Sci. and Tech. Energetic Materials, Vol.64, No.5, 2003 201

Article

RHH AU E I NRHRUR I

Theoretical studies of pressure dependence of phonon and vibron

frequency shifts of PETN

Shuji Ye', Kenichi Tonokura ', and Mitsuo Koshi”

A flexible potential containing both intra- and intermolecular potential was used to calculate pressure
dependence of phonon and vibron frequency shifts of two polymorphs of Pentacrythritol Tetranitrate (PETN) at
the pressure ranging from 0 to 3.0 GPa. The intramolecular potential contains bond stretching, angle bending,
torsional and non-bonded motions terms. The intermolecular potential used is of the Buckingham 6 —exp form
plus charge-charge Coulombic interactions. The flexible potential can predict accurately lattice parameters,

lattice energies and elastic constants. Predicted mode Griineisen coefficients are in the range from 1.88 t0 4.09
for the modes in phonon region (ws 110cm™) of PETN I, and from 1.5 to0 3.19 for PETN II. The averaged
Griineisen coefficients of the modes in phonon region is 2.94 and 2.69 for PETN I and PETN 11, respectively. In
PETN I and PETN II, mode Griineisen coefficicnts are less than 1.5 for the modes with the frequency of 110 -

550 cm™, and less than 0.2 for the modes below 550 cm™.

1. Introduction

When a molecular crystal receives a shock or impact, a
part of mechanical encrgy is transferred from the shock
front to the lattice vibration (phonons). Phonon energy
then must be converted to molecular vibrations (vibrons),
in order to heat them up to a temperature at which a
chemical bond can be broken.” When the shock front
moves through a molccular solid, the shock produces a
temperature increase from an initial temperature T to a
final temperature T,. T, is given by Eq.(1).?

T,=Te"*"" 4 4T (1)

br

This equation indicates that the shock temperature
jump depends on the bulk Griincisen parameter I” and
volume compressibility. In Eq.(1), the first term on the
right hand side is the tcmperature incrcase due to a
reversible adiabatic compression, and the second term is
the additional temperaturc increase due to the irreversible
part of the shock. V, is the initial volume and V, is the
volume at pressure P. The bulk Griineisen parameter I”
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can be written as a weighted average of mode Griineiscn
coefficients y;,

S2.(C), @

F==5e

where the sum ranges over all phonon and vibrational
modes of the crystal, and (C); is the constant-volume
heat capacity of the mode i. The mode Griincisen
cocfficients represent the relative change in the mode
frequency w with volume,

V ow,

P 3

y=-
)

As pointed out by Diott”, phonon and vibrational
excitation are expected to be different by the passage of
the shock front. The phonons having a larger Griineisen
coefficient will be much easier to be excited. Knowledge
of the mode Griincisen cocfficients is necessary to
understand the non-equilibrium poputlations of phonon via
shock excitation. In this paper, we calculated the pressure
dependence of phonon and vibron frequency shifts
of pentacrythritol tetranitrate (PETN) and derived the
mode Griineisen cocfficients using Eq.(3).

2. Calcalation methods

A flexible potential was used to calculate the phonon
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and vibron frequencies at the pressure ranging from 0 to
3.0 GPa with the software package of the gencral utility
lattice program (GULP).** The total potential ¥, is
described as thc sum of intra- and intermolccular
potentials,

vm,=§;(vm+%gvm (r) )

The intermolecular potential consists of the superposition
of a pairwise sum of Buckingham (6—cxp) (rcpulsion
and dispersion) and coulombic potentials (V) of the

form:
C -
V(r,)=A,ep(-B,r,)——= (3)
rﬂ’
and,
V() =—tds (6)

m’:,,rq,

where 7,4 is the interatomic distance between the atoms a
and B belonging to different molecules, q,, and g, arc the
corresponding electrostatic charges on thesc atoms, and &,
is the dielectric permittivity constant for free space. The
parameters A, 5 B, and C, gz, for different types of
atomic pairs have been previously publishcd® and have
been used in the present study without change except for
the N--H atomic pairs. The atomic pair of N-H
intermolecular potential were refitted to reproduce the
experimental structure. The values of the intermolecular
potential parameters arc given in Table 1.

