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Abstract

Thermal degradation properties of 5-(4-substitubethylazo)-3-amido-6-hydroxy-4-methyl-2-
pyridones and 5-(4-substitutedphenylazo)-3-cyaryd-oxy-4-methyl-2-pyridones dyes, differing in
electron withdrawing and electron donating substita inpara- position of diazo components were
examined. The structure of the synthesized compoimag been confirmed Bi# NMR,*C NMR,
FTIR, UV-Vis and XRD analysis techniques. The reswbtained with thermogravimetric analysis
(TGA) — derivative thermogravimetry (DTG) and driéatial thermal analysis (DTA) were combined
with GC-mass spectral fragmentation to obtain tterdecomposition mechanism. Non-isothermal
kinetics were monitored by application of TGA-DTG-R. For Kinetic behavior of the investigated
dyes during their degradation in an inert atmosphKissinger, Ozawa, Flynn-Wall-Ozawa (FWO)
and Kissinger-Akahira-Sunose (KAS) isoconversiofrabdel-free) methods were applied. It was
found that different thermal stabilities of investied dyes are the consequence of their different
chemical structures, including diverse substituents
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1. Introduction

Azo dyes represent a large class of compoundswide industrial applications such as optical data
storage, dye-sensitized solar cells, laser teclgyoiok-jet printers, non-linear optics and coloeitmc
sensors [1-9]. Also, they have found applicatiorthie textile and pharmaceutical industry [9-13].
Heterocyclic azo dyes are preferred over carbocydp dyes due to prominent bathochromic effect.
Heterocyclic azo compounds containing S and N atoawe shown potential applications in a number
of biological reactions. Furthermore, these dyesesavironmentally friendly [14-17].

The significance of azo dyes is reflected in a $&meparation by diazotization and azo coupling,
and possibilities of combining many different diammmpounds and coupling components in order to
obtain a large number of dyes of different colard aharacteristics [18].

An important group of azo dyes is based on pyriddeevatives as coupling components [18-20].
These dyes have excellent coloration propertiesgaralbright yellow-red hues. The utilization o&th
dyes for special uses is associated with theimtaéstability. Depending on the nature of substitue
(electron withdrawing or electron donating) thatlézated on thepara- position of the diazo
components of azo pyridone dyes, different thestedility can be obtained [21].

The results of the thermal analysis of arylazo dyssbe used to obtain useful information abodut the
thermal stability and also to determine the temijpeearange in which they can be used without
changes in their composition, color and properties.

The resistance to heat at elevated temperatui@sei®f the main properties required of dyes
used in high-temperature processes such as dyeimging and in high technology areas such as
lasers and electro-optical devices [21-28]. Theekas of thermal degradation of dyes is an impartan
factor in describing the impact of experimentalgpaeters included in the characterization procedure
or in the synthesis routes on the parameters whiehrelated to the reactivity of dyes, in given
conditions that would dictate their application {24).

In this work, three new 5-(4-substituted phenyla2@mido-6-hydroxy-4-methyl-2-pyridone dyes

were synthesized in order to examine their themstatility and kinetic behavior, and compare them



with the same quantities of their 3-cyano analbgs were previously synthesized bycusli¢ et al.
[35, 36].

The structures of the synthesized compounds haee benfirmed by elemental analysis,
FTIR, NMR, UV-Vis and XRD analysis, and thermaltsligy is examined using TGA-DTG and DTA
techniques. According to our best knowledge, timetikts behavior from generic standpoints for these
synthesized pyridone dyes with established kingdi@ameters (such as activation eneigyand pre-
exponential factor,Z) is not reported in the open literature. Towardckiaetic analysis of the
synthesized azo dyes, a certain number of selectedsothermal kinetic methods were applied.
2. Experimental
2.1. Materials

2-Cyanoacetamide (99%), Acros; ethylacetoacetaligkaF methanol (>99.99 %), Acros;
potassium hydroxide, Hemoss; hydrochloric acid, ddesulfuric acid, Zorka Sabac; aniline (>98%),
Fluka; p-bromoaniline (>98%), Fluka; 4-aminophenol (>97%)juka; sodium nitrite, Hemoss;
ethanol, HPLC, Fisher Chemical, DMSO (>97 %), Merck

2.2. Synthesis

All investigated azo dyes have been synthesized fite corresponding diazonium salts and
3-amido-6-hydroxy-4-methyl-2-pyridoneld-c) or 3-cyano-6-hydroxy-4-methyl-2-pyridon€a-c
using the classical reaction of diazotization araalcoupling for the synthesis of the azo compsund

[37]. The crude products were recrystallized fidiN-dimethylformamide.
2.2.1. Synthesis of 3-cyano-6-hydroxy-4-methyli&dpyge

