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|. Wprowadzenie

Rozwdj prac nad koordynacyjnymi zwigzkami metali przejscio-
wych jako potencjalnymi materiatami wybuchowymi, szczegélnie ma-
teriatami inicjujacymi, nastapit w latach 50. i 60. ub.w., lecz z powodu
ich ekstremalnie wysokiej wrazliwosci na bodzce mechaniczne prace
te zostaly przerwane. Ponowny rozwdj tego kierunku badan mozna
byto zaobserwowac od lat 80. XX w., kiedy to pojawity sie takie nowe
materiaty, jak NHN/NiHN - azotan(V) tris(hydrazyna)nikiel(ll) czy
HATP-nadchloran  di(4-amino-3-hydrazyno-1,2,3-triazol)miedzi(ll)
[1+3]. Prace te nadal sie rozwijaja, a otrzymywane zwiazki niejedno-
krotnie wykazuja niska wrazliwos$é na bodzce mechaniczne i wysokie
parametry energetyczne [4, 5] oraz stymulacje poprzez promieniowa-
nie laserowe, mogac stanowi¢ baze do budowy laserowych sptonek
detonujacych i zapalajacych [6, 7]. Nowoczesne materialy wybuchowe
i srodki strzatowe to takze spfonki i zapalniki typu NPED — Non Primary
Explosives Detonator, czyli niezawierajace klasycznych materiatéw ini-
cjujacych. Zwiazki kompleksowe moga stanowi¢ doskonate materiaty
do ich budowy.

I.1. Kompleksy hydrazyny

Jednym z ligandéw wystepujacych w koordynacyjnych MWI jest
hydrazyna. Zespét badaczy z Chin otrzymat i przebadat zwiazek zwany
potocznie NHN - azotan(V) tris(hydrazyna)niklu [1].

Rys. |. Struktura azotanu(V) tris(hydrazyna)niklu - NHN

Zwiazek ten zostat doktadnie przebadany i opisany. Przedstawio-
no takie dane, jak: rozpuszczalnos¢ w wodzie, acetonie, etanolu, me-
tanolu i eterze; predkos¢ detonacji; wrazliwos¢ na tarcie; uderzenie
i iskre elektryczng; zaleznos¢ gestosci od cinienia zaprasowania oraz
zdolnos¢ do przemiany wybuchowej dla zadanej gestosci prasowania.
Badania te pokazuja, ze jest on praktycznie nierozpuszczalny w roz-
puszczalnikach typu woda, alkohole, eter; jego predkos¢ detonacji dla
maksymalnej gestosci 1,7 g/cm?® wynosi 7000 m/s, wrazliwos$¢ na ude-
rzenie znajduje sie w zakresie 21-26 cm przy spadku mtota o masie
400 g. Wrazliwo$¢ na tarcie badana przy cisnieniu 588,4 kPa data 12%
reakcji, a minimalna energia iskry elektrycznej zdolna do pobudzenia
NHN, to 0,02 ).

Badania wykazaty takze, ze NHN ma zdolno$¢ zaprasowywania
sie na martwo. Powyzej ci$nienia prasowania 60 MPa rosnie ilo§¢ de-
flagracji wzgledem detonacji. Zawilgocony potrafi takze wybuchaé
z charakterystyka: 25% wody — 80% wybuchéw, 35% wody — 20%
wybuchoéw, 40% wody — 0% wybuchéw.
gldéwka zapalczg masa NHN potrzebna do zainicjowania prasowanego
PETN wynosi 150 mg i 120 mg dla inicjowania rurka detonacyjna.
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Mimo nizszych wrazliwosci niz inne MWI, takie jak PbN,, tetrazen
czy diazodinitrofenol (DDNP), nadal trudno go zaliczy¢ do bezpiecz-
nych i mato wrazliwych MWI.

1.2. Analogi NHN

Inna grupa naukowcéw z Chin zsyntezowafa i przebadata analog
NHN z grupa azydkowa w roli anionu [8]. Zwiazek ten wykazywat
jednak nizsze wrazliwosci na bodzce mechaniczne, czy tez pobudzenie
impulsem ptomieniowym — 50 cm w prébie wrazliwosci na uderzenie
miotem o masie 800 g, 72% wybuchdw przy tarciu o nacisku | kg i deto-
nacja przy pobudzeniu impulsem ptomienia pastylki prochu czarnego.

W pracy [9] zespét ).S. Chhabra przedstawit prace nad NiHN oraz
jego kobaltowym analogiem CoHN. Oprécz badan nad synteza, sta-
bilnoscia termiczna i analizg strukturalng, przedstawiono wrazliwosci
na tarcie i uderzenie oraz charakterystyke mieszanin NiHN i CoHN
z KCIO,, Pb,[Fe(CN),], AgN, czy szktem (tab. I).

Tablica |
Wrazliwosé na tarcie i uderzenie NiHN i CoHN oraz ich mieszanin
Mieszanina Wrazliwo$é na uderze- | Wrazliwosé na tarcie,

(stosunek sktadnikow) nie, h, cm N
NiHN 96 10

NiHN + KCIO,
9:1 80 10
73 80 5

NiHN + Pb,[Fe(CN),]

9:1 53 16
73 51 64

NiHN + AgN,
100:2,5 68 8
100:5,0 68 8
100:10,0 66 6

NiHN + szkto
100:2,5 74 10
100:5,0 45 10
100:10,0 46 8
CoHN 59 60

CoHN + KCIO3
9:1 53 16
73 51 64

CoHN + Pb,[Fe(CN),]

9:1 59 40
73 58 64

Badania wykazaty takze, ze CoHN nie posiada, tak jak NiHN, wia-
$ciwosci inicjujacych. NiHN moze by¢ stosowany jako samodzielny
MW a takze w mieszaninach. CoHN moze by¢ skutecznie stosowany
jako paliwo lub dodatek do paliw i prochéw.

