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Theoreticalstudiesofpressuredependenceofphonomandvibron

frequencyshiftsofPETN

shujiYc',Kcnichnbnokura',andMitsuoKoshi'

Anexiblepolcnlialcontainingbothintra-andintermolecu]arpotential1VaSusedtocalculalepressure

dependenceofphononandvibron丘equencyshiftsoftwopolymorphsofPcntacrythritoll加anitratc(PETN)at

thepressureranging触m0lo3,0GPa･Theintramolecularpotentialcontainsbondstretching,anglebending,

torsiorLatandnon･bondedmotionsterms.ThehtcrmolccularpolcnlialusedisoftheBuckingham6IeXPform

pluscharge{hargeCoulombicinteractions･Theflexiblepotentialcanpredictaccuratelylatticeparameters,

)atticeenergiesandelasticconstants.PredictedmodeGr缶neiscncocfficicntsarcintherangefrom).88to4.09

forthemodesinphononregion(雌 110cm-[)orPETNLandb･omI.5to3.19forPETTul.Theaveraged

GrheisenoDefficientsofthemodesinphononTCg]Onis2.94and2.69forPETNIandPEW IT,rcspcctivcly.1n

PETNIandPETNII,modeGraneisencoefficicnlSarcIessthanI.55forthemodeswiththeftequcncyof110-

550cm--,andlessthan0.2forthemodesbclow550cm-L.

1.Jntroduction

Whcnamolecularcrystalreceivesashockorimpact,a

partOfmechanicalcncrgyistransferred斤omtheshock

boTtttOthelatticevibration(phonons).phononenergy

thenmustbeCOnVerted(omolecularvibrations(vibrons),

inordertoheatthemuptoatcmpcratureatwhicha

chemicalbondcanbebroken.1)whenlTtcshockfront

movesthroughamolccu]arsolid,theshockproducesa

temperatureincreascfromaninitialtemperaLurcTotoa

finaltemperatureT,.T,isgivenbyEq.(1).!)

T;-TDe'''''0-rり-'o+ATd, (L)

ThisequationindicatesthattheshocktcmperattJre

JumpdependsonthebulkGriinciscrLParameterrand

vo]ume00mprcssibitity.InEq.(1),the伽sttermonthe

righthands]'deisITICtCmpCratureincrcascdLJetOa

revcrsiblcadiabaticcompression,andthesecondtcrTrlis

lhcadditionaltemperaLurcincreaseduetothejrlCVCrSible

partoftheshock.VoistheinitialvolumeandVIisthe

volumeatpressureP･¶lebu一kGrheisenparameterr
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CanbewrittenasaweightedaverageofmodeGriheiscn

coefficientsy.,

r=E.Y.(C.I).
EI(Cr).

(2)

wherethesumrangesoverallphononatldvibrational

modesofthecrystal,and(Cv).･1'stheconstant-volume

heatcapacityofthemodeLThemodeGrhcisen

coe折cicnlsrepresenttherclalivechangeinthemode

打equcncy叫Withvolume,

V aw,
γ̀= ~- -
W.∂V (3)

As pointcdoutbyDIott2),phononandvibraliona]

excilationarcexpcclcdtobedifrcrcnLbythepassageof

theshock斤onLThephononshavinga]argcrGrheisen

coefficientwillbcmucheasierlobecxcitcd･Knowtedgc

ofthenlOdeGThcisencoefficientsisnecessaryto

uTtderstandLhcnon･equi】ibriumpopulationsofptlOnonvia

sh∝kexcitalion･Inthispaper,wccalculatedthepressure

dependenceofphononandvibronfrequencysh的S

ofpcntaerythrilOltctranitralc(Pm )andderivedthe

modeGrheisencoefficientsusingEq.(3).

