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OnthecorrelationbetweenenergytranBferrates

anddrophammer8en8itivitie80f白omeeXPloSive8

MitさuOKOSHI●,JemmyWIDIJAJA●,andYoshihitoXUROEI'

Ener訂 tran8ferratesbetweenmolecularvibration(vibron)andlatticevibration(phonon)of

cry8talhneexpl00ive8WereestimatedonthebaBi80fa8implemastereqtutionanalysis.Ab-iTdtio

molecularorbitalcalculation8WereperformedtoconStruCtvibrationalenergyleveldiagrams

ofexplo8ive8attheB3LYP/6-31G(a)leveloftheory.ByusingtheseCalCulatedvibrational

frequencie8,vibrationalexcitationrateBWereCalcuhtedwiththea88tJmptionofapreferential

energytranBferforresonantprOee88eBbetweenvibron8andphonon8.Re8ultingvibrational

excitationrates0f80meeXPlo8ive88uCh舶NQ,NTO,TNB,TNT,RDX,HMX,1btryl,andPETN

werecomparedwiththedrophammer8en8itivitie8.Besideofverycrudea88umptionu8edinthe

model,correlationwa8foundbetweenexcitAtionrate8andimpact8en8itivitie8.

1.Introduction

UnderBtandingofimpACtBenBitivi tie80fexplo8ives

i8eBBentialforthe8afehndlingoftheeematerials.

SuchknowledgeiJBalsorequiredforthedesignof

newhigh performanceexplo8ive8.SeveralBtudie8

havebeenperformedinthepastinordertochri&

factor8thatgovem theimpactBen8itivitie8.A8a

reさultofthe8e8tudie8,maIWCOrrelationBWerefound

betweenimpact8enBitivitie8andmolecularproper･

tie8.The白efinding8includecorrelatioTIBWith

value80fOBlo.whichi8amea8ureOfoxidant

balanceり,theelectr岱taticpotentialatthemidpoint

ofthelonge8tC-N02bondinpolynitroaromatic

molecule82㌧molecularelectronegativitie83),and

energylevels0felectronicallyexcitedBtAteBand

8truCtu柁80fmolecule81).haddition,thereha8been

numerou8COmputationalanalyBi80ftheroleof

molecular8truCtureandcrystalBtate5).InBpiteof

the8eeuOrtS,thereareStillmanyproblem8inthe

under8tandingofimpact8en8itivity.Empirical

correlationsbetween8en8itivityandmolecular
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propertygiveBOmeinsightofchemicalproce的e8in

theimpactinitiationofexplo8ion,butitonlygives

informationoftheStaticnatureortheproceSBeS.

Sinceimpactinitiationi8eSSentiallydynamical

proce88,impact8en8itivitycanlargelybeaffected

byAdynamical behaviorofthemolecule.For

example,Eohnoetal.recentlyperformedab-idtio

andMI)(MolecuhrDymami eS)CalCulation8forthe

initiationofmitramiJle86)･取 eyBuggeさtedimpor-

tanceoftheintra･molecularenergytransferamong

N-N02mOietieBintheinitialdecompositionof

nitramine8.

Oneofthemostpopularandoldestmethodsu8ed

todetermineimpact8enSitivitie80fexplo8iveSi8the

drophammerteBt.Typicalre8ult80fdrophammer

testShowthatignitionofa50mgexplosiveSample

o∝ur8Whenthechngeinkineticenerwofthedrqp

hammeri80ntheorderofafewJ'0uleさaJldthat

initiationoccur8fromSeveraltotensOfmicro8eC･

ond8aLtertheimpactorcome白incontaCtwiththe

8ample7㌧As pointedoutbyMcNeBbyandCoLrey8I,

thechangeinSampletemperatureforthetypical

testOf50mgRDXwithimpactenergyof2Ji8Only

30K.ThistemperatureriSei8dearlyin8u瓜cient

toimitiatereactioninpracticallyallexplo8iveS.

