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An assumptive theoretical relationship is suggested to describe the property of molecular atomization energy
and energy transfer rate in the initiation of explosions. To investigate the relationship between atomization
energy and energy transfer rate, the number of doorway modes of explosives is estimated by the theory of
Dlott and Fayer in which the rate is proportional to the number of normal mode vibrations. It was evaluated
frequencies of normal mode vibrations of eight molecules by means of density functional theory (DFT) at
the b3p86/6-31G(d,p) level. It is found that the number of doorway modes shows a linear correlation to
the atomization energies of the molecules, which were also calculated by means of the same method. A
mechanism of this correlation is discussed. It is also noted that in those explosives with similar molecular
structure and molecular weight, the correlation between the atomization energy and the number of doorway
modes is higher.

Key words: Secondary explosive, Atomization energy, Normal mode vibration, Doorway region

I. INTRODUCTION

Energetic materials have been investigated over many
years. In order to understand how shock waves and im-
pact can initiate the rapid exothermic reactions that
lead to detonation in explosive solids, most of the
previous studies have focused mainly on ground elec-
tronic state in the condensed phase [1-4]. However, this
does not expose the difference between the intramolec-
ular and intermolecular behaviors and the fundamen-
tal properties of these molecules [5]. To understand the
properties of energetic materials at a fundamental level,
an elucidation of their molecular behavior is essential.
Gas phase studies of these energetic materials can reveal
the behavior of such molecular species.

The molecular decomposition of high explosives has
been regarded as an important step in explosive detona-
tion kinetics. But most of explosive is crystal, and shock
or impact initiation of explosives is quite a complicated
process. Under a mechanical excitation, the mechanical
energy is eventually dissipated into the bath of phonon.
Before detonation, bonds of molecules in the crystal
must be broken to initiate chemical reactions and lead
to the decomposition of molecules. Therefore, the initial
energy must be diverted and deposited to molecular vi-
brations again [6]. It is well known that typical phonon
generally have frequencies less than 200 cm−1, whereas
molecular vibrations relevant to bond breaking have fre-
quencies greater than 1000 cm−1. Thus phonon energy
must be converted to intramolecular higher vibrations
by multiphonon up pumping [7].
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In 1990, Dlott and Fayer derived a simple expression
for the phonon-vibration energy transfer rate in which
the rate is proportional to the number of normal mode
vibrations [8]. Fried and Ruggiero have estimated the
phonon up-conversion rates for several explosives such
as RDX, picric acid, TATB, styphnic acid, beta-HMX,
gamma-HMX, and pb styhnate, and they showed that
the energy transfer rates at the vibrational frequency
of ω=425 cm−1 are linearly correlated to the impact
sensitivities derived from drop hammer tests [7]. Mc-
Nesby and Coffey also studied the impact sensitivity
as a function of the transfer rate into the phonon mode
structure and estimated the phonon up-conversion rates
for several explosives such as RDX, NQ, TATB, TNT,
beta-HMX, gamma-HMX, and PETN [9]. Ye et al. esti-
mated frequencies of normal mode vibrations of PETN,
β-HMX, RDX, Tetryl, TNT, FOX-7, m-DNB, ANTA,
PN, NQ, NTO, and DMN by means of DFT calculations
at the B3LYP/6-31G(d) level [6]. They also found that
the number of doorway modes shows a strong correla-
tion with impact sensitivities obtained by drop hammer
tests. These previous works indicated that the expres-
sion for the phonon-vibration energy transfer rate de-
rived by Dlott and Fayer was reliable.

