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ocío  Cuervo-Rodríguezb, Manuel  Sánchez-Chavesa,  Marta  Fernández-Garcíaa,∗

Instituto de Ciencia y Tecnología de Polímeros (ICTP-CSIC), C/ Juan de la Cierva 3, 28006 Madrid, Spain
Facultad de Ciencias Químicas, Universidad Complutense de Madrid, Av. Complutense s/n, Ciudad Universitaria, 28040 Madrid, Spain

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 17 November 2012
eceived in revised form 10 January 2013
ccepted 19 January 2013
vailable online 10 February 2013

eywords:

a  b  s  t  r  a  c  t

The  synthesis  and  characterization  of amphiphilic  polymers  bearing  gluconolactone  moieties
has  been  described.  In a first  step,  an  unprotected  glycomonomer  2-[({[4-(d-gluconamid-N-
yl)butyl]amino}carbonyl)oxy]ethyl  acrylate,  HEAG,  has  been  synthesized.  Posterior,  this  glycomonomer
has  been  copolymerized  with  methyl  methacrylate  at different  compositions  and  the kinetic  behavior
has  been  also  studied  calculating  the  monomer  reactivity  ratios  by Kelen–Tüdös  extended  equation.  In
addition,  the  long  side-chain  crystalline  behavior  of  these  carbohydrate-based  copolymers  with  high
composition  of glycomonomer  has  been  examined  by  using  conventional  and  modulated  differential
lycomonomer
arbohydrate-based polymers
opolymerization
eactivity ratios
rystallization
ifferential scanning calorimetry

scanning  calorimetry  and  X-ray  diffraction  measurements.  At the  same  time,  the  phase  separation  behav-
ior of  carbohydrate-based  copolymers  with  lower  HEAG  content  has  been  determined  by  their glass
transition  temperature  measurements.  Finally,  the  thermal  stability  of  all these  amphiphilic  copolymers
has  been  evaluated  by thermogravimetric  analysis.

© 2013 Elsevier Ltd. All rights reserved.

-ray diffraction

. Introduction

Synthetic polymers bearing carbohydrate groups in the side
hain or at the end of the macromolecular chain (also known as
lycopolymers) have become a hot topic for investigation within
he scientific community and attracted great interest because
f their potential applications in biomedicine and biomaterials
Okada, 2001; Varma, Kennedy, & Galgali, 2004). In particu-
ar, carbohydrate-based polymers containing cyclic saccharides
otentiate multivalent protein–carbohydrate interactions in living
rganisms, which lead to biomolecular recognition events that are
ramatically different from those elicited by monovalent interac-
ions (Bertozzi & Kiessling, 2001; Kiessling, Gestwicki, & Strong,
006; Mammen, Choi, & Whitesides, 1998) Much research has been
ocused on hydrogels (Chen, Dordick, & Rethwisch, 1995; Zhou,
urth, Hsieh, & Krochta, 1999) cell culture substrates (Bahulekar
t al., 1998) artificial organs (Karamuk, Mayer, Wintermantel, &
kaike, 1999) lectin recognition materials (Bertozzi & Kiessling,

001; García-Oteiza, Sánchez-Chaves, & Arranz, 1997; Kobayashi,
suchida, Usui, & Akaike, 1997; Ting, Chen, & Stenzel, 2010) and
rug delivery systems (Polikarpov, Kaufmann, Kluge, Appelhans, &

∗ Corresponding author. Tel.: +34 912587505; fax: +34 915644853.
E-mail address: martafg@ictp.csic.es (M.  Fernández-García).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.053
Voit, 2010; Top & Kiick, 2010). Also, these carbohydrate polymers
are potential surface modifiers for the development of interfacial
properties to meet the requirements of biomedical uses. In contrast,
saccharides with open-chain structures are more efficient than
those with cyclic ones (Okada, 2001) in improving the hydrophilic-
ity of the polymeric material surface. This increase in hydrophilicity
at surface favors undesirable adhesion of proteins, cells, or other
molecules (Bordege et al., 2011; Ting et al., 2010; Xu, Wan, & Huang,
2009; Yang, Xu, Dai, Wang, & Ulbricht, 2005) and promotes a char-
acteristic as important as hemocompatibility.

