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Abstract New poly(azo) amino-chitosan compounds
were obtained from the azo coupling reaction of N-benzyl
chitosan and diazonium salts. The thermal behavior of
these compounds was studied by thermogravimetric anal-
ysis (TG), differential thermogravimetric analysis (DTG),
TG coupled with a Fourier-transform infrared, and differ-
ential scanning calorimetry (DSC). TG/DTG curves of
chitin—chitosan polymer showed two thermal events
attributed to water loss and decomposition of the poly-
saccharide after cross-linking reactions. Thermal analysis
of the poly(azo) amino-chitosan compounds showed that
the decomposition temperatures decreased when compared
to the starting chitin—chitosan and N-benzyl chitosan. DSC
results showed an agreement with the TG/DTG analyses.
Thermal behavior of poly(azo) amino-chitosans suggest
that these compounds could be considered as potential
thermal sensors.
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Introduction

Chitosan is a natural linear copolymer consisting of
p-(1 — 4)-linked 2-acetamido-2-deoxy- ;-p-glucopyranose
and 2-amino-2-deoxy-f-p-glucopyranose. It is obtained by
the deacetylation of chitin, a structural polysaccharide which
is present in the shells of crustaceans and insects [1].

In view of the large number of polar groups present in the
polymer chain, chitosan is hydrophilic and has a high affinity
for water molecules. The solubility of chitosan depends on
the distribution of free amino and N-acetyl groups and its
molecular weight; therefore, only aqueous acid solutions are
used for solubilization of chitosan. Due to its properties such
as biocompatibility, biodegradability, and no toxicity, it has
been widely used in fields like food, cosmetics, biomedicine
[2], agriculture [3], and wastewater treatment [4].

The reactive hydroxyl (C-3 and C-6) and amino groups
(C-2) are subject to chemical transformations and can
modify some mechanical and physical properties of
chitosan.

The presence of free nucleophilic amino groups in the
macromolecule chain allows the preparation of N-alkyl
chitosan derivatives via reductive amination in which the
chitosan amino groups react with aldehydes to form a
Schiff’s bases that are later treated with a reducing agent to
yield the corresponding secondary amine compounds.

Azo dyes contain groups (-N=N-) linked to aromatic
sp>-hybridized carbon atoms and provide a great variety of
applications such as colorants for textile industries, drugs,
digital printing and photography [5], and food and cos-
metic. Some dyes can also be used in the biomedical field
[6], optical storage media [7], and electronic devices [8].

The formation of poly(azo) amino-chitosan compounds
occurs at low temperatures in the presence of aromatic
diazonium salts and adequate solvent.
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Among several techniques, thermal analysis has been
largely employed for the characterization of chitosan
materials. Some results of thermal analysis of these mate-
rials have been reported in the literature, such as water
content [9], thermal decomposition, and stability [10]. The
present work describes the thermal study of new poly(azo)
amino-chitosan compounds synthesized by reductive ami-
nation and subsequent azo coupling reaction. Part of the
results described in this work has already been presented in
the poster session of VIII Congresso Brasileiro de Andlise
Térmica e Calorimetria. III Congresso Pan-Americano de
Analise Térmica e Calorimetria [11].

Experimental
Reagents

Chitosan with molecular weight of 75-160 kDa was pur-
chased from Sigma-Aldrich and used without further
purification. Its degree of deacetylation was 60 % and was
determined by FT-IR analysis [12]. The other reagents
were of analytical grade and also used without further
purification.

General procedure for synthesis of N-benzyl chitosan

The N-alkylation of chitosan was made following the
procedure previously reported in the literature [13]. N-
benzyl chitosan was prepared by dissolving 0.5 g of
chitosan in 1 % aqueous acetic acid (pH 4). After complete
dissolution, an ethanolic solution of benzaldehyde
(2 mmol, 0.21 g) was added and resulting mixture was
stirred at 60 °C for 18 h yielding a yellow gel. Then,
2 mmol (0.12 g) of NABH;CN was added to the yellow gel
and the mixture was stirred at room temperature for 24 h.
Afterward the solvent was separated using a rotary evap-
orator under reduced pressure and the product was washed
with water and ethanol. The white solid was dried for 1 h at
60 °C.

