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ForthepurposeOfimprt)vingthereactivity,meh1-82X)lecomplexesWereByntheBizedandtheir

propertieBWereinve8tipted.lH･TbtrazDleandIH-1,2,41triazoleweretuedforthehpnd8Which

contain山trogenatom88mdeanCOOrdinatetotnetalB.Copperwa且8dectedasthecentralmeb1in

AnticipationofthecaklyticeqecLForthecounteranion,nitrateWa卓u8ed.TheIH･tetraヱ01e
complexwa且0btained舶the881t,[Cu(CHN.)2]H20.ThelH-1.2.4-triaZ01ew88Obtained88

[Cu(C2H3N3)2](NO,)2.

FromtherwultBOftheBen8itivityもeets,thecomplex飴WereiJWenBitivetoimpactand丘iction.

However,theya托8en8itivetoStaticeletctricity.ComparedwithpureaEOle8,thecoordination
changedthethermal8tabihtyandreaCtivityduringtheDSCmeaBW ement.Thecomplexesgen･

emもedoxidativep8eBduringtheh8hpyroJyeiB/FT-IRmeasurementWhilepuJeaZX)legener8t8d

HCN.NHSandhydmcarbon8.Fromthede皿aqationte8t,itwaSfoundthatthedeCOmplexe800uld

producealargeamountOfga8eOu88PeCie8andtherateofpre88uregenerationw舶high.

1.Introduction

Foralongtime,energeticmateri818havebeen

inve8tigatedforapplication舶eXplo8ive8.prOpel･

lant8,And80mepyrOtCChnic88uCha8airbag

inAator8.Amorerecentdevelopmenti8tOde8ign

newenergeticmaterialey8tem8Which00uldz℃le88e

non･toxicgaBe8andhavehigher8tAbilityand

reACtivityaBCOnVentio仙lenergeticmaterials.
Intheviewofachievinghigh reACtivity,the

additionofciLtalyBtBtOthe8y8temCantneJrective.
Forexample.transitionlnebloxidesareaddedto

propelhJltBinordertDbetterconductheat,promote

electron･tran8ferproo朗8,ZLndincreA8etileburning
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ratelll2).However,theactualmechamimiBnotyet

wellunder8tOOd.

Iti8Wellknownthattheefficientinteraction

betweentransitionmetalcataIy8t8andthefuel

beeome8StrongerWhentheinteractiondistancei8

8horter.Thereaction∝cur8AttheinterhcialiLrea

betweenthetwoBubBtAnOe8.lnordertoenhance

thecat息lyticabilityoftransitionmet818,8hort

di8tanCe8betweenthemetiLlandfuelmustbe

aⅥ血 ble.

Con8ideringthechemicalStructureOfenergetic

mate血lB,mostOfthemhveeleetroneptiveatOm8

whicheanea8ilyomrdinatetotraJ18itionmetalsand

formcomplexeB3)Isuch8hortdiBtAnCeBtX)tWeenthe

metalBandtheenergeticmaterialsincomplexesare

expectedtohaveadvantage8forenhancingthe

reaCtivitie8.However,therehavebe8nrevBtudie8

0nenergeticmetalcomplexes.Akiyo8hietal.

haveinten8ivelyinvestigatedtheproperties0r

carbohvdrazidecomplexesandfoundthatthechr-

aCteriBticbehiLviorBOfthe8eCOmplexe8dependedon

theαntralmetalcntionBl)･Moreover,theyhave

recentlyreportedthethermalbehaviorofAnurea

complexS).
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Fi81Chemical8truCtureOflH-tetra払lcand
lH-1,2,4･triaヱ01e

ABcomponentsOfthecomplexes,a2X)le00mpoundB

couldalsotObeutilized.ESpeCiany,tetrazole8and

triAZOle8AreeXCe皿entenergeticmateria18and

containmitrogenatomsWhichcancoordinateto

metals.PreviousreSearCher8reportedth上many

aZX)le･complexe8CanbeSynthe8iヱed,resultingin

tetraZDleAndtriamlebeiJlgbidentatelipnd86)I7I

However,the8e8tudie8fccu8edonlyontheproper･

tie80fthecentralatomsSucha8theirmagnetic

behaviorandnoattentionwa台giventoenergy

relea8ingbehavior.

