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ABSTRACT: In this study, the Z supported reversible additifiagmentation chain transfer (RAFT) graft
polymerization to prepare silica-polymer hybrids was investigated. Two chain transfer agents (SbAsyxyl
S-trimethoxysilylpropyltrithiocarbonate an& methoxycarbonylphenylmethy8-trimethoxysilylpropyltrithio-
carbonate, were synthesized and covalently attached to the surface of fumed silica. The resultant silica supported
CTAs were used to mediate RAFT polymerization of vinyl monomers such as methyl acrylate, butyl acrylate,
N,N-dimethylacrylamideN-isopropylacrylamide, methyl methacrylate, and styrene in the presence of a free CTA
to synthesize polymer grafted silica particles. Effects of CTA loadings on solid supports, types of free CTAs, and
reaction media on graft polymerization were investigated in detail. Under optimal conditions such as using 2-(2-
cyanopropyl)dithiobenzoate as a free CTA and controlling the polymerization at a low conversion (typically less
than 40%), well-defined polymeric chains with polydispersity indices less than 1.2 and chain lengths similar to
those of free polymers could be successfully grafted onto the surface of fumed silica, and relatively high grafting
ratios could be achieved, as is evident from GPC, FT-IR, and TGA analyses. As compared with polymerization
in toluene, RAFT graft polymerization of methyl acrylate in methanol could afford longer grafted chain lengths
and significantly increased grafting efficiency at identical conditions, suggesting the potential effects of reaction
media on graft polymerization.

Introduction polymerizatiorf Second, the chain transfer agent (CTA) is
The surface functionalization of inorganic particles with attached to the backbone vi{a the leaving a_nd reinitiating R group
polymeric chains to form functional coreshell hybrid structures  (R-group approachif -2 Third, the CTA is attached to the
has attracted much attention due to their variable interfacial, backbone via the stabilizing Z group (Z-group approaéhy!
mechanical, and thermal properties and potential applicationsFourth, the functional polymer is first prepared by the RAFT
in a wide range of fields such as bioscience, engineering, andProcess, followed by click chemis#por reacting with a surface
electronic and optical devicds® Among various solid supports, ~ double bond in the presence of excess radical initiatoobtain
silica particles are supports of choice to prepare target inorganic-the functional hybrids. Last, functional block copolymers
organic hybrids due to their chemical resistance, mechanical comprised of reactive trimethoxysilyl or triethoxysilyl groups
stability, relatively low costs, variable particle sizes (ranging Wwere synthesized by RAFT polymerization and followed by self-
from 1 nm to 100um), and high specific surface area (up to assembly and a sebel process to form silica-polymer hybrid
1300 n#/g).3-5 Thus far, different types of silica particles such nanoobject$33*Among them, the first and second methods are
as porous flash silic&,'2mesoporous ordered silica particfésg; 15 similar to the “grafting from” technique in atom transfer radical
nonporous silica nanoparticlé%;2 and fumed silica?* have polymerization (ATRP3:36 and nitroxide-mediated polymeri-
been successfully grafted with well-defined polymeric chains, zation (NMP)37 and the third and fourth methods are compa-
and the preparation of silica-polymer hybrids via surface initiated rable to the “grafting to” approach. Various methods have their
polymerization has been accomplished by ionic, ring-opening, advantages and limitations. For instance, the R-group approach
conventional, and controlled radical polymerization techniques. can afford a higher molecular weight of grafted polymers and
Among them, reversible additierfragmentation chain transfer  grafting density, but the molecular weight distribution may be
(RAFT) polymerization has become one of the most promising broadened by the possible chain coupling; the Z-group approach
controlled radical polymerization techniques to prepare polymer can yield better-defined grafted polymers with monomodal
grafted solid supports due to its tolerance to a wide range of molecular weight distribution, although the grafting density is
reaction conditions, its straightforward setup to result in block |iable to decrease due to the shielding efféc#5 Until now,
copolymers, and its versatility toward the range of monomers RAFT polymerization has been successfully utilized to graft
with variable functionalitieg>~3* various polymeric chains onto silica particles via the aforemen-
Thus far, five different approaches relative to the RAFT tioned methods, but reports on Z supported RAFT polymeri-
process have been developed to prepare silica-polymer hybridszation from silica particles are scare®:l! Nguyen and Vana
First, the initiating radicals are generated directly on the surface reported on Z supported RAFT polymerization of styrene and
via surface-confined initiator’$;>2or formed by reacting surface methyl methacrylate in bulk at 66C using nanometer-sized
thiols with a radical initiator, and then followed by RAFT graft  {,med silica immobilized cumy! dithiobenzoate (Si-CDB) as a
mediating ageritWhen the graft polymerization was performed
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chains grafted onto fumed silica could reach up to 70%; mined by GPC-LS using a PL-GPC50 Plus Integrated GPC System
however, the polydispersities of grafted chains were usually with multidetectors and THF as an eluett (400 MHz) and**C
higher than 1.5. More recently, we investigated Z supported (100 MHz) NMR spectra were recorded on a Bruker 400 UltraSh-
RAFT polymerization mediated by flash silica supported I€!d spectrometer at 2 using CDC{ as a solvent. C, H, and N
3-(methoxycarbonyl-phenyl-methylsulfanylthiocarbonylsulfanyl)- Were determined by combustion followed by chromatographic

N - - g . _separation and thermal conductivity detection using a Carlo Erba
propionic acu_j (.S' MP.PA) qnd 3 (be_nzylsuIfanylthlocarbonyl 1108 Elemental Analyzer. Sulfur analyses were conducted using
sulfanyl)propionic acid (Si-BSPA) in the presence of free

9-11 o , the Schoniger Oxygen Flask combustion method followed by the
CTA.>" ' For RAFT polymerization of methyl acrylate mediated  rg|evant titration. Fourier transform infrared (FT-IR) spectra were

by Si-MPPA in the presence of MPPA, the polydispersity recorded on a PerkinElmer Spectrum One FT-IR spectrometer using
indices of free and grafted polymers were usually low (RDI a single reflection horizontal ATR accessory. Electrospray ionization
1.2), while longer PMA chains could be grafted onto silica mass spectrometry (ESI-MS) was performed on a Bruker Daltonics
particles as Si-MPPA with a higher loading was used as the micrOTOF mass spectrometer. Thermogravimetric analyses (TGA)
mediating agent. For RAFT polymerization mediated by Si- Wwere carried out using a TA Instrument TGA 2050 thermogravi-
BSPA, however, the control over molecular weight and poly- Metric analyzer from room temperature to 5D at a rate of 10
dispersity was quite poor, and the polydispersity indices were C/min unQer “'”099”- ) )
usually very high (PDI> 1.4), even if free BSPA was Synthesis of Chain Transfer Agentsin a typical run, to a stirred
introduced into the solution. Preliminary results revealed that Solution of 3-(mercaptopropyl)trimethoxysilane (95%, 6.20 g, 30
RAFT graft polymerization was significantly affected by some MMl in 50 mL of anhydrous methanol was added dropwise a

