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Car—Parrinello Molecular Dynamics Study of the Thermal Decomposition of
Sodium Fulminate

Konstantina Damianos and Irmgard Frank*®

Abstract: Depending on the metal cation, metal fulminates exhibit a characteristic
sensitivity with respect to heat and mechanical stress. In the present paper we

study the high-temperature reactions of bulk sodium fulminate using Car—Parrinel-
lo molecular dynamics simulations. We find that the initiating reaction is the for-
mation of the fulminate dimer, while in earlier studies an electron transfer was as-
sumed to be the first reaction step. The initial carbon—carbon bond formation is
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followed by fast consecutive reactions leading to polymerisation. The resulting spe-

cies remain charged on the timescale of the simulations.

Introduction

Nowadays there is enormous interest in energetic materials
with a wide range of civil, military and space applications.!-
These materials are divided into two main categories,
namely the propellants and the detonating explosives. Pro-
pellants may react in a controlled manner and create high
gas pressures which can be used to move vehicles, rockets
and projectiles. Explosives react violently and are used in
construction, mining, tunneling operations and warfare, but
also in pyrotechnics. They can further be categorised in pri-
mary and secondary explosives, depending on their sensitivi-
ty with respect to heat, friction, impact and mechanical
stress. Primary explosives, for example fulminates and
azides, are very sensitive and detonate immediately whereas
secondary explosives such as TNT and HMX, are less sensi-
tive and can be transported and handled more easily. Pres-
ent developments aim at propellants and explosives with
higher performance, greater detonation velocities and more
environmentally friendly behaviour.’! In spite of this prac-
tical relevance only few theoretical studies exist addressing
the reaction mechanism. This little theoretical knowledge is
also surprising in view of the fact that many of these systems
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represent well-known text book chemicals.!’! More attention
was paid to the kinetics of the reactions.”! In addition, the
crystal structures of fulminates were investigated in recent
studies.'™*?l For these compounds it is known that the
degree of covalency determines the immediacy of the de-
composition.!¥ Kinetic studies have shown that the ionic al-
kaline fulminates, alkaline earth fulminates, and thallous ful-
minate are prone to instant one-step explosions showing rel-
atively high propagation velocities. In contrast, for the cova-
lent mercury fulminate a preliminary burning stage precedes
the explosion.” 3 The reactions of the covalent solids have
also been described as catalysed reactions.™ Spectroscopic
analysis before and after decomposition showed an increase
in the vibrational frequencies of the carbon-nitrogen bond
for the ionic fulminates, which was related to the formation
of linear C,N,O, chains. In contrast, for covalent fulminates
a decrease in these frequencies was explained by a cluster
formation (M,C,N,0,).”""! The gaseous products carbon
monoxide, carbon dioxide, nitrogen, and metallic vapour
were observed for both types of fulminates. In addition, cya-
nate was found for the ionic fulminates.”1%16]

For the ionic solid of sodium fulminate in particular, the
mechanism is unclear. The substance decomposes spontane-
ously above 500 K. Tentatively, the following reaction steps
have been proposed:!”

nCNO™ — nCNO + ne” (1)

nCNO — (CNO), — complex product + p CO, +gCO +rN,
)
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nNa" +ne” — nNa (3)

An electron transfer from the fulminate anions to the
sodium cations was suggested to initiate the reaction. The
activation energy, as calculated from kinetic data, was asso-
ciated with this presumably rate-determining step of decom-
position. According to this mechanism the remaining neutral
CNO radicals polymerise to finally form the complex poly-
meric material, consisting of long, linear C,N,O, chains. The
polymerisation step is believed to account for the explosive
character of sodium fulminate. An electron transfer as de-
scribed above from the anions to the metal cations is known
for the decomposition of sodium azide.”’ During the decom-
position of this related compound the continuous electron
transfers to the sodium cations lead to a growth process by
which the sodium atoms form large clusters. Nitrogen is fi-
nally formed, possibly from cleavage of the neutral diazide
intermediate.'”! This mechanism is in perfect agreement
with the experimental finding that azides with noble cations
such as silver or copper are extremely reactive. One may
doubt, however, that it applies to the fulminates since silver
fulminate and mercury fulminate are less reactive than the
highly explosive sodium fulminate.

