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Abstract

Isothermal heat flow microcalorimetry (I-HFMC) represents a precise and con-

venient method for following the degradation of nitrocellulose (NC) based gun

propellants. The addition of the stabilizer diphenylamine (DPA) creates an initial

dip in the heat flow curves (HFC), while the stabilizer akardite II (Ak II) barely

has an impact on then. The aims of this thesis were (I) to show the principle

way to simulate HFC and the basic prerequisites necessary and (II) to explain the

different behavior of the HFC caused by the stabilizers. Using DFT computations

with the ωB97X-D functional and an aug-cc-pvtz basis set with an iefPCM solva-

tion model to simulate the propellant matrix, reaction enthalpies and Gibbs free

energies were computed for reaction pathways involving NC, DPA and Ak II with

the program system Gaussian 2016. Kinetic models consisting of sets of ordinary

differential equations (rate laws) were fitted with the FitODE application in Ori-

gin 2019b™ by the company OriginLab corporation in conjunction with reaction

enthalpies from DFT computations to model the HFC’s of unstabilized NC, an Ak

II-stabilized propellant and a DPA-stabilized propellant. It was found out that

current kinetic models using only the concentrations of nitrate ester, the auto-

catalytically active species and the stabilizer with its consecutive products firmed

by its stabilizing action show some major shortcomings. Therefore, the idea was

to include a different, previously neglected reaction might be important for the

proper description of the HFC’s. It is proposed that an organic species capable of

reducing autocatalytically active NO2 and HNO3 should be included in the kinetic

model system. Such a compound can inhibit the autocatalytic degradation of NC

to some degree. This process is named ”autostabilization”, in antithesis to auto-

catalysis. A simple kinetic model based on this premise is found to reproduce the

HFC of the DPA-stabilized sample with an adjusted R2 of 0.945. The existence of

an autostabilization process would have a profound impact on the understanding

of propellant shelf lives and propellant-stabilizer interactions.



Index of symbols and abbreviations by occurence

Underlined variables refer to 3- or 4-dimensional vectors.

NC nitrocellulose (cellulose nitrate)
NOx nitrogen oxides, especially NO and NO2

DPA diphenylamine, stabilizer for NC
Ak II akardite II (N,N-diphenyl-N’-methylurea), stabilizer for NC
IR-spectroscopy infrared-spectroscopy
GC gas chromatography
ESR electron spin resonance
NMR nuclear magnetic resonsance
UV-VIS ultraviolet-visible
I-HFMC isothermal heatflow microcalorimetry
dQ/dt heat flow rate
HFC heat flow curve
STANAG Standardization agreement (NATO)
QM quantum mechanics
Ψ(τ 1, τ 2, ..., τN) wavefunction as a function of τ i
N number of quantum mechanical particles in a system
ri spacial coordinates of particle i
σi spin coordinate of particle i
τ i combined spacial and spin coordinates of particle i

T̂nuc nuclear kinetic energy operator

T̂el electronic kinetic energy operator

V̂nuc,nuc internuclear potential energy operator

V̂nuc,el potential energy operator for electron-nucleus interactions

V̂el,el interelectronic potential energy operator
E energy (eigen)value
HF method Hartree-Fock method
BO approximation Born-Oppenheimer approximation
MO molecular orbital
SCF cycle self consistent field cycle
ρ(r1) electron density as a function of 3-dimensional spatial

coordinates
E[ρ] total energy functional
Ekin[ρ] kinetic energy contribution functional
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ECoulomb[ρ] Coulomb interaction contribution functional
EX [ρ] exchange energy contribution functional
Ec[ρ] correlation energy contribution functional
Exc[ρ] exchange-correlation contribution functional
LDA local density approximation
GGA generalized gradient approximation
5ρ gradient (of electron density)

∆ρ = 52ρ Laplacian (of electron density)
ϕi molecular orbital with number i
BLYP Becke, Lee, Yang, Parr correlation functional (GGA-type)
B3LYP Becke, 3 parameter, Lee, Yang, Parr correlation

functional (hybrid-GGA functional)
ωB97X-D long range corrected (ω) Becke 97 (B97) with exchange

and correlation within a hybrid scheme (X) and empirical
Grimme dispersion correction (D) functional

6-31++G(d,p) split valence Pople type basis set, double zeta for valence
orbitals with polarization and diffuse functions added to
H and heavy atoms

aug-cc-pvtz augmented correlation-consistent triple zeta basis set
ONIOM our own n-layered integrated molecular orbital and orbital

mechanics
iefPCM integral-equation formalism polarizable continuum model

(solvation model)
COSMO conductor-like screening model (solvation model)
εr relative permittivity of medium
ω angular velocity of quantum harmonic oscillator
h̄ reduced Planck constant, h̄ = h/2π
S absolute entropy
V volume
p pressure
T temperature
U absolute internal energy
H absolute enthalpy
F absolute Helmholtz free energy
G absolute Gibbs free energy
p◦ reference pressure = 1 atm
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Kp equilibrium constant with reference to p◦

M◦ reference molality = 1 µmol/g
KM equilibrium constant with reference to M◦

R ideal gas constant 8.314 J mol−1 K−1

Q reaction quotient (like K, but concentrations not necessarily
at equilibrium)

ρm mass density
∆rH/ ∆rG enthalpy/ Gibbs free energy change for a reaction
∆H‡/ ∆G‡ enthalpy/ Gibbs free energy of a transition state relative to

the educts
∆fH/ ∆fG enthalpy/ Gibbs free energy of formation, i.e. for formation

of a given compound directly from the elements in their
most stable form at standard pressure

HSM Harmonic solvation model
ODE Ordinary differential equation
R2 Coefficient of determination of a fit
Adj. R2 Coefficient of determination adjusted for number of

free parameters
P global reagent in NC, autocatalytically active

degradation product
S general stabilizer
R global reagent in NC, not autocatalycitally active byproduct

of NC degradation
[S − P ] undefined product of the reaction of S and P
PETN pentaerythritol tetranitrate, high explosive
RDX 1,3,5-trinitro-1,3,5-triazinane, high explosive
TS transition state
FTIR Fourier transform infrared spectroscopy
NG nitroglycerin, used in double-base propellants
m-%, mass-% mass fraction in percent
SEAr electrophilic aromatic substitution
CAR carbazole
C-390 carbazole-stabilized propellant sample
SEM scanning electron microscopy
EDX energy-dispersive X-ray spectroscopy
NC-37 DPA-stabilized single-base propellant
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EM2 Ak II-stabilized double-base propellant
HPLC high-performance liquid chromatography
NBO natural bond orbital
CP1 unstabilized NC-sample (13 mass-% content nitrogen)
kNC reaction rate constant for intrinsic NC-degradation, in s−1

kauto reaction rate constant for autocatalytic NC-degradation,
in g µmol−1 s−1

d2Q/dt2 time derivative of heat flow rate dQ/dt
C/S0200 Ak II-stabilized single-base propellant
C/S0400 Ak II-stabilized single-base propellant
K6210 DPA-stabilized double-base propellant
RS3 reaction system III
kNNO reaction rate constant for DPA to NNO-DPA, in g µmol−1 s−1

kDPANNO reaction rate constant for NNO-DPA to DPA, in s−1

k4N reaction rate constant for DPA to 4NO2-DPA, in g µmol−1 s−1

k2N reaction rate constant for DPA to 2NO2-DPA, in g µmol−1 s−1

kNNO− reaction rate constant for NNO-DPA to undefined product,
in g µmol−1 s−1

k4N− reaction rate constant for 4NO2-DPA to NNO-4NO2-DPA,
in g µmol−1 s−1

k2N− reaction rate constant for 2NO2-DPA to NNO-2NO2-DPA,
in g µmol−1 s−1

kNNO4N− reaction rate constant for NNO-DPA to NNO-4NO2-DPA,
in g µW−1 s−1

kNNO2N− Reaction rate constant for NNO-DPA to NNO-2NO2-DPA,
in g µmol−1 s−1

iv



Contents

1 Introduction 1

2 Aim 4

3 Theory and computational considerations 5
3.1 Isothermal heatflow microcalorimetry (I-HFMC) . . . . . . . . 5
3.2 Computational methods . . . . . . . . . . . . . . . . . . . . . 5

3.2.1 Hartree-Fock method . . . . . . . . . . . . . . . . . . . 6
3.2.2 Density functional theory . . . . . . . . . . . . . . . . 8
3.2.3 ONIOM and iefPCM . . . . . . . . . . . . . . . . . . . 11

3.3 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 Kinetic modelling . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 Software packages . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Nitrocellulose degradation 20
4.1 What is P? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2 Initial degradation . . . . . . . . . . . . . . . . . . . . . . . . 30

4.2.1 Homolytic splitting of CO NO2 . . . . . . . . . . . . . 31
4.2.2 NC degradation by HONO elimination . . . . . . . . . 32
4.2.3 C ONO2 bond cleavage . . . . . . . . . . . . . . . . . 34

4.3 Subsequent degradation . . . . . . . . . . . . . . . . . . . . . 35
4.3.1 Chemiluminescence . . . . . . . . . . . . . . . . . . . . 35
4.3.2 Gas-phase FTIR . . . . . . . . . . . . . . . . . . . . . 36
4.3.3 Radical propagation mechanism . . . . . . . . . . . . . 38

4.4 Nitroglycerin in double-base propellants . . . . . . . . . . . . 41

5 Diphenylamine 43
5.1 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Stabilizer reactions . . . . . . . . . . . . . . . . . . . . . . . . 44

5.2.1 Reactivity and overall favorability . . . . . . . . . . . . 45
5.2.2 Radical substitution . . . . . . . . . . . . . . . . . . . 47
5.2.3 Electrophilic aromatic substitution . . . . . . . . . . . 52
5.2.4 Intramolecular rearrangements . . . . . . . . . . . . . . 55

5.3 Other reactions and products . . . . . . . . . . . . . . . . . . 57
5.3.1 Carbazoles . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.3.2 Reactions with aldehydes . . . . . . . . . . . . . . . . . 60

v



5.4 DPA acceleration . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5 Secondary nitration . . . . . . . . . . . . . . . . . . . . . . . . 63

6 Akardite II 65
6.1 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.2 Stabilizer reactions . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3 Reactions of the phenyl groups . . . . . . . . . . . . . . . . . 69
6.4 Reactions of the methylurea group . . . . . . . . . . . . . . . 71
6.5 Hydrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7 Kinetic modelling 77
7.1 Unstabilized NC: 1st order autocatalysis . . . . . . . . . . . . 77
7.2 NC and Ak II . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.3 NC with DPA . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.3.1 Reaction system III . . . . . . . . . . . . . . . . . . . . 90
7.3.2 Extended reaction system III . . . . . . . . . . . . . . 102

7.4 Potential solution: nitrocellulose autostabilization . . . . . . . 109
7.4.1 Recapitulation . . . . . . . . . . . . . . . . . . . . . . . 109
7.4.2 Effect of diffusion . . . . . . . . . . . . . . . . . . . . . 110
7.4.3 NC autostabilization . . . . . . . . . . . . . . . . . . . 111
7.4.4 Simple kinetic model . . . . . . . . . . . . . . . . . . . 112
7.4.5 AK II and unstabilized NC . . . . . . . . . . . . . . . . 114
7.4.6 Future outlook and improvements . . . . . . . . . . . . 115

8 Summary 119

9 Appendix: Bernoulli differential equations 121

vi



1 Introduction

In 1846 Swiss-German chemist Christian Schönbein made an unanticipated
discovery. While handling concentrated nitric acid Schönbein noticed an
accidental spill. He proceeded to wipe the spilled acid up with a cotton
apron and, not aware of what had just transpired, suspended it for drying.
Before long the apron was completely engulfed in flames[1].

Two aspects of this short anecdote need to be called to attention: (I),
what Schönbein had come upon, and (II), in what manner.

(I): Schönbein had unwittingly performed an esterification between the
cellulose in the cotton textile and the nitric acid he had spilled, yielding cel-
lulose nitrate - more commonly known as nitrocellulose (NC) or ”guncotton”.
Varying degrees of nitration are attainable by adjusting the conditions dur-
ing the nitration process. Theoretically, fully nitrated NC with three nitrate
ester groups per anhydroglucose ring corresponds to the chemical formula
of (C6H7O2(NO3)3)n (Figure 1) and a nitrogen content of 14.15%. In prac-
tice, samples nitrated up to 2.7 nitrate ester groups/ring (∼13.3% N) are
commonly used, although the synthesis of cellulose nitrate with over 14 % N
using a mixture of nitric acid and acetic anhydride has been claimed[2].

Figure 1: Fully nitrated repeating cellobiose hexanitrate unit in
nitrocellulose[3].

In contrast to traditional charcoal-sulfur based gunpowder, the combustion
of NC generates a large volume of hot gas without producing solid products
as residues. The gas can be used to inflate airbags or for gas generators
for seat belts; NC also plays a big role as in gun and rocket propellants.
Single-base propellants with only stabilized NC are used as gun propellants.
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Double-base propellants additionally contain nitroglycerin and are widely
used as gun and rocket propellants. Finally, triple-base propellants consist
of a mixture of NC, nitroglycerin and nitroguanidine (NH2)2CNNO2[4].

(II): The autoignition of the fabric is indicative of the instability of NC.
Like most other organic nitrate esters, NC has a tendency to degrade over
time[5]. This degradation of the NC fibers manifests as a gradual deterio-
ration of its physical properties and an increased risk of accidental ignition.
The slow breakdown of NC produces NOx, nitrous and nitric acids as well as
aldehydes and other gaseous products. Some of these products, in turn, cat-
alyze the deterioration of more NC. Runaway autocatalytic decomposition
tends to occur in samples with higher nitrogen content and can cause danger-
ous premature combustion or explosion accidents just like what Schönbein
had experienced. The NC sample in question was heavily contaminated with
leftover acid, causing the autocatalytic decomposition to get out of hand
rapidly. This problem becomes more pronounced in highly nitrated propel-
lant grade NC. In more recent history, the explosion of a container of dry NC
has set off a chain of detonations with casualties in the hundreds in Tian-
jin, China in 2015[6]. As a measure to limit decomposition and to extend
storage time while also reducing the risk of accidents, commercially available
propellant mixtures customarily contain stabilizers that react with and re-
move contaminants and decomposition products that have the potential to
cause autocatalytic degradation of the propellant. These stabilizers usually
also act as antioxidants and bind free radicals. Two commonly encoun-
tered stabilizers used in propellant formulas include diphenylamine (DPA)
and N,N-diphenyl-N’-methylurea, often called akardite II (Ak II). Other aro-
matic urea derivatives like N,N’-diethyl-N,N’-diphenylurea (ethyl centralite)
or 1,1-diphenylurea (akardite I) as well as derivatives of DPA are also em-
ployed as stabilizers. They subsequently react with degradation products of
NC, interrupting the autocatalytic decay cycle. DPA and Ak II (structures
in Figure 2) will be discussed in more detail over the course of this work.

Not least due to the sheer number of different possible substances and
interactions in a mixture of NC and a stabilizer the course of NC degra-
dation in the presence of different stabilizers is to this day a field of active
research. Many methods, including IR-spectroscopy, GC, mass spectroscopy,
electron spin resonance (ESR) and calorimetric measurements have been used
to study NC degradation. This work places a spotlight on the latter: The
heat generation from propellant samples stabilized with DPA and Ak II has
been measured at elevated temperatures using isothermal microcalorimetry
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Figure 2: Stabilizers diphenylamine (left) and akardite II (right).

to reveal curiously different heat flow patterns over time. Figure 3 shows typ-
ical heat flow curves at 90◦C for two propellants, one with DPA and one with
Ak II, side by side. Ak II stabilization results in a high initial rate of heat
generation which after some equilibration settles to a fairly constant baseline.
DPA, on the other hand, shows an initial dip followed by an increase and
sometimes a local maximum of heat flow dQ/dt.

Figure 3: Heat flow curves of two propellants at 90◦C, stabilized with DPA
and Ak II.
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2 Aim

The aim of this thesis is to simulate and construct the heat flow patterns
of Ak II- and DPA-stabilized gun propellants using various kinetic models
and thermodynamic data from quantum mechanical DFT calculations. A
number of reactions and mechanisms are additionally studied to shed light
on the feasibility of certain NC decay products, mechanisms and interactions
with the stabilizers.
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3 Theory and computational considerations

3.1 Isothermal heatflow microcalorimetry (I-HFMC)

One widely used method for analyzing the progress of sample degradation is
following the evolution of heat over time. When studying the long term stor-
age properties of NC samples in accelerated aging tests, the decomposition
proceeds painstakingly slow. It is spread over many tens or up to hundreds of
days and the rates of heat production are accordingly low. For this reason, a
special type of calorimetry is required for this application, namely isothermal
heatflow microcalorimetry (I-HFMC). The sample is placed in a heat reser-
voir and kept at a constant temperature together with a second inert sample.
The tiny heat generation from the sample is registered as a minuscule heat
flow between the samples. Typical heat generation rates at 80°C can be on
the order of 40 up to some 100 µW per g propellant. To properly detect
the small temperature differences and heat flows caused by the sample, the
constancy of temperature and accuracy of the sensor must be very high in
the range of 10−4 K to 10−6 K. The heat generation curves of multiple pro-
pellant mixtures have been recorded and discussed by Bohn[7]. More recent
measurements on unstabilized NC have been performed by Heil[8]. Datas
Measurements from these sources will be used in section 7 as references for
propellant heat flow curves. The I-HFMC experiments are performed in
airtight ampules made of either glass or stainless steel. It has been shown
repeatedly that experimental conditions such as exposure to air, moisture,
pressure equilibration and even outwardly inert material like glass beads can
have a substantial but poorly predictable effect on the heat flow curves[9].
The conditions for the experiments are hence highly standardized as laid out
in NATO STANAG 4582 Ed.1[10].

3.2 Computational methods

When working within the framework of non-relativistic quantum mechanics
the search for the spectrum of expected values for any given observable is
reduced to finding the eigenstates of the wavefunction Ψ and their associ-
ated eigenvalues under the corresponding operator. Ψ is a function of all 3N
spacial and N (artificially added in non-relativistic QM) spin coordinates of
all N involved particles. In the following, ri is used to denote three dimen-
sional spatial coordinates, σi to express spin coordinates and τ i to signify
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the combined four-dimensional vector of a given particle. The approach to
finding the energy of a system is no different from the one recited above: In
this case the operator acting on the wavefunction is called the Hamiltonian
of the system, in analogy to the Hamiltonian function in classical mechanics.
It can be split up into multiple operators, each one accounting for a dif-
ferent contribution to the total energy. For a molecule, these contributions
are the kinetic energies of nuclei and electrons, the repulsive interaction be-
tween like or equally signed charges and the attraction between electrons
and protons. The eigenvalue equation as a whole is universally known as the
time-independent Schrödinger equation and can be written in the form given
in equation 1:

[T̂nuc+T̂el+V̂nuc,nuc+V̂nuc,el+V̂el,el]Ψ(τ 1, τ 2, ..., τN) = EΨ(τ 1, τ 2, ..., τN) (1)

While simple single-electron quantum systems oftentimes can be solved ana-
lytically, there exists no such solution for the Schrödinger equation for atoms
and molecules with multiple electrons. Accordingly, many numerical com-
putational methods have been introduced over the years; these may vary
significantly in accuracy, precision, computational complexity. It is there-
fore essential to identify a suitable level of theory which meets the required
standards to adequately describe any property of interest in a molecule.

3.2.1 Hartree-Fock method

Some methods use approximations to model a wavefunction that is gradu-
ally optimized to ideally converge towards the elusive exact solution. The
most ubiquitously employed groundwork for many types of computations is
the Hartree-Fock method. The foundation for this method was laid by En-
glish mathematician Douglas R. Hartree and built upon by Soviet physicist
Vladimir A. Fock in the 1930’s and 1940’s[11][12]. There are six essential
features and steps in this method:

• Born-Oppenheimer (BO) approximation: Motions of nuclei and elec-
trons are decoupled since they occur on vastly different timescales. The
positions of the nuclei are fixed and the electronic wavefunction is com-
puted with only parametric influence of the nuclear coordinates. The
nuclear wave function can later be computed in the potential field of
the electronic wavefunction.
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• Slater determinant: Ψ is approximated as a determinant that consists
of products of single-particle functions (molecular orbitals MO) com-
bined in all permutations of particle and MO. This ansatz has the
benefit of replicating the antisymmetry of fermionic wavefunctions as
required by the Pauli exclusion principle.

• Mean-field approximation: The electrons are assumed to only experi-
ence the mean-field of the other electrons (average interaction). The
interaction is assumed to be limited to the Coulomb and exchange in-
teraction of pairs of electrons. Correlation between the movements of
the individual electrons is ignored, hence the difference between the HF
energy and exact energy of a system is termed the correlation energy.

• Algebraization: The MO’s are further written as a linear combination
of simple basis functions, commonly known as the basis set. These are
usually Gaussian functions (bell curves) Slater-functions (exponential
decay in radial part) or linear combinations thereof, centered on the
atomic nuclei. It is often argued that Slater-type functions are supe-
rior to Gaussians, as they mimic the radial part of hydrogenic wave
functions. In practice, the Gaussian functions have a number of com-
putational advantages. For instance, the integral over the product of
two Gaussians is also a Gaussian function according to the Gaussian
product theorem. This simplifies many computations to the point that
using a linear combination of multiple (usually up to 6) Gaussians fit-
ted to a Slater-type function is faster than using a single Slater-type
function and thus preferred. Auxiliary factors can be affixed to capture
angular variations and polarization. The choice of the basis set has a
profound impact on the accuracy of a computation.

• Variational principle: For a system with a ground state (with minimum
energy) and a complete basis of complementary excited states any ap-
proximated wavefunction (not energy eigenstate) can be written as a
linear combination in this complete basis. As the energy of the excited
states is higher than the ground state’s, the approximated wavefunction
must have an energy expectation value higher than the ground state.
Conversely, the lower the energy of any given approximated wavefunc-
tion, the closer it resembles the ground state. Thus the variation of
the coefficients of the basis functions comprising the MO’s under the
constraint of wavefunction normalization represents a practical method
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for wavefunction optimization. The constrained optimization problem
can be solved with the help of Lagrange multipliers and leads to the so-
called Fock equations, eigenvalue equations that dictate the character
of the optimal MO’s to yield minimum total energy. The complicated
operator in these equations is called the Fock operator.

• Self consistent field (SCF): As the Fock equations are effectively single-
particle eigenvalue problems they are easily solvable. This allows for
the use of an iterative approach: A set of initially guessed MO is used
to compute the Fock operator. The Fock operator is used to solve the
Fock equations and give improved MO’s. The improved MO’s are in
turn used to compute more accurate Fock operators, which in turn give
rise to more and more accurate MO’s. Upon satisfactory convergence
of the MO’s the total wavefunction can be constructed and the total
electronic energy calculated.

Other properties, including infrared and Raman spectra, NMR-shifts,
atomic charges, and potential surfaces can then be determined from the wave-
function. Many more sophisticated methods like Møller-Plesset perturbation
theory, configuration interaction and coupled-cluster methods use the results
of a HF-computation and introduce corrections to account for the correlation
energy[13].

3.2.2 Density functional theory

An analogous description of a system can be achieved by using the electron
density ρ instead of the wavefunction. This is done by taking the inner
product of the wavefunction with itself in all but 3 spacial coordinates, thus
greatly reducing the number of free coordinates from a complex function of
4N dimensions to a non-negative real function in three dimensions:

ρ(r1) = N ·
∫
|Ψ(τ 1, τ 2, ..., τN)|2dσ1dτ 2...dτN (2)

Instead of using the Schrödinger equation to find the energy for a given wave-
function one can also directly derive the energy from ρ. The mathematical
procedure of mapping a function onto a number is called a functional. A
functional is a function that uses a function as input and assigns it a numeri-
cal value. It can thus be looked at as a function of a function. An appropriate
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functional acts on a density function and outputs the energy value associated
with that electron density distribution; the theory underlying this approach
is known as density functional theory (DFT ). The Hohenberg-Kohn theorems
guarantee the existence of a functional which assigns exactly one energy value
to every charge distribution and possibly more importantly prove that un-
der such a functional there exists a charge distribution yielding the minimal
energy, corresponding to the ground state. Using steps similar to those out-
lined for HF, the electron density can be expressed through a basis set and
optimized in a SCF-type cycle. This approach to DFT is commonly known
as Kohn-Sham-DFT [14]. The biggest conumdrum with DFT nevertheless
concerns the functional: No exact functional relating the electron density
function to the energy is known. Inevitably, approximations must be in-
troduced once more. The DFT functional is often arranged into different
contributions as given in equation 3:

E[ρ] = Ekin[ρ] + ECoulomb[ρ] + Ex[ρ] + Ec[ρ] (3)

The Coulomb potential energy term ECoulomb[ρ] for a stationary charge dis-
tribution can be written out explicitly and exactly. The other terms, namely
the kinetic energy of the charge distribution Ekin[ρ] and in particular the
exchange energy Ex[ρ] terms are more complicated. The kinetic energy term
can be accounted for by including the second derivatives of the charge distri-
bution ∆ρ. The exchange interaction is not automatically included in DFT
and must be constructed. Differently from HF, the self-interaction of an
electron does not necessarily vanish here. The Ec[ρ] term accounts for the
correlation in the electron motions. The exchange and correlation terms are
sometimes combined into exchange-correlation Exc.