. 2 solution of sodium methoxide in methanol (25 wt %, 6.48 g, 30
factors such as the types and loading of silica supported CTASmmoI) under nitrogen. After stirring for 30 min, G83.05 g, 40

and free CTA used in solution, and well-defined polymeric mo|) was added dropwise to the solution, and the mixture was
chains could be grafted onto the solid supports by the Z-group then stirred at ambient temperature for 5 h. To the yellow solution
approach under optimized conditions. was added benzyl bromide (98%, 5.24 g, 30 mmol), and the mixture

During RAFT graft polymerization based on solid supported Was stirred overnight under nitrogen. The mixture was concentrated,
chain transfer agents, some other factors including particle sizesdiluted with dichloromethane, filtered off, and concentrated under
and specific surface area of solid supports and reaction media]reduced pressure until constant weigdBenzyl S-trimethoxysi-
may also play an important role in polymerization; however, YIPropyltrithiocarbonate (BTPT, 10.8 g, 30 mmol) was obtained
reports on the relative research are very scarce to*dafte. as an orange oil and used without further purification. Other CTAs

. . .. such asS'methoxycarbonylphenylmeth{d-trimethoxysilylpropy-

further investigate the effects of these factors on polymerization, \iiocarhonate (MPTT)SbenzylS-propyltrithiocarbonate (BPTT),
fumed silica with a nominal particle size of 7 nm and without gpg SmethoxycarbonylphenylmethyS-propyltrithiocarbonate
surface pores was chosen as the solid support in this study, anqMPPT) were synthesized according to a similar procedure using
the Z supported RAFT polymerization of vinyl monomers 3-(mercaptopropyl)trimethoxysilane and 1-propanethiol as raw
mediated by silica supported CTAs in the presence of various materials and obtained in almost quantitative yield.

free CTAs in toluene and methanol was investigated. BTPT: H NMR (CDCl): ¢ 7.30 (m, 5H, PhH), 4.60 (s, 2H,
CHy), 3.56 (s, 9H, CHO), 3.39 (t,J7, 2H, CHS), 1.84 (m, 2H,
Experimental Procedures CHy), 0.77 (t,J8, 2H, CHSI). 13C NMR (CDCk): ¢ 223.2 (G=

. ) S), 135.0, 129.2, 128.6, 127.7 (PhC), 50.5, 41.3, 39.5, 21.8, 8.8.
Materials. All solvents, monomers, and other chemicals were 1 ]
purchased from Aldrich unless otherwise stated. Fumed silicawith _ MPTT: 'H NMR (CDCl): 6 7.34 (m, 5H, PhH), 5.81 (s, 1H,
a nominal particle size of 7 nm and a specific surface area of 390 CH), 3.74 (s, 3H, Ch), 3.56 (s, 9H, Ckp)* ?-37 (37, 2H, ChS),
m2/g was purchased from Aldrich. 3-(Mercaptopropyltrimethox- +:81 (M, 2H, CH), 0.75 (t,J8, 2H, CHSi). *C NMR (CDCE): ¢
ysilane (95%) was purchased from Lancaster. 1-Propanethiol (98%)221'8 (C=9), 169.5 (€=0), 133.2,129.1, 128.9, 128.8 (PhC), 57.9,
was purchased from Alfa Aesar. 3-(Methoxycarbonyl-phenyl- 53.3,50.4, 39.8, 21.8, 8.9.

methylsulfanylthiocarbonylsulfanyl)propionic acid (MPPAR-(ben- BPTT was purified by silica flash column chloromatography
zylsulfanylthiocarbonylsulfanyl)propionic acid (BSP&)and 2-(2- using 10:1 hexane/dichloromethane (v/v) as an eluent and obtained
cyanopropyl) dithiobenzoate (CPD®B)were synthesized and as a yellow liquid product in 98.5% isolated yieltHd NMR
purified according to literature methods. Methyl acrylate (M)\- (CDClg): 6 7.33 (m, 5H, PhH), 4.61 (s, 2H, GH 3.35 (t,J7, 2H,

dimethylacrylamide (DMA), methyl methacrylate (MMA), butyl ~ CH,S), 1.75 (m, 2H, Ch), 1.02 (t, J7, 3H, CH;). 1°C NMR
acrylate (BA), and styrene (St) were passed through a basic alumina(CDCly): 6 223.6 (G=S), 135.0, 129.2, 128.6, 127.7 (PhC), 41.3,
(Brockmann 1) column to remove the inhibitor before useé. 38.8, 21.5, 13.5. IR (cnt): 3062, 3030, 2962, 2928, 2871, 1602,
Isopropylacrylamide (NIPAM) was recrystallized twice from 1585, 1494, 1453, 1421, 1397, 1378, 1337, 1288, 1236, 1194, 1082,
mixtures of hexane and toluene prior to use. Tetrahydrofuran (THF) 1060, 1044, 1030, 878, 800, 770, 695. Anal. calcd feiHzSs:

and toluene were dried ovel A molecular sieves. 2'2zobi- C, 54.50%; H, 5.82%; S, 39.68%. Found: C, 54.55%; H, 5.84%;
sisobutyronitrile (AIBN, 99%, Fisher) was recrystallized twice from S, 39.62%. ESI-MSm/z = 243.0327 [M+ H]*, theoretical value
ethanol. Other chemicals were of analytical grade and used as= 243.0330 (calcd for GH1sSs).

