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ABSTRACT: We study the structure and electronic properties of new
moieties of Li- and Mg-based hydroxides and carbonates. DFT calculations at
the B3LYP/6-311++G(2d,p) level show superhalogen behavior for the
Li(OH)2, Mg(OH)3, Li(HCO3)2 and Mg(HCO3)2 clusters, which have
adiabatic electron affinity 3.19, 3.89, 5.24, and 4.64 eV, respectively.
Superalkali behavior has been identified for the Li2(OH), Li4(OH)3,
Li2HCO3, and Li4(HCO3)3 clusters, which have vertical ionization potential
4.65, 3.89, 4.48, 5.08, and 4.27 eV, respectively. Calculated fragmentation
energies along selected channels indicate that some of these molecules
possess believable propensity as oxidizers for usage as propellants and fire
suppressors.

■ INTRODUCTION
The chemistry of flame retardancy is rather complex and
involves the understanding of the ignition process in different
materials. The mechanism of fire propagation depends
primarily on the nature and chemical structure of the materials
under combustion and on the resulting materials in both solid
and gaseous phases. These compounds, intended to inhibit or
to stop the material’s combustion, are classified primarily into
two categories, i.e., addictive or reactive, which means that the
flame retardant agent can act physically (by cooling and
formation of a protective layer) or chemically (reaction in the
condensed or gas phases), thus interfering therein in the
various processes which take place during combustion. Good
flame retardants need to be stable and to last long. Lithium
hydroxide LiOH is a not flammable compound used in
breathing gas purification systems for spacecraft, submarines,
and rebreathers to remove carbon dioxide from exhaled gas by
producing lithium carbonate and water. On heating, the
thermal decomposition reaction of LiOH is1 2LiOH(s) →
Li2O(s) → H2O(g). Metallic hydroxides usually provide
effective flame retarding effects by decomposing endothermi-
cally and releasing water at high temperatures. The two most
commonly used mineral flame retardants are aluminum
trihydroxide (Al(OH)3) and magnesium dihydroxide (Mg-
(OH)2), which start liberating water vapor at approximately
200 and 300 °C, respectively; such a marked endothermic
reaction is known to act as a “heat sink”.2 Magnesium
hydroxide can effectively reduce the flammability (almost
50%) of natural fiber filled polypropylene composites.3 Toxic
combustion products like carbon monoxide are the cause of
most fire fatalities, and the fire atmosphere toxicity is
commonly determined by the CO levels. Crucial to the

oxidation of carbon monoxide is its reaction with the hydroxyl
radical OH, and in a typical diffusion flame, this occurs as CO +
OH → CO2 + H. The presence of additional water, perhaps
from the decomposition of a flame retardant, may have both a
diluent and quenching effect, preventing complete oxidation of
CO, and act as a source of hydroxyl radicals promoting the
oxidation of CO to CO2.

4

Carbonates otherwise are widely used as endothermic flame
retardants. Lithium hydrogen carbonate decomposes on
heating as 2LiHCO3(s) → Li2CO3(s) + CO2(g) + H2O(g).
Although all carbonates release CO2 at high temperatures, only
magnesium carbonate has the lowest release temperature (550
°C). Magnesium hydroxide and magnesium carbonates are
endothermic flame retardants and smoke suppressants utilized
in applications where higher processing temperatures are
necessary, and they are sufficiently stable to be incorporated
into thermoplastics without decomposition.5−10 Magnesium
carbonate is an alternative to the commonly used mineral filler
fire retardants, which thermally decompose releasing water and
carbon dioxide, leaving a solid residue of magnesium oxide:5

Mg5(CO3)4(OH)2 · 4H2O → 5MgO + 4CO2 + 5H2O.
Magnesium bicarbonate otherwise exists only in aqueous
solution, and to produce it, a suspension of magnesium
hydroxide is treated with pressurized carbon dioxide, producing
a solution of magnesium bicarbonate: Mg(OH)2 + 2CO2 +
Mg(HCO3)2. The remaining magnesium carbonate begins to
decompose releasing carbon dioxide: MgCO3(s) ⇌ MgO(s) +
CO2(g). Drying the resulting solution causes the magnesium
bicarbonate to decompose, yielding magnesium carbonate,
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carbon dioxide, and water: Mg2
+ + 2HCO3

