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a b s t r a c t

Aiming the obtainment of materials with useful properties for bio-applications, as thermal and me-
chanical (in particular flexibility), chitosan and low molecular weight poly(lactic acid) were chosen due
to their biodegradability and biocompatibility in various bio-environments. Networks formed by oli-
go(DL-lactic acid) segments linked to the chitosan chains were prepared, in which the ratio between the
components varied systematically. A thorough structural characterization was performed, including the
degree of crosslinking and the size of the crosslinking blocks. The thermal and mechanical properties
varied according the ratio between the components in a non-linear way, which was discussed in terms of
the macromolecular architecture. The data were compared with previous results obtained for grafts with
the same composition aiming to verify the effect of the macromolecular architecture on the macroscopic
properties.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The combination of important properties found in natural
polymers, such as non-toxicity, biodegradability and biocompati-
bility have sparked the interest on this kind of material for
biomedical and biotechnology applications in the last decades
[1e6]. However, they often lack the adequate mechanical proper-
ties needed for those specific purposes, as opposed to synthetic
polymers that have suitable physical properties but limited
biocompatibility [7e11]. Aiming to circumvent this problem, we
have studied the combination of chitin with a biodegradable
polyurethane, in the form of blends [12] and of networks with
various compositions and crosslinking densities [13]. The potential
application of the two systems as biomedical materials was also
studied, showing promising results [14]. Aiming to get further
improvement either in mechanical as in bio-properties, a new
combination was explored: chitosan with poly(lactic acid) in the
following macromolecular architectures: in the first, oligo(DL-lactic
acid) segments, with systematic variation in the size and distance
among each other were grafted onto the chitosan backbone [15]. In
the second, which is the subject of the present contribution,
, Chemistry Department, P.O.

.

networks of the two components were studied. The schematic
chemical representation of a generic network is illustrated in Fig. 1.
The rationale of this approach is based on the biocompatibility of
the poly(DL-lactic acid) and on the possibility of variation in the
degree of crosslinkingwhich could afford permeation selectivity for
drug delivery applications. The preparation and characterization
(molecular, thermal and mechanical) are described, discussed and
compared with the grafted copolymers of same composition.

2. Experimental

2.1. Materials

Chitosan (low molecular weight, degree of deacetylation
75e85% given by the supplier) was purchased from SigmaeAldrich
(China). DL-lactic acid 90% was purchased from Fluka Analitical
(Japan). Glacial acetic acid was purchased from Vetec (Brazil).
Metanol and acetone were obtained from Synth (Brazil). Chloro-
form was obtained from Biotec (Brazil). All solvents were PA grade
and were used without further treatment.

2.2. Methods

2.2.1. Synthesis of N-succinyl chitosan
Chitosan was succinylated according to a previously reported
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Fig. 1. Schematic representation of the networks: chitosan chains linked together through oligo(DL lactic acid) segments. Some carboxylic groups can be present due to the N-
succinyl chitosan derivative used in the network preparation.
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method [16] with some modifications. Briefly, 1 g (6.21 mmol) of
chitosan was dissolved under stirring in a 1% (v/v) aqueous acetic
acid solution (70 mL). Then 4.22 g (42.8 mmol) of succinic anhy-
dride, previously dissolved in 30 mL of acetone, was added drop
wise to the polymer solution. The reaction was maintained under
stirring overnight at room temperature. The obtained viscous so-
lution was precipitated in acetone, filtered to remove the solvent
and then washed with aqueous 70% acetone and pure acetone
respectively. Finally, the product was dried at 40 �C under vacuum
for 24 h.