received. MPPT was purified by silica flash column chloromatography
Characterization. The number-average molecular weight.j using a gradient eluent of 4:1 hexane/dichloromethane (v/v) to pure
and polydispersity index (PDI) of polymer samples were determined dichloromethane and obtained as a yellow solid product in 98.7%
by GPC at ambient temperature using a system equipped with aisolated yield. mp 3536 °C. 'H NMR (CDCk): ¢ 7.34 (m, 5H,
Polymer Laboratories 5.0m bead-size guard column (50 mm PhH), 5.82 (s, 1H, CH), 3.75 (s, 3H, G#H), 3.33 (tJ7, 2H, CHS),
7.5 mm) and two PLgel 5.em MIXED-C columns with a 1.74 (m, 2H, CH), 1.01 (t,J7, 3H, CH). 13C NMR (CDCk): 6
differential refractive index detector (Shodex, RI-101). THF was 221.8 (G=S), 169.3 (G=0), 133.0, 128.9, 128.8, 128.6 (PhC), 57.7,
used as an eluent at a flow rate of 1.0 mL/min, and toluene was 53.0, 38.9, 21.3, 13.3. IR (cm): 3062, 3036, 3010, 2961, 2931,
used as a flow rate marker. Polystyrene samples were calibrated2871, 1745, 1600, 1583, 1494, 1482, 1454, 1433, 1398, 1378, 1331,
with PS standard samples witM,, values in the range of 1301, 1285, 1206, 1187, 1150, 1088, 1065, 1047, 1029, 998, 969,
7 500 000-7 500 580 g/mol, and other samples were calibrated 923, 896, 855, 829, 817, 797, 785, 757, 731, 697. Anal. calcd for
using PMMA standard samples witfl, values in the range of C13H160,S5: C, 51.97%; H, 5.37%; S, 32.02%. Found: C, 51.92%;
1944 000-1 945 020 g/mol. The absolute molecular weight of PMA H, 5.38%; S, 32.00%. ESI-MSm/z = 301.0386 [M + H]*,
free polymers with a high molecular weight shoulder was deter- theoretical value= 301.0385 (calcd for GH170,S3).
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Synthesis of Silica Supported Chain Transfer Agents (FSi-
CTAs). To a 500 mL three-necked flask was added 8.0 g of fumed
silica and 250 mL of toluene, and a small amount of water in the
system was removed by azeotropic distillation. After cooling to
ambient temperature, 8.41 g (20 mmol) of MPTT in 50 mL of dry
toluene was added into the flask under nitrogen. The reaction
mixtures were heated to 108C to react overnight and then
maintained at 120C for another 3 h. The crude product was cooled
down, filtered off, washed with dichloromethane, and extracted with
dichloromethane overnight using Soxhlet extractor. After drying
at 60°C under vacuum overnight, 8.64 g of MPTT grafted fumed
silica particles (FSi-MPTT1) were obtained as deep yellow solid

products. The filtrate was collected and concentrated, and 6.72 g

of MPTT was recycled and used further for the synthesis of FSi-
MPTT with different CTA loadings. Other fumed silica particles
coated with MPTT or BTPT except FSi-MPTT3 were synthesized
and purified according to a similar approach, and CTA loadings
on solid supports could be adjusted by the control of reaction time
and weight ratio of CTAs to fumed silica. As a comparison, FSi-
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Scheme 1. Synthetic Route to Fumed Silica Supported CTAs
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MPPT3 was synthesized using fumed silica and reused MPTT asThe solution was degassed with nitrogen ferl® min, and then

raw materials but was only purified by washing with toluene, THF,
and acetone a few times.

FSi-MPTT1: elemental analysis: C, 10.3%; H, 1.40%; S, 5.65%
(loading of 0.587 mmol of CTA per g of solid). IR (crf): 1735
(C=0), 1623 (broad), 1456, 1436, 1031 (broad;Sj C-0, and
C=S), 801, 729, 695.

FSI-MPTT2: C, 5.84%; H, 0.98%; S, 2.26% (CTA loading:
0.235 mmol/g).

FSI-MPTT3: C, 4.40%; H, 0.85%; S, 1.31% (CTA loading:
0.136 mmol/g).

FSi-BTPT1: C, 6.81%; H, 1.32%; S, 3.51% (CTA loading:
0.365 mmol/g). IR (cm?): 1629 (broad), 1496, 1454, 1031 (broad,
Si—0, C-0, and G=S), 799, 699.

FSi-BTPT2: C, 3.80%; H, 0.85%; S, 1.95% (CTA loading:
0.203 mmol/g).

RAFT Polymerization Mediated by FSi-CTAs. In a typical
run, FSi-MPTT1 (0.204 g, 120mol), MPPT (36.1 mg, 12@mol),
MA (3.10 g, 36.0 mmol), and AIBN (3.94 mg, 24/mol) were
added to a Schlenk tube, and toluene was added dropwise until th
total volume was 12.0 mL. After adding a magnetic stirring bar,
the tube was subjected to three freepemp-thaw cycles to

remove oxygen. The tube was placed into an oil bath preheated to

0.1 mL of degassed-hexylamine was injected into the mixture.
After stirring at ambient temperature overnight, the solution was
filtered off, and the recovered PMA was subjected to GPC analysis.
Other grafted polymeric chains were cleaved according to a similar
procedure.

Results and Discussion

Preparation of BTPT and MPTT Grafted Fumed Silica.
In this study, fumed silica with a particle size of 7 nm and a
specific surface area of 390%fg was chosen as solid support,
and functional fumed silica grafted with different CTA loadings
was prepared to investigate the influence of loadings on
polymerization. To this end, the RAFT-silane coupling agent
with a high reactivity was synthesized and directly attached to
the surface of fumed silica by a coupling reaction (Scheme 1).
Two kinds of trimethoxysilane-containing CTAYS-benzylS-
trimethoxysilylpropyltrithiocarbonate (BTPT) ar@imethoxy-

€arbonylphenylmethys -trimethoxysilylpropyltrithiocarbonate

(MPTT)) were synthesized by a multistep synthesis. First,
3-(mercaptopropyl)trimethoxysilane was reacted with sodium

60°C for 18 h and then the polymerization was quenched by putting Methoxide in dry methanol, followed by the addition of

the tube into an icewater bath. The residual monomer was €xcessive carbon disulfide at ambient temperature. After stirring
removed by evaporation, and monomer conversion was determinedfor 5 h, benzyl bromide or methyi-bromophenylacetate was

to be 84.6% by gravimetry. The free polymer was isolated from then added to the solution to form the target CTA. The reaction
polymer coated fumed silica by extracting the resultant mixtures was almost quantitatively conducted in methanol at room
with dichloromethane in a Soxhlet apparatus overnight. The filtrate temperature, and the purity of the crude products obtained was
was subjected to GPC analysis, and the fumed silica carrying surfacenigher than 95%, as is evident from TLC attiINMR analysis.
bound polymetr WaGSP(g'ed ur|1der \{aCqum bsfore ?tmcljnoly&s and TGA gecause of the potential instability of the trimethoxysilyl group
measurements. analyses: cleaved grafted PMAg) = and the serious absorption onto the silica gel column during