Given the complexity of detonation chemistry of high
explosives, it is not surprising to see that the energy
transfer alone is not enough to capture high explosive′s
detonation process, which is likely to be influenced by
other energy sources and reaction paths. One such
source is the atomization energy of the gas phase uni-
molecule in this study. We did not employ crystallo-
graphic structures and only considered the explosive
unimolecule. In this work, the atomization energy is
a promising indicator for predicting high explosive en-
ergy transfer rate. As mentioned above, it is clear that
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the energy transfer rate show that a sizable amount of
phonon energy must be converted to the molecular in-
ternal higher vibrations by multiphonon up pumping in
the detonation process, which elucidates why the en-
ergy transfer rate shows the some properties of explo-
sive molecular structure to some extent. The number
of doorway modes could explain some properties of the
molecular structure, and it ought to be correlated to the
atomization energy of this molecule. Secondly, the det-
onation reaction of explosives is the end result of a chain
of events. Phonon energy must be up converted to vi-
bron, and then vibrational energy must be localized in a
particular molecule. Finally, as Fried and Ruggiero ar-
gued, localized vibrational energy in a molecule must be
channeled into a reaction coordinate. Reaction occurs
when the excitation of the reaction coordinate exceeds
the dissociation energy. It is clear that the atomization
energy of the molecule must play an important role in
determining the dissociation of molecule. In order to
understand the properties of explosive molecules in the
detonation process, an assumptive theoretical relation-
ship is suggested to describe the property of molecular
energy transfer and atomization energy in the explo-
sive process in the present paper, which is that energy
transfer rates are proportional to the atomization en-
ergy of the molecule to some extent. So according to
the expression for the phonon-vibration energy transfer
rate derived by Dlott and Fayer, we carried out a sys-
tematic study of the relationship between atomization
energies and energy transfer rate of eight high explo-
sive molecules using density functional theory (DFT).
It was found that the number of doorway modes shows
a linear correlation to the atomization energies.

II. COMPUTATIONAL METHODS

A. Theory of calculation of the energy transfer rate

In classical theory of detonation, the thermodynamic
state of the system is described by the Chapman-
Jouguet (C-J) model [10-14]. But this successful theory
does not provide the insight into the molecular level
events occurring in the solid behind the shock front.
During the 1980s, several authors attempted to calcu-
late the rate of vibrational up-pumping [15,16], but they
did not obtain what they wanted. In contrast, dur-
ing the 1990s, experimental studies of the flow of vi-
brational energy into or out of large organic molecular
solids showed that these processes were more efficient
than previously predicted [8,17]. According to Ref.[18],
it was shown that the relatively low-frequency, large-
amplitude vibrations in large molecules can be excited
readily via a low order anharmonic coupling process,
typically two-phonon absorption. Once these vibrations
in large molecules have been excited, a variety of ef-
ficient intramolecular vibrational redistribution (IVR)
processes come into play, redistributing energy from the

excited doorway modes to the other internal vibrations
[18].

Dlott and Fayer studied multiphonon up conversion
processes [8,18]. They assumed that the most efficient
route for doorway mode pumping is absorption of a pair
of phonons whose frequencies are about one half of the
doorway mode frequency ν and they derived a simple
expression for the phonon-vibron energy transfer rate.

In their theory, doorway modes are molecular vibra-
tions located just above the phonon cutoff frequency
νmax. The large molecules being considered have door-
way modes whose frequency ν is in the range of νmax-
2νmax. Therefore doorway mode pumping in these
systems occurs via simultaneous absorption of two
phonons. Absorption of further phonons transfers en-
ergy into higher modes until the IVR threshold energy
(∆EIVR) is reached and IVR randomizes the excita-
tion. If doorway mode pumping is much more effi-
cient than energy transfer from doorway modes to other
low frequency vibrations, then doorway mode overtones
are pumped by the shock up to ∆EIVR. In addi-
tion, when molecule has very low-frequency vibrational
modes which lie below νmax, these vibrations do not act
as doorway modes because they are amalgamated with
the phonons. Amalgamated vibrations behave much
like phonons in that they will be directly excited by the
shock.

In their theory, the dominant mechanism for up-
pumping is caused by a cubic term of anharmonic po-
tential [18,19]:

V (3) =
1
3!

