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Abstract: 

RAFT polymerization and characterization of an alkoxysilane acrylamide monomer using a  

trithiocarbonate chain transfer agent is described. Poly(N-[3-

(trimethoxysilyl)propyl]acrylamide) (PTMSPAA) homopolymers were obtained with  good 

control over the polymerization. A linear increase in the molecular weight was observed 

whereas the polydispersity values did not exceed 1.2 regardless of the monomer conversion. 

Moreover, PTMSPAA was used as a macro RAFT agent to polymerize N-

isopropylacrylamide (NIPAM). By varying the degree of polymerization of NIPAM within 

the block copolymer, different sizes of thermoresponsive particles were obtained. These 

particles were stabilized by the condensation of the alkoxysilane moieties of the polymers. 

Furthermore, a co-network of silica and PTMSPAA was prepared using the sol-gel process. 

After drying, transparent mesoporous hybrids were obtained with a surface area of up to 400 

m2.g-1.  

 

1. Introduction  

Alkoxysilyl-containing polymers (ACP) have been widely used for the preparation of hybrid 

materials because of their varied properties and high tailorability.[1] For instance, these 

polymers can interpenetrate and covalently bond to the growing silica network (Class II 

hybrid) during the sol-gel process, conferring unique properties due to the synergic nano-scale 

interaction of the inorganic and organic compounds.[2] ACPs can be synthesized either by 

functionalization of  existing polymers with an organo-modified alkoxysilane precursors such 

as (3-glycidyloxypropyl)trimethoxysilane, where nucleophiles can attack the electrophilic 

carbon of the epoxide providing covalent coupling, or through the radical polymerization of  

monomers that contains silsesquioxane precursors.[3] The latter has gained considerable 



    

 - 3 - 

interest due to the extensive development of living polymerization, in which polymers can be 

designed with fine control over their architecture, morphology and chemical structure.[4] 

A variety of structures such as vesicles, spherical particles, nanowires or nano-plates have 

been synthesized through the self-organization of well defined block-copolymers 

incorporating 3-(alkoxysilyl)propyl methacrylate or acrylate as a stabilizing agent.[3c,5] 

However, these polymers are often made of monomers belonging to different classes, 

combining for instance acrylamide, methacrylate or styrene, adding a level of complexity to 

the polymerization as each class of monomer usually needs distinctive experimental 

conditions. This is particularly true with reversible addition-fragmentation chain-transfer 

(RAFT) polymerization where the rate of addition of the CTA to the propagating radical must 

be greater than the rate of propagation, which varies considerably depending of the monomer 

class.[6] In addition, the recent advances made in the synthesis of multiblock copolymers (up 

to 20 blocks) have opened new perspectives in designing a novel class of polymer, where 

alkoxysilane monomer could play a determinant role in stabilizing macro-structures. [7] 

In this communication, we are describing for the first time the RAFT polymerization of N-[3-

(trimethoxysilyl)propyl]acrylamide monomer and the use of the obtained homopolymers as a 

macro-RAFT agent in block copolymerization with NIPAM. Amphiphilic block copolymers 

were utilized in the formation of micelles through a self-assembly process whereas 

homopolymers were utilized in the hybrid formation through a sol-gel process. Detailed 

characterizations of polymers, nanoparticles and hybrid materials have been performed using 

a range of analytical techniques.  

 

2. Experimental Section  

Details about materials, instrumentation, and synthetic protocols are reported in the 

Supporting Information. 
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3.      Results and Discussion  

Table 1. Result of the RAFT polymerization of TMSPAA and its chain extension with 
NIPAM.  

Run Feed Ratio a) Time b)  
 (h) 

Convc) 
(%) 

Actual Ratio c) 
 

Mn d) 
(g.mol-1) 

PDI d) 

P1/homo 25 3 38 TMSPAA7 1330 1.07 

P2/homo 25 6 54 TMSPAA14 2760 1.12 

P3/homo 50 3 41 TMSPAA41 2680 1.12 

P4/homo 50 5 56 TMSPAA28 4730 1.14 

P5/homo 100 3 33 TMSPAA26 3720 1.11 

P6/homo 100 6 45 TMSPAA45 5670 1.18 

P7/homo 50 18 89 TMSPAA41 4500 1.27 

P8/block 28/100 24 89 TMSPAA28-b-NIPAM81 14310 1.18 

P9/block 28/200 24 91 TMSPAA28-b-NIPAM162 23460 1.19 

P10/block 28/375 24 99 TMSPAA28-b-NIPAM371 49400 1.10 
 
 a) Degree of polymerization targeted at 80% of conversion; b) Time at which an aliquot was taken or the 
reaction terminated by dipping the flask in liquid nitrogen; c) Determined by 1H NMR; d) Determined by size 
exclusion chromatography calibrated with near-monodisperse pMMA calibrant in THF at 1 ml.min-1. 

