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Abstract 
Organometallic dendrimers are one of the most attractive macromolecules owing to their unique properties that derived from 
the combination of the metallic moieties and the remarkable architecture of the dendrimers. A new family of organoiron 
dendrimers has been synthesized using divergent methodology. To gain insight into the stability of these dendrimers, we 
investigated their thermal property using nonisothermal thermogravimetry analysis (TGA), which reveal the kinetic triplets, 
the pre-exponential factor, the effective activation energy and the reaction model involved in their thermal degradation. The 
results were obtained at heating rates of 10, 15 and 20 °C min−1. Four nonisothermal methods, the Friedman, the Ozawa and 
Flynn and Wall, the Kissinger–Akahira–Sunose and the Minimizing were used to investigate the variation of the effective acti-
vation energy with the extent of crystallization and, hence, with temperature. In addition, the activation energy was calculated 
from isothermal data. The degradation mechanism follows the Avrami–Erofeev mechanism for solid-state reaction models.
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1  Introduction

Dendrimers are a unique class of macromolecules that 
offers the privilege of the symmetrical, monodisperse and 
homogeneous structure. Other remarkable features include 
their globular topology and tailored peripheral end groups 
which make dendrimers a brilliant choice in several vital 

applications like biomimetic, pharmaceutical drug delivery, 
gene delivery, chemotherapy and diagnostic imaging. More-
over, these macromolecules have been successful candidates 
in supramolecular chemistry, specifically, in self-assembly 
processes and host–guest reactions [1–12]. In general, den-
drimers have been synthesized via two protocols: a divergent 
route where the construction of the dendrimers is initiated at 
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the core and continued outward in a step-wise manner and 
the convergent approach that begins with the synthesis of the 
end groups and proceeded inwards [13–15].

The introduction of the organometallic species into den-
drimer is a very attractive strategy to engineer dendrimers 
for desired functions. This strategy leads to the production 
of dendrimers macromolecules with photonic [16–21], redox 
[22–28] and magnetic properties [29–34]. Moreover, the 
concept of installing organometallic species into these mac-
romolecules alters their catalytic, antiproliferative and sens-
ing activities and also tunes their thermal stability. Although 
thermal stability plays a critical role in the processing and 
application of materials, our understanding of the thermal 
stability of organometallic dendrimers remains scanty, cre-
ating a need for a detailed investigation. Here, we designed 
a series of organometallic dendrimers and investigate their 
thermal properties using non-isothermal thermogravimetric 
(TG) analysis.

The theoretical basis for interpreting the thermogravimet-
ric (TG) data, generally, provided by the classical isothermal 
condition of a solid-state reaction, in which the degradation 
fraction (the weight loss fraction) α, can be described as a 
function of time t according to the equation [35–42]:

where, k is the reaction rate constant and f (α) is the reac-
tion model, which describes the differential mechanism of 
various kinetic model functions. The reaction rate constant 
is usually assigned by an Arrhenius temperature dependence 
[35, 36, 39]:

where R, is the universal gas constant, E (kJ mol−1) is the 
activation energy describing the overall of the decompo-
sition process and A (s−1) is the frequency factor. Hence, 
Eq. (1) will be [35, 36, 40–44]:

The weight loss fraction, α, can be determined from TG 
analysis as a fractional mass loss:

where, m0, mt and mf represent the compound mass at the 
onset of degradation, at any time, t and at the completion of 
degradation, respectively.

For non-isothermal TG kinetic study with a constant heat-
ing rate of β = dT/dt, one can get the isothermal condition 

(1)
d�

dt
= k(T) f (α),

(2)k = A exp
(

−
E

RT

)

,

(3)
d�

dt
= A exp

(

−
E

RT

)

f (�),

(4)� =
m0 − mt

m0 − mf

,

defined in Eq. (3) as temperature-dependent degradation rate 
as follows [35, 36, 40–42]:

The integral form of the reaction model (the reduced reac-
tion model), g (α), can be obtained by integrating Eq. (5):

To understand the reaction (degradation) model and to 
calculate the activation energy, various theoretical methods 
have been introduced. An outline of these methods used in 
this article is described as follows.