∑

Ψ

∂3V ({Ψ})
∂Ψ1∂Ψ2∂Ψ3

∣∣∣∣∣
Ψ0

Ψ1Ψ2Ψ3 (1)

here V ({Ψ}) is the potential energy surface for the
molecular crystal with a set of normal coordinates {Ψ},
and the partial derivative is evaluated at the equilibrium
position {Ψ}0. The temperature and specific-volume
dependent rate are constant for energy transfer between
a doorway mode of frequency ν, and a pair of phonon
whose frequencies lie near ν/2 is k. k is the energy
transfer parameter that characterizes the rate of energy
transfer from external to doorway mode, and can be
calculated by using the following relation [8,19-22]:

k2ph→vib =
36π2

~
〈V (3)(V )〉2ρ2(ν) ·

[nph(T, V )− nvib(T, V )] (2)

here 〈V (3)(V )〉 denotes the specific volume-dependent
matrix element of the operator in Eq.(1), the value
of 〈V (3)(V )〉 can be determined empirically, or by di-
rect calculation using model intramolecular potential
[21,22]. ρ2(ν) is the two-phonon density of states at the
doorway mode frequency ν. The product of the ma-
trix element and the two-phonon density of states in
Eq.(2) can be determined experimentally by measuring
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τ1(0), the lifetime of the doorway mode at temperature
T=0 K.

Also, nph(T, V ) refers to the Planck occupation fac-
tor of phonons of frequency ω=ν/2, and nvib(T, V ) is
the Planck occupation factor at the doorway mode fre-
quency ν. At the temperatures being considered, the
Planck occupation factors nν(T ) can be approximated
as: kBT/~ν. Therefore, the up-pumping rate is propor-
tional to the difference in quasitemperatures and the
time dependence of the phonon and vibrational qua-
sitemperatures can be described [8,18]. Then the value
of K(V ) can be calculated by the following:

κ =
j~ν

τ1(0)θe
(3)

where j is the number of vibron states in the door-
way region, ν is the vibrational frequency of the door-
way state, θe is the equivalence temperature, at which
the rate of up-pumping into the doorway mode is equal
to the low temperature rate of relaxation by the two
phonon emission, τ1(0) is the lifetime of doorway mode
at temperature T=0 K. θe is defined by the relation
nν/2(θe)-nν(θe)=1. Here nν(θe) is the occupation num-
ber of phonon at frequency ν and temperature θ. For
ν=200 cm−1, θe=300 K. Therefore, based on Eq.(3),
the value of κ can be evaluated by knowing τ1(0), the
lifetime of doorway mode at temperature T=0 K, and
j, the number of doorway modes.

The lifetime for phonon and vibron of explosives at
T=0 K can be estimated by the analysis of the Raman
line width [6,23,24]. According to Ye et al. work, the
value of τ1(0) was not very different between a rigid
molecule crystal and a floppy molecular explosive with
low vibrational frequencies [6]. Also, Tokmakoff et al.
has pointed out that a constant value of τ1(0) may be
used for the rough estimation of the energy transfer rate
for many secondary explosives [18]. Therefore, the value
of τ1(0) is assumed to be constant for all the explosives
investigated in the present work. With this assumption
the overall relaxation rate of vibron is directly propor-
tional to a value of j.

B. Theory of calculation of the atomization energy

The atomization energy (Ea) is the energy change for
the process: gas-phase molecule→gas-phase atoms. In
order to calculate Ea one calculates the molecular elec-
tronic energy E at the equilibrium geometry, calculates
the ground-state energy of each atom in a molecule us-
ing the same method and basis set used in molecular
calculation, and takes the difference between the to-
tal atomic energies and molecular energy. For molecule
CxHyNzOk we have calculated the atomization energy
Ea with the definition:

Ea(CxHyNzOk) = xE(C) + yE(H) + zE(N) +
kE(O)− E(CxHyNzOk) (4)