2. Czesc eksperymentalna
Chemikéw i technologéw materiatéw wybuchowych interesuje
nie tylko mozliwo$¢ wykorzystania soli metali juz przebadanych, ale
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takze i innych. Jak dotad nie znaleziono bezposrednich korelacji po-
miedzy rdzeniem kompleksu a jego wiasciwosciami detonacyjnymi,
lecz badania prowadzi sie tak, aby wprowadzony do kompleksu metal
spetniat takze wymogi bezpieczenstwa toksykologicznego, z uwzgled-
nieniem jego dostepnosci i ceny, a przede wszystkim, aby zastosowana
s6l umozliwiata otrzymanie zatozonej struktury kompleksu.

2.1. Synteza i potwierdzenie struktury

Zaplanowano synteze hydrazynowych komplekséw miedzi, rteci,
chromu, kobaltu, niklu, cynku oraz kadmu w analogach azotanowych
i nadchloranowych (rys. 2, 3). Wysoki potencjat redukujacy hydrazyny
uniemozliwit uzyskanie komplekséw miedzi i rteci. Badania wstepne
wykazaty, iz nadchloran tris(hydrazyna)niklu wykazuje tak wysoka
wrazliwos¢ na tarcie, ze zaniechano jego syntezy w wiegkszej skali
umozliwiajacej przebadanie jego cech uzytkowych.

W celu potwierdzenia budowy otrzymanych komplekséw prze-
prowadzono analize strukturalna. Analiza elementarna wykazata za-
warto$¢ wegla, azotu i wodoru w zwiazku. Analiza fluorescencyjnej
spektroskopii rentgenowskiej pozwolita na potwierdzenie zawartosci
metalu w probcee, a spektroskopia w podczerwieni potwierdzita skta-
dowe elementy komplekséw (tab. 3+7).

Analiza elementarna C, H, N zostafa przeprowadzona na analiza-
torze Perkin Elmer Series Il CHNS/O Analyzer 2400, widma IR w ciele
stalym (pastylka KBr) wykonano na aparacie BioRad FTIR 175S, w za-
kresie 640-4000 cm™', a oznaczenie metali metoda XRF na przyrzadzie
EDXRF Spectro Xepos.

2.1.1. Analogi azotanowe

HaN._
60 °C
MNO3), +3NH, —————=  [HaNg b 2NHa| (o
H,0 RN
- H2N +/NH2
HsN

Rys. 2. Schemat otrzymywania azotanowych komplekséw hydrazyny

W kolbie stozkowej o pojemnosci 500 cm?, umieszczonej w fazni
wodnej, zaopatrzonej w mieszadio mechaniczne, termometr i wkra-
placz, umieszczano 0,02 mol odpowiedniego azotanu, po czym doda-
wano 200 cm?® wody. We wkraplaczu umieszczano 4,12 cm?® (3,30 g;
0,066 mol) 80% roztworu wodzianu hydrazyny. Roztwér soli miesza-
no i ogrzewano do osiagniecia temp. 60°C. Wkraplano roztwér hy-
drazyny przez ok. 30 min. Po wkropleniu cafosci, roztwér mieszano
jeszcze przez 60 min., po czym przenoszono na wyparke rotacyjna
i odparowywano do sucha. Otrzymany osad rekrystalizowano z eta-
nolu (tab. 2).

Tablica 2
Podsumowanie syntezy azotanowych komplekséw hydrazynowych
. Masa Otrzymany Masa Wydajnos¢
Lp. | Uzyty azotan azotanu, g | zwiazek | zwiazku, g | reakcji, %
) [Co(Hz),] 47,0
I. | Co(NO,),6H,0 5,82 (NO,), 3,13
) ] [Ni(Hz),] 91,1
2. | Ni(NO,),-6H,0 6,82 (NO,), 6,06
. [Zn(Hz),] 90,8
3. | Zn(NO,),"6H,0 5,95 (NO,), 6,16
] [Cd(Hz),] 93,7
4. | Cd(NO,),4H,0 6,17 (NO,), 7,24
) [Cr(Hz),] 93,4
5. | Cr(NO,),9H,0 8,00 (NO,), 723
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Tablica 3
Wyniki analizy instrumentalnej i XRF azotanowych komplekséw

hydrazyny
Analiza elementarna, % Analiza
' a elementarna, 7o XRF,%
e Ziiazel Obliczono Oznaczono
Mobl. Moln.
C H N C H N
l. [Co(Hz),] 0,00 | 2,61 |31,73| 0,00 | 2,66 |31,79|19,07 | 19,02
(NO,),
2. | NEBD 500 | 434 (40,19 | 0,00 | 426 | 4026 | 21,05 | 2101
(NO,),
3. [Zn(Hz),] 0,00 | 4,24 |39,24| 0,00 | 4,20 | 39,29 | 22,91 | 22,87
(NO,),
4. [Cd(Hz)] 0,00 | 3,64 33,69 0,00 | 3,72 | 33,63 | 33,60 | 33,68
(NO,),
5. [CriHz),] 0,00 | 3,62 |37,73| 0,00 | 3,73 | 37,87 | 1556 | 15,68
(NO,),
Tablica 4
Wyniki spektrofotometrii IR azotanowych komplekséw hydrazyny
Spektroskopia IR (KBr), cm’'
Lp. Zwigzek
NO, NH,
I. [Co(Hz),(NO,), 1381 1624, 3265
2. [Ni(Hz),J(NO,), 1385 1628, 3241
3. [Zn(Hz),J(NO,), 1381 1624, 3261
4. [Cd(Hz),J(NO,), 1354 1597, 3265
5. [Cr(Hz),J(NO,), 1362 1620, 3234