2.Carcalationmethods

AflcxiblepotcntialwasusedtocaLcuLaLcthephonon
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andvib-onfrequcncicsatthepressurerang)ngfrom0to

3･OGPawiththesoRwarepackageofthegcncraJuli]ily

一atticeprogmm(GULP)･･101llelotalpotcntialVt,dJis

describedasthesum ofintra-andintcrmolccular

potemtia】s,

vd=.i(vp..‡真vJ rv, (4,

771eintermolccuhrFX)tCntialcotlSistsofthesupcrposition

orapairwisesumofBuckjngham(6-cxp)(repulsion

anddjspersjon)andcouLombicpotentials(〆)ofthe
form:

vd(,4)-Ap p(-B叫,4)一旦一
LJA

and,

仇 '-若

(5)

33X

wherempistheintcratomicdistancebctwccntheatomsa

andβbclongingtodifrcrcntmolecules,q,.andqparcthe

corrcsporLdingelecLrostalicchargesonLhcscatoms,andEo

isthedielectricpermiLtivityconstantforbeespacc･The

parametersA叫 BnrlandCap,fordi触rcnttypesof

atomicpairshavebccnpreviouslypublishcdS)andhave

beenusedinthepresentsttJdywithoutchangeexceptfor

theN･.･H atomicpalrs.TheatomicpalrofN･･･H

intcrmolecLJIarpotentialwcrcreGttedtorep-odueethe

cxpcnmentalstructurc.TTLCValuesoftheintcrmo1ccuLar

polcntialparanlCtCrSarcglVCninTablel.

Thesetofpartialchargesusedinthcscca]cu]ations

wcledeterminedthroughfittingthesetothequantum-

mcchanically-dclivcdcLcclosLaticinteractionpotcnlialfor

anisolatedmo]ccLJ)ewhoseatoTTu arcrCarTangCd

accordingtolhcexperimentalcrysta110graphicstnJCtUre.

TTICSCCalculationshavebccndoneus]ngtheCHELPG

proccdurcasimpkmentcdintheGaussian98packagc̀'

incoquncLionwithM¢lter･PLcssctpcTturbationtheoryat
LhcMP2/6-31G''IcvcL

ThcintramoLccLJlarpolentialswcrcassumedlhcform

asfoHow.TS:

V 糾 =∑Vh_+∑Vd坤+∑V.…+∑V_d (7)

todescrjbctheboTldstretching,anBLcbending,lorsional

motionsandnonbondedinLcractionsthato∝urwithinan

iso)atcdmo]ccu]C.Thecova]entbondstretchcaTtbe

approximatcdasahanTtOtlicosciHator,

vh.-‡k,(r-rO,: (8,

whcrcristhebonddistances,r〝istheequitibriumbond

)engthandA,1'slheforceconstantdcscTibingthesli肋ess
orthebond.

TTICanglc-bendingpotcntiaHsrcprcsentedbythe
form.

vqh-‡k0,0-OJ (9,

whcrcA,JisLhcforccconstantandOoistheequilibrium
va]ucofthcangle.

Thctorsiona)potentialisrcprcscntcdbytheform

V.… -Vo(1+L'cos(m(¢-4･o))) (10)

whcrcVd,isahalfoftheirLtramOIcculartoISionalbarrier,

¢isthetorsiona)ang)a,andm=I,2,3,or4,andL'is+1

or-laccordinglothesignofmphase･

Nonbondcdinteractionsarcconsidcrcdl'ntramolcculal]y
foral)atomsseparatedbythreeormorebondsin

TableITheiTttCrmOIccularatom-atompotentialparametersforPETNa

A
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Table2ThcforceCOnStanlsoflhcintramolecu]arpotenLia]PammctersforPETN.3

BondStretchingParameters

k.(KJnot-LA-2)
anglcbendingparam eters
k.,(BJm ol-Lrad-2)≡ o

TorsionpoLCntialparameters

V○(KJ/mo]) 8(deg)
3.7658 0

.037.658

0.0-4.811

7 0.00.4824 0.0 MDi

hedralan

gtcOINl0S
一cc-C-C

-0､N-Os-

C-CH-C-C-C NonbondedpotentialVqpU(∫)- Capl(,｡/,ap)t:-2
(rJrap)6】pair(α-β) e(KJ) ro(A) pair(a