3-Cyano-6-hydroxy-4-methyl-2-pyridone has been areg as published before [38]. The 2-
Cyanoacetamide (5 g, 0.06 mol), ethyl acetoacéfagg, 0.06 mol) and potassium hydroxide (3.92
g, 0.07 mol) of were dissolved in methanol (120 mA)homogeneous mixture was heated with
stirring for 8 hours in a flask equipped with aridh condenser. By filtration on the Bluchner funnel

the solid was separated, which was then dissolvadistilled water. Concentrated hydrochloric acid



was added to the solution to give an acidic medililven, the solid substance was separated by

filtration on the Bichner funnel, and it was drindhe air.
2.2.2. Synthesis of 3-amido-6-hydroxy-4-methyl+dpye

In order to convert 3-cyano-6-hydroxy-4-methyl-2didgne to 3-amido-6-hydroxy-4-methyl-
2-pyridone, acid hydrolysis was done using theofeihg procedure: 3-cyano-6-hydroxy-4-methyl-2-
pyridone (1.0 g, 6.67 mmol) was added carefullff@omL of sulphuric acid (with 15% of S The
reaction temperature was maintained below 100 ténTthe reaction mixture was heated for 30 min
using a water bath at 95-100 °C and after thatrtix¢ure was poured over 200 g of crushed ice. The
obtained crystals were isolated by filtration amgkdi on air. The structure of 3-amido-6-hydroxy-4-
methyl-2-pyridone is confirmed by the following cheteristics: white crystalline substance; m.p.196-
197°C, yield 42%; FT-IR (KBry/cmi™): 3482 (NH), 3419 (OH), 1670, 1623 (C=0), 1557 (INH430
(C—N), 708 (NH);'"H NMR (200 MHz, DMSO#ds, 8/ppm): 2.38 (3H, s, Ch), 5.52 (1H, s, §;*°C

NMR (50 MHz, DMSO#d, 8/ppm):169.97, 164.70, 159.37, 156.14, 101.74, 9282 4.
2.2.3. Preparation of the diazonium salt

The corresponding aniline was dissolved in conegsti hydrochloric acid (2.5 mL) and
cooled down to 0 °C. Sodium nitrate (11 mmol) wassalved in cold water (4 mL) and added
dropwise to the aniline solution. The mixture wased for an hour to give the diazonium salt o th

corresponding aniline [39].

2.2.4. Synthesis of 5-(4-substitutedphenylazo)-Blau®+-hydroxy-4-methyl-2-pyridone&atc) and 5-

(4-substitutedphenylazo)-3-cyano-6-hydroxy-4-me2hgyridones 2a-c)

The corresponding pyridone (10 mmol) was dissolire@n aqueous potassium hydroxide
solution and cooled down to 0 °C. Then diazoniuth ¢faselected aniline was added dropwise to a
solution of pyridone which was stirred for half haur. Additionally, the mixture was stirred for 3

hours while maintaining a low temperature (0 °Clurtker, the mixture was left in the fridge



overnight, after that, it was filtered, washed withter and dried. The compounds were recrystallized
using N,N-dimethylformamide, and the solid substance is isg#pd by filtration on the Bichner

funnel. Obtained dyes were dried in the air. Therall synthesis scheme is presented in Fig. 1.

o%ﬁéﬁm ~ e

H,S0,(SO4 15%) Azo form Hydrazone form
95-100°C
X=OH (2a), H (2b), Br (2¢)

(Hg

Azo form Hydrazone form

X=OH (1), H (1b), Br (1¢)

Fig. 1. The dyes synthesis scheme and their azo-hydrazotmrterism.
2.3. Methods of characterization
Elemental analysis was performed using a VariolEelémental analyzer.
2.3.1. FT-IR, NMR

The IR spectra were recorded using a Bomem (Candé&ayperies 100 Fourier transform-
infrared (FT-IR) spectrophotometer in the form oBiKpellets. The'H and **C NMR data were
performed using a Varian Gemini 2000 (200 Hz andHZ) respectively) in deuterated dimethyl
sulfoxide (DMSOe€s) and trifluoroacetic acid (GEOOD) with tetramethylsilane (TMS) as an

internal standard. All spectral measurements waneet! out at room temperature (25 °C).
2.3.2. UV/Vis spectra

The ultraviolet-visible (UV/Vis) absorption spectrgere recorded on a Shimadzu UV-Visible

UV-2600 (Japan) spectrophotometer in the range72@m.



2.3.3. X-ray powder diffraction (XRD)

Azo dyes were examined by X-ray powder diffracti®d®D measurements were performed
using a Rigaku (Japan)SmartLab diffractometer Wiray lamp working on 40V/30mA. Diffraction

data were recorded in & Pange from 10° to 60° counting 10°mfrin 0.02° steps.

2.3.4. Thermogravimetric (TG) and derivative thegravimetry (DTG) studies

The thermal stability of the samples was inveséiddiy the TGA and DTG techniques, as well
as DTA technique, using a SetaramSetsys Evolutiés0 Iinstrument (France). The samples were
heated from 30 to 800 °C in a flow rategof 20 cni min™, under the pure argon (Ar) with a heating
rate of 8 = 2.5, 5, 10 and 20 °C mih For thermal characterization purposes of theistldamples,
thermo-analytical curves at 10 °C riirwere only displayed. The average mass of the ssmphs
about 4 mg.

