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Abstract 14 
The pyrolysis of chitosan and its polymeric complexes with metal phthalocyanines was 15 

studied by thermochemical and spectral methods. At all stages of thermal oxidation, the 16 

decomposition products of chitosan and polymer complexes with metal phthalocyanines were 17 

determined by the mass spectral method, the chemistry of the process was proposed. The pyrolysis 18 

of chitosan and its polymer complexes with metal sulphophthalocyanines leads to the formation 19 

of carbonizates with a wide variety of graphite-like structures with different contents of 20 

polyconjugated carbon-carbon bonds, the presence of which was confirmed by IR spectroscopy. 21 

It was shown that the introduction of copper(II)tetrasulphophthalocyanine into the composition of 22 

the polymer complex with chitosan results in an increase in the content of aliphatic structures in 23 

carbonizates, and the introduction of cobalt(II)tetrasulphophthalocyanine leads to aromatic 24 

compounds content increase. The possibility of changing the structures of chitosan carbonizates 25 

to obtain graphite-like structures by complexation with metal phthalocyanines has been shown. 26 

 27 
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 30 

Introduction 31 
Chitosan is a natural polymer with great potential for structural chemical and physical 32 

modification. According to its chemical structure, chitosan is a linear aminopolysaccharide of 2-33 

amino-2-deoxy-β-D-glucan being formed during deacetylation of chitin. The presence of reactive 34 

functional groups (OH and NH2) in each structural unit of chitosan, a flexible structure of polymer 35 

chains and the ability to coordinate metal ions makes it possible to consider chitosan as a new 36 

functional biomaterial of high potential for its application in various fields. Being a hypoallergenic, 37 

biodegradable and biocompatible polymer with antimicrobial and antifungal characteristics, 38 

chitosan is widely used for biomedical purposes, as a blood anticoagulant, in drug delivery 39 

systems, in tissue engineering [1–5], as well as in other fields, such as wastewater treatment [6–40 

8], food packaging [9,10], cosmetics [11], textile, paper and film technologies [12,13]. Recently, 41 

attempts have been made to study and develop technologies for producing carbon fibre from 42 

\chitosan [14,15]. The obtaining of carbon fibres from other polysaccharides includes the initial 43 

stage of thermal oxidation and exposure at a temperature of 300-400 ℃, chemical and pyrolysis 44 

treatment [16]. However, carbon fibres obtained from cellulose and viscose are of unsatisfactory 45 

quality. It is considered that chitosan, due to its structural features, may be a more promising source 46 

of carbon fibres. 47 
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In this connection, the study of the processes occurring during the thermal and thermal 48 

oxidative action on chitosan and its polymer complexes can help in improving industrial processes 49 

planning and optimization. 50 

This work is a continuation of earlier researches, in which the process of pyrolysis of a 51 

wide range of chitosans and chitosan complexes (18.8 kDa, degree of deacetylation is 90.4%) with 52 

sulphoderivatives of copper and cobalt phthalocyanines) was studied. As a result of it, the 53 

temperature ranges of evaporation of physically and chemically bound water were revealed, and 54 

thermal decomposition of chitosan and its complexes, the temperatures of physical and phase 55 

transitions were established [17]. The introduction of sulphosubstituted phthalocyanines into the 56 

polymer complex has nontrivial effects on the thermochemical behaviour of chitosan. It 57 

conditioned the performing of thermogravimetric studies with synchronous recording of mass-58 

spectra in order to detail the chemical processes proceeding at various stages of chitosan pyrolysis 59 

(18.8 kDa, degree of deacetylation is 90.4%) and of its complexes with sulphoderivatives of copper 60 

and cobalt phthalocyanines). In addition, in that work, for these compounds information on thermal 61 

oxidative destruction in the atmosphere of air was obtained The aim of this work is a comparative 62 

analysis of the pyrolysis processes of chitosan and its complexes with metal phthalocyanines, as 63 

well as a comparative analysis of the samples obtained by pyrolysis treatment of chitosan and its 64 

complexes. 65 

 66 

Experimental part 67 
We used chitosan with a viscosity average molecular weight of 18 800 Da. The degree of 68 

deacetylation of chitosan was determined by 1H NMR spectroscopy described in [18]. 1H NMR 69 

spectra were recorded using Avance III (Bruker) (500.17 MHz) and 2% solution of DCl in D2O as 70 

a solvent for chitosan. The degree of deacetylation of the sample used in the work was 90.4 mol%. 71 

