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ABSTRACT

N,N,N-trimethyl chitosan (TMC) was synthesized through the N-methylation of chitosan (CHT) and char-
acterized by FTIR and 'H NMR spectroscopy. Polyelectrolyte complexes (PECs) based on TMC and heparin
(HP) were prepared at different pHs (5, 8, 10 and 12) and characterized through FTIR spectroscopy, DSC
and TGA curves and WAXS profiles. It was verified that the higher the pH of feed solution used for the PEC
formation the higher is the thermal stability of PECs. Under basic conditions, the complexation between
TMC and HP was more effective and alterations on WAXS profiles of PECs in relation to the precursor

I;zfx?gggolyms complexes (TMC) were clearly observed. In addition, WAXS profiles show that the PEC crystallinity depends on the
Chitosan pH used for the complexation. These results are consistent with the FTIR, DSC, and TGA data. Due to the
N,N,N-trimethyl chitosan more intense electrostatic interactions, at higher pHs the unlike polymers chains (TMC and HP) are close
Heparin enough to produce more stable PECs.

Biopolymers © 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (CHT) is a linear polysaccharide obtained from
deacetylation of chitin (Abdel-Fattah, Jiang, El-Bassyouni, &
Laurencin, 2007; Chen et al., 2008; Chen, Mo, He, & Wang, 2008;
Kweon, Song, & Park, 2003). Chitin is the second most abundant
polysaccharide in the world (Liu et al., 2009). Due to biocompati-
bility and good mechanical properties of CHT, many papers focused
on this polymer have been published in the scientific literature
reporting its biomedical applications such as drug delivery sys-
tems (George & Abraham, 2006; Mi, Sung, Shyu, Su, & Peng, 2003;
Yuan et al., 2007; Yuan, Hein, & Misra, 2010; Piai, Lopes, Fajardo,
Rubira, & Muniz, 2010). In spite of many important properties that
could result in CHT having a wide range of applications, the low
solubility in water at both neutral and basic conditions restrict the
application of CHT-based materials (Sadeghi et al., 2008; Thanou,
Verhoef, & Junginger, 2001). However, chemical modifications of
CHT can overcome such limitation as well as give properties com-
pared with native CHT (Chen, Zhang, et al., 2008; Chen, Mo, et al.,
2008; Jintapattanakit et al., 2007).

A good example of CHT-modified polymer with improved prop-
erties compared to CHT is the N,N,N-trimethyl chitosan (TMC). The
TMC is obtained from the N-methylation of CHT (Le Dung, Milas,
Rinaudo, & Desbriires, 1994; Sieval et al., 1998). This polymer pos-
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sesses linear chains and permanently charged sites due to the
partially quaternized nitrogen atoms. In the last years, materials
based on TMC have evoked great interest since that TMC, some-
times, presents better properties than those found in CHT (Mourya
& Inamdar, 2009; Van der Merwe, Verhoef, & Verheijden, 2007).
For instance, CHT-common properties such as mucoadhesion, non-
toxicity and biodegradability remain in TMC (Li et al., 2010; Mourya
& Inamdar, 2009; Van der Merwe et al., 2007). In addition, in vitro
(Caco-2 cells) and in vivo (rat and pork) studies proved that TMC
increases the permeation of hydrophilic compounds (peptides, and
some proteins) in relation to CHT (Kotzé et al., 1997; Sayin et al.,
2008; Snyman, Hamman, Kotze, Rollings, & Kotzé, 2002; Thanou,
Florea, Langemeyer, Verhoef, & Junginger, 2000). In addition, the
antibacterial power of TMC is ca. 100-500 fold more intense than
CHT (Xu, Xin, Li Mingchun, Huang, & Zhou, 2010). It is worth men-
tioning that TMC is soluble at wide range of pH and therefore
overcomes the limitations in solubility presented by CHT at neu-
tral and basic conditions. For these reasons, it sounds reasonable
to predict that TMC is very promising in the pharmaceutical and
medical fields (Chang, Xiao, & Du, 2009; Thanou, Florea, et al.,
2000).

The chemical structure of TMC is an important feature, which
determines the physical and chemical properties of this polymer.
Researchers have shown that the amount of methyl groups inserted
on amino groups from TMC influences many properties of TMC
like its thermal stability, for instance (Polnok, Borchard, Verhoef,
Sarisuta, & Junginger, 2004; Britto & Campana-Filho, 2004). The
percentage of -N*(CH3)3 and -N(CH3), groups on the structure of
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TMC is defined by the degree of quaternization (DQ) and the degree
of disubstitution (DD) parameters (Hamman and Kotzé, 2001).