Inthisreport,theIH･tetra2de･metalcomplexand
1H･1,2,LI･triazole･metalcomplexwereevaluated

toaeenergeticmetalcomplexes.lH･tetra乞01e

(abbreviated lHT) and lH-1,2,4-triaZ;01e

(abbreviatedlHTRI)areba8icaE01e8anditi8

importanttoobtainBOmeinBightintotheproper-

tie80fthe8ccomplexes(FigtJre1).
Manytransitionmetalsa∫母abletoformcomplex飴

withazole8.ⅠnthisStudy,copperwasu8eda8the
central cationbecauseOfits租talyticabilityB)･As

acounteramion,nitratewasChosenbecauseiti8

frequentlyuseda8anOXidi2ier.

2.Experimental

2.1 Synthesis

2.1.1 1H-Tetrazoleandcoppercomplex

TheIH･tetrA2501ecoppercomplexwa8firBtさyn-

the8iZBdbyBraubdkerin19609).me組mpleinthi8

re8earChwaspreparedfonowinghismethod.

1H･1btrw leandCu(NO3)2･3H20werepumhBed

fromTbkyoEふさeiEogyoCo.,Ltd.,andWikoPure

CheJnicalImduBtrieB,Ltd.,re8PeCtively.A247mg

SampleofCu(NO,)2in20mlofwaterwa卓8lowly

addedto140mgoflH･tetraRX)ledi8801vedin20ml

ofwater.paleblueprecipitatewa合immediatelygen-

erated.Theprecipitatewas8ub8equentlywa8hed

withwater,methanol,etheranddriedunderreduced

pre88ure･

An elementalallaly8iswascarriedouttodeter-

minetheweightper∝ntofC,H,Ninthecomplex.

Comparingtheresultoftheelementalamaly8i8with

theliteraturevalues,it8mOlecularformulawa卓

determinedtobe[Cu(CN.H)2]H20(abbreviated

lHTCu).Oneprotonwasliberatedfrom lH･

tetra五01eSincetheparentmoleculeh888PEAValue

of～4.8,whichis8imihrtothatofaceticaCidJOl.

Theyieldwas80mg(35.6%basedonCu(No.,),･

3H20)(Found:C,9.17;H,1.71;N,51.09%.

CuC2HIN80require8C,10.94;H,I.84;N,

51.01%.)

Amtrial8tOdiB80lvethelHTCuincommon801･

ventsfailed.Moreover.noneofthefiItrateSWere

coloredduringtheir8yntheBe8incommon801vent8.

1HTCuhadpoor801ubilitywhichcanbeexplained

bythe血ctthatcoppertendstOformapolymerwith

bridgingatoms3).

2.1.2 1H-1,2,4-Triazoleandcoppercomplex

Afewcomplexe80flH-1.2,4ltria2X)leandcopper

were町ntheBi2iedinpreviousBtudie8日=2〉･However,

noneofthemContainedNot88thecounteranion.

Therefore,thisStudywouldbethe丘r8ttO8ynthe-

8i2:eaCDmPlexfromlH-1,2.4-tria2X)leandcopper

nitrate.

1H･1.2.4-TriaBdewa8ptlrChBedfromtheTbkyo

K舶eiEogyoCo.A543mg8a血pleofCu(NO3)2in20

mlofmethanolwasSlowlyaddedto349mgoflH･

1.2,4･Tdazoledi8801vedin20mi ofwater.Apurple

precipitateWasimmediatelygenerated.Thepre-

cipitatewas8ub8equentlywashedwithwater,

methanol,etheranddriedunderreducedpre88ure.

