, we used
various types of ordered mesoporous silica particles, all of them
exhibiting mesopores with cylindrical shape: (i) micrometric
particles with an ill-defined shape but a perfect hexagonal
ordering of the mesopores with average diameters ranging
between 9 and 14 nm and large, polydisperse lengths; (ii)
submicrometric, polydisperse, spherical OMS particles with
2.5 nm diameter mesopores exhibiting a radial orientation;
(iil) submicrometric monodisperse spherical core—shell particles
composed of a spherical silica core and an OMS shell with
ordered mesopores (diameter 2.5 nm) of short monodisperse
length (varying from 30 to 105 nm), oriented perpendicular to the
core surface. The objective was to perform SI-—ATRP from the
different substrates and to thoroughly analyze the macromole-
cular features of both the free and grafted chains by size exclusion
chromatography and mass spectrometry analyses.

Experimental Section

Materials. Methyl methacrylate (Aldrich, 99%), styrene
(Acros, 99%), toluene and triethylamine were distilled from
calcium hydride prior to use. All other reagents, tetracthoxysi-
lane (TEOS, Fluka, >99%), cetyltrimethylammonium bromide
(CTAB, Aldrich, 99%), Pluronic P123 (poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide) triblock copoly-
mer, M, ~ 5800 g-mol ™', Aldrich), Brilj 56 (polyethylene glycol
hexadecyl ether, M, ~ 680 g-mol °, Aldrich), ammonium

fluoride (NH4F, Merck), sodium fluoride (NaF, Prolabo,
98%), 5-hexen-1-ol (Alfa Aesar, 97%), 2-bromoisobutyryl bro-
mide (Alfa Aesar, 97%), chlorodimethylsilane (Alfa Aesar,
97%), dihydrogenhexachloroplatinate hexahydrate (H,PtCls,
6 H,O, ABCR, 99%), ethyl-2-bromoisobutyrate (EBiB, Alfa
Aesar, 98%), ethyl-2-bromopropionate (EBP, Alfa Aesar,
98%), Cu()CI (Aldrich, 99%), Cu(II)Cl, (Acros, 98%), Cu-
(DBr (Aldrich, 99%), Cu(I)Br, (Acros, 98%), 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA, Aldrich, 97%), N,
N,N',N',N"-pentamethyldiethylenetriamine (PMDETA, Al-
drich, 99%), and dimethylformamide (DMF) (Carlo Erba,
99.9%) were used as received.

Preparation of Ordered Mesoporous Silica (OMS) Particles.
The various OMS particles (i.e., MSU-P123, MSU-Brij, SBA-
15, and MCM-41) were synthesized according to published
protocols*! 7 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 synthe-
sized via a two-step procedure.** First, the spherical dense core
was prepared via the Stober protocol (see SN-1 and SN-2 in the
Supporting Information file). Then, formation of the mesopor-
ous shell was performed as follows. For the CSSN-45 particles, a
mixture of 400 mL of water and 60 mL of CTAB solution (110
mM, 40 mL water, 20 mL ethanol) was prepared. The crude
suspension (200 mL) of the core spherical silica nanoparticles
(SN-1) was added to the prepared mixture and stirred for 30 min
atroom temperature. Then, TEOS (4.0 g) was slowly introduced
and the reaction was performed at room temperature overnight.
The TEOS:CTAB:NH;:EtOH:H,O molar ratio used in the
present synthesis was 1:0.34:7.0:210:1325. The average thickness
of the OMS shell was 45 nm. The CSSN-30 and CSSN-105
materials were synthesized according to a similar procedure
using different volumes of the “TEOS:CTAB:NH;:EtOH:H,0”
solution and a constant volume of the SN-2 suspension of
Stober particles. The average thicknesses of the OMS shell were
30 and 105 nm for the CSSN-30 and CSSN-105 particles,
respectively.

For all silica nanoparticle syntheses (see summary in Table 1),
the precipitated powders were separated from the solution by
filtration on a Durapore GS filter or by centrifugation, dried one
night at 80 °C and calcined at 500 °C for one night (heating ramp
5 °C/min).

Grafting of the ATRP Initiator onto the Silica Surface. The
silylated initiator (see the Supporting Information for the
synthesis protocol) was mixed with dry toluene and the solution
was transferred through nitrogen flow into a purged flask
containing the mesoporous silica and dry triethylamine. In a
general procedure, the number of moles of initiator introduced
was half the theoretical number of surface hydroxyl group
(considered at 5 OH/nm?) and three molar excess of triethylamine
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Table 2. Characteristics of the initiator-functionalized silica particles

initiator-functionalized silica®

W %giica” crude silica

W Yoinitiator - silica initiator-based silica

G/¢ (initiator-nm™?)

MSU-P123-BiB 6.7
SBA-15-BiB 33
MCM-41-BiB 5.5
CSSN-105-BiB 3.0
CSSN-45-BiB 4.5
CSSN-30-BiB 1.6
SN-1-BiB (Stober particles) 0.6
MSU-Brij-BP 1.5
MSU-P123-BP 6.1

“BiB = bromoisobutyrate; BP = bromopropionate * W %
(molecule-nm2) (see Experimental Section, eq 1). “ The weight loss observed

16.6 0.6
25.1 13
21.6 0.4
233 1.0
16.3 1.2
11.7 1.3

1.6 2.1¢
27.8 0.9
17.0 0.7

weight loss between 120 and 800 °C (TGA analysis). < Initiator grafting density

in TGA being low for the Stober particles, the presence of the grafted

initiator was confirmed by elemental analysis (C 0.99%, Br 0.20%, Si43.41%) and the initiator grafting density was calculated according to the equation

previously published by Bartholome et al.:** G; = 1.5 initiator-nm >

Table 3. Experimental Conditions Used for SI-ATRP of MMA from Stober and OMS Particles Grafted with Bromoisobutyrate Initiator (BiB)“

