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A basic theoretical structure for mechanochemical transformations based on prior models for
solid-state reactions and HOMO-LUM(@ighest occupied molecular orbital-lowest unoccupied
molecular orbitgl gap closing produces the concept of distortion-induced molecular electronic
degeneracyDIMED) of the highest occupied and lowest unoccupied molecular orbitals of an
energetic molecule. Both intermolecular and intramolecular charge transfer are involved. The
resulting distortion-induced local instability, a mechanochemical effect, leads to chemical
transformations and can be analyzed by renormalization of the molecular hardness through the
molecular deformation energy. Linear combinations of normal modes are shown to be useful for
description of the mechanically induced reaction path. Numerical calculations for the RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazipenolecule are used to construct a path for initiation of a
reaction by shock. They show the breaking dafiagle N—N bond as the primary step. DIMED is
shown to be a kind of “inverse Jahn-Teller effect” leading to the general conclusion that
distortion-induced instabilities and mechanically induced reactions require some, but not necessarily
complete, HOMO-LUMO gap closure. This indicates that large local strains due to defects or
cracks will contribute to DIMED. The DIMED concept, because of its generality, has wide
applicability in solid-state chemistry. @002 American Institute of Physics.

[DOI: 10.1063/1.1485968

I. INTRODUCTION tended to any problem where a transformation on the mo-
_ _ _ lecular level is caused by an applied mechanical field. The
The role of mechanical energy in the chemistry of mo-application to shock initiation of a reaction is particularly
lecular systems is of growing importance. Although micro-relevant to the behavior of energetic materials.
SCOpiC models exist that describe the role of thermal, electri- In Spi’[e of centuries of use, exp|03ive5 present many
cal and photonic fields on chemical reactions, a generalcientific problems. Chief among these is the mechanism of
model for mechanical fields has not yet been formulatedgetonation. The enormous significance of energetic materials
Aside from the obvious relevance to solid-state reactions angénds significant impetus to understanding detonation, par-
phase transitions, many important applications remainticularly in the case of secondary explosives where both sta-
strength of materials, detonation, conformational polymor+ility and high power are desirable. In recent years, there has
phism, ambient-gas independent triboluminescence, lasefeen much work done in the field and within the last decade
pulse-generated shock waves and sonochemistry in gener@lew models have been proposed. As Fra¢cil! have ob-
as well as the configuration and folding of macromoleculesserved, “Understanding the first step in the response of en-
under stress. Although chemists often speak of the strain grgetic molecules to shock is a topic of considerable impor-
molecule undergoes, it is rarely in the context of the mol-tance because it ultimately would shed light on the
ecule’s response to an external field. Indeed, a general miensitivity properties of energetic materials.” It is the objec-
croscopic model for the many kinds of mechanochemicajye here to provide a theoretical framework upon which un-
transformations has not been available. The breadth of the%rstanding of that initial step can be built.
applications in chemistry _Warrants development of such a Tpe problem of detonation or any sudden input of me-
conceptual framework. This paper reports such a model anghanical energy is complicated by the large span of time and
applies it specifically to the problem of shock initiation of & jength scales involved. This range is on timescales shorter
molecular decomposition although, as noted, it may be eXman and up to those characteristic of molecular vibrations.
Such a front is far from thermal equilibrium and initiation of
dElectronic mail: eckhardt@unlserve.unl.edu decomposition at the front has to be treated as a nonergodic,
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nonequilibrium process. The first step in a detonation into investigate in detail an electronic instability mechanism
volves the initial effect of the shock wave on a molecule andfor molecular decomposition and its relation to the mecha-
does not necessarily involve complete decomposition of th@oelectronic effect.

molecule but rather the initial response that may introduce The calculational experiments by Kunz and CO-WOI’REI’S
the mechanism of decomposition. The initial response ahave shown lattice deformations can significantly decrease
such a front appears to be athermal transformationvhere e HOMO-LUMO gap for molecules and further demon-
the mechanical energy of the shock does not have to be cORate that any excess strain, such as that associated with a
\{erted into heat to become avaﬂaple as activatiexcita- .shock wave or defects, can further reduce the gap, as origi-
tion) energy. Thus, a comprehensive theory of detonatlorha”y suggested by GilmahFor the specific case of RDX
must examine the first step mechanism of energy transfe :

from the shock wave into the molecular degrees of freedomt.F_]e calculations clearly indicate that the gap closure leads a

Reviews of detonation mechanisms proposed for explo-Slngle N_NQ bond to break. _
A detailed study of the photodecompositionf free

sive molecular crystals have been recently publistfed. X X ) )
Shock compression of an energetic material is well characRPX has demonstrated conclusively that its photodissocia-
terized by translational overheatirighonon quasitempera- tion around 5.50 eV initially produces NO. This does not,
ture). In a model proposed by Dlott and Fayét,is assumed however, define the reaction pathway producing the NO.
that there is continuous energy flow from the compressivelyNevertheless, the study establishes that the N-Hi©up is
heated phonon bath into vibrational doorway modes mediinvolved in the photodissociation of RDX as it appears to be
ated by a multiphonon up-pumping mechanism that heats th@ detonation.