In the present study we use Car—Parrinello molecular dy-
namics (CPMD) simulations to determine the reaction
mechanism of the decomposition of sodium fulminate.**"
With this first-principles method the simultaneous motion of
electrons and nuclei is described using the Car—Parrinello
equations. All degrees of freedom are taken into account
and the actual pathway of a chemical reaction is obtained as
a result of the simulation. In previous work, we applied
CPMD, for example, in the field of high-energetic materials
to study the reaction between monomethylhydrazine and ni-
trogentetroxide (MMH/NTO), which is used as a propellant
in rocket engines.?""?! We found a variety of different reac-
tion mechanisms, involving radical, acid-base, and redox
chemistry. For sodium fulminate we again want to determine
the most relevant reaction mechanisms, without specifying a
certain reaction pathway or a specific type of chemical reac-
tions in advance. Hence, we use the most intuitive way of
accelerating chemical reactions, namely increasing the tem-
perature until a reaction is observed on the picosecond time
scale. Note that this simple approach works for highly reac-
tive systems only. For reactions involving high barriers more
targeted acceleration methods™! are needed.

Results and Discussion

Bulk structure of sodium fulminate: The crystal structure of
sodium fulminate is isomorphous with that of (-sodium
azide.” The unit cell of the sodium fulminate crystal is
rhombohedral with the cell constants a=4.95 A and a=
38°15'. The structure resembles that of sodium azide which
is given in ref. [25]. There is no experimental indication how
the fulminate groups are ordered in the cell. Therefore, we
chose two structures, one with alternating orientation of the
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fulminate groups (Figure 1a, supercell of the R3m structure)
and one with all fulminate groups pointing in the same di-
rection (Figure 1b, supercell of the R32 structure), see also
the Supporting Information, Tables S1 and S2. We chose an
orthorhombic supercell containing twelve NaCNO units.
The size of this supercell is 6.47 x5.60x13.75 A®. The results
of cell constant optimisations with the functionals LDA and
BLYP are summarised in Table 1. The BLYP functional

Table 1. Intra- and intermolecular distances for the two sodium fulmi-
nate bulk structures investigated. The geometries were fully optimised
using the LDA and BLYP functionals as implemented in the CPMD pro-
gram package. The structural data obtained with the LDA functional are
in good agreement with experiment. The CN and NO distance and the
distance between the Na and O planes are averaged over the twelve mol-
ecules in one supercell. Exptl, see ref. [24].

Exptl LDA BLYP
bulk structure a)

a[A] 4.95 5.02 5.85
Aa [%] - 1.41 18.18
ron [A] 1.19 1.17 1.18
o [A] 1.40 1.25 1.29
dy,o planes [A] 1.08 0.79 1.24
o [gmL™] 2.60 247 1.57
bulk structure b)

a[A] 4.95 4.96 5.85
Aa [%] - 0.20 18.18
ren [A] 1.19 1.17 1.18
rvo [A] 1.40 1.25 1.28
dy,o planes [A] 1.08 0.87 1.25
p [gmL™] 2.60 2.57 1.57

yields large deviations of as much as 18 percent for both
structures. The LDA functional reproduces the cell constant
a for both structures well with deviations in the order of one
percent. The carbon-nitrogen and the sodium-oxygen dis-
tances are smaller than the experimental values whereby
BLYP is closer to experiment for the intramolecular distan-

Figure 1. Two bulk structures of sodium fulminate with different orienta-
tions of the fulminate anions. Structure a): R3m, structure b): R32. The
supercell is orthorhombic with dimensions 6.47 x5.60x13.75 A* and con-
tains 12 NaCNO units. Color code: magenta: sodium; red: oxygen, blue:
nitrogen, grey: carbon.
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ces. Due to the better description of the intermolecular dis-
tances, we use the LDA functional for the high-temperature
simulations of bulk structures in the following. For the simu-
lation protocol see the section on Computational Details.

