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All-electron calculations of the hydrostatic compression of pentaerythritol tetranitrate SOMBL),
(PETN) crystal have been performed using density-functional theory with the PBE functional in conjunction
with the 6-31G** Gaussian basis set. Full optimizations of the atomic positions and ratio of lattice parameters
c/a for the tetragonal crystal were performed for eight volume ratios ©9\W8/,<1.00, whereV, is the
equilibrium volume at zero pressure. The pressure, linear compressibilities of lattice paraaratdis and
c/a ratio as functions of volume ratio are in good agreement with experiment. It is observedzalucreases
monotonically with compression untf/Vy=0.8, and then increases monotonically for all higher levels of
compression considered. Changes in intramolecular coordinates and close intermolecular contact distances
were studied as a function of compression. The results indicate essentially rigid-molecule compression for
V/IVy>0.8, with the onset of significant intramolecular distortion for higher compressions. Predictions of the
bulk modulusB, and its pressure derivatii®, were obtained using various equation of state fitting forms.
Values for these quantities are compared to experiment and to the results of a preceding molecular simulation
study of PETN based on an empirical force field.
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I. INTRODUCTION Theoretical predictions of PETN crystal structure, thermal
expansion, and hydrostatic compression were reported by
Pentaerythritol tetranitrat?PETN, C(CHBONO,),] is an  Sorescuet all”!® They used an intermolecular potential
important secondary high explosive. At room temperaturefunction developed in their laboratory in conjunction with a
PETN crystallizes in a tetragonal space gr(ﬁ@zlc, with rigid-molecule approximation for the molecular structure.
two molecules per unit celi> A high-temperature form de- Agreement to within one percent of experiment was obtained
noted PETN-II has also been reporfeETN has received a for the crystal lattice parameters at 298 K, although the cal-
lot of attention due to interesting anisotropic, nonmonotonicculated thermal expansion coefficient was three times
shock initiation sensitivity.'° The room-temperature linear smaller than the experimental value. Sorestual® pre-
and volumetric hydrostatic compression of PETN has beeulicted linear compressibilities that were in reasonable agree-
measured by Olinger and co-workEr& using x-ray diffrac-  ment with experiment for pressures below 6 GPa, with the
tion for pressures up to 10.45 GPa. Dick and von Dréele onset of significant discrepancies for higher pressufEse
used neutron scattering from deuterated PETN to study decalculated linear compressibilities were systematically lower
tailed pressure-induced changes in dihedral angles and m¢han the measured ones, resulting in a larger error in the
lecular orientations in the unit cell for pressures up to 4.28/0lumetric compressibility over the entire pressure interval,
GPa. While the volumetric compression reported by Dickand leading to a 41% error compared to experiment in the

and von Dreele is consistent with the data of Olingeal., predicted initial bulk modulu$.The authors attributed the
significant differences are observed in the linear compreserrors in their predictions at higher pressure to a shortcoming
sions along thea andc crystal axes. of the rigid-molecule approximation.

A complete set of isentropic elastic coefficients for PETN  Bunte and Sul? reported a flexible molecule inter- and
has been reported by Mortfsbased on extensive single intramolecular COMPASS force field parametrization based
crystal sound speed measurements. The resulting elastic teon a calibration to experimental data and high level gas
sor was of high precision with the exception of elemefy,C phase electronic structure results for selected nitrate esters.
which had an uncertainty over ten times the average for thélthough PETN was not part of the force field training set,
others. Winey and Guptareanalyzed Morris’ data, identi- predicted crystal lattice parameters for PETN were in good
fied the source of the inconsistency iRsCand reported an agreement with experiment. Bunte and Sun reported five of
internally consistent and precise elastic tensor. the six elastic coefficients for PETN at zero K, based on