− → MgCO3 + CO2
+ H2O. On heating magnesium bicarbonate decompose as7,8

Mg(HCO3)2 → 2MgCO3 + H2O → 2MgO + CO2 + H2O. For
the magnesium hydroxide, the thermal decomposition reaction
is Mg(OH)2 → MgO(s) + H2O(g), which proceeds by the
advance of a two-dimensional interface at a linear rate.6

On the other hand, propellant is the chemical mixture
burned to produce thrust in rockets and consists of a fuel and
an oxidizer. A fuel is a substance that burns when combined
with oxygen producing gas for propulsion. Oxidizers are agents
that initiate or promote combustion in other materials, thereby
causing fire either of itself or through the release of oxygen or
other gases. Depending on the class of the chemical, an
oxidizing material may increase the burning rate of combus-
tibles with which it comes in contact. Thermal rockets use inert
propellants of low molecular weight that are chemically
compatible with the heating mechanism at high temperatures.
To be efficient, a propellant should have a large heat of
combustion to yield high temperatures and should produce
combustion products containing simple, light molecules
embodying such elements as hydrogen, carbon, oxygen,
fluorine, and the lighter metals, such as lithium. Among the
most powerful oxidizers in the world are the hydroxyl radicals,
stronger than chlorine, ozone, and peroxide. These radicals are
very important for sustaining combustion since it is responsible
for the heat generation in the flame.11−13 Good propellants
should have low ionization energy, allowing for more efficient
ionization. An emerging hurdle in high-power thruster
development has been the use of xenon as propellant, but
the first disadvantage to xenon is its high cost.14 Several
alternative propellant options have been considered, like
bismuth, cadmium, cesium, and krypton. Cesium is a much
more efficient alternative, since it has a much lower ionization
energy (3.893 eV) than xenon (12.127 eV), which allows for
significant energy savings in propellant ionization, while the
mass is similar enough to xenon that thruster performance will
be almost identical. The difficulty with Cesium arises from the
cost, reactivity, and toxicity.
In this study we design new moieties of Li- and Mg-based

hydroxides and carbonates by means of DFT calculations. We
seek strongly reactive superhalogen and superalkali15−19

moieties as viable alternatives for new chemicals with enhanced
performance as strong oxidizers for propellants or fire
extinguishers. The large designed supramolecular complexes
have the advantage of carrying a larger number of ligand
hydroxyl and carbonate radicals which can provide multiple
decomposition pathways with outcomes resulting either from
exothermic or endothermic reactions, which give rise to the
formation of highly reactive radicals, good for propellants, or
otherwise to inert atmospheres, water, flame retardant char
layers, and environmentally friendly products, good for flame
retardants.

■ COMPUTATIONAL METHOD
Density functional theory calculations are performed with the
Gaussian-09 package.20 For the exchange-correlation potential
we employ the B3LYP functional, which combines the Becke 3-
parameter correlation and the Lee−Yang−Parr hybrid ex-
change.21 The basis set 6-311++G(2d,p) is adopted for the
expansion of the molecular orbitals. The seek for the ground
state structures was performed by using several different
starting geometries in order to check for isomers, without any
constraint in the potential energy surface. At the end of each

optimization run a vibrational analysis was performed in order
to ensure they have no imaginary frequencies. A tight
convergence thresholds was chosen: 10−5 hartree/bohr (for
the root-mean-squared force), and the residual atomic forces
are no larger than 2 × 10−5 hartree/bohr. The adiabatic
electron affinity (EA) is calculated as the difference in energy
between the anionic cluster and its neutral precursor at their
respective equilibrium geometries. The vertical ionization
potential (VIP) is calculated as the difference between single-
point energies of neutral and corresponding cationic systems at
the same geometry. A natural population analysis was
performed in order to determine the orbital populations
(NBO) of the molecular wave functions for each chemical
species.

