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ometry of Hohwe dloipghaymsei?c oc hemi caff pheper
ordination compounds chamgqendteadmecenn tcroe
d how do they compare to other energeti
n t he novel pol yn(4-a®mikHeid e tded-y HH-g an d,

trazole b2 Wlyat heisfifsiedul ti es exHesw in t
es fumet i onail misdad 2 olne orhaioent yp ydNhfafbd ra ? e

e properties of synthesised novel i nter
her energetic materials?

t here tahe onedneerlget i ¢ 2 ma,tr@ riii, Btrtdi gz i ne
rough oxidation of amino or azido gro
bstitution reaction?

t here a s yrteh entoivee I r centedl gtdd ng & mab &mi al |
jtdhr ough nitration of parabanic acid or
ni t rbaweasea?koor di naditmiohr @dir e&Ng Nibmpr ove t he
gand?



1. |l ntroducti on

This introducttoi oani di st hver iundceenr st anding and a
di scussied ti,mewhhsch coeroergygy Hegbjthy mptevidl
background and contex® oarce fasIlswd rhic gdhe mreiolige/ d
density materials is needed doethodepemedhagk
on tfhoec u s o f research or MArMdadedfi niitmpd resne
classifications defined in Ahbtki stdtr ypon mairlyl
an secondarysegplesedestasemwetekiermmnah reecent
hi

ni

a
d

devel opgemttiseti ¢ met hods are al so disicussed,
gh energy denstnheey h aadndde rmeaclhsani sm of cC ommo
traceaoninonsheanfdiseltcdhey feature keavislcywsismon

aroundansition met al C 00r doirngaatnii ocn fcroanmpeowonr dkss,

0
and clathrates.

1. Definitions and Classificati on

Hi gh energy density material s, al so known a
mat er i ahlasv et lhatghhaodo pi €er mat,i ompenwthubche der nal
stimuli heae¢h ampact, shock, spar k, etc., Wi
enerWhyethhi s h,aptplerncsu gsleisdi st ai ni ng exot her mi ¢ ¢
reactiton s convert elle aamtdo swlahrdd,.enargghyt ,r el ea s
generate temperatur 500 &ahd tfoeagmegeads fc a0 X p a
12,006, 000 tormegviotlduben®hi s i s known as a c¢hemi
Che

reactiobheWhenanction generateshhgatauses$atrpge
pro

i ncrease bclaausste swaave whi ch can cause physical

mi cal explosions rely on two factors, the

duced in the reaction to expadthe paesisomg e

crck depending on the velocity. Theate xsplecesdi vae
opposed to ordi Aao mb e srdmbatxtcdcunm .s s | o wlhye al |
gasesel eavedi ISxnitpattehe surroundi,ngs oce nva reoxnpriems

occur s.



Agr awals dteifd nfeud damanmtes!| posesxmsiscswi e : an

1)Potenti al energy by virtue of its chemica
2)Rapi d decompastiambibtai atni on
3)Formation of gwséebusipubtdaotesus release o

energy

1.1. 1. Definitions

1.1.1.1. Sensitivity and Performance

To understand the classificatoona mbsttihgegbf ene
par amdthearts are used Thensl Y viafni eateirgret i ¢ mat
be definedasasl gwowstmchergee®nati on owharfl ag.i
initiated by external stsmaud k, ealuedt racss tfartiic
(spark) 2amthehenmatgni tude of the stimuli neede

defl agration can be measured experimentally.

St i mi Uni t s Definition

The amount ofapfprliicetdi oc
Frict Newton (defined area over awhlied
can initiate an e

The amount o fapipnpiaecdt ¢

| mpa Joule ( defined area over awfhliec
can initiate an e
Ease with which an expl

Shoc
a shockwawmeanot her ex|
The amount of dlramntsrieac
Spar Joul e ( defined vol ume ovefr tai

which can initiate

The amount of heat tr a
. vol ume over a od e fiwii mhehdi

Heat Cel s({)s ) _
above a certain whinphr

i nitiate an expl

Tabl eStli. melsit ed for the sensitivity of
units and?ldéfifnitions.



An
Se
un
re
de
pr
i b
ca
di
pr
ma

Th
e X
de
s a
of
an
de
t e
VO
i S
e X
[

Th
pr
ni
co
A
co
en
en

0o X

I mpantsantnction is theensiftfievnednersildaetvweae

nsitiveness Plaxhdchaehnneddbykhavan agoaccid
wanted stimuli, suchSessimpactyand @efched
l'iability of functi omwhemd iintis i paPtAdudaagyad nsrhg
fines sensitivi-agcadennalki méeif bad®yooiroa det
i MAgr awal nsoetnessi ttihvaitt y i s wheréeasseofkiimnivi
héepr opagati ngbuapadwdeins g hies rseen, and somet
n be used i AKleapYBakieneckblaynd Mi |l |l ar make no
stinction in t#heti rt hpas bd u rcpaat ssee nosfi ttiindesn dishse s

opagatingofcatphacbi hiigly ener gyanmne&nskentghamiav ietr

t e reiassles of initiation.

e performance of an ermdrcqgé tait cadimchaecads uraed c a
peri mentally, t hough t he physical gual it
composition, p adci kmenngs | denrss iotfy eaxnpd ro swivteh cthia
men er gneattiecr imdt onati on (expl deaf ivirg dap enrufmobremna
wdgsonati onPagpr ebsupeessure at front of th
detonatilo®j tyatte of propagation lodatdet ona
ton@udtonher mal energy released during deto
mper ddeur eemmper ature of the detonation pro
| ume of gas produdgd Deftlhagradt omat(ipompEel |
most often gaugeld bryelsapeecdi ftioc pirnepsusiusree (an
iting a rocket matsorp)r,odtutoe dddliyuVvags aanido n (

near burning fate of the materi al

e performance of a material is | argely d
operties of the pmatpeerihayl ¢ sEme cail mgloenptosi t i
trogen percentage ( N%¢) ,tahned sotxryugcetnu r le a | aanndc
nnecti viitnygh d e d g pasnmieimyt h(af p{yor gt iodn t(he mat el
hi gh N%, defined as a nidtersograasb llbciogh ent t ad.
nt ent compoundseestubhbabpi davematiaom, l eadin
thafFpdet d@xay glmwan .aingc eused t d heketdeergmiambd ch an
ergetic materi al can oxi,dimagttaltsshé ust aif da
i desor( QO3®, met al @Ax mowiglAwlee a positive o0oXxydg

i f tcsomposi tmome hasygen than needed to oxidis

3



XxXygen bal ance i f compl et e c oonxbyugsetni ofnr oins til
nviroyYwWhemt a compound is sheghbff gcatmalyigsan Qp o «
l ight, afsurmather baombysti on of the energetic

0
e
S
durthg expansion of hot gasesThearld oawse ftuwd tc
0
e

f density | mpomattaenrtilaoscegyst gétdensity of a
xplosive, and the | oading (compaction) dens
These properties directly 1 mpact the detonat

of the detonati on enrmtohcakliwaywer matdi darhei s what
shockwave its energy to proeopabgatbde aboveheee
of explosive penfbaoihpyoe.mathen will al so di
heat detonation and the composition of the 1
t he nat ugaes eosf rtéflee’ds e d

Much | i ke performance, sensitivity is also
materi al . The sensitivity of an energetic |
di ssipate sudden energetic inputefwiatglbeauti ode
combustion) . The ability to dissipate this

related to the density (less dense materi al
structure (certain functional groups will d e
interans within the materi al (stronger i nt e

energy moreldéfficiently).
1.1.1.2. Deflagration and Detonation

A def | agsr amhieonn an ener gdteind | matceormbailst s and b

a standard Tlmenbpsbpagation of a defl agratin

upon ther mal riermicttbiyotnasds tWhneunl diesg o mphees iitniian ad i
war med above its decomposition témaeshéuref
energy from this site is caused by O6édhotspot

throughbétweénoand fracture of crystals of t
phsae change and ldfeca mpefsiagmoati ng material i s
in pressure caused by gaseous decomposition

from a defl adgrati‘ng®materi al



A detonatiaonm apid chemical decompositiTchre t hs
velocity of the shockwaveldThebetaweem fl HE&E oanp
is governed by the rate the matertldé 1tatae soi
heat transfer through the materitavipr obescreat i
burning to detonatiof Bwr minng ntidi aqfidgatihon
def | agtrehdtiomati on trahsst i ogvacs( Dgeener ated fro
decomposition of the materinalanbeoacmieag et i app
increasing th®&héwomr bheg pr atgewnrea apeldshes bur ni |
sur farceeat e s mal |whsihcohc kiwacvreesases ehke@onaheéei afll
increasing the intensity of the shockhwaves
shockwave must raise the tenperoatimrid iian et htehe
in this3 whdy,

Frame: 6

Delay: 13.000 us

Exposure: 5 ns

Frame: 8

Delay: 15.000 us

Exposure: 5 ns
Figuredilshheed camera i mages of a detonation

and combustion of & bpyrtrodmde; htnh & vni xithulree s hoc

detonati ore.prlodagedf f r om



The
order of

expl ostihvee cthraaiinn oifs combusti blre aammge dex ml o 4
decr efalsé n@t rseinmsd tnaplVlied wsn iat( iSastluicrhg 1 mp

as flame, heat, Iimpaciniel adctr ac b@fp aa kpgreibrma rdy

explosive compositioiosatsomal | detonation is th

mai n chamagdee of a secondar yas x®il DU svsee Thoempw\s

tramanypossi blegaibobstler ehatgansbet wedtcment ,
detonator and wihewnsmanign ac hvaerrgye i nsensi.Anve sec
igniter traiimiitd abusendy vahem opel l ent or

t madei oé¢

Pyrot e

and intensifies aremimaeyi gxipl @es i v e

it causes combusti én %%n the main charge.

. 4 N\ 4 . N\ 4 N\
Simple Detonator Booster Main

Initiating APrimary Charge Charge _
Impulse explosive Asecondary ASecondary Desired
AFlame, heat, composition explosive explosive Explosive
impact, Alnitiated via composition composition Output
spark etc. Sl Ainitiated via Anitiated via

shockwave shockwave

— — \ . N

. A\ e ] A\ . A\

Simple Igniter Main

Initiating Aerimary Charge Desired
Impulse explosive Apropellent or Propellent /
AElame, heat, composition pyrotechnic Pyg)technlc
impact, Anitiated via Anitiated via utput
spark etc. Sli flame or heat

\- \. J

FigureSilmp2a.i fi ed

igniter

Dead

satisfactory

reducing or el i mi ng the poposopiliye wednttshe
t he I ni al def |l agfeaomompr ofgr etshsei nmatiertiocal t h
subsequently to the centre of the mater.
shockwave cah® be for med.

train

pressiamg eine rwledan c

schematic

detonat.

(bottom).

on or has

representation

mat emida In oi WWnadreyrapa eess S ¢
no detonat.




1.22. Classification

Hi gh energy density matnersieavesP dulatnwabyeds . | wsrsk
focus tohnei(ri )chemi amad tEieFinnent guetei ¢ per f o.r mance
Usi hge definitiomhbmsedl| owet tfheed ms eon t heir

mol ecul ar @xrpd wpoPdirgre®spi ngesweili @kxdEitnbyl 935,

based upon t he hWiotnto pthioba ersy amfd t he Ehtrhlei ch t#F
described that the expl osdegpeopnd obpberrptlioesso pohfo rai
groodiprs the chemikdatthednt vudédr ener gienteaghrat er
classes based on the?r xplosophoric groups.

Explosophor Energetic Compounds
_NGandONG l norganic agg;(;)rgﬁepigth.'lé,@Tvl\leTs
-0O-0- a n dO-0-0O- l norganic and organic pe
-OCD2andOCl130 l norganic and organic ch

-N- X2 Where X i s(eadhNil-dbRGE N
-N=NandN=N=N I norgani c andc edqrdyba@®NRC H&l3 i
-C=N Ful mi nat es NC#ga.ngd. ,HONQ)O
-C1C- Acetyl ene and met al i
Met al bonded with carbon

M-C compounds

Tabl2Cllassification of e neexrpgleasiocp hnodtiect
Al t hough this c¢l| amany ipcuaktliiocnatiisomncsoragerceae t ha

from a practical?Aggédimanyotneigwatic materials
groumprs,contain dahdemesbmgkeaupghiopegtoepi ng

not provide any insight into the energetic
despite these shortcomingsefhsglhis$ tenlebos sedfiiccad
studtieesploaombi ni ng buyntdh etgiubhoalss azol es and
explosophoric groupsopoeirdinlaissavey &t astalgai giahg
research i n . Akleavamoaragwasy t hat classificati
performancesahdrrusengethis classification, €
be divifdedatiengori es; (1) pro,pe(iliain)t spri(mary pe
andv)§dcondapkhosd wehsi ch Albhdwmeeasadrchasisl ¢ o

classify newly developed energetic materials



Energetic
Materials

Low Explosives Pyrotechnics High Explosives

Produce light, heat, - . Secondary
Propellants smoke or sound Primary Explosives Explosives
C%(r)nntgLosllt%jn Initiators Main Charge
releasing a large Low performance, High performance,
amount of gas high sensitivity. low sensitivity

FiguBe€lhssification ohcenedgagi tompeef bamanc

Propell ant $ow gampémnalilvesconsi st mifx tau rfeawsal ar
can be further subdivided l!Whteon dwm nerndd prop@led
release | arge aanouat sufbfi giaesmrets rat e, t hat i
pressure idsudfffereinemt to accel erataraonldlemovove
proj et tHRleex ampal es,ol id rocket motor often cont
and ammonium perchl ®rapel daanasndxddi atr ne x pl
often produsmaledpar kisssi ng/barta cnkolbiznmg rpcu n &
the case with as dteheoynwatcommust from a %ol id 1
Two key <characteri sttihcast afh eyr arueslitl acnansb uasrte |
mannegand mushte naobtl e t o undertgedbetaoncdefiloag rtatainc
(DDY) .

Pyrotechnics aremiampoesd®hiatcoanpe® ualdlsee t o un
activated exothermic chemical -weaohioep§fehat
as light, heat?2¥Bxmeohkel o ismalmodaed ffti lhemwas k s,

smoke di ¢Mangepgrotechnic devices are made o
and bwhdeh gives additi obhae!l sstirncltwdeal me tnd le
aluminium, magmemimamg anese, aaddt-mebal smsuch
as boron sil iGxoindiasred ss uwlrfeuroften chl orates,

nitrates 2and oxi des.



Explosives can be classified as either pri ma
being very sensitive, | ow performance compc
powerful and | ess.fAséW®si’maveg e pebanssinldye se xaprleo d
by the application of a stimulus dhely asdeeaq
a very rapi-tacefolnagn atmnddr eeffrteeehi osed as an ir
secondary ,pxplpesdraepgysr,ot ezdhnti sy | ge ger atmo ua t
of heats haoncdk wave which will transfer the de
expl oosri vier ansfer a def | agrsaAtgiroanwatl o stuhmes It dw s¢
stating fAithe fasterrtmar PDD& Pett omialte®ne vetl be i
primary exphosesi begt ween 3500Beamd) St inat e
secondaries, propelli andtic,atarsd t pyerdoe taoctentiioarssp r

and percus’si®on: cldp3d?®

Secondary axpl onsiched ess sensitiveatbahby bpei mg
initiated by heabubhawmpagteatrerfrexplito®ane pe
primaries whermrxiphiosi & tend hwnictkdhet on atb550i0 vel oc
9000 L®econdaries have sl ower DDWhi ¢hamalesn
them | ess sensitive as accidental initiation
This allows some secondary explosives such a
The performancexpfosercegaldpyowst he daretntsaft pyy
formation and &xy®gen bal ance.

Il n short, the purpose of explosives and pr
energy to kinetic energy, while pyrotechnics
the required acoustic and visual effects.

Typi cal Pr PbGN Typical Se RDX

Expl osi ve ExXpl osi v«

Sensit

N O 4 2 .54 O 4 75
F S(N) O 10 < 1 050 120
E S ) 0. 0i0®R. 020 0.0C 00. 1 0. z
Perfori

D (ms?) 35006500 460 ( 650®000 875
Paetk b ar 343 210390 347
Q(k J K)g 1000®000 163¢ 5006000 527

Tabl e T¢pBcal sensitivity aomd mpeyf amm:
explosives.



1.1. 3. aBdf ey f olremsan cng

To allow for the aoah&asswhi eatrgetoft materi al,
its sensitivitypaamdneWer Ber mancal ati ons and
programs such adHdEEXPHQS5 wanfdorC a | ot of these
calculatasdl 2dd methods have been developed
sensi t3Ptvhiits es nfsor mat yon anrild ¢ & aiscenn saittei vi ties
performance i n Tihdeeaelf oococendiitti anmnesxiprapg 0 mtaahratal t o
under conditions <c¢closer to their thharnodddghmhmga a

emeaosfur ement estasndc hosen to deter mi ne t

ser
performdnctehe materi al . Ho wewtleirl, e atsh eAsger atwead t
i mportant when devel opinmgo nleavb@matrgreyt i te sntat «
testgeddambltyher<eansiyt or pérbhommaealelal dondi ti
and it is Iimporabhtvabumretbettwatnnbabagatori
di f f esraenptl e mo rgpehmdloegy preparati on, tseasmpilneg s
equi pmeamnyt produce difffAnenherreissistis. with i
detonation perfaoaemamvdaedliwead tiyn direct measur e
extreme cbobndettamatsi on ve0o@0®Hymegasshees as h
400 kbar and temper atius ®0 Or amglkeisw iefttrthoem s2h0o0r Ot
duraoiforrhe reactions in the shockwa3g bei ni
met hod to get around this issue is for the
against sampl e of known energetic materials
sensitivity values for these materials and
ener gattieaTihel .t esting of eémsercpanmomn | ma tperrif alr ae
standarBdisM ( Bu n g¢grvsaa resrti aall tf ofrpsgt h nagnpd dbBEnUd e ct i v e
20144688 the test equipment and procedures d

st andfar3fs 34, 35

When itnégptr sebygithei thesbod®betdheberleoswu!l t awi | | b
noticeable fl ash, smoke-ggo wadwedieb Ineo rreepaccrtti,on
These results can thenr rkeguplretdt é&d drheanalsyts

ued.
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1.1.3.1. Sensitivity Testing

| mpact seémssitthieviamount of I mp & ¢ tain& Deenceer gred g LC
mat er iiad @omdmonly measured with fall hammer
Adr cimpmmer i hesktves Wweopgpht ngrhasgpufiideald bgt el
rodgsgom diffeoernho aAesgmpbe ofsanebegteiseteenemawe r
cyl i mdearced onguwmindeadnvidA masshgfi 4 used for p
expl oaindesa, mass «fg 4,5 Hu,sedr flod s d&aomdeaerayx he x |
drop height petrdrmo atmedtfshearpeer cent age | i kel i hoc
det er mMifnteedr. etaabbh twset steel cylimnedegl dc dch.d® s a
| mpact sensitivi tashsecya ntdhbepree gpt esasedvhi ch an
50% | i kelhookoheocnciunri,mum mriormpi thieatgihan ai s guar a
othoy t henuma xdir op hei ght at which no initiati
be expraesssiempact EFenejoyl eshi(ch) i s the energy
initiatiloinkelsy B0 mercget i ¢ wima hleesisa | tdh aanr e4
considered primary explosabesgsel &drid ec aomastiedar
i nsendgiotri wxampbt,| e¢ae2 &34iJdewhisl e 5BDX i s 7.

Recentl vy, efforts have been made to allow t
energetici madleftriitaldesamedea ni cal | mp acctr yssutpaelr h e
|l attice vibrations yiaeadlabagi cncempeebtsnbas
The excess energy can be transferred -to mol

pumping rasclotmprogiitn on t hroughhemomedeal apr &dic

the intrinsic sensitivity of EMs, but cannot
defects, grain size, distri?%ution and grain
Friction isemdnmetuinti toyf frictional force requi

mat erial and i s commonolry Jmelaistusrieede iweit $hiA s tBeArM
friction taelsOt mgn vsod mpelse of evrha rcge tsipcr emalt eorni
rougheonedel aant ptla¢ee@d to a . Mopomgelpdian fpeagn i
the plate under a gi ven plosad,i odetde rommi Tade el ebvye
pl atheenmves backaappihgocthpnal force between

porcel d&irnBripte@®. NNAt eac,sitlkroiaall s ar ewid dimmlinest eddy,0
determining the materiall t?oEbedr!gseetnisciwimtvhee raita

friction sensiarievirteyg d&anbdoevdei a886 0i WMne n fiet il wav, ea
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t he UN standamatdsrireelgsar @i t h sensi tuinwit taibd & u
expl o%*Pvesmary explosives typically hRore fri

examplhe, friction sensitivity of I1Pead azide i

Spar k seinssitthieviatnyount of el ectrostatic energ:
mat e.Ainallect rostati c dissnceh aafg et h en i nroasttsoefsm mmo n
accident al expl osionasinhhenbumahi bodgt eanaks
spark ener gi®.sO2blelOlyndbg el ectrostatically c
untiali rl1'y r ecentsltya ntdhaeertlee sveadso st a tiincs tdiuamemda rsg e
t es(tfsi xed gap vVvs. approaching electrode, 0scC
which | ead to comparisons between ESD..values
2. SReésearchernansaituhe of EnrJerigueetrisd t Matodr iPadr
devel opwdequi pimé¢estamg regi mes which Ned to
instruments as well as the STANAG sttdandard f
“4“The RDAD instrammerned ehfbil ced he ESZ KTTV and
devel oped XSpar kakO tihresterl emeanmtodde in direct c
allowing it to be suitable fors?bo*fh*phiemaesgt
a storageofcapaspeorfieds chaangpdahbeeaed tvhoel t ag
el ectrodes cant trheeng dias cshppaargke of a speci fied
fr®2m tpd@J! 2Th'ifs all ows t heEegaest etrtme nmaQ % omr olf a
of initiation at the specifield? sffxrdfmpd resr @y
Eesare 0.005 J for T @a20atifder RDX. 0. 15

FigudeE&xlample of a BAM drobeihmagnepr apppae dt fursc
reef BAM friction (tceqtt repedamaduwsreedf amrdm spar k
tesamppar at us (rre pgrhatd u ciremdd gfer o m
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at sensithei aypount oofr ttheemrpexlgteaumerdgy o i ni t
ergetic materiiasl | mportantdeftoerr mi afaegt wynaof
actical applications of At 'sd men er gdtaird i mat
|l ame testod whi smailndv almoeametibgdtniginnmataeamal e
|l dech as a spatula intdheomeatctf womht lme f 1l
ne where decompos, i twhonc hs tcaarnt sc atuos eo cccoumb u st |
det onat ¥ dn fdfretrioalc utrher mal ainfafl eyrseinst i(aDT As)c ¢
| ori metry (DSC) can also be used toa deter
teri al decomphead basdewempg oosist ioofn waotrer / s ol
ase chFmgedge tae sstnsailll0 (mMg) sample of energe
ated in a perforated aluminium capsule or
t h a sianmeprite roeff tegreinale al so heaTkd Bhst hemen
corhe temperature difference between the

t ween the temperat®tuonyesdi afererecer wedl d gi
dot hepenak trendi negx dtdhwenanki ct r epneda kn,ga fugpo) m

at absorbed or pgetdiuc erdanbotitelde. menepeaks ¢
used by vaporisation, redoacmmasiftusoinon, i nwt
ot her macepdakst ocoys tabobrt saauttioocna,t al yti ¢ dec

.energetic deBympeassuariniomg .t he area under tFh

roku t t he amount of heat evolved or taken ir

composition 0% the materi al

otthegt for heat sensitivity is the Koenen |
d determines the effects of i ntense heat
nfi nemdkenits particularly uded Thea*ttasatn siprowal,
adai nsggpmpl e into a steiemensb@hschhi spelcehi £e
nozzlwa tphl aat ehio2 e roniT*hle. Gampl e t ubmer dtse ptl lace
x Beadthen héaued sidem by GourbgmpBedutrnkee s
ptures or 5 minut eddipgamast eavi t df ntohaer vileeodt et oc e
termine theatcrwhiichalt peoi paenps erceauibest aae

pl osi on which fragments t he steelThwessel
rameter which is reported is the | argest

pl osion occurs intthre% Fuccessive trials.
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Figub&xhmpl e of a DSC appgpratdusreéedd,  fetg,mmpnhaeg e
of a Koenen test appeppradusredffif glotm, 1| mage

Shock seinsitthesimiyni mum shockwave pressure re

mat efMihals. i s deter mi nedwhva rteh tah ed gaaqpt itcers tdf a
known pressur e, gener att ®d o dthearcau gdho nao r s hcdhak v
attenluatTohté detonator, donor <char genersgeotcikowa

materi al t (0oa cbcee ptt eosra remdh & roq e Jasienaend eisrs ast €kbé t ul
detonator is dosehmdrglgle ignt&D Xt)hthee bot tben, owi t h«

the shockwave attenuator abovceean the dumet esrhoc
plastic cylinder and transfers thewbhbekwa
preventing the transfelrheofachept oandahdebhei s
di stancebiowemmhe Attt ttemematop. of the apparatu
pl ate saemparaated from the tube with a space
det onahteedr,estul t o6igso 6e iotrheadnoa go 6, with energ
successfully detonate in this test being |

propagate aatdetbeastsipexiA idcgoddiddrtsa marsesbiggonde d

inspecting the steel tube for fragmentation
holing or o't h?rlfdoadMmaeegkeampl e, picr2E2@cimch det
while TNT detomBatmms at only 7

1.1.3.2. Stability Testing
Stability testdetgering nmee ewheed hteo an energeti
sensitivity apnrdoppeerrtfioersmawmhciel e st ored. The vacd

heatte st are ctohmmombgt used tests to deter min

compatibility wiTthlke otaltairu mmaheys td etlnevromdivneisng t h
evolvad bnergeltTli snait ®r d @ane sheyt ptHdesecsimagt er i al
asealed tube, evacuating it, and pl d2ifnagr it

14



40 hour s, and the volume of gasses evolved

yield | es%oft heavno |Bv eddmh®™ga beat tkheatingothesener
materi alCftoo #®B0 hours and 100wihtohuirms .t Wb &y mlas
hour s, or ant hebOl ohsoebrn dii mat es exces3Anve det
alterinsatkdrveel swhiieswtol vesl Ol agierngergeti ¢ mater
a seampodulne an oven fadr th®O0 tlronwpres ature at wh

stability is required. Atamnpeukaadpertdadheamalsesa
of the remaining matleeg iqqdse sug egxroo dedt s aarde
and -G6%. I f |l ess than 2% of the original ma ¢
substance is deemed stlablfe®>at that temperatu
However, a distinction must be made between

possi ble decomposition reactions amae@dact¢tdbel er
l otgrm stability tteesdtisngwlsiaanp |liemrsv mlvee e pres i ¢

to determine an4accurate shelf I i fe.