There have been a number of theoretical studies of PETNnergy-minimized lattice parameters as well as for a con-
crystals based on empirical force fields. Dick and Ritthie strained calculation in which the lattice parameters were set
performed molecular mechanics calculations using the AM-equal to experimental values. Reasonable agreement with ex-
BERA4.0 force field to study the energetics associated witlperimental data was obtained in the latter case, in spite of
slip along specific directions in the crystal, in an effort to neglect of explicit thermal effects. Since they did not report
understand the anisotropic initiation sensitivity in PETN.the G elastic coefficient, it is not possible to obtain a bulk
Their results were largely consistent with experimental datamodulus from their work.
but were not conclusive due to the lack of rate-dependent Zaoui and Sekkaf reported calculations of PETN ther-
information. mal and mechanical properties using a flexible molecule,
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Tersoff-like force field. This work is difficult to interpret, as O, 0]
the primary simulation cell described in the article corre- \N/
sponds to a nonintegral number of molecules, and the pre-
dicted longitudinal and transverse sound speeds are both un- |
realistically small and inconsistent with the reported bulk o
modulus. For these reasons, it will not be considered further \ //
below. CH,
Kuklia and Kun#! studied the electronic structure of
PETN crystal containing an edge dislocation using Hartree- \\
Fock theory withcRYSTAL95/98%% They considered edge-type O H,C*
dislocations with Burgers vectdi001], and found that a \ /
shear stress, induced by the dislocations, produces local elec-
tronic states in the fundamental band gap of the crystal. N—/—0 H,CP
In this contribution, we report condensed phase //
0

electronic-structure calculations of the hydrostatic compres- 0
sion of PETN at absolute zero and pressures up to 25 GPa. |
We employ an all-electron density-functional method using N
the PBE functional (Ref. 23 in conjunction with the
6-31G** Gaussian basis set. Complete optimization of the O"‘/ \
cell contents and/a ratio of the lattice parameters is per-
formed at each of the eight volumes considered, assuming a FIG. 1. Chemical structure of PETN. Superscripgs and * b”
tetragonal celli.e.,a=b#c, a=B=y=90°). It should be &€ u_sed in Table Il to_ distinguish geometrlcally distinct internal
noted that our all-electron treatment is computationally moré©0rdinates for comparison to experiment.
demanding than pseudopotential methods, but it should be
free from potential errors associated with pseudopotentialsalence Gaussian basis set was tried first, but found to be
that may become important at high pressures. inadequate relative to the larger 6-31G** basis set. Thus, the
The remainder of this paper is organized as follows. In6-31G** basis set was used for all results reported here. The
Sec. Il we describe the computational framework and in Sed” point for Brillouin zone sampling was used throughout
[l the details of our calculations. In Sec. IV we present thewith the crystallographic unit cell, which contains two mol-
results of the calculations and properties derived from themgcules(58 atoms. However, a number of calculations were
with comparisons to experiment and previous theoreticatarried out using a X 1x 2 supercell to verify convergence
studies. Finally, in Sec. V we summarize the main conclu-of the I'-point approximationas shown in Fig. @)]. Be-
sions of our work. cause of the necessity to resolve millihartree energy differ-
ences, a “good” level of numerical approximation was used
throughout to achieve the required 7-8 digits of accuracy in
the total energy, which was approximately2600 Ha. This
Calculations were performed using a parallelized versiorcombination of large basis set and accurate numerical ap-
of MoNDOScR?* a suite of programs for linear scaling proximation was mastered through paral#IN) algorithms,
electronic-structure theory arad initio molecular dynamics. a key enabling technology for these types of calculations.
Periodic boundary conditiofiwere used to study the PETN Starting with the experimental x-ray crystal structure re-
crystal. TheMoNDOSCFcode employs a number of advanced ported by Conangt al.® we calculated the zero pressure unit
O(N) techniques such as the quantum chemistry tree codeell volumeV, under the assumption of a tetragonal lattice
(QCTO) for the Coulomb matrix builtf~22and the adaptive (a=b#c, a=B=y=90°) by computing fully energy-
Hierarchical CubaturéHiCu) for the exchange-correlation minimized structures on a5 grid of a and c lattice pa-
matrix build? Parallelization oMoNDOSCFhas been carried rameters, and fitting the results to a cubic polynomiahin
out, where an exemplary success is the efficient data-paralleind c. A subsequent calculation on ax3 grid centered at
algorithm for the HiCu methal with an equal-time parti- the minimum predicted from the preceding step was used to
tioning scheme that exploits the temporal locality of SCFobtain an improved prediction of the optimized crystal struc-
calculations to achieve excellent load balance. We used @re. These correspond &, ¢, andVy=a3c,. Stability of
cluster of 256 4-CPU HP/Compagq Alphaserver ES45s withhe tetragonal structure was checked by energy minimization
the Quadrics QsNet High Speed Interconnect to perform thef nearby orthorhombic structurea# b+c) in the vicinity
calculations in this work. Most calculations were performedof the tetragonal minimum; these tests confirmed that the
using 32 processors. tetragonal structure is favored energetically over neighboring
orthorhombic ones.
Energy-minimized structures for a given volume ratio
VIV, were obtained by scanning a setadf ratios consis-
The results described below are for three-dimensionallyent with the desired volum¥. Initial guesses were obtained
periodic, gradient-corrected density-functional theoryby rigid translation of the molecular structure obtained from
(GGA), using the PBE function&f The small 3-21G split- the next larger volume ratio via a transformation that pre-