Copper(II) (CuPc) and cobalt(II)tetrasulphophthalocyanines (CoPc) were synthesized and 72 

purified according to the methods [19]. The purity of the tetrasulphophthalocyanines used in this 73 

work was no less than 98%. 74 

Crystalline samples of polymer complexes of chitosan with metal phthalocyanines were 75 

obtained by evaporation of solutions with a sulphophthalocyanine concentration of 6.4 ∙ 10-5 M 76 

and 0.02% chitosan. 77 

Experimental studies of phase transitions and relaxation processes were carried out on a 78 

DSC 204 F1 differential scanning heat flow calorimeter (Netzsch Gerätebau GmbH, Germany). 79 

The test samples weighing 4-5 mg were placed in pressed aluminum crucibles with holes in the 80 

cover. An empty aluminum crucible served as a reference sample. The calorimetric experiment 81 

was carried out in a dynamic atmosphere of dry argon (argon content was 99.998%) with a gas 82 

flow rate of 40 ml·min-1 and a heating rate of 10 ℃·min-1. All DSC measurements were made 83 

relative to a baseline obtained for two empty crucibles. The temperature and sensitivity of the 84 

calorimeter were calibrated by measuring the temperatures and enthalpies of phase transitions for 85 

11 standard substances (Hg, C6H12, C12H10, KNO3, RbNO3, In, Bi, Sn, Zn, KClO4, CsCl). The 86 

temperature measurement accuracy was 0.1 ℃. The weighing accuracy was ± 0.001 mg 87 

(Sartorius M2P balance). 88 

Thermogravimetric analysis was carried out on a TG 209 F1 thermo-microbalance 89 

(Netzsch Gerätebau GmbH, Germany). Powdered samples (4-7 mg) were placed into platinum 90 

crucibles and heated at a rate of 10 ℃·min-1 in a dynamic atmosphere of dry argon and air with a 91 

gas flow rate of 30 ml·min-1 from room temperature to 600-700 ℃. The accuracy of measuring 92 

the sample mass was 1∙10-7 g. 93 

Mass spectrometric analysis was performed using an STA 409CD thermoanalytical setup 94 

(Netzsch Gerätebau GmbH, Germany) equipped with a mass spectrometer with a QMG 422 95 

skimmer system (In Process Instruments, Germany), which made it possible to carry out 96 

thermogravimetric and DSC measurements with synchronous registration of mass spectra of 97 

thermal decomposition products. The samples were heated at atmospheric pressure in a flow of 98 

dry ultrapure argon (70 ml·min-1). 99 
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Scanning electron microscopy analysis of Microscopic images of the sample surfaces 100 

were obtained with a VEGA 3 TESCAN scanning electron microscope (SEM) under vacuum 101 

condition and at an accelerating voltage of 5.0 kV. Samples in the powder were placed on 102 

aluminum butts. 103 

 104 

Discussion of the Results 105 
1. Pyrolysis 106 

As noted above, we previously obtained thermochemical data reflecting the temperature 107 

stages of pyrolysis of chitosan and its complexes with sulphophthalocyanines in an argon 108 

atmosphere [17]. In continuation of the studies begun in order to establish the chemical processes 109 

occurring at individual stages of pyrolysis, a combined thermal analysis was carried out with 110 

synchronous registration of mass spectra of the samples under study in argon. Typical 111 

temperature dependences of the curves (TG / DTG), DSC, and TIC (total ion current) for 112 

chitosan in argon are shown in Figure 1. 113 

 114 

 115 
Figure 1. TG/DTG/DSC/TIC curves obtained for degradation of CS at a heating rate of 10 ° C 116 

min-1 in argon. 117 

  118 

The mass numbers (m / z) of thermal decomposition products, the onset temperature 119 