In some cases carbohydrate polymers can be then consid-
ered as grafted amphiphilic chemical architectures because of
their pendant carbohydrate moieties linked to the backbone. Graft
copolymers, as well as the block ones, have been recognized as
advanced nanomaterials because they can self-assemble into vari-
ous ordered patterns (spheres, cylinders, lamellae, or bicontinuous
double diamonds) in the condensed state and in solution depend-
ing, basically, on the volume fraction of each component, the
difference in their solubility parameters, sample preparation, and
thermal history (de la Fuente, Fernandez-Garcia, Cerrada, Spiess,
& Wilhelm, 2006; Hadjichristidis, Pispas, & Floudas, 2003; Lee

et al., 1997; Matsushita & Noda, 1996; Munoz-Bonilla, Cerrada,
& Fernandez-Garcia, 2007a, 2007b; Munoz-Bonilla, Fernandez-
Garcia, Cerrada, Mantovani, & Haddleton, 2007; Munoz-Bonilla,
Fernandez-Garcia, & Haddleton, 2007; Muñoz-Bonilla et al., 2012)

dx.doi.org/10.1016/j.carbpol.2013.01.053
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:martafg@ictp.csic.es
dx.doi.org/10.1016/j.carbpol.2013.01.053
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2.4. Nuclear magnetic resonance spectroscopy (NMR)

Proton spectra, 1H NMR, were recorded using a Varian Inova-
400 spectrometer operating at 400 MHz  in DMSO-d6 solutions (25%,
56 M.L. Cerrada et al. / Carbohyd

his self-assembly capability, sometimes called nanophase sepa-
ation (Chen & Wunderlich, 1999) is observed in X-ray scattering
easurements by characteristic “peaks” at scattering vector scale

n the range 0.2 ≤ q ≤ 0.6 Å−1. Moreover, carbohydrate copolymers,
ainly those with open-chain structure, could be able of exhibit-

ng side-chain crystallization if their pendant chains are long
nough. Nevertheless, to the best of our knowledge, no examples
f extensive studies about synthetic semi-crystalline carbohydrate
olymers have been reported. Crystallization behavior of polymers
ontaining long n-alkyl groups in the side chain has been analyzed
n the past decades by various groups focusing on different aspects
Beiner, 2001; Cowie, Haq, McEwen, & Velićkovič, 1981; Jones,
964; Jordan, 1971; Jordan, Artymyshyn, Speca, & Wrigley, 1971;
araky, Clisson, Reiter, & Billon, 2008; López-Velázquez, Bello, &
érez, 2004; McKenzie, Nudelman, Bomans, Holder, & Sommerdijk,
010; Mogri & Paul, 2001a, 2001b; Neugebauer, Theis, Pakula,
egner, & Matyjaszewski, 2005; O’Leary & Paul, 2006; Pankaj,

empel, & Beiner, 2009). This capability of organizing at short range
nto three-dimensional crystallites confers a very interesting fea-
ure since the whole properties array will depend on the crystalline

orphology. Accordingly, variations on crystallization conditions,
hich might lead primarily to changes in degree of crystallinity

nd crystallite size, would allow tuning specific requirements and,
hus, designing “smart” materials exhibiting desirable complex
esponses.

The synthesis of carbohydrate-containing polymers with well-
efined structure is usually performed by two methods (Cameron
t al., 2008; Gauthier, Gibson, & Klok, 2009; Ladmiral, Melia, &
addleton, 2004; Okada, 2001; Spain & Cameron, 2011; Spain,
ibson, & Cameron, 2007; Ting et al., 2010; Varma et al., 2004): (a)

he polymerization or copolymerization of carbohydrate-bearing
onomers by conventional or controlled polymerization tech-

iques; and (b) the chemical modification of a reactive polymer
caffold with carbohydrates. In these two methodologies, the sac-
haride is attached to the polymer by ester, amide, carbamate,
ther linkages among others. It is important to avoid, if possible,
ndesirable sugar protecting/deprotecting processes because these
ulti-step reactions make tedious the synthetic protocol in addi-

ion to reduce their overall yield.
This investigation is focused on the synthesis of several gly-

opolymers based on methyl methacrylate, MMA,  and 2-[({[4-(d-
luconamid-N-yl)butyl]amino}carbonyl)oxy]ethyl acrylate, HEAG,
n unprotected glycomonomer. Classical free radical polymeriza-
ion has been chosen as synthetic methodology in this investigation
ince, on one hand, it is a versatile, robust and the most industri-
lly used protocol and, on the other hand, because the preparation
f these proposed novel and very interesting amphiphilic carbo-
ydrate copolymers is feasible in rather mild conditions without

urther requirements of protecting/deprotecting processes. In addi-
ion, copolymerization reactions have been thoroughly studied and
heir kinetic, copolymer composition variation and monomer reac-
ivity ratios have been determined.

A major field of applicability for carbohydrate based copoly-
ers is related to their potential capability for protein binding

n water solutions. Other properties, different than those evalu-
ted in solution, should be, however, explored in order to seek
ther high-added-value applications, replacing the existing mate-
ials and allowing also new markets to be created. A very important
spect is, then, to learn how these carbohydrate polymeric chains
re organized at molecular level in the solid state which allow us to
nterpret changes in their physical properties. Accordingly, deter-

ination of the phase transitions and thermal stability becomes

n important issue in these copolymers that are used, for instance,
n pharmaceutical products in order to perform a proper handling,

anufacturing and storage conditions of these materials. To assess
his additional target, phase transitions have been analyzed by
olymers 94 (2013) 755– 764

X-ray diffraction measurements at small and wide angles using
synchrotron and conventional radiation, respectively, as well as by
conventional and modulated differential scanning calorimetry, DSC
and MDSC, experiments; and, the thermal stability of the resultant
carbohydrate copolymers has been checked by thermogravimetry,
TGA.