expt functionalized silica Tsitica’ [BiB]," (mol- Lh [EBIB] (mol-L ™1 [MMA]/([BiB], + [EBiBp)?
1 none 229% 1072 200
2 MSU-P123-BiB 1.7 83x 1073 1.46 x 1072 200
3 SBA-15-BiB 0.8 7.99 x 1073 1.33x 1072 200
4 MSU-P123-BiB 1.4 9.20x 1073 1.40 x 1072 200
5 SN-1-BiB 4.7 1.59x 1073 1.61 x 1072 241
6 CSSN-30-BiB 2.2 8.56 x 1073 3.72x 1073 348
7 CSSN-45-BiB 1.8 117 x 1072 1.58 x 1072 162
8 CSSN-105-BiB 0.8 7.85x 1073 3.73%x 1073 369
9 MCM-41-BiB 1.8 1.18 x 1072 1.09 x 1072 200
10 MSU-P123-BiB 1.8 8.4x1073 0 549
11 CSSN-30-BiB 2.4 9.44 %1073 0 449
12 CSSN-45-BiB 3.9 2.69 x 1072 0 157
13 CSSN-105-BiB 13 122 x1072 0 350
14 MCM-41-BiB 1.7 1.19x 1072 0 385

“IMMA] = 4.4+ 0.2mol-L™";[DMF] = 0.65+0.15mol-L™"; [BiB+EBiB:[HMTETA]:[CuCl]:{CuCl,] = 1:1:0.80:0.20; T' = 90 °C; MMA:toluene =
50:50 (Wt:wt).  Tgrica = 100 X Mgijica/Miora is the weight content of silica in the polymerization medium with gy, being the mass of OMS particles and

Myora1 being the mass of all the introduced compounds. “[BiB], and [EBiB]corre

spond to the concentrations of the grafted BiB initiator and the free EBiB

initiator respectively, calculated for the whole reaction medium volume. d[MMA]/([BiB]g + [EBiB]y) ratio corresponds to the theoretical number-

average degree of polymerization (DP,,).

Table 4. Experimental Conditions Used for SI-ATRP of Styrene from OMS Particles Grafted with Bromopropionate Initiator (BP) in the

Presence of Ethyl-2-bromopropion:

ate (EBP) as Free Initiator”

expt functionalized silica Taitica” [BP]," (mol- L [EBP] (mol-L ™Y [SI/([BiB], + [EBiB]p?
15 MSU-P123-BP 1.5 8.9x107° 29x% 1072 200
16 MSU-Brij-BP 0.9 1.1x1072 20x 1072 200
17 MSU-Brij-BP 1.7 22x1072 49x1072 110

“[styrene] = 7.7mol-L™;[DMF] = 1.1 mol-L™'; [BP+EBP]: [PMDETA][
the weight content of silica in the polymerization medium with mg);., the mass

CuBr]: [CuBry] = 1:1:0.9:0.1; T = 90 °C. b Ttica = 100 x Milica/Miotal 1
of OMS particles and 11, the mass of all the introduced compounds.

“[BP], and [EBP]; correspond to the concentrations of the grafted BP initiator and the free EBP initiator respectively, calculated for the whole reaction
medium volume. ¢ The [SI/([BiB], + [EBiB]p) ratio corresponds to the theoretical number-average degree of polymerization (DP,,).

was used. The mixture was stirred for 16 h at 50 °C and the
ungrafted molecules were removed from the powder by centri-
fugation in methanol first and dichloromethane afterward. The
initiator grafting density (Gy) is calculated according to eq 1.

W Yeinitiator +silica _ W %ilica
G = 100 =W Yinitiator tsilica 100 =W Yhsilica

Minitiator X Ssp

x Na (molecule/nm?) (1)

W % is the weight loss between 120 and 800 °C (TGA analysis),
Ny is the Avogadro’s number, Mipiiacor 1S the molar mass of the
initiator calculated by subtracting the molar mass of the Si and
Cl atoms (Mipigiator = 280 and 266 g~mol_l for the isobutyrate-
based initiator and the propionate-based initiator, respectively),
and S, is the specific surface area. The values of G for all the
initiator-functionalized silica particles are reported in Table 2.
Procedure for Surface-Initiated ATRP of Methyl Methacry-
late and Styrene. The detailed experimental conditions for all
polymerizations are gathered in Table 3 for MMA and in Table 4
for S. In a typical experiment (expt 14, Table 3), the initiator-
grafted mesoporous silica particles (0.41 g, 2.9 x 10~* mol
initiator) and copper catalyst (23 mg CuCl, 2.3 x 10~* mol

and 7.8 mg CuCl,, 5.8 x 107> mol) were poured into a round-
bottom flask equipped with a rubber septum and subsequently
purged by two vacuum-nitrogen cycles. In a separate flask
sealed with a rubber septum, the mixture containing methyl
methacrylate (11 g, 1.1 x 10~ ! mol), DMF (1.4 g, 10 wt.-% vs
MMA), HMTETA (67 mg, 2.9 x 10~ *mol), toluene (9.3 g) and
for some experiments the required amount of “free” sacrificial
initiator was degassed by nitrogen bubbling for 30 min before
being introduced under nitrogen atmosphere via a canula into
the flask containing the silica particles. For an experiment
carried out in the presence of free initiator (expt 9, Table 3),
52 mg of EBiB (2.7 x 10~* mol) was added to the mixture of
liquids containing 11 gof MMA, 1.4 g of DMF, 9.3 g of toluene,
and 130 mg of HMTETA. The solids content of silica versus
liquids ranged between 1 and 4.7 wt %. The polymerization was
carried out at 90 °C for the required time of polymerization and
aliquots of serum were 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 for the exact
resonances, Figure SI-2 and Figure SI-3). The copper catalyst
was removed from the free polymer by passing the supernatant
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solution diluted with dichloromethane through an alumina
column. The solvents were evaporated and the free polymer
chains were dissolved in THF for SEC analysis. The hybrid
materials were carefully washed before any further treatment or
characterization. The nongrafted species (polymer, catalyst,
initiator, monomer) were removed by either Soxhlet extraction
with dichloromethane and methanol in the case of micrometric
particles or by 10 centrifugation-solvent exchange cycles in the
case of submicrometric spherical particles. The grafted polymer
chains were cleaved from the silica surface using fluorhydric acid
according to the procedure described in ref 45. Dichloro-
methane was then added and fluorhydric acid was extracted
with water until neutral pH. The organic solution containing the
cleaved polymer chains was dried over magnesium sulfate,
filtered, evaporated and the recovered polymer was mixed with
the appropriate amount of THF for subsequent SEC analysis.
To analyze both the free chains and the grafted ones as a
function of conversion, the ATRP of MMA initiated from
MSU P123-BiB particles in the presence of free initiator (expt
2 in Table 3) was carried out in 3 different flasks and the
polymerization was stopped at different time intervals.