(Ton) and the temperature of the peak of the ion current intensity (Tmax) of the pyrolysis 120 

process of CS, CSCoPc, and CSCuPc in the temperature range from 20 to 750 ° C are 121 

summarized in Table 1. 122 

The process of chitosan pyrolysis in argon is a multistage one (Figure 1). The first stage 123 

(15-150 ° C) is accompanied by a weight loss on the TG curve of about 6 wt%, by an 124 

endothermic peak on the DSC curve, and the removal of gaseous products with mass numbers m 125 

/ z = 18, 17 and 16, indicating the removal of water and its fragments. The maximum of this 126 

process occurs at a temperature of 117 ° C (Table 1). Thus, the first stage consists in the removal 127 

of physically and chemically sorbed water. A similar conclusion was reached by the authors [20] 128 

who studied the IR spectra of chitosan samples heated to different temperatures. 129 

The stage of chitosan dehydration partially overlaps with the beginning of its thermal 130 

decomposition. The weight loss of the chitosan sample, according to TG data up to 320 ℃, is 44 131 

wt. %. The temperature of the maximum weight loss rate (Tmax) at this stage of thermal 132 

decomposition of CS coincides with the endopeak on the DSC curve, indicating the predominance 133 

of destructive processes. However. the asymmetric behaviour of the temperature dependence of 134 

the DSC curve in the temperature range from 150 to 320 ℃, namely the transition of the unevenly 135 

inclined endothermic peak to the exothermic peak, indicates both the destruction and the formation 136 
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of new chemical bonds in the test sample. Analysis of the mass spectra of thermal decomposition 137 

products presented in Table 1 showed a complex pattern of chitosan pyrolysis, in which gaseous 138 

products with mass numbers corresponding to fragments of H2O, NH3, CO, CO2, HCl, and 139 

CH3COOH are recorded (Figure 2). 140 

 
CS (m/z = 15-18) 

 
CS (m/z = 41-46) 

 
CS (m/z = 35-38) 

 
CSCoPc (m/z = 15-18) 

 
CSCoPc (m/z = 41-46) 

 
CSCoPc (m/z = 35-38) 

 
CSCuPc (m/z = 15-18) 

 
CSCuPc (m/z = 41-46) 

 
CSCuPc (m/z = 35-38) 

 141 
Figure 2. Mass spectra of gases evolved during the thermal treatment of CS, CSCoPc and 142 

CSCuPc. 143 

 144 

At the initial stage of destruction, upon reaching a temperature of 152-159 ℃, the 145 

formation of CO2 is recorded (m / z = 44) (Table 1). The intensity of the ion current is 146 

comparatively not high even at maximum emission, nevertheless, the event takes place. The 147 

evolution of carbon dioxide, according to the literature [21,22], is attributed to an accidental 148 

rupture of the C-O-C glycosidic bond, and the reaction products are shortened polymer chains, 149 

oligomers, their radicals and CO2. 150 

Figure 2 shows that the maximum ionic current corresponds to the evolution of ammonia. 151 

This process begins almost immediately (172-178 ℃) after the dehydration stage, that is, 152 

deamination processes dominate at the first stage of chitosan pyrolysis. We suppose that the 153 

anomalous DSC curve of chitosan at this stage is due to the fact that the removal of NH2 groups is 154 

accompanied by crosslinking of fragments of the polymer chain or of adjacent macrochains 155 

(Figure 3). 156 

 157 
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 158 
Figure 3. Chitosan deamination reaction scheme 159 

Table 1. Thermal degradation products of the CS, CSCoPc and CSCuPc. 160 

 

products 

m/z CS CSCoPc CSCuPc 

 a.m.u 
Ton, 

(℃) 

Tmax, 

(℃) 

Ton, 

(℃) 

Tmax, 

(℃) 

Ton, 

(℃) 

Tmax, 

(℃) 