General procedure for synthesis of poly(azo) amino-
chitosan compounds

2 mmol of 4-chloro or 4-nitro-benzenediazoniumtetra-
fluoroborate were dissolved in a minimal volume of DMF
and 0.5 g of N-benzyl chitosan was slowly added to the
solution. The mixture was stirred for 20 min at 0-5 °C.
Finally, the products were filtered and washed with etha-
nol. The products poly-(4-(4-chlorophenyl)diazenyl)-N-
benzyl chitosan and poly-(4-(4-nitrophenyl)diazenyl)-N-
benzyl chitosan were obtained as yellow and red gels,
respectively.
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Proton nuclear magnetic resonance ( 'H NMR)

"H NMR measurements were performed on an AVANCE
IIT NMR spectrometer at 400 MHz at 25 °C. The spectra
were acquired by dissolving chitin—chitosan polymer and
N-benzyl chitosan compound in D,O/HCI (0.1 mol L™1).
The poly(azo) amino-chitosan compounds were dissolved
in DMSO-db6.

Thermogravimetric analysis (TG)

The study was carried out using a coupled TG/FT-IR
system. TG measurements were carried out with a Netzsch
TG 209. The powdered samples (~5 mg) were placed into
aluminum pans and heated at 10° min~' under a dynamic
nitrogen atmosphere at a flow rate of 25 mL min~"' from
room temperature to 700 °C. The FT-IR spectra were
recorded in a range of 400-4,000 cm™! with 4 cm™!
spectral resolution and 32 scans. The gas products evapo-
rated in the TG are channeled into a chamber with ZnSe
windows. The infrared beam passes through the chamber,
interacts with the gases, and reaches a detector type mer-
cury(Ilcadmium(IDtelluride (MCT).

Differential scanning calorimetry (DSC)

DSC measurements were performed in a Netzsch DSC 204
using sample mass of 5 mg in a covered aluminum pan. An
empty pan was used as reference. The samples were heated
at 10° min~' from room temperature to 500 °C with a gas

flow rate of 15 mL min~".

Results and discussion

N-benzyl chitosan was conveniently achieved by reacting
the biopolymer with benzaldehyde in the presence of a
reducing agent. Figure 1 shows the reaction for the syn-
thesis of N-benzyl chitosan.

The azo coupling reactions occur via electrophilic aro-
matic substitution of the benzene derivative by electro-
philic aromatic diazonium compounds [14]. The insertion
of new hydrophobic groups in the polymer side chain
enhanced the solubility of the compounds due to the
decrease in crystallinity.

Figure 2 shows the reaction for the synthesis of poly(-
azo) amino-chitosan compounds.

"H NMR measurements
Figure 3 shows the '"H NMR spectrum of chitin—chitosan

polymer and its derivatives. The chitin—chitosan spectrum
presents the signal at 1.91 ppm assigned to the N-acetyl
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Fig. 2 Synthesis of poly(azo) amino-chitosan compounds

protons of GlcNAc (—COCHj;), at 3.08 ppm attributed to
the proton in position 2 (H2) of GIcN residue and the
proton (H2') of the acetamide groups of GlcNAc that res-
onates at 3.47 ppm. The signals observed in the region of
3.64-3.80 ppm are attributed to the protons in positions
H3, H4, HS, and H6 of the glucosamine ring. The signal at
4.48 ppm refers to the proton (H1’), bonded to carbon C4.
In the region of 4.70 ppm, it can be observed that the
anomeric proton signal (H1) of glucosamine ring super-
posed to the solvent signal (HDO) [15]. The 'H NMR
spectrum of N-benzyl chitosan, Fig. 3, presents new signals
which confirmed the modification in the polymeric chain.
The spectrum exhibits signals in the region of 7.31 and
7.69 ppm, which are attributed to the protons of the aro-
matic ring (a,b,c) bonded to the polymer structure. The
signals between 4.39 and 4.46 ppm correspond to the
methylene protons (H8), to H1’, and to the anomeric proton
(H1). The signal at 1.85 ppm is assigned to methyl protons
of acetyl units and the protons H2, H2', H3, H4, H5, and
H6 resonate in the region of 3.64 and 3.86 ppm. The 'H
NMR spectra of the poly(azo) amino-chitosan compounds
are also shown in Fig. 3. An increase of signals can be
observed in the region of 7.30 and 8.30 (a,b,d,e), which
suggests the presence of another aromatic ring bonded to
the modified polymeric chain and confirms the synthesis of
the azo compounds.

