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Abstract Thermal decomposition of N,N0-diphenylgua-

nidine (DPG) was investigated by simultaneous TG/DSC-

FTIR techniques under nonisothermal conditions. Online

FTIR measurements illustrate that aniline is a major

product of DPG decomposition. The observation that the

activation energy depends on the extent of conversion

indicates that the DPG decomposition kinetics features

multiple processes. The initial elimination of aniline from

DPG involves two pathways because of the isomerization

of DPG. Mass spectrometry and thin film chromatography

suggest that there are two major intermediate products with

the major one of C21N3H17. The most probable kinetic

model deduced through multivariate nonlinear regression

method agrees well with the experimental data with a

correlation coefficient of 0.9998. The temperature-inde-

pendent function of conversion f(a), activation energy

E and the pre-exponential factor A of DPG decomposition

was also established through model-fitting method in this

research.

Keywords Model-free methods � Nonisothermal

decomposition kinetics � N,N0-diphenylguanidine (DPG) �
TG/DSC-FTIR techniques � Mass spectrometry

Introduction

Guanidine and its derivatives have attracted a great deal of

attention in materials science, biological and medicinal

chemistry [1–18]. For example, guanidine derivatives have

been widely used as vulcanization accelerators in rubber

industry [1], insecticides in agriculture and antibacterial in

medicine [2], hydrogen-bonding acceptor and donor in

supermolecule formation [3–5], to name a few. In organic

synthesis, guanidine derivatives have been widely used as

excellent phase transfer catalysts in alkylation [6] and

epoxidation [7] and as enantioselective base catalysts in

asymmetric reactions [8, 9]. In biological systems, diverse

benefits of guanidine derivatives, such as neuroleptic

and antihypertensive activities [10, 11], the rescue of Arg

mutations [12], the inhibitions of HIV-1 cell fusion [13]

and poliovirus replication [14], have also been observed.

In addition to the valuable applications mentioned

above, various adverse effects, involving dermal irritation,

necrosis and eschar formation and myelosuppression [15],

have nevertheless been testified to interrelate with guani-

dine derivatives exposure.

Among substituted guanidines, 1,3-diphenylguanidine

(DPG) has been used as a primary and secondary accel-

erator in the vulcanization of rubber and as both a collector

and frother in selective flotation separation of mineral [16].

However, exposure to DPG may cause occupational aller-

gic contact dermatitis [17], reproductive toxicology [18],

cytostaticity and mutagenicity [19] during rubber manu-

facture or from contact with the finished products.

Although it is well known that DPG could be broken down

at high temperature, leading to the formation of carcino-

genic aniline, little is known about the thermal decompo-

sition kinetics of DPG. Kinetic studies of thermal

decomposition of solids constitute one of the most
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important applications of thermal analysis, in which the

most common experimental technique is TG under the

conditions of isothermal and/or nonisothermal conditions

[20–24]. To shed light on thermal properties of the widely

used DPG, herein we characterized the thermal stability of

DPG under nonisothermal conditions by a simultaneous

TG/DSC-FTIR method.

Experimental method

Preparation and characterization of DPG crystals

N,N0-diphenylguanidine (DPG) purchased from Zhejiang

Ultrafine Powders & Chemicals Co., Ltd. (China) was re-

crystallized twice from chloroform, which resulted in the

formation of colorless prisms. The DPG crystal structure

was characterized by SMART APEX CCD single-crystal

X-ray diffractometer (Bruker). Its crystal parameters

(monoclinic, space group, P21/c) are identical to that

observed by Tanatani et al. [25].

Thermal studies

Nonisothermal and simultaneous TG/DSC-FTIR measure-

ments were performed with a Netzsch STA 409C thermo-

analyser at heating rates of 278.15, 281.15, 283.15, 285.15

and 288.15 K min-1. In a typical experiment, *5.50 mg

DPG crystals was heated from 283 to 773 K in an Al2O3

crucible under a dynamic nitrogen atmosphere at a flow rate

of 100.0 mL min-1. The gaseous thermal decomposition

products were followed and analyzed by a Nicolet Avatar

470 FT-IR spectrometer. The solid products for the first

thermal decomposition were produced by heating 2 g DPG

in a railboat (95 mm 9 12 mm 9 12 mm) at 523 K for 1 h

under nitrogen atmosphere at a flow rate of 100.0 mL min-1.