■ RESULTS AND DISCUSSION
Lithium and Magnesium Hydroxides. In this study, we

start by decorating the Li and Mg alkali metal atoms with the
hydroxyl radical OH in successive attachments in number up to
exceed their formal valence by one, following the recipe for the
obtention of superhalogen species.22,23 The equilibrium
structures of the Li clusters are showed in Figure 1. Li and H

atoms are electron donors while O is an acceptor. Note (top)
that in the anion OH− the extra electron goes entirely to the O
atom; despite this we still see same O−H bond length. As it can
be seen in Table 1, the calculated EA of the OH radical is 1.78
eV, and the binding energy per atom Eb is 3.68 eV. The latter is
obtained as Eb = Et − nEatom, where Et and Eatom are the total
electronic energy of the cluster and the total electronic energy
of the atom. With the OH radical attached to the Li atom, we

Figure 1. Equilibrium geometries of Li-based hydroxides. Bond
lengths (Å) and natural bond orbital (NBO) charges (e) are indicated.
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see in Figure 1 a linear shape for the LiOH cluster, where the
NBO charge on Li (+0.97 e) is about twice that on the H atom
(+0.45 e). Interestingly, in the anion LiOH− the NBO charge
on the O atom (−1.44 e) is practically the same as in the
neutral precursor (−1.42 e), whereas on the Li atom it is
vanishingly small (+0.03 e). The calculated EA is 0.33 eV,
andEb = 3.94 eV. With two OH units attached to Li, we see a
bent ”V” shape for the Li(OH)2 cluster; note that both Li and
H atoms have same NBO charge as in LiOH. The anionic
Li(OH)2

− cluster is linear. A significant increase is observed for
EA (3.19 eV), which is indicative of superhalogen behavior,
since it has higher electron affinity than iodine (3.06 eV). This
is also a strongly bonded cluster as indicated by its calculated Eb
= 4.11 eV. Just for the sake of comparison, for H2O, Eb = 4.21
eV (at the same level of theory).
Now, if we use the Li(OH)2 cluster as building blocks

decorating the Li atom, we have the equilibrium geometries of
the Li2(OH)2 and Li3(OH)4 clusters as showed in Figure 1
(neutral and anion). Note that the NBO charge on the H atoms
in these clusters present close values as well as similar O−H
bond lengths. For these two larger clusters, the calculated EA
are 0.11 and 3.04 eV, respectively. The latter could be thought
as a hyperhalogen, accordingly to the recipe for the obtention
of hyperhalogen moieties,24 if EA had increased. However, EA
decreases to 3.04 eV. This can be thought as arising from the
unfavorable geometry of the largest size cluster that prevents an
enhanced delocalization of the bonding charge which is
supposed to contribute to the onset of stronger bonding.
This results in longer bond lengths as seen in the anion. The
extremes of the molecule tend to stay farther and separated
from each other by keeping charge of same signal; each pair of
O atoms is bridged by a Li atom.
The attachement of the OH radical to a Mg atom forms the

MgOH cluster with the linear shape as showed in Figure 2; the
anion MgOH− however is bent. This arises from the fact that
both Mg and H are electron donors, and thus they tend to stay
as farther as possible from each other. In the neutral cluster, the
large NBO charge on the Mg atom contributes to stretch the
cluster, and with charges of same sign at the opposite ends, the
linear shape is enforced for the equilibrium geometry. Note the
similarity of these clusters (neutral and anion) with the
equivalent Li-clusters. As a result of the stronger metallic
character (divalence) of the Mg atom, as compared with the Li
atom, the NBO charge on Mg is much larger in the Mg-clusters
upon the addition of more OH radicals, which in turn
contribute to impart the symmetrical shapes for the MgOH2

and MgOH3 clusters. In Table 1, we can see that EA increases
from 1.21 to 3.89 eV in the open shell clusters MgOH and
MgOH3. This latter is also a superhalogen, since EA surpasses
that one of chlorine (3.62 eV). Besides, it is also a strongly
bonded species (Eb = 4.41 eV).
By use of the Mg(OH)3 cluster as building blocks to decorate