2. Experimental

2.1. Materials

2-Hydroxyethyl acrylate, HEA (Fluka, 99%) and methyl
methacrylate, MMA  (Merck), were purified by a conventional
method (Stickler, 1987) 2,2′-Azobisisobutyronitrile, AIBN (Fluka),
was purified by successive crystallizations from methanol. p-
Nitrophenyl chloroformate (Fluka, 97%), glucono-1,5 lactone (99%,
Fluka) and 1,4-diaminobutane (Fluka) were used without further
purification. Dimethyl sulfoxide, DMSO (Scharlau), and triethyl-
amine (Scharlau) were previously distilled; methanol (Fluka), ether
dioxide (SDS), and ethanol (Normapur) were used as received.

2.2. Synthesis of glycomonomer, HEAG

The aminosaccharide, N-(4-aminobutyl)-d-gluconamide, NABG
(Cerrada, Sanchez-Chaves, Ruiz, & Fernandez-Garcia, 2009)
and activated HEA with p-nitrophenyl chloroformate, HEAN
(Bordegé et al., 2011) were prepared as described in lit-
erature. Then, the glycomonomer, 2-[({[4-(D-gluconamid-N-
yl)butyl]amino}carbonyl)oxy]ethyl acrylate, HEAG, was synthe-
sized as follows (see Scheme 1):

N-(4-aminobutyl)-d-gluconamide (4.75 g, 17.8 mmoles) with
hydroquinone (0.01 g) solved in DMSO (20 mL) was  slowly added
at 30 ◦C to a DMSO solution (20 mL)  of HEAN (5.02 g, 17.8 mmoles).
The mixture was stirred for 2 h and afterwards, it was precipi-
tated into a large excess of dichloromethane. The product was
filtered and washed with acetone giving a white solid, HEAG gly-
comonomer (6.59 g, 91%). The 1H and 13C NMR  spectra are shown
in Fig. S1 of Supporting Information.

2.3. Polymerization reaction

The monomers were polymerized with AIBN as initiator
(3 × 10−2 mol/L) and with DMSO as solvent (1 mol/L) at 70 ± 0.5 ◦C.
The copolymerization was  monitored by in situ 1H NMR mea-
surements using a tube sealed under argon atmosphere. These
copolymers were also obtained at high conversions using Pyrex
glass ampoules sealed under argon atmosphere in a thermostatic
bath at 70 ± 0.1 ◦C. The carbohydrate copolymers purification was
performed by dialysis using a membrane of 3500 Daltons (Cellu Sep
T1) and posterior lyophilization in a Telstar Lioalfa-6.

The carbohydrate based statistical copolymers performed at
total conversion have been labeled as P(MxGy), x and y referring
the MMA  and HEAG molar fraction in the copolymer, respectively.
w/v) at 70 ◦C. The spectra parameters were: acquisition time 3.7 s,
pulse of 7.0 �s, 128 runs and without delayed time. The delayed
time variation (2, 5, 10 s) and/or pulse width do not imply a signif-
icant change in the signals.
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Scheme 1. Synthe

.5. Wide-angle X-ray diffraction (WAXS)

WAXS experiments were carried out using a Bruker D8 Advance
iffractometer with a Ni-filtered Cu K� radiation (� = 1.54 Å). The
amples were heated from 30 to 160 ◦C at intervals of 5 ◦C and the
orresponding diffraction scans were collected at a rate of 0.1◦/s,
etween 2� values from 4◦ to 32◦. The goniometer was  calibrated
ith a standard of silicon. The estimated error was ±0.2◦.

.6. Small angle X-ray diffraction (SAXS)

SAXS measurements with X-ray synchrotron radiation were
erformed in the soft-condensed matter beamline A2 at Hasy-

ab (Hamburg, Germany), working at a wavelength of 1.50 Å. The
xperimental setup included a specimen holder and a MARCCD
etector for acquiring two-dimensional SAXS patterns (sample-to-
etector distance being 260 cm). The different orders of the long
pacing of rat-tail cornea (L = 65 nm)  were utilized for calibration
f the SAXS detector. The 2D X-ray diffractograms were processed
sing the A2tool program developed to support beamline A2 data
rocessing. The profiles were normalized to the primary beam

ntensity and the background from an empty sample was  sub-
racted. All experiments comprise the heating of samples from 28
p to 160 ◦C at 8 ◦C/min. The data acquisition was done in frames
f 15 s.