In this work, we use this value and define three door-
way regions the same as the Ye et al. [6]. These three
regions are defined as Region B(200-700 cm−1), Region
X(200-600 cm−1), and Region ∆(200-500 cm−1). The
number of vibrational states, j, is calculated by the
direct counting method and we have studied all the
overtones and combination bands of the fundamental
vibrations in the doorway region without including
the overtones and combination bands of fundamentals
that have frequencies less than 200 cm−1. It is noted
that our calculation did not include the combination
bands such as mω1+nω2 (n,m≥2). The numbers of
vibrational states in the doorway regions of these
several secondary explosives were estimated using den-
sity functional theory [25,26], b3p86 [27-29], and the
6-31G(d,p) basis set [30]. The atomization energy of
every molecule was calculated using the same method.
The calculation was performed using the Gaussian
98 system [31]. Therefore, vibrational relaxation
rates of these explosives were estimated by the direct
counting method and compared with the atomiza-
tion energy. The molecules studied are picric acid
(C6H3N3O7, 2,4,6-trinitrophenol), TBN (C7H2N4O6,
2,4,6-trinitrobenzonitrile), TNT (C7H5N3O6, 2,4,6-
trinitrotoluene), 2,4,6-trinitro-m-cresol (C7H5N3O7),
2,4,6-trinitro-benzaldehyde (C7H3N3O7), 2,4,6-trinitro-
benzaldoxime (C7H4N4O7), 2,4,6-trinitro-triphenol
(C6H3N3O9), and TATNB (C6N12O6 1,3,5-triazdo-
2,4,6-trinitrobenzene). The normal mode and energy
analysis for each structure resulted in six zero frequen-
cies, and no imaginary frequencies for the remaining
3N−6 vibrational degrees of freedom, where N is
the number of atoms in the system. This indicates
that the structure of each molecule corresponds to
a local minimum on the potential energy surface.
We have computed the ground state energies of each
molecule and atom, in particular for C, H, N, and O
the electronic states are 3P0, 2S1/2, 4S1/2, and 3P2,
respectively.

III. RESULTS AND DISCUSSION

The values of j in different regions and Ea of every
molecule are listed in Table I. The values of j for the
Region B are plotted as a function of the atomization
energy of explosive molecules in Fig.1(a). It can be seen
that the j-number is linearly correlated to the atom-
ization energy of explosive molecules. The correlation
function is given by Eq.(5).

j = −128.752 + 46.886Ea (5)

The linear correlation coefficient R is 0.978. The cor-
relation for this series between the value of j and the
atomization energy of explosive molecules is good.

The values of j for the Region X and Region ∆ are
plotted as a function of the atomization energy in Fig.1
(b) and (c). The linear regression R is 0.971 and 0.938 in
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TABLE I The number of doorway modes and atomization energy

Explosives Ea/Hartree Doorway region Molecular weight Number group

200-500 cm−1 200-600 cm−1 200-700 cm−1

Picric acid 3.247101 14 19 22 229 1-OH

TBN 3.374021 23 27 29 238 1-CN

TNT 3.520026 24 29 34 227 1-CH3

C7H5N3O7 3.705565 28 38 42 243 1-OH, 1-CH3

C7H3N3O7 3.482035 30 35 39 241 1-CHO

C7H4N4O7 3.684506 32 40 44 256 1-CHNOH

C6H3N3O9 3.58696 29 33 42 261 3-OH

TATNB 4.065231 44 53 62 348 3-N3

FIG. 1 The number of vibrational states in the doorway region j of explosive molecules as a function of atomization energy.

Fig.1 (b) and (c) respectively. The correlation functions
are given in Fig.1 (b) and (c) by Eq.(6) and Eq.(7),
respectively.

j=−107.662 + 39.605Ea (6)
j=−88.414 + 32.489Ea (7)

The correlation between j-number and the atomization
energy of explosive molecules for Region X and Region
∆ shows similar tendencies with the ones in Region B.
The scatters of these two plots are larger than that in
Region B. This may be due to the number of vibra-
tions in Region B being larger than that in the other
two regions, thus the deviation due to doorway modes
is smaller. So, for Region B, the correlation between
the value of j and the atomization energy of explosive
molecule is better than the other ones.

