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Nitroxide-mediated polymerization was used to graft modify solubilized chitosan, allowing the 
reaction to be performed homogeneously.  
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Modification of chitosan with polystyrene and poly(n-
butyl acrylate) via nitroxide-mediated polymerization 
and grafting from approach in homogeneous media 

O. García-Valdez,a,b  R. Champagne-Hartley,a E. Saldívar-Guerra,b*  P. 
Champagne,a,c and M. F. Cunninghama*   

Chitosan (CTS) modification with polystyrene (PS) and poly(n-butyl acrylate) (PnBA) via 
nitroxide-mediated polymerization (NMP) and a grafting from approach is reported. CTS was first 
functionalized with glycidyl methacrylate (GMA) and then converted into a macroalkoxyamine by 
intermolecular 1,2 radical addition of either 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-
azahexane (TIPNO-based alkoxyamine the “Universal Alkoxyamine”, UA) or the SG1-based 
BlocBuilder (BB) alkoxyamine. Graft polymerizations of styrene and n-butyl acrylate were 
conducted, using homogeneous media to ensure uniform grafting onto the CTS backbone. The graft 
modified CTS based materials were analysed by 1H-NMR, TGA and FT-IR.    
	
  

	
  

Introduction 
Chitosan (CTS) is a derivative of chitin, which is the second 
most abundant natural polymer in the world.1-3 Once chitin has 
been at least 50% N-deacetylated, it is referred to as CTS. CTS, 
composed of β (1→4)-links to 2-amino-2-deoxy-D-
glucopyranose and to 2-acetamido-2-deoxy-D-glucopyranose, 
finds applications in water and wastewater treatment, 
agriculture, biopharmaceuticals, cosmetics and toiletries, and 
the food and beverages industries.1-3 It is valued for its 
biocompatibility, biodegradability, biological tolerance, and 
resistance against growth bacteria, viruses, and fungi.1-5 
However the properties of native CTS are often not suitable for 
certain applications, motivating researchers to modify CTS by 
attaching functional groups or grafting polymeric chains with 
the objective of obtaining new CTS-based materials with 
properties tailored for specific applications. The primary 
limitation in attempts to modify CTS is its insolubility in 
common organic solvents, being only soluble in acidic aqueous 
media (pH < 6.5), due to protonation of the primary amino 
group on the C-2 position of the D-glucosamine repeating unit.6  
 
In order to improve CTS solubility in organic solvents, several 
groups have reported the attachment of functional groups to the 
CTS backbone chain that allows its solubilization in organic 
media. Kurita et al.7 functionalized the amino group of CTS 
with phthalic anhydride. The resulting N-phthaloylchitosan 
swelled in pyridine, N,N-dimethylformamide (DMF), and 
dimethyl sulfoxide (DMSO). Dephthaloylation was achieved 
with hydrazine at 80°C, but later Makuška et al.8 reported that 
this process results in the breakdown of the chitosan backbone, 
and Lebouc et al.9 found that ~20% of phthaloyl groups remain 
in the final product. Cai et al.10, 11 reported the synthesis of 
sodium dodecylsulfate (SDS)/chitosan complexes (SCC) which 
are soluble in DMSO. The SDS was successfully removed from 

the modified complexes by simple precipitation of the SCC 
DMSO solution in tris(hydroxylmethyl)amino-methane 
aqueous solution.10, 11 These N-phthaloylchitosan and SCC 
have been used as precursors for the synthesis of new CTS-
based materials.10, 11  
 
Modification of CTS involving graft polymer chains has been 
mainly achieved via free radical polymerization (FRP),12-16 
ring-opening polymerization (ROP),14, 17 γ-radiation,12-14 and 
cationic polymerization13, 18 by both grafting from and grafting 
to approaches, but there are only a few reports addressing any 
of the living/controlled  radical  polymerization (L/CRP) or 
reversible deactivation radical polymerization (RDRP)  
techniques or their variations.19, 20 Atom transfer radical 
polymerization (ATRP) has been the most used technique for 
CTS modification.11, 21-27 CTS modification via reversible 
addition–fragmentation chain transfer (RAFT)28-30 and 
nitroxide-mediated polymerization (NMP)31-34 has also been 
reported. With respect to the use of NMP, CTS-TEMPO, 
obtained by functionalizing N-phthaloylchitosan with 4-OH-
TEMPO through γ-radiation, was used as a macroalkoxyamine 
for the graft polymerization of styrene (ST)31 and 4-
styrenesulfonate (SS).32 Lefay et al.33 functionalized the amino 
group of CTS with acrylamide groups followed by 
intermolecular 1,2 radical addition of the BlocBuilder 
alkoxyamine to generate a CTS-SG1 macroalkoxyamine, which 
enabled the heterogeneous graft polymerization of SS 
(obtaining a material with a proportion of grafted polymer in 
close to 30 wt%) or methyl methacrylate (MMA)-acrylonitrile 
(AN) (getting copolymer with a proportion of graft copolymer 
close to 20 wt%).33 Our group recently reported the synthesis of 
chitosan-graft-poly(styrene-maleic anhydride)-OH-TEMPO.34 
In the first step CTS was functionalized with TEMPO moieties 
using a previously synthesized Br-OH-TEMPO salt to generate 
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CTS-TEMPO. Then, the grafting copolymerization of CTS-
TEMPO with ST-maleic anhydride (MA) was carried out in 
supercritical carbon dioxide (scCO2). More recently, we 
reported modification of CTS by grafting homopolymers and 
copolymers, previously synthesized via NMP, using a grafting 
to approach.35 However the grafting to approach is desirable for 
low molecular weight polymers only.35 
 
