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a  b  s  t  r  a  c  t

Regioselective  sucrose  1′-O-methacrylate  obtained  by  transesterification  catalyzed  by  Proteinase-N  was
copolymerized  with  hydrophilic  N-isopropylacrylamide  and hydrophobic  methyl  methacrylate  in  dif-
ferent molar  ratios  by  free  radical  polymerization.  The  copolymers  were  characterized  by 13C  nuclear
magnetic  resonance  spectroscopy,  gel  permeation  chromatography,  differential  scanning  calorimetry
and  thermogravimetry.  Solubility  and  phase  behavior  of  aqueous  solutions  were  also  investigated.  The
glass transition  of  the  copolymers  presents  a positive  deviation  from  the  values  of  the homopolymers  due
eywords:
ucrose methacrylate
mphiphilic copolymer
hase behavior
ydrogel

to  the  high  density  of inter  and  intramolecular  hydrogen  bonding.  Their  solubility  is strongly  depend-
ent  on  the  composition.  Copolymers  poor  in methyl  methacrylate  are  water  soluble,  while  copolymers
richer  in  methyl  methacrylate  behaves  as  hydrogel.  These  hydrogels  are  not  chemically  crosslinked  and
their form  can  be  design  prior  swelling  by  the  conventional  processing  methods,  such  as  solvent  casting
and  extrusion  for  instance.  Copolymers  of  N-isopropylacrylamide  are  water  soluble  and  their  aqueous
solutions  present  a  lower  critical  solution  temperature  behavior  forming  thermoreversible  hydrogels.
. Introduction

The use of sucrose as raw material has attracted special atten-
ion for the production of surfactants (Carrea, Riva, Secundo, &
anieli, 1989; Hass et al., 1959; Wada, Onuma, Ushikubo, & Ito,
988) and bio-based polymers (Chen et al., 1995; Chen & Park,
000; Cheng & Gross, 2010; Crucho, Petrova, Pinto, & Barros, 2008;
eng et al., 2010; Jhurry et al., 1992; Liu & Dordick, 1999; Patil,
ordick, & Rethwisch, 1991a, 1991b, 1996; Patil, Li, Rethwisch, &
ordick, 1997; Zamora, Strumia, & Bertorello, 1996) for several rea-

ons. First, sucrose is a cheap raw material obtained directly from
ugar cane and sugar beets. According to the Brazilian Ministry of
griculture, the world production of sugar cane in 2007 was  1558
illion tons, resulting in a total production of 166.3 million tons

f sugar, among other products (Strapasson et al., 2009). Second,
ucrose is a reactive molecule having eight free hydroxyl groups and
wo anomeric carbon atoms. This enables several chemical trans-
ormations. However, some strategies are required to guarantee
he reaction selectivity towards the desired products. In general,

wo synthetic strategies are employed: (1) enzymatic catalysis and
2) chemical catalysis. The latter requires protection–deprotection
f the functional groups, what is not favorable in the context of
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green chemistry, in which the reduction of derivatives is one of its
principles. On the other hand, enzymatic reactions are very selec-
tive and provide high yields of alkylglucosides that have aroused
great interest as the main synthetic route for modified saccharides
(Cheng & Gross, 2010; Dordick, 1992; Klibanov, 1986; Rich, Bedell,
& Dordick, 1995; Riva, Chopineau, Kieboom, & Klibanov, 1988).

Among the numerous derivatives of sucrose, the ones contain-
ing vinyl or acrylic groups were of particular interest in this work.
These monomers contain reactive carbon-double bonds, allowing
radical polymerization, which is usually not only relatively sim-
ple to perform but also provides high yields of polymers with
low polydispersities (1.5–2.0) and high molecular weight. More-
over, the monomers derived from sucrose are strongly hydrophilic.
The combination of these monomers with hydrophobic ones (e.g.,
methyl methacrylate) can lead to amphiphilic copolymers with a
wide range of properties and applications. Typically, amphiphilic
polymers, such as sugar-based polymers, are widely used in
applications that require biocompatibility and/or biodegradabil-
ity (Barros, Petrova, & Singh, 2010; Cheng & Gross, 2010; Feng
et al., 2010; Galgali, Puntambekar, Gokhale, & Varma, 2004; Miura,
2007; Patil et al., 1997; Shantha & Harding, 2002; Takasu, Baba, &
Hirabayashi, 2008).

The first reports on “saccharide polymers” mostly described the

use of these materials for the production of polymeric networks
(Chen & Park, 2000; Liu & Dordick, 1999; Patil et al., 1996,
1997; Zamora et al., 1996). This is due to the difficulties in
obtaining acrylic and vinyl saccharide monomers with a high

dx.doi.org/10.1016/j.carbpol.2012.12.061
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:heitorfno@gmail.com
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Table 1
Reaction yield (Y), nominal molar composition (CN) and determined by 13C NMR  (CNMR), apparent number average molar weight (Mn), apparent weight average molar weight
(Mw) and polydispersity (Mw/Mn) determined by GPC for polymers.

