
Vノ

ノ
ー
′

TheoreticalCalCulation80flatticeproperties

of8eCOndaryexplo8ive8

ShujiYe',KenichiTonokura'.andMitsuoKoshi''

Anexiblepotentialincludingbothintra･andinter-molecularpotentialwa合usedtocalculate

thelatticeproperties0r8eVera18eCOndaryexplo8ive8SuchaSnitraminecry8t8180fHMX(I.3,5.7･
tetranitro･1,3,5,7･tetraa2hCyCrOOCtane).RDX(1,3,5･Lrinitro･1,3,5･tria21aCyCrOhexane)andDMN

(N,N･Dimethylmitramine),andnon･nitraminecry8talBOfPETN(Pentaerythritoltetr8mitrate).

ANTA(3･Amino･5･nitro･1,2.4･tria之01e).NB(Nitrobenzene)andNM(Nitromethane).The

intramolecularpartorthepotentialcontain8bondStretL:hing,anglebending.out･of･planebending,

tor8ional,andnon･bondedmotionterms.Parameter8inthe8eterm8WeretakenfromliteraLure8

andrefittedtoreproducetheexperimentalcry8tal8truCture8andinfraredSpeCtr80fthe8e

explo8ive8.TheBuckinghamexp･6functionwithCoulombicinter8Ction8Wa8uBedfor

intermoIecularpotentialofHMX,RDX,NB.DMNandNM,whereastheLennard･JoneB6･12

potentialwithCoulombicinteractionsW88aPpliedforintermolecularinteraCtion8inPETNand

Am (plu8hydrogenbondingpotential).Iti8COnfirmedthatthe皿exiblepotentialSCouldaccurately

predictlatticep8rameter与andlatticeenergies0ftheseeXplo8ive8.Inaddition,thepotenti818

couldalsopredictthebulkmodtllu8anditspre88urederiv8tive8.Calculatedbulkmodulu80f

NMhad8deviationle8Stlmn4.5%comparedwiththeexperimentaldatiLatpreSSureregionofP

≦3.OGPa.Calculatedela8ticcon8tant8,e188tic8tiLrne88,averagedYoung'8mOdulu8andPoi880m

ratioofRDXwereinagreementwiththeexperimentaldata.

1.Introduction

Predictionofperformance,8enBitivity,chemical

andphy8icalpropertie80renergeticmateriabare

centralproblemsforthedevelopmentandthe88fe

useOfnewenergeticmaterials.Inrecentyears,

manyeffort8havebeenpaidtounderstandand

predictthe8epropertiesba8edontheoreticalI)'u)

andexperimentalmethod8 11日 1).computer

8imulationh88beenwidelyu8edandwa台proved

tobeaVeryeLrectivemeanforthepredictionand

under8tandingorvariou8properties0rhigh

explo8iveS.
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InordertoperformhighqualitySimulation,

accurateintermolecularandintramOlecular

potentialBarerequired,anditiBnot8nea8yta且k

todetermineaccuratepotentialparameterBforthe

explo8ive8,Whicharegenerallymolecular801id

composedofpolyatomicorganicmolecule8with

complicatedcry8t818truCture8.Thomp80nandhis

coIWOrker8 I)'6)havedevelopedanintermolecular

potentialtopredicttheStruCtumland

thermochemicalparameter8formanyeXplo8ive8.

Thepotentialenergyfunction8u8edintheir8tudie8

arecompo8edofpairwi8e8tOm･8tOm(exp･6)

Buckinghmor(6･m)Lennard･Jone8fuTtCtion8

togetherwiththeelectrostaticinteractionsbetween

differentatom8inthemolecule8.A8indicatedby

theirre8ult81)･6),theirpotentialShavebeenvery

8uCCe88fulintheirabilitytodescribethe

equilibrium8truCture80faVarietyoforganic

molecularcry8tal8underambientconditionsand
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undermoderatelyhighpreささureandtemperature

condition8･However,thephy8icalandchemical

proce88e80fenergeticmateriaJSareOrmoatinterest

atextremelyhighpre88ure8andtemperatures,in

whichconformationalmolecularchangesmay

becomeimportanLForexample.analy8i80fthe

8hockinitiationorexpl08ive8require8

tJnder8tandingofcrystalpropertiesunder

extremelyhighpre8Bure(-GPa)condition8.

Consequently,furtherdevelopments0fthe

interactionpotentialareneCeBSarytOde8Cribethe

intramolecularmotion,molect)tardeformations,

andtheenergyflowinJ)idethe8eCry8tahunder8uCh

highpre88ure8･Thomp80netal･7)improvedtheir

previou8regid-moleculeapproximationand

extendedthepotentialtoincludeafull

intmmolecularpotentialfortheBimulation80f

energeticmaterials.Attheirfir8tattempt.they

8electednitromethanea8theprototypeexplosive

todevelopthefullynexiblemodelofanenergetic

molecularcry8tal7I.