Molecular dynamics simulations: In five out of a total of
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ure 2¢). Finally, besides carbon—carbon bond formation also
carbon—nitrogen bond formation is observed (Figure 2 f).
Snapshots from a simulation run which illustrate the isomer-
isation reactions are shown in Figure 3. The oligomers ob-
served in the simulations have the general formula

seven simulations (two simulations at 700 and 900 K, respec- C,N,0r_
tively, showed no reactions at all) we obtain as the first reac-
tion step the formation of a
carbon—carbon bond of two ful-
minate anions leading to a °
dimer according to the follow- B e o0 GC:N/
ing reaction scheme: \N=CE> &8 \N: c/ 0°
No=n" oL -
2CNO™ — (CNO)3_ I + C=N=0 —»= N=C/\
og” Noc=c=n g C=C=N
The formed dimer is doubly b o=n" \OG o=n" \Oe
negatively charged. The sodium o° o°
atoms remain close to the og o o N B
dimer, but do not participate in Yl e o &6
any bond formation. No elec- So=n" — Ne=n"
tron transfer from the fulminate N=C/ N=C/
groups to the sodium cations is 24 >C=C=N\ °g” >C=C=N\
observed. The electrons remain " O=N % O=N 0O
on the fulminate groups and 0® o° o\e
are always paired. Depending % - eo\ :’czNe ao\ /C=Ne
on the initial orientation of the So=i’ o® N=c /os N=c_ =~ 0°
fulminate groups, the dimer % Ne=n" . % c=N __ %  F=N
N\ _ 7/
may be formed in different iso- \N=C/ 0° N=c_ N=C, 5
mers (having approximately C,, i >C=N/ & F=N\ g =N g
. _e_ o (o) O=N=C 0
or S, symmetry). These isomers Ll "N—‘C\C/O Nesumpi?
exhibit the same reactivity in s I 50"
the consecutive reactions. The d) on” &
reaction continues either a) by o®
condensation to the trimer, 2 ‘o=n® eo\ o
b) by isomerisation of the exist- N=¢’ 0@ o Nl A5
ing dimer, or c) by formation of eo\ \/‘3:” . O\N=C/C_N . omcey’
a second dimer in the supercell: N=C, o % Ne=n®
- o=ﬁ=c/C_N o® \N=C< 7
(CNO);_ +CNO~ — (CNO)3_ >C=N/ e=N
(o 0
ONCCNO® — NC(O)CNO* 0 °
90\ /09
2CNO~ — (CNO)§7 N=C\C=N/09 90\ /03
ol e N—C\C=N/oa
A polymerisation process is eo So=ne® &
started, in which carbon— \N=Ci P W
carbon atoms are repeatedly ,?_N
formed (Figure 2a). In addition, f) 0 o°
isomerisations take place within eO\ E’0\ jC:N/ o
the oligomers leading to OCN~ 2 N=e=g=N, T N=Ce . _°
units (Figure 2b) and OCNO~ %% O/N_C_C_N
e

units (via a five-membered ring,
Figure 2¢). Cyanate anions are
formed as byproducts (Fig-
ure 2d). Also a carbon—carbon

bond cleavage may occur (Fig- formation (f) is observed.
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Figure 2. Characteristic reaction steps observed in high-temperature Car—Parrinello molecular dynamics simu-
lations of sodium fulminate. Oligo- and polymerisation proceeds mostly by carbon-carbon bond formation a).
Isomerisation reactions lead to the formation of OCN™ (b) and OCNO™ groups (c). The possibility of carbon-
carbon bond cleavage induces additional structural flexibility (d,e). To a minor extent, also carbon-nitrogen
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Figure 3. Snapshots from a Car-Parrinello molecular dynamics run. In
the hexamer one of the CNO™ units isomerises to form an OCN™ group.
An OCNO™ group is formed via an intermediate containing a five-mem-
bered ring. The last snapshot shows the formation of a cyanate anion.

Further consecutive reactions may lead to different ratios of
C, N, and O, but could not be observed on the timescale of
the simulations. Formation of gaseous products such as car-
bonmonoxide is suppressed by the use of a constant volume
in the simulations.