2.2.2. Synthesis of polymer networks (reaction of chitosan with N-
succinyl chitosan and oligo(DL-lactic acid)

0.81 g (3.10mmol) ofN-succinyl chitosanwas dissolved in 20mL
of distilled water and reserved (this solutionwas labeled as solution
A). 0.5 g (3.10 mmol) of chitosan were dispersed in 20 mL of
distilled water and then added to pre-determined amounts of DL-
lactic acid (pH around 3). This solution (labeled as B) was stirred
until completely dissolution of chitosan. Solution A was slowly
added to solution B, and the final solution was maintained under
stirring at 60 �C for 8 h. The formation of polymer networks
occurred after the reaction medium was poured into Petri plates
and kept at 90 �C under vacuum during 6 h for film formation. All
samples were purified via Soxhlet extraction with methanol and
chloroform, separately, for 24 h.

The networks were labeled as CR01 to CR06, the former with the
lowest and the latter with the highest OLA contents.

2.3. Characterization

1H NMR spectra of N-succinyl chitosanwas acquired in D2O on a
Bruker AVANCE 400 spectrometer, operating at 9.4 T, 400.13 MHz,
equipped with a multinuclear probe of 5 mm. Recycle delay of 100s
was used.

High Resolution Solid-State NMR (SSNMR) experiments were
performed using a VARIAN INOVA spectrometer operating at 13C
and 1H frequencies of 88.02 and 350.50 MHz. A VARIAN 7-mm
Magic Angle Spinning (MAS) double-resonance probe head was
used at spinning frequency of 4.5 kHz controlled by a VARIAN
pneumatic system that ensures a rotation stability of ±2 Hz. Typical
p/2 pulse lengths of 5.0 ms were applied to both 13C and 1H. To
achieve dead-time-free detection all spectra were recorded with a
Hahn spin echo generated by an 180� pulse applied one rotation
period (tr) after the end of excitation. Time proportional phase
modulated (TPPM) proton decoupling with field strength of 60 kHz
was used in all experiments. The ramp for Cross-Polarization (CP)
was implemented with an amplitude increment from 90 to 100%.
13C Multiple CP under MAS (MultiCP) experiments [17] were per-
formed using nine periods of cross-polarization, with time of 1 ms,
spaced by the repolarization period tz of 0.9 s, except for a last CP
period of 0.8 ms. The recycle delays were 2 s. MultiCP is a recently
proposed method that can provide quantitative 13C nuclear mag-
netic resonance spectra (NMR) with higher signal-to-noise ratios,
in a short period of the time compared with the standard quanti-
tative direct-polarization NMR. However, to guarantee that Multi-
CP provided quantitative spectra one needs to make sure that
there is not molecular motion on the frequency scale of
(10e100 kHz), which interferes with the cross-polarization and
high power decoupling and brings about a motion induced signal
decay. This was checked in each analyzed sample using 1H broad
band NMR, which showed that there is no motion in this frequency
range at room temperature. For checking the choice of parameters
in MultiCP, the spectra obtained using MultiCP and single pulse
excitation (SPE) with long recycle delay were compared for the
sample CR01, the one with the lowest OLA content. The spectra
obtained by both excitation methods were virtually the same. More
details on the method along with the pulse sequence can be found
in Ref. [17].

Dynamic mechanical analyses were performed in a Netzsch
DMA 242C equipment with an amplitude of 10 mm, from�150

�
C to

200
�
C at a heating rate of 3 K/min at different frequencies, in single

cantilever bending mode using a material pocket.
Tensile measurements were performed using dumbbell shaped

specimens, in a INSTRON machine 4467 model, equipped with a
100 Kgf cell and L0 (initial length) of 10 mm. The speed was of
10 mm/min.
3. Results and discussion

3.1. Synthesis of N-succinyl chitosan

For the obtainment of the chitosan-OLA networks, the chemical
modification of one of the two components was needed, since the
system lacked the required functionalities for the linking between