2.3.5.Gas chromatography-mass spectrometry (GC-MS)

For GC/MS analysis Agilent Technologies 7890B da®matograph coupled with 5977 MSD
mass detector was used. The gas chromatographowgped with a capillary column HP-5 MS Inert
((5% phenyl)-methylpolysiloxane, 30m x 0.25 mm,nfilthickness 0.25 pum from Agilent
technologies). For data processing MassHunter Q@itisk analysis software from Agilent
Technologies was used. The injector was operat@@@t’C. The oven temperature was raised from
150 °C to 305 °C at a heating rate 5 °C per miantisothermally hold 10 minutes. As a carrier gas
helium at 0.9 ml mift was used. Injection volume was 1 pl. Samples wdissolved in
dimethylformamide (DMF) (1:1000) and injected irs@litless mode. Mass detector was operated at
the ionization energy 70 eV in the 40-550 amu ratigeeshold was 150 amu and speed scanning of

1.56 u/s.



3. Results and discussion

3.1.FTIR andH NMR results

The investigated dyes exhibit azo-hydrazone tautisme(Figure 1), due to the presence of the
—OH group in thertho- position to the azo bridge [35].

The IR and'H NMR data for the synthesized arylazo pyridonesdgee given in Table 1.
Elemental analysis andC NMR spectral data of dyesa-c are given in Table 2. The IR and NMR
spectra of the dyes clearly show the existencé@thtydrazone form in powder form and DMS§)-d
respectively. The infrared spectrala 1b andlc dyes (Table 1) showed characteristic vibrations of
two carbonyl group in the region ofo 1643—-1673 cit indicating the hydrazone tautomeric form.
Also, N-H stretching vibrations from hydrazone gr@ue observed the region 3436-3457 Gwhile
N—H stretching of pyridone moiety is noted in tlegion of 3129-3164 cm. The infrared spectra of
2a, 2b and2c dyes (Table 1) also showed the presence of theahgde form: two carbonyl stretching
vibrations (1648-1674 cf), N-H hydrazone stretching (3385-3390 8mN-H stretching from
pyridone ring (3141-3153 c). Sharp peaks at 2224—2230 ¢mre attributed to —CN group [36].

The'H NMR spectra of all dyes (Table 1) exhibit a braaghal near 14.14—14.87 ppm. This
signal corresponds to N-H proton resonance of tygrazone form. These experiments are in
agreement with the previously reported results48p,Also, **C NMR spectra of thda-1c dyes
confirmed the existence of the hydrazone form. Peddserved in the region 166.5-166.9 ppm are
ascribed to carbonyl group of 3-amido, while pefam originating from pyridone ring are observed
at 161.9-162.2 ppm. The signals at 134.4),(126.0 (b) and 126.51c) are ascribed to hydrazone

C=N group.



Table 1.IR and'H NMR spectral data of synthesized arylazo pyriddyes

IR (KBr) v (cm™) 'H NMR (200 MHz, DMSO-ds, & (ppm))
Dye

Ve VNH Vco

2.23 (3H, s, Ch), 6.85 (2H, dJ = 8.0 Hz, Ar-H), 7.41 (2H, dl = 8.0 Hz,
la / 3436, 3129 1670, 1643  Ar-H), 7.48 (1H, s, NB), 7.68 (1H, s, NK), 9.68 (H, s, OH), 11.56 (1H, s,
NH on heterocyclic), 14.48 (1H, s, NH of hydrazdoem)

2.23 (3H, s, ChH), 7.20 (1H, t, 3 = 7.0 Hz, Ar—H), 7.36-7.60 (5H, m
1b / 3457, 3164 1673, 1656 NH,+Ar—-H), 7.71 (1H, s, NB, 11.68 (1H, s, NH on heterocyclic), 14.25
(1H, s, NH of hydrazone form)

2.21 (3H, s, Ch), 7.50 (2H, d, J = 10.0 Hz, Ar—H), 7.51 (1H, s, )H.60
1c / 3445, 3148 1673, 1653 (2H, d, J = 8.0 Hz, Ar—H), 7.69 (1H, s, MH11.70 (1H, s, NH on
heterocyclic), 14.14 (1H, s, NH of hydrazone form)

2.50 (3H, s, CH), 6.88 (2H, d, J =9 Hz, Ar—H), 7.55 (2H, d, J H8, Ar—
2a 2224 3385,3153 1668, 1648 H), 11.93 (1H, s, N—H on heterocyclic), 14.87 (BHHN-H of hydrazone

form)

2.76 (3H, s, Ch), 7.55 (5H, m, Ar—H), 11.89 (1H, s, N-H on hetesdic),

2b 2230 3390,3153 1670, 1656
14.55 (1H, s, N-H of hydrazone form)
2.50 (3H, s, Ch), 7.51 (2H, d, J = 9 Hz, Ar—H), 7.67 (2H, d, J &8, Ar—
2c 2227 3385,3141 1674, 1665 H), 11.99 (1H, s, N-H on heterocyclic), 14.45 (EHHN-H of hydrazone

form)