 
N-[3-(trimethoxysilyl)propyl]acrylamide was polymerized by RAFT in THF at 60 °C using  

2,2'-Azobisisobutylonitrile (AIBN) as an initiator. The results of the different polymerizations 

are summarized in Table 1. The monomer concentration was fixed at 1M as high cross-

linking density polymers synthesized with alkoxysilane monomers have a tendency of 

condensing (forming Si-O-Si branching) at high conversions as the viscosity increases.[8] 

Trithiocarbonate chain transfer agent, butyl ether 2-(dodecylthiocarbonothioylthio)-2-

methylpropionate, (CTA, 1H NMR Figure S1) was selected for its high efficiency to 

polymerize the acrylamide class of monomer.[6,9] For all polymerizations, the molar ratio of 

initiator to CTA was held constant at 5:1 while the molar ratio monomer to CTA was varied, 

targeting polymer with theoretical molecular weight (calculated using Mn,Theo = Mw,CTA + 

DP×Mw,monomer) of 6253 g.mol-1 ([M]:[CTA]=25:1), 12085 g.mol-1 ([M]:[CTA]=50:1) and 



    

 - 5 - 

23750 g.mol-1 ([M]:[CTA]=100:1), at 80% conversion. The monomer conversion was 

followed by 1H NMR, taking aliquots of the polymerization solution at regular time intervals 

and comparing the relative integration of the closest protons to the silicon atom on the propyl 

chain to the vinyl protons of the monomer.  

 
Figure 1. a) Pseudo first order kinetic plot for TTC-CTA mediated RAFT polymerization of 
N-[3-(trimethoxysilyl)propyl]acrylamide ([M]0 = 1 mol.L-1 targeting a degree of 
polymerization of 25, 50 and 100 at 60 °C in THF. b) Average molecular weight of the 
growing polymer chains as a function of the monomer conversion determined by size 
exclusion chromatography using pMMA as calibrant and c) Elution graphs at different 
polymerization time points for DP = 50. 
 

Figure 1-a shows that a linear pseudo-first order kinetics was obtained regardless of the 

molecular weight targeted, with 55% conversion reached at 6 hours of polymerization. Size 

exclusion chromatography (SEC) revealed that the number average molecular weight 

increased linearly as a function of conversion while the polydispersity indices (PDI) stayed 

below 1.2 (Figure 1-b & c). 

Relatively low PDI values are a good indication of a controlled/living radical polymerization 

process. However, in order to demonstrate the high-chain end fidelity, obtained PTMSPAA 

homopolymers were used as a macro-RAFT agent for the copolymerization of N-

isopropylacrylamide (NIPAM). Due to the instability of the alkoxysilane moiety upon 

purification and drying, the structural integrity of the polymer was measured by NMR.[3b]  
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Figure 2. 1H NMR spectra of N-[3-(trimethoxysilyl)propyl]acrylamide and its corresponding 
polymer with a degree of polymerization of 50 in CDCl3. * traces of THF.  
 
Hence, 1H NMR showed that with the experimental conditions used, no hydrolysis of the 

alkoxysilane moiety was triggered, with the integration of the methoxy protons (δSiOCH3 = 3.56 

ppm) being in good agreement with the monomer relative to the rest of the structure (Figure 

2). Hydrolysis occurring during the purification would compromise the synthesis of block-

copolymers with narrow molecular weight distribution, as possible condensation of the silanol 

could occur. Similar experimental conditions, as compared to TMSPAA, were used for the 

polymerization of NIPAM with a fixed monomer concentration of 1M and [M]:[TTC-

CTA]:[I] ratios of 100:1:0.2. The macro-RAFT used (P3) had a Mn of  2,700 g.mol-1 (PDI = 

1.12) and the resulting block copolymer a calculated Mn of 14000 g.mol-1 with a narrow 

molecular weight distribution, PDI = 1.18 (1H NMR, Figure S2). The SEC analysis of the 

block copolymer shows that when PTMSPAA was used as a macro-RAFT agent, high re-

initiation efficiency was obtained with mono-modal distribution of the molecular weight 

(Figure S3). However, small humps on either side of the distribution could be observed. On 

the low molecular weight side, this could be attributed to dead macro-RAFT end-chain 

whereas it is likely that the high molecular weight shoulder originated from termination by 
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combination occurring towards the end of the polymerization when high monomer conversion 

was reached.   