Thermogravimetric analysis (TG) and TG/FT-IR of gas
products

The thermal stability of chitosan and chitosan derivatives
were studied by thermogravimetric analysis. Figure 4a
shows the TG and DTG curves of chitosan. The first
thermal event is observed at 62 °C with a weight loss of
11 %, which is assigned to the loss of water bounded to the
polymeric structure by hydroxyl and amine groups. From
TG, loss of water was observed to be occurring at a tem-
perature below 100 °C, according to literature it means that
this water could be physically adsorbed and/or weakly
hydrogen-bonded to chitin—chitosan molecules [16]. The
second thermal event reaches a maximum at 277 °C with a
weight loss of 46 %. It corresponds to the decomposition of
chitin—chitosan polymer [17]. Also a weight loss of 18 %
and a residual mass of 25 % was observed, showing that
not all the chitosan was decomposed until 700 °C.

In agreement to the literature [18], it is reported that at this
temperature the thermal degradation of the pyranose ring is
observed, with the rupture of the glycosidic linkages between
the glucosamine and N-acetylglucosamine rings. Pawlak and
Mucha [19] have confirmed by thermogravimetric and FT-
IR studies that the second decomposition step may be due to
the thermal degradation of a new cross-linking formed by the
thermal decomposition of functional amino group.
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Fig. 3 'H NMR spectra of
chitin—chitosan and N-benzyl
chitosan in D,O/HCI (0.1

mol L™") and '"H NMR spectra
of poly-(4-(4-
chlorophenyl)diazenyl)-N-
benzyl chitosan and poly-(4-(4-
nitrophenyl)diazenyl)-N-benzyl
chitosan in DMSO-d6
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Apparently, N-benzyl chitosan, Fig. 4b showed a

slightly higher water holding capacity than the chitin—
chitosan polymer due to the decrease of chitosan crystal-
linity created by the N-benzylation along the polymer chain
[20].

In order to investigate the thermal degradation process,
FT-IR spectra was recorded at the temperature values in
which mass losses were observed in the TG/DTG curves.
Figure 5a shows the FT-IR bands of chitin—chitosan deg-
radation recorded at 62 and 277 °C. At 62 °C the bands at
3,268 cm ™' assigned to the axial stretching of O—H and N—
H bonds are observed and at 2,357 cm™! bands corre-
sponding to CO, due to the oxidation of aldehyde frag-
ments resulting from thermal degradation of the polymer
chain are observed. The loss of amino groups, probably as
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ammonia or a volatile amine, by the band at 1,554 cm ™!,
and acetamide groups which correspond to the bands at
1,694 and 1,644 cm™ !, attributed to amide I and amide 1I
vibrations can also be seen. The bands at 1,427 and
1,383 cm ™! are assigned to C-H angular deformation and
C-N axial stretching, respectively. The FT-IR spectrum of
the polymer at 277 °C shows an increase in intensity of the
band at 1,747 cm™' which corresponds to the aldehyde
carbonyl group which is formed as a product of the poly-
mer degradation [21, 22]. The band at 1,180 cm~! which is
assigned to C—O-C stretching of glycosidic bond is also
observed.

The FT-IR spectrum of N-benzyl chitosan at 62 °C,
Fig. 5b, shows the beginning of the compound degradation
and an intense band at 3,269 cm™! attributed to O-H
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stretching which confirms the loss of water. At 262 °C, an
increase in intensity of the bands at 2358, 1735, 1646,
1530, 1462, and 1394 cm ™' due to the polymer degrada-
tion is observed. At 404 °C, the main bands observed are at
3,269 cm™! attributed to O-H stretching, at 2,358 cm ™!
due to the loss of CO,, at 1,735 cm™! assigned to the
aldehyde carbonyl group [21, 22], and at 1,530 cm™'
which corresponds to the N—H angular deformation.

Figure 6a shows the TG/DTG curves of poly-(4-(4-
chlorophenyl)diazenyl)-N-benzyl chitosan. The first ther-
mal event is observed at 112 °C with 79 % weight loss. It
is attributed to dehydration, cleavage of azo linkage, loss of
the benzene rings bounded to the polymer backbone, and a
possible depolymerization of chitin—chitosan. The residual
decomposition reactions can be seen at 195 °C with weight
loss of 12 %. A residual mass of 9 % was observed for this
compound.

The TG/DTG curves of poly-(4-(4-nitrophenyl)diaze-
nyl)-N-benzyl chitosan have similar thermal behavior of
poly-N-4-(4'-nitrophenylazo)benzyl chitosan. The thermal
decomposition step appears at 112 °C with weight loss of
81 %, and is attributed to water desorption from polymer
chain. The polymer degradation is seen at 172 °C with

weight loss of 8 %. The residual mass is 11 %. The
thermal events observed for this compound are shown in
Fig. 6b.