Entry Sample fSMA Y (%) CN CNMR Mn(g mol−1) Mn (g mol−1) Mw Mn

1 PMMA 0.00 100 – – 215,000 334,000 1.6
2 P(SMA-co-MMA)  1–20 0.17 100 1–20 nd 385,000 725,000 1.9
3  P(SMA-co-MMA)  1–10 0.29 100 1–10 nd 262,000 385,000 1.5
4  P(SMA-co-MMA)  1–5 0.45 99 1–5 1.0–7.0 410,000 749,000 1.8
5  P(SMA-co-MMA)  1–3 0.58 90 1–3 1.0–3.0 428,000 788,000 1.8
6  P(SMA-co-MMA)  1–1 0.80 95 1–1 1.0–1.0 268,000 393,000 1.5
7 PSMA 1.00  100 – – 430,000 802,000 1.9
8 P(SMA-co-NIPAAm)  1–1 0.78 93 1–1 1.0–1.0 316,000 822,000 2.6
9  P(SMA-co-NIPAAm) 1–3 0.55 71 1–3 1.0–1.0 259,000 478,000 1.9

10  P(SMA-co-NIPAAm) 1–5 0.42 78 1–5 1.0–6.5 546,000 1,330,000 2.4
11  P(SMA-co-NIPAAm) 1–10 0.27 64 1–10 1.0–5.3 369,000 673,000 1.8
12  P(SMA-co-NIPAAm) 1–20 0.15 41 1–20 1.0–20.0 479,000 957,000 2.0
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ono-to-polysubstituted ratio. The enzymatic catalysis is a pow-
rful way to obtaining sucrose-based monomers. Lipase has been
escribed in the literature as an efficient enzymatic catalyst
o esterification of sucrose. However, the selectivity of lipase-
atalysed esterifications of sucrose takes place at the 6-OH and
′-OH hydroxyl groups (Oosterom et al., 1996; Queneau, Jarosz,
ewandowski, & Fitremann, 2008), making the lipases catalysis
n important way to obtain diesters of sucrose as precursors to
olyesters in which the sucrose derivatives constitute the back-
one of the polymers (Albertin, Stenzel, Barner-Kowollik, Foster, &
avis, 2004). Sucrose-based polyester (Park, Kim, & Dordick, 2000)
nd polyamides (Patil et al., 1991a),  in which sucrose is a side
roup, were synthesized using lipases Novozym-435 enzymatic
atalysis and Proleather enzymatic catalysis, respectively. In these
ases the monomer synthesis step catalyzed by lipases Novozym-
35 presented low yield for the monosubstituted derivative (28%
fter 5 days and low mono-to-polysubstituted derivatives ratio). In
he present work the synthesis of the sucrose monomer, sucrose
′-O-methacrylate (SMA), was based on the protease-catalyzed
sterification route of sucrose described in the literature (Potier,
ouchu, Descotes, & Queneau, 2000, 2001). This synthetic route
isplays high yields and high mono-to-polysubstituted derivatives
atios because of the higher selectivity at the 1′-OH hydroxyl group
n comparison with 6-OH and 6′-OH hydroxyl (Potier et al., 2001).
he monosubstituted sucrose monomer was copolymerized with
-isopropylacrilamide (NIPPAm) and with methyl methacrylate

MMA)  aiming to obtain amphiphilic copolymers by conventional
ree radical polymerization. The solubility, glass transition tem-
erature and aqueous solution behavior showed to be dependent
n the copolymers composition and on the hydrophobicity of the
omonomers NIPPAm and MMA,  as will be discussed.

. Materials

The chemicals 2,2,2-trifluoroethylmethacrylate (TFEM),
ucrose, N-isopropylacrylamide (NIPAAm), benzoyl peroxide (BPO)
nd the enzyme Proteinase-N from Bacillus subtilis (ca. 6 U/mg)
ere supplied by Sigma–Aldrich (USA). Methyl methacrylate

MMA)  was from Hoechst. The solvents N,N-dimethylformamide
DMF), diethyl ether, ethyl acetate, methanol (MeOH), acetone
Me2CO), chloroform and methylene chloride (CH2Cl2) were
urchased from Synth (Brazil).

