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ABSTRACT

Explosive coordination compounds are a subject of considerable interest because some of them have
found specific applications, in particular, as safe primary explosives or igniters. The present work focuses
on general principles of designing explosive coordination compounds. Effect of the complex molecule’s
constituents on explosive and physicochemical properties is considered. The main classes of organic
compounds which might be used as ligands of explosive complexes are discussed. Since the burning rate
of an explosive compound is thought to be an important characteristic determining such properties as
deflagration-to-detonation transition and initiating efficiency, the work deals with studying the
relationship between chemical structure and burning rate characteristics of explosive complexes. The
burning rate of optimally designed coordination compound depends mainly on two factors: nature of
oxidizers and nature of the central metal atom. Changeover from nitrate jon to perchlorate one usualty
raises the burning rate by a factor of 10 and more. Metal atom included in complexes can serve not only
as a matrix, which ties up ligand-fuel and anion-oxidizer, but also as a catalyst of redox reactions occurring
during combustion, It is found that each anion-oxidizer has its own set of metals that possess a catalytic
activity. In the light of the experimental findings, a plausible combustion mechanism of coordination

compounds has been suggested.

NOMENCLATURE 1. INTRODUCTION
Chemical structure of coordination compounds
Qv Heat of explosion at constant volume, (CC) of the common formula of [MLp]1(OX)m, where M
kcal/kg is central metal atom, L is ammonia or organic base
Ty Adiabatic flame temperature, K (ligand), and OX is anion, makes it possible to create
Un Mass burning rate, glcmz.s substances capable of explosion. Although these
coordination compounds are known for more than 70
P Pressure, MPa 1,2 o
years * and also some of them have found specific
Eo Standard redox potential, V applications, in particular, as safe primary explosives or
CcC Coordination compounds igniters, *4 the principles of designing explosive CC are
CN Coordination number not practically discussed in literature. In a few works™®
M Metal atom dealing with a relationship between CC structure and
. explosive properties, it has been found that CC represent
L Ligand . ) .
an extremely wide range of explosives. Explosive CC as
(L- H) Ligand intermediate after removing H atom well as many other energetic materials are known to be
(L - 2H) Ligand intermediate after removing two H capable of self-sustained burning. CC of this sort may be
atoms considered as energetic compositions, in which metal
OX Anion of oxygen-containing acid atom, fuel and oxidizer are mixed at molecular level. The
X Anion after removing O atom from OX anion possibility of significant variations in the nature of CC
. . along with the presence of metal atom, which can act as
At 4-amino-1,2,4-triazole A .
o a burning catalyst suggests a wide range of the
En Ethylenediamine conceivable burning rates of CC. The combustion
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parameters, in turn, have been shown for high and
primary explosives to be responsible for such explosive
property as deflagration-to-detonation length’. For
priming compositions, this is the main index of initiating
efficiency.

This has provided the two goals of our work:
learning various ways of the explosive coordination
compound design and clarifying how their chemical
structure can affect the burning rate.

2. EXPERIMENTAL DETAILS

All complexes investigated in this work were of
reagent grade. Parameters of the steady-state combustion
of all energetic materials were measured in a window
constant-pressure vessel in the pressure range of 0.1-40
MPa using a photographic recording. The substances
under investigation were compacted into transparent
acrylic tubes at 250 MPa to give pressed strands.

A unique procedure of preparing high-density
strands was devised for measuring the burning rates of
fast-burning explosivess. A substance was compacted in
the form of pellets 10 mm in diameter and 1-1.5 mm
thick under a pressure of 500-600 MPa. Plates of about
2 mm width were cut from the pellets. Before burning,
the plate was positioned vertically in a beaker filled with
a liquid epoxy resin which prevented flame propagation
along the side surface.

3, DESIGN APPROACH OF THE EXPLOSIVE

COORDINATION COMPOUNDS

To be capable of explosion and combustion the
coordination compounds should contain such molecular
fragments that, either themselves or their destruction
products, possess oxidizing properties. These fragments
usually are C!04", NO3™ and similar counter ions. Metal
atom serves as a matrix, bonding together a fuel-ligand
and an oxidizer. Nature of metal atom controls stability
of CC and amount of combustible and oxidizing
fragments per metal atom. A basis for designing such a
type of CC is making a choice of ligand which provides
not only the fuel-oxidizer ratio and, consequently, heat
of explosion, but also CC chemical stability.

