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Facile construction of solid substrates grafted with quaternized copolymers by two step reactions 

comprising alkoxysilane-hydroxyl coupling reaction, quaternization and RAFT polymerization was 

described. Silica nanoparticles grafted with poly(N,N-dimethylaminoethyl methacrylate) (PDMA) was 

initially prepared via tandem linking reaction and RAFT polymerization and acted as a versatile platform 

to generate three types of ion-bearing topological copolymers grafted silica. Bromide-functionalized 10 

agents and polymers were grafted onto surface-tethered PDMA backbone to form quaternized random and 

comblike copolymers grafted silica, and concurrent quaternization and RAFT process were performed to 

generate silica nanoparticles grafted with toothbrushlike copolymers comprising poly(methyl 

methacrylate), polystyrene, poly(N-isopropylacrylamide) and poly(tert-butyl acrylate) segments. Free 

polymers and grafted side chains obtained by tandem approach usually had similar chain length and low 15 

polydispersity, evident from hydrolysis, GPC and 1H NMR analyses. The quaternization efficiency of 

graft reactions was in the range 34-79% (for attaching small molecules) and 3.8-7.4% (for grafting 

polymeric chains). Our preliminary results revealed the surface wettability of hybrid films was dependent 

on some factors such as macromolecular architecture, quaternization degree, chemical composition and 

temperature. This study affords a straightforward and versatile method to construct quaternized 20 

macromolecular architectures grafted onto hydroxyl-rich solid substrates, and the resultant silica-polymer 

hybrids may have a great potential in stimuli-responsive emulsifiers, surface and antibacterial materials. 

Surface modification of solid substrates with functional 
polymeric chains has attracted much attention due to their 
adjustable mechanical, surface and thermal properties and 25 

versatile applications in functional materials.1–15 Among them, 
silica particles are substrates of choice to generate core-shell 
hybrid materials due to their many advantages such as chemical 
resistance, mechanical stability, variable particle sizes, and 
tunable specific surface area and pore size.1–6 Based on reactive 30 

hydroxyl groups on silica surface, surface modifiers such as 
organoalkoxysilanes are easily linked to form surface-tethered 
functional groups, which further bridge inorganic and polymeric 
layers via postpolymerization modification. Surface-initiated 
controlled radical polymerization techniques involving reversible 35 

addition-fragmentation chain transfer (SI-RAFT) polymerization 
have been efficiently used to prepare silica-polymer hybrid 
materials, in which the graft reaction can be conducted via either 
“grafting to” or “grafting from” approach.16–32 The former affords 
a straightforward route to give the target hybrids with relatively 40 

low grafting density due to steric hindrance, whilst the latter 
allows the formation of silica-polymer hybrids with higher 
grafting density although side reactions may lead to structural 
defects of grafted chains. SI-RAFT can be performed via either 
stepwise or tandem approach, however, the examples on tandem 45 

synthesis of polymers grafted solid substrates are very scarce thus 
far.16,30–35 For example, Ranjan et al. utilized tandem RAFT 

polymerization and click chemistry to synthesize PSt grafted 
silica nanoparticles with a grafting density up to 0.51-0.70 chains 
nm–2,16 and we have combined simultaneous RAFT process and 50 

linking reaction such as copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC) reaction and alkoxysilane-hydroxyl 
coupling reaction to synthesize silica particles30,31 and graphene 
oxide32 grafted with a series of linear polymers up to tetrablock 
copolymers. As compared with traditional stepwise method, the 55 

tandem approach is more promising due to significant advantages 
in terms of labor, time and cost, and thus it is extremely important 
to further extend this method to prepare functional hybrids. 

As one member of stimuli-responsive polymer family, 
poly(N,N-dimethylaminoethyl methacrylate) (PDMA) and its 60 

quaternized polymers have been widely investigated due to their 
pH and thermo-responsiveness.36–67 PDMA acts as a weak 
polyelectrolyte with pH-tunable charge density due to the 
presence of ionizable tertiary amine moieties, and its lower 
critical solution temperature (LCST) is in the range 32-53 oC. As 65 

well documented, PDMA segments hydrate to swell and stretch 
in aqueous solution at a temperature below LCST, and they are 
liable to shrink and adopt a globular form at a temperature 
beyond LCST due to dehydration. These features endow PDMA-
based copolymers grafted solid substrates with a wide range of 70 

potential applications such as nanoreactors,48,49 carriers for drug 
and gene delivery,50,51 separation membranes,52–55 and 
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antibacterial materials. Furthermore, the quaternization 
modification of PDMA can introduce upper critical solution 
temperature (UCST) behavior and allow new features and 
multipurpose applications.22,47,56–67 For instance, Perrier and 
coworkers prepared charged-stabilized core-shell nanoparticles 5 

for efficient cell imaging,22 Huck and coworkers revealed 
quaternized PDMA grafted on flat surfaces possessed ion-
responsive behavior and counterion-dependent wettability,63,64 
Yuan et al. revealed normal and quaternized PDMA grafted 
graphene oxide had different thermo-dependent behaviors of 10 

dispersion and surface wettability due to their LCST or UCST-
type thermo-responsiveness,65 and Ma et al. found mesoporous 
silica nanoparticles grafted with copolymers with positive 
charged quaternary amines and polyethylene glycol (PEG) units 
were liable to exhibit enhanced tumor accumulation and cancer 15 

therapy efficacy.66 At present, most of quaternization reactions 
are based on macromolecules and small molecules,68–72 and the 
examples on quaternization between polymers73,74 are very 
limited. Considering the great potential of quaternization to 
generate complex topological grafts and endow hybrid materials 20 

with specific functions via inducing conformational changes, it is 
urgent to construct solid substrates grafted with novel 
architectures with quaternization linkages.  

Herein we reported efficient synthesis of three types of 
quaternized polymeric architectures grafted silica via two step 25 

reactions (Scheme 1). As a versatile platform for 
postpolymerization modification, PDMA grafted silica 
nanoparticles were initially prepared by tandem approach 
comprising simultaneous alkoxysilane-hydroxyl coupling 
reaction and RAFT polymerization mediated by a couplable 30 

RAFT agent 4-(trimethoxysilyl)benzyl dithiobenzoate (TBDB). 
On this basis, bromide-functionalized small molecules and 
polymers were attached onto surface-tethered PDMA backbone 
to form linear and comblike copolymers grafted silica via 
“grafting to” method, and tandem quaternization and RAFT 35 

process using difunctional 3-bromopropyl 4-benzodithioyl-4-
cyanopentanoate (BBCP) were used to generate toothbrushlike 
copolymers grafted silica. Effects of reaction conditions on 
grafting density and quaternization efficiency were investigated, 
and the surface wettability of hybrid films was preliminarily 40 

revealed. This study primarily aims at extending the 
quaternization process to achieve novel ion-bearing 
macromolecular architectures grafted onto solid substrates, and 
the resultant silica-polymer hybrids may have a great potential in 
smart functional materials. 45 