DMF  and MMA  were distilled and stored with pre-activated
olecular sieves 5 A. BPO was dried under vacuum overnight before
se. Proteinase-N was prepared by dissolving the crude enzyme
n water (5 mg  mL−1), adjusting the pH to 10.0 with 0.1 mol  L−1

OH and then freeze-drying the solution. The other chemicals and
olvents were used without further purification.
– 181,000 278,000 1.5

3. Experimental

3.1. Sucrose 1′-O-methacrylate (SMA) synthesis

The monomer synthesis was based on the methodology
described in the literature (Potier et al., 2000, 2001). The reac-
tion mixture consisting of sucrose (1.5 g, 4.4 mmol), TFEM (3.00 mL,
21.1 mmol), Proteinase-N (660 mg)  and DMF–H2O (vH2O/vtot = 7%,
11.1 mL)  in a closed tube was heated at 45 ◦C under magnetic stir-
ring at 250 rpm for 1 day. The enzyme was separated from the
reaction mixture by filtration and the solution was concentrated
under vacuum. The purification of SMA  was  carried out by silica-
gel (mesh 230–400 – Macherey-Nagel) Flash Chromatography (FC)
with CH2Cl2/Me2CO/MeOH/H2O 56/20/20/4 (v/v) solvent system
as eluent (SMA Rf = 0.24). The desired aliquots were concentrated
under vacuum to obtain a white foam with 70% regioisomeric yield
OH-1′ after purification by FC. This product was  characterized by
1H and 13C NMR  spectroscopies in D2O (Acros) and the obtained
data were compared with the literature.

3.2. Polymer synthesis

For the polymerization reactions, solutions 20 wt%  of puri-
fied SMA  and comonomer in N,N-dimethylformamide (DMF)
(10–15 mL)  were prepared. The comonomers employed were
methyl methacrylate (MMA)  and N-isopropylacrylamide
(NIPAAm), in molar ratios SMA/comonomer 1:1, 1:3, 1:5, 1:10 and
1:20. The homopolymers of SMA, MMA  and NIPAAm were also
synthesized. The polymerization was initiated upon adding 0.1%
(mol/mol) of benzoyl peroxide (BPO). This solution was added in an
ampoule and subjected to cycles of freezing/degassing to eliminate
dissolved molecular oxygen, a radical inhibitor. The polymerization
was carried out at 60 ◦C under nitrogen atmosphere for 6 days. The
product was precipitated in a nonsolvent (diethylether: Table 1,
entries 1–7; ethyl acetate: Table 1, entries 8–13) and dried under
vacuum at 40 ◦C. The polymers were purified by dialysis to remove
non-reacted monomers.

3.3. Polymer characterization

The 1H nuclear magnetic resonance (1H NMR) spectra of the
copolymers showed an intense overlap of the signals of the
monomers making the quantitative analyses very difficult. Because
of this 13C nuclear magnetic resonance (13C NMR) spectroscopy was

adopted to determine the composition of the copolymers. 13C NMR
spectra of polymer solutions 100 mg  mL−1 in DMF-d7 (Aldrich –
Table 1, entries 1–7), using the carbonyl of DMF-d7 at 163.15 ppm
as internal standard, and D2O (Acros – Table 1, entries 8–13), using
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Cl4 as external standard, in 5 mm RMN  tubes, were obtained on
 Varian Inova-500 (500 MHz) spectrometer. In order to guaran-
ee a quantitative analysis the nuclear Overhauser enhancement in
he 13C NMR  spectra was suppressed by inverse gated decoupling.
he pulse angle used was  45◦, acquisition time was 1 s, the interval
etween pulses was 10 s and the spectral width was  35,000 Hz.

The apparent number–average molecular weight (Mn), appar-
nt weight–average molecular weight (Mw) and molecular weight
istribution of the polymers were determined using gel permeation
hromatography (GPC), which was performed on a Viscotek GPC-
ax  VE 2001 equipment, equipped with Viscotek VE 3580 RI and
iscotek UV 2500 detectors, Viscotek TGuard 10 × 4.6 mm guard
olumn and 3X Viscotek T6000 M 300 × 7.8 mm  (10 �m particles)
olumns. The column system was heated at 60 ◦C. LiBr 10 mmol  L−1

olution in DMF  was used as eluent at a flow rate of 1.0 mL  min−1.
he polymer solutions of 8.0 mg  mL−1 were prepared with this
luent solvent and volumes of 100 �L were injected. Molecular
eights are relative to polystyrene (PS) standards (Viscotek) with
olecular weights from 1050 to 3,800,000 g mol−1.
Differential scanning calorimetry (DSC) was employed to deter-

ine the glass transition temperature of the copolymers on a DSC
910 TA instruments calorimeter, at 20 ◦C min−1 heating rate under
n argon atmosphere. Analysis program: (1) heating from 25 ◦C to
00 ◦C; (2) isotherm for 1 min; (3) cooling from 200 ◦C to −50 ◦C; (4)

sotherm for 5 min; and (5) heating from −50 ◦C to 200 ◦C. Samples
ere carefully dried before DSC experiments. Moreover, a small
ole had been made in the sample pan used in the experiments
llowing the evaporation of any sorbed water during the first heat-
ng scan. The thermal stability of the polymers was  determined by
hermogravimetric analysis (TGA) on a TGA 2950 TA instruments
hermo-balance under an argon atmosphere (100 mL  min−1 flow
ate) at 10 ◦C min−1 heating rate from 30 ◦C to 600 ◦C.