Therefore,thekineticenergyoftheimpactormust

belocali2iedovera8m811fractionoftheentire
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Sample,andtheinitiationproce88Shouldbehighly

non･thermalandnon･equihbriumproce88.Oneof

thepo88iblefactor8COntributingtolowenergy

impactinitiationi8theratethatdeterminesthe

on8etOfchemicalreaction8.Wh enamechanical

impacti8impo8edtomolecularcrystallineexpl0-

8ivee,theexce88meChamicalenergyiSeventually

diBSipatedintoabathcon8i8tingoflowfrequency

modeoflatticevibration8(phonon8).Theex喋 88

phononener缶ri8thentran8ferredtovibrational

energyofexp108ivemolecule8inaCrystal.A8a

resultofthisVibrationalexcitation,theweakest

bondofthemoleculei8brokenandradicalBWinbe

produced.Theseradica18initiatechainreaction且,

whichciLuBetheonsetOfdetonation.Thisgeneral

pictureoftheShock/impactinitiationwasproposed

byDlottetal.andde8CribedinRef.9indetail.

ActualinitiationofexploBioninthedrophammer

testCanbecau8edbytheformationofhot8pOt‖･]2),
whichi8formedbyadiabaticcompreSSionofSmall

voidintheSamplepowder.InthisCa卓e,impct

Sen8itivityi8largelydependentonthephy8ical

propertyoftheSamplenotonlyonthechemical

properties.However,ithasbeenShownthatShock

8en8itivityi88trOndycozTelatedtoimpact8en8itiv-

ity'2'･GiventheStrongCOrrelationbetween8hock

andimpact8enBitivity,weexpectthatimpact8en8i-

tivityiSa180relatedtotheenergytransferrnte8that

governtheShock8eneitivity.Indeed,theimpact

8enSitivitie8e8timatedbythedrophammerte8tSi8

foundtocorrelatewithenergytransferratesbe-

tweenphonon8andvibron8.FriedandRuggiero131

havecalculatedthetotalenergytransferratefrom

phononBintoagivenvibronbandinterm80fthe

densityofphononBthtC8Andthean血 momiCvibron･

phononcouplhg払ctor8.Theyestimatedthephonon

up･00nvergionratesa8afunctionoftemperattweand

vibrationalfrequency,anddemon8tratedthatthe

energytran8ferrateat425cm~li81inearlydepen-

dentontheimpact8en8itivity.Theypointedout

thatthevibrationalfrequencyaround425cm~lcor-
re8pOnd8tO血trogroupvibrationintheexplo8iveS

examinedintheirwork.Thi88ugge8tSthatmitro

gmupmotion8couldpo88iblyplayanimportaTltrole

indetermlnlngImpact8enSitivity.

McNe8byandCouey8)alsodemonstrated8uCha

correlationbetweenimpact8enBitivityandphonon-

vibronenergytransferrate8.Theirtheoryu8ed

Raman8peCtraOfenergeticmaterialstOconstruct

vibrationalenergydiagram.whichwerethenu8ed

tocalculatetherateofenergytramferfromphonon

tonear-re80nantvibron.Overallrates0fvibrational

excitationwerecalculatedby801vingama8terequa一

lion,inwhichFemi 'BGoldenRule8determinedthe

energytransferratesamOngvibmtionalleve18.G∝d

correlationwa8foundbetweencalculatedoverall

vibrationalexcitationratesandimpact8enBitivitie8.

Inve8tigationoftherelationshipbetweenenergy

transferratesandimpactSenSitivitie8i8important

fortheunderstandingofi血tiationmecha血8mfor

exploSiveS.Inthepresentyork,wemodib,themodel

ofMcNe8byandCoffeyinordertote8tthecorrela-

tionbetweenenergytran8ferandimpactBenSitiv･

ityformorewiderangeofexplo8ives.1bthi卓end,

vibrationalfrequencie80rallnormalmode8Were

obtainedbyusingab･initiomolecularorbital

calculationsforNQ(nitoroguanidine),NTO(5-

nitr0-1,2,41triaヱ01-3-one),TNB(trinitroben2治ne),

TNT(2,4,6-trinitrotoluene),RDX(hexahydr0-

1,3.5-trinitr0-I,3,5-trial;ine).HMX(octahydr0-

1.3.5,7-tetranitr0-I,3,5,71tetraZOCine),PETN

(pentaerythritoltetranitrate),andlbtryl(2,4,6-

trinitrophenylmethy1-nitramine).TheSevib拍tional

frequencie8areusedaSinputSforthemasterequa-

tionsde8CribingtheenergytransferproceSSe8be-

tweenphononandvibron.Re8ult8areCOmPared

withdrophammerimpact8en8itivitie80fthese

explo8ive8.