Experimental section 

Materials 

All monomers were purchased from Sigma-Aldrich, and other 
chemicals were purchased from Sinopharm Chemical Reagent 
Co., Ltd. unless other stated. 2-(Dimethylamino)ethyl 50 

methacrylate (DMA, 97%) and tert-butyl acrylate (tBA, 98%) 
were passed through a basic alumina column to remove the 
inhibitor, methyl methacrylate (MMA, 99%) and styrene (St, 
99%) were distilled from calcium hydride under reduced 
pressure, and N-isopropylacrylamide (NIPAM, 97%) was 55 

recrystallized from mixtures of hexane and toluene. 
Dichloromethane and dioxane were dried and distilled over CaH2, 

tetrahydrofuran (THF) and toluene was distilled over sodium and 
benzophenone, and N,N-dimethylformamide (DMF) was dried 
over MgSO4 and distilled under reduced pressure. 2,2’-60 

Azobis(isobutyronitrile) (AIBN, 99%) was recrystallized twice 
from ethanol. N,N’-Dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) were used as received. 
Tetraethoxysilane (TEOS, 99%), 3-bromopropanol (97%), 3-
bromopropionic acid (98%), benzyl bromide (98%) and 4-65 

(chloromethyl)phenyl trimethoxysilane (90%) were purchased 
from Alfa Aesar and used as received. 3-Bromopropyl 4-
benzodithioyl-4-cyanopentanoate (BBCP)74 and 4-
cyanopentanoic acid dithiobenzoate (4-CPDB)75 were 
synthesized and purified according to literature procedures. 70 

Bromide-terminated homopolymers PMMA-Br (Mn,GPC = 4080, 
PDI = 1.10), PSt-Br (Mn,GPC = 2710, PDI = 1.11), PNIPAM-Br 
(Mn,GPC = 3700, PDI = 1.08) and PtBA-Br (Mn,GPC = 4180, PDI = 
1.12) were prepared by BBCP mediated RAFT polymerization 
according to previous procedures.74 

75 

Synthesis of silica nanoparticles 

Silica nanoparticles were prepared according to Stöber 
method.76,77 A mixture of 282 mL of ethanol and 79.8 mL of 
water was heated to 45 oC in a water bath pot. After the 
temperature of the mixture was equilibrated for 30 min, ammonia 80 

solution (14.5 mL, 25%) and TEOS (23.2 mL) were added 
quickly under strong stirring for 5 min. After stirring for 3 h at 
room temperature, the resulting particles were separated by 
centrifugation and thoroughly washed to neutral with water using 
ultrasonication and centrifugation after each step. The particles 85 

were dried at 100 oC overnight under ambient air, and 6.22 g of 
silica nanoparticles were obtained. The average diameter of silica 
nanoparticles was determined to be about 100 nm by TEM (Fig. 
1a), and the BET specific surface area was 36.5 m2 g–1. 

Synthesis of 4-(trimethoxysilyl)benzyl dithiobenzoate (TBDB) 90 

To a round flask were added 0.316 g (13.0 mmol) of magnesium 
rod, 50.0 mL of dry THF and small amount of iodine under 
nitrogen, and then followed by slow addition of 1.57 g (10.0 
mmol) of bromobenzene. The mixture was stirred at 50 oC for 3 
h, cooled down, and followed by addition of 1.14 g (15.0 mmol) 95 

of dry CS2. After heating at 45 oC for 10 h, 2.47 g (10.0 mmol) of 
4-(chloromethyl)phenyl trimethoxysilane was added to the 
contents, and the reaction was performed at 45 oC for 20 h. The 
crude product was cooled and filtered, and concentration of the 
filtrate afforded 3.60 g (9.88 mmol) of TBDB, which was used as 100 

received in this study. 1H NMR (CDCl3): δ 7.98 (d, J 7.5, 2H, 
PhH), 7.61 (d, J 7.8, 2H, ArH), 7.52 (t, J 6.9, 1H, PhH), 7.41 (t, J 
8.1, 2H, PhH), 7.37 (d, J 7.8, 2H, ArH), 4.60 (s, 2H, CH2O), 3.62 
(s, 9H, CH3OSi). IR (KBr): 3059, 3019, 2941, 2841, 1654, 1639, 
1603, 1445, 1398, 1225, 1191, 1125, 1083, 1045, 879, 812, 761, 105 

726, 687 cm–1. 

One-pot synthesis of SiO2-g-PDMA (G1) 

To a dried glass tube were added 2.0 g of SiO2 and 20 mL 
dioxane, and the mixture was subjected to ultrasonication for 1 h. 
After that, DMA (31.4 g, 0.20 mol), TBDB (0.73 g, 2.0 mmol), 110 

AIBN (68 mg, 0.40 mmol) were added, and dioxane was added to 
the tube until the total volume was 67 mL. The contents were  
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Scheme 1 Synthetic routes to silica nanoparticles grafted with PDMA (SiO2-g-PDMA, G1), quaternized linear copolymers with various 
functionalities (SiO2-g-(PDMA-g-RBr), G2-G4), quaternized comblike copolymers (SiO2-g-(PDMA-g-PM), G5-G8) and quaternized 5 

toothbrushlike copolymers (SiO2-g-[(PDMA-g-PM)-b-PM], G9-G12). 
 
degassed with bubbled nitrogen for 30 min, polymerized at 80 oC 
for 20 h and precipitated into hexane. Monomer conversion was 
determined to be 97.1% by gravimetry. The reaction mixture was 10 

redispersed in 100 mL of THF and subjected to centrifugation. 
The solution was concentrated and precipitated into hexane to 
give free polymer. Apparent molecular weight and polydispersity 
of free PDMA estimated by GPC were Mn,GPC = 24400, PDI = 
1.75, and 1H NMR analysis (DPPDMA = I2.57/I7.98 = 141) gave 15 

Mn,NMR value of 22500. The crude hybrid sample was thoroughly 
washed with THF to remove any ungrafted polymer, and 2.3 g of 
PDMA grafted silica (G1) was collected after centrifugation and 
vacuum drying. The weight grafting ratio (Gr, defined as weigh 
ratio of grafted polymer to solid substrate) was calculated as 20 

15.9% by using the equation Gr = (W100,SiO2-polymer × 
W600,SiO2)/(W600,SiO2-polymer × W100,SiO2) – 1, where W100,SiO2-polymer 
and W100,SiO2 are residual weight of polymer grafted silica and 
pristine SiO2 at 100 oC, and W600,SiO2-polymer and W600,SiO2 are 
residual weight of polymer grafted silica and pristine SiO2 at 600 25 

oC. Apparent molar grafting ratio (Gp = Gr/Mn(g), where Mn(g) 
was number-average molecular weight of grafted polymer) was 
estimated to be 7.07 µmol g−1. The Gr and Gp values of other 
silica-polymer hybrids were calculated by the same equations. 