2.1.2. Analogi nadchloranowe

HoN
60 °C
M(CI0, + 3NH, —— = Halss b0 N2 610,
H‘.\

HN"" A})NHQ
HoN

Rys. 3. Schemat otrzymywania nadchloranowych komplekséw
hydrazyny

W kolbie stozkowej o pojemnosci 500 cm?, umieszczonej w tazni
wodnej, zaopatrzonej w mieszadio mechaniczne, termometr i wkra-
placz, umieszczano roztwoér zawierajacy 0,02 mol odpowiedniego nad-
chloranu, po czym dodawano 200 cm® wody. We wkraplaczu umiesz-
czano 4,12 cm? (3,30 g; 0,066 mol) 80% roztworu wodzianu hydrazyny.
Roztwér soli mieszano i ogrzewano do osiagniecia temp. 60°C. Wkra-
plano roztwor hydrazyny przez ok. 30 min. Po wkropleniu catosci, roz-
twor mieszano jeszcze przez 60 min., po czym przenoszono na wyparke
rotacyjna i odparowywano do sucha. Otrzymany osad rekrystalizowano
z etanolu (tab.5).

Tablica 5
Podsumowanie syntezy nadchloranowych kompleksow
hydrazynowych
Uzyty Masa nad- Otrzymany Masa Wydajn:) ¢
Lp. ; . reakgji,
nadchloran chloranu, g zwiazek zwiazku, g %
(]
[Co(Hz),] 46,1
l. | ) 3 )
Co(ClO,), 5,16 (€0, 3,76
) [Ni(Hz),] 22,1
2. Ni(Cl ) 3 I,
i(Clo,), 5,15 (€0,), 80
[Zn(Hz),] 9,1
3. Zn(ClO,), 5,28 (o), 7,96
[Cd(H2),] 932
4. Cd(Clo,), 6,23 (€0, 8,60
[Cr(Hz),] 91,0
5. Cr(ClO,), 7,01 (€0, 9,11
21

nauka ¢ technika



nauka ¢ technika

Tablica 6
Wyniki analizy instrumentalnej i XRF nadchloranowych komplekséw

hydrazyny
Analiza elementarna, % Analiza XRF, %
Lp. Zwiazek Obliczono Oznaczono
Moh\. Mczn.
C H N (o H N
L [Co(Hz),] 0,00 | 267 | 1853 | 0,00 2,49 [18,50| 13,00 13,15
(cilo,),
5 [Zn(Hz),] 0,00 | 3.36 | 23.32| 0,00 3,49 (23,39 18,15 | 18,29
(Clo,),
3 [Cd(Hz),] 0,00 | 297 | 20,63 | 0,00 3,02 (20,77 27,59 | 29,68
(Clo,),
4 [Cr(Hz),] 000 | 271 | 1882 0,00 2,70 | 18,78 11,65 | 11,76
(Clo,),
Tablica 7
Wyniki spektrofotometrii IR nadchloranowych komplekséw hydrazyny
Spektroskopia IR (KBr), cm’!
Lp. Zwigzek
Clo, NH,
I [Co(Hz),](CIO,), 1142 1628, 3241
2. [Zn(Hz),](CIO,), 1084 1609, 3241
3 [Cd(Hz),](CIO,), 1084 1605, 3245
4, [Cr(Hz),](CIO,), 1092 1628, 3245

2.2. Badanie cech bezpieczenstwa stosowania
2.2.1. Wrazliwos¢ na tarcie

Badanie wrazliwosci na tarcie nowo otrzymanych materiatéw wy-
buchowych wyznaczono w oparciu o standard PN-EN 1363 1-3:2006.
Proby prowadzono do wyznaczenia dwéch granic wrazliwosci: gérnej
granicy niewrazliwosci (GGN), czyli takiego maksymalnego nacisku,
ktéry nie wywotuje reakcji w badanym materiale w szesciu kolejnych
probach oraz dolnej granicy wrazliwosci (DGW), czyli minimalnego
nacisku wywofujacego reakcje w badanym materiale, przynajmniej
w jednej z szesciu prob (tab. 8).

Tablica 8

Wartosci wrazliwosci na tarcie azotanowych i nadchloranowych
kompleksow zawierajacych hydrazyne jako ligand

Werazliwos¢ na tarcie, N Wrazliwos¢ na tarcie, N
Zwiazek Zwiazek
GGN DGW GGN DGW

[Co(Hz),] [Co(Hz),]

(NO,), 54 60 (o), 28 36
[Ni(Hz),] [Ni(Hz),]

(NO,), 20 24 (o), <l
[Zn(Hz),] [Zn(Hz),]

(NO,), 360 > 360 (Cio,), 180 192
[Cd(Hz),] [Cd(Hz),]

(NO,), 192 216 (Clo,), 1,5 2
[Cr(Hz),] [Cr(Hz),]

(NO,), 60 64 (Cio)), 84 96
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2.2.2. Wrazliwos$¢ na uderzenie

Badanie otrzymanych zwiazkéw pod wzgledem wrazliwosci na bo-
dziec uderzeniowy wykonano wg standardu PN-EN 1363 1-4:2006.

Proby prowadzono az do wyznaczenia dwdch granic wrazliwosci
na uderzenie: gornej granicy niewrazliwosci (GGN), czyli takiej mak-
symalnej energii uderzenia, ktéra nie wywoluje reakcji w badanym
materiale w szesciu kolejnych prébach oraz dolnej granicy wrazliwosci
(DGW), czyli minimalnej energii uderzenia wywolujacej reakcje w ba-
danym materiale, przynajmniej w jednej z szesciu préb (tab. 9).