Fi guréeExlampl e of a vacuum st a®M iStyabmalgeViap

reproducreddf . f r om
1.1.3.3. Performance Testing

Detona&eil ogb,i s hreate whischhocdkvwawpagates through
energeti anmdat sricainsi dered as one of the most
par ameTlee svel ocity is dettéremitnene by krmea dwrri m
shockwave to travel through a .knTohwns diiss tcaonntnec

done using the Dautriocske | hotghagp harcd t R®lteér np iqnu e
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Dautriche amestihnopdl ei smekelsod mabr ohbedet onati on

which utilises a steelwittithb ¢ whofihlloldeedsna td,i anesnesti
m The material to be tested as|l pédmpcefdai nsnd
comdth a known deitsonpmlta cend vien toccA ttayerdrt duog hh oa e
|l ead bl ock. When the detonation propagated t
shockwahvee dteot ccnati on cord and thesmeekwawgepoi
in the detoons¢eewmnbyoadnotch si measerkbdadghli a

geometric cendirwei md d4d h®Ehxcwaglcenpl @ eastshotdo ca

does not
be

usesvteewocity

out and require spediheal iascecd ralce c torf
PedBhR®@ @B nmelt. ®éd requires
pr obtehdeocil msetli nhed hientsdb eel tube.
tt hee

PeelODOsob

a sir
T

S i

met hod may

to an osainldl esecpeoni ctailmey hbeetavsaua re t wo

whene tshhockwave t he

10 %hs4:

passes

probesn
33

Explosive

Detonator I_"A— Blasting Caps —*{| B
/) \
/4 \§
,./,7/ Lead Plate \\\\\\.‘
- vy 1)
Cord L 1
—  —p
Cord Notch
Centre After Firing
Figurmd@autriche method for determination of ¢
Meyer witt h aper@opppili2dgdh7t, Wil ey.
Recently a new techni qdue hae -b addosetadi¢emmaetlyiopre d
the detonati oni nwdeulcoecdi tayi.r Lsalsceack from energet
i nvol ves f ocpuuslijsnesta dledbeavm | ayer of energeti
milligramcausisegal | amount of the materi al
i nduced . PpHexsostaher miiclr ehetmi ons in the plasma
| asierdustealck wave generated by emlke gelta cmanaften
produce faster shockwaves than inert materia

by -shpiegehd
shockwatvyreesr get i cwhmaudevrei

a

c aimheersseh oc k wav @s

&klnso wn

compatrheed ULASEM

det ohmadmonhawvgée o
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Cc a
ma

fo

Fo
us
t h
t h
de

Th
me
i n
i n

S a

ale tests allowing prediction ofAsthhrde det
ergetic materikmy tile nloas are,t olnAASEM only pro
e maxi mum attainable detonat ibaun w-eibea tsentayl | f
sts allow safe analysis of thiendehenlaahbomasi
r the>Pirst ti me.

guB.&ExhB.mpl e pheiegdh vi deo snapseh stho ckhwawiend r om
ot of the e&XYReprvet d@odftdfomed and Wai nwr

rmi §8iopyr ight ROyl or and Franci s.
ing the measured adhappmard etnd svaetl ioocnP§g¢r, e ss ur
n be calculated by ,uswhmer e¢dheen sa ¢ wa toifo nt hbee |
t e Dizaldet onat io=poVegltaoipindg eXpadret onat i3on pr
r ewipylhogi ves) .

6 "0

P

raccur at e detteornmitn aotnd ypmraewsifscu rper,essur e gaug
ed. Most often a Mangapressulisogrnagpeéédgvin
e pressure increasecdnmn|lbeowneagsutheddeilogtart o
e detonat Basepgresasthe. dattlae odtme aaedr ¢ meomt s

tonation performance pdr dmmet%rs can be cal

e stremptbeofebe enerbgyy ar edledaosnead i on i s mo
asured usitegta (Trauwrrlblao dkaltldssiih & Twoau alr tte
Voloesst al eadf cypeoader ewi tdn nme nlsO ogn ssampl e c¢h
siocdevoaB ¥ 3dm t he Anyyl irnedneari.ni ng cavi tdy i vedal ume
nd and a detonator i s pWheecme dtampl ehehangpl
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detonated it exicnavaddeish eegod suimey and tmi s di
vol uinse meatlswrfeidl | i ng t he eaxncdavtaak iomg® awivldgh 6natc
from thel imeral Exampl e excavatfioon awomounmeusm anri &
and80 tmr RD¥%. HoWeVdesr ,t he | oading desrcsainty f o

di ffer,wirtehsutthes s ame emearygemnotc at greijpaldduci

di fferences 1 nr otpheer td eetso noafp i maptsapr iea lgs oiwteh. r at
the comparison to explosivés?®t h®t behave in
The ballistig anoralatr eurlsreastt iav es atnhpdte charge of

morthrchw has been pluggedubpeddednefat 1i9opngec
pendul um. When the sampl e chairsggepriocpedelteodn alt
charge and the subsequent recoil causes the
defl ection ofi stexppesdeldums a percentage of
by bl asti(mmi tgred qlty oer inmexdgpufeydt biot raridy tak:

4, 9, 33

A fuse with cap

S

/

'A sand stemming

i
|

it tesl
mj sample

fuse
lead block

explosive

after blast

-l L L 4 P

projectile

Figudrhuzl test (left) and the ballistic mo
of det Brodathpowinnt dyferomt . al . *GCnoiptyhr ipgeld tdnd Ei.slieoyn
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1.2. Primary Expl osives

Pri max yl o,ail we@s k niorwint iast i ng swlsptoaumadess or mi xt
of compounds desicgogmébd stioon not i atee onati on i
mat erasal previ ous| y1l.dlilsBruisaseedds pirmusner & pri mar
compostiai gener atoar amofllt ®imne s agropagates to a
charogge pyrotechnidetdewvatcer,s whseé ea pri mary ex
shockwave to startacthendethhomatsieceddasy ee x |hled
booster or for thAes nsaeienopnadn &r gé it heeldfdreyl osi
must be asadsbeitarbd EMsHtedrr det onati on to ot her
as dised abweeto the different uyusandf oaheprreilf o
di ffering outputs, there are many d.i fTiheeseent

contain a prianafryeole) md msaedr vee | | as binders an
booster of an amount safc hs aco @dEITadusse>dp®osi ve

1.2.1. Hi story of Primary Expl osives

The prrmary explosive commonly u(sCNO)wME) mer c
and wasi hulsaesdt i ng caps for t5heD&isnpiittieattihoen toofx i
the decompositiosuphomeasctusy piftapMrais not comm
replaced in detbdba®s4 Fthe uvrtpillacafmeeat for MF w
( Pb32,N LvAhi,despi t ediistcsofarrysamyl Ruadteinlmm us8en ,

and fir stasprreopploascaclme by °Wif e MFi andl9PD®hBAk not

commonly used until i mprovement-scahei s$gnimmhaes
Todadye,ad agsi déhe most commo nd e i i rgyht i xnpi |toi sait\
efficiency, hi gh density, |l ow cost, reasonall

pressures without becomitnegr ni eeaxdpoeprrieetnsceed s e an d

Ot her common primarlyeadc pdtoRplviestd e icil uadresor c
LS) di ndilakzfe®i nitrophenahd eBPNR¥ S tlr aX ol y I )
guanyl tetrazetGél@hydhatae e o fatdan tiuny eldezaad e
basddt ond® end st walsndtiest PtrempheeddsReayld

was proposed for use as a ipmimaoc ypaetxentosiive

19271 1°fead bhasedeé detonators, | ead osrtmudhana toen s
sensiti viatnydrtoot &fglaasmes t mechani cal stimulii. H
accelerate tHeahydagadlidiesi acotases® tDifenvobllevel o
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fisgpmt hebsyi s@rdiien 1858 as the first ,i%iotl mtietds d
explosive character reWhirlieebdhbdbybéenzgamed i8¢
no-hoxpirci her mul ations as a replatémentr atvback
include | &8 Ddesresistiy,i vity, | ow t-lhiefremadanré t abi
reliabséveyely |l imiting its wus.e T#&t rcoozremoen ips
the most teedmrbcaslee pri mayyfiexptosynmneheaesi sed
and Roth’4Whillel106]l assed as a primary explosi"
only being capable of initi,atPiEnTgN d&bouen pnrge sosneed
most semcsmmaornley used secontvaey e@esplosisvas ai
ot her primary expdorsti vienifnogr mue ad i amsdiet and

increases the formulations sens. tiHowewern,0o dne

t o piotoyr thermal stability and | ow initiating
formuldcdaeoamsceed® 10%.
NH,
N Ny H2N o)
3\ ~ 3 \
Pb N
LA / Ny O2N N,
N4N
HT \
N~ / NO,
Tetrazene DDNP
— — Pb**
S
0]
O,N NO,
S
0]
NO,
LS

Figur@Léwdsructures of tleaadzaeniede dibd), ( DDN
styphnate (LS)
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1.2.2. Development of Primary Explosives

Desptiteeir success astmhmrei mary odxpleasdi aes de an
in formul ationBheseuadert we cmaiwre rinsss-toevgem (I io)n

storage of |l ead azidetheandi gobrg 1 opoctheadyc

Theodagrsmability of | eadomzexXpomer aat rtgm rLcAe rwn |
sl owly decompose i manad20te awittilonl evad hstCOp hnat e
this rARacordonng to Lamnevi k when l¢eadi dberae¢ee
basic | eadgaszaodes amyddr azadi chigdhi dp,ardandcdi pres:

di basic | ead carbonate formsé®Bonhteadcoi onbe :
equilibrium with a very |l owofpa5t3 allapaesBheec
reaction with water.welFthl as| emtidhaen 8 mp s it t iwdhre no f
azide 1is not significant as only a smal/l al
equilibrium Hewweemhpdor | yhydecrad 2zali ¢ ha&eci d can
into the armoepheitegtuiicc i brium from being reac¢
eventual conver soitdire onfuclhe 4 cebsa z dsabdnlsdi ztitdiee an d
no-aner gdeithiacsi ¢ | ead Thar breenaetaess.e of hydrazoic
i ssue, as theotgosid iytbsuetkst ca spowewd wlld arcaadct wi
met al |l i c cont ainndmemtth evrensestegdlcss 8 prr foalaues ng met .

azides such as copper azide which #&fay be mor

Pb(N3), + Hb,O =< = Pb(OH)Nj; + HN4

3 Pb(N3), +4H,0+2CO, =< = Pb3(CO3),(OH), + 6 HN3

FigurleRevelrsebteions between | ead azizdeeand ¢

di basic | ead carbonate and hydrazoic acid.

The toxicity -ornddreatdo,kd oia@niswes) | affiemdbromy! t i pl

systems incl ucdiemrgyotulse Islywkaiiedmaenyd b.6'n elst i s

particularly har mful to yo-bhegr ichaynl dd geeann aanlds o
be passed on t hr oufgohe.tpuBhen AMoec y dt ¢l etalh \WHO)Or gan
reportt tthhreae e is no | evel of exposure to | ead

effecaad that nearlysonenm2ODlOomwelrievelsie to
wel lcaaussi ng 30% of the global burdé® Tife i di o
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t oxiodietad azide itself was eftiirasit.l1®h@Fveisng glaaneg

term toxicity from |Ilead, as weflloag aeumel e€a
exposure ilse&kdotwn persi stent vomitdaelgi,riemmenp
convulfsertnisl,i ty i ssusds aadasl kmma svo a b rrodalgeg sicnalt h e
bodyclhmtubstitute other meétM* Fédandridhiscalh a-s
have vital roles i n fundlahmesntlad a ds otll & @idc s é r |
cationschemioecalc ttihcanasuses criticall wWlaannag®ei d ma

DNA, enpyme¢®,lnispi d naenndb rtahnee sa,nt i oxi dadnt’8def er

lead exposur e fbraosnp dienaadr ya zci odnep o s is te ieton sc ehuasse b e
t hlru kulpd f | ead iwhdrhepvwrebrmdys and detonators t|
aziaree usheids imed ueaasthiooonfdelp®S,| i ce and 2i 44 t8&r y
mi ni®%hagn,d ewiecnt i ms of recent wdat slB&iindékrwad . an
concl uadeag Apri mary prevention of ri s&e req
pri mégBedh | ead azide and drebhdsstfypbdans babes
very high concern ( \WHOE) chayl st PAg elhwecryo feEEaCrtHA) U
regul,atainadn regul ati onsl iimi tthet Paadu el | @felalt esd s

restricts probasethepti mahr?Ped¥plsives

For these reasfanse, poreawnalrdgadammd wisy v efarleleed |
initiator s, LhRalv,e ibre elni ti.ehruagtmattri egdalg g @ s t t hat é

replacement for these matrenital@: must conforn

- insensitivity to moisture and | ight

- sensitive to initiation but not too sensi
- thermally stable (o at |l east 473 K (200

- chemically stable for extended periods

- devoid of toxic metralamysweheas | ead,

- free of perchl oaapes swihblcdanhamatbeqawver se e

o

n thyroi#8fd function

They conclude that coordination complexes b:

and environmentally benign cation$ would mak
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1. 2. 3:FrleeeadPr i mar yCalhxdp ldadiewe

Some proaoarsdindgat edd €Eer pri mary @ewgrn wrsiioesr iad:
(CTAPpQt assi-dmn-7h y6d r o x yubreonxzaonf ( KIDN®#?) ass4 um 1,
dinitshaghidsd et rBANABE) ( BEpmpemnilty of etr alz)ol at e (I

©
K® 0 (g
N N N O,N /
s N
| o
N\‘/N \N/
N; NO,
CTA KDNP
N
<\
N/\ |
N NO
K® \(3(9/ 2 Cu® 2
on”ON, ‘ ©
N N
NQN NQN/
K,DNABT DBX-1

Figur2aLéwgsructures lodddpee@mpsi mgrcyanax gllad ®isv e
cyanuric triazide (dGMAYh,y d pox wlsesmzuof ud o0& an
di potassiduinmi tlyhgliicse et r 2DNMART) ( K and eopper (
nitrotetralz)ol ate (DBX

Cyanuric triazide (CTohdy) Faansg@fPilairsnt Iy nit h@rso s e
met hod was publishedl%2l Wittth a@tdt Omateentni ng
explosive t R®& TShanse waesa rfion ' eswvteidg atyi ons i nto
properties ovey wWhteahpntetxkbeblt.anthunyg the first ¢
in 199918t is easily synthesised from agahonkec

and can be crystallispdrirypymatoPHieedsi th gr
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Cl N3
)\ NaN; )\
N \N > N \N
| Acetone/H,0 |
Z Z
Cl N Cl N3 N Nj
CTA
Figur®Syntlheti €ETAsutdestca i bed by Ott and Ohse
As a primary en@TAst mpoweartfeuli at han | ead azi
sl ower DDT, making it unsui tablHowleorr smatl.l
extremel yasensan i vaelbd Vi imeendhdr atannreesport by 11y

et callai miBY 309t 1% s also reportedley nghemnmisd a Iy
hydrolaynsled ed®@cheédk. | i mits its usnetjimaboesshaps
are being takeéembiobiitmprAveewdeyalt bpedcbpr ARB
in 2009 increased the parteplacesei teadf aCilTlde

styphnate in st8mefAdle tnoomr et Madszagretrdagt t yst al | i se
CTA wihteh i nsensitive denwmndari(fBdebdpilesmgdyosd ,a l
signi fiimamedsyed its melting point, whil e de

sensitivity, whil e rperniamanriynge'¥fnl optehiem arsd veed yf,
has seen use i n O6mol ecul asend o pifsvg doyntdoar y nc

expl o8%Tvheess.e i mprovements may ialiltowtti mg uwWeeic

Fi gur4eCrlydt al st r uccrtyusrtealo fo ft hcey abneunrzi oct rtirfi varza xd
ElI'l i psoids set toGVre% prohabiohitplluevel nitr
| mage produced from!®data available at ref.
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Pot assidmn#hgdroxybenzofuiroxanpn & DNP)ng | ead
repl ac,emwht ch waynthebigs eNdoetrii ali n flr9sB8m 5

chl orobenasfilnrgoxanni tratKatnriamrdkyBawt@trat®@hgem
Despbdaieng known,f K\DNPOwpsamn®t investigated a
untFirlonabeaet geadvel oped t hfeorsyinttshessses as a | ea
repl ac¥fiehret .new route avoids the wuse of wat
trappeddeiertirteghsat el 6sr med i n t haen gNoerartilsy rionuctree a s ¢
friction saendsiitmpvaictty of°Ftbprabbampemovs] vest & h e
nitrat-bnamoé&anid3sol-ler d®¢ ftGdrimi 3 roani sol e. This
with potassium azide in methanol to substit
compound hieattelde twa t he fddliagxbloynlat e ( DEC) to f orr
riagd isol a&%FehikDNPaut & hal liswd aftdi tomwiod g ap dwdke
with variable particle size deseil meneéed dby i
recryst al8tirsimatiwomal 'y KDNP i 4,-d&siinArihlyadrr-Dtxgy po't
hydbenzof rKDNB-put has one hydrogen atom | es

restore aromaticity i n t hewhbermz oifnucrroexaasne sr itnl
stability of) KDNKDNB¥S (22087101
OCHs OCHs
H,S0, O,N NO,
HNO4 1) KN3, CH3;0H
—_— >
2) DEC, heat
Br Br
NO,
K@@
O /O@
O,N /Ng
@]
= /
N
NO,
KDNP

Figur®Syntlhetic route to KDRN®¥ by Fronabarger
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Asapri mary &bpilPessdiaé!t agwiatth nggood t her mal stab
handlchmag act.#drsi sitmpcasct i semsi br vit ®ysLibg nbiufti cant |
|l ower friction sensi hasgi tbye.e nT heevrael fuoariea d KaDsN
replacementd for Il-emdreplypdheoamatrer Aaldrtolpat r e
redesign to =aplyomieweaswheng theonteaidni ng pri ma
repl &dmdd.owing this KDNPaHhas foapel yamé edbgsof c
i naittiion of ,prampeél hast hetar approved%bud i n
guestions remat oxiodg &whdei noge mohoed ©°y olx & n

Di potassidumi tlsHdmidosd et r DNAIBawWa(sK fir st report
KI ap®t kienl .2a0nld4 has been investigat®®d as a pri

i H,SO,
)J\ HNO3 )J\ Glyoxal (0.5 eq)
AN

MeO OMe

)J\/\/\/\H/ nNes

2) NaN;
)J\ /\\H\/ T HCIL ELO .
MeOOC oN—_© @

\NH 2 \ K

\\ ~n NOs T(/’\\ \\1T

: {; N 2)KOH N—_ : {%///N

HN\COOMe K~ N~—no,
K,DNABT

Figur@Syntiheti c.DNABHY KloagKelitlke et al .
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K:DNABTsymst hesi sed from di met hyl carbonate ar
met hyl carbazate. This then reacts with gl
chl orosuccinimide (NCS) chlorinates the back
azide forming/ (thlyedrdiizaznied o i mitnedrunceeddi actyec.| iAscaitdi
forms the tetrazole rings, n40%) r aatnido nf owintaht i di
the dipotassiDMAB'ETHe yDARBTE &Kni on has al so b
with othemich tamdjemet a1t &dZdntterei ofnrseee aci d

i soldPee@] i minary investigation into its use
shown i's a |pracdmiasziindge repl acement, wi th si mi
friction and ESD but a signi,f ifcuarntth eyr htiegshteir
showiDNKBT t o dettohratueg hRmX piymiott e thiddd .wvak al so
found ptooordey sol ubl e -tionx i vea titénH owaaetdeeari,occru | at i on
have shDMWABTK may decomposé!Ffuwnrdtehre run dei,tghdtu.e

l ong synt hwetihc soomet @gopar tytilee Idssot mat i on of t |
bi s(hydtazonmneasemmdr ci al | yr evancaaanitisa bhiegh, sensi
wor k has been undédrhtea kseynn ft KkaDeNsA Beptrdolvies i ng di f 1
nitreaeaggnts and desensitisingtot hael |porwo dtuoc ts cf
upor mandifbacittur e

Copperrfiltyrox etr a-2dilsat eng DBX t he Inmoasd gziodE
replacements inlcumwasesnt iristedatvved eped by Frc
in 20D5part of a | ead azwvdidtahacecpldaemdmaadnt omr @d
coppern(iltirotset razolwatde bdoffp PdXde®wWi ng this di
the synthetic roud¢®&i nwalsi siemprtoorettheanf or mat i
coordinatiosi cgmpimdiuwumt 8({ Naholpateepar ednby t h
Herrzeacti cosramwnbohei A dQaonk copper (1) chlori
reduction of the copper (1 1), twgi ebpglpaign DgBrXenwa tt
yields with parpsietiectadl eddd pdhBX ogy.n al so b
produced by addition o f copper (pr)odetbtéor iade
inconsistédht product.
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1. CuS0,4.5H,0 o \ CuCl, o \
HN NaNO,, HNO4 N Na ascorbate N
N TN - TN
N%N/ 2. NaOH, 70°C N%N/ 120 N§N/

5-AT NaNT DBX-1

Figur®aSynttheti c rloubtye Froo naBbxar ge¥t8.etl®al . vi a
Evaluati oh a@aderebBrXgeti c materi al showed it t
similar to drddidetiadeeet dms and pri mer Shieae be
tests showed that as well a st hbaeni nlge ando raez irdees,i

al so compatoimmoen wietclobndary expl osi v¥Ist amals det
concl uded -1t hias ad Bdedprloapcéd me nth ziade ofafnelr s s ome
advantages over the curreat 8Fedd oavdDBp@ t chd tson
has undergone qualification trials for t he
devilces.

However-l] ®8B&Xs have someker bhebhdlctaeggnd est or age
water can caus eHodwecvoemp oisnisttieoand of f or ming t o
forms water solubllé?tcopperal(s o )desoporncmsdessey nwit tol
periodate salts owhiidcihs earrse icrno?rpirdidme rt hmé xe et on.
products are | es®ppexisct itlihlanc |laesasd ,faineldanas a
stilharbnf @l mi croor gmghha,stmsi tahn dmet abol i ¢ ef f ec
concentratowiei thimgd co@Pcdb D OE/tl)YonsK: rlédtent

review concludes that Cukeyg envreasmegt gl inbe
plants, animals,'?dahd fveal hdmawbeok isynthet i
The final -4d4tepsebf DBXEr kdh ewelols sp rdaced ypst ayee go f

chl oconteai ning side produces$s sategpmmitregd fbryo nWet
competitive reduction r eat?Tihcen nmag ohranisssn eo fi
| arge scal epesyat NedNiTs &tre NaNT is (MhklHded a
tetr BAJ| elbi, 5ét rina 2tohleedl)DBXarcead wme yimaldepraddce
more sensitive side prwhduwdt smaayn b ei dtaenrgneer doiuast
scalll'® ThR% synt hesmasy odl sNoa NbTeatdalngreg®uscal es
First reported by , vdrme Hereactiinonl 98&s show
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Omi crodetonationsd in the orsgnnhéspatenth &
and Kamlet describing them as fipsychol ogical

gl asswar 868 reduce t hGisl liissrueand iKaml et adde:
catalygswudecdadt these microdetonations by i nc
di azonium species before i tamduwar ka cwausmuul nadt eer

to understand the best method!'toU&iymd hebi sce
met hod t heeudnatrigteisets of NaNZygsyMShesisednwekye
new syntohuetieisce been Palogto sdeilds.cwsisng a O6catch
rel easlefooni c caadiad yrsda s swhaibcthh ecsadn az oniunmmidpeaedi
i's oxidnsedot et Blaxziod gattehii sr onkd thowmat i ons wer e
yi el ds werrd ex8c% e diamgl tthhies met hod was demonst
scall’Tthe seconmubridwtheed totthei ume smnme r50Kx% de
hydrogen gperaxidei-dlanthy f ldrte rdatless met hod el i mi
mi crodet avatidens he i sol ation whi lsenwdrtkivreg iuwn
6greend aqueousatdanadi tnigoiy@d5eaddl do fo fp,udr@el | NoawN Tn g

for safel3%cale up.

NH, ® NO,
Na
NaNO N \
HN a 2 N
| \/N - )
H,O, NaOH
TSN Sulfonic acid resin N
NH, ® NO,
_ _ Na
Ti superoxide o
HN H,O, N
N\, AN
NQN/ H,0, NaOH N

Figur&@Nadawlsynthetic reouteottedraadl ame5 ( NaNT ]
by Salan et al. (top)!2@nd32%Piercey et al. (bo
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1. Secondary Explosives

Secondary explosives are compbhatdsaone wmseadua
O6mai n & hiam gtehe eapl psévieotslayntli Faegs ed eidn t

transfer a | atgedemocmtit @ehtemgysurroundi ng e
through a detonation shoc&evawmrdaarnyd epxrpel sossuir ve
reasonatlsleynsi usvantuasptd be i nitiated by a pri me
They must al so haves pa gihalpley froe gnamdadieng det on
pressgur®né8t her i mportant parameter for seco
whi ch desttrhuecti ve efdredcti 0fdiar ecchtalryger,el at ed

detonation vel ocKiltayp 9aiflsétsh et mma tfeiriemalmost i mpo

devel oping a secolndary explosive as:

heaotf exmQOkkidg
.detonatiob(mm®l ocity
.detonati ofP(Kkrbeaggur e

.expl osion tempeKature

o b~ W N BB

.vol ume of gas released, p&.rfdlki |l ogram of

1. 3Hilstory of Secondary Explosives

There currently are few secondary expl osives
mi xtures andplaadsdtiitciiosner G f bi ncdhearrsg ea n do f p osl pyem
properties canThe calcdssessivoogedl.ar y expl osives

trinitroTNTUu@Hhd,) 8, Btrrédi az i ROXe 1an3d;tbe,te ani tro
1, 3;the;itrazocane ( HMX) N@dn &€ihNWNGeoxnptlao sno pCh o,r i ¢ gr
derivingnetriggi rf rom the oxidation of a carbo

oxidiser in tlrke 2same mol ecu

TNTs thewehdowmcondary aexdplidsi wese hassi nbceeen ¢

the discowexrpyy ogfi vet prauperetrimasnnby nH 1891, f o
synthesis by W hboagld the 186tlrationt3fl3fol u
Since Worild Was found wmdespregdaundecimailiar
and i1its insensméeivengaponi ¢l eelacdw | yts decompo

temper@dmelet cneesatnasb diretbi) nues t o be widely use

todlayR®ODX was first synthesik®édditbyi tKHde umsiengas

explosive was nolt9 2dli sbcyo viebtfreTéélduaR¥D, X Is pr oduced
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readirloyn t he nitration of hexami mendf dilalso vwierem
used commonly silftdtdWdlrrdgd SManhsiilgihi. vcihteymi cal st
and higher perfohamanmadéhamn THRE dAgold stanct
explosiviesanddaty i s used i n a wide range

applic?atdloift8er est rwmahnevbeiudbhgcant ops inves
alternati veoustyehdtthMX i was di scovered as a by
producti ommndfwarRDXf ound to have hi ghreerl td mgmi c
point and detonati on perf oPeapic e eRDEXA nissRDX
predominanttyg ussdl dwer 'roduction cost.

O,N NO, O,N NO, O,N NO,
\W//\\W/ \N//\\M/
| N\/N
o, o, v N
2 2
TNT RDX HMX

FigunéLdwstsructures of common secondary expl

Name Composition

Composition A 88. 3% aRDdX 11. 7% pl
Composition B 60% RDX, 39% TNT

Composition C 90% RDX, 10% poly

H6 45% RDX, 30% TNT,

Oct ol 75% HMX, 25% R
OKFOL 96. 5% HMX, 3.59%
Tor pex 42% RDX, 41088 TANT

Tabl eCdmpgosition off NI, s@D&Xc dmndnmidat i o
As welt heasgxidation of the carbon backbone of
strattehgateshave been used in the design of <cur

of ring or cage Guro2i,M, 6sdsle@ml,24rpo6, 8, 10, 1
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hexaazai sowuHNWwNitcameuses the strain within t
t he energy oafn df otrhnearteifoonr e ased einmer gayn rexlpd
decomposiAniosthhreart egy i s 4+ o0chseohetubmigtnrsauc h
12 ,t4r i-8daoné (WNMDR&aviear ge, posidntviea bsfitiaengdrammadt i o r

|l eading to great detonapinodupesd aNdaoompasi W

product.
OMe
O,N
OzN\\N N—NOz O t NO-
N )\ NA—NO;
NO,
O2N )\A HN /
\N N\ Y
NO,

NO,

CL-20 NTO DNAN
FigureLéwBsructures of common s-20pnddOy aaexp

DNAN.