Synthesis of silica nanoparticles grafted with quaternized 30 

random copolymers bearing various functionalities (SiO2-g-

(PDMA-g-RBr), G2-G4) 

In this procedure, bromine-containing small molecules were 
attached onto the side chains of surface-tethered PDMA segments 
via quaternization. In a typical run (run G2 of Table 1), to a 35 

Schlenk tube were added SiO2-g-PDMA (50 mg, 0.044 mmol of 
DMA unit) and 3-bromopropanol (18 mg, 0.066 mmol) and 2.0 
mL DMF under nitrogen, and the contents were heated at 70 oC 
for 72 h. The reaction mixture was centrifuged and the isolated 
crude product was subjected to redispersion, centrifugation and 40 

thoroughly washed with THF for several times. The hybrid 
sample was carefully collected and dried under vacuum at 50 oC 
until constant weight, and 54 mg of silica nanoparticles with 3-
bromopropanol modified PDMA grafts (G2) were obtained. The 
total Gr value of G2 was determined to be 26.6% by TGA 45 

analysis, and thus the molar grafting ratio of grafted 3-
bromopropanol was deduced to be 770 µmol g−1 using the 
equation Gp,A = (Gr – Gr,PDMA)/Mn,A (A = 3-bromopropanol). As 
3-bromopropionic acid and benzyl bromide were used for 
quaternization, quaternized PDMA grafted silica samples G3 and 50 

G4 were obtained respectively.  

Synthesis of silica nanoparticles grafted with quaternized 

comblike copolymers (SiO2-g-(PDMA-g-PM), G5-G8) 

Bromide-terminated polymers synthesized by RAFT 
polymerization mediated by BBCP were used to graft onto G1 to 55 

form the title products. In a typical run (run G5 of Table 1), to a 
Schlenk tube were added SiO2-g-PDMA (50 mg, 0.044 mmol of 
DMA unit), PMMA-Br (Mn,NMR = 3950, 348 mg, 0.088 mmol) 
and 2.0 mL of DMF under nitrogen, and the quaternization was 
performed at 60 oC for 72 h. The reaction mixture was 60 

centrifuged, and the isolated crude product was thoroughly 
washed with toluene and THF. After centrifugation and drying 
under vacuum, 56 mg of SiO2-g-(PDMA-g-PMMA) (G5) was 
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obtained. The total Gr of G5 was determined to be 34.0% by TGA 
analysis, and thus the molar grafting ratio of grafted PMMA 
segments was deduced to be 45.8 µmol g−1 using the equation 
Gp,PMMA = (Gr – Gr,PDMA)/Mn,PMMA. Other SiO2-g- (PDMA-g-PM) 
samples (PM = PSt (G6), PNIPAM (G7) and PtBA (G8)) were 5 

prepared according to similar procedures. 

Synthesis of silica nanoparticles grafted with quaternized 

toothbrushlike copolymers (SiO2-g-[(PDMA-g-PM)-b-PM], 

G9-G12) 

In a typical reaction (run G9 of Table 1), to a Schlenk tube were 10 

added SiO2-g-PDMA (50 mg, 0.044 mmol of DMA unit), BBCP 
(35.2 mg, 0.088 mmol), AIBN (3.0 mg, 0.018 mmol) and MMA 
(0.66 g, 6.6 mmol), and then DMF was added until the total 
volume was 3.3 mL. After three freeze-pump-thaw cycles, the 
tube was subsequently immersed into an oil bath thermostated at 15 

60 oC to conduct graft reaction. The polymerization was 
performed for 24 h, and the mixture was concentrated and 
precipitated into cold methanol. Monomer conversion (C%) was 
determined to be 77% by gravimetry. The mixture of silica-
polymer hybrid and free PMMA produced in solution was 20 

redispersed in THF. After that, 65 mg of SiO2-g-[(PDMA-g-
PMMA)-b-PMMA] (G9) was recovered by centrifugation and 
thorough washing using toluene and THF, and free PMMA was 
isolated by concentration and precipitation into methanol. GPC 
and 1H NMR analyses of PMMA: Mn,GPC = 6170, PDI = 1.11, and 25 

Mn,NMR = 6400. The total Gr given by TGA analysis was 55.3%, 
and Gp,PMMA by assuming free PMMA and grafted PMMA side 
chains had same polymerization degree was estimated to be 61.6 
µmol g−1. SiO2-g-[(PDMA-g-PM)-b-PM] samples (PM = PSt 
(G10), PNIPAM (G11) and PtBA (G12)) and other PSt-based 30 

hybrids to monitor reaction kinetics during tandem reaction to 
graft PSt segments were synthesized and purified according to 
similar procedures. 

Hydrolysis of SiO2-g-[(PDMA-g-PSt)-b-PSt] 

To a glass tube were added G10 (50 mg), ethanol (1.0 mL), water 35 

(0.2 mL), THF (5 mL) and KOH (100 mg), and then the mixture 
was refluxed for 40 h. After centrifugation, the solution obtained 
was concentrated and neutralized with 0.1 M HCl. The crude 
product was partitioned between water and dichloromethane. 
After washing with deionized water, the organic layer was 40 

collected and precipitated into cold methanol. PSt was isolated 
and subjected to GPC analysis: Mn,GPC = 4040, PDI = 1.10. 

Characterization 

Apparent molecular weight (Mn,GPC) and polydispersity (PDI) of 
PSt, PMMA and PtBA were measured on a Waters 150-C gel 45 

permeation chromatography (GPC) using three Ultrastyragel 
columns (pore size 50, 100, and 1000 nm, with molecular weight 
ranges within 100−600000) with 10 µm bead size at 35 °C. THF 
was used as an eluent at a flow rate of 1.0 mL min–1, PSt were 
calibrated with PSt standard samples, and PMMA and PtBA were 50 

calibrated using PMMA standard samples. Mn,GPC and PDI of 
PDMA and PNIPAM were measured on a Waters 1515 GPC 
using three MZ-Gel SDplus columns (pore size 103, 104 and 105 
Å, with molecular weight ranges within 1000−2000000) with 10 
µm bead size at 40 °C. DMF was used as an eluent at a flow rate 55 

of 1.0 mL min–1, and the samples were calibrated with PMMA 
standard samples. 1H NMR spectra (300 MHz) were recorded on 
a Varian spectrometer at 25 oC using CDCl3 as a solvent. Fourier 
Transform Infrared (FT-IR) spectra were recorded on a Perkin-
Elmer 2000 spectrometer using KBr discs. Specific surface area 60 

of silica nanoparticles was determined by the Brunauer–Emmett–
Teller (BET) and Non-local Density Functional Theory (NLDFT) 
methods using N2 adsorption isotherm measured by a 
Micrometeritics ASAP 2020 M+C instrument. Dynamic light 
scattering (DLS) measurements were carried out at 25 oC using 65 

Zetasizer Nano-ZS from Malvern Instruments equipped with a 
633 nm He–Ne laser using back-scattering detection. The hybid 
films were prepared by spin-coating method using the solution of 
silica-polymer hybrids dispersed in THF (c = 1.0 mg mL–1) and a 
fixed rotation speed of 800 rpm, and static water contact angles 70 