Inthepresentpaper,Weappliedthefuuy爪exible

modeltothe8imulationofthelatticepropertie80f

8eCOndaryexploSive88uCha8PETN(Pentaerythritol

tetmnitrate),RDX (1,3,5･trinitro･1.3,5･

tri821BCyCrOhexane),polymorphicform80fHMX

(1,3.5,7-tetranitro･1,3,5,7-tetraa21aCyCrOOCtane),

ANTA (3lAmino･5･nitro･1,2,4･tria2iOle),

NB(nitrobenZene).DMN(N,N･Dimethylnitramine)
andNM(nitromethane).

2.PotentjaJener̀Ⅳhnctions

We888umedthatthepotentialenergyforN

8eCOndAryexplosivemolecule8Canbede8Cribed88

the8umOfinterandintramoleeularinteraction

terms:

v LQh/-∑ (V-I,･mo/-V/-･!莫V;･At--d-V/,' (1'
∧'

lGl

ExceptforthePETNandANTA.theintermolecular

potentiali8theBamei)8de8Cribedinreference(1･

7)･ltcon8i8tSOfLhe8uPerPO8itionofapairwiBeSum

ofBuckinghampotential.V叫(r..),andcoulombic
potenti818,VupC(ruI)･

vJ rqJ･'-Jbexp'-Bwn4･'-告 ･ (2,

and

vpc'軸'-叢 (3'

ForPETNandANTA,thepotentialfunctionwas

constructed88a8umOrpairwi8eadditiveLennard･

Jone8,V'''叫(rJ,hydrogenbonding.VH㌔(ru.),and

coulomb.V.QC(rJ,PotentiaL8;

vqLpJ(rap,-鞭Hi).i)I (4,

viJu小 者 一昔 (5,

whererapi8theinteratomicdi8tanCebetweenthe

atOm8CLandβbelongingtodiLrerentmolecules,q..

andqparethecorrespondingelectro8taticcharge8

onthe8eatoms,andqJi8thedielectricpermittivity

conBtantforfree8paCe･TheparametersA.p.Bum,

Cup,ど..p.rupu,AJtandBOP".fordifferenttypes0f
atomicpairshavebeenpreviouslypubli8hedin

reference81･7,15,16and17andwereu8.edinthe

presentStudywithoutchangeeXCePtforthepairor

atom80-Hinteractionandhydrogenbonding

intermolecularpotential.Thepairoratom80-H

interactionandhydrogenbondingimtermoleeular

potentialwererefittedtoreproducethe

experimentalstructure.Thevalues0fthe

iTltermOlecularpotentialparametersareglVenin

Table8ト4.

A占etOfpartialchargesuさedinthe8eCalculation8

wa台determinedbyfittingtotheelecto8tatic

Tablel,TheAtom-AtompotentialParatneter8forRDX,HMX,NB,DMNandNM 8

Pair(α-β) Atql(kJ/moI) B叫は l) C叫(kJ/m
opH-H 9213.510 3.74 13

6.3800C-C 369726.330 3.60

2439.3459N-N 264795.246 3

.78 1668.33160-0 290437.8

20 3.96 1453.3114WiththeexceptionforapairofO ･H,forpairs0funlikeatoms

,A.,p･B叫andC叫Werecalm latedfromtheformulateA.,p:(A皿ApJL".Bqp=(Bm+

B押)/2,C叫=(C山CpJL々･KByakuGakkaishi.〉o一.63.No.



Table2.meAtom-Atom0･HpotentidparameterSforRDX,HMX,NB,DMNandNM

Pair(α-β) Ato(kJ/moo B叫仏'J) C.p(kJ/mo
I)RDX 42079.341 3.85 44

5.2145HMX 44012.177 3.85

445.2145NB 61380.377

3.85 445.2145DMN 51731.3

77 3.85 445.2145N

M 25661.516 3.85 0.0Table3.TheAtom･Atompotent

ialparametersforANTAdPair(α-β) e叫(kJ/mol
) rapu曲H-H 0.21

3384 2.43C-C 0

.451746 3.912N-N 0

.218154 4.060-00-班 0.853452
2.97AupIl(kJ/mol

)b B.pJl(kJItnol)b1

6895.242 6830.6519N.H 48401.827 5975.5324dforpairs0funl

ikeatom8.rapOandCupwerecalculatedfromtheforTnulaterBPO<rmU
+rppl/2,E.o<E.zdqP)l〝(rqOrpp13/(r叫16･bParameterBOfthe

hydrogenbondLennard･Jone812･10potential･Table4.TheforceconBtant80rt

heintramOlecuhrpotentialparameterさforPETN.ABo

nd8tretChingparameter8 Anglebendingp8r8meter8bond k,(kJmo1-IA.2) ro(ん angle k.(kJmo
l'lr8d'2) 0(°eg)N.0 3765.66 1.217