#ﬁg Sé)éigﬁlg)z 13%%02;3 g&Mﬁéhf;r(g::l;;_'gg}nilag)f);;ﬁilnzé purification, the resultant RAFT-silane agents were used without

ratio of polymeric chains on solid surface was determined by TGA further purification. BTPT and MPTT were then grafted onto

using the following equatiors’ whereG, andG, mean the mass  the surface of fumed silica by refluxing the mixtures of CTA
and molar ratio of grafted polymer to solid SUppOorsi—polymer and fumed silica in toluene. The excessive reactive CTAs were

andW%esi—cTa are the percent weight loss between room temper- recycled by filtration and concentration, and impurities could
ature and 500C corresponding to the decomposition of polymer  be efficiently isolated from fumed silica supported CTAs (FSi-
grafted fumed silica (FSi-polymer) and FSi-CTA, ald cpdg) is CTAs) by extraction with dichloromethane overnight using a
the apparent molecular weight of grafted polymer determined by goxhlet extractor. When the mixtures were washed using organic
GPC solvents such as toluene, THF, and acetone, not all the impurities
could be fully removed, as is evident from the production of
star polymers in solution during FSi-MPTT3-mediated graft
polymerization as discussed later. TGA, FT-IR, and elemental

\N(%Fsifpolymer

G =  W%esicra
" 100 — Wobeg;

100 — Wo%es;cra

@)

polymer
analysis (EA) confirmed that chain transfer agents were suc-
G = G ) cessfully immobilized to the surface of fumed silica. In addition,
P M, epd0) it was found that the CTA loadings on fumed silica could be

adjusted by control over reaction time and weight ratio of CTAs
General Procedure for Cleaving the Grafted Polymers'® To to solid supports. The elemental analyses revealed that CTA
a glass tube was added 100 mg of PMA grafted fumed silica, 5 loadings of various FSi-CTAs (mmol of CTA per g of solid)
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Figure 2. ATR FT-IR spectra of various silica-polymer hybrids: (a)
100 = FSi-PMA; (b) FSi-PBA, (c) FSi-PMMA,; (d) FSi-PSt; (e) FSi-PDMA,;
T and (f) FSi-PNIPAM.
90 efficiently grafted onto the surface of fumed silica, as is evident
from TGA and FT-IR analyses. Figure 1b shows the typical
R TGA curves of FSi-polymer hybrids prepared by FSi-BTPT2-
S 80 mediated RAFT polymerization. As can be seen, the weight
% i —FSi-PMA N\ p— grafting ratios of polymeric chains were satisfactory in each
° - - --FSi-PDMA 2\ case, while the thermal properties of the silica-polymer hybrid
= By Ny materials were significantly dependent on the types of polymeric
70 -+ FSi-PNIPAM N chains grafted onto the surface of the silica particles. In FT-IR
"""" FSi-PSt (b) RS spectra of silica-polymer samples (Figure 2), a strong and broad
absorption band corresponding to the stretch vibration 6f5i
60 T T T T and C-O was noted at 10201050 cnT?; characteristic absorp-
100 200 300 400 500 tion bands of GO stretching were observed at 1730732
Temperature (°C) cm 1 (PMA, PBA, and PMMA), 1627 cmt (PDMA), and 1643
Figure 1. TGA curves of FSi-CTAs (a) and silica-polymer hybrids €M~ (PNIPAM); and characteristic peaks of PS appeared at
(b). 3060, 3028, 1602, 1494, 1454, 760, and 697 tm

For when the polymerization ([M]FSi-CTA]d/[free CTAy
were 0.587 (FSI-MPTT1), 0.235 (FSi-MPTT2), 0.136 (FSi- [AIBN]o = 300:1:1:0.2, [M§ = 3.0 mol/L, BPTT for FSi-
MPTT3), 0.365 (FSi-BTPT1), and 0.203 (FSi-BTPT2), which BTPT-mediated polymerization, and MPTT for FS{IPPT-
were comparable to the results estimated by TGA using weight mediated polymerization) was conducted in toluene at®0
losses ranging from 100 to 50C (Figure 1a). for 18 h, the polymerization results are listed in Table 1. It was

RAFT Graft Polymerization of Various Monomers. As found that the PDIs of grafted polymers were slightly higher
for graft polymerization via the RAFT approach, reports on the than those of the corresponding free polymers in most cases,
effects of CTA loadings on polymerization are very sc&rcg. perhaps due to unavoidable steric hindrance during graft
One goal of this study was to investigate the effects of types polymerization. As expected, the molecular weigiit) values
and loadings of FSi-CTAs on RAFT graft polymerization. To of the free polymers produced in solution were much higher
better control the graft polymerizatior§benzyl S-propyl- than those of the grafted polymers due to the shielding effect
trithiocarbonate (BPTT) an&methoxycarbonylphenylmethyl — and slower rate of additieafragmentation reactions on the
S-propyltrithiocarbonate (MPPT) were synthesized according surface than in solution. For RAFT graft polymerization of
to procedures similar to RAFT-silane agents and introduced into MMA, the resultant free and grafted PMMAs had a relatively
the RAFT polymerization systems as free CTAs. The fumed high polydispersity since the trithiocarbonates BPTT and MPTT
silica supported chain transfer agents (FSi-CTAn (GGFBTPT are usually poor RAFT agents for the polymerization of MMA.
or MPTT, n = 1 or 2)) were then used to mediate RAFT FSi-BTPT-mediated RAFT polymerization of MMA (runs 17
polymerization of vinyl monomers such as methyl acrylate and 18 in Table 1) could not contrtM, and PDI of free and
(MA), butyl acrylate (BA), N,N-dimethylacrylamide (DMA), grafted polymers at all, while FSi-MPTT-mediated RAFT
N-isopropylacrylamide (NIPAM), methyl methacrylate (MMA),  polymerization of MMA (runs 19 and 20 in Table 1) was liable
and styrene (St) in toluene at 8C. After polymerization, the to afford partial control over molecular weight and give a
polymer grafted fumed silica was isolated from free polymers satisfactory polydispersity (1.28 PDI < 1.41), indicating that
by extraction, and the weight grafting rati@,f was determined  these types of solid supported CTAs could play an important
by TGA using eq 1 (see Experimental Procedures). The graftedrole in graft polymerization.
polymer was recovered by aminolysis usingnexylamine in For polymerization mediated by FSi-BTPT1 with a higher
THF at room temperature overnight, and a small amount of loading of 0.365 mmol/g in the presence of BPTT (runs 1, 5,
aqueous sodium bisulfite was used during aminolysis to avoid 9, 13, and 17 in Table 1), the polydispersity indices of grafted
the oxidative coupling of the thiol end grodpThe apparent polymers were high (PD¥ 1.39) except for polystyrene (run
molar grafting ratio Gp) of polymeric chains on solid supports 21 in Table 1, PDI(g)y= 1.28), although the PDI values of free
was calculated from the equati@ = G/Mx(g), whereMn(g) polymers were usually low (PDf 1.21). However, when FSi-
is the number-average molecular weight of grafted polymer BTPT2 with a lower loading of 0.203 mmol/g was used to
determined by GPC. Various polymeric chains could be mediate RAFT graft polymerization of various monomers (runs
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Table 1. Polymerization Results for RAFT Graft Polymerization Mediated by FSi-CTA in the Presence of Free CTA (BPTT for FSi-BTPT and
MPPT for FSI-MPTT) @