The Friedman method [45] directly obtained from Eq. (3), 
at a specific degradation fraction � and various heating rates, 
βi, as:

This equation is applicable for any thermal program. For 
each value of the transformed part α, the activation energy 
Eα can be calculated from the slope of ln (dα/dt)α,i against 
1/Tα,i. The parameter, i, indicates the thermal program, i.e. 
the set temperature in isothermal experiments and the heat-
ing rate, β, in nonisothermal experiments. Since, the tem-
perature integral Eq. (6) does not have an analytical solution, 
in nonisothermal experiments, hence a number of approxi-
mate solutions were provided, three of which are used in 
this article. First, is the Ozawa and Flynn and Wall (FWO) 
method [46, 47], which is measured at different, but con-
stant, heating rates βi.

The activation energy Eα can be calculated from the slope 
of lnβi against 1/Tα,i. The second is the Kissinger–Aka-
hira–Sunose method (KAS) [48–50] (or the generalized 
Kissinger method as it is sometimes called) which is given 
as:

The activation energy Eα can be calculated from the slope 
of ln(βi∕T2

�,i
) against 1/Tα,i. The third method to calculate the 

activation energy Eα by using isoconversional minimizing 
method developed by Vyazovkin [35, 48, 49]. For a set of 
n experiments carried out at different heating rates, β, the 

(5)
d�
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A

�
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activation energy, E, can be determined at any particular 
value of reaction progress, α, by finding the value of Eα that 
minimises the objective function Ω, where

The temperature integral, I, is given by:

The solution of the temperature integral Eq. (6) in iso-
thermal experiments is given by [35, 50]:

By taking the logarithm of Eq. (12) and rearranging the 
variables, the activation energy can be calculated at the time, 
tα,i, required to reach a certain value of α and temperature 
Ti, as:

The activation energy for isothermal experiments, Eα in 
this work were calculated from the slope of lntα,i vs l/Ti.

This study is concerned with the determination of the 
kinetic triplets, the pre-exponential (frequency) factor, the 
effective activation energy and the reaction model A, E and f 
(α) for the thermal degradation of organometallic dendrimer 
exemplified by a new family of cross-linked organoiron 
dendrimers.

2 � Experimental

2.1 � Materials

All chemicals and reagents were obtained from Sigma-
Aldrich. Pentaerythritol, 4,4′-bis(4-hydroxyphenyl)
valeric acid, potassium carbonate, ammonium hex-
afluorophosphate (NH4PF6), magnesium sulfate, N,N′-
dicyclohexylcarboiimide (DCC), 4-(dimethylamino)pyridine 
(DMAP), diethyl ether, acetone, chloroform, and hydrogen 
chloride acid were used as received. Dimethyl sulfoxide-d6 
(DMSO-d6) was distilled over calcium hydride. Dimethyl 
sulfoxide (DMSO), N,N′- dimethylformamide (DMF) were 
dried, and stored over 3 Å molecular sieve before being used. 
Dichloromethane (DCM) was purified by passing the solvent 
through an Innovative Technology solvent purification sys-
tem that consists of columns of alumina and copper catalyst. 
The synthesis of the bimetallic organoiron complex (1) fol-
lowed previously reported procedure [1, 2].

(10)Ω =

n
∑

i=1

n
∑

j≠i
I
(

E� , T�i
)

�j

I
(

E� , T�j
)

�i

,

(11)I
(

E� , T�i
)

= ∫
T�i

0

exp

(

−E�

RT

)

dT ,

(12)g(�) = A
[

exp
(

−E

RT

)]

t,

(13)ln t�,i = ln

[

g(�)

A�

]

+
E�

RTi
,

3 � Instrumentation

1H- and 13C-NMR spectra were recorded at 400 and 
125 MHz, respectively, on a Gemini 200 NMR spectrom-
eter, with chemical shifts calculated in Hz, referenced to 
solvent residues. The IR spectra of the new compounds were 
recorded on a Jasco FTIR-300 E Fourier Transform Infrared 
Spectrometer.

Thermogravimetric analysis (TGA) of the polymeric 
materials was carried out under nitrogen atmosphere at a 
heating rate of 10, 15 and 20 °C min−1 from room tem-
perature to 750 °C using 3 mg of sample. The Thermo-
gravimetric Analyzer (TGA) & Differential Scanning 
Calorimeter (DSC)—TA Instruments DSC SDT Q600 
was used. The DSC SDT Q600 was calibrated by meas-
uring the melting temperature and enthalpy of indium 
(

Tm = 429.75K, ΔHm = 28.55Jg−1
)

 as a standard material. 
The advanced thermokinetics software package AKTS-
Thermokinetics, Ver. 4.15, was used for all kinetics analysis 
in this study.