The polymer grafting density (Gp) was calculated according
to eq 2.

0
W Popolymer-initiatortsilica

_ __ W %siticatinitiator
100 =W Yopolymer tinitiator tsilica 100 =W Yositica tinitiator
GP = X Na

Mn, grafted —polymer X Ssp
(chain/nm?) (2)

W % is the weight loss between 120 and 800 °C (TGA analysis)
and M, grarted-polymer 1S the number average molar mass of the
grafted chains.

Characterization Methods. Proton (250 MHz) and carbon
(62.5 MHz) NMR analyses were performed in CDCl; using an
AC250 Brucker spectrometer.

The number-average molar mass (M), the weight-average
molar mass (M,) and the molar mass distributions
(polydispersity index PDI = M/M,) of the obtained poly-
(methyl methacrylate) and polystyrene were determined by size
exclusion chromatography (SEC) using tetrahydrofuran (THF)
as an eluent at a flow rate of | mL-min~'. The SEC apparatus
was equipped with a Viscotek VE 5200 automatic injector, two
columns thermostatted at 40 °C (PSS SDV, linear M, 8§ mm x
300 mm, particle size: 5 um, mixed bed columns, separation
range 100 — 1000000 g-mol™ ') and a differential refractive
index detector (LDC Analytical refractoMonitor 1V). The
average molar masses were derived from a calibration curve
based on poly(methyl methacrylate) standards from Polymer
Standards Service (separation limits: 200 to 1.94 x 10°g-mol ")
for PMMA and from a calibration curve based on polystyrene
standards from Polymer Standards Service (separation limits:
260 to 2 x 10° g-mol ™) for PS.

Fractionation of the polymers was performed by semipre-
parative SEC using a Waters apparatus equipped with three
columns (UltraStyragel 19 x 300 mm, 500, 10°, 10* A). The
eluent was tetrahydrofuran at a flow rate of 5mL-min~"'. A 200
uL portion of a polymer solution at 30 g-L ™! was injected. A
differential refractive index detector was used, and molar masses
were derived from a calibration curve based on poly(methyl
methacrylate) standards (see characteristics above).

Matrix-assisted laser desorption ionization—time-of-flight
mass spectrometry (MALDI—TOF MS) was performed using
a PerSeptive Biosystems Voyager Elite (Framingham, MA)
time-of-flight mass spectrometer equipped with a nitrogen laser
(337 nm). It was operated at an accelerating potential of 20 kV
either in reflector or in linear mode using a low power for the
laser (1800 or 2000). The MALDI—TOF mass spectra represent
averages over 256 shots (3 Hz repetition). To prepare the

Pasetto et al.

polymer solution, THF was added to the sample to reach a
concentration between 0.5 and 2 g-L~!. The matrix, 1,8-dihy-
droxy-9[10H]-anthracenone (dithranol), was also dissolved in
THF (25 g-L™"). A 10 uL portion of the polymer solution was
mixed with 20 uL of the matrix solution. A sodium iodide
solution (10 L of a solution at 20 g-L ™' in THF) was finally
added to favor ionization by cation attachment. A 1 uL portion
of the final solution was deposited onto the sample target and
allowed to dry in air at room temperature. Polystyrene stan-
dards were used for the calibration.

Thermogravimetric analyses (TGA) were performed on a
TGA Q50 from TA Instrument using a temperature ramp from
20 to 800 °C at 20 °C/min (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
copper grid and dried before TEM analysis. Powder X-ray
diffraction (XRD) patterns were recorded by using a conven-
tional diffractometer (Philips PW1820) operating in reflection
geometry (A—260 mode) with Cu Ka radiation (4 = 0.15418 nm).
Materials porosity was characterized by N, adsorption/desorp-
tion curves obtained with a Micromeritics ASAP2010 appara-
tus. Surface area value and pore size distribution were obtained
with the corrected BET equation and Broekhoff and de Boer
models respectively.*® All measurements were performed on
calcined powders.

Results and Discussion

1. Synthesis and Functionalization of Ordered Mesoporous
Silica Particles. The elaboration of ordered mesoporous
silica particles exhibiting cylindrical mesopores with various
diameters was performed via hydrolysis/condensation of
tetraethoxysilane in the presence of either cetyltrimethylam-
monium bromide (CTAB), poly(ethylene oxide) hexadecyl
ether (Brij 56), or poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) triblock copolymer (Pluronic
P123) used as templates (Table 1). The shape of the micro-
metric particles was ill-defined (see Figure 1) but an ordered
arrangement of the cylindrical mesopores with a narrow pore
size distribution was observed by transmission electron
microscopy (Figure 1). In addition, their powder X-ray
diffractogram (XRD) clearly indicated a two-dimensional
hexagonal ordering of the mesopores (Figure SI-1a). After
grafting of the ATRP initiator, the analysis showed that the
ordered structure was maintained (Figure SI-1a). The micro-
metric silica particles (MSU-P123, MSU-Brij and SBA-15)
exhibited pore diameters ranging from 9.0 to 14 nm and BET
specific surface areas ranging from 455 to 895 m? g!
(Table 1).