.4. Polymer-solvent studies

To assess the solubility of the polymers in water (Milli-Q), chlo-
oform, methanol and DMF  at 25 ◦C, 100 �L of solvent was added
o 10 mg  of powdered polymer sample. After 4 h a new aliquot of
olvent (100 �L) was added until a clear solution was observed.

In order to evaluate the swelling ratio of the polymers, around
0 mg  of polymeric films of the copolymers were immersed into
ater (3 mL)  at 25 ◦C for 48 h. After this, the weight of the swollen
olymer was measured.

Phase behavior of the polymer in aqueous solution was  deter-
ined by turbidity measurements. These measurements were

erformed with aqueous polymeric solutions of 0.1 wt% (Milli-Q
ater) in quartz cells (1.0 cm optical length) with a HP-Agilent

453 spectrophotometer, equipped with a Peltier heating system
nd a HP-Agilent 89090A temperature controller system, at 300 nm
avelength from 10 ◦C to 90 ◦C. The temperature was increased
sing a dynamic temperature step program with temperature

ncrements of 3.0 ◦C and isothermal holds of 1 min  at each new
emperature before the measurement. After this measurement, a
ew one was performed with temperature increments of 0.5 ◦C in
he range of temperature close to the thermal event. The results
resented in this work correspond to the latter experiments.

. Results and discussion

Sucrose 1′-O-methacrylate (SMA) was obtained in yields up
o 70% after 1 day of reaction and after purification while yields

or disubstituted are lower than 4%. Although high yields were
btained for the monosubstituted monomer, these are lower than
hat reported in the literature (Potier et al., 2001). This differ-
nce can be easily understood since the value of 70% for yield
drate Polymers 94 (2013) 317– 322 319

corresponds to purified monomer, what is not the case for the work
presented by Potier et al. (2001).  In addition, enzyme/sucrose ratio
used in the present work was 0.44, against 0.60 as reported in the
article of Potier et al. (2001).  Finally, the reaction scale adopted
in the present work is 60 times higher and our previous studies
showed that the increase of the reaction scale leads to a decrease
of yield and selectivity for sucrose 1′-O-methacrylate (data not
shown). Thus, the synthetic route and conditions adopted to obtain
sucrose 1′-O-methacrylate were adequate to the purpose of the
work.

Table 1 summarizes the yield of the polymerization for each
polymer composition. High yields of copolymers consisting of
SMA and methyl methacrylate (MMA)  were obtained (Table 1,
entries 2–6). This reveals no significant difference in the reac-
tivity of these monomers under the reaction conditions. For
the copolymers of SMA  and N-isopropylacrylamide (NIPAAm),
an increase of NIPAAm in the reaction mixture results in lower
yields of copolymers (Table 1, entries 8–12). Moreover, the yield
of poly(N-isopropylacrylamide) (PNIPAAm) is lower than the
yield of poly(sucrose 1′-O-methacrylate) (PSMA) and poly(methyl
methacrylate) (PMMA). This suggests that NIPAAm has the lowest
reactivity among the three above-mentioned monomers.

The composition of the copolymers listed in Table 1 was deter-
mined by 13C NMR  spectroscopy. For this purpose the reference
signals for SMA  (C2′) at 103 ppm, MMA  ( O CH3) at 52 ppm and
NIPAAm (CH isopropyl group) at 42 ppm were used. For copoly-
mers richer in SMA  (Table 1, entries 4–6), the results are close to
the monomer ratio in the reaction medium and consistent with
expected values. However, determination of the composition of the
copolymers rich in MMA  was not possible (Table 1, entries 2 and
3) due the low signal-to-noise ratio for the signals of SMA in these
samples. On the contrary, for the copolymers P(SMA-co-NIPAAm),
a  good signal-to-noise ratio was observed for the signals of SMA
even at high fractions of NIPAAm.

The apparent molecular weight and the polydispersity of the
polymers were determined by GPC using polystyrene (PS) stan-
dards (Table 1). In general, the copolymers were obtained with high
molecular weight (around 105 g mol−1) and polydispersities ran-
ging from 1.5 to 1.9 (Table 1, entries 2–6) for the P(SMA-co-MMA)
copolymer series and from 1.8 to 2.6 (Table 1, entries 8–12) for
the P(SMA-co-NIPAAm) copolymers. The higher polydispersities of
the copolymers of NIPAAm and SMA  is probably associated to the
difference in the reactivity of the two monomers and also to the ter-
mination mechanism of the polymerization in both cases (Ozizmir
& Odian, 1980). This leads to the formation of the polymeric chains
over a broad range of rates, causing the broadened distribution of
molecular weight.