4 � Synthesis Phenol‑Terminated G0 
Dendrimer (5)

Dendrimer 5 has been synthesized in two steps procedure. 
The first step encompasses Steglich esterification of the 
bimetallic complex 1 with pentaerythritol core in order to 
isolate G0 dendrimer 3. A 50 mL round-bottom flask was 
charged with pentaerythritol 2 (0.170 g, 1.27 mmol), 1 
(5.28 g, 5.08 mmol), DMAP (0.500 g, 4.08 mmol), 10 mL 
of 3:1 DCM:DMSO solution. The solution was stirred and 
cooled in an ice bath to 0 °C under nitrogen atmosphere 
while DCC (1.15 g, 5.59 mmol) was added over a 5-min 
period. The ice-bath was removed after 5 min and the reac-
tion mixture stirred under nitrogen for 3 h at room tempera-
ture. Precipitated dicyclohexylurea (DCU) was removed 
by filtration through a Büchner funnel and the filtrate was 
hydrolyzed in 50 mL of ice water to which NH4PF6 (1.66 g, 
10.2 mmol) was added. The product was extracted with three 
50-mL portions of 5:1 DCM/DMF mixture. The extracts 
were washed with two 50-mL portions of 5% HCl and sub-
sequently with two 50-mL portions of sodium bicarbonate, 
dried over MgSO4, filtered, and the solvent removed with 
a rotary evaporator. The crude product of 3 was dissolved 
in acetone, cooled to − 25 °C in a freezer for 1 h, filtered to 
remove more DCU and precipitated from diethyl ether. The 
resulting yellow-green solid, 3, was collected by suction fil-
tration and dried under vacuum at room temperature.

The synthesis of dendrimer 5 followed a well-established 
chemistry [3]. A 50-mL round-bottom flask was charged 
with phenol (4) (0.76 g, 8.04 mmol), 3 (4.22 g, 1.00 mmol), 
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K2CO3 (4.87 g, 35.3 mmol), and 10 mL of DMF. The reac-
tion mixture was stirred at room temperature for 16 h after 
flushing with nitrogen for 1 h. Subsequently, the reaction 
mixture was poured into 300 mL of 10% HCl solution, and 
NH4PF6 (1.66 g, 10.2 mmol) was added to precipitate the 
product. The product was filtered and dried under vacuum. 
Yield: (4.14 g, 93%). 1H NMR data (400 MHz; DMSO-d6, 
δ): 7.55 (8H, br. s, uncomplexed Ar H), 7.33 (24H, br. s, 

uncomplexed Ar H & phenyl Ar H), 7.23 (13H, br. s, uncom-
plexed Ar H & phenyl Ar H), 6.99–7.04 (16H, m, uncom-
plexed Ar H), 6.27 (8H, br s, complexed Ar H), 5.22 (40, 
s, Cp H), 4.01 (8H, br s, CH2), 2.48 (8H, br s, CH2), 2.04 
(8H, br s, CH2), 1.61 (12H, s, CH3); 13C NMR (125 MHz, 
DMSO-d6, δ): 174.6 (C = O), 157.1, 130.5, 129.9, 129.6, 
128.9, 128.3, 126.0, 120.2, 119.6, 117.3, 74.9, 74.6 (Ar C), 
77.6 (Cp C), 45.1 (quat C), 35.8, 29.5 (CH2), 26.7 (CH3). 
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ATR-FIIR: νmax/cm−1 3457 (COOH), 2968 (Cp-CH), 1719 
(CO), 1220 (C–O–C).