The as-obtained intermediates were dissolved in chloroform.

The solvent was then evaporated under reduced pressure that

resulted in the formation of yellowish-brown intermediate,

which was further purified by TLC using precoated silica gel

60 F254 plates and flash column chromatography on Merck

silica (300–400 mesh) using petroleum ether–ethyl acetate

(3:1) as the eluent. Mass spectra of the major intermediate

were obtained on a Thermo Finnigan DECAX-3000 LCQ

Deca XP Plus after the sample was dissolved in acetonitrile.

Elementary analysis was performed with EA-1112 (Italy).

Experimental observation of DPG thermal

decomposition

Figure 1 presents the typical TG, DTG and DSC curves

measured at a heating rate of 283.15 K min-1. The TG

curve in Fig. 1A, obtained over a temperature range of

283–773 K, illustrates that DPG decomposition goes

through two stages. The first stage is between 435 and

528 K, whereas the second stage results in a further

63.62% mass loss between 528 and 773 K. This observa-

tion is consistent with the DTG curve that shows two peaks

at 477.45 and 633.75 K, confirming the two stages of

decomposition and the progressive mass loss observed in

the TG curve as the temperature exceeds 435 K. The DSC

curve in Fig. 1B displays three principal endothermic

processes, in which the first endothermic process with the

maximum of 423.15 K. As indicated by the TG curve,

during the first endothermic process, there is nearly no

mass loss, implicating that this process is dominated by the

melting of DPG. Our experiments showed that the peak

temperature of DPG fusion gradually increased with the

heating rate b, in which a linear relationship was achieved.

The second and third endothermic processes with the peak

temperature of 478.05 and 639.05 K correspond to the two

stages decomposition, respectively.
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Fig. 1 TG/DTG/DSC curves of the thermal decomposition of DPG.

The flow rate of nitrogen is 100 mL min-1. The heating rate equals

10�C min-1 and the initial amount of DPG is 5.38 mg
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Figure 2 resulting in the escape of aniline that has

characteristic absorption peaks at 3491, 3408, 3073, 3039,

1622, 1500, 1270, 1170 and 1083 cm-1 as shown in Fig. 2.

Because the characteristic absorption peaks at 3491 and

3408 cm-1of aniline are much smaller than those at 3073,

3039 1622, 1500, 1270, 1170 and 1083 cm-1, Fig. 2 was

shown as two parts with separate vertical scales. The sec-

ond stage results in a further 63.62% mass loss between

528 and 773 K, which is probably a result of the sub-

sequent pyrolysis of stable intermediates I. To decipher the

nature of I, we have employed thin liquid chromatography

method to separate I and identified two major products.

After separation with flash column chromatography, mass

spectroscopy was used to identify the products. The MS

spectra have one major peak at m/z of 312, suggesting that

the major composition of I is C21N3H17. This result is

further supported by elementary analysis (Theoretical C:

81.02%, N: 13.50%, H: 5.47%; experimental C: 80.73%,

N: 13.61%, H: 5.65%). The second major component of I

is an oligomer of aniline. This observation explains why

the detected mass loss (ammonium and aniline gases)

during the first stage is smaller than the theoretical value

(i.e., because of the partial oligomorization of aniline).

Theoretical analysis of the decomposition kinetics

Model-free analysis

In nonisothermal TG study, model-fitting and model-free

analysis are the two frequently used methods for the

evaluation of kinetic parameters. The model-free method is

based on isoconversional principle, especially the Fried-

man method [26], the Flynn–Wall–Ozawa method [27, 28]

and Kissinger method [29] are of importance for kinetic

analysis. Isoconversional kinetics rests on evaluating the

dependence of the apparent activation energy on conver-

sion or temperature and use such a dependence to make

kinetic predictions or to derive the underlying reaction

mechanism. These methods state that the reaction rate at a

constant extent of conversion is only a function of the

temperature [30]. Equation 1 is the differential form of

Friedman and Eqs. 2 and 3 are the basic logarithm form of

Flynn–Wall–Ozawa (FWO) and Kissinger.