molecules to temperatures at which chemical bonds break. As in all materials research, we seek structure-function
This mechanism requires times of the order of hundreds ofelationships. In the case of energetic mater{alsnceforth
picoseconds for a ladder of vibrational states to be climbegaken as representative of all materials undergoing rapid in-
and to reach vibrational thermal equilibrium. The transla—put of mechanical energ’ywe look for the microscopic ori-
tional temperature overshoot for complex molecules can bgin of the molecular multistability, a ground state with mul-
tens of thousands Kelvin for shock-wave intensities characﬁme minima, that is the essential property of such systems.

teristic of the detonation of explosives although the rnOIeCUThe multistability is a manifestation of strong vibrational

lar degrees of free<_jom remain relatively cool. _At SU(_:h _tem'mixing between the ground and excited states. Thus, for en-
peratures, electronic excitations become possible within the . . Lo
ergetic molecules we expect an important contribution of

phonon-overheated zone due to electron—phonon couplingI tron-molecular vibration lina to the around stat
enhanced by the shock. Thus, it is reasonable to assume that cHron-molecu ation coupiing to the gro state

for secondary explosives or any system suffering a rapid inproperties. This naturally suggests an electronic mechanism

put of mechanical energy, initial processes occurring withinfor the first step of shock-induced reaction. Our hypothesis is

the shock wave front must be electronic in origin as it is forthat energetic materials’ sensitivity is associated with those
most primary explosives, while those decomposing behindvhose electronic structure changes under compression so
the front can arise from vibrational instabilities. electronic excitation of constituent molecules is favored.
Here we concentrate on a microscopic electronic mechalhis electronic mechanism for nonequilibrium decomposi-
nism of shock-induced molecular decomposition. A numbetion of a molecule within a shock compression is closely
of authors have proposed that electronic excitations are inelated to a change in reactivity index under stress, the mo-
volved in chemical processes involved with detonation, estecular hardness Gilman has examined the connection of
pecially in the initial step. This has been reviewed by FAust,mechanical stress and molecular hardriess.
and recently addressed for secondary explosiieEne es- Because solids are the primary concern for the shock
sence of the idea is that a shock wave can generate moleculggiiation of reaction, our general theory of solid-state
in highly excited electronic states, a mechanoelectronic efregction can be applied. Indeed, in that prior work, a brief
fect. Thus the initiating reaction due to shock is taken to bgjjscussion of the shock initiation of reaction relating to the
an electronic mechanism. detonation problem was presented. Here we incorporate the

Ina series of pa_pers,_Gllméhas emphaSlzed the _rple of apove considerations into our general theoretical formulation
mechanical energy in solid-state reactions and specifically OFor solid-state reactivity so that a specific model for the

HOMO-LUMO (highest occupied molecular orbital-lowest shock initiation of a chemical reaction and, as shall be seen,

unoccupied molecular orbitagjap closure in molecules suf- . . .
. : . .. mechanochemical transformations in general, can be devel-
fering shear strain. Further elaboration on the excitonic

mechanism of detonation initiation for RDXhexahydro- oped. . . . .
1,3,5-trinitro-1,3,5-triazinecrystal is found in a recent infor- .In this paper we next discuss the electron-driven mstg—
mative study by Kunz and co-workeighe model, based on bl|lt|e.S due to stresses 'related to molecular hardness. Density
numerical results, suggests that the pressure inside the irflunctional theory(DFT) is then used to calculate the relevant
pact wave front reduces the band gap between valence amgoperties for the RDX molecule. These results are subse-
conducting bands and promotes the HOMO—-LUMO transi-quently related to the mechanoelectronic effect that is con-
tion within a moleculé. Gilman’s strain-induced HOMO- nected to local instability arising from gap closure. Finally,
LUMO gap closing’ the Kunz group calculatiorfsand our  local mechanical instability and the electron—electron cou-
previous modé!for solid state reactions have stimulated uspling relation to cooperativity is considered.
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Il. ELECTRON-DRIVEN INSTABILITIES comparison with the elastic tensor associated with bulk ma-
) ) - terial and contravene established conventions in molecular
_ The stress-induced chemical decomposition procesgyysics. The concepts of isotropic and shear strain are not
within the compressed region due to shock, which must havg, icylarly useful at the molecular level and have not, to our
an electronic 0mechanlsm, is similar to photoinduced Strucknowledge, been employed in a formal construction. Force
tural changes? In both cases, a molecule undergoes perture,nsiants and normal coordinates are normative in discus-
bation for such a short period that there is insufficient time t0g;5 15 of molecular distortion and strain and we conform to
establish thermal equilibrium in the system, and, as in phog,qge conventions. This is consistent with the fact that the
toexcitation, the energy goes directly into electronic degreeg|,stic constants that appear in an elastic tensor are them-
of freedom. Mechanical shock, as with optical excitation ofga|yes functions of the force constants of the bodies they

molecules, creates a sudden change in the electron distribyagcrine. In this sense, a molecular elastic tensor would be a
tion, thereby destroying the balance of electron-mediated ingq/ived quantity of doubtful practical value at the micro-

teratomic forces that dictate the electronic ground Statescopic level. In a later discussiofSec. Il)) of molecular
There is an experimental observation that substantiates thj§teractions with mechanical fields, we show the utility of
view. Shock decomposition products of RDX molecules dif-g|5stic multipoles that may be easily represented as tensors.