A plethora of DFT functionals exists for various applications. Their ad-
vantage is that they oftentimes can greatly outperform similarly accurate
wavefunction based methods in terms of computation time. As such, DFT
methods find widespread use for larger systems, which can not be computed
using wavefunction methods in a reasonable amount of time. DFT func-
tionals are benchmarked to give results with a certain level of accuracy for
a set of molecules, making their performance drastically varying depending
on whether or not a functional was designed with a given substance class
in mind. This makes it intrinsically troublesome to try ranking functionals
by their performance. In 2001 Perdew proposed a Jacob’s ladder (Figure
4) of accuracy, ranging from the exact functional (heaven) to HF (earth).
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Climbing the rungs of this ladder is supposed to progressively give better
results[15].

Figure 4: Jacob’s ladder of DFT methods[16].

The first rung of the ladder only uses a rudimentary local density approx-
imation (LDA), so E = E[ρ]. The second rung includes the first deriva-
tive of the charge density in the generalized gradient approximation (GGA),
E = E[ρ,5ρ]. The BLYP (Becke, Lee, Yang, Parr correlation) functional
used in some parts of this work is of this type. The third rung, meta-GGA,
also accounts for the electronic kinetic energy by using the Lapacian of the
density as mentioned above, E = E[ρ,5ρ,∆ρ]. The next step up are hybrid-
GGA/ hybrid-meta-GGA functionals. These functionals additionally per-
form a HF-calculation and include some amount of HF exchange energy
from the occupied MO’s. Here E = E[ρ,5ρ,∆ρ, ϕi] with the HF-orbitals
ϕi. B3LYP and ωB97X-D, as used for most computations in this work, are
of this type[17]. ωB97X-D additionally introduces the Grimme D2 disper-
sion correction. This term helps to better capture non-local interaction that
are poorly represented otherwise by introducing an attractive r−6-potential
akin to London dispersion and similar intermolecular forces[18]. On the last
step of the ladder, the double-hybrid methods are found, which additionally
use the virtual, i.e. unoccupied, HF-orbitals. The more involved methods
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towards the top of the ladder become more and more computationally de-
manding as a payoff for the alleged high accuracy. Note here that - no matter
how sophisticated they may be - methods exceeding pure DFT provide no
guarantee of being variational, i.e. the computed energy may fall below the
exact result. In fact, the Hohenberg-Kohn-theorem itself loses its vailidity as
soon as current-density terms are included in the functional[19].

To be able to estimate the capacity and accuracy of the functional in
use benchmarks and other references are needed. The ωB97X-D functional
has, not least due to the included dispersion term, been found to perform
significantly better than many other common functionals. In a benchmark
study of reaction enthalpies, it was ranked second with a mean unsigned
error (MUE) of 2.0 kcal/mol behind M06 with 1.9 kcal/mol. B3LYP has
shown a poor result with 8.6 kcal/mol in the same ranking[20]. Besides for
reaction enthalpies, ωB97X-D has more distinctly strong points: A study
with its focus on noncovalent interactions has placed ωB97X-D second only
behind B2PLYP-D3, a more demanding double hybrid functional, in fact,
concluding that ”if stranded on a desert island, the computational method
of choice to salvage from one’s luggage must be ωB97X-D/aug-cc-pvtz if ac-
curacy is what is needed”. The mean absolute deviation was found to be 1.12
kJ mol−1 for the systems studied[21]. Another benchmark study of eight dif-
ferent functionals (including B3LYP, PBE) has established that ωB97X-D
produces the most accurate optimized geometries when compared to X-ray
crystal structures, with a mean unsigned error of 0.012 Å for the molecules in
question. The functional has also been applied in kinetic studies of catalysts
to gauge the activation energy barriers[22]. It should also be noted however
that unexpectedly large error margins can be encountered in DFT calcu-
lations. One study (which does not include ωB97X-D) focusing on radical
reactions warns that the computed reaction enthalpies were found to some-
times have unpredictable deviations of up to 40 kJ mol−1 for all functionals
tested due to strong nonlocal interactions with the unpaired electron[23].

3.2.3 ONIOM and iefPCM

Oftentimes only a small part of a molecule undergoes a noticeable transfor-
mation during a reaction. For such cases, the ONIOM (our own n-layered
integrated molecular orbital and molecular mechanics) model allows one to
drastically cut computation time without sacrificing much of the accuracy.
In an ONIOM calculation different molecular regions (often layerwise, like

11



those of an onion) are designated to be processed using different levels of
theory and basis sets. In a typical ONIOM computation only the part of a
molecule which is directly involved in the reaction is computed with high ac-
curacy while the rest can be inculded with a cheaper QM method, a smaller
basis set or even a molecular mechanics force field[24].

Since only single molecules or small clusters are usually considered, both
the geometries and the thermodynamical data pertain to the gas phase and
are inaccurate for condensed phase reactions. For this reason the integral
equation formalism polarizable continuum model (IefPCM) model is used in
condensed phase processes. In IefPCM a molecule is considered to take up a
certain volume in a polarizable continuum (εr > 1). Due to the presence of
the molecule with its charge distribution, the continuum is polarized, which
stabilizes charge separation, dipole moments and other multipole terms rela-
tive to a vacuum and hence mimics the effects of a solvent on a reaction[25].
There is a whole host of closely related solvation models besides iefPCM. The
conductor-like screening model (COSMO) for is implemented in a number of
computational chemistry software packages. While PCM uses an exact dielec-
tric boundary condition for the electric fields at the cavity surface, COSMO
introduces a scaling function in an attempt to reduce deviations from ex-
perimental data. One study comparing the two models ultimately found no
significant differences in the performances of iefPCM and COSMO[26].

3.3 Thermodynamics

One of the main uses of QM computations lies in the prediction of thermody-
namic data as stable reactants, fleeting intermediates, and transition states
are attainable conveniently. A geometry optimization is always performed
to find the molecular geometry with the lowest energy. The positions of the
atomic nuclei are gradually adjusted to yield either an energetic minimum or
a saddle point in the case of a transition state optimization. The next step is
the quantum mechanical treatment of the nuclei. For a parametrical depen-
dence of the nuclear wavefunction in accordance with the BO approximation,
the potential wells surrounding the nuclei can be approximated as parabolic
potentials of a coupled quantum harmonic oscillator. The second derivative
of the energy with respect to the nuclear coordinates is calculated and used
to determine the eigenfrequencies and normal modes. The ground state of
a quantum harmonic oscillator with angular velocity ω is 1

2
h̄ω. This energy

difference is added to the electronic energy for every vibrational mode. This
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difference is called the zero point energy. The sum of the electronic and zero
point energy is the energy of a (noninteracting) molecule in gas phase in its
ground state[27].

For higher temperatures, an ensemble of molecules with different allowed
energy levels follows the Boltzmann distribution for a given temperature.
Statistical thermodynamics is utilized to relate the distribution of available
energy states to the overall energy of a system. The so-called partition func-
tion reflects how many states of the availabe are effectively occupied. It is
in that sense similar and closely related to the entropy of a system. The
energy of a system is proportional to the derivative of the partition function
with respect to T−1. Different models are used to evaluate the number of
available states and partition function of different degrees of freedom. For vi-
brations the quantum harmonic oscillator model with its equidistant energy
spectrum is assumed. Rotations are treated with the quantum rigid rotor
model. Finally, the translational degrees of freedom are described using a
quantum ideal gas model, i.e. a number of noninteracting particles (treated
as matter waves with a thermal wavelength) in a 3D-box; the entropy for this
system is given by the Sackur-Tetrode equation. The electronic wavefunction
is assumed to be fully in the ground state. With these models in place, the
energy can be computed at any desired temperature and pressure. The out-
put of such a computation is the internal energy U of the gaseous molecule.
The other thermodynamic potentials (H enthalpy, F Helmholtz free energy,
G Gibbs free energy) are derived from U(S,V) through a Legendre transform.
The four potentials with their associated transform as well as the conditions
under which they are minimized are summarized in table 1[28].

Table 1: Thermodynamic potentials and their minimizing conditions.

Potential Transform Conditions

U(S,V) - V constant, isolated
H(S,p) H = U + pV p constant, isolated
F(T,V) F = U - TS T, V constant
G(T,p) G = U + pV - TS T, p constant

Given the isochoric nature of the microcalorimetry experiment, it is evident
from table 1 that the pertinent potentials are U and F. As no mechanical work
is performed against the atmosphere, this is one of the infrequent cases where
it is sufficient to consider the energy differences rather than enthalpies. In
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the same way, it is not G that is minimized over the course of the reaction but
F. The changes in energy are observed in the form of the heat flow in the ex-
periment, while F suggests which reactions are favorable thermodynamically
and low enough their activation Helmholtz free energy to proceed. Pressures
of multiple atmospheres can build up in I-HFMC ampules. This is evident
from the sudden endothermal dips in heat flow curves found towards the later
stages of NC decomposition, when the ampules become unable to withstand
the burgeoning pressure and start leaking. Experiments are also performed
at different temperatures, typically in the range of 60-90°C. Consequently,
the question arises to what extent these factors - temperature and pressure -
each affect the thermodynamic potentials. The thermodynamic potentials of
a reaction particularly change with the pressures and concentrations of sub-
stances. For the sake of consistency it is crucial to estabilsh a fixed notation.
∆rU, ∆rH, ∆rF and ∆rG are the molar changes in thermodynamic poten-
tials for the proceeding reaction specifically at a given temperature and given
partial pressures of reactands. ∆rU

◦, ∆rH
◦, ∆rF

◦ and ∆rG
◦, on the other

hand, are used to denote the molar standard thermodynamic potentials, i.e.
with all pressures set to a specific reference. Since Gaussian 16 uses p◦ =
1 atm as the default pressure for thermodynamic computations this value
will be used as the reference from here on. The partial pressures will also be
assumed to be equal to the gases’ fugacities.

To get an estimate of how sensitive the potentials are with respect to
changes in temperature and pressure, the gas phase disproportionation of
nitrous acid will be considered as a sample case. The chemical equation is
as follows:

2 HNO2(g) H2O(g) + NO(g) + NO2(g)

This reaction generates one more moiety of gas than it consumes and is ac-
cordingly affected by both an increase in pressure and temperature. From
Le Chatelier’s principle one would predict that an increase in temperature
should favor the forward reaction due to the products’ higher entropy, while
a rise in pressure should favor the reverse reaction. The four potential differ-
ences are computed in ωB97X-D/aug-cc-pvtz in four different environments:
5 atm (2 atm HNO2, others 1 atm) at 25°C, the same 5 atm at 90°C, 1 atm
(all pressures divided by 5) at 25°C and 1 atm at 90°C. These explicit val-
ues were chosen to adequately demonstrate the trends which the potentials
follow and have no further significance. The results are depicted in Figure 5.

The internal energy and enthalpy values for this reaction are indepen-
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Figure 5: Computed data for the gas phase disproportionation of HNO2.

dent of the partial pressures and change with temperature by 0.5 kJ mol−1

in the case of ∆rH and only 0.05 kJ mol−1 for ∆rU. This means that the
variation of reaction enthalpies within the scope of relevant temperatures is
negligible compared to the inaccuracy of the computation itself. The differ-
ence between the pairs ∆rU/∆rH or ∆F/∆G is on the order of 2.5 kJ mol−1.
This is again within the range of expected inaccuracy of the functional; ergo,
as the distinction is inconsequential, so the habitually used potentials ∆H
and ∆G will be consulted when discussing subsequent thermodynamic data.
The one important divergence appears for ∆G or ∆F. These two potentials
vary significantly with both temperature and partial pressures, amounting to
about ca. 10 kJ mol−1 and 5 kJ mol−1 respectively. With partial pressures
deviating from reference conditions, the relation between ∆rG

◦ and ∆rG can
be written with the reaction quotient Q:

∆rG = ∆rG
◦ +RT ln(Q)

From this equation one can, however, not only compute the ∆rG for any
given pressures but also derive equilibrium constants for various reactions.
With the fact that difference of chemical potentials of educts and products
vanishes and therefore ∆rG = 0 at equilibrium, one can derive the following
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expression. At equilibrium the value of the reaction quotient is the equilib-
rium constant Kp:

∆rG
◦ = −RT ln(Kp)⇐⇒ Kp = e

−∆rG
◦

RT

Both Kp and Q are dimensionless as pressures always appear divided by the
reference standard. To refer to these dimensionless pressures the notation
[X] = pX

p◦
is used. Kp has an exponential dependence on ∆rG

◦; this leads to
the unfortunate consequence that even small errors in the computed energies
can massively skew the computed Kp.

Computing ∆G‡, the difference in Gibbs free energy between educts and a
transition state, all at standard pressures, moreover offers some information
about the rate at which a reaction may proceed. In this case, the reaction rate

is proportional to e
−∆G‡
RT according to the Arrhenius equation. A similar result

is deduced from the Eyring-equation. This means that usually, reactions
should proceed exponentially faster the lower their ∆G‡-barriers. This fact
is particularly important when comparing different pathways a reaction could
take that all lead to the same products. Here normally the pathway with the
lowest barrier will be exponentially faster and thus more relevant.

The situation gets considerably more complicated when dealing with con-
densed state reactions. As the first difference to gas phase computations,
optimizations are carried out with the iefPCM model, leading to somewhat
different potentials. ∆rU can be directly calculated from these values. Pres-
sure–volume work is usually imperceptible in condensed state reactions, so
∆rH ≈ ∆rU rather than ∆rH = ∆rU + p·∆V. If the number of reactand
molecules before and after the reactions stays the same ∆rH, ∆rU and the
other two potentials can in fact be calculated accurately in this manner. A
problem arises if ∆n=0 is not the case. In the calculation of the zero point en-
ergy, the employed model of translational motion assumes the molecules are
spread over a large volume so there is no interaction between their wavefunc-
tions, i.e. they behave like a quantum ideal gas. This leads to a contribution
of 3

2
RT to the zero point energy for every molecule. These translational

degrees of freedom are not available to a molecule in condensed phase. Ac-
cordingly, if the number of molecules changes during the reaction, these con-
tributions do not cancel out. At 90°C this introduces an error of 4.5 kJ mol−1

per molecule difference. As the rotational freedom of molecules in condensed
phase is also very restricted the de facto error is higher. Since ∆rG = ∆rH
- T·∆rS the Gibbs free energy is even more affected by this model incon-
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sistency in the calculation of ∆rS. As an example, in the calculation of the
enthalpy and Gibbs free energy of formation of water it was found that while
the ∆fH deviates only by 4.8 kJ mol−1 from the experimental value, ∆fG
was calculated 30.6 kJ mol−1 too low, mainly due to the overestimation of
the entropy of liquid water. To get a more accurate value, a better model for
the translational and rotational movements of condensed phase molecules
is necessary. Such a model has been introduced recently: The molecular
geometry is first optimized in a solvent environment which is simulated by
PCM. As the main difference the invalid quantum ideal gas model is replaced
with a harmonic oscillator potential inside the the PCM cavity. This change
significantly enhances the accuracy of the calculation through an improved
treatment translational and rotational degrees of freedom in the partition
function. With the same level of theory, this so-called harmonic solvation
model (HSM) predicts the ∆fG of water to within 0.2 kJ mol−1 accuracy. It
has also been used in an endeavour to computationally predict the boiling
points of different solvents[29].

However, it still remains unclear how well such a model could perform for
NC based propellants. While the NC itself is a solid, stabilizers and other
additives may melt or dissolve into the NC matrix. For this reason it is a
matter of debate whether the system should be treated as liquid, solid or
maybe even gaseous for some reactions. As Gaussian 16 does not have HCM
implemented to reliably and consistently make corrections to thermodynamic
data, the unmodified data of the default model is used. This means that while
enthalpies should be accurate, Gibbs free energies e.g. for fragmentations,
are likely overestimated as a consequence of a systematic computational er-
ror. Finally, equilibrium constants for gas-phase reactions are different from
equilibrium constants that use concentrations or molalities of substances in
the condensed phase. The use of molalities (measured in µmol/g) gives rise
to an equilibrium constant KM where the reference molality is M◦=1 µmol/g.
The one measure of the particle density that can be directly controlled in a
Gaussian 16 computation input is the pressure p. For a condensed phase
reaction one can simply convert the effective particle density (i.e. particles
per volume) given by the pressure into a more useful measure of the particle
density, such as a concentration, molality, or mass percentage. To calculate
a molality, the mass density ρm of the sample is also necessary. The resulting
relationship is written as:

p = MρmRT
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KM = Kp(ρmRT )−∆n

∆n refers to the change of the number of separate molecules in the reac-
tion. R is the ideal gas constant and T the absolute temperature. These
to relationships create a bridge between pressures used in Gaussian 16 and
molalities used for kinetic modeling. If the number of molecules is not altered
then KM = KP . Assuming a density of about 2g/cm3 for a propellant mix-

ture leads to a factor of approximately 0.0604
atm g
µmol

per extra moiety of gas.

As the ∆rG used to calulate Kp is systematically unreliable and deviations
are exaggerated exponentially, it is however unadvisable to confide in KM

calculated in this manner.

3.4 Kinetic modelling

Numerous kinetic models have been put forward and fitted to suit experi-
mental data describing NC degradation; the approach for this is generally
as follows: First, a model must be decided upon. A kinetic model consists
of a set of coupled rate equations, i.e. ordinary differential equations (ODE)
that express the reaction rates of an assortment of compounds assumed to be
involved in the reactions of interest. In the case of an NC/stabilizer system,
these reactions of interest are broadly speaking the intrinsic and autocat-
alytic decompositions of NC as well as the mutual consumption of stabilizer
and the autocatalytically acting species. The (numerically) integrated forms
of these coupled ODE’s express the concentrations of the various compounds
over time.

The models at this point still contain a number of unknowns. These
free parameters, namely undetermined rate constants k and the initial con-
centrations of the reactants need to be ascertained by fitting the predicted
concentration curves to their experimental counterparts. In propellants, the
changing concentrations of stabilizers and their derivatives over time are par-
ticularly well researched. They can directly be obtained for instance through
spectroscopic methods (IR-absorbances, UV-VIS absorption intensities) or
chromatography. The resulting measurements are pointwise sampled con-
centrations at certain intervals. The optimal set of parameters for a reaction
scheme then affords the least possible deviation of the predicted curves from
the measured points. This deviation may be expressed through the adjusted
correlation coefficient R2 value of a fit. Compared to the R2 value commonly
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referenced in simple fits, the adjusted R2 incorporates the number of free
parameters of the model. This helps to paint a more realistic picture of
the credibility of a fit: As the addition of more free parameters will always
improve a fit’s plasticity and variability, thus reducing deviations from ex-
perimental data, this metric penalizes high numbers of free parameters in .
As such the if two fits with different numbers of free parameters give equally
good, the adj. R2 value of one with fewer parameters will be higher. The
closer the adjusted R2 value of a fit is to 1 the better the fit represents the
experimental data. The problem of finding the best possible fit is recast as
a problem of finding the set of parameters with the highest possible adj. R2

value. The FitODE extension in Origin 2019b is used for this application.
In this work, in addition to the concentration curves, heat flow curves

from I-HFMC experiments were also fitted using the outlined method. This
data is a pivotal extension of the kinetic fits, as it offers an independent
and unique way to validate a kinetic model. In particular, the heat flow
curves of a sample represent the net heat generation rate of all reactions
that are simultaneously taking place in a sample. With the expected range
of reaction enthalpies known from QM computations, a lack of agreement
between experimental and fitted curves would suggest the inadequacy of a
model. It can point to the existence of additional reactions that the model
does not account for.

3.5 Software packages

The computational software package Gaussian 16 was utilized for the QM
computations[30]. Systems of differential equations relating the kinetics of
the NC-stabilizer systems to the heat flow curves have been fitted using the
Runge-Kutta 45 method in the ”FitODE” and ”SimpleFit” tools in Ori-
gin(pro)™ 2019b[31].
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4 Nitrocellulose degradation

This chapter focuses on NC degradation itself. Figure 6 shows the model
a NC fiber undergoing the early stages of this process. The nitrate ester
groups break down, generating NO2. NO2 is reduced to NO by aldehydic
species in NC; the oxidation of these aldehydes releases CO and CO2. NO
can be reoxidized by oxygen gas from the surroundings. Other gases like
N2O, N2, CH2O and even HCN are also known to form in varying amounts
depending on the conditions the NC is subjected to[32]. These gases can
become trapped in the NC matrix or be released into the gas surrounding
the solid propellant over time. There are indications that the diffusion of
these trapped gases in NC might be a critical factor in understanding the
interactions of NC with stabilizer. A whole kinetic model based on random
walk diffusion of trapped NOx has proposed[33].

Figure 6: Gas production and reactions during the degradation of NC[34].
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There are two processes at play in the degradation of the nitrate esters:
NC shows an intrinsic decomposition rate in an approximately first-order
reaction, which is inevitable even with the use of stabilizers. Products of
this intrinsic decomposition as well as residual water and acids, collectively
called P, catalyze the further degradation of NC, which in turn produces
even more of these autocatalytically active species. The other products of
the NC degradation are referred to as R. It is at this point where stabilizers
S come into the picture. A good stabilizer binds P, effectively keeping the
rate of NC decomposition as close to the uncatalyzed rate as possible. These
three reactions can be summarized as:

NC P +R intrinsic decomposition

NC + P 2P +R autocatalysis

S + P [S − P ] stabilization

4.1 What is P?

P refers to products of NC degradation that autocatalytically accelerate the
degradation process. They are treated as one global reactand in kinetic
modeling. There is, however, an abundance of different nitrogen containing
species that coexist in an equilibrium, many of which could fit this descrip-
tion. DFT calculations can help to narrow down the range of possible candi-
dates. Table 2 lists a number of N species and water with the corresponding
∆fH and ∆fG computed at 90°C both in the gas phase and in simulated NC.
An iefPCM-computation with an εr = 7.0 was applied to simulate the influ-
ence of polarizable NC-strands surrounding the reagents. The experimental
dielectric constant for NC is εr = 6.0 − 7.5 dependending on the measur-
ing frequency[35]. Gas-phase computations are relevant in this case as every
single compound involved, with the exception of water, has a boiling point
below 90°C. This means that many of these reactions can take place either
in the NC matrix or in the gas phase. The reference state for the elemental
gases is 1 atm at 90◦. Out of the listed species only HNO2, HNO3 and H2O
form exergonically.

All of the values are found to be lower in the simulated NC due to the
better stabilization of the polar products compared to the completely non-
polar elements, i.e. H2, N2 and O2. Figure 7 shows a flow diagram containing

21



Table 2: Computed molar enthalpies and Gibbs free energies of formation at
90°C in kJ mol−1.

in gas phase in NC simulate
Compound ∆fH

◦ ∆fG
◦ ∆fH

◦ ∆fG
◦

NO 91.1 88.6 91.1 88.6
NO2 30.8 51.3 28.4 48.9
N2O 75.0 102.4 71.4 98.8
N2O3 95.2 168.9 83.8 157.0
N2O4 14.6 123.2 5.8 114.4
N2O5 22.3 154.4 16.6 148.6
HNO3 -130.4 -55.4 -144.1 -69.0
HNO2 -70.7 -26.8 -81.1 -37.1
HNO 110.7 127.0 103.4 119.7
H2O -230.9 -214.1 -244.4 -227.7

possible reactions between the compounds from Table 2. These are the re-
actions assumed to take place involving only species of P for reactions 1 to
6, between P and oxygen gas for 7 - 8 and for a reduction by aldehydes
formed in the decomposition of NC for equations 9 - 12. 13 is a secondary
step following 12 and 14 is the combination of 12 and 13. Balanced chemical
equations for reactions 1-14 are also given below.

2 HNO3 N2O5 + H2O (1)

2 NO2 N2O4 (2)

NO2 + NO N2O3 (3)

2 HNO2 NO2 + NO + H2O (4)

HNO2 + HNO3 2 NO2 + H2O (5)

3 HNO2 HNO3 + 2 NO + H2O (6)

2 NO + O2 2 NO2 (7)

2 HNO2 + O2 2 HNO3 (8)

2 HNO3 + CH2O 2 NO2 + CO + 2 H2O (9)

2 NO2 + CH2O 2 HNO2 + CO (10)
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Figure 7: Flow diagram of the reactions of nitrogen oxides and oxoacids.