The set of partial charges used in these calculations
were determined through fitting these to the quantum-
mechanically-derived electostatic interaction potential for

an isolated molecule whose atoms are rcarranged

according to the experimental crystallographic structure.
These calculations have been done using the CHELPG
procedure as implemented in the Gaussian 98 package®
in conjunction with Mgller-Plesset perturbation theory at
the MP2/6—31G" level.

The intramolccular potentials werc assumed the form
as follows:

V=SVt 3V A3Vt 3V (N

10 describe the bond siretching, angle bending, torsional
motions and nonbonded interactions that occur within an
isolated molccule. The covalent bond stretch can be
approximated as a harmonic oscillator,

Vw=%k,(r—ro)’ ®
where ris the bond distances, r, is the equilibrium bond
length and £, is the force constant describing the stiffness
of the bond.

The angle-bending potential is represented by the

form.
Vm,,=%k,,(9—0,,)’ )

where kg is the force constant and 6,is the equilibrium
value of the angle.
The torsional potential is represented by the form

V., ..=V.(+ticosim(®—,))) (10)

where Vg is a half of the intramolecular torsional barrier,
@ is the torsional angle, and m = 1, 2, 3, or 4, and i is +1
or -1 according to the sign of m phase,

Nonbonded interactions are considered intramolecularly
for all atoms separated by threc or more bonds in

Table 1 The intermolecular atom-atom potential parameters for PETN’

Pair (a- p) Aqap(KJ/mol) By A7) Cop ( KI/mol)
H-H 9213.510 3.1 136. 3800
C-C 369726. 330 ; 3.60 2439. 3459
N-N 264795. 246 ; 3.18 1668. 3316
0-0 290437. 820 i 3.96 1453. 3114

* With the exception of pair of N - H, for pairs of unlike atoms, Aqs Bag and Cop wc/:_fc calculated
from the formulate Agg = (Aadgp) ', By = (Baa + Bpp) /2, Cop =(Caa Cpp) "
Axy =444979.009 KJ/mol, By =3.76 A-l, Cony = 2310.1980 KJ/mol.
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Table 2 The force constants of the intramolecular potential Parameters for PETN.*

Bond Stretching Parameters

angle bending parameters

203

Bond k, (Kimol' A™) 1, (A) Angle ko(KJmol' rad®) | 9(deg)
N-O 3165. 66 1.217 C-C-C 334.72 109.5
N-O, 2510. 44 1.389 C-C-H 418. 41 110. 4
Cc-C 2594.13 1.538 C-C-0, 418. 41 107. 6
C-H 2941. 65 1.03 H-C-0, 418. 41 108.7
C-Oq 26717. 81 1.433 H-C-H 292.89 111.4
0-N-0, 585. 77 115. 98
O-N-0 585. 77 127. 80
C-0O,-N 585. 71 17.7
Torsion potential parameters
Dihedral angle V¢ (KJ/mol) 5 (deg) M i
0O-N-0-C 3.7658 0.0 2 -1
C-C-C-0, 37.658 0.0 3 t1
N-QO,-C-C ~-4. 8117 0.0 3 -1
H-C-C-C 0.4824 0.0 2 | 41
Nonbonded potential Vg2 (1) = £,5[{t/ 1ap) " = 2/ 10p) )

Pair (- B) £ (KJ) o (A) Pair (a - ) e(KJ) r,(A)
C-C 0.25104 3.60 - C-C, 0.37656 3.70
H-H 0.04184 3.08 0,-0, - 0.62760 3.30
0-0 0. 8368 3.20 N-N 0. 66944 3.50

* for pairs of unlike atoms, r, s’ and €, were calculated from the formulate 1, p° = (1o, + 1gp") /2, €0 = €0q

EN‘) 172 (1’000 T Bﬂ") 3/ (I’u ‘;0) 6.

PETN molecules. The potential is represented by the
Lennard-Jones form,

o P 0 \¢
zg(rn,)=en,[[ 'i" ] —2(%]]
o o

All force-field parameters in cxpressions (8) — (1)

(n

are taken directly from the carlicr literature.” The valucs
of these parameters are given in Table 2.