Heparin (HP) is a biopolymer of linear chains that presents many
applications in medical and pharmaceutical areas (Lin et al., 2009;
Zhu, Ming, & Jian, 2005; Oyarzun-Ampuero, Brea, Loza, Torres, &
Alonso, 2009). It acts indirectly in the blood coagulation mecha-
nism, stimulates cellular growth (Lin et al., 2009; Zhu et al., 2005;
Oyarzun-Ampuero et al., 2009) and has antibacterial effects (Fu, Ji,
Yuan, & Shen, 2005). HP is an anionic polysaccharide that, at spe-
cific conditions, could be used to form polyelectrolytes complexes
(PECs) with cationic polymers (Kweon et al., 2003).

The objective of this work was the synthesis and physical and
chemical characterization of TMC, the preparation of polyelec-
trolyte complexes (PECs) based on TMC/HP in a wide range of
pH and evaluation of several physical and chemistry properties of
the so-obtained PECs. These targets are justified by the excellent
properties of TMC and HP, and it is expected that such PECs have
potential useful opportunities in the biomaterial field.

2. Experimental
2.1. Materials

Chitosan (CHT, CAS 9012-76-4) with deacetylation degree equal
to 85% and average molecular weight 87 x 103 gmol~! was pur-
chased from Golden-Shell Biochemical (China); Methyl iodide
(CAS 74-88-4) and N-methyl-2-pyrrolidinone (NMP, CAS 872-50-
4) were both purchased from Sigma. Kin Master (Brazil) kindly
supplied heparin sodium salt (HP, CAS 9041-08-1). Other reac-
tants such as sodium hydroxide, sodium iodide, sodium chloride,
hydrochloric acid, ethanol, and diethyl ether were also utilized
in this work. All reactants were used as received without further
purification.

2.2. Methods

2.2.1. Synthesis of TMC

The methodology employed for the synthesis of TMC was
adapted from previously reported procedures (Le Dung et al., 1994;
Sieval et al., 1998). In this method, TMC is synthesized via a
reductive methylation of chitosan utilizing methyl iodide (CH3I)
in presence of a strong base (NaOH), at 60°C. CHT and sodium
iodide (Nal) were dissolved in NMP in a water bath at 60°C with
magnetic stirring. After, NaOH aqueous solution (15 wt.%/vol.%) and
CHslwere added in the resultant solution. The system was kept stir-
ring for a while and the product was collected after precipitation
utilizing ethanol. Therefore, the precipitate was separated by cen-
trifugation process, washed several times with ethanol and diethyl
ether portions, filtered, and dried under vacuum.

The product obtained in the first step was the N,N,N-trimethyl
chitosaniodide (Thanou, Verhoef, Marbach, & Junginger, 2000). As a
second step, this product was dissolved in NMP under a water bath
at 60 °C and magnetic stirring. Again, after the complete solubiliza-
tion, ca. 20 min, NaOH aqueous solution (15 wt.%/vol.%) and CHsl
was added in the resultant solution. After this time, the product
was collected and dried according to procedures described above.
In a final step, the resultant product was solubilized in sodium
chloride (NaCl) aqueous solution (10 wt.%/vol.%) for exchanging the
iodide ion (I7) by chloride ion (Cl~). The synthesized product was
characterized by FTIR spectroscopy.

2.2.2. Preparation of polyelectrolytes complexes (PECs) of TMC
and HP

The influence of the pH of feed solution during the complexa-
tion of TMC and HP on some PEC properties was investigated. The

PECs were formed at different pH conditions while the volume-
ratio TMC-solution to HP-solution was kept constant. The following
procedure was used: aqueous solution of TMC (0.4 g of TMC in 40 ml
of distilled water) was prepared. The TMC-solution was split in
four aliquots of 10 ml. The pH of each aliquot was adjusted to a
desired value (5, 8, 10 and 12) by adding aqueous solution of HCI
or NaOH. Afterwards, 3 ml of a previously prepared HP-solution
(1wt.%/vol.%), at desired pH (5, 8, 10 and 12) was slowly dropped
into a respective TMC-solution aliquot, at room temperature and
under magnetic stirring (Martins, Piai, Schiiquel, Rubira, & Muniz,
2011). The notation PEC5, PEC8, PEC10 and PEC12 were used for
correlating the PEC to pH of preparation. After the PECs forma-
tion, the samples were frozen in liquid nitrogen and lyophilized
(Christ Gefriertrocknungsanlagen) at —55 °C for 24 h. After drying
the PECs were characterized through FTIR spectroscopy, thermal
analysis and wide angle X-ray scattering (WAXS).