H2O  18 
55 

172 

117 

244 

37 

171 

70 

227 

35 

170 

69 

217 

H2O  

Н2О,NH3  
17 

55 

172 

117 

244 

37 

171 

70 

227 

35 

170 

69 

217 

CO2 44 
152-159 249 183 235 188 217 

354 428 376 429 418 542-577 

H2O 

H2O, NH3 

CH4 

16 

55 

172 

411 

117 

248 

585 

37 

171 

389 

70 

227 

434 

35 

164 

393 

65 

217 

563 

Acetic acid 60 172-178 244 211 237 195-200 217-234 

NH3 

CH4 
15 

172-178 

411 

248 

585 

211 

389 

314 

434 

200 

393 

227 

562 

Acetic acid 

decomposition 

product 

43 172-178 249 183 227-237 200 217-232 

Acetic anhydride  

C2H2О, (C2H4N
+) 

42 172-178 249 183 227-237 200 217-232 

Acetaldehyde 

(CHO) 
29 172 249 200 238 205 223 

HCl 38 172 244 205 248 195 217-222 

HCl 37  172 244 205 248 195 222 

HCl 36  172 244 205 248 195 222 

HCl 35 172 244 205 248 195 222 

HCN  27 544 730 - - 542 709 

HCN  26 544 730 - - 542 709 

SO2  64 - - 217 299 269 408 

SO2 48 - - 217 299 269 408 

 161 

The formation of new structures is indirectly confirmed by the results of electron 162 

microscopy of the initial chitosan samples and of the heated ones (Figure 4). It is seen that chitosan 163 

heating (to 170 ℃) leads to the formation of larger aggregates. 164 

At the initial stage of chitosan pyrolysis, when the temperature reaches 172 ℃, the 165 

emission of acetic acid fragments (m / z = 15, 43, 60 [23]) and acetic anhydride (m / z = 42) is 166 
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recorded in the gas phase. Probably, the reaction of elimination of the side N-acetyl groups occurs 167 

(Figure 5). 168 

In a number of works it was assumed that the products of the deacetylation reaction of 169 

chitosan can be polymer structures in which neighboring macrochains are connected at the site of 170 

cleavage of acetyl groups by bridging groups –N=N– or –NН–. We consider that with a high 171 

degree of chitosan deacetylation, as in this case (90.4%), the probability of macrochain 172 

crosslinking during deacetylation is low. Recently, many publications have appeared in the 173 

scientific literature [24–27], in which it was proposed to use the amount of the evolved acetic acid 174 

found in mass spectra to evaluate the degree of deacetylation. It should be noted that the formation 175 

of acetic acid from the acetyl groups of chitosan requires water (Figure 5); therefore, the results 176 

will depend on the course of dehydration reactions or on the residual water content in the polymer. 177 

One of such reactions, according to the authors [28], may be the reaction of the onset of destruction 178 

of pyrazine rings (T = 200 ℃), in the course of which nitrogen- and oxygen-containing volatile 179 

compounds (furan and its derivatives, pyrazines and pyridines) can be formed. All the listed 180 

compounds in mass spectra have high m / z values, exceeding 67 units [26] and were not detected 181 

by us in the temperature range 150-320 ℃ in significant amounts. In addition, it is reliably known 182 

that the stage of destruction of monomeric units occurs after the cleavage of almost all glycosidic 183 

bonds in chitin and chitosan. This stage is high-temperature and occurs at temperatures above 250 184 

℃ [20,29]. Therefore, the reaction of intermolecular dehydration is more likely according to the 185 

scheme on Figure 6. 186 

 187 

 188 
Figure 4. Image of the structure of chitosan (a) before heating, (b) after heating to 170 ℃. 189 

 190 

 191 

 192 

 193 

а б 
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 194 
Figure 5. Schemes of chitosan deacetylation reactions. 195 

 196 

In general, the pyrolysis of chitosan in the range of 150-320 ℃ is accompanied by a high 197 

rate of the gaseous products removal with a weight loss, according to TG data, of about 44 wt. %. 198 