2.VibrationalFrequenciesandVibrationalDensi吋of

States

Structure8andnormalmodevibrationalBequen-

cie80reXplo8ive8moleculesWereObtainedbyusing

GauBSizm98program川 ･structureoptlmi2ntionwas

performedattheB31;YP/6-31G(d)leveloftheory,

andre8ultingStruCtureSusedinthepre8entyork

aregiveninFig.1,Someoftheexplo8iveB8tudied

inthisWOrkhaveSeverali80mer8.Forexample,

twomeltingpoints(232℃and257℃)arereported

forNQ,andtwoi80mer8eXi8tJ5):

THNOE TII2

C=N (Ⅰ) ⇔ C≠NNO2 (Ⅱ)

k , 長 .
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atomicarrangement80fthemolecule8inthecryB･

tatthatwasCOn8i8tentwithAAEform.Ontheother

hnd,theAAAandEREconformer8are8uggeBted

aSpO88ible8truCture8forRDXinvaporandβ-solid

pha8e8bothhaveC3V8ymmetry.The8e8truCtureS

arethoughttbbeveryuJIBtable.neAAEconfomer

i8COn8ideredinthepresentStudyandi8Shownin

Fig.1.HMXha8fouri80mer8knownaStheα,β,
γ,and∂form.Theβformi88tableatroomtem-

peratureAndi8usedinthe酢neralappli也tion.The

8truCttLreandvibrationalかequencie80ftheβform

iBCalculatedinthepresentWOrk,andtheβform

8truCttlreiBBhowninFig.I.

Followingthegeometryoptimiヱationin◆theDFT
calculation8,nOrmdmodeanaly8i8i8performedto

obtainthevibrationalbquencie8.Thefrquencie8

obtainedattheB3UrP/6-31G(d)leveloftheoryare

8CaledbyafactorofO.9613.
Thevibrationalfrequencie8areCalculatedfor

isolatedmolecule8.0ntheotherhand,molecule8

intheexplo8ive8areinthemolecular80hdcry8ta18.

VibrationalfrequenciesinthecrystalBhouldbe

diErerentJiomtho8efori801atedmolecules.How-

ever,intermolecularinteractioninthemolecular

cryBtali8generauyVeryWeak.anditi8expected

thatthediLrerenceBinvibrAtionalfrequencieBare

8mAn.Ⅰnorder也confirmthi8,Wetookhighze801u-

tionRaman叩eCtraOfthe8eeXplo8ive8atlow

temperaturesandcomparedwiththecalculated

vibmtionalfrequencie8forisolatedmolecule8m .

Although therearebone8m丑山diBCrepanCie8(with

in50cm~●diuerence),overdIa訂eementbetween

observedAndcalculatedvdueSi8qtdte8ati8血ctozy.

Thereforethevalue80fvibrationdfrequencie8for

iJ301atedmolecul C8areuBedforthefurtheranaly8i8

withoutanyのrm tionfortheintraJnOlecularinter-

actioninthe80hdphase.

A∝ordingtothetheoryproposedbyDIottetal.9㌧

impactand8hock8en8itivityiBdeterminedbythe

rateorexcitiLtiontothelowfrequencyvibrational

mode8(80Called叫doorway"mode8).Therateof

vibrationalexcitationi8血Bterforthevibrational

manifoldhvinglargerdensityofState.TYIerefore,

itiBexpectedthtthe8enBitivityha母StrongCOrre-

1ationtothedensityof8tateatlowvibrational

frequencie8.Vibrationalden8itie80f8tate8Were

calculatedbyadirect00umtingmethod.ReBultSare

8howninFig.2foreightexplo8ive88tudiedinthis

work.TheDensityor8tate8maybelargerforthe

molecule8COntainingmoreatoms.However,itiB

alsolargelydependentonthe8truCtureOfthe

vibration818peCtrum.Amoleculehvinglower

Bequencyhashigherden8ityof8tAteandtherate

ofenereytranBferfromphonon8(latticevibrationB)

maybe血Bter･Iti8notedthatBen8itiveexploBiveさ

Sucha8HXM,PETN,andTetrylhaveverylarge

densityofBtatCB.WhereaBtheden8itie80fBtateBare

qtdtelowforle88BenBitiveexplo8ive8OuchiLBTNB･

NTO,andNQ,a88howninFig.2.