In this work, we report the modification of CTS with 
polystyrene (PS) and polybutyl acrylate (PBA) via NMP and a 
grafting from approach. To enable a homogeneous graft 
polymerization, which provides both more uniform grafting and 
higher grafting efficiency compared to a heterogeneous 
reaction, we first functionalized CTA with glycidyl 
methacrylate (GMA) to obtain CTS-g-GMA which was then 
functionalized with SDBS (sodium dodecylbenzenesulfonate) 
to yield a CTS-SDBS-g-GMA complex. The  CTS-SDBS-g-
GMA, was converted into a macroalkoxyamine by the 
intermolecular 1,2 radical addition of either: (1) the TIPNO-
based alkoxyamine, 2,2,5-trimethyl-3-(1-phenylethoxy)-4-
phenyl-3-azahexane, commonly referred to as the Universal 
Alkoxyamine (UA),36 to yield CTS-SDBS-g-GMA-UA; or (2) 
the SG1-based  alkoxyamine, BlocBuilder (BB) to yield CTS-
SDBS-g-GMA-BB. The CTS-based macroalkoxyamines were 
then used to initiate the homogeneous graft polymerization of 
styrene and butyl acrylate in organic media (DMSO) at 115°C. 
The resulting materials were analysed by 1H-NMR, TGA and 
FT-IR. To the best of our knowledge, this is the first reported 
use of TIPNO for graft polymerization from CTS, and the first 
homogeneous graft polymerization from CTS using SG1.    
  
Experimental 
Materials 
Chitosan (CTS, Aldrich, degree of deacetylation of 85%), 
glycidyl methacrylate (GMA, Aldrich, 97%), sodium 
dodecylbenzenesulfonate (SBDS, Aldrich), hydroquinone 
(Fisher), acetic acid (Fisher, 99.7%), acetonitrile (Fisher, 
99.9%), tetrahydrofuran (THF, ACP, 99+%), N,N-
dimethylformamide (DMF, Aldrich, 99.8%), methanol (ACP, 
99.8%), dimethyl sulfoxide (DMSO, Fisher, 99.9%) deuterium 
oxide (Cambridge Isotope Laboratories, D 99.9%), dimethyl 
sulfoxide-d6 (DMSO-d6, Cambridge Isotope Laboratories, D 
99.9%), chloroform-d (CDCl3, Aldrich, D 99.8%), TIPNO 
(2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide) (T, ≥88 %, 
Aldrich), Universal Alkoxyamine (UA, Aldrich),  
Tris(hydroxymethyl)aminomethane (Tris, ≥99.8 %, Aldrich) 
were used as received.  Styrene (St, Aldrich, 99+%) and butyl 
acrylate (BA, Aldrich, 99+%) were passed over a column 
containing basic aluminum oxide (Aldrich, ̴ 150 mesh, 58 Å) to 
remove the inhibitor and stored below 5°C prior to 
polymerization. SG1 (N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl) nitroxide) (85%) and BlocBuilder (BB, N-(2-
methylpropyl)-N-(1-diethylphosphono-2,2-imethylpropyl)- 
O-(2-carboxylprop-2-yl) hydroxylamine (BB, 99%) and were 
kindly supplied by Arkema.  
 
Instrumentation 
   1H NMR spectroscopy was performed on an FT-NMR Bruker 
Avance 400 MHz spectrometer with a total of 256 scans, at 
room temperature using DMSO-d6, CDCl3, or D2O/CH3COOH 
0.4 M as solvent at 5 mg/mL. Fourier Transform Infrared (FT-
IR) spectroscopy was carried out on a Thermo Scientific 
Nicolet 6700 instrument using an Attenuated Total Reflectance 
(ATR) accessory equipped with a diamond crystal. A total of 

64 scans were co-added per spectrum. Thermogravimetric 
analysis (TGA) was performed using a TA Instruments Q500 
TGA analyser by heating the sample using the following ramp: 
10°C min-1 from 30 to 75°C, held for 30 min at a plateau of 
75°C, and 10 °C min-1 to 600°C. 
 