3. Results and discussion

At normal pressures, PETN is known to exist in two
phases in the temperature range from zero to the melting
point (416K): a tetragonal phase also called form I ¥ and
an orthorhombic phasc known as form II ®. PETN I is
thought to be the most stable form. PETN II can exist at
temperature above 403 K and transform rapidly to PETN
I below 403 K. As determined by x-ray diffraction
mcasurements, the space group for PETN I is PEZ,c
with two molecules per unit cell, while Penb with four
molecules per unit cell for PETN 11

The lattice constants are evaluated by minimizing the

total crystal potential cnergy, while varying the lattice
parameters, a, b, and c, as well as the orientations of the
atoms in the unit cell. The unit cell angles remain 90° to
be consistent with the space group symmetry. The
minimized configurations have been verified by phonon
calculations that the first three vibrational frequencies are
equal to zero and all of other frequencies have positive
values, indicating the existence of a local minimum.

3. 1 Lattice properties

The accuracy of the flexible potentials was checked by
the calculated latticc properties  with
experimental values. Resulting lattice parameters and
latticc energy are listed in Table 3. The maximum
deviation in the lattice dimensions is 4.1%. At ambient
pressure, not only total lattice cnergy, but also clastic
constants arc in exccllent agreement with the available
experiment data'®"". Recently, the entirc set of elastic

constants for single crystal PETN I have been measured
n

comparing

by Gupta.” Comparison between experimental and
calculated results is given in Table 4. It indicated that

elastic constants can be predicted accurately by the
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Table 3 Comparison of Calculated and Experimental lattice Parameters and Total Encrgy.

a(d) b c@ i vV Lattice cnergy (kJ/mol)
PETNI Exp. 9.38 9.38 6. 71 590. 375 -156. 9¢
Calc 9. 4417 9. 447 6. 983 623. 158 -157.08
PETN I Exp. 13.129 13. 49 6. 83 1224. 4967 —_
Calc 13. 237 13.588 6.902 1241. 4611 -157. 66

a)

sublimation enthalpy, T=298K,

reference 10, the lattice cnergy is calculated using the relationship: E & -AH,4-2RT, AH,, is the experimental

Table 4 The clastic constants for the optimized structurc of PETN I (GPa)

C‘II C.'.V CJJ CH C55 CM Cli’ CIJ ClJ
Exp 11. 241 17. 241 12.174 5.043 5.043 3.944 5. 449 7.943 8.001
Cale 17.628 | 17.628 | 16.620 3.789 3.789 3.778 7. 891 9.334 9.334
flexible potential used in the present work. Because the y U
clastic constant matrix is symmetric, only the upper half 7=1— U" (14)
0 )

is given in the table.

At high pressures, thc crystal is slightly [ess
compressible for the present potential than the shock
compression cxperiments.'”'® At the pressure of 3.0 GPa,
the present volume compressibility (V/Vy) is 0.88,
which is comparable to 0.86 obtained by the shock
compression experiments. '*"'¥
We used Murnaghan equation to fit the dependence of

the unit cell volume on pressure.

47

where By is the bulk modulus at zcro pressure, B, is the

p)=2e_ 12)
B ’

°

pressure derivative of B, B,/'= 4B . The fitted
dP |,

parameters arc B, =12.99 GPa, B, = 8.51 for PETN I,
comparable with the experimental value of B, =9.85 GPa
and B, = 8.75 based on Hugoniot data'. For PETN II,
B,=14.02 GPaand B, = 8.07.

Experimentally, Bulk modulus B, and the pressure
derivative B, in eq.(12) can be calculated in terms of
Hugoniot-Rankine relations, where U, is the shock
velocity and U, is the particle velocity.

P=pUU, (13)

For single crystal PETN I, the shock-particle velocity

Hugoniot may be given by'?,

U=2.320+2.61U, -0.380,", U, s4.1648km/s
U=2.811+1.73U, U, =4.195kn/s

Corresponding B, and B, are 9.85 GPa, 8.75 for U, <
4.1648 km/5s (P<5.91 GPa) and 13.99 GPa, 5.94 for U,z
4.195 km/s (P = 5.95 GPa).