2 HNO2 + CH2O 2 NO + CO + 2 H2O (11)

2 NO + CH2O 2 HNO + CO (12)

2 HNO N2O + H2O (13)

2 NO + CH2O N2O + CO + H2O (14)

Working within the framework of this system it would be helpful to know
where the equilibrium between these species lies. Table 3 lists the ∆fH

◦ and
∆fG

◦ for reactions 1 - 14. The reaction rates of the interconversion of the
various nitrogen oxides and acids are assumed to be much faster than the
reactions with stabilizers or other products of NC decomposition. In this
case the pressures of these compounds can establish steady state pressures,
which only slowly drift over the course of days. Knowledge of the state of
this equilibrium would give a reference to what species (and to what extent)
constitute the global P, for which little conclusive information can be found
in the literature. In Figure 7 this corresponds to just the reactions in black.
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Table 3: Computed molar enthalpies and Gibbs free energies of reaction at
90°C in gas phase and simulated NC in kJ mol−1.

in gas phase in NC simulate
reaction ∆rH

◦ ∆rG
◦ ∆rH

◦ ∆rG
◦

1 52.3 51.1 60.3 58.8
2 -46.9 20.7 -50.9 16.6
3 -26.6 29.0 -35.7 19.6
4 32.3 -20.6 37.2 -16.1
5 31.7 -29.3 37.5 -23.8
6 -31.1 38.1 -37.8 31.6
7 -120.6 -74.6 -125.4 -79.4
8 -119.4 -57.1 -126.0 -63.8
9 -122.5 -237.2 -117.8 -232.6
10 -186.0 -178.5 -192.7 -184.9
11 -121.3 -219.7 -119.7 -218.3
12 56.2 54.6 52.2 50.5
13 -379.8 -368.2 -377.3 -365.6
14 -325.2 -315.1 -323.7 -313.6

Oxygen gas from the atmosphere is also included in a second equilibrium
calculation. Using equations 1 to 6 and the computed ∆rG

◦ values one
can solve for the equilibrium partial pressures of every species involved. At
initial conditions all pressures are 0 except for water [H2O]0 and nitrogen
dioxide [NO2]0. This leads to the following equations for the equilibrium
concentrations:

K1 =
[N2O5][H2O]

[HNO3]2
= 4.467 · 10−8

K2 =
[N2O4]

[NO2]2
= 1.066 · 10−3

K3 =
[N2O3]

[NO2][NO]
= 6.643 · 10−5

K4 =
[H2O][NO2][NO]

[HNO2]2
= 9.258 · 102

K5 =
[H2O][NO2]

2

[HNO2][HNO3]
= 1.665 · 104
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More equations are necessary to uniquely find a solution. As 8 compounds
are in equilibrium, a total of 8 equations is required:

[NO2] = [NO2]0− [HNO2]− [HNO3]− [NO]−2 · [N2O3]−2 · [N2O4]−2 · [N2O5]
≈ [NO2]0 − [HNO2]− [HNO3]− [NO]

This equation represents the overall conservation of nitrogen atoms with the
approximation that the dimeric oxides don’t contribute to the overall number
of N atoms. It is applied because the concentrations of any of the dimeric
oxides are much lower than the concentrations of the principal P -compounds.
They have been found to make up about 0.25% of P at the most.

[H2O] = [H2O]0 −
1

2
[HNO2]−

1

2
[HNO2]

This equation comes from the conservation the number of hydrogen atoms.

[HNO2] + 2[NO] = [HNO3]

This equation comes from the conservation of electrons accounted for by
following changes in oxidation number relative to the initial NO2. In the
presence of oxygen NO and HNO2 can be oxidized according to chemical
equations 7 and 8. Assuming a large gas reservoir of oxygen that can con-
stantly replenish the lost [O2] inside the propellant, the initial concentration
of oxygen [O2]0=0.21 does not change over the course of the equilibration.
While this is not true in a closed microcalorimetry ampules, this assump-
tion serves as the opposite extreme to a complete abesnce of oxygen. The
two extremes delineate the range of possible conditions. The introduction of
oxygen renders the last equation invalid so that the following is used instead:

K8 =
[NO2]

2

[NO]2[O2]0
= 5.334 · 1010

This system of 8 equations is numerically solved for different initial condi-
tions, with [H2O]0 and [NO2]0 corresponding to pressures ranging from 0.01
atm to 1 atm. The equilibrium pressures of the involved species are sum-
marized in Table 4. Figure 8 shows the same information in the form of
the molar distribution (i.e. dimeric oxides count double here) of nitrogen in
different forms.
It was found that in all cases the major components were NO2 and HNO3.
In the absence of oxygen, more than 97% of NO2 remains unchanged and
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Figure 8: Chemical equilibrium between nitrogen oxides, oxoacids, water and
oxygen gas. Percentages of total nitrogen present as NO2, HNO3 or other
species in gas-phase at 90◦C. Initial conditions on the bottom. 3 columns on
right with constant 0.23 atm of O2.

about 2% are found as nitric acid. A great majority of reactions in the
practically air-free bulk of propellant mixtures and especially under inert gas
is therefore expected to involve NO2 and to a lesser degree also HNO3. It is
a remarkable observation that the presence of even impossibly high 1 atm of
water vapor at 90◦C does not affect this equilibrium noticeably under O2-free
conditions. While water can of course still e.g. hydrolyze nitrate esters on
its own, varying moisture contents do not change the mode of interaction
of P with NC and stabilizers directly. Changing the pressure of NO2 does
not significantly alter these general trends. An increase in NO2 pressure
leads to an increase in N2O4. In the presence of oxygen, the system is much
more variable. HNO3 is formed preferentially in this case. When water is a
limiting reagent, i.e. under dry conditions, N2O5 is also found to contribute
to about 0.3% of the total nitrogen. The concentrations of HNO2 and HNO3

on the other hand was found to remain low if water is the limiting reagent.
In these cases (0.01 atm and 0.1 atm H2O) it was found that water is almost
exhaustively used up to form HNO3. If enough water is available, practically
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the entirety of NO2 is converted to HNO3 in the presence of air. Exposure
to air and moisture is manifestly able to completely change the character of
P and prompt more reaction with HNO3. HNO2, on the other hand, is not
significantly represented in the equilibrium mixture, peaking at 0.3% in the
absence of oxygen.
Furthermore, different aldehydes have been shown to form as sideproducts
of NC degradation. In one study, the decomposition of sheets of NC at
pressures below 15 mbar was found to yield volatile compounds which, upon
condensation in a cold trap, form a red residue. This residue was found to
consist largely of formaldehyde, formic acid, glyoxal and solvents used in the
preparation of the samples[36]. In a different study with methyl nitrate and
pentaerythritol tetranitrate (PETN), another organic nitrate ester, it was
found that the NO2 which is initially formed in the degradation is consumed
in a secondary reaction. NO, CO and CO2 were reported as the primary
products of the reaction. Additionally, a deposit of formaldehyde polymer
has been found in the reaction chamber[36]. Furthermore, another study
investigating reactions between formaldehyde and NO2 found that a mixture
of 2 parts NO2 and 1 part CH2O subjected to elevated temperatures yields
NO, CO and CO2[36]. Based on these facts one should expect that even
in the absence of stabilizer, the aldehydic degradation products reduce the
generated P to some extent. If oxygen is also available, P might actually
facilitate the redox reaction between O2 and the aldehydes. An oxidation
cycle as shown in Fig. 9 is conceivable. In it, NO2 oxidizes the aldehydes
to CO and CO2 and is itself reduced to NO. NO is then reoxidized by O2 to
begin the cycle anew.

Figure 9: Suggested reaction cycle of the oxidation of aldehydic materials by
O2 with NO/NO2 catalysis.
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The net chemical equations for the oxidation of formaldehyde in such a man-
ner, along with their gas phase standard reaction enthalpies, are:

CH2O +
1

2
O2 CO + H2O with ∆rH

◦ = −214.0 kJ mol−1

CH2O + O2 CO2 + H2O with ∆rH
◦ = −503.2 kJ mol−1

The existence of such a cycle would be difficult to ascertain from kinetic
measurements of stabilizer concentrations and would only show up in mi-
crocalorimetry experiments as an overly high heat output which is unexpli-
cable through the reactions of P and the stabilizer alone.

In Figure 7 the reactions of CH2O with nitrogen species in different ox-
idation stages are included as reactions 9 - 13. Each consecutive reaction
reduces the oxidation number of the nitrogen atom by one. For these reac-
tions ∆fH

◦ and ∆fG
◦ are both significantly negative, i.e. the reactions are

all highly favorable, with the exception of reaction 12, the reduction of NO
to HNO. This means that, provided low enough energetic barriers, all these
reactions are very likely to occur and the reduction by CH2O can swiftly
reduce P down to NO. Further reduction leads to the intermediate nitroxyl
HNO. This molecule is known to dimerize to hyponitrous acid H2N2O2, which
in turn decomposes into water and N2O. This reaction is suggested to be the
source of nitrous oxide formed during the degradation of NC. This overall
reaction, reaction 14, is remarkably exergonic. Due to a very weak H-N bond
in HNO its formation is thermodynamically unfavorable even with a reduc-
ing agent like CH2O. For the first step of the reaction, a hydrogen transfer
from CH2O to NO leading to HNO and a CHO radical, the transition state
is shown in Figure 10.
It was computed to have a fairly high Gibbs free activation energy with ∆G‡

= 200.3 kJ mol−1 in NC simulate and 200.0 kJ mol−1 in the gas phase.
The initial formation of HNO thus represents a considerable barrier for this
reaction, acting as a bottleneck for the reduction of P. This means that if this
reaction really does take place it is slow and limited to elevated temperatures.
The existence of HNO as an intermediate also partially explains the formation
of hydrogen cyanide which is formed in considerable amounts when NC is
burned in a confined space. HNO is known to react e.g. with methane at
elevated temperatures to yield HCN via the formation of methyl radicals[37].
While the typical conditions for this reaction are different from those in
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Figure 10: Transition state of the H-transfer between formaldehyde and ni-
trogen monoxide in NC simulate. The blue arrow represents the displacement
vectors of the imaginary vibration.

accelerated aging tests, a likely appearance of HNO at high temperatures
still helps to corroborate the case for this being a potential pathway for N2O
formation. The final products of the reduction N2O and NO are much less
aggressive than HNO3 and NO2 towards NC and likely do not significantly
contribute to further autocatalytic degradation processes.

4.2 Initial degradation

The initial step of the intrinsic decomposition revolves around the formation
of a species P from a nitrate ester group. This initial step is the topic of this
section. It is a matter of debate where on a NC chain this degradation process
tends to occur. While some studies suggest the ends of a chain might be more
susceptible and thus claim decomposition is essentially limited to these loose
termini, a typical NC chain has on the order of thousand monomers bound
along as non-terminal units and only 2 ends, i.e. only 2 terminal units[38].
This points to a statistical preference for reactions along the body of the chain
rather than at the ends. This is supported by the fact that the distribution
of chain lengths in NC over time can be effectively modeled as a random
splitting along the chain rather than a gradual length reduction originating
at the ends[39][40]. It could be worth investigating what effect crosslinkers
might have on NC degradation. Hydroxy-group crosslinkers like dimethylol
ethylene urea are used to interconnect the chains of normal cellulose to make
the material resistant to wrinkling[41]. Using a similar reagent to reconnect
the open chain termini of NC might help understand what role the open
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chain termini play in its degradation.

4.2.1 Homolytic splitting of CO NO2

The model system used for the NC filaments consists of three fully nitrated
glucose rings with methoxy ether groups instead of the subsequently con-
nected glucose rings, as shown in Figure 11. Any reactions are assumed
to take place on the middle ring. The outer rings are used to include the
steric influence of neighboring nitrate groups while not taking part in the
decomposition. As the reactions are localized, an ONIOM model can be
used to significantly reduce the computation time without sacrificing accu-
racy; the central ring (ball-and-stick atoms in Fig. 11) is computed using
ωB97X-D/aug-cc-pvtz and the outer two rings (tube atoms in Fig. 11) are
calculated in BLYP/6-31++G(d,p). This model system will be referred to
as the Trimer.

It is widely assumed that the first step of the decomposition is a direct
homolytic splitting of the weak O NO2 bond. The products are NO2 and an
alkoxyl radical. The bond dissociation energies for the three nitrate groups
were calculated for the Trimer (table 5). Both relaxed and unrelaxed struc-
tures were computed for the radicals. The values for the unrelaxed structures
approximately correspond to the activation energies for the splitting as the

Figure 11: Optimized geometry of the NC Trimer model. Colors: O red, N
blue, C gray and H white.
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homolytic splitting is assumed to follow a Morse potential curve with no
additional barriers. The values for the relaxed radical structures give the
reaction energies. It should be noted, that as the structure of the radicals
is allowed to freely relax, probable restrictions on the mobility of the real
NC strands are ignored. In contrast to the trimer being studied, all glucose
rings in real NC are anchored in place by the long chain bodies to both sides
of a given ring. The glucose rings in real NC are therefore more limited in
both their distance and angle to each other, keeping the radical structures
from relaxing fully and thereby increasing the reaction enthalpies somewhat.
This interpretation is in agreement with the literature values 161.1 kJ mol−1

for 2, 154.0 kJ mol−1 for 3 and 161.1 kJ mol−1 for the 6 position[42]. These
bond dissociation enthalpies are also very good agreement with the empirical
value of 157.77 kJ mol−1 for NC decomposition measured trough Arrhenius
plots[43].

Table 5: Computed O NO2 bond dissociation enthalpies and Gibbs free
energies for relaxed (optimized) and unrelaxed products in kJ mol−1 at 90°C.

unrelaxed relaxed
Position ∆rH

◦ ∆rG
◦] ∆rH

◦ ∆rG
◦

2 161.5 119.9 150.2 83.8
3 160.8 111.7 157.8 92.5
6 160.5 103.5 153.9 83.2

4.2.2 NC degradation by HONO elimination

In the following paragraphs, a different initial step is proposed and com-
puted for the first time: Instead of the liberation of NO2 it is conjectured
that HNO2 can be produced directly. This reaction is a type of monomolecu-
lar elimination, and would involve a five membered transition state and leave
an aldehyde/ketone group behind. It has been found to be the energetically
most favorable decomposition pathway for some nitramines like methylenen-
itramine and gas phase RDX; in both cases, the activation energy for this
elimination has been found to be lower than the N NO2 bond dissociation
energy[44][45]. Furthermore, the formation of these carbonyl compounds
by HNO2 elimination is well documented in NC in a different setting: The
basic hydrolysis of NC yields nitrite salts and carbonyl compounds as the
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main products[46]. Thus this pathway is proposed as an alternative to the

homolytic O NO2 bond cleavage.

Figure 12: Gibbs free energy along reaction coordinate for the HNO2-
elimination at the 6-position of nitrocellulose and optimized structures of
relevant part of the educt. The blue shows the displacement vector of the
imaginary vibration. Bond lengths are given in Å.

The transition states and products were computed for the Trimer from section
4.2.1. The activation energies and reaction enthalpies are given in in Table
6. The structures of the transition states are analogous for the three O NO2

positions. As an example, the transition state for the 6th position is shown
in Figure 12. The O NO2 bond has a length of 1.97 Å and is already
significantly elongated relative to its minimum energy bond length of 1.38 Å.
The C1-O1 bond is shortened with notable double bond character. The five
involved atoms lie in a plane to within 4◦. H1 migrates between C1 and O2
along the single imaginary vibration mode of the molecule.

The ∆G‡ for the transition states is higher than the corresponding values
for homolytic NO2 formation but are low enough (170-180 kJ mol−1) to re-
alistically proceed. The reactions as a whole are exothermic and exergonic.
The reverse reaction has a much higher activation energy (313.8 kJ mol−1
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Table 6: Computed TS activation and reaction enthalpies and free energies
for HONO elimimination at 90°C.

TS Products
pos. ∆H‡[kJ mol−1] ∆G‡[kJ mol−1] ∆rH[kJ mol−1] ∆rG[kJ mol−1]

2 177.9 173.7 -77.5 -147.2
3 181.9 187.2 -93.7 -160.5
6 183.7 178.6 -69.4 -135.2

for pos. 6), hence this reaction can be assumed to be completely irreversible.
Finally, as explained in section 3.3, the ∆G‡ is underestimated for the ho-
molytic splitting of the O NO2 bond, further shrinking the gap between the
two degradation pathways.

This leads to an interesting consequence: While the homolytic NO2 for-
mation is lower in activation energy, it is thermodynamically unfavorable.
The reverse reaction, i.e. rebonding, is thermodynamically favorable and
readily takes place. There is also reason to suspect that the generated NO2

in the rigid framework of the NC strands remains in the proximity of the
cleavage site for a period of time while repeatedly rebonding and breaking
the O NO2 bond[47]. Since the elimination of HONO is irreversible, it may
contribute to the initial stages of NC degradation more than the reversible,
thermodynamically unfavorable homolytic cleavage. Thus a compelling case
can be made for an alternative first step of NC decomposition.

4.2.3 C ONO2 bond cleavage

One more potential decomposition route needs to be mentioned. Aside from
the oxides discussed thus far, the radical NO3 has been proposed to be in-
volved in the degradation of nitrate esters. This species might exist as a short
lived intermediate in reactions in which it would act as a potent oxidizing
agent. One study observed a very high activation energy of 377 kJ mol−1 for
the rate determining step of the degradation of a double-base propellant at
temparatures close to 200◦C. The authors attributed this high value to the
formation of NO3 through the breaking of C ONO2 bonds in NC. Processes
like these are conceivable at such high temperatures, but would are unlikely
to occur lower temperatures such as at room temperature or even at 90◦C.
In fact, the same study observed a much lower activation energy at temper-
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atures in the range of 90-160◦C, suggesting distinctly different mechanisms
for the degradation in the two temperature regions[48].

4.3 Subsequent degradation

Following the initial release of P, NC degrades further in a cascade of re-
actions propagating from the initial release site. These reactions may be
separate from the autocatalytic reactions of NC with P, instead being di-
rectly connected to the decay of the reactive alkoxyl radical. In the case of
an elimination of HONO the remaining carbonyl compounds are more stable;
the decay is hence assumed to come to a halt right after the elimination. To
estimate the expected ∆rH of the overall reaction upon NO2 liberation, it is
not enough to consider only one pathway as the degradation process is highly
complex and variable. Instead, multiple potential degradation routes are ex-
plored to give an assortment of possible enthalpies. The computed reaction
enthalpies vary between +60.1 kJ mol−1 and -246.5 kJ mol−1, depending on
the reaction and products.

4.3.1 Chemiluminescence

In a series of studies the emission of visible light (chemiluminescence) by
decomposing samples of NC and PETN was measured at elevated temper-
atures. In both substances a steady luminescence with multiple emission
peaks between 420 nm and 600 nm was observed. Based on the wavelengths
of these transitions it was concluded that the glow could be attributed to the

decay excited trplet carbonyl groups 3(R’C O)
∗

and excited singlet oxygen
1O2* into their ground state[49]. The following reaction scheme was proposed
based on this information:

RONO2 RO ·+ NO2 Homolytic O NO2-splitting

RO ·+ NO2 ROO ·+ NO Oxidation of alkoxy radical

2ROO · 3(R’C O)
∗
+1 O2

∗+ROH Peroxy radical disproportionation

After the homolytic splitting of the weak O NO2-bond the resulting alkoxy
radical is oxidized by NO2, froming NO and a peroxy radical. The peroxy
radicals react in a second order recombination reaction, yielding the excited
carbonyl and singlet oxygen. It was found that the chemiluminescent glow
also increases in the presence of atmospheric oxygen, since autocatalytically
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active NO2 can then be regenerated from NO. In this model the decomposi-
tion stops at a carbonyl compound (the same products as in section 4.2.2),
a free alcohol, NO and O2. As the quantum yield of the chemiluminescence
was reported to be very low, it is assumed that the entire energy is liberated
in the form of heat. The overall reaction is:

2 RONO2 R’C O + ROH + 2 NO + O2

Table 7: Computed reaction enthalpies and Gibbs free energies for degrada-
tion of NC to carbonyl, alcohol, NO and O2 at 90°C. Values are given per
nitrate group.

posistion ∆rH[kJ mol−1] ∆rG
‡[kJ mol−1]

2 53.0 -35.5
3 58.9 -31.1
6 60.1 -25.5

The computed enthalpies and Gibbs free energies for this reaction are sum-
marized in Table 7. The reaction is slightly endothermic, but is overall exer-
gonic and thus favored. Subsequent degradation steps would further reduce
the enthalpy and make the reaction more exothermic.

4.3.2 Gas-phase FTIR

Based on measurements of the gas-phase degradation products of NC using
Fourier transform IR (FTIR) spectroscopy, a different mechanism for the fur-
ther degradation of NC has been proposed[50]. This mechanism is depicted
in Figure 13.
First, the nitrate groups in the 2- and 3-positions decompose and leave behind
alkoxy radicals. The C-C bond between the 2- and 3-position of this inter-
mediate immediately ruptures, yielding a product with two aldehyde groups.
The rupturing of this bond has also been confirmed in DFT-calculations.
This product further decomposes, releasing more gaseous and volatile prod-
ucts. The final products of the degradation of one mole anhydroglucose rings
are one mole CO, CO2,CH2O,NO, formic acid, two moles of NO2. In the con-
densed phase, IR-absorption bands corresponding to carbonyl C=O double
bonds have be detected troughout and even after the complete degradation
of the NC sample, indicating the presence a significant amount of carbonyl
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Figure 13: Proposed degradation mechanism based on FTIR data[50].

compounds like aldehydes. The release of formic acid is observed only after
the degradation of the majority of the nitrate groups. In this mechanism
the chain does not rupture; instead, a CH· CH2 − group carrying an
unpaired electron remains in place of the sugar ring. The products of the
reaction are selected to mirror the amounts and order of appearance of the
observed gaseous products. The overall chemical reaction for this process is:

C6H7O2(ONO2)3 2 NO2 + NO + CO + CO2 + CH2O +

HCOOH + remaining chain ( CH · − CH2 )

The net enthalpy and Gibbs free energy for this reaction are ∆rH = −110.3
kJ mol−1 and ∆rG = −559.5 kJ mol−1 per anhydroglucose ring in NC sim-
ulate using the Trimer model. This corresponds to ∆rH = −36.8 kJ mol−1

and ∆rG = −186.5 kJ mol−1 per nitrate group.

37



There are some improvements to be made with this reaction. As is stated in
the original publication, very little NO2 has been detected. It was suggested
that most the NO2 that is generated is quickly reduced to experimentally ob-
served NO and N2O. This process has been discussed in section 4.1. Further-
more the remainder of the sugar ring is highly unstable and would abstract
a hydrogen atom for instance from a nearby aldehyde. For these reasons the
above is a rather low (not very exothermic) estimate. The following changes
are made:

( CH · − CH2 ) +
1

2
CH2O ( CH2 − CH2 ) +

1

2
CO

NO2 + CO NO + CO2

With these changes to the reaction, the new values for the enthalpy and Gibbs
free energy are ∆rH = −739.4 kJ mol−1 and ∆rG = −1153.9 kJ mol−1 per
anhydroglucose ring or ∆rH = −246.5kJ mol−1 and ∆rG = −384.6 kJ mol−1

per nitrate group. A large portion of the heat generated in this reaction can
be attributed to subsequent reactions between NO2 and CO or the organic
products of NC degradation like CH2O.

