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Abstract Thermal properties of [cis-(dithiocyanato)(4,5-

diazafluoren-9-one)(4,40-dicarboxy-2,20-bipyridyl)ruthenium

(II)], [Ru(L1)(L2)(NCS)2] (where the ligands L1 =4,5-

diazafluoren-9-one, L2 = 4,40-dicarboxy-2,20-bipyridyl) have

been investigated by DTA/TG/DTG measurements under

inert atmosphere in the temperature range of 30–1155 �C.

The mass spectroscopy technique has been used to identify

the products during pyrolytic decomposition. The pyrolytic

final products have been analyzed by X-ray powder dif-

fraction technique. A decomposition mechanism has been

also suggested for the cis-[Ru(L1)(L2)(NCS)2] complex

based on the results of thermogravimetrical and mass anal-

ysis. The values of the activation energy, E* have been

obtained by using model-free Kissenger–Akahira–Sunose

and Flyn–Wall–Ozawa non-isothermal methods for all

decomposition stages. Thirteen kinetic model equations

have been tested for selecting the best reaction models. The

best model equations have been determined as A2, A3, D1,

and D2 which correspond to nucleation and growth mecha-

nism for A2 and A3 and diffusion mechanism for D1 and D2.

The optimized average values of E* are 31.35, 58.48, 120.85,

and 120.56 kJ mol-1 calculated by using the best model

equations for four decomposition stages, respectively. Also,

the average Arrhenius factor, A, has been obtained as 2.21,

2.61, 2.52, and 2.21 kJ mol-1 using the best model equation

for four decomposition stages, respectively. The DH*, DS*,

and DG* functions have been calculated using the optimized

values.
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Introduction

Ruthenium-(II) bipyridine-type complexes with polypyridyl

ligands are very useful building blocks for the construction

of supramolecular species capable of exhibiting peculiar

photochemical stability, strong visible absorption, efficient

luminescence, and a relatively long lived metal to ligand

charge transition (MLCT) [1–10]. Ruthenium-(II) bipyri-

dine complexes have been the focus of considerable atten-

tion for the past half century because of the best photovoltaic

performance in photovoltaic applications in terms of both

conversion yield and long-term stability. Recently, these

studies have received further interest because of their

potential application of polypyridyl compounds in the

development of sustainable and environmentally friendly

energy [11–13]. Several ruthenium complexes have been

used as dyes for photovoltaic applications [1–8]. In these

complexes, the anchoring groups such as carboxylic acid,

dihydroxy, and phosphonic acid on pyridine ligands serve to

immobilize the dye on the nanocrystalline TiO2 surface.

Structural properties and applications of ruthenium-(II)

polypyridine complexes have been studied extensively but

thermal properties of these compounds are rarely investi-

gated in the literature [14]. Thermal properties of these
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complexes have critical importance especially for solar cell

applications because of the requirement of long-term sta-

bility of the sensitizer under the operating conditions.

The [cis-(dithiocyanato)(4,5-diazafluoren-9-one)(4,40-dicar-

boxy-2,20-bipyridyl)ruthenium(II)], [Ru(L1)(L2)(NCS)2] (where

the ligands L1 = 4,5-diazafluoren-9-one, L2 = 4,40-dicar-

boxy-2,20-bipyridyl) were synthesized and characterized in

our previous study [3]. In the present study, we have studied

the thermal behavior of the [Ru(L1)(L2)(NCS)2] complex.

Based on the results of thermogravimetrical and mass

analysis the decomposition mechanism for the [Ru(L1)

(L2)(NCS)2] complex has been suggested. The values of the

activation energy, E* have been calculated by model-free

Kissenger–Akahira–Sunose (KAS) and Flyn–Wall–Ozawa

(FWO) methods [15–32]. The 13 model equations have been

tested for the best kinetic models giving the highest linear

regression, the lowest standard deviation and giving the E*

values in good agreement with those calculated from model-

free KAS and FWO methods. The optimized value of the E*

and A have been calculated using the best equation. Also, the

other thermodynamic functions (DH*, DS* and DG*) have

been obtained using these values.

Experimental

All organic solvents were supplied by Fluka, and used as

received. [RuCl2(p-cymene)]2, 4,5-diazafluoren-9-one (L1),

and 2,20-bipyridine-4,40-dicarboxylic acid (L2) were pur-

chased from Aldrich. The [Ru(L1)(L2)(NCS)2] complex

(Fig. 1) was synthesized according to the literature [3].