3.Ener訂TransferModel

MoStOrBeeOn血ryexplo8ive8aremolecular801-

id8COnBiBtingoflargeorpnicmolecules.Be切 tWe

賦On血ryexplo8ive8are8tablemoleculeBwithlar酢

energybarrier8tOChemicalreaction,A8i組ble

amountOfenergymustbetraJWfer陀dfromphonon8

tointemELlvibration8(vibron8)ofmolecule8inthe

cry8tal beforetheon8etOfchemical reaction8.

Ⅵbron8relevanttObond888iongenerallyhaveBe･

quencie8greaterthan1000cm-J,wherca8phonon

energiesareu8uallyle88than200cml･Therefore,

itiBClearthatphononenerw mu8tbeconverted

tohighervibration8bymu)ti･phononuppumping

prOee88e8･

DlottandFayeruhveStudiedmulti-phononup

conversionproce8BeBaJ38∝i8tedwith8hoekinduoed

chemicalreaction.Theyderived88impleexpre88ion

forthephonon･vibronenerwtran8ferrate.Intheir

model,thedominantmecha山Bmforup-pumpingi8

anhrmoniccoupliJlgOfexcitedphononmode8with

lowfrequencymolecularyibration8.Thelowfre･

quencyvibrationAlmode,whichenergyiBre80nant

withtheenergyofmulti-phonon8tate,iBtemediL8

叫d00rwaymode".ThemechnicdenergyimpO8ed

byBh∝ki8quicklydepoさitedintheexterndmodes

andredistributedaJnOngdlth叩honon8.Thistem･

poral"phononrichMreponiBattainedwithinAbout

1p8.Ⅵbron8arenotexcitedyetAtthi且8tage.The

energyinphononmodeBiBthentran8ferredtothe

vibron8bymulti-phononup･pumplngprW 8e8,aJld

thetwohathB(phononbathand"d00rwayvibration"

bath)equilibratewithinaboutloop8.Thistempo-

ralZX)neiBtermeda8"up･pumping2;One".As the

vibrationdmodesinthedoorwayetateBareexcited,
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ibrationaIEnergyIcm･1FiB2Ⅵbrational