CL20 was f i rbsyt MNireetpsaanie a9n9d0 i s a subj ecats of gr
a secondary expl okdueet anidt preopted d mgnitgandi dkt o
per f or ffuaenncsel t @& VO OndSt, decomposition tempe
228)AT'2C1l20 is synthesised in a multistep
condensation of gl yoralanwiatch d bemz armiyrse d re
hexabenzyl hexaa.zaleowuentzy ik agqmepltpsed with ac

under reducing c®ddidatoanlsy sitn,voflwlilngwed by a

f or m2 CILt i's currendan yla 9 ysikcigahlees | asfetde r modi fi ca
synthesis by Thiokol, bhaoadtetduve mao ntshanue«pe
cat al*ysAAiot her driawbasceknsiisti vity which is ¢clc

most sensitive of ,savhorcdampyysexplaosiiwv&s’i n mar
To overcome thiewdetinad ti‘desangd -cao slt¥*thsave been
introduced to redndestops seasetheenytaken to
synt hegieggener at eel danti amlayt £t st heer usé® ®Ofuehaadvy
these I mprbl2@méatsy ecreenptolryt mipdéleymbpypt ekde ,Chi nes
Russaad US #HPlPSi tary.
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Figur da TbpCrystal str u2cttuec ey sotfa l-2 hoefa n@L HMX

synthesised by BMaltizmgeoi dd <@dt to 70% probabi
from data avaBoltatb@mey sattalr esft:r u-2 QL rdei ooxfa nteh ec oCL
crystal synt hesi €£€dd i pg o MBI0O$%d aspertocbtadbal ity | ev

produced from da%t*d avail able at ref:



NTQuas first r ebpyorMaendc hiont! “#amdd5 MNa@jl dr i nter est
as an expldosiove begi n1%nWTO itdheedDiBIOW.synt he
formic acid andydeomchkchobiade deoi-pae@phaireh 1li, L, -
hen nitrated in mixed aci d etacsiyiye PsticsaNde@ .i n

—

expl osihveghilty isg abl e wi tam dg ri ezaats ¢gacrdfled rorma mage 1
be used ampplmamsyticbnas a gasaigrenpd@abdbondeédr
expl os(iPvBeXss) i m® € n smutniivtel afnosr mul ati onsotbent air
secondary expl odiiwdd rowmnh sad e2!¥MNAN) and RD>
Formul ati on Us e
NTO / DNAN / R l nsensitive ex
NTOpo6l ymer bind Air bag syste
NTO / HMX Hi gh performance

Tabl eUde 50f a sel ecti ofnoroniulNaTtG ocnosnt ai r

A fixampleperntsaertyethraniPiErTaNhe ch wapat €& btys d
Rhei nWesthf 21 i sche S pir eln8g9s4t afnfds yAn.sGh.esi s e d fr
pent aerytnhra towiltrati ocnonceactriadce dwihil owied dgi
crystallisatildh 1itrroims axzepowee X pl osieconblatr yi s
sensitive and | ess chemifctadn ybesitradp| cce 4 chrainb erd

bet ween primary and.'8%tcoingd aoafyt eerx pu soesd viens f or r

and RMhXn used as a secondary, but i1 ts high
6booster char gwehte ni npldaesttoincaitsoerds wi t h wax or p
NO,
0
O,N NO,
o o
0
NO,
PETN

Figura2Ldw®tsructure of PETN.
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1. 3Dvel opment ofExPeéosndasy

Despite the obniTINhmueBDX¥sand HMX as Ol egacybd
and the emer-g6naedb@®Nge®Od forasl ambdems second
expl ostihveersee has been conttionuttlle reéseallrcpment
energetic materials cl assliifadasa desv eslecpomamtr sy
into the 6trehidslh f nt t maciahntiegglddinigdoe t hp eref or ma
| ower senslioowevri ttyf x tatnielt ¥ x pl osi ves, their deg

their detondtion products.

Trends in
Secondary
Explosives
I I
. I Lower toxicity and
Higher performance Lower sensitivity pollution
| | Forincreased blast | | |Higher thermal stability| | |  Lower toxicity of
effect (i.e. fuel fires) explosive
|| . | | Higher mechanical || [ Lower enviromental
For metal acceleration stability (i.e. impacts) impact of explosive
Lower toxicity and
pollution of detonation

— For shaped charges products and

degredation products

FiguraTrleds for mywexglconidwae s .

The trends in increasing perf orcrhaemce baemde fdec
new secondary @utpp ersfheremsiurg ent of ferings, e !
RDX is desioedemMerggmeut put a small er ,amount

reducing the masAs opertfhoer mamatredgesi.nscernesa ste svi t vy
i ncrease awhciocrhdiwogulyd decrease the safety of
and may prevent t he materi al from certain
secondary explosives, the goal s ftoa dewdloam:
|l ess sensitive materials widalhsoa ohfifgehr i ;magf emay

performance.
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As wiurhrpernitmary egptosnwvwesecondary expl osi ves
toxicological aniNEkobwgi ¢ d@dFr efafusctng. t oxi c F
anaematar antds some €BROXr s s knownt e rmermaales
and urismamy asid i s a carb0 noofgRh@0 mds/? kidNn L D

is lessthaoaxi RDX by is stilldl kinGwe sto dhaygac)
exploandesheir degradetabsopkodwetso cause e
in the areasstlhawdamanwsadtured, | eddiomag,to
fauna and the widePh®Enmodeoemmesndacondary expl o
toxicity pr odbd ekmsgovawidteh aClut e ando camiomalcs tas
well as biodegrade in soil!”%whWRh&h emasyo npeo sree pfo
suggest NTOXPe ofhrer s suggest dielya ta dprT@doanatds i t
are toxic to some midfodhgahmiosmal|l andopl|l patr $ !
DNAN, is also known to be {*PPETINi mnsacsamsed
no-hoxf% I3 i s meerst@areglevel op new secondary
are -tnmxi ¢ themsel ves, iwrhpiadet taH es od d d omp ad snigt it dn
aiming for the prodwatand coafr bnoahi jnnheys iNw@l t has
and generation of toxic materials in the sy
chemistryo.

0N N O _NO
L ) — LU ) —> k )
Uz N ND
MNX DNX TNX
Oy~ Oy O
LT) g L'T) —_> LN/)
MO, NO,
H H H H
N N N N
DEN/ T "“NOE 02N’ ~" cHO
Methylenedinitramine 4-nitro-2,4-diazabutanal
(MEDINA) (NDAB)

Figur€ Camon degradation. p&€ompavedsefi RDKr ac
postul at ed nse deiRartient eBderfnrsami n wntdhRpaéhti ssi or
Copyright 2012, Springer Berlin Heidelberg.

36



1. 3N@Bv el Secondary Explosive Candidates

There havegr batnnambeh enfergy density materi:
classed as secondary explost®e Sbdmevplromedi ni
candi hatte-di amd ndi ni tr opyxiadkd M&)S1 ,-di am2 rd
dinitro@tOXy)lle Bter3i ni t r qTaNeAeZ, | dindd hydr oxy |l ammon
5,bbtetr azdbilat €KX0,)10

O,N N NO,
= NO,
‘ NH
N 2
H,N il NH, O:N X
0
LLM-105 FOX-7
N
/ N
O,N  NO, |
\ N
N T \ [NH3OH]2
TNAZ TKX-50

FiguRrkeLdwstsructures nofvedr smicoinmd@ary exXp-l6osi ve
di am3 nddi ni tr opyxiade netOLOM dilamR addi ni troet hyl e
(FOX), -LrBnBtroazetidine (TNAZ), -baintde tbri sz dhlyadt
1,-ddam¢ €KX0) .

LLNMG was first sybnhtyheRBRa g@rdicadl nL dWMPence Livel

Nati onal Laiberamgomiaés synt hetxii d aotfo ldned mvanso t h

3,-bi ni tropyr awiitnhe t(rANPeEma'fdA NP Et ivas st reporte

Donald and I sf r ©ymn tdhi easmisneodmad ieiomiin o $ U @c iwiotnhi t

trifl uor otaoc eftoertrm acydnopyrazine. This was t he

to formam:md @®d cyanopyrwhzicrhe was hydrolysed to
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acid followed by nitrati dh¥ hig hmati exveadh laacti edd t
as a secondaarnyd ewapsl odseitveernmierxed otsa viee wa t h 80 %
of HMX while being extremely insensitive to
a decompositidm ttehrep eradidg®t°OEMB®50deri ves its
energy fdreomitlye oxi dation of the pyrazine ba

Tk det omatfi@eommance coupl ed wiatdle ttthe shiagh exédn
interestifngr mhdwalimagment, but the symbteheagi a
l ong uoiung the Donald aswyhtmresedwsciofg AINRZyr e n
di ffering XBryJdhdabk $seadsptto mi dadtoekd msg a't recy
react analst,eramat i ve wynthhe teis@°® Ishteetpmsst succes:
route sosfap BygynahdsiBadevied op @@ hBganrg.s with
i mi nodi acetonitirs | ersdoddideud) niwhiicke 1 n hydroct
N,-Ni s(cyanomet hyl )ni tr.oudBCaVyiNiAd ewa(sSNBIChHVENPA) r e a
hydroxyl aminemstuthéaanbk with triethyl ami-ne as
di ami no plyorxaizdien ¢  DAMP@®)can be easily nitrated w
LLMOS5 with yiel ds° i HRfad oavielud’wst0l5L M o be produ
at swiat® minor , ramidn e menbirsa ngr ipalepiasuese i n PE

formuland ohsdSIP%er s .

TO
NaNOZ/HCl N (NH,OH),-H,S0,
>
H,0, 15°C MeOH / NEt3
IDAN NBCMNA
N O,N N NO,
X HNO, X
| -
/ H2804 / SO3 /
H,N N NH. H,N 31 NH,
O O
DAPO LLM-105

Figur@THhe 2current syntlhOebi - cl®°  oute to LLM
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FOXwas first isyni®@®e&t ppdvfarlom the Swedi sh D
Research Agbwnwcyeb&d€0imgt2omMeiSmydare) i di nedi or
aqueous aMMmodAiideer | i er att emppaslobycB8dilméver al
al Ry412i ni troet hyl ednd s gddirnoint r b, ebihty | eea@cti ons

ammonia did not/7, pwiodlmceh&OKaj or product i de
cyanodini 2¢¥®imedehitdree first syntwodssegnt hetriec h
rout es -fdoe vFeOQOXope & 0Oh I | basegdraldgwsnd of a | ar g
containingditnhdr g€mger ofipr st t wo requi + e t he
(dinitromMeibmydeaeme) i di nedi one whi ch IS acco
nitrati-mat hoyfl i Avdazotlleer mal |y unstabl e i nte
condensation of diethyl oxal ate with acet ami

met hoxi de whiatetpR@mgt dgs i hi dadiod real. Ni tratic
product-(yWiiemlids oxdeiSmydame) i di nedi one which 1 g
FOX2°Yhe third method is the current method
FOI and i nvol vesmetth -[@yirtirma tdiimme dafonz i n mi xe.
by aqueous hydrol yrsiisn @Brothd wdfdnedt E®Xthave beer

investigated and have been comprehensPvely r
207

1) MOz o
N NH HN NH
XN HNO3 A (-N,03)
_— —_—
H,SO,
CH;
O,N NO,
(@) @]
HNINH NH; (aq) H,N NH,
i
O,N NO, O,N NO,
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2)

0 0 1) NaOCHj, HNO3
MeOH >< H2804
EtO \K H3C OCH3
I NH3 (aq) HoN
O,N

3)

@) (0]
HoN NH»>
1) H,SO, / HNO;
HN N -
= 2) H,0
O,N NO,
CH,

FigurgaTHhHe 2t hree FOI-7i308t ¢thet cuFOXnt Fruput e US
synt hesi s.

FOX has ibdeennt i fi ed asseaxmnidas n xixtpil wes i ve, Wi
performance comparable to RDXpadmwtf mucthi bess
al so found to have better thermal and®chemioc
20T he energetic potentxiiadlatiisondeorfi vtehde Kertoinysltehne
thought thinsg ¢ bavb idlesinstyateift hietmyapt i on of a | ayer
bond network throughout the crystal struct ul
t he agmiomwps of one #ioltec ulhee onfi tF @A we otue tolfe
oOpupthl | 6 ethyl.dhe ¢$ayecturod mol ecul es are
decrease sensiatlilwimcytyhses alt heg move when und
strZ@eif.
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Figur&Crlytal str-dcshowiimff e | ecul ar hydr og

net workl | i psb0io sprsoebtabtio ity | evel. | mage pr oc
at 20%f

As a ,FGXI| thas been investigated and devel o
appligastuichhnsass amel texpl osi ves, bocds*%lélrtsbsand

structural advantages have al 8% éaddionather
compowWhAtdeaerr ysialtahsd, structur @FWwimbhi 6vemt2 @b se x a
publ i shed. However, a recent review concl ude
materi al s field has progressed -7rapidlgt urnaa

modi ficati emsy,stsadlst,s ,f oocomul attiiomg ,e xflfar, a taircen

TNAZ fvasst synthesietedimy b@r@d®teielpa Ipd !dTchd sss .

synt hesi g eilact@bnwped! ami ne and epi cecthetbaityHy dr i n
hydr oxyazeTthiidsi nneas treated wi tfholInlea vheadh ebsyu | sf ood
nitrite with phloroglucinolritte, perpgd \@trirnghe 1
but3yli t roazetTihdisnewas nitrated svodihunsosliuluimatr
potassium fcommpileyamigde he-proist Fa nigdgdhheyols i t hen3
was nitrated with nitrafcf @aTdNilZepmd2 0% eytiiecl dasn.h
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H OH H OMs

0 MeSO,Cl
t-BuNH, + — .
Et;N
Cl N
'‘Bu Bu
H NO, O2N NO;
CeH3(OH);3
NaNO, 1) NaOH
—_— > >
MeOH, H,O N 2) NaNO;, NayS,0g
| K3F€(CN)6
‘Bu Bu
O,N  NO,
HNO3, ACZO
—_—
N
NO,
TNAZ

FiguRk®&THe original route to TNAZ2Z reported by

This was followed by a series of papers deve
to increase yields, all ow fe®erdimcabhtegthp a
epichlorohlydtraxmi c chemical a.f?dT hp ss swhid le was

undertaken begt MalNapaeatd2@% ndxenredd2adl .Bust

continued seeilThg paogepiteydel d reported was
Hi skney Los vwHamoesarc hewgiaall d @ahd578 currently
scaled synthesi%Tat sanpivl oo upfeaarbeag idnesh ywliet ha
nitromet hane, which form tris(hydroxymethyl
without isolatiohotmabdelyehateamheaci wet ho fr ol
oxaziimter medi ate which decodmpms asDiwind dnpprde @ |
azodicarpbIixAabdt ephenyl phosphine reacts with
azetidiwkich nigs then nitrated wet bubsfodtia m

potassi um fferl rlioomeanibde a further nitrattiioon wi
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anhydHodwever, despite these I mpTHNAZmest apt Ky
commerci hhbyyeadae to hid¥™opreodwleacteindniimtoveetss .i
t he syntheshiass osfthowMAZ i ttl er oumpemmamesed iwnt

recent review by Steé)anova and Stepanov.

CH,OH
1) CHzo, tBUNHz
CH3NO, + 3 CH,O —> O,N——C——CH,0H >
2) HCI, A
CH,OH
O,N CH,OH
CH,OH DIAD
Phs;P, MEK 1) NaOH
O;N——C——CH,NH'BUu ——— > >
N 2) NaNOZ, N828208
CH,OH KsFe(CN)g
‘Bu
O,N NO,
%g NH4NO3 %g
N ACZO
‘Bu NO>
TNAZ
Figurd@ The current route to TNAZ reploskeg by
which has been scaled u¥®in a pilot plant sy

TNAZ has been classified as a secondary expl
whil e al soc adxtiangl ene(lmel i ngepomposi LCHn poin
Smastale sensitivity testsTdshobsitless mbemi s
vul net?’2blireexpl osi ve character oRQaNAERK®RcoOmMes
expl osophores, as well as th®ersipnd estinai drafw
of sensitivity and high producti on melistt , TN
castabl e eeBpfloorsmwleast,pronse laiddfihe chemistry of
has also been devel-bpedietstemr cr fbou$FOXng or
changtes TNAZ, including t-bei-HooBiveil opion@enet i o
(AzDNAZ), a pcasti sexg| .omdi’'vte itself
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TKXOwas first synt heets.iasienda20yh3Fd rsacxyelrammoni um
doubly depr otha rsd tegtqd, addzbgllb 6B ® O)38 1 ,-B6 O was

synthesised by twothmeohkhodaithitsheofriabopbé with
which pro®dd®©ednlpdbdr vyi eilsdosme rwitthhe tnmnaej a2n t2tdy |
t he second from the cycl(iBAG®) ming hdfy dieanzsiid:

intermedi ate, in a route fi?2lBtsaleprorwas bl
devel opp@at omeaction to avoid the isolation ¢
all owing the cyclisafThos toubeglay eawhdilc fwili tsh |

chl orinatied ewnihainali cyhil @lr d{gB@&)o xtiomewhi ch sodi ur
is addedf om ®dME&hH I|Idor ce xTcthiasnger oduesdd uBDRAIGec h ni s
added into diethyl et her acnydc |HGIi RBgaGt biesl , das
DMF in thédydeatyses to di met hyl amien-®&T Awhi c h
for mbirdg(met hyl| a)dmebn isu ne tir, aflzicollwehtiec h can be i so

Thi s sal t can be redi ssol ved i n water, f ol l
chloride t500 fionrnyiTeKXds bet3Weeh® 72 and 85 %.

of N
HON NaNj, DMF HON% HCI, Et,O
NOH —_— > NOH —— >
Cl N,
DCG DAG
OH

1,1'-BTO

FigurkeTHhe 33poe synt het iBcT O oruetpeo rttoe d1 ,bly6TRi sc her
deprot onadiende tvhiytlthami ne formed from hydrol ysi

met athesis to the bis(hypd@rdbxyl ammonium) sal't
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Recentl vy, a modified synthetic rou,t ewhliach be
repl abesDAG intedmedtaabywropyranyl|l-DAGRziI dog
a protected f oar rmuocfth DAGvewi tshensi tivity, by i
groups t?6F DrCtGh e r mo d Hae t atiailem otbyce dhsansi ti v
i nt er medd ieBtten,ox y-py lopaldi azi dogdA@)x iwneg h ( Mlefbor t
sensitivity far DAGIWt DA€ ahoudhf that the
inter medi h¢eet ed by the steric hindrance arot
and the protectalngow rfoourpss cwaolueldd synt hesi s whi

challenge with the previous %48r m&t i on of the

N3
N 0]
e \\H\N/
Nj o)

THP-DAG

N3
Mec>|\
N 0]
O/ AN \N/
OMe
N3

MIP-DAG
Figura2THe8&8wstsructures of the | ess -Seéns-iHPve

DAGdevel oplade baynd?4kwan t he insensitl®MAGIi nter
devel oped b Ha et al

O

TKX0 hascéeegoasi seerd i nsensiédXpleo sidvaas naaedeyn

seen as a |l ess sensitive butwimoheapodoeaweompos:i
temper at ubCé38o f24Ri2dtéhtecaall.cul at ed the energet:
values usi whi EXRIp@wenper bor maneacealdu2nlyg, CL

RDX and, HWMXt h the expl osi ve hpaowe rnisttreongneinn gc ofn
the tetrazol é3efpWeosepleotwml ues have been und
Si ndiett shedlgan t he discussion begntpludiipsdhi magt et
values, tstheowcalbcul ated val uesitrogebtethhmfply hi
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formation | ead to det omamp aorma lpleé*ftoBétamittel w,a l
Si lewta sasHowed that the calculated and fexaner i
ent haf pfyor mati on model i s UTK®%d®d wiptelto ets trr iac
neutrad0 TKRFITKNH.0 al so has a | ow sensitivity,
than .RbX sensitib0 tlyasofbelTekKn KX i nvestigated b
behavofoutrhe cryst al structubDeegpadaanld d¥&mer en
alb.oth investigated the relationship?‘etWeen
whiHetr manh® raBaritihvest i gaetleadd itomes hi p bet ween
and temp’fTaeseeinvestigathanstdetkbamened st
hydrogen bohat meglwaoy ka signi ficans0.rol e in t

1

Figur&8 Cty3tal strux® usbkbowifingf &Ko | ecul ar hy
bonding networ k. ElIl i psoids set to 50% prob
avail abd3é at ref.

Due tthheromi penfor mance amnvd | 8 e g5 0TtKibkwaist ybeen
investigated F*@or opedFihimgmBBXspl osi vesd fZafdmul at

thermobari2€Asewebckess®s iTX! f, o tOhTeQ asnad tso O f
crystal$0ohaVkXbeer®®dtlowboped. i nvestiegtat i ons¢
alhas shown compatibility isst@&bs rtelcaetntwirlelviree

Ji aemtg cadncl ubdas devel oponle nteeods TlKkoXmep uhatni onal
investigation and devel opfMent of a scal abl e
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1.4. Synthesis of Novel Energeti c Mat e

As previously discussed in the sections reg
material s, the current trends in tdree stymt he
devehopoxi c, green, and power f ul teineesr giert i tch e

appropriate rangée: f°9r the application.

Required
sensitivity

Chemical
stability

Novel
Energetic
Materials

Simple and
safe
synthesis

Compatibility

Toxic metal
and
perchlorate

Low solubility

Thermal
stability

FigureKdy 3considerations when developing nov

Ot her considerations takearher mab , s pa lkewlketntt ys
degradati on of t he mater i al when exposed t
decomposition tlemperodt varmamo nii.ae .i nc oamp aamnma n ii u |
prevent unintended reactions whehonugsgewd tiyn
withstandi hgr stongge erliovwss alpurbeivl endtys ener ge
materials dissolving,istappolngehtasihe mgasanwa
whil e also potentiall yl iignhctr eaansd nvga pseyenvteshednis ict
dergadati on of the material wvwhmallosexpogedynohle
with poor availabilont yexpemnsdgiavd i mgh evtad eedr @ saé

product i.lédn k% st 262
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Whititlkeese considerations are important from ¢
point ofhevisgwthesis of novel energetic mat et
the fundament &lnec lgemi €.t mphteefrdieaviest @ewyyenh e oif c
met hoéds energetaondmaeetrigasi on of t hewirt hcoor c
transitilabetddt alnmnovati ons eilne cftlroowe hcehra nsiad t rsyy,
greeynnt hermdesgr di nati agh® c?Remi stry.

Whi | e psaorneemet er s can be estimated with cal cu
novel energenhcermatetiyaln these figures mean
of novel energeti ¢timadewi ahsboéshavbkbsosopmpat .
for the goal s tphreersee natreed caebrotvae n st ructur al m ¢
to get the performancé@dsaddsecualaslpédlpyptryadesi
can be i ncirrecarseeadsibnyg the nitrogen @entsereth an
i BBXL and50KXhigh N% is defined as having mor
mass be nihtisodemn@arnst h ad fhi garamadt itohner e @mates | ar
of det dmatrioddru;ci ng mol ecul ar strainiifh the <c
20 and wWhNAzh adds potenti al energyheaod t he
det onantaii omrt ;ainnionxgy gen bal ance of zero 200 maxi
and 2@6 decomposition prohleatf s de o cammadk ifoinnsael |ty
maxi mi sing t heascrayedtriad metnesriitayl s wi th higher

hi gher velocities and pressures of detonatio

Nitrogen content can be ianaoi ¢a®e@glk nb sgscukchhen @t i
as an azole or azine ring system which wil!/
or the addi triidenhnocft inointsrdac dyermisnpos, azi dooapd ni
or nit+icechpecounterions such as ammonioaomihkydr
same vein, oxygen balance caox Ygeimddiffuineed i oy
groups bBydhoayg!l -gxiodigpgss,amMd ni trite esrtiecrhs, o
counterions such asCrhydtraolxytdemmbhi am. can b
introdwmdeciemgnol ecul ar \bi@amdbigm @ u mpastt hoemrt les mo |l ec ul ¢
bonadccepdoboaonkt gMeotuhposd.s o hteaonrdmiinngt riamol ecul ar

be explored | atkencinaeastthamgdcihmatpgrearmol ecul ar b
decreases the sensitivityhot t hBeaeheegeti cnn
by increasing the planariiabyeomolt dgulcane alt @mmds
pl anes of mol ecul esewbhclenidem ¢$lbiade reastci ng
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formaandnsecond by creatisngwvhiincthr a maclreecawleasr thh
of the ener getliecadnod ggatwugnsntowsed Ifou bl e bond ch
strengt henN@ligo hadie vReil N c raesaespeadr aflawde lodct r ons
whi ch i s dehcoruegahste ts6€h’si t i vi ty.

1. 4. 1. Azol es and Azines

Ni troaqlkat erocy dleeasn di@ammon backbone a nr armge sy
of matewiahsmany key devellddp #?dfthtess ei nc ornepcoeunntd
are found in agrochemicals and pharimascedti ca
derivatives t o easily bi nd wi t h enzymes a
interactions such as-"hynd-o-geacliomgiset c.ati ba
i mportant interactions in med~#Hainmgall celfdmicdt:
i mi dazol es &MAdz otlreisa zaollseos .pl ay a major rol e i
where they act as wuseful buil ding bl ocks f
assemblies where they can act as bridging |
organic framewor ksi swhdi cahs a rmep obretianngt uptlialt f or ms

catalysis and?gas storage.

