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A B S T R A C T

As an attractive new energetic fuel, core–shell type hyperbranched azide copolymer (POG) have been in-
vestigated with regard to its pyrolysis kinetics and mechanism. Through Asymmetric Double Sigmoidal
(Asym2sig) function deconvolution, POG pyrolysis profiles could be separated into two reactions well (the first
and second step). Based on reasonable kinetics analysis methods, mechanism functions of the first and second
step reactions were constructed to n-th order reaction model of f1(α1)= (1−α1)1.05 and 3D diffusion model of
f2(α2)= 1.95(1− α2)2/3[1− (1− α2)1/3]−0.54. The gaseous products and residual morphology in different
pyrolytic steps are identified by TG-FTIR-MS and SEM. Through molecular simulation, the intermediate reac-
tions between the first and second step were successfully captured, and then the detailed pyrolysis mechanism of
POG was established. In the initial stage of POG pyrolysis, thermal cracking of eN3 generates nitrenes and
releases N2 (fitting n-th order model). Next, the intermolecular crosslinking and intramolecular cyclization re-
actions of nitrenes form a new cross-linked layer on the outside of hyperbranched polyether core of POG (PEHO-
c), delaying the decomposition of inner PEHO-c. Furthermore, pyrolysis of cross-linked layer and PEHO-c is
gradually performed by 3D diffusion model from outside to inside, which is very suitable for 3D core-shell
structure of POG.

1. Introduction

Azide polymers have received extensive attention and been the
subject of much research because of the azido groups which can release

additional heat and provide a higher temperature and specific impulse
on combustion as a component of high-energy fuel [1], such as glycidyl
azide polymers (GAP) [2–4], poly(3-azidomethyl-3′-methyl oxetane)
(PAMMO) [5,6], poly (3,3′-bis-azidomethyl oxetane) (PBAMO) [7,8], as

https://doi.org/10.1016/j.fuel.2018.03.068
Received 29 January 2018; Received in revised form 28 February 2018; Accepted 11 March 2018

⁎ Corresponding author.
E-mail address: yjluo@bit.edu.cn (Y. Luo).

Fuel 224 (2018) 311–322

0016-2361/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2018.03.068
https://doi.org/10.1016/j.fuel.2018.03.068
mailto:yjluo@bit.edu.cn
https://doi.org/10.1016/j.fuel.2018.03.068
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2018.03.068&domain=pdf


well as corresponding copolymers [9–13]. GAP, as a typical re-
presentative, is considered as a kind of perfect materials to be used as
the fuel binder of composite propellants and solid fuel of hybrid rocket
and ducted rocket [14] due to its high density, low sensitivity, low
characteristic signals, high energetic level, etc. [7,15,16]. Nevertheless,
GAP exhibits poor low-temperature properties because of the bulky side
group and low molecular weight, that reduce backbone flexibility [17],
consequently, limiting its development and application to some extent.
To improve these problems, we have successfully prepared core-shell
type multi-arm azide copolymer (POG) based on typical three-dimen-
sional (3D) hyperbranched polyether core and GAP shell, which pos-
sesses some noticeable properties (higher molecular weight, lower glass
transition temperature and viscosity) in comparison with common
linear GAP [18]. In the ongoing studies, we are initially finding that
they can provide good practical performances in casting and extruding
solid propellants as binder or additive. These characteristics mean that
POG is promising compounds regarding potential application as novel
energetic materials.