.7. Differential scanning calorimetry (DSC)

Conventional and modulated differential scanning calorimetric
easurements were performed in a TA Instruments, DSC Q100

quipment, with an Intracooler for low temperatures. The temper-
ture scale was calibrated from the melting point of high purity
ndium. Samples (∼3–5 mg)  weighed with an electronic autobal-
nce (Perkin-Elmer AD4), were scanned at 10 ◦C/min under dry
itrogen (50 cm3/min). The conventional experiments consisted of

 first heating run from −40 ◦C to 160 ◦C, after cooling down from
oom temperature to −40 ◦C. Subsequently to this first heating pro-
ess, samples were then cooled down to −40 ◦C at the same rate,
nd then a new successive heating run was performed.

Furthermore, MDSC experiments were performed with a sinu-
oidal temperature oscillation overlaid on the linear temperature
amp. Preferred modulation parameters were a period of 40 s, a
odulation amplitude of ±0.531 ◦C and an underlying heating rate

f 5 ◦C/min. Identical temperature range, from −40 ◦C to 160 ◦C, was

valuated.

The actual value for the glass transition temperature, Tg, was
stimated as the temperature at the midpoint of the line drawn
etween the temperature of intersection of the initial tangent with
 HEAG monomer.

the tangent drawn through the point of inflection of the trace and
the temperature of intersection of the tangent drawn through the
point of inflection with the final tangent. The quoted value is the
average of several measurements on each sample.

2.8. Thermal stability

The thermogravimetric measurements were performed in a
TA Instruments, TGA Q500 equipment. The instrument was cal-
ibrated both for temperature and weight by standard methods.
Non-isothermal experiments were performed in the temperature
range 40–700 ◦C at heating rate of 10 ◦C/min. The average sample
size was ca. 5 mg  and the dry nitrogen flow rate was 20 cm3/min.

3. Results and discussion

3.1. Copolymerization reactions

Copolymerization reactions were carried out in DMSO-d6 solu-
tions at 70 ◦C using a total monomers concentration of 1 M and an
AIBN initiator concentration of 3 × 10−2 M (see Scheme 2) in NMR
glass tubes under argon atmosphere.

The initial feed molar fractions were 0.1, 0.3, 0.5, 0.7 and 0.9.
All these reactions were monitored by in situ 1H NMR  considering
the variation of double bond signals of both monomers through
the reaction, as shown in Fig. S2 for the system with a HEAG feed
molar fraction of 0.3. The peaks at 5.7 and 6.0 ppm correspond to the
two protons of MMA  vinyl double bond while those at 5.9, 6.1 and
6.3 ppm are ascribed to the three protons of the HEAG comonomer.

The individual conversion of each comonomer as a function of
copolymerization time for each initial molar fraction in the feed
is easily calculated from the 1H NMR  spectra (see Fig. S3). It is
clearly noticeable that MMA  comonomer is firstly consumed inde-
pendently of the HEAG molar fraction in the feed.

The rate of copolymerization can be expressed as

Rp = −d[M]
dt

= kp

kt
1/2

(2fkd[I])1/2[M]  (1)

where f and kd are the efficiency factor and the kinetic coefficient
for the initiation reaction; kp and kt are the kinetic coefficients for
propagation and termination, respectively; and [I] and [M]  are the
initiator and global monomer concentrations, respectively. Eq. (1)
can also be written as
ln
(

1
1 − x

)
= kp

kt
1/2

(2fkd[I])1/2t = Kexpt (2)

where x = ([M]0 − [M])/[M]0 is the global conversion.
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Scheme 2. Copolymerizat

Fig. 1a displays the linear part of ln(1/(1 − x)) representation
gainst time. An increase of copolymerization rate is observed as
EAG molar fraction in the feed is raised. The copolymerization

lobal constants, (kp/kt
1/2)(2fkd)1/2, are estimated from the cor-

esponding slopes. An almost linear dependence on HEAG molar
raction in the feed is shown as depicted in Fig. 1b. The obtained
ata are also collected in Table S1.

The HEAG molar fraction in the feed and in the copolymer
hroughout conversion is also obtained from 1H NMR  data. Fig. 2
hows the corresponding experimental results at each molar frac-
ion used in the feed. As can be seen, both feed and copolymer
olar fractions increase with HEAG glycomonomer composition
n the system.

ig. 1. (a) Linear part of representation of ln 1/(1 − x) against time for each ini-
ial  molar fraction in the feed; (b) copolymerization global constants variation as

 function of HEAG initial molar fraction in the feed, fHEAG.
O

action of HEAG and MMA.