C.B. Ciulik et al. / Polymer 93 (2016) 115e122 117
the chains. Regarding this issue, several references concerning the
chemical modification of chitosan can be found in the literature, for
various purposes [18e23]. One possibility consisted in react the end
hydroxyl group of OLA chain with carboxyl groups, which could be
provided by reacting the OLA with the succinic anhydride. The
networks would then be formed through the esterification of the
resulting carboxyl groups of OLA with the hydroxyl ones of the
chitosan. That route however, requires an excess of succinic anhy-
dride, which would lead to the acid catalyzed OLA depolymeriza-
tion [24,25]. Due to this problem, the route chosen was based on
two steps. In the first, chitosan reacts with succinic anhydride
resulting in N-succinyl chitosan, as shown in Fig. 2. In the second, a
mixture of chitosan and N-succinyl chitosan reacts with DL-lactic
acid. In this step two types of chemical reactions took place: ami-
dation (amino groups of chitosan reacting with the carboxyl ones of
lactic acid) and esterification (carboxyl groups of N-succinyl chi-
tosan reacting with the hydroxyl ones of lactic acid). This set of
concomitant reactions is best visualized by inspection of Fig. 3. The
possible chemical interactions in this mixture are the protonation
of the amino groups of chitosan by DL-lactic acid, followed by amide
formation, and by the reaction of the carboxyl groups of N-succinyl
chitosanwith the hydroxyl ones of the DL-lactic acid. In other words,
the role of DL-lactic acid as a crosslinking agent can be described as
follows: its hydroxyl groups react with the carboxyl ones of N-
succinyl chitosan while its carboxyl groups react with the amino
ones of the original chitosan. Since lactic acid is di-functional, it
could undergo polymerization, tying together the two ends of the
OLA segment, thus forming the network system, as shown in Fig. 3.
3.2. Quantitative determination of the degree of conversion of
chitosan to N-succinyl chitosan by 1H NMR

The quantitative determination of the degree of conversion of
chitosan to N-succinyl chitosan, as illustrated in Fig. 4, was per-
formed using 1H NMR. The spectrum of the obtained substituted
polymer is shown, and the assignment of the signals, based on
reference [26] are displayed in Table 1.

The observation of the structure depicted in Table 1 leads one to
expect that the ratio of the integration of the signals related to the
hydrogen atoms 8, 8�(two CH2 groups from succinyl units) and to 2
(CH groups of both acetylated and non acetylated chitosan units,
linked to N), to be equal to four times the ratio between the number
of succinyl units and the number of chitosan (acetylated þ non
acetylated) units. This ratio was found to be (4.0 ± 0.1), with the
error calculated based on the spectrum signal to noise. This result
indicates that within the experimental error, all of the available
amino groups of the original chitosan reacted with succinic anhy-
dride, resulting in the amide bond formation.
Fig. 2. Synthesis of N-succinyl chitosan. The degrees of polymerization of each segment are
groups, Y ¼ non reacted amine groups of chitosan (˂ 0.02 determined by 1H NMR) and X ¼
3.3. Network formation (CR)

The most probable mechanism involves the formation of an
intermediary state in the form of a lactate salt at the amino sites of
the chitosan chain, as illustrated in Fig. 5, while parallel reaction
between N-succinyl chitosan and hydroxyl group of DL-lactic acid
occurs. The same molar ratio of N-succinyl chitosan and chitosan
was used in each reaction, whereas the proportion of DL-lactic acid
varied systematically, to provide various degrees of crosslinking
and various lengths of interchain OLA segments.

As mentioned, the networks were labeled as CR01 to CR06, the
former with the lowest and the latter with the highest OLA con-
tents. The crosslinking degree of the networks was set by varying
the ratio chitosan þ N-succinyl chitosan/DL-lactic acid. The greater
the amount of a-hydroxy acid, the higher the crosslinking degree
expected, due to high availability of the monomer in the reaction
medium.
3.4. Structural characterization of networks by SSNMR

The sketch of the chemical structure of the networks system,
(CR materials), is shown in Fig. 6a. Fig. 6b presents a comparison
between MultiCP spectra of CR01 and CR06 samples. The signal
assignments based on literature data [21] are depicted according to
the carbon numbering shown in Fig. 6a. The signals in the
50e110 ppm region are consistent with the chitosan/chitin back-
bone [27], except for the shoulder at 61.6 ppm (dashed green line),
which is related to OeCeH carbons (C10) fromOLA groups [15]. The
signals at 16.6 ppm and 20.6 ppm are typical of CH3 carbons from
respectively, chitin (C8) and OLA (C11) units, while the signal at
~30 ppm is relative to CH2 carbons of succinyl units (C12 and C13),
indicated by the red bracket. The signal at ~175 ppm is due to C]O
groups (C7, C9, C90).