4.3.3 Radical propagation mechanism

An alternative potential degradation mechanism is proposed in Figure 14.
The intermediate alkoxy radical (b) produced by the cleavage of the O NO2

bond of the 2-position nitate group of the Trimer (a) further degrades via an
additional loss of NO2 from the 3-position in analogy with the first step of
the mechanism in Figure 13. Instead of breaking the 2C-3C bond however,
in this mechanism glyoxal C2H2O2 is eliminated. This process ruptures the
NC chain, leading to two products: A formate ester (d) and intermediate
(c). The former anhydroglucose unit is gradually destroyed as it progresses
through an allylradical stage (e) and further loses CH2O to from a vinylradical
intermediate. This vinylradical is unstable and can react with one of the NO2

that were released prior to form a alkyne type product (f). The formate ester
can futher degrade, yielding an hemiacetal (loose chain end ROH) and CO.
The chemical reactions for these steps with the reaction enthalpies at 90◦C
in iefPCM NC simulate are:

(a) (b) + NO2 with ∆rH
◦ = +150.2kJ mol−1
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(b) (c) + (d) + NO2 + C2H2O2 with ∆rH
◦ = −105.2kJ mol−1

(c) (e) + NO2 with ∆rH
◦ = +173.0kJ mol−1

(e) + NO2 (f) + HNO2 + CH2O with ∆rH
◦ = −37.8kJ mol−1

(d) ROH + CO with ∆rH
◦ = +31.5kJ mol−1

The overall chemical reaction is written as:

C6H7O2(ONO2)3 RO CCH + 2 NO2 + HNO2 + CO + CH2O +
C2H2O2 + ROH

The net enthalpy and Gibbs free energy for this reaction are ∆rH = 211.8
kJ mol−1 and ∆rG =-256.3 kJ mol−1 per anhydroglucose ring. As in the
previous section, the NO2 can react with the aldehydes that are formed in
this reaction. The net reaction then becomes:

C6H7O2(ONO2)3 RO CCH + 2 NO + HNO2 + CO + CO2

+ H2O + C2H2O2 + ROH

For this new reaction the new values for the enthalpy and Gibbs free energy
are ∆rH = −175.6 kJ mol−1 and ∆rG =-682.4 kJ mol−1 per anhydroglucose
ring or ∆rH = −58.5kJ mol−1 and ∆rG = −227.5 kJ mol−1 per nitrate
group.
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Figure 14: Proposed degradation mechanism of NC with optimized interme-
diates and product structures. Note that the ONIOM method was used to
compute the outer rings with BLYP/6-31++G(d,p).
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4.4 Nitroglycerin in double-base propellants

As previously stated, one energetic material often in found conjunction with
NC in propellants is nitroglycerin (NG). Just like NC, NG can be synthesized
through the complete esterification of glycerol (1,2,3-propanetriol) with nitric
acid[51]. While it finds uses in the medical field in the treatment of heart
conditions and elsewhere, its most widespred and infamous use is an an
explosive[52]. NG owes much of its infamy to its low threshold for detonation
through physical shock, making it a dangerous contact explosive in its pure
liquid form. It is well known as the energetic material in Dynamite, where it
is desensitized and bound by an adsorbent[53]. The decomposition process of
NG is similar to NC, although it more easily followed. The first step again is
the cleavage of an O-NO2-bond. There are two distictly different such bonds
in the molecule (Figure 15). The O-NO2-bond from the central carbon is
found to be the weaker of the two by 5 kJ mol−1. The dissociacion enthalpy
is also found to be very similar to NC, with the two values falling into the
range of 150.2-161.5 kJ mol−1 established for the nitrate groups in NC. Since
NG is a liquid, however, liberated NO2 can quickly diffuse away, making this
process completely irreversible in contrast to NC.

Figure 15: Initial step in the decomposition of nitroglycerin (top) leading to
different radicals and NO2 with computed enthalpies at 90◦C.
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For a complete decomposition of NG the balanced chemical equation is:

C3H5N3O9 3 CO2 +
3

2
N2 +

1

4
O2 +

5

2
H2O

Due to the slightly positive oxygen balance of NG some oxygen is formed
as one of the products of decomposition. The enthalpy for this reaction
in NC simulate is computed as ∆rH = −1449.6 kJ mol−1 per mol NG or
∆rH = −483.3 kJ mol−1 per mol nitrate ester.
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5 Diphenylamine

5.1 Characterization

One of the first stabilizers which have been added to NC is DPA, with its
application dating all the way back to its use by Alfred Nobel starting in
1889[54]. A number of closely related derivatives of DPA, including Ak II
and some nitroso/nitro-derivatives like N-Nitroso-DPA and 2-Nitro-DPA also
find use as stabilizers. The high electron density on the aromatic rings owing
to electron donating amine group leads to a high reactivity of DPA with elec-
trophiles and oxidizing agents. As DPA can form deep-colored blue products
upon oxidation it also is used as redox indicator and a testing reagent for
different kinds of oxidizing ions such as ClO –

3 and NO –
3 in acidic solution[55].

Noteworthy examples are the historical qualitative assay of nitrate contami-
nation in different crops or its application in testing for gunshot residues[56].
This use also extends to organic nitrate esters[57]. DPA has been recom-
mended as a nondestructive testing reagent for NC in exhibition pieces for
museums[58]. Another common use of DPA is in the so called Dische test for
DNA. In this reaction DPA reacts with carbonyl compounds that are gen-
erated from desoxyribose in acidic solution (purpordedly ω-hydroxylevulinyl
aldehyde), thus forming a blue quinonoid product in the presence of DNA[59].
DPA naturally occurs in some plants like onions (∼1% of extract) or green
tea (up to 2% of extract) and has been found to act as a potent hypoglycemic
drug, meaning that it can effectively lower blood glucose levels[60]. In higher
doses DPA poses a risk to human health, with exposure potentially causing
eczema formation, hypertension and bladder diseases[61].
Typically, about 1 mass-% DPA is added to NC as stabilizer, corresponding to
approximately one stabilizer molecule per 50 NC-units[62]. It is not unusual
to find uneven distributions of stabilizer throughout propellant mixtures. In
practice the migration of P and stabilizer molecules through diffusion has
been found to counteract this inhomogeneity and prevent serious adverse
effects on the stability of propellants. Due to its relatively low melting point
of 53-54◦C DPA is present as a liquid in most I-HFMC experiments[63]. As
a matter of fact, it has been shown that even at lower temperatures most
of the stabilizing reactions take place in eutectic mixtures that consist of a
wide range of stabilizer and non-stabilizer species[64].
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5.2 Stabilizer reactions

The major role of DPA in stabilizing NC lies in its ability to bind NOx

and acids that form in the first stages of the decomposition of NC. The prod-
ucts associated with this process include 4-Nitro-DPA (4NO2-DPA), 2-Nitro-
DPA (2NO2-DPA), Nitroso-DPA (NNO-DPA) and a slew of multisubstituted
derivatives. Figure 16 shows the structures of the up to doubly substituted
derivatives.

Figure 16: Products of stabilizer reactions of DPA with NC.

Up to sixfold nitration of the two phenyl rings, i.e. in the form of 2,2’,4,4’,6,6’NO2-
DPA (hexanitro-DPA) has been reported; this compound has been found
to further decompose e.g. yielding picric acid. Figure 17 shows the mass-
percentages of DPA, NNO-DPA and the sums of all species up to mono-, di-
or even tri-substituted DPA’s in DPA-stabilized NC at 90◦C. The sum up
to dinitro-DPA for example includes the amounts of all of the compounds
shown in Figure 16. As the concentration of DPA quickly drops off, most of
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this DPA is initially transformed to NNO-DPA. Over time more mono-nitro-
DPA’s, than di-nitro-DPA’s and finally tri-nitro-DPA’s (not shown in Figure
16 but treated in section 5.5) are encountered. Note however, that although
the substituted DPA’s have a higher molar mass, the overall mass-percentage
of stabilizer accounted for by any of these curves gradually decreases over
time. In fact, only about 50% of the DPA present in the beginning can be
accounted for by combining the concentrations of nitro- and nitroso-DPA
products. A stabilizer loss of ca. 25% associated with the first reactions in-
volving DPA alone[65]. The ca. 50% of DPA that are unaccounted for must
partake in other reactions, which have not been ascertained conclusively. In
this section a number of potential reaction pathways leading to the known
derivatives of DPA are evaluated.

Figure 17: Experimental stabilizer derivative concentrations in mass-% in
DPA-stabilized propellant at 90◦C[7].

5.2.1 Reactivity and overall favorability

DPA has essencially four chemically different positions bearing hydrogen
atoms which could be involved in substitution reactions: N, 2, 3 and 4 as
shown in Figure 16. One way to assess the reactivity of each of these is to
compute and compare the homolytic bond dissociation enthalpies as shown
in Table 8.
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Table 8: Computed DPA N-H and C-H bond dissociation enthalpies at 90◦C
in NC simulate.

Position N 2 3 4
∆bondH [kJ mol−1] 357.6 471.3 466.0 471.2

The N-H bond is evidently the weakest, while the three C-H bonds are about
110 kJ mol−1 stronger and within 1% of one another. The computed value
of 357.6 kJ mol−1 is also in good agreement with the experimental value of
364.8 kJ mol−1[42]. This implies that the N-position in DPA should be the
most reactive by a wide margin and attacked preferentially over the other
positions in most reactions.

For a single substitution by P, in principle eight products are possible:
NNO-DPA, DPA nitramide NNO2-DPA, 2/3/4NO2-DPA and nitroso-DPA
derivatives 2/3/4NO-DPA. The nitroso compounds can form according to
reactions (IIa) and (IIb). The equations are written in a general form with x
= 2,3,4 or N. While no nitroso besides NNO-DPA compounds have been de-
tected in NC stabilized with DPA, the possibility of such compounds acting
as intermediates cound not be denied conclusively. It is possible that follow-
ing their formation they are quickly oxidized by oxygen or other oxidizing
agents. For the nitro/nitramide compounds two net formation reactions (Ia)
and (Ib) are assumed. The reactions of types (IIa) and (IIb) include HNO2

as an educt. As has been shown in section 4.1 HNO2 is present in only small
quantities in P. Reactions (Ia) and (IIa) are accordingly much more probable
and meaningful. The nitrosation of amines usually involves the electrophilic
attack of a nitrosonium ion, which is generated in situ from HNO2 in acidic
solution or in a concerted reaction with N2O3[66]. The thermodynamic data
for the overall reactions is summarized in Table 9.

DPA + 2 NO2 HNO2 + xNO2 DPA (Ia)

DPA + NO2 + NO HNO2 + xNO DPA (Ib)

DPA + HNO2 + NO2 H2O + NO + xNO2 DPA (IIa)

DPA + HNO2 H2O + xNO DPA (IIb)

Each of these reactions is exergonic and therefore would be thermodynam-
ically favorable. Among the four positions substitutions on the 2- and 4-
positions are the most favorable and their products are the most stable; for
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Table 9: Computed enthalpies and Gibbs free energies for reactions of DPA
with P at 90◦C.

Product reaction ∆rH [kJ mol−1] ∆rG [kJ mol−1]
NNO2

(Ia)

-86.7 -20.7
2NO2 -162.4 -91.5
3NO2 -160.3 -94.3
4NO2 -172.2 -104.0
NNO2

(IIa)

-50.2 -37.4
2NO2 -125.9 -108.2
3NO2 -123.8 -111.0
4NO2 -135.7 -120.7
NNO

(Ib)

-87.3 -26.1
2NO -102.7 -38.4
3NO -84.1 -28.8
4NO -100.4 -38.8
NNO

(IIb)

-50.7 -42.9
2NO -66.2 -55.2
3NO -47.6 -45.5
4NO -63.9 -55.5

the nitroso compounds the difference in stability relative to the less stable
NNO-DPA and 3NO-DPA is only on the order of 10-15 kJ mol−1, while
among the nitro/nitramine compounds the aromatic nitro derivatives are on
about equal footing with the nitramine being less favorable by more than
70 kJ mol−1. The overall tendency from the combination of bond dissoci-
ation enthalpies and free reaction energies point towards a high reactivity
and lower energy barriers for the amine group while the aromatic nitro com-
pounds are overall the more stable and desirable configurations. This overall
trend dictates the reactivity of DPA towards P and serves as a guideline for
the considered reaction pathways.

5.2.2 Radical substitution

First a radical mechanism is considered. A direct abstraction of a hydrogen
atom from DPA by a molecule of NO2 or HNO2 is followed by the recom-
bination with an equivalent of NO2 or NO leading to the nitro or nitroso
compounds. The first step involves the cleavage of fairly stable N-H or C-H
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bonds and is endergonic. This step is hence the rate determining one. It has
been found that for these radical reactions no transition state accompanying
a activation barrier could be found. The overall activation energy is therefore
assumed to be just the ∆rG for the following reactions:

DPA + NO2 HNO2 + rad-DPA (Ic)

DPA + HNO2 H2O + NO + rad-DPA (IIc)

Table 10: Computed enthalpies and Gibbs free energies for reactions of DPA
with P at 90◦C.

Product reaction ∆rH [kJ mol−1] ∆rG [kJ mol−1]
N-rad

(Ic)

34.4 35.5
2-rad 148.1 144.4
3-rad 142.8 139.9
4-rad 148.1 143.9
N-rad

(IIc)

70.9 18.8
2-rad 184.6 127.7
3-rad 179.4 123.2
4-rad 184.6 127.2

The data in Table 10 shows that N-rad-DPA is by far the most stable of the
four radicals. This is to be expected as it is the only mesomerically stabilized
radical with good delocalization of the unpaired electron. The exceedingly
low free activation energies for the formation of this radical makes this re-
action very fast compared to other processes in the decomposing NC. The
activation energies for the other positions are, albeit higher than for N-H,
still low enough to allow for the rections to occur to some extent. There
are, however, two cogent arguments to be made why radical reactions must
only occur with N-H. Both are based on the presence or otherwise of cer-
tain products. For one, a radical substitution does not favor the 2 and 4
positions of the aromatic ring due to the lack of mesomeric stabilization. In
fact the free activation energy for the H-abstractions from the 3 position of
the ring is lower than of the other two aromatic positions. One would then
expect that in at least as much 3NO2-DPA should be formed as 2NO2-DPA
or 4NO2-DPA. 3NO2-DPA has not been claimed to have been found as one
of the products of DPA nitration in NC, thus making this mechanism un-
likely. The prevalence of ortho/para products points towards an electrophilic
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aromatic type substitution. Additionally, 2-rad-DPA should undergo an in-
tramolecular ring formation yielding carbazole. The ring formation has a
low barrier and is unimolecular so that 2-rad-DPA would be expected to
turn into carbazole long before it could encounter a second molecule of P.
The fact that a significant amount of 2NO2-DPA is found further repudiates
a radical mechanism for the aromatic ring nitrations. The carbazole-forming
reaction is further discussed in section 5.3.

There is one more option for the a radical substitution mechanism which
is more in line with DFT data and substitution patterns of the observed
products. As was previously established, the first and most likely product of
the interaction of DPA with NO2 is the DPA-N radical, i.e. DPA missing the
aminic H. This radical is particularly stable due to the delocalization of the
unpaired electron. However, this delocalization has one more consequence:
The inclination to pair up and form a new bond with a second molecule of
NO2 or other radicals is proportionate to the local spin density. A delocalized
electronic spin means that even DPA-Nrad can be attacked in positions other
than the N atom. The excess spin density can be interpreted as the difference
between the local electron density of spin up (alpha) and spin down (beta)
electrons. The three-dimensional spin density can be projected onto a two-
dimensional contour plot. Figure 18 shows the isosurface where the excess
spin density of the DPA-N radical at a value of 0.005.

Figure 18: Spin dencity isosurface (density=0.005) in DPA-N racidal with
colored electrostatic potential between -0.5 and +0.5 atomic units.
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The isosurface is additionaly colored to show the local electrostatic potential
at on the isosurface. A high potential is indicative of a low local total elec-
tronic density and the other way around. While the atom bearing the highest
spin denisty is the aminic nitrogen, it is evident that the spin density is sig-
nificantly delocalized onto C-atoms of the phenyl rings. The spin density is,
however, not spread out evenly over the rings. The 2- and 4-positions of the
aromatic rings have more of the spin density than the 1-position (ipso) and
the 3-positions. Additionally, their electrostatic potential is lower, showing
that the 2- and 4-positions in the radical are more susceptible to a attack by
an electrophilic radical. This means that after the abstraction of a hydrogen
atom from the weak N-H bond, a radical like NO2 can also attack the 2- and
4-positions of the aromatic rings. The products of such an attack are shown
in as (a) and (b) in Figure 19. These structures are tautomers of 2NO2-DPA
and 4NO2-DPA which can rearrange into these via a proton-shift. A struc-
ture analogous to these two also exists as a 3NO2-DPA tautomer. However,
it was found that that structure only represents a local energetic minimum.
Structure (c) in Figure 19 instead shows the true energetic minimum. The
addition of a NO2 to the 3-position of one of the aromatic rings leads to the
formation of a new bond between two of the ring’s carbon atoms. This leads
to a substituted bicyclo[3.1.0]hex-2-ene and the irreversible loss of aromatic-
ity. Such a structure is unfavorable and unlikely to form compared to the
structure (a) for instance, structure (c) is energetically disadvantageous by
∆rH

◦ = 93.0 kJ mol−1 and ∆rG
◦ = 96.3 kJ mol−1. The chemical equations

for the formation of these intermediates are:

DPA-N·rad.+NO2 2NO2-DPA-tautomer (a) with ∆rH
◦ = −61.4 kJ mol−1

DPA-N·rad.+NO2 3NO2-DPA-tautomer (c) with ∆rH
◦ = +31.7 kJ mol−1

DPA-N·rad.+NO2 4NO2-DPA-tautomer (b) with ∆rH
◦ = −73.5 kJ mol−1

These reactions have a ∆rG
◦ = 0.7kJ mol−1 in the case of the 2NO2-DPA-

tautomer, ∆rG
◦ = 97.0 kJ mol−1 for the 3NO2-DPA-tautomer and ∆rG

◦ =
-9.9 kJ mol−1 for the 4NO2-DPA-tautomer at 90◦C in NC simulate. Relative
to 2NO2-DPA, the tautomer (a) has a ∆rH

◦ = 135.4 kJ mol−1 and ∆rG
◦ =

127.7 kJ mol−1. For (b), the 4NO2-DPA tautomer, ∆rH
◦ = 133.0 kJ mol−1

and ∆rG
◦ = 129.6 kJ mol−1 relative to 4NO2-DPA. For the hypothetical

3NO2-DPA intermediate, ∆rH
◦ = 226.4 kJ mol−1 and ∆rG

◦ = 226.8 kJ
mol−1 relative to 3NO2-DPA. This would explain why only 2NO2-DPA and
4NO2-DPA are experimentally detected rather than 3NO2-DPA.
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(a) 2NO2-DPA precursor (b) 4NO2-DPA precursor

(c) Hyoothetical 3NO2-DPA precursor

Figure 19: Optimized structures of tautomers of nitro-DPA’s which are pro-
posed to exist as intermediates during a radical substitution by NO2.

To summarize, a radical substitution mechanism makes sense for the N po-
sition of DPA and can account for a fast build-up of NNO-DPA. A direct
radical substitution of the hydrogen atoms on the aromatic rings is highly
unlikely. Rather, mechanism involving an intermediate DPA-N radical and
tautomers of 2NO2-DPA and 4NO2-DPA can account for reasonably low ac-
tivation energies and the observed substititution pattern. It thus stands to
argue that it is this latter mechanism of nitro-DPA formation can be pre-
sumed to be the prevailing reaction pathway under conditions where water
is a limiting factor and little HNO3 can be found.
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5.2.3 Electrophilic aromatic substitution

Aromatic nitrations are typically performed with a mixture of concentrated
HNO3 and H2SO4 (nitrating acid mixture) or the stronger N2O5 as the ni-
trating agent. The mechanism for this reaction is an archetypal electrophilic
aromatic substitution (SEAr). In both reagents the active species is the nitro-
nium cation NO +

2 which attacks electron rich (activated) aromatic systems
as an electrophile. This reactiong is known to go through an intermediate
carbocation/arenium form, often called σ- or Wheland-complex. The ring’s
aromacity is temporarily lost in the σ-complex form before being restored by
deprotonation. As demonstrated in section 4.1, HNO3 is a major component
of P. The ∆rG for reaction 1 in Figure 7, the formation of N2O5 from HNO3,
was found to be 58.8 kJ mol−1. Depending on outside conditions N2O5 can
make up anywhere up to 0.16% of free nitrogen species. N2O5 can act as a
source of NO +

2 : In this context it can be seen as an loosely bound aggregate
of nitronium and nitrate. Two minimum energy structures have been found
for N2O5, shown in Figure 20.

Figure 20: N2O5 minimum geometries and blue dipole vectors.

These two structures are within 0.25 kJ mol−1 of each other in the ief-
PCM NC simulate, i.e. equal in energy within the expected precision of the
computation. One is a molecular form with C2 symmetry and a low dipole
moment. The other is a strongly polarized form with Cs symmetry and a
much higher dipole moment of 0.88 D, indicating a significant charge sepa-
ration between the preformed nitronium and nitrate ions. The stabilization
of charge imbalances compared to the gas phase is indeed one of the most
noticable effects of the used PCM model. The stability of predissociated
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form is suggestive of the generally low energy of dissociacion of N2O5 in NC:
N2O5 NO +

2 + NO –
3 has a ∆rG

◦ = 115.4 kJ mol−1, thus being a viable
source of nitronium.

It thus stands to argue that an SEAr mechanism could likely be responsi-
ble for the nitration of the aromatic rings of DPA. Different from the radical
mechanism, which does not particularly favor any of the aromatic ring’s
hydrogens, SEAr has a clear preference for positions 2 and 4 due to the
ortho/para directing influence of the amine group. Hence the observed sub-
stitution pattern in DPA is consistent with this reaction type. The search
for tranistion states for the nitration with NO +

2 determined the absence of
energetic barriers; instead the NO +

2 is consistently attracted to DPA down
to an energetic minimum, a σ-complex. No transition states involving ni-
tration with N2O5 itself were found either. The σ-complexes that lead to
2NO2-DPA and 4NO2-DPA are shown in fig. 21. The formation reaction of
these complexes starting from DPA and N2O5 can be written as:

DPA + N2O5 NO –
3 + σ-complex+

Figure 21: Optimized structures of arenium ion intermediates for nitration
of 2NO2-DPA (left) and 4NO2-DPA (right).

The reaction Gibbs free energies for this reaction in NC simulate are ∆rG
◦
4N

= -20.7 kJ mol−1 and ∆rG
◦
2N = 4.3 kJ mol−1. A relaxed scan using ωB97X-

D/6-31G* was performed starting from the σ-complex leading to 4NO2-DPA.
This means that, aside from the scan coordinate, a geometry optimization
was performed at every step of the scan. As the scan coordinate the C-N
bond between the nitro group and phenyl ring was chosen. The resulting
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Figure 22: Electronic energy curve, relative to 4-arenium/ Wheland-complex,
for relaxed scan along 4C-NitroN bond.

internal energy (not including zero point energy) curve relative to the energy
minimum is depicted in Figure 22. The curve shows no maxima along the
scan coordinate indicating no energy barriers for this reaction. The potential
is reminiscent of a Morse-potential. The σ-complex for 2NO2-DPA gives an
analogous result. The overall activation energy then amounts to approxi-
mately the energy cost of generating the NO +

2 ion in situ, so that ∆rG
‡ =

115.4 kJ mol−1 starting from N2O5 or ∆rG
‡ = 174.2 kJ mol−1 starting from

HNO3. The net chemical equations for nitration reactions with HNO3 and
N2O5 along with their reaction enthalpies in NC simulate are given as:

DPA + HNO3 2NO2-DPA + H2O with ∆rH
◦ = −124.9 kJ mol−1

DPA + HNO3 4NO2-DPA + H2O with ∆rH
◦ = −134.7 kJ mol−1

DPA + N2O5 2NO2-DPA + HNO3 with ∆rH
◦ = −185.2 kJ mol−1

DPA + N2O5 4NO2-DPA + HNO3 with ∆rH
◦ = −195.0 kJ mol−1

As DPA is a base, can also be protonated in the presence of HNO3, yield-
ing diphenylammonium nitrate. One study has found this diphenylammo-
nium nitrate salt to melt at 52◦C and decompose to carbon and unidentified
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gaseous products at higher temperatures[67]. It is not clear if and how much
of an effect this reaction has on the stabilization process. As the protona-
tion decreases the electron density of the phenyl rings, a protonation could
significantly decrease the reactivity of DPA towards P.

5.2.4 Intramolecular rearrangements

In addition to the aromatic rings themselves, the amine group can also react
with nitronium. This reaction was also found to have no discernable energy
barrier. A direct reaction with HNO3 akin to an esterification would also
be possible, in each case leading to NNO2 DPA. NNO2 DPA can also be
formed in the reaction of NNO-DPA with N2O5, and has been suggested to
be an intermediate during the formation of 2NO2-DPA[68]. This nitroamine

intermediate is not very stable compared to 2NO2 DPA and 4NO2 DPA as
has been pointed out in section 5.2.1. At temperatures as low as 46◦C it was
found to decompose to 2NO2 DPA and 4NO2 DPA in a matter of days[69].

