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Abstract: In this work, a scale for pressure-adapted atomic
electronegativity is used to make general predictions of
bond polarity in H-, C-, N- and O-based compounds experi-
encing shock conditions. The qualitative picture that
emerges is one of increasing polarity of several bonds com-
mon in energetic materials. The general predictions made
are compared to, and found to support, claims of ionic de-
composition routes in compressed nitromethane and ni-
trate esters at high pressure. Changing electronegativity is

also suggested as a factor driving the ionic dis-
proportionation of various molecular phases with com-
pression. Calculations using the eXtreme-Pressure Polar-
izable Continuum Model (XP-PCM) predict increasing
energy differences between ground and excited states in
non-bonded H, C, N, and O atoms as a function of pressure.
This data enables for a discussion on the reliability of elec-
tronegativity-based rationales at more extreme thermody-
namic conditions.
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1 Introduction

This perspective article presents general predictions of
bond polarity in molecules that experience shock com-
pression. In conventional chemistry (at ambient conditions),
realistic bond polarities can often be inferred from textbook
tabulations of electronegativity. For example, chemists
know to expect O to hold a negative charge when bonded
to C because the former is more electronegative. A caveat
often omitted is that at conditions of high-pressure atomic
properties such as electronegativity, radii and even electron
configuration can be different, and sometimes drastically so
[1-3]. These changes can wreak havoc with our ability to
rationalize or predict what may occur at different thermo-
dynamic conditions. The purpose of this work is to high-
light the availability and utility of an existing scale of atomic
electronegativity adapted to high pressure [1-3].

Several different definitions of electronegativity have
been proposed over the years (e.g., [4-9]). The resulting
atomic scales typically show comparable trends across the
periodic table and can often be interchangeably used to
predict chemistry. However, few definitions are straightfor-
wardly applicable to the study of compressed atoms. Our
favored definition of electronegativity is the average bind-
ing energy of valence electrons [9]. This definition is similar,
but not equal, to that of Allen [8], and allows (within certain
approximations) for an extension to high pressure [1].

The arguments made herein assumes a simple premise:
electronegativity is predictive of bond polarity. To make
predictions following this premise, we rely on quantum me-
chanical calculations that describe isotropic compression of
atoms by a non-reactive chemical environment resembling
neon [1-3]. In other words, we rely on atomic properties
that are provided in the absence of chemical bonding. This
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approach is analogous to how rationalization of chemical
bonding under ambient conditions is often helped by com-
parison to atomic reference states.

We focus on four atom types: H, C, N and O. Extensive
computational searches over stoichiometries of these atoms
have predicted a plethora of phases forming under the im-
mense pressures (100 s of GPa, 1 GPa~ 10,000 atm) of the
interior of planets [10,11]. These same atoms are compo-
nents of many energetic materials, which, when they deto-
nate become subject to similar (albeit non-static) high-pres-
sure conditions. Detonation pressures of conventional and
state-of-the-art explosives range from ~20GPa up to
~42 GPa (Figure 1) [12,13]. Even higher pressures, exceed-
ing 100 GPa, have been predicted for as-of-yet hypothetical
polynitrogen compounds [14].

The chemical dynamics of energetic materials experi-
encing conditions of shock are complex (see e.g., [15-17]).
It is well established that explosive-driven shock waves can
alter reaction mechanisms [18,19], and it has been sug-
gested that some ionic reactions are accelerated by com-
pression. For example, at low-pressure nitrate esters de-
compose via homolysis of RO-NO, bonds, but at high static
and shock pressures the bond cleavage becomes ionic and
results in the formation of nitrate and carbocations [18, 19].
The alteration of chemistry brought by compression is
largely driven by changes to the underlying electronic
structure and energy density of atoms and materials
[20,21]. Shock-induced electrical activity has been reported
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Figure 1. Detonation of energetic materials is one way to explore
the effect of high pressure on chemistry. Shown are trinitrotoluene
(TNT), Hexanitrohexaazaisowurtzitane (CL-20) and tetrahedral nitro-
gen (t-N,).

in energetic polymeric solids [22]. Local metallization of en-
ergetic compounds has been proposed to explain the often
supersonic (>8 km s™') and optically opaque reaction fronts
[23].

Arguments based on electronegativity can fail, and
sometimes do already at ambient conditions [24,25]. In
what follows, we look to a scale of pressure-adapted elec-
tronegativity to improve our intuition of bond polarity in
the extreme conditions of shock fronts. We also begin to
address the reliability of predictions derived from electro-
negativity to the effects of temperature.