Table 2. Elemental analysis ardC NMR spectral data of arylazo pyridone dyga-c)

Dye Elemental analysis ¥C NMR (50 MHz, DMSO-ds, 8/ppm)

1a CiH1N:Oz C, 54.17; H, 4.20; N, 19.44 _ 166.9 (CONH), 162.2 (Py), 162.0 (Py), 156.1 (Ar), 146.1 (841
Found: C, 54.01; H, 4.10; N, 19.11 (Ar), 124.0 (C=N), 122.6 (Py), 118.1 (Ar), 116.5 JAL4.5 (CH)

1b CiaH1oN:Os C, 57.35: H, 4.44; N, 20.58  166.6 (CONH), 162.2 (Py), 162.0 (Py), 145.6 (Py), 142.0 (A99.9
Found: C, 56.81; H, 4.31; N, 19.77 (Ar), 126.0 (C=N), 125.5 (Ar), 124.0 (Py), 116.3 JAt4.5 (CH)

1c CiH11BrN,O5: C, 44.46; H, 3.16; N, 15.95 166.5 (CONH), 162.2 (Py), 161.9 (Py), 145.3 (Py), 141.5 (A82.6
Found: C, 44.11; H, 3.20; N, 16.12 (Ar), 126.5 (C=N), 124.6 (Py), 118.3 (Ar), 117.2 JAL4.5 (CH)




3.2.UV-Vis results

The UV-Vis spectral data of arylazo pyridone dyesethanol [35] are shown in Table 3. The
obtained data confirm that the positions of the Ug-absorption maxima depend on the nature of
the substituents of the diazo component as wethathe nature of the substituents of the pyridone
component. Introduction of a donor substituent (3Okto the diazo component leads to a
significant bathochromic shift of the long-wavel&m@bsorption maximum, due to reinforced
delocalization. From Table 3, it can be noted thxbduction of amido group in the position 3 of
the pyridone ring instead of cyano causes a hypeath shift of absorption maxima of the
corresponding dyes. It has been established th&-¢yano pyridone dyes, cyano group represents
the principal acceptor of the charge transfer thhotihe molecule [36,41]. The replacement of this
strong electron-accepting group with weaker amgloup causes the change in the transmission
mode of electron density which is reflected by aforentioned hypsochromic shift. Also, CIE lab

diagram for dyeda-cand2a-cis shown in Fig. 2.

Table 3. The wavelength maximianax (M) from UV-Vis absorption spectra of arylazoipggne dyes

in ethanol and the molar extinction coefficients

Dye la 1b 1c 2a 2b 2c
Amax (NM) 451.3 420.1 420.2 469.5 433.1 4385
log & (moldn’cm™) 4.48 4.49 4.56 4.52 4.37 4.32
0.9
520 *x 1a
0.8 ® 1b

0.7

L X ]
&

0.6
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X

Fig. 2.CIE lab diagram for dye%a-c and2a-c
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3.3. XRD results

The XRD analysis for all synthesized dyes (Figs.aBd 3b), showed relatively intense narrow
reflection peaks suggesting that the all synthésidges are highly crystalline, and no additional
thermal treatment is necessary. Aziz et al. [42) @onfirmed the crystalline form of azo dyes tigiou
the XRD spectra analysis. Arylazo pyridone dyesegaity crystallize in hydrazone form [43, 44].
The formation of layered structures is the consegeieof hydrogen bonds angdn stacking
interaction. The change of the substituent on thenpl ring causes a change in the dihedral angle

between the plane of the pyridone and the phengland leads to a different package of molecules.

a) b)

—2b

Intensity (Counts)
Intensity (Counts)

T T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60

260() 26()
Fig. 3. XRD patterns for dyes: dp, 1b and1c; b) 2a, 2b and2c

3.4. Thermal analysis results

Thermal stability of azo dyes was analyzed usingATIG and DTA techniques. The
temperature of the beginning of the sample decoitiposrepresents the thermal stability of the
investigated dyes. The simultaneous TGA-DTG cuatdbe heating rate of 10 °C mtrare shown in
Figs. 4-9. Based on the mass spectral fragmentpatinvays, the degradation of dylesc and2a-c
is assumed. Also, the resulting degradation fragenbave been confirmed by FT-IR spectra of the
dyes before heating and the residue after heatisgeified temperatures.

TGA curve (Fig. 4) of compountia shows that thermal degradation occurs in thrgessiehe
first step (at 50 — 80 °C) is due to evaporatiofreé adsorbed water (4%) which can be seen on DTA

curve (Fig. 10) as a peak at 71°C. The second(ate}77 — 400 °C) is due to loss ofsHgON,", CO
10



and NO (Exper. % = 63, Calcd. = 62.5 %) and thedtsiep (at 400 — 800 °C) is due to fragmentation
of residual pyridone €4sNO". These mass losses are observed as two peaks3ri&iture (Fig. 4)

at 70 and 305.6 °C, and in DTA curve (Fig. 10) adathermic peaks at 71 and 305 and 365 °C,
respectively.