Analysis of the mass spectra of the thermal decomposition products presented in Table 1 showed 199 

a complex picture of the destruction of chitosan characterized by partially or completely 200 

overlapping steps. 201 

 202 

 203 

 204 
Figure 6. Scheme of the dehydration reaction. 205 

  206 

A further increase in temperature leads to the appearance of a pronounced exothermic 207 

effect and a decrease in the rate of weight loss (Figure 1). The release of energy is usually 208 

associated with the formation of new bonds. This exo-effect was observed earlier, but the 209 

interpretation of this effect was different. For example, in [27] the exothermic effect with a 210 

maximum at 310 ℃ is mainly attributed to the first stage of decomposition of the polysaccharide 211 

- deacetylation, since it was found that the amount of energy released at this temperature increased 212 

with an increase in the degree of deacetylation. A different opinion was uttered in the work [20] 213 

which emphasizes that thermal degradation of chitosan occurs mainly by a free radical mechanism. 214 

Intermediate radical products can spontaneously recombine, resulting in the formation of 215 

crosslinked structures. The same opinion was shared by the authors [22] who proposed possible 216 

schemes for the formation of crosslinked structures, the first stage of which is the break of the 217 

glycosidic bond with the formation of radicals RO∙ and R∙ (R-fragment of the chitosan chain). The 218 

author [21] adheres to a different position, considering that the exo-effect occurs due to the 219 

formation of pyrazine and its derivatives as a result of complex condensation reactions of the 220 

products of opening of pyrazine monomeric rings, Possible schemes for such reactions are 221 

described in [29,30]. Probably, all of the above processes take place upon reaching 250 ℃, when 222 
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the chitosan structure collapses. It should be noted that in this work pyrazine, pyridine, or furan 223 

derivatives were not detected in significant amounts; the bulk of the weight loss was explained by 224 

the processes involving the release of H2O, NH3, CO, CO2, HCl, and CH3COOH. These processes, 225 

as noted above, begin at a temperature 172-178 ℃ and reach their maximum value at temperatures 226 

of 244-249 ℃. 227 

Thus, the pyrolysis of chitosan begins with the simultaneous stages of deamination, 228 

deacetylation, intermolecular dehydration, and to a lesser extent, there is a rupture of glycosidic 229 

bonds. All these processes lead to the formation of crosslinked polymer structures even at 230 

relatively low temperatures. Beginning from 220 ℃, reactions occur with massive rupture of 231 

glycosidic bonds (maximum emission of CO2 is at 249 and 428 ℃, Table 1) with the formation of 232 

radical products, partial destruction of monomeric rings of pyrazine (with the formation of acetic 233 

acid and ammonia, maximum emission at 244 ℃, Table 1). The listed processes proceed 234 

simultaneously with the recombination of radicals, leading to the formation of crosslinked polymer 235 

structures that with a further increase in temperature up to 700 ℃ degrade without manifesting 236 

bright effects (Figure 1). The main gaseous products at this stage are CO2, CH4, CHN. As can be 237 

seen from Table 1, CO2 emissions are two-stage. The second stage of CO2 evolution begins at 354 238 

℃ and reaches a maximum at 428 ℃. Along with this, there is a process characterized by the 239 

release of CH4, starting from 411 ℃ and reaching a maximum at 585 ℃, as well as the release of 240 

hydrogen cyanide CHN, with an onset temperature of 544 ℃ and a maximum of 730 ℃. The 241 

release of CH4, CO2, CHN suggests that further pyrolysis of the products formed after the first 242 

stage of thermal decomposition of chitosan occurs, leading to the formation of products with a 243 

high carbon content. The mass of the carbonizate obtained at 700 ℃ is about 46% of the initial 244 

used chitosan. 245 

The resulting carbonizate has been studied in the IR spectrum (Table 2). The latter turned 246 

out to be very sparse, there were almost no infrared bands, only a band of medium intensity was 247 

recorded at a frequency of 1610 cm-1 and a weak band of 804.5 cm-1. Probably, graphite-like 248 