NNO2 DPA has not been detected in significant amounts in DPA-stabilized
NC samples, but in may act as a short lived intermediate. There are many
known intramolecular rearrangements of aromatic nitro- and nitroso com-
pounds such as the Fischer-Hepp reaction or the acid-catalyzed nitramine
rearrangement[70]. Numerous variations of such a process are conceivable:
Different migrating species (NO2, NO +

2 , NO, NO+, etc.), optional interme-
diate steps (e.g. protonation) and even intermolecular migrations are just
some of the alterations. No transition state for a direct transfer of the NO2

group from the N-atom to the 2- or 4-positions of one of the aromatic rings
has been found. One example of a NO2-rearrangement mechanism which in-
volves different intermediates is shown in Figure 23. In this reaction NNO2-
DPA is protonated on the aminic N. The weakened N NO2 bond breaks and
a N-nitrite intermediate is generated. In a second rearrangement step the
N-nitrite binds to the 2-position of one of the aromatic rings, yielding the
carbenium complex from Figure 21. A deprotonation leads to 2NO2-DPA.
The protonated NONO-DPA was computed to be less stable than the proto-
nated NNO2-DPA by ∆rH

◦ = 74.4 kJ mol−1 and ∆rG
◦ = 73.6 kJ mol−1. No

transition state between the two forms has been found; it would be expected
to involve the coordination of the aminic nitrogen atom by a total of five
atoms. Such geometries are generally non-rigid and subject to pseudorota-
tions, which may be one of the reasons for the difficult search. Interestingly,
the protonation destabilizes the N-nitrite form more than the NNO2-isomer.
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In unprotonated NNO2-DPA, the N-nitrite form has a ∆rH
◦ of only 53.5

kJ mol−1 and ∆rG
◦ = 48.9 kJ mol−1 relative to the NNO2-form. The role

of the protonation therefore is not to make the N-nitrite form more favor-
able. Instead, the protonation loosens the N-N bond and presumably lowers
the energy barrier. As it is already loosely bound, little additional energy
should be necessary to transfer the NO2-group from the N-atom. An exten-
sive study of the numerous variations of these pathways would be required
to satisfactorily determine the most favorable ones.

Figure 23: Proposed mechanism of a rearrangement of NNO2-DPA to 2NO2-
DPA from literature[69].
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5.3 Other reactions and products

Attempts to extract the stabilizer with a suitable solvent at different stages
of the decomposition process have demonstrated that, accounting for all com-
pounds, i.e. DPA and its nitroso and nitro derivatives as discussed in the
previous section, typically only about 55-65% of the stabilizer could be re-
covered. Some possible side reactions to attribute for the missing 35-45% to
are suggested[71].

5.3.1 Carbazoles

At elevated temperatures carbazole (CAR) (Figure 24) is known to form from
DPA, particularly at elevated temperatures in the presence of oxygen.

Figure 24: Structure of carbazole and numbering of positions.

The formation of CAR is known to proceed both photochemically[72] and
thermally; in the latter case it can be carried out by heating DPA to around
350°C for 2 hours in the presence of a catalytic amount of iodine[73]. The
high reaction temperature is a consequence of the large activation energy:
The reaction is claimed to involve an intermediate as shown in Figure 25,
the formation of which requires the breaking of the aromaticity of both phenyl
groups. The iodine reacts with the intermediate to form CAR and HI, and
is then reoxidized and recovered by atmospheric oxygen. The formation of
the intermediate was computed to have a ∆rG

◦ = 320.0 kJ mol−1 in NC
simulate relative to DPA at 90◦C, with the transition state even higher.
The temperature required for this reaction is higher than the autoignition
temperature of NC, so that this direct mechanism is not available to DPA in
propellants.
Instead, there are other pathways by which CAR could be formed from DPA.
One example is given in Figure 26. In section 5.2.2 the abstraction of hydro-
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Figure 25: Structure of intermediate of the thermal reaction of diphenylamine
to carbazole.

Figure 26: Gibbs free energy along reaction coordinate for the reaction of
DPA-2 · radical (missing H on 2-position of an aromatic ring) to carbazole
with optimized geometries and tranisition states (imaginary vibration mode
arrows in blue).
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gen atoms from DPA by radicals has been discussed. The Gibbs free energy
for the DPA-2 · radical (missing H on 2-position of an aromatic ring) from
DPA and NO2 has was computed to have a ∆rG

◦ = 127.7 kJ mol−1. The
resulting radical is highly unstable due to the lack of stabilization of unpaired
electron in the sp2 hybrid orbital and can forms a new C-C bond between
the C with the unpaired electron and a C-atom in the 2-position of the other
ring. The creation of this new bond was calculated involve a TS with a much
lower barrier of ∆rG

‡ = 48.4 kJ mol−1. The resulting intermediate retains
one aromatic ring and is thus more favorable than the intermediate in Figure
25. The excess H-atom has a very low bond dissociation enthalpy of 55.7 kJ
mol−1 and can easily be abstracted by P or oxygen. If any DPA-2 · radi-
cals are produced from DPA and P, they should transform to CAR via this
unimolecular bond-forming reaction almost instantaneously. The formation
of CAR from the DPA-2 · radical is favored so much, that even the reaction
to CAR and a monoatomic hydrogen would be exergonic with ∆rG

◦ = -71.5
kJ mol−1. As discussed previously, the postulation of such a mechanism
with radicals like DPA-2 · has a few issues. The presence of the much more
weakly bound aminic H, which would be removed preferentially, means that
in total only a small, maybe even undedectably small amount of CAR would
be formed in this manner. Furthermore, if the DPA-2 · radical were to be
formed, nothing should prevent a DPA-3 · from being occuring. This radical
would further react to e.g. experimentally unobserved 3NO2-DPA. This also
suggests that this mechanism very rare, if it occurs at all.

There are numerous other potential mechanisms, however. For instance,
DPA has been reported to quantitatively transform into the cation of inter-
mediate from Figure 25 in certain Faujasite type zeolites at temperatures
much lower than in the direct thermal reaction over the course of a few
hours[74]. The reaction has been associated with Brønsted/Lewis acid/base
sites in the host material, all of which can be found in the decomposing NC.
An intermediate is the formation of a DPA-cation.

The heterocycle carbazole is has also been investigated as an stabilizer for
NC, where it generally shows analogous reactions to DPA (Figure 27). The
initial products are NNO-CAR (9-Nitroso-CAR) in analogy to NNO-DPA,
1NO2-CAR and 3NO2-CAR. Compared to DPA, a much smaller fraction of
CAR is converted to NNO-CAR. The concentration of NNO-CAR also peaks
at a time when more than half of the original CAR is still present. This may
point to a lower relative stability of NNO-CAR due to the constraint placed
on the molecule’s geometry by the additional bond. In CAR 3NO2-CAR is
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Figure 27: Concentrations of carbazole and its nitroso- and nitro-products
in carbazole-stabilized C-390 propellant at 75◦C[75].

preferentially formed over 1NO2-CAR, compared to DPA where these 2NO2

-DPA and 4NO2-DPA are formed in comparable quantities. The fact that
DPA has twice as many equivalent ortho-positions to the amine group may
contribute to this. Dinitro-CAR’s have also been found in analogy to dinitro-
DPA’s in the carbazol-stabilized propellant sample.

5.3.2 Reactions with aldehydes

Nitrogen compounds are not the only products of the degradation of NC. Re-
active aldehydes that are produced in the degradation process can also react
with DPA. The reaction of DPA with formaldehyde is of particular interest.
Depending on the relative amounts and concentrations of the reagents, the re-
action of DPA with formaldehyde can form different structures ranging from
oligomers to networklike aminoplast resins[76]. The reaction is poorly studied
in the context of DPA-stabilized propellants and could account for at least a
portion of the missing DPA. The first step of the reaction, the condensation of
two molecules of DPA to N,N,N’,N’-tetraphenyldiaminomethane (Figure 28)
was computed to be exothermic with ∆rH

◦ = −67.1kJ mol−1 and slightly ex-
ergonic with ∆rG

◦ = −5.6kJ mol−1 at 90◦C with ωB97X-D/6-31++G(d,p).
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Figure 28: N,N,N’,N’-tetraphenyldiaminomethane, one of the initial products
of the reaction between DPA and formaldehyde.

5.4 DPA acceleration

Stabilizers are added to propellants to slow down degradation processes.
While more reactive stabilizers are more efficient at destroying P and free
radicals, there are known cases of stabilizers being incompatible with spe-
cific energetic materials. The introduction of an incompatible stabilizer may
reduce the shelf life of a propellant and increase its sensitivity to heat. One
study found that some aniline-based stabilizers like N-(2-acetoxymethyl)-p-
nitroaniline (ANA) show an incompatibility with NC, while DPA was deemed
to be compatible with NC[77]. Some other studies, on the contrary, have
claimed the opposite.U nstabilized NC has been reported to remain virtually
unaffected by exposure to a temperature of 80◦C for over four weeks[78].
This unexpected stability of unstabilized NC compared to propellants stabi-
lized in particular with DPA has lead to the introduction of the term ”DPA
acceleration”, refering to the accelerated degradation of NC in the presence
of DPA. One of the proposed mechanism for this involves a nucleophilic at-
tack by the basic free electron pair of the amine group of DPA on a nitrate
ester of NC, leading to the formation of NNO2-DPA in a process similar to a
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reesterification[69]. Based on ESR measurements, a different mechanism has
been proposed: Nitrate esters, including NC, are known form charge transfer
complexes with aromatic amines as electron donors[79]. The formation of
such a electron donor-acceptor complex between DPA and the nitrate ester
groups of NC has been proposed to exist in propellant mixtures[80]. The
transfer of electron density to the nitrate ester groups has been associated
with accelerated decomposition of NC and thereby been declared a potential
mechanism of DPA acceleration[78]. This trend was confirmed with DFT
computations. ESR measurements (Figure 29) shows the intensity of the
ESR signal, which is proportional to the number of free radicals in a sub-
stance, over time in a decomposing DPA-stabilized propellant sample.

Figure 29: Heat flow curve, stabilizer mass-% and electron spin resonance
signal curves for DPA-stabilized WC867 double-base propellant sample at
80◦C[78]

The number of free radicals was found to gradually increase as DPA is con-
sumed, reaching its peak close to the maximum of the heat flow curve and
the peak of the NNO-DPA concentration. This curve shows that reactions
and mechanisms involving radicals are undeniably proceeding at least while
DPA is present. The formation of the DPA-NC charge transfer complex has
been claimed to be one of the main reactions that contribute to this curve.
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The formation of the persistent DPA-N-oxide (Ph)2NO · radical has been
proposed to form from DPA and NO2 in a two-step process: The first step is
the abstraction of the losely bound aminic H from DPA by NO2. The second
step is the oxidation of the DPA-N · radical by another molecule of NO2[80].
The chemical equation for this is:

(Ph)2N · + NO2 (Ph)2NO · + NO with ∆rH
◦ = −22.4 kJ mol−1

This reaction is slightly exergonic at 90◦C with ∆rG
◦=-15.8 kJ mol−1.

5.5 Secondary nitration

Although they are less reactive than DPA due to the electron wihdrawing
properties of the nitro group, 2NO2-DPA and 4NO2-DPA can be nitrated
further. Over time up to 6 nitrations per DPA molecule are possible. Ev-
ery additional nitration decreases the electron density of the aromatic rings
making them gradually less likely to participate in an electrophilic aromatic
substitution. As a side effect the basicity of the aminic nitrogen decreases
with the number of nitro substituents. In mono-nitro DPA’s the reduction
of electron density is more pronounced on the already nitrated ring, so that
the second nitration occurs on the other side. Enthalpies of nitration are cal-
culated for the second nitration step, leading to 2,2’NO2-DPA, 2,4’NO2-DPA
or 4,4’NO2-DPA. Starting from 2NO2-DPA either 2,2’NO2-DPA or 2,4’NO2-
DPA can form, while 4NO2-DPA can react to 2,4’NO2-DPA or 4,4’NO2-DPA.
For nitrations with HNO3 the reaction enthalpies are:

2NO2-DPA+HNO3 2, 2′NO2-DPA+H2O with ∆rH
◦ = −108.9 kJ mol−1

2NO2-DPA+HNO3 2, 4′NO2-DPA+H2O with ∆rH
◦ = −124.2 kJ mol−1

4NO2-DPA+HNO3 2, 4′NO2-DPA+H2O with ∆rH
◦ = −114.4 kJ mol−1

4NO2-DPA+HNO3 4, 4′NO2-DPA+H2O with ∆rH
◦ = −135.4 kJ mol−1

The nitration of the 4 position is more exothermic by 15-20 kJ mol−1.
A comparison to the nitration enthalpies of DPA shows a trend: The for-
mation of 2,2’NO2-DPA releases the least heat, more than 15 kJ mol−1 less
than the nitration of the 2 position of unsubstituted DPA. For the formation
of 2,4’NO2-DPA from 4NO2-DPA only about 10 kJ mol−1 less are relesaed.

63



In the case of the formation of 4,4’NO2-DPA no reduction in heat forma-
tion is found. This difference illustrates the spacial reach of the electron
withdrawing infulence of the nitro substituents. The spacial proximity of
the nitro groups in 2,2’NO2-DPA leads to the highest destabilization, while
the opposite is true for 4,4’NO2-DPA. The liberated heat continues to drop
for additional substitutions. For instance, a third nitration leading to the
formation of 2,4,4’NO2-DPA has ∆rH

◦ = -99.8 kJ mol−1:

2, 4′NO2-DPA + HNO3 2, 4, 4′NO2-DPA + H2O

The maximum amount of heat which can be generated per mol DPA
in this manner is given trough by the following net reaction with sixfold
nitration:

DPA + 6HNO3 hexanitro-DPA + 6H2O with ∆rH
◦ = −509.7 kJ mol−1

The average reaction enthalpy per nitro group then is -84.9 kJ mol−1.
Another set of intermediary products of the nitration of DPA are mixed

nitro-nitroso compounds. NNO-2NO2-DPA and NNO-4NO2-DPA are known
to occur around the time when the concentrations of 2NO2-DPA and 4NO2-
DPA are around their peak. Assuming the reaction leading to these com-
pounds is akin to that of DPA to NNO-DPA the chemical equations can be
written as:

2NO2-DPA + NO2 + NO NNO-2NO2-DPA + HNO2

4NO2-DPA + NO2 + NO NNO-4NO2-DPA + HNO2

The reactions are less exothermic than the analogous reaction with DPA.
The reaction to NNO-4NO2-DPA has ∆rH

◦ = -73.1 kJ mol−1 at 90◦C and
that giving NNO-2NO2-DPA is computed as ∆rH

◦ = −55.5kJ mol−1 at 90◦C.
The amounts of these two compounds are expected to be highly variable with
temperature due to a small Gibbs free energy. For the reaction to NNO-
4NO2-DPA it is still negative with ∆rG

◦ = -15.7 kJ mol−1 at 90◦C, while the
reaction yielding NNO-2NO2-DPA is slightly endergonic with ∆rG

◦ = +2.9
kJ mol−1.
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6 Akardite II

6.1 Characterization

Akardite (Ak) is the trivial name given to a class of asymmetric diphenylurea
derivatives. Unsubstituted N,N-diphenylurea is commonly known as akardite
I. Akardite II (N,N-diphenyl-N’-methylurea) and akardite III (N,N-diphenyl-
N’-mthylurea) are modified structures of this parent molecule. Their struc-
tures are shown in figure 30. The samples studied in this work contain Ak
II. Like DPA, Ak II chemically binds P and thus suppresses NC degrada-
tion. Akardites find widespread use in gun propellants, especially double-base
propallants[81].

Figure 30: Structures of akardite I (left), akardite II (center) and akardite
III (right).

One study using scanning electron microscopy (SEM) and energy-dispersive
X-ray spectrometry (EDX) to map out microstructures on the surface of three
propellant mixtures stabilized with three different compounds (DPA, Ak II
and ethylcentralite) along with their elemental distribution has concluded
that the sample stabilized with Ak II possesses the most compact structure.
The scanned surfaces of interest (Figure 31) belong to a DPA-stabililized
sample (NC-37: NC 96.70 m-% with 13.10 m-% N, DPA 1.50 m-%, graphite
0.10 m-%, K2SO4 0.35 m-%, residual moisture 1.35 m-%) and an Ak II-
stabilized sample (EM2, NC 87.00 with 12.08 m-% N, NG 11.20 m-%, Ak II
1.22 m-%, K2SO4 0.17 m-%, residual moisture 0.41 m-%)[82].
The surface of NC-37 shows frizzy NC-filaments of varying diameter with
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(a) Single-base propellant with DPA, 4300 magnification.

(b) Double-base propellant with Ak II, 5000 magnification.

Figure 31: SEM recordings of propellant mixtures NC-37 (top) with DPA
and EM2 (bottom) with Ak II[82].

gaps in between. EM2 on the other hand shows a much more compact mi-
crostructure. Different substances called gelatinizing agents are added to
propellants to favorably modify this parameter. Examples include nitroglyc-
erin and phthalate esters. Different levels of gelatinization have the impli-
cation that NC-37 is more accessible to air and oxygen down to its bulk.
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Outgassing of P, water and COx is also facilitated by the microstructure.
Elemental mapping indicates that the stabilizer distribution is largely inho-
mogenious in NC-37 (with DPA found almost exclusively on the surface of
NC) while Ak II is more evenly distributed in EM2. The authors of the
study suggest that the observed differences between the samples are caused
by Ak II ”piercing into the matrix, which shows its is soluble in NC”[82].
While this conclusion disregards the effects the presence of nitroglycerin in
the double-base propellant might have on its physical properties and stabi-
lizer solubilities, thus potentially misattributing the difference in solubilities
of the two stabilizers, it is clear that the distribution and availability of stabi-
lizer as well as permeability to gases vary between the samples. The mutual
solubility of stabilizer and NC is commonly referred to as gelatinization and
has in fact also been documented in the absence of NG for AK II. Other
stabilizers like Ak III and centralites I and II have also been found to act
as gelatinizers for NC, while DPA and Ak I were concluded not to have this
property[83]. Finally, the characteristics of such NC-stabilizer-gelatinizing
agent mixtures further depend on the sample’s temperature, in particular
around the melting point of the stabilizers, and represent an active field of
current research.

6.2 Stabilizer reactions

DPA and Ak II share many similarities in their reactions with P and their
substitution patterns, particularly on the aromatic rings. Hence, the gen-
eral conclusions drawn from section 5.2 continue to be valid for Ak II. The
distinguishing factor is the availability of a weakly bonded aminic hydrogen.
Table 11 contains the bond dissociacion enthalpies for the 2 and 4 positions
of the aromatic rings and the N-H bond at 90◦C. Note that for Ak II the N
of the N-H bond refers to the methyl-substituted nitrogen atom.

Table 11: Computed N-H and C-H bond dissociation enthalpies at 90◦C for
DPA and Ak II. For Ak II the N-H bond is the (H3C)N H bond.

Position N 2 4

DPA: ∆bondH 357.6 471.3 471.2
Ak II: ∆bondH 428.0 470.3 469.9

The C-H bond enthalpies are unaffected by the carbamide group, within the
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computational accuracy. The weak aminic N-H bond in DPA on the other
hand is replaced by an amide N-H bond which is 70 kJ mol−1 stronger. The
overall stronger bonds render Ak II less reactive then DPA. Ak II, conse-
quently, is also less aggressive towards NC and nitrate ester groups as well,
thus mitigating the risk of unwanted interactions akin to the previously men-
tioned DPA acceleration.

fThe products of the reaction of Ak II with P include 2NO2-Ak II, 4NO2-
Ak II, NNO-DPA and nitro derivatives of DPA. A thin-layer chromatography
assay of these products in a propellant sample at 90◦C has found that singly
substituted DPA derivatives appear on the first day of the experiment and
dinitro-DPA’s become detectable on the second day. 2NO2-Ak II and 4NO2-
Ak II only appear on the third, after the doubly substituted DPA’s[84]. This
reflects the higher reactivity of DPA towards P.

Figure 32: Relative HPLC signal strength of derivatives of Ak II over the
course of its reaction with gaseous NO2 at room temperature[85].

Another study has focused on the interaction of Ak II with gaseous NO2

at room temperature. Nitrogen dioxide was gradually added and the Ak II
sample was analyzed using HPLC after every addition. The relative HPLC
signal heights (signal peak, not integrated signal) of the Ak II consecutive
products (Figure 32) show a somewhat different picture. Initially, the main
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product in NNO-Ak II, which has not been found in the propellant sample at
90◦C. With the addition of more NO2, nitro-Ak II derivatives as well as NNO-
2NO2-Ak II and NNO-4NO2-Ak II are encountered. Reactions involving N-
Nitroso and N-nitro derivatives of Ak II are discussed in section 6.4. The

DPA derivatives found in Ak II-stabilized propellants are formed from Ak
II and its nitro derivatives by hydrolysis. Unstable N-methyl carbamic acid
forms as an intermediate, and further decomposes to CO2 and methylamine:

Ak II + H2O HN(CH3)COOH + DPA with ∆rH
◦ = −17.7 kJ mol−1

HN(CH3)COOH CO2 + H2NCH3 with ∆rH
◦ = +31.4 kJ mol−1

This reaction is further discussed in section 6.5.

6.3 Reactions of the phenyl groups

The bond dissociation energy for the C-H bonds of the phenyl rings are also
practically unchanged compared to DPA. As no nearby amine is available
to make the molecule susceptible to attacks by radicals, the types of radical
substitution considered for DPA is not available to Ak II. Therefore radical
reactions are fairly unlikely to occur on the phenyl rings of Ak II due to the
lack of stabilization of the resulting radicals.

For electrophilic aromatic substitution, the reactivity of the phenyl rings
in Ak II is reduced with respect to DPA. The carbonyl group in the vicinity
of the amine nitrogen acts as an electron withdrawing group, thus reducing
the electron donor on the aromatic rings and making them less susceptible
to aromatic electrophilic substutution. This is reflected in a side by side
comparison of the natural bond orbital (NBO) charges of DPA and Ak II
(Fig. 33), as derived from a natural population analysis. Atomic charges like
NBO charges help to quantify the local electron density on single atoms or
groups[86]. While the exact numbers depend on the level of theory and basis
set used and are thus unreliable, they can effectively reflect overall trends.
The NBO charges of the carbon atoms on the aromatic rings, except for the
two in ipso position to the amine, are negatively charged in both Ak II and
DPA. One trend shared by DPA and Ak II is that the 3 position has a lower
electron density than the 2 and 4 positions. This difference manifests in the
ortho-para substitution pattern on the aromatic rings. Comparing the 2 and
4 carbons of Ak II with the corresponding positions of DPA indicates that
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Figure 33: Natural bond orbital NBO charges of optimized structures of
DPA (top) and Ak II (bottom) in NC simulate; red for atoms with overall
negative, green for net positive charge.
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a lower electron density is found for Ak II resulting in the observed lower
reactivity of Ak II. At the same time, the trends for the overall reaction en-
thalpies for the nitration of Ak II remain in line with the values for DPA. The
absolute values of enthalpies are all lower by about 15 kJ mol−1. This dif-
ference can be again attributed to the lower electron density of the aromatic
rings. The rising nitration enthalpies must be offset by lower (more exother-
mic) hydrolysis reacions. Through a combination of increased susceptibility
to hydrolysis and decreased reactivity in comparison to DPA, no dinitro-Ak
II derivatives are found in decomposing propellants. The chemical reactions
for the nitration are given as:

Ak II + HNO3 2NO2-Ak II + H2O with ∆rH
◦ = −108.8 kJ mol−1

Ak II + HNO3 4NO2-Ak II + H2O with ∆rH
◦ = −119.8 kJ mol−1

Ak II + N2O5 2NO2-Ak II + HNO3 with ∆rH
◦ = −169.1 kJ mol−1

Ak II + N2O5 4NO2-Ak II + HNO3 with ∆rH
◦ = −180.0 kJ mol−1

6.4 Reactions of the methylurea group

The arguably most interesting part of Ak II is the methylurea group. Many
reaction centered around the secondary amide N can take place. As illus-
trated in Figure 32, the reaction of NOx at room temperature first produces
N-methyl-N-nitroso-N’,N’-diphenyl-urea (NNO-Ak II). Given below is a pos-
sible pathway to NNO-Ak II. For this reaction ∆rH

◦ = −67.2 kJ mol−1 and
∆rG

◦ = −0.1 kJ mol−1 at 90◦C in NC simulate.

Ak II + NO2 + NO NNO-Ak II + HNO2

With ∆rG
◦ close to 0, this reaction has a Kp ≈ 1 at 90◦C. When the amount

of P present is small, the equilibrium for this reaction lies on the side of Ak
II. Given a lower temperature, the reaction can be favorable, however. The
entropy change for this reaction is ∆rS

◦=-184.8 J mol−1 K−1. Extrapolating
this to 298 K using the Gibbs-Helmholtz equation indicates that ∆rG

◦ =
−12.1 kJ mol−1 and a Kp ≈ 134. Such an proposition can explain why no
or little NNO-Ak II is found at elevated temperatures while being the main
initial product in experiments at room temperature.
NNO-Ak II is a generally undesirable intermediate product. It is a reactive
nitrosamide which, like most other members of this class, is a carcinogen and
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poses a serious health hazard[87]. NNO-Ak II can rearrange through a four-
membered transition state to produce a diazo ester (Figure 34). The barrier
for this reaction lies at ∆G‡=128.1 kJ mol−1. Other pathways involving
proton shifts are also possible. The diazo ester can release methyldiazo-
hydroxide upon decomposition, which in turn dissociates to diazomethane
or methanediazonium. The latter two are potent methylating agents and
have the potential to methylate e.g. DNA bases[88]. The overall reaction is
slightly endothermic with ∆rH

◦=7.4 kJ mol−1.