Fig. 1 shows the DSC curves (second heating scan) for the SMA
copolymers with MMA  or NIPAAm. They exhibit a single glass tran-
sition. Table 2 lists the values of the temperature of glass transition
(Tg), glass transition width (�Tg = difference between the onset and
endset temperatures of the glass transition, expressed in ◦C) and
heat capacity variation (�Cp) involved in the glass transition.

Fig. 2 presents the correlation curves between the glass tran-
sition temperature and composition (weight fraction of SMA). All
copolymers present a single glass transition, indicating a random
distribution of the monomers in the chain. Some miscible poly-
mer  blends and random copolymers display an additive effect on
the temperature of glass transition with respect to the tempera-
tures of glass transition of the homopolymers (Olabisi, Robeson,
& Shaw, 1979), as indicated by the dashed lines in Fig. 2. Posi-
tive deviations of Tg of the copolymers in relation to the values of

the corresponding homopolymers, as the ones seen in Fig. 2, sug-
gests strong intermolecular interactions between the constituents
of the polymer blends or copolymers (Olabisi et al., 1979). Intra and
inter-interactions are shown in Fig. 3: hydrogen bonds between the
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Table 2
Glass transition temperature (Tg), width (�Tg) and heat capacity variation (�Cp) associated to the glass transition, solubility (S) and swelling degree (I).

Entry Material Tg (◦C) �Tg (◦C) �Cp(J g−1 ◦C−1) H2O MeOH CHCl3

I (%) I (%) I (%)

1 PMMA 116 32 0.30 101 ± 5 111 ± 6 S
2  P(SMA-co-MMA)  1–20 129 22 0.28 104 ± 5 130 ± 7 S
3  P(SMA-co-MMA)  1–10 132 25 0.38 107 ± 5 132 ± 7 S
4  P(SMA-co-MMA)  1–5 132 38 0.39 134 ± 7 193 ± 10 117 ± 6
5  P(SMA-co-MMA)  1–3 133 38 0.43 282 ± 14 184 ± 9 112 ± 6
6 P(SMA-co-MMA)  1–1 118 39 0.42 S 161 ± 8 113 ± 6
7 PSMA 116 22 0.42 S 115 ± 6 113 ± 6
8 P(SMA-co-NIPAAm) 1–1 175 20 0.30 S 168 ± 8 108 ± 5
9  P(SMA-co-NIPAAm) 1–3 186 14 0.30 S 180 ± 9 108 ± 5
10  P(SMA-co-NIPAAm) 1–5 143 24 0.43 S S 116 ± 6
11  P(SMA-co-NIPAAm) 1–10 143 26 0.48 S S 407 ± 20
12 P(SMA-co-NIPAAm) 1–20 144 15 0.54 S S 473 ± 24
13 PNIPAAm 131 13 0.45 S S S

Fig. 1. DSC curves (second heating scan) for: (a) P(SMA-co-MMA) and (b) P(SMA-
co-NIPAAm).

Fig. 2. Glass transition temperature as a function of weight fraction of SMA  in the
copolymers with MMA  (�) and NIPAAm (�).
Fig. 3. Hydrogen bond interactions between the segments in the copolymers.

hydroxyl groups of SMA  and the carbonyl groups of MMA  in the case
of P(SMA-co-MMA)  copolymer and the intermolecular hydrogen
bonds established between the hydroxyl groups of SMA  and N- and
O-sites of the amide groups of NIPAAm for the P(SMA-co-NIPAAm)
copolymers.

The higher density of hydrogen bonds, caused by the nature of
the amide group of NIPAAm, is probably the reason of the more
pronounced positive effect seen in Fig. 3, when compared with the
glass transition temperature of P(SMA-co-MMA) copolymers.
Fig. 4 shows thermogravimetric curves for the P(SMA-co-
MMA)  series under an inert atmosphere. The first thermal event
(200–230 ◦C) corresponds to the cleavage of head-to-head bonds,
resulting in free radical and unsaturated terminations. As a
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Fig. 4. (a) Thermogravimetric curves and (b) their first derivative for PSMA, PMMA
a
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this phenomenon is accompanied by turbidity of the solution, the
measurement of transmittance as a function of temperature can be
used to determine the temperature of phase segregation in solu-
tions of this class of materials. The results obtained in the study of
nd copolymers P(SMA-co-MMA)  (heating rate of 10 ◦C min−1 under an argon atmo-
phere).

onsequence, the thermal stability of the whole polymer chains
ecreases markedly leading to the subsequent depolymerization
Higashi, Shiba, & Niwa, 1989). In the second stage of thermal degra-
ation (240 ◦C), the weight loss increases with the SMA content in
he copolymers. This was due to the release of water molecules
erived from the condensation of hydroxyl side groups of the SMA,
s well as the pyrolysis of the saccharide groups. The third event
280–290 ◦C) is related to the cleavage of unsaturated terminations
nvolving homolytic �-cleavage (Manring, 1989). The fourth event
380–420 ◦C) results from random cleavages of the carbon skeleton
Manring, 1991).