fer from those found from thermal decomposition and are Denoting molecules perturbed by compression by the
identified with those of photochemical decomposittor? operatore(n)=1 and unperturbed ones by(n)=0, we

This suggests decomposition within the shock front occurg,, e previously shown that the energy change due fer-
by an electronic process since it is known that photochemica|,;;ped molecules is\E = MEy+ ®ger, Where the deforma-
decomposition proceeds through electronic excitation. tion energy i& e

For shock-induced changes, one may ask what are the
roles of molecular electronic instability and cooperative in- 1 T , , ,
teractions in the solid. For a strongly coupled electron-lattice ~ Pder= — gzn: 2 F (MX(n,n")F(n")a(n)o(n’)
system, such as with energetic materials, the stability of a "
cluster ofm perturbed molecules can be considered for illus- 1 , )
trative purposes. The crystal is treated as an elastic medium =~ 52 2 J(n,nY)a(n)o(n’). 2
described by the mechanical susceptibilkyg). The inverse "
of this matrix is the dynamical matrix, with eigenvalues, Then=n’ term corresponds to the self-deformation energy,
wz(qj), and eigenvectorsy(q;), that characterize phonons ®.= —(1/2)J(n,n), and renormalizes the on-site energy,
of both intermolecular and intramolecular origin in tfia Ey. It is the solid-state analog of the solvent reorganization
dispersion branch for a given wave vectqr,When a mol- energy. The energy change of the system is therefore,
ecule at siten’ is perturbed by the mechanical energy,it
and the surrounding lattice deform siteby the amount, AE=ms— %2 E Jn,n")yo(n)o(n’), 3)

n n’

(Q(n)>=; X(n,n")F(n’), (1) where s=E,— 1/23(n,n) is the effective energy needed to
perturb a molecule in a crystal. It describes an energetic ef-

expressed in terms of the coordinate vec@rThis vectoris  fect due to both molecular volume and shape changes with
composed of externdtranslational and rotationehs well as  respect to the unperturbed state. Equati®nexpresses the
intramolecular degrees of freedom. The cause of the strudalance between the expense of energy to perturb the mol-
tural change is the forces(n')=—[dE/dQ(n")],, gener- ecules(first term) and the gain of energy due tmoperative
ated at the perturbed site due to coupling between the elephonon-mediated interactions. In case of an electronic exci-
tronic structure of the molecule and the nuclear structure ofation of energyE,, the self-deformation energy may be
the molecules and the lattice. The force is a measure ofiewed as the energy gain in a process of structural intramo-
chemical pressure and, as an analog of local stress, can hlexular and lattice relaxations and the second term represents
described in terms of elastic multipol23he response func- an additional gain arising from cooperative relaxation of the
tion, X(n,n"), is the inverse Fourier transform &f(q). m excited molecules. The athermal system becomes unstable

Here, a comment about the notation and its relation tdoward a conformational change whaE=<0. A change of
elasticity theory is required. EqJl) is analogous to the bonding cannot be predicted, but it is reasonable that this is
stress—strain relationship for a continuous medium. For also the condition for the most probable initial step in spon-
particular molecule in a crystal, instead of a deformationtaneous decomposition. The reaction can odogally or
tensor, we use the vectoR(n), that describes molecular cooperatively
distortions in terms of traditional external and internal coor-  The condition for a local instability i$=0, which ex-
dinates. Similarly, the perturbation is expressed as a forcpresses the compensation of electrofig, and mechanical,
vectorF(n"), and consequently Edq1) is vectorial and not ®y, energies. This can be understood two ways depending
tensorial, as it would be for a continuous medium. Conseupon which energy has been supplied to the system by a
quently, throughout the paper the displacement ve€tm,), direct action. For example, supply of electronic energy by
will be used to express a molecular deformation. photoexcitation allows an excited site to relax to a deformed

Although one could represent the mechanical propertiesite. A molecule in a crystal will therefore deform, as will its
of a molecule by a molecular elastic tensor, it would invitenearest surroundings. In this case, the energy is transferred
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from electronic to vibrational degrees of freedom, i.e. byanalysis of the role of mechanical energy upon molecular
electronic relaxation. This transfer occurs by coupling be-energetics in much the same way that the free molecule en-
tween these degrees of freedom and is quantified by thergy levels are used in the exciton theory of solids. A more
force, F(n) defined above. It is the same coupling that isexact treatment would actually deal with a conduction band—
involved in the reverse process of transferring mechanicalalence band gap but, because in molecular crystals these
energy from vibrational degrees of freedom to electronichands are very narrow, the HOMO-LUMO gap retains close
ones. Such a process may occur upon introduction of a losonnection to molecular properties. This is of particular rel-
calized deformation energy comparable to the ggg) (in evance in the design of energetic materials. Thus, while a
the electronic energy levels of a molecule. The energy gaformulation using band theory would be more exact, it prob-
corresponds to the energy difference between the HOMQ@bly would offer little additional insight regarding this initial
and LUMO orbitals. The instability conditiofy= ®.;, de-  step.