Figure 34: Gibbs free energy along reaction coordinate for the transformation
of NNO-Ak II to a diazo ester and optimized structures of relevant part of
the educt, tranisition state (with imaginary vibration mode arrows in blue)
and product.

Starting from NNO-Ak II again, another possible course of reaction is the
cleavage of the N-N bond, releasing NO. In section 6.2 the N-H bond was
found to be much stronger than in DPA. The reason for this is that the re-
sulting radical is poorly stabilized. The sp2 valence orbital holding the lone
electron is orthogonal to the π-electron system of the urea group. This cir-
cumstance is also revealed by the high bond dissociation enthalpy of ∆bondH◦

= 172.0 kJ mol−1 for the N-N bond in Ak II-NNO versus ∆bondH◦ = 121.6
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kJ mol−1 for the N-N bond in DPA-NNO. The bond also possesses partial
double bond character as is evident from its optimized bond length of 1.33
Å, which is comparable to the 1.32 Å resonance bonds found in peptides[89].
The reaction with HNO3 could also yield a nitrate salt [HAkII][NO3]. The
basicity of Ak II is lower than that of DPA. Like in urea, the free electron pair
on N are delocalized and therefore not basic; instead protonation would first
occur on O. In the presence of N2O5 or potentially also HNO3, the nitramide
N-methyl-N-nitro-N’,N’-diphenyl-urea (NNO2-Ak II) could be formed:

Ak II + HNO3 NNO2-Ak II + H2O with ∆rH
◦ = −25.5 kJ mol−1

Ak II + N2O5 NNO2-Ak II + HNO3 with ∆rH
◦ = −85.8 kJ mol−1

The Gibbs free energies are both exergonic, ∆bondG◦ = -72.3 kJ mol−1 for the
nitration with N2O5 and just ∆bondG◦ = -13.4 kJ mol−1 for HNO3. Similar to
the NO2 migrations in section 5.2.4, NNO2-Ak II could intramolecularly ni-
trate itself. The urea group is surprisingly flexible, leading to many new pos-
sibilities. A realxed scan of 2NO2-Ak II around the bond between carbonyl-
C and the N bonded to the phenyl rings in ωB97X-D/6-31+G*(figure 35)
shows that the rotation barrier is around 50 kJ mol−1 at the most. With the
additional steric hindrance of the nitro group and the partial double bond
character of the amide bond, the rotation around the C-N bond is energeti-
cally low enough to be possible at elevated temperatures. In unsubstituted
Ak II the barrier should be even lower, better represented by the 20 kJ mol−1

of the smaller barrier. Rotations around this bond can bring the NO2 group
in NNO2-Ak II close to position 2 of the aromatic rings.

One such representative pathway leading to 2NO2-Ak II as shown in fig-
ure 36 has been studied. Beginning with NNO2-Ak II, the NO2-group is
transferred to the closest 2-position of one of the aromatic rings. This step
has a fairly high ∆G‡=245.5 kJ mol−1. A proton transfer from the aromatic
ring back to the nitrogen atom that previously held the NO2-group leads to
2NO2-Ak II. The overall reaction enthalpy is ∆rH

◦ =-83.3 kJ mol−1.
Additionally a second option exists for the decay of the intermediate

following the NO2-transfer, namely a decomposition to 2NO2-DPA. In the
intermediate the bond between the carbonylic C and the N bonded to the
phenyl rings is weakened and elongated to 1.56 Å. A transition state with a
very low ∆G‡= 4.0 kJ mol−1 leads to the cleavage of this bond. The overall
process can then be expressed as:
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Figure 35: Scan of relative electronic energy following a relaxed scan of the
dihedral angle with interpolation; the energetic global minimum can be found
around 180°; scanned dihedral angle highlighted in 2NO2-Ak II on the right.

Figure 36: Gibbs free energy along reaction coordinate for the reaction of
NNO2-Ak II to 2NO2-Ak II with geometries of tranisition states and imagi-
nary vibration mode.

The products of this reaction are reactive methyl isocyanate and the isomer
of 2NO2-DPA in that was proposed to exist as an intermediate in the radical
reaction mechanism of DPA with NO2 in section 5.2.2. The overall reaction
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starting from NNO2-Ak II can be written as:

NNO2-Ak II 2NO2-DPA + H3CNCO with ∆rH
◦ = −25.1 kJ mol−1

This means that the inner-molecular NO2-transfer is not only a possile re-
action yielding 2NO2-Ak II, but could also be involved in turning Ak II
into DPA if not enough water is available for hydrolysis. The formation of
N-methyl-N-nitrito-N’,N’-diphenyl-urea, i.e. an isomer of NNO2-Ak II with
NO2 bonded as N-O-N=O, on the other hand is endergonic. The nitro isomer
is lower by 78.6 kJ mol−1 in terms of Gibbs free energy and by 80.6 kJ mol−1

of enthalpy at 90◦C in NC simulate. The formation of an amide N-oxide is
not considered, as no known instances of such compounds are known. Cal-
culations show, that their formation is unfavorable due to the loss of the
approx. 75 kJ mol−1 amide resonance energy upon oxidation[90].

6.5 Hydrolysis

In the presence of water the amide bonds in Ak II can be hydrolyzed. In
the first step a tetrahedral intermediate forms upon a nucleophilic attack by
the water molecule on the carbonyl C. From here, the hydrolysis could in
principle go two ways: Yielding methylamine and diphenylcarbamic acid, or
DPA and methylcarbamic acid. Both carbamic acids are highly unstable even
at cryogenic temperatures and will quickly decarboxylate[91]. Thus in both
cases the final products are DPA, methylamine and carbon dioxide. For this
overall reaction the ∆rH

◦ = 13.7 kJ mol−1 and ∆rG
◦ = -44.0 kJ mol−1 For a

hydrolysis with neutral water and no preceeding proton shifts, the tranisition
state found to have the lower activation energy is the one leading to DPA
and methylcarbamic acid (Figure 37). Without catalysis by an acid or base,
the activation energy is quite high. To get a more accurate lower value, such
interactions should be considered in a more detailed theoretical study.
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Figure 37: Gibbs free energy along reaction coordinate for the hydrolysis
of Ak II to DPA and methylamine with geometry of the tranisition state
(imaginary vibration mode arrows in blue).

As DPA is formed from Ak II, it in turn undergoes further reactions with
the decomposition products of NC. Since DPA is more reactive than Ak II,
DPA quickly binds any NO2 in its proximity. The small amount of DPA
produced acts as a potent radical scavanger thus helping to maintain a low
concentration of P. In DPA-stabilized propellants at 90◦ DPA is completely
depleted within a few days, after which its subsequent nitrations take place.
Since the reactivity of these compounds decreases with higher degrees of
nitration, DPA and its mono nitro derivatives are mostly used up before
double and triple nitration is observed. In Ak II-stabilized propellants on
the other hand, fresh DPA is constantly supplied through hydrolysis as long
as Ak II is present. The DPA generated in small amounts it is quickly nitrated
instead of the less reactive Ak II. Consequently, nitrated DPA’s have been
detected before nitrated Ak II’s in Ak II-stabilized propellants[84]. In this
way the high reactivity of DPA more evenly spread out over a longer period
of time.
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7 Kinetic modelling

7.1 Unstabilized NC: 1st order autocatalysis

First the decomposition of pure, unstabilized NC is considered. For this a
simple model of only two reactions is employed:

(I) O NO2 groups decompose in a first order reaction, liberating P.

(II) P catalyzes the decomposition of O NO2 groups.

The autocatalytic decomposition of NC is assumed to be first order in the
concentration of both nitrate ester groups and P. Since the heat output of
the samples is measured in µW g−1 the concentration of all substances in-
volved in the reaction will be expressed in µmol/g for easy interconversion.
The rate laws for the two reactions in this scheme are as follows:

d[ONO2]

dt
= −kNC · [ONO2]− kauto · [ONO2] · [P ] (4)

d[P ]

dt
= kNC · [ONO2] + kauto · [ONO2] · [P ] (5)

This model for autocatalytic degradation is commonly used to model differ-
ent energetic materials[92]. From these rate laws it follows that kNC must
have dimensions of time−1 and kauto dimensions of (time · molality)−1. This
set of differential equations is analytically solvable. The method used for this
and the explicit solution are described in detail in the appendix to this work.
With [ONO2](t) known the heat generation rate with the sign convention as
used in HFMC (liberated heat positive) is calculated from this using equa-
tions (6) and (7). The enthalpies ∆rHNC and ∆rHauto of the intrinsic and
autocatalytic reactions are assumed to be equal and are included in the form
of ∆H. In equation (7) an abbreviation for [ONO2](0) + [P ](0) = δ is used.

dQ

dt
= ∆H · d[ONO2]

dt
(6)

d[ONO2]

dt

= − [ONO2](0) · (kNC + kauto · δ)2 · (kNC + kauto · [P ](0)) · e(kNC+kauto·δ)t

[[ONO2](0) · kauto + (kNC + kauto · [P ](0)) · e(kNC+kauto·δ)t]
2

(7)
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Figure 38: Kinetic modeling of unstabilized NC of type CP1, 13 mass-% N,
at 70◦C. Two samples under argon atmosphere. [P](0) and [ONO2](0) = NC0
in µmol g−1, kNC in s−1, kauto in g µmol−1 s−1 and ∆H in kJ mol−1.
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Figure 38 (continued): Kinetic modeling of unstabilized NC of type CP1, 13
mass-% N, at 70◦C. Top sample under Ar, bottom sample in air. [P](0) and
[ONO2](0) = NC0 in µmol g−1, kNC in s−1, kauto in g µmol−1 s−1 and ∆H in
kJ mol−1.
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Figure 38 (continued): Kinetic modeling of unstabilized NC of type CP1, 13
mass-% N, at 70◦C. Two samples in air. [P](0) and [ONO2](0) = NC0 in
µmol g−1, kNC in s−1, kauto in g µmol−1 s−1 and ∆H in kJ mol−1.
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Experimental heat flow curves from several samples of stabilizer-free NC at
70◦C in air and argon gas have been fitted using this kinetic model. For
each sample, [ONO2](0) (concentration of nitrate ester at initial conditions)
is calculated from the nominal nitrogen content of NC as it is assumed that
the samples’ degradation prior to the experiment is negligible. The heat flow
curves and fits for samples of the type CP1 (13 mass-% nitrogen content N)
under Ar and air, three each, are summarized in Figure 38. Tables containing
the optimized values for every parameter and their corresponding [ONO2](0)
is easily calculated as 0.13 g N = 9280 µmol N are present per g sample.
The curves under Ar show a steep rise in liberated heat after a somewhat
variable incubation period ranging from 15 to 25 days. This variation can
be accounted for a variation of kauto of only a factor of 1.25. This difference
can be explained by slight inhomogeneities in the NC. Adjusted R2-values
of between 0.92 and 0.96 are achieved, indicating that the heat flow curves
are generally well-replicated using a first-order model. However, it is also
evident, that the model is lacking, in particular it fails to capture the abrupt
slope changes near the base of the peak. This signifies a very strong acceler-
ated decomposition, which is faster than the model is able to reproduce. One
of the aspects that is ignored in the model is the rise in temperature owing to
very high heat generation rates. The deviation from isothermal conditions is
usually be neglected but can be quite significant if the generated heat can not
be drained fast enough. Reaction rates rise exponentially with temperature
according to the Arrhenius equation, hence an increase in temperature leads
to a feedback loop generating more and more heat. This effect would cause
the real heat flow curves to be more pointed towards the top, as is experimen-
tally observed. It does, however not account for the steep initial increase, as
the heat generation rates at the beginning of the exothermal peaks are not
high enough to cause a significant temperature increase. A steep increase
might indicate an additional higher-order dependency of the decomposition
rate on P or another reaction that is unaccounted so far. The initial con-
centration of P is found to be very low, < 10−9 µmol/g and enthalpy release
per mol nitrate are consistently between -214 kJ mol−1 and -247 kJ mol−1

with an average of -229 kJ mol−1. Another common point between the sam-
ples under argon was the unexpectedly low kNC . A possible program error
has been encountered in samples T348-K1-1 and T348-K1-2 in argon that
gave an unrealistic standard deviation of 0.000 for this parameter among
others. This is probably an artefact of the used software. A more probable
value of the standard deviation of this value is the one for T348-K1-3 in Ar,
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σ = 5.1 ·10−8, many orders of magnitude larger than the actual value of kNC .
What this indicates is low relative dependency on kNC of the final shape of
the curve. A change of kNC by a factor 2 or so has less of an effect on the
quality of the fit than other parameters. Samples exposed to oxygen have a
distinctly different peak shape to those under Ar. The autocatalytic peak is
encountered after only 7-8 days. Again initial concentrations of P are very
low. The reaction enthalpies are consistent and within 3 kJ mol−1 of each,
averaging at -247 kJ mol−1. This value only differs from the average under
Ar by 18 kJ mol−1, indicating that the majority of enthalpy released in the
decomposition is due to the degradation of NC rather than the oxidation of
the degradation products by atmospheric oxygen. The reaction enthalpies in
argon and in air in particular are remarkably close to the -246.5 kJ mol−1

value which was calculated using DFT-data in section 4.3.2. To reach that
value it was necessary to assume that NO2 reacted with other degradation
products of NC to form NO, CO and CO2, indicating that a similar reaction
might have occured in the NC samples. The consistently higher kauto values
are responsible for the earlier onset of the autocatalytic peaks in samples
exposed to oxygen. As shown in section 4.1, the composition of P varies
between samples with and without access to air. Without air the major
component of P is NO2 while with air and moisture a significant amount
of HNO3 is also present. These two species presumably have different kauto.
Some evidence for this can be found in the distinct forms of the exothermic
peaks: Both the peaks under Ar and air have a shoulder peak on the left side
indicating two separate reactions. This side peak is evidently much more ex-
pressed in samples with access to oxygen. Consequently, this side peak might
be attributed to the HNO3 content in P. The right main peak then would be
an expression of the reactions with NO2. Additional experiments are required
to prove or disprove this hypothesis. Using a model of a two-component P
consisting of NO2 and HNO3 at equilibrium with separate autocatalytic re-
actions to correlate O2 exposure/ HNO3 content with the perceptibility of
the shoulder peak should grant a clearer insight into the mechanistics of NC
degradation. The presence of oxygen furthermore replenished any NO2 that
is reduced to NO. This raises the autocatalytic impact of P and increases
the effective kauto.

What is astonishing is the exceedingly low kNC predicted for every single
sample. A very slow intrinsic buildup and low initial concentration of P are
necessary to allow for the high kauto and a steep exothermic autocatalytic
peak. However, a kNC around 10−19s−1 is about 1010 less than is found with
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most kinetic fits of stabilized NC at the same temperature. One study using
the kinetic model which is used to model DPA-stabilized NC in section 7.3 for
example has reported a reaction rate of 7.92 ·10−5 day−1 or 9.17 ·10−5 s−1[93].
This contradicts the premise that kNC should be intrinsic and independent
of factors like stabilizer concentrations. A disparity this large points towards
a deeper issue. One possible approach to rationalizing this observation is by
invoking the concept of DPA acceleration as introduced in section 5.4.

Figure 39: Kinetic modeling of unstabilized NC sample 1 of type CP1, 13
mass-% N, at 70◦C. Zoom of the time frame before the exothermic peak as
shown in Figure 38.

A closer look at the fit for sample 1 under Ar atmosphere (Figure 39) discred-
its this claim, however: Before the exothermic peak there is a long plateau of
heat generation around 2 µW g−1. At the same time, the fit using the model
of a first order autocatalytic decay predicts that the heat flow curve should
only begin to noticably rise after about 15 days. Before that, the modeled
heat flow lies at a much lower baseline close to 0 µW g−1. By the end of
the first day, the modeled dQ/dt curve is still smaller than 10−7 µW g−1 or
about 107 times less than the experimental value. This means that it is not
the case that stabilized NC degrades this much faster but more interestingly,
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that NC can degrade over a long period of time without building up an exces-
sive concentration of P. To add, judging from the rate constants, one would
expect that NC should be extraordinarily sensitive towards external sources
of P. The exposure of NC to even a small amount of P would be expected
to practically momentarily initiate the autocatalytic peak at, which is not
observed to that extent[94]. There are multiple potential explainations this
result, some of which will be evaluated in section 7.4 after taking into account
the more information about stabilized NC in the following sections.

7.2 NC and Ak II

Ak II-stabilized propellants usually show heat flow curves very similar in form
to those of unstabilized NC samples. The propellants studied in this section
are C/S0200 (2.04 % Ak II, 13 mass-% nitrogen content N) and C/S0400
(2.14 % Ak II, 13 mass-% nitrogen content N). Kinetic data in the form of
stabilizer curves for Ak II is only available for C/S0200. Measurements of
heat flow curves of C/S0400 have been performed at 90◦C in both an Ar
atmosphere. As the two propellant mixtures are very similar in composition,
it is assumed that the stabilizer curve of one can be correlated to the heat
flow curve of the other. The heat flow curves from NC samples stabilized
with Ak II show a fairly consistent profile: An initially high heat generation
rate that quickly drops off and settles at a constant plateaued baseline of
ca. 50 µW g−1 after about 4-5 days at 90◦C. These two features, i.e. the
constant baseline and the initial high heat flow, are examined seperately.
Different models are used for the parts of the heat flow curve. The proposed
separation in the heat flow curve of C/S0400 at 90◦C is shown in Figure 40.

The high initial heat flow in the Ak II-stabilized propellant could not be
modeled as a stabilizer reaction successfully, as unrealistically high values
of the initial concentrations of P and the rate constants for the reaction
of P and Ak II were fitted in such attempts. A different model is thus
applied to this particular area of the the heat flow curve. As the reaction
has an initially rate that drops over time it is probable that this reaction
involves the breakdown of some reactive non-P species such as peroxides,
trapped radicals, etc. called X in the model. In the unheated propellant
these compounds might persist for long periods of time due to their limited
mobility. Upon heating these compounds would begin moving through the
propellant matrix and could then rapidly react with one another. The result
would be a n-th order decay reaction, depending on the order of the reaction
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Figure 40: Heat flow curve of AK II-stabilized C/S0400 at 90◦C. Two regions,
the initial reactions of X and the constant baseline, are signified. Heat flow
rate in µW g−1.

of these compounds. The baseline of 50 µW/g is handled later and is for this
fit subtracted from the curve. The remaining part of the curve is fitted using
following first order ODE with a rate constant kX :

d[X]

dt
= −kX · [X]n

As the order and rate constant for the reaction are unknown, both need
to be fitted. The expression for the heat flow curve can derived from this
expression by introducing the enthalpy for this reaction ∆rHX :

dQ

dt
= −(∆rHX · kX) · [X]n

The parameters ∆rHX and kX in this model cannot be fitted separately. To
reduce the number of superfluous variables a new parameter H = ∆rHX · kX
is introduced. This changes the expression for the heat flow rate to:

dQ

dt
= −H · [X]n
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H is a combined parameter with units kJ mol−1 s−1 (g µmol−1)n with the
reaction order n. The parameters in this differential equation are fitted to
the initial heat flow pattern (Figure 41). The fit has a high adj. R2 value of
0.996. The optimized reaction order is 1.80. This suggests that the major
contribution comes from a second order with respect to [X ], with some first
order processes involved.

Figure 41: Kinetic fit of initial heat flow of Ak II-stabilized propellant
C/S0400 at 90◦C with an n-th order decay reaction; constant baseline of
50 µW g−1 subtracted from heat flow curve. n is a dimensionless reaction
order, H is the product of the rate constant and enthalpy of the reaction in
kJ mol−1 s−1 (g µmol−1)n.

The initial heat flow pattern of Ak II furthermore closely resembles the be-
havior of unstabilized NC, so it is attempted to apply the same model to both
samples. The first four days of the heat flow curve in Figure 39 are fitted
using the same equation (Figure 42). This fit results in a reasonably good
adj. R2 of 0.96603. The reaction order in unstabilized NC is much closer to a
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pure second order reaction with n=1.984. This result supports the hypothe-
sis as a second order reaction points to a reaction of two equivalents of X, as
may be expected from the recombination of radicals. The radicals in ques-
tion may be the peroxy radicals referenced in section 4.3.1. A second order
reaction between these radicals has been reported based on measurements
of chemiluminescene. As the second order reaction takes place even in the
absence of stabilizer, Ak II can be assumed to be nonessential in it. The first
order contribution to the fitted reaction rate in the Ak II-stabilized propel-
lant might point towards a reaction between X and Ak II, which manifests
itself as a pseudo-first order reaction with respect to X. Before reaching a
final conclusion on this reaction and its first and second order contributions,
however, more heat flow curves need to be studied to better understand the
random variations of the reaction order.
The previosly subtracted baseline of 50 µW g−1 represents a dynamic equi-
librium. P is constantly formed from nitrate ester and destroyed by the
stabilizer at the same rate. The model used to fit this baseline includes the
nitrate, P and stabilizer S concentrations. The concentration of P is as-
sumed to quickly be suppressed in this model, so that autocatalysis is not
included here. The reactions that are included are as follows:

NC
kNC−−→ P +R Intrinsic degradation of NC

S + P
kS−→ [S − P ] Stabilization by Ak II

This system of coupled ODE’s can be solved analytically as discussed by
Bohn[95]. With the initial condition that [P ]0 = [S ]0 a simplified version of
the equation can be used. [NC]0 = [ONO2]0 is the initial molality of nitrate
ester groups. It can be calculated from the mass percentage of nitrogen as
13 % N = 0.13 g N g−1 sample = 9280 µmol g−1. As 2 mass-% of the sample
are stabilizer, the effective molality is somewhat lower, around 9160 µmol
g−1. The initial molality of Ak II is 2.04 mass-% Ak II = 90.2 µmol g−1. The
stabilizer curve for Ak II can be fitted using equation (8), where exp is the
exponential function and erf is the error function:

[S](t) =

√
exp(−kS · kNC · [NC]0 · t2)

1
[S]0

+
√

π
2
· kS
kNC ·[NC]0

·
[
erf

(√
kS ·kNC ·[NC]0

2
· t
)] (8)

The concentration of Ak II in a C/S0200 sample at 90◦C is fitted using this
model as shown in Figure 43. With an adj. R2-value of 0.998, the model is in
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Figure 42: Kinetic fit of unstabilized NC of type CP1 (T348-K1-1) in Ar at
70◦C with a n-th order decay reaction. n is a dimensionless reaction order, H
is the product of the rate constant and enthalpy of the reaction in kJ mol−1

s−1 (g µmol−1)n.

very good agreement with the experiment. The stabilizer is slowly depleted
over a period of more than 80 days. The amount of stabilizer decreases
rather slowly; compared to the unstabilized NC the stabilized propellant
can be stored for far longer without entering its autocatalytic decay phase.
Comparing this to the timeframe of the heat flow curve (16 days) means that
only the first part of the kinetic fit is included. Over the course of the first
days of the experiment the stabilizer depletion is nearly linear. Over the
first 5 days 8.85 µmol g−1 Ak II are consumed, which is equivalent to 1.77
µmol AkII being consumed per day. How does this compare to the heat flow
baseline? A reaction rate of 1.77 µmol g−1 day−1 can be converted to a rate
of 2.05 · 10−5 µmol g−1 s−1. The nitration enthalpy of Ak II (to 4NO2-Ak II)
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Figure 43: Kinetic fit of Ak II in C/S0200 at 90◦C using analytical [S](t)
function. Sro = [S ]0 and Nro = [NC ]0 in µmol g−1, kNC in s−1 and kS in g
µmol−1 s−1.

was computed to be -119.8 kJ mol−1 in section 6.3. It is briefly assumed that
all Ak II is transformed into 4NO2-Ak II for the sake of simplicity. Using this
enthalpy, the contribution to the heat generation rate of 50 µW g−1 from the
nitration of Ak II amounts to about 2.5 µW g−1. The binding of P by Ak II
requires P to form from the degradation of nitrate esters nearly in tandem
with the former. Using the intrinsic decomposition rate from Figure 43 and
a high estimate for the reaction enthalpy equal to the experimental value of
unstabilized NC (-229 kJ mol−1), the expected heat generation rate from NC
decomposition becomes 4.068 · 10−9 1

s
· 9160µmol

g
· 229 kJ

mol
= 8.5 µW/g. The

degradation and nitration enthalpies combined can explain ca. 11 µW g−1

or about 22% of the observed heat flow. The nitration of Ak II by itself

89



accounts for only ca. 5% of the total heat flow. With the fitted degradation
rates, about twice as much P is formed as Ak II is consumed, so that it is
reasonable to assume that a second nitration takes occurs for every molecule
of Ak II. This would still only raise the reaction enthalpy from 11 µW g−1 to
ca. 13.5 µW g−1. Even doubling the rate of NC degradation and assuming
quadruple nitration for every molecule of Ak II only produces a heat flow
rate of ca. 27 µW mol−1 or slightly of half of the observed value. To justify
a heat flow rate of 50 µW g−1, about 3-4 times as much degradation and
stabilizer consumption would have to take place.
In conclusion, the origin of 36.5 µW g−1 (78% of the total heat flow) is
unclear from just the fitted stabilizer consumption and degradation rates. A
different, so far neglected reaction needs to be invoked. This could e.g. be
a degradation of NC without the formation of P. The initial high heat flow
in Ak II-stabilized and unstabilized NC can be modeled as a (near) second
order reaction. The combination of a 50 µW g−1 constant baseline and the
heat flow from the second order reaction reproduce the heat flow curve of Ak
II with an adj. R2=0.996.