The DTA/TG/DTG curves were obtained by a Shimadzu

DTG-60H equipped with DTA and TG units. Measure-

ments of thermal analysis were performed in the range of

30–1155 �C using a-Al2O3 as a reference material while

samples were in Pt crucibles. Measurements were

performed in a dynamic nitrogen furnace atmosphere with

a flow rate of 50 mL/min. Different heating rates were used

such as 5, 10, and 15 �C/min and the mass samples were

ranged from 6 to 10 mg. LG/MS–ESI measurement was

carried out by an AGILENT 1100 MSD instrument to

identify the gas decomposition products. X-ray powder

diffraction (XRD) analysis of the final residue was made

with a Siemens F model diffractometer equipped with an

X-ray generator, Phillips, PW-1010 model ranging from 20

to 40 kV and 6–50 mA using a finely focused CuKa radi-

ation (k = 1.5406 Å).

Results and discussion

The thermal stability of the cis-[Ru(L1)(L2)(NCS)2]

complex

The decomposition temperature range, DTA minima peak

positions, percentage of mass losses, and evolved moieties

of the decomposition reactions are summarized in Table 1.

Thermal decomposition of the cis-[Ru(L1)(L2)(NCS)2]

complex

The DTA/TG/DTG curves of the ruthenium complex

obtained in the temperature range of 25–1155 �C are shown

in Fig. 2. It can be observed from the TG and DTG curves

that the cis-[Ru(L1)(L2)(NCS)2] complex exhibits four dif-

ferent decomposition stages. In the first stage, 1 mol H2O left

out in the temperature range of 30–117 �C with a mass loss

2.66% (calc. 2.58%). This result is also compatible with IR

measurement that exhibits a broad characteristic peak cor-

responding to OH group with hydrogen bonding at

3402 cm-1 [3]. The second decomposition stage at which

2 mol CO2 and 1 mol CO left out of the intermediate prod-

ucts were observed in the temperature between 117 and

307 �C. The mass loss in these products was about 16.68%

(calc. 16.63%). The intermediate product in the second stage

was Ru(SCN)2(C10H8N2)2. In the third stage, the mass loss

of 22.39% (calc. 22.36%) is observed in between 307

and 571 �C. In this stage, the groups that left out the

Ru(SCN)2(C10H8N2)2 are 2C5H4N. The intermediate prod-

uct of this step was determined to be [Ru(SCN)2(C5H4N)2].

At the final decomposition step in the 571–1155 �C range,

the experimental mass loss of 34.66% (calc. 34.40%) cor-

responds to the departure of 2C5H4N, 2SCN and 2CN groups

were observed. The final products to be Ru (JPDS File No:

88-1734) and (RuS2 (JPDS File No: 80-0669) with black-

gray color with the mass of 23.66% (calc. 24.03%) was

identified by XRD technique. In the DTA curve of the

ruthenium complex, three endothermic peaks were observed

as seen in Fig. 2. The minima of the DTA curve are obtained
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Fig. 1 The chemical structure of the cis-[Ru(L1)(L2)(NCS)2]

complex
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at 58, 217, and 656 �C, respectively. The first minimum

corresponds to the elimination of H2O and the other endo-

thermic minima correspond to the decomposition of the cis-

[Ru(L1)(L2)(NCS)2] complex. The minima of the DTG curve

observed at 58, 218, 340, and 653 �C demonstrate the four

decomposition steps and the maximum speed of the mass loss.

According to the data of the TG, mass, and XRD mea-

surements, the decomposition mechanism of the cis-

[Ru(L1)(L2)(NCS)2] complex can be given as in the

Scheme 1. The XRD pattern and mass spectra can be seen

in Figs. 3 and 4, respectively.

Decomposition kinetics of the cis-[Ru(L1)(L2)(NCS)2]

complex

As it is well known, the non-isothermal kinetic equations

are used to determine the apparent kinetic parameters of

the thermal decomposition reactions. According to results

of International Congress on Thermal Analysis and Calo-

rimetry (ICTAC) kinetic project, Isoconversional methods

can be used extensively [33]. In Non-isothermal kinetics,

KAS [19–21] and FWO [17, 18] methods are the most

popular representatives of the isoconversional methods. In

our kinetic study for the cis-[Ru(L1)(L2)(NCS)2] complex,

the KAS and FWO equations were used to determine the

activation energy, E* of the decomposition reactions for

the conversion degree, a varying in the range of 0.05–0.95

in a step of 0.05. The ICTAC Kinetic Committee has

recommended to determine the E* values in a wide range

of a between 0.05 and 0.95 with increments of 0.05 [34].

The kinetic equations are described as following:

KAS equation;

Table 1 Thermoanalytical results of the decomposition reactions of the cis-[Ru(L1)(L2)(NCS)2] complex

Stage DTAmin./�C TG temp. range/�C Mass loss/% Evolved moiety

Exper. Theor.