3.1 Central Metal Atom

For selection as an explosive, a compound should
have unvarying composition and be stable under ambient
conditions in the solid state. This requirement for CC is
mainly ensured by the nature of central metal atom®
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Thus, alkali metals have little tendency to complex
formation. Compounds with oxygen-containing ligands
are typical for having such a property. Compounds with
nitrogen-containing ligands, which are most interesting
from the point of view of making explosive CC, are
usually very sensitive to moisture. The perchlorate
complexes with hydrazine are known only for Li and Na
having a strong tendency of complex formation among
alkali metals'?,

In comparison with alkali metals, alkaline-earth
ones possess a noticeably larger tendency to complex
formation. Be®* as well as AP** of the next group,
however, need to be excluded from the consideration
because of their tendency to form stable hydroxo- and
oxo-complexes of non-explosive nature due to the small
sizes of the metal ions. Other alkaline-earth metals also
show a strong tendency to bind with oxygen; therefore,
the complexes even with chelating ligands are usually
hygroscopic and often contain water in their
composition.

Cr, Mn, Fe, Ni and Co transition metals are
"working horse" of coordination chemistry. Salts of the
bivalent metals form stable complexes with various
organic compounds. CC of Cr(II) and Co(III) are also
well known for their stability. Other transition metals in
this valency state show strong oxidizing properties
which cannot be reduced by coordination to suitable
neutral ligand. Therefore, it is impossible to obtain CC
owing to redox reactions between the metals and ligands.
Iron(III) also is capable of forming complexes with
neutral nitrogen donors but many of them are
decomposed by water at standard conditions. Iron(Il)
complexes are thermodynamically unstable with respect
to atmospheric oxidation.

Metals of Group I and Group II such as Cu, Ag, Zn,
and Cd can form stable compounds. However, because
of high cost, the use of Ag as well as of transition metals
of other rows in Periodic Table is not preferred in
synthesis of explosive CC; therefore, they are not
considered here. Among heavy metals, Pb attracts
attention because of its well-known catalytic properties.
Pb salts with nitrophenols possess initiating ability“.

The valence of central metal atom defines a sum of
oxidizing groups, whereas the coordination number
(CN) of metal controls the fuel contents in the molecule.
Changes in the valence of metal atom and its CN both
allow to regulate the fuel-oxidizer ratio. As seen from
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Figure 1. Location of the metals in the Periodic Table, that might be used in synthesis of explosive
coordination compounds (marked with bold font). The Roman numbers indicate the
valencies, Indo-Arabic figures indicate common coordination numbers.
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Figure 2. Heats of explosion of complexes of metal perchlorates with a tentative ligand CH4Ng.

Fig.1, most of the chosen metals are bivalent, and only
Cr, Co and Fe show bivalent and trivalent state, A
number of metals, such as Cu, Ni, Zn and Cd permit
syntheses of CC with various numbers of ligands in the
molecule. For example, 4-amino-1,2,4-triazole is able to
coordinate to both copper perchlorate and nitrate to form
CC with two (CN = 4) or three (CN = 6) ligands, CuL2X>2

and CuL3X212,13. The fuel-oxidizer ratio exerts a major
effect on energetic characteristics of explosive CC.
Besides, CC energetic characteristics may vary with the
change of metal atom due to different enthalpies of
cation formation and heat of coordination. Heats of
explosion calculated for coordination compounds of
various metal perchlorates with a tentative ligand of
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CH4Ng formula like 1,5-diamino tetrazole. The enthalpy
of formation of which is accepted to be O kcal/mol, are
shown in Fig. 2. In order to balance the fuel-oxidizer
ratio the calculations have been performed under the
assumption that compounds of monovalent metals
contain one ligand, CC of divalent and trivalent metals
contain two and three ligands, respectively. From the
heat of explosion standpoint, the metal in CC is a ballast;
the heat of explosion falls as the metal atom mass
increases. For example, passing from Li to Cs, the heat
of explosion decreases from 1155 to 704 kcal/kg. The
effect of different enthalpies of formation of metal
cations will be seen in a comparative analysis of CC with
metals of close mass Na-Mg, K-Ca, Rb-Sr and Cs-Ba.
The effect of chemical peculiarities of metals may be
well illustrated by Cr and Co transition metals. A
characteristic of combustion and explosion processes of
Cr(I) and Cr(Ill) complexes is formation of oxides of
Cr and lower heats of explosion than for Ma(Il) and

Fe(III) complexes yielding halides under these
conditions.