The synthesis of well-defined submicrometric spherical
OMS particles (diameter below 600 nm) was performed to
design a series of particles exhibiting an increasing ratio of
the overall specific surface area over the external surface
area. For that purpose, we synthesized either entirely meso-
porous spherical particles (MCM-41, Figure 1) or mono-
disperse core—shell spherical particles composed of dense
silica core and OMS shell with ordered mesopores oriented
perpendicular to the core surface (CSSN, Figure 1). Core—
shell particles with varying OMS shell thicknesses were
successfully synthesized at basic pH in the presence of CTAB
as a template (see Figure 1: CSSN-30, CSSN-45, CSSN-105).
The nitrogen adsorption isotherms of the spherical OMS
particles are displayed in Figure 2 and the values of the
specific surface areas and the pore volumes are gathered in
Table 1. The presence of the XRD peak confirmed the
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MSU-P123

SN-1, D, oy =290 nm

L

SN-2, Dy, ay =400 nm

MSU-P123 (zoom)

CSSN-30
Sep/ Sext =28+7
Dy, 2y =460% 15 nm

CSSN-45
Sep/ Sext =407
Dy, oy =380 £20 nm

CSSN-30 (zoom) CSSN-45 (zoom)

Deore = 400 nm; Decre =290 nm;

Tehen = 30 nm Tpen1 = 45 nm

CSSN-105
Sep/ Sexe =80+ 7
Dy oy =590 £30 nm

MCM-41
Sopl Sext =72 %24
Dy av =375+ 125 n1m

CSSN-105 (zoom) MCM-41 (zoom)

Deore =400 nm;
Tshenn = 105 nm

Figure 1. Transmission Electron Micrographs (TEM) of OMS particles with various morphologies: micrometric OMS particles (SBA-15, MSU-Brij,
MSU-P123); Stober spherical nanoparticles (SN-1 and SN-2); core—shell spherical nanoparticles with OMS shell and dense silica core (CSSN-30,
CSSN-45, CSSN-105); spherical OMS particles (MCM-41). S,/ Sy, corresponds to the ratio of the specific surface area over the external surface area;

D, ., = average particle diameter; Deore = core diameter; Tghen =
pictures of OMS particles and to 100 nm for zooms.

mesopore ordering (Figure SI-1b) but the arrangement of the
mesopores exhibiting a radial orientation, the two-dimen-
sional hexagonal ordering was not observed. The average
mesopore diameter was around 2.5 nm for all submicro-
metric spherical particles (Table 1).

After calcination, the ordered mesoporous silica particles
were functionalized by grafting either (6-dimethylchloro-
silylhexyl)-2-bromoisobutyrate or (6-dimethylchlorosilyl-
hexyl)-2-bromopropionate initiator for the subsequent
ATRP of methyl methacrylate and styrene respectively (see
the experimental part and Scheme 1). Monochlorosilane-
based molecules were selected in order to promote the
formation of a monolayer by condensation with the surface
hydroxyl groups, hence avoiding co-condensation reactions
between initiator molecules. The success of the grafting was
first confirmed by the presence of the characteristic absorp-
tion band of the aliphatic ester group (1750 cm™ ') on the
FTIR spectrum (Figure SI-4a). The weight loss measured by
thermogravimetric analysis enabled us to calculate the in-
itiator grafting density (G;) and the corresponding values
ranged between 0.4 and 1.3 molecules.nm™ - (see Table 2).
These values are similar to those previously published for the
grafting of such molecules onto colloidal silica particles.*”*®
The initiator grafting density was calculated on the basis of
the overall specific surface area of the material, which
confirms the efficient grafting of the initiator inside the
mesopores. We deliberately chose to modify the silica surface
with the ATRP initiator only and not with an additional inert

thickness of the OMS shell. The scale bars correspond to 500 nm for the TEM
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Figure 2. Overlay of nitrogen adsorption isotherms according to
the relative pressure P/P, for CSSN-105 (a), CSSN-45 (¢), and
CSSN-30 (m).

hydrophobic molecule, as done previously by Kruk et al.*®
Our aim was to provide a direct comparison with the
majority of the published SI-ATRP results from silica
surfaces.

2. Surface-Initiated ATRP of Methyl Methacrylate and
Styrene from OMS Particles. The OMS particles served
as substrate for the ATRP of methyl methacrylate and
styrene using copper catalysts as activator and deactivator,
i.e., CuCl/CuCl,/HMTETA for MMA and CuBr/CuBr,/
PMDETA for styrene. The experiments were performed
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Scheme 1. Synthetic Route for SI-ATRP of MMA and Styrene from OMS Particles: (A) Esterification, (B) Hydrosilylation, (C) Grafting of the
Initiator, and (D) Polymerization

R
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Table 5. Surface-Initiated Polymerization of MMA from Silica Particles Grafted with Bromoisobutyrate Initiator (BiB) in the Presence of Ethyl-2-
bromoisobutyrate (EBiB) as Free Initiator”

free chains grafted chains
GPE
functionalized mol % free % convn M, sEc M, sEc (chain.

expt silica W %pmma’  initiator ¢ (time/h) My e (gemol ) (gemol)  My/M, (g-mol ™) My /M, nm >
1 none 100 82 (6) 16 600 26 600 1.07
2 MSU-P123-BiB 24 63 73 (6) 14700 30 600 1.07 3400 multimodal 4.6 g
5 SN-1-BiB 7 90 71(7) 17330 20 550 1.14 17 890 1.2 0.29
6 CSSN-30-BiB 35 30 77 (7.1) 23530 63 730 1.12 43720 1.4 0.05
7 CSSN-45-BiB 23 57 97 (6.6) 15930 19 870 1.15 16920 14 0.06
8 CSSN-105-BiB 26 30 33(6.7) 12400 35270 1.31 11675 2.9 &
9 MCM-41-BiB 27 48 94 (22) 19020 40 870 1.16 4000 multimodal 6.9 g

“IMMA] = 4.4+ 0.2mol-L~";[DMF] = 0.65 + 0.15mol-L™"; [BIB+EBiB:[HMTETA]:[CuCl]:[CuCl,] = 1:1:0.80:0.20; T"= 90 °C; MMA: toluene =
50:50 (wt:wt). See further experimental details in Table 3. ” Weight amount of PMMA (W %pnvima = W %pmma pinitiatorssitica — W Yoiitiator-tsiticas With
W % being the weight loss between 120 and 800 °C from TGA).  Molar fraction of free initiator (%) = 100 x [free initiator]y/([free initiator], + [grafted
initiator]o). ¢ Theoretical molar mass: My, = Minitiator + Mama X conversion x [MMA]y/[grafted initiator + free initiator], “ Polymer grafting density
(chain-nm™?) using M, grafted-polymers the average molar mass of the grafted chain (see Experimental Section, eq 2). * The molar mass distribution of the
grafted chains being broad with the presence of low molar mass tail, this calculation was not performed due to the lack of accuracy.