(CAs) of pristine and functionalized silicon surfaces were 
measured on a C201 optical contact angle meter (Solon 
Information Technology Co., Ltd.) using the sessile drop method. 
Thermal gravimetric analysis (TGA) was performed using a 
Perkin-Elmer Pyris 6 TGA instrument with a heating rate of 10 75 

°C min−1 under nitrogen. Differential scanning calorimetry (DSC) 
analysis was performed under a nitrogen atmosphere on Q200 
DSC (TA Instruments - Waters LLC) with a heating rate of 10 oC 
min–1. Transmission electron microscopy (TEM) images were 
obtained through a Hitachi H-600 electron microscope. 80 

Results and discussion 

One-pot synthesis of SiO2-g-PDMA 

In traditional graft reaction via “grafting from” approach,1–6,17–19 
hydroxyl-alkoxysilane coupling reaction and postmodification 
were first used to attach functional initiating sites onto the surface 85 

of silica particles, and then followed by polymerization to grow 
polymeric chains. The stepwise method was efficient to generate 
silica-polymer hybrids with relatively high grafting density 
although multistep syntheses were normally necessary. To 
optimize the synthetic strategy, tandem coupling and RAFT 90 

processes were utilized to synthesize silica grafted with PDMA 
comprising quaternizable tertiary amine functionalities. To this 
end, silica nanoparticles were prepared according to the Stöber 
method, and DLS measurement indicated their apparent 
hydrodynamic diameter (Dh) and particle size distribution (PD) 95 

were 128 nm and 0.083 (Fig. S1). TEM image revealed the 
average diameter of spherical particles was about 100 nm (Fig. 
1a). Meanwhile, an alkoxysilane-functionalized RAFT agent 4-
(trimethoxysilyl)benzyl dithiobenzoate (TBDB, Fig. S2 and Fig. 
S3) was synthesized, which acted as both coupling and RAFT 100 

agents during the subsequent graft reaction. 
To obtain PDMA grafted silica, the graft reaction ([DMA]0: 

[TBDB]0:[AIBN]0 = 100:1:0.2, [M]0 = 3.0 mol L–1, mSi-CTA:WSiO2 
= 1.0 mmol g–1) was conducted in dioxane at 80 oC for 20 h. 
After reaction, free polymer produced in solution was isolated by 105 

centrifugation and precipitation, and SiO2-g-PDMA (G1) was 
recovered by thorough washing, centrifugation and vacuum 
drying. Apparent molecular weight and polydispersity of free 
PDMA were estimated to be Mn,GPC = 24400 and PDI = 1.75 by 
GPC analysis (Fig. S4). In 1H NMR spectrum (Fig. S5), 110 

characteristic signals were noted at 7.3-8.0 (ArH and PhH), 4.06  
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Table 1 Results for synthesis of SiO2-g-PDMA (G1), SiO2-g-(PDMA-g-A) (G2-G8), and SiO2-g-[(PDMA-g-A)-b-A] (G9-G12)a 

run A DP0 Mn,GPC
b PDIb Mn,NMR

c Gr (%)d 
Gp,PDMA 

(µmol g−1)e   
Gp,A 

(µmol g−1)e   
QE (%)f 

G1 ― 100 24400 1.75 22500 15.9 7.07 0 0 

G2 HOCH2CH2CH2Br ― ― ― ― 26.6 7.07 770 77.2 

G3 HOOCCH2CH2Br ― ― ― ― 28.0 7.07 791 79.3 

G4 PhCH2Br ― ― ― ― 21.7 7.07 339 34.0 

G5 PMMA-Br ― 4080 1.10 3950 34.0 7.07 45.8 4.59 

G6 PSt-Br ― 2710 1.11 2800 32.6 7.07 58.5 5.98 

G7 PNIPAM-Br ― 3700 1.08 3640 37.2 7.07 59.6 5.87 

G8 PtBA-Br ― 4180 1.12 4020 31.3 7.07 38.3 3.84 

G9 PMMA 75 6170 1.11 6400 55.3 7.07 61.6 5.47 

G10 PSt 150 3930 1.14 4140 49.2 7.07 80.4 7.36 

G11 PNIPAM 75 6670 1.12 6600 52.1 7.07 54.8 4.79 

G12 PtBA 75 7510 1.14 7100 47.9 7.07 45.1 3.81 

a Reaction conditions: [DMA]0:[TBDB]0:[AIBN]0 = 200:1:0.2, [M]0 = 3.0 mol L−1, mSi-CTA:WSiO2 = 1.0 mmol g−1, in dioxane at 80 oC for 
20 h (run G1); [A]0:[DMA unit]0 = 3 (runs G2-G4) and 2 (runs G5-G8), WSiO2-g-PDMA:VDMF = 25 mg mL−1, in DMF at 60 oC for 72 h (runs 
G2-G8); [M]0:[BBCP]0:[AIBN]0 = DP0:1:0.2, [BBCP]0:[DMA unit]0 = 2, [M]0 = 2.0 mol L−1, in DMF at 60 oC for 24 h (runs G9-G12). b 5 

Molecular weight and polydispersity estimated by GPC. c Molecular weight of free polymer (runs G1 and G9-G12) and PM-Br (runs G5-
G8) determined by 1H NMR analysis. d Weight grafting ratio determined by TGA. e Molar grafting ratio of PDMA (Gp,PDMA = 
Gr,PDMA/Mn,PDMA) and A (Gp,A = (Gr – Gr,PDMA)/Mn,A) grafted onto silica substrate. f Quaternization efficiency (QE = Gp,A/(Gp,PDMA × 
DPPDMA) (runs G2-G8) or (Gp,A – Gp,PDMA)/(Gp,PDMA × DPPDMA) (runs 9-12)), which was defined as molar ratio of grafted A to total DMA 
units of SiO2-g-PDMA. 10 

 

 

Fig. 1 Typical TEM images of silica nanoparticles (a), SiO2-g-
PDMA (G1, b), SiO2-g-(PDMA-g-PMMA) (G5, c) and SiO2-g-
(PDMA-g-PSt) (G6, d). The samples were dispersed in ethanol 15 

(a) and THF (b-d) before dropping onto the copper grid coated 
with carbon. 
 