Compoundlb shows three degradation steps (Fig. 5): the $tegh (at 180 — 270 °C) is due to
dehydroxylation of chemically bonded water (4%)eH®econd step (at 270 — 425 °C) is due to loss of
—CsHsNL', CO,, NO (Exper. % = 65.9, Calcd. = 65.8 %) and thedtstep is due to the fragmentation
of residual pyridone §H;NO™. These mass losses appeared in DTG feature & 28%Fig. 5) and at
283.6 °C as endothermic peak observed in DTA c(Fig 10).

Compoundlc shows four degradation steps (Fig. 6): the firspgtat 70 — 95 °C) is due to the
loss of free adsorbed water (2%), the second sitep00Q — 120 °C) is due to the loss of —-HCN (Exper.
% = 7.5, Calcd. = 7.7 %), the third step (at 29006-8C) is due to loss of +84BrN," and CQ
(Exper. % = 71.5, Calcd. = 71.0 %). The fourth stap500 —800 °C) is due to residual gaseous
compounds. These mass losses appeared in DTGdextd01.5 and 299.6 °C (Fig. 6) and at 103.3
and 296.9 °C, as two endothermic peaks in DTA c(fig 10).

The degradation of compougd occurs in three steps (Fig. 7): the first stepataiut 80 °C) is
due to the loss of free adsorbed water (2%), theorsk step (at 130 — 195 °C) is due to
dehydroxylation of chemically bonded water (10%)he third step (at 275 — 700 °C) is due to the
loss of GHsN,", HCN and CH (Exper. % = 51, Calcd. = 50 %). These mass loase®bserved as
two peaks in DTG feature (Fig. 7) at 192.1 and 842, and in DTA curve as an endothermic peak at
80 and 192 and exothermic peak at 291.7 °C, raspbc(Fig. 11).

Compound2b shows three degradation steps (Fig. 8): the stegh (at 190 — 240 °C) is due to
dehydroxylation of chemically bonded water (10%} second step (at 288-350 °C) is due to loss of
CeHsN™ (Exper. % = 36, Calcd. = 35.8 %), the third step 350 — 800 °C) is due to the slow
degradation of residual pyridoneH;NsO*. These mass losses are observed as three peBRGIN
feature (Fig. 8) at 85 °C (free adsorbed water.22and 308.2 °C, and in DTA curve as endothermic

peaks at 79.5 and 234.6 °C, respectively, and nothermic peak at 311.1 °C (Fig. 11).
11



Compound2c shows three degradation steps (Fig. 9): the gtegh at about 85 °C is due to the
loss of free adsorbed water (3%), the second step60 — 320 °C) is due to loss of HBr, HCN and
‘OH (Exper. % = 37, Calcd. = 37.5 %) and the thitepgat 320 — 700 °C) is due to the loss gfg
(Exper. % = 23, Calcd. = 23.4 %). These mass logppsared in DTG feature at a single point of
280.7 °C (Fig. 9) and at 282.1 °C as one exothepmak in DTA curve (Fig. 11).

The appearance of some endothermic peaks in the Elirdes arises from the chemical
reaction of separated gases with residual substame#i examined dyes, the mass losses linketdo t
first step were attributed to the elimination osarbed water molecules, that exhibits endothermic
behavior. Initial degradation of dyes molecule &inee occurs in the second degradation step (above

250 °C). The remaining of 10-30% represent somméaor carbon-based residues.
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Fig. 4. The TG/DTG curves of dye 1a at®@®@min* Fig. 5. The TG/DTG curves of dye 1b at®@®@min*
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The thermal characteristicef the synthesized dyes, which include correspandiegradation
temperature intervals (°C), the positions of DT@ &iTA peaks (expressed in °C), the mass loss

values, as well as the total mass loss values€egpd in %) were summarized in Table 4.
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Table 4. Thermal characteristics of arylazo pyridone dyes.

Degradation DTA peak value (°C)
DTG peak Mass Total mass

Compound temperature
value (°C) loss (%) loss (%) Endo Exo
interval (°C)

50 - 80 70.0 4 71.0
la 88 /
277 - 400 305.6 63 305.0
400 - 800 21 365.0
180 - 270 4
1b 270 - 425 285.8 65.9 82 283.6 294.0
425 - 800 12.1
70 - 95 2
100 - 120 101.5 7.5 103.3
1c 90
290 - 500 299.6 715 296.9 303.7
500 - 800 9
80 2
2a 130 - 195 192.1 10 63 192.0 291.7
275 - 700 291.6 51
/ 85.0
190 - 240 228.7 10 79.5
2b 72 311.1
288 - 350 308.2 36 234.6
350 - 800 26.4
85 3
2c 260 - 320 280.7 37 63 / 282.1
320 - 700 23