This composition corresponds to
1,5-diaminotetrazole, as an example. Co(III) complex,
unlike Fe(IIl) one, yields chloride of divalent metal
which is far less preferred from the energy release
standpoint.

It is known that CC can be divided as inert (based
on trivalent metals) and labile (based on bivalent metals)
compounds with respect to elimination of the ligands9
From the point of view of designing explosive CC,
metals in 3+ oxidation state have ability to form more
stable CC, as well as the capability to form CC with
dissimilar ligand environment, that allows regulation of
not only physicochemical properties of CC but also that
of fuel-oxidizer ratio. Well-known (5-cyanotetrazolato)
penta-amine cobalt(ITf) perchlorate (CP) and related
compounds may serve as cxamplesa""” Thus, CP

C(NOC2) 3
1200 — — - 3000
N{NOz2)2 ClO4 T
1 1
1000 | 104 — 2500
ClOs BrOs B
M Pic
] B
800 — - 2000
£ NO3 B MnOa
= 1 7
o 4
2 10 -
= 600 - NO2 ad (] — 1500 ™
>
3 | i
400 B - 1000
200 — ~ 500
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Figure 3. Heats of explosion and adiabatic flame temperatures at 10 MPa for complexes

CoL;X; with a tentative ligand CH4Ns. Light and dark bars relate to Qv and

T, respectively.
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contains ammonium ion and anion of cyanotetrazole as
ligands.

3.2 Anion

Anions in the complexes under consideration play
the role of oxidizer. These may be anjons of familiar
oxidizing acids, such as ClO4", Cl03", NO3" , NO2™ 107,
104", BrO3", Mn04, as well as various nitro-containing
compounds, such as C(NO2)3’, N(NO2)2" and picrate
(Pic’). They differ in the content of active oxygen and
enthalpy of formation that significantly influence the
energetic performance of CC (Fig. 3). Very frequently
the chemical nature of an anion affects the number of
ligands in CC. The reason is that such anions as NO2',
NO3", and very seldom Ci0O4 enter into the inner
coordination sphere of the metal thus decreasing sites
accessible for ligands. What is more important, the
nature of anion has a major effect on such
physicochemical and explosive properties of CC as
solubility, thermal stability, flash point, impact
sensitivityﬁ. Such anions as NO2°, 103", 1047, BrO3’,
MnO4 exhibit extreme oxidizing properties even at room
temperatures reéulting in a significant limitation of the
number of ligands which may be introduced in the
reaction of complex formation. Even with such hard
oxidizable ligand as NH3, complexes formed with the
above mentioned anions prove to be of low thermal
stability and dangerous in handling,

Therefore, despite the fact that a choice of an anion
affects considerably the heat of explosion, first it is
necessary to learn how the physicochemical properties
of CC with a chosen anion will comply with the flnal
task. For instance, complexes with high-reactive anions
of type Cl0O3" 104", BrO3’, MnO4 may possess initiating
ability, however, the other properties, such as thermal
stability or solubility, may turn out to be unsuitable.
Complexes with -anions of nitrocompounds are usually
insoluble in water and possess high heat of explosion;
however, it is difficult to find out substances with
initiating efficiency among them because of low
reactivity of the anions.

3.3 Ligand

Since the content of an oxidizer in the molecule of
explosive CC is limited (in most cases it is 6-8 oxygen
atoms), a ligand consisting of minimal numbers of C and
H atoms is required for high-energy materials to be
obtained. Besides, it must contain a donor atom, usually
N, O or §. Depending on the position in the Periodic

Table, metals possess varying tendency to bind these
atoms. However, since only neutral complexes are
treated here, the basicity of the donor atoms becomes the
most important factor and here nitrogen atom is beyond
the competition (for example, pXa of RNH2 ~8-11, RaS
~5, R20 ~ 0-3). If ordinary non-exotic compounds stable
in common conditiens is considered, it is obvious that §
and O atoms can take part in complex formation only
together with N atom as polydentate ligand constituents.
Polydentate ligands and, especially chelating ligands are
of most interest, since a great increase in stability of CC
is observed®

Ligand design can be viewed as the selection
between desired low content of C and H atoms, high
enthalpy of formation and high reactivity of the ligand,
on one hand, and necessary strong basicity of its donor
groups, possibility of chelating and resistance to
oxidation at room temperature, on the other hand.