Fromtheelementalanaly8i8re8ult8,itBmolecular

formulawa8determineda8[Cu(C2N3H.,)2](NO3)2

(abbreviatedlHTRICu).Theyieldwas453.4mg

(55.6%baSedonlHTRI)(Fotmd:C,16.65;H,1.89;

N,35.51%.CuCIH6NsO6require8C,14.75;H,I.86;
N,34.41%)

AlltrialstOdi880lvelm Cuincommon801ventB
d80fded.HowevezT.のloredGltrate8WereObbhed
duringitS町nthe8i8inDMFandwater.
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2.2 Sensitivitytest13〉

ThehctionSen8itivitywasmeA8u∬edbytlleBAH

frictiontestandthe1/6explosionpointwasdeter-

mined.

memedladcalimpact8enSitivitywasmea8ured

bytheJTSdrophmmertest.rnle88mplewasteBted

byallindirectmethod.

mesensitivitytoelectric8parkwasmea8uredby

anelectro8taticSen8itivityte8t.TheapparatusWa卓

designedbyMiZiu81一imaetal.川 .TheSamplewa貞

8andwichedbetweentwoelectrodesCOnneCtedto

conden8erBandtheelectriCal8parkappliedbydi8･

chaJ･ge.The8en8itivitywa卓e8timatedbythe50%

explosionpointusinganup-and-downmethodJ5'･

2.3 Themlalanalysis

SealedCell-DifferentialScanmingCalorimetry

(SC-DSC)wasu8edforthethermalanaly8i8.The

instrumentwasaDSC20(McttlerTbledoKK)and

theoperating8y8temWa卓STAReSystem(Mettler

n)ledoK.K.).The8ampleweightfortheinve8tiga-

tionwasabout1.0mg.TheBample8We陀heatedin

8ealedcellsmAdefrom8tainle88Steel(Nihon

ぬyakuCo.,Ltd.)TheheatingrateWas10K/min.

2.4 TherTTIaldeccmpositjonbehavior

FlaSh-pyroly8iJ?WaやCarriedoutinordertoinv飴 I

tigatethetherznAldecompositionbehavior.The

inBtru nentationwaJiaPymprobe2000andBriucen

(CDSAnalyticallnc.)CoTnbinedwitharapid-8Can

FT-IR8peCtrOmeter(MAGNA-1R850,Nicolet

lnStrumentCorporation).Theprincipleofoperation
h8beendescribedinreferencesJ札 J71.memeasure.

mentcondition8WereaBfollow8:The8tartingand

endingtemperature8Were30℃andlOO0℃,re8peC-

tively,withaheatingrateof1000K/8.The8Can血 g

re801utionwas4cm-landintegrationofthe8peCtra

was4times.ThemeasuringtimewaBIminute.

Themea8u1℃ment8WereCarriedoutunderlatmin

aN2buffergas.

2.5 Deflagationtest

Deflagrationte8tSWereCamiedoutu8inga52ml

typede皿a訂ationmi t(Ku拍mOChi払galm).Itwas

de8ipIedinthis1abratorytoevAluatethegasgen-

erationability-me52mlpre88tUeVe88elwasmade

of8tairIleBBSteel.

Anichrome81amentwasplacedinthe88mple

chamberwithig血terpowdezT,And20pelletsOfa100

mgfuel-oXidi2:ermixturewereplacedinit.The

ig山teri8activatedbyApplyingelectricitythrough

thenichrome丘lament.Thepre88uregenerating

behaviori8mOdtoredwithapreBBure8en80r.In

thisStudy,atwo･8tePigmiter8y8temWasadopted.

The丘rStigmiterwas100mgofTi/KNO3(45/55

(wt.%))andtheSecondigniterwa卓150mgof

B/KNOB(22/78(wt.%)).

Ga8aJdySiBWa島CarriedoutuBingaGC-8Agas

chomatograph(Shima血uCo.)andadet耽tOrtube

(GASTECCo.).ThequAntitie80fHCN,NO,NO2,

NHSWeredetermin由bythedet飲tOrttlbe8.N2,02,

CHl,CO,Co∑Weredetectedu8ingthega母Chromato･

graphandthequantitywa8determinedu8ing

calibrationcurves.