C-C.C 334.72 109.5N-0, 2510.44
1.389 C-C-H 418.41 110.4C.C 2594.13 1.538 C-Cー0. 418.41 107.6

C- 2941.65 I.03 H.C-0

, 418.41 108.7C-0, 2677.81 1.433 H-C-H

292.89 111.40-N-0, 5
85.77 115.980.N.0 585.77 127

.80C.0,.N 585.77

117.7Tbr8ionpotential

p8rameterSDihedralangle V.(kJ/mol) 8(deg) m

I0-N-0{C 3.7658 0.0 2 -1C-C-C-0. 37.658 0.0 3 +1N-0{C-C
-4.8117 0.0 3 -1H-C-C-C 0.4824 0.0

2 +1ⅠntermOlecularandnonbondedpotentialVupLJ(r)=㌔p【(rJrBJ12-2(r/rB

p)6)Pair(α.β) e(kJ) r.紘)

Pair(α-β) e(kJ) r.(心CI-C) 0.25104 3.60 Cz-C2 0.37656 3.70汁-H 0.04184 3.08 0{0, 0.62760

3.300-0 0.8368 3.20 N-N 0.66944 3.50ExceptN-H,forpairs0funhkeatom8,rupOandeupwe

recalCulatedfromtheformulaterupOirJ+rppn/2.e.tp<E.,Aqp)l々(ⅠJ r"O)3/(



interactionpotentialderivedfromthequantum
mechanicalcalculation8forani801atedmolecule

who阜eatomsarearrangedintheexperimental

crystallographicarrangement.The8eCalculation8

havebeendoneusingtheCHELPG(electro8tatic･

potential･derivedatomcharge白)procedtJre88

implementedintheGau88ian988erie80fprogram

18)attheMP2/6･31G''leveloftheory.

TheintramolecularpotentialBWerea88umedthe

formaBfollowB:

VLm 血 tLb'-∑I(A.t.'･∑tr.d･∑叱地軸.,I∑tr,.～･∑vw
(6)

TermSintherightllandsideofequation(6)

repre8entthebondstretching,anglebendillg,Out･

of-planebendi喝,tOrSionalandnon-bondedmotions
inanisolatedmolecule.Thecovalentbondstretche8

canbeapproximated88aharmonicoさCillator

vb03-去kr(r･･-(,02, (7)

whereriiBthebonddiBtaTICe.r.0istheequilibrium
bondlengthandk,iBtheforceconstantdescribing

the8tifrne880fthebond.Theangle･bending

potentialiSrepresentedbytheform,

V,npk-去hb(e･･10102, (8)

wherek.i8theforcecon8tantandoOi8the

equilibriumvalueoftheangle.Theout･of･plane

bendingpotentialiBrepresentedbytheform,

VhMdpIDW=kdd2･ (9)

wherekJi8theforceconstantandai8the

perpendiculardistanceOfatomifromtheplaneOf

j,kand1towhichitiBboned･Thebr8ionpotential

arerepre8entedbythefわrm,

TL血 =V.(1+)'co8(n7¢i-Qo)), (10)

whereV｡i8halfoftheintramOleculartor8ion

barrier,0i8thetor8ionangle,孤iSthephaseof

periodicityandm=1,2,3,or4,andiis+1or-1

accordingtothe8ignofmphase.Weal80COn8idered
intramolecularnOnbondedinteractions0fPETN,

RDX,NBandHMXmolecule8.Theintramolecular

nonbondedinteractionsarereferredtothe

interaction8betweenthe白eatOm88eparatedby

threeormorebond8inanisolatedmolecule.The

potentiali8representedbytheBuckinghamor

Lennard･Jonesforminexpre的ion(2)or(4).

Al1force･丘eldparameter8inexpres8ion(7)-(10)

aretakendirectlyfromliteraturesforNM7),HMX

19),RDXa))･21),A- 22),NBa3),DMN24)andPETNt7),

andrefittedtoproducetheexperimentalobserved

8truCtureandinfraredSpectra.Thevalues0fthe8e

parametersaregiveninT8ble84-10.Thephonon

andvibrondenSitie80f8tateSCalculatedwiththe8e

potentialparameter8areCOmparedwiththe

experimental8PeCtrainFig.1.Althoughthe

intensityiBdifferentbetweencalculationand

experiment,thepo8ition80fphononandvibron

mode8inden8ityof8tate8areingoodagreement

withtheexperimentalSpectra.