Figure 7a shows the FT-IR spectrum of poly-(4-(4-
chlorophenyl)diazenyl)-N-benzyl chitosan. At 112 °C, the
main bands observed are at 2,939 cm™ ! attributed to the
axial stretching of C—H bonds, at 1,713 cm™! assigned to
the carbonyl group formed during thermal degradation [21,
22], at 1,504 cm ™! due to N-H angular deformation, and
the bands at 1,381 and 1,080 cm ™! which are attributed to
C-N axial stretching and C-O-C stretching of glycosidic
bond, respectively. At 195 °C, an increase in intensity of
the bands due to the thermal degradation of the compound
is observed. In the spectra the appearance of new bands at
1,460 cm ™! assigned to N=N stretching of azo groups and
at 1,421 cm™ ! which corresponds to the deformation of
C=C bonds of aromatic rings present in the compound can
also be seen.

The FT-IR spectrum of poly-(4-(4-nitrophenyl)diaze-
nyl)-N-benzyl chitosan is shown in Fig. 7b. At 112 °C, the
bands at 2,930 cm™' corresponding to the axial stretching
of C-H bonds, at 1,719 cm™' due to ring opening and
formation of aldehyde groups [21, 22], and the bands at
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1,388 and 1,080 cm~! which are attributed to C-N axial
stretching and C-O-C stretching of glycosidic bond,
respectively, can be seen. At 172 °C, the main bands
observed are at 2930, 1718, 1388, and 1080 cm~!. An
increase in intensity of the bands at 2,363 cm ™! attributed

to the loss of CO, and at 1,547 cm~! which corresponds to
N-H angular deformation of deacetylated units can also be
observed. Besides, it is possible to observe in the spectrum,
at this temperature, the band which corresponds to the
stretching of azo groups (N=N) at 1,496 cm ™.

Fig. 9 DSC curve of a poly-(4-
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Differential scanning calorimetry (DSC)

Figure 8a shows the DSC curve of chitin—chitosan. The
endothermic peak is observed at 95 °C and is attributed to
the loss of water content in the polymer. The exothermic
peak that appears at 306 °C corresponds to the decompo-
sition of the polymer chain [23].

A similar thermal transition behavior was observed in
the N-benzyl chitosan derivative, Fig. 8b, in which an
endothermic peak at 104 °C related to the evaporation of
water present in the sample is observed. The exothermic
peak at 276 °C is associated with polymer decomposition.

The DSC curves of N-benzyl chitosan showed that the
derivative exhibited stronger interactions with water mol-
ecules and it is less stable than chitin—chitosan polymer due
to its lower decomposition temperature.

The DSC curve of poly-(4-(4-chlorophenyl)diazenyl)-N-
benzyl chitosan is shown in Fig. 9a. It exhibits two endo-
thermic peaks which correspond to the thermal effects
observed in TG/DTG curves. These endothermic peaks
show the maximum at 116 °C and a shoulder at 155 °C and
are associated with loss of water molecules content in the
compound and rupture of the new substituents bounded to
the polymer chain. The exothermic peak at 216 °C corre-
sponds to the chitin—chitosan thermal degradation.

Similarly, the DSC curves of poly-(4-(4-nitro-
phenyl)diazenyl)-N-benzyl chitosan are shown in Fig. 9b.
It exhibits two wide endothermic peaks at 125 and 158 °C.
The exothermic peak, which appears at 304 °C, corre-
sponds to the decomposition of chitin—chitosan backbone.

Conclusions

N-benzyl chitosan and poly(azo) amino-chitosan compounds
were successfully synthesized by reductive amination and
azo coupling reactions, respectively. TG/DTG measurements
show a decrease in the decomposition temperature of chitosan
derivatives when compared to non-modified polymer. The
poly(azo) amino-chitosan compounds cannot withstand
temperatures higher than 172 and 195 °C. The thermograms
suggest that water molecules could be physically adsorbed
and/or weakly hydrogen-bonded to the chitin—chitosan chain
because the range of temperature corresponding to dehydra-
tion is observed below 100 °C. DSC curves confirm the
results observed for TG/DTG measurements. Tg is not
observed for the studied molecules under the experimental
conditions of measurements.
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