3.Fbsultanddiscussion

3.1 Sensitivkytest

Fromthefriction8en8itivitytest,the1/6expl0-

8ionpointwasequaltobe25.2kdforlHTalld24.2-

25.2kgforlHm _Ontheotherhnd,lHTCuAnd

lHTRIdidnotexplodeatthehigheBtloadof36.0

k或 me托fore,theyaJ･etooinBen8itivetomeasure

usingtheBAMfiction8en8itivitytestSimilarto

TNT,HNS,etc.The8ereBultBare8ummariRiedin

TableL

TYledrophammertestWaBal80CarriedoutonlHT

andlHTRIa8aODntra8tingexperiment.Basedon

theup一and-down method,the50%explosionheight

wasdeterminedtobe12cmforlHTand3.4cm

(1m ),andtheenergyatthe50%exploBionheight

(E50)wa白5.9JforlHTand1.7JforlHTRI.

ForthesetwoCOmPlexe8,theteatWasCarriedotlt

6timeSwithahammerheight月ettingof50cm.Both

complexesdidnotexplodeinthiste卓tandwerecat･

egori2Ktda8grade8accordingtoJTS.The8ere8ultB

areSum marizediATable2.

mere8ult80ftheelectricSparkignitionare8hown

inTable3.Thetestrevealedthatthecomplexes

were8en8itivecomparedtothepurea乞01eB.The

8enSitivityoflHTCuw舶Clo8etOAl/KC101(logE50

i8-0.76)'8).sakntareportedthtthe80diumand

potaささiunSalt80flHTweremorein8en8itiveto
impact,hctionandelectricSparkthn1HTr9).me

coppercomplexBhowedtheSametrendexceptfor
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TabJe1There8ultofBAM 丘iction8enBitivityteat

SamplelllHTEIHTRI
Complex

一 一,｢ー-P'

Ml′6lk甜 ;25.2 24.2-25.2

11HTRICu

>36.0∃>36.0

Table2TheresultofDrophmmerte且t

Complex

SampleilHT lHTCu7lHTRICu

≡,21g?75き,',2重?75

Tab一e3There8tJltof8taticelectricityteBt

Azole i Comple又

sampleilHTTT74 二品 cuTIHTRIC｡

IJOgE5.I0.520.04i-0.88-0.080.13】0.840.20】0.16
the8en8itivitytoStaticelectricity.ItcanbeBald

thattheBenBitivitie8dependuponthetypeofcen･

tralmetal8.As forlHTRICu,the8en8itivityw舶

cloBetOB/KCIO3(0.06).

3.2 Ther･malanalysis

Fip e82and3ShowtheSC-DSCcharts0fthe

Azole8,8ZOle･metalcomplexeSandtetrazole･metal
nitratemixture8.TheheatiJlgrateWas10I(/B.

Belowtheirdecomp鵡itiontemperature8,thea2K)le合

exhibitendothemi cbehaviorwhichcorre8POndto

melting.Forthecomplexes,theendothemicpeaks

di8appeared.m BdiはPPearanCemaybedueto

aChangeintheirelectronicpropertie合.Itcanbe

con8ideredthationicazolemolecule8hnkviaa

CoulombicfozceintheComplex80hdwhileneutral

molecule8山止togetherviAaVanderWhalBforein

thepurea2X)lecrystal.SincetheCoulombicfo托eiB

8trOnPrthntheVanderWaalBfozce,anioniccry8･

tali8di缶CulttomeltcoznparedamoleAm ctyetd.