Our study shows that in those molecules having sim-
ilar molecular structure and similar molecular weight,
the correlation between the atomization energy and the
number of doorway modes is very high. After the inves-
tigation of the deviation of every molecule in Fig.1(a),
we found that the value of deviation is related to the
group of trinitroamine molecules of explosives. It is
clear that the H atom of the phenyl is replaced by some
other groups in every molecule. The numbers of the
group of each molecule are listed in Table I. The de-
viation for molecules with CHO group is larger. On

the other hand, the deviation from the symmetrical
molecules (C6N12O6 and C6H3N3O9) is almost equal to
zero. So, in Fig.1(a), there is a good correlation between
the j-number and the atomization energy of explosive
molecules, except for C7H3N3O7. It is may be due to
that this molecular structures are different from the oth-
ers’ and its vibrational frequencies is related to CHO
group vibration in the doorway modes. For C7H3N3O7,
related to the CHO group, the dominating vibration
frequencies ν are 212, 432, 480, and 689 cm−1 in the
doorway modes. In addition, our study shows that in
these energetic materials with similar molecular weight,
the correlation between the atomization energy and the
number of doorway modes is higher. The molecular
weight of every molecule in our study is also listed in
Table I.

In order to investigate the accuracy of our calculation,
a comparison of the calculated and observed vibrational
transitions for TNT is listed in Table II. The maximal
value of relative error is equal to 0.092, meaning that
the calculation of vibrational frequencies is reliable in
the present work.

IV. CONCLUSION

We evaluated frequencies of normal mode vibrations
of unimolecules which are picric acid, TBN, TNT,

DOI:10.1088/1674-0068/21/03/250-254 c©2008 Chinese Physical Society



254 Chin. J. Chem. Phys., Vol. 21, No. 3 Su-hong Ge et al.

TABLE II Comparison of calculated and experimental vi-
brational frequencies for TNT

Exp.[32] DFT Absolute error Relative error

1349 1422 27 0.020

1559 1702 143 0.092

2898 3066 168 0.058

3107 3140 33 0.011

2,4,6-trinitro-m-cresol, 2,4,6-trinitro-benzaldehyde,
2,4,6-trinitro-benzaldoxime, 2,4,6-trinitro-triphenol,
and TATNB by meams of density functional theory
calculations at the b3p86/6-31G(d,p) level and esti-
mated the number of doorway modes in three regions
(200-700, 200-600, and 200-500 cm−1) by the direct
counting method. In this work, the value of the
lifetime of vibron states at T=0 K, τ1(0), is assumed
to be constant for all the explosives. Based on this
assumption, it can be predicted that the energy transfer
rates are directly proportional to the number of vibron
states in the doorway region and that the energy
transfer rates are linearly correlated to the atomization
energy in the secondary explosives that have similar
molecular structure and similar molecular weight.
Our results suggest that there is a strong correlation
between energy transfer rate and the atomization
energy of molecules in the explosive process. These
results could help us gain insight into the properties
of explosive molecules in their explosive process. This
relationship needs be confirmed through the study of
more systematic explosive materials.

V. ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (No.10676025) and the Re-
search Fund of the Education Bureau of Gansu Province
of China (No.3ZS061-A25-029).

[1] T. B. Brill and P. J. Brush, Philos. Trans. R. Soc. Lon-
don, Ser. A 339, 377 (1992).

[2] R. Behrens and S. Bulusu, Mater. Res. Soc. Symp. Proc.
418, 119 (1996).

[3] M. R. Manaa, L. E. Fried, C. F. Melius, M. Elstner,
Th. Frauenheim, J. Phys. Chem. 106, 9024 (2002).