5 � Synthesis of Crosslinked G0 Dendrimers (7 
& 8)

In a procedure analogous to the synthesis of 5, dendrimers 
7 & 8 were synthesized via the reaction of G0 dendrimer 3 
(4.22 g, 1.00 mmol) and hydroquinone 6 with molar ratio 1:4 
to isolate dendrimer 7 and ratio 1:8 to produce dendrimer 8. 
The reactions were performed at room temperature for 16 h 
after flushing with nitrogen for 1 h in the presence of K2CO3 
(4.87 g, 35.3 mmol), and 10 mL of DMF. The reaction mix-
ture was then poured into 300 mL of 10% HCl solution, and 
NH4PF6 (1.66 g, 10.2 mmol) was added to precipitate the 
product. The product was filtered and dried under vacuum.
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Fig. 1   a–c. TG and DTG curves of a dendrimer 5, b dendrimer 7 and 
c dendrimer 8 at heating rates 10, 15 and 20 °C min−1
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Fig. 2   Comparison of TG and DTG curves of dendrimer 5, dendrimer 
7 and dendrimer 8 at heating rates 10 °C min−1
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Dendrimer 7, Yield: (84  mg, 82%). 1H NMR data 
(400 MHz, DMSO-d6, δ): 7.15 (32H, br s, uncomplexed 
Ar H & hydroquinone Ar H), 6.93 (16H, br s, uncomplexed 
Ar H), 6.17 (32H, br s, complexed Ar H), 5.19 (40H, s, Cp 
H), 4.02 (8H, br s, CH2), 2.36 (8H, br s, CH2), 2.09 (8H, 

br s, CH2), 1.60 (12H, br s, CH3); 13C NMR (125 MHz, 
DMSO-d6, δ): 172.5 (C = O), 155.6, 154.2, 144.6, 131.5, 
129.8, 129.1, 122.0, 119.8, 116.8, 75.1, 73.6 (Ar C), 77.7 
(Cp C), 61.9 (CH2), 44.8 (quat C), 35.9, 29.7 (CH2), 26.9 
(CH3). ATR-FIIR: νmax/cm−1 2925 (Cp CH), 1724 (CO), 
1220 (C–O–C).

Dendrimer 8, Yield: (84  mg, 82%). 1H NMR data 
(400 MHz, DMSO-d6, δ): 7.15 (48H, br s, uncomplexed 
Ar H & hydroquinone Ar H), 6.92 (16H, br s, uncomplexed 
Ar H), 6.16 (32H, br s, complexed Ar H), 5.18 (40H, s, Cp 
H), 4.00 (8H, br s, CH2), 2.36 (8H, br s, CH2), 2.07 (8H, 
br s, CH2), 1.59 (12H, br s, CH3); 13C NMR (125 MHz, 
DMSO-d6, δ): 172.5 (C = O), 155.8, 154.2, 144.6, 131.5, 
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129.8, 129.1, 122.0, 119.8, 116.8, 74.8, 73.4 (Ar C), 77.4 
(Cp C), 61.7 (CH2), 44.8 (quat C), 35.9, 29.5 (CH2), 26.6 
(CH3). ATR-FIIR: νmax/cm−1 2924 (Cp CH), 1723 (CO), 
1219 (C–O–C).

6 � Results and Discussion

The synthesis of the three dendrimers was accomplished via 
a divergent pathway. A condensation reaction of the pen-
taerythritol core with valeric bimetallic complex 1 in the 
presence of a catalytic amount of dimethyl amino pyridine 
(DMAP) and dicyclohexyl carbodiamide (DCC) resulted in 
the formation of dendrimer 3, where the peripheral groups 
were then caped with phenol molecules to form dendrimer 
5, Scheme 1.

Dendrimers 7 and 8 were obtained by the reaction of 
complex 3 with different ratio of the hydroquinone com-
pound. Dendrimer 7 was obtained with ratio 1:4 while ratio 
1:8 led to the formation of dendrimer 8, Scheme 2. Due to 
the bifunctionality of the hydroquinone as well as the high 
reactivity of the chloride on the complexed arenes, these 
dendrimers have a high possibility of crosslinking. Scheme 3 
depicts this crosslinking behavior.

7 � Thermal Behavior

Characterization of materials and their response to tempera-
ture is very important to determine their thermal stability. 
Dendrimers are a class of material that has interested fea-
tures, which made it a very good option in different appli-
cations such as flat panel display. So, understanding their 
thermal stability is a crucial to determining their processing 
parameters as well as their applications. Thermal stability 
and thermal degradation can be explored through a variety of 
techniques. Thermogravimetric analysis (TGA) is the most 
commonly used technique to measure the relative weight 
change versus temperature in a controlled atmosphere. More 
insight can be obtained by measuring the change in mass 
as a function of time under isothermal and non-isothermal 
conditions.