Fig. 7a shows the spectra obtained for samples with CR01 to
CR06. All spectra were normalized by the integral of the corre-
sponding C1 signal. Therefore, the increase in the intensities of C10
and C11 signals indicated by the dashed green lines, are related to
the increase in the number of OLA units in the sample. For sample
CR06, it is also possible to observe the appearance of a narrower
signal in the region attributed to C12 and C13. Line narrowing in
NMR of organic solids can be attributed to both the presence of
molecular motions with rates >10 kHz [28,29] or increase of local
conformational order [30]. 1H time-domain NMR measurements
(not shown) revealed that there is no molecular motion in such a
frequency scale in the CRmaterials. Thus, the narrower C12,13 lines
is possibly related to the crosslinking of the succinyl group onto
chitosan, which induces a conformational restriction due to bind-
ing. The increase in the amount of crosslinked chains is also sup-
ported by the change in shape of the lines corresponding to C3 and
C5; see gray dashed lines in Fig. 6b. According to reference [27], the
as follows: 0.21 ¼ non-deacetylated groups of the pristine chitin; 0.79 ¼ deacetylated
succinylated groups.



Fig. 3. The crosslinking formation: reaction between chitosan and N-succinyl chitosan with DL-lactic acid, which acts as a crosslinking agent: its carboxyl group reacts with the
amino group of chitosan and its hydroxyl group reacts with the carboxyl ones of N-succinyl chitosan.

Fig. 4. 1H NMR spectrum of N-succinyl chitosan.

Table 1
Assignment of the 1H NMR signals of N-succinyl chitosan.

Nº Chemical shift (ppm)
1 4.6
2 3.1
3,4,5,6 3.6e3.9
7 2.0
8,80 2.5
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replacement of the chitosan NH2 group by a NH group produces a
down field shift in the C3 signal (dashed black lines). Since in the CR
samples the signals corresponding to C3 and C5 appear superposed
in line 5, this is seen as a progressive change in the line shape as
more NH2 groups are replaced by NH, that is, the crosslinking de-
gree increases. All these features are observed in Fig. 7a for samples
CR02, CR03, CR04, CR05, CR06, pointing to an increasing amount of
crosslinked units as a function of the OLA concentration.

Besides the qualitative discussions, quantitative estimations can
be made based on the 13C MultiCP experiments [17] depicted in
Fig. 7b. Although the strong line superposition in the 50e90 ppm
region prevents the use of these signals for such analysis, the
10e40 ppm spectral region can be reliably fitted into four Gaussian
lines, as exemplified in Fig. 7b. These lines are associated to CH3
carbons of the acetylglucosamine (blue) and OLA (green) units and
CH2 carbons in crosslinked and non crosslinked (red) succinyl units.
All spectra were normalized by the integral of signal C1, so the area
under each Gaussian line (intensity) is proportional to the amount
of the corresponding segments relative to the total number of
glucosamine þ acetyl glucosamine units. The fitted spectra show
that the intensity of the C8 signal is constant in all spectra, sug-
gesting that the number of acetyl glucosamine units remains con-
stant. The number of OLA units increases from CR01 to CR06, as
shown by the intensities of the C11 signals in the corresponding
spectra. In addition, the integral intensity over both succinyl sig-
nals, red Gaussians, turn to be constant for all samples, which agree
with the constant amount of succinyl in all samples. More inter-
esting is that the integral intensity of the signal attributed to
crosslinked succinyl units (signal between 30 and 40 ppm) clearly
increase from CR01 to CR06, while the signal from non crosslinked
succinyl diminishes. This evidences that the amount of crosslinked
succinyl groups increases as a function of the OLA addition, while
the total number of succinyl groups remains constant. Thus, taking
the ratio between the integral over the signal due to crosslinked



Fig. 5. Formation of the chitosan lactate intermediary in the formation of the amide bond.