3.2. Versatile use of PTMSPAA as gelable polymer 
 

 

Figure 3. Demonstration of the versatile use of pTMSPAA: a) Structural representation of 
poly(TMSPAA-b-NIPAM) and a schematic representing the core-shell structure that was 
obtained by a precipitation method; b) Temperature response of the particle made with P8, P9 
and P10 where the relative concentration of NIPAM to TMSPAA was varied and c) 
Corresponding TEM images; d) Schematic representing the synthesis of silica class II hybrid, 
using pTMSPAA as an organic source; e) and f) Conventional and SEM images of the 
resulting materials. g) ATR-FTIR of PTMSPAA/SiO2 hybrid at different inorganic to organic 
ratios. 

 

In this section, two examples of the versatile use of pTMSPAA are given with i) the synthesis 

of temperature responsive nanoparticles made from the block copolymer poly(TMSPAA-b-

O NH O NH
O

S

SS

O b

3

11

Si
O

O O

H
N

O

Si
OO

O

Si
O

O
NH

O

HN
O

O N
H

O

HN
O

HN

O

H
N

O

O

O
NH

O NH

Si
OO

O

O

Si Si

HN

NH

O

O

N
H

O
N
H

O
NH

O
HN O

H
N

O
NH

O
O

NH

O
NH

OH

O

NH

O

HN

O

O
NH

O
O

O

HN
O NH

HN

50 nm 50 nm 50 nm 

(I) (III) (II) 

a)

b)

c)

SiO
O

O
OSi

Si

O
O

OO

O Si O

Si

Si Si

O
O

O Si
OO Si

O
O

O

OHO

Si
O

O
O

Si
O

O

HN O
HN O

NH
O

Si
HO

O

HO

Si
O
O

Si
O

Si
O
O

Si HO
OH

OH

Si
O

OO

O
+

H+, H2O

RT

1 cm 100 nm 

600800100012001400160018002000
Wavenumber (cm 1)

A
bs

or
ba

nc
e 

(a
.u

.)

I75

I100

I50

I29

Thermoresponsive nanoparticles Silica class II hybrid 

pTMSPA TEOS

asSi-O-Si
1150 & 1050 cm-1 Si-OH

945 cm-1
Si-O-

~895 cm-1

sSi-O-Si
790 cm-1

Si-C
~690 cm-1C-H

870 cm-1
Amide I

1640 cm-1 Amide II
1540 cm-1

Amide III
1200 cm-1

d)

e) f)

g)

26 28 30 32 34 36 38 40 42
0

50
100
150
200
250
300
350
400

Temperature (oC)

Hy
dro

dy
na

mi
c d

iam
ete

r (
nm

)

HN O

Si
OO

O

pTMSPA28-b-pNIPAM375

pTMSPA28-b-pNIPAM200
pTMSPA28-b-pNIPAM100



    

 - 8 - 

NIPAM) (P8, P9 and P10), and ii) the synthesis of silica class II hybrid using of pTMSPAA 

(P7) as a organic source and tetraethyl orthosilicate (TEOS) as an inorganic source via the 

sol-gel process.    

3.2.1. Temperature responsive nanoparticles 

Core-shell thermoresponsive nanoparticles made from poly(TMSPAA-b-NIPAM) were 

prepared using an adapted method proposed by Zhang et al. and shown in Figure 3-a.[5c] 

Briefly, the purified block copolymer was dissolved in dimethylformamide (DMF) at a 

concentration of 1 mM, in which both segments of the polymer were soluble. Then, a 5 mM 

triethylamine (TEA) solution was added drop-wise to DMF, which, above 15% v/v solvent 

ratio, induced self-assembly via micellation of the polymer, where the hydrophobic 

PTMSPAA formed the core of the particle and the NIPAM residues become the shell. The 

presence of TEA stabilized the particle by catalyzing the formation of Si-O-Si branching, 

through the condensation of the alkoxysilane moieties present in the core of the particles. 