Figure 1a–c presents the thermogravimetric (TG) curves 
and derivative thermogravimetric (DTG) curves obtained for 
the three samples depicted in Schemes 1 and 2. The sam-
ples were heated from room temperature to 700 °C at heat-
ing rate of 10, 15 and 20 °C min−1. The mass-loss curves 
shows that the degradation process can be divided into two 
distinguished regimes. For heating rate of 10 °C min−1, the 
low temperature degradation (LTD) regime for dendrimer 5, 
dendrimer 7 and dendrimer 8 occurring at about 131–187, 
167–215 and 184–231  °C, respectively and accompa-
nied by about 15% loss. In addition, the high temperature 

degradation (HTD) regime occurring at about 304–589, 
269–472 and 285–542 °C for Dendrimer 5, Dendrimer 7 
and Dendrimer 8, respectively and accompanied by about 
60% loss. The amount of residual mass after the full degra-
dation ranges from 20 to 25%. However, Dendrimer 7 and 
Dendrimer 8 show the maximum lost in which residual mass 
reaches 10% at the 650 °C.

Figure 2 shows that in Dendrimer 7 and Dendrimer 8, 
the second degradation peaks were more pronounced and 
occurred at lower temperature than Dendrimer 5, suggest-
ing the lower thermal stability at temperature range 300 °C 
and beyond. Figure 2 shows clearly that for the first deg-
radation of Dendrimer 5 occurred at about 131 °C, which 
can be attributed to the loss of cyclopentadienyl iron(II) 
moiety attached to the terminals of the structure [51]. The 
first degradation for Dendrimer 7 and Dendrimer 8 occurred 
at about 167 and 184 °C, respectively, for heating rate of 
10 °C min−1, which is a higher temperature compared to 
dendrimer 5. Such increase in the degradation temperature, 
compared to dendrimer 5, can be explained in the basis of 
number of cationic iron centers, which cause a delay of the 
first degradation of dendrimer 7 and dendrimer 8.

In the same manner, the temperature progress of all the 
three samples showed a second degradation stage occur-
ring at different temperatures. For the heating rate of 
10 °C min−1, the second degradation occurred at about 304, 
269 and 285 °C for dendrimer 5, dendrimer 7 and dendrimer 
8, respectively. Such high temperature for dendrimer 5 can 
be ascribed to the breakage of the dendritic backbone and 
the presence of phenolic peripheral groups, indicating the 
higher thermal stability of such structure compared to den-
drimer 7 and dendrimer 8. On the other hand, the existence 
of activated chloride terminal, which is considered as a good 
leaving group, can be responsible for decreasing the ther-
mal stability of dendrimer 7 as such leaving group can form 
a free radical that might accelerate the degradation of the 
dendritic unit. Our observation suggests that dendrimer 8 
shows a moderate behavior. Such behavior can be explained 
in the basis of the possible crosslinking that in this sam-
ple. Figure 3 presents the reaction progress as a function of 
temperature for the three prepared samples. As observed in 
the figure, the first degradation occurs at low temperatures. 
However, as the temperature increases, the second patch of 
curves related to the second degradation appears at higher 
range of temperatures, which is consistent with the degrada-
tion peaks presented in Fig. 1.

Previously, stated, that the Friedman Eq. (7), the Ozawa 
and Flynn and Wall (FWO) Eq. (8), the Kissinger–Aka-
hira–Sunose (KAS) Eq. (9) and the Minimizing (Vyazovkin) 
Eq. (10) methods were used to investigate the variation of 
the effective activation energy with the extent of degrada-
tion and, hence, with temperature. In addition, the activa-
tion energy was calculated from isothermal data Eq. (13). 
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Figure 4a–c summarizes the calculated activation energies 
for the three different samples using Friedman, FWO, KAS 
and minimizing methods as a function of conversion frac-
tion, α. Correspondingly, this figure shows the variation of 

ln (Aαf (α)). The dependence of ln A (α) on α for the three 
samples investigated is shown in Fig. 5, more or less, this 
dependence is typically as the dependence of E (α) on α. By 
using the AKTS-Thermokinetics software the nonisothermal 

Fig. 7   a–c. The plots of ln (dα/
dt)α,i vs. 1/Tα,i, lnβi vs. 1/Tα,i, 
ln(�

i

/

T
2

�,i
) vs. 1/Tα,i and ln t�,i 

vs. 1/Tα,I and a straight 
regression lines for the three 
samples used
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kinetic parameters Eα and ln (Aαf (α)) can be used to pre-
dict the variation of the conversion degree versus time for 
a given temperature, which is known as isothermal kinetic 
predictions [52–56]. An example of the prediction of the 
isothermal conversion fraction for the three samples under 
investigation is shown in Fig. 6. From this figure and by 
applying Eq. 13, the activation energy under isothermal 
condition was obtained. The calculated values are shown in 
Fig. 4 contemporary with nonisothermal results.