fines the degree of deformation required to promote an elec- The energy gap also has its effect on molecular polariz-
tron from the HOMO to the LUMO. In a crystal, of course, ability. A small energy gap means that a manifold of excited
the HOMO and LUMO form the highest occupied crystal states lies near the ground state; a small gap means high
band, the valence band, and the lowest unoccupied crystablarizability. Therefore, electronicallghemically soft and
band, the conduction band, respectively. However, energeticighly polarizable molecules are the most sensitive to uni-
materials are insulators and their bands are very narrownolecular decomposition. Indeed, it has been sHéwimat
Thus, in a first approximation focus may be on a single sitethere is a reasonable correlation between the “drop height
The criterion for the local instability then becomgg=1 sensitivity” of 50 organic explosives and the HOMO-
—A=d ., where the HOMO-LUMO gap has been de- LUMO energy gap. We shall analyze this correlation from a
scribed by the difference between the ionization endtg)y molecular point of view and examine how hardness depends

and the electron affinityA). on molecular deformation.
In the simplest approximation, one can express the hard-
I1l. LOCAL ELECTRONIC INSTABILITY ness of a deformed molecule as

AND MOLECULAR HARDNESS
: Qi1 (8)

N

an

Modern reactivity is described within density functional =10+ 2 (ﬁ
theory (DFT) that introduces hardnegs) and softnesgo '
=1/7) as® where 7, is the hardness of a nondeformed molecule at equi-
librium. Molecular deformation is expressed in terms of an

= E(ﬁ_'“ , (4) atomic displacement s€iQQ;}. Following the derivation pre-
21N (1) sented earliet! one finds that the hardness’ dependence on
where1(r) is an external potentiaN stands for the number the ith atomic displacement is given as
of electrons andg. is the chemical potential, o ( (9,7) 1 - o
= —— = — — S+ F
_(5E[p(r)]) _(aE) © " 1oQi/ g (F+Fo), ©
Sp(r) ar VNS where

wher_ep(r)lilsléhe electron density arlE[p(r)] is the energy JE(N, (1))
functional:" It follows that hardness is the second deriva- Fi=-— — 0 (10
tive of energy with respect of the number of electrbns, Qi N

1
"2

GPE(N, v(r)) is the Hellman—Feynman for¢&.F;" andF; are the total

T) . (6)  forces acting on théth nucleus in the positively and the
v(r) negatively charged molecules, respective;. has been

Taking the finite difference approximation for the curvaturecalled the nuclear stiffneSsor nuclear Fukui functiol? in

of E[N,»(r)], one obtains the following formulas for hard- contrast to the nuclear reactivity as defined and discussed by

ness,7, and chemical potential, respectively;® Cohenet al?°
o _ Similarly, one obtains an expression for the deformation
n=(1=A)2 and p=(1+A)12, @) dependence of the chemical potential
wherel is the ionization potential and is the electron af- p
f!mty of a molecule at equilibrium. This is a workl_ng defini _ W= o+ 2 _> Qi (12)
tion of hardness where the HOMO—-LUMO gap is approxi- T 1dQi)

mated within Koopman'’s theorem by the energy difference
. L Wwhere

I —A. A small gap increases quantum mixing and therefore

enhances chemical reactivity. Thus, the softness is the mea- m JF; 1
sure of reactivity of a molecule—the smaller the gap, the ¢'__(ﬁ_Q) :(ﬁ_N) =5 (Fi =F) (12
more readily a unimolecular reaction can occur. N vr)

The hardness, a molecular quantity, provides a convehas been introduced as the nuclear reactivity indéx°

nient way to handle the energetics of the HOMO-LUMO The forcesG; and F;, acting on theith atom at the
gap. Although a molecular quantity, it may be used in thedistancer; from the center of gravity of a molecule form a
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distribution of forces. Thus, the nuclear reactivity can be  AE= yuo(AN)+ 79(AN)?

alternatively expressed in terms of elastic multipdkesd, in .

particular, the elastic dipole tensor with componeRigv _ 1 (¢a(AN) —G,(AN)%) 17)
= 2. FfQ/+F/Qf represents a molecular strain/stress ten- 24 K. '

sor, i.e., essenitially serves as a molecular elastic tensorh lized hard ¢ lecule i
where off-diagonal terms represent shear components. HovJ-‘ € renormaiized hardness ot a molecule 1S

ever, this formulation is more general and easier to work 1 .
with in terms of the forces associated with molecules than a 5= »,— EE k—“ (18
true molecular elastic tensor would be. Nevertheless, such a « Na

representation suggests that the nuclear reactivity can be &here modes that represent the molecular deformation will
pressed as a tensor, just as, for examglerbitals may be  ,ntihyte most to decreasing the molecular hardness.
represented as tensors, and thus, the usefulness of tensor gyen if the contribution of a single mode is not signifi-

properties can be retained. _ cant, the number of normal modes that can contribute to the
It is more convenient to work in the space of molecularenormajization is important for polyatomic molecules. The
normal mode coordinate®,, and transform indices int0 e that renormalizes the hardness is thelecular defor-
that space, mation energythat is analogous to the small polaron binding
on an 90, f—:-nergy‘? It is the energy that a molecule gair!s in a process of
) = E (_) ( : ) intramolecular relaxation when an electron is promoted from
9Qa/y T 19Qi/ 19Qu/ the HOMO to the LUMO. Thus, the condition—0 signifies
0, promotion of an electron from the HOMO to the LUMO
=> Gi.(_'> . (13)  without any energy cost. This corresponds to an unstable
‘ 9Qal state of a molecule with strong electron—molecular vibra-