Synthesis of CTS-SDBS-g-GMA  
CTS was functionalized with GMA and SDBS following 
previous reports. 10,11,16,35 CTS (1 g) was dissolved in 100 mL 
0.4 M acetic acid solution in a three neck round bottom flask, 
then 5 mL of 0.05 M KOH and a hydroquinone solution 
(9.09*10-5 mol in 10 mL of H2O) were added to the reaction 
mixture. Finally, GMA (0.024 mol, 3.53 g, 3.30 mL) was added 
to the system dropwise. The reaction mixture was previously 
degassed for 30 minutes under nitrogen atmosphere prior to 
increasing the temperature to 65°C and magnetically stirred for 
2 h. The final pH of the mixture was 3.8. After reaction, CTS-g-
GMA was precipitated in acetonitrile, filtered, washed three 
times in clean THF, and dried under vacuum. The dried CTS-g-
GMA was dissolved in 100 mL of 2% acetic acid solution. 
SDBS (0.0248 mol, 8.657 g) was also dissolved in 100 mL of 
2% acetic acid solution. The SDBS solution was then added 
dropwise to the CTS-g-GMA solution under vigorous magnetic 
stirring for 2 h. The precipitated CTS-SDBS-g-GMA was 
filtered, washed three times with H2O and methanol, and dried 
under vacuum (Scheme 1). CTS-g-GMA and CTS-SDBS-g-
GMA were analysed by 1H NMR, TGA and FT-IR. 
 

 
Scheme 1. Schematic illustration of the synthesis of CTS-SDBS-g-
GMA.  
 
The degree of functionalization of CTS with GMA of 11% mol, 
and 46% mol of CTS-g-GMA with SDBS groups. 1H NMR 
spectra of CTS-g-GMA and CTS-SDBS-g-GMA are shown in 
Figure 1. The 1H NMR for CTS-g-GMA (Fig. 1a) shows peaks 
at 3.09 (2), 3.67 (5-6), 3.83 (3-6), and 4.52 (1) ppm respectively 
attributed glucosamine ring of CTS. Peaks at 4.24 (7, 8) ppm 
are attributed to the protons of GMA which are closest to the 
ether linkage with CTS. Peaks at 5.71 (11) and 6.11(10) ppm 
are attributed to the vinyl protons of the GMA unit. The 
spectrum for CTS-SDBS-g-GMA (Fig. 1b) shows the signals 
attributed to the aliphatic chain from SDBS at 0.88 (20), 1.24 
(18, 19), & 1.56 (17) ppm. The displacement attributed to the 
CTS ring appears from 3.00 to 3.60 (3-6) ppm. The signals at 
4.14 (7, 8), 5.76 (11), and 6.15 (10) ppm correspond to the -
CH2 and double bond groups from GMA, respectively. At 7.11 
and 7.52 ppm the corresponding displacements of the phenyl 
group from SDBS are observed. 
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Figure 1. 1H NMR spectra of (a) CTS-g-GMA in D2O/CH3COOH 0.4 
M, and (b) CTS-SDBS-g-GMA in DMSO-d6. 
 
Synthesis of CTS-SDBS-g-GMA-UA Macroalkoxyamine 
In a three neck round bottom flask, 0.5 g of CTS-SDBS-g-
GMA was solubilized in 100 mL of DMSO, and the Universal 
Alkoxyamine (0.5044 g, 1.55 mmol) was dissolved in 20 mL of 
DMF. After complete dissolution, the DMF solution was 
poured into DMSO solution and then deoxygenated for 30 
minutes under nitrogen atmosphere prior to increasing the 
temperature to 90°C and magnetically stirred for 2 h (Scheme 
2). After reaction, the flask was cooled, and the product was 
precipitated in ethyl acetate, filtered, washed three times with 
THF, dried under vacuum, and finally analysed by 1H NMR, 
TGA and FT-IR. 
 

 
Scheme 2. General procedure of CTS-SDBS-g-GMA functionalization 
with UA and graft polymerization reactions. 
 