den8ityof8tate8for80meeXplo8ive8.higher

vibrational岳tateBarethenexcitedbyV･Ⅴ(Vibrat

ion-to｣Ⅵbration)up･pumpingproce的eB.ThisV-Vup

-pumpingpr∝e88CaneXCite甲mePar-ticularvibratio

nalmoderelevanttobondrI88ion,andbondbreaking

wnloccur a8aresultofvibra-tionalexcitadon

.■nmeさealeofthiB仙initiation辺One"iBabout1n

畠.nLeendothermicbondbreakingreac･tioninthe

initiation五OneW止lproducevariousradicah,whichcauseseXOthermic

reactionJi.Adetonationi与initiateda8are8u

ltoftheJlerapidexothermicmdical托aCtion白and

aCJ(Chpman･Jouget)statei8ad止eved.Weadopte

dtheenergytransfermodelpropo8edbyMcNeBbyand

CofreySJtode8Cribevibrationalexcitationfonowe

dbythephononexcitationduetomechardcalimpa

ct.Inthemodel,wepostulatethattheinitia

lexcitationenerwbymechanicalimpactiBinBt

antaneOu81ydi8tributedamongthephononmod

esandtho8elow-1yingvibrationalmode8with血mdamen

talenergie80rle88than250cm-1.Ener訂transfe

rrate卓betweenplmnon畠andthe白elow･lyingvihntionalleve18area88umedtobeextrem

elyfast,andthe8elowener野 Vibrationalmode8a

reKayakuGakbishi.VoI.62.No.6,2001 though

ttobe"amalgamated"mode.Bolt2:manndistributi

oni8immediatelyrealizedamongthephononand

theseamalgamatedvibrationalmode8.Theenergy

boundaryOf250cm-Ji8Cho8ena8themaximu

mvalueofAfundAmentalvibrationtlmti8highly

coupledtothephononmode色別.ThiB官rOuPoflow･l

ying8tAteB(phononBandamalgamatedvibration8)iB

de丘ned舶 "phononmanifold".ngherenergyfundamentalin

ternalvibratiomlleve18Arenotaqectedbythei

mitialperturbation,8incetime8CdeofthiBimitidexci

tiLtionofphononmamifoldiSmudl良さterthanthevi

brationalexcitation.ImpactBenBitivityiBd

etermhedbyhowfasterlergyiJ?tmn与-ferredfromth

isinitiauyexcitedphononmamifoldtointernalv

ibrational8tate与with fundamentalvibrationaIenereie

8uPtO700cm -I("internAlvihra･tionalmanifold

").Abovethevibrationalener肝Of700cm~1,rateof

intemaIvibrationAlener肝rediB･tribution(m )i88u

qICientlyfast.Iti8a朗umedthatFermi'BGolden

Rule,which8tAte与thatthere80･nantener宅ytransfer



energytransferrateiSafunctionoftheproductof

thephonondensityofStateSandtheopticalline

width.

Tnthepresentmodel,thepredominantpathway

ofenergyredi8tributionfollowingafa8tinitial

perturbationiBintramolecular.andthevibrational

energytransferkinetic8iSunimoleeular.The

rlr8t･Orderrateconstantu8edtodescribeenergy

trarLBfertntweenvibrationallevelsintheSolidi8a

fuJICtionoftheenergymiBmatChAE=El-E.Iwhere

E.iBtheenergyorthestatei血tia山yexcited,andE,

i8theStatetOWhichenergyiStran8fened.Accord-

ingtoaSimpletheoryforthenear-resonantVIV

(vibrationtovibration)energytran8ferproce88in

ga8e8仰,therateconstanti8proportionaltosαが
(AE/kT).ForthegasphaseV･Venergytransfer,

enerwmismatchmustbemadeupbyrelativetrans･

htionalenergyorrotationalenergyofthecolliding

molecule8.However,for80lid-phaseVibrational

energytmnBrer,energymi matchmustbemadeup

byphonon8.Therefore,therateconstanti8a180

proportionaltotheproductofdensityof8tate80f

phonon8.Itmayal80inverselyproportionaltothe

liretime80fthephononState,andhencepropor･

tionaltotheopticallinewidthofphonon8.Ba母ed

onthe8eCOnSiderationS,Wea88umedfollowing

functionalform forthefir8tOrdervibrational

energytram8ferratecon8tant:

ku-Asech2(普)(.(AE)(,(AE)･ (1,

Here･kIJi88rateCOnStantfortheenergytran8fer

fromvibrational8tateitoStatej,Ti8thetempera･

LureofphononmA血fold,andAiBaCOn8tantthat

depend80neXplo8ive8.SincetllereiSnOinformal

liononthevalueofA(i.e.,infomationonthe80山d-

8tatevibrationdenerw tmnsferforexplo由veB),We

tentativelya88umeaSA=lX10138∴whichi8a

typicdⅥ山leforthegas-PhiL8eV-VenergytraJ18fer.