The monomer reactivity ratios were calculated using the
Kelen–Tüdös extended equation (Tudos, Kelen, Foldesberezsnich,
& Turcsanyi, 1976)

F = F1/F2

[(log z1)/(log z2)]2
(3)

G = (F1/F2) − 1

[(log z1)/(log z2)]2
(4)

G = r1F − r2 (5)
where ri and Fi are the i monomer reactivity ratio and cumulative
molar fraction of i monomer in the copolymer, respectively, and
zi = fi,0/fi,f where fi,0 and fi,f are initial and final mole fractions of i

Fig. 2. Variation of cumulative (a) feed, fHEAG, and (b) copolymer, FHEAG,  molar
fractions as a function of conversion for each initial feed molar fraction in the
carbohydrate copolymer.
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Fig. 3. DSC first heating thermograms: (a) PMMA  and PHEAG; (b) PMMA  and carbo-
M.L. Cerrada et al. / Carbohyd

onomer, respectively. Eq. (5) can be transformed by introducing
ew variables, � and ε and a symmetric parameter ˛:

 =
(

r1 + r2

˛

)
ε − r2

˛
(6)

here the variables are defined as � = G/(  ̨ + F) and ε = F/(  ̨ + F),
nd the parameter  ̨ is expressed as (Fmax · Fmin)0.5. Fig. S4 dis-
lays this equation for the statistical copolymers with conversions
anging from 20 to 50% following the recommendations of Kelen
nd co-workers (Tudos et al., 1976). The results obtained are
HEAG = 0.21 ± 0.03 and rMMA = 1.40 ± 0.02, indicating that the reac-
ivity of MMA  radical against HEAG is lower than against MMA,
hereas HEAG radical reacts rather with MMA  than with its gly-

omonomer.
It is important to mention that the copolymerization

ayo–Lewis Terminal Model (Mayo & Lewis, 1944) can be
sed for descriptive purposes (Fukuda, Goto, Kwak, Yoshikawa, &
a,  2002) although it is only an approximate model (Coote & Davis,

999). Therefore, to evaluate the estimated monomer reactivity
atios, the cumulative feed and copolymer molar fractions as a
unction of conversion for the different initial compositions in
he feed are compared with the theoretically calculated values.
he solid lines of Fig. 2 are drawn according to the integrated
opolymer composition equation with the monomer reactivity
atios previously calculated. As can be easily noticed, a good
greement between the experimental and calculated data is found.
he instantaneous copolymer compositions, which are defined as:

1,inst =
(

r1f 2
1 + f1f2

r1f 2
1 + r2f 2

2 + 2f1f2

)
(7)

re also included as dotted lines in Fig. 2b at each molar fraction.
heir variation gives an idea of the relative change in monomer
omposition. As can be seen, MMA  is completely consumed exclu-
ively at elevated HEAG molar fraction in the feed and high
onversions (>80–90%), and, then, a small proportion of HEAG
omopolymer exists. Therefore, properties of these glycopolymers
hould be those resultant ones of having randomly formed copoly-
ers.
To analyze these physico-chemical properties exhibited by the

opolymers, reactions were carried out at very high conversion
egrees in DMSO solutions using a total monomers concentration of

 M and an AIBN initiator concentration of 3 × 10−2 M in Pyrex glass
mpoules sealed under argon atmosphere in thermostatic bath at
0 ± 0.1 ◦C. In this case, the initial feed molar fractions were ranging
rom 0.1 to 0.9. Since the copolymers are practically performed up
o total conversion, their copolymer compositions are practically
he same to the initial feed ones, finitial,HEAG ∼= Ffinal,HEAG (see Fig. 2).
he carbohydrate copolymer purification was also performed by
ialysis.

.2. Characterization of crystalline and amorphous details

Fig. 3a displays the conventional DSC traces during the first
eating run for PMMA  and PHEAG polymers. PMMA  is an amor-
hous polymer and, then, exhibits exclusively a thermal transition
n heating, i.e., the glass transition (TMMA

g ). It is located at ca.
00.0 ◦C similar to those values reported in the literature (Feijoo,
uller, & Acosta, 1986; Fernandez-Garcia, Cuervo-Rodriguez,

 Madruga, 1999; Fernandez-Garcia, Lopez-Gonzalez, Barrales-
ienda, Madruga, & Arias, 1994; Teng et al., 2009). The PHEAG
hows several thermal transitions on the heating run. It can be
bserved in order of increasing temperatures: the glass transi-

ion (THEAG

g ) that appears at around 16 ◦C, a small endothermic
rocess taking place at about 70 ◦C and a primary endothermic
ransition whose peak occurs at approximately 140 ◦C. The pres-
nce of these processes indicates the semicrystalline nature of this
hydrate copolymers with FHEAG < 0.5; (c) PHEAG and carbohydrate copolymers with
FHEAG ≥ 0.5.

carbohydrate polymer. Additionally, it should be commented that
although the PHEAG has a diaminobutyl flexible spacer as well
as an open-ring carbohydrate within the lateral chain, its THEAG

g
temperature is similar to that found in its PHEA precursor (Gómez
Tejedor, Rodríguez Hernández, Gómez Ribelles, & Monleón Pradas,
2007; Mun  et al., 2004) i.e., 15–20 ◦C. This fact is attributed to the
strong inter and intramolecular interactions between carbohydrate
hydroxyl groups, which reduce the chain mobility and increase
polymer rigidity.