I 58 30–117 2.66 2.58 –H2Oa

II 217 117–307 16.68 16.63 –CO, –2CO2

III – 307–571 22.39 22.36 –2C5H4N

IV 656 571–1155 34.61 34.40 –2C5H4N, –2CN, 2SCN

Residue – – 23.66 24.03 Ru ? RuS2

a In the course of thermogravimetric measurements, moisture content can be easily seen because of the hygroscopic properties of the complex
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Fig. 2 TG/DTA/DTG curves of cis-[Ru(L1)(L2)(NCS)2] complex
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Fig. 3 XRD pattern of Ru (JCPDS File No: 88-1734) and RuS2

(JCPDS File No: 80-0669) after the decomposition of the cis-

[Ru(L1)(L2)(NCS)2] complex
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ln
b
T2
¼ ln

AR

g að ÞE� �
E�
RT

ð1Þ

FWO equation;

ln b ¼ AE�
Rg að Þ

� �
� 5:3305� 1:05178

E�
RT

ð2Þ

where b is the heating rate (K min-1), A is pre-exponential

factor (min-1), R is the gas constant (8.314 J mol-1 K-1),

and T is the absolute temperature, K.

According to the aforementioned equations, the plots of

lnb/T2 versus 1/T and lnb versus 1/T give parallel lines for

each conversion, a value. The activation energies can be

calculated from the slopes of each line with linear corre-

lation coefficient, r. The activation energies, E* of the

decomposition process calculated by model-free KAS and

FWO methods are given Table 2.

KAS and FWO equations have been re-arranged to find

the kinetic triplet, E*, A, g(a) [34–38]. These methods are

known as ‘‘composite method I’’ and ‘‘composite method

II’’ in literature [35, 36].

Modeling KAS equation (composite method I, C.M I);

ln
g að Þ
T2
¼ ln

AR

bE� �
E�
RT

ð3Þ

Modeling FWO equation (composite method II, C.M II);

ln g að Þ ¼ AE�
bR

� �
� 5:3305� 1:05178

E�
RT

ð4Þ

The plots of ln[g(a)/T2] versus 1/T (in composite method

I), lng(a) versus 1/T (in composite method II) give parallel

lines for each a value at single b value. The E* and

A values have been calculated for each model functions,

g(a). The best kinetic model function giving activation

energies in good agreement with those obtained using

model-free KAS and FWO methods and also has the

highest regression analysis and the lowest standard

deviation. The changes of the entropy, DS*, enthalpy,

DH* and Gibbs free energy, DG* for the activated complex

can be calculated using the thermodynamic equations;

A ¼ ðkTavg:=hÞeDS�=R ð5Þ

DH� ¼ E � �RTavg: ð6Þ

DG� ¼ DH � �Tavg:DS� ð7Þ

where, E* is the activation energy which is calculated from

slope of modeling method curves for the most suitable

model, k is the Boltzmann constant, h is the planck’s

constant, and Tavg. is average reaction temperature.

The dependencies of E* versus a is very important for

detecting the multi-step kinetics. If the value of E* varies

as a significantly, the decomposition process is kinetically

complex [34, 37, 38].

The a which dependents on E* of the cis-[Ru(L1)(L2)

(NCS)2] complex was calculated using each of the two

methods. Each method shows similar tendency in each

stage. The E* versus a for the cis-[Ru(L1)(L2)(NCS)2]

complex based on model-free KAS and FWO methods are
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Fig. 4 Mass spectra of the cis-

[Ru(L1)(L2)(NCS)2] complex

Table 2 The values of the activation energy, E* of the decomposi-

tion processes

Compound Stage FWO method

E*/kJ mol-1
KAS method

E*/kJ mol-1

Ruthenium complexa I 19.82 20.14

II 48.38 49.82

III 108.82 113.23

IV 112.09 117.01

a Cis-[Ru(L1)(L2)(NCS)2] complex
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shown for all decomposition stages in Fig. 5a–d, respec-

tively.

In stage I, the E* values calculated by KAS and FWO

methods are quite similar. The E* values increase up to

a = 0.15 and then decrease up to a = 0.4. The E* values

slightly change in the conversion degree range of 0.4–

0.9. Finally, the E* values increase in the range of

0.9 B a B 0.95 (Fig. 5a). Therefore, it is concluded that the

decompositions contain multi-step kinetics. The reversible

dehydration process tend to give a decreasing E* versus a
dependence [33]. The average E* values are 20.14,

19.82 kJ mol-1 calculated by KAS and FWO methods,

respectively.

In stage II, the E* values calculated by using KAS and

FWO methods are quite similar too. The E* values increase

as a increase up to 0.7 and then start to decrease (Fig. 5b).