 (CH2O of PDMA), 3.65 (CH3OSi), 2.57 (CH2N of PDMA) and 
2.29 ppm ((CH3)2N of PDMA). The degree of polymerization 20 

(DPPDMA = I2.57/I7.98) was calculated as 141, corresponding to 
Mn,NMR value of 22500. From TGA curves of pristine silica and 
SiO2-g-PDMA (Fig. 2), the weight grafting ratio (Gr) was 
determined to be 15.9%, and apparent molar grafting ratio (Gp = 
Gr/Mn(g)) was around 7.07 µmol g–1 by assuming grafted and free 25 

polymers had same molecular weights (Table 1). Considering the 
BET specific surface area of 36.5 m2 g–1, the grafting density was 
deduced to be about 0.117 chain nm–2. The diameter of silica 
nanoparticles was about 100 nm, and the average size of G1 
increased to about 114 nm (Fig. 1b). The surface of G1 was much 30 

rougher than pristine silica due to grafting, and careful inspection 
of TEM image could observe the microdomain originating from 
grafted PDMA segments. Although the grafting density seemed 
lower than that obtained by normal “grafting from” approach, it 
favored the subsequent postpolymerization modification via 35 

quaternization due to reduced steric hindrance. Meanwhile, the 
medium grafting density could be further enhanced as higher 
ratio of mSi-CTA to WSiO2 was used for the graft reaction. These 
results confirmed that we could make efficient use of concurrent 
coupling and RAFT processes to construct PDMA grafted silica. 40 

Synthesis of quaternized linear and comblike copolymers 

grafted silica via “grafting to” approach 

G1 has a large amount of couplable DMA units at the surface of 
solid substrates, which allows versatile postpolymerization 
modification in addition to RAFT chain extension 45 
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polymerization. In this study, the “grafting to” method is used to 
attach bromide-functionalized small molecules and polymers onto 
PDMA backbone to form the target hybrids. 
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Fig. 2 TGA curves of pristine silica nanoparticles, PDMA grafted 5 

silica (G1) and SiO2-g-(PDMA-g-RBr) (RBr = 3-bromopropanol 
(G2), 3-bromopropionic acid (G3) and benzyl bromide (G4). 
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Fig. 3 TGA curves of quaternized comblike copolymers grafted 
silica (G5-G8) obtained by “grafting to” approach and their 10 

precursor G1. 
 

The quaternization process using bromide-containing small 
molecules (RBr) can introduce various functionalities into 
surface-tethered PDMA backbone to form silica nanoparticles 15 

grafted with quaternized linear random copolymers comprising 
normal and quaternized DMA units. To this end, 3-
bromopropanol, 3-bromopropionic acid and benzyl bromide were 
chosen as typical agents to react with G1 to introduce reactive or 
hydrophobic moieties, and SiO2-g-(PDMA-g-RBr) samples G2-20 

G4 were obtained. The quaternization reaction ([RBr]0:[DMA 
unit]0 = 3, WSiO2-g-PDMA:VDMF = 25 mg mL–1) was performed in 
DMF at 60 oC for 72 h, and the hybrids were isolated by washing 
and centrifugation. TGA analysis revealed the Gr values were in 
the range 21.7-28.0% (Fig. 2). Based on the equation Gp,RBr = (Gr 25 

– Gr,PDMA)/Mn,RBr, the molar grafting ratio of bromide agents on 
silica surface was deduced to be within 339-791 µmol g–1. 
Therefore, the quaternization efficiency (QE = Gp,RBr/(Gp,PDMA × 

DPPDMA) was estimated to be about 34.0-79.3%. The 
quaternization efficiencies of G2 (RBr = 3-bromopropanol) and 30 

G3 (RBr = 3-bromopropionic acid) were similar and higher than 
that of G4 (RBr = benzyl bromide). Taking account of the 
microenvironment of heterogeneous reaction and hydrophilic 
PDMA grafts, this phenomenon could be partly ascribed to 
enhanced hydrophobicity and steric hindrance of benzyl bromide 35 

than other hydrophilic agents. These results indicated most of 
surface-tethered DMA units could be efficiently quaternized 
under optimized conditions even if relatively low Br/N feed ratio 
([RBr]0:[DMA]0 = 3) was used. 

Meanwhile, the quaternization reaction between G1 and 40 

bromide-terminated polymers (PM-Br) using a fixed Br/N feed 
ratio ([PM-Br]0:[DMA unit]0 = 2) was performed in DMF at 60 
oC for 72 h, and SiO2-g-(PDMA-g-PM) samples (PM = PMMA 
(G5), PSt (G6), PNIPAM (G7) and PtBA (G8)) were obtained. 
Bromide-terminated homopolymers were prepared by RAFT 45 

polymerization of various vinyl monomers mediated by 3-
bromopropyl 4-benzodithioyl-4-cyanopentanoate (BBCP), and 
they had molecular weights (Mn,NMR) in the range 2800-4020 and 
polydispersity ranging from 1.08 to 1.12 (Fig. S6). As determined 
by TGA analysis (Fig. 3), the Gr values of G5-G8 varied from 50 

31.3% to 37.2%, and the Gp values of PM-Br grafted onto silica 
surface were calculated as 38.3-59.6 µmol g–1. These results 
revealed that the quaternization efficiency ranged between 3.84% 
and 5.98%, corresponding to every 17-26 of DMA units grafting 
with one side chain in the surface-tethered comblike architecture. 55 

With increasing weight grafting ratios, the formation of core-shell 
hybrids could be easily seen from TEM images (c and d of Fig. 1), 
and the average sizes of comblike copolymers grafted silica  
increased from 114 nm (G1) to about 125-130 nm (G5 and G6). It 
should be mentioned that it was quite difficult to form grafted 60 

polymer brushes with uniformly distributed side chains. Owing to 
enhanced steric hindrance, the PM-Br segments may 
preferentially approach the outlayer DMA units to perform graft 
reaction, and the grafted side chains on comblike grafts were 
liable to partly cover the surface of hybrid particles. 65 

Consequently, the quaternization process to graft polymeric 
chains was more difficult to perform than attaching small 
molecules. Although the “grafting to” method only gave silica-
polymer hybrids with loosely grafted comblike copolymers, this 
approach allowed facile synthesis of the target hybrids with 70 

variable chemical and weight compositions and tunable chain 
length of pendent chains. 

The above-mentioned results indicated that bromide-
functionalized small molecules and polymers could be 
successfully grafted onto surface-tethered PDMA backbone to 75 

form ion-bearing linear and comblike copolymers grafted silica, 
and the quaternization efficiency could be potentially adjusted by 
changing reaction conditions. 

Synthesis of quaternized toothbrushlike copolymers grafted 

silica via tandem quaternization and RAFT process 80 

One-pot method comprising concurrent coupling reaction and 
controlled radical polymerization has been proven efficient to 
generate well-defined polymers grafted solid substrates such as 
silica particles and graphene oxide.16,30–32 Our previous studies 
revealed quaternization reaction and RAFT polymerization could 85 
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be simultaneously conducted to construct complex 
macromolecular architectures such as miktoarm star and 
toothbrushlike copolymers.72–74 Herein tandem quaternization and 
RAFT process were used to generate toothbrushlike copolymers 
grafted silica, in which the side chains were formed during 5 

concurrent coupling and polymerization based on BBCP, and the 
handle comprising linear chains was generated by chain extension 
polymerization mediated by the terminal dithiobenzoate moieties 
of PDMA grafts. The tandem approach comprising both “grafting 
to” and “grafting from” processes. The former was used to attach 10 

BBCP or BBCP-based RAFT-generated polymers onto side 
chains of surface-tethered DMA units, and the latter was applied 
to grow side chains grafted onto PDMA backbone and linear 
block to form toothbrushlike copolymers. 
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Fig. 4 1H NMR spectra of free PM samples produced in solution 
during tandem graft reaction. 
 