It remains to be seen what classes of organic bases
are the most attractive for tailoring explosive CC.
Ammonia and its organic derivatives are the most
well-known simple ligands (I, Fig. 4). However, gaseous
ligands like ammonia and light organic amines form
stable-in-standing CC only with inert-to-substitution
metals like Cr(III) and Co(IIl}). Increasing the aliphatic
moiety is not helpful since it decreases the energy of CC.

Polydentate amines (II, Fig. 4), simplest
representative of which is ethylenediamine (En), form
stable CC with many metals. However, as in the previous
case, the possibility of varying ligand composition is
very limited.

Compounds, in which nitrogen donor atom is tied
by double bond with carbon (spz-hybridization) have the

NH, H,NCH,CH,NH, c P
R—NH, H,N—R—NH, ~NHNH,
I Il Il
R—CC V4
SRS AN
R R
v

Figure 4. Main classes of organic substances that
might be used as ligands for synthesis of
explosive coordination compounds.
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Figure 5. Effect of adiabatic flame temperature on the burn-
ing rate of coordination compounds of 4-amino-
1, 2, 4-triazole with copper perchlorate and ni-
trate: 1 - [CaL2](ClO4)2, 2 - [CuLa)(ClO4)2, 3-
[CuL:)(NO3)2, 4- [CuLl3}(NO3)z.

possibility of additional m-donating interaction with
transition metals having unfilled d-orbitals. This allows
stable CC based on relatively weak donors like various
polynitrogen heterocycles and amidrazones'>!® ( 1V,
Fig. 4) to be synthesized. These compounds are very
useful for obtaining high energy CC, since many of them
possess high enthalpy of formation.

The hydrazides of carboxylic acids (IIT, Fig. 4) are
likely to represent one of the most interesting class of
ligands, which are capable of not only forming CC with
a wide range of metals due to the presence of two donor
atoms (¢ and N) and formation of stable five-membered
metalcycle, but also offerinﬁg a strong possibility to
manipulate the compositicm1 -19

From this analysis it is clear that design of high
energy stable CC consists of searching for a compromise
between such contradictory requirements as high
reactivity of oxidizer and thermal stability of CC; high
enthalpy of formation of ligand and its basicity; heat of
explosion of CC with a given metal and the chemical
stability of CC under normal conditions.

4. COMBUSTION BEHAVIOUR OF EXPLOSIVE
COORDINATION COMPOUNDS

Main factors which can affect the burning rate of
explosive CC are adiabatic flame temperature and nature
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Figure 6. Burning rate vs. pressure for coordination com-
pounds of 4-amino-1,2,4-triazole (At) and ethyle-
nediamine (En) with copper perchlorate and
nitrate: 1-[CuAt2](C104)2, 2-[CuEn3] (Cl04)2, 3-
[CuAtz)(NO3)z2, 4-[CuEn31(NO3):.

of CC components viz. metal, anion and ligand. Since
redox transformations form the basis of combustion, the
burning rate may be considered to depend both on
reactivity of fuel-ligand and oxidizer-anion. Metal atom
introduced in this redox system at the melecular level
may play a role of combustion catalyst.

4.1 Ligand

As mentioned above, the composition of ligand
influences the fuei-oxidizer ratio, which, in turn,
controls the combustion temperature. Adiabatic flame
temperature may be correlated with the burning rate
studies for complexes of copper perchlorate and nitrate
with 4-amino-1,2,4-triazole (Fig. 5). In this case,
complexes may be considered to contain the same metal,
anion and ligand and differ only in the fuel-oxidizer
ratio, and consequently in the combustion temperature.

It can be readily seen from Fig. 5 that the higher
the combustion temperature the more the burning rate.
An enhancement of CC burning rates in the changeover
from ethylenediamine to 4- amino-1,2,4-triazole (Fig. 6)
may probably be explained only by alteration in the CC
adiabatic flame temperature. No significant effect of the
ligand reactivity on burning rate has been found. It is
believed to be connected with the presumption that the
ligands take no part in the rate-limiting stage. Another
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Figure 7. Effect of the anion nature on the burning rate of
coordination compounds of 4-amino-1,2,4-triazole
with copper bromate [CuL3)(Br03); (1), per-
chlorate [CuLq(Hz0)XCi04)2 (2), chlorate
[CuL3l(ClO3): (3), and nitrate {CuL2](NO3)2 (4).

alternative explanation is that the rate-determining stage
involves ligand destruction product of close reactivity
rather than the ligands themselves.