the Mg atom in number to exceed its formal valence (+2), the
large sized clusters Mg2(OH)3, Mg3(OH)6, and Mg4(OH)9 are
built up (Figure 3). Note how the “Y” shape of the Mg(OH)3 is

preserved in these clusters. The extra electron in the anion
Mg4(OH)9

− is mostly located on the pair of O atoms at the
ending point (left) of the molecule, which leads to a smaller
NBO charge on the neighboring H atoms. Observe that the
NBO charge on the Li atoms is similar in both neutral and
anionic clusters. These large sized clusters are strongly bonded
species, as indicated by the significant calculated results for Eb
(see Table 1). EA reaches 3.52 eV for the Mg4(OH)9 cluster,

Table 1. Symmetry, Adiabatic Electron Affinity (EA), and
Binding Energy (Eb) Calculated at the B3LYP/6-311+
+G(2d,p) Level for Lithium and Magnesium Hydroxides

cluster symmetry EA (eV) Eb (eV)

OH C∞v 1.78 3.68
LiOH C∞v 0.33 3.94
Li(OH)2 C2 3.19 4.11
Li2(OH)2 D2h 0.11 4.38
Li3(OH)4 C1 3.04 4.40
MgOH C∞v 1.21 3.43
Mg(OH)2 C2v 0.46 4.43
Mg(OH)3 C2 3.89 4.41
Mg2(OH)3 Cs 1.00 4.41
Mg3(OH)6 C2 0.37 4.83
Mg4(OH)9 C1 3.52 4.82

Figure 2. Equilibrium geometries of Mg-based hydroxides.

Figure 3. Equilibrium geometries of Mgn(OH)m clusters.
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which is even larger than that one of fluorine (3.40 eV) and is
only smaller than EA of chlorine. This is also a superhalogen.
Despite the fact that the latter has been built up by decorating
the Mg atom with superhalogen units as building blocks,
following the recipe to build hyperhalogens, its EA does not
surpasses that of Mg(OH)3, as one could expect. The reasoning
for this can be understood by considering the filling of HOMO
antibonding orbitals, which decreases the stability of the
molecule and contributes to the onset of the stretched
geometry of the large sized hydroxide Mg clusters by
electrostatic repulsion, which polarizes the ending points of
the molecule with charge of same signal.
Lithium and Magnesium Carbonates. In Figure 4 are

shown the equilibrium geometries of the carbonate Li clusters.

As Li and H, the C atom is an electron donor. Observe in the
HCO3 cluster how the NBO charge on the O atoms is
distributed differently, despite the close C−O bond lengths,
due to the presence of the H atom. In the anionic cluster, this
distribution is almost equivalent. The calculated EA (Table 2)

of the neutral cluster is 3.62 eV (close to EA of chlorine, 3.62
eV), which is in excellent agreement with the experimentally
determined value25 3.680 ± 0.015 eV, as well as with results of
high-level ab initio calculations at the CCSD(T) level of theory,
i.e., 3.62 eV. This is very stable moiety, with Eb = 5.92 eV. With
one HCO3 unit attached to the Li atom is formed the LiHCO3
cluster (symmetry Cs); Eb = 5.80 eV, EA = 0.37 eV. This is a
closed shell cluster. In the anion, the NBO charge on the Li

atom (+0.03 e) is almost neutralized by the additional electron.
On the C and H atoms the NBO charge is very similar to those
ones in the neutral cluster. With two HCO3 units decorating
the Li atom we see in Figure 4 the Li(HCO3)2 cluster
(symmetry C1), where the HCO3 units are seen practically
unchanged. On the Li and C atoms we see equal NBO charge
(+0.90 and +0.96 e, respectively) in both neutral and anion; for
the H atoms these are very close. In the anion the Li−O bond
length is shortened (2.04 Å) as compared to the neutral
precursor (2.29 Å). The electron affinity increases significantly
to 5.24 eV in the large sized cluster Li(HCO3)2. This is a
superhalogen.
When using the HCO3 cluster to decorate the Mg atom are

formed the clusters with equilibrium geometry showed in
Figure 5. In the MgHCO3 cluster, the NBO charge on the Mg