Figure 4a presents the activation energy for degradation 
Eα resulted the degradation of dendrimer 5. The plot of Eα 
revealed a clear difference between the two steps (LTD and 
HTD) with respect to the conversion fraction α. The varia-
tion of Eα is particularly independent of the value of α for 
LTD step, while, for HTD step the activation energy is much 
higher than LTD step and somewhat, it increases with α. 
This increase might be attributed to the higher energy barrier 
of Dendrimer 5 which requires more energy to overcome. 
Such high activation energy agrees well our observation 
where Dendrimer 5 has shown the higher thermal stabil-
ity compared to the other samples. A noticeable change in 
activation energy behavior for Dendrimer 7 was observed 
as shown in Fig. 4b. This sample shows that the values 
of the activation energy for degradation are almost in the 
same range for the two steps LTD and HTD. The activation 
energy decreases with α for HTD step. However, Dendrimer 
8 shows considerable larger values of the activation energy 
Eα for LTD step than HTD step as shown in Fig. 4c. The 
variation of Eα for both steps is mainly independent on α.

To conclude the activation energy E, dependence on the 
compounds, Friedman, FWO and KAS Eqs. (7), (8) and (9), 
as well the isothermal Eq. (13) were used on a conversion 
range of α = 0.5. The plots of ln (dα/dt)α,i vs. 1/Tα,i, lnβi vs. 
1/Tα,i, ln(�i

/

T2
�,i
) vs. 1/Tα,i and ln t�,i vs. 1/Tα,i are shown in 

Fig. 7a–c, the straight lines are linear fittings according to 
the mentioned equations. From this figure, the values for the 
activation energy are summarized in Table 1.

Figure 8a–c displays the resulting Eα (T) dependence; all 
values are positive, which simply indicate that the degrada-
tion rate increases with increases temperature. The math-
ematical reaction model f (α) was used to describe the degra-
dation process more precisely and to decide which one of the 

solid-state kinetic models [35] can be used for the process. 
The first step to describe f (α) is by using the characteristic 
α(t) reaction profile [35] shown in Fig. 6 as inset figure. The 
curves in this figure clearly, implies a sigmoidal model. The 
Avrami–Erofeev equation exemplified this type of model.

Moreover, the integral form is,

where n is a constant (the Avrami exponent).
The integral form of the reaction model, g(α), is normally 

used to describe the kinetics of phase transformation in sol-
ids [35, 38, 44, 56]. The calculated kinetic function, g(α), 
using nonisothermal experimental data is shown in Fig. 9a–c 
for all three samples. The solid line was calculated accord-
ing to the Avrami–Erofeev models A1.5, A2, A3 and A4, 
which take the Avrami number n equal to 1.5, 2, 3 and 4, 
respectively. Comparison between the experimental results 
and the theoretical models provided information about the 
degradation mechanism during the course of transforma-
tion. Undoubtedly, it is very clear from Fig. 9a–c that the 
degradation for all three samples follow an Avrami–Erofeev 
mechanism in the 10–20 K min−1 heating rate ranges. How-
ever, from Fig. 9a the analysis clearly indicates a change in 
mechanism for Dendrimer 5 with a change in the heating 
rate for both steps LTD and HTD. This change suggests that 
n increases with increasing heating rate for both steps. The 
experimental analysis indicates that Dendrimer 5(LTD) fol-
lows A1.7 at low heating rate of β = 10 °C min−1, and comes 
close to A2.56 at heating rate of β = 20 °C min−1. Though, 
Dendrimer 5 (HTD) follows A2.15 and A3.56 for heating 
rates β = 10 and 20 °C min−1, respectively. On the other 
hand, and for Dendrimer 7 (LTD) the solid-state reaction 
model g(α) changes from A1.9 toward A2.93 as the heating 
rate goes up. While, for the high step (HTD), g(α) is very 
nearly constant with a minor decrease from A1.38 to A1.2 
as the heating rate increases from β = 10 and 20 °C min−1. 
The solid-state reaction mechanism for dendrimer 8 (LTD) 
closely follows A2 for α > 0.4, with a divergence toward 