ln
bda
dt

� �
a

¼ ln Af ðaÞ � Ea

RTa
ð1Þ

lnðbÞ ¼ ln
AEa

RG að Þ

� �
� 5:331� 1:052

Ea

RTa
ð2Þ

ln
b
T2

p

 !
¼ ln

AR

E

� �
� E

RTp

ð3Þ

where R is the gas constant, A is the pre-exponential factor,

E is the activation energy, b is the heating rate, a (a ¼ DW
DW/

)

is the extent of conversion, T is the temperature, Tp is the

peak temperature in the DSC curve and f(a) and G(a) are

differential and integral model function, respectively. The

activation energy related to a given conversion, Ea, can be

obtained by plotting ln bda
dt

� �
a

or ln(b) as a function of Ta
-1

for various heating rates. The estimated values of the
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Fig. 2 Online FT-IR spectra of

the off-gases of the pyrolysis of

DPG. All reaction conditions

are the same as those in Fig. 1
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apparent activation energy for the decomposition of DPG

are presented in Fig. 3, which shows that the activation

energy is dependent on the extent of conversion. Therefore,

the two-stage decomposition kinetics of DPG is likely

governed by multiple reaction steps [31]. As indicated by

Fig. 3A, one can obtain the calculated activation energies

(E) for DPG first-stage decomposition ranging from 90 to

120 kJ mol-1 (Friedman method) and 97 to 122 kJ mol-1

(Flynn–Wall–Ozawa method). Namely, the activation

energy E equals 108.57 ± 5.37 kJ mol-1 (Friedman

method) and 114.48 ± 4.84 kJ mol-1 (Flynn–Wall–Ozawa

method) for the first- and second-stage decomposition of

DPG, respectively. As shown in Fig. 3B, for the second-

stage decomposition of DPG, the calculated activation

energies equal 151.68 ± 17.33 (Friedman method) and

146.44 ± 16.81 kJ mol-1 (Flynn–Wall–Ozawa method).

From the plots of ln(b/(Tp)2) versus (1/Tp) (Fig. 4), one

obtains that the activation energy E equals 116.55 and

142.64 kJ mol-1 (Kissinger method) for the first and sec-

ond-stage decomposition of DPG, respectively. These

calculations illustrate that both methods agree with each

other very well in estimating the activation energy of the

thermal decomposition of DPG.

Model-fitting analysis

Model-fitting methods are among the first and most popular

methods for kinetic description of thermal decomposition

of solid. It requires only a single heating rate experiments

to calculate the kinetic parameters. Several kinetic models

are available in literature to describe the mechanism of

solid-state reactions. The mechanism of the thermal

decomposition reaction is usually found out by fitting the

TG data into those kinetic models and choosing the one

that gives the best fit. In this study, multivariate nonlinear

regression from Netzsch Thermokinetics, which is based

on multiple heating rates, was applied to carry out the fit-

ting for DPG decomposition. Netzsch Thermokinetics is a

comprehensive program for kinetic analysis of thermo-

gravimetric (TG), differential scanning calorimetric (DSC),

rheometric and dynamic mechanical analysis (DMA).

Multivariate nonlinear regression, which is a key part of
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Netzsch Thermokinetics, allows a direct fit of the model to

experimental data without a transformation and has no

limitations with respect to the complexity of the model.

Earlier studies have demonstrated that the combination of

model-free isoconversional methods and multivariate

nonlinear regression can give more reasonable and appli-

cable kinetics models than merely using model-fitting

methods [32, 33].

DTG/DSC curves in Fig. 1 and the attained dependence

of E on a suggest that there are at least three steps in the

DPG thermal decomposition. At the initial stage, there is an

exchange between the imino form R1 and amino form R2 of

DPG, which is followed by the simultaneous decomposi-

tion from both forms. Working out from this hypothesis, a

three-step reaction scheme

R1 Bna

Bna
R2

I
An p

was proposed and tested with the 16 commonly used

models [33]. To assure the derived kinetic equation is

valid, values of E and A obtained through multivariate

nonlinear regression method (model-fitting analysis)