G:

o

- tional coupling.
G, indicates how hardness decreases due to a molecular de- Which normal mode coordinate distortions contribute to

formation that is described by the atomic displacements O{he change in the HOMO—LUMO energy gap? What are the
the_ath_normal mogle coordinate. For the chemical potentialSelection rules imposed on the coupling constants? These
derivative we obtain questions have been discussed by Ligdral 2t whose sym-

X ( o ) E ( (9#«) ( 90, ) metry arguments show that only totally symmetric molecular
(P = — = — .
N N N

— vibrational modes couple linearly to nondegenerate molecu-
9Qa Qi 9Qa lar orbitals. If ionized states of a molecule are nondegener-
Fle) ate, the forces,dn/dQ;)y and @7/9Q,) N, POSSESS moIepu-
—2 @i ( 20 ) . (14 lar symmetry. However, the normal coordinate
/N displacements,dQ;/dQ,)n, are not necessarily totally sym-
Consider a molecule in a stress-free state. Its chemical p rpetrif:. The crite_rion fOT honzero coupli_ng, as defined by Eq.
’ ?13), is that the irreducible representation of a molecular or-

tential is uo=(1+A)/2 and its hardness igy=(I—A)/2. . ; . . i
The change in the energy of the molecule due to its deforp'tal’rf”' be contained in the direct product of that represen

. . . . tation and the representation of théh molecular vibration,
mation and the related change in the electron density, StI'IC'[|¥ .
speaking, the change in the number of electrons in the fron- ¢/’ Fpelaels. Thus, the set of normal mode coordinate
tier orbita’ls AN is deformations(Q deformation$ that contributes to the linear

coupling constants contains only the totally symmetric mode
1 distortions for low-symmetry molecules. For a molecule at a

AE=pu(AN)+ n(AN)2+ EE kaQi, (15 crystal site, this requires totally symmet@zdistortions un-
“ der the site symmetry. In the case of shock-induced reaction

where the chemical potential and hardness are approximatég!R): the shock wave, in particular the associated shear
by their linear dependencies on the normal mode displace3t€SS, destroys the crystal and site symmetries and effec-
ment amplitudesQ, , andk,, is the force constant related to tively allows linear coupling with all molecular normal mode
the ath normal mode frequencys,, . Due to the change in displacements.

number of electronsAN, there is molecular deformation In analyzing an isolated molecule, particularly an often
along the normal mode coordinate high-symmetry secondary explosive, the role of degeneracy

must be considered. In this case, the forces do not possess

0, (AN)—G_(AN)? molecular symmetry and nonzero coupling constants are ob-
(Qu)= K (16)  tained for thoseQ distortions of the same symmetry as the

“ forces. For example, when the HOMO is doubly degenerate
whenAE is at a minimum with respect tQ,, (E symmetry and an electron is removed from the molecule,
the forces that drive the molecule to a new global minimum

JAE)\ break the molecular symmetry according to the Jahn—Teller

aQ, N_ theorem. This means that for high symmetry molecules, the
molecular electronic instability determined by the condition,
and the electronic part of the energy is renormalized, 7—0, may result in nontotally symmetric decomposition of a
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molecule. This effect is clearly illustrated by the following
numerical calculations performed for the RDX molecule.

IV. CALCULATIONS FOR THE RDX MOLECULE

RDX is an important secondary explosive that for the
last few years has served as a model system for study of the
details of detonation and molecular decomposition. For this
reason it has been chosen to illustrate our model. The main
goal is to understand and predict mechanistic details of the
initial step in the shock-induced molecular decomposition
mechanism. Many experimental studies have been directed
toward this problem and various reaction pathways have
been proposedfor the list of references, see Ref.)22n
short, there is experimental evidence for two pathways:
concerted ring fission to three GN,O, radicals, and(ii)
nonsymmetric N—N@ bond rupture. Recent UV photolysis
experiment®~2’ support pathwayii), infrared multiphonon
dissociation experimerﬁ%conclude that pathwayi) is the FIG. 1. Ball and stick drawing of the RDX molecule according to the
dominant channel, and very recent experiments on photodig2/culated optimized geometry.
sociation of RDX suggest that NO is an initial product of
decomposition.

The mechanism of unimolecular decomposition of RD
has been studied numerically \a& initio quantum chemical i i _ _
methods(Ref. 22 and references therihese studies have With va_luegg available in Table Il of the supporting
provided support for both pathways with some favor for ho_mformatlon. .T.he_se forces have been used to calcqlate the
molytic N—N bond fission. In particular, after carrying out nuclear reactivity indices, Eqe9) and(12), and are assigned
extensive high-level DFT calculations, Wu and Fedave (O €very atom in Table Ill of the supporting informati&h.
concluded that N—N@bond rupture is the dominant channel 1h€ combination of forces corresponding to the nuclear re-
for the decomposition of RDX. Very recent DFT studfes activity indices is shown in Fig. 2. The most significant force

have suggested a third pathway: successive HONO radic&CtS alongoneN-NO, bond as a consequence of the Jahn—

elimination as the most exothermic primary RDX decompo-Te"er effect and indicates that this bond is most affected by

sition channel the stress-induced electronic mechanism of decomposition.