Furthermore,theexothermicpeaksOfthecom･

plexbecame8harp00mparedwiththepurea2Dle

30 100 200 300 400 500 600PCFig.2TheDSCchartsOftetra2;01eB,lHTCuand

tetraZK)le-Cu(NO3)2H20mixture

30 100 200 300 400 500 600PCFig.
3TheDSCchwt80ftriaZDleB,lHTCuiLndtriaz

ole-Cu(NO3)2H20mixtureanda2;01e-metalnitrat

emixture.TheserC8ult8con丘rmedthatanaヱ

01edefimitelyinteract8withamet.alandcoord

inationtothemetalwaeeffectiveforimprov

iJlgthedecompositionvelocity.Thevalue80f

TDSCandQDSCare8ummariヱedinTable4.As forlHT

Cu,thethermal8tabuitywa合improvedcomparedtoIH

T.Ftdhermore,thedatainthetableindicateth

etendencythattheA血omicIH_tetraE01ei8mo

reStablethantheneutral1H-tetraZ0le.Ther

efore,thenegativechrgeonthetetrazolemayBtabili25eit8thernalbehvior･

Ohnocondudedth上tetraEOle8Weret



Hl 2:9;'r"4甘 ;28522･･330へ
Nl-N2 Nl- N2
/ )･326l l･'22l
H

neut∫allH,tetrazole anionic1H-tetrazole
O o

averagelength 1.3077A ayeragelcngth 1.3121A

standarddeviation0.0073 standarddeviation0.0033

Fig.40ptimiZied8truCture80fneutralandanionic
IH-tetrazoleatHF/6-31G●level

Hl 2;7;I:管 Hご蹴 "I."9八Hl 2;7;I:"署I."9八
Nl-N2

/ l･3409
H
rLeutral1H-1,2,4-tTiaZOlc

O
averagetength 1.3233A

staJldaTddeviation0.0029

Nl- N2
/ ]3473
H

cationicIH-1,2,4-triazoleO
averaselcngth 1.3219A

standarddeviation0.0041

Fi島5Optimized8truCture80fneutralandcationic
IH-I,2.4･tri82DleatHF/6-31G●level

8tAbili2edbyelectrondonati喝Bub8tituent8洲･Elec-

trondonatingBub8tituentBmakethetetra201ering

81ightlyaniomiC.In1HTCu,tlletetraZX)levalence

wa8-1andthe8&meeqeCtmightoccurinthe8ub-

8titutedtetra五〇le.Fi訂Ire4indicnteBtheq)timi加d
8truCture80ftheaZdonicandneutrallH･tetraB01e8,

TheStructureWasObtainedu8ingamolecular

orbitdcalculationattheHF/6-3IG●leveloftheory.

IntheoptimizedBtruCture8,theumiformityofthe

bondlengthBandanincm 8einthearomaticitywere

foundintheaniomicIH･tetraE0le.Therefore,the

Aniomiccharacterof1H-tetra20lemayinfluenoethe

thermal8tabilitie8.Furthermore.theNl-C5and

N3-N4bond8areShorterintheamionic8tatethan

intheneutral8tate.Consideringthtthedecom-

po8itionofIH-tetraZX)le8t8rt8frombreakingtheBe

bond8underthe与tatedoondition'7),itcanbe8aid

thattheanionicStatei8more8tablethantheneu-

tral8tate.

ForlHTRICu,thetrial;01eringhasa81ight

cationiccharacterduetoelectrondonation.The

cationicStateOfthemoleculewa卓0ptimi訟dAndi8

8howninFigure5.TheBtandArddeviationofthe
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Iti8tmCertainwhetherthediqerencedependsOn

thechngeintheinitialdecompo8itionpro伐880r

theexiBtenCeOfCu,NO3,andH20.

3.4 Deflaqatjontest

Thetime･pre88ureCurVe8areShowninFi酢Ire7

anda8um maJyOfthechNaCteriBticvalue8i8Bhown

inTable5.Sr(NO3)2Wa白useda8theoxidiZK!rfor

lHTRICu.A8forlHTCu,lHTCuandSr(NO3)2

generateheatand8mOkeduringmixinginamor･

tar.Con8equently,NH4NO3Wa8u舵dfor1HTCu.