The P(SMA-co-NIPAAm) copolymers show only two events upon
hermal degradation, as seen in Fig. 5. The first event is associated
ith degradation of the SMA  side groups, as described previously.

he second event is assigned to the random cleavage of the poly-
eric chain into oligomers with simultaneous degradation of the

ide groups segments of NIPAAm (Schild, 1996). For both series
f copolymers an increase of the fraction of SMA results in a
igher amount of residual material due to the crosslinking between
ydroxyl groups of SMA  moieties.

Table 2 summarizes the results of the solubility and swelling
ests. While the solubility tests are qualitative, the swelling tests are
uantitative and expressed in terms of percent weight of swollen
olymer compared to the dry polymer.

The materials listed in Table 2 are soluble in polar solvents,
uch as DMF, DMSO and N-methyl-2-pyrrolidone (NMP), indicat-
ng the absence of extensive crosslinking, as desired. Both series
f copolymers show an amphiphilic character strongly depend-
nt on the copolymer composition. While the PSMA and PNIPAAm
re water soluble, PMMA  is soluble in organic solvents, such as
hloroform. Only the copolymer P(MMA-co-SMA) 1–1 (Table 2,

ntry 6), the one that is richest in SMA, is soluble in water, while
he other copolymers of this series only swell in water resulting
n hydrogels that are not chemically crosslinked. The amount of
bsorbed water increases with the fraction of SMA. The copolymer
Fig. 5. (a) Thermogravimetric curves and (b) their first derivative for PSMA, PNI-
PAAm and copolymers P(SMA-co-NIPAAm) (heating rate of 10 ◦C min−1 under an
argon atmosphere).

P(MMA-co-SMA)1–3 (Table 2, entry 5) presents a high swelling
degree in water. The opposite effect is observed when water is
replaced with chloroform, i.e. the copolymers rich in MMA  (Table 2,
entries 2 and 3) display high swelling degrees in chloroform, while
PMMA  is soluble in this solvent. In methanol, the swelling of mate-
rials richer in MMA  happens to a greater extent than in water, while
the opposite effect is seen for materials richer in SMA.

Aqueous PNIPAAm solutions present phase diagrams with
Lower Critical Solution Temperature (LCST) behavior, forming ther-
moreversible gels at temperatures above this minimum point. As
Fig. 6. Transmittance curves at 300 nm as function of temperature for aque-
ous  polymer solutions: P(SMA-co-NIPAAm) 1–3 (—), P(SMA-co-NIPAAm) 1–5
(-·-),P(SMA-co-NIPAAm) 1–20 (····) and PNIPAAm (-··-).
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hase behavior for water-soluble P(SMA-co-NIPAAm) copolymers
re displayed in Fig. 6. Only the PNIPAAm and the P(SMA-co-
IPAAm) 1–5 and 1–20 copolymers presented continuous decay
f the transmittance with increasing temperature (the turbidimet-
ic curves for the other copolymers solutions are not show in Fig. 6),
hich can be attributed to LCST behavior. For these aqueous copoly-
er  solutions phase segregation occurs at 32.5 ± 0.5, 37.0 ± 0.5

nd 41.0 ± 0.5 ◦C, respectively. The decrease of the values of the
ransmittance is caused by the light scattering resulting from the
urbidity of the polymeric solution above the LCST point. As the tur-
idity gradually disappears on cooling the solution, this process can
e considered reversible. The results also show that the increase of
he hydrophilic character of the copolymer, upon changing NIPAAm
ith SMA, results in a high temperature of phase segregation.

. Conclusions

In summary, the regioselective synthesis of sucrose 1′-
-methacrylate (SMA) monomer was achieved. The desired
ucrose-derived monomer was obtained in yields above 70% for
he purified product. The work-up of the reaction mixture was
ssential for the removal of difunctionalized-sucrose methacrylate
y-products. This is crucial to obtain non-crosslinked amphiphilic
opolymers. The linear amphiphilic copolymers were synthesized
n high yields. The copolymers showed molecular weights about
05 g mol−1. The physical–chemical properties of these materials
ere studied. The results showed that the thermal degradation,

emperature of glass transition, solubility, swelling and phase
ehavior in aqueous solution change markedly with the copoly-
er  composition. Copolymers composed of NIPAAm and SMA

howed LCST behavior in aqueous solution. An increase of the
emperature of phase segregation and subsequent formation of

 thermoreversible hydrogel with increasing SMA content in the
opolymers P(SMA-co-NIPAAm) is observed. Polymers with sim-
lar behavior have been employed in drug delivery systems. As
n advantage, the polymers synthesized in the present work are
otentially biodegradable and come (at least partially) from renew-
ble resources. Although LCST behavior was not observed for the
mphiphilic copolymer consisting of MMA  and SMA, the materials
ich in SMA  showed high swelling in water (130–280 wt%), charac-
erizing them as hydrogels. These kinds of materials are interesting
or applications such as absorbents and as bandages for skin treat-

ents.