run Si-CTA M C% My(th)? Mn(Q)° PDI(gy Mn(f) PDI(f) G (%) Gp (umoligy
1 FSi-BT PT1 MA 93.3 12300 9200 1.49 22400 1.12 28.3 30.8
2 FSi-BT PT2 MA 91.7 12100 12000 1.25 20700 1.18 39.0 32.5
3 FSi-MP TT1 MA 84.6 11200 12800 1.18 19400 1.12 37.8 29.5
4 FSi-MP TT2 MA 83.7 11100 10500 1.20 18600 1.16 37.4 35.6
5 FSi-BT PT1 BA 94.8 18500 10700 1.45 33200 1.21 37.2 34.8
6 FSi-BT PT2 BA 95.5 18600 12200 1.24 39200 1.15 439 36.0
7 FSi-MP TT1 BA 90.9 17800 12400 1.20 32800 1.19 39.3 31.7
8 FSi-MP TT2 BA 89.0 17400 11300 1.18 37000 1.13 418 37.0
9 FSi-BT PT1 DMA 98.9 14900 9800 1.39 19400 1.10 28.8 29.4
10 FSi-BT PT2 DMA 99.5 15000 10500 1.18 18200 1.14 33.5 31.9
11 FSi-MP TT1 DMA 98.3 14900 11800 1.14 20200 1.12 33.2 28.1
12 FSi-MP TT2 DMA 97.9 14800 9630 1.15 18000 1.11 35.4 36.8
13 FSi-BT PT1 NIPAM 98.9 17000 10200 1.44 28100 1.17 31.6 31.0
14 FSi-BT PT2 NIPAM 98.5 17000 11800 1.24 27200 1.20 38.5 32.6
15 FSi-MP TT1 NIPAM 94.5 16300 12400 1.22 27000 1.20 33.1 26.7
16 FSi-MP TT2 NIPAM 97.3 16800 10500 1.25 26400 1.22 32.4 30.9
17 FSi-BT PT1 MMA 65.1 10000 22500 1.88 119000 1.82 32.0 14.2
18 FSi-BT PT2 MMA 64.0 9850 21800 1.65 174000 1.63 37.3 17.1
19 FSi-MP TT1 MMA 57.1 8880 9240 1.35 22300 1.41 21.7 23.5
20 FSi-MP TT2 MMA 58.7 9120 8100 1.28 19400 1.37 23.2 28.6
21 FSi-BT PT1 St 28.6 4710 5750 1.28 9620 1.21 175 30.4
22 FSi-BT PT2 St 27.0 4460 5800 1.22 9350 1.24 19.4 33.4
23 FSi-MP TT1 St 315 5220 6350 1.18 9250 1.11 18.2 28.7
24 FSi-MP TT2 St 26.1 4380 5420 1.20 7770 1.11 18.9 34.9

a Polymerization conditions: [M][FSI-CTA]o/[free CTAJW/[AIBN] o = 300:1:1:0.2, [M§ = 3.0 mol/L, in toluene at 60C for 18 h (runs +20) or 48 h
(runs 21-24). Loadings of various FSi-CTAs (mmol/g): 0.365 (FSi-BTPT1), 0.203 (FSi-BTPT2), 0.587 (FSi-MPTT1), and 0.235 (FSi-MPWT#))
= Mym X C% x [M]d/(2[FSi-CTA]o) + Mw,cta, WhereMy,m and My cta are molecular weights of monomer and free CFMolecular weight and
polydispersity of grafted polymers determined by GP®lolecular weight and polydispersity of free polymers produced in soluigveight G;) and
molar Gp) grafting ratio of polymer grafted onto fumed silica determined by TGA.

2,6, 10, 14, and 22 in Table 1), both free and grafted polymers 30 :

had low polydispersities (PD+ 1.25). Furthermore, when FSi 25 o FiaeT2 A
BTPT-mediated graft polymerization of the same monomer was A FSiMPTTA
conducted at identical reaction conditions, the monomer conver- 20l | v FaimpTTa S
sions were usually close, while slightly longer polymeric chains ~ e Ty e
with a lower polydispersity could be grafted onto the silica Eo 1.54
surface as FSi-BTPT2 was used as the mediating agent. This g A ' -4
phenomenon indicates that CTA loadings on solid supports may £ 1.0 S Ay

significantly affect the graft polymerization due to the potential ’ s ,»

effects of the CTA surface density on the degree of shielding 051 4 &

effect and the rates of polymerization in solution and on the ‘b,," {'

silica surface. 0.0 ; ! 3 A o 2

When FSI-MPTT was used to mediate RAFT graft polym-
erization in the presence of MPPT, the polymerization afforded Figure 3. Pseudo-first-order kinetic curves for RAFT graft polymer:
free and grafted polymers with a low _polydlspersny (PBI izgtion of MA mediated by FSi-CTA in the presence %f a fpreg CTA
1.25), except PMMA samples obtained in runs 19 and 20 (Table (BpTT for FSi-BTPT and MPPT for FSi-MPTT) in toluene at 80.

1). When graft polymerizations of the same monomer mediated [M] /[FSi-CTA]y/[free CTAJ/[AIBN] o = 300:1:1:0.2, [M} = 3.0 mol/

by FSi-MPTT were conducted at identical conditions, similar L. Loadings of various FSi-CTAs (mmol/g): 0.365 (FSi-BTPT1), 0.203
conversions and comparable PDI values of polymers were &ZE%Z_EF;PTZ)' 0.587 (FSIi-MPTT1), 0.235 (FSIi-MPTT2), and 0.136 (FSi-
obtained, while FSi-MPTT1 (higher loading of 0.587 mmol/g) )