2 Methodology

The data underlying this work has been generated using
the eXtreme-Pressure Polarizable Continuum Model (XP-
PCM), an extension to high pressure of a method well-
known in chemistry for treating solvent effects [26,27]. In
the XP-PCM approach, the chemical environment surround-
ing an atom is modelled by a polarizable continuous me-
dium defined in terms of a dielectric permittivity and a ho-
mogeneous electronic charge density. The atom to be
compressed is placed in a cavity defined by a radius r.. The
total energy, E(r.), of the compressed system described by
XP-PCM is expressed as

1

E(r) =< WIH + 5V + V¥ >, Q)

where ¥ is the wavefunction of the compressed atom, H° is
the Hamiltonian of the isolated atom, and Ve and V, are op-
erators describing electrostatic and Pauli repulsion inter-
actions with the surrounding environment, respectively.
The Pauli repulsion operator dominates the interaction be-
tween the atom and its environment, and it takes the form
of a penetrable repulsive step potential located at the
boundary of the cavity:
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where p(r) = >V 6(r —r,) is the electron density operator,
N is the number of electrons in the system, Z is the height
of the barrier potential, and ©(r) is a spherical Heaviside
unit step function that equals 0 inside the cavity C and 1
outside. Because this work largely relies on analysis of al-
ready published data, this method description is not ex-
haustive. Model parameters and further details on the cav-
ity-dependence of Z is, for example, detailed elsewhere
[26-29]. The interested reader is encouraged to study cited
work for details beyond what is provided herein.

The pressure corresponding to a given cavity radius
(and atomic property) can be calculated as the derivative of
the electronic energy with respect to the confining cavity
volume V, [30]

(o
P—*a—vc‘ (3)

An advantage of XP-PCM is that it, in principle, allows
for any quantum mechanical level of theory. Other methods
with similar capabilities to XP-PCM have been developed
recently [31,32]. However, established options for model-
ling compression of single atoms, such as the helium com-
pression chamber or matrix method [33], require large sys-
tem sizes and the use of periodic boundary conditions. The
latter approaches practically limit the level of theory to gen-
eralized gradient approximation-type density functional
theory (DFT) calculations. Using XP-PCM, it is possible to
rely on full-potential and relativistic treatment of atoms and
on hybrid DFT methods at relatively moderate cost.

In this work, we analyze atomic properties calculated us-
ing the Perdew-Burke-Ernzerhof hybrid-exchange correla-
tion functional PBEO [34]. A Douglas-Kroll-Hess second-or-
der scalar relativistic Hamiltonian [35-39] was used
together with the very large and uncontracted atomic natu-
ral orbital-relativistic correlation consistent (ANO-RCC) basis
set [40]. All calculations were done using a modified version
of Gaussian 09 [41]. XP-PCM used together with this level of
theory has been thoroughly benchmarked [1], e.g., by com-
parison to experimental T — 0K compression isotherms
[42] of elemental solids and shockwave experiments [2].
The approach effectively reproduces the properties of non-
bonded atoms compressed by an environment most closely
resembling that of neon.

With a quantum mechanical model in hand, it is possi-
ble to evaluate a range of properties, such as changing
electronic ground states, size and electronegativity of com-
pressed atoms [1-3]. Atomic electronegativity is here ap-
proximated from averages of energies of Kohn-Sham orbi-
tals, as detailed elsewhere [1]. The reliability of
electronegativity arguments at higher temperatures is in
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this work discussed with the help of computed energy dif-
ferences between highest occupied and lowest unoccupied
atomic orbitals as a function of pressure.

3 Results and Discussion

Figure 2 shows how the electronegativities of C, N, and O
atoms are predicted to change as a function of pressure rel-
ative to H. To better highlight changes between these
atoms with increasing pressure, Figure 2 is referenced to
standard conditions of pressure (i.e., where p~0) [9]. The
data in Figure 2 can be used to make the following general
predictions for realistic (< 50 GPa) shock conditions (relative
to ambient conditions):

1. C—N, C-0O, N-O, N—H, and O—H bonds should become
more polar, with an increasing negative charge on O be-
fore N.

2. Electron density in C—H bonds should shift more to-
wards H.

15

Beyond state-of-the-art

State-of-the-art

0.5

Electronegativity relative to H, referenced to p=0 (eV e-1)

. ool T PR
0 50 100 150 200
Pressure (GPa)

Figure 2. Electronegativity of C, O and N relative to H as a function
of pressure. The y-axis is referenced to conditions of zero pressure
at which the electronegativity of these atoms are: H: 13.6, C: 13.9,
N: 16.9, 0: 18.6 eVe ™' (1 Pauling unit ~6 eVe ') [9]. Ranges of deto-
nation pressures in existing and hypothetical future materials are
indicated in blue and green, respectively. State-of-the-art is here
defined by the detonation pressure of CL-20. None of these atoms
are predicted to undergo changes to their ground state electronic
configurations in the relevant pressure range.