(14)f (�) = n(1 − �)[−ln(1 − �)]
(n−1)

n ,

(15)g(�) = [−ln(1 − �)]
1

n ,

Table 1   Comparison of 
the values of the activation 
energy for the samples under 
investigation

Method Dendrimer 5 Dendrimer 7 Dendrimer 8

E(LTD) kJ 
mol−1

E(HTD)
kJ mol−1

E(LTD)
kJ mol−1

E(HTD)
kJ mol−1

E(LTD)
kJ mol−1

E(HTD)
kJ mol−1

Friedman Eq. 7 22.4 151.7 26.3 20.8 92.6 7.2
FWO Eq. 8 18.1 95 19.3 37.2 91.2 31.2
KAS Eq. 9 11.6 87.7 12.1 28.1 87.9 21.3
Isothermal Eq. 13 19.6 19.4 26.8 29.1 95.8 14.5



2948	 Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:2937–2951

1 3

a higher values of g(α) at the initial stage of degradation 
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(α > 0.4). Nevertheless, the solid-state reaction model g(α) 
for high step of dendrimer 8 (HTD), takes almost the same 
behavior as dendrimer 7 (HTD), with a minor decrease from 
A1.35 to A1 as the heating rate increases from β = 10 and 
20 °C min−1.

Finally, the local Avrami exponent, n(α), gives more 
details about the degradation process. The local Avrami 
exponent is given by [56]:

The values of n(α) at certain temperatures as a function 
of degradation fraction α are shown in Fig. 10 for the three 
samples under investigation. For dendrimer 5 and dendrimer 
7 (LTD) n(α) slightly decreases with the development of 
degradation and lies between 3.2–2.5 and 3.6–2.7, respec-
tively. These isothermal results agree will with g(α) obtained 
from nonisothermal data, which are shown in Fig. 9a and b, 
where g(α) also shifts to a lower A’s value with the develop-
ment of degradation process. n(α) proceeds with the same 
behavior i.e. decreases as α increases, but with lower values 
between 2.9 and 1.6, which is also agree with g(α) shown in 
Fig. 9c, where g(α) shifts from about A3 towards A2 with 
increasing α. However, for dendrimer 5(HTD) a dramatic 
change was realized in the variation of the local Avrami 
exponent n(α). It strongly decreased with the development of 
crystallization and lies between 4.7 and 1.2. For dendrimer 
7 (HTD) the local Avrami exponent can almost be assumed 
to be constant with the development of degradation and its 
value about 2.2. On the other hand, for dendrimer 8 (HTD), 
n(α) slightly increases along with the development of deg-
radation with value in the rage of 1.8–2.3.

(16)n(�) =
� ln

[

− ln
(

1 − �t
)]

� ln t

8 � Conclusion

The present work describes the thermal property of a new 
family of organometallic dendrimers. The kinetic parameters 
of the organoiron dendrimers under nonisothermal condi-
tions and predicted isothermal conditions were obtained 
by using TGA. The results show that the degradation pro-
cess for all three compounds studied divided into two dis-
tinguished regimes. Low temperature degradation (LTD) 
regime occurring at about 131–231 accompanied by about 
15% loss. The high temperature degradation (HTD) regime 
occurring at about 269–589 and accompanied by about 60% 
loss. The variation of the effective activation energy with 
the extent of degradation were investigated, by using two 
major isoconversional methods, differential (Friedman) 
method and Integral of the Ozawa and Flynn and Wall, the 
Kissinger–Akahira–Sunose and the Minimizing (Vyazovkin) 
methods. Moreover, the activation energy was calculated 
from isothermal results. The effect of temperature on the 
activation energy was investigated. Remarkable difference 
of activation energy behavior between samples studied was 
obtained. The degradation mechanism of the samples was 
studied using the integral form of the reaction model and 
was found that it follows the Avrami–Erofeev mechanism, 
but with different Avrami exponent between 1 and 3.
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