-〟) E(K1) To(A)Cl-C1 0.25104 3.60
ー C2-C2 0.37656 3.70H-H 0.04184

3.08 Os-Os ･0.62760 3.300

-0 0.8368 3.20 N-N 0.66944 3.50aforpat-sofunlikcatoms,rapDande｡PwerecalcuLatedfromtheformulaterqpO=(rcLOO+r帥-')/2,E｡p=(

eQaepp)V2(roanr帥II)3/(rqpO)6･PETNmolecules.Thepotentialisrepresentedbythe

Lennard･Jonesform,

ViJ(rd,)- cnp (ll)A]lforce-field

parametersinexpressions(8)-(11)aretakendircctly丘om

thecarlicr)jtera(ure･71ThevaluesoftheseparametersarcglVCnin

Table2.3.ResLJltsanddiscussionAtnormalpre

ssures,PETNisknowntoexistintwophasesinthetemp

eraturerangekomzerotothemeltingpoint(4)6K):atetr

agona)phasealsocaLledformIk)andanorlhorhombic

phaseknownasformII9),PETNIisthoughttobethem

oststableform.PETNIIcanexistattcnlPCTatureab

ove403Kandtransrom rapidlytoPEWIbclow

403K･As dctcrminedbyx-raydi肘actionnlCaSUrementS

･thespacegroupforPErNIisP42.cwithtwomolecuksperunilcell,whilePc〝bwithfou

rmoleculesperunitceLlforPETNH.Thc]altice00nstantsarccvaluatedbyminl'mlzlngthe totalcrystaLpo(en

tia)energy,whitevarymgthelatticeparameters,LZ,b,and
c,aswcLlastheorjcntationsoftheatomsintheunitcelL

.TheurLilcellangleslcmain900tobeconsist

entwiththespacegoupsymmclry.¶leminimizedconfi

gurationshavebeenvcrinedbyphononcalculationsthatthef

irstthreevibralionalbequcnciesareequallozeroanda

llofotherfrequencieshavepositivevalues,ittdjcatingtheexislcnceofaloca

lmitlimum.3.1LatticepropertiesTheaccuracyor

thenexiblcpotentialswascheckedbycompar)ng t

he calculalCd lalticc propcrties wilhexperimentalval

ues･Resultinglatticeparametersandlat(iceenerg

yarelis(cdinTTab]C3.Themaximumdeviationin(hcl

atticedimensionsis4.1%.Atambien(pressure,notonlyt

olallatticeenergy,butalsoclasticconstantsarcin

exccHcntagreementwiththeavailableexpenmentdataL0-日

･Recently,theentiTCSetOfelastic00nstantsforsi

nglecrystalPETN‖1aVebccnmeasuredbyGupta･1

1) bmparjsonbetwccnexpcrjmenta]andcalcuhtedrcsulls

isglVeninTable4.1日ndicatedthatelasticconstan
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Table3 ComparisonofCaIculatcdandExperimentallatticcParametersandlbtalEnergy.

a)rcfcrencC10,thelatticccncrgyiscalculatedusingtherelationship:E- AHd]-2Rr,AH,..hlist

heexperimentalsublimationcntha)py,T=298K.Table4TheclasLicconstantsfortheoptimizedstrtJCtulCOfP

ETN1(GPa)C〝 C:: C33 CJJ C55 CgJ ClZ C/.7 Cz3
Exp 17.241 17.24】 )2.174 5.043 5.043 3.944 5.449 7.943 8.001