Table 6. Surface-Initiated Polymerization of MMA from OMS Particles Grafted with Bromoisobutyrate Initiator (BiB) in the Absence of Free

Initiator”
grafted chains
% convn M theo® M, sec Gp!

expt silica W %pmma’ (time /h) (g-mol™ ") (g-mol™ ) My /M, (chain-nm™?) My theo/ My sEC
10 MSU-P123-BiB 35 10(7.0) 5300 4500 13.4 ¢ ¢

11 CSSN-30-BiB 27 12(7.1) 5600 24040 2.0 0.06 0.23

12 CSSN-45-BiB 46 30(7.4) 7180 54220 1.6 0.05 0.13

13 CSSN-105-BiB 39 14(8.0) 5370 30180 2.4 0.05 0.17

14 MCM-41-BiB 39 23(7.2) 9000 8600 9.7 ¢ ¢

“IMMA] = 4.4 4+ 0.2mol-L™"; [DMF] = 0.65+ 0.15mol-L™"; [BiB]g:[HMTETA]:[CuClI]:[CuCl,] = 1:1:0.80:0.20; 7' = 90 °C; MMA: toluene =
50:50 (wt:wt). See further experimental details in Table 3. ® Weight amount of PMMA (W %pnvima = W Y%pmma rinitiatorssitica — W Yoiitiator-tsilicas With
W % the weight loss between 120 and 800 °C from TGA). ¢ Theoretical molar mass: M, = Miniiator + Mmma X conversion x [MMA]y/[Grafted
initiator], “Polymer grafting density (chain/nm?) with M, graficd-polymer the average molar mass of the grafted chain (see Experimental Section, eq 2).
¢ The molor mass distribution of the grafted chains being broad with the presence of a low molor mass tail, this calculation was not performed due to the
lack of accuracy.
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Table 7. Surface-Initiated Polymerization of Styrene from Silica Particles Grafted with Bromopropionate Initiator (BP) in the Presence of Ethyl-2-
bromopropionate (EBP) as Free Initiator”

free chains grafted chains

functionalized mol % % convn Mn,lheod M, sec M, sec
expt silica W %ps” free initiator® (time/h) (g-mol ) (g-mol ™) My /M, (g-mol™") MM,
15 MSU-P123-BP 34 76 58(6.5) 12500 18920 1.15 3270 9.7
16 MSU-Brij-BP 25 67 67(6) 14110 28670 1.11 2630 4.7
17 MSU-Brij-BP 25 69 67(7) 7840 11040 1.12 1550 32

“4[S] = 7.7mol-L™"; [DMF] = 1.1 mol-L™"; [BP+EBP]:[PMDETA]:[CuBr]: [CuBr,] = 1: 1:0.9: 0.1; T'= 90 °C. See further experimental details in
Table 4.” Weight amount of PS (W Yps = W Yops_initiator-rsitica — W Yoinitiatorsiticas With W % the weight loss between 120 and 800 °C from TGA). ¢ [free
initiator], x 100/([free initiator], + [grafted initiator]y). “ Theoretical molar mass: M, = M,iiaor + Ms X conversion X [S]y/[grafted initiator + free

initiator],
2
40000 | e
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.
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: :
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Figure 3. Number-average molar mass (M, plain symbols) and poly-
dispersity index (PDI = M,/M,, empty symbols) of the free polymer
chains as a function of monomer conversion. ATRP of MMA carried
out in the absence of silica particles (A, A, expt 1, fraction of grafted
initiator = 0 mol %, initiator efficiency / = 0.61) and in the presence of
both free initiator and either MSU-P123-BiB functionalized OMS
particles (M, O, expt 2, fraction of grafted initiator = 36 mol %, [ =
0.51) or MCM-41-BiB functionalized OMS particles (®, <, expt 9,
fraction of grafted initiator = 52 mol %, f = 0.44). See experiments in
Tables 3 and 5. The full straight line corresponds to the theoretical M, vs
conversion.
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Figure 4. Surface-initiated ATRP of styrene from MSU-P123-BP
OMS particles (mesopore diameter = 9.9 nm, expt 15, black lines)
and from MSU-Brij-BP OMS particles (mesopore diameter = 14 nm,
expt 16, green lines): influence of the average mesopore diameter on the
SEC chromatograms of cleaved chains (thick line) and free chains (thin
line). See Tables 4 and 7.

either in the presence or in the absence of free initiator as
described in the Experimental Section. The first method is
very useful for a mechanistic investigation as the analysis of
the free chains allows a comparison with the macromolecular
features of the grafted chains. It also provides indication on
the quality of the polymerization control in the homoge-
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Figure 5. Surface-initiated ATRP of MMA from the micrometric
MSU-P123-BiB OMS particles (mesopore diameter 9.9 nm) (expt 2 in
Table 3). (A) SEC chromatograms of the free chains for three different
monomer conversions (%): (1) 50%, M, = 21150 g-mol ™', My/M,, =
1.06; (2) 62%, M,, = 22230 g-mol~", My,/M,, = 1.06. (3) 91%, M,, =
34040 g-mol™!, My/M, = 1.06. (B) SEC chromatograms of the
cleaved chains for three different monomer conversions (%), evolution
of My, (molar mass at the Feak maximum) of the “living” chains: (1)
50%, M, ~ 16320 g-mol™ ; (2) 62%, M, ~ 21 880 g-mol™'; (3) 91%,
M, ~ 30020 g-mol .

neous medium in the presence of the OMS particles. The
controlled growth of polymer chains via ATRP requires a
minimum amount of deactivator in order to reversibly
deactivate the growing polymer chains, especially for SI—
ATRP performed in the absence of free initiator as the
amount of deactivator produced by the persistent radical
effect®! might not be sufficient.** Cu(II) halide deactivator
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Figure 6. Analysis of the cleaved PMMA chains after SI=ATRP of MMA initiated from the MSU P123-BiB OMS patrticles (expt 2 in Table 3): SEC
chromatogram and MALDI—TOF mass spectra (reflector mode) of a low M, fraction recovered after fractionation by semipreparative SEC.
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Figure 7. Analysis of the cleaved PMMA chains after SI_TATRP of MMA initiated from the MSU-P123-BP OMS particles (expt 2 in Table 3):
MALDI-TOF mass spectra (linear mode) of a high M,, fraction recovered after fractionation by semipreparative SEC.

was then initially introduced in the polymerization medium
in combination with the Cu(I) halide activator. All the
experimental conditions are reported in Tables 3 and 4 and
the results of polymerization are gathered in Table 5, 6 and 7.