In the temperature range investigated, the reaction times
for the initial dimer formation and for the consecutive reac-
tions were in the range of a few picoseconds. The large
spread and the small statistics do not allow a detailed analy-
sis such, for example, an Arrhenius plot. The reaction rate
seems to be dominated by entropic effects at the tempera-
tures of the simulations with the enthalpic term playing only
a minor role. In this regime the reaction times are more
strongly influenced by the accidental arrangement of the re-
action partners than by the actual temperature. The dimer
formation (0.2-9.0 ps) and the consecutive reactions (0.8
16.7 ps) are essentially in the same time range for both
structures. The particular arrangement of the anions (head-
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to-head or head-to-tail) in the bulk does not play an impor-
tant role for the reactivity. This is not surprising in view of
the fact that the structures were heated above the melting
point of sodium fulminate. The dimerisation goes along with
the melting of the structures. The limited simulation times
do not allow observations of reactions at much lower tem-
peratures. However, one would expect that also at lower
temperatures the carbon—carbon bond formation will be the
dominating reaction in the bulk, since the entropy is re-
duced in polymerisation reactions.

Static calculations: The determination of the energetics of
the reactions observed in the simulations is hampered by
the fact that the situation in the bulk is clearly different
from the gas phase. This is particularly true for reaction bar-
riers, but also for reaction energies. Gas-phase calculations
can only give a crude estimate due to the dominant role of
the Coulombic interaction between the charged particles in
the bulk (see also ref. [22]). The particular arrangement of
the ions influences the computed energies much stronger
than do method and basis set. For example, the dimer (Fig-
ure 4a) can be isomerised to a ring of monomers (Fig-

a) b) 3’0@

Figure 4. Optimised structures of the NaCNO dimer (a), trimer (c), and
tetramer (d), and of a ring-shaped arrangement of two NaCNO mono-
mers (b) (BLYP/6-311++G(d,p)).

ure 4b), which is more stable than the dimer by 1.56 eV. An
alternative convention is to compute the energy differences
between optimised educts and products (Figure 4) assuming
infinitely distant educts. For this scenario, the polymeri-
sation process is an exothermic reaction (BLYP/6-311++

G(d.p)):

2 NaCNO — Na,(CNO),, AE = —0.48 eV (4)
3NaCNO — Na,(CNO),, AE = —2.23eV (5)
4NaCNO — Na,(CNO),, AE = —-3.67eV (6)

The exothermicity per NaCNO molecule grows with increas-
ing chain length which successively leads to more stable

Chem. Eur. J. 2010, 16, 8041 —8046
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products. However, since the positioning of the sodium
atoms strongly influences the calculated energies, these gas-
phase calculations just give a crude estimate of the energet-
ics in a solid material. As the low energy of the ring of two
monomers indicates, an ordered arrangement of anions and
cations is stabilised by the Coulombic force and hence may
prevent fulminate polymerisation. Static calculations have
been carried out for the isomerisation of the fulminate
anion CNO~ to the cyanate anion OCN™ via a three-mem-
bered ring. This isomerisation has been discussed as the
mechanism for cyanate formation and was investigated
before using DFT and coupled cluster methods.” To com-
pare the performance of different functionals and basis sets,
we did LDA and BLYP calculations using the CPMD pro-
gram package (plane-wave basis set) and BLYP and B3LYP
calculations using the Gaussian package (Gaussian basis
set), see Figure 5. The shape of the potential energy curves

4 \ T T T
.= LDA/CPMD
. [o) —— BLYPICPMD
- I 0 — BLYP/6-311+4g(dp) |

90 A B3LYP/6-311+4+g(d,p)

Rel. E/eV

3 I

| |
0 40 80 120 160 200
NCO angle/®

Figure 5. Potential energy curves for the isomerisation of CNO™ to
OCN". The calculations were performed using the BLYP and B3LYP
functionals with the 6-311++ G(d,p) basis set, and the LDA and BLYP
functionals with a plane wave basis set.