Calc l17.628 17.628 16.620 3.789 3.789 13.778

7.891 9.334 9.334ncxiblcpolentiaIusedintheprcscntw

ork.Becausenee)asLicconstantmatrixissymmetri

c,onlytheupperhalflSglVeninlhetable.Athighpressures,thecrysta)issl

ishtlytesscompressibleforthepreserLtPOtential

thantheshockcompressioncxperiments･'2-L3)Atth

epressureof310GPa,theprcscntvolumecomprcssibi]ity

(V/Vo)is0.88,whichiscomparableto0.86Obtained

bytheshockcompressionexperimenls･I2"3)We

usedMuma8hanequationtofitthedependenceoftheun

itcct]vo)umconprcssurc.ル,-%[(汁.] (I2,whcrcBoisthebu)kmodulusaLzerop

ressure,BI;isLhcpressuredcrivativeofBo,Bo'

=a IpIU.Thefitlcdparametersa-cBo=12･99GPa,Bo'

=8･51forPEW I,comparablewiththeexperimental

valueofBo=9･85GPaaTtdBo･=8.75basedonHugonjotdata13)･ForPET

Nlt,Bo=14.02GPaandBo'=8.07.ExpcrjmcntaI]y,Bu)km
odulusBoandthepressurederivativcBoineq.(12)canbccalculatedin

termsorHugoniol-Rankinerelat

ions,whc-CU,istheshockvelocityandUpisth叩a

rticIevelocily･P=poU.U, (13) エ =卜iLV. U, (14)F

orsinglecrystalPETNI,

theshock･partic]evelocilyHugoniotmaybegivenby13),

U.-21320十2･61U,-0･38U,2.U.≦4･1648km/sU.=2･Sll+1･7

3U,,U,≧4･195km/sCorrespondingBoandBoare9.85GP

a,8.75forUs≦4.1648km̂ (♪≦5.91GPa)and13.99GPa

,5.94forU.i4.195km/S(Pと5.95GPa).3.2 Pressurede

pendenceofphononandvibron斤equencyThel

earefewsttJdiesaboutvibrationalspeclrumofP

FrNduetoitscomplexstructure.RcccnLly,Guptaeta

L14) havecalculatedthevibrationalfrequencyandassignednormalmodevibrationsusingdensityfu

nctionaltheory(DFT)calcu)ationsattheB3LYP/6-31G(d

)andB31:YP/6-31I+G(d,p)]evel.Basedonagroupthe

ory,thenumbersofvibronsandphonons(includingDavy

dovsp)ittings)are81×2and9forPm Icrystala

nd81×4and21forPEW IIcrystal,where81rep

resentsthenumberofintemaIvibrationalmodesforisoIaLedm01ccu)C.Wehaveca)culatcdthcfrequencyfo



frequencychangingwithvolumcisshowninFig･I･

Themo1ccutarpointgroupforisola(edPETN I

molect)lcisSIWithirreduciblcreprcscntationsofrg=
20A+2Ia+20E.TIle20AmodesarenotIRactiveandl九e
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05

20Emodesaredoublydcgcncra(ed.For(hcscdcgcncra

temodes,split(ingtso∝uTrCdtosomemodeswithpressu

reincTCaSing,asshowninFig.
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y(cm'.)Fig･3TllCCa)culaledmodeGliincisencoe庁ic]Lenlsyi
forthemodcsbelow&00cm-). 3.3ModeGriineisencoeffic

ientsriWcca)culatedy,AusingEq.(3).rllleresults

forthemodesbelow800cm-IarcshowninFig.3.ForPET

NI,Y.･ofva]uesareramging舟oml.88to4.09forthe

modesatLhcfrcqucncicsbelowI10cm-l,whiletheva)ucs

arelessthanl･55above110cmrL･ForPEW II,yiarc

ranglng斤oml･5to3･19forthemodesatthe鮎quenci

csbelowIIOcmlfandarelessthanI.45aboveI10cm-I.