7.3 NC with DPA

In DPA-stabilized gun propellants a notable reduction in heat flow is de-
tected during the first days of heat exposure. Kinetic modeling is used in
conjunction the thermodynamic data from the previous sections to try and
explain this phenomenon.

7.3.1 Reaction system III

The first kinetic model, referred to as reaction system III (RSIII) has origi-
nally been proposed by Bohn[96]. It can be described as follows: The degra-
dation of the stabilized NC is treated analogously to the the model applied
to unstabilized NC previously. Nitrate ester groups decompose in a first or-
der reaction (9) to release P and leave behind a rest R. The autocatalytic
reaction (10) is also included. DPA can react with P to NNO-DPA in reac-
tion (11), to 2NO2-DPA in reaction (12) and to 4NO2-DPA in reaction (13).
NNO-DPA can either re-release P in reaction (14) or continue to bind P in
reaction (15). 2NO2-DPA and 4NO2-DPA can also react with more P in re-
actions (16) and (17). The consecutive products of (12)-(14) are not further
specified in the original RS3.
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NC
kNC−−→ P +R (9)

NC + P
kauto−−−→ 2P +R (10)

DPA + P
kNNO−−−→ NNO-DPA (11)

DPA + P
k2N−−→ 2NO2 DPA (12)

DPA + P
k4N−−→ 4NO2 DPA (13)

NNO-DPA
kDPANNO−−−−−−→ DPA + P (14)

NNO-DPA
kNNO−−−−−→ DPANNO− (15)

2NO2 DPA
k2N−−−−→ DPA2N− (16)

4NO2 DPA
k4N−−−−→ DPA4N− (17)

The rate laws for RSIII are written as a system of six coupled differential
equations for six compounds (nitrate esters, DPA, NNO-DPA, 2NO2-DPA,
4NO2-DPA, P) for which the rate constants can be fitted to experimental
data:

d[ONO2]

dt
= −kNC [ONO2]− kauto[ONO2][P ]

d[P ]

dt
= kNC [ONO2] + kauto[ONO2][P ]− (kNNO + k2N + k4N)[DPA][P ]

+ kDPNNO[NNO-DPA]− kNNO−[NNO-DPA][P ]
− k2N−[2NO2-DPA][P ]− k4N−[4NO2-DPA][P ]

d[DPA]

dt
= −(kNNO + k2N + k4N)[DPA][P ] + kDPANNO[NNO-DPA]

d[NNO-DPA]

dt
= kNNO[DPA][P ]+kDPANNO[NNO-DPA]−kNNO[NNO-DPA][P ]
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d[2NO2-DPA]

dt
= k2N−[DPA][P ]− k2N [2NO2-DPA][P ]

d[4NO2-DPA]

dt
= k4N−[DPA][P ]− k4N [4NO2-DPA][P ]

The rate constants for second order reactions have dimensions of time−1·
molality−1, while the first order reactions are given in dimensions of time−1.
The sample used in this study is the gun propellant K6210. It is a classified
as a ball powder, a double-base propellant commonly used in small firearms.
Its primary components are 74 mass-% NC (13.1 % N) amd 18.4 mass-%
nitroglycerin. This translates to 6924 µmol/g nitrate groups in the form of
NC and 2431 µmol/g nitrate groups as nitroglycerin, adding to a total con-
centration of nitrate esters of 9355 µmol per g sample. All nitrate esters
are collectively treated as one species in RSIII. The propellant additionally
contains 4.5 mass-% dibutyl phthalate as a gelatinization agent and plasti-
cizer, 0.5 mass-% KNO3 and 0.2 mass-% graphite. These compounds are not
considered in the kinetic model. 0.5 mass-% DPA, 0.55 mass-% NNO-DPA,
0.033 mass-% 4NO2-DPA and 0.031 mass-% 4NO2-DPA were found as the
initial concentrations of stabilizer derivatives. The amounts of these com-
pounds as well as NNO-4NO2-DPA and NNO-2NO2-DPA were followed over
the course of 10 days at 80◦C. MFMC curves were also measured with this
propellant type at the same temperature so that direct correlations between
kinetic data and heat flow can be examined. For the experimental concen-
tration data set a kinetic fit was performed using FitODE (Figure 44). As
initial molalities the following values were used: 9355 µmol g−1 for the ni-
trate ester molality, 29 µmol g−1 for DPA and NNO-DPA and 1 µmol g−1 for
2NO2-DPA and 4NO2-DPA. The fit returned a high adj. R2= 0.983, pointing
to good agreement between the model and data set. The initial concentra-
tion of P was set as an optimizable variable, totaling to 10 free parameters.
Due to the high number of intricately coupled parameters a some degree of
uncertainty remains for the fitted values as is reflected in the high standard
deviations, which are up to 10-100 higher than the optimized parameter val-
ues. A deviation in most of the fitted kinetic parameters has little influence
on the overall quality of the plot and can be attenuated by the other coupled
parameters.
Given that the kinetic model satisfactorily fits the experimental data, the
next step is to fit the heat flow curve based on these results. The heat flow
curve of K6210 (Figure 45) follows the pattern typically observed in DPA
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Figure 44: RS3 kinetic fit of molalities of DPA and some of its derivatives
over the course of 10 days at 80◦C and optimized results of the fit with their
standard deviations. Rate constants for first order reaction are given in s−1

(kNC , kDPANNO), those for second order reactions in g µmol−1 s−1 (all other
rate constants).

stabilized NC. This curve and in particular the time frame of days 0 to 6
will be used as the experimental data for the fits. The second included curve
shows the cululated heat output Q(t) that is generated by the sample over
time. This curve corresponds to the integrated heat flow rate over time and
can be computed from the dQ/dt curve and vice versa.

For modeling the heat flow rate must first be expressed in terms of fittable
parameters and the concentrations of the involved compounds. The measured
heat flow rate dQ/dt can be thought of the net energy generated by all the
chemical reactions in sample. The heat generation rate from one of these
reaction can be expressed as the product of the enthalpy change per reacted
mol and the reaction rate of said reaction, as was done for NC and AkII
before. The convention labeling heat generation as a positive heat flow is used
again. There are 9 reactions that need to be accounted for, namely the ones
expressed in (9)-(17). This leads to the introduction of 9 reaction enthalpies
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Figure 45: dQ/dt and cumulative Q(t) curves of K6210 sample at 80◦C.

as additional parameters for the heat flow curve. These are ∆rHNC, ∆rHauto,
∆rHNNO, ∆rHDPANNO, ∆rH4N, ∆rH2N, ∆rH4N-, ∆rHNNO- and ∆rH2N-. The
naming convention used for the reaction rate constants applies here. The
total heat flow can be written as the sum over all i reactions with enthalpies
∆rHi and reaction rates νi:

dQ

dt
= −

∑
i

∆rHi ·
dνi
dt

Written out explicitly this becomes:

dQ

dt
=−kNC · [ONO2] ·∆rHNC−kauto · [ONO2] · [P ] ·∆rHauto−kNNO · [DPA] · [P ]

·∆rHNNO−k2N ·[DPA]·[P ]·∆rH2N−k4N ·[DPA]·[P ]·∆rH4N−kDPANNO
· [NNO-DPA] ·∆rHDPANNO − kNNO− · [NNO-DPA] · [P ] ·∆rHNNO-

−k2N− · [2NO2 · -DPA] · [P ] ·∆rH2N-−k4N− · [4NO2-DPA] · [P ] ·∆rH4N-

The concentrations of 6 substances and the heat flow curve are modeled,
resulting in a total of 7 equations with 18 parameters and 7 initial conditions.
At this point a problem with the current version of the FitODE application
used for the kinetic fits is encountered: The program can fit up to 9 coupled
ordinary differential equations, which all must be given in an explicit form
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with the derivative of the fitted function on one side of the equation. This
means to fit a function f(x) to a data set, one needs to enter an explicit
expression for the derivative of the function f’(x). In the case of heat flow,
this has the consequence that the expression for dQ/dt can only be used
to fit a Q(t) curve, the cumulative heat generated by a sample over time.
Mixed fits of differential equations and normal equations are not possible
with the current version of FitODE (as of February 2020). This issue has
been brought to the attention of the Origin™ service team and might be
resolved at some point in the future. For the time being, another approach
has been developed to fit dQ/dt curves with the current FitODE version: To
fit a function, one needs it’s derivative. Accordingly, to fit dQ/dt one needs
an expression for it’s derivative, d2Q/dt2. The numerical integration of this
function returns back its antiderivative, dQ/dt:

∫
d2Q

dt2 dt =
dQ

dt
+ c or

t1∫
t0

d2Q

dt2 dt =
dQ(t1)

dt
− dQ(t0)

dt

The integration introduces a new integration constant c. While there is no
way to directly choose the value of this constant, it can be controlled indi-
rectly through the initial value of dQ/dt in the program. What remains is to
derive an expression for d2Q/dt2 from dQ/dt. This is done analytically using
the linearity of the differential operator and the product rule for derivatives:

d

dx
(f(x) · g(x)) = f ′(x) · g(x) + f(x) · g′(x)

The time derivative of dQ/dt can therefore be analytically written as:
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d2Q

dt2 = −
(
kNC ·

d[ONO2]

dt

)
·∆rHNC

−
(
kauto ·

d[ONO2]

dt
· [P ] + kauto · [ONO2] ·

d[P ]

dt

)
·∆rHauto −

(
kNNO ·

d[DPA]

dt
· [P ] + kNNO · [DPA] · d[P ]

dt

)
·∆rHNNO −

(
k2N ·

d[DPA]

dt
· [P ] + k2N · [DPA] · d[P ]

dt

)
·∆rH2N −

(
k4N ·

d[DPA]

dt
· [P ] + k4N · [DPA] · d[P ]

dt

)
·∆rH4N −

(
kDPANNO ·

d[NNO-DPA]

dt

)
·∆rHDPANNO

−
(
kNNO− ·

d[NNO-DPA]

dt
· [P ] + kNNO− · [NNO-DPA] · d[P ]

dt

)
·∆rHNNO- −

(
k2N− · [2NO2 · -DPA] · d[P ]

dt

)
·∆rH2N- −

(
k4N · [4NO2-DPA] · d[P ]

dt

)
·∆rH4N-

This formula now contains a number of mixed products of concentrations
and their derivatives. At this point the expressions for these derivatives can
be explicitly substituted in since they are known from the rate laws for the
kinetic system. This leads to a long and somewhat convoluted formula for
d2Q/dt2 which can be used to find dQ/dt. The outlined method can be used
for any kinetic model and heat flow curve so long as the derivatives can be
written explicitly. The heat flow curve and kinetic data can either be fitted
together or consecutively, i.e. finding the optimal kinetic parameters first and
then optimizing the enthalpy parameters. Optimizing together gives a better
result as the kinetic parameters can change to better describe the data set
as a whole, while fitting separately has the advantage of being much faster.
In practice FitODE limits the number of free parameters so that fitting the
kinetic data and heat flow curves with all parameters simultaneously results
in an error message. One must fix a number of either enthalpies or kinetic
parameters; for this reason fits were done for only the kinetic data first
and then for the heat flow curve with the preoptimized kinetic parameters
fixed. Appropriate values from DFT calculations are selected as reasonable
parameters to initialize the fit and as references for expected ranges of the
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reaction enthalpies. For ∆rHNNO a value around -87.3 kJ mol−1 as given
in Table 9. The reverse reaction should have the enthalpy but positive.
∆rH4N = -134.7 kJ mol−1 and ∆rH2N=-124.9 kJ mol−1 are assumed. These
are the values for an electrophilic aromatic substitution of DPA with HNO3

as given in section 5.2.3. For the other reactions no specific products are
available. For 2NO2-DPA and 4NO2-DPA, a reasonable follow-up reaction
is the binding of more P, forming NNO-2NO2-DPA and NNO-4NO2-DPA
respectively. As calculated in section 5.5, the enthalpies for these reactions
are ∆rH4N-=-73.1 kJ mol−1, and ∆rH2N-=–55.5 kJ mol−1. The enthalpies
for these reactions could, however, be as high as -135.4 kJ mol−1 if more
electrophilic aromatic substitutions take place instead. For ∆rHNNO- one
could assume the same products, i.e. NNO-2NO2-DPA and NNO-4NO2-
DPA. The enthalpy of nitration for a 1:1 product mixture is ∆rHNNO-=-
106.8 mol−1. The enthalpy of decomposition of NC is more complicated as
no single reaction can be referenced here. In the previous section values of
up to -250 mol−1 were fitted for the complete degradation of NC. The initial
stages are likely lower in enthalpy. Values between -69.4 kJ mol−1 and -93.7
kJ mol−1 have beeon computed for the elimination of HONO in section 4.2.
A value in this range seems reasonable as it would describe the formation of
NO2 and the subsequent abstraction of a hydrogen atom from the NC chain
by it. As a high (endothermic) estimate one could also imagine a reaction

in which only the O NO2 bond in NC is broken and nothing else happens.
This would place the highest resonable enthalpy at +161.5 kJ mol−1 for both
∆rHNC and ∆rHauto. For the initial fitting a value of -80 kJ mol−1 is used
as a middle position between the extremes. These values are summarized in
Table 12.

Fitting a combination of kinetic parameters and enthalpies also intro-
duces an additional issue: The weighting of the data sets depends on their
respective number of data points. Heat flow curves are measured at a much
higher frequency than the stabilizer concentrations so that using an unmodi-
fied data set would lead to the heat flow measurements being overemphasized
in their effect on R2. A modified data set with the same number of points
for each of the curves has been created to counteract this. The stabilizer
data has been interpolated to 10 data points per day and the heat flow mea-
surements were reduced to the same point density. This data set is used and
kinetically fitted in the next section. For the following fits in this section,
the kinetic parameters from Figure 44 are used and the enthalpies are fitted
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Table 12: Suggested DFT-backed enthalpies for enthalpies in RS3 in NC
simulate at 90◦C. Enthalpies in kJ mol−1.

Enthalpy Expected DFT value

∆rHNC -80.0
∆rHauto -80.0
∆rHNNO -87.3

∆rHDPANNO +87.3
∆rH4N -134.7
∆rH2N -124.9
∆rH4N- -73.1

∆rHNNO- -106.8
∆rH2N- -55.5

separately so that this data weighting question does not arise.
As a reference, a heat flow curve with the enthalpies backed up by DFT

calculations and kinetic data from Figure 44 is simulated. No fitting is done,
the ODE system is simply solved with a set of fixed parameters. The initial
heat flow, i.e. dQ/dt at t=0, is set to match the experimental value as well.
This simulated curve (Figure 46) does not show much resemblance with the
experimental heat flow curve. There are some problems with the resulting
curve. First of all, it has a low adj. R2=0.0099. This value is used to
gauge the quality of the raw simulated curve. The curve barely follows the
experimental curve. A small decrease in generated heat is observed for the
first five days, which is in fact in line with the DPA heat dip. An intuitive
conclusion that could be made from the kinetic data is that the reaction rate
of DPA to NNO-DPA is higher than that of DPA to the other products,
mostly NNO-DPA is produced in this time frame. As more and more of the
DPA is converted into nitro-DPA’s in a process that has a higher reaction
enthalpy, the heat flow rate increases.. This interpretation is in a sence
correct, as the kinetic data does predict this heat flow decrease; however,
this decrease is only on the order of 5-10 µW g−1 and much smaller than is
experimentally observed.

Furthermore, after about 6 days the expected heat flow rate becomes
much larger than the experimental value. This increase is the start of an
exothermic autocatalytic peak. As the kinetic model only includes the con-
centrations of DPA, NNO-DPA and the mononitro-DPA’s this type of behav-
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Figure 46: Kinetic simulation of K6210 double base propellant with stabilizer
DPA at 80◦C with RS3. Same curves with different scaling. Rate constants
from Figure 44 and presumed DFT-based give an adj. R2=0.0099.

ior is to be expected to some degree as soon as most of these stabilizer species
are removed from the system. It is, however, around the time when most
of the stabilizer is present in the form of NNO-DPA and smaller amounts of
mononitro-DPA that this increase begins. These compounds still have one
more reaction step included even in RS3, which makes such an early run-
away reaction unforeseen. Reducing the data set to a time frame of only 6
days helps to improve the same fit. Figure 47 shows a fitted heat flow curve
for using the same fixed enthalpies and rate constants as before, with the
exception that the initial heat flow rate was used as a free fitting parameter
to allow for baseline adjustments and that only the first 6 days were fitted.
With these improvements, the optimized fit still has been found to have only
an adj. R2=0.206.

Fitting the system without these restraints on the enthalpies in place can
give an estimate of what the values of the reaction enthalpies would have
to be for the given kinetic model to produce the observed heat flow. Out
of the necessity to limit the number of free parameters the enthalpies of
the formation of 2NO2-DPA and 4NO2-DPA were fixed at -200 kJ mol−1.
This value corresponds to the most exothermic expected enthalpy value for a
nitration by N2O5. Making this parameter more exothermic has consistently
improved the fit quality in previous runs. The initial heat flow rate was again
set fitted as a free parameter. This unrestricted fit (Figure 48) gives a much
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Figure 47: HMFC curve of K6210 sample at 80◦C and fitted curve with fixed
kinetic data as given in figure 44 and suggested DFT-based enthalpies.

better fit with an adj. R2=0.843. The initial reduction of the heat generation
rate is steeper than the observed curve and the flow is restored more slowly,
but the overall trends of the DPA heat flow curve are captured rather well.

While the form of the resulting curve is acceptable, the values of the
optimized enthalpies are far from it. Not only do impossibly high values in
the range of MJ/mol and GJ/mol appear, but the standard deviations are
also significantly smaller than e.g. what was encountered in Figure 44. A
lower standard deviation suggests that deviations from the optimized values
lead to more of a decrease in the quality of the fit or, in other words, only
values close to the faulty results can adequately account for the experimental
observation. The sheer size of the necessary enthalpies points to a deeper
problem with the kinetic model, which can also be discovered by considering
the Q(t) curve included in Figure 45. Using the 5th day as an example,
one can try to account for the heat generated up to that point. Over the
course of 5 days approximately 25 J of heat are generated per g of sample.
At the same time the majority of stabilizer is found in the form of NNO-
DPA, i.e. for the most part only one nitration has taken place at this point.
Using the reaction enthalpy for the formation NNO-DPA from DPA ∆rH =
-87.3 kJ mol−1 according to chemical reaction (Ib) as given in table 8 as an
reference, the estimated heat generated by 30 µmol DPA reacting to NNO-
DPA would be on the order of 30 µmol · 87.3 mJ µmol−1 = 2.62 J. The heat
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Figure 48: HMFC curve of K6210 sample at 80◦C and fitted curve with fixed
kinetic data as given in Figure 44 without restraints on ∆rHi along with
results of fit. Initial dQ/dt in µW g−1, enthalpies in kJ mol−1.

generated by DPA reacting to NNO-DPA accounts for only about 10% of
the total generated heat. Taking nitrations to 2NO2-DPA and 4NO2-DPA
slightly increases this estimate to 3.1 J or 13% at the most. Turning this
around implies that 87-90% of the observed heat flow cannot realistically
be attributed to reactions with stabilizer but must rather be due to the
decomposition of NC and subsequent reactions between the products of this
decomposition. With this observation the high reaction enthalpies from the
enthalpy fit become more intuitive: To compensate for the missing bulk of
reaction enthalpy, reactions contributing only a fraction to the total heat
must be exaggerated by multiple orders of magnitude. Reexamining the
arguments made to rationalize the high baseline in AkII in fact does not
help for DPA. For AkII the claim was made that by assuming around 4
nearly instantaneous nitrations of the phenyl rings and the generation of P
with the high estimate of ∆rHNC =-227 kJ mol−1 one could explain the 50
µW/g baseline. For DPA the heat generation rate shifts from about 25 µW/g
at the least and about 75 µW/g at the most. The modest heat generation
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through stabilizer reactions cannot possibly explain a drop of this magnitude
by itself. In the next section an modified extended RSIII that better matches
the kinetic data is examined. From it one more hint concerning the possible
origin of this contradiction is discussed.

7.3.2 Extended reaction system III

Reaction system III only includes the stabilizer concentrations up to the
first nitration step. To improve it two additional concentration curves are
fitted: The concentrations of NNO-2NO2-DPA and NNO-4NO2-DPA become
relevant particularly around the time when the concentrations of 2NO2-DPA,
4NO2-DPA and NNO-DPA are at their peak. As the concentrations of the
NNO-2NO2-DPA and NNO-4NO2-DPA increase, those of NNO-DPA and the
mononitro-DPA’s begin to fall. For this reason it is suggested that there
may be two pathways for the formation of each of these products. These
two pathways are either the nitration of NNO-DPA or the nitrosation of
mononitro-DPA:

2NO2-DPA + NO2 + NO NNO-2NO2-DPA + HNO2

NNO-DPA + HNO3 NNO-2NO2-DPA + H2O

4NO2-DPA + NO2 + NO NNO-4NO2-DPA + HNO2

NNO-DPA + HNO3 NNO-4NO2-DPA + H2O

The enthalpies for these reactions have been given in Table 12 as ∆rH4N-,
∆rHNNO- and ∆rH2N-. As there are two different products for the reac-
tion of NNO-DPA in this model, kNNO− needs to be replaced with two rate
constants. kNNO4N− is used for the reaction yielding NNO-4NO2-DPA and
kNNO2N− refers to the reaction to NNO-2NO2-DPA.The rate laws for the
additional two compounds are:

d[NNO-2NO2-DPA]

dt
= kNNO2N−[NNO-DPA][P ] + k2N−[2NO2-DPA][P ]

d[NNO-4NO2-DPA]

dt
= kNNO4N−[NNO-DPA][P ] + k4N−[4NO2-DPA][P ]

With this there are eight ODE’s for a total of eight substances. This changes
two of the rate laws in RS3 to:
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d[P ]

dt
= kNC [ONO2] + kauto[ONO2][P ]

− (kNNO + k2N + k4N)[DPA][P ] + kDPNNO[NNO-DPA]
− kNNO4N−[NNO-DPA][P ]− kNNO2N−[NNO-DPA][P ]
− k2N−[2NO2-DPA][P ]− k4N−[4NO2-DPA][P ]

d[NNO-DPA]

dt
= kNNO[DPA][P ]− kDPANNO[NNO-DPA]

− kNNO4N−[NNO-DPA][P ]− kNNO2N−[NNO-DPA][P ]

The expressions for the heat flow dQ/dt and dQ2/dt2 are assumed to
remain practically unchanged as ∆rHNNO- already uses the average the reac-
tions to NNO-2NO2-DPA and NNO-4NO2-DPA. For the next fits a modified
stabilizer concentration data set derived from the one used in section 7.3.1.
Only nine data points have been measured per stabilizer species. These data
point have been interpolated and smoothed out to generate a data set with
concentration values in 0.1 day-intervals by using the data interpolation tool
in Origin 2019b™.

Using the same initial conditions as previously and 0 µmol g−1 for NNO-
2NO2-DPA and NNO-4NO2-DPA three fits with the interpolated data set
have been performed. For one fit, the initial concentration of P is set to 0
µmol g−1. This fit has been found to be in very good agreement with the
interpolated with adj. R2=0.99855. For another fit the initial concentration
of P was set to 5 µmol g−1. For this fit a similarly good adj. R2=0.99889
was found. Finally, one fit was performed with [P ]0=10 µmol g−1. This fit
resulted in an adj. R2=0.99891. As the data has been modified and smoothed
the adj. R2-metrics are higher for the same original data set.

What has not yet been mentioned for RS3 is how the simulated con-
centration of P evolves over time. To answer this question, the calculated
concentration of P over time is addition to the concentrations of the stabi-
lizers and their fitted curvesfor the curve with an initial value of [P ]0 = 0
µmol g−1.