N

S — \ N%\ N&'\j\
NH NH NH NH

< = < <

Pyrrole Pyrazole Imidazole 1,2,3-Triazole

N
N%\ N=—

KN/NH \\N/NH I‘ \@ >

1,2,4-Triazole Tetrazole Pentazolate
j ( j N N
K |
N N
4 \/
Pyrazme 1 ,2,4-Tr|azme 1 ,3,5-Tr|azme S-Tetrazine

Fi gurLdws3dtsructuames winfsubisti-ogeeai ning hetero
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As we have seoemtanini nggedaradlesmciymp este saget as

materi gakeen i n RDXamoapg ®D®BrXBhi st o sthidagibr ni t r oge
content r éng wdhrt ti maglopiinefsor mati on caophmpar éeéddckbon
mat eri al s sausc hwealsl TaNsT i n ¢ heekkeadsaeeoasi egviron
beniNgo@n decomptolsa thiogh t her mal $ habirlaintgiee so f
functionalisation possiabbbBeonabt het hetsterdazyptek
as cations and anions i fAl%e ntéN-geeita rco d yoonli ecs cooan
modi Wwi ed a wifdaencangeadf groups iscdhdasgazixg
nitro andgrnoiutprsa miThho rs taHh d oiwspr ovement and tun
perf ormance oy trheedinfetnangadtiphyeor mat i on, ni tro
and oxygen bal ance. Further mor e, i ntroduct
i ncreases tihmp amatt egsemdisti vitywfduegtimntshe ff @n
el ectrostatic potreinegh &aftThens ushee anhidt a dmileme r i1
systems in energetic matvtsSui &li vy ainkx’awel Zdi éViae

1.22. Nitrati on

The mirtorug@g i s one ofusthle empdtoswipthelres i n ene
and especially -hweittehr ortéygcdfitigsr ctlap N most common
introduc-edt e nooiyféddluers mejteh@acs rophi l i c a,r omat.
i)isi ngl e el ecgt)riogmsatbrsatnistjwetcii areotfi omi t r ogen cont
functi ond’lmThger anoss common met hod oifs heheuglht
to rely on an el ectromeiclhiaa(inamioioddnt i veh iscuhb stt h
NQ'nitronium ion serves as t heé’Tatet andkirnog i aulme
can be fprmedl pgis of nitricmiaxdad-avagt@h sul ph
HN®aci d mfi’%tur e

Tk reactivity of the nitronium ion as a nit
Benméddand Westehteiadbop st af @s8Qt/ haHda@ i d msi xatnur e

ionisation of the nitric acid was involved |
nitrationo, and suggdotledd itnlcateaslee i Mt h@au ean
accompanies and incceasenbomausliud mounrliyc baec iedx pl
the production &P the nitronium i on.
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) S
e ° | N0 s |
N 0O—S—OH =——= + 0=——S—OH
N q ||
U o
0 o O
&
\T/u — /(ﬁ)/o + H,0
0

Figur@Prnotdol ysis of nitric acid with sul furi

Ot her met hods to genametkndwre, niirnalondiumg itome
nitratseag ohg,?8achiedsuse ofcaniig@adotns usmuch as ni f
tetrafl udthbouaeeof orgamiuc hn-iatst dNba R’ §agent s
t heeut opr ootfolnyisttr®st ¢ aci d.

© )
0 0 © ©
N®_ O @ O o) 0]
OH 0 Ccl)H ©

i’ 8" :

4
oo
g

FigurgAdt 8protolysis of nitric .acid forming

The el ectrophilic aromati cwistuhbstthd uniitomo n iEUArt
first developed by |,A%jtonl dwh hrtuagrhoensa tai ncd sRuebesdt r
the nitronium ion take part Whnela nrde vienrtseirbreed
an unsitcobmpd exhi ch undergoes fast dapomabinat i
compotdfich.i s was further Wwéwvelpo ptposieyli tDieovar st
consi st icognpdoe xbet ween the st al-cadnmpyl emataedr i al

bet wédeomplexes and??%% nal product s.
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EAS
+ *NO,

Y

Fast Process ”

m-complex 1

_H*
lFast Process

\

Slow Process

o-complex
NO,

Fast Process

SET
+ +No2 /\‘69
""" N02
Fast Process

charge transfer complex

Y

-H* .
NO, —=
Fast Process Slow Process

SET intimate pair
NO,

Fast Process

o-complex

Figur&@Efsapl esl mg-blludhhees EAS mechanism for ni
nitron{ umm)do8EHTe mechani sm for nitration (bot
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Whil e t hHuglhnegso Inde ¢ EA®SS s mommonl|l msatcbepmedhani .
for the nitration of -aetmabcgcéstpseci ¢oshmmdcbed
fully explain the experi mernttaltt®dtne oauv ainltd byl
Ol ahdéds wor k i nvolsvhiormge dnitthracnituhne sraalttes | i mi t i |
was ftdiremati on Ofcotmipd £%tt abl e

First proposed in sepdamdesdhldipte rad t Eysn ktehav er
singlectron trmaachamwhsin8BT) nvol ves atnhei ofnor ma
radi cal pairni hbher medimabegp iTdhef rtelceombi nati on
radipradduce toe mpame i nvol veuwghets thAeS | megoH an i
29F 0ol l owing further exbpyerAéWarnidna Mo i’Rdleswed at i
furthverdeonfcet he SET . Gempamnmaitsmoeasti i gati ons sho
el ectron charge transfer to t-bempléxofhioumatr
furtadereeing with the’??28B&Wevmeeechanhesal complL
investigations @gad yp.lcaowieseind eGeatl taldm@oc uded sol v
effects, they found that no sbe@ithwdermamrntrerdsar
t he nitornoninum il i quid ae8a@fi stldaGmedd i mjnx doofd e

t hat the ~reaction mechanrHusgrh e snu seEtA’SbTehgep be
contradictory experiment al and computational
there is no firm mechanism by awlhimah itche ymsit ter
and it has beebosbggadStaddt IS&ET mechani sm ar ¢
mechanism i s usedprdemperntdisesonoft htehe substrat

electron deficiency® of the aromatic ring.

However, e X g enrei msepretca lfliyc mechanicon if hemrigd at
i ssue and nitrations ufsrienggu etnhtel yn iutsreodn iiunm ti hoe
azolaed alzasecmergeti cdmat epasdgbeof synt hesi s,
access to reactants and geoemnaolnllyyagsesoeno s ynt
nitrated ,pjnwrdaabbepyr’dhoweser direstngithias
met hod i s i mpossi blpeosaorn itome aindp apsyizt@izenve | 13

as in triazol &% 2h'd tetrazol es.

To aczreistsr oi mi damrziotl ecp prnai&drisaetsi o\ must be per
acetyl, neeagfemrenieedom the addition of nitric ac
by isomerisationntbrdhedhifemiivsid.etde&rly seen
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f ormati oadi noift rd,idni dazol e, whidimi tnoomvdazdloe
acetyl nitrate followed by 18m%Fri sation in

NO,
HNO4
N=— Ac,0 N/\ PhCl N=
NH T> N NO, : NH
~ 48hrs 125°C =
N02 N02 N02

Figur3e9Reaction scheme for -dtimetformatanaol ef

dinitroimidazole using acetyl nitrate and i s

The nitratilen amfd ttreitazapsbderanvohv ed the co
di azoompound wusing nitr iTthe si nh aasq uperoewsi osuocsl| uyt iboe
the formattoonteiNTApofFern5DIBKt erestingly, whi
cannot be dirtedtalzyo |l minter actaetn b &lr, @tnrdi -8aooréms
(NT®The diazo group-aimd nfod reme ch-z foil -@24aadrd axZ ol e
reacting with nitrite in a Sandmeyefrormmiarcg i o
the gi o¥p. 2°9°

N N N
NaNO NaNO
I Y U o N
N, N\\N// N
H H

H,SO,
H
Figud®Rdacti on scheme f onri tirhd, rdi carznod tei ouns i onfg X

nitrite.

Ot hiepsotration pathwé&®andr baaeaskabl eegcent i
in the i mpsyvemestsodhi 2 4 )TNl JdSacanbet esmte g a n

wi 2h 4t,r5i i odoiamidd avealee f ol |l owed by ni.t%®att?%%n v
While these reactions did producsei ddNlpr adhecty
wer e al so synitphsedosti rsetdi. o nMT hels wadoif mivekedzadlgat e c
by dt nanl .2014, who att enpdteds ytmot lhceteiacd ed-cau toen et
nNitr oi naindda zrnoilteviitch atchied poclhssi omsoddri d%ct ant
This <crneaiteecsi naated i ntermediate species whi

reported yields of 80 %.
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- > NH | ——— NH
AcOH ~ AcOH =~
| O,N

K K
N%\ HNO;4 N/< HNO;4 N/<
NH

NO, NO, NO,

FigudkOde®ot synthesiisniofr Qi mi;ndiatzrodiemifdraozno | 4e
potassi uiM®i odi de

The finalmenihtomabl ees t he oxichattiadmi ofg Mhiunic
groups such &s amd ngoi,¢ vas @t ogf oums nahdoi s e x|
further imnTICehagdgt Eferent ni NNhat eoocyglseademar d
revi awmedvor ks ?bZh ddbbDiad®@a,nd Wa'dg.

1. 4Newovallenm@andt éno | ecul ar Bonding

Controlomfovtah e naind nitnrtaer mol ecul ar bonding in
mat erdrad svital i n ptohwer ehr dhut famsé&hestei ve
i nter altaeonbeen shown to increase <crystal |

performance and at t he s a’h®e TR nse pdheecnroemaesneo ns e
been explored widely in the syntiise swesl -1ofa sn ocv
crystal3lderfikgeny. i nt eracti onss,arhel lbyyé&rmo goeom db o
interactions and vaprlWWeRircWawdskiinnfepbaeni baish
stability of an individual mol etbhkeedehsbtgha
stability of thetlrveugpHhH |Ii tthbgmalhegd witari ce

Hydr ogen ibsonndiinntger acti on where a hydrogen at
el ectr oaeé g aksi(vdeoannodr()&c c e,ptroaart)her than just on.
a bridge betwadrmh tthemstrength of the hydrog

the electronegabamdik. %3 t he at oms

D—H----A——R Very Strong
D——H-—===-- —R Strong
D——ffmmmmmmmm e —R Weak

Figur2a2THe 4l ength of the hydrogen ebnogntdh iosf dtihre

i nteraction.
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Hydr ogenarbeonedxsc eedi nglwyany memornong i nteraction
phases as well as furt hsepra mvedaiki atnitcemr aerti lhalsy
from 0. 25moélwhdxc hkdaelads to differing nature b
including ecloevcat lacordtt alt isggst €eimonmn ng from van d
i nt er acdntonish!Bttiromg hydrogen boéndsm hédveoenadr
moiwi t h bondfl éngit heMoHles ate hydrogen bonds h
4 to 1molwcah bond |l engtihs Wefhkl1hydtogen 2bon
energies | esmotwhiarh dbokhdall engt hisadndnmpay béa

bi fur é¥tt ed°
Covalent limit (40 kcal/mol)

[HF,1"

. R R
¢ )—O-H—O PO(CH),

O

very strong hydrogen bonds

I
e 2

strong hydrogen bonds 7
_f weak hydrogen bonds

/ very weak
interactions

) CH,--Ar
NH G_m‘e L ] [NO,hCH 0 NH- NH:P' CH C| ..(\ .C=CH r.r-?f ! IC E
Electrostatic limit ,f 7 NH--Co o J’;’hvan Waals limit

(15 kcal/mol) i (0.25 kcal/mol)

FigurExXxawmpl es of strengthstwéemywm®QEMmmm$d
acoval enabdiomg descri bed as an electrostatic
Reprimredn DewsiitrhajpuefrMCespy oing ht 2002, Amer i cze
Soci ety.

Similar to the hydrogemwhbwmdénldi e se lbehcett rhad togteinc .
dri gukased nstheerlalt t @a ochonor of elwictthh oandelnesdctiyo
hal ogefhd Xhal ogeheatomelU-deféchenepts electr
|l one pair of a ddmdrogemnidth cdhddrdni enrgeragi es can
from 10 mol 2adepkhdi hgl ogmen hkeond doaondhé¢ ClI <
electron withdraai om omt moeety boenMNi ttroo gehre
atoms form stronger hal ogen.®™BHoan dosg etnh abno nalxsy g
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more directional t han thydrypgem!l bdmodas angl es
18! Theyftfemrm crystal structures in scombi n,
despite a wBeamppercsy tdhe formation of hydr og:
hal ogen bond donor is added, 3'%r mi°ng 1D, 2D

R——X----- NH; R——X---7- ‘ R—X::, \\N®—R
\;‘o{a
FigureSdme exampl es ofbehaNIeeé(g;e(rR b=o hdhd ogen) an
pair 3pfelNHtrons of a benzene ring, and a bi
the | oneniggnriawp odxygen at oms.

Figur®Pdr d20dfayer cofystttmaé sdtnriu atowmrndl |-diinieo & am d
2, 3;te;ited afl uorobenzeyerogdmowhogdtaed hal ogen
cont aiNMHié©Og -HRF C-Hé F, atHé OChydr ogeds bél N
hal ogen bomcegprilnmage fromaoN&imed prdmbdiss itdre
Royal Society of Chemistry.
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" i nteracti otnhse roevieerrl ragpg aotfi vieh g ochad @ d e
aromaticonjiugag@t ed s ypsotse m i arredOyft rhcemewpa &k of anc
aromatilceardimgg to an atheadtwomat bB@iTwesgs

i nt er accan ofnear m wi th a r anfgoer mifn gg evasritidsa cr& eeflsa c |
geometry (6sandwichd), par al | @nd op & rspd n dgi ecoun
geomet-slyap 846 Pd%® Paarleipultsheonarchetypal 6éstack
i Bot f avouerxabsltes aoond an ener déditei e neadyeclte cp oni mti
the parfdlislede | g% Tohneeytpreyaa b gy r’a'nignet efroarct i ons i s
kJnolwi th dicsdmmacrelsy 3aibébuyrndd parall el of fset ¢
centinemal angle shoulf2d Tke |l e mathiamnerddct i on
|l ayers all dved wesIni pphaegd@yers inside the crys
of graphite 4%hear d uban calngmt éreanchtiitchroshave bee
known t o emtealgieltiiscé?Aratheersiealisnt eracti @©Onis typi
centdiostdances aptioWi c3endt rioi df aalgDEBBE nd have

only been recently recognised3?8s a feature i

VD ©
o -- O f

Figur 6. Geodnetri c tnhoet i b esnzienewidtihmean il |l ustra

guadrupol ar el ectrostatic pi-st aclkedf ogeoanedl
(6sandwi(ch)d )-opofafrspe tb mé (sl ys tpa cok)e da n d (c) perpen
geome@s hamedRepri nCaerdFdmk mand_32eirtbherger mi s si
fromRohel Society of Chemistry.

Van der( Wi tser aaatei an sfd uwclttuadfi ons in the ele
cl olhueddlt ween mol ecul es that are ThecmogemenbXxo

the electron cloud createswiatdi pojl acent homp o
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di poles resulting in an attractciaMd efdorac eL oln
i nter @&htei srm.r enigd hdionit etrlreest dependent on the p
of mbleecuweéth the more polarisabi'Howeherstr
whetnhe di stance between the electron clouds |
repul siThe s o @®@cuvrasn adtert hWaal s cont act di st an

bet ween the two molecules is |l ess than the s

El ectron ClI Nueblbs

~ /

[l
¢

+
el

‘ []+

Figur®Alrelpresentative Lontwa anhomsashownniel

in the el ecteradan ngl albhee attracted dipol es.

I n crystals, moigoutesfbemdt hevdanWri mumchumbe
the structure to minTihmeissee itnhteelrlaactttitobnes s h e u gt
reduce the amount of void space an#'Jfher m th
poosrt rengvtdhW mtfer acti ons can be overcome wit|
interactions such tatse hydmmaegrenarmdndygnamic n.
i nt er ancetainosn st hi s c | achi evaecdk imyg mosst struct ur e
xamples where the intermdl enolbleaul eendad bOwvea
dw f &t5c e3s?

Il n energetic materphhy &hkegy roteranttbesfor
structure and therefore.tHgedpogdsrthabogkenthb

“-“int er aacntdi onasn der Wadlosi mitnetrenmroal cetciuolnasr sy st

can increase tared pkadrogasaerctehe senm89tilvi 8% o
To increase thbeepseysoemancaecreabky tbemcngsta
frameworeklsi mmndai bemgerestingly, el iminating v

crystal asntdr utcheurreeby reducpeag mbledulee ispatileec
decreases Iimpact sensthowgmygnyroptoeti ahall i
component of i mPTahcet fsoeronbaithiyodnr bgyen bonded she
i nteractions bet ween the sheets has s hown
sensiduettteg i ncrease in Fhedmal sdbndiuogidviefy
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stacked?33hterett rsa moH yeccrud pen ad smd idreccr easa®s sens
interactionso®dred wagprtru@msi pl anari se exampl es
struchwrewsl | i nggr otunpe bnaictkr oi Nt o pl ane. Bhis st
incretabBengacking density due to the toha@anari i
doubl e bond chd@&bohdrtbérebyg Cncreasrnggehe
bonalnd forming @élatalbinsencet works between th

grOL?®7S.333' 337

__--H
N
He--0C o N ANS)
H—N ON=—0 | \ /
N
— N—\ \\o
H—N ®N=—0 \
d, SN
S} H
FOX-7 DADNP
AN b © O
T|’ N o wOSNE Ty
@/®N N/ IL N
N N AN -0
L) i I
S ONG eO\‘xH/N\H/’O
CL-14 TATB

Figur 8 Exasmpl es o f ¢ oemmpeorugnédigdila m2 nddi ni t r oet hyl e
FOX ; 1,-Bi am3d nbi nitropyrazol;e, 5, -&iDaAPANTS®

dinitrobenz-2a#82ir4x6&m;inj Glo5i ni t r obe)szearbe,l | BATIB b
N-Hé QNi ntramol ecul ar hydrogen bonds (red dash

Theeasstnsi ti ve matecomb sonkatbrnobnagam dn tirmat er mol e c |
hydrogen bond networ ks -"amd eshhecdti o nsf. stha sk a d

in the crystali nssternuscetcuorved acfy telxeroa-inyao2, 4, ¢
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trinitrobenwkineh (TAT B} intramol ecul ar hydr o
ami no angr onuiptsrteer mol ecul ar hydrogen bonded
mol ecul és,inaedactions between the | a$%rs of
338Due to this <crystal | attice TATBanlhasa an
decomposition t einpeldit &8enpafr 28 348ndd 1 0Cf or
RDXWor k by RicendnmorHarreecent lay db y asbheoswsehda mp s
tdh effect o f i ntroductigomugod tshuecceessvei val

trinitrobenzenes

sensitivity

anddidipniatyri nlbge ntzhoef ug roxatn si n

stemandgi htemmohecuihnar ahguaddogen

other intermolecul a4 andt 8i mt & ir cad $l ioswi Gnhy pa sn g
bet ween hydrogen bonded | ayét’s Y the energe
Compound Dr op h,&sdg i I )

1, 3t,r5i ni trobenz 71 17
2-ami-Ao 3t r5 nitrobe 141 34.5
2 ,-dti aml n&,r5 nitrob 320 78. 4

TATB 490 120

4 ,-6i ni trobenzof 76 19
7-ami-Aodi ni trobenzc 100 24. 5
Cll4 120 29 . 4

FOX 126 30.9

Tabl eEdp6éri mentsadnsiimpiavcitt i es, showi ng

amino drooup Nn-gnidnt naer mo laauflaaa m bRincdes® 34

e 0 A0 OO — @ - O

(a)
FiguMd®&Caf acsahcking

Reprintew tfthr opner mi ssi on

Chemical Society.

(a)

(b)

and i
SftPCoompyZh@hdg,

nter mol ecul ar I

eAmearli.c a
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l1.4Met al Salts and Coordination Compounds

Through nthesfaondi c, deprotonatable sites wt
materi al u,seometadn aatdi ongahbcchange the prop

ener gleitg.acnBxampl es of t heshee taecriodcibicc ggrouyNss i ar

azol@/s-H gr oQ/pMEkgr oup-NHNCGgr oups / ahH( M
gr ou®@smmamti ons used arhd nfgdtdgal Caunsdu s awe
have seen previously, but -riamh aimeloe chuel esr gsal
ammoni um, guanidinium andé®pB&Ppomatoemct aan| o f
energetic materi al and the formation of I on
compounds can masspltvyediyc occhhaenngiec atthepr operti es
such as decomposition temperatur e, i mpact a
performahoeing for the tuning o tthle energet
R (,:,) NO,
\ e S) o
D T I N o
// R R R NO,
N\N R NO,

Figum@EAampl espondt acatdead moi etseesn ciommemeéryge

materi al s.

The introductbepprcoleanddes i omysananll I ater mel ec
bondshguctthuereeby changing the energetic pro
changing the | atddrmrcsaheaintthhad pypac kiAreg TR2e¢r uct u
formation of tales@ani bave bhobahdecyg blge el ect

pot e A4Yihael .ani on al so hwhli creduecuc as itdhi.@ yvapolu

Howevoenree cannat dmédkei ti ve sdhadregneesntt @ nt twéh adn
properties t he formati on of an i oni ¢ salt
Experi ment al evidence doies thime o domwdian actlieoanr
caetre to the r e’ tlafAddntr epcreorpterctanepsut ati onal s
tdiadconséderspste sugagehset i fomrsneatishdetc r e se t he
i mpact sehsenevgeyi c mat d@rnicalesa sieW®CHIGeMCe r g y
gapdecreased bond di-tsstoaxli atinemn gheensesag y ® g aat ni dv
el ectrostatic potenti @f a4 4% r3‘gger bond mi
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Compoidnd Densi cy!)?( TaedlCY I S ¢ FS § Ref .
5-NF 1.90 130 <1 <5 347
Li-NB( KD} 1.6009 270 25 324 348
Na -NoT( kD) 1.731 200 >30 ~34(C 348
K5-NT 2. 027 195 10 <5 348

Rb -NoT 2. 489 192 5 <5 348
Cs -NoT 2.986 194 10 <5 348
Mg -N6T( ED ) - 195 >40 240 349
Ca -NoT( kD) 1.783 180 35 8 4 349
Sr-NI( D) - 210 15 48 349
B a -N5T( ED ) - 235 2.155 <20 349
A g -N5T 31814 275 <1 <5 350
Cu -NoT ( 2B X 2.584 321 0.05 0.4 119,
Cu -N B)H20 - 230 <3 <5 352
NT© 1.39 280 >120 >353 1

K NTeD H - 219 - - 353
Mg NT@}( F - 186 - - 354
CaNTd@ kD) - 172 - - 354
SINTJ ED} - 218 - - 354
BaNTd D} - 2009 - - 354
Pb (NTO) - 188 - - 353
Cu ( NTEBED) 2.002 167 - - 353
Na TNI - 249 >40 >360 344

K TNI - 231 25 120 344

Ca (2a(ND) - 188 >40 >360 344
Sr T F - 239 >40 >360 344
Ba (z2[([ND) - 166 >40 >360 344
Cu (2(ND) - 170 3 80 344
Tabl e Phydicochemical properties of k
compoundrsi torfotb5e tNrTa znoil Ber, &#t,54i -83-awé ( NTO) -.
trinitideoi(nMPMladtzeor content may be wabobed,i
to the metEapecéemeré 2rimy ned &Kea$DSXC ofirg
decompoRiitlicd®, mb.AiDetermined by standea
Measureménewmer getic proligand, 1 .e. pr
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NO, NO, NO,

A

N=— HN
| NH \ N NH
NQN/ N/ A
0 H O,N
NO,
5-NT NTO TNI

FigurSeLéwis strwmdatturog ed *Na 3 o laantde r2(,®»4i ,t5 oi mi d a
(TNI) .

Tabl eprlesrextperi mentally determined density,
i mpact and fri &nioovm ssnemnailtisalty @amd ceor di ne
nitrotetNR)zmli &r, @t5rdi -3-a o ¢ (NTO) -anidni2,rdo,i5mi da
( TNThe only trend in the density data is the
are included in afhemaztrgrsitallN$ecoAgdumieagab st
of materi alNsT Oc mmtda imNiensgang further anal ysis

An overalh decoepessiitiormrs tsemme rwhtenr @D otrai nat

met al wowéhreinredsmpared to-NThealftrheoaugahcitcheafe S her
when mawwmgthe series of al kali. ment ailnscr(eLas e
seen woemng down the series of alkal.i earth
whemoordi naoppder @Ol ) i nst doadvewo Br copper @oplposi t

when comparing the fmed¢adnt dcoihp@ld©OdandNo t me
coordination compowmsds ilmavd eanpeeadmpe, as hi
with the highest decoofmptohsec bnnettmailh é mg éoea mmpo e nd
the potassium NT®s momemeg di at em.o data on the
compari son bet weer othnhiias na mdy actabmproautreadilee ar tr e

be s.een

Caution must be taken when comparing | mpact
di fferent sour ceshavwe ddiffffeerreenntt ge guwippsment ar
particle size and testing paalameltSe rasndi sF Sh odta
coll ected by the KI ap?®tmed hglrdsty po russtiembgsrtBEA M et e
caution when drawingMeshcmemalaconalgusieomp®.unc
NT remansibtuitvet,he al kali anadntaikmil mng elay d ha tme

| easseensiTthivse. may be due to the water cont eni
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formation of theacmpsealkexaedsf oemhyg?od*en bc

Most +wmetnhdlai ning compounds of TNI are insensi
dat a, and mosthoavereehydmatdede, case of copper(
materi al iI's very Thoinmpoundegekebeagaendt of hy
being |l ess senastimpaandsensNTilvedit htee cowpwlpiec
a much more sensitive proligand.

Due to the issues i nwhpernediicyt e stgi gtahtei ngf fneectt

coordinati ononcompusutndsynt hesi se and scahiadr act ¢

mat ertioalusnder stthaen dnehtoaw centr es af f elcitgatnhdat i

Energetic | i gands canoalts@anbet icoonor henal ec e
coordinati on pnednag@misc afnr a mewWb rTRhse s(eMOFrse)r g et |
mat erials takfe taldev acmova@gleent coor diematrigred i lzor
|l i nkmd met atocént melD, 2D wndh3Di gt eheigahi § i
thersnadbiandi Esew I mpacByrstemssits matt e kibeelsse of t

requires the functional i sat icoanr boofx wfhuarttehsearr eo |
detri mentenertgpeetfiter mance, B wtn ct h eanzadslieessoda s
l inkedl ®tdhaa great Iincrease in pemaodrcmamge  oryv

exceeding the values of trPa%ffthiecralmaseconda!
then betbtoedhdédry the inclusion of ot her ene
perchl orates andamimodadaitfeyy twheé cbBensitivity o
mat e’ &8 el ect ed e xKa2nNoTphbetsa sasriedmm 15, &t, rdi -8-y o )

t et ragd;®2Na 3 TT s Dbal,ilu nBt, r5 st(egt2ridayzlo)lmed ,h3t,Ir5 azi nane
2, 4t,r6i;%°faen dNi NPAGNMD c k e(l4 i Sprya a3zyotl), 30, x4a di-2a z o |

ami hei hydr at?®® dinitrate.

Compoul ?;”ﬂ;' Taedl€) 1S FS ( (Vr‘;_l)t (Pgepta Ref
K2NTT 2.17 361 35 360 8114 31. 2 3658
Na3TTz- 1.8: 344 >40 >36( 850( 26. 7 360
Ni NPAGN 1.9: 379 20 >36( 8557 36. 2 363
RD X 1.8 210 7.5 120 874€ 34,9 360

Tabl ePhy8i cochemical prepergeéescoMOBe
RDX.
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K™ N N—
N N
o | N |
\ ©0 ©0
N K N 9] Ni N
| N\ | \
/

ON" (H,0)3 (NO3),
K2NTT NiNAP0N03

\ o/

_—-N©® N
N Na® = \

N
Na%N\N//
Na3TTzTA
Figubz2Ldwi s structures of the |ligands of sel

N

Figur®Sdl éctrgdt al struct

structure fp-axialobbh)takkteng (the Hgdrogen bondi
ent 2D
I

ur al awhk iekwes 20 fNraa3nielve

bet ween the adjac
Reprint®dj akomt a
Society.

sheet s, (d) -a3dd supr s
SWCopbypegmt s@D@aBg, Ameri c.
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15. Objectives

Based upsotnr attleeys ersi eedr efl @apived er get i c,tmat er i a

chemi snirtyr aotfed nggzslte uctures incliumdiemgnommet al :
bonding networks will BbhedwoekopedubasthbhnsteE
and characterisation of novel transition m

energetic tpr olnivgeasntdisgat e the coordination ch
physicochemical pr AAp esretcioensd d fo ctulse ilsing@ane d .he
energetic materials based on tstmazalre stirngth
to a nitrated azoaolCe broifirdge tthraouwghf ocuG® i s t h
compoubnadssed on t he-tmiitarza tnewistpleX,a%®m, t o synt h.
2, 4t,r6i A4, Btrréi a(zTINMTeA ) we l | s dwgdghtun&mteeavget i ¢ mat el
Fi natlhhey, f ouritsh tfoocdlsvel op the synthetic and

compounds cont aiiming otuhee aN,md6é et vy.