4.2 Anion

As seen from Fig. 5 and Fig. 6, by the changeover
from nitrate anion to perchlorate one raises the burning
rate to a greater extent than adiabatic flame temperature.
Fig.3 shows that the nature of anion influences both the
heat of explosion and the adiabatic flame temperature to
a large extent. However, as early as the 70’s A.E.
Fogelzang showed that the burning rate of ammonium
salts of various inorganic oxidizing acids was
determined mainly by the oxidizer reactivity rather than
the adiabatic flame temperature or thermal stability of
compoundszo. The effect of oxidant activity is clearly
observed for combustion of ammonium complexes of
copper 1002l however, since anion reactivity and flame
temperature affect the burning rate in the same manner,
the authors have come to the conclusion that the burning
rate of CC is chiefly determined by the adiabatic flame
temperature alone. Complexes of 4-amino-1,2,4-triazole
obtained recently allow choosing and comparing burning
rates of compounds having close combustion
temperatures]2‘13. As readily seen from Fig. 7 & 8,
burning rates of CC depend very much on the nature of
anion. As in the case of salts with oxidizing acids, the
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Figure 8. Effect of the anion nature on the burning rate of
coordination compounds of 4-amino-1,2,4-triazole
with zinc bromate [ZnL3](Br03)2 (1) and chlorate
{ZnL3)(ClO3)2 (2), hydrazide of §.amino-2- tetra-
zolylcarboxylic acid with zinc perchlorate
(ZnL2){Cl0s)2 (3), semicarbazide with zinc ni-
trate [ZrL2Y(NO3)2 (4).

anion reactivity may be estimated in terms of standard
redox potentialzo. The complexes of BrO3’, ClO3” and
Clos anion-oxidizers having the greatest redox
potentials and, respectively, the greatest reactivity,
exhibit the highest burning rate values. As shown in
previous works2223, there exists a direct correlation
between redox potential of reagents in the combustion
wave and free activation energy of rate-limiting redox
reactions. The results of the present work suggest this
correlation to be true for combustion of CC.

It is noteworthy that an order of increasing
explosive sensitivities of ammonium complexes
[Co(NH3)6}(0X)3 obtained from Joyner’s data®: ox =
NO3 <103 <NO3 <Cl04" < ClO3 < BrO3 < MnOgq' is
consistent with the order of increasing redox potential of
corresponding acids24. It is believed that the oxidizer
activity plays as important a role in the impact
sensitivity as it affects the burning rate.

4.3 Central Metal Atom

It is important to note that the effect of the metal
atom on the adiabatic flame temperature differs
significantly from the effect on the heat of explosion. In
the latter case, metal ion plays a role of ballast; and
increase in the metal atom mass results in decrease in the
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Figure 9. Adiabatic flame temperatures of coordination compounds of metal
perchlorates with a tentative ligand CH4Ng.

heat of explosion. The combustion temperature does not
undergo significant variations, because a decrease in the
heat of combustion with increasing metal atom mass is
compensated by an increase in the metal heat capacity.
For instance, while a set of metals exhibits variation in
the heat of explosion as much as 50 per cent (Fig. 2), the
variation in the flame temperature does not exceed 10
per cent (Fig. 9),

Unlike the adiabatic flame temperature, the nature
of metal affects the burning rate to a large extent. Each
anion-oxidizer has been shown to possess its own set of
metals, coordination compounds of which burn faster
than salt of ligand and corresponding oxidizing acid®>.
This research work clearly indicates that some metals
were catalysts of combustion while others were not.
Thus, during combustion of perchlorate complexes Ni,
Co, Cu, Cd and Pb display catalytic properties, whereas
combustion of nitrate ones is catalyzed only by Cu and
Pb. Fig.10 can serve as a good illustration of the effect
of metal nature on burning rate, in which burning rate
data of all studied CC of copper perchlorate,
[CuLn)(ClO4), along with data on combustion of both
organic perchlorates L.nHCl04 (where L = hydrazides of
carboxylic acids and aliphatic amines) and CC of alkali
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metal (Li and Na) and aikaline-earth metal perchlorates
(Mg, Ca, Sr and Ba) is plotted. It is seen that at every
combustion temperature, complexes of copper burn