mediated polymerization tended to afford slightly longer grafted CTA were liable to afford higher molar grafting ratios of
polymeric chains. This phenomenon also confirmed that the graft polymeric chains on a silica surface. One possible reason for
polymerization could be affected by CTA loadings. this phenomenon is that the higher surface density of the active
Theoretically, an intermediate loading of FSi-CTA will favor  sites of FSi-CTAs further prevented the diffusion of monomer
the Z supported RAFT graft polymerization and afford better- and polymeric chain radicals to the reactive s#es.
defined grafted polymers and a relatively high grafting density.  RAFT Graft Polymerization of Methyl Acrylate in Tolu-
If the loading is very high, the high concentrations of reactive ene: Polymerization Kinetics. To investigate the effects of
sites at the surface will increase the shielding effect, and the types and loadings of FSi-CTAs and monomer conversions on
chain transfer activity at the surface will be strong, which graft polymerization, the RAFT graft polymerization of MA
possibly leads to a low grafting efficiency, although the total was studied in detail. For when the polymerization was
grafting density of polymeric chains may remain high. On the conducted in toluene at 6, the apparent kinetic curves are
contrary, a very low loading can significantly decrease the depicted in Figure 3. It was found that pseudo-first-order
shielding effect and increase the grafting efficiency; however, polymerization kinetics was maintained until high conversion
the low local concentrations of the tethered CTAs may result up to 80%. No induction period was noted for FSi-BTPT-
in the production of nonuniform grafted polymeric chains. From mediated polymerization, while an obvious induction period
Table 1, it can be seen that the lower loadings of the same FSi-(about 3-5 h) was observed for FSi-MPTT-mediated polym-

time (h)
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Figure 4. Evolution of molecular weight and polydispersity of free
and grafted PMAs with monomer conversion during RAFT graft
polymerization. See Figure 3 for polymerization conditions.

erization. The rates of polymerization were slightly increased
in the order FSi-BTPT® FSi-BTPT2 and FSI-MPTT® FSi-
MPTT2 > FSi-MPTT3, indicating that higher loadings of same
FSi-CTAs were liable to give slightly increased rates of
polymerization at identical reaction conditions.

When FSi-BTPTs with different loadings were used to
mediate RAFT polymerization in the presence of BPTT, linear
evolution of molecular weights of free and grafted polymers

Retention time (min)

1" 12 13 14 15 16 17 18
Retention time (min)

Figure 5. GPC traces of free (solid line) and grafted (dashed line)
PMAs obtained by RAFT graft polymerization mediated by FSi-MPTT1
(a) and FSi-MPTT3 (b) at various conversions.

addition—fragmentation transfer reactions in solution and on
surfaces were quite similar due to the lack of significant
shielding effects and much higher concentration of reactive sites
at solid surfaces than in solution, resulting in similar chain
lengths of free and grafted polymers. With increasing conver-
sion, only polymeric chain radicals with lower molecular weights
could reach the surface to conduct the addititragmentation
chain transfer reaction due to increased steric hindrance, and
the polymerization rate at the surface was further slowed down
due to the restricted diffusion of monomer and polymeric chain
radicals to the reactive sites, leading to a slowly increased
molecular weight and broadened polydispersity of grafted
polymers. As FSi-BTPT1 with a higher loading was used as a
mediating agent, the reversible additieinagmentation chain
transfer reaction at the surface could not be efficiently conducted
at high conversion, as is evident from the gradually increased

with conversion up to 84% was observed (Figure 4a). Free andpolydispersity and significant tailings in GPC traces of the
grafted polymers obtained at low conversions had similar resultant grafted polymers.

molecular weight values. With increasing conversion, the

Figure 4b shows the dependence of molecular weight and

molecular weights of free polymers were much higher than those polydispersity of free and grafted polymers on monomer

of grafted polymers, due to significant shielding effect and lower

conversion during RAFT graft polymerization of MA mediated

rates of polymerization on solid surfaces. In all cases, free by FSi-MPTT in the presence of MPPT. As expected, the
polymers obtained at similar conversions had very close molecular weights of free and grafted polymers linearly

molecular weights and relatively low polydispersities (PBI
1.1-1.3). At various conversions, FSi-BTPT1-mediated po-
lymerization could only afford shorter grafted polymeric chains,

and their PDIs tended to gradually increase from 1.3 to 1.5;

increased with an increase in monomer conversion, and the
molecular weights of free polymers obtained at high conversions
were much higher than those of grafted polymers. It was noted
that the molecular weights of free and grafted polymers obtained

however, FSi-BTPT2-mediated polymerization could give longer by FSi-MPTT-mediated graft polymerization at identical condi-
polymeric chains with polydispersities ranging between 1.2 and tions tended to increase in the order FSi-MPTTESI-MPTT2
1.4 grafted onto silica surfaces, indicating that the loadings of > FSi-MPTT3, while the PDIs were relatively low (P 1.3)

FSi-BTPT played an important role in graft polymerization. The

in all cases. These results suggest that higher loadings of FSi-

former could be ascribed to a significantly increased shielding MPTT were liable to afford longer polymeric chains grafted

effect with increasing conversion. At low conversion, rates of

onto silica surfaces.
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Table 2. Molecular Weight and Polydispersity of Free PMA Samples Obtained via RAFT Graft Polymerization of MA Mediated by FSi-MPTT3
(0.136 mmol/g) in the Presence of Free MPPT in Toluene at 6TC?

run t (h) C% M (th) Mn(f1) PDI(fy) Muw(f1) Mn(f2) PDI(f2) Mu(f2) Muw(f2)/Mw(f1)

1 7 23.4 3320 4560 1.22 3780 26 200 1.10 29100 7.70
2 8.8 42.8 5830 8660 1.15 6250 48 900 1.10 49 400 7.90
3 10 52.6 7090 10400 1.16 7310 58 200 1.09 56 200 7.69
4 11.5 61.4 8230 12200 1.16 8800 68 800 1.09 66 400 7.55
5 14 72.9 10100 14500 1.17 10400 80 000 1.08 75200 7.23
6 18 84.2 11200 16600 1.20 12400 89 200 1.06 88 700 7.15

aPolymerization conditions: [MI[FSi-MPTT3L/[MPPT]J/[AIBN] = 300:1:1:0.2, [M} = 3.0 mol/L, where f means linear PMA and;fmeans star
PMA, M, is number-average molecular weight determined by GPC Mwis number-average molecular weight determined by GPC-LS.