Il. COMPUTATIONAL FRAMEWORK

I1Il. COMPUTATIONAL PROTOCOL
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TABLE |. Equilibrium lattice parameters and unit cell volumes for PETN.

aA) c(A) V(A?) Source Comment

9.425 6.758 600.3 This work PBE/6-31G**

9.383 6.711 590.8 Olingest al. (Ref. 11 X-ray diffraction, ~298K
9.3776 6.7075 589.9 Conaet al. (Ref. 3 X-ray diffraction, ~298K?
9.3348 6.6500 579.47 Soresetial. (Ref. 18 NPT-MD, 298K, rigid molecules
9.35 6.67 583 Bunte and SyRef. 19 NPT-MD, 293K

8Room-temperature measurement; precise temperature unspecified.

serves the center-of-mass positions in crystallographic cootecular distances less than 3A at equilibrium, each of which
dinates. Typically, seven values ofa were considered at a is an O --H contact. Predicted values are 2.396, 2.779,
given volume, and the results were fit to a parabola. and 2.898A, with errors relative to experiment ef3.5,
—0.7, and 0.1%, respectively.

The volumetric hydrostatic compression is summarized in
i Fig. 2. The variation of the energy with volume ratio is
. Calculated and measur_ed lattice parame_ters are compargﬂgown in Fig. 2a). The line is a sixth degree polynomial i,
et et o eoven e, o whic he pressre shown in Fig s obtaned s
tions of Soresctet al® and Bunte and Sd# for complete- P=—dE/dV. The open circles in Fig. (B) are the experi-

mental data of Olingeet al.'! with experimental uncertain-

ness. Percent errors in our calculations relative to the eXPerl. . omparable to the svmbol sizes. The calculated volumet-
mental results of Conaret al® are 0.51, 0.75, and 1.8% for . P . the sy ' .
ric compression is in remarkably good agreement with

ao, Co, andV,, respectively. It is important to note, however, . The eff f Id b d
that we have not attempted to correct for thermal expansiorf,Xpe”mem' e effects of temperature would be expected to

since experimental coefficients of thermal expansion for SOften” the calculated isotherm at low pressures; however,
PETN do not extend to cryogenic temperatures. thls effec? should dlmlnlsh qwckly with increasing compres-
Calculated intramolecular coordinates and selected inte§ion. While perhaps obvious, it is worth pointing out that
molecular distances are compared to the experimental resuff@is behavior has been observed for similar systems,
of Conantet al? in Table Il (see also Fig. )L The predicted including pg-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
molecular geometry is in excellent agreement with experi{8-HMX).3-%2
ment. The 12% discrepancy in the—@1 distances is ex- The linear compression along theandc crystallographic
pected, since we are comparing to x-ray data. Otherwiselirections is shown in Fig. 3. Figurd& reveals good agree-
most of the intramolecular degrees of freedom are accurateljent between our predictions and the experimental data for
predicted to within a few percent. There are three intermothe relative compressions afa, andc/cy. In Fig. b) we