3. 2 Pressure dependence of phonon and vibron
frequency

There are few studies about vibrational spectrum of
PETN due 1o its complex structure. Recently, Gupta et
al'’ have calculated the vibrational frequency and
assigned normal mode vibrations using density functional
theory (DFT) calculations at the BSLYP/6—31G(d)
and B3LYP/6—311+G(d,p) level. Based on a group
theory, the numbers of vibrons and phonons (including
Davydov splittings) are 81 X2 and 9 for PETN I crystal
and 81 X4 and 21 for PETN II crystal, where 81
represents the number of internal vibrational modes for
isolated molecule. We have calculated the frequency for
these phonons and vibrons at the pressurc ranging from 0
—3.0 GPa. Compression of a crystal induces frequency
shifts in the both phonon and vibrational modes.
Generally, the shifts for phonon modes are much greater
than the shifts for vibrational modes. An example of
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frequency changing with volume is shown in Fig. 1.

The molecular point group for isolated PETN I
molecule is Sy with irreducible representations of T, =
20A+21B+20E. The 20A modes are not IR active and the

PETN H (y=2.99) e
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Fig.1 The frequencies shift of phonons plotied against
volume change.
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Fig.2 The splitting of the generatc modes of PETN I,
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Fig3 The calculated mode Griincisen cocfficients y, for the
modes below 800cm™.

20E modes are doubly degenerated. For these degencrate
modes, splitting is occurred to some modes with pressure

increasing, as shown in Fig, 2.

3. 3 Mode Griineisen coefficients y;

We calculated 3 using Eq.(3). The results for the
modes below 800cm™ are shown in Fig. 3. For PETN I,
of values are ranging from 1.88 to 4.09 for the modes at
the frequencies below 110 cm’', while the values are less
than 1.55 above 110 em™. For PEIN 11, y; arc ranging
from 1.5 to 3.19 for the modes at the frequencics below
110 cm™ and are less than 1.45 above 110 cm™'. However,
vi of the modes with frequencies lager than 550 cm™ are
less than 0.2 for PETN I and PETN II. The modes with
largest Griineisen coefficient are located at 35.1 em™ for
PETN I (y = 4.09) and 50.8 cm™ for PETN II (y; =
3.19). With the passage of the shock front, the mode at
35.1 em™ in PETN I crystal and 50.8 cm™ in PETN I are
excited more easily than other modes.

In PETN crystal, therc are many low frequency
vibrational mades involving NO, rocking motions and
ONO, wagging motions. Gupta et al. observed that there
are 10 vibrational modes below 100 cm™ (not include
Davydov splitting) ' These low frequency vibrational
modes amalgamate with phonon modes and have a
considerable large value of y, equal to or slightly smaller
than y; for purc phonon modes, but much larger than y; for
high-frequency vibrational modes. The considerable large
value of y indicate that the amalgamated modes can be
easily cxcited by the shock. Thus we assign the
amalgamatcd vibrations as phonon modes. The averaged
value of y; for the modes below 110 em™ are 2. 94 and
2.69 for PETN I and PETN I, respectively.

In addition, Nagayama ct al'*"'® have developed a new
method for calculating the bulk Griineisen parameter
data. Subsequently they studied
Griincisen paramter and thermal nonequilibrium of

using Hugoniot

polymers. The U;— U, Hugoniot curve of the polymers
they considered exist a sharp kink.'” Their results
suggested larger Griincisen parameter at low-pressure
side of the kink correspond to the values of microscopic
Griineisen  coefficients for intermolecular phonon
excitation and the shock waves are not in dynamical and
thermal equilibrium. At high-pressure side of the kink
shock waves approach thermal equilibrium, although are
still not in dynamical equilibrium, which result in the

decrease of Griineisen parameter.
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Table 5 Griineisen parameter calculated by cq. (16)

BU(GPZI) Bg I-:g[,m., I'DM I';z }'_' (w =1 l()cm - )
PETN I(calc) 12.99 8.51 4.09 3.75 3.42 2.94
. PETN (U, = 4.1648km/s) 9.85 8.75 4.21 3.87 3. 54 —
PETN 1 (U, z 4.195km/s) 13.99 5.94 2. 80 2.47 2.14 —_
PETN I {calc) | 14.02 8.07 3.87 3. 54 1 3.20 2.69
The method developed by Nagayama is based on the
theoretical models proposed by Slater'™, Dugdale and 560 PETN 11 - 560
MacDonald(DM) ', Vaschenko and Zubarev(VZ)™. 520 [ 520
The three models may be convenicntly represented by the @ /
o . D 480- - L 480
following single equation, 2 L
£ a0{ a0
d’ E wl” " Lo
—T(PV /1 ) _ ﬁ ‘-'/’_’_/ﬁm 1
—_V av t—12 -
I‘——T 7 + (15) 360 - 360
—(PV*?) 3
dv 320 320

where parameter ¢ is 0, 1, 2 for the Slater, DM and VZ
models, respectively.