The UA was introduced to the CTS-SDBS-g-GMA by an 
intermolecular 1,2 radical addition process, 36 to yield CTS-
SDBS-g-GMA-UA. 1H NMR spectra of UA and CTS-SDBS-g-
GMA-UA are shown in Figure 2. The spectrum for CTS-SDBS-g-
GMA-UA shows, in addition to the characteristic signals of CTS-
SDBS-g-GMA, new peaks attributed mainly to the UA linked to 
GMA. From 7.18 to 7.42 (22, 27) ppm are the signals attributed to 

the phenyl group, at 4.88 (20), 1.99 (25) and 0.5 (26) ppm are the 
peaks attributed to -CH and -CH3 groups.  
  

  
Figure 2. 1H NMR spectra of (a) UA in CDCl3 and (b) CTS-SDBS-g-
GMA-UA in DMSO-d6. 
 
Synthesis of CTS-SDBS-g-GMA-BB Macroalkoxyamine  
The synthesis route for CTS-SDBS-g-GMA-BB was similar to 
the CTS-SDBS-g-GMA-UA route with slight modifications. 
CTS-SDBS-g-GMA (0.5 g) was solubilized in 100 mL of 
DMSO. BB (0.5912 g, 1.55 mmol) was also solubilized in 20 
mL of DMSO. After complete dissolution, both solutions were 
mixed, deoxygenated with nitrogen for 30 min prior to 
increasing the temperature to 90°C under magnetic stirring. The 
system was kept under these conditions for 2 h (Scheme 3). 
Following the reaction, CTS-SDBS-g-GMA-BB was 
precipitated in ethyl acetate, filtered, washed three times with 
clean THF, dried under vacuum, and finally analysed by 1H 
NMR, TGA and FT-IR.  
 

 
Scheme 3. General procedure of CTS-SDBS-g-GMA functionalization 
with BB and graft polymerization reactions.  
 
Also BB alkoxyamine was introduced to the CTS-SDBS-g-GMA by 
an intermolecular 1,2 radical addition process.36 The spectrum of 
CTS-SDBS-g-GMA-BB (Fig. 3) shows the previously discussed 
peaks of the CTS-SDBS-g-GMA and new peaks at 1.18 (23, 25), 
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1.35 (27) and 1.65 (21, 22) ppm primarily attributed to -CH3 protons 
from BB. The other signals attributed to -CH and -CH2 groups from 
BB are overlapped with the peaks from the SDBS group. In the 
spectra of CTS-SDBS-g-GMA-UA and CTS-SDBS-g-GMA-BB, the 
peaks at 5.76 and 6.15 ppm assigned to the vinyl group from GMA 
disappeared, confirming that all of GMA groups were functionalized 
with alkoxyamine. 

 
Figure 3. 1H NMR spectra of (a) BB in CDCl3 and (b) CTS-SDBS-g-
GMA-BB in DMSO-d6. 
 
Grafting from Polymerization using TIPNO-based alkoxyamine: 
CTS-SDBS-g-GMA-PS & CTS-SDBS-g-GMA-PBA  
St (0.0216 mol, 2.25 g) dissolved in 10 mL of DMF was poured 
into a DMSO solution of CTS-SDBS-g-GMA-UA (0.1 g in 20 
mL. The mixture was deoxygenated with nitrogen for 30 min, 
and stirred for 3, 5, 7 and 9 h at 123°C. CTS-SDBS-g-GMA-PS 
was precipitated in ethyl acetate, filtered, washed at least three 
times with THF, dried under vacuum and analysed by 1H NMR 
and TGA. In order to obtain CTS-SDBS-g-GMA-PBA, 0.1 g of 
CTS-SDBS-g-GMA and BA (0.0216 mol, 2.77 g) were 
solubilized in 30 mL of DMSO. TIPNO (0.009 mmol, 
solubilized in 3 mL of DMF) was added to the mixture. The 
system was deoxygenated with nitrogen for 30 min, and 
magnetically stirred for 3, 5, 7, and 9 h at 115°C (see Scheme 
2). The products were recovered by precipitation in ethyl 
acetate, filtered, washed in THF several times, and dried under 
vacuum prior to analysis by 1H NMR and TGA.   
 
Grafting from Polymerization using SG1-based alkoxyamine: 
CTS-SDBS-g-GMA-PS & CTS-SDBS-g-GMA-PBA  
0.1 g of CTS-SDBS-g-GMA-BB was solubilized in 20 mL of 
DMSO. St (0.0216 mol, 2.25 g) was dissolved in 10 mL of 
DMF. Both solutions were mixed, deoxygenated with nitrogen 
for 30 min, and magnetically stirred for 3, 5, 7, and 9 h at 
115°C. CTS-SDBS-g-GMA-PS was recovered by precipitation 
in ethyl acetate, filtered, washed in THF several times, and 
dried under vacuum prior to analysis by 1H NMR and TGA. For 
the synthesis of CTS-SDBS-g-GMA-PBA, 30 mL of a DMSO 
solution containing CTS-SDBS-g-GMA-BB (0.1 g), BA 
(0.0216 mol, 2.77 g), and SG1 (0.0009 mmol) was 
deoxygenated with nitrogen for 30 min, magnetically stirred for 
3, 5, 7, and 9 h at 110°C (see Scheme 3). The products were 
precipitated in ethyl acetate, filtered, washed in THF several 
times, dried under vacuum, and analysed by 1H NMR and 
TGA.   
 