IV. RESULTS

TABLE 1l. Comparison between experiment and PBE/6-31Q#bNDOSCF calculation of selected
intramolecular and intermolecular parameters for PETN crysédér to Fig. ). Units are A and degrees.
Numbers in parentheses are percent errors relative to experiment.

Source c-C C—H c—O O—N N=—0
This work 1.532(0.1) 1.098(12.0 1.444(0.2) 1.437(2.4) 1.219(1.9
Expt. (Ref. 3 1.531 0.98 1.446 1.403 1.196
Source CCH HCH CCO HCO

This work 111.0 €1.2) 108.1(1.5 106.6 (—0.1) 110.1(0.5)

Expt. (Ref. 3 112.2 106.5 106.7 109.6

Source CON ONO ONOP ONO

This work 111.8 1.2 117.4 (- 0.3 111.9 (- 0.1) 130.7(0.3)

Expt. (Ref. 3 113.2 117.7 112.0 130.0

Source ece? cace? CCON CONCG CONC?
This work 108.1(0.4) 112.2 (—0.4) 169.9(0.3) 3.4(0.0) 176.6 (—0.1)
Expt. (Ref. 3 107.7 112.7 169.4 3.4 176.8
Source O--H O---H O---H

This work 2.396 (3.5 2.779 (- 0.7) 2.898(0.1)

Expt. (Ref. 3 2.482 2.798 2.894
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FIG. 2. Volumetric hydrostatic compression for PET(d) En- FIG. 3. Linear compression of PETNg) Relative linear com-

ergy differenceAE. The solid line is a sixth degree polynomial fit pression of the lattice parameters. Squares and circles correspond to
to the IX1X1 predictions. Crosses are calculations for 81l  the a and c crystallographic axes, respectively; dashed lines are
%2 supercell, and indicate that finite-size effects are minifigl.  simply a guide for the eye. Experimental data from Olingeal.
Pressure-volume relationship calculated from the fitan Uncer-  (Ref. 11); experimental uncertainties are comparable to the size of
tainties in the experimental data of Olingaral. (Ref. 11 are com-  the symbols(b) Ratio ofc to a. Squares denote calculated results;
parable to the symbol sizes. dashed line is a guide for the eye. Circles are experimental data
(Ref. 13); error bars irc/a andV/V,, are representative; solid line is

show the variation of the/a ratio as a function of compres- 2 Polynomial form taken from Ref. 11.