Tablica 9

Wartosci wrazliwosci na uderzenie azotanowych i nadchloranowych
kompleksow zawierajacych hydrazyne jako ligand

Werazliwos$¢ na uderzenie, Nm Wrailiwos'(;\ln; Loszenist
Zwiazek Zwiazek
GGN DGW GGN DGW
[Co(Hz),] [Co(Hz),]
(NO,), > 25 (Clo,), > 25
[Ni(Hz),] [Ni(Hz),]
(NO)), 9 10 (€lo,,
[Zn(Hz)x] [Zn(Hz)a]
(NO,), > 25 (Clo,), > 25
[Cd(Hz),] [Cd(Hz),]
(NO,), > 25 (o), 5 6
[Cr(Hz)a] [Cr(Hz)B]
(NO,), > 25 (Clo,), | 2

2.2.3. Badanie wrazliwosci na elektrycznosc statyczna

Brak jest uregulowan standaryzacyjnych dotyczacych badania ma-
teriatéw wybuchowych pod katem ich wrazliwosci na elektrycznosé¢
statyczna. W niniejszych badaniach postuzono sie¢ metoda i aparatura
opracowana przez Instytut Przemystu Organicznego w Warszawie Od-
dziat w Krupskim Mtynie do wyznaczania wrazliwosci na elektrycznos¢
statyczna.

Podstawowym elementem aparatu jest generator iskry sktadajacy
sie z zasilacza wysokonapieciowego i baterii kondensatoréw. Zasilacz
taduje bateri¢ kondensatoréw o znanej pojemnosci, przy zadanym
napieciu, po czym nastepuje roztadowanie kondensatoréw w formie
iskry przez badany zwiazek znajdujacym sie pomiedzy dwiema elek-
trodami.

Tablica 10

Wartosci wrazliwosci na elektrycznos¢ statyczna azotanowych i nad-
chloranowych komplekséw zawierajacych hydrazyne jako ligand

Energia iskry, | Energia iskry, |
Zwiazek Zwiazek

GGN | DGW GGN | DGW
[Co(Hz),I(NO,), 2,000 | 2,250 [Co(Hz),](CIO,), 0,720 | 0,840
[Ni(Hz),](NO,), 0,023 | 0,027 [Ni(Hz),]J(ClO,), -
[Zn(Hz),](NO,), 0,600 | 0,720 [Zn(Hz),](CIO,), 7,500 | 9,000
[Cd(Hz),](NO,), 0,070 | 0,080 [Cd(Hz),](CIO,), 0,007 | 0,010
[Cr(Hz),](NO,), 1,000 | 1,167 [Cr(Hz),](CIO,), 1,500 | 1,750

W zagtebieniu gniazda elektrody, umieszczano standardowa préb-
ke badanego zwiazku, zakrywano krazkiem folii z centralnym otworem
i zabezpieczano nakretka. Elektrody, gérna i dolng zblizano do siebie,
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po czym uruchamiano generator iskry. Po natadowaniu kondensato-
réw do wymaganego napiecia, wyzwalano iskre. Jezeli zostafa zaob-
serwowana reakcja w materiale, tj. nastapit trzask, btysk, ulegt spaleniu
lub zwegleniu, energie iskry obnizano i powtarzano badanie z nowa
probka. Probka obserwowana byta takze przez fotodetektor, ktory
W momencie wygenerowania przez nig ptomienia przekazywat impuls
do oscyloskopu.

Proby prowadzono, az do wyznaczenia dwéch granic wrazliwosci:
gornej granicy niewrazliwosci (GGN), czyli takiej maksymalnej energii
iskry, ktora nie wywotuje reakcji w badanym materiale w szesciu kolej-
nych prébach, oraz dolnej granicy wrazliwosci (DGW), czyli minimalnej
energii iskry wywotujacej reakcje w badanym materiale, przynajmniej
w jednej z szesciu prob.

3. Podsumowanie

Synteze azotanowych i nadchloranowych komplekséw kobaltu,
cynku, kadmu, niklu i chromu z hydrazyna, mozna przeprowadzi¢
w kontrolowany, bezpieczny sposéb z zadowalajacymi wydajnosciami
w warunkach laboratoryjnych bez koniecznosci stosowania drogich,
niewodnych rozpuszczalnikéw. Analiza elementarna, IR oraz XRF po-
twierdzifa strukture otrzymanych komplekséw i ich czysto$¢ po jed-
nokrotnej krystalizacji.

Relatywnie najnizszg wrazliwo$¢ na bodziec tarcia wykazuja
zwiazki chromu, cynku oraz kadmu, z wyjatkiem [Cd(Hz),](CIO,),,
ktdry wykazuje wrazliwosé jak typowy MWI. Dostatecznie bezpiecz-
nymi w stosowaniu i obrébce okazuja sie zwiazki kobaltu i niklu, dla
ktorych wartosci sity nacisku wywotujacej reakcje w materiale siegaja
dziesiatek a niejednokrotnie setek newtonow. Wyjatkiem jest [Ni-
(Hz),]J(NO,),, ktérego wrazliwos¢ na poziomie 20 N jest potwier-
dzona doniesieniami literaturowymi [1]. Jego analog nadchloranowy,
wykazywat tak wysoka wrazliwosc¢ na tarcie, ze po wstepnej syntezie
w skali 2 g, zaprzestano prac nad nim, a doktadna wrazliwos¢ na tar-
cie nie zostata okreslona.