2.2.3. FTIR spectroscopy

FTIR was used to characterize the raw materials (CHT and HP)
and the new materials prepared (TMC and PECs). In each case, KBr
pellets at 1 wt.% were prepared. The equipment from Shimadzu Sci-
entific Instruments (Model 8300, Japan) was used at the following
conditions: range of 4000-500 cm~, resolution of 4 cm~! obtained
by cumulating 64 scans.

2.2.4. Thermal analysis through DSC and TGA

DSC runs of PECs were performed on a calorimeter (Netzsch,
model STA 409 PG/4/G Luxx, USA) operating at the following condi-
tions: heating rate of 10°C min~!, nitrogen flow rate of 50 ml min~1!,
temperature range from 25 to 400 °C. TGA analysis of PECs were car-
ried out on a thermogravimetric analyzer (Netzsch, model STA 409
PG/4/G Luxx, USA) at a rate of 10°Cmin~! under nitrogen atmo-
sphere with flow rate of 50 ml min~!, temperature range from 25
to 600°C.

2.2.5. WAXS profiles

WAXS profiles of raw materials (CHT and HP) and of synthesized
ones (TMC and PECs of TMC/HP) were recorded on a diffractometer
Shimadzu (model XRD-600, Japan) equipped with a Ni-filtered Cu-
K radiation. The WAXS profiles were collected in a scattering range
(20) from 5° to 70°, with resolution of 0.02°, at a scanning speed of
2°min~!. The analyses were performed by applying an accelerating
voltage of 40kV and a current intensity of 30 mA.

3. Results and discussion
3.1. Characterization of TMC

The limited solubility hinders the use of CHT and CHT-based
materials to be applied on environments with alkaline conditions
like the small intestine, for instance (Chang et al., 2009; Thanou,
Florea, et al., 2000). The reductive methylation of CHT for obtaining
TMC is a good strategy for overcoming such limitations because
TMC is soluble in distilled water and in alkaline or acidic aqueous
solutions and the good properties of CHT are present in TMC and,
occasionally, some are improved.

The solubility of TMC at whole range of pH is due to the
shifting in charge density originated by methylation of primary
amino groups on CHT. The scheme for such reaction is shown in
Fig. 1.

The FTIR spectra of raw CHT and of TMC are shown in Fig. 2.
Some differences are clearly seen by comparison of both spectra.
For instance, the band at 1484 cm~! present on the TMC spectrum,
assigned to angular deformation of C-H bonds of methyl groups
(-CH3), is not observed on CHT spectrum. Another evidence of CHT
modification/TMC formation is the absence of band at 1601 cm~1 in
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Fig. 1. Scheme of TMC synthesizes (*product from first step; **

the TMC spectrum, which was assigned to the angular deformation
of N-H bonds on CHT. Thus, from this observation the occurrence of
the entirely N-methylation [-NH; + 3(CH3I) — -N*(CHg3 )31~ +2 HI]
reaction (Britto, Forato, & Assis, 2008; Mi et al., 2008) is expected.
But, the band at 1555 cm~! on TMC spectrum assigned to the N-H
bending demonstrated that although the methylation of amino
groups on CHT have been effectively occurred, the reaction was
partial. Thus, the occurrence of substitution of one or both hydro-
gen atoms on amino groups of CHT generating, respectively, mono
and disubstituted amino group would be possible. Furthermore,
it can be observed in the TMC spectrum a shifting of bands at
2870-2920 cm~! range assigned to axial deformation (symmetric
and asymmetric) of C-H bonds, due to presence of methyl carbons
on TMC structure. The higher amount of C-H bonds on TMC struc-
ture causes enhancement of such bands on TMC spectrum shifting
them to higher wavenumber, as compared to the CHT spectrum
(Mi et al., 2008). The characteristic band assigned to the vibrational
stretching of -N-H bonds (3500-3600cm~!) is overlapped by the
band assigned O-H (3000-3700 cm~1) on CHT spectrum. The bands
in the range of 2800-3600 cm~! appear on TMC spectrum at higher
wavenumber and are lesser intense than those of the CHT spectrum.
This might be explained by reducing the amount of -NH; on TMC
chains as compared to CHT. The bands assigned to -O-H and -N-H
bonds only slightly overlap in TMC spectrum and a shoulder can be
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Fig. 2. FTIR spectra of TMC (a) and CHT (b).

product from second step).

observed at ~3300 cm~!. This information is significant to clarify
the effectiveness of TMC synthesis.