should agree with the numbers calculated with the model-

free approach (e.g. Friedman and FWO methods). There-

fore, models that yield with a high correction coefficient

and a minimal Durbin–Watson [34] value shall represent

the most probable kinetic model of the DPG decomposi-

tion. The corresponding function f(a) of Bna, expanded

Prout-Tompkins equation (a-th degree autocatalytic reac-

tion with an n-th order reaction) [35], is ð1� aÞnaa; f(a) of

An (n-dimensional nucleation, Avrami–Erofeyev equation)

is nð1� aÞ½� lnð1� aÞ�1�
1
n. Figure 3 shows that the cal-

culated TG curves at heating rates of 5, 8, 10 and

12 �C min-1 are consistent with the experimentally mea-

sured data. The impressive fit between theoretical and

experimental data is supported by the correlation coeffi-

cient, r, which is larger than 0.9998, and Durbin–Watson

value (2.0147 9 10-3). The fitted kinetic parameters are

summarized in Table 1, which shows that the apparent

activation energies calculated from the above-proposed

models fall within the range derived from the variation of E

as a function of a. Notably, the apparent activation energies

of two parallel reactions (step 1 and step 2) are nearly

equivalent, and their decomposition kinetics both follow

expanded Prout–Tompkins equation, f(a)=ð1� aÞnaawith
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Fig. 5 Experimental and simulated TG curves of the thermal

decomposition of DPG at heating rates of 5, 8, 10 and 12 �C min-1.

Symbols open square, open up-pointing triangle, open diamond, open
down-pointing triangle: experimental curves; line: simulation curves

Table 1 Fitted kinetic parameters of DPG decomposition resulting from multivariate nonlinear regression (heating rates 5, 8, 10 and

12 �C min-1)

Reaction step Model n a E/kJ mol-1 lg (A/s-1) r 103DW

Step 1 Bna 2.1143 0.6676 122.35 10.40 0.9998 2.0147

Step 2 Bna 1.6585 0.5517 120.94 11.78

Step 3 An 1.5035 160.14 10.77

Bna the extended Prout–Tompkins equation f(a) = ð1� aÞnaa, An the Avrami–Erofeyev equation f ðaÞ ¼ nð1� aÞ½� lnð1� aÞ�1�
1
n, r the

correlation coefficient, DW the Durbin–Watson value
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Fig. 6 The isomerization of

N,N0-diphenylguanidine
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n = 2.1143, 1.6585 and a = 0.6676, 0.5517, respectively.

The above results strongly suggest that the initial decom-

position process consists of two parallel reactions that

result from the isomerization of N,N0-diphenylguanidine

(Fig. 5) (i.e., parallel decomposition of R1 and R2 of DPG).

Such results lead us to believe that the decomposition of

DPG follows the reaction model proposed in the preceed-

ing (Fig. 6).

Conclusions

Thermal decomposition reaction of N,N0-diphenylguanidine

(DPG) was investigated in this study by a simultaneous TG/

DSC-FTIR method under nitrogen atmosphere. As evidenced

by the thermoanalytical results, the DPG decomposition goes

through two stages: The first stage is the loss of aniline from

imino and amino forms of DPG, which is preceded by the

tautomerization of DPG. Theoretical calculations show that

the first-stage decomposition can be characterized by two

expanded Prout–Tompkins equations and the corresponding

rate laws can be represented as follows:

Step 1

da
dt
¼ 2:5026� 1010

� exp
�122:35� 103

RT

� �
1� að Þ2:1143a0:6676

Step 2

da
dt
¼ 6:08� 1011

� exp
�120:94� 103

RT

� �
1� að Þ1:6583a0:5517

The second stage is the subsequent pyrolysis of the

stable intermediate I. Although we have not been able to

determine the chemical structure of the substance I, the

analysis nevertheless suggests that such an endothermic

decomposition follows Avrami–Erofeyev equation, impli-

cating that the second decomposition stage features random

and continuous nucleation mechanism. Its rate law can be

represented as follows:

Step 3

da
dt
¼ 8:89� 1010 � exp

�160:14� 103

RT

� �
ð1

� aÞ½� lnð1� aÞ�0:3349

In summary, the pyrolysis of DPG involves melting and

subsequent two-stage decomposition that matches the

reaction model proposed in the preceeding. The study on

the decomposition of DPG shall be helpful to understand

its thermal transformation process that is of significance for

its applications.
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