This semicrystalline nature is preserved in some of P(MxGy)
copolymers. In fact, some ordering is even developed in the
P(M5G5) copolymer although it is rather deficient, as deduced from
its WAXS profile at room temperature depicted in Fig. 4a. Those
copolymers with FHEAG values lower than 0.5 are completely amor-
phous, as it is noticeably observed in Fig. 3b. They show, however,
two glass transitions: one located in the closeness, but at lower
temperature, of that ascribed to the PMMA homopolymer and the
other one taking place in the proximity of the Tg associated with the
cooperative motions within the PHEAG chains, although at slightly
higher temperature (see values in Table S2).

This feature could be considered unforeseen because of the
statistical distribution of both counits within the copolymer. Nev-
ertheless, it might be attributed to their amphiphilic character and
the appropriate length of these two, methacrylic and saccharide-
containing, segments within the composition range that boost an
almost complete phase separation. To this respect each phase is
characterized by its own and individual generalized segmental
movements: the one related to the long side chains of carbohy-
drate co-units and that corresponding to the backbone, appearing

at low and high temperature, respectively. It is noteworthy that
the Tg dependence on composition, within this interval, is in that
associated with the lateral chains (T1

g ) much less important than
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Fig. 5. MDSC curves (total, reversing and non-reversing heat flow, HF), obtained
ig. 4. Wide-angle X-ray profiles: (a) at 28 ◦C; (b) at 150 ◦C; (c) spacing values at
50 ◦C of amorphous halo at the different HEAG compositions.

hat ascribed to the backbone (T2
g ). Incorporation of saccharide side

hains breaks up chemical regularity of methacrylic main chain and,
hen, the steric hindrance promoted by its methyl and ester groups
esponsible of its Tg at around 100 ◦C is minimized. Accordingly,
n important shift of T2

g to lower temperatures is seen as lateral
arbohydrated content increases.

Additional MDSC experiments have been performed to confirm
he existence of these two  glass transition processes. The normal
emperature scan used in DSC is, generally, overlaid by a sinusoidal
erturbation in the MDSC technique. The purported advantages of
DSC include the ability to separate overlapping phenomena, as
ell as improved resolution and sensitivity. The modulated heat
ow raw data are deconvoluted by Fourier Transform algorithm
Wunderlich, 1997) allowing calculation in MDSC experiments of
he reversing heat flow (caused by modulation) and the total heat
ow (caused by the underlying heating rate, which corresponds to
onventional DSC data). The difference is the non-reversing heat
ow, which takes into consideration the contribution of all the
inetics events that cannot follow the modulation. It has been
mpirically found that: (1) the glass transition appears in the total
nd reversing component of the heat flow; (2) the crystallization
rocess is observed in the total and non-reversing component, but
ot in the reversing component of the heat flow; and (3) the melt-

ng process may  be visible in all three components of the resolved
ata (Höhne, 1999; Reading, Luget, & Wilson, 1994; Simon, 2001;
underlich et al., 1999). Fig. 5a shows the results found for total
eat flow as well as its reversing and non-reversing components
n the P(M8G2) carbohydrate copolymer. The overall heat flow
s rather analogous to that obtained from the conventional DSC
during the first heating process for (a) P(M8G2) and (b) PHEAG carbohydrate poly-
mers.

experiments and the two  glass transitions processes are clearly
seen in the reversing response. They are located at 19.5 ◦C and
92.0 ◦C for T1

g and T2
g , respectively, being in a good agreement with

the results attained by conventional DSC. Low intense enthalpy
relaxation processes are overlapped to these glass transitions
related to the cooperative segmental motions existing in this
P(M8G2) copolymer.

Fig. 3c shows the phase transitions exhibited by the rest of the
carbohydrate copolymers, i.e., those with HEAG molar fractions
in the copolymer equal or higher than 0.5. Similar behavior to
that presented by PHEAG is clearly observed. In order of increas-
ing temperatures, the glass transition appears followed by a small
endothermic process and a primary endothermic peak. These three
thermal events are also seen in the MDSC response as represented
in Fig. 5b for PHEAG homopolymer. The Tg and a fraction of the
main melting process appear in the reversing component while

the small endotherm placed at low temperature and the rest of the
primary melting process is detected in the non-reversing response.
An obvious dependence upon FHEAG is observed for the intensity
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Fig. 6. Variable-temperature wide-angle X-ray patterns for P(M

nd location of the primary melting process. An increase, now, of
he methacrylic comonomer interrupts the self-assembly capabil-
ty of lateral saccharide-containing chains in organized entities.
onsequently, the ordered domains become less in amount and

n perfection leading to a decrease in intensity and a very signif-
cant melting point depression as MMA  content is raised in the
arbohydrate copolymer.