Pyrolysis behavior of thermal hazard substance plays a crucial role
in burning rate, gas production performance, and safe characteristics
for propellants [19], especially for new energetic material. At present,
the thermal kinetics and pyrolysis mechanisms of linear GAP or its
derivatives have been widely studied. It is generally accepted that their
thermal decomposition could be mainly divided into two stages
[20–22]: Firstly, the azido groups rupture and produce energy, and
secondly, polyether backbone can be broken down at higher tempera-
ture. In Chen’s literature, its thermal decomposition behaviors were
investigated in nitrogen, which indicated the activation energy is ca
146 kJ/mol and the n-th kinetic model is suitable for the first step re-
action [23]. Tang and co-workers submitted that the decomposition of
GAP at atmospheric pressure in argon was dominated by the condensed
phase chemistry and few reactions occurred in the gas phase [24].
Wang et al. [1] investigated the details of thermal decomposition re-
actions and products of GAP at low pressure. It is observed that the
pyrolysis began at ca 70 °C and some free radicals, such as C2H3O,
C3H5O, C6H6O, were detected. Furthermore, they discussed the for-
mation mechanisms of some important radicals and proposed the most
probable reaction routines. Recently, a few researchers have focused
their attention on the decomposition behavior of GAP derivatives due to
much better practical applications than that of GAP homopolymer. The
pyrolysis behaviors of energetic thermoplastic elastomer based on GAP
or PBAMO/GAP were examined, and relatively kinetics parameters and
reaction mechanisms of azido-groups decomposition were confirmed
[17,25]. Zhao et al. [13] studied the thermal decomposition behavior of
BAMO-GAP and BAMO-GAP/nano-CuO using DSC-TG-FTIR-MS cou-
pling technique and identified their major gaseous products. It was
suggested that nano-CuO enhanced the NeN bond breaking in azido
groups and more N2 was released. Huang and co-workers synthesized a
new fullerene-GAP (C60-GAP), and found that C60-GAP decomposition
showed complex three-step thermal process [26]. From the above lit-
eratures, we can observe that the decomposition of GAP involves a
complex process, especially, the copolymer of GAP and other com-
pounds. Consequently, pyrolysis kinetics of GAP or its derivatives are
generally investigated only in the stage of azido-group decomposition
due to the complex multistep overlapping process [13,17,25,27,28].
Although the pyrolysis mechanisms of GAP have been preliminary
confirmed by deducing based on the pyrolytic products detected using
different methods and devices, there is no direct and valid evidence for
the intermediate reaction process, especially, the decomposition pro-
cess after azido group rupture. Hence, a more effective strategy is
crucially needed to explore the multistep pyrolysis process of complex
azide copolymers.

Nowadays, in order to simplify the multistep reaction, mathematical
deconvolution method using a statistical function was used to separate
the overlapping kinetic rate data. This approach assumed that the
component reaction steps were not mutually dependent [29].Up to

now, many particular peak functions have been used in the kinetic
studies of multistep thermal decomposition reaction, such as Gaussian
[30], Bi-Gaussian [31], Lorentz [30], Logistic [32], and so on. Thus, the
selection of a proper peak function is very important for specific system
[33]. Asymmetric Double Sigmoidal (Asym2sig) is a commonly used
function for asymmetric signal deconvolution, for example, complex
light or electrical signal [34–36]. There are relatively less studies about
Asym2sig deconvolution for pyrolytic curves. Walters et al. [37] sepa-
rated pyrolysis profiles of cyanate ester resin into two reaction steps by
using Asym2sig function deconvolution, but not gave the detailed cal-
culative process. Chen et al. applied Asym2sig function deconvolution
to multiple pyrolysis kinetic study of bamboo waste, and obtained sa-
tisfying results, as well as analyzed the relationship between Asym2sig
and pyrolysis parameters in detail [38]. Furthermore, combining with
the characteristics of POG pyrolysis curves, we try to use a deconvo-
lution procedure with Asym2sig function for POG pyrolytic kinetics in
this article. In addition, the intermediate reactions are difficult to detect
by experimental studies alone due to highly reactive in an extremely
short period of time. Therefore, a computationally feasible method is
needed to study the pyrolysis mechanisms of POG. Reactive Force Field
Molecular Dynamics (ReaxFF-MD) simulation has been developed by
Van Duin et al. [39] for exploring chemical reactions. Many papers use
ReaxFF-MD for studying the pyrolysis characteristics and reaction me-
chanisms of organics [40–44], especially, energetic materials [45–47].
To the best of our knowledge, the two methods used to investigate the
thermal kinetics and pyrolysis mechanism of azide polymers have been
rarely reported. Inspired by the literatures, these strategies used to
evaluate the pyrolysis behavior of POG are a desirable alternative.

The pyrolysis process of POG could be more complex than that of
linear azide polymer due to its 3D spatial arrangement of molecular
chains. In this article, a deconvolution procedure with Asym2sig func-
tion was used for POG pyrolytic kinetics. In addition, the common
methods of model-free, kinetic compensation effects, integral master-
plots, and kinetic mechanism function construction were also used to
determine kinetic triplets of multistep pyrolysis of POG. Meanwhile, the
pyrolysis mechanism of POG was deduced by ReaxFF-MD simulation
and pyrolytic products analysis. Furthermore, the relationship of kinetic
models and pyrolysis mechanisms of POG was discussed. The research
not only presents the pyrolysis behavior of POG in detail, but also may
provide some methods for studying the complex pyrolysis process of
similar energetic polymers.

2. Experimental methodology

2.1. Materials

Core-shell type hyperbranched azide copolymer (POG,
Mn=5870 g/mol, the molar ratio of core to shell is around 1:2) was
synthesized at the laboratory [18].The hyperbranched polyether
(PEHO, Mn=2120 g/mol, the degree of branching is 0.42) was syn-
thesized according to the literature [18,48]. The chemical structures of
PEHO and POG are shown in Fig. 1.

Fig. 1. The molecular structural formula of PEHO and POG.
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