Therefore, it is concluded that the decomposition takes

place at least in two steps. The complex compounds tend to
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Fig. 5 The E* versus a for the

cis-[Ru(L1)(L2)(NCS)2]

complex based on model-free

KAS and FWO methods: a the

first decomposition stage, b the

second decomposition stage,

c the third decomposition stage,

and d the fourth decomposition

stage

Table 3 The activation energy, E* values which calculated composite methods

Compound Stage Model Composite model I Composite model II

R2 s.d. E*/kJ mol-1 R2 s.d. E*/kJ mol-1

Ruthenium complexa I A2 0.980 3.35 33.26 0.975 2.49 29.43

II A3 0.965 2.24 60.92 0.980 3.51 56.03

III D1 0.962 3.43 125.08 0.970 2.79 116.61

IV D2 0.953 1.76 123.14 0.963 0.09 127.98

a Cis-[Ru(L1) (L2)(NCS)2] complex

Table 4 The thermodynamic parameters for all decomposition stages

Compound Stage Method Model E*/kJ mol-1 LnA/kJ mol-1 DH*/kJ mol-1 DS*/J mol-1 DG*/kJ mol-1

Ruthenium complexa I C.M I A2 33.26 10.13 30.51 -156.14 84.94

C.M II A2 29.43 8.08 26.68 -173.18 86.75

II C.M I A3 60.92 9.59 56.85 -169.27 143.86

C.M II A3 56.03 7.91 51.96 -183.24 110.03

III C.M I D1 125.08 10.9 118.67 -161.45 240.03

C.M II D1 116.61 8.12 110.20 -184.57 248.02

IV C.M I D2 123.14 10.32 115.42 -168.52 279.70

C.M II D2 117.98 8.06 110.26 -187.31 291.99

a Cis-[Ru(L1) (L2)(NCS)2] complex

Investigation of decomposition stages 803
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have E* increase as a increases [33]. The average E*

values are 49.82, 48.38 kJ mol-1, for KAS and FWO

methods, respectively.

In stage III, the E* values calculated by using KAS and

FWO methods are quite similar, too. The E* values decrease

with increasing a up to a = 0.1, and then remain relatively

constant in the a-values between 0.1 and 0.5. Finally, the E*

values sharply increase in the 0.55 B a B 0.95 range

(Fig. 5c). Therefore, it is concluded that the decomposition

occurs multi-step except in the range of 0.1–0.5 where

decomposition occurs only in one step. The average E*

values are 113.23, 108.82 kJ mol-1 for KAS and FWO

methods, respectively.

In stage IV, the E* values calculated by using KAS and

FWO methods are quite similar, too. The E* values

decrease very fast up to a = 0.25, and beyond this value it

approximately remains stable up to 0.85. Finally, the E*

values increase up to a = 0.95 and then decrease (Fig. 5d).

Therefore, it is concluded that the decomposition occurs in

only one step in 0.25–0.85 range. The average E* values

are 117.01, 112.09 kJ mol-1 for KAS and FWO methods,

respectively.

The E* and A have also been obtained using re-arranged

KAS and FWO equations. The reaction models have been

investigated by using thirteen kinetic model equations and

the most suitable models have been selected. The E* val-

ues, standard deviations, s.d. and regression analysis, r2

values which calculated with composite methods are given

in Table 3. The best model equations have been deter-

mined as A2, A3, D1, and D2. These model equations

correspond to nucleation and growth mechanism for A2

and A3 and diffusion mechanism for D1 and D2 [34, 37].

The other thermodynamic parameters which have been

calculated from the best model equations are presented in

Table 4.

Conclusions

The final product has been identified as Ru and RuS2 by

XRD analysis. The pyrolytic decomposition mechanism of

the cis-[Ru(L1)(L2)(NCS)2] complex has been proposed

depending on the thermogravimetric and mass results. The

average E* values for four decomposition stages are 19.98,

49.1, 11.03, and 114.55 kJ mol-1 as calculated using KAS

and FWO methods. A comparison of the a dependent E* of

the cis-[Ru(L1)(L2)(NCS)2] complex shows that the E*

values change a differently as a increases for all decom-

position stages. Therefore, it is concluded that the

decompositions contain multi-step process. The thirteen

kinetic model equations have been treated for selecting the

best model fitting equations. The best model equations

have been obtained as A2, A3, D1, and D2. The optimized

average values of E* are 31.35, 58.48, 120.85, and

120.56 kJ mol-1 and the average values of Arrhenius

factor, A, are 2.21, 2.61, 2.52, and 2.21 kJ mol-1 as cal-

culated by using the best model equation for four decom-

position stages, respectively. Also, the DH*, DS* , and

DG* have been obtained using these values.
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