3.CornputationaldetaHs

Thecalculation8inthisStudywereperformed

u8ingtlleSOftwarepackageofthegeneralutility

latticeprogram(GULP)25)･26).Foracry8talwithZ

moleeule8perunitCell(〟atomspermolecule)at

arbitrarypoSition8,thesedegree80ffreedomare

determinedbythe3NZpoSition80ftheatom8in

theunitcellaswell88thedimenSion8andangles

oftheunitcell.Considering8ymmetryCOn8traimts

oneitherlatticeparameters0rOILdifferent8ubSetS

ofatomiccoordinate8decreaBeBthiBmlmberofthe

degree80ffreedom.TheSymmetry･adaptedenergy

mimimi名ationcanattainSignincantreductionofthe

computationaltimenece888rytOminimizethe

latticeenergy8tartingwithatrialconGguration.

TheGULPprogramtriestot18ethecrystal

8ymmetrybothtoTnakeiteasiertogenerate

8truCture8andto8Peedupthecalculation8by

con8ideringtheasymmetricunit.Thenexible

potentialpresentedinGULPnotonlyeomtain8

manykinds0fintermolecularpotentialfunctions

8uChaBBuckinghamandLennard･Jone8pOtentials,

butalsocontainsaVarietyoftwo-,three･,andfour

bodypotential8forintramolecularpotential.Thus

iti88uitableforthetreatmentofbothinorganic

andorganic8yStemSWithfully皿exihlemolecule825)

･26).ltwasu8edtooptimi2J!thecrystalStructure

andcalculatetheelasticcon8tant8forAm monium

nitrate27)･28)andothermolecule829).

InthepresentCalCulations,welocatemolecules

baaedoncovalentradiiandretainallcoulomb

interactionwithinthemolecule,andthenexclude

theintramolecularcoulonbpotential.Thecut･off

KayakuGakkaishi.Vol.63.No.3.2002 1107-



Tab一es.Theforcecon8tant80ftheintramolecu18rpotentialparameter8forNM.
BondStretchi叩 Parameter8 anglebendingparameterS

bond k,(kJmol●lA●2) ru(ん angle k.(kJmorlradlZ)

0(°eg)C-N 2019.32 1.499574 C-N-0 29

4.52 117.040-N 4724.32 1.226747 0-N

.0 657.85 125.89C-H 3050.85 1.0900 ド-C-H 224.81 107.

56H-C-H 149.94 Ill.31

Tbr8ionpotentialparameter8Dihedralangle V.(kJ/mol) 8(°

eg) m Iド-C-N-01 0.2

7 90.0 3 -1H.C-N-02

0.27 90.0 3 +1N.02-Ol.C 240.37 0.0 2 -1Table6.Theforcecon8tantBOftheintramolecularpoten

tialparameter8forRDX.BondStretchingParameLer8bolld k,(kJmol'lA'2) r'J(心 bond k
,(kJmo1●'Å●2) ro(んC-ド 2717.12 1.454 C-H 2998.23 1.08

10-N 3123.92 1.210 N-N 2812.60 1.380anglebendingp

arametersangle ko(kJmol̀lrad'2) o(°eg)
angle k.(kJmol●lrad'Z) 0(°eg)0-N-0 8

59.75 125.596 C-N-C 793.26 109.500N-C-N 608.08 109.500

C-N-N 969.23 125.250N-N-0H-C-H 1008.82235.06 117.200109

.328 N-C-H 243.82 109.500TbrBionpotentialV.肋 ..A,=V｡(1+ico8(moi･0)),V.

inkJmolllDihedralangle V.(kJ/not) 8(deg) m I

C-N-N-0 8.6835 0.0 2 -1C-N-C-N 0.96483 0 0 十1C-N-C-N ll.5780 60.0

1 ･1C-N-C-N -5.7890 60.0 2 ･1Out･of･Planeparameter8V.uh.bhw=k.d2.k.inkJmo

l◆lA'2N-N-(C)2 14.472NonbondedpotentialVuBtJ(r)=Aq8/rJ2-B J ro

B6Pair(cL-P) Aop/eV
BdP/eV Pair(α-P) Aqp/eV B叫/eVC.N(cro88ring) 20542.7448 12.39675 N-N(ringexocyclic) 1392.3

76 12.44120-0 144.676718 0.2240343di8tanCe氏

.U.=40.OA(forhydrogenbondingpotential,Rni
t=3.0A)wereu8edinordertoobtilinaccurate8ummationortheintermolecularpotential.

Someparametersinexpre88ion8(2)～(10)were

determinedtoreproducetheexperimentalcrystal

8truCtureandinfrared叩eCtra.lnminimiヱedcon丘gu

ration,wedidn't血 18tticeparameterSandthe

atompoSition8.Theintra･andintermolecularpotentialparameter8usedherearepresentedin Table

8ト10･Themirlimi乙edconfigurationshvebeenver

irLedbyphononcalculation8thatthetir8tthre

evibrationalfrequencie8areequaltozertmndallof

otherfrequencieshavepositivevalues,indicatin

gtheexi8tenCeOfalocalminimum.Theexperim

entalcry8ta18truCtureOfthesemoleculesaretakenfromliler



Tab]e7.Theforcecon8tant80ftheintramOlecularpotentialparameterBforHMX,DMN.4

β･HMX cL･HMX 8-HMX DMN

Bond BondStretche8Vb.nd,=1/2k,(ri-r.0)2,k,inkJmol●JA.2

0-N 3888.64 3888.64 8327.18 53

48.24N-N 4149.55 4149.55 4149.5

5 3417.24ド-C 3005.25 3005.25 3

005.25 3055.66C-H 2954.81 2954.