sion. The solid line is based on.polynomial representatiqns Afve again note is the volume ratio corresponding to the mini-
a=a(V) andc=c(V) due to Olingeret al™* We observe in  um inc/a.
both cases an initial decrease in ttie ratio with increasing The results in Fig. 4 are consistent with the discussion of
compression, followed by an increase toward a more “cubicPastine and Berneck&who argued that the initial compres-
like” lattice structure. The positions of the minima in the sion of an organic explosive is due almost entirely to reduc-
curves are in fairly good agreement, and correspond to &on of intermolecular distances. At higher pressures, the en-
volume ratio of 0.8 and a pressure of about 7 GPa. ergetic cost of further reduction of intermolecular distances
In Figs. 4a) and 4b), we show the changes in intramo- becomes comparable to that associated with distortions of
lecular bond lengths and three-center angles as PETN istramolecular degrees of freedom. From our calculations,
compressed. For clarity of presentation, we only include cowe conclude that this transition occurs at approximately
ordinates that undergo significant changes. It is observed th@tGPa[see Fig. )]. Interestingly, Sorescet al'® observed
the bond lengths and angles remain almost constant for O#at the deviations under hydrostatic compression of their
<V/V,=<1.0, with the onset of sizable changes for highersimulated lattice parameters from the experimental values
compressions. Backbone dihedral andlest shown exhibit  increased rapidly for pressures above 6 GPa. They attributed
qualitatively similar behavior, with changes of 2°—5° begin-this to a shortcoming of the rigid-molecule approximation
ning at V/V,=0.8. (We note that Dick and von Dreéfe used in their work, and the present results corroborate this
observed nonmonotonic variations of up to several degreegonclusion. Intuitively, one might expect a range of pressures
in some of the dihedral angles in deuterated PETN betweeaver which different kinds of intramolecular degrees of free-
zero and 4.28 GPa. We do not see any evidence for this idlom become involved, with dihedral, three-center angle, and
our calculations, based on the four compressions in our studgovalent bond distortions emerging at successively higher
that correspond to this pressure interv&igure 4c) depicts ~ pressures. That this is evidently not the case for PETN may
the pressure response of the three sets of intermolecular vdae a consequence of the high symmetry of the crystal.
der Waals contacts that are below 3A at zero pressure; each We can obtain the bulk modullBy=—VdP/dV and its
of these corresponds to an-OH interaction. The two initial pressure derivativlBy=dB,/dP from the PV data
longer distances decrease essentially linearly over the entingsing equation of state fitting forms. In order to connect with
interval of compression studied, whereas the shorter one exyreceding work, we consider three forms. The first form is
hibits an obvious change in slope at ab®Wiiv/,=0.8, which  the Murnaghan equatiéh
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whereUg andU, are pseudo-shock and pseudo-particle ve-
locities, respectively. The latter were used by Olingeal.
in the analysis of their isotherm data for PETRefs. 11,12
and other explosives including TATE,3-HMX and RDX 3
and nitromethan&® Equation(3) is a straightforward recast-
ing of Egs.(4)—(5) into the PV plane, assuming thal,=c
+sU,. For this equation of state, the initial bulk modulus
and its pressure derivative are given By=c?/V, and B},
=4s—1, respectively.

Fits to isotherm data are sensitive to the fitting form cho-
sen and the interval of data used in the fit, particularly if the
interest is in obtaining precise predictions of the initial bulk

FIG. 4. (a) Variation of bond lengths in PETN as a function of modulus and its pressure derivative. To maintain consistency
hydrgstatic compression. Circle: C_Cf square: C-O; diamond: O-Nyith the experiments of Olingest al,* we restrict our fits in
up-triangle and cross: NO; down-triangle and plus: C-H(b) {he following to pressures below 10.45 GPa. Also, in addi-
Variation of three-center angles. Circle: C-C-C; square: C-O-N; diasjoy 1o performing equation-of-state fits to our calculated iso-
mqnd: C-C-H; up-triangle: H-C-O; cross: C-C-@) Compressmn erm, we applied Eqg1)—(3) to the experimental data of
of intermolecular van der Waals contacts whose value is less than linger et al.

A at zero pressure. Al three correspond to-OH contacts. Calculated and measured values for the initial bulk modu-
lus and its pressure derivative for PETN are summarized in
Bo , Table Ill. The results of fits in thé®V plane using Egs.
P=—1(5 %-1), (1)  (1)—(3) to our calculated isotherm are fairly consistent, with
Bo Bo=14.5-16.0 GPa an8,=5.2-6.7. Applying the same
fitting forms to the experimental data of Olinget al, ' we
where »=V/V,. The second form is the third-order Birch- obtain By=9.4-12.2 GPa andB,=6.4-11.3. Sorescu
Murnaghan equatiofi used previously in the analysis of the et al.*® reportedB,=14.1 GPa an®;=10.4 for a fit of their
isotherm for the high explosive octahydro-1,3,5,7-tetranitro+igid-molecule simulation results to the Murnaghan equation
1,3,5,7-tetrazocin¢HMX )>6-38 of state[Eq. (1)]. Values ofB,=8.8 GPa and@,=9.9 can be

TABLE IIl. Calculated and measured bulk mod&j and pressure derivativg, for PETN.