Wrazliwosci niektérych klasycznych MW na tarcie: azydek otowiu
— 0,1 N; trinitrorezorcynian otowiu — 1,5 N; piorunian rteci (biaty) —
5,0 N; tetrazen — 8,0 N; pentryt — 60 N; heksogen — 120 N; oktogen
— 120 N [10], pokazuija, ze nowo otrzymane MW nie sa zbyt wrazliwe,
a co za tym idzie nadmiernie niebezpieczne w pracy z nimi.

Badane zwiazki wykazuja wysoka odpornos¢ na bodziec uderze-
niowy. Wiekszos¢ z nich nie inicjuje si¢ przy uderzeniu mtota spado-
wego o energii 25 Nm, ktéra uznano za wyznaczang goérng wartosc.
Odstepstwem od sredniej wykazuje sig [Cr(Hz),](CIO,),, dla ktérego
wartosci granic | i 2 Nm oznaczaja wysoka wrazliwo$¢ na tego typu
bodziec. Pozostate, wykazujace wrazliwosci na poziomie 6-9 Nm, nie
moga by¢ zaliczone do specjalnie wrazliwych biorac pod uwage fakt,
ze takie klasyczne MW jak pentryt czy azydek ofowiu wykazuja duzo
nizsze wartosci tego parametru (azydek otowiu — 7,5 Nm; trinitrore-
zorcynian ofowiu — |5 Nm; piorunian rteci (bialy) — 2 Nm; tetrazen
— 2 Nm; pentryt — 3 Nm; heksogen — 7,5 Nm; oktogen — 7,4 Nm;
tetryl — 3Nm) [ 1].

Wrazliwos¢ na elektrycznosé statyczna nie jest elementem klasycz-
nej analizy MW na bodzce proste. Badanie to jest jednak wazne, gdyz
mozliwos¢ wygenerowania iskry elektrostatycznej podczas transportu
i pracy z MW jest duza.

Badane zwiazki wykazywaty rézne wrazliwosci na tego typu bodziec.
Najbardziej wrazliwym okazat sig by¢ [Cd(Hz),](CIO,),, ktéry swoje
najwyzsze wrazliwosci objawit takze w badaniu wrazliwosci na tarcie
i uderzenie. Zwiazek ten posiada potwierdzone wtasciwosci jako MWI
[12] i wykazuje wrazliwosci charakterystyczne dla tej grupy zwiazkow.
W odniesieniu do literaturowych wartosci wrazliwosci na bodziec elek-
trostatyczny (azydek otowiu — 0,037 — 0, 1 | 3 yJ; trinitrorezorcynian oto-
wiu — 0,40 — 0,72 yJ; tetrazen — 2,0 — 7,6 m]; pentryt — 300 — 436 mj;
chloran(VII) u-tris(4-amino-1,2,4-triazol)miedzi(ll) — 120 — 198 m]) [13],
badane zwiazki s3 umiarkowanie wrazliwe na iskre.
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Otrzymane zwiazki stanowia perspektywiczne MW mozliwe
do zastosowania zaréwno w $rodkach strzatowych, jak i jako samo-
dzielne materiaty wybuchowe, czy tez sktadniki mieszanin inicjujacych
czy zapalajacych.
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I. Introduction

Research on coordination compounds of transition metals as
potential explosives, particularly primary explosives, thrived in
the 1950s and 1960s. However, their extremely high sensitivity to
mechanical stimuli disrupted this research. A revival has been observed
since the 1980s, when new materials appeared, such as NHN/NiHN —
nickel hydrazinium nitrate, or HATP — di-(4-amino-3-hydrazino-1,2,3-
triazole)-copper(ll) perchlorate [ +3]. The research is on-going, and
the compounds obtained frequently show low sensitivity to mechanical
stimuli and high energetic parameters [4, 5] and stimulation by laser
radiation, and may therefore be used in the manufacture of laser
detonators and primers [6-7]. Modern explosives and blasting agents
also include NPED (Non Primary Explosives Detonator) type detonators
and blasting cups. Complex compounds may constitute excellent
material for formulating these.

1.1. Hydrazine complexes
One of the ligands present in coordination primary explosives
is hydrazine. A research team in China had prepared and studied
a compound usually referred to as NHN - nickel hydrazinium
nitrate [1].

(NO3)2

Fig. |. Structure of nickel hydrazinium nitrate (NHN)

This compound has been examined and described in detail. The
following data have been presented: solubility in water, acetone,
ethanol, methanol and ether; detonation velocity; sensitivity to friction,
impact and electric spark; effect of compacting pressure on density and
explosive transformability at given compacting pressure. The study has
shown that the compound was practically insoluble in such solvents as
water, alcohols, ether; its detonation velocity at maximum density of
1.7 g/em® was 7000 m/s, its impact sensitivity was within 21 +26 cm as
tested by dropping a weight of 400 g. The result of friction sensitivity
tests carried out under the pressure of 588.4 kPa, was 12% reaction,
whereas the minimum energy of an electric spark that caused firing of
NHN was 0.02 J.

The tests have also shown that NHN could be dead-pressed. Above
the pressure of 60 MPa the amount of deflagration increased in relation
to detonation. The explosivity vs. moisture content characteristics
were as follows: 25% water — 80% explosions, 35% water — 20%
explosions, 40% water — 0% explosions.

Testing of initiating power showed that the mass of NHN required
for detonating pressed PETN was 150 mg when using fuse head and
120 mg when using detonating tube.
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Despite lower sensitivity than other primary explosives, such as
PbN,, tetrazene or diazodinitrophenol (DDNP), it still could hardly be
considered a safe or low sensitive primary explosive.