81 2954.81 3362.85BOndangle V.nde,= 1/2k.(Oi
-0.0)2,k.inkJmor'rad'20-N-0 426.

54 426.54 426.54 1616.780-N-N

523.03 523.03 523.03 2240.62〟-N-C 543.96 543.96 543.96 1041.

90C-N-C 292.91 292.91 292.91

1484.48ド-C-H 361.52 361.52 3

61.52 694.71H-C-H 322.19

322.19 322.19 610.70N-C-N 292.91 292.91 292.

91 -Dihe血alangle bv 加 ▲.A,= V.(1+ico8(mOi一〇0)),V.inkJ

mol̀l0-N-N-C 17.6787(-2) 17.6787(.2) 17

.6787(-2) 90.25(.2)0-ド-N-C 1.6529(.4)

1.6529(-4) 1.6529(-4) 一-0-N-N-C 0.0084(-8) 0.

0084(.8) 0.0084(-8) -H-C-N-N -0.334

8(-3) -4.535(+3) -4.535(+3) 9.20(+3)C-N-C-N 4.728(-2) 9.649(-2)

8.684(-2) -H-C-N-C ー0.3348(.3) -0.3348(-3) ･0.3348(-3) -
HーC-H-H - - - -0.1930(-2)

Outofphne out-of-planebendingp

otentialVN 叫 ,脚 = k.d2,k.inkJmol'lA■2N-N-(C)2 0.0051 0.0051 0.0051 -N-N-(0)2 0.056

9 0.0569 0.0569 -atheequilibriumvalueofrOand00

i8equaltotheaveragedvalueofexperiment-Oo=0･bThevalue8inpare

ntheSiBarethe8ignofmphaseandm･Table8,menon･bondediJltramOleculaLrpOte

ntialpzLraJneterBforttMX.Pair(cE-P) A

d(kJ/mol) Bd仏◆l) C..8(kJhnoI)H-H(α,P,

8.HMX) 11087.145 3.74 114.6494C-C(oL,P,8.HMX) 62664.080 3.09 2681.3027

N-N(α,P.8-HMX) 254547.403 3.78

2092.15410-0(oL.β,8.HMX) 317357.530 4.063 16



Table9.Theforcecon8tant80ftheintramolecularpotentialparametersforANTA.A

Bond8tretChingparameters,k,(kJmorlA.2)

bond k, bond k, Bond k. bo
nd k.Nl-N2 2616.76 N1-C2 1034.03 C2-N3 1837.95

N3-C1 2870.56C1.N2 2332.16 C1-N4 2482.62 N4.01 2

035.10 N4-02 2364.67C2.N5 2539.35 N5-H2 3909.ll

N5-H3 4032.54 N1-Hl 4011.62Anglebendin

gparameters,k.(kJmol-Irad■Z)angl
e k. angle K., Angle k. angle k.N2-N1-C2 1945.43 Nl-N2-

C1 1446.45 C2-N3-C1 863.62 N2-C1-N3 871.95N2-C1-N4 943.78

N3-C1-N4 1344.95 C1-N4-02 1227.54 C1-N4.01 1464.6502-N4.01 1202.48 N1-C2-N5 930.73 N3-C2-N5 2032.29 C2-N5-H2 285.35

C2-N5-H3 197.15 H2-N5-H3 176.61 N2-N1-Hl 414.93 C2.Nl.Hl 1

16.23TbrBionpotentialbv.刑Cdu
=V｡(1+ico8(mo.･Oo)),V｡inkJmolllDihed

ralangle Ⅴ○ Dihedralangle V○02-N4-C1-N3

-33.81(+2) 02-N4-Cl-N3 13.09(+4)01-N4-C1

-N2 -35.07(+2) 01-N4-C1-N2 13.31(+4)H3-N5-C2-N3 100.44(-2) H3-N5-C2-N3 25.21(+4)

H2-N5.C2-N1 16.26(+2) H2-N5-C2-Nl 20.42

(十4)N3-C2.Nl-N2 8.

829(-2) C2-N1-N2-C1 7.532(-2)N5-C2-N1-Hl 9.205(.2) N3-C2-N

1-Hl 7.532(十2)N4.Cl-N2-Nl 7.364(+2)out･of･planebendingpotentialV州叫.州=k.d2,k.inkJmol'lA

●2Out-of-planebending kd Out-of-planebending kdN4-C1(N2N3) 0.0135 N5-C2(NIN3) 0.00695Hl-N1(C2N2

) 0.066atheequilibriumvalueorrOand00i8equaltotheaveragedvaltleofexperiment,ol,=0.

bThevalue8inp8rentheSiBarethe8ignofmp

h8eandm.4.FbsultsanddiscussionAMolecular

packingcalculationsAgeneralprocedureforte8ti

ngempiricalorSemiempiricalinterandintr8mOlecular

potentialenergyfunction8fororganiccry8talB

iBtheuseOfmolecularpackingcalculation839).