Based on these results (Fig. 4-11 and Table 4antbe noticed that thermal stability does not
only depend on the change of the cyano group imtoaimide on the pyridone ring, but also on the
nature of the substituent at theposition of the benzene ring of the coupling comgnt. Considering
dyesla-c the compoundb exhibits the lowest decomposition temperature (ZZ)) even though it
has the lowest structural steric hindrance (abs@ficeubstituent omp- position on phenyl ring),

whereas the compourat is of the highest one (290 °C) and the highesicstendrance.
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Taking into account the somewhat different shapi@thermo-analytical curves for dy2s-
c compared to those present in dy&sc, the dye2c shows the lowest decomposition temperature
(260 °C), while dye2b exhibits the highest (288 °C) (Table 4). The défa thermal stabilities among
various dye groups is probably the consequenceheir tchemical structure including diverse
substituents that strongly affects this characiion issue. However, the slow and continuous
decomposition of the molecular structure at sevéegradation steps (i.e. through three to fourstep
with residues about 20% at the end of the processlaserved as the general property of the studied
dyes during degradation in an inert atmosphereléT4b As a result of these issues, the investitjate
dyes exhibit a complex thermo-analytical curvesavédr. This probably can be attributed to their
hardly decomposing properties related to corresipgndtructure (high value of molecular mass ~
300g motY). The different ways by which the dyes degradeeddp upon the nature of substituent
(hydroxy group or bromine atome). This phenomenas velated to the fact, whether the substituent
is in ortho-, meta, or para-position on the aromatic ring [45]. It was obseteat if the substituent is
in the para-position, the dye may show three steps of mass [45]. So, with respect to the
temperature of degradation beginning, the follomamder can be obtained: dy&s > 1a > 1b, and
dyes2b > 2a > 2c. Different behavior of substituted dyes with -Ohda-Br substituent is probably
due to the different strength of the hydrogen bdmetsveen the substituent on the phenyl ring and the

hydrogen of the amide group or of the -NH groupdfagone form).

Since that the initial degradation temperaturer dfte release of adsorbed water molecules represent
a measure of thermal stability [46], from aboveiliated results, we can conclude that d§asc
exhibits higher thermal stability than dy2s-c

The enhanced thermal stability of dyiescis supported by the fact that these dyes have more
abilities to create intra-molecular hydrogen bohdtveen the oxygen of the carbonyl group and the
proton from the amide group [47]. In addition, thermal resistance was highest for more hindered

dyes (Fig. 1), especially, for Br-substituted dgbdqut 290 °C).
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3.5.Mass spectra
The mass spectra of the obtained dyes are presenféglires 12 a-f. Some characteristic degradation
fragments are presented in Table 5. Other sigralgprbably derived from an intermediate or are

formed by the interaction of the fragments. Theaegponding chromatograms are presented in Figs.

S1-S6 Supplementary material

Table 5. Characteristics m/z values and corresponding feaysn

Dye m/z m/z Chemical Molecular
(experimental)| (theoretical) formula weight, g/mol

la 229.1 229.09 C12H11N30, 229.24
123.1 123.05 CeHgNLO" 122.13

95.0 95.04 CsHsNO* 95.10

77.0 77.04 CeHs" 77.11

1b 2721 272.09 Ci13H12N4O5 272.26
256.0 256.10 Ci3H1N,0, 256.27

227.1 227.09 Ci2H1IN, O 227.25

199.1 199.07 C11HoN5O 199.21

105.0 105.04 CeHsN," 105.12

94.1 94.03 CsH/NO™ 94.09

1c 281.1 281.0 C11H10BrNzO 280.13
184.9 184.95 CsH4BIN," 184.02

154.9 154.95 CeH.Br* 156.00

97.1 97.05 CsH;NO 97.12

2a 240.2 240.10 CisH12N4O 240.1
105.0 105.04 CeHsN," 105.12

2b 254.2 254.08 C13H10N4O, 254.25
91.7 91.04 CeHsN™ 91.11

2c 254.1 254.08 C13H10N40, 254.25
238.1 238.09 Ci3H1oNLO 238.25

77.1 77.04 CeHs" 77.11

94.1 94.03 CsH/,NO™ 94.09
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3.6.Kinetic analysis

The kinetic parameters at various heating rates, &, 10 and 20C min™?) for molecular
structure degradation process that occurred asebend steps (250-400 °C) of all investigated dyes
were determined using “model-free” kinetics.

The model-free analysis allows determining thevation energy of the reaction process
without the assumption of a kinetic model for thheqess [48]. Also, the reaction type is usually not
required to calculate the activation energy. Theliagtion of these methods is based on TGA curves
recorded at 4 different heating rates.

Under linear heating condition, apparent activatmergy and pre-exponential factor of the
primary decomposition of all dyes are determinedviy methods [49, 50]: Kissinger (1) and Ozawa
(2) method. These methods are based on the changjes exothermic peak temperaturga.d with

changes in the heating rdte

l B ZR E,
09 ——

P — 1
T2 C9E, T 2303 RT,, M

logp = log =% — 2315 — 04567 (=) (2)

R max

The activation energy and pre-exponential facter @raluated from the linear dependence offiog
versus 1/Tax as the slope and intercept, respectively.