Chapg2an8wiilnvestihgate anscooondi aniedd midbsnt ry of
knowr thridhet ers§-€¢ 8-db n-ilH-pyor adzyotlH-t et r d 2zDN RTH4
an@Gnitlkdor i-3gkdHt et r {d 20TTEP These proligands we
t o haaseour abl e enerlgpet i as prod pewrtiiteisng t he
coordination compounds haBye cnooar dbeneant i ingv eas t
transition metal sweohahedhmegempdwndheir phys
properties as we l | as i nteresting phenome

decomposition temperatures.

Chaptwirildvesti gate t he snyinthrhdeest er @#ydlime tmov el
1H-i mi d-8-g dH-t et r azzDNlTW{(.Hh t he aim of synt hesi

mol ecul e and developing its transi thioodnusmet al
on the functionalisation of i midazole with f
|l nteresting intermediate products adien-iatlrsoo i

1H-i mi d-3&-cat bekpnd(eDNI .CA)

Chaptes an investigation of one of these in
devel oping the 2DNY 72 ©shiosbi mift rkbi mi dazol e (Br
known compound was found to WwWbem oaoyetakl iasé

range of polar aprotic solvents gi wiansge t he s
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Chaptedeveel ops t he 3y 4ttro elg iBg r&6i cafzTiNnTRAD Y
i nvestmigt @awigaomandounc, | e ospuhbisitiict uti on reacti ons
1, 3t,r5iazine mol ecul es.

Chaptenv &@sttihgeatseysnt hesi s of transition met al
t he f or nhaettieormocaopfot asnidmagi N DdNtdgpa e.tTihees wor k
expands on the known tr ansiinvieosnt ingpatad e rcthleemi s

of reaction for differeditscwscd dss atth enndtralihini
heterocycl es.
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2 . Synt heschsar amtde r i s antoivoenl onfet a
coordination c¢®MmMPpeumidtdp gorf a-4-yoH )
IH-t et razol e

Ai ms

l1)Investi gaettle abhepubyl ighhetlbedur es t5( 3s,y5nt hes
di n-lH-p yor adzyotlH-t et r &N RT

2)Devel op synthefioc phec esdyuwtetsd sainssi of on me
coordinatiomfc ®NFPdunds

3)Fully characterise the synthesised trans
usilngpectrosscmagdy crnyestthaald sX ReD ement al anal
4)l nveshowatbade change in transition metal ¢

crystal strhphysar eoamrdonp exsdtli telse mat eri al s

2. 1. |l ntroducti on

5-( 3-Di5n i-1Hp g r adzyotlH-t et r §HDNRT wa ss yin trisdsy skan z

et ianl .2020 and washdetetspedompound combinin
derivative wiitaehiC& be'thchazdl eapon preliminary
Ghulé¢ wvwHha found the compoundda stia yh avned pdred noins

par amet dug ctoanbti meatt hawznorléeeh g systems and nitro

gi vVeDNIPAa good nitrogen percentage, oxygen ba
The calcul ations wdepsiptey fbumetdi asa-hlgG*heory
l evel, with the heatbyofdefsargmatnigon hea lacpwlraotper
reactamast he densities predictkambiestc dlys CVF
equations were t hendatsemrattioo rcTap acau@ eaat téiCeldhee C

bridged riapgl sweructabe | i t yr iomg tthh et hpey rhaizgoh eh
formation of impebeetwmbbhebdealpgblacwilreg f or si
addntob explosophor es Bguneethsagla.t hesreedr enpsge
of 2DMPT wi t h cat ipontsa s saimurimo, na 1 m, hydr oxyl amn
guani damdnmifmmoguanThde nfiaurnrmed salts are all onl
with the proton being removed from Tthheesepyr a:
were characterised as promising energetic m;
with a decompositidn!® temperature of 281
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/S
HN i
/,L a) K,CO4 Cations
b) NH, .
c) NH,OH K
O5N 2
2 d) G,CO, NH,4*
N\ e) (AG)H,CO, NH;OH*
| NO, G*
N / H,0, MeOH AG*
N 70°C, 30 mins S
H,DNPT

a) KHDNPT
b) (NH4)HDNPT - 2 H,0

c) (NH;0H)HDNPT - 2 H,0
d) (G)HDNPT

e) (AG)HDNPT

Figure EXRarmpl es of knoWNPTS&Sal=t sguoaini Hi ni um,

aminoguani dini um.

Despite the formation of t haensde photgshslsiisitor o g e |
transitimnormdatnalti on <chemistry has 2DiNPETN |1 nv
proligand. The study bel ow.DNRPRVeanhdgatescbbed
chemiisitrwol ving a range of transition metals
Ag(l)). Characterisation of composition an
obtained coordination compoundsc oways, peerefnoernn

anal ysi s, simultaneous tharymalr yanall )y 0igs ap8V
materials that watkiaoabtéabned in cryst
N~_ N~_ Cations
HN | N | +
N __—N Na
Cu*
O,N > O,N Cu?*
\ o \
‘ NO, 80°C ‘ NO, Ni2*
N 2+
N\N \N Co
H S) Ag”
H,DNPT
FigureExXam@pl es of met al salts anot  D8®PAr di na
synthesised in this work.
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2. Resul
2.2.1.

ts and

Di
Sy B( B-diSn isiHpdy r a-4yYHIH-t et r azzDNEB Ta)Yn H

SCuUSSi on

t

S

sodium salt (NaHDNPT)
Cl
\ 1) NaOCI 98% H,SO,/  O,N
‘ 2)HCl \ 100% HNO;3 \
N, - ‘ B} ‘ NO,
N N
H \N \N
H H
CIP (66%) CIDNP (80%)
NH, CN
25% NH; AN T, AN
- ‘ NOz  2)NayCOq ‘ NO:
N— 3) NaCN/CuCN N—\
H SN
Na * 2 H,0
ADNP (820/0) CDNP (70%)
/=
HN |
—N
NaN3, ZnCI2
> O,N
R
N
\N
H

H,DNPT (51%)

FiguBé&S2ep reaction schemeDNRT ftrhemsBeint h eesti s

5-( 3-Di5n i-itHp ¢ r adzyokl)Ht et r a zDNR™WaB successfully
from pyr afziewleeepi m éamatt ownng t het wRildgu g
The ©&itept syentthorlshseropyr azoom gyl £2 01l e
hypochbenetating-sawahl owiitnhe
colourl esshapedad loafy s6tbdtéld
the IR

and

Sy
Benz
wi t h
a nyield after
ahd NMR

spectrum

cry
spectra mat
publ isvhledasd showéde pieark s |
i ndi catihh gstarne tNc h, thelshdioongi @ié akt G¢t 813
Append0d x)AlL.P was t hiem as/HM@miex tfuorremicnhgl -04r o

3,-5i ni tr oi(nGil DaMzPotl he a 80 %.

bl oxtkaperdysotal ®vaporation et hyl

yield of Yélel anvat er

of acetate
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nitratiomhhi abh@®lreMR smacttchpad!| ivsahleddesd t he | R
spectrum has a 7penadki caatt i In5g5 & hcem p r dfspemecred ioXf n |
101).Z] DNP was then -ami-tiediiend tropwrazole (AL
aqueous amereotned ConTI@&@Nd omed st eewi tahutao cyliaevlied
82 %The materi al formadkeyelrlyew ah e e dilpeon evap
extrasdadl went and the NMR s pemxattrpanb | ainsdnlewde s
AppentdDd)3A. crystal strdet eir mifrwaddh ealDM&S O s ol
foll ewiysg alf Iriogna tt ihsean fhpM Re .

03 NE) 04

C3 c2

N8 v—« C9
v
05 -

Figur4e M&2l.ecul ar symmetric uni t Fanmi 8h-& cr y s
dinitropyrazol Bl b&MSODosbbéd altienes rephesmat hy
el lipsoidshe®prersemabi |l ity | evelj] &aldeanhgdel
[ C1iC2 = J1C24e€3 = 1. BNY; 1CIBEJN;2 = 1.BKH2;=N1
1. 323i;N3CIlI= 422i;N4C2= 1. BRB;=CBI14CO NI 01 = 3. 12;
N2i C3i N5i O3 -&. 88CB2Ii N4iH4B = 2. 21.

ADNP was t hen dBMapbfurze t Aoisdodi um nitrite.
neutralisation with dsadionmumargh @mugpt ewa st hseu b
cyanusleng sodium and copped@ulci geari deni nat n.
adaptedDdmloan S8hdr p41 Esse. substitu4dyaBobor med
dinitropyrazole (CDNP) whi-ccyha-Bvadsi nrietcroovpeyrreadz oal
di hydrat e ugwwitter avo? &% vyi el d. The | R spectrun
l'iterat UAmep emtiuie)sdi.t h ithhes ta e2t2c5hl 1208 NP t hen
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undergoead] acy@&l oaddi tion with soadizuim ca zcihdleo rii
catal yst :DyNPdlsdiyred lbw bl ock crChatralcsg eirn sati 1o%
performed with alnRICs pI¥Rt spscdphPascw pypect r omet

1€ NMR anal yshMNPTofs htohweedH t he product to be i
remaining hecleteoeme ard wdphlodmeadkwsendat 153. 31,
and 137.3Fuppgrmeaemdeércyiysg dIrloims aateié¢dironm @ at ed t he
i mpur. t€ NMKRand slpRkectroscopy of the recrystal
l'iterat uFieg RraggdTes 2NObrations were assigned
1325 and 18®4 d¢ihe asymmetric, symmetric an
respectieach.N&@®nd hposition remaining similar
nitratedMapssdsptexshomedr yhe final pDrNoPdTu ¢t t
(225 w/tzh) a very smaldeempiumitlye omalBsBM&pect r
Appendod ). 5.

0.30 -

—— H2DNPT Free Acid

0.25

0.20

0.15 -

Absorbance

0.00

' I ' I ' I ' I ' I ' I ' 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)
Figur ATR. BB .spekEDNRTof
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Sodi 6-m3-di5n i-itHp ¢ r adzyokl)Ht et raa 2013 .26 ( Ma HDNPT)

synt hesi sed

by the addegubwmabént
evaporate sl owly
this

NaHDNPT was

RO/N RIT asmsinox|t wuirneg oH
s odiswrh weanst aa bloowe @ . t

of

yielding

cnyahahbhtt empbdianndloagmu & hoef

was
waa teorl8 afnall led viheach ¢

orangPebygsati ean o6
KHDNPT was u

characteri samnH-iwaotrhy sltRa | sl poegcrtarpohsyc. o

HN | HN |
_—N _—N
02N OZN
\ NaHCO; \
| N02 r | N02
N\N H,O/EtOH N\N
) ®
H 80 C Na © - 35 Hzo
H,DNPT NaHDNPT
Figure&ayhtthesi s of NBHNPNPT from H

2.2.1.1.
0.55

| R Spect

roscopy

—— H2DNPT
—— NaHDNPT

0.50

0.25

Absorbance

0.20 —
0.15 —
0.10 —
0.05 —
0.00 —

0.45 —
0.40 —
0.35 —
0.30 —

= £

I I
4000 3500 3000

I I
2500 2000

T T 1
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Wavenumber (cm-1)
Figure&atackedd RAERec.DN®ToanH NaHDNPT.
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The ATRRpectr wbnNPfiadsd a birkb aglit rNet bt W@ @ @i

21601LTme feat@utelhaabs notaskBegmedebubppear in
referen'e sdantid.ar f e aottuhreer atpepteraarzso lien® bbéusted c o
its not seen in any Appehd0gstidadotldotrg imat eir miall .
compounds 3s-dichi s o pPlyhrbaamsde @ nl 6adt5ticsm t hiee MNd

overtohlegrNou@pat ur es5m3,e 1325 dmwmd 8 h4e @my mmet
symmetric and bend vibration modes respecti:

nitroéd8z~8l es.

When deprotonat etdhaeaswdtacdlDN®Pdnt det biamwwmo dd c e :
hydr ogen Obt nalte d3 6216 d c an hoy cdoraathgoennd eidH st r et ¢ hi n¢
Vi brarioomn 32882 1Tme hy dbroongdeeidH Nst riest caH so br oa
fram®oi 180dmnt. The feature between these two [
arftact relating to the DbTahcekigll ocluenmadyiolfr atthieo ns pie
shifted slightTle tasylnén3esstdrahaiod 2Mb@ ndh g

vi brations are both shlirfetsgpectovah9d =hed 890
str éeéaitash a smal |l slhbiuftt bte@ oIn@54 mumh broader, c
surrounding peaks rel at iTnhge steo srhiifg svialrreatsiior
reported I R spectra for  rtehpeo aptlo&@7%,s i Wwanl s adnd
cmin published dat a

H:DNP T NaHDNPT Assignment s
Frequendy (cm
- 3626 FredgHOstretc
- 343982 OiH stretch
3052160 280800 NTH stretch
1553 14914 Asym.2sN@et ch
1325 1314 Sym. 2NtOr et c h
834 850 NQbend

Tabl eWavédnumbred sas s i genhmeerna c tlodkr iadtsioa pt i
HLDNPT and NaHDNPT.

2.2.1. 2. Structur al Determination of NaHDNPT

Or anmleactrey st al s of NaHkDIMNPT rgarterve f aacimotnh es ol ut i«
were kaobgagrhd of sufficient qgual i Theforystal:e
were aitrhesu@lblaettempts at dehydration of the
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of the crystal within., m&inugle&r odfiyfeftxgdocst u roen tv
used to identify the ,whimplew thfe@/nn os p a chee gcrroyu

with unit celal =diPmel®s #Fp,hbc &Fi; U1 =63 0A, b = 10
9 =:W02A36j8 Z;wi th a dle n7s4c7ih@t o .0 0 K

g -~

- |

010 ‘_«,_&015

(N7
D6 Q.1
l N1
) \\\
N N2
N3 c3ay
V\' N1103 N8
\
-- N12 @04
\\:\08 J
“ N13
N14
1 mm
Figur eAsz.nBmetric unit in the crystal structu
represent hydrogen bonds. Ther mal ellipsoid
Selected bohdahdn@itCdis@l H 1. BG3, 3CB., i N1
=1. 342 ,N2C3= 1. 8BM2,=181. 824 = 14488,=C1.839, C4
N6 = IN33BR4, = 1. 3H4B, =N4. 2N®6 = 1. 3BHZ,1=CA139,
C3IN8 = J1C14€3IC3 = 1291 QI6EN7NE 1NI. BB N8 =
118. @B C1iN7iO1 = 107 €8i,N8CQ3 1=0. 8 91,C2CC4i N6

=63..B0t tloeMinset: Crystals 0f NaHDNPT L 3.5 H

Ther e acrreysttwaol | ogr aphiRNRTy Iliingdeerpdesn deenrt a sy mi
with their negati ve ccrhyasrtgaelsl osgartaipshfiiscead il byyn itnwic
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catiomes .remaining |igand protonTheresidmuatsedav e
water molecules perfasgmmedrdcnaned, twithe ¢
t wbor mimygdraogemr bded waewor diwatteerd maihec wal e

tetrazole nitrogefOB®1ld»0Eke5MGThdelil ggmcdslshave
| engths and angles similaHDN®Tt hECDEPPITI ed
and KHDNPT1086R@Ddwebet h giriotudpd. 4 5, aln0d. 8t9h e

tetrat@Bh8Uar7e fowvdihleamleen compared to KHDNPT.

FigureF®&rAul a uni t i n t he cryswiatlh samluyt uh
coordiatadtmmgand water of . crBlsuealdotstaed ohnhi nad

hydrogen bonds. Ther mal el lipsoids represent

ThrdBNPT Iscgamdyv n@lt e@édd o8 t hgr oupslowiot hNaa
bond | ength 2o0afn2.2494OpechNa¥¥etyordi nates t o &
nitrogen of 4#aehdl|l Nda@and,wi Nh a bond |Iliength
respecfTheedgst of the sodium ctad kwpn sb yc owa tde rn
mol ecubesdsi Bhorted oct atMNedr als aroroarlg earad natd.t € 0
mol ecwil @17 Nali O1Bngl e 1b6edi (hegh@61 Na1 O9 angl e
bei ng UWa4n8th €Bi Nal Ol1@&ngl e beilhNga216ils. 1cloor di nat
four water molINeticNid 281 Iwi anrhg Iteh eblgti meg NNZR. 3 1
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013 angl e blainMdg@h@&Bla2z®13 angl e b@lTwat A8 . 25
of O13 form a bridge bwi wlkeeanNa@b@1ladt oamsg | oef oN:
97 . W4with the protons on 013 doinhygdfogminnypoad
to O8 adtheNb®@drogen bond | engths are 2.528

have BHIO810 angl e,adf8i 150178 Uangl e of 13i4. 750
HiO13 angl e ,ofcor5%®.caay sTumrsnannggja étloo V8 6t0HJe hy dr ¢
to overlap ewnthndonhhtooewigihh | @ nleo pa ifaosgniien go f

t he bi fdomoat éeedf dr agdhe bd nnhe nsii minlsararteo what i
litefr®t Ure.

A T 2

i

Figur eDt 4i0l. of the coordinati on .s pBhleuree dooft tte
l ines represent hydrogen bonds. Thermal el | i

Compared to the crystathetstuctuat drsefrnukcHh i RBN
dendae to the inclusiagn wdft hwat are nisn ttyhe fc rly s
1.928mfJor the potTatse i fuor maatliton of this hydrze
reaction conditions may be due to the | ower
compared to the -4p@Bt. 8s svisum3PGNBiIi scgmeliggest s
NaHDN®S3 t he tirsi hlyedsrsattener mally stable and | e:
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2.2. 2. Syammtdhe sghar actefr i startainosn t i on met al C
compound®NET H

N

N ® -
N M N ®
HN/ | a) CuCl, @N/ | MT =cu
.
_—N Na Ascorbate _—N Ag
b) AgNO5
O,N > O,N
N\ H0 N\
‘ NO, 85°C ‘ NO:
N N
N \g a) Cu,DNPT
® b) Ag,DNPT
H,DNPT M

FigureSyntlieM'its amfsi ti on met al cooebDdINPnTati on ¢

N a) CuCl N~
- 2
/N b) ZnCl o/ TN wo.ocy
HN 2 N o4
N c) NiCl, ___N Zh2+
d) CO(NO3)2 Ni
O,N > O,N Co?*
\ H,O \

‘ NO, 85°C ‘ NO2 a) CuDNPT
N, N, b) ZnDNPT
N I c) NIDNPT
H,DNPT M2 d) CoDNPT

FigureSentlie s?ittsr aonfsiM i on met al coopgDINPinTat i on ¢

Thearansition metcaolmpoaadDiNBdt iwemrep abrye avo

met hoTdhlse copper (11), zinc(l1), nickel (11),
compounds wergagdiepileDdéPdb t o the relevant tr
chloride or nitratl. iThh esmad ec o rhpecavaetdsi trioo odrbe tm!| e
amor phous precipitate which wasC&@ONRPRTeh(ed of i
copper (l) coordi nady rotnhewssnspegimod ) f wad ver si ol
Fronabmetiglkfoadr synt helsi snedbl DBXg the formatio
compound followed by reduldtAlbdln onvd rgho hseort 5t uhna na
CuDNPT anDNPAlg were then crystallised by placi
an autoclave containing water andmianesraalils ea
andeated W of dr6 0OfFhdmygsphous ofCouwddl®Ts a DN PATy
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werehar actwirtihs eldR sperceremeopyl. Thaealy yiss al s
CuDNPT, ZnDNPT, Ni DNvRTcelaarda CCtawdDINIRSTddR s pectr oS

el emeanallysiss,ngdredXcragsf bt acAtliloncoordi nati on

had their physicochemical properties invest.i
thermal @Quwaliysessveéivity testing took place
required in handling these material s. Thi s i
material wiatnidi ats pagt al amall amount of the ms
Compoul 8%1}:r éLg?g Mor phol c FI ame T
HRDNPT 0 0 Mi crocry Defl agr ¢
CuDNPT 0 2- Amor phoi Det onat
CuDNPT 1 2- Crystal Defl agr ¢
ZnDNPT 7 2- Crystal Defl agr ¢
Ni DNP1 3 2- Crystal Defl agr ¢
CoDNPT 3 2- Crystal Def |l agr ¢
AgDNPT 0 2- Amor pho Det onat
Tabl & Gz.ner al propertietsramfsi tsiyomrt h engit

compl ex®ONPAaf H
2.21.. SIpRectroscopy

ATR R spedthrea tafansi ti on met al coDbMNBRT nweéer en
compared to theNPRddt*'aMdior dbifnat i on compl exes
hydrates, *ovddrhditrhaet iMon 2DNPP | @ nDENSPATg Qu eci pi t at
waterTheelkeands ass®ciaaed8ddenbtOh8H i th hydrog:
bonded water appeaBiBBi@ ldssihcriblaelr & dadd amal sN

visible iodocdtnagi ahl compl exes aasrepposkeldetc
the known salts of H2DNPT which are al/|l on
KHDNPTHDNI®T é8Bmal) l peaks icmns bmbesefeoor di nat

compoumatsweeni 206300 'amd are thought to be ov
asymmetrical anas syemehhbeasncdasl bséeCewne e ni 11662405

cmarttent atively assigned 2bentdhe tthee wtad ee dfe

appears in the same region is asalyhesebnoad b
at 167Bue mt o its hi ghawgmenet ecdtert ettt Ll 553 cm
i n:DMNMP$hi fts to a | ower frequency andiwoplits
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peaks are easily speaotwiimhbltdei mi glhheédt shi
CuDNPT to 1aAmMd tchme | owest dhi it A@Bdhiemg yMmRBNRPT c
NQstretch atal $825hcimts to, awiltolwetrhda pamureacty
seen wiDNWPTCuo 18®@ fthme | owest shift seen wit
1L, CuDNPT al so sees splaintdt iinsg tihre tomilsy bcaomp oun
splittingThies swilsiitbtlienngwiitsh Ititkeel ghamgeddi n sy
el ectroal emedwieen t he f rceoeo radciinda tainodd>tdhaemp o un
NQ b e nat 83% mkDINPT stho fashigher frequency in
compounds, the | argest shift being NiI'DNPT ai
and the | ocCQuONPTbeéeon§T4e8 <hm ft s seetnr etnch hira Nd
arccue to the change i n tlheen getlheetnd rriogm mtahses ItNe au a it r
to a shift to a lowdhisi breatgil dkall iy § rceagusesdc
del ocalisation of the negati vegrcohdapesge@isn@ ft @
di mini shed N =T he bad acitferati on mode is | i1
vi brations rathehitchan eldadsd tloemynbh guous patt

Freee HO OiH Asym.2 Sym. 2N

Assignn stret stre stret stret NGben:
Compout Frequendy (cm

H.DNPT - - 1553 1325 834
CuDNPT - - 1530, 1316, 848
CuDNPT 3541 33901535, 1320 855
ZNnDNPT 3614 33261548, 1323 850
Ni DNPT 3578, 31391549, 1312 865
CoDNPT 3584, 31451547, 1314 865
AgDNPT - - 1523, 1317 849

Tabl eWav&8numhmalr assi gnment of <characte
the transition met al EONPdL nati on com

Ot her t hiaHh rtehgei oOh whi ch changes due ¢eachhe d
coordinatiomnheompeecnd,a do not thangneettimde h b
centréddhe shaemgre are due to the different syn
of s$heucture of the complex more than the e
which i s <cltehaer INi DBsNePeTn ainnd Co DNPT spectra, whi

despite having a differ elnhti st riasn sdiutei otho ntehteailr
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Sstructures which2.&fFal &ddRT&spseecd rian f or t he tr
coordination compoWlAmpe¢endlMe 7dWai.llbl e i n

‘— H2DNPT —— Cu2DNPT —— CuDNPT —— ZnDNPT —— NiDNPT —— CoDNPT —— AgZDNPT‘

2.2 4 ""“1"‘ - Aoy

2.0 1 M
1.8

1.6 - W

1 e N ——
S 14
S ]
o 121
5 |
2 1.0—_
0.8

06 —_A"f}\\\I‘\/\

0_4_ s W SNPrI¥ y

0.2 H M

0.0 _’Mwn'-"—w
- r - r r - 1 1 r T T 1
4000 3500 3000 2500 2000
Wavenumber (cm-1)
8.0
7.5 -
7.0 -
6.5 -
6.0 -
5.5
S 454
3 ]
_Q 3.5_
<

3.0 -
2.5
2.0
15 ] J/\J\—J\ww
1.0 4
0.5 _._/\__,\/\\/J\’J\I\I\\/JM\/\//\\MJ\\M
0.0 -

T T T T T T T T T T T T T T 1
2000 1500 1000 500
Wavenumber (cm-1)

FigureStradiBBetdl RABRectra of the transition met
of .DMNPT in thei2@0@#&ctdoOp0)0 aind0 @ 0ot t om) .
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2.2.2.2. Elemental Analysis

El ement al acaindsiitcdoedcaosnf i rm the composition
transition metal cdorntdi rast iaonmr@dhmopucu pdsvder s

materi al

Compou For mu C% H % N % Mor phol
CuCsNsOs Expec 13.%t 0.1 31. ¢

CuDNPT Amor phc
L 0202 Founc¢136%t 0.1 31.°¢
CufNsOs Expec 15.7 0.6 36. ¢

CuDNP~ Cryst al
L 2OH Founc¢16.C 0.9 36. ¢
ZnflsOs Expec 11.%t 3.4 26. ¢

ZnDNP- Crystal
L 20H Founc¢11.€ 3.5 26. ¢

_ NiassOsl Expec 14.C 1.9 32. 7

Ni DNP"’ Cryst al
3. 820 Founc14.1 1.5 32.¢
CoNsOs Expec 14. 2 1.7 33.:

CoDNP- Crystal
L 30 H Founc14.7 1.9 33. ¢
CuCsNgOs Expec 10. 7 0.2 24. ¢

AgDNPT Amor phc
L 0206 Founc1l0. ¢ 0.3 24. ¢

Tabl £4ERement al analyses of the transi

H.DNP T.