Time･pressurecurveofdenagTalioJltestOr)HTandlHTCu
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(sJFig.7Time-pre8BureCurveOfdefliLgrationtest
Ofa2X)1飴Andcomplexe

sTable5ThecharacteristicvalueofthedeAaqat
ionte8tOfcomplexesanda250

1e8lHT甲/Sr(NO3)214･411m Cu/Sr(

NO｡),l 6.6lm Cu/叫 NO3;Noig血ionlNoigAiLion P.I,aiB

thepeakvalueofthepre88ureprofilewhichi

ndiはte8the伊 8generationquantity.[dP/dtL.AliBt

heさlopeofthetime･pre88tm prO丘leregisteringthe

pspnerationvelocity.mere8ultOhowedthatcoordinationtoametalwa8effectiveforimproving

themaximumpre88urea

ndthevelocityofthepre88uregeneratio

n.Furthermore,itwasrevealedthatlHTCu-NHI

NO3hadapotentiAlforpracticalu8e.Althoughthera

teofgasificationiBIOO%andnoresiduei81e

氏aEterthedecompoBition,NH.NO3ha8notbeenutinzedduetotheBlowdecompo8itionvelocity.

me1HTCu-NH 4NO38yBtembearsCO

mpariBOnwithcommonoxidi25er-fuel8y8ten8.The
00mpoSitionsoftheproductgasare8howninTabl

e6.Nitro野nWasdetecteda8themaincompo･n

entbygasChroznatogaphy.TheamountofNOxwa卓h!yt

)ndthekmitoftheindicatortube(200ppm)and

genentionofNOxcotJldnotben喝lected.Howlever,t

heig血bri8ahoaNOxsource.Byusingotherigniter8,itmaybepo88ibletobtdd

anew8y8temh

avingareducedNORrelea8e.4.Conclusion

Although metaloxideBhavebeenutili25edinener

geticmaterialBy8tem8,thereha8beenlittlei

nterestinorgamicenergeticmoleculee･metalcomp

lexe8.Therea80n8maybetoavoidreduciJlgtheenergyreleas

ePerWeightandincrea8ingthe8enSitivity.

F

romthisStudy,ARK)1叫 PerCOmpl既 朗 eXhibitedTabJe6The00mpo8itionofproductgaBe88omthe
deflagrationtestof1HT

Cuand1HTRICuSample lHTC岬 NO31m /Sr(NOコ)2

N2 [Vo1%] 83.7 64.702CO2 0.1 5.112.1 17.

9CO tr

ace ll.4CH4 4.1 trac

eNO
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ー

u8efulpropertiesandtheyhavebeen8uPeriOrto

purea201e8inits80mere叩eCt8.1HTCuShowed

improvementin8cm8itivitytomecha血Cali皿paCt,

払ctionandheat.As forlHTRICu,the8enSitivity

tomechanicalimpactandfrictionwaSalBOimproved

andtheheatofreactionabilityincreased.Further-

more,thecomplexe88howediTnPrOVedperformance

inga島generationba8edonthedenagrationte8t.

Although thehezIVygasgeneratorsaJ･eavoidedin

viewofcostandeqlCiency,animprovementin

reactivitymaymakeitpo88ible80thatenergetic

complexesapeutilizedinSpiteoftheweight.
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アゾ-ル類鋼錯体の特性

熊崎美枝子●,宮坂 怜叫,木内寛一●,

和田有司●.新井 充♯,田村昌三村

反応性の向上を目的として金属-アゾール類錯体を合成し,その性質を調べた｡配位子として,金属に

配位可能な窒素原子を含むlH-テ トラゾールとlH-1,2.4-テ トラゾールを用いた｡中心金属には,触媒効

果が期待される銅を選んだ｡また,対イオンには硝酸イオンを用いた｡lH-テトラゾールは合成の結果塩

である【Cu(CE札)2]H20が得られた｡また,lH-1,2,4-テ トラゾールからは【Cu(C2H3N3)2](MOS)2が得

られた｡

感度耗験の結果,錯体は打撃感度.摩擦感度は鈍感であったが,静喝気感度は鋭感であった｡また,ア

ノール類と比較してDSC軌定では錯体化によって熱安定性と反応性が変化することがわかった｡高速熱分
解/FT-IR測定では,錯体が酸化されたガスを放出することがわかった｡爆燃性試験からはこれらの錯体
によって高い圧力と圧力発生速度が発生することがわかった｡

(●東京大学大学院工学系研究科化学システム工学専攻 〒113-8656東京都文京区本郷7-3-1

-東京大学大学院新領域創成科学研究科環境学専攻 〒113-0033東京都文京区本郷7I3-1)
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