During SI-RAFT, free chain transfer agents are usually utilized 20 

to improve the controllability on molecular weight and 
polydispersity of surface-grafted polymeric chains. Herein 
bromide-functionalized chain transfer agent BBCP acted as both 
couplable and sacrificial RAFT agent. The former could be 

grafted onto surface-tethered PDMA backbone via quaternization 25 

and grow side chains via RAFT mechanism, and the latter could 
afford efficient control over chain length and molecular weight 
distribution of RAFT generated pendent chains and linear handle. 
With a fixed Br/N ratio ([BBCP]0:[DMA unit]0 = 2), the graft 
reaction of various vinyl monomers was conducted in DMF at 60 30 

oC for 24 h. Free polymers produced in solution were isolated by 
centrifugation, concentration and precipitation into methanol (for 
PMMA and PSt), diethyl ether (for PNIPAM) and 
water/methanol mixture (1:1, v/v, for PtBA), and silica 
nanoparticles grafted with toothbrushlike copolymers SiO2-g-35 

[(PDMA-g-PM)-b-PM] (PM = PMMA (G9), PSt (G10), 
PNIPAM (G11) and PtBA (G12)) were recovered by 
centrifugation and thorough washing with toluene and THF.  

In 1H NMR spectra of free polymers (Fig. 4), the signals of 
characteristic protons in polymer segments appeared at 3.60 40 

(CH3O of PMMA), 6.2-7.2 (PhH of PSt), 4.01 (CH of PNIPAM), 
2.23 (CH of PtBA) and 1.44 ppm (CH3 of PtBA), and typical 
signals originating from chain ends were noted at 7.3-8.0 (PhH of 
terminal PhC(=S)S), 4.24 (terminal CH2O) and 3.47 ppm 
(terminal CH2Br). On this basis, number-average molecular 45 

weights determined by 1H NMR (Mn,NMR) were obtained by 
comparing integrated signal areas of protons in polymer chain 
and end group. GPC analysis revealed various bromide-
terminated homopolymers had molecular weight (Mn,GPC) within 
the range 3930-7510, and their polydispersity indices were 50 

relatively low (PDI = 1.11-1.14, Fig. 5). By assuming that all the 
RAFT agents had quantitatively participated in RAFT process to 
generate polymer segments and free and grafted PM segments 
had same chain length, theoretical molecular weights (Mn,th) of 
free polymers were calculated as 6180 (PMMA, 77% 55 

conversion), 3990 (PSt, 23% conversion), 6330 (PNIPAM, 70% 
conversion) and 7020 (PtBA, 68% conversion). The Mn,th and 
Mn,NMR values were roughly similar (Mn,th/Mn,NMR = 0.96-0.98), 
which revealed that most of BBCP had participated in RAFT 
process during graft reaction no matter it was grafted onto the 60 

PDMA backbone or present in solution. 
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Fig. 5 GPC traces of free polymers produced in solution during 
tandem graft reaction and cleaved PSt isolated from hydrolysis of 
SiO2-g-[(PDMA-g-PSt)-b-PSt] (G10). 65 
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As well documented, free and grafted polymers usually 
possessed similar molecular weights as surface-supported RAFT 
polymerization was conducted in the presence of suitable amount 
of sacrificial RAFT agent via “grafting from” approach.16–19,32 In 
this study, the reaction system was more complex than normal SI-5 

RAFT process since two types of reactive sites comprising side 
chains and chain end of PDMA backbone were involved, and the 
reactive sites in pendent chains of PDMA backbone could be 
formed via two kinds of quaternization reactions between PDMA 
backbone and bromide-functionalized RAFT agent (either BBCP 10 

or BBCP-based macro CTA). In the first mode, BBCP was 
initially tethered to PDMA backbone via quaternization, and then 
followed by surface-supported RAFT process to grow side 
chains. In the second mode, BBCP mediated RAFT 
polymerization was performed in solution and afforded bromide-15 

bearing macro RAFT agent (free polymer), and then 
quaternization and RAFT processes were performed 
simultaneously. In theory, two modes are concurrent at the early 
stage of polymerization, the second mode plays a critical role 
once all the dithiobenzoate moieties have participated in the 20 

RAFT process, and the quaternization between DMA units and 
free polymers will be continuously conducted until either all the 
DMA units are fully covered by grafted chains or free polymers 
formed in solution are too bulky to approach DMA units to be 
quaternized. Owing to the complex reaction processes, it is 25 

necessary to understand the uniformity of chain length of grafted 
side chains and the relationship between polymerization degrees 
of free and grafted polymeric chains. In addition, it is also 
important to reveal the evolution of grafting density of surface-
tethered toothbrushlike copolymers with reaction time. Profound 30 

understanding of these issues is helpful to optimize tandem 
approach to generate well-defined toothbrushlike copolymers 
grafted silica. 

To reveal if free and grafted chains had similar chain length, 
G10 (PM = PSt) was subjected to hydrolysis, and the cleaved PSt 35 

was isolated. GPC analysis revealed the Mn,GPC and PDI values of 
cleaved PSt were 4040 and 1.10, and the corresponding values of 
free PSt were 3930 and 1.14 (Fig. 5). The Mn values of free and 
grafted PSt chains were similar and close to the theoretical value 
(Mn,th = 3990), and their polydispersity indices were around 1.1, 40 

as expected from a controlled radical polymerization system. 
Careful inspection of GPC traces revealed free polymer was 
liable to exhibit more pronounced tailing than cleaved PSt in 
GPC trace, whilst the cleaved sample showed a notable shoulder 
(about 5% signal area) corresponding to radical coupling product. 45 

These results indicated that the radical disproportionation 
termination on the surface of solid substrates was negligible 
during surface-initiated graft reaction, whilst the radical coupling 
termination was unavoidable due to relatively high chain radical 
concentration around PDMA backbone and surface confined 50 

microenvironment to generate chain propagation. Although the 
peak molecular weight of cleaved PSt (Mp = 4000) was slightly 
lower than that of free PSt (Mp = 4380), the chain lengths of free 
and grafted PSt segments were roughly comparable since cleaved 
PSt lacked the end groups originating from BBCP. Therefore, 55 

free polymers and grafted pendent chains had similar degree of 
polymerization although they were prepared by either 
homogeneous or heterogeneous RAFT polymerization.  
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Fig. 6 Influence of reaction time on weight grafting ratio (Gr) and 60 

quaternization efficiency (QE) during tandem method to 
synthesize SiO2-g-[(PDMA-g-PSt)-b-PSt]. 
 