There8ultsofthemolecularpackingcalculationb

yu8ingtheGULPprog柑maregiveninTable81

1-13.ThediLrerence8betweenlatticeandmol

ecularparametersObtainedbyenergyminimilationand

theexperimental8truCture8aregiveninTabl

ell.ThemaximumdeviationofthelatticedimenSio

n8i8･3.77%forNMandDMN-andthemaximumdeviati

onoftmitceuvolumeiBl3177%･Ontheotherh

and,thedeviationorlatticedimen8iom8a

ndunitcellvolumeorNI3,RDX･PETNandHMXa

rele88than2･0%･ForNM,RDX･PJmN,cL･HMXandS･HMX,therea,eno chngescau8edbythe

opLimi祖tioninthevalue80ftheunitcellangle8,

Whichremain90oor1200conSiBtentWith

the叩aCegroup8ymmetry.Fortheminimizedconfigura

tion.thetotallatticeenergie8togetherwith

thecorre叩Ondingelectro8taticenergycontribution

are8180givenintheTablell.Iti8WOrthyment
ioningthatthecalculatedlattic

eenergiesarea180inexcellentagreementwit

htheavailableexperimentdataWithamaximumdev

iationoronly2.4%.WealsoCalculatelatticeparame

tersathighpre88ureheIow4･OGPa･Fordifferent

explo8ive8,a･bandcaxishavediuerentcompr

e88ibleproperty,Thevolumeofumitcella8afun

ctionofpre88ureiSgiveninTable12･Thomp80n

etal.3)･6)･7)havecalculatedthecry8ta18truCtureOfNM,



Table10.TheforceconBtant80ftheintramOlecularpotentialparameterBforNB.

BondstretchingparBmeterB,k.(kJmorlA.2)
bond k. bond k, Bond k. bo

nd k.C-N 2659.42 N-0 5717.56 C1-C2 3823.80

C1.C6 3823.80C2-C3 3846.61 C5-C6 3846.61 C3-C4 3

788.15 C4-C5 3788.15C2-HC4-H 3186.933085.72 C6-ド 3186.9

3 C3-H 3096.99 C5-H 3096.99Anglebendin

gparameters,k.(kJmol■lrad'2)an

gle k. angle k. A叩le Ko angle k.0-N-0 1142.99 C1-N-02 1100.47 C1-Nー01 1100.47 C2-C1-N 1

013.09C6-C1-N 1013.09 C-C-H 234.35 C-C.C 527.22Tbr8ionpotentialbvt血n,=V｡(1+ico且(mo.

･○｡)).V｡inkJmol◆lDihedralangle Ⅴ● D

ihedr81angle Ⅴ●C6-C1-N-01 18.ll(-2) C2.C1

-N-02 18.ll(-2)C1.C2.C3-04 -4.313(-2) C2-

C3-C4-C5 -4.313(ー2)C3-C4-C5-C6 -4.313(-2)

C4-C5-C6-C1 -4.313(-2)C5-C6-C1-C2 -4.313(-2) C6-C1-C2-C3

･4.313(-2)out･of･plm ebendingpotentialVdd,血 ,≡k.d2,k.inkJmol●
lA●2Out･of･planebend

ingCl･N(0)2N･C(C)2

Pair(α-β)0･C40･HN･C4 Out･of

･planebending
H･C(C

)2Nonb

ondedpotentialV.BLJ(I)=A.,/rJ2lBJ r.p6AQP/eV24908.652072.45538274.895 B

OP/eV24.0974.491828.333atheequihbriumvalueofrOand00i8equaltotheaveragedvalueofexperiment･Oo
=0･bThev81ue8inparenthe8i8aretheSignofmph8

8eandm･ kJ4.928dyn8mic88imulation8(NPT･MD)A

They8180performedmolecularpacking(Mのcal

culAtio.u3'･6'･7)presentneXiblepotentialmodelcan

ptducebetteragreementwiththeexperimentaldat

athanthepotentialu8edbyThomp80netall)･6)･Th

eexploBiveSinthepresent8tudyhvethecompre

88ibilityofNM>NB>DMN,RDX>α･HMX>8･HMX>PE

TN>β･HMX>ANTA.wedidn'tfTLXlatticep8

rameter8andtheatompoBitionBinenergyminim

i乙ation.However･thelatticeparametersandmolecular

geometricalpar8meter8Obtainedbymimimi沈dequu

ibriumareveryclo卓etOthecorre8pOndingexperiJ

nentalvalue8･which8ugge8tth上thepresentneXib

lepotentialcanaccuratelypredicttheequilibriumproperties

8uCha8latticepar8meter8,molecularg

eometricalp8rameter8andlatticeenergiesinthese

explo8ivecryBt818. 8.EhSticconstantsand

bulkrTtOdLJusTheelasticcorLBtantmatrixi886×6matrixw

hichcontain8theSecondderiv8tiveBOftheenerg

yden8itywithre8peCttOexternal8tmin21)IE=V(帆-
WJVl)帆 ) (ll)whereWS,iBthe8train･8tr8in8eCOnd