structures were formed and they were characterized by the absence of IR spectra, since there were 249 

no changes in the dipole moment when the atoms vibrated in a structure constructed from identical 250 

carbon atoms [31]. It can be assumed that the detected absorption at 1610 cm-1 may be explained 251 

by the valence vibrations of C=C in graphite-like structures or by vibrations of groups of C=O 252 

conjugated with C-C atoms [32]. Absorption in the region at 1000-800 cm-1 is typical for C-C 253 

groups that are part of unsaturated hydrocarbons or C-O-C valence vibrations of single-substituted 254 

epoxides. Absorption in the area of 1100 -800 cm-1 is very wide and low-intensity, and these 255 

parameters indicate a small polarity and a large variety of structures formed. The literature reports 256 

on the composition of the carbonizate obtained under similar pyrolysis conditions. So, the authors 257 

[14,33] discovered graphite-like structures in it. Moreover, as shown in [14], graphite-like 258 

structures are formed from condensed aromatic carbon compounds. It should be noted that not 259 

everything is so unambiguous - another work reported [20] that unsaturated and aromatic 260 

hydrocarbons were not found in the carbonizate, but a structure typical for active carbon was 261 

formed. Probably, the composition of the carbonizate significantly depends on the purity of the 262 

initial chitosan and the presence of impurities affecting the initial stages of destruction.  263 

A thermochemical study conducted earlier showed [17] that the formation of a chitosan 264 

polymer complex with phthalocyanines leads to a slight decrease in the thermal stability of the 265 

complexes. However, according to the data obtained (Table 1, Figure 7), the chemistry of the 266 

pyrolysis process changes dramatically. In the context of this work, it is important to describe 267 

briefly the information obtained earlier on the composition and structure of chitosan complexes 268 

with the metal phthalocyanines. In our previous work, it was proved that chitosan binds 269 

phthalocyanines differently [17,34]. CuPc in chitosan is in a dimerized state, the polymer complex 270 

is formed due to electrostatic interactions between SO-
3-groups of metallophthalocyanine and NH+ 271 

-groups of chitosan, H-binding of peripheral substituents of CuPc with the side groups of the CS 272 

macrocycle, as well as due to hydrophobic forces. The CoPc in chitosan is in the monomeric state, 273 

and the polymer complex is formed due to the donor-acceptor interaction between polymer 274 
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aminogroup of cobalt phthalocyanine atom, H-bonding of peripheral CoPc substituents to the side 275 

groups of the CS macrochain, and, possibly, due to electrostatic interactions between the α-groups 276 

of metallophthalocyanine and the β-groups of chitosan. The complexes, as in previous studies, 277 

were obtained by mixing aqueous solutions of chitosan and the corresponding metal 278 

phthalocyanines. The average composition of the polymer complexes is 1 MPc molecule:monomer 279 

unit CS = 1:80. 280 

As shown above, the process of complexation of chitosan with metal phthalocyanines is 281 

not a classical chemical reaction, that is, the binding of MPc does not lead to chemical modification 282 

of the polymer. Let us consider the effect of complexation of cobalt(II)- and 283 

copper(II)phthalocyanines with chitosan on the chemistry of the pyrolysis process. The course of 284 

the DSC curves of the CSCoPc and CSCuPc complexes significantly differs both from each other 285 

and from CS (Figure 7); therefore, the chemistry of polymer pyrolysis also differs. 286 

 287 

 288 
 289 

Figure 7. DSC curves obtained for degradation of CS, CSСоРс, CSCuРс at a heating rate of 10 290 

℃·min-1 in argon. 291 

 292 

Individual metal phthalocyanines are stable compounds, their degradation temperatures are 293 

256 and 317 ℃, respectively, and the thermal destruction itself begins with pyrolytic destruction 294 

of sulphgroups, their maximum emission of products falls on 299 ℃ (CoPc) and 269 ℃ (CuPc) 295 