To obtain the activation energy at different degreé conversion, isoconversional integral methods
Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunq$6AS) were applied, according to the

equation (3) and (4), respectively [51, 52].

ZE,
Rf(a)

Inf = In (=%) - 5.331 - 1.0522 (3)

B\ _ ZR Eq
In (ﬁ) =lIn (Eaf(a)) T (4)
B is the heating rate (2.5, 5, 10 and 20 °Cijrf(o) is the conversion function, Z — pre-exponential

factor, Ea — activation energy (J my] R — gas constant (8.314 J md{™), T — sample temperature

in Kelvin.
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The values of the activation energies can be derikam the slope If = f(1/T) for FWO method or
from the slope If{/T?) = f(1/T) for KAS method, without knowledge ofdi( by taking the values ¢f
and T for differento. values. The conversion degree dependence of tatoperat different heating

rates is presented in Fig. 13.

The influence of different temperatures regimesnuploe thermal behavior of the investigated
compound can provide kinetic parameters indicatimgnge in the reaction pathway. The complexity
of a stage can be expressed from the activatiornggraependence on the conversion degree [33].
When Ea does not depend @nonly single reaction is involved and should beadied by a unique
kinetic triplet (Ea, Zp). If activation energy changes with conversionrdegthe process is complex.
In the case of an increase in Ea wittthe process involves parallel reaction. In theeaaf a decrease
in Ea witha and the concave shape of its evolution, the peohas reversible stages. For decreasing
convex shape, the process changes the limiting stdwe calculated E&@( dependence is presented in

Fig. 14.
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using FWO and KAS methods.

For compound.a (Fig. 14a) increases in Ea value (0.4& < 0.65) up to approximately 390 kJ rrol
(FWO and KAS) can be attributed to the appearahpallel reactions involving in the degradation
process. These encompasses heterolytic splittirrg@foonds [53], where the phenol derivative in a
form of GHsON;" is releasing together with other charged chenspalcies. This is in accordance
with the assumed degradation process (3.4).

Decreasing of Ea values for compourids 1c, 2a 2b and 2c with a conversion progression is
attributed to the energy relaxation of this reactstage, with released products which are instantly
formed. However, this trend has a decreasing cori@onversion shape (Fig 14b - f), so the
degradation process changes the limiting stage. [B4bmall increase in the Ea values in the
conversion range 0.75 &« < 0.9 can be attributed to bond breaking everitde® to anhydrous dye
structure and gaseous products releasing &@ NO. The activation energy obtained by mods fr

methods like the Kissinger, Ozawa, FWO and KAScaraparable and in good agreement.
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Table 6.The value of Ea and Z using Kissinger and Ozawdaatktor dyes 1a-c and 2a-c

Compound Kissinger method Ozawa method

Ea, kJ/mol Z, mift Ea, kJ/mol Z, mint

la 456.06 2.21E+41 442.74 3.85E+40
(R=0.996) (R=0.996)

1b 408.33 2.34E+38 397.03 4.72E+37
(R=0.998) (R=0.998)

1c 346.64 5.61E+31 338.57 1.63E+31
(R=0.979) (R=0.979)

2a 474.69 2.11E+55 442.46 6.21E+41
(R=0.942) (R=0.940)

2b 580.16 3.67E+63 542.48 6.77E+49
(R=0.978) (R=0.978)

2c 483.65 8.78E+56 451.14 2.56E+43
(R=0.980) (R=0.979)

Table 7.Kinetics and thermodynamics parameters value catiedlby FOW and KAS methods fba

FWO KAS
Ea AH AG AS Ea AH AG AS

o (kd/mol) (kd/mol) (kd/mol) (kI/mol) (kI/mol) (kI/mol) (kI/mol) (kJ/mol)
0.15 258.18 253,55 149.43 0.182 262.13 25750 ©649.3 0.189
0.2 273.32  268.67 149.16 0.209 278.02  273.37  149.08.217
0.25 291.47 286.80 148.85 0.241 297.08 29241  ©48.7 0.251
0.3 313.79  309.09 148.50 0.281 320.52 315.84  148.400.293
0.35 33341 328.71 148.22 0.316 341.14  336.44  148.1 0.329
0.4 351.80 347.08 147.96 0.348 360.47 355.76  147.840.364
0.45 366.40 361.68 147.77 0.374 375.82  371.09 $47.6 0.391
0.5 380.43 375.70 147.59 0.399 390.56 385.83  147.460.417
0.55 380.99 376.25 147.58 0.400 391.14 386.40 $47.4 0.418
0.6 383.04 378.29 147.56 0.403 393.28 388.54  147.430.422
0.65 37751 372.76 147.63 0.394 387.46  382.71 047.5 0.412
0.7 361.39 356.64  147.83 0.365 370.49 365.74 147.710.382
0.75 345.94 341.19 148.04 0.338 354.23 349.48  B347.9 0.353
0.8 301.39 296.64  148.70 0.259 307.35 302.59 148.600.269
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Table 8.Kinetics and thermodynamics parameters value catiedlby FOW and KAS metho@a