As shown in Figure 3, the ATRP of MMA initiated by
the free initiator was well-controlled, with a linear increase
of the number-average molar masses (M) versus monomer
conversion together with low polydispersity indexes (PDI <
1.2). The experimental M, values were above the theoretical
ones and we noticed a decrease of the apparent initiator

efficiency (f, calculated via the ratio of theoretical M,
over experimental M, the theoretical M, being calculated
on the basis of both the free and grafted initiators) when
the relative amount of the grafted initiator was increased
(Figure 3). This phenomenon was assigned to the low
efficiency of the grafted initiator, mainly due to steric
hindrance as previously published.’®>!' The evidence
of successful grafting of polymer chains was provided by
FTIR analysis of the thoroughly washed hybrid particles
(Figure SI-4b).



5992  Macromolecules, Vol. 42, No. 16, 2009

Pasetto et al.

Table 8. Comparison of the PMMA Features of the Hybrid Submicrometeric Particles Synthesized in the Presence of Free Initiator”

initiator M, skc grafted

VP (cm?®- Ssp’7 functionalized G (BIB-  PMMA-based  chains/g-mol ™ w
expt silica particles gfl) (mz' gfl) Dp[’ (nm) Ssp/Sm” silica particles nmfz) hybrid particles (My/M,,) YopMMA”
5 SN-1 (Stober) 0 9 290 1 SN-1-BiB (Stober) 2.1 SN-1-PMMA 17890(1.2) 7
6 CSSN-30 (OMS) 0.16 207 460 28+7 CSSN-30-BiB (OMS) 1.3 CSSN-30-PMMA 43720(1.4) 35
7 CSSN-45 (OMS) 0.23 265 380 40+7 CSSN-45-BiB (OMS) 1.2 CSSN-45-PMMA 16920 (1.4) 23
8 CSSN-105 (OMS)  0.40 560 590 80+7 CSSN-105-BiB (OMS) 1.0 CSSN-105-PMMA  11675(2.9) 26
9 MCM-41 (OMS) 0.68 1150 375 72 £24 MCM-41-BiB (OMS) 0.4 MCM-41-PMMA 4000 (6.9) 27

“[MMA] = 4.4+ 0.2mol-L™';[DMF] = 0.65 £ 0.15mol-L"; [BiB+EBP]:[HMTETA]:[CuCI]:{CuCl,] = 1:1:0.80:0.20; T = 90 °C; MMA: toluene =
50:50 (wt:wt). See further experimental details in Table 3.? V' = mesopore volume, Ssp = specific surface area, D, = average particle diameter, Sp/Sexi =
ratio between the specific surface area and the external surface of the particle (see note 58). ¢ Initiator grafting density calculated from the over-
all specific surface area (see eq 1 in the text) “Weight amount of grafted PMMA in the hybrid particles: W %pyma = W Y0 PMMA +initiator-tsilica
— W Y%initator+silica» With W % the weight loss between 120 and 800 °C obtained from TGA analysis (see Figure SI-11). “ Bimodal.

SI—ATRP of MM A and S from Micrometric OMS Parti-
cles with Large Mesopore Diameters (9— 14 nm). The polym-
erization of MMA and S was performed from the
functionalized micrometric OMS particles (MSU-P123,
MSU-Brij, and SBA-15) exhibiting ill-defined shape but
a perfect arrangement of cylindrical mesopores with differ-
ent diameters. In contrast to the free chains, the PS and
PMMA grafted chains exhibited a multimodal molar mass
distribution (Figure 4 and Figure 5, PDI > 3, see expts 2—3
in Table 5, expt 10 in Table 6 and expts 15—17 in Table 7)
with a broad peak corresponding to surprisingly short poly-
mer chains and a second peak at high molar masses over-
lapping with the narrow SEC trace of the free polymer
chains.

We investigated the influence of various experimental para-
meters with the aim of better controlling the polymerization
of the grafted chains. Changing the mode of addition
of the copper catalyst was ineffective in decreasing the
proportion of the low molar mass polymer chains. In order
to exclude any influence of the fluoride catalyst used for
the synthesis of ordered mesoporous silica particles, we
also prepared SBA-15 type OMS particles without fluoride
catalyst but at high temperature to avoid microporosity
(Table 1).>* SI-ATRP of MMA was conducted from
the functionalized SBA-15-BiB in the presence of free
initiator (expt 3 in Table 3). As presented in Figure SI-5,
the SEC chromatogram of the cleaved PMMA chains
recovered from SBA-15-BiB silica nicely superimposed
with the SEC chromatogram of the cleaved PMMA
chains from experiment 4 (Table 3, MSU-P123-BiB silica),
hence showing the limited role of any residual fluoride
catalyst. Moreover, the Ilatter observation underlines
the reproducibility of the experimental results concerning
the silica etching procedure and the recovery of the cleaved
chains.