The synthesis of TMC was also characterized through 'H and CP-
MAS 13C NMR techniques. Analysis of CP/MAS 13C NMR spectrum
was used for examination of TMC structure and 'H NMR spectrum
of TMC was used for determination the degree of quaternization
(DQ) of TMC. The data of such characterization are presented else-
where (Martins et al., 2011). Briefly, the value of DQ of TMC, equal
to 59%, was obtained through TMC 'H NMR spectrum calculat-
ing the areas of the resonance signals assigned to hydrogen from
acetamide groups (reference)and hydrogen assigned to N-dimethyl
and N-trimethyl groups (due to the methylation reaction).

3.2. Characterization of PECs

The PECs prepared at pHs 5, 8, 10 and 12 were characterized
through FTIR, DSC/TGA curves and WAXS. The analyses were made
taking into account the differences existing in the data collected
from different PEC samples and by comparison with data from pre-
cursors (TMC and HP). In all PECs preparation, the mass ratio of TMC
to HP was kept constant: 0.1 g of TMC to 0.03 g of HP (Martins et al.,
2011).As canbe seen in the following discussion, the pH-conditions
in which the PEC was prepared influenced the interactions between
TMC and HP. Some evidences show that the pH-conditions may
have been also influenced the complexation for obtaining PECs with
effective TMC/HP ratio different from that used in the feed solution.

3.2.1. Characterization of PECs through FTIR

FTIR spectra of HP and TMC and of PECs prepared at pHs 5, 8, 10
and 12 are shown in Fig. 3. The characteristic bands that appear on
the FTIR spectra of precursors (TMC and HP) are observed on FTIR
spectra of PECs. Besides, it was observed that the band at 1555 cm™!
assigned to N-H bending of mono and disubstituted amino groups
on TMC appears only slightly in the spectrum of PEC5. This shows
that these groups are effectively complexed with HP mainly in PECs
obtained on alkaline conditions. The bands that appear in the range
from 1400 to 1650cm~! on FTIR spectrum of HP are due to the
symmetric and asymmetric axial deformation of carboxylic groups
(Ho, Mi, Sung, & Kuo, 2009).

These bands undergo significant changes due to complexation
of the carboxylic groups (-COO~) of HP with the quaternary nitro-
gen atoms of TMC, which are positively charged [-N*(CH3)3]. The
intensity of the band at 1429 cm~! decreases in the FTIR spectra of
PECs related to this same band on FTIR spectrum of HP.

The FTIR spectrum of HP exhibits bands that are assigned to axial
deformation of S=0 bonds, at 1239 cm~, and to axial deformation
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Fig. 3. FTIR spectra of pure HP (a), PEC12 (b), PEC10 (c), PEC8 (d), PEC5 (e) and TMC
(0.

of C-0-S bonds from sulfonate groups, at 807 cm~! (Grant, Long,
& Williamson, 1987; Ho et al., 2009). In the FTIR spectra of PECs
these bands can also be observed, however, with lesser intensity as
compared to FTIR spectrum of raw HP. So, the electrostatic inter-
actions among the positively charged [-N*(CH3)3] groups on TMC
and the carboxylic (-COO~) and sulfonate (-0SO3~) groups on HP
may be the responsible for such reduction in intensity. It is impor-
tant to notice that the observed changes in the FTIR spectra of PECs
related to precursors (HP and TMC) are dependent on the pH of feed
solution at which the PEC was formed. The changes in the band-
intensity and band shifting, due to electrostatic interactions among
charged functional groups of TMC and HP, are different when the
pH-condition, at which the complexation occurred, is taken into
account. For instance, the decreasing in the intensities of the bands
at 1484, 1429 and 1239cm! is a pH-dependent behavior. The
changes in interaction strength lead to materials with different and
interesting properties.