100.0

PR

10.0

Um, g/cm 2g

sl

san sl

01 T T T I v
0.0003 0.0004 0.0005 0.0006 0.0007
T K

Figure 10. Effect of adiabatic flame temperature on the burn-
ing rate at pressure 20 MPa: o - coordination com-
pounds of copper perchlorate [CuLn)(CIO4)
@ - perchlorates of aliphatic amines and of hydraz-
ides of carboxylic acids, g - coordination com-
pounds of alkali and alkaline-earth metal
perchlorates.
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faster than related non-metal systems, while combustion
data of CC of alkali and alkaline-earth metals depend on
the temperature dependence of burning rate of organic
perchlorates. Ni, Co, Cd and Pb perchlorate complexes
also burn faster than related non-metal system at all
temperatures. Coordination compounds of lead and
copper nitrates give a similar pattern when compared
with parent organic nitrates. Combustion data for CC of
metal bromates, chlorates and iodates, few as they are,
indicate a like set of metal catalysts as for CC of metal
perchlorates.

5. COMBUSTION MECHANISM OF EXPLOSIVE

COORDINATION COMPOUNDS

A dramatic effect of oxidizer on the burning rate of
CC is believed to indicate conclusively that the slowest
stage of combustion involves redox reactions, whereas
the rate of the initial decomposition reaction is subject
to the rate of the subsequent oxidation stage. The
presence of metal atoms in these systems results in the
fact that certain compounds burn faster than the control.
The enhancement of the burning rate is attributable to
the catalytic action of some metals during the redox
process.

Let us consider possible chemical processes
occurring during combustion of CC. Obviously, there are
various paths depending on whether or not the metal
atom takes part in redox conversions (Fig.11). Such
metal ions like Li*, Na*t, Zn®*, Mg?*, Ca**, Ba**, etc.,
practically cannot be oxidized by chemical oxidizers.

Consequently, in this case the central metal atom serves
only as a matrix. Insofar as anions possess relatively
weak oxidizing properties, it may be suggested that
ligand is oxidized by anion destruction products which
are more reactive than anions. A support for such
suggestion derives from the fact that alkali and
alkaline-earth metal complexes and organic salts of
oxidizing acids have close burning rates at the same
temperature (Fig.10). There would not be this closeness
of burning rates if kinetics of rate-limiting stage were
determined by the reactivity of acid and anion.

It is known that such oxidizing acids as HCI!O4 or
HNQ3 decompose at high temperature onto Cz'03*, NO2'
and OH . As shown in previous works,m'28 a destruction
of NO3 and BrO3™ anions results in homolysis of the
Hal-O and N-O bonds to form oxygen radical anion o

NOy —» 0 . NO2'

BrO3 — O'* + BrOzt
or in geaeral:

0X » 0" +X’ (1)

Destruction products of acids and anions differ
insignificantly in the reactivity resulting in a closeness
of burning rates. Thus, the initial stage of ligand
oxidation in CC with non-oxidizable metals can be
schematically represented by:

[MLAKOX)m

METAL-OXIDISERS
M = Cu

OXIDIZABLE METALS
M = Cr, Fe, Ni, Co
Cu, Cd, Pb Ba, Zn

NON-OXIDISABLE METALS
M = Li, Na, Mg, Ca, Sr,

pd

™~

WEAK OXIDISER
OX = NOs, NO2

STRONG OXIDISER
OX = BrOj, 104,
103, CiCa

Figure 11. Groups of coordination compounds with different combustion mechanisms.
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Scheme 1
L+0" = (L-H +0H 2)
(L-8) +X" - (L-2H) +HX (3)
HX + OH = H;0 + X 4)

This cycle may further be repeated with X" and (L
- 2H) species. The main result of the above cycle is
essentially dehydrogenation of the ligand and removal of
an oxygen atom from the anion with the formation of
water. Since the oxygen atom acts formally as an
oxidizer, the oxidation process involves a two- electron
transfer. The two- electron oxidation of the ligand by the
one-electron oxidant 0™ requires a removal of the
second electron by X" radical followed by fast
neutralization process. It means, in this instance, the rate
of heat release in the oxygen reduction process is defined
by rate constants of the reactions (2), (3) and (4). The
values of rate constants of the reactions (2) and (4)
remain unchanged for all the anions, whereas value of
the rate constant of the reaction (3) depends on the
reactivity of X* radical. This is in good agreement with
the observed alteration in the burning rate while passing
from one anion to another.