These results may be compared to the predictions of our _Normal mode frequencies, their symmetries, and the re-
renormalized hardness model. There is, of course, a fund&CtiVity indices projected into normal coordinate space are

mental difference between these approaches. In the case @failable in Table IV of the supporting _|nformat|81°’1.'l'he
the ab initio studies, the energy barriers are calculated fof"€dUencies are in agreement with experimental E%Ta}ese
assumegpathways, e.g., energy changes along molecular cJ—?S“_It_S show that doubly. degener@edlstortlons contribute
ordinates which are involved in the pathway. In this model ofSignificantly to renormalization of the hardness. The RDX
renormalized hardnesall coordinates allowed by symmetry Molecule has a twofold degenerate HOME symmetry
considerations contribute to the renormalization. This per-
mits the pathway for molecular decomposition to be esti-
mated using those coordinates with the largest contribution
to the molecular deformation energy.

The calculations of structure, normal mode frequencies
and forces for RDX molecule were performed using the DFT
method® in conjunction with the Beck® (exchangg and
Lee—Young—Part (correlation functionals. The geometry
optimization employed a quasi Newton—Raphson
proceduré® and the basis set 6-316 has been used. The
DFT calculations have been performed with Gaussian 94
code®? Geometry optimization was obtained withi@i,,
symmetry constraints. The resulting optimized geometry is
presented in Fig. 1 with the values of the bond angles and
lengths listed in Table | of the supporting informatiotrhe
results are in very good agreement with #iinitio studies
of Rice and Chabalows¥ and the experimental data they
cite. Especially, bond lengths are within 1% of experimental
results. Bond angles are not reproduced as well, but they|g 2 RrRpx nuclear reactivity indicesy) for top view of the molecule.
agree with the theoretical results of Ref. 34. Atomic Magnitudes are proportional to line lengths at each nuclieus,

x Hellman—Feynman forces were calculated for a positively
and negatively charged RDX molecule as defined by(Eg).
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position as well as for the vibrational up-pumping
mechanisnt. This also explains why the empirical design of
energetic materials has resulted in systems that are quite con-
formationally labile.

Although quantum chemistry calculations are important
to describe complex systems, understanding such systems
with desired predictive power and analysis requires insights
obtained from conceptually manageable models. The ensuing
sections are devoted to such a description.

V. THE MECHANOELECTRONIC EFFECT

The molecular distortion that accompanies the promo-
tion of an electron from the HOMO to the LUMO is found
from the condition for a minimum of the total energy of a
molecule. Thus, the hardness is expressed alternatively as

FIG. 3. RDX nuclear stiffness@;) for top view of the molecule. Magni-
tudes are proportional to line lengths at each nucleus, n= ,70_% 2 ka<Qa>2' (19)
[e3

This equation is fundamental to understanding the increase
with energyEomo= —8.32 eV. Therefore, by removing an in reactivity of a molecule due to a molecular deformation.
electron from RDX, the electronic state of the ion becomes When an externally applied force deforms a molecule,
doubly degenerate and, according to the Jahn-Teller thedhe mechanical energy introduced into the molecule is trans-
rem, the resulting forces lower the molecular symmetry toferred into the electronic degrees of freedom. Therefore, the
Cs. This is shown in Fig. 3 where RDX nuclear stiffnessesinstability condition,»—0, determines the critical distortion,
are represented; numerical values are collected in Table IV cﬁaka<Qa>§=(l —A), needed to promote an electron from
the supporting informatioft the HOMO to the LUMO via the mechanoelectronic effect.

The global hardness;g, of the RDX molecule is calcu- We refer to such a state asdéstortion-induced molecular
lated to be 5.16 eV. The molecular deformation energy corelectronic(HOMO/LUMO) degeneracyDIMED) that is an
responding to promotion of an electron from the HOMO toanalog to the Jahn—Teller effect that may be viewed as an
the LUMO renormalizes the hardness to 7.99 (s¥e Table “inverse” Jahn—Teller effect, since it appears witructur-

IV of supporting information®® From these calculations it ally relaxed electronic state©ne can speculate about such a
follows that the largest influence decreasing the hardness &ate for a molecule with a negative hardness created by mo-
due to(1) extending the N—N bond an@) forcing the car- lecular deformation. It could be thought of as a molecule
bon atom opposite the N—N bond from the ring. These dewith negative polarizability, a molecular state with anoma-
formations correspond to the suggested pathvi@yand (i), lous polarization arising as a product of bond distortions pro-
respectively. However, the N—N bond extension has a greatetuced by a self-trapping effect such as in photoexcitatfon.
effect on the hardness than ring fission. Moreover, the It is instructive to set the above considerations into the
nuclear reactivity index shows that the most significant conperspective of potential energy surfaces. A molecule in a
tribution to the decrease of hardness comes from the nitrogeerystal is described by an energy surface in a multidimen-
and oxygen atoms of the nitro group. In other words,sional space with a critical path along which the potential
changes in position of these atoms lead to the largest changiecomposition reaction travels. From the above calculations
in the reactivity index of the molecule. This indicates that thefor RDX, this path is a combination of those normal mode
most probable, distortion-induced, initial, unimolecular reac-coordinates that contribute the most to the hardness renor-
tion in RDX is breaking of an N—N@bond. These results malization. Assume the pathway to be described by coordi-
should be considered to be general and demonstrate hownate Q, which describes an effective N—N stretching mode
possible shock-induced reaction pathway can be constructesith force constantk, for the RDX molecule. The ground
from a linear combination o) deformations. For this, it is state of the molecule is represented by the parabolic poten-
important to identify thos€ distortions that contribute most tial, Ex=(1/2)kQ?. Now consider the same molecule, but
to the hardness renormalization. For RDX these are all chawith electronic structure changed due to promotion of an
acterized by an N—N bond extension that is in phase with thelectron from the HOMO to the LUMO. For the same coor-
ring deformation and are listed in Table V of the supportingdinate, we assume that the energy of the molecule depends
information3 linearly on theQ deformation, and that molecular elasticity