For a short initial period, the [P ] slightly decreases. Following this, the
curve clearly shows the beginning of a runaway increase of [P ] as early as
the first or second day. After two days [P ] is higher than the concentra-
tion of DPA and around the fourth to fifth day it becomes higher than the
total concentration of all stabilizer species combined. The rising heat flow
rate as shown in Figure 46 matches and closely follows the increasing [P ].
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Figure 49: Kinetic modeling of K6210 DPA-stabilized double-base propellant
at 80◦C. [P](0)=5 µmol g−1 fixed. Fit corresponding to Figure 51. Adj.
R2=0.99855. Focus on simulated concentration of P over time.

Figure 50: Experimentally detected mass loss of K6210 DPA-stabilized
double-base propellant at 90◦C over time.
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This increase follows the pattern that was observed for the runaway auto-
catalytic degradation and indicates that the high heat flow rate can mostly
be attributed to the autocatalytic degradation reaction. Other initial con-
centrations of P show a similarly early and steep rise. The inclusion of di-
and trinitro-DPA’s does not account for such an early rise since practically
no such products are found until much later. Even when reaction rates are
even higher at 90◦C, appreciable amounts of dinitro-DPA’s are only found
on the seventh day, as can be seen in Figure 17. A reaction that produces
these compounds from the mononitro-DPA’s or NNO-mononitro-DPA’s can-
not account for a runaway autocatalytic increase that occurs days before
these compounds appear. In an experiment measuring the mass loss of a
sample of K6210 at 90◦C (Figure 50) it was estabilished that a runaway au-
tocatalytic reaction does not occur until after 13 days, much later than the
two to four days pre[97]. At a lower temperature the stabilization period
should be much longer, by about a factor 3 for a temperature of 80◦C. The
early autocatalytic peak is therefore not in accordance with experimental
data. It is an inadequate prediction made by RS3.
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Figure 51: Kinetic modeling of K6210 DPA-stabilized double-base propellant
at 80◦C. [P](0)=0 µmol g−1 fixed. kNC and kDPANNO in s−1, all other rate
constants in g µmol−1 s−1. Zoomed-in graph below. Adj. R2=0.99855.
Interpolated data in solid lines, fitted data dotted.
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Figure 38 (continued): Kinetic modeling of K6210 DPA-stabilized double-
base propellant at 80◦C. [P](0)=5 µmol g−1 fixed. kNC and kDPANNO in
s−1, all other rate constants in g µmol−1 s−1. Zoomed-in graph below. Adj.
R2=0.99889. Interpolated data in solid lines, fitted data dotted.
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Figure 38 (continued): Kinetic modeling of K6210 DPA-stabilized double-
base propellant at 80◦C. [P](0)=10 µmol g−1 fixed. kNC and kDPANNO in
s−1, all other rate constants in g µmol−1 s−1. Zoomed-in graph below. Adj.
R2=0.99891. Interpolated data in solid lines, fitted data dotted.
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7.4 Potential solution: nitrocellulose autostabilization

7.4.1 Recapitulation

In section 7.1 it was found that to account for the time a NC sample can
be exposed to high temperatures before reaching its autocatalytic peak, it
must have a high kauto-value and a very low kNC-value for intrinsic degrada-
tion. This combination would inaccurately predict that NC-samples would
practically immediately enter their autocatalytic peak following an exposure
to tiny amounts of P. At the same time, the predicted heat flows preceeding
the autocatalytic exothermic peak are up to 10,000,000 times lower than the
experimental values.

A similar conclusion was reached in section 7.2. The Ak II-stabilized
sample shows a higher-than-predicted heat flow baseline. Assuming a one-
to-one reaction between a stabilizer and P for each reaction step, about four
instantaneous nitrations per stabilizer molecue would need to be assumed to
account for this high baseline, which is in contradiction with experimental
stabilizer curves. It was also established that the initial heat decrease count
be modeled using a second order reaction of one or two compounds. The
same model was also successfully used for a NC sample from section 7.1,
showing that a similar reaction takes place in pure NC and that no stabilizer
is necessary to explain this reaction.

It was established in section 7.3.1 that the initial drop in heat generation
is too large to be accounted for by reactions of DPA with P, meaning the
dip would have to be attributed to reactions of NC and its decomposition
products instead. At the same time this reaction would in some way need to
depend on P, as otherwise the same heat flow pattern would be observed in
NC and Ak II.

In section 7.3.2 it was found, that in the extended RS3 the concentration
of P cannot be suppressed longer than two to four days. This is excessively
short and not in line with the experimental heat flow curves. However, an
initially rising [P ] is necessary to achieve a fit which is in good agreement with
the (interpolated) experimental data. The low standard deviation indicates
that the unreasonably high kauto is in fact required to achive a good fit with
RS3.
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7.4.2 Effect of diffusion

Up to this point it was assumed that reactions with stabilizers are the only
force suppressing a P -buildup. In that view, the entirety of P is also actively
involved in autocatalytic reactions and is fully available to react with the
stabilizer. What is neglected is that P is a gas and can diffuse out into the gas
phase making it unavailable for both autocatalytic processes and unavailable
to stabilizers. This would mean that a significant amount of P may be
constantly forming without manifesting itself in the kinetic data. While the
diffusion of gases into and out of the NC matrix is fairly complicated, one
can estimate that with ∆rHNC =-227 kJ mol−1 about 1.5-2 times as much
P needs to gas out than is bound by stabilizer to account for the remaining
22 J from the previous calculation for DPA. This effect could also lead to
the type of heat dip as is seen in DPA. During the first two days most of
P would have to diffuse out of the NC matrix and the partial pressure of
gaseous P would have to gradually build up without much interference by
the stabilizer. Upon reaching a certain threshold pressure, the infusion rate
back into the NC might start to reach an equilibrium with the outgassing; at
this point the a majority of the generated P begins to build up inside the NC
matrix, increasing the binding and autocatlytic decomposition rates and thus
increasing the heat flow. While this certainly is a possible explaination, it falls
somewhat short in some respects: For one, as has been referenced in Figure
32, AkII as well as DPA and ethyl centralite can bind gaseous NO2, even
at room temperature. This means that if P was released into the gas phase
it would not be completely unavailable for the stabilizer. Due to the higher
temperature the reaction between stabilizer and P would be much faster than
at room temperature and most of the gaseous P would in the end be bound
by stabilizer. Additionally, if diffusion predominantly controlled the heat flow
curve during the first days, why would an Ak II-stabilized sample not show
the same behavior? It is true that the outgassing properties and exposedness
to air are different for DPA-stabilized samples and AkII-stabilized samples as
was pointed out with Figure 31. The microstructure of DPA-stabilized NC
was, however, found to closely resemble that of unstabilized NC as DPA does
not gelatinize NC. If diffusion was the main reason for the difference of the
heat flow curves, one would expect that the heat flow curves of unstabilized
NC and DPA-stabilized NC should resemble each other, while the curve
of the gelatinized Ak II-stabilized sample should look distinctly different.
In reality, the Ak II-stabilized sample and unstabilized NC are remarkably
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similar. This comparison is nevertheless not ideal, as the unstabilized NC
sampled is a loose material, while the stabilized samples are compressed
into denser propellant grains. Another consequence would also be that the
choice of gelatinization agents and plasticizers should have a much stronger
effect on the heat flow curves of propellants than the choice of the stabilizer,
which is not the case[50]. The shape of the heat flow curve of a propellant
is characteristic to the stabilizer, so the stabilizer must play an important
role in controlling the reaction rates leading to the observed heat flow curves
without itself being able to contribute much of the generated heat.

7.4.3 NC autostabilization

Another potential resolution to this brainteaser is contained in RS3 itself,
namely equations (9) and (10): It is the thus far overlooked R. During the
course of the decomposition of NC a number of products are generated be-
sides P. These range from organic radicals, aldehydes to the final degradation
products like CO2 and CO. In section 4.1 the reduction of different species of
P by formaldehyde was discussed. Formaldedhyde has been detected as one
of the products of the degradation of NC. It has also been mentioned that
formaldehyde reacts with NO2, one of the main components of P to form NO,
CO and CO2. Supporting DFT calculation showed that CH2O can act as a
reducing agent strong enough to exergonically and exothermally reduce any
species of P down to NO. NO has been found to be the primary species of P
detected in the gas phase around decomposing NC rather then the initially
formed NO2. This would suggest that substances like formaldehyde, glyoxal
and aldehyde groups bound to the degrading NC backbone might themselves
react with autocatalytically active NO2/HNO3 and reduce them to a less
potent form. This proposed concept will be called ”autostabilization”, in a
sense the reverse of autocatalysis. Autostabilization means that products of
the degradation of NC remove P and slow down the degradation process.
As more P forms from the degradation of NC, so does R, which, in turn,
decreases the overall degradation rate. Oxygen and stabilizers can influence
this process: Oxygen can reoxidize the harmless NO to autocatalytically ac-
tive NO2. This process is similar to the catalytic cycle mentioned in Figure 9.
This increases the concentration of autocatalytically active P, which would
increase the degradation rate. Autostabilization would explain many of the
issue that were encountered with the first order autocatalytic system for NC
and the stabilized propellant models. It would allow for a higher long term
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concentration of P, without an immediate risk of entering the exothermic
degradation peak. NC could gradually decompose at a stable, near constant
rate, as is manifested in the long plateaued heat flow curve. The heat flow
rate in stabilized samples could be much higher than is can be accounted for
with only stabilizer and P -producing reactions.

7.4.4 Simple kinetic model

A kinetic model based on the premise of NC autostabilization is presented
and tested. The simplest possible reaction system involves the concentration
of nitrate esters, P, the concentration of a stabilizer S and, as a new feature,
the concentration of the stabilizing by-product of NC degradation R. None
of the stabilizing products of the reaction of P and S are included in this
model. The chemical equations describing this system are:

NC
kNC−−→ P +R intrinsic decomposition

NC + P
kauto−−−→ 2P +R autocatalysis

P +R
kR−→ CO + CO2 + NO + ... autostabilization

S + P
kS−→ [S − P ] normal stabilization

The rate laws describing this system of reactions can be written as:

d[ONO2]

dt
= −kNC [ONO2]− kauto[ONO2][P ]

d[P ]

dt
= kNC [ONO2] + kauto[ONO2][P ]− kS[S][P ]− kR[R][P ]

d[R]

dt
= kNC [ONO2] + kauto[ONO2][P ]− kR[R][P ]

d[S]

dt
= −kS[S][P ]

While this model is limited in its ability to capture the whole range of
stabilizer-P -interactions, it can be used to understand what NC autosta-
bilization would mean for a NC sample. This reaction system has three
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reaction enthalpies: ∆rHNC for the degradation of NC, ∆rHS for the reac-
tion between stabilizer and P and ∆rHR for the reaction between P and R.
For ∆rHNC=-80 kJ mol−1 the same value is used as before. ∆rHS = -87.4 kJ
mol−1 in the case of the DPA-stabilized sample for the reaction of DPA to
NNO-DPA and ∆rHS = -119.8 kJ mol−1 could be used for the nitration of
AK II to 4NO2-Ak II. Under the assumption that the autostabilizing species
is CH2O, enthalpy ∆rHR for the following reaction will be used:

CH2O + NO2 CO + H2O + NO with ∆rHR = −156.2 kJ mol−1

Starting with the DPA-stabilized K6210 sample from section 7.3, the new
model system is fitted to the heat flow curve and the concentration of DPA
= [S ]. The initial concentrations of nitrate ester was set to 9355 µmol g−1

and that of DPA was set to 29 µmol g−1. The initial values of [P ] and [S ]
were fitted as free parameters.

The result of the fit is shown in Figure 52. Even this simple model
successfully captures the inital dip of the heat generation rate. Features like
the heat output maximum after the dip are not recreated and the modeled
heat flow curve is generally less steep than the measured curve around that
time. The fit has an adj. R2=0.94511. The rate constant for the intrinsic
degradation of NC has been optimized to 0 as the autocatalytic process
degradation process is much more significant for the shape of the heat flow
curve. Figure 53 shows how the calculated concentrations of R and P evolve
over time in this fit. Initially, the concentration of P is around 14 µmol
g−1 and much higher than that of R. DPA is the only stabilizer that is
present. The concentration of P rises to around 20 µmol g−1, while the
amount of R rapidly increases. It reaches a practically constant the formation
and autostabilization reactions reach an effective equilibrium. This process
automatically prevents the concentration of P from becoming too high.
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Figure 52: HMFC curve of K6210 sample at 80◦C and fitted curve with
autostabilization model and fitted parameters. kNC in s−1, all other rate
constants in g µmol−1 s−1. [P ]0 and [R]0 in µmol g−1. Adj. R2=0.94511.

7.4.5 AK II and unstabilized NC

Given different initial conentrations of P and R as well as a different kS,
completely different shapes of heat flow curves are possible. A high initial
[R] gives a heat flow curve that has a smaller initial dip or none at all. This
could be the case for Ak II-stabilized propellant and in particular unstabilzed
NC, which could be modeled with kS = 0. In these samples the presence of
oxygen can significantly distort the shape of the heat flow curves, as NO2

can constantly be recovered. The result is a higher heat flow baseline and a
faster degradation, as is e.g. manifested in the unstabilized NC samples.

What remains unclear, is why the initial concentration of R in DPA stabi-
lized propellants and those with Ak II or no stabilizer should be so different.
It should be expected that similar amounts of R should build up in NC over
time, no matter the stabilizer. Possibly, the reactivity of DPA can justify
this. DPA is more reactive than Ak II and can remove free radical and re-
lated species more effectively than Ak II. This is true for P, and may also
apply to R. As was discussed in section 5.3, DPA is also known to react with
aldehydes (formaldehyde) to form oligomers and polymers. Such a reaction
would not only explain why so little R is initially found in DPA-stabilized
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Figure 53: Simulated concentrations of R and P over time in fit in Figure
52.

NC, but also resolve the mystery of the disappearing DPA. Even the con-
cept of DPA acceleration would have to be revisited. The unexpectedly high
stability of some NC samples compared to DPA stabilized samples may not
be due to detrimental interactions between DPA and NC but rather due to
the fact that even otherwise unstabilized NC has its internal autostabilizer.
Furthermore, rather than exclusively focusing on the interaction of DPA with
nitrate esters, if DPA undergoes e.g. a condensation reaction with R it would
similarly remove both stabilizers and accererate the degradation. In general
the interactions between P, NC, DPA and R are in general quite complex and
further experiments are necessary to conculsively clear up these questions.

7.4.6 Future outlook and improvements

A simple model system based on the idea of NC autostabilization has been
introduced in this work to account for different inconsistencies between ex-
perimental data and the first order autocatalytic NC degradation model and
RS3. The new model could successfully model the form of the heat flow curve
of a DPA-stabilized propellant. There are many improvements that can be
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made to this model in the future to create a more accurate model.
Species other than the primary stabilizer (DPA) need to be added to

better capture the heat flow curve’s details. A kinetic system similar to RS3
but with autostabilization is the logical extension. The rate law for the new
reactand R is:

d[R]

dt
= kNC [ONO2] + kauto[ONO2][P ]− kR[R][P ]

This changes the rate law for P in RS3 to:

d[P ]

dt
= kNC [ONO2] + kauto[ONO2][P ]− (kNNO + k2N + k4N)[DPA][P ]

+ kDPNNO[NNO-DPA]− kNNO−[NNO-DPA][P ]
− k2N−[2NO2-DPA][P ]− k4N−[4NO2-DPA][P ]− kR[R][P ]

The expression for the heat flow dQ/dt becomes:

dQ

dt
= −kNC · [ONO2] ·∆rHNC − kauto · [ONO2] · [P ] ·∆rHauto − kNNO
· [DPA] · [P ] ·∆rHNNO − k2N · [DPA] · [P ] ·∆rH2N − k4N · [DPA]
· [P ] ·∆rH4N − kDPANNO · [NNO-DPA] ·∆rHDPANNO − kNNO−
· [NNO-DPA] · [P ] ·∆rHNNO- − k2N− · [2NO2 · -DPA] · [P ] ·∆rH2N-

− k4N− · [4NO2-DPA] · [P ] ·∆rH4N- − kR · [R] · [P ] ·∆rHR
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The expression for the derivative of the heat flow becomes:

d2Q

dt2 = −
(
kNC ·

d[ONO2]

dt

)
·∆rHNC

−
(
kauto ·

d[ONO2]

dt
· [P ] + kauto · [ONO2] ·

d[P ]

dt

)
·∆rHauto −

(
kNNO ·

d[DPA]

dt
· [P ] + kNNO · [DPA] · d[P ]

dt

)
·∆rHNNO −

(
k2N ·

d[DPA]

dt
· [P ] + k2N · [DPA] · d[P ]

dt

)
·∆rH2N −

(
k4N ·

d[DPA]

dt
· [P ] + k4N · [DPA] · d[P ]

dt

)
·∆rH4N −

(
kDPANNO ·

d[NNO-DPA]

dt

)
·∆rHDPANNO

−
(
kNNO− ·

d[NNO-DPA]

dt
·[P ]+kNNO− ·[NNO-DPA]·d[P ]

dt

)
·∆rHNNO-

−
(
k2N− ·[2NO2·-DPA]· d[P ]

dt

)
·∆rH2N-−

(
k4N ·[4NO2-DPA]· d[P ]

dt

)
·∆rH4N- −

(
kR ·

d[R]

dt
· [P ] + kR · [R] · d[P ]

dt

)
·∆rHR

The other equations from RS3 remain unchanged. This autostabilized RS3
could be fitted using the same methods as were used for the unstabilized RS3
and simultaneously with the heat flow curve.

The introduced model has an additional weak point: As R and P are con-
stantly being produced in a one-to-one ratio, the autostabilizer R would never
run out. This would mean that at no point the concentration of P would
autocatalytically rise and create exothermic peaks, even in NC withoout ad-
ditional stabilizers. To counteract this the stoichiometry of the degradation
reactions could be modified:

NC
kNC−−→ P + αR intrinsic decomposition

NC + P
kauto−−−→ 2P + αR autocatalysis

The newly introduced coefficient α would control in what ratio R and P
form. If α ≥ 1 than no autocatalytic peak would occur in unstabilized NC.
If α ≤ 1 on the other hand, than over the long term autocatalysis would
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prevail and more P would form than R, leading to an autocatalytic peak.
The addition of a stabilizer can change this dynamic and extend the time
before the autocatalytic breakdown.

Alternatively a set maximum amount of R may be set as available to a
sample. While the degree of nitration between different samples varies, the
underlying sugar chain does not. It might thus be better to assume that any
NC sample can produce the same amount of R per anhydroglucose ring, re-
gardless of the degree of nitration. Once the available R has been consumed,
autostabilization ends and the runaway autocatalytic stage is reached. Sim-
ilarly, α could be set as a function of the degree of nitration (the higher
the degree of nitration, the higher α becomes). It would be interesting to
apply this idea to different NC samples and examine if the threshold degree
of nitration at which NC becomes susceptible no runaway autocatalysis can
be correlated with the point at which α changes from less than 1 to more
than 1. Further research into the effect of different organic species on the
NC degradation process can additionally help to ascertain the importance of
the proposed autostabilizer.
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8 Summary

Isothermal heat flow microcalorimetry represents a precise and convenient
method for following the degradation of nitrocellulose-based gun propellants.
The addition of stabilizers which are used to prolong the shelf life of propel-
lants, has an influence on the form of the heat flow curves. The stabilizer
diphenylamine creates an initial dip in the heat flow curves, while the sta-
bilizer akardite II does not have such an effect. Using DFT computations
with the ωB97X-D functional and an aug-cc-pvtz basis set with an iefPCM
solvation model to replicate the propellant matrix, reaction enthalpies and
Gibbs free energies were computed for reaction pathways involving NC, DPA
and Ak II.

Different initial steps for the degradation of NC have been compared.
Transition states for the irreversible elimination of HONO from nitrate ester
groups have been presented as a competing reaction to the reversible ho-
molytic CO NO2 bond cleavage. The products of this step accelerate the
degradation of NC and can lead to a runaway exothermic reaction. Their
concentrations can be suppressed with stabilizers.

It is found that in an equilibrium involving a variety of nitrogen oxides,
nitrogen oxoacids, water and oxygen, NO2 and HNO3 account for the bulk of
autocatalytically active nitrogen species in NC at 90◦C. In the presence of an
excess of water and oxygen, the formation of HNO3 is strongly favored, while
in the absence of oxygen or in dry conditions NO2 is much more abundant.
Alternatively, organic side products of the degradation like formaldehyde
of glyoxal can act as reducing agents. Is was concluded that formaldehyde
could exergonically reduce any of the considered nitrogen species to NO. An
additional reduction to HNO was found to represent an endergonic bottleneck
for the formation of N2O.

Several reaction mechanisms and products were computed for the sub-
sequent degradation of NC, resulting in a wide range of reaction enthalpies
between +60.1 kJ mol−1 and -246.5 kJ mol−1. Using an autocatalytic reac-
tion model the experimental enthalpy was found to be close to the estimated
value of -246.5 kJ mol−1. To achieve such a high reaction enthalpy reac-
tions between NO2 and the afforementioned organic side products had to be
included.

The reactivity of DPA towards the autocatalytic species was examined
closer. Based on computations, DPA was deemed to either react with NO2

in a two-step radical mechanism or participate in a nitration with HNO3
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or N2O5. Reactions leading to carbazoles were examined as a potential side
reaction for DPA. The condensation of DPA with formaldehyde was found to
be exergonic even at 90◦C. In this reaction, which has been widely overlooked,
DPA can be polymerized into aminoplast resins.

The microscopic structure of DPA-stabilized and Ak II-stabilized propel-
lants have been compared. It was found that DPA poorly dissolves into the
propellant matrix, while Ak II has a good solubility allowing for molecular
dispersion. Ak II was concluded to be overall less reactive than DPA due to
the lack of the reactive aminic H and due to decreased electron density on
the aromatic rings. A reaction mechanism for the intramolecular nitration
has been proposed as an alternative to a direct nitration of Ak II.

Kinetic models in conjunction with reaction enthalpies from DFT com-
putations were used to model the heat flow curves of unstabilized NC, an Ak
II-stabilized propellant and a DPA-stabilized propellant. It was established
that current kinetic models that only include the concentrations of nitrate
ester, the autocatalytically active species and the stabilizers show three ma-
jor shortcomings. (I) The simulated heat flow of the unstabilized NC sample
was 10,000,000 times lower than the experimental value for parts of the ex-
periment. (II) The heat flow rate in the Ak II-stabilized sample was higher
than could be accounted for by the model. (III) Reaction enthalpies on the
order of MJ mol−1 to GJ mol−1 were needed to reproduce the heat flow curve
of the DPA-stabilized sample. It was concluded that a different, previously
neglected reaction must be crucial for the proper description of the heat flow
curves. It was proposed that the organic side products of NC degradation
should be included in the kinetic model system. These species should by
themselves be able to reduce autocatalytically active compounds and inhibit
the autocatalytic degradation. This process was named ”autostabilization”,
in antithesis to autocatalysis. A simple kinetic model based on this premise
was found to reproduce the heat flow curve of a DPA-stabilized sample with
an adjusted R2 of 0.945. The existence of an autostabilization process would
have a profound impact on the understanding of propellant shelf lives and
propellant-stabilizer interactions.

The initial heat flow signatures in pure NC and the Ak II-stabilized sam-
ple were successfully fitted using a near second order reaction. It was sug-
gested that the recombination of radicals upon heating may cause this effect.
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9 Appendix: Bernoulli differential equations

In this section the analytic solution of the set of coupled differential equations
encountered in modelling the decomposition of pure NC is covered.
The rate laws describing the system are of this form:

y1
′ = −a · y1 − b · y1 · y2

y2
′ = a · y1 + b · y1 · y2

Dividing y1
′ by y2

′ leaves a separable differential equation which can be di-
rectly integrated:

dy1

dy2

= −1 =⇒ y2(x) = −y1(x) + ∆

where ∆ =: y1(0) + y2(0). Plugging in y2(0) into the expression for y1(0) and
rearranging yields:

y1
′ + (a+ b ·∆) · y1 = −b · y2

1

This ODE takes the form of a Bernoulli differential equation, which has
the general form:

y1
′ + P (x) · y1 = Q(x) · yn1

with P (x) = a + b ·∆ and Q(x) = −b. The general solution to this type of
ODE can be written as[98]:

y1−n
1 =

1

I(x)

[∫
(1− n) · I(x) ·Q(x)dx+ c

]
with I(x) = e

∫
(1−n)·P (x)dx

The constant of integration is set so that the boundary condition for y1(0) is
fulfilled. The solution in this special case then simplifies to:

I(x) = eb·xand y1(x) =
y1(0) · (a+ b ·∆)

y1(0) · b+ (a+ b · y2(0)) · e(a+b·∆)x

The derivative of this expression can be written as:

y′1(x) = −y1(0) · (a+ b ·∆)2 · (a+ b · y2(0)) · e(a+b·∆)x

[y1(0) · b+ (a+ b · y2(0)) · e(a+b·∆)x]
2
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