[4] E. F. C. Byrd, G. E. Scuseria, and C. F. Chabalowski,
J. Phys. Chem. 108, 13100 (2003).

[5] Y. Q. Guo, M. Greenfield, and E. R. Bemstein, J. Chem.
Phys. 122, 244310 (2005).

[6] S. Tonokura, K. Ye, and M. Koshi, Combustion and
Flame 132, 240 (2003).

[7] L. E. Fried and A. J. Ruggiero, J. Phys. Chem. 98, 9786
(1994).

[8] D. D. Dlott and M. D. Fayer, J. Chem. Phys. 92, 3798
(1990).

[9] K. L. McNesby and C. S. Coffey, J. Phys. Chem. B.
101, 3097 (1997).

[10] D. L. Chapman, Phil. Mag. 213, 47 (1899).
[11] W. C. Davis, Sei. Am. 256, 106 (1981).
[12] C. M. Tarver, Combustion and Flame 46, 157 (1982).
[13] C. Tarver and D. Calef, Lawrence Livermore Tech.

Rept. UCRL-52000-88-1.2, Energy and Technolop
Reoiew Jan-Feb 1988, I.

[14] Y. B. Zcl’dovich and Y. P. Raizer, Physics of Shock
Waves and High-Temperature Hydrodynamic Phenom-
ena, New York: Academic Press, 22 (1966).

[15] C. S. Coffcy and E. T. Toton, J. Chem. Phys. 76, 949
(1982).

[16] F. J. Zerilli and E. T. Toton, Phys. Rev. B 29, 5891
(1984).

[17] D. D. Dlott, In Laser Spectroscopy of Solids Π, Berlin:
Springer-Verlag, 45, (1989).

[18] A. Tokmakoff, M. D. Fayer, and D. D. Dlott, J. Phys.
Chem. 97, 1901 (1993).

[19] S. Califano, V. Schettino, and N. Neto, Lottice Dynam-
ics of Molecular Crystals, Berlin: Springer-Verlag, 79
(1981).

[20] L. A. Hess and P. N. Prasad, J. Chem. Phys. 72, 573
(1980).

[21] R. G. Delle Valle, P. F. Fracassi, R. Righini, and S.
Califano, Chem. Phys. 74, 179 (1983).

[22] R. Righini, Chem. Phys. 84, 7 (1984).
[23] T. G. Wei and R. E. Wyatt, J. Phys. Condens. Matter

2, 9787 (1990).
[24] M. Ishiguchi, M. Yoshida, Y. Nakayama, and T. Mat-

sumura, Correlation between Energy Transfer Rates and
Drop Hammer Sensitivities of Some Explosives, (2004)
http://www.icube-t.co.jp/isem2002/img/abstract.pdf

[25] J. K. Labanowski and J. W. Andzelm, Density Func-
tional Methods in Chemistry, New York: Springer-
Verlag, 8 (1991).

[26] F. J. Owens, THEOCHEM. 370, 11 (1996).
[27] B. M. Rice, S. Sahu, and F. J. Owens, THEOCHEM.

583, 69 (2002).
[28] A. D. Becke, J. Chem. Phys. 98, 5648 (1993).
[29] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244

(1992).
[30] R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem.

Phys. 54, 724 (1971).
[31] M. J. Frisch, G. W Trucks, H. B. Schlegel, G. E. Scuse-

ria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J.
A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dap-
prich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C.
Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clif-
ford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Or-
tiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G.
Johnson, W. Chen, M. W. Wong, J. L. Andres, M.
Head-Gordon, E. S. Replogle, and J. A. Pople, Gaus-
sian 98, Revision A.9. Pittsburgh, PA: Gaussian, Inc.,
(1998).

[32] J. Janni, B. D. Gilbert, R. W. Field, and J. I. Steinfeld,
Spectraochimi. Acta A 53, 1375 (1997).

DOI:10.1088/1674-0068/21/03/250-254 c©2008 Chinese Physical Society