1.2. NHN analogues

Another research team in China had synthesized and studied an
NHN analogue having an azide group as the anion [8]. This compound,
however, was less sensitive to mechanical stimuli and flame — 50 cm
in the drop hammer (800g) test, 72% explosions caused by friction
under the pressure of | kg, and detonation under the action of flame
of a black powder pellet.

J. S. Chhabra et al. [9] reported on their work on NiHN and its
cobalt analogue CoHN. In addition to studies on synthesis, thermal
stability and structural analysis, sensitivities to friction and impact
were presented along with the characterization of NiHN and CoHN
mixtures with KCIO,, Pb,[Fe(CN),], AgN, and glass (Tab.I).

Table |

Friction and impact sensitivities of NiHN and CoHN and mixtures
thereof

Mixture

Impact sensitivity h_,, cm
(component ratio) P RA

Friction sensitivity, N

NiHN 96 10
NiHN + KCIO,

9:1 80 10

73 80 5

NiHN + Pb,[Fe(CN) ]

9:1 53 16

73 51 64
NiHN + AgN,

100:2.5 68 8

100:5.0 68 8

100:10.0 66 6
NiHN + glass

100:2.5 74 10

100:5.0 45 10

100:10.0 46 8

CoHN 59 60
CoHN + KCIO,

9:1 53 16

73 51 64

CoHN + Pb,[Fe(CN) ]
9:1 59 40
73 58 64

The tests have also shown that CoHN had no initiating properties
like NiHN. NiHN could be used as an explosive alone and in mixtures.
CoHN could be used effectively as a propellant or an additive to
propellants and powders.

2. Experimental
Chemists and process engineers dealing with explosives are
interested not only in the use of metal salts already studied, but also in
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other metal salts. No direct correlation has so far been found between
the core of the complex and its detonation properties. Studies are
conducted in such manner as to ensure that the metal introduced into
the complex is toxicologically safe, readily available at reasonable price,
and above all, that the salt used enables the formation of the adopted
complex structure.

2.1. Synthesis and structure confirmation

Our plan included the synthesis of hydrazine complexes of copper,
mercury, chromium, cobalt, nickel, zinc and cadmium in nitrate and
perchlorate analogues (Figs. 2, 3). The high reduction potential of
hydrazine precluded the obtaining of copper and mercury complexes.
Preliminary tests revealed that nickel hydrazinium nitrate had such high
sensitivity to friction that its synthesis on a larger scale enabling the
study of its performance was abandoned.

Structural analysis was performed in order to confirm the
structure of the complexes obtained. Elemental analysis showed that
the compounds contained carbon, nitrogen and hydrogen. X-ray
fluorescence spectroscopy confirmed the presence of a metal in the
sample, while infrared spectroscopy confirmed the content of individual
structural components of the complexes (Tab. 3+7).

C, H and N elemental analysis was performed on a Perkin Elmer
Series [l CHNS/O Analyzer 2400, IR spectra of solids (KBr pellet) were
obtained on a BioRad FTIR |75S spectrometer within the spectral range
of 640--4000 cm™', whereas metals were determined on an EDXRF
Spectro Xepos analyzer.

2.1.1. Nitrate analogues

HoN
60 °C
M(NOs), + 3 NaHy H?“*'A,LM'NH? (NO5),
H,0 N
= H2N +/NH2
HoN

Fig. 2. Preparation route for hydrazine nitrate complexes

Into a 500 cm?® conical flask placed in a water bath and equipped
with a mechanical stirrer, thermometer and dropping funnel, 0.02 mole
of appropriate nitrate were introduced, followed by 200 cm?® water.
The dropping funnel was filled with 4.12 cm® (3.30 g; 0.066 mole) of
80% solution of hydrazine hydrate. The salt solution was stirred and
heated to 60°C. The hydrazine solution was added dropwise over a
period of ca. 30 minutes. After all of the hydrazine solution was added
the solution was stirred for another 60 minutes, after which it was
transferred into a rotary evaporator and evaporated to dryness. The
residue obtained was recrystallized from ethanol (Tab. 2).

Table 3
Results of instrumental and XRF analysis of hydrazine nitrate complexes
Elemental analysis, % RRe inalysls,
%
Com-
# pound Calculated Determined
Mca.l Mdet
C H N C H N : i
| [Co(Hz),] 0.00 | 2.61 |31.73| 0.00 | 2.66 | 31.79 | 19.07 | 19.02
(NO,),
2 (Ni(Hz),] 0.00 | 4.34 | 40.19 | 0.00 | 4.26 | 40.26 | 21.05 | 21.01
(NO,),
3 [Zn(Hz),] 0.00 | 424 | 39.24 | 0.00 | 4.20 | 39.29 | 22.91 | 22.87
(NO,),
4 Cd(Hz),] 0.00 | 3.64 | 33.69 | 0.00 | 3.72 | 33.63 | 33.60 | 33.68
(NO,),
s | I 000 | 362 | 3773 | 000 | 373 | 3787 | 15.56 | 15.68
(NO,),
Table 4
Results of IR spectrophotometry of hydrazine nitrate complexes
IR spectroscopy (KBr), cm!
# Compound
NO, NH,
I [Co(Hz),](NO,), 1381 1624, 3265
2 [Ni(Hz),J(NO,), 1385 1628, 3241
3 [Zn(Hz),J(NO,), 1381 1624, 3261
4 Cd(Hz),J(NO,), 1354 1597, 3265
5 [Cr(Hz),J(NO,), 1362 1620, 3234
2.1.2. Perchlorate analogues
HoN
60 °C ™~
M(CIO), +3NH;, ————  [HaNa ¥ ZNH, (CIOg ),
H,O BN
HoN A}/NH2
HaN