Bo(GPa Bj Data source Fitting form Comment

15.8 5.3 This work Eq(1) Fit to PBE/6-31G** results folP<10.45 GPa
14.5 6.7 This work Eq(2) Fit to PBE/6-31G** results folP<10.45 GPa
16.0 5.2 This work Eq(3) Fit to PBE/6-31G** results folP<10.45 GPa
11.7 6.8 Olingert al. (Ref. 1)) Eq. (1) Fit to experimental isotherm

9.4 11.3 Olingert al. (Ref. 1) Eq. (2) Fit to experimental isotherm

12.2 6.4 Olingeeet al. (Ref. 11 Eq. (3) Fit to experimental isotherm

8.8 9.9 Olinger and CadfRef. 12 Deduced from Ref. 12, Table Il and E{.8)
9.1 Winey and Gupt#éRef. 15 Calculated from isentropic value

14.1 10.4  Sorescat al. (Ref. 18 Eqg. () Taken from Ref. 18, NPT-MD at 298K
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deduced from the results presented by Olinger and €ady parameters were obtained at eight levels of compression cor-

based on the experimental isotherm. Note that the latter aneesponding to pressures between zero and 25 GPa. Predic-

revised values oB, andBy, and are different from the ones tions of the lattice parameters and pressure as a function of

initially published in Ref. 11 and subsequently used for com-volume ratioV/V, are in good agreement with experiment.

parison by Sorescat al. in Ref. 18. The results indicate essentially rigid-molecule compression
Another experimental value f@, can be obtained from below 7 GPa&or for V/V,>0.80), with the onset of signifi-

the isentropic elastic tensor reported by Winey andcant intramolecular distortions for higher pressures. Interest-

Guptal**® specifically, ingly, this transition correlates with the position of a mini-
mum, observed experimentally and in the present study, in
_ Cy(CytCpp)—2CH, the ratioc/a of the lattice parameters.
0~ C14+Cypt2C55—4Cq5° ©) Values of the initial bulk modulus and its pressure deriva-

o ) ) ) tive obtained by application of three different equation of
This yields an isentropic bulk modul=9.8 GPa, which  ggate fitting forms to the calculated zero Kelvin isotherm are
can be transformed to an isothermal bulk moduBgsusing  in reasonably good agreement with values obtained by appli-
the relationBy/B§=C, /Cp, whereCy andCyp are specific  cation of those same fitting forms to the experimental data.
heats at constant volume and constant pressure, respectively.both cases, the choice of fitting form can change the pre-
Using values forC,, andCp recommended in Ref. 12 gives dicted bulk modulus by-10-25%. The average theoretical
the resuItB})=9.1 GPa, which we regard as the most accu-bulk modulus, which corresponds to zero K, is 32% larger
rate value for the zero pressure isothermal bulk modulus othan the corresponding average experimental value based on
PETN at room temperature. the room-temperature isotherm. The success of these all-
It is unsurprising that the values Bf, estimated from the electron calculations for PETN demonstrates the precision of
zero Kelvin isotherm are larger than the values obtainedur O(N) algorithms, and suggests that it may be practical to
from room-temperature data. Likewise, the fact that theundertake similar calculations on significantly larger, more
value ofB, reported by Sorescet al'®is larger than experi- complicated systems that are well outside the capabilities of
ment even though it is based on a simulated room<onventional algorithms.
temperature isotherm can be tentatively attributed to the use
of a rigid molecule simulation protocol.
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