To further understand the evolution of detailed graft process 
with time, tandem graft reactions to introduce PSt chains were 65 

conducted in DMF at 60 oC for different times, and the reaction 
kinetics was monitored. The Gr values of hybrid samples were 
determined by TGA analysis, and molecular weights of free PSt 
were estimated by GPC measurement. As monomer conversion 
increased from 2.8% (t = 4 h) to 28.3% (t = 30 h), Mn,GPC 70 

increased from 1180 to 4980, and the polydispersity was 
gradually decreased from 1.43 to 1.13. As expected, the Mn,NMR 
values of free polymers were usually close to the theoretical 
values (Table S1). By assuming that free and grafted PSt chains 
had same molecular weights, the quaternization efficiency was 75 

calculated using the equation QE = (Gp,PSt – Gp,PDMA)/(Gp,PDMA × 
DPPDMA), where Gp,PSt was apparent molar grafting ratio of 
grafted PSt estimated by the equation Gp,PSt = (Gr – 
Gr,PDMA)/Mn,PSt. Dependence of the total weight grafting ratio and 
QE on time is plotted in Fig. 6. As the graft reaction was 80 

performed for 30 h, Gr was liable to increase from 15.9% (t = 0) 
to 56.4% (t = 30 h), and QE was gradually enhanced to about 
7.4% in 16 h and tended to be constant with prolonging time, 
revealing that the quaternization process almost reached to a 
maximum as Mn,NMR of PSt was about 3060. Two factors could 85 

account for this phenomenon. On one hand, the enhanced chain 
length of macro RAFT agent (free polymer) obtained with 
extended time was liable to prevent the bromide functionality 
from approaching DMA units to perform quaternization, and this 
tendency became more pronounced as polymeric chains were 90 

long enough. On the other hand, the surface graft reaction was 
conducted in a confined microenvironment, and the presence of 
grafted PSt chains on side chains and linear block of toothbrush 
copolymers could significantly shield the remaining DMA units 
from quaternization. Therefore, the quaternization process could 95 

not conduct any more as the chain length of free polymers 
reached to a critical value resulting in significant shielding effect. 
On the contrary, the graft reaction could smoothly perform until 
relatively high monomer conversion was reached since 
monomers were liable to diffuse freely to approach chain radicals 100 

at silica surface to activate RAFT process. 
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Fig. 7 TGA curves of quaternized toothbrushlike copolymers 
grafted silica (G9-G12) obtained by tandem quaternization and 
RAFT process and their precursor G1. 
 5 

As compared with comblike copolymers grafted silica 
obtained by “grafting to” approach, no remarkable enhancement 
in quaternization efficiency was noted in G9-G12 prepared via 
tandem method (Table 1). Based on TGA analysis (Fig. 7), the Gr 
values were determined to be 47.9-55.3%, and the QE was 10 

estimated within the range 3.81-7.36% by assuming free 
polymers, grafted side chains and linear block generated by graft 
reaction had same chain length. These results indicated the 
grafting density of comblike block was about 14-26 DMA units 
per grafted chain, which belonged to loosely grafted system. G10 15 

with PSt grafted chains had higher QE than other hybrids 
containing PMMA, PNIPAM and PtBA segments, which could 
be mainly ascribed to the lowered polymerization kinetics in 
addition to other factors such as different molecular weight and 
chain rigidity. In one-pot method to prepare the hybrids, slower 20 

RAFT process was liable to generate shorter chain length of free 
polymer in a fixed time period. Consequently, the probability for 
continuous quaternization was enhanced, and the efficient time 
for quaternization was also extended, resulting in relatively high 
QE during tandem graft reaction. 25 

The afore-mentioned results indicated the quaternization and 
RAFT processes could be tandem conducted to afford the target 
toothbrushlike copolymers grafted silica. The grafted chains 
usually had controlled molecular weight and relatively low 
polydispersity, and the quaternization efficiency could be roughly 30 

adjusted by control over reaction conditions and choosing 
different types of monomers. 

Surface wettability of hybrid films 

Besides surface roughness, the surface wettability of hybrid films 
may be affected by other factors such as macromolecular 35 

architecture, grafting density, chemical composition, phase 
transition, and degree of quaternization. PDMA (normal and 
quaternized) and PNIPAM polymer segments usually exhibit a 
temperature-dependent solubility, and thus silica nanoparticles 
grafted with quaternized polymers potentially possess thermo-40 

responsive surface wettability. 

For SiO2-g-PDMA, the glass transition temperature (Tg) was 
determined by DSC, and LCST was measured by DLS analysis. 
DSC results revealed the Tg values were about 23.5 oC (free 
PDMA) and 26.0 oC (G1), and thus surface-tethered PDMA 45 

chains were “frozen” at low temperature (T < 20 oC), partly 
relaxed at 25 oC, and completely relaxed at a temperature beyond 
32 oC (Fig. S9). The glass transition of polymer grafted solid 
substrate was very complex. The covalent bonds bridged solid 
substrate and surface-tethered polymeric chains usually led to 50 

increasingly confined chain movement, resulting in enhanced Tg. 
On the other hand, the number of end groups in silica-polymer 
hybrids was much higher than free polymer, which was liable to 
reduce Tg. In this study, Tg(G1) was slightly higher than 
Tg(PDMA), revealing the former played more important role in 55 

affecting the glass transition. DLS measurement indicated the 
apparent hydrodynamic diameter (Dh) of G1 was liable to 
increase at about 44 oC due to the hydrophilic to hydrophobic 
phase transition of PDMA segments (Fig. 8). With increasing 
temperature, the pH value of G1 aqueous solution was only 60 

slightly decreased from 7.85 (25 oC) to 7.72 (40 oC) and 7.45 (50 
and 60 oC), and thus the enhanced size of G1 dispersed in 
aqueous solution was primarily attributed to the phase transition. 
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Fig. 8 Influence of temperature on apparent hydrodynamic 65 

diameter (Dh) of SiO2-g-PDMA dispersed in aqueous solution (c 
= 0.50 mg mL−1). 
 

On this basis, water contact angles (CAs) of hybrid films at 25 
and 50 oC were measured (Table 2), and PM-Br films were also 70 

subjected to CA measurement to reveal the influence of grafted 
PM segments on surface property of hybrid films comprising 
comblike architecture. The CA values of G1 film were about 
56.7o (25 oC) and 71.6o (50 oC), and the CA difference (∆CA = 
CA(50 oC) – CA(25 oC)) could reach up to 14.9o due to the 75 

increased hydrophobicity of PDMA grafts at a temperature higher 
than LCST (about 44 oC). This phenomenon could be primarily 
attributed to the change in temperature-induced chain 
conformations, in which surface-tethered PDMA chains were 
liable to adopt random coil conformation at room temperature 80 

because of hydrogen bonding interactions, and they were 
converted into collapsed conformation at high temperature (T > 
LCST) due to weakened interactions. G2-G4 films grafted with 
quaternized linear copolymers had CA values within the range  
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Table 2 Influence of temperature on the water contact angles (CAs) of various composite or polymer films 

sample Type A CA (o, 25 oC) CA (o, 50 oC) ∆CA (o) 