Fig. 4 corroborates, as aforementioned, the existence of order-
ng in these copolymers with HEAG compositions equal or higher
han 0.5, showing the WAXS profiles at room temperature (Fig. 4a)
nd those obtained once their isotropic state has been reached
Fig. 4b). As commented above (Beiner, 2001; Cowie et al., 1981;
ones, 1964; Jordan, 1971; Jordan et al., 1971; Karaky et al., 2008;
ópez-Velázquez et al., 2004; McKenzie et al., 2010; Mogri & Paul,
001a, 2001b; Neugebauer et al., 2005; O’Leary & Paul, 2006; Pankaj
t al., 2009), long aliphatic hydrocarbon side chains lead to the
henomenon of “side-chain crystallization,” i.e., the lateral chains
ack into crystallites, even if the backbone of the polymer to which
hey are attached is not stereoregular. All of carbohydrate poly-

ers under study contain a long side open-chain structure and,
n addition, they are amphiphilic, both features favoring the poten-
ial of side-chain crystallization. Nevertheless, the content of counit
ith carbohydrate moieties must be high enough to allow lat-

ral crystallization. These open-saccharide chains would tend to
e positioned, more or less, parallel to one another in the crystal-

ites, so that the crystals would have a layer arrangement. Perfection
f this crystalline ordering is rather dependent on composition, as
een in Fig. 4a. An increase of MMA  content, the non-crystallizable
omonomer, affects the final structure of the copolymer in sev-
ral ways. First, it reduces the overall number of crystallizable
hains in the copolymer; second, it interrupts and impedes the crys-
allizable side chains from forming perfect crystals; and, third, it
orces the amorphous backbone to contort to accommodate the side
hains crystallizing around the non-crystallizable lateral-chains,

hich hinders the conformational freedom of the backbone. These

ffects reduce the overall crystallization capability and, then, the
rystallinity as well as Tm and enthalpy are depressed in the carbo-
ydrate copolymers (see Table S2).
copolymers with HEAG compositions equal or higher than 0.5.

Fig. 4b shows that PHEAG exhibits two broad amorphous-like
peaks at 150 ◦C. The main peak is at this temperature higher than
the Tm estimated by DSC, indicative of a mostly disordered struc-
ture if compared with the pattern displayed at room temperature.
These two peaks are centered at 2� values of 8.8◦ and 19.2◦,
i.e., they correspond to spacing values of 1.01 nm and 0.46 nm,
respectively. Both peaks behave in a different manner as MMA
comonomer content increases in the carbohydrate copolymer.
The former one moves to higher angle values while the sec-
ond peak displaces to slightly lower angles. It has been reported
that maximum at the higher angles is related to most prob-
able intermolecular distances within side-chain while the low
angle peak refers to those ascribed to main chain contacts (Jones,
1964).

Fig. 4c represents the spacing of the amorphous peak located at
around 19◦ for the various copolymers. It is clearly observed that the
most probable intermolecular distance within the lateral chains is
closer in the PHEAG homopolymer and increases as MMA  content is
incorporated and raised in the carbohydrate containing copolymer,
indicating a more compact packing in PHEAG even in the isotropic
state probably due to the higher number of hydrogen bonds existing
within its architecture.

Fig. 6 depicts the results obtained in the variable-temperature
WAXS experiments. The crystalline ordering is rather imperfect
even in PHEAG and, then, no clear diffraction peaks are seen. This
fact might be associated with the inherent chemical composition
heterogeneity in these amphiphilic materials under evaluation.
Nevertheless, some similarities are deduced from the analysis
of these profiles for PHEAG and for P(MxGy) copolymers with
FHEAG ≥ 0.5. They basically consist of an improvement in the ordered
arrangements at temperatures ranging 40–70 ◦C, followed by the
beginning of the melting of the smallest entities and the primary
melting process at higher temperatures. Therefore, Tm can be deter-
mined and the values obtained are represented in Fig. S5 comparing

them with those obtained from conventional DSC and SAXS mea-
surements. It can be seen that the agreement between the Tm

estimated from these three complementary techniques is rather
good.
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Fig. 7. DSC curves on heating after a fast cooling process in the calorimeter for the
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(MxGy) carbohydrate copolymers with FHEAG ≥ 0.5 and the PHEAG. In the inset, the
DSC traces (total, reversing and non-reversing HF) are represented for PHEAG on

eating after a fast cooling process.

Once the isotropic state is reached in those specimens with an
rdering capability, it is very interesting to evaluate the second
eating runs after applying a fast cooling to the samples. Fig. 7 dis-
lays that crystallization capability in the copolymers with FHEAG
qual or higher than 0.5 is rather limited at high cooling rate.
nly the PHEAG homopolymer is able to undergo a small ordering
uring the cooling experiment but in a small amount (see mod-
lated results for the second heating run in the inset). Its main
rrangement takes place during its cold crystallization on heating.
his feature is easily deduced from the small endothermic peak
bserved in the reversing component, which is ascribed to the frac-
ion organized during cooling, as well as from the relatively intense
lass transition, which is a consequence of its low crystallinity. The
inetic processes that occur on this second heating experiment are
een in the non-reversing response, i.e., the cold crystallization and
ts subsequent melting. The enthalpic balance from above Tg to the
nd of this second heating experiment is zero for the P(M1G9),
(M2G8), P(M3G7) and P(M4G6) samples, fact that indicates that
rystallization does not happen during cooling and it is only pos-
ible to occur on heating. On the other hand, P(M5G5) copolymer
ecome completely amorphous and incapable of self-assembling
ithin this time window.