Removal of SDBS from graft copolymers  
The removal of the SDBS group was performed following 
previously reported procedures.10, 11, 35 The modified CTS graft 
copolymers were dissolved in DMSO (5 mg/mL). The DMSO 
solution was poured into a Tris solution (pH= 9.0, adjusted with 
5 M HCl), stirred magnetically for 2 h at 45°C, and then 
sonicated for 20 min. The precipitated product was filtered and 
washed several times with water and methanol to remove free 
SDBS. The CTS graft copolymers, now without the SDBS 
group, were analysed by FT-IR. 
 
Results and Discussions  
Graft polymerizations of St and BA from CTS functionalized 
with either TIPNO alkoxyamine (CTS-SDBS-g-GMA-UA) or 
SG1 alkoxyamine (CTS-SDBS-g-GMA-BB) were conducted in 
DMSO. SG1 and TIPNO are versatile nitroxides capable of 
mediating the polymerization of acrylic esters, vinyl pyridines, 
acrylonitrile, acrylamides, as well as styrene and its 
derivatives.37, 38 SG1 has been widely used to modify different 
substrates via a grafting from approach such as nanoparticles,36, 

39 microspheres,40 and CTS.33 TIPNO has been used to modify 
substrates (with graft polymers) such as silicon wafers41 or 
γFe2O3 nanoparticles42 but it has not been used to produce graft 
polymers on CTS or any biopolymer. 
  
Grafting from polymerizations: 
1. CTS-SDBS-g-GMA-PS and CTS-SDBS-g-GMA-PS via 
TIPNO mediated polymerization 
Grafting from polymerizations of St and BA, at 123°C and 115°C 
respectively, were conducted using DMSO as solvent for reaction 
times of  3, 5, 7, and 9 h. In the case of the St grafting reaction, 50% 
of DMF with respect to the total of DMSO used was also used in 
order to maintain the homogeneity given the insolubility of PS in 
DMSO. The CTS-SDBS-g-GMA-PBA and CTS-SDBS-g-GMA-PS 
graft products were washed at least three times with THF, as the 
products were soluble in DMSO and insoluble in any other organic 
solvent, to remove ungrafted polymer chains. The fraction of 
monomer converted into graft polymer was calculated by 
gravimetry, and the composition of the resulting materials was 
determined (Table 1).  Assuming 100% initiation efficiency, the Mn 
of the graft chains for BA and St polymerizations were estimated 
(Table 1). This assumption likely result in underestimation of the 
actual Mn but it is not possible to accurately determine the actual 
initiation efficiency. 
 
Table 1.  Monomer graft conversion (MGC), percentage of grafted polymer 
determined by gravimetry and TGA, and theoretical Mn of St and BA grafting 
reactions from CTS-SDBS-g-GMA-UA at various reaction times.   
  
 

Grafting 
reaction 

Time  
(h) 

MGC (%) 
(± σ) 

Graft 
polymer 

(%)a 

Graft 
Polymer (%)b 

Mn,th   
(Da) 

St 

3 1.44 (±0.04%) 26 26 870 
5 2.88 

(±0.08%) 
42 46 1090 

7 4.80 (±0.05%) 55 53 1820 
9 7.20 (±0.11%) 65 63 2730 

BA 

3 1.15 (±0.06%) 24 22 840 
5 1.58 (±0.09%) 30 28 1030 
7 2.02 (±0.05%) 36 32 1220 
9 2.92 (±0.08%) 45 40 1620 

aPercentage of graft polymer on CTS-SDBS-g-GMA determined by gravimetry. 
bPercentage of graft polymer on CTS-SDBS-g-GMA determined by TGA. 
 
 
As is shown in Figure 4, BA was consumed approximately linearly 
as the reaction proceeded while for St slight upward curvature was 
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observed. The slower consumption of BA in comparison of St is 
attributed to the presence of the deliberately added free TIPNO 
(approximately 5% of excess with respect to the total of TIPNO 
linked to CTS) which suppresses the polymerization rate. With 
styrene, thermal initiation generates additional radicals that consume 
excess nitroxide and alleviates this problem. The addition of free 
nitroxide in acrylate polymerization reactions and a low reaction 
temperature decrease the rate of polymerization and therefore afford 
better control.43 For both grafting reactions, a large excess of 
monomer was used in order to promote the grafting reaction. The 
final monomer conversion ranged from 1.4 to 7% for PS and 1.15 to 
2.92% for PBA in the range from 3 to 9 h; however, this was enough 
to achieve relatively high degrees of grafting.   
 