Propellants Explos. Pyrotech. 2022, €202100306 (3 of 7)

Propellants,
Explosives,
Pyrotechnics

These predictions come with several caveats. As we will
return to discuss, we should expect that electronic struc-
tures of molecules will occasionally override predictions
based on simple descriptors like electronegativity. Fur-
thermore, whereas we might expect a C—H bond to change
its polarity from C°—H’"—C°*—H°~ with compression (c.f,
Figure 2), there is no unique method for quantifying atomic
partial charges. Predictions of trends are more reliable than
absolute calculations of polarity. Note also that the data
shown in Figure 2 refer to atoms being non-reactively and
hydrostatically compressed as T—0K. How temperature
may affect electronegativity is addressed in section 3.2 but
is ignored in the following discussion.

To see how the general predictions of bond polarity
hold up in real materials, we turn to literature. Ab initio
methods have been used to study the effects of shocks on
various energetic H-, C-, N- and O-containing compounds
(e.g., [43]). However, to the best of the author’s knowledge,
there is but one example that reports on trends in polarity
of bonds in energetic materials in such conditions: high-
pressure DFT molecular dynamics simulations of nitro-
methane, CH;NO, [44]. These simulations have predicted an
increased negative charge on H (i.e., in C—H bonds) with in-
creasing pressure, and are thus seemingly in agreement
with the evolution of electronegativity of these atoms with
pressure.

The details of nitromethane decomposition are com-
plex, debated, and outside the scope of this work to ad-
dress in full. However, we note that Figure 2 also provides a
possible explanation for some decomposition pathways
supported both by ab initio DFT [44] and by HCNO-para-
metrized Density Functional Tight Binding (DFTB) simu-
lations [45] of nitromethane: enhanced proton transfer with
compression, forming CH;NO,H* and CH,NO,". These simu-
lations both sampled conditions of tens of GPa and thou-
sands of degrees.

The significant increase in the electronegativity of O
with pressure predicts negative charge accumulation on
this atom, which, in turn, should favor electrostatic inter-
actions in materials, facilitating proton transfer. It, therefore,
appears that knowledge of the pressure dependence of
electronegativity and atom connectivity can suffice to qual-
itatively explain both reduction and oxidation of H in com-
pressed nitromethane.

Simulation of realistic shock conditions is exceptionally
computationally costly, and reactive force fields (e.g., Re-
axFF [15,17]) are commonly used instead of quantum me-
chanics. It should be noted that simulations of nitro-
methane using such methods disagree with the mentioned
DFT and DFTB results. ReaxFF simulations predict nitro-
methane to decompose through unimolecular and neutral
reaction mechanisms at similar conditions of compression
[46]. It is possible that the latter methods struggle to cap-
ture the subtle electronic effects discussed herein, effects
that have their origin in the changing nature of the atoms
themselves with compression. For example, the forcefield
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used to study nitromethane was parametrized against
ground state molecules and is therefore unlikely to produce
ionic species in simulations.

The XP-PCM model used to generate the data in Fig-
ure 2, accurately captures the full electronic response of
compression on individual H, C, N, and O atoms, but leaves
the mechanistic implications of such atomic properties on
real materials up to speculation. In other words, the pre-
dictive utility of atomic electronegativity computed for high
pressure is at best as good as the conventional use of this
central chemical concept.

The predictions of changing bond polarity discussed in
this work are agnostic with respect to material. As such, the
general predictions exemplified using nitromethane apply
equally to all materials containing the same bonds. For ex-
ample, the same data may be used to rationalize the claim-
ed preference for ionic decomposition of nitrate esters at
high pressure [18,19]. There are, additionally, several exam-
ples of pressure-induced formation of ionic phases from
molecular solids that may find a partial explanation in the
shifting electronegativity of atoms. For example, at high
pressure water famously transforms into [OH][H;0"] [47]
and [H'],[0*] [48], and NH, into [NH,"][NH, ] [49]. Other
examples include the respective disproportionation of H,S
[50], NH;H,0, [51] and N,O [52]. The exact physical origins
of such transformations are outside the scope of this work
to determine. Here we postulate that the changing electro-
negativity of atoms may be one driving factor for such phe-
nomena.