cknowledgments

The authors grateful to Dr. C.H. Collins (Institute of Chem-
stry, University of Campinas) for manuscript revision and CNPq
CNPq, Process no. 132288/2009-5) and FAPESP (Processes nos.
010/02098-0 and 2010/17804-7) for financial support.

eferences

lbertin, L., Stenzel, M., Barner-Kowollik, C., Foster, L. J. R., & Davis, T. P. (2004).
Well-defined glycopolymers from RAFT polymerization: Poly(methyl 6-O-
methacryloyl-�-d-glucoside) and its block copolymer with 2-hydroxyethyl
methacrylate. Macromolecules, 37,  7530–7537.

arros, M.  T., Petrova, K. T., & Singh, R. P. (2010). Synthesis and biodegradation studies
of  new copolymers based on sucrose derivatives and styrene. European Polymer
Journal,  46,  1151–1157.

arrea, G., Riva, S., Secundo, F., & Danieli, B. (1989). Enzymatic synthesis of vari-
ous  1′-O-sucrose and 1-O-fructose esters. Journal of the Chemical Society Perkin
Transactions I, 5, 1057–1061.
hen, J., & Park, K. (2000). Synthesis of fast-swelling, superporous sucrose hydrogels.
Carbohydrate Polymers, 41,  259–268.

hen, X., Martin, B. D., Neubauer, T. K., Linhardt, R-J., Dordick, J. S., & Rethwisch, D. G.
(1995). Enzymatic and chemoenzymatic approaches to synthesis of sugar-based
polymers and hydrogels. Carbohydrate Polymers, 28,  15–21.
drate Polymers 94 (2013) 317– 322

Cheng, H. N., & Gross, R. A. (2010). Green polymer chemistry: Biocatalysis and bioma-
terials.  Washington, DC: ACS Symposium Series., pp. 1–14.

Crucho, C. C., Petrova, K. T., Pinto, R. C., & Barros, M.  T. (2008). Novel unsaturated
sucrose ethers and their application as monomers. Molecules, 13,  762–770.

Dordick, J. S. (1992). Designing enzymes for use in organic solvents. Biotechnology
Progress,  8, 259–267.

Feng, X., East, A. J., Hammond, W.,  & Jaffe, M.  (2010). Contemporary science of poly-
meric materials. Washington, DC: ACS Symposium Series., pp. 3–27.

Galgali, P., Puntambekar, U. S., Gokhale, D. V., & Varma, A. J. (2004). Fungal
degradation of carbohydrate-linked polystyrenes. Carbohydrate Polymers, 55,
393–399.

Hass, H. B., Snell, F. D., York, W.  C., & Osipow, L. I. (1959). Process for producing sugar
esters. US 2 893 990.

Higashi, N., Shiba, H., & Niwa, M.  (1989). Thermal degradation of poly(methyl
methacrylate). 3. Polymer with head-to-head linkages. Macromolecules, 22,
4652–4654.

Jhurry, D., Deffieux, A., Fontanille, M.,  Betremieux, I., Mentech, J., & Descotes, G.
(1992). Sucrose-based polymers, 1. Linear polymers with sucrose side-chains.
Die Makromolekulare Chemie, 193, 2997–3007.

Klibanov, A. M.  (1986). Enzymes that work in organic solvents. Chemine Technologija,
16,  354–359.

Liu, X.-C., & Dordick, J. S. (1999). Sugar acrylate-based polymers as chiral molecularly
imprintable hydrogels. Journal of Polymer Science Part A: Polymer Chemistry, 37,
1665–1671.

Manring, L. E. (1989). Thermal degradation of poly(methyl methacrylate). 2. Vinyl-
terminated polymer. Macromolecules, 22,  2673–2677.

Manring, L. E. (1991). Thermal degradation of poly(methyl methacrylate). 4. Random
side-group scission. Macromolecules, 24,  3304–3309.

Miura, Y. (2007). Synthesis and biological application of glycopolymers. Journal of
Polymer Science Part A: Polymer Chemistry,  45,  5031–5036.

Olabisi, O., Robeson, I. W.,  & Shaw, M.  T. (1979). Polymer–polymer miscibility.  New
York: Academic Press., 277–281.