 

 
 
Figure 4. Evolution of the monomer converted into graft polymer (MGC) for 
the polymerization of BA and St from CTS-SDBS-g-GMA-UA at 115 and 
123°C respectively for 3, 5, 7, and 9 h.  
 
TGA measurements for the CTS-SDBS-g-GMA-PS (obtained via 
TIPNO-mediated polymerization) at 3, 5, 7, and 9 h (Fig. 5) reveal 
an initial weight loss from ~200 to 250°C due to SDBS 
decomposition. From ~275 to 400°C, a continuous loss and a 
change in the slope were noted, attributed to the degradation of 
both CTS and PS chains. Assuming that all CTS-SDBS-g-
GMA is decomposed by 350°C and PS decomposes after 
350°C, the percentage of PS grafted to the CTS backbone chain 
was estimated. The PS grafted from CTS-SDBS-g-GMA was 
26, 46, 53 and 63% of the total graft polymer mass at 3, 5, 7, 
and 9 h respectively which is in good agreement with the values 
determined by gravimetry (Table 1). 
 

   
 
Figure 5. TGA of CTS-SDBS-g-GMA-PS obtained at 3, 5, 7, and 9 h 
via TIPNO mediated polymerization.  
 

The 1H NMR spectra of CTS-SDBS-g-GMA-PS obtained at 
different reaction times via TIPNO mediated polymerization (Fig. 6) 
indicate signals for the SDBS groups at 0.88 (20), 1.24 (18, 19), 
1.56 (17), 7.11 (15, 16), and 7.52 (13, 14) ppm. The 
corresponding signals attributed to the phenyl group from PS 
appear at 7.10 (overlapped with the signal of SDBS) and 6.58 
(23-27) ppm.  
 

 
 
 Figure 6. 1H NMR spectrum in DMSO-d6 of CTS-SDBS-g-GMA-PS 
obtained via TIPNO mediated polymerization at 3, 5, 7, and 9 h.  
 
Thermograms for CTS-SDBS-g-GMA-PBA (obtained via TIPNO-
mediated polymerization) at 3, 5, 7, and 9 h, shown in Fig. 7, 
support the presence of PBA grafted to CTS-SDBS-g-GMA in 
different proportions, as a function of reaction time. The 
decomposition of SDBS is observed from ~200 to 250°C, and 
from ~250 to 400°C the degradation of both CTS and PBA 
chains is noted. Based on the same assumptions made for the St 
grafting reactions, the percentage of PBA grafted CTS-SDBS-
g-GMA-UA determined by TGA was 22, 28, 32, and 40% for 
3, 5, 7, 9 h respectively. 
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Figure 7. TGA of CTS-SDBS-g-GMA-PBA obtained at 3, 5, 7, and 9 h 
via TIPNO mediated polymerization.  
 
Figure 8 shows the 1H NMR spectra of CTS-SDBS-g-GMA-
PBA (obtained via TIPNO-mediated polymerization) at 3, 5, 7, 
and 9 h. The spectra show new peaks at 1.29 ppm and 4.01 (23) 
ppm, attributed to the butyl ester of PBA, and the 
corresponding signals of SDBS groups at 0.88 (20), 1.24 (18, 
19), 1.56 (17), 7.11 (15, 16), and 7.52 (13, 14) ppm.  
 
 

 
Figure 8. 1H NMR spectrum in DMSO-d6 of CTS-SDBS-g-GMA-PBA 
obtained via TIPNO mediated polymerization at 3, 5, 7, and 9 h.  
 
 
Grafting from polymerizations: 2. CTS-SDBS-g-GMA-PS and 
CTS-SDBS-g-GMA-PS via SG1 mediated polymerization 
The SG1 macroalkoxyamine, CTS-SDBS-g-GMA-BB, was 
used to carry out grafting reactions of St and BA at 115 and 
110°C respectively, for 3, 5, 7, and 9 h. In the case of St, and as 
shown in Fig. 9, in each reaction the product precipitated out of 
the continuous phase as the graft polymer grew. This 