However,yiOflhcmodeswith叫 uencieslagerthaT1550

cm-Larelessthan0.2forPEN IandPm Il.Them

odcswithlargestG仙lCiscncoefrICientarelocatedat35･1

cm-IforPETNI(Y,･=4.09)and50.8cm-IforPET

NII(抑=3.19).withthepassageofthesh∝k舟ont,lhc

modeat3511cm-[inPETNIcrystalarLd5018cm-linPET

NIIareexcitedmoreeasilythanothe

rmodes.TnPETNcrystal,theICarcmany)o

w 触quencyvibrationatmodesinvolvingNO2rockingmot

ionsandON02Wagglngmotions.GtJPtaetal.Observedth

atthereare10vibrationalmodesbelow100cm-[(not

includeDavydovsplitting).H)Tncselow&equcncyvib

rationalmodesamalgamatewithphononmodesaTt

dhaveaconsiderablelargevalueofr.I,equaltoorslightly

smallerthaTtYiforpurephononmodes,butmuchlargertha

nyiforhigh-fTCquCnCyVibrationaLrnodes･Theconsiderab

lelargeva】ucofriindicatethattheama)gamatedmode

scanbeeasilyexcitedbytheshock.Thusweas

slgntheamalgamatedvibrationsasphononmDdesIThe

averagedva)tJeOfyiforthemodesbelowIlocm-Jare2

.94and2･69f♭rPETNIandPETNll,respe

clively.Inaddition,Nagayamacla)L3-16)havedevctop

cdanewmethodforcalculatinglhcbulkGr伽eisenp

arameterusLng Hugoniotdata･StJbsequcnt)y they

studiedGriinciscnparamterandthermalTIOneqtJili

brium ofpolymcrs･TTLeU,-upHugoniotcurveofthe
polymerstheyconsideredexistasharpkink･17)me

i=esu】tssuggestedlargerGrhciscnparameterat)ow･

prcssuresideorthekinkcorrespondtothevaluesofmic

roscop)cGrheisen coefrlCients for intermolccula

rphononexciLationandtheshockwavesarenotindynam

icalandthermalequi】ibrium･ALhigh-pressuresL'deoft

hekI'nksh∝kwavesapproachtherma一equi]lbrium,allh

ougharesl川notindynamicalcquHibrium,whichrcsu】

tinthedecreaseofGr血eiscnpa
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TabJe5Grheisenparamctcrcalculatedbycq.(I6)

ITL7 ry-.(W≦110cm-I

)3.42

2.943.54 -

2.14 -

t 3.20 2.69ThemethoddevelopedbyNagayamaisb

asedontTletheoreticalmodelsproposedbyS]atcrl烏),

DugdaleandMacDonald(DM)]9),vaschcTtkoandZubare

v(VZ)l･'0).¶lethreemodelsmaybeconvcnicnt]yrcpleS

CntCdbythefollow)ngs)ngleequatio

rt,,=_上 意 竺 .ど

2i,p
v'･'U 3 (15)whcrcparameterIis0,I,2for(heSLate

r,DMandVZmodels,r

espectively.BasedonMumaghanequation,eq

.(15)maybcrewriltenas,

lr=一二-

2 (抑 与サ 与･宇 3日のGrheisenparametersca]culatc

dusjngeq.(16)arcglVCTtinTabte5.TheaveragedvaL

ucofthemodesinphononregion(r-.(a)≦110cm'-))
islistedoutforcomparison.ThevalueofrcaLcu)ated
usingeq.(16)islarge= han 戸.(W≦110cm--)

･As pointcdoutbyNagayama,cLal10,althoughnoneofth

ethreemodelsarcbeapp)iedtoanysolidmaterials,Grhci

scn00efficienlSisstillcstimatcd-oughtlybyLhcsemodc]S･

¶evalueofrforptm Iissimilartothevaluebased

onshockHugoniotdataforU,≦4.1648km/S,Whichcorre

spondsP≦5･9GPa,butmuchlargerthanthevalueforU..
2:4･195km/S(P i5.9GPa).ThevalueofrforPETNIIis
lessthanrforU,≦4.1648knl/sand)argerthanrfor