3.2.2. Characterization of PECs through DSC/TGA curves

The TGA curves of different PECs and precursors (CHT, TMC and
HP) are shown in Fig. 4a. Two stages of mass loss are observed in
the TGA curves of HP, CHT, and TMC. The first one, at range from 25
to 125°C, was attributed to the evaporation of water. It should be
important to notice that those samples showed different content
of water. HP presented the highest water content, CHT an interme-
diate quantity, while TMC showed the smallest value. HP presents
in its structure groups such as carboxylate (-COO~) and sulfonate
(-0S037), which are highly hydrophilic and could strongly interact
with water molecules through dipole-dipole or ion-dipole forces.
For its side, CHT presents hydroxyl (-OH) and amino (-NH> ) groups
that could provide some dipole-dipole interactions to water. The
main reason for TMC presenting lesser water content than CHT is
due to its high degree of quaternization (DQ). The incorporation of
positive charges on nitrogen atoms of TMC should allow stronger
interaction among water and TMC, compared to CHT. Britto and
Campana-Filho (2004) published a work in which the TMC pre-
sented low DQ (5, 21 and 33%) being slightly more hydrophilic than
the precursor (CHT), fact that was attributed to the quaternization
of the nitrogen atoms of CHT. However, the TMC used for obtain-
ing the PECs in this work possesses DQ equal to 59% (Martins et al.,
2011) and the data collected from TGA curves showed a decrease
on hydrophilicity of TMC, related to CHT. This was due to the con-
comitant methylation on C3-OH and Cg-OH groups of CHT, fact
confirmed through NMR analysis (Martins et al., 2011). Therefore,

Table 1
Temperatures for the first and second thermal events CHT, HP, TMC and PECs, from
the TGA curves.

Sample Temperature (°C) Weight loss (%)
Range Peak (DTG)

First event
HP 25-125 - 17.5
CHT 25-125 - 9.2
TMC 25-125 - 3.9
PEC5 25-125 - 8.1
PEC8 25-125 - 14.4
PEC10 25-125 - 143
PEC12 25-125 - 123

Second event
HP 200-269 269 47.5
CHT 200-312 312 59.8
TMC 200-264 264 52.9
PEC5 200-285 258 4222
PEC8 200-288 268 354
PEC10 200-297 277 34.0
PEC12 200-348 285 35.7

the high density of methyl groups at C3-OCH3, Cg—OCHj3 and the
high DQ are the responsible for the higher hydrophobicity of TMC
compared to CHT. The values of water content on precursors (CHT,
TMC, and HP) and on PEC samples are given in Table 1.

The degradation of CHT, HP and TMC occurs on second stage
of weight loss and are clearly showed in TGA curves of Fig. 4a.
The exact value of temperature in which the second thermal event
occurs for a given PEC sample is also presented in Table 1 and it was
obtained through first derivative (DTG) of respective TGA curve,
being the DTG curves shown elsewhere (Martins et al., 2011). It
could be verified that CHT is more thermally stable than TMC (Britto
& Campana-Filho, 2004) and HP. The smaller thermal stability of
TMC related to CHT was ascribed to its high DQ (59%). In other
words, it was due to the huge amount of methyl groups bonded on
the nitrogen atoms and on C3-OH and Cg-OH ones. The insertion
of such methyl groups decreases the strength of intra-chain inter-
actions, especially those from H-bonds (Britto & Campana-Filho,
2004).

As occurs in the TGA curves of CHT, HP and TMC, the TGA
curves of PECs show two stages of weight loss, being the first stage
attributed to loss of absorbed water and the second to the degra-
dation. The content of water in PEC samples ranges from 8 up to
14%. Certainly, such values are dependent on the hydrophilicity
of both polymers that constitute the PEC. In addition, the weight
loss corresponding to the volatilization of water in the PECs is also
dependent to pH-condition used for preparing the PEC. The charge
density on HP at alkaline conditions (pH 8 or higher) is substantially
elevated, compared to pH 5 one. At pH 5 the carboxylate groups on
HP are partially ionized due to the pKa of such groups be closer to
5 (Piai, Rubira, & Muniz, 2009). At pH <5 the TMC presents high
density of positive charges due to its elevated DQ and due to pos-
sible protonation of the nitrogen atoms at mono and disubstituted
sites (*NRH; and *NRyH, being R = -CH3). At alkaline conditions, the
positive charges on TMC are derived mostly from the quaternized
nitrogen atoms. Also, as the DQ of TMC is 59%, it could be asserted
that the density of positive charges on TMC at alkaline conditions
would be elevated. At pH 5 the density of positive charges on TMC
is still high but, at the same time, such pH-condition favors only a
low density of negative charges on HP. Therefore, at pH 5 the com-
plexation of both polymers was not so effective and it is expected
that the PEC5 being constituted of lower amount of HP in relation
to feed solution.