Oosterom, M.  W.,  van van Rantwijk, F., & Sheldon, R. A. (1996). Regioselective acyla-
tion of disaccharides in tert-butyl alcohol catalyzed by Candida antarctica lipase.
Biotechnology and Bioengineering, 49,  328–333.

Ozizmir, E., & Odian, G. (1980). Effect of unequal functional group reactivity and
monomer masses on the polydispersity index in linear step polymerization.
Journal of Polymer Science Part A: Polymer Chemistry,  18,  2281–2291.

Park, O.-J., Kim, D.-Y., & Dordick, J. S. (2000). Enzyme-catalyzed synthesis of sugar-
containing monomers and linear polymers. Biotechnology and Bioengineering, 70,
208–216.

Patil,  D. R., Dordick, J. S., & Rethwisch, D. G. (1991). Chemoenzymatic synthesis of
novel sucrose-containing polymers. Macromolecules, 24,  3462–3463.

Patil, D. R., Rethwisch, D. G., & Dordick, J. S. (1991). Enzymatic synthesis of a sucrose-
containing linear polyester in organic media. Biotechnology and Bioengineering,
37,  639–646.

Patil, N. S., Dordick, J. S., & Rethwisch, D. G. (1996). Macroporous poly(sucrose
acrylate) hydrogel for controlled release of macromolecules. Biomaterials, 17,
2343–2350.

Patil,  N. S., Li, Y., Rethwisch, D. G., & Dordick, J. S. (1997). Sucrose diacrylate: A
unique chemically and biologically degradable crosslinker for polymeric hydro-
gels.  Journal of Polymer Science Part A: Polymer Chemistry, 35,  2221–2229.

Potier, P., Bouchu, A., Descotes, G., & Queneau, Y. (2000). Proteinase N-catalysed
transesterifications in DMSO-water and DMF-water: Preparation of sucrose
monomethacrylate. Tetrahedron Letters,  41,  3597–3600.

Potier, P., Bouchu, A., Gagnaire, J., & Queneau, Y. (2001). Proteinase N-catalysed
regioselective esterification of sucrose and other mono- and disaccharides.
Tetrahedron: Asymmetry, 12,  2409–2419.

Queneau, Y., Jarosz, S., Lewandowski, B., & Fitremann, J. (2008). Sucrose chemistry
and applications of sucochemistry. Advances in Carbohydrate Chemistry and Bio-
chemistry,  61, 217–292.

Rich, J. O., Bedell, B. A., & Dordick, J. S. (1995). Controling enzyme-catalyzed
regioselectivity in sugar ester synthesis. Biotechnology and Bioengineering,  45,
426–434.

Riva,  S., Chopineau, J., Kieboom, A. P. G., & Klibanov, A. M.  (1988). Protease-catalyzed
regioselective esterification of sugars and related compounds in anhydrous
dimethylformamide. Journal of the American Chemical Society,  110,  584–589.

Schild, H. G. (1996). Thermal decomposition of PNIPAAM: TGA–FTIR analysis. Journal
of  Polymer Science Part A: Polymer Chemistry, 34,  2259–2262.

Shantha, K. L., & Harding, D. R. K. (2002). Synthesis and evaluation of sucrose-
containing polymeric hydrogels for oral drug delivery. Journal of Applied Polymer
Science,  84,  2597–2604.

Strapasson, A. B., Lima, A. C. O., Caldas, C. J., Ferreira, D., Leão, F. R. F., Vieira, J. N.
S.,  Laboissiere, L., Job, L. C. M.  A., Júnior, M.  F., Cavalcante, R. S., & Giuliani, T.
Q.  (2009). Anuário Estatístico de Agroenergia/Ministério da Agricultura. Pecuária e
Abastecimento, Brasília: Mapa/ACS., pp. 16–57.

Takasu, A., Baba, M.,  & Hirabayashi, T. (2008). Preparation and biodegradation of
sugar-containing poly(vinyl acetate) emulsions. Macromolecular Bioscience,  8,
193–198.
Wada, K., Onuma, K., Ushikubo, T., & Ito, T. (1988). Process for preparing sucrose
fatty acid esters. EP,  2. EP 75939.

Zamora, M., Strumia, M., & Bertorello, H. (1996). Preparation of new gels derived from
poly(sucrose acrylate) with immobilized Cibacron Blue and their application in
affinity chromatography. Polymer Bulletin, 37,  483–488.


	Amphiphilic copolymers of sucrose methacrylate and acrylic monomers: Bio-based materials from renewable resource
	1 Introduction
	2 Materials
	3 Experimental
	3.1 Sucrose 1′-O-methacrylate (SMA) synthesis
	3.2 Polymer synthesis
	3.3 Polymer characterization
	3.4 Polymer-solvent studies

	4 Results and discussion
	5 Conclusions
	Acknowledgments
	References