Scheme 2. Chemical Structures of Various Free CTAs Used in

— original ""v.,‘ RAFT Graft Polymerization
-------- After aminolysis "x: o
E"‘-, NSNS o /\/S\"/S\Q
| \Isr S
(a) MPPT (b) BPTT

g e
. ; . . ; . . Hooc/\/s\n/S 0~ Hooc” ™ s\n/s

11 12 13 14 15 16 17 S s
Retention time (min)
Figure 6. GPC traces of free PMA before and after aminolysis, where

the original PMA sample was obtained by FSi-MPTT3-mediated RAFT (c) MPPA

graft polymerization in the presence of MPPT. (d) BSPA

obtained by FSi-MPTT1 (a) and FSi-MPTT3 (b) mediated

RAFT graft polymerization are shown in Figure 5. In Figure

5a, the GPC traces of various polymers gradually shifted to the (e) CPDB

high molecular weight side with increasing conversion, and no

significant shoulders and tailings were observed except that aThe aminolyzed PMANI, = 8840, PDI= 1.13) and the original
shoulder in the high molecular weight side corresponding to linear PMA sample M, = 8660, PDI= 1.15) had similar
radicat-radical termination by combination was noted for free molecular weight and polydispersity, suggesting that the star
polymers obtained at 88.7% conversion. In Figure 5b, however, polymer was also formed by RAFT polymerization via Z-group
a shoulder in the high molecular weight side (about 5% approach in which the arm could be efficiently cleaved from
calculated from the peak areas of free polymers) was observedthe core by aminolysis. Other free PMA samples were also sub-
in GPC traces of free PMAs obtained by FSi-MPTT3-mediated jected to aminolysis, and the results were quite similar, confirm-
polymerization at various conversions, which gradually shifted ing that the arm length of the star polymer was almost uniform.
to the higher molecular weight side with increasing conversions. To wholly remove the impurities, FSI-MPTT3 was extracted
Noting that the shoulder peak could not be ascribed to polymerswith dichloromethane overnight using a Soxhlet extractor, and
produced by coupling reactions, two kinds of free polymers (f  the resultant FSi-MPTT&ad a loading of 0.0964 mmol/g as
linear PMA and 3$, higher M, fraction) were analyzed by determined by elemental analysis. FSi-MPTWas then used
conventional GPC and GPC-MALLS with THF as an eluent, to mediate RAFT graft polymerization of MA at identical
and the results are shown in Table 2. As can be seen, theconditions, and the polymerization for 15 h gave a conversion
molecular weight values of linear PMAs estimated by conven- of 81.8%. As expected, only one monomodal distribution was
tional GPC were significantly higher than those determined by observed in GPC traces of frel{= 16 300, PDI= 1.19) and
GPC-LS, and the latter were very close to the theoretical values,grafted M, = 8480, PDI= 1.25) polymers obtained. The
which can be ascribed to different hydrodynamic volumes of previous results demonstrated that the washing method using
PMA and PMMA samples. The PDIs obtained were less than organic solvents could not efficiently remove the impurities such
1.22, corresponding to the nature of controlled polymerization. as multifunctional CTAs absorbed on the surface of fumed silica.
The molecular weight ratios of fo f; ranged between 7 and 8, Effects of Free CTAs and Reaction Media on Graft
suggesting that the high molecular weight fraction was a star Polymerization. Until now, most of the solid-based graft
polymer with an average arm number of8. The star polymer  polymerization was conducted either solvent-free or in a good
was presumably originated from the silsesquioxane cage-basedsolvent of polymer chains, while polymerization performed in
multifunctional CTA, which maybe produced during the re- poor solvents was very scarce. Recently, Guo et al. reported
fluxing reaction of fumed silica and MPTT in toluene at high the synthesis of PMMA brushes grafted onto single-walled
temperature and absorbed on the surface of fumed silica. Thecarbon nanotubes by in situ free radical polymerization in
free polymers were then subjected to aminolysis, and the GPCmethanol or a methanol/water mixture and found that the
traces of free polymer samples (run 2 in Table 2) before and grafting ratio of the polymer chains was significantly enhanced
after aminolysis are shown in Figure 6. After aminolysis, the as compared to that in toluene, indicating the potential effects
signal corresponding to the star polymer wholly disappeared, of reaction media on graft polymerizatiéhOne the other hand,
and only one unimodal distribution was observed in GPC traces. less steric hindrance and similar polymerization rates in solution

S
As a comparison, the GPC traces of free and grafted PMAs ©—<S+CN
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Table 3. RAFT Graft Polymerization of MA Mediated by FSi-CTAs in the Presence of Various Free CTAs in Toluene (T) and Methanol (M)

run FSi-CTA free CTA solvent C%  My(th) Mn(9) PDI(g) Mn(f) PDI(f) G (%) Gp (umol/g)
1 FSi-M PTT1 MPPT T 84.6 11200 12800 1.18 19400 112 37.8 295
2 FSi-M PTT1 BPTT T 91.4 12000 7880 1.32 16400 1.20 27.1 34.4
3 FSi-M PTT1 MPPA T 85.0 11300 11200 1.16 17800 1.16 31.6 28.2
4 FSi-M PTT1 BSPA T 90.5 12000 8070 1.39 19200 1.28 28.4 35.2
5 FSi-M PTT1 CPDB T 48.5 6480 7280 1.16 9130 1.19 36.8 50.5
6 FSi-M PTT1 MPPT M 81.2 10800 13200 1.14 23100 1.15 49.5 375
7 FSi-M PTT1 BPTT M 86.3 11400 10600 1.22 23600 1.17 42.8 40.4
8 FSi-M PTT1 MPPA M 82.1 10900 12500 1.15 20900 1.18 48.7 39.0
9 FSi-M PTT1 BSPA M 86.1 11400 9920 1.28 23700 1.19 42.6 42.9
10 FSIi-M PTT1 CPDB M 31.2 4250 5360 1.12 6770 1.14 31.2 58.2
11 FSi-B TPT1 MPPT T 89.8 11900 10900 1.22 21700 1.17 33.9 31.1
12 FSi-B TPT1 BPTT T 93.3 12300 9200 1.49 22400 1.12 28.3 30.8
13 FSi-B TPT1 MPPA T 86.7 11500 9550 121 19100 117 30.7 321
14 FSi-B TPT1 BSPA T 91.9 12100 8360 1.52 22200 1.19 26.1 31.2
15 FSi-B TPT1 CPDB T 455 6100 6830 1.16 8420 1.13 333 48.8
16 FSi-B TPT1 MPPT M 84.8 11300 11200 1.18 23100 1.12 48.3 43.1
17 FSi-B TPT1 BPTT M 87.4 11500 10500 1.28 23800 1.14 47.6 45.3
18 FSi-B TPT1 MPPA M 81.9 10900 9720 1.15 20400 1.13 43.2 444
19 FSi-B TPT1 BSPA M 85.5 11300 8870 1.26 22900 1.18 40.8 46.0
20 FSi-B TPT1 CPDB M 34.6 4690 5840 1.12 7350 1.09 34.2 58.6
21 FSi-B TPT2 CPDB T 39.8 5360 5510 1.12 6720 1.13 26.2 47.5
22 FSi-M PTT2 CPDB T 33.1 4490 5240 1.16 5820 1.11 254 48.5

aPolymerization conditions: [M][FSi-CTA]d/[free CTAJW/[AIBN] o = 300:1:1:0.2, [M§ = 3.0 mol/L, at 60°C for 42 h (free CTA= CPDB) or 18 h
(other free CTAS).