Fig. 3. Preparation route for hydrazine perchlorate complexes

In 2 500 cm? conical flask placed in a water bath and equipped with
a mechanical stirrer, thermometer and dropping funnel, 0.02 mole of
respective perchlorate were introduced, followed by 200 cm? water.
The dropping funnel was filled with 4.12 cm? (3.30 g; 0.066 mole) of
80% solution of hydrazine hydrate. The salt solution was stirred and
heated to 60°C. The hydrazine solution was added dropwise over a
period of ca. 30 minutes. After all of the hydrazine solution was added
the solution was stirred for another 60 minutes, after which it was

Table2  transferred into a rotary evaporator and evaporated to dryness. The
Summary of synthesis of hydrazine nitrate complexes residue obtained was recrystallized from ethanol (Tab.5).
Table 5
# Nitrate used Nitrate | Compound | Compound | Reaction Summary of synthesis of hydrazine perchlorate complexes
amount, g | obtained amount, g | yield, %
# Perchlorate | Perchlorate | Compound | Compound | Reaction
i used amount, g obtained amount, g yield, %
I | Co(NO,),éHO | 582 [C(;(gz))z] 3.13 47.0
o I | co(i0) 5.16 [Co(Hz),] 3.76 6.1
[Ni(Hz),] 9.1 - (G0,
2 | Ni(NO,),¢H,0 6.82 (NO). 6.06 ' INIHD) ] .
3/2 H 3 "
2 | Nico,, 5.15 o), 1.80
[Zn(Hz),] 90.8
3 Zn(NO,),-6H,0 5.95 3 6.16 [Zn(Hz).] 96.1
NO , .
(NO,), 3 | zn@o,), 528 0y, 7.96
. [Cd(Hz),] 93.7
4 | CdNO)4HO | 617 NO, 7.24 4| cacoy, 623 [Cd(Hz),] 8.0 932
(clo,),
[Cr(Hz).] 93.4 [Cr(Hz).] 91.0
5 Cr(NO,),"9H,0 8.00 3 7.23 3
(NO,),9H; (NO,), 5| crclo,, 7.01 o), 9.11
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Table 6
Results of instrumental and XRF analysis of hydrazine perchlorate

complexes
XRF analy-
ic O
Elemental analysis, % sis, %
# | Compound Calculated Determined
Mcal‘ Mdet.
C H N C H N
Dot | oo |26 | iess| oo | 249 | 1850( 13.00 | 13.15
(Clo)),
2 [Zn(Hz),] 000 | 336 [ 2332 0.00 3.49 | 23.39|18.15| 18.29
(Clo,),
H .02 | 20. 27.59 | 29.
3 [Cd(Hz),] 0.00 | 2.97 |20.63 | 0.00 30 077|275 68
(Clo,),
4 [Cr(Hz),] 000 | 271 | 18821 0.00 2.70 | 18.78 | 11.65| I1.76
(Cio,),
Table 7
Results of IR spectrophotometry of hydrazine perchlorate complexes
IR spectroscopy (KBr), cm!
# Compound
cio, NH,
[ [Co(Hz),](CIO,), 1142 1628, 3241
2 [Zn(H2),](CIO,), 1084 1609, 3241
3 [Cd(Hz),](CIO,), 1084 1605, 3245
4 [Cr(H2),)(CI0,), 1092 1628, 3245

2.2, Safety of use testing
2.2.1. Friction sensitivity

The obtained explosives were tested for friction sensitivity in
accordance with the PN-EN 13631-3:2006 standard. The tests
were performed until two sensitivity limits were determined: upper
insensitivity limit (UIL), that is the highest load at which no reaction
was obtained in the material tested in six subsequent trials, and lower
sensitivity limit (LSL), that is the lowest load at which a reaction was
obtained in the material tested in at least one out of six trials (Tab. 8).

Table 8

Friction sensitivity values of nitrate and perchlorate complexes
containing hydrazine as the ligand

Friction sensitivity, N Friction sensitivity, N
Compound Compound
UIL LSL UIL LSL
[Co(Hz),] [Co(Hz),]
(NO,), 54 60 (Clo,), 28 36
[Ni(Hz),] [Ni(Hz),]
(NO,), 20 24 (Clo,), < -—-
[Zn(Hz)a] [Zn(Hz)a]
(NO,), 360 > 360 (Clo,), 180 192
[Cd(Hz),] [Cd(Hz),]
(NO,), 192 216 (clo,), 1.5 2
[Cr(Hz),] [Cr(Hz),]
(NO,), 60 64 (Cio,), 84 96
26

2.2.2. Impact sensitivity

The obtained explosives were tested for impact sensitivity in
accordance with the PN-EN 13631-4:2006 standard.

The tests were performed until two impact sensitivity limits were
determined: upper insensitivity limit (UIL), that is the highest impact
energy at which no reaction was obtained in the material tested in six
subsequent trials, and lower sensitivity limit (LSL), that is the lowest
impact energy at which a reaction was obtained in the material tested
in at least one out of six trials (Tab.9).

Table 9

Impact sensitivity values of nitrate and perchlorate complexes
containing hydrazine as the ligand

Impact sensitivity, Nm Impact sensitivity, Nm
Compound Compound
UIL LSL UIL LSL
[Co(Hz),] [Co(Hz),]
(NO,), > 125 (Clo,), > 25
[Ni(Hz),] [Ni(Hz),]
(NO,), 9 10 (cio,), - -
[Zn(Hz)a] [Zn(Hz)a]
(NO,), >25 (Clo,), > 25
[Cd(Hz),] [Cd(Hz),]
(NO,), >25 (Clo,), 5 6
[Cr(Hz),] [Cr(Hz),]
(NO,), > 125 (Clo,), | 2

2.2.3. Sensitivity to static electricity

There are no standards concerning testing of explosives with regard
to their sensitivity to static electricity. In our tests we have applied a
method and apparatus developed by the Institute of Industrial Organic
Chemistry in Warsaw (IPO), Krupski Mtyn Branch, for determining
sensitivity to static electricity.