Based on Murnaghan cquation, eq.(15) may be
rewritten as,

o BT 3

(16)

Griineisen parameters calculated using eq.(16) are
given in Table 5. The averaged value of the modes in
phonon region (7,(ws110cm™)) is listed out for
comparison. The value of T calculated using cq.(16) is
larger than 7 (ws110cm™) . As pointed out by
Nagayama, ct al'?, although none of the three models are
be applied to any solid matcrials, Griincisen coefficients is
still estimated roughtly by these models. The value of I for
PETN I is similar to the value based on shock Hugoniot
data for U, < 4.1648 km/s, which corresponds P = 5.9 GPa,
but much larger than the value for Uz 4.195 km/s (P =
5.9 GPa) . The value of T for PETN II is less than I for U,
< 4.1648 km/s and larger than [ for U, = 4.195 km/s.

3. 4 Shock-—induced temperature increase

To simplify the calculations of the shock temperature,

00 05 10 15 20 25 30
Pressure (GPa)

Fig4 Calculated shock temperature as a function of pressure.

we ignore the irreversible part of eq. (1). Shock temperature
increase (relative to an initial temperature taken to be T,
=300 K for PETN I and T, =410 K for PETN ID) is
plotted in Fig, 4 for hydrostatic bulk volume compression
as a function of pressure, assuming that the bulk
Griineisen parameter is constant at different pressure and
approximate to the averaged value of the modes in
phonon region (7 (w<110cm™) in Table 5). For
shock pressure of 3.0 GPa, temperature of PETN I and
PETN II jump to 427 K and 563 K, respectively. Since
the compressibility depends strongly on crystal orientation,
the shock temperature for the compression of bulk volume
is different for the compression along a, b and c axes.
Dick et al have observed that the shock initiation of
PETN is very scnsitive to crystal orientation.”” The most
sensitive orientation for PETN I is {110] plane. This
cffect was cxplained in terms of a geometric analysis of
the steric hindrance to shear in the uniaxial strain of a
shock wave. Gupta et al measured the tcmperature
increasc at this stress for 5.0 GPa bascd on the antistokes
and stokes scattering intensities. The temperature increase
at {110] and [001] plane is estimated on the order of 100
K for P=5.0 GPa.*’ For this temperaturc increase, the
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shock front of PETN 1 is possible to transform into PETN
11 before thermal equilibrium is reached. Maienschein ct
al studied the cffect of microvoids on the shock initiation
of PETN and observed an unexpected pressure release in
pure PETN shocked to 2 GPa. They tentatively interpreted
as a shock-induced phase change.”” But very few
experimental evidences support the phase change of PETN L.

4. Conclusion

We have uscd a flexible potential containing both intra-
and intcrmolecular potential to calculate the pressure
dependence of phonon and vibron frequency shifts of two
polymorphs of Pentaerythritol Tetranitrate (PETN) at the
pressure ranging from 0 to 3.0 GPa. The flexible
potentials can predict the lattice properties accurately.
Resulting mode Griineisen cocfficients are in the range
from 1.88 t0 4.09 for the modes in phonon region (ws
110cm™) of PETN I, and from 1.5 to 3.19 for PETN IL.
The averaged Griincisen cocfficients of the modes in

phonon region is 2.94 and 2.69 for PETN I and PETN I,

respectively. In PETN 1 and PETN II, mode Griineisen
coefficients are less than 1.55 for the modes with the
frequency of 110 — 550 cm™, and less than 0.2 for the
modes below 550 cm™.

A shock temperature was calculated using the averaged
Griineisen cocfficients of the modes in phonon region.
The temperature increase is estimated on the order of 100
K at P =3.0 GPa for the bulk volume compression.
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