was used as a solvent, a polym@olymer interaction is favored
over a polymetsolvent interaction, so the living polymeric
radicals are expelled from the solvent and tend to form polymer
globules or be close to the surface of fumed sifit@he side

CPDB reactions were correspondingly increased due to increased local

free CTA

; concentrations of monomer and free radicals (which is similar

-------- BSPA to that in dispersion polymerization), as is evident from the
MPPA significant shoulders and tailings in GPC traces of polymers

N (Figure 7). Meanwhile, the grafted polymers prepared in
rrrrrrrr BPTT methanol possessed higher molecular weights and lower PDIs

7777777 MPPT than those obtained in toluene, and no significant shoulders and
" T T T r T T J tailings were observed from GPC traces of the cleaved PMA
" 21 1Mo e 7 18 samples. This observation follows early work by Odian and
Retention time (min) others, who studied the effect of solvents on graft polymerization
Figure 7. GPC traces of free (solid line) and grafted (dashed line) and observed that poor solvents for the grafted polymeric chains
PMAs obtained by RAFT graft polymerization mediated by FSI-MPTTL |eaq to faster polymerization rates and higher grafting ratios,
in the presence of various free CTAs in methanol. See Table 3 for o .
detailed reaction conditions. when compared to polymerizations undertaken in good solyents,
as a result of a Trommsdorff-type effé€®Since methanol is

and on surfaces are crucial to synthesize free and grafted® POOr solvent for poly(methyl acrylate), the growing polymeric
polymers with similar molecular weights via graft polymeriza- chains becc_)me relgtlvely |mmob|[|zed, asa r(_asult of which their
tion, so choosing a suitable free CTA in solution is necessary 'ate of collision with other growing chains is decreased, and
to obtain well-defined grafted polymers. To investigate the consequently, termination is red_ucgd.These results confirm that
effects of various free CTAs and reaction media on polymer- for RAFT as well, graft polymerization in a poor solvent could
ization, FSi-MPTT1 and FSi-BTPT1 were chosen as the afford graftt_ad pol_ymers \_N'th a higher n_wolecular_ weight and
mediating agents to perform RAFT polymerization of MA in lower polydispersity and increased grafting density.
toluene or methanol, and MPPT, BPTT, MPPA, BSPA, and For polymerization conducted in the same solvent, the
2-(2-cyanopropyl) dithiobenzoate (CPDB) were introduced into polymerization using free CTAs with the same R-group and
the solution as free CTAs (Scheme 2). similar Z-group such as MPPT and MPPA tended to give a
For when the graft polymerization using various free CTAs similar polymerization rate and comparable molar grafting ratio.
and reaction media was conducted at €0 the results are ~ As compared to the polymerization using free CTAs of BPTT
shown in Table 3. When RAFT polymerization was performed and BSPA, the polymerization using MPPT and MPPA as free
at identical conditions, the total conversion in toluene was CTAs could afford lower polydispersity indices of PMAs (PDI
slightly higher than that in methanol, which can be ascribed to < 1.22), longer grafted polymeric chains, and lower molar
the homogeneous reaction in toluene and heterogeneous reactiografting ratios, indicating that the graft polymerization could
in methanol. As compared to samples prepared in toluene, thebe significantly affected by types of free CTAs used in solution.
free PMA samples obtained in methanol had higher molecular As expected, the introduction of a dithiobenzoate-based CTA
weights, although the PDIs in both cases were similar. When such as CPDB in toluene could afford free and grafted polymers
RAFT polymerization is conducted in a good solvent such as with much closerM, values due to a significantly decreased
toluene, some side reactions such as radiradical coupling polymerization rate in solution, which was in good agreement
and disproportionation terminations can be avoided under with the results in RAFT graft polymerization mediated by flash
optimal conditions even at high conversion. When methanol silica supported CTA%10The previous results show that well-
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defined polymeric chains can be grafted onto fumed silica (20) Li, C. Z.; Benicewicz, B. CMacromolecule005 38, 5929-5936.
particles via the RAFT process using suitable free CTAs and (21) Li, C. Z; Han, J.; Ryu, C. Y.; Benicewicz, B. Gdacromolecules

reaction media.

Conclusion

It was demonstrated that Z supported RAFT graft polymer-
ization could yield well-defined polymer grafted fumed silica
under suitable conditions. The CTA loadings, types of free

CTAs, and reaction media played important roles during graft

polymerization. Under optimized conditions, well-defined poly-
meric chains with a low polydispersity and chain lengths similar

to those of free polymers could be grafted onto the surface of (@8)

fumed silica, and the grafting ratios were relatively high, as is
evident from GPC, FT-IR, and TGA analyses. The graft

polymerization of methyl acrylate in inhomogeneous media such
as methanol could afford longer grafted chain lengths and

2006 39, 3175-3183.

(22) Liu, C. H.; Pan, C. YPolymer2007, 48, 3679-3685.

(23) Ranjan, R.; Brittain, W. JPolym. Prepr.2007, 48, 797—-798.

(24) Sciannamea, V.; Debuigne, A.; Piette, Y.; Jerome, R.; Detrembleur,
C. Chem. Commur2006 4180-4182.

(25) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.
T.; Mayadunne, R. T. A.,; Meijs, G. F.; Moad, C. L.; Moad, G;
Rizzardo, E.; Thang, S. HMacromoleculesl998 31, 5559-5562.

(26) Chong, Y. K,; Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H.
Macromoleculesl999 32, 2071-2074.

(27) Moad, G.; Rizzardo, E.; Thang, S. Aust. J. Chem2005 58, 379—

410.

Barner-Kowollik, C.; Davis, T. P.; Heuts, J. P. A.; Stenzel, M. H.;

Vana, P.; Whittaker, MJ. Polym. Sci., Part A: Polym. Cher2003

41, 365-375.

(29) Perrier, S.; Takolpuckdee, P. Polym. Sci., Part A: Polym. Chem.
2005 43, 5347-5393.

(30) Favier, A.; Charreyre, M. TMacromol. Rapid Commur2006 27,
653-692.

significantly increased grafting density due to the heterophase (31) Bamer, L.; Davis, T. P.; Stenzel, M. H.; Barner-Kowollik, C.

reaction environment and smaller shielding effect.
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