The flexibility of RDX that is reflected by its low fre- does not significantly change due to the promotion of the
guency intramolecular vibrations is a key factor in the deterelectron. The potential energy for the state with the promoted
mination of the pathway for SIR. This indicates that the lowelectron is represented by the parabolic potental= (I
energy intramolecular vibrations may also be considered as A) +I'Q+ (1/2)kQ? wherel is the force due to deforma-
“doorway modes” for the electronic mechanism of decom-tion and the other arguments have their usual meanings.
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FIG. 4. Diabatic potentialsEg and
Ep, illustrating deformation-induced
molecular  electronic  degeneracy
(DIMED). Q is the vibrational normal
coordinate® 4 is the deformation po-
tential, and 2 is the bandwidth of the
deformation-induced state.

(M™+M)

LUMO

HOMO ==

These two potentials, schematically shown in Fig. 4, areenergy functions have been approximated by parabolic po-
diabatic energy curves; they correspond to two different electentials, but they would be more realistic if represented by
tronic structures of the molecule. The scheme in Fig. 4 apMorse functions such as have been used in numerical simu-
plies equally well to an electron transfer reaction betweenations for model explosive moleculé&3®
two molecules(M), M+ M=M*+M~. This means that, Consider formation of an adiabatic ground state from
qualitatively, the process of single molecule excitation, pro-quantum mixing of the diabatic states as in Fig. 4. The states
motion of an electron from the HOMO to the LUMO, and are either those corresponding to a single molecule with ei-
creation of charge-transfer excitation, which is the essence dgher a LUMO empty Eg) or occupied Ep), or to a dimer
the mechanoelectronic effect, can be discussed within theithout and with a transferred electron. We denote the quan-
same framework. tum mixing byt, and assume the states are of proper sym-

What happens to a molecule when it becomes mechanimetry for mixing. The adiabatic ground state energy is then
cally deformed? Deformation may be viewed as raising the
molecule’s energy from the bottom of tii&; potential well Eg= :[E—(E?+4t?)Y?]+ 1kQ?, (20)
to the value of the deformation energhqe=k(Q)2. Since
the electrons immediately follow the deformation, there iswhere,E=(I—A)+I'Q. This can be generalized for many
vertical relaxation to a new state—a deformed molecule wittelectron-molecular vibration couplings as considered above.
an electron in the HOMO and in the LUMO. If the bottom of The degree of transformation of a molecule from the ground
the new state’s potential well lies above the reactant’s energ§tate to one with a promotethtramolecular or intermolecu-
as shown by the dashed curve in Fig. 4, the new state ilrr) electron can be calculated as the derivative of the ground
unstable and immediately relaxes back into the minimum oftate energy with respect to the “field,” the electronic energy,
energy for the reactant state. Such a situation happens whén The result is
the applied deformation,Q), is insufficient to compensate
for the electronic energy expenseé—A)>® ... However, p(Q)=3[1-E(E*+4t3) 17, (21)
when the molecule is driven to critical deformation, the new . .
state of the molecule has equally occupied HOMO and:or_ suf_ﬂmfantly small mixing, the nondeformed mok_acule re-
LUMO and a deformation geometr{QQ)q, which is stable. mains in its ground state. But when the electronic energy
Of course, the inequality,l & A)<® 4, will cause sponta- decreasesl-A+1'Q)—0, p(Q)—1/2, and an energy level,

neous creation of unstable molecules in the new electroni¢/Nich has 2 bandwidth and popula‘uoé, is formed. Thus,
state via DIMED. we have obtained the condition for the critical deformation,

(Q)eg=— (I=A)IT, which causes HOMO-LUMO gap
closure—the state which Gilm&has calledocal metalliza-
tion and which is a special case of DIMED.
Figure 4 gives a visual interpretation of the critical de-
The diabatic energy curves describe formation of a mulformation energy. It corresponds to the maximum in the
tistable ground state due to an applied mechanical field. Thiground state energy encountered on passing from the normal
is an adiabatic state with multiple minima. The multistability state to a state with a promoted electron, or in case of a
of the ground state is aassentialrequirement for having dimer, to a state with degree of charge transfer;.ofWe
molecules susceptible to mechanochemical reaction in a coronclude that the deformation required to cause degeneracy
densed phase. Recent extensive calculations have showfithe nonrelaxed HOMO/LUMO states is smaller than, and
RDX has a variety of conformations that are close indiffers from, the critical deformation required to promote an
energy® and thus consistent with this model. The diabaticelectron from the HOMO to the LUMO.