(Table 1). Consequently, the initial stages of polymer destruction are not complicated by the 296 

pyrolysis of metal phthalocyanines. 297 

Judging by the value of the CO2 emission current (m / z = 44), the probability of accidental 298 

ruptures of glycosidic bonds in the composition of polymer complexes of chitosan with metal 299 

phthalocyanines is even lower than in the case of individual chitosan (Table 1). In addition, the 300 

temperature at which CO2 is emitted is 30 ℃ higher in the complex than in pure chitosan (Table 301 

1). Possibly, at the initial stage, metal phthalocyanines exhibit their antioxidant properties in the 302 

composition of complexes with chitosan [35,36], inactivating randomly formed radicals and 303 

thereby performing chain termination. Up to a certain temperature (183-188 ℃) phthalocyanines 304 

cope with the formed radicals. 305 

As in the case of chitosan, at the initial stage of pyrolysis of CSCoPc complexes, CSCuPc 306 

volatile products because of the deacetylation process. are recorded. Unlike chitosan, the emission 307 

of fragments of acetic acid (m / z = 15, 43) and acetic anhydride (m / z = 42) in the case of 308 

complexes CSCoPc and CSCuPc is recorded at higher temperatures: 183 C and 200 ℃, 309 

respectively, maximum emission is shifted in the range of low temperatures 227-237 ℃ (CSCoPc) 310 
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and 217-232 ℃ (CSCuPc). It should be noted that in the case of chitosan and CSCuPc 311 

deacetylation according to the scheme (Figure 5) proceeds in the same temperature range as the 312 

emission of fragments of N-acetyl groups, starting from 172 C and 200 ℃, respectively (Table 1). 313 

On the contrary, in the case of CSCoPc, acetic acid is detected in mass spectra at a higher 314 

temperature, starting from 211 ℃. Probably, in this case, acetic acid, like ammonia (Table 1), is 315 

formed as a result of decomposition of pyrazine rings. 316 

The transition from chitosan to its complexes with metal phthlocyanines radically changes 317 

the chemical picture related to the release of ammonia (Figure 2). In the case of polymer 318 

complexes, the process becomes a two-step process. Starting from a temperature of 164 ℃, the 319 

CSCuPc mass spectra record an ammonia signal which reaches its maximum at 217 and 227 ℃ 320 

(Table 1). It is noteworthy that starting at 180 ° C on the DSC CSCuPc curve, the process of 321 

ammonia release is accompanied by a rather pronounced exo-effect. We believe that the process 322 

proceeds according to scheme 3. Thus, the temperature of the onset of the deamination process in 323 

CSCuPc is 7 ℃ lower than in chitosan. A possible reason is the competitive interactions of 324 

phthalocyanine sulphogroups with the aminogroups of chitosan and the formed electrostatic and 325 

H-bonds of CuPc with chitosan, which weaken the C-N and N-H bonds. 326 

In the case of CSСоРс, for which the main type of bond with chitosan is donor-acceptor 327 

interaction, the onset of the deamination process (Ton = 171 ℃) practically coincides with the 328 

temperature set for chitosan, while the temperature of maximum NH3 emission from the CSСоРс 329 

sample is lower by 17 ℃. Another characteristic difference can be traced in the analysis of the 330 

DSC curve CSCoPc - in the analyzed temperature range the exo-effect is not recorded, probably, 331 

in this case the crosslinked polymer structures shown in Figure 3 are not formed. A possible reason 332 

may be steric hindrances created by CoPc for the formation of a network of hydrogen bonds 333 

between macrochains and screening of a part of aminogroups due to donor-acceptor interaction 334 

with CoPc. It is possible that it is these screened NH2 groups that are split off with the maximum 335 

emission at a temperature of 314 °C (Table 1). 336 

Attention is drawn to the fact that the temperature ranges Ton – Tmax get narrow in the 337 

presence of metal phthalocyanines; all the processes under consideration are much faster. It is 338 

obvious that the introduction of sufficiently bulky metal phthalocyanine molecules into the 339 

polymer disrupts the network of hydrogen bonds between macrocyclic chains, weakens the bonds 340 

and reduces the degree of crystallinity. All these structural changes in the polymer promote 341 