phenomenon may be attributed to crosslinking reactions 
between the growing graft chains that occur when they are 
active, which is favoured by the presence of a polar solvent like 
DMSO. Polar solvents produce a stable polar resonance 
structure resulting in slower deactivation of the propagating 
radicals and therefore a faster reaction rate and a greater 
propensity for mutual termination between chains on different 
CTS molecules. 44, 45 Crosslinking arising from coupling 
between the growing graft chains were not observed when 
CTS-SDBS-g-GMA-UA was used to carry out grafting from 
reactions mainly attributed to a slower rate of polymerization. 
The differences between TIPNO- and SG1-mediated 
polymerization rates can also be attributed to the polarity on the 
reaction media since in the TIPNO-mediated polymerization a 
less polar medium is used (mixture of DMSO:DMF) compared 
to SG1-mediated polymerization (DMSO). In the case of the 
BA grafting reactions, homogeneity was maintained in each 
reaction, as shown in Fig. 9. CTS-SDBS-g-GMA-PBA was 
insoluble in THF, DMF, 1-4 dioxane, water, and acetic acid 
solutions, and soluble only in DMSO. To ensure that the product 
was not mixed with PBA homopolymer, it was washed at least three 
times with clean THF after precipitation. The percentage of 
monomer converted to graft polymer, composition of the resulting 
graft polymers and the theoretical molecular weight Mn (from the 
SG1 molar concentration present in the mixture) are shown in Table 
2. 
 

 
 
Figure 9. CTS-SDBS-g-GMA-PS and CTS-SDBS-g-GMA-PBA 
obtained via SG1-mediated polymerization at various reaction times.  
 
Table 2.  Monomer graft conversion (MGC), composition, and theoretical Mn 
of BA grafting reactions from CTS-SDBS-g-GMA-BB at predetermined 
reaction times.  
 

Grafting 
reaction 

Time  
(h) 

MGC (%) 
(± σ) 

Graft 
polymer (%)a 

Graft 
Polymer (%)b 

Mn,th   
(Da) 

BA 

3 0.68 (±0.02%) 16 14 627 
5 1.01 (±0.06%) 22 19 774 
7 3.06 (±0.05%) 46 42 1689 
9 4.33 (±0.04%) 55 52 2250 

aPercentage of graft polymer on CTS-SDBS-g-GMA determined by gravimetry. 
bPercentage of graft polymer on CTS-SDBS-g-GMA determined by TGA. 
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In the SG1-mediated BA grafting reaction, free SG1 (approximately 
5% of excess with respect to the total of SG1 linked to CTS) was 
added to the mixture in order to decrease the rate of polymerization, 
avoid possible termination reactions and therefore enhance the 
control over the polymerization. AS it is shown in Fig. 10 BA was 
consumed approximately linearly as the reaction proceeded and 
indicates an increment in the rate of polymerization after the fifth 
hour, possibly due to consumption of the free SG1. From 3 to 9 h, 
the monomer conversion ranged from 0.68 to 4.33% (Table 2). 
 

 
 

Figure 10. Evolution of the monomer converted into graft polymer (MGC) 
for the polymerization of BA from CTS-SDBS-g-GMA-BB at 115° C for 3, 
5, 7, and 9 h. 
  
CTS-SDBS-g-GMA-PBA obtained at 3, 5, 7, and 9 h was analysed 
by TGA (Fig. 11). The thermograms indicate the loss attributed to 
SDBS groups (~200-250°C), and from ~250 to >400°C to the 
decomposition of CTS and PBA chains. TGA results confirmed very 
similar values to those obtained by gravimetric analyses (Table 2) 
for the amount of PBA grafted to CTS-SDBS-g-GMA-BB (14, 19, 
42 and 52%, assuming that all CTS-SDBS-g-GMA decomposes by 
350°C) at 3, 5, 7, and 9 h, respectively.    
 
 

 
 
Figure 11. TGA of CTS-SDBS-g-GMA-PBA obtained at 3, 5, 7, and 9 
h via SG1 mediated polymerization via SG1-mediated polymerization.  
 
 In Figure 12, 1H NMR spectra of CTS-SDBS-g-GMA-PBA at 
3, 5, 7, and 9 h show new peaks attributed to the butyl ester of 
PBA at 1.29 (24, 25) ppm and 4.01 (23) ppm. 
        

 
Figure 12. 1H NMR spectrum in DMSO-d6 of CTS-SDBS-g-GMA-PBA 
obtained via SG1-mediated polymerization at 3, 5, 7, and 9 h. 
    
Removal of SDBS from graft copolymers 
SDBS was successfully removed from CTS-SDBS-g-GMA-PS 
and CTS-SDBS-g-GMA-PBA obtained via TIPNO- and SG1-
mediated polymerization, to yield CTS-g-GMA-PS and CTS-g-
GMA-PBA. The resulting materials were insoluble in THF, 
DMF, 1-4 dioxane, DMSO, water, acetic acid solutions or their 
mixtures.  
 