If the metal atom can change its valence state, the
interaction between M(II) and anion in the combustion
wave is considered to yield an oxygen-containing
species including the metal of a high-valence state,
which may be depicted either as a complex of M(III)
with coordinated anion radical, [M(II)-0"}?*, or as an
oxocompound of metal(IV), [M(IV)=0]**. The species
as the main active site has been described in the studies
dealing with modeling ferment reactions of
oxidation?%-*!

Hence, the general mechanism consistent with the
observed combustion behaviour of CC is oxygen
rebound from anion to the ligand via a metal-oxo
intermediate:

Scheme 2

MAD]* + OX™ - [MIV)=01**
or [M(IID) - O’ + X° (5)

L+ [M(IV):O]*’* or [M(IID)-O°T**
S (L- B + [MUID-OH]™ 6)

(L- H)' + MJID-0HT™
— (L - 2H) + H20 + [MADT** )
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The catalytic conversion cycle differs from
non-catalytic one (Scheme 1) in that the ligand is
oxidized by highly active metal-containing species in
accordance with reactions (6) and (7). These species
have been shown by numerous studies on catalysis of
oxidation reactions to be more active towards a reductant
than the original oxidizer itself?%-33

According to the mechanism proposed, only metals
capable of forming high-valent metal oxo-species can
produce the catalytic effect. The stronger the oxidative
properties of anion, the larger the body of metals capable
of the catalytic activity. For example, among perchlorate
complexes even Cd(Il) (E, Ca2+4/3+ ~ 3 V) exhibits the
catalytic activity, whereas for nitrate complexes only
lead (E, Pb2*** ~ 1.7 V) can catalyse combustion. It
should be noted that oxidation of the metal to such
uncommon valence state is possible only with the
coordination surrounding that can stabilise a
high-valence state of the metal**

In the case of weak oxidizers such as a nitrate anion
(E» NO3INO2 = 0.01V) unlike strong halate oxidizer
(Eo ~ 0.6V) rate of reaction (5) is small, so that the
rate-limiting stage is oxidation of ligand by anion
(Scheme 1). This is confirmed by the fact that presence
of oxidizable metal ions cannot result in increase in the
burning rate. The exception is CC of lead and copper.
Lead is characterised by the lowest redox potential for
M(IV) valence state. Oxidation of Pb(IlI) in its ligand
environment to Ph(IV) is possible to proceed rapidly
even with weak oxidizers. Another possible explanation
of increased burning rates of lead nitrate complexes is
catalysis of oxidation reactions of nitrogen oxides by
lead ions, as in the combustion of catalysed double base

propellants35'37.

The catalytic effect like that observed for
combustion of complex compounds of copper nitrate is
characteristic of metals having oxidizing properties (E,
Cu?*'?* = 0.15 V). In the combustion wave, Cu(ll) is
able to oxidize ligand-fuel L to form the cation-radical
L** which, in turn, splits out a proton to form (L-H)®
radical according to :

Cu(ID + L - Cu() + L*’
L*" + NO3 o (L-H)* + HNO3

This results in appearance of strong oxidizer HNO3
instead of weaker oxidizer NO3’, on reaction with Cu(II)
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followed by fast ligand oxidation by the highly active
metal-containing species in accordance with reactions
(6) and (7) occurring faster than ligand oxidation by
destruction products of anion or HNO3.

§. CONCLUDING RFMARKS

The task of synthesis of high-energy explosive CC
can be divided into three parts: (i) anion selection,
which defines main physicochemical and explosive
properties of CC, such as solubility, explosion
temperature, explosive senSitivity, burning rate;
(ii) metal ion selection, which determines largely the
chemical stability of CC and the burning rate; and
(iii) ligand selection, which defines chemical stability of
CC and, mainly, heat of explosion.

Search for a compromise between the desired
explosive properties and necessary requirements on
physicochemical characteristics is the basis for
designing explosive CC.

The burning rate of explosive CC is determined by
kinetics of redox reactions and is altered in a very wide
range due to significant variations in the oxidizer
reactivity as well as involvement of metal atom in redox
reactions. Since the combustion parameters are
important for priming composition and igniters, a
knowledge of the relationship between the burning rate
level and structure of explosive CC permits a reasonable
search and syntheses of these compounds.
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