pyrolysis, facilitate the removal of volatile gaseous products, and, probably, contribute to the 342 

reaction rate increase. 343 

Comparison of high-temperature processes occurring in the samples under study is 344 

problematic, since they are superimposed on the processes of destruction of peripheral 345 

substituents, and then of the macroring. However, it should be noted that, in general, the process 346 

of pyrolysis of CSCuPc is quite similar to the thermal destruction of chitosan, since, despite the 347 

high rate and change in the maximum temperatures, the composition of the volatile pyrolysis 348 

products is the same (Table 1). Complexation of chitosan with CoPc more significantly affects the 349 

chemistry of pyrolysis, leading to the disappearance, for example, of the low-temperature stage of 350 

the formation of cross-linked polymer structures, and the high-temperature stage associated with 351 

the emission of hydrogen cyanide. 352 

Judging by the obtained IR spectra of carbonizates CSCuPc and CSCoPc, pyrolysis of 353 

polymer complexes of chitosan with phthalocyanines, all other things being equal, leads to the 354 

obtaining of somewhat different products. The spectra of carbonizates CSCuPc and CSCoPc, in 355 

contrast to the IR spectrum of chitosan carbonizate, contain a much larger number of the bands 356 

resolution (Table 2). As an example, Figure 8 shows the IR spectrum of CSCuPc and its 357 

carbonizate. 358 

 359 
Table 2. IR spectra of carbonizates of chitosan and its complexes with copper(II) and cobalt(II) 360 

tetrasulfophthalocyanines. 361 

Carbonizate 
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CS CSCuРс   CSCоРс 

570 wery weak 599 very weak  589 very weak 

805 weak - 874 very weak 

- 1110 very int. 1131 broad, int. 

- 1556 weak - 

1610 average 1639 average 1636 average 

- 2914 weak - 

- 3432 broad, int. 3462 

 362 

 363 

 364 

 365 
Figure 8. IR spectrum of the initial (upper line) and heated to 750 ℃ (lower line) CSCuPc. 366 

  367 

The IR spectra of the carbonizates CSCuPc and CSCoPc are similar to each other, despite 368 

significant differences at the initial stage of pyrolysis. The 1640 cm-1 band, along with the 1200 -369 

1000 cm-1 bands, is referred to as aromatic compounds. 370 

In addition, the band in the 1800-1600 cm-1 region, as noted above, may be due to the 371 

presence of C=O [32] groups. 372 

Characteristic out-of-plane deformation vibrations of C-H in low-substituted aromatic 373 

compounds are manifested in the range of 670-900 cm-1 [31,32], and this phenomenon is observed 374 

in the case of carbonizate CSCoP. In the IR spectrum of CSCuPc this band is also visually detected, 375 

but it is much less intense. In this case, the IR spectrum of the carbonizate CSCuPc shows a band 376 

at about 1556 cm-1, which most likely corresponds to the stretching vibrations of the C = C bond 377 

in olefins [37]. This assumption is also supported by the band at 2914 cm-1 associated with the 378 

stretching vibrations of the CH group in aliphatic compounds [32]. 379 

Noteworthy is the presence in the IR spectra of carbonizates CSCuPc and CSCoPc of a 380 

very wide band in the region of 3400 cm-1,probably, due to the presence of terminal OH groups of 381 

carbohydrates; moreover, the band in the region of 1140-1100 cm-1 can also refer to the vibrations 382 

of the valence bond C-O fragment of carbohydrates C-OH [32,38]. 383 

Thus, the pyrolysis of chitosan and its polymeric complexes with metal 384 

sulphothalocyanines leads to the formation of carbonizates with a wide variety of graphite-like 385 

structures with different content of polyconjugated carbon-carbon bonds. The introduction of CuPc 386 

causes an increase in the content of aliphatic structures, and CoPc - of aromatic compounds. In 387 

conclusion, we would like to note that the pyrolysis of chitosan and its polymer complexes can 388 

probably become a valuable tool for obtaining graphite-like structures. 389 

  390 
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