atom is equal to that on on the Li atom in the LiHCO3 cluster.
Note how the OH radical now is seen bonded to the Mg atom,
and its (overall) NBO charge changes from −0.21 to −0.42 e in
the neutral cluster. The neutral cluster Mg(HCO3)2 is similar to
the equivalent Li-cluster, whereas the anion show a distorted
geometry. The largest clusters exhibit rather complex geo-
metries. Note the similar NBO charge on the Mg atoms. The
calculated EA increases from 1.51 eV in the MgHCO3 cluster to
4.64 eV. This is also a superhalogen. It also has a remarkable
value for Eb (6.14 eV). Interesting enough is the fact that one of
the OH radicals in these clusters tends to stay close to the Mg
atom in the open shell clusters, differently to the Li-based
clusters.
Next step, we investigate what could be the effect of to

decorate the hydroxyl and bicarbonate anions with two Li
atoms, therein exceeding their formal valence by one. We look
for changes in the vertical ionization potential (VIP), following
a simple recipe for superalkali.24,26 The clusters so formed are
showed in Figure 6. Note how the structural integrity of the
radicals is preserved in these clusters, despite the changes in the
geometries. As showed in Table 3, when two Li atoms are
attached to OH, VIP = 4.65 eV, which is lower than that one of
Li (5.61 eV), calculated here at the same level of theory. The

Figure 4. Equilibrium geometries of Li-based carbonates.

Table 2. Symmetry, Adiabatic Electron Affinity (EA), and
Binding Energy (Eb) Calculated at the B3LYP/6-311+
+G(2d,p) Level for Lithium and Magnesium Carbonates

cluster symmetry EA (eV) Eb (eV)

HCO3 Cs 3.62 5.92
LiHCO3 Cs 0.37 5.80
Li(HCO3)2 C1 5.24 5.90
MgHCO3 Cs 1.51 5.45
Mg(HCO3)2 C2 0.39 6.16
Mg(HCO3)3 C1 4.64 6.14

Figure 5. Equilibrium geometries of Mg-based carbonates.
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first ionization potential of lithium is 5.39 eV. This represents a
significant decrease in VIP. Now, if we use the Li2(OH) cluster
as building blocks to decorate the hydroxyl radical OH− again,
the successive additions of one and two units causes VIP, first
to increase to 9.06 eV in the Li2(OH)2 cluster, and after to a
further decrease to 4.48 eV in the Li4(OH)3 cluster, which
represents a decrease of about 20% in the VIP of lithium. By
repeating the same procedure with the HCO3

− radical, we see
the same behavior, i.e., VIP decreases to 5.08 eV in the
Li2(HCO3), as compared with lithium, with a further to 4.27 eV
in the Li4(HCO3)3 cluster (≈ 24%). See in Table 3 that for this
cluster Eb = 6.39 eV! For the sake of comparison, our calculated
VIP for the cesium atom is 4.00 eV at the same level of theory.
This recipe introduces a breakthrough for the achievement of
even lower ionization potentials, i.e., to decorate a strong
electronegative species with alkali metal atoms in number that
exceeds its formal valence by one.
Fragmentation Energies. We proceed by discussing the

fragmentation energies observing the dissociation of these
clusters calculated along selected channels. The results for the
hydroxides and carbonates are showed in Table 4 and Table 5,

respectively. Several decomposition channels are listed for the
neutral clusters. Lithium hydroxide melts without decom-
position, while on further heating it decomposes as 2LiOH →
Li2O + H2O (800−1000 °C). Lithium hydrogen carbonate
decomposes by heat: 2LiHCO3(s) → Li2CO3(s) + CO2(g) +
H2O(g). The thermal decomposition of Mg(OH)2 at 350 °C, is
highly endothermic with an additional evolution of a large
amount of water (about 31%): Mg(OH)2 → MgO + H2O. The
thermal decomposition of Mg(HCO3)2 is accelerated and the
decomposition ratio is improved greatly with increasing system

Figure 6. Equilibrium geometries of Lin(OH)m and Lin(HCO3)m
clusters.