derivativematrix,Wcci8theC8rte8iAn18paCeCWrd
inate8eCOndder

iV8tivematrix,Wc,iBthemixedCarte8ian･8train8e

COndderivativematrix,andViBthevolumeoftll

eunitcell.Iti8importanttOnotethattheela8ti

ccon8tantmatrix,ingeneral-depend80ntheorien

tationoftheunitceurelativetotheCartesianaxes

.BecauseGULPprograma

lignsthe8VectoralongthexaxiB･iinthexyp

l抑e,thentheel88ticconBt8ntBCanbecalculateda



Table11.ComparisonOfthecalculatedandexperimentallatticeparametersandtotalenergies̀'

Latticeenergy LatticeparameLer

EXplo8iVe Eb.Al E血L Ⅴ 8 b

C α β γNM eXp -52.3b - 289.3304 5.244 6.320 8.7
30 90.0 90.0 90.0ealc ー52.31 -35.79 278.4161 5.047

6.405 8.613 90.0 90.0 90.0change % 0.0 -

3.77 -3.76 1.34 -1.34 0.0 0.0 0.0DMN exp -74.83C -
219.4374 6.129 6.501 6.060 90.0 114.66 90.0ealc -74.14 -26.20 213.9499 6.231 6.256 6.053 90.0 114

.93 90.0ch8nge % 0.92 -2.50 1.66 -3.77 -0.12 0.0

0.24 0.0Am eXp ■- - 942.7696 14.199 4.844 14.258 90.0
105.98 90.0calc -124.60 -71.57 951.6173

14.256 4.930 13.929 90.0 103.54 90.0change % 0.9

4 0.40 1.78 -2.31 0.0 -2.30 0.0NB exp - - 571.1463 3.8014
ll.6153 12.9843 90.0 94.984 90.0CalC -83.57 -13.52 564.4706 3.7523 ll.5037 13.0951 90.0 93.025

90.0change % -1.17 -1.29 -0.96 0.85 0.0 -2.06 0.0β-HMX eXp -180.16d - 519.3869 6.540 ll.050 8.700 9
0.0 124.3 90.0cal° -180.29 -60.27 516.4701 6.409

ll.026 8.797 90.0 123.82 90.0cllange % -0.07 -0.56 -2.

00 -0.22 1.ll 0.0 ･0.39 0.0α-HMX eXp -
- 2138.7002 15.14 23.89 5.913 90.0 90.0 90.0ealc -179.35 -72.48 2138.3476 15.191 23.826 5.908 90.0 90.0 90.0

change % -0.016 0.34 -0.27 -0.85 0.0 0.0 00

8-HMX exp -166.866 - 1676.2665 7.711 7.711 32.553 90.0
90.0 120.0cal° -169.15 -68.31 1662.3923 7.684 7.684 32.51

4 90.0 90.0 120.0change % ･1.37 -0.83 -

0.35 -0.35 -0.12 0.0 0.0 0.0RDX eXp -135.06d - 1633.8557 1
3.181 ll.574 10.709 90.0 90.0 90.0calc -134.91 -52.34 1658.1047 13.366 ll.694 10.609 90.0 90.0

90.0change % 0.ll 1.48 1.40 1.04 -0.93 0.0 0.0 0.0PETN(ⅠⅠ)eXp ･156.9ー ■■■■- 1224.4967
13.29 13.49 6.83 90.0 90.0 90.0Oal(: -153.14 -43.86 1241.4611 13.237 13.588 6.902 90

.0 90.0 90.0change % 2.4 1.39 -0.40 0.73 1.05 0.0 0.0 0.0ALatticedimen8ionBa,b,CaregiveninangStrOZnBandtheangle8α,β,†indegrees.
Total(Et.ta.)andElectro8tatic(E..Alatticeenergie8areinkJmorl.Thelatticeenergie8areCalcu
latedu8ingtherelationship:E-･AH"bll2RT,AHSu..i8theexperimentalSublimationenthalpy,T=29
8K.bdatafromref.7and40.cdAtafromref.41,d