PEC8 and PEC10 showed similar values of water content. At alka-
line conditions both HP and TMC are highly ionizated, and then
the complexation between these opposite charged polymers occurs
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more effectively than at acidic conditions (pH 5). It was verified
higher HP content on PEC8 and PEC10 related to PEC5. Considering
that HP is more hydrophilic than TMC, the higher water contents
on PEC8 and PEC10 related to PEC5 were attributed to the con-
tents of HP in PEC8 and PEC12 to be close to used on the feed.
Besides, the existence of intermolecular interactions among the
water molecules and the nitrogen atoms on mono and disubsti-
tuted neutral sites of TMC might also have contributed to raising
the amount of water in PEC8 and PEC10.

The density of positive charges of TMC at pH 12 is high and
practically the same that at pHs 8 and 10 due to the fact that those
charges arise from the same amount of quaternized nitrogen atoms.
In addition, at pH >7, the functional groups from HP chains are
negatively charged and then they interact strongly by electrostatic
interactions with the positively charged groups from TMC.

The strongest interactions on PEC12 should be the responsi-
ble for the decreasing in the water content in this PEC related
to PEC8 and PEC10. In PEC12 the polymer chains are closer and
the strength of interactions among opposite electrical charges is
much higher than those among ion-dipole interactions (water/HP
or water/TMC).

The DSC curves of PECs are shown in Fig. 4b. The endothermic
peaks that appear in the range of 25 to c.a. 125°C of DSC curves of
PECs were attributed to the vaporization of adsorbed and bounded
water and match to the TGA curves. The exothermic peaks in the
range from ca. 220 to 300 °C are related to the thermal degradation
of PECs. The DSC curves also corroborate to the TGA curves, which
show the increasing stability of polyelectrolyte complexes as the
pH of feed solution, used for PEC preparing, is increased. It was
suggested that the increasing on pH-condition contributed to form
more stable complexes due to the growing on strength of interac-
tions between TMC and HP. Comparing the values of degradation
temperature (collected from DTG curves) at the two extremes pH-
condition used in this work, PEC5 and PEC12, a difference of ca.27 °C
was observed. The PEC5 presented lower degradation temperature
(peak from DTG) as compared to TMC one.

Fig. 5 shows the dependence of the degradation temperatures
of PECs, collected from the TGA and DSC curves, against the pH
of the feed solution. According to the plot, the thermal stability
increases linearly with the increase of pH, for both TGA and DSC
data, according to following equations:

Tpy = 239.2 + 3.8 pH(from TGA data; R? = 0.997) (1)
(2)

where Tp; and Tp, are the temperatures of degradation (Tp; were
obtained from the TGA curves; and Tp, were obtained from the

Tpy = 233.4 + 3.2 pH (from DSC data; R? = 0.994)
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Fig. 5. Dependence of degradation temperature to pH of TMC feed solution calcu-
lated from (a) DTG and (b) maximum of exothermic peaks from DSC curves.

maximum of exothermic peaks from DSC curves); and pH is the
pH-condition in which each PEC sample was formed.

3.2.3. Characterization of PECs through WAXS profiles

Fig. 6 shows the WAXS profiles of CHT, TMC and HP, and of PEC5,
PEC8, PEC10, and PEC12. The WAXS profile of HP exhibited a broad
diffraction peak with low intensity in the range (20) from 15° to 30°
that characterizes its low crystallinity. CHT WAXS profile exhib-

54.91°

65.28°

10 20 30 40 50 60 70
20 (degree)

Fig. 6. WAXS profiles of pure HP and CHT, TMC and PEC samples.
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Table 2
Areas of diffraction peaks at 26=30.11° (P1), 43.04° (P2) and 54.91° (P3) observed
on PECS and TMC WAXS profile (diffractogram shown in Fig. 6).

Diffraction peak areas (a.u.)