Different sized particles could be synthesized by varying the degree of polymerization (DP) 

of the NIPAM segment during the chain extension, resulting in monomodal particles with 

narrow distribution of a hydrodynamic diameter ranging from 100 nm (P8, DP=100 ) to 400 

nm (P10, DP=375), measured by dynamic light scattering (DLS) at 25 °C (Figure S4). 

Poly(NIPAM) is known to undergo a coil-to-globule transition when the temperature 

increases above its lower critical solution temperature (LCST), which is approximately 

32 °C.[10] Thus, the temperature response of the particles was evaluated by DLS after dialysis 

of the particles against pH 7 water as shown in Figure 3-b. All the particles decreased in size 

above 32 °C, regardless of their original size. For instance, the hydrodynamic diameter of the 

particles made from poly(TMSPAA25-b-NIPAM200) decreased  from 173.3±2.6 nm below 

32 °C to 104.9±3.5 nm above 32 °C (Figure S5). The sizes of the particles after dehydration 
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(>32 °C) measured by DLS were in good agreement with the images taken in the vacuum 

environment of the transmission electron microscopy as shown in Figure 3-c (low 

magnification images are available in Figure S6). 

3.2.2. Silica class II hybrid synthesis 

Silicate class II hybrids, pTMSPAA/SiO2, were synthesized via the sol-gel process by mixing 

hydrolyzed tetraethyl orthosilicate (TEOS) with pTMSPAA (P4) as shown in Figure 3-d. The 

relative concentration of pTMSPAA to TEOS was varied in order to control the inorganic to 

organic weight ratio (Ih), aiming at 29% (polymer only), 50%, 75% and 100% (control 

consisting of a pure silica gel). The addition of pTMSPAA had a significant effect on gelation 

time, decreasing as the Ih decreased, ranging from 3 days for Ih = 100% to 2 minute for Ih = 

29% (Figure S7).  After complete drying at 60 °C, optically transparent and crack free 

monoliths were obtained (Figure 3-e), regardless of the composition targeted. The 

morphology of PTMSPAA/SiO2 hybrid revealed by SEM of its fractured surface showed 

aggregated colloidal particles, typical of silica sol-gel derived materials, often associated with 

a interstitial disordered mesoporous.[11] Thus, the specific surface area (SSA) of the 

pTMSPAA/SiO2 hybrids was measured by nitrogen sorption, applying the BET method to the 

first eleven points of the adsorption branch (see full isotherms, Figure S8).[12]  The SSA of 

the hybrid was found to be a function of the inorganic to organic ratio, decreasing from  

457 m2.g-1 for I100 down to the detection limit of the instrument for I29 (see Figure S9).  

Thus, on the basis of the variation in gelation time and the SSA, the mechanism of gelation of 

these hybrids can be assumed to differ from these of pure tetraorthosilicate species.  Variation 

in the molecular structure of hybrids as a function of Ih was monitored by attenuated total 

reflectance Fourier transform infrared (ATR-FTIR). Spectra were normalized to the 

asymmetric stretching band of Si-O-Si at 1050 cm-1, present in all composition. At Ih = 29%, 
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the characteristic bands of the amide moiety were detected with C=O stretching at 1640 cm-1 

(amide I), N-H bending vibration at 1540 cm-1 (amide II) and C-N vibration at 1200 cm-1 

(amide III), as well as infrared absorption band from the polymer backbone, C-H at 870 cm-1. 

As the inorganic to organic weight ratio increased, the intensity of the absorption bands of the 

pTMSPAA decreased relative to the silica network (Si-O-Si). 

 
4. Conclusions  

In this report, N-[3-(trimethoxysilyl)propyl]acrylamide was successfully polymerized, in a 

controlled manner (PDI < 1.2), by RAFT using a trithiocarbonate chain transfer agent without 

triggering any hydrolysis of the alkoxysilane moiety. After purification, PTMSPAA showed a 

high efficiency to reinitiate chain growth, confirming the living nature of the polymerization. 

PTMSPAA was proven to be very versatile in its use as a gelable polymer through the 

formation of thermoresponsive nanoparticle with size ranging from 100 to 400 nm, depending 

on the degree of polymerization of the NIPAM residue and silica class II hybrid at different 

inorganic to organic ratios. The data acquired herein shows that TMSPAA could potentially to 

be used as a structural agent for advance sequential polymerization. 
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shown. PTMSPAA is chain extended with NIPAM and use for the preparation of 

thermoresponsive nanoparticles. PTMSPAA can be used as an organic precursor for the 

synthesis of sol-gel class II hybrid. 

 

 

 
 
 