Table 3. Symmetry, Vertical Ionization Potential (VIP) and
Binding Energy (Eb) Calculated at the B3LYP/6-311+
+G(2d,p) Level of Li-Based Clusters

cluster symmetry VIP (eV) Eb (eV)

Li2OH C2v 4.65 3.33
Li2(OH)2 D2h 9.06 4.38
Li4(OH)3 Cs 4.48 4.12
Li2HCO3 Cs 5.08 5.12
Li2(HCO3)2 Cs 9.87 5.96
Li4(HCO3)3 Cs 4.27 6.39

Table 4. Dissociation Energies at Selected Channels
Calculated at the B3LYP/6-311++G(2d,p) Level

channel eV kcal/mol

LiOH → Li + OH 4.45 102.61
2LiOH → Li2O + H2O 0.86 19.85
Li(OH)2 → LiOH + OH 1.37 31.68
2Li(OH)2 → Li2O + H2O + 2OH 3.61 83.35
Li(OH)2 → Li + 2OH 5.82 134.28
Li2OH → LiOH + Li 1.53 35.30
Li2(OH)2 → 2LiOH 2.65 61.17
Li2(OH)2 → Li2O + H2O 3.52 81.17
Li2(OH)2 → Li(OH)2 + Li 5.73 132.10
Li3(OH)4 → Li2(OH)2 + Li(OH)2 1.59 36.63
Li3(OH)4 → Li2(OH)2 + LiOH + OH 2.96 68.31
Li3(OH)4 → Li(OH)2 + 2LiOH 4.24 97.80
Li3(OH)4 → 3LiOH + OH 5.62 129.48
Li3(OH)4 → 2Li(OH)2 + Li 7.31 168.73
Li4(OH)3 → Li2(OH)2 + Li2OH 1.56 35.97
Li4(OH)3 → 2Li2OH + OH 7.13 164.44
Mg(OH)2 → MgO + H2O 4.71 108.51
Mg(OH)2 → Mg + 2OH 7.44 171.62
Mg(OH)3 → OH + Mg(OH)2 1.35 31.17
Mg(OH)3 → MgOH + 2OH 5.85 135.01
Mg(OH)3 → MgO + H2O + OH 6.57 139.67
Mg3(OH)6 → 3Mg(OH)2 5.94 137.01
Mg3(OH)6 → Mg2(OH)3 + Mg(OH)3 6.27 144.66
Mg4(OH)9 → Mg3(OH)6 + Mg(OH)3 2.71 62.38
Mg4(OH)9 → 3Mg(OH)2 + Mg(OH)3 8.65 199.39

Table 5. Dissociation Energies at Selected Channels
Calculated at the B3LYP/6-311++G(2d,p) Level

channel eV kcal/mol

HCO3 → OH + CO2 0.81 18.58
2LiHCO3 → Li2CO3 + CO2 + H2O 0.54 12.33
LiHCO3 → LiOH + CO2 1.53 35.29
LiHCO3 → Li + HCO3 5.17 119.31
Li(HCO3)2 → LiHCO3 + HCO3 0.55 12.67
Li(HCO3)2 → Li + 2HCO3 5.72 131.98
Li2HCO3 → Li + LiHCO3 1.05 24.13
Li2(HCO3) → 2Li + HCO3 6.22 143.44
Li2(HCO3)2 → 2LiHCO3 1.91 44.09
Li2(HCO3)2 → 2CO2 + H2O + Li2O 5.84 134.67
Li2(HCO3)2 → Li2HCO3 + HCO3 6.04 139.27
Li2(HCO3)2 → Li(HCO3)2 + Li 6.54 150.73
Li4(HCO3)3 → Li2(HCO3)2 + Li2HCO3 1.26 28.95
Li4(HCO3)3 → Li2(HCO3)2 + Li(HCO3) + Li 2.30 53.08
Li4(HCO3)3 → 3CO2 + 3LiOH + Li 8.80 203.03
Li4(HCO3)3 → 3CO2 + H2O + LiOH + Li2O + Li 9.67 223.03
Mg(HCO3)2 → MgCO3 + CO2 + H2O 4.72 108.80
Mg(HCO3)3 → MgHCO3 + 2HCO3 6.35 146.48
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temperature from 50 to 80 °C in the initial periods of 0−30
min. The thermal decomposition of LiOH experimentally is
observed as 2LiOH → Li2O + H2O, for which we can see in
Table 4 that it corresponds to a fragmentation energy of about
3.52 eV. It is interesting to observe that the larger clusters that
are also highly reactive, despite having significant binding
energies (per atom), present reasonably low energies along
some selected decomposition channels, which can be useful in
applications as fire retardancy, if one does not want too high of
a reaction barrier to occur, so that the chemicals can respond to
flame promptly. For the Li-based hydroxides, we see that the
superhalogen cluster Li(OH)2 has much lower fragmentation
energy (1.37 eV) than LiOH (3.52 eV). The same is observed
for the larger clusters Li2(OH)2 and Li3(OH)4, which can also
decompose thermally with relatively small fragmentation
energies.
For the Mg-clusters hydroxides, we see in Table 4 some