The basic component of the apparatus was a spark generator
comprising a high voltage power supply and a battery of capacitors.
The power supply charges the battery of capacitors of defined capacity,
at set voltage, after which the battery of capacitors is discharged in the
form of a spark through the compound tested placed between two
electrodes.

Table 10

Static electricity sensitivity values of nitrate and perchlorate
complexes containing hydrazine as the ligand

Spark energy, | Spark energy, ]
Compound Compound
UIL LSL UIL LSL
[Co(Hz),] [Co(Hz),]
2.000 2.250 3 0.720 0.840
(NO,), (Cloy),
[Ni(Hz),] [Ni(Hz),]
0.023 0.027 3 --- ---
(NO,), (cio,),
[Zn(Hz),] [Zn(Hz),]
0.600 0.720 3 7.500 9.000
(NO,), (clo,),
[Cd(Hz),] [Cd(Hz),]
0.070 0.080 3 0.007 0.010
(NO,), (Clo,),
[Cr(Hz),] [Cr(Hz),]
1.000 1.167 3 1.500 1.750
(NO,), (Clo,),

A standard sample of the tested compound was placed in the
pocket of the electrode socket; it was covered with a foil disk with a
central hole and secured with a cap. The top and bottom electrodes
were brought closer together and the spark generator was actuated.
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After the capacitors were charged to the required voltage, a spark
was triggered. If a reaction was observed in the material tested, i.e.
when a sound of a crack or a flash occurred, or the material had
burnt or charred, then the test was repeated with a new sample
using lower spark energy. The sample was also observed by a photo
detector, which transmitted an impulse to an oscilloscope when a
flame occurred.

The tests were performed until two sensitivity limits were
determined: upper insensitivity limit (UIL), that is the highest spark
energy, at which no reaction was obtained in the material tested in six
subsequent trials, and lower sensitivity limit (LSL), that is the lowest
spark energy at which a reaction was obtained in the material tested in
at least one out of six trials.

3. Summary

Synthesis of nitrate and perchlorate hydrazine complexes of
cobalt, zinc, cadmium, nickel and chrome can be carried out in a
controlled and safe manner with satisfactory yields under laboratory
conditions without the need to use expensive inaqueous solvents.
Elemental, IR and XRF analyses have confirmed the structure of the
complexes obtained and purity thereof after single crystallization.

The lowest sensitivity to fracture was shown by compounds of
chromium, zinc and cadmium, except for [Cd(Hz),](CIO,),, which
showed sensitivity equal to that of typical primary explosives.
Sufficiently safe in use and processing proved to be the compounds
of cobalt and nickel, in the case of which the load that triggered a
reaction of the material reached tens or even hundreds of N. One
exception was [Ni(Hz),](NO,),, the sensitivity of which at a level
of 20 N was reported in the literature [l]. Its perchlorate analogue
showed such high sensitivity to friction that after synthesizing 2 g
of this compound further studies on it were halted, and its precise
friction sensitivity has not been determined during the tests.

Friction sensitivities of some traditional explosives (lead azide - 0.1
N; lead trinitroresorcinate — 1.5 N; mercury fulminate (white) — 5,0 N;
tetrazene — 8.0 N; PETN — 60 N; hexogen — 120 N; octogen — 120 N
[10], show that the explosives obtained are not very sensitive, and are
thereby not exceedingly hazardous in handling.

The compounds tested showed high resistance to impact
stimulus. Most of them were not initiated by a drop hammer impact
of 25 Nm, which was adopted as the set upper limit. One exception
was [Cr(Hz),](CIO,),, in the case of which the limits of | and 2
Nm indicated high sensitivity to this type of stimulus. The other
compounds, the sensitivities of which were determined at the level
of 6 to 9 Nm, should not be deemed exceedingly sensitive if one
takes into account the fact that the corresponding values for such
traditional explosives as PETN or lead azide are much lower (lead
azide — 7.5 Nm; lead trinitroresorcinate — |5 Nm; mercury fulminate
(white) — 2 Nm; tetrazene — 2 Nm; PETN — 3 Nm; hexogen - 7.5
Nm; octogen — 7.4 Nm; tetryl — 3 Nm) [I I].

Sensitivity to static electricity is not part of usual testing of
the reaction of explosives to simple stimuli. Such test, however,
is important as the probability of producing an electrostatic spark
during transportation and handling of explosives is high.

The compounds studied demonstrated diverse sensitivities to this
type of stimulus. [Cd(Hz),](CIO,), proved to be the most sensitive,
and it also showed the highest sensitivity in friction and impact tests.
This compound has the properties of a primary explosive [12] and
the sensitivities it shows are characteristic of this group of materials.
In relation to the sensitivities to electrostatic stimulus reported in
the literature (lead azide — 0.037 - 0.1 13 yJ; lead trinitroresorcinate
—0.40 - 0.72 yJ; tetrazene — 2.0 - 7.6 mJ; PETN - 300 - 436 m);
U-tris(4-amino-1,2,4-triazole)-copper(ll) chlorate — 120 - 198 m))
[13], the compounds studied showed moderate sensitivity values.
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The compounds obtained constitute prospective explosives that
could be used both in blasting agents, as well as form explosives on their
own or be included as ingredients of detonating or priming materials.
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