All el ementhalveanaleyses ference between expect

acceptablee @aNcOs5% for C, AHlarmd ydtwadhiawe) mat
valuesawbitch agreement with the crystal stru
2. 2HBwe vVNeirDNP&@qui r es an eaqgdudiivtablbennathsh ®r t3he f oun
dat a COWDNPITt .anDONPAlg preci pitated as awatsdmowihr ee
in the I R spectra, but t het hed einmecnituasli ocann ad fy sO
equi valents of water respkhetpowlgrsThios beil

dry when the el ement al analysis was taken
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2.2.Crystsatuctderter mi nati othransi ti on met al c
compound®NET H

Fourransition metal coodDiliPTatveoe aeabmpl ¢vedeol
from their amor pNoud opmedi pirtexzti o3t ate was
solvenonlZwDNRT sparingly s olCuDINE Ti, n Nb ®INIPITn @ |
CoDNRvEriensoli bwlid i nghewat€oDNPT, Ni DNPT and Cc
were crytshraddghsehdydr ot her mab®@ ymg hefsitshe amor
powdiem an aut o2b amlewaafer t emdopsacet i c aci d a:
mineraliser CefaofredaydnOMPT was crystallised
cooling frombypodissgl wahgr 50 mg mf2Gmok pbobdbu

boiling water and cooling t.he flask in a hot

Compounc CuDNPT ZNDNPT Ni DNP CoDNPT
Empi rfd rcrmd CsH2NsOsCu CsHi NsO1Z n CsHsNsO7N i CaHsNsO7C o

For mwdiag h 305. 6 415.6C 336. 8 337. 1

Crystal Orthorh Monocli Monocl Monocl
Space gr P 22121 P2l c P2 P2
a il 8.3455 9.0148( 6.834: 6.8911
b(i) 8.9073 25.246 9.179¢ 9.2112
c(j) 11.067. 6.5483 9.3581 9.3576
U@ 90 90 90 90
b (U 90 91.510(2110.61 110. 26
2(Q 90 90 90 90
Vol u(meg 822.68 1489.8 549.51 557.20
Z 4 4 2 2
rea( g % m 2. 468 1.853 2. 03¢ 2.0009
T( K) 100 100 100 100
e (mntd) 2. 697 3.057 3.143 12. 66
F(00O0) 604.0 848.0 340.C 338.0
0.7 1 0.18 T 0.2 1 0.2 1
Cryste(lmfe 0.3 0.005 0.01 0.1

Tabl eCRy$tal data for CuDNPT, ZnDNPT,
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2.2.3.1. Crystal structure of CuDNPT

CuDNPT <crdasstial ki pebeébbkackyst alne awonttaiornfi nDgN
oneopper (Il I pnat mmlodo wlddher crgirsdval $ he space gt
P22:21with unit cell & menlsd 8n 9110, a 24) =8.930
83i°with a d2enspicBriiyatofl 00 K.

7

Figuré MBIl gcul ar uni t i n tchoep peb-((3-dB h-Lltdt o uct L
pyr adkyol)Ht et razol ate monofineramaé¢ ECUDNBD)Y ds r
70% probability levelij] &ertHedtCdt@dohdl.l@Nhgt hs

iC3 =9 JIC1BN2= 16,34CB3= BH.O32NN3= B23 €4 =7Q. 4

C4i N5=1. 3,43CMN8= 32,6 5NN6= B.236NN7= 17, 20N N8=

1.63 CNl= 424 CB4= 294 €CL2i C3 999 .,74NLC1i N2 =

1193 3NC3iNd= 931C2i C1li N1T O1 -E2.,28C€3i N4i O3 -=

1. 18QC1C27 C47 N5 =84 ..5®@pight i nset: Crgst d@ixs o
magni ficati on

The DNP§had similar bondsfloern gtthhes aaznadlaea nrgil neg
NaHDNPT and. KAEBDEP Ngtrooup i s ahithostpl alnat wi t h
pyrazolscharamgor si on-1 ap@ltehi ef i s due to 04 t
coordination to whe hcoppedi atomted octahedr g
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t he copper | ogcrkoiunpg itmyepdmaiotrerdo nating to the a
ring nitiaTdiggenNl1gMm3dupohas similanthbeesis@e®nan:
NaHDNPTwi th O2 ¢toorn dienbeatdiprpgart hout the torsio
l ocked. The t et rfauzrodheefrliaindeains itsursreed i n NaHD
a torsiod4ahbfle of

The copper (I'l') atom coor disnhad,peex oiomr dafnahitrs thar t
DNPT | i.g®Omeésild ghminddent at €,0 ddoer cciomapteéihnrgptugm t w
N3and W4t h the remaining three | ig@ndsNball ci

N8The copper also coordina©égs whi comef owamsers
hydrogen®eoweéen it and tNd dnd ahm7d,s wihtrho uhgyhd r
l engths of 1.990 anfhe?’?@Ghoéandid®pendi vehgt hs
aresimil ar t'ocoot HemmaGulo&fk®8 be coorkddmdtlieomgt hs
andngl esohl ecltadd ew2bbifdr ogen bondlagdaemet.r7y. i n

Bond Length oroahgl e
Curmroz2 2. 484
cui o4 2.359
Cui 05 1.989
Cui N3 2.010
CUui N5 1. 987
Cui N8 2.003
021 CulO4 163. 47
N3 CulNS5 173.61
O51 CulNS8 176. 97

Tabl eCQolBdi pat a mentiCeurDsNP T.

DiHLLL A DiHjJ HLLLK)ADLLL)A DiHLLLK) /
O5i H5 A INI2 0.851 1.99(C 2807 160. 80
O5i H5 B INL7 0 .58 2.15€¢€ 2.96]1 157.93

Tabl®HYdrogen bond geometry for CuDNPT
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Figuré Packing structure o f t he crystals 0
crystallognapphitd Rnaxitdhe crys.t alTHergmalp helcl icp
represent the 70% probability | evel. Blue do

The pa<ctkn mgtf urCai DNPT trheel ifeosr noant io s s 130D8 kia d

coordipaltyfimar its, swirtultt some order coming f
bonding between the wat dfi grwrl®g.d2h.kle canddt hatl
pol ymer extends infinitely TthileeoagqhHd esaiod ocg yst
interactions bet,wewint hDNaPzFc ld & tgcaenndicsr adii ¢ f.ances
Howe vtehremmnaey be i nteracti ogisobpettl@ae s ynsgtaessmni t r o
theogrbup | one pairs point t owawidt hadanadQ® ac e
centroid distandb4iod4i2eB0dogdasdsnf)o2within th
combined van der Waal 9 xy g(éd2)and as icnatlibaern taon

ni tnoter a®ti ons.

FigureD@t abl of inheractron present in CuDNP
represent the 70% probability | evel
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2.2.3.2. Crystal structure of ZnDNPT

ZWNPT crysttaHiln swhli taee nteae chlienggy onenemninkcl pf D
at om saenvdmo | esafi ewater. The crystal sai/gwietwh i n
unit cell dimePpsR66,2 &®FfFF==006= 9 WJo5E0;90V

=19G3with a denmh3tmtytoflo0 K.

Zn1

Figur®eM@lL dcul arheuncirty sitnal @Gt {)3g%H wndlddy wf az o hc
4-y F1)Ht et r a h e phayader ZIDANP (T her ma l el lipsoids repr
probability |l evel. Bl ue dotted |l ines represe
[i[] and &ngi@2 + 1.383, =C2.3RWQ2, =C1. 388, =C3
1. 325,N2N1= 1. 364, =C2. 4806, =C42. 346, =C42. 328, N3
N4 = 1. 3883, =N42. 3R8, =N4. 384, =C1. 4B, =C32. 460,
Clic2iCc3 = 98T CBN7NZ 1N&.Ce32N8 118i.Cl1IBN7 C2
T02 = 5.16CBI N&ZD4 -3. 22 CAOIC4A N3 73.20. Top ri
Crystals aft nm@axgoDrNiPfTi cat i on

As WIUDNPT, the bond |l engthki grndcmangl| eai ofFytaés
to predivoussyed structures, but differences
of thgroupsoand tefThez&€lgnmapethyws a torsion
5.06a0nd the g@umpi thrass a t-8r BPloea amghge mfrien ang
due to the | ogrsouopf ctohoer dnintatr o ogr obpc k,nnpd amn
although tghreou®l dnoietsr ot ake part i n @OMhIyhder o gen
tetrazole moiety h&®MDaasit bssbtemavatagr =i @ angl
in NaHDNPT and CuDNPT.
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The zincasataomoor di nfaitaimodn ssipthse rbeei tgabenpaplr a mi d a |
and square pyraamdails gleeosntetdgscri bed as tri
square pyramjdalradiashkpyrteépaor?t’Tehdr egee odeéfitPreyr e nnt
|l igands coordinate to the zinc atomtiwlr ough
coordination sites occupi e@5 baynmdiex®»N3IWwaaed N6
coordi nnatee aixn alwi plos NfL| ormx50 oamdd n@& i ngT heequat o
coordination gedmbt&wikik bostebdengstihms |anrd tar
known zinc struct 2Pélssiinig@phr amgeemeasy.descr
Addi ebnmel .can determine whether the geometry
trigonal bi pyrami dal®The pamuamet eryriasni dal cul
equatlizonti U) / 8Dehe >alle the two | argest valen
coordination ceniZeIN6 nanhZnNl@6s &hdBs near
0O, the geometry is clamsde WMhoesmnsgeare 1py hamigeal
close to trigonal bi pyr anmi.dballd. e Fvoarl uZen 8&NIRTg etsh
highly tdresgonakdbepmeaamydal

Bond Length oroAhgl e
Zn17T N1 2.050
Z1i N3 2.163
Z1i7 N6 2.190
Z1di O5 1.985
Z1ii O6 2.016
N3TZn1NG6 170. 62
N1 Zd7 N3 96. 10
O51Zn1N3 89. 87
O61T Znl1N3 87. 25
N1 Znil1NG 93. 27
O51TZn1LNG6 87.00
O6i ZnlLNG6 85. 85
N1 Zn1O5 107. 24
N1 Zn10O6 139. 49
O51Zn1l10O6 113. 14

Tabl & CBor di pat ameotferzZnDWePlTeangl es us 8¢
cal cubateion bol d.
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Bot h t he coor di
i nt er moh yedcrud gaern

and nitrogen
col | aditaebd @ agd

inter aftions.

at oms

al |

nat ed
bond

hydr ogen

net wor k

water

and

water

t o gortohuepr

of cr

owkaytgeern s

i n Hyaedr oagzeonl eb ornidn gg esotmeutc

bond

|l engt hs can

DiHLLL A DiH()

HL LK) DLLW)A Di HL L K #

OS5I H5 A IOl1 1 0.87C 1.85C 2.68: 159. 53
OS5I H5 B LOI1 O 0.87C 1.86¢ 2.70¢ 160. 84
O61 H6 A 1OIB 0.87C 1.86: 2.69°¢ 160. 25
O61i H6 B LOIO 0.871 1.861 2.70¢ 164. 13
O7i H7 A 1011 0.86¢ 2.14¢ 2.977 160. 25
O7i H7 B LOIB 0.87C 1.89f 2.73¢ 162.74
O8 H8 A IOl O 0.871 1.94C 2.80¢ 172.66
O8i  H8 B LOI9 0.86¢ 2077 2. 807 141.04
09T H9 A IOl 1 0.86¢ 2.07¢ 2.80°¢ 141.01
091 H9 B LOK 0.871 2.147 2.88¢ 142.04
O10H1O0lALOL 1 0.87 1.94C 2. 787 164. 05
O10H1BL INIS 0.871 2.01t 2.87¢ 170. 07
O11H1ALINA 0.86¢ 1.99¢ 2.85¢ 172.17
O11H11BIOR 0.87C 2.05¢ 2.80°¢ 143.62
Tabl®HYdrogegebbmedry for ZnDNPT.

Figur&@Pachking

structur e

crystall ographic a

dotted | ines

represent

a

Xi s.

of

Ther mal

t he

hydr ogen

crystal stru
el l i psoids
bonds.
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0 .«. -

gy p

-

£

Figurn®Pa@cking structure of the crystal Str uc
crystal lco garxalpshri ma | el lipsoids represent the
dotted |ines represent hydrogen bonds.

The packing strucst urwi lotf fZZnoDOINPZTR sbeeds naf i«
pol ymerch form a o6l adderd extendind itnkkr amwgg h
across the tetrazole (Finggur B8hr2oTubgehs eN3s haered s N
connectednber mbheyedcrud ggen b o,n df onrentiwiogr kl i nks be
sheets borbaagrikcr ystall ogFagar e).Tahxe#&r%. may al s
be "dstacking t mt etulgde tpiyormay otlbeemt ween | i gands a

form a

c-st fackiedl

geovnethr ya ceeantrooidd i wéamcehe

pyr az o hogBs. 2i7.%57?°
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2.23.3Crystal structure of Ni DNPT

NDNPT crystalglrieseence dd £ st lciomt ai ni ngnmminaklallni t
at omtahnrdeoel ecul es of water. The cryiwti dlhs ugnew
cell dimengipde.H8Oalz38l= 0P =10U61=0;900/5C
iwith a denspbmiyatofl00 K.

Figur2e. M2l ecul ar uni t in the (try3sddban-l tbrtor uct
pyr adkyol)Ht et r atlhy it BEDEP T her mal el lipsoids rep
probability level. Bl ue dotted |l ines represe

[[] and &ngi@2 £ 1.4C8, =C2. 3811, 881, i02 =
1.356i,N2N1= 1.3€2, =C2. 4BB, =C4. 3R8, =C4. 346, N5

N6 = 1. 386, =N&. 3R8, =NI. 3883, =C1. 488, =C3.450;
Clic2iC3 = 98760 N3NE 118 .C8B86N4 N2 1171.C/lIEN3 C2
P02 -Z2. 01)J)C8BEN4O4 -3.00JCOXC4L4 NS5 = 83.26. Top ri

Crystals af mMakghNHT cati on

The bond | engths and angles of the DNPT 1| g:
di scussed asntthiettuoresi,on amgloay sofantdhda erirtarzom |
are more comparable to the CuDNPT .stTrhec tCur e
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nitgr@up has a t-@r Balrodh tahneg @3 arpi thracs a t or si or
-300The bidentate coordination to the nickel
as with WhiDNP Thel psl knegapooatphei. M @l @BEmoitw o

al so held itmkglsamparas iint hydrogen bondheng to
tetrazole moiety 8asP6ér ¢ouasmioamyaplng lcel mfer t o

The nickel (I'l) atom coordinates in dahdiegtort
DNPT I'igands. One |Iigand is bidentate, coord
Nilandl, Owith theéwbegandsngl | coordinating on:

The copper alsowowabedi mat e®@utanadhO6h form st
hydr ogen®b5onfdsr ms hydrogeBNBDnldisgamd ht hr ough
water of cw gthalhlyids aotgieann 2b.olr8d8dl. S8 ®t bspett i vel

06 foamsydrogen bond with a DNPT Il igand thr
hydrogen bond with theiwat bonoffl @ng88alainids dt
i respectwateérny. offherystallisation, o7, f or ms
l i gands, through N2 and 04, 1wi%&6 @.y0der70 gen

respectThéeT . aNtd'i O bond | engths areNall si
coordinati oh®°thwenpt exredi. nati on bond | engths a

i MablZ®eO0wd.t h hydr ogen bToanbd kd e20met ry i n

Bond Length or oAhgl e
NiLT O1 2.128
Ni 1105 2041
Ni 1106 2.081
Ni TIN1 2067
Ni TIN5 2.0609
Ni TN 8 2. 086
O17 Ni 1105 175. 62
N17 Ni TIN5 169. 23
O67 Ni 1IN8 174. 29

Tabl 0Co.or di pat ametferNs DNPT.
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DiHLLL A DiH{jf HLLLK)ADLLLK)A DiHLLUY /

O51 H5 A 1OI13 0 .48 2.18¢ 3.00¢ 165. 93
O57 H5 B 10l 0824 1.88¢ 2.70( 169. 51
O61 H6 A INLY 0.847 2.28¢ 3.08¢ 156. 43
O61 H6 B LOLY 0.832 1.88(C 2.69¢ 164.57
O71 H7 A INE 0.84¢ft 1.91¢ 2. 75¢ 176.62
O71 H7 B 1014 0.847 2.06%1 2.87¢ 159. 05

Tabl e HYy.drlo.gen bond geometry for Ni DNP’

FigurRePa@cking structure of the crystal stru.
crystall ographidcown atxh esf g tiigbep JeaX @od .t o™M) er mall
ellipsoids represent the 70% probability | e
bonds.
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The packingN®PNPlicreteesef on thHNiitocmatdonadt
pol ymer for Itadditracdair ecomiindint € omo | tehceu | ¢
hydrogen bonding between the BRvagweree) no.ITheul e
coordinatiion made mep of cartoosassl d NnIKNeRIT nliicgkaen d s

extends infinitely through all c¢crystallograp
2.24. 3Crystal €E€tONPCTt ure of

CoDNPT cryshradwn skedo@ss ni ng onenemnhb(dll ltoof abh N,
and three molecules of water. The&i thyshaltsceg
di mensions9, ob2& €. 6@ 330D = 20D.=0;9 /7 ;3

with a dedd@mcmytoflo0 K.

Figur2 MBIl 2cul ar uni t i n tcheeb(ad i#(y3dSan-il trtor uct |
pyr adkzyol)Ht et r aziny it @ DANPTTher mal ellipsoids rep
probability |l evel. Bl ue dotted |l ines represe
[[1 and &ngli@2 V88B. CEZ3 =BVI9P. CN1 =4p. CB2 =
1344 NN2 =3832b.CEZ4 =73.€AN5 =3321.CHAN8 = 21. RSB
N6 = 1. 3888, 20/. NR8 =335B. CN3 =24 . €84 =27. 4

CliCc2iC3 €. 98NC1LI N3 1447, 70€C€3i N4 1220, 1 €€ 1i N3
TO2 2= 93CE3I N4 O4 1= 79CCLC2I C4 N5 89 ..90peiftset :
Crystals aft MlaxdNiPfTi cati on
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The crystal structure of CODNPT $6me smish omucC:
changebglbeomd | engths and .ahgl €Esgmdupg blea DNP Tt or
angl2. @nd the g€ urpi thrae a tlo.rkk9% Dme atngtl rand | e
has a tors8®nbP@ngle of

The copper (11) atom coordinateswsiithea sdimst o]
coordination mwidteh ami No DNd®iTf ferences in bond
hydrogen bons @semwlbak to Ni DNPT, forming a
bonds between the coordinated water, Water o
Howe yvtehre addl O7 water molecules only take par
O51 07 andO®This results in an overallThweeaker
Cd*iTL a@d*i HHO bond | engths areCd'lcloosdmhbhart ot
compl X% ke coordination bond | engTfesl®nd. ang
with hydrogen barmbd I8gAoamrett rfyr amm t he di fference
bond network the packing structur,e fofr MCa@NRT

same 3DL Corosslinked coordination polymer.
Bond Length ori oAhgl e
cdiol 2.191
Co105 2078
ColO0O6 2 .801
Col1N1 2106
Co1NS5 2117
Co1NS8 2097
O1li Co 106 1782
N1i Co 1 N8 1690 2
O571 Co 1 N5 173.95

Tabl2Ch.or di pat ametiCedd SP T .

DiHLLL A DiH{jf HLLLK)ADLLLK)A DiHLLUIKY ¢

O51 H5 A 1Ol 0.78 1.85: 2.609¢ 163. 52
O6i H6 A 1Ol 0878 1.901 2.697 149. 94
O67 H6 B LOI3 0.87¢ 2.29z 3.02¢ 141. 43
O7i H7 B LOI4 0870 2.02¢ 2.88: 170. 25

Tabl e Hy.dr3o.gen bondC@dNdcPmet ry for
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Figur&P@cRing structure of the crystal Str uc
crystallographic b axis (tibplaxasd (ttown omhe
ellipsoids represent the 70% probability | e

bonds.
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2.25. 3Crystal structure

compari sons

Compounc CuDNPT ZNDNPT Ni DNP CoDNPT
Empirical CsH2NsOsCu CasHi NsO1Z n CaHsNsO7Ni CaHsNsO7C o
For mul a 305. 6 415.6C 336. 8 337. 1
rea( g m 2.468 1. 853 2. 03¢ 2.0009
Wat er c(oenc
1 7 3 3
o f 20H
Stron h
J y 2 14 6 4
bonds
CliNQbond
1. 442 1. 445 1.3a 1. 426
l eng) h
C3iNQ@bond
1.429 1.460 1. 45¢C 1. 427
l en¢g) h
CIiNQt or s
N -12. 28 5.60 2.01 2.93
angle
C3IINQt or s
. -1. 18 3. 22 -3.00 1.79
angle
C2itetrazc
1.470 1.460 1. 438 1. 475
bond | gni
C2itetrazol
84.509 73.20 83. 2¢€ 89.90

<

torsiofl

Tabl 4@ener al properties,

bond f ben ¢tut

ZNDNPT, Ni DNPT and CoDNPT.

CuDNPT has the highest -bdaesnesdi tty aonfs itthieo nf omert al
compounds collected. This is due to it havin
the density in each crystal increases >as the
Zn) . Even with the water content effecting
exceed valmudagotetr &zol ate transition met al

t han -IDBiXt self® #£2d 58v¥¢n beating the density o
of KHDANPdr ni-trolgegtdthieo msumber of strong hydr
proportional to the amount of wat er in the
makes 2 |l ess hydrogen bonds than Ni DNPT. ZnlI
strong hydrogen bonds but asteld byheahegydr omgé
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the density does not increase. The hi‘gh den:

intermol ecul ar Il nteraction as it i's the onl
investigated with this feature. Despite the
cmpounds are easily handled and arad | mwti ntgoo

safe handling, odl tthheeugrmatrea iempi ri cltadbeaemnsti ng

undertaken.

The bond l engt hs of t he DNPT | igand acros:
compounds are andadi yhsnmt haofex@,ect® eadndalNge
iN bohA@hei BQGbond | engths and torsion angles
the transition met al coordination compounds
12.@®%ri®i n CuDNPT, and the | ojnfgesit®iomd bei
ZnNnDNPIThe 1Cletr @domlde | engths and angles have
bet ween compounds thanhnN@@boseen Wwut hthedet €t r
remaouoadsdp!| anlker oughout . ot | anet heazsol e ring 1is
CoDNPT with anUamigales oo fh a8s9 .t9hdet d tornagzeosite Ch2o n d .

The most | ikely decompo ®idthcyt mddeptaet rhmnianyi ncga nt hbee
bond | ength in the crwesatkaels ts tbrouncdt uarned anso sitt |i
when the matei®Théeé dscompositttades mpat hwaygy t he
bet ween different transitio@QuDMNeRTalandoCadbMR
bot h haivteetG2az ol e brmouncdh IleonnggtelrdNQG thh@amd Cl engt hs
suggesting that the two azole rings will <con
Despite having the same crystal structure as
Ttetrazoli HQbowdadCl engths suggesting the decon
be higher than that loifkeCloyp HtBilremaga i BYNPE€ dse t
having thei N@bhgedtlaamdytdn rel ativelyaktohg E@ar
|l engt h.
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2. 2. Theanmdlysisaws$i ti on metal coor diDMNe&PtTi on cC ¢

Thearansition metal cowerde nahvent icpatpedindyg
t her mal anal ysAs D@ obwdngevoGved gas anal
spectrometr(Appenedhil.470.. 1) wha2.l e heated at a r
mihThe wademtrai ning t rcacncsridiimaent i ment adompounds
ZnNnDNPT, Ni DNPT and CoDNPT) dbefmotere¢eceamsmpoali
ZNDNPEI|l eases e6g.ud vnaolfileawtad telm Ni DNPT and CoDNPT
t wmol ar equiuv almen tfsi r st asltleyp ionfd utcheedr nd e c o mp o
onset temperatures8cda@Masngesroel 88e6 00 t he
(m/ z ecd@mpany this endobobhsemaesdpl] mseskesn oot |
of the predi ctpeeccilfdsesd feqruitviDeeypdit abif omwae et h &k
range8Braddt to 183Fhelekdsmaob endot hemwhiiac heven

|l osesenwps er molecule dufMihig gthedcempes iatt iuo re.s

the final amount of water is | ost i sotntbdr unk
reportedovalouéheer transition met al coordinat
300C3%'The water |l oss suggests that the furt

studied cocampoundkat ed t o t he dehydrated C C
composition and crystalFusttrhuect woersk acroeu | do th ek
t o st ucdhye niidieeanlposi ti on and mor phol ogy oy the
collecting the dried transition metal coor

decomposition takes place.

The wadrtrai ning tchorempohahdetxat her miwi t év eomts et
temperatur e824b.ent waedC c302i0n cOwd tnhags s e s relating
decomposition products bei @ #0se &Niam@G®@he mas
and a | arge masdedompodsintdiiacm.t i Mlyge exot her m f
brodadcddicating a sl ower dCardNMRplro surnd e@mg Ofrso cte
exothermic events win hgpiecak ss tad c 80s5iI0Bn widtLir . 0

al | decomposition products seen at each stag
30) correspordckiondgewimtpetati€e Dgsptt 80Bbag8ing th
crystal structure NhB®XNPT shndhtdoyDNBTfferent

temper attthepeak sempeBastud®ames BaedtiBdaey. Th
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to CODNPT havingiteéeter dzomlgeeshonC®2 | ength of a
col |l ezn@®NIRT has the | owest decomposition ter
structurbeothhaviionggt C2zoli 8Qdmchd68 compared to t
S

tructures coll ected.

e water free transition met al coordinat.i
dot her mAgDNRENhas two exot hemawichn@gva nmass tll
rrespondliags tof tthee e qguiitha laenn to ncestE T\h@ f 278

w o o o

o ®© O S =T

cond exobhdeframsti sdecompositionmaisskesarledmag e

—

the decomposition of the |igand sd@&n in t

e energetic performance of the transition

ti mat e Kamlsetng and Jacobs' cal cul ations fo

o o -
> O®© »w =T

tonati or?Tihree sxad rcau.ltantlkeiemnt of sedset onati on cal ¢

—

e measured heat othedecygmpasi deoasi ties det e
ructures of CuDNPT, ZNDNPP,r eMdiiNRT asndi Chi
the species present FaDNEBMN ea sDdNtPAlghaitci ho nd of r

ot have crystal structures, densiiMieshraVe

—+

O S O o»
—

al culfausiiomgs atomic and functional “4gndup Vv
Gl as%®Blmese calculations are based upon aver :
specific atoms in specific bonding environme
| arge datasets. From the average volumes an
be calcutlatednwhhen be used to estimate t he
however these values should be taken as | ow
values. This approach was applied to the tr:
HRDNP T, and genediadtled utnergpemsi ty of the co

though the difference is | ess than 5% excep
ZNDNPT. The esti ma tDeNdP Td eannBdN PAlge w A5 e m2iC2 . 8 7 7

g cSmespectively, the <calculation predictin
crystallised compounds, |ddkretlayi diureg t2 mehteasle

not contai niDred oanrayt | waatngur .0 dhec r s svmea iec ftciad maitl ran
usithnpdAS-EBEA hemi cal equidd®hi smpmabpe aninates fr e
ener glisesng a Newton Raphson method with i dec:
phases to determine chemical equilibria (suc

detonations) at déhisedltempefatupesdicti on
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product s
formati @n efxami had
products for t he
transition

on transition

transition

and water

met al

t hat
cobmredi

content .

Compou CuDNP1T CuDNP ZnDNP Ni DNP CoDNP AgDNPI

For mu|l
wei gh 3519 305.1 4158 336.:¢ 337.. 439. 8
Wat er

1 7 3 3 0
cont e
H2O L os
TonUL - - 38.6 86.2 66.5 -
H( kJ 1m - - 153.¢ 89.7 100. -
aqm (%) - - 2891 10.1 11.6 -
N = O
To (L) - - - - 28.3
H( kJ 1m - - - - 34. 4
gm (%) - - - - 6.60
Decomg
To (L) 312. 22 & 320. 365 377.
Tp e a(kC) 321. 36.2 334. 324. 404.
H( kJ m 536..512.1801.( 656.:. 484.
am (%) 47.8 40.4 47.6 57.4 32.6
rea g “2r - 2.46 1.85 2.03 2.00 -
resg g %°r 2454 2.16 1.86 1.98 1.94 2.78
%di ffe - -124.0 0.41 -2.5¢& -3.17 -
pci( k bca 460.¢ 200.:. 384. 299.  265..
Dca( k mt)c 9.28 6.60 8.91 7.88 6.80

Tabl e Rehlybdr atdecommasi ti on
gpDeernasmet & eeess mi n e d
usi-Migt ¢ hel IAmnem/i naé 03\
vol unfersi KMoON,®

Jacoddhest onati on
Densietsiteismat ed
met al

vol HmeEma“andmwat er

Dco= 0A-(®°1 Bj) pcu=Kjo2i,cal cul ati ons
and tlJheprKediction of
data not collected.

fr

ar e

t pup @aKa ik

om b

base

decomygopdiCubNPPr ¢
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Al'l compounds haeeppedmcsedgtdet dn®NPdInapdr f
AgDNPT have the | owespciprbediudct ad | vakthes tomlan:
coordinatioareompmpaeadrdeed oTATTB Tabde RRX16.