P1(20=30.11°) P2 (20=43.04°) P3 (20=54.91°)

TMC 0.252 0.150 0.054
PEC5 0.292 0.165 0.058
PEC8 0.710 0.354 0.152
PEC10 0.688 0.344 0.132
PEC12 0.638 0.304 0.122

ited two broad diffraction peaks at 20=9.26° and 16.13° which
confirm presence of crystalline domains on CHT structure. These
crystalline domains are attributed to ordered regions formed by
hydrogen bonds among the amino groups on CHT chains (Fajardo,
Piai, Rubira, & Muniz, 2008; Piai et al., 2009).

Significant differences between the WAXS profiles of CHT and
TMC can be observed. WAXS profile of TMC exhibits well-defined
diffraction peaks because the salt form of TMC (see Fig. 1) that easily
crystallizes. Intense diffraction peaks at 260 =25.45°, 30.11°, 43.04°,
54.91°, 63.56° and 65.28° are present in WAXS profile of TMC sug-
gesting the formation of crystalline regions with different periodic
distances. On the other hand, the diffraction peaks exhibited by raw
CHT are no longer present in the TMC WAXS profile. This happened
because the methylation process on CHT disrupts the hydrogen
bonds among the amino groups (Britto & Campana-Filho, 2004).

The charge formation on amino groups [-N*(CH3)] promotes
rising on cation-cation repulsion and consequent destabilization
of ordered regions, commonly observed in WAXS profile of CHT.
At pH 5, the interactions between chloride ions and [-N*(CH3)]
groups of TMC are so strong that hinders the interaction to par-
tially ionized HP, so disfavoring the complexation. For this reason,
the WAXS profiles of PEC5 and TMC are wholly similar. Concern-
ing to the other PECs (PEC8, PEC10 and PEC12), some differences
in diffraction peaks intensities could be observed on WAXS pro-
files of such PECs related to TMC WAXS profile. The electrostatic
interactions existing on PECs prepared at alkaline conditions dis-
turb the interactions among chloride ions and nitrogen charged
ions (*NRH,, *NR,H and *NRj3, being R=-CH3) and led a decreas-
ing the crystallinity as compared to that existing on not complexed
TMC. A small diffraction peak at 26 = 63.56° was observed on WAXS
profiles of PEC8, PEC10 and PEC12 but not present on WAXS pro-
files of TMC and PEC5. The intensity of this peak clearly increases
as the pH changes from 8 to 12. In addition, the intensity of peak
at 20=63.28°, strong on WAXS profiles of TCM and PECS5, is weak-
ened on WAXS profiles of PEC8, PEC10 and PEC 12. These facts were
attributed to the smaller distance between TMC and HP chains on
PECs prepared at pH >8. The formation of new ordered regions on
these complexes could be associated to increase of thermal stabil-
ity on PECs prepared at alkaline conditions, compared to PEC5 and
to TMC.

The changes on intensities of diffraction peaks at 260=30.11°
(P1), 43.04° (P2) and 54.91° (P3) on WAXS profiles of PECs were
evaluated through the ratio in area of these diffraction peaks to the
area of respective diffraction peaks on WAXS profile of TMC. The
results are shown in Table 2.

4. Conclusions

N,N,N-trimethyl chitosan (TMC) was synthesized through the
N-methylation of chitosan (CHT) and characterized by FTIR spec-
troscopy. PECs based on TMC and heparin (HP) were prepared at
different pH-conditions. The solubility of TMC at a wide range of pH
allowed preparing such PECs that were characterized through FTIR,
TGA, DSC, and WAXS. The pH of feed solution used for preparing the

PEC strongly influences some PEC properties. FTIR data show that
the PEC prepared at pH 5 presented small complexation effective-
ness as compared to the PECs prepared at alkaline conditions. This
fact was attributed to high density of positive charges and high
degree of quaternization (DQ=59%) of TMC. From DSC and TGA
curves, it was verified that the thermal stability of PECs is higher
as higher is the pH of feed solution used for PEC forming. At alka-
line medium (pH >7), the complexation of TMC and HP is more
effective, because the functional groups from HP are completely
ionized under these conditions. WAXS profiles of PECs show alter-
ations related to WAXS of TMC and show that the PEC crystallinity
depends on the pH used for complexation. These results match to
the FTIR, TGA, and DSC data. Due to stronger electrostatic interac-
tions at higher pHs the unlike polymers chains (TMC and HP) are
closer enough to produce more stable PECs.
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