We then examined the effect of a variation of the ratio
of transition metal to ligand for the SI—ATRP of
MMA. Indeed, this ratio is a very important parameter
influencing the level of control attained in the polymeriza-
tion as sufficient amount of deactivator catalyst should
be present.”*->* In the case of SI_ATRP from OMS particles,
the very high specific surface area might enhance the
adsorption of copper species onto the silica surface, induc-
ing a decrease of the local concentration of the efficient
copper/ligand complex.>®> The polymerization of MMA in-
itiated from the MSU P123-BiB functionalized OMS parti-
cles (mesopore diameter 9.9 nm) was carried out with a
default of ligand (HMTETA]:[Cu] = 0.3:1) and the results
were compared with the similar experiment using the
quantitative amount of ligand ((HMTETA]:[Cu] = 1:1,
expt 2 in Table 3). For both experiments, the molar
mass distribution of the free PMMA chains was narrow

W/LogM

3 35 4 45 5 5.5
LogM

Figure 8. SI-ATRP of MMA from Stober particles and from core—
shell OMS particles with mesopore diameter of 2.5 nm (in the presence
of free EBiB initiator): SEC chromatograms of cleaved PMMA chains.
See Table 5, expt 5 (SN1-BiB, blue line), expt 6 (CSSN-30-BiB, orange
line), expt 8 (CSSN-105-BiB, green line), expt 9 (MCM-41-BiB, black
line).

(My/M,, < 1.1), which means that the overall concentration
of the deactivator was still sufficient to control the polymer-
ization in solution (Figure SI-6). On the other hand, the
SEC chromatogram of the grafted chains displayed a
bimodal trace with an increased amount of the low
molar mass PMMA chains when using a default of ligand
(Figure SI-6).

The evolution of both the free and grafted chains was
followed as a function of monomer conversion for the ATRP
of MMA initiated from MSU P123-BiB particles in the
presence of free initiator (Figure 5). As expected, the free
PMMA chains were well-controlled with a shift of the SEC
chromatograms with conversion and low PDI (Figure 5a).
The grafted chains exhibited the already observed bimodal
molar mass distribution, in which the high molar mass peak
moved with conversion whereas the low molar mass one did
not shift with conversion (Figure 5b), suggesting then the
presence of both living and dead chains. To further investi-
gate the nature of the grafted polymer chains, fractionation
was performed by semipreparative SEC before MALDI—
TOF MS analysis of the monodisperse fractions (see
Figures 6 and 7).

First, the a-extremity of the cleaved PMMA chains re-
covered after dissolution of silica with fluorhydric acid is
ascribed to a dimethylhydroxysilane group (see Figures 6
and 7). The MALDI—TOF mass spectrum of the low molar
mass polymer chains reveals two peak series with a mass
difference between the peaks corresponding to the molar
mass of the MMA repeat unit, 100.1 g-mol ™' (Figure 6). The
analysis was recorded in reflector mode and the isotopic
distribution of series B depicted in Figure 6 highlighted the
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presence of two distinct types of PMMA chains (see details of
the theoretical isotopic distributions of PMMA in Figure SI-
7). The respective m/z values of the monoisotopic peak and
the m/z difference of the two chain structures (2 g-mol ™, see
Figure 6, zoom of series B) were consistent with the presence
of both aliphatic and unsaturated chain-ends produced by
termination reactions via disproportionation. We can notice
that the PMMA chains produced by combination reactions
were not detected by MALDI-TOF MS analysis. The
second peak series A (marked by a dot in Figure 6) is rather
ill-defined and might be ascribed to polymer chains with
the same chain-end structure as B, in which a methyl ester
group has been replaced by a proton (during the cleavage
procedure for instance; m/z = 2154.13 amu); or it could
be ascribed to ions fragmented in the flight tube and there-
fore not focalized in the reflector, preventing their structure
to be determined.’® Actually, this second peak series A
cannot be assigned to any of the possible structures that
may result either from the polymerization or from the
cleavage method (Figure SI-8).

The MALDI—TOF mass spectrum of a narrow frac-
tion of the high molar mass PMMA chains is shown in
Figure 7 together with the most probable structure and its
theoretical molar mass. The molar mass of the main peak
series corresponds to PMMA chains containing a di-
methylhydroxysilane group at the a-extremity and an
unsaturated group at the w-extremity, each peak of the
series being regularly separated by the molar mass of the
MMA unit. The absence of peaks corresponding to
chains with either a bromine or a chlorine atom at the
chain-end is noted whereas it was previously mentioned
that the PMMA chains of the high molar mass fraction
were living (Figure 5). It is assumed that the unsaturated
chain ends were produced by dehydrohalogenation of the
living polymer chains during the MALDI-TOF MS
analysis.

The MALDI—TOF mass spectra of the cleaved PS chains
are reported in Figure SI-9 (low molar mass polymer) and
Figure SI-10 (high molar mass polymer). Calculation con-
firmed the presence of the dimethylhydroxysilane group at
the o-end. The mass spectrum of the low molar mass polymer
exhibits two peak series corresponding to both saturated and
unsaturated chains produced by termination via dispropor-
tionation (see comparison with the theoretical isotopic dis-
tribution of unsaturated PS chains displayed in ref 56). No
peak resulting from termination by combination could be
seen. The mass spectrum of the high molar mass polymer was
characteristic of chains with unsaturated w-end group
(typical of living polymers having undergone dehydrohalo-
genation in the source ion).>® The results are thus in agree-
ment with those found for PMMA.

In conclusion, the combined SEC and MALDI-TOF MS
analyses gave us quite a good picture of the structure of the
polymer chains grafted from the micrometric OMS particles.
They are composed of living macromolecules of high molar
mass (in good correlation with the free chains, when present)
and of dead chains of low molar mass produced via self-
termination of the propagating radicals (only the product of
disproportionation was detected). The hypothesis that living
chains would be grown from the outer surface only, whereas
dead chains would be produced in the confined inner space, is
not consistent with the weight proportion of dead vs livin%
chains which is approximately 1:1 as depicted in Figure 5.
Nevertheless, the majority of the living chains grafted inside
the mesopores might be grown from the surface located near
the opening. The shape of the molar mass distribution is thus
a direct result of the confined inner space and of the large
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specific surface area and this particular point is discussed
below.

SI—ATRP of MMA from the Submicrometric Spherical
OMS Particles (Mesopore Diameters ~ 2.5 nm). A range
of spherical OMS particles (MCM-41 spherical OMS parti-
cles and core—shell OMS particles with varying shell thick-
ness (CSSN)) with mesopore diameter of 2.5 nm was
synthesized and the TEM pictures are shown in Figure 1.
The design of these spherical silica particles with different
morphologies was undertaken to provide model substrates
exhibiting various ratios of the specific surface area of the
mesopores (Ssp) over the external surface area of the sphe-
rical particle (Sex,) (Table 8).°® To complete the study and
allow comparisons, the dense Stober particles which served
as the core template for the elaboration of the core—shell
OMS particles were also functionalized with the initiator
molecules and used as substrates for similar SI-ATRP
experiments.