really interesting results. For instance, Mg(OH)2 has a
experimental decomposition as Mg(OH)2 → MgO + H2O,
for which we calculate 4.71 eV as the amount of energy
necessary for this reaction to happen. However, for the
superhalogen cluster we see an alternate channel which requires
just 1.35 eV, which can be thought as an intermediate step
leading up to the formation of secondary products like
Mg(OH)2, which subsequently gives rise to MgO and H2O.
For the larger clusters we see also several alternate pathways to
reach intermediate steps, producing along the thermal
decomposition units of hydroxides and other reactive species,
useful as fire suppressors in endothermic reactions. On the
other hand, for the carbonates we can see in Table 5 relatively
small values for the fragmentation energy in selected channels,
as compared with the Li clusters. For instance, Li(HCO3)2 is a
superhalogen and it has a decomposition channel which
demands only 0.55 eV. The same can be said of the Mg
clusters. Let us say that Mg(OH)3 is a superhalogen, and it has
a decomposition channel of about 1.35 eV, giving rise to the
formation of Mg(OH)2 and the hydroxyl radical OH at an
intermediate step.
Finally, in Tables 4 and 5, we can see that for the superalkali

hydroxide clusters Li2(OH) and Li4(OH)3 there exist
fragmentation channels with close energies (1.53 and 1.56
eV, respectively), despite the large differences in their sizes,
structures and compositions. For the carbonate superalkali
Li2(HCO3) and Li4(HCO3)3, we have fragmentation energy
values as low as 1.05 and 1.26 eV, respectively. It is interesting
to observe also that, despite there is no flame retardants based
on lithium carbonates, to the best of our knowledge, some of
these new compounds offer interesting decomposition
channels. For instance, Li2(HCO3)2, which can come out in a
intermediate step of thermal decomposition of the superalkali
Li4(HCO3)3 (at an energy cost of only 1.26 eV in an
endothermic reaction) has a decomposition channel of 5.84
eV, which leads to exhale CO2, H2O, and Li2O. Despite the
notorious flammability of both lithium and magnesium, among
the final products of the fragmentation channels, besides the
well-known flame retardant Mg(OH)2, are nonflammable
compounds like MgO, MgCO3, Li2O, LiHCO3, and Li2CO3.
As a final remark, the results above indicate as superhalogens
Li(OH)2, Mg(OH)3, Mg4(OH)9, Li(HCO3)2, and Mg-
(HCO3)3, and as superalkali Li2OH, Li4(OH)3, Li2HCO3, and
Li4(HCO3)3.

■ CONCLUSIONS

In summary, we investigate by means of DFT calculations the
design of new classes of supramolecular complexes formed by
assembling highly reactive clusters based on the Li and Mg
atoms. New superhalogen and superalkali moieties can be
obtained by following a simple recipe: to decorate a central
atom with halogen species or to decorate a very electronegative
species with superalkali units, which results in ever stronger
oxidizers. The calculations reveal that the large sized clusters
are indeed strongly bonded complexes. An assessment of the
fragmentation energies associated with several decomposition
channels show that there exists believable pathways which can
render useful applications for these chemicals as propellants
and fire retardancy.
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