Figure 13 shows the FT-IR spectra for CTS, CTS-SDBS-g-
GMA, CTS-g-GMA-PS and CTS-g-GMA-PBA, both obtained 
via TIPNO-mediated polymerization, and CTS-SDBS-g-GMA-
PBA obtained via SG1-mediated polymerization. The CTS 
spectrum (Fig. 13a) shows several peaks attributed to its 
functional groups. A strong band at 3448 cm-1 from the 
stretching vibration of the O-H bonds; stretching vibrations 
from C-H (υ, C-H) at 2875 cm-1; stretching vibrations of C-O 
bonds (νs,  C-O) of the remaining amide group at 1652 and 
1606 cm-1; bending from –CH2   groups at 1414 cm-1; 
symmetrical deformation of -CH3 groups at 1375 cm-1; 
stretching vibrations of C-O (ν, C-O) bonds between 1160 and 
1150 cm-1 and at 1088 cm-1 the peak from the C-O-C (ν, C-O-
C) bond. The spectrum of CTS-SDBS-g-GMA (Fig. 13b) 
shows the contribution of the SDBS group; at 1037 cm-1 

attributed to S=O, and at 669 cm-1, corresponding to the C-S 
bond. In the CTS-g-GMA-PS (via TIPNO-mediated 
polymerization) spectrum (Fig. 13c) are noted: aromatic 
vibrations from the C-H (υs, C-H) in the  range 3100–3000 cm-

1, vibrations from C-H (υ, C-H) from 2980–2850 cm-1, aromatic 
overtones at 1954-1800 cm-1, stretching vibrations of C=C 
bonds (νs, C=C) from the  aromatic ring at 1601, 1494, 1451 
cm-1 and out of the plane vibrations at 704 and 760 cm-1. The 
spectra of CTS-g-GMA-PBA and CTS-g-GMA-PBA, obtained 
via TIPNO- and SG1-mediated polymerization respectively, 
(Figures 13d and 13e) show the same variety of signals since 
both materials possess the same functional groups from the 
CTS and PBA units. The new contributions from PBA that 
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appear at 2964 cm-1 are attributed to C-H from the aliphatic 
chain and at 1735 cm-1 to the stretching vibration of the 
carbonyl group (νs, C=O). The absence of signals at 1037 and 
669 cm-1 in Figures 13c, 13d, and 13e indicate that the removal 
of SDBS was complete. 
 

 

Figure 13. FT-IR of (a) CTS, (b) CTS-SDBS-g-GMA, (c) CTS-g-GMA-PS 
and (d) CTS-g-GMA-PBA obtained via TIPNO mediated polymerization, 
and (e) CTS-SDBS-g-GMA-PBA obtained via SG1 mediated polymerization.	
   

Conclusions 
Graft polymerizations of St and BA on CTS were carried out by 
NMP in homogeneous media using macroalkoxyamines based 
on either TIPNO-functionalized or SG1-functionalized CTS. 
CTS-SDBS-g-GMA-UA and CTS-SDBS-g-GMA-BB are 
capable of initiating and mediating the polymerizations and 
may be considered as potential precursors of new bio-hybrid 
materials. TIPNO-mediated polymerizations yielded DMSO-
soluble graft copolymers with both St and BA, while for SG1-
mediated polymerizations only CTS grafted with PBA was 
soluble in DMSO. The insolubility of the CTS grafted with PS 
may be attributable to termination of the growing chains 
leading to crosslinking. The procedures used in this study 
demonstrate the feasibility of CTS graft modification via NMP 
using a grafting from approach in homogeneous media. 
Working in homogeneous rather than heterogeneous media, we 
were able to increase the polymer graft content in CTS at 
shorter reaction times compared to previous reports.33 The 
grafting polymer content can be manipulated by changing the 
reaction time. NMP allows tailoring of the molecular weight 
and architecture of the graft chains, and therefore the design 
and control of final product properties for CTS-based hybrids. 
One of the principal disadvantages of CTS is its poor 
mechanical properties (which can be a problem for biomedical 
applications); the grafted PS and PBA could significantly 
enhance these properties. Additionally, the approach developed 
in this study targets OH groups on the CTS molecule, thereby 
preserving the amino functionality which is fundamentally 
important as a number of the valuable CTS bioproperties are 

attributed to the presence of the amino group. For example, the 
interaction between positively charged chitosan and a 
negatively charged DNA has also been exploited for delivery of 
plasmid DNA.46,47 The -NH2 groups on the chain are involved 
in specific interactions with metals so this biopolymer is also 
widely used for the recovery of heavy metals from various 
waste waters.48 
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