3.1 Other Atoms

Many other atom types can be present in energetic materi-
als than the four discussed here. Complementary high-pres-
sure data for 93 atoms is freely available in the online
Atom-Under-Pressure Database [2,53]. Using this database,
we can explore what to expect from various kinds of metals
commonly used as fuels in energetic compositions. Doing
so makes apparent an exception-less rule: all metal atoms
become progressively less electronegative relative to H with
increasing pressure. This effect is larger for transition metal
atoms (e.g., Ti and Fe) and somewhat smaller for main
group metal atoms such as Al.

An example of the opposite is F, a strong oxidant pres-
ent in various energetic compounds (see e.g. [54-57]). The
F atom follows a similar albeit stronger trend compared to
O and N shown in Figure 2. The interested reader is encour-
aged to use the Atom-Under-Pressure Database [2,53] to
visualize this and any other atomic data.

3.2 The Effect of Temperature

Temperatures inside real detonations can soar well above
~5000 K. If one defines electronegativity as the average
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binding energy of valence electrons [9], then this property
is likely to be affected by electronic excitations to some de-
gree. The lowest excited states of H, C, N and O lie 10.20,
1.26, 1.97, and 2.38 eV above their respective ground states
[58]. Thermal excitation to such levels is unlikely even at
5000 K, where kT~ 0.43 eV. However, photons generated by
plasma in shock fronts are likely to enable such (mostly op-
tical) transitions. Figure 3 shows XP-PCM calculations pre-
dicting increasing gaps between occupied and unoccupied
levels in H, C, N, and O atoms with compression. Con-
sequently, the effect of temperature on the properties of
these non-reactively compressed atomic reference systems
can be expected to decrease with pressure.

Energy gaps in real bonded materials are another mat-
ter entirely: in compressed condensed phase systems, levels
formally belonging to different molecules or atoms interact.
The enlarged dispersion of valence and conduction bands
resulting from pressure conspire to lower optical band
gaps, and will, eventually, lead to metallization. Figure 3
suggests that increases of energy gaps in atomic non-bond-
ed reference states with pressure may partially counteract
the gap-lowering effect associated with band dispersion in
bonded systems. The degree to which such cancellation
can occur will vary between materials. Ab initio molecular
dynamics simulations of shocked nitromethane reportedly
do not produce a significant population of excited states
[59,60]. The band gap of shocked HMX remains large up to
90 GPa, and metallization is only predicted past 120 GPa
[61]. In other words, the bandgap of several energetic ma-
terials can stay relatively large in realistic shock front con-
ditions despite both compression and heating. These exam-
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Figure 3. Increasing energy differences between ground state and
excited state atoms as a function of pressure. Trends are estimated
from changing energy gaps between lowest unoccupied and high-
est occupied atomic Kohn-Sham orbitals.
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ples, focused on H, C, N and O, suggest that arguments
based on pressure-resolved electronegativity can remain
valid even in extreme conditions of temperature and pres-
sure. Nevertheless, electronegativity arguments are ex-
pected to weaken when excited states of atoms come suffi-
ciently down in energy to be significantly populated. Such
tendencies are predicted to occur for the compression of
several alkali, alkaline earth, transition metal, lanthanide,
and actinide atoms, but not for atoms of the main group

(11

4 Conclusion

In this work, we analyze an established scale of pressure-
resolved atomic electronegativity to build chemical in-
tuition for what to expect of chemistry in shock fronts. The
effect of high pressure on chemistry is often profound, and
arguably more straightforward to explore in static con-
ditions, e.g., with the use of diamond anvil cells. However,
by considering the dynamic processes of detonations and
focusing on four atom types, H, C, N, and O, it is possible to
make predictions of bond polarity and compare these
against research on energetic materials. Established trends
in polarities of chemical bonds and preferences for ionic de-
composition routes in nitrate esters and nitromethane at
high pressure are found to be qualitatively explainable from
the evolution of electronegativity with pressure. O and N
will grow progressively more electronegative relative to C
and H as pressure builds. The studied atomic data also ap-
pear in agreement with preferences for ionic dis-
proportionation in various high-pressure phases of small
molecules. The XP-PCM method is used to estimate the en-
ergies of excited states of H, C, N and O as a function of
pressure. These calculations support the utility of the sim-
ple yet central chemical concept of electronegativity even
at high temperature. The qualitative and general trends
proposed herein are suggested as a guide for what to ex-
pect when energetic materials are subjected to high pres-
sures.

5 Symbols and Abbreviations

TNT  2,4,6-trinitrotoluene

HMX 1,3,5,7-Tetranitro-1,3,5,7-tetrazocane
CL-20 Hexanitrohexaazaisowurtzitane
t-N, tetrahedral nitrogen
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