The | ow values for the silver and zinc coord
heavy met al tcemt rmreos eenul wa | i mi ting Tthhee ene
transition metal coordination compounds have
the free acid and potassium salt but have mt

As al | t he coordination compl exes ,hahvee hig
promising det onat inadnm ctpheeseys omanya n dees M inaslkelnes i t i
secondary ,exwiltolsi pesf ormance comparable to

t her mal stability CCuwDMNpRAT abs ethe MATB. pr omi s
mat ecbpambi ning highheehestyeandgetic perform
based transition metal coorTdhinsathiiognh cdoempslietxye
l inked t-0i hher adcitsirpdnasyed i n the structure, a

Cacet. . Qulantitative sensitivity testasgaoteshe

t hiempact, friction and ESD sensitivity testir
Compou Tdedl) r(g dn Q( I V¢ pci( kbar Dca( k mt) s
CuDNP" 321. . 2.46¢ 5741 44 9. 28
ZnDNP"  306. . 1.85& 3751 200 6.60
Ni DNP 334. ! 2.03€¢€ 3723 385 8.91
CoDNP" 324.: 2.00¢c 4888 299 7.88
AgDNPT 404. . 2.877 2747 265 6. 80
H:DNP T 207 1.66¢ 5258 260 8. 06
KHDNP- 281 1.87¢ 4842 236 7.57
DB XL 321 2. 58 387 7.00
TATB 360 1.94 3062 244 7.60
RDX 240 1.78 6322 347 8. 75

Tabl e6. QomMpari son of the detonation pe
coordination ®dRFbDeNPeTs, KHDAPH , a n dHIRNDRX
and KHDNPT data fliTédmBBand &DXabata f
Mey ér . BB X dat a Ffomanb &1t gearh dVe st wat ek3: ¢
Decomposition temperaturedl lar d e pehlatkr ¢
CuDNPT anDONPAMgr e cryst alyDdleisSTAedata n.
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2. 3. Concl usi on

5-( 3-Di5n i-ltHp g r adzyotl)Ht et r atkDNRWas successfully sy
following the publiehé@hepompednidewhwisBmad
ATR RRNdE NMRspectr oasnctogpsys spectmade mégulyl i shed
val ues.e novel S 0 do duinmu BA(s3adi5n j-1Hp 9 r adzyotlMH-

t et ragd 201 3H2 6, NaHDNPTwas synt hesi sed by t he a
bi car bonatoer afngrensibnegpeky st awlwiecdhar acteri sed
ATR R spectroscopy &madisi hgdeeicany.g $ adl Str uc
di fferent to the vkmioown ipsotamshsyi durmo ussa,l tand wi |

detonation performance.

Sixvmeiner gertaincsi ti on metampocowwndsli wat eosynt hes
HDNPT, with the Cu(l), Cu(ldogaqgr &inn(dtli)an Nddrgd
synt hheBhesedu(l) and Ag(l) weoeredchataohecompd
amor phous upsoiwidgelrBTRpectroscopy andnal eveeret al
foundonhoawme t al atoms per | i gé&ddoMamodunedose wat et
crystall i sedihaysd rhoytdhreartneas| sy rftoluensgdi st oa ncdo nw ari 4
met al atomThey Wega charac-t Bpiexded oscloppeATR I
anal psass ngl e X-c adyisftfariffce i ATRR s pwecrtern ani | ar bet we
di fferent met al centres,2vwibtrha ts noanlsl achda nt ghees
depending on @ayetralosntrwmte¢t ureabhatyansi show
coordinati otnhatompe rex ecsorrymeadalilnfsiendi t el y ext enc
pol ymerAmal ysis of the bonidn |eagh hsr ydt atlhes
reasonably prediadteedmpbsei ttiremdtvé thge rt atanrsda t |
met al centreDMRPT ekit gangdy heateanlpgit Ihidt@iamg T C

tetrazole bonds.

Thehdar mal behawheumovtedl arsiierigen imet al coordin
was i nvewsdiimgatseidmul t aneouyush dwtelrgrta |t ey lhweri e
t her mal | y dsetcaobmipeo swittihonr & e gipeatgv@a@ @x e4 and 404.
IC. The decomposition temperatures @awdhembmeen
compared to the proligand and areDentoormratsit aml
poperties were KamEetcaotbesdd wsgiumg i ons, wi th h

calcul at e NABSEIEMAg ptrioBjgtaomat i on vel ociwteirees anc
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st
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t h
co
t h
t h
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hi

omi sing and in the range of seconGiawren exp|
at -omedsdead energetics wusually give rise to t
ese compopndmasmsbanvew cl ass ardimisghmisy ti ver

abkeeondary ,ex@lltolsoweh | mpactsenbrimevti oge anc
termined for these compounds.

e copper (11) crodgCudiNHad d otnhe omMm@®otu pr omi si ng
decompositioncaleopleataedpde famuwaneésonand vel
I's i s due to the strong intermolecular i nt
peci alyldyr otghreen bondninttraovbekasanhwaehl as the b
e Imgtandei ng excesTshiivsel syl ewesalktmmae tregtihaalts

nttaniens e-" nnt epacst iweddr caarsg hydrogemwibdnadalndetw
e synthesis of furshaydnbvel sanghFewer gy md
ermal analysis of the copD&PTI ) scdoto thdaisn aat |
mil ar prediCulRNPTdelmmti 4 iyns ono watgmowihdech

gher detonation performance.
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24. Experiment al

Synt heBNBToatdnt er medi ates was tchoempg red ead urod
the refereimicahgNMNmMATR R spectra were then u
purity by Relmpwanmntsosnipectra can be found in t

24. 1. Syntdacehsliosr oopfy r azol e

Pyrazole (10.01 g, 147 mmol ) was dissol ved
solution, a sodium hypochlorite solution (96
added dropwise without allowing the. rEheti ol
reacmicxnwae then stirred for 1 hour at r o
concentrated hydrochl oric acpirdecwaps tadde d huarntt

was filtered off and washed with ice water.
acetate x 10,0 5ML dmli edmbdblyresi um sul fate and th
removed under reduced pressure. The formed p

yi elddcihnigor o pys aa od cel o uvYriled sds.g s9o 6%BEBN.MRD MS O
ds, ppm)13s,101H, NH), 7!T5NN@®MSQH, p@ih)3.a6
(€,5 broad) ddoup@de¢eR OATRHM = 3157(m), 3145(m)
3082(m), 2997(m), 2932(m), 2881(m), 2829( m),
1561 (w), 1503(w), 1378empR(w]l3380Yy(mL2861 40
970(m), 937(s), 832(s), 808(m), 791(s), 644

24. 2. Synt heehsliedr,-dbifnidt rogyrazol e

4-Chl oropyrazol e (2.790 g, 27. 04 mmo | ) was
mL, >9Too%)t.he stirred solution nitric acid (3
added dropwise while solution was under <cool
4 0oLC. The mi xture was t hetQhnedatwads csatrierfrueld yf ot
Afterwards the mixture was cooled to room t
(350 mL). The solution was extracted with et
phase was washed with wadreire dnbady menels i xu ml)s ud f @G
The sol vent was removed under -crhé é8u-de d pr
dinitropyr ayzeollleowa sc rpyasiteal s. YT eNMBDM&E@EL 84 g (
ppmil51. 205, ( A0 L. 4R (VATRHM = 3564 (w), 3224(m)
170ow)(, 1557(m), 1517(m), 1473(m), 1416(s), 1
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1206(m), 1113(m), 997(m), 835(s), 775(m), 75
510( w) .

24. 3. Synt haemsiifBg-doifnidt ropyrazol e

4-Ch | e3r,abi ni tropyrazol e (2.115 g, 10. 98 mmo |
ammonia (19.56 mL, 35%) and added tUC mnamut o
ovefnor 10 hours. Afterwards the autocl ave wa:
reaction mixture was acidified to pH = 1. Th
(100 mL Mdr2pdommpgreesi um sul fate. The solvent
reduced pressaunmiaGodbeavimepgrazole as a yell ow

Yield: 1.56 NMBNMS2®) pp:mh) 1s22H, NHE NMPMSO

ds, ppPmB7(B)s128(BL R (OATRHM= 2960(m), 2928(m),
1722(s), 1638(w), 1552(w), 1465(m), 1409(m),
1020(m), 844MS$E)SH (7 B R2Ya).i)oh

24. 4. Sy ntSeedkii wmyodf89-dbi ni tropyrazolate dihydra

4-Ami R3o0,-bi ni tropyrazole (1.@i8B2s agl, verd 4iln msnwll f) u rv
mL , 1M) and a solution of sodium nitrite (O
added @twist hout allowing temp€Tha¢e umext or & i wa
stirrg@oat 29 minutes and then at room temper
the mixture was neutralised to pH = 7 with s
13.11 mmol) was then added in one portion an
13. 11 mmat pri 613 mL) was addedsdit hpwi ssd.i rTlee
room temperature for 30 minulLesAfindr thehof@o
reaction mixture was all owed tdlapxkect pi tabasa
was filtered off and discarded. The solvent

the resultant residue was extracted with eth
was tdhreredmagreesi um sul fate, and the solvent

pressure to yciyed-Bdpbsodt umpwyrazol at e adigleydr at
crysYiagélsd: 1. 22&€2 NMB(MSOR4) .p A:hpb 6 .( D511 1 .(6)3

82.B8EN)R (OAITReHM = 3610(w), 3541(m), 3342(m)
1716(m), 1691(m), 1626(m), 1547(s)l2a282X.s),
1198(m), 1108(s), 1042(m), 1007 (M3 (ES®H45(vs)

m/ z1)Z(@ni)on
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24. 5. Synf:(e3sdbsniaH-pyr a-4ypHIHt et rdzol e

Sodi uany 48 pbi ni tropyrazolate di hydrate (1.280
in waterSda@i7umLgzi de (1.03 g, 15. 84 mmol ) an
mmol ) were then added. Th& mindt wrte rwesd Heoat
Afterwardactihen mi xture WwWasrabmowedpéepatcwmoe
formed precipitate was filtered off and redi
The aqueous solution was then extracted with
phase dwdsowemargnesi um sul fate, and the solve
reduced pressure. The resulting residue was
20 mL) and the solvent was removed wunder re
t wi ce the 3ylibeaiilid-pyr adzyotlH-t et r aazsolyel | ow bl ock ¢
Yield: O0.6E7 NM®(MSIotg) .p pa)5 3 .(EDs147 (00 96. 72

(€trdzbiR OATRecH = 3059(w), 2982(m), 2868(m).
1645(w), 1553@148B(s)N514B89B(s), 1385(s), 1360
1252(s), 1219(m), 1156(w), 1114(s), 1095(s)

774(s), 756(s), 715(m), GBIAES!( &3 (m)2,2552A(r
MP20W@ (dec.)

2. 4S¥nt hesSodi & 3-dbniltHp g r a4ywHL)H et r a £30.1 %0t H

5-( 3-Di5n irklHp ¢ r adzyotlH-t et r d0z.0ll 2 g, Owda sl semmobhepd i1
wat/etam ¢ 13 ,mLlatl B@nd sodi um Bi7nga r blo.nda5tdea samo | )
addeSd.l vent was evaporlaitgeht dlreariey s ty ayleBldSid n g
mg(94 %R (OATRcH 3I6Z&)3,168H 1639 14946 )L 453w ,

1419 ,944@n) , 183) ,1(4PF0Q04p26m 1 086pP2(4w)8,5(0s) ,

764 ) 6 4(W). EAC4sHNsOsNa L 20 (351 1H 15?%);gneoall cd. : HC 21 %5.94 4
N 36%0 ouRd15. 05, N 36405 %.

247.5ynt hesis of-(ToppeltHO Y ) abyYHL)H et razol at e

Copper (lI'l'Ydi cyhd(@aSigile 0. 884 wmel added to a be
di ssol7medf 0t o f omrmuae Isioghutt i on. The shQ uti on
anb8( 3-d5b5 n-LlH-p yor adzyotlH-t et r &z . 0ll0e0 g, 00 .4 immdle,nt )
was added in two portionsypltadatdHgAC€ hirefsod aitt
portion was awhdserce.n Heoanttii mopiexdt uurnet iwa st haet 90 A
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point sodiummOGgciombat?2 YwhsoddwaderAddi ti on w
a rate ofmib. A33 eml adoii hibes fohe 1s8l uti on was
for 4.5 minutes. Addatt itome wasmée hreamt € oand | maufedr
was compl etm xrtwast soinr rma chufters .o a tot al r
14 mipnhuyesel ding a brown wehmocrhp hwoauss fpirletceirpeidt ad
with Waeké&7gIOR O( ATR)N) 300G 295 s)9,vysd 6(m2

138w) 13%83)164B302)9,Q4l6w) 78wW) 6% W) 31 31W),

848 sT5(Tw)20w), 67&Wy)6 3.&MBWENsOsCu 0.2 H0 (35.47 9

gmo); callé&d4 OHLC 3N5.8; f ouln3d6, O 3 3NB0%.STA
2KmiH 28U (e8dl ,(dec. ).

24.8. Synt heLioppeof(-(13-0bnElHpygr as4ywHlH-t et r azol at e
monohydrate

5-( 3-Di5n irklHp ¢ r adzyotlH-t et r azlod @, 4 ®@2nmol ) and copperl
acetnotnecohy d 0&aHed08@dmol ) were dissolved separat
amount Wfwastber. The two solutions were combi
mi crocrystalline precipitate which was filte
was then added td5manoédutwatlkeaveiitm 10 drops
autoclave was thEnfbea#dedlatys. 1&Ppon cooling
bl ockyal s wer e Yrieddt@r8ga).l R ()AIT(RcHh= 306 &) ,
354(ImB 3 ¢ WP9,6(@) 261§ ,630Bw)53sp14%h 1416n) 6383

132s), 96 1283 wn1qw)Qo@) , 4m) , 20 B 5(5 7 9(8) ,

76(@) 75Bwp /(@) ,388) EACiNsOsCu IH01 (530Bg mo) ; cal cd. :
152 H603N6.600;, foulnd;008 9,438 . %.BTARKmMi H321. 4

IC (dec.).

2. 49 . Synt hesiirsc ( K§If3yd b NSr1H-p g r a-4yYH1H-t et r azol at e
heptahydrate

5-( 3-Di5n i-1H4p ¢ r adzyotlH-t et r a ZLdIQe, 4(0@ Mo | ) and zinc c¢h
(06@, 40Mmmol ) were dissolved separatelCy in t
water. The two solutions were combined whil
whiwhds filtered and washed with \‘bati dwian @rr ec i
forming white needlBeg c(r58®R)a()AT(RM ed d36 104 ( w) ,
3326(m), 3119(m), 1670(w), 1626(m), 1537(s),
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1322(s), 1260(w), 1187(w), 1165(w), 1137(w)
770(m), 757(m), EATHNOMN L6Q74(HD) 5. 8)8, gconwllicd. :
11. 56, H 3.40, N 26. 965 226 .f%3B A2 K mC H 1318 .661 , H
C Gep 00 | p3G6WC2 (dec. ) .

24. 10. Synthesi s -08-dbMitkHipalr (akiloplH-t5et razol at e
trihydrate

5-( 3-D5niklHp ¢ r adzyotlH-t et r aZdDIlfe 4@@mol ) and ni ckel C
hexahyddtadedd@dmol ) were dissolved separately
of BGvatdhe two solutions were combgirneedn whi
preciwhitahewas filtered and washed with wate
to an au®éarcll aoe wiat er with 10 drops of acetic
heated (@ of dlr6 04 daysgr &deponoegdlahg wel¥eeltdcove
0148 96)L R (OATRHM =78BwW) 08W52553( w) ( mB 15 W 3
1881() 1529 , 6 W3 138 , 5P 131sp, 42W)21(6W) 69 W),
11X&)0) 1040} 0 2n6) 86(5) 8§ 2B8wT 6(9wT 5(5w)6,Tm)66 3(im).

E A CsNgOsN i3 . 0 (3 4 2 .g2md') ; calldd,04H @ 43\2 . %4 f ound:
Cl4.,10H 516\N2. ®BETA2KmMiH 86.2 Hep M | 03B« .ID
(dec. ) .

24. 1 Synt he€iob &llaff 3-dbH nilHp g r a4yYHIH-t et razol at e
trihydrate

5-( 3-Di5n iklHp ¢ r adzyotlH-t et r azlod @, 4 O2nmol ) and cobalt
nitrate hegt@pydbdHaohmel Y Owere di ssolved separat
amount CoMat8&y . The two solutions werbetcgmbine
precipitate which was filtered and washed wi
to an auéarcll aoe wiat er with 10 drops of acetic
heated (€ of d604 days beUlgleoccrkycsalailisg we.ve et dcove
011h( 6 3. %R (AR = 35842 w)26®M3 B 133 (1)g, w) ,
1547 (1M@)2,s) 9(WHA2(MmAB821AWEM) , 1433235 , 1Q%),

11/ w) ,6( )17 8 W) ,38M01,026 (88)%.,s B30 ( w)(, w)eaeda) ,

63 Im) E A CaNgOsC 0oLL3 H20 3(3 7 .gmid)l ; calldd,23H ¢ 933 2%;
found4. T8 9993 . WSTARKmMi H66.U5 (ep MH | 03Z4. 8

IC (dec.).
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2.4.12. Synt hebs(i3sdbonfiltPpiglrvaetnoIHit et r az ol at e

5-( 3-Di5n iklHp ¢ r adzyotlH-t et razol e (0.102 g, 0.451 mm
(0.115 g, 0.677 mmol) were dissolved({separa
water. The two solutions were combined whil
precipitate which was fiVYitelrc:d (®.08ORAFATRI wi
i(cHh =16wW), 1523(s), 1415(m), 1356(m), 1317
849(s), 7 6 8H AvQsNsO4B § 130(. WO. 44 8 8g ma) ; cablord). :H C
022 2NWO7%; fouln0d.;988 42NV . B BTAKmMi H 278 .38 (exo.

N-O | p4&4C8 (dec. ) .
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3. Synt hesi s and characterisat
coordination c bitbpna u-mHbsr 1 @Bfy & AH-

tetrazol e
Ai ms

l)Investigate the reliability ofb5(hetpobl i :
1H-t r i -8-¢ dH-t et r &HzNoTl Je.

2)Devel op synthetic procedmowett afnosri ti loe sne
coordination NffTaimpounds of
3)Charactkeisgnthesised transition metal <co
single crystal XRD and el emental analysis
4)f nvestigate how the transi hfboemeealdycstoalr

structur e hayrsd ctolccheetnapciaaglp er t i e s

3. 1.ntroducti on

5-(5-Ni t-IHd r i -8-g dH-t et r #H2NT e was f i r st Dsiypnptohleds i asnredd
Kl apdtnklée30Owats devel oped as the fimistr catompazaamn
derivative wivida @GCteomdhadlogous to the | ater
nitropyrazoféi de wowshksewdasupon preliminary cal
et wahloo found the compound to have promising
par améetTdoares.cal cul ations were performed wusi ncg
B3LYB/1&G* | evel, with the heat of formation c
i
J

(7]

odesmic reactions and the densities- predi

C @bgguati ons were then used to cRdackd adale. t h

—+

esuccessfully synthesiaNAGd weintehr gley d rco xsyal | at nsm
ani di ntiaum neongdu a rciad ii.mesme wer e characteri sec

o «

—
> ®¢ T O oo S <© T 9

ergetic mat erliyal gtheenp distaildml wi t h a decom
mper a9l dfhough no crystal structures of
| | éRe¢e eelntdty hdalvie publ i shed a synthesis of a
e dipotassium salt of tblTér avinc e e Mg bawvghreet

o — O

compos3 ®@IC avthp d £s e sdseitnognat i on performance ¢
own secondafAl lextpiubsisbed salts are doubl
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t he
Kl ap%®t klmalv.e

nitro

onl vy

al so

geplbpced with

t he

di pot assi umss aMetl | b eisn g ma rmipeg ol imat sod |
synthesiseddehevaiwlvaeme ntoh a
sai d Hg(radviugdH@mida halv e

5y 1 )t ettorJhaomi ngettrlmeg olviaamoa et goxi me® i nter medi
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§N
e
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B
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N
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H,NTT

O,N
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transition
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met al
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study

chemiisitrwo |l viamgea of
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obt aicrmed di nat i onwacso nppeorufnodrsme d

anal gsHrsay

f or m.
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§N
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N
B
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N
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H,NTT

Fi gu3. Exampl es
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NH;OH*

G+
AG*

a) (NH30H), NTT b) (G), NTT
c) (TAG), NTT d) KoNTT - 2 H,O
knoWwMPTsalG@ s = ofuT&®i d3 ni um

nati on

fomimgh i oht od g ¢ haersdenp @tnd a Iciast jn omo
chemiNTT ry
bel ow:2NiTnevretsttsogatdersat her

h a

transi CupEnh)Mmet p] sN{CLL[))

N
S
©
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/
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met al

O,N

wor k.

of

crystathogeamhyefonl s

T
N

sal ts
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Na*
Cu*
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Zn®*
Ni2*
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wi t h
t hat

Il R spect

wer e o

oNHoTor di n ¢
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3. 2. Results and Discussi on

3.2.1. Synb-bdNst-bHt of 8y ¢lH-t et r a g BNITeT ) and i ts

sodium sHMTT) ( Na
0 0

SOC|2 EtOH  H,N

HO N
\: 2) NH; (aq) . ‘ \> NH,

N,

H

ATCA (85%) ATCAm (98%)
NC
P,0O \
2Ys5 NaN3, ZnCl,
-] > -
CH,;CN N
3 \N
H
ATCN (80%)
N\ N\
7 7 N
N\/ | 7
N NaNo2 N N
20% H,SO
\>— R TN ‘ \>—N02
N\N
H
ATT (82%) HoNTT (70%)

FigurelS3ed. reaction schemeNTDrfrndom DBiypddled i e

5-( Ni tlHor i -8-g HH-t et r azdTTe) (WHas successiolb-hy syn
step react taomn -4 d 2t,a4n-2-Ga ixp biac i d (ATCA) . ATCA
purchased or syntbhesdsaddf aonmnoguani dine bi
yields followint#fukbhkjanodtdakKephfybesi sed whi
was anal ysed Rwiathhd NAWMIRR specwhosbhopayscertaine
composition in | igllAp poefn dihxe)’lplihbidsi Iswhaesd td aetaa e c
thionyl chl ofopdei hg ®hdaprodohyl(Appardi xi)nl Ce.r2me:
whi ch was reacted wi t$-a miatmondy,m4i d@-¢ @ tob oix@amm d e
(ATCAmMm) a 57 %AfRebdd NMR s pgeaddt @adhcecoproduct mq
publ i shéedappendi x )£}10Wi2tB. t HeR AsTpRect rum s ho
di sappeara®@é¢éel ot raenbdehan addiHt isamalt cN f'at 333"
ATCMMwas then dehydrated with phospthoo rfuesr mpemnt
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ami-fao2,rdi-aca@at bonitrile (ATCATR RIi ahdaNNMBR%s pee
matched | iterppendDOxal dve $chi(etahre addi ttidn of
stretch aff 5228l dAedh, 2t,rdi -&ydH-t et r azowas (AMEN
synt hetshirscewdgh a [3+2] <cyclisation of ATCN wi
wi amB2% vyi éellhaeel RT&®&nd NMR spectra ma@ppheddl kKt er
10. 22wa.t h tTMestCret ch dwistalppa®alramgel D5=3md seen
similar -bouond heediCazwdClwsalp ti.aair 2

The final step is the diazoti satsivdnfauacfidATT
formi A(ghi thH-or i -8y ldH-t et r azeNTeT)i ildn 85 % yield
Characterisation wasl Rpead®dNMRe ds pwict h o ATRpyYy \
mat ched | it gAmppainrdci .aIRKU.MR anal yANTS$ hofwetdhe H
t he product to be pure apart from some rem
product DPb&2aklBdP8adlnsd 45 .pPpdassi gneidN@ st CCaadnd
Ctetraz@spect iFwerltyher drying and recrystallisa
these Iimpurities.