is the same for all approaches and the energy differences
compare reasonably well to the data for the anionic species
given in ref. [26] (CCSD(T)/aug-cc-pVDZ//B3LYP/6-31+
G(d): 1.75eV). We obtain reaction barriers in a range of
1.79 to 2.27 eV depending on method and basis set. The best
numerical agreement with the coupled-cluster value is ach-
ieved with the BLYP functional and a plane wave basis set
(1.79 eV). The larger plane-wave basis set tends to lower the
barriers by about 0.1 eV. The computed barriers are too
high to allow an ultrafast isomerisation via a three-mem-
bered ring and confirm the finding from the simulations,
that the cyanate anion is rather formed by reactions involv-
ing several CNO™ units than by a three-ring isomerisation of
the fulminate anion. In the bulk simulations we observe the
formation of three-membered rings in CNO™ units that are
part of an oligomer. In contrast to the isolated monomers,
these units are already bent with CNO™ angles in the range
of about 120 to 160°, which facilitates the isomerisation.

Chem. Eur. J. 2010, 16, 8041 —8046
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(The Cartesian coordinates of the structures are given in the
Supporting Information, Tables S3-S5.) As is shown in the
reaction sequence in Figure 3, the isomerised group may
easily dissociate to form a stable OCN™ cation. This reaction
sequence offers a more favourable pathway for cyanate for-
mation.

Conclusion

We simulated the first reaction steps for the thermal decom-
position of bulk sodium fulminate and observed as the ini-
tiating reaction the formation of the fulminate dimer. We
did not observe, however, an electron transfer from the ful-
minate anion to the sodium cations as proposed in the liter-
ature on the basis of the comparison to the decomposition
of azides. An ionic mechanism is in line with the notion that
ionic fulminates are extremely reactive in contrast to ionic
azides. Also, the carbon—carbon dimerisation can be expect-
ed to be less effective if the carbon atoms are already coor-
dinated to a metal cation, as is the case in mercury fulmi-
nate and silver fulminate. The initial dimerisation is quickly
followed by polymerisation and isomerisation steps which
ultimately lead to the formation of ionic oligomers. Our
finding that the decomposition is initiated by a carbon—
carbon bond formation followed by fast consecutive reac-
tions, appears to be in nice agreement with the sensitivity of
fulminates with respect to mechanical load and with the fast
one-step decomposition observed in experiment.['¥)

Beyond the timescale which is accessible to first-principles
simulations, additional processes will occur besides the pro-
longation of the oligomers. A clustering of the sodium cat-
ions in conjunction with neutralising electron transfers will
become favourable as the polymer gets longer and highly
charged. Particularly at surfaces and grain boundaries,
which are not modelled in our simulations, gaseous products
such as carbon monoxide will be formed, inducing the
actual explosion. As a result the chemical composition of
the remaining polymer will differ from the total formula
(CNO)"~, obtained in the simulations which only describe
the first few picoseconds of the bulk reaction.

The present study demonstrates once more the strong lim-
itations of conventional static calculations in the description
of condensed phase reactions. The use of reactive molecular
dynamics is essential in particular for the simulation of ionic
mechanisms due to the dominating Coulombic interaction
between ions.

Computational Details

We use density functional theory in the Kohn-Sham formulation®?”-? as
implemented in the CPMD code.” A plane wave basis set is used with
an energy cutoff of 70 Rydberg to describe the valence electrons. Troulli-
er-Martins pseudopotentials were used for the inner electrons.’” For the
simulations of the bulk structures, the unrestricted formulation of the
LDA functional was chosen which gives a reliable description of the in-
termolecular distances in the bulk (see Table 1 and Supporting Informa-
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tion, Table S6). The time step of the simulations is 4 a.u. (0.0968 fs).
After equilibration, the system was quickly heated to the desired temper-
atures in the range between 700 and 1300 K and the simulations were
continued at these temperatures for 58 ps (600 000 simulation steps). The
simulations were performed using Nosé-Hoover thermostats for ions and
electrons.® ! For the phonon spectrum and the fictitious kinetic energy
of the electrons 2800 cm™' and 0.028 a.u. were chosen, respectively. In ad-
dition, static calculations were performed with the functionals BLYPF*!
and B3LYP®* using the 6-3114+ G(d,p) basis set as implemented in the
Gaussian 98 program package.!
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