FWO KAS
Ea AH AG AS Ea AH AG AS

a (kd/mol) (kI/mol) (kI/mol) (kI/mol) (kI/mol) (kI/mol) (kI/mol) (kJ/mol)
0.15 421.04 416.45 142.38 0.494 433.57 428.98 542.2 0.517
0.2 41522 410.62 14245 0.484 427.44  422.84  142.310.506
0.25 401.73 397.13 142.60 0.459 413.24  408.64  742.4 0.480
0.3 40355 398.95 14258 0.462 415.15  410.54  142.4%).483
0.35 392.85 388.24 142.70 0.443 403.88  399.27  842.5 0.463
0.4 386.06 38145 142.78 0.430 396.73  392.12  142.660.450
0.45 369.80 365.19 142.98 0.401 379.62 375.00 $42.8 0.419
0.5 341.28 336.66 143.35 0.349 349.60 344.98  143.240.364
0.55 295.39 290.77 144.02 0.265 301.29 296.67  B43.9 0.275
0.6 259.80 255.16 144.61 0.199 263.81  259.17  144.540.207
0.65 234.03 229.37 145.09 0.152 236.64 23197  245.0 0.157
0.7 216.36 211.66 14545 0.119 21795 21325  145.420.122
0.75 213.32 208.56 14552 0.114 214.63  209.87 9454 0.116
0.8 227.08 22223 145.23 0.139 228.93 224.09  145.190.142

Enthalpy changefH is the difference in energy level between the reagad activated complex. The
overall positive enthalpy change affirms that ddgten of all obtained dyes is an endothermic
reaction where heat energies readily absorbed bysyistem for breaking and formation of new
chemical bonds. The difference in free Gibbs enet@, is the total increase in energy of a system
during the approach of reagents and the formatfaime» activated complex. GenerallG slightly
grows with the progression of the conversion degfepositive change inlG indicatesendergonic
reactions, i.e. non-spontaneous reactions. As datjom continues, more energy is required by the
dyes to undergo conversion. Entropy chant§®,is the measure of the degree of disorder of s&eBys
where it explains the closeness of a system towts thermodynamic equilibrium. As shown in Table
7 and 84Sis high at initial conversional fraction but degea as the conversion of sample increases.
This indicates that as dyes are being degradechigr, more reagents is being converted causing the

unreacted reagent to decrease [55].
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4. Conclusion

Thermal degradation of newly synthesized 5-(4-stuistiphenylazo)-3-amido-6-hydroxy-4-
methyl-2-pyridone and previously synthesized 5Hssitutedphenylazo)-3-cyano-6-hydroxy-4-
methyl-2-pyridone dyes, with different substituents para-position of diazo components was
investigated. The structures of the synthesized dyere confirmed by NMR, FTIR, UV-Vis and
XRD techniques. According to FTIR and NMR specttala, dyes exist in the hydrazone form in the
solid state and in DMS@s. By application of simultaneous TGA-DTG techniquéh additional
DTA analysis, the thermal stability and kinetic lse of the degradation process of the investijate
dyes were performed. The thermal analysis has shbatrthese compounds are stable up to 250 °C.
As a result of this behavior, these dyes are deitdbr use in high-temperature processes as
photocopying and printing. Considering ultimatetesia related to the initial temperature for
occurring of the primary degradation step, theolelhg orders of thermal stability of dyes were
established: dyed.c (Br-substituted) >1a (OH-substituted) >1b (unsubstituted), and dye2b
(unsubstituted) 2a (OH-substituted) 2c (Br-substituted). It was established that indepatigef a
given substituent, the thermal stabilities of sysihed dyes are different. Generally, d{@sc are
more stable than dy@a-c

It was found that different thermal stabilities \drious dye groups are the consequence of
their different chemical structures, including dise substituents that strongly affects thermalyansl
characterization issues. Complicated thermo-amalytturves for all dyes were identified. Results
obtained from TGA, DTG and DTA in combination wiBC-mass spectral fragmentation give proper
consent. The dyes degradation occurs due to brgaki€=N bond (hydrazone form), except for dye
2b, which degrade through the loss of N proton, fe#d by tautomerization to azo form and N=N
bond breaking.

The kinetic parameters indicating change in thectrea pathways were established using
various isoconversional (model-free) methods. Basedthese results, it was found that the

degradation mechanism of investigated arylazo pwed dyes is complex. During the main
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degradation stage, the activation energy decregsiethe conversion progress, indicating a complex
degradation process.
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Highlights

TGA-DTG and DTA analysis of pyridone azo dyes weeeformed

The thermal analysis has shown that dyes are stightie 250°C

The degradation occurs mainly due to breaking dfl ®end of hydrazone form
The kinetic parameters indicated a change in theti@n pathways

The investigated dyes are suitable for use in béghperature processes