G1 SiO2-g-PDMA ― 56.7 ± 2.0 71.6 ± 1.7 14.9 

G2 SiO2-g-(PDMA-g-A) HOCH2CH2CH2Br 55.7 ± 2.4 39.0 ± 1.0 -16.7 

G3 SiO2-g-(PDMA-g-A) HOOCCH2CH2Br 41.5 ± 2.5 30.2 ± 1.4 -11.3 

G4 SiO2-g-(PDMA-g-A) PhCH2Br 70.2 ± 1.8 54.7 ± 2.4 -15.5 

G5 SiO2-g-(PDMA-g-A) PMMA-Br 50.2 ± 2.5 44.6 ± 2.2 -5.6 

G6 SiO2-g-(PDMA-g-A) PSt-Br 67.3 ± 2.1 59.8 ± 2.7 -7.5 

G7 SiO2-g-(PDMA-g-A) PNIPAM-Br 21.3 ± 1.9 35.2 ± 2.2 13.9 

G8 SiO2-g-(PDMA-g-A) PtBA-Br 65.8 ± 2.6 56.6 ± 1.8 -9.2 

G9 SiO2-g-[(PDMA-g-A)-b-A)] PMMA 64.0 ± 2.8 58.1 ± 1.5 -5.9 

G10 SiO2-g-[(PDMA-g-A)-b-A)] PSt 89.1 ± 3.3 85.4 ± 2.4 -3.7 

G11 SiO2-g-[(PDMA-g-A)-b-A)] PNIPAM 30.7 ± 2.4 48.2 ± 1.8 17.5 

G12 SiO2-g-[(PDMA-g-A)-b-A)] PtBA 73.6 ± 3.5 70.3 ± 2.3 -3.3 

PMMA-Br Homopolymer ― 75.8 ± 1.5 74.2 ± 2.6 -1.6 

PSt-Br Homopolymer ― 90.9 ± 2.2 91.8 ± 2.7 0.9 

PNIPAM-Br Homopolymer ― 32.6 ± 1.3 57.1 ± 2.5 24.5 

PtBA-Br Homopolymer ― 86.7 ± 1.6 80.5 ± 2.1 -6.2 

 
41.5-70.2o at 25 oC and 30.2-54.7o at 50 oC, and ∆CA ranged 
between -11.3o and -16.7o. The surface of G2-G4 films at 50 oC 5 

was more hydrophilic, which could be possibly ascribed to the 
more stretching conformation. The quaternized DMA units could 
interact with each other via ionic interactions to form compact 
conformation at low temperature, and they tended to adopt more 
expanding conformation at higher temperature.63–65 10 

Consequently, the probability for hydrophilic quaternized 
moieties to contact water droplets at 50 oC was significantly 
increased due to accelerated chain movement and stretching 
conformation, resulting in increasingly hydrophilic surface 
property. For SiO2-g-(PDMA-g-PM) (G5-G8) hybrid films with 15 

quaternized comblike grafts, the CA values at 25 oC varied from 
21.3o to 67.3o, which were lower than those of homopolymer (CA 
= 75.8o (PMMA-Br), 90.9o (PSt-Br), 32.6o (PNIPAM-Br), and 
86.7o (PtBA-Br)) films, revealing both quaternized groups and 
grafted chains could affect the surface wettability. When the 20 

temperature was increased to 50 oC, the surface of G5, G6 and G8 
films became more or less hydrophilic (∆CA = -5.6o ~ -9.2o) 
possibly originating from hydrophobic to hydrophilic transition 
of quaternized groups, whilst PNIPAM-bearing hybrid film was 
increasingly hydrophobic (∆CA = 13.9o) due to the hydrophilic to 25 

hydrophobic phase transition of PNIPAM segments (T > LCST). 
For SiO2-g-[(PDMA-g-PM)-b-PM] (G9-G12) films with 
toothbrushlike copolymers, their CA values ranged between 30.7o 
-89.1o at ambient temperature, which were close to those of their 
corresponding PM homopolymer films since the inner PDMA 30 

backbone was surrounded by grafted PM chains. At a higher 
temperature (T = 50 oC), the CA values of G9, G10 and G12 
films were slightly decreased (∆CA = -3.3o ~ -5.9o), whilst 
PNIPAM-based G11 film became more hydrophobic (∆CA = 
17.5o). 35 

These preliminary results revealed the surface wettability of 
quaternized hybrid films could be tuned in a wide range (CA(25 
oC) = 21.3o ~ 89.1o, CA(50 oC) = 30.2o ~ 85.4o), and all the 
hybrid films exhibited more or less thermo-dependent surface 
wettability. As temperature increased from 25 to 50 oC, 40 

PNIPAM-bearing hybrid films were more hydrophobic due to 
hydrophilic to hydrophobic transition of PNIPAM segments, and 
other quaternized hybrid films modified with small molecules and 
polymer chains became more or less hydrophilic due to the 
hydrophobic to hydrophilic transition of quaternized moieties. 45 

The latter can be affected by some factors such as quaternization 
degree, topology and chain rigidity due to their influence on 
macromolecular conformation.  

Conclusions 

We have demonstrated that the combination of alkoxysilane-50 

hydroxyl coupling reaction, quaternization process and RAFT 
polymerization could efficiently afford three types of topological 
copolymers grafted silica. Simultaneous coupling and RAFT 
processes were used to generate PDMA grafted silica with a 
grafting density of 0.117 chain nm−2. On this basis, the 55 

quaternization reaction between G1 and bromide-functionalized 
small molecules / polymers gave silica nanoparticles grafted with 
quaternized linear and comblike copolymers, and tandem 
approach using BBCP afforded quaternized toothbrushlike 
copolymers grafted silica. Free polymers and grafted side chains 60 

produced during tandem reactions had comparable molecular 
weight and relatively low polydispersity, evident from selective 
hydrolysis, GPC and 1H NMR analyses. Owing to enhanced 
steric hindrance, the quaternization efficiency to attach small 
molecules (QE = 34-79%) was much higher than that to graft 65 
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polymeric chains (QE = 3.8-7.4%). Our preliminary results 
revealed the surface wettability of hybrid films was dependent on 
some factors such as macromolecular architecture, quaternization 
degree, chemical composition and temperature. As temperature 
increased from 25 to 50 oC, G1, G7 and G11 films with thermo-5 

sensitive PDMA and PNIPAM segments exhibited enhanced 
water contact angles (∆CA = 13.9o ~ 17.5o), whilst other hybrid 
films were more hydrophilic (∆CA = -3.3o ~ -16.7o), revealing the 
thermo-dependent surface wettability of hybrid materials. Our 
study affords a versatile method comprising two step reactions to 10 

construct quaternized linear, comblike and toothbrushlike 
copolymers grafted solid substrates, which is of some advantages 
such as straightforward synthesis, minimal reaction steps, and 
mild conditions. Owing to remarkable thermo-responsive surface 
wettability, the quaternized hybrids may have a great potential as 15 

smart surface and interface materials in addition to antibacterial 
materials. 
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