Fig. 6. a) Sketch of the basic unit of the CR samples. b) Comparison between MultiCP
spectra of CR01 and CR06 samples. To improve the visualization, the region from 110 to
160 ppm was removed, since only spinning sideband of C]O groups are present. Note
that at 4.5 kHz spinning frequency only the C]O groups present side bands, which
legitimate the quantification using the signals of the other groups.
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succinyl units and the area under both succinyl signals, one obtains
the percentage of crosslinked succinyl units. The values obtained
for CR01, CR02, CR03, CR04, CR05 and CR06 were, respectively, 14%,
23%, 32%, 36%, 38% and 53%, with an error lower than 5%. The graph
of Fig. 7c illustrates these results.
3.5. Dynamic mechanical analysis

The tan d traces of the networks are shown in Fig. 8 and the
corresponding values are listed in Table 2. The main features of the
DMA traces include the presence of a transition ranging from ~160
to ~180

�
C that dominates the thermogram. The observed temper-

ature values are significant lower than those corresponding to the
lower temperature transitions and glass transition, observed for
pure chitosan, above 300 �C. This finding may be attributed to the
separation of the chitosan chains by OLA units, which were held
together by strong hydrogen bonds in the starting material. How-
ever, with the increase in crosslinking density, this number tends to
increase up to ~180 �C, in CR03. This progressive increase may be
understood as a result of the “anchoring effect” (in the sense of
hindering motions) due to crosslinks with short inserted OLA
chains. Interestingly, a low temperature shoulder is clearly
observed in the DMA traces. This shoulder may be related to
relaxation (motions) of dangling OLA chains, which were not
reacted to form crosslinks. For CR04, CR05 and CR06 the temper-
ature of the main transition progressively decreases and the sepa-
ration between the two observed transitions becomes less evident.
This might be attributed to the further increases in the length of the
OLA segments, turning this compound the major component of the
system. Since a clear-cut phase separation is not expected in this
crosslinked, high viscosity environment, the observed broad tran-
sitions represent a compromise between the predominant OLA
phase and the chitosan phase, probably containing some residual
OLA. This assumption holds also in relation to the small transitions
seen at lower temperatures, as broad shoulders may represent the
motion of OLA rich domains of large heterogeneity. Based on this
interpretation, the crosslinked system behaves as a homogeneous
material up to a certain amount of OLA incorporated, and un-
dergoes phase separation, when the OLA content surpasses that
level. The assumption of an OLAmain phasewhen this compound is
present in a large amount is corroborated by the tensile tests as
shown next. It is noteworthy that the homopolymer, poly(DL-lactic
acid) of high molecular mass is a stiff material and its inclusion in
other systems could lead to a stiffening or brittleness even higher.
In the present case however, the short oligo segments inserted
served to separate the long backbones of chitosan, interrupting the
hydrogen bonds responsible to its stiffness, imparting more free
volume. The intermolecular forces operating in the high molecular
mass poly(DL-lactic acid) are no longer present, at least not pre-
dominantly, in the OLA containing networks. Another remark that
is worth mentioning is that the crosslinking is accompanied by an
increase in the length of the inserted segments thus imparting
them a certain degree of freedom that would allow for phase
separation as found for other crosslinked materials [31]. The
composition and transition temperatures of the networks are
summarized in Table 2. For comparison purposes glass transition
temperatures of pure OLA segments were determined previously
[15] and ranged from �5 �C to 30 �C (molar masses from 1000 to
2500). Nevertheless no transitions in that range were detectable, in
the DMA traces. Several factors could be accounted for the no
detection of such relaxations, such as the fact that the short OLA
segments were tied to the chitosan chain, hindering their motions.
Additionally, 1H MSE refocused FIDs were acquired as a function of
temperature for all CR samples, and showed no transitions. The
corresponding graphs can be viewed in Supplementary data.
3.6. Mechanical test

The mechanical tests were performed on films (thickness in the



Fig. 7. a) MultiCP spectra of all CR samples in the region from 120 to 0 ppm b) Example
of spectral deconvolution of the 10e40 ppm spectral region for sample CR04. c) Per-
centage of crosslinked succinyl units in CR samples.