N i i -
WGP 74 nifro-triazolyl-tetrazole 13C 70000

65000

162.89 C-NO2
148.15 C(trizazole)
--145.34 C(tetrazde)

60000
;SSDDD
50000
45000
l4DDDD
;35000
;30000
;ZSDDD
20000
:ISDDD

+10000

i i

5000

210 200 190 180 170 160 150 140 130 120 11 100 S0 &0 70 &0 50 40 30 220 0 0 -0
f1 {ppm)

Figur é€C3INMR speb(HumirHof i -8y d)H et r aHzNoTI le. (
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The novel cioswpi ouwfnal b tlidor | -8-g H-t et r a2z o li &ty r at e
(NN TTWas synthesi sedDMWRT dii s saitl waoroogh HH e mper at u
a solution of sodium bicarbonate in onvafter w
whipreeci whi @athe was recrystallisedrfanmleatheot €
crysdfabMBT as a .NeNhlydwasveact erAiTRKReRInavi NKMR

spectrascwpXrlacasy st al Eobgmaphywl anal ygasgseof t|
di ff erbeentoveesen expected and found val.iihe with
cryshavcesmr bloymdr ogmead , ni vabges (N &Gg5%®etwhi &l

di sodi &m t8d-or i -8-gldH-t et razol ate t rcohlyldercatteed.st r v

N\ N\
i 7
A\ \ ‘
N
H \: NaHCO4 @ ® \:

> Na

EtOH/HZO
@Na
HoNTT Na,NTT (99%)

Fi gubhe&yaht hes pDN Polf f NN . H

3.2.1.1. I RiIiGHhactacdaecomMTT oaandT Na

2.2 1
{1 H2NTT

2.0|—— Na2NTT
1.8 1

1.6 1
1.4 -
1.2 -

Absorbance

1.0 H
0.8—-
0.6—-
0.4-

0.2 1

0.0 -

T I T I T I
4000 3000 2000 1000
Wavenumber (cm-1)
Figur ATR.RB.speclNTE boft ath chprNaT t op)
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The ARRspect2NTmhak EOiHseaetch barbbi7’Be2édW@een :
cmindicating the free acidifHosms doaghaashrey drian
structures appear in aiRn@ddicmdhdabietHyeehe?2
protons form hiyhamageqnifdemaedis e r-bbanhddt ebr &€z ol
which appears i H:DNP& aped8Fdmcappear si mat 181
HANTT.hs band has shifted to a higher wavel eni
of ATT where thi sl 753altdumee 2bp€popfitegeartsu raets 5ar e at
136and43mfor t he asymmetric, symmetric an
respectively, all within tHRe &®xipeadideedN@ ange
overtienseen at 1632 cm

When depr ot oM@t e hidd sb dNrmd s b e csoounmpeg ebostoiardg hy dr c
bonding between thesaan eb e ni@RébebmOdcea®iOt i t he N
H strdetsalppearing as the compoundl hardeObaeteend d e
vi brations ashyrmmet wiid hancdhesymmetric stretch

and 130espectTheed®nd vibrationimag ha ompaplolsi
directionlifTheB8d45sbmfts are similar to the

dpot assi uInNBlalappekdr i Ong® &nd4s8@i hR ( KBr) specH
repor tLaeit bgl

HANTT NaNTT Assignment s
Frequend)y (cm

3557, 3 3620, 354 FredgHOstretc
- 3922650 OiH stretch

290 @185 - NiH stretch
15% 1522 Asym.2sN@et ch
136 186 Sym. 2NtOr et c h
84 3 84 5 NQbend

TabBeWavenummaelr assi gnment of charact &t
(i tlrHor i -8y EH)H et r atedTJea ndi s od # wm t5HD r | -8-2
yH)H et r atz ol b y(daNaTt)e
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3.2.1.2. NMRipacacbecoofp 2Nt&iTo n

Bot!h ah®@ NMR spectr aApde MihO2APWE rteaken in DMSO
ds, wi tphr ottloenn NMR <c¢l ear of environments other
and the water peak®C aNMR .splh epsprnt.mrTenee envi ronn
165. 71, 139%36238apdgm, all tdlorwend | e alk < osnipiafr teid:
spectrum of the f aéeoaisredtfh eNiMiRs s9peit #NK Tims
wi t h p elabkés. 0a8t, 158. 05 S®alnhde 1a5s7s.ilgln npepnmh.s o f ea
environment sTthaiys tdhoewnsfaineel.d shi ft i s rdiuneg t o t

strudteereasiengl ectobnt de nsichagu scianrgo odness hi el di

WGP75 Na2NTT 13C
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39.73 DMSO
O Lo

‘.
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55000

—165.71 C-ND2
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156 48 Cltatrazde)
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Figure 18. 7NMR spectrum o-f % i Rlirdpo d i3 id)H 5
tetrazobOt(eNaLT )3. H
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3.23.1.Structur al De tNeTrTmi nati on of N a

Or anmleat e cryBTal grew Namom evalpSirnagtlieoXe royfs teatl
radi ffraction was used to identify the- compo
lspace group with unité.dcell I8 .d38ne®siG@Ws= of : 4
83 .A7,0 82 .49,5706 .AlV1 520% 2with a deqh®i ttant 0L0DK?7

Figudtr BAsymmetric unit i n WNaRETTrTymdrarhalstelulcitp
represent the 70% probabilijfyahevHdIEJiINRel Bct e
= 1.32N3 G11.8¢2,=N1. BN3,l1=N8B6I,N3C2= 1.850, C2
C3 = 1. 488, =C32.3B2,=C2. 3M5, =N4. 3588, =N&. 315,
N6 N7 = 1. @BHB8 = IN3M4CAI,N8 = 122NR2 C3i N7 -=

3.31JCNXN8 O2 -2. 0To.peft inset:o:NTUrystals of Na

There is one NTT |igand hpeawo asgmmétwvei chamige g
by t wo crystallographically independent S 0O (
mol ecul es per asymmetric unit,.Thll |¢cgamdisn &t
bond |l engths and angles simi2NBT (OCCODG®B®06 epor
anda2NKT (CeRC1pghmwever the nitro group and t
more in plane compared to these two structur
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FigwBr@&ormula unit in theNktWyshabnbyrubeéuceor

atoms and water o f cTrhyesrtmaal || i eslaltii pso ildasb erl d perd
probability | evel

As wel | as the thrhmee cwatraln nmaeli ®oaulspherte of
two NTT | igands, omeNwhit dh ac e md,il maartodti sanot he

which is bidentate coorwinktcogr dihmatgigdnrs NDd @
2.521 ang 2eSpedhiisvetgrms a di stoott @&idn aotcitoar
geometry. Na2 has a comadd ntapt e ootnh maenbveat erf rhad
andne |l igand coordinating in a bidentate mo«
2.482 and 2. 5%ATtcroegpedi améweg . can determine w
the geometry of the coordination centre is

using thel=odgpulb)t/MtOe be >arUe the two | argest val
the coor di ntditni otnh iNS Meads&@4an ©2i Na2 05. WhiE ns

near O, the geometry is cloBiestowmeaquartheyga
is close to trigdNmaa@alhebivpayludemisdsglgedE®Ngr t ed

sqguare pyr amiAdal cgoeoorndeitnragtbe d dweetsen of erammh sod
03 and O5 forming a pair of Dbridges, bwat when
angl es of 97,r8e7s paencdD 40viec|By5. tJ o olr edti méda e sand Na 2

of two differwinttlhearmrgelrg eadn gldxo osfd ilnadt. i403n).b o n d

and angles afMabtel BeQted in
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Bond Length or ANgl e

NalN1 2. 451
NalIN2 2.521
NalO1 2.547
NalOs3 2.380
NalO4 2.391
NalOS5 2.394
Na2N3 2. 482
Na202 2.557
Na2O3 2.382
Na2O4 2.327
Na2O5 2.365
N1liNai1O1 165. 61
N1i NalN2 104. 74
N1i NalO0O3 105. 07
N2i Na103 143.18
O4i Na1O0O5 171. 07
N3iNa203 100. 20
N3i N2 O4 147.95
N3i Na2O5 89. 97
O2i Na204 131.29
O2i Na205 145. 89
O3i Na2 04 109. 14
O3iNa205 82.20
O4i Na 205 81.68
TabBR Coordi patr amectfdadsTT Val ence angl @
calcul ation are in bold.

Théigasddi um coordinati on Tibwantdesr abnrdi dBihees sfoodri
coordination pohymehtehghryodhiedg | ograpailcaddacx
strugctwirviech | icgpamest ed t hr oiugaht etrh eb rsioddgieusm p er
Each oO6ladderd is connected to andatlhoenrg tthhreo u
crystallogfapmiogchbaekxwseen different ,watidrh mo
O1, N4, N5 and N6 acting as hydrogen bond ac
i's col ITadbtl edA @idBt itomearld ymay shacking imtehact.i
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packingi th the altetrnatohg tirmngzeystem sittd.i
geometry within thAheaedkceddemddoitdudi srance be
tetrazole and trijwiztoh eanm i odgfsp p tso Bh fR®Oe |l v 20U

with compar abi® geometries

DiHLLL A DiH{jf HLLLK)ADLLLK)A DiHLLUY /

O3i H3ANG 0.871 1.9971 2.86¢: 171.75
O41 H4AO1 0.82¢ 2.08¢ 2.891 163. 66
O4T H4 BNS 0.93¢ 1.90% 2.827 166. 51
O51T H5 B N4 0.96¢ 1.81¢«¢ 2. 77¢ 173.50

TabB833Hydrogen bondNgkTImetry for

FigurePa@chiDng stroldTuveéeewddNdown the crysta

(top) and a Bkue {dobobtéedm)ines represent hy

ellipsoids represent the 70% probability | ev
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NaNTT does not fmern-mdgbaeri sameamewor k structur
wi tiNTRhavindgféaerent unit cellofanddmuedOol owe
cmfor the dipotassdiesmi s¢r tubeurheggdrogen bond

stackinnghe stoNUCTt urereofeKrazole ring also ta

sphere of the wet Assaisumhe | igand itself for
the potassium atoms as wel | iass ntohte ocbosoerradvienda
struct usNel Tolif § éNatruerdeuces void space in the <c

i ncreases tlhte idensnt y2KETyYy hadhatt h&Na hi gh decc
temperandirccet onati oas peierldit Tnanc e

3.2. 2. Synthesi s and characterisation of
compoundaNTaf H

N—_ O_
N// ‘N // ‘ " =§u+
\ a) CuCl \N
N
A NO
@ @ \ giNQO3 N @@ \
: N\ :
o
85C a) Cu,NTT
Na,NTT b) AgoNTT
FigureSyntlihes*its amfsi Mi on met al coopNdliTnati on ¢
N IV|®=Cu2’r
//N\N a) CuCl, / ~n Zn2+
N | b) ZnCl, N ‘ N.2+
\ N ¢) NiCl, \N
N
o d) Co(NO3), S)
@ ‘ \> N, o 12® \
N\N Hzo N\
ONa’ 85°C ) CUNTT
b)ZnNTT
Na,NTT c) NiNTT
d) CoNTT
FigureSyntlRe s?ittsr aonfsiM i on met al coopNdTiTnat i on ¢
The transition metal coNTride matproeap &oenp oluyn da d

NaNTTo the relevant transition metal WCchl oric
These compounds formed as an insolubl e amor |
of f and washelWnlwikteh tvheet etrc@aosidi nabhi smpt &@lo mpo
HRDNP T, only ZnNTT bwasplcacyisntgal it hessedmor phous
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autoclave containing water and a small amoun
to 1BO0Ofor ,4 wiaNST TCu Ni NTTandcCeNWGImemai ni ng as
amor phous powder s after t he hydrot her mal S
crystallise as the copper (11) coordination
coppécoObpper (I 1 )wictohmmpeoeu ncdopper ions per two |
that the reactiosomdinide tc @ompse m (eldiu)t éitdoa cpoopspseirb
t her mal d e c oondpuocsti tafont lpeor NTtTh el iagceennd ¢ aci d
reductant. This behavioaut hbashydrpehoébHhont steie
copper(lilni t3 eursazmnal t he sBmattmset beén repor:
with otéreegr gneotni asi nhgahdgh temperatur éeultydr ot
t hmechani sm of reductiont’hd% not been confir
N—_
4
N
\N N
N—_
© :
\ N—\
@ \ AcOH ©
cu?® >iN02—> cu?®
%
[o) —
CuNTT 160°C . N‘ "
u
S /> 2
N N
o
N\ W
N~ Cus(NTT),

FigureR8dUuadti on

under

cbf( i otpridoer ri (Blyl)JH et r a,z oCwNTeT,
hydr ot her mal sy ntthhees i si xceodnida a p enrs( Iflo)r

coordination scdTp)ound ( Cu

The amor phous CpMWwider € uNNDTNIT, T,
characterised with IR
ZnwieTrTdehar acterised

crysXraagi ffr Qutail ot ati ve

@o N TMATgTwe r e
Sspectroscop@uaMmTI )el e me
with IR

sensitivity

and spectroscopy,

testing

precautions required in handling these mate
amount of the material with a spatula and hi
hammer .
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Water Ligan

Compoul Cont e Char g Mor phol c FI ame T¢
CuNTT 0 2- Amor pho Detonat
CINTT 4 2- Amor pho Defl agr ¢
Cu( NT2T) 2 2- Crystal Det onat
ZINTT 6 2- Cryst al Def |l agr ¢
NNTT n/ a 2- Amor pho! Def |l agr ¢
CANTT n/ a 2- Amor phor Defl agr
AgNTT 0 2- Amor pho Detonat
Tabl3e 4Gener al properties of synt hesi

compl exaNsTTof H
3. 2. 2.SpecltRoscopy

ATRR spectra of the transition iNdthmdr ecoor d
compared to theaNFpleltit'™tumnefti on met al compl
coordinatedZnNaTtTer NiwNTtTh and @aNE€T odntaiyst ad
The bands as s gcaipaptecads MaiBtZhoc ik, wi t h dhbypddeden
wateausbngad bandd$ e 35r18@2n3gheOc mi. There @&aHe no N
strethcahnidnsg vi si bl e i ndicating alydemaortdinma teidc
Smal | peaks cane boef steheen cdonorsdoinmmao il ofdc @8 6poun
and talhaes y mmeGQGhbhendcvgi bratTlhe prasnsdesnttwe S8 16
l@xmare tentativelhWOabendinegdwesbttdti b@ hi gh

content of each coordination compl ex.

The asymmestiet dNB2carti WM&NT shidbhe ©b two hig
frequeinci a&lsl coordinaitt omnt ltce® mpfoaglhrddCwWINSTriij f t

Ni NTT andatté6Mdmand the | dwe@ag(tNTsTHiZnNTT and
AgNTBHU B37cmMThe spdfi ttthissgeemeakn the coordinati
of DMNPR2. 2i3% only sesuggastiNim™NgTa uni gee coor
The symmeftietlh3doctaii n t he spNeabT T umslheiifd sa

hi gheerquency, with theChNTGToe2t3mamidf t hee ¢ 0 wwis
shift sedhtT wildt.Zmi s band is split in the tw
copper (I'1l), sCNNBBEvealnld aCsu ZSmpNT T t iavg bafatti loen sNG
usually caused fyYyus yminfentcec miohr o groups whe

l igand there is only one nitro group. 2This m
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stretch is due to differeNnxetrient chiouapnid ntgh ek
vi br al®Tloensshi fts s:xesdmeitmht band® are due to
el ectroni besweecttuhe full y 2NiTolni canao nmphoeu ntdr, a |
met al coordination complexes which will gain
t o2NH.TThi s means thattd hae fbraemgse sy fhet ween t h
fully covallTaept2N®@malcdidbe sti8NaNT B hidltisg hotllaywe r
frequency in the coordinati onAgiNd Mmpmdthn ds, ftth e
to3® m, atnhde | owe s 8( NoT€Ri)avgR @u Theb&®d vi bratic
mode cobsptedthe ring vibrations rat her t han
ambi guous whant eompari ng bebweenhepsmata shi:
freqgquency suggests | ess aodpl eng tHoubhe bbngd
resul ting iimMNQeb ombda k?dr C

Freee HO OTH Asym.2 Sym. 2

N
stret stre stret stret NGben

Assignr

Compoul Frequencdc)y (cm
NaNTT 3608, 3176¢ 122 186 84 5
CuNTT - 33014 1541 1314 837
CINTT 3410 318C 1547 1314, 839
Cw( NT.T) 3539 3316 1537 1318, 844
ZNNTT 3575 3147 1537 131012 841
NNTT - 330 1547, 1312 841
CoNTT 3575, 3302 1547 1322 838
AgNTT - 3335 1537 1312 835

Tabl eW8vé&nummaelr assi gnment of charact e

the transition met al eloDNdlr.di nati on cor

Ot her t hiatHh rtehgei oOh whi ch changes due to the d
coordination compound, the spectra do not c
centThees spectaNdTf oNi BRU2NT&wrde Asgtrhminert he spectr
NaNTT and the other transition me ts@sedi ankgso o r d |
especially bet weensttrheet cshy tvaenadd r \v@ Jbshu@tgieosntsi n g
thahe ring vibratiiomst hmese | dadplaluRidspxeet ra f
the transi tordmnmetah compoundAppan®&®&avail abl
1@ 4
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—— Na2NTT —— Cu2NTT —— CuNTT —— Cu3(NTT)2
——ZNNTT —— NINTT —— CoNTT —— Ag2NTT

3.8 1

3.6 _M
3.4 -'M”/_/\/—\

3.2 A S
3.0

2.8 {m
2.6

2.4

2.2 1

2.0

ey N~ T~
1.6 4

1.2 4

1.0 4

0.8

0.6 4

0.4

0.2 {M
0.0 4

' I ' I ' I ' 1
4000 3500 3000 2500 2000
Wavenumber (cm-1)

Absorbance

Absorbance
N

! I ! I ! I
2000 1500 1000 500
Wavenumber (cm-1)

Fi gBreSeri A&FRRF spectra of the transition met
of NHTNn the rab2geo4Oteo0p) aindd0 @ OMot t om) .
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b

f

-
C

P

3.2.2.2. El emental Analysis
El ement al acaindsiitcdoedcaosnf i rm the composition
transition metal coordination compounds bot
materi al
Compou For mul C% H% N% Mor phol
C3sNsO2C u I Expect 11. 0.135.
CuNTT Amor ph
0. 30 H Found 11. 0.236.
C3NsO2C ul: Expect 11. .2.535.
CINTT Amor ph
28 Found 11. 2.135.
CeN1 4C 1 Expect 11. 1. 235.
Cuw( NT2T Crysta
L 40 H Found 11. 1.536.
CeN1 £4Z 1 Expect 10. 3.232.
ZnNnNTT Crysta
L1 1H20 Found 10. 3.332.
. Expect
Ni NTT Amor ph
Found
Expect
CoNTT Amor ph
Found
Expect 9.10.028.
AgNTT CsNsO2A g Amor ph
Found 9.00.028.
TabB@&EI ement al anal yses of the transi
HoNT T
All el emental analyses have the difference
acceptable tolerances (N 0.5% for C, H and
ZNNTT asoNT:Cuhhave values which are in agr eeme
determined as3 Q@iCGlcNTsTsewasi nfound to contain
wat,erif the structure is similar to that of
with water in theCeMRARTIiannldONPdGogh psphepet at ed
free compounds as showinhe ncdapeer (Rl )s peacmpaynd
to contain 0.3 equUhvalestsiaklwadee to the
dry when the el ement al analysis was taken.
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3. 3..

compoundaNTaf H

Only t wo
crystallis

organic

were cryst
powder i n
mi neral i se
some of t

he

transition
ed

allised

an

r WB e &f boeddh ytso.

copper (1 1)
coordinati o€@u(cdTip)ound,

t hrough

autocl ave

Crystabcterer md nati othransiti on

met al

sol veNiTtE p awiitrhg loyn | syo IZinb | e

wi t h

A0 des,thi begrabess
i nt hCeu NiiMTxletedm c e o g e mp (e

i n

25 mL of

Compound Cuw( NT2T) ZNNTT
Empirical | CeHsN1 £sC 1 CeH2N1©O1Z nn
Formul a we 622.90 689. 13
Crystal sy Triclini Triclini
Space gr o P-1 P-1
a il 6.99740(1 7.6654(6)
b iX 7.45270(1 8. 5215(7)
ciX 8. 7156 (2) 9.1223(8)
U 111.3610¢( 1 92.904(2)
b (0 98.6740(1 101.632(2
35 (U 97.6030(1 101.851(2
Vol umd ( 409.704(1 568.56(8)
Z 1 1
rea( g % m 2.525 2.013
T ( K) 100 100
e (mn?) 5.407 2.217
F(00O0) 307.0 350.0
Crystal 3i z 0.3 0.1 031 0.02 11

TabB8®&Cryst

al

Cad@NBBhANTT.
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3.2.3.1. CrystalNBRIYyucture of Cu

Cu( NT2Te)r yst al greed meegdklteal s tcwontanilifoge f N
copper(Jl)iwatomppami{d o la¢g ®aflsewat er. The crys
in the spalowd tchr aunpg tP cel | 7dpEngi5dnsi20f a =
11.14b=98 .07 &7 .(5,0 40 Fi.®Wi t h a d2e n5gi5tclymtofl00 K.

FigBln®&For muhat in the cmysed|l csppeopéem(se | of

ni tlrdor i -8-g ldJHt et r a ztoel haytder at £ NTIL)CT her mall el lips
represent the 70% probabilijfyahevHdIEdiIiNsel pct e
= 1. 34MN,2 G1 1. 8B8R2,=N2. BN2,=C2. BR3,1=QG24i, C2
C3 = 1. 488, =C3. 3R7,1=CG340i,N5N4= 1. 386, =N&. 322,
N6Fi N7 = 1. 3B8, =Cl1. 4C€3 ,N2N1= 1N@.C3rN7 1s211. 47,
N1 C1i N8 O1 = BI1idC&®| C3i N4 -F. 1B0o.t tronght i nset: Cry

Cu( NT-B)2xmagni ficati on

The&NTTigand has similar bond | engths and an
NaNTBnHENTYThe nitro group is altmoisaz ohiea tir iinng
a torsioml. @dB8Bhpbesgbifght byddfmoaeranNNBuggesting
|l ess GdasuNOe bond Thartet eslziod et Irp Ingo e est han
is seeMNTiTnwNah a toB8sWldon angle of

Cul is the copper(l1l) atom, which coordinate

equatori al positibomenNTa® el iugp@ambdysi hwad i ng t hr o

and.N7The axi al positions are talkWwbnchpabg two

slightly out of a per fTdhhet coptpehhddr) alat@eng meCt2r,
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di storted tetrawmherddianatgiemgnett o ytt hr ee dN2f,f er en
N5 and N6 with theseStbionkisng pchwintwo fantcipios dé na
water mol evdiulcé, i@B#élatgead nof f ceCurieOrbh onsd ar t C
arenusdiwae to unfaviewfablaetkRamadti ontalte tdwaeird t
t he h®rbdaksseual |y resul ting iwi tdhi o perwo p erptoird reat
containing a diGHbe’dA o cepw eort (hArearl emicxee dc opper (
copper (I 1 )arceo mpelipgoxrétsetde t ateu t b mia(h e@Ri snfelt hy |

l1H etr®ybltbaio)anthacent ai A2Thesavatempl exes fo
coordination polymers simiN&RIt)hbagwhael ¥y oom

additional counter i on tsa cfHorrasi sc bchaesreig tt @ mo o f |
coppesri(tlsl )bet ween two NTT | igands, and the tw
two |ligands to anof hs(NT2mpnomeric uni't

Figure2B. t6ordination pol yimeop pds-((siilxleldb copp
tri-8adyld)H et raztehptdeat(EeNTkR)Cuher mal el l i psoids r ¢
70% probabbdtitted |lelved .1 i nes represent hydrog

The 2D Bbemtstrong hiYbeoboweean bomescoordinat e
anotherrishgemnistrogens connedthirmgigthh eOWs tamat N4
hydrogen bon2080 ngndc s2 .0ff51.;Thee wwaa @tri vmoll yec ul e
hydrogen bond to each other, forming a chain
t he sThheeeste hydrogen bonds help form the 3D pa
coordinationwpbhymdaraxcks of the sheets exte
crystall ograAapgdi ti aamaal xilyd, .e’l-" sotfaf cskeitng 1 nteract
contribute to theri3rbg s trruwcd2tllr resehsle ®akfes t thheent r 01 ¢
centroid distances of 3.1788.83 8{U wvbietthw eaemn ocaf ftseett

tri amzooileet y. These di mensi onfsf ettt o Uhctsimad .al
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The ?2QuL and*TCH20 bond | engths are capbber(imi)
coordinati of®>zmanpt ete@uw di @ bond kheegshmil ar
to other copper (1) *'oodlihhea £d coonr dcionmapt!ieoxne sh o n
and angles aMab8e®i ebtbgddriagen bToanbd efPeomet ry

Bond Length or ANgl e
CulNS3 1.970
CulN?7 1. 992
CuloOs3 2. 477

N3 CulN3 180

N717 Cu 1 N7 180

O3i CuloO3 180

N7T CulO3 83. 98B, 28

N3 CulO3 89. 36, 90. 614

N3 CulN7? 79. 88, 100. 12
Cu2N2 1.968
Cu2N5 1. 946
Cu2N©G 2.240
Cu2014 2.311

N2 Cu2N5 146.51

N2 Cu2NGB6 105.59

N5T Cu2N6B6 101. 91

N2 Cu204 88. 49

N5 Cu204 111. 53

N6 Cu204 87. 70

TabBeB8oor di pat a mentf ex(CToT )

DiHLLL A DiH{jjJ HLLLE)ADLLL)A DiHLLLULY £

0371 H3AL 1OI4 0.87¢< 1.932z 2. 77¢ 162. 45
O3i H3 B INI4 0.87: 2.151 2.98¢ 159.61
O41 H4 A 1013 0.88¢ 1.82:2 2. 77¢ 161. 37
O41 H4 B 1011 0.88¢ 2.08C 2.88:¢: 150. 20

Tabl eHBdROogen bond geMdme)t ry for Cu
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FigureP8cHHi’Tng stCuuNT.uy ewetl down the crystal./l
(top) and stacks ofNTBHDenad@®&csbdebyg bydcCagen b
down the <crystall ogrTatperrimalb eadxliisps@Obatst orne)pr
probability | evel. Dotted blue |lines represe
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3.2.3. 2. Crystal structure of ZnNTT

ZnNnNTcTr y st al wh isrtereb mebso hcerdyrsatlal s cont ai nithwgo t wo
zinc(llandatamsh ecul es of water. The crystals
1 with unit cel7. gliBnedm2® o042 62 .WEHOE01 63
1010855 8= 5Wwith a dé@rMgi tc'ymto fl0D. K.

’o’s 01

'*::1

N1 N8

g4 ’ C1 s R

Figur&F@&rrmula unit in thbﬁ-(’:&j/sern.ri-ﬁ-ybLchture
tetr abklolH®t(Zen NTTher mal el lipsoids represent t
Only one model of discorf8elredtoed OYojsd alwaln g toh
angl(®E® iN1 1= 344i,N3C1= 325i,N1C2= 1. BHMDP,=C2.343, N

TN3 = 1C2863,= 1. 42, =CB. BR3,=CB. BRB, =NZ. 348,
N5TN6 = 1. 3MN7, =Na@. BN8B,=Cll. a6 N3NE 1171.CI26, N1
TN2 = 7K41L3I.88IN5 = 1N2Z.CABNS8I O1 = 3.1, CAHNNA4

= 5. Bor.tom magthit CaZrydTAIlI @xomagni ficati on.

The NTT I igand has similar bond | engths anc
Cu( NT2INaNTT aaNd ¥Khe nitro group is almost fl at
ring with a t2o® st boughgbien ghlta#8nye nooosepNdsTéd t o
although not to t hNT.T alnhee dteegtireaezfoa aet & enrge

than bagtNA2Tafhud 2MNTaTwi t h a tor Si.@Thasglsaiggests
there is |l ess C = C double bondaohaeaat ei t hi

ot her two discussed structures
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The zinc(Il Il )diasttomttealk o t avhietdhr atlh eg eaoxmeat!r yp o s i

up tbwo water mol ecul es, 04 and O8. Theae equal
water molecule, 06, and two |igands. One |lig
the other leingtaantde mohnroodu gh NG6. This coordina
di mewig h two zinc(ll) atoms and two | igands,

from f orhmei iZzgn. andi HZhbond | engths are similar
structure and ot her o&PTahheerder aalr ez itnher eset rhuycdtruor
water mol ecul es, wiDB¢ h O&dctanads OFoth hydrogen
acceptors forming multip0O2 domatse d dltto e@al ha nmd
accepts from O6 and O6. O5 donates t8ad7N4 and
haswbotidsorder as it sits 6nprmhegetdgdroffenheé
two differento N&N@d |tivgoa nwat er ndeelpeecnudli ensg oofn Q!
confi gurhet icom.rdi nati on bond | engTadb8k®Ohd angl

Both the coordinated and fhgdrogeéabemadenul e
sets of ZnNTT di mer s, coordinated water and
hydrogen bonodwineht ohrame ns wifii ch are then stacltk
hydr ogenThe nkdysdr ogen bond neitHo®Lka ntbHIOMN:-de up
hydr ogenwibtohndlse ngth.s8 h& tavveckkthd 3®d@®en bonds bet
O6i HL lOI7L IHE O6and LNHE O3i HL IOI2f or m t he chain bet we
andi th hydrogen bord&NIOSTE Wilel©OBT HI4INI4 and O8

HL OB HL INZf or mi ng t he stHydkiomgnndtowar geometry
i TabB8Bell

Figur@2Bselcti on of the hydhagennéotheéngpéeéiawark
zinchBA ) tlrHor i -8y d)H et razoeétmayeér aZeNJTTdi mer s
Ther mal el lipsoids represbPattedchebl70é Iprodab
hydrogen bonds.
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