VI. MOLECULAR ELECTRONIC DEGENERACY
ARISING FROM GAP CLOSURE
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The gap closure and mechanoelectronic mechanisms aondary explosiveswhere softening of some normal modes
complementary. In order to cause a HOMO—-LUMO gap clo-has been detectéd.The sensitivity of the critical mode to
sure for a molecule, it is required that it be deformed by thestress can be estimated from
amount{Q)q. This causes formation of an electronic level 902 J
of width 2t and populatiors. In order to stabilize that state, ——=—9? Xel
it is sufficientto deform the molecule to the critical deforma- 9Q 9Q
tion geometry(Q).q. This means that a molecule with an which is a direct measure of the influence of the stress on the
electron promoted from the HOMO to the LUMO has beenmolecular electronic structure. This is important because it
created. However some, but less than sufficient, deformatioshows that by measurement of the strain i@@isen param-
of a molecule causes a nonrelaxed HOMO-LUMO degeneters one can learn about the deformation potential which is
eracy. Without the extra energy required to cross(de related to @xe/ Q).
barrier, the molecule may relax to its unstressed ground state  These considerations about the mechanical instability of
(lower energy minimum. The extra energy that stabilizes the a molecule may be generalized to the case of many vibra-

(29)

process is supplied by cooperative interactions. tions. The renormalized normal mode frequencies are found
from
D;;—0?6;=0, (25)
VIl. LOCAL MECHANICAL INSTABILITY
where
We now analyze an important consequence for molecu- D;; =w25ij ~TTxa. (26)

lar mechanics that follows from the local electronic instabil- o . _

ity. Within the simplified model we locate the frequen€y, A similar relation has been used to defimeolecular
of a critical mode under deformation. The square of the frecompressibility*® The condition for molecular instability can
quency is given by the second derivative of the ground statfe formulated as déd)—0.

energy with respect to the mode Coordinam,'rhe result is From this anaIySiS, it is evident that any defect that cre-
ates large local strains will contribute to gap closure and
Q%= 02— yxel (220  DIMED. There is an extensive literature that posits so-called

“hot spots,” essentially large local defects and cracks that
apparently “nucleate” detonation. These are clearly defects
2p(1—p) thgt can generate large internal and local strains that could
Xel=m (23) Erlng many molecules near the deff.ect very close to t_he .2
andwidth necessary to decomposition. Thus, the application
of any excess external stress could bring molecules in these
regions of the crystal to decomposition much earlier than
Jhose that are in defect-free domains.
This analysis of mechanical instability shows that, be-

where

is the electronic susceptibilityp? is the force constani,
divided by a reduced mass, atds the Gruneisen parameter.
The denominator is the effective energy gap, and the molec

lar deformation that causes the gap closure drives the suscegéuse of electron-molecular vibration coupling, a molecule

tibility towards infinity, i.e., causes the electronic instability. i al b table to d i it of
However, the immediate effect of the molecular deformation’’ &ways be unstable 1o decomposilion as a result o
HOMO-LUMO gap closure. Since this process is slower

in closing the gap is to decrease the critical mode frequenc h v electroni but faster th v vib
The molecule becomes mechanically softer and the limit of. an purely electronic processes, but faster than purely vibra-
tional ones, the decomposition is on the time scale of the

its mechanical stability i§2>— 0. This is, of course, molecu- .
lar decomposition according to the atomic displacements dEQetonanon Process.
fined by the critical mode coordinate, i.e. the path of the L. COOPERATIVITY THROUGH
unimolecular reac_tlon. Thus, it is not necessary to completel LECTRON—ELECTRON COUPLING
close the electronic gap to decompose a molecule. Before the
incipient electronic instability occurs, the molecule can de-  So far, we have discussed the process of mechanoelec-
compose. However, if the gap closes completely, the moltronic instability of a single molecule in a crystal. However,
ecule will decompose instantaneously. In the context of SIRsuch molecules actively interact with their surroundings.
the deformation energy supplied to a molecule is transferredhus, we should consider a possilitéermolecular charge-
into the electronic system so quickly that the nuclear systentransfer contribution to the mechanism of electron delocal-
cannot respond. Thus, it is necessary to close the gap withization in a SIR. Such a process is very likely because of the
2t after which decomposition of the molecule follows from large density increases and structural irregularities created at
the resulting mechanical instability. the reaction front. Both effects stimulate intermolecular elec-
For a system in equilibrium, where the nuclear degreesron transfer by an increase of the overlap integral arising
of freedom have enough time to follow changes in the elecfrom stress and molecular inequivalence due to defects, va-
tronic energy states, intramolecular mode softening due teancies, etc. The very recent history of hydrogen metalliza-
applied stress, e.g., pressure, should be observed. Suchtian supports the view that such charge-transfer states play
phenomenon has been reported, but not sufficiently exan important role in highly compressed molecular soffds.
plained, in studies of pressure effects on the vibrational spec- Consider two molecules in a shock-compressed region.
tra of liquid nitromethandanother model molecule for sec- Intermolecular charge-transfer may occur, i.e., a promotion
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