Fig. 8. tan d profiles of the networks.
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range of 300 mm). The results obtained, shown in Table 2, agree very
well with the transitions measured by DMA. Going from pure chi-
tosan to CR01 (OLA 24.2%; percentage of crosslinked succinyl units
of 14%) a decrease in strength properties is observed, due to the
rupture of H bonds of the original chitosan. From CR02 (OLA 40.5%,
percentage of crosslinked succinyl units of 23%) to CR04 (OLA
68.2%, percentage of crosslinked succinyl units of 36%) the tensile
properties increase indicating the formation of a more rigid ma-
terial due to the anchoring effect of the crosslinking. CR04 showed
the highest modulus, ultimate stress and Tg, and the lowest elon-
gation at break. With increases in the OLA content in CR05 (OLA
75.7% percentage of crosslinked succinyl units of 38%) and CR06
(OLA 80.8% percentage of crosslinked succinyl units of 53%) an
abrupt decay in modulus of elasticity and ultimate stress combined
with the sharp increase in ultimate strain (maximum elongation)
was observed, in accordance with the decrease in Tg of these ma-
terials. This finding supports the assumption of the formation of an
OLA matrix with dispersed chitosan-rich domains. Oligo(DL-lactic
acid) is more extensible than chitosan, and with increases in its
content, the system acquires more mobility, with the separation of
the chitosan chains.

The observed ductility increase or decrease with increasing
crosslinking can be interpreted as follows: taking into account that
the greater the number of interconnections the greater the length
of OLA segments, the interplay of two effects is operating: one is the
breaking of the chitosan hydrogen bonds leading to ductility and
the other is the tying up of the chains leading to rigidity. The former
(increased ductility) predominates in samples going from pure
chitosan to CR01, and from CR04 to CR06 (longer OLA chains, less
remaining hydrogen bonds), whereas the latter (rigidity increases)
prevails going from CR01 to CR04 (shorter and more separated OLA
segments, more remaining hydrogen bonds).

Additionally, another factor is noteworthy, which is the probable
phase inversion, as noted. This effect operates in the same direction
as the interplay above discussed.

In a previous work [15], the two materials used here to form
networks were explored in two other combinations: blends and
grafts. The blending resulted in very poor mechanical properties,
did not afford useful materials in any proportion of the compo-
nents, showing coarse phase separation as revealed by scanning
microscopy. Several lengths of the OLA segments were tested, and
even the short ones failed to provide a miscible or compatible
blend. On the other hand, when covalently bonded in a grafted



Table 2
Composition and transition temperatures of the networks. The values between brackets represent very small, broad, or shoulders in the curves.

Sample
labeling

Percentage of crosslinking
succinyl unitsa

Number average degree of
polymerization of OLAb

Amount OLA content (%
weight basis)c

Transition
temperaturesd (0C)

Elasticity
modulus (MPa)

Ultimate
strain (%)

Ultimate
stress (MPa)

CR00 0 ± 5 0 0 >300 2460 ± 5 6 ± 1 71 ± 3
CR01 14 ± 5 16.9 24.2 165.3 1600 ± 100 10 ± 2 43 ± 6
CR02 23 ± 5 21.6 40.5 169.1 1700 ± 100 7 ± 1 46 ± 5
CR03 32 ± 5 31.2 57.4 [129.5]; 172.3 1900 ± 200 7 ± 2 48 ± 6
CR04 36 ± 5 44.2 68.2 [141.7]; 177.8 2100 ± 300 5 ± 3 55 ± 9
CR05 38 ± 5 60.6 75.7 [21.7]; [116.2];

167.1
1100 ± 100 15 ± 2 38 ± 8

CR06 53 ± 5 58.7 80.8 [102.3]; 157.8 1000 ± 100 17 ± 2 32 ± 7

a Number of crosslinking sites/100 repeating units of chitosan, determined by SSNMR.
b Stands for the length of the OLA segments.
c g of OLA/100 g sample.
d From DMTA measurements.