Iti8notedthatchoioeofavalueofAi8notimpor･

tantforthecomparisonOfrelativeenergytransfer

ratc8irweuse.the8ameValue,BinoethekineticsiB

fir8tOrder.AfunctionfliSalineShaPefunction

givenhyaI.oremi nfunction:

(.(AB)=
γ

AE2+γ''
(2)

Hereγi8alinewidthofphononband.Inthepre辞nt

calculation,avalueofγ=5cm-'i8usedforall

explo8ive8.Thet舶ttermf2i88functionforthe

den8ityofJltate80rphonon与.Ⅰnprinciple,density

of8tate80fphonon8Canbecalcuhtedbya88uming

intermoleculArinteractions.Inaddition.I.hereare

80medataonthedensityof8tate8Obtainedby

neutrondiffractionexperiments.However.very

rough e8timaLeofthedensityof8tateiSenOugh in

thepresentmodel,be∽u8eOfverycrude88Sump-

tiontJBedinthee8timationofrAteeOn8tant.Weu8e

a8implefunctionb88edontheDebyemodelforthe

densityofJitAte80rPhonon8:

･2(AE,-(号)2･ (3,

Herewpi8thecut･oEr(maximum)frequencyof

phononBandavalueofup=100cm-libarbitraly

a88umedforalloftheexploBives.

Thetimeevolutionofthevibmtionallevelpopu-

lationi8Obtainedbysolvinga母etOffir8t･Order

differerLtialequation8(maBterequation)given

below:

告 ニー∑huDJ･∑kj･･nj (4)ノ ノ
Herenii8thepopulationofthei-thenergyleve18.

Equation(JI)i880lvedwithgiveninitialcondition8

inorderto伐lculatetheoverauenergytran8ferrate

from phononmanifold8tOinternAlvibrational

modes.Initialpopulation8forinternalvibrational

modesareCalculatedfromtheBolt2imarLndistribu-

tionatT=300冗,whereaspOpuhtionBOfphonon

manifoldsarea88um CdtobetheBolt2imanndi8tri-

butionwithT=1000K Runge-Kutta-GillmethodiB

u8edforthenumericalintegrationofEq.4.

Timevariation80ftotalphononAndinternal

vibrationAlenergiesWereCalculatedfrom the

801utionofEq.4andanexaJnpleofthecdculation

i88howninFig.3.Iti8foundLhttheBoltZimanJl

di8tributionamongtheintemalvibrationalmode8

iSnotmaintainedduringtherelaxationprw 的e8.

ABaresult,thetimevariatioI10ftotalvibrational

energyi8notaJiingleexponentialcurve.

4.ImpactsensitJ'巾 andvibrationalenerwtransfer

Although thetotalvibrationalenergydoesnot
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Fig･3CalculatedtimeproGle80ftotalph
ononAndvibrationalenergy.Parameters

usedinthi卓CalCulationare:A=10138-㌧γ=5cm-1

andwp=100cm~)

･relaxexponentiauy
,we
defineaL't

imeconstant"ofthetotalvibrationalenergya8mea8urefortherate

ofthevibrationAlexcitation.Atimeco

nStantforthevibrationalexcitationi8Simply

de丘neda8a(I-1/e)timeforthetotalv

ibrationalenergy.Iti8expectedthat

thevibrationalexcitAtionratesarelargelydependentonthevalue80fw,
andγ.Cal･culationswereperformedwith8eVe

ralValue80fth

e8eparametersranginghmγ=1cm-1to50cm,Ian

dfromwp=100cm-Ito叫=250cm~t.Iti8foundthatth

evalueof叫iSratherin8en8itivetotheover･dlratesofvibrationalexcitation.On

theotherhand,avalueofγiBVery8en8itivet

otheabsolutevalueoftheenergytransferrate,a

8expected.However,Absolutevalueoftheenerg

ytran8rerratei81e88importantthanthere

lativetendencybecauseOftheun certaintyinth

ea88umedvalueofAinEq.1.Rela･一ivevalues0f

thevibrationAlenerwtransferrates81･einsen8itiv

etoavalueofγ.CalculatedtimeconstantS

areCOmparedtotheimpactsenBitivitie8thatare

derivedfromdrophm･merteSt8.Wede丘nethedr

ophammersensitivitya81/Hi.,WhereHS.i8the50%e

xplosionheightwitha2.5kgdrophammer.Ther



realexplo8iveS.Neverthele88,80meCOrrelationi8

foundbetweenexperimentaldropbum mer8enBitivi-

t.ie8andcalculatedvibrationiLlexcitiLtionrates.

Morepreciseevaluationoftheparametervalue8for

A,γandu,canimprovethecorrelation.andSuch

impmVementi80penforfuturework.
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