Moreover, SAXS experiments were performed in order to
ttain additional information about the crystalline details exhib-
ted by these carbohydrate polymers. Fig. S6 shows the summary
rom these variable-temperature melting experiments with syn-
hrotron radiation. Fig. S6a depicts that no clear long spacing is
bserved at any temperature, although the relative SAXS invari-
nt (Baltá-Calleja & Vonk, 1989; Ryan, Stanford, Bras, & Nye, 1997)
epresented for all of them in Fig. S6b shows a noticeable disconti-
uity during the melting of the sample. Their derivatives (Fig. S6c)
llow determining the melting temperature. Since no long spac-
ng is observed, it seems to indicate that the main chain does not
articipate in the ordering arising from the lateral crystallization.

.3. Thermal stability

The knowledge of thermal stability of these novel carbohy-
rate polymeric materials is quite important in order to evaluate
heir final applicability. Fig. 8 shows the thermogravimetric (TG)
nd derivative thermogravimetric (DTG) curves of these P(HEAG-
MA)  carbohydrate copolymers (results collected in Table S3).
he copolymers under study are rather hydrophilic since contain
accharides with open-chain structures that are more hygro-
copic than those with cyclic architectures. In order to avoid an
verlapping of this water loss with an actual degradation stage
Fig. 8. (a) TG and (b) DTG curves for PMMA  and PHEAG and P(MxGy) carbohydrate
copolymers under inert environment. DTG curves have been vertically shifted for
clarity.

that might occur at the same temperature range and lose some
important piece of information, copolymers were dried immedi-
ately before the thermogravimetric measurements. Accordingly,
the initial stage located between 100 and 160 ◦C and ascribed
to loss of adsorbed and absorbed water (Athawale & Lele, 2000;
Cerrada, Sanchez-Chaves, et al., 2009; Cerrada, Sanchez-Chaves,
Ruiz, & Fernandez-Garcia, 2010; Don & Chen, 2005; Lanthong,
Nuisin, & Kiatkamjornwong, 2006; Ruiz, Sanchez-Chaves, Cerrada,
& Fernandez-Garcia, 2008; Stewart, Harrup, Lash, & Tsang, 2000)
characteristic, particularly, in carbohydrate copolymers and, in
general, in polysaccharides is not observed.

Degradation takes place through three clear weight losses in
all the copolymers. The first and second stages are almost con-
secutives and are assigned to the decomposition of carbohydrate
groups involving water and carbon dioxide formation (Cerrada,
Ruiz, Sanchez-Chaves, & Fernandez-Garcia, 2009). The last stage is
associated with the remaining macromolecular chain degradation.

It is evident that independently of HEAG composition in the sta-
tistical copolymer, the degradation temperatures of the different
stages are quite similar, although these temperatures are always
higher than those of PHEAG. In addition, the mass loss correspond-
ing to the different stages is definitely dependent on composition.
The ratio of first and second stages decreases as HEAG composition.
Experimental and theoretical values of both two  stages are listed
in Table S3 and a good agreement is found. This feature confirms
that the carbohydrate copolymers are obtained at high conversion,
near 100%, and consequently, their final copolymer composition is
practically the initial used in the feed, Ffinal,i ∼= finitial,i.
4. Conclusions

Amphiphilic carbohydrate polymers containing long side-
chains have been obtained by free radical copolymerization of
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nprotected glycomonomer and methyl methacrylate. The in situ
opolymerization reactions performed in glass tube and followed
y 1H NMR  have allowed obtaining the copolymer composition

n the feed and in the copolymer through the whole conversion.
onsequently, the kinetic behavior and the monomer reactivity
eactions have been calculated, pointing out that the reactivity of
ethyl methacrylate radical against HEAG is lower than against
MA, whereas HEAG radical reacts rather with MMA  than with

ts glycomonomer. To study the properties of these carbohydrate
opolymers, copolymerization reactions at very high conversion
ave been performed with compositions ranging from 0.1 to 0.9.
he existence of ordering in carbohydrate copolymers with HEAG
ompositions equal or higher than 0.5 has been demonstrated by
onventional and modulated differential scanning calorimetry as
ell as by X-ray diffraction measurements. At the same time, the
hase separation behavior of the copolymers with compositions
EAG lower than 0.5 has revealed the existence of two glass transi-

ions attributed to the main and the side chains. Finally, the thermal
tability of all these amphiphilic copolymers has been evaluated by
hermogravimetric analysis, establishing the relationship between
he structure and properties.
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