Fig. 10. Correlations between glass transition temperature and the OLA content for the
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configuration (chitosan-g-oligo DL-lactic acid) the materials pre-
sented interesting properties, which varied according to the ratio
between the two macromolecular species involved [15]. Never-
theless, these properties did not followed the trend described so far
for the networks. In Figs. 9 and 10 the results regarding the thermal
and mechanical behavior of the grafts were compared with those
obtained here of the same composition, aiming to draw a com-
parison between the two classes of materials. The results can be
summarized as follows: In a general way the mechanical and
thermal properties of systems with the same composition but with
different macromolecular architecture showed quite opposite
trends.

Whereas Tg and moduli of the grafted copolymers continuously
decay to a certain point with the increase of the degree of insertion
and length of the pendant segments [15], the same properties in the
Fig. 9. Comparison between mechanical properties and composition for the grafted
copolymers and networks. The data for the grafts were taken from previous work [15].

graft copolymers and the networks.
networks increase to a very close point, which is located at the 70%
range of OLA content. From that point, the Tg of the grafts increases,
probably due to an inversion of phase where the oligo(DL-lactic
acid) predominates. Quite the opposite was observed for the net-
works; the Tg begins to decrease because the larger the length of
the interchain segments the less the anchoring effect operates,
reaching a point in which the free volume permits a large range of
segmental mobility. A direct comparison of the Tg measurements
with those related to the mechanical properties leads to similar
reasoning, the transition (or inflexion) range is about the same,
around the same composition range (70% OLA content). It is note-
worthy that only one Tg was found for all materials, but the tan d

trace was characterized by a broad relaxation and might well
encompass transitions for different phases, and certainly reflects a
broad conformational dispersion. Nevertheless, the behavior of the
glass transition can be taken as a gauge for the flexibility achieved
with the progressive separation of the rigid chitosan chains. The
differences in the profile of mechanical properties of thementioned
materials are a remarkable example of the influence of the
configuration upon the macroscopic behavior.

Finally, the results show that the different configurations with
their respective properties according to the ratio between compo-
nents provide a means to design materials with a desired profile of
mechanical and thermal behavior, using the procedures described
and the graphs of Figs. 9 and 10 as starting points.

The composed products either as grafts or networks present
lower moduli than the starting chitosan, but at the same time were
much more soluble and pliable materials. The films were trans-
parent and homogeneous and certainly with more potential to be
applied as useful materials.
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4. Conclusions

The comparison between grafted copolymers and networks
made up with chitosan and oligo(DL-lactic acid) revealed striking
differences in thermal and mechanical behavior, for the same
composition ratio of the two components. The degree of insertion
of the grafted segments varied from 13.6 to 79.7/100 repeating
units of chitosan and their average molar mass ranged from 300 to
1000 g mol�1. The number of crosslinking sites in the networks
varied from 14 to 53% (crosslinking density) and the average molar
mass of the segments from 1522 to 5287 g mol�1. Around 70% of
incorporation of the oligo(DL-lactic acid), a morphological change
took place and the observed behavior for both grafts and networks
changed their trends in relation to the glass transition temperature
and mechanical properties. Only one thermal relaxation was
detected, but its broadness suggested that more than one phase
was possible, enveloped in a dispersion of degrees of mixture. The
results reported opened a way to design materials with a set of
desired properties, without the need to prepare and compare all of
them in advance.
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