U,i4.195km/S･3.4 Shockll'nducedte

mperatureincreaseTosimplifythecalculationsoftheshocktempera(urc･ 脱油欄棚㈹Mm

(x
)a
J

TtmadtJJ
a1 一一- ･ノー一一〆

- 蒜㌫ ′,′一･/∫ _一一一一/0.0 0.5 L.0 1.5 2.0

Prcssure(GPa)

560

520

480

44t)

4003

603202,5 3.0Fie･4QIcuLa(cdsh∝ktcmfmluTeaSa

AJndjonofprcsstm.wcignorelhcirmVCrSiblepartofeq.(1).

shocktemperatureincTCaSe(relativeloaninitialtemperat

uretakentobeTo=300KforPETNIandTo=410

KforPETNIT)isplottediTIFig.4forhydrostaticbulk

vo)umccompressionasafunctionofpressure,assu

mlngthatthebulkGr伽ciscnparameterisconstantatdiff

erentpressureandappmximatelotheaveragedval

ueorthemodesinphonorHegion(Y-.(a'≦110cm''

) inTable5).Forshockpressureof3･OGPa,tempcm

tureofPETNIandPETNHjumpLo427Kand563K,r

cspcctively･Sincelhccompressibilitydependsstronglyoncr
ystalorienlation,theshocktemperatureforthecompTCSS

ionofbulkvolumeisdiffelCnLforthecompressiona一on
ga,bandcaxesIDicketalhaveobservedthattTleS

hockinitiationofpFrNisveryscnsiLivetocrystalorient

ation･:l)ThemostsensitiveorjentationforPEW Iis

ll10]plane･Thiseffectwascxp]ainedintermsofagco

mctricanalysisofthesterichindrancetoshearintheun

iaxialstrainofashockwave.Guptaetalmeasur

edthetemperatureincIeascaHhisstressfor5.0GPabased

ontheantistokesaTtdstokesscatlCrlngintcnsities･Thete

mperatureincreaseat【1101andl001Jplaneisestimatedo

ntheorderof100KforP=5.OGPa.'lnForIbistempcrat
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sh∝kfrontorPETNIispossib]ClotransformintoPEm

Hbcforcthcrma)cquiLibritJmisrcachcd.Maienschcinct

alstudiedthecffccLofmicrovoidsontheshockinitiatiorL

ofPETNandobservedanuncxpcctedpressurereleasein

PUTCPETNshockedlo2GPa･PnlCytCntalivclyhlterprcIcd

asashock-inducedphaseehangc:m Butveryfew

expenmentaLevjdcnccssupportthephasechangeofPEm I1

4.Conclusion

Wehaveusedanexiblepotentialcontainingbothintra-

andiTllcmO)ccularpoteTltiaLtocalculatethepressure

dcpendenccorphononandvibronfrequencysh).Rsoftwo

plym叩hsorPentaerythlitoITctmnitrate(PETN)atIke

pressurerangLnghm 0to3･OGPa･TllenCXiblc

potentialscanpredictthelattiecpropcrliesa∝uratc)y･

ResultingmodeGrheiscncocfricicntsareintherange

froml.88to4.09forthemodesinphononregion((侶

110cm~L)ofPETNI,and斤om1.5to3.19forPEm ll.

TTICaVCragCdGr伽ciscncocmeicntsofthemodesin

phonon-cglon)'S2･94and2･69forPEN IandPEN Tl,

respectively.InPETNIandPETNll,modeGriinciscn
coefficientsarclcssthanl.55fornemodeswithLhc

frequencyofHOI550cm-I,andlcssthanO･2forthe

modesbelow550cm~l.

Ash∝ktcmpcraturcwasca]cuLatcdusingtheaveraged

GrheiscncocFLCientsofthemodesinpTIOnOnrCg]On.

¶etempcratLJleincrcasciscslimatcdontheorderof)00

KatP=3.0GPaforthebulkvo]urnccompression.
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