As reported in Table 8, a decrease of the initiator grafting
density with an increase of the specific surface area was
noticed. Such an observation might suggest a gradient con-
centration of the grafted initiator from the outer surface
to the inner surface of the mesopores. This is in accordance
with previous studies showing that the postsynthesis surface-
anchoring of functional molecules into MCM substrates
by means of silane coupling agents provides a less uni-
form distribution of the functional groups throughout the
channels in comparison with direct co-condensation synth-
esis.>%% A large proportion of the functional groups can be
located inside the channels but near the channel openings.>
The efficiency of the grafted initiator for the ATRP of MMA
was particularly low as shown by the discrepancy between
the theoretical and experimental M, for the grafted chains
grown in the absence of free initiator (expts 11—13 in Table 6)
or in the presence of 30 mol % of free initiator (expt 6 in
Table 5). The comparison between the polymer grafting
densities (Gp), reported in Tables 5 and 6, and the initiator
grafting densities (Gp) reported in Table 8 confirms the low
efficiency of the grafted initiator. From this observation, the
occurrence of SI-ATRP from the overall surface of the
mesopores may be questionable. However, the discrepancy
between the weight amount of PMMA grafted from the
spherical OMS particles (> 20 wt %, expts 6—9 in Table 5)
and the weight amount of PMMA grafted from the Stober
particles (7 wt %, expt 5 in Table 5) undermines the assump-
tion of polymerization from the sole outer surface. In addi-
tion, the large amount of PMMA grafted from the spherical
OMS particles in the absence of free initiator (see expts 11—
14 in Table 6, W %pmma > 27%) undoubtedly showed the
presence of polymer inside the 2.5 nm mesopores, as no
physisorbed free polymer chains might alter the experimen-
tal results.

As reported in Table 8, the PDI of the grafted PMMA
chains increased when both the overall mesopore volume
and the S,,/Sex ratio were increased. This trend is consistent
with the recent results published by Genzer et al.* showing
the impact of the concave surface of porous substrates with
large pores (size of ~200 nm) on the polydispersity indexes of
grafted PMMA (PDlI increased from 1.20 for polymer grown
in solution to 1.45 for polymer grown inside the pores).
Moreover, in contrast to the previous results obtained with
micrometric OMS particles, the SEC analyses showed a
tailing on the low molar mass side of the main peak but no
bimodal shape (Figure 8). Based on the good agreement
between M, of the free chains and M, of the grafted ones,
one can thus conclude that the latter mainly corresponds to
living chains. As discussed above, the chains grafted near the
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Figure 9. Transmission electron micrographs (TEM) of PMM A-based hybrid particles (see Table 8): Stober spherical nanoparticles (SN-1-PMMA,
expt 5, My, sec = 17890 g~molfl), core—shell nanoparticles with ordered mesoporous silica shell (CSSN-105-PMMA, expt 8, M, sgc = 11 675 g~m017l ;
CSSN-30-PMMA, expt 6, M, sgc = 43720 g-mol_l). Trmma corresponds to the thickness of the PMMA outer layer. The scale bars corresponds to

200 nm.

pore opening may exhibit a higher degree of livingness in
comparison with those located in the inner part.

In conclusion, the fraction of short PMMA dead chains
was less pronounced for the well-defined spherical submicro-
metric OMS particles exhibiting mesopore diameters of 2.5
nm in comparison with the ill-defined micrometric OMS
particles formed of mesopores with longer length and
diameter of 9—14 nm. Moreover, the SI-—ATRP experiments
performed from the series of CSSN particles exhibit-
ing similar mesopore diameters but varying mesopore
lengths indicated that the molar mass distribution of the
grafted chains was affected by the variation of the over-
all particle size. This suggests that the cylindrical mesopore
length induces limitations in the diffusion processes allow-
ng a living polymerization to proceed. Finally, we success-
fully synthesized multilayered hybrid spherical particles
composed of a dense silica core, an inner OMS shell exhibit-
ing varying thicknesses with radial mesopores and a con-
trolled outer PMMA shell grown via surface-initiated
ATRP. The TEM pictures of such particles are displayed
in Figure 9.

Conclusions

SI—ATRP of methyl methacrylate and styrene was performed
from functionalized ordered mesoporous silica (OMS) particles.
We synthesized three different kinds of substrates: micrometric
OMS particles with ill-defined shape and varying cylindrical
mesopore diameters (9—14 nm), submicrometric polydisperse
spherical OMS particles and monodisperse core—shell particles
composed of a dense silica core and an OMS shell, the latter two
particles exhibiting ordered mesopores (diameter 2.5 nm) with
radial orientation. By comparing the macromolecular features of
the free polymer chains produced in the homogeneous medium
by the sacrificial initiator with those of the grafted chains grown
from the OMS surface, the present study highlighted an effect of
the mesoporous confined space and of the mesoporous channel
length on the results of the polymerization. Indeed, a good
control of the ATRP of MMA and styrene carried out in the
homogeneous medium in the presence of the functionalized OMS
particles was observed. On the other hand, the occurrence of
irreversible termination reactions inside the mesopores was high-
lighted by a thorough investigation of the growing polymer
chains cleaved from the micrometric OMS particles. Both SEC
and MALDI-TOF mass spectrometry analyses proved the
presence of dead chains of low molar mass resulting from
termination via disproportionation. With a series of submicro-
metric spherical OMS particles exhibiting mesopore diameters of
2.5 nm and variable mesoporous shell thickness, we showed that
of the proportion of short dead chains decreased with a decrease
of the average length of the cylindrical mesopores, suggesting an

influence of the diffusion processes on the polymerization
control. This study not only provides for the first time a
mechanistic insight into the SI-=ATRP from ordered mesoporous
silica of various shapes but also may find applications in material
science with the design of structured multilayered hybrid sphe-
rical particles composed of an OMS component and a grafted
polymer.
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