datahmref.42,edataintheminimizedconfigll

ration.bulkmoduluscanbecalculatedbytheequ

ationB=(lN)(d2E/dV2).wecalculatethebulk

modulu8舶afunctionorpre88ure.ThereSult8

aregiveninTable12･ExceptforNM.PETN.β･

HMXandRDX,therearenoexperiJnentaldatafo

rcomparison.However.thebulkmodulu8Bandit叩

re88urederivative8B'=dB/dPofNM.PETN.βーHMXandR

DXat21erOPre88ureareingoodagreementwit

htheexperimentalvalue.Thecal

culatedbulkmOduluBOfNM,PETN.β･HMXandRDXarelO･110,13･389,15･975andll.978GPa,

whereasthecorre叩Ondingexperimentalvaluesare10.1,9.9,13.5and13.0GPa12日3)･44).Thevalues｡r

theirpre8-rederivative8B'=dB/dPare5.695.fromref.43,rdatafromref.40.12･030,8･377a

nd6.618whiletheexperimentaldataare5.966,ll

.0,9.3and6.612日礼WTheela8ticconStant8fort

heoptimizedStructureofNMaregiveninTable13

.Sincethematrixi88ymmetric,onlytheupper

halfi8given.Unfortunately,noexperimenta

ldatawereavailableforela8ticconBtant.Ho

wever,thebummodulu80fB=10･11GPainTable12

i8imexα皿entagreementwiththeexperimentalvalueB叩=10



Tab一e12.CoefficientsOfthequadraticfit80ftheformAo(1+A.P+A2P2)oftheunitcellvolumeandbulk
modulu888functionofpre88ure(GPa).

System Ao(exp) Ao Al

AZNM V(A3) 289.3304 277.06657 -7.3193×10■Z 7.6

006×lO'3B(GPa) 10.1d 10.11046 0.56324

-9.97877×10●3DMN V(A:) 219.4374 213.1150 -6:3729
×10●2 6.4473×10●3ち(GPa) - ll.33071

0.63436 -2.38564×10●2ANTA V仏3) 942.7696 949.806

3 -4.4589×lO●2 3.8904XlO■3B(GPa) -
18.3242 0.39880 -8.73817×10●3NB V(Å3) 571.1463 562.6989 -6.7556×10一2 7.0390×10■3

B(GPa) - 9.18662 0.82419 -2.82541×10●2p-HMX V(A3) 519.3869 515.2163 -4.8111×10●2 4.014

1×10●3B(GPa) 13.5b 15.975 0.52436 -5.54644×10●2orHMX V(A3) 2138.7002 2133.1262 -6.0448×

10̀2 6.2816×10■3B(GPa) ■- 12.53829 0.67039 -4.36

543×10●28-HMX V仏3) 1676.2665 1656.167

8 -5.7584×10●2 5.5259×10●3B(GPa) - 12.48942 0.6

7004 ･5.20553×lO'2RDX V仏3) 1633.8557 165

8.2127 -6.4119×10̀2 6.08818XlO●3a(GPa) 13.Ob ll.97

804 0.55250 -3.03080×10̀2PETN V(A
:) 1224.4967 1237.1661 -5.0119×10■2 4.7681x10●:IB(GPa)

9.9p 13.38934 0.89847 -0.1061adatafromref.12.hdatafromref.13/datafromre£44.

Table13.TheelasticconBtantSfortheoptimizedStructure

OfNMandRDX(10GPa)ndatafromlet14 0.20.10.020.

01.曾0.12召a o･060.020.01

0.00Rg.1TheRaman8peCtr80fRDXat3･9K



prcssurc(OPa)Fig.2Thebu比moduliofNM88afunctionoftlle

p

re88Weat298KFig.3Thel払ung■8mOduliofNMa8

afunctionofthepre錦ureat298Kexperime
ntaldat812)･Figure38how8aplotoftheYoun

g'8mOdulu8againstpreB8ureS.TheYoung'8modul

u8increaBeSdramaticallywithincrea8ingpre88ur

e.TheYoung■BmOdulu8forxaxi8become8themo阜tCOZnpre88ibledirectionabove9.0GP

8,whiletheyoung'8mOdulu8foraaxiBi8lea卓tco

mpre88ibledirectionatanypre88ure.Recentl

y.theentire母etOfel88ticcon8tant8forfu)Ⅹ

h8beenmeasuredbyHAuBS山 10.comparisonbetween

experimentalreBultBandcalculationinTable13,

accept8thatthevalueofC‖h8largedeviation,o

thez･e188ticcon8tant8areCOn8iBtentwiththeexperi

mentaldata.Theela8tic8tiffne88C=(C..+C22+C
33+C..+C55+C66+C12+C"+C2,)/gofRDXwas

alsoCalculated.ThecalculationvalueofC三日7

7iBalm08ttheBa血e88theexperiJnentalValueof

C=1･105･TheaveragedYounF'8mOdulu8(18･149

GPa)ha貞adeviationofonly2･93%comparedwiththeexperimentalvalue(17.633GPa).The

average
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