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The thermal behavior of the carbohydrazide complexes
of certain metals(5)

—Combustion reaction of the Zn and Mn corhplexes with oxidizing agents—

by Miyako AKIYOSHI*, Gen KINOSHITA*, Norimasa HIRATA**
Hidetsugu NAKAMURA®* and Yasutake HARA*

Carbohydrazide (hereafter, CDH) metal complexes are expected to be a new gas
generant for automobile air bags. After the previous report*~7?), the combustion
reaction of the Zn and Mn complexes with various oxidizing a gents (KClO,, KBrO,,
KNO, and Sr(NOy),) was investigated by thermal analysis and the measurement of
the heat of combustion, the burning temperature and the burning rate.

During the decomposition at a slow heating rate, such as in thermal analysis, the
initial temperature of the reaction in the binary system with KBrO, was the lowest
with the most vigorous reaction in both complexes. Furthermore, it was clear that
the reactivity increased with the addition of CuO to the Zn complex/oxidizing agents
system. A

In the Zn complex, the heat of combustion at a stoichiometric composition in-
creased in the order of Sr(NOy),, KNO;, KCIO, and KBrO, of the oxidizing agent.
However, this tendency was inconsistent with that of the calculated value. The
burning rate in the complex/KBrO, system was the highest of all systems and in-
creased in the order of the above oxidizing agents with the same tendency as the
heat of combustion. The burning rate in the Zn complex/ oxidizing agent/CuQ
system seems to be governed by the heat of combustion and the reaction rate.

On the other hand, in the Mn complex, both the heat of combustion and the
burning rate increased in the order of Sr(NO,),, KBrO, and KCIO,, agreeing with the
tendency of the calculated value. The burning rate in the Mn complex/oxidizing
agent system seemed to be governed by the heat of combustion. However, in the
mixture system with KCIQ,, the pressure exponent was larger, and no combustion

occurred at atmospheric pressure.
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1. Introduction .

Recently, automobiles sold in Japan have been
equipped with an airbag system for safer driv-
ing. As candidates for the non azide gas
generant in an airbag system, tetrazole deriva-
tives!’, urazole®’ and azodicarboamide® were
chosen for this study. The authors evaluated
carbohydrazide (hereafter, CDH), which is com-
posed of four nitrogen atoms, a carbon atom
and an oxygen atom and is expected to be one
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of the new gas generants.

In previous reports*~7’, in order to search af-
ter the possibility of the practical application of
CDH, various CDH metal complexes were syn-
thesized and their thermal decomposition be-

haviors were investigated, because the thermal

stability and reactivity become larger by coordi-
nating of CDH to a metal compared with the
CDH only.

In this report, the combustion reaction for
the Zn and Mn complex nitrates of CDH
(M(CDH),(NO,),, M=Zn, Mn) with oxidizing
agents, such as potassium perchlorate (KCIO,),
potassium bromate (KBrO;), potassium nitrate
(KNO,) and strontium nitrate (Sr(NO,),), was in-
vestigated by thermal analysis and the measure-
ment of the heat of combustion, the burning tem-
perature and the burning rate. The combustion
reaction of the Mg complex nitrate of CDH was
investigated in a previous report”).

2. Experiment
2.1 Reagents
The Zn and Mn complex nitrates of CDH were

synthesized by a previously reported method*’.
The oxidizing agents were Wako pure chemical
reagent grade: potassium perchlorate (KCIO,),
potassium bromate (KBrOj), potassium nitrate
(KNO,) and strontium nitrate (Sr(NO;),. Re-
agents screened under 63 um were mixed using
the Irie V-1 mixer. For the Zn complex/oxidiz-
ing agents, CuO of 109 by a weight ratio was
further added as an oxidizing agent, for no com-
bustion or no ignition occurred in a stoichio-
metric binary system with any oxidizing agent.
Five kinds of samples were prepared by mixing:
a stoichiometric composition and two composi-
tions each of positive and negative oxygen bal-
ance based on eqs. 1~4. Table |1 shows these
compositions.

Zn(CDH),(NO,),+1.52KCIO,+0.94CuO
—Zn0+7N,+3C0,+1.52KCI+9H,0+0.94Cu (1)
Zn(CDH);(NO,),+1.97KBrO,+1. 10CuO
—~Zn0+7N,+3C0,+1.97KBr+9H,0+1.10Cu (2)
Zn(CDH),(NO,),+2.41KNO;+0.98CuO
—Zn0+8.2N,+3C0,+1.2K,0+9H,0+0.98Cu (3)

Table 1 Compositions of mixtures

. Zn(CDH),;(NO,),/oxidizing agent/CuO oxygen balance
oxidizing agent
(mol) (wt.) (g/100g)
42.1/25.9/32.0 75.9/14.1/10 -10.0
35.0/35.7/29.4 68.9/21.2/10 - 5.0
KClO, 29.0/43.9/27.1 61.8/28.2/10 0
23.8/51.0/25.2 54.7/35.3/10 + 5.0
19.3/57.2/23.5 47.6/42.4/10 +10.0
39.5/28.5/32.0 71.3/18.7/10 -10.0
31.4/39.3/29.3 61.9/28.1/10 - 5.0
KBrO, 24.6/48.3/27.1 52.5/37.5/10 0
18.7/56.2/25.1 43.1/46.9/10 +5.0
13.7/62.9/23.4 33.7/56.3/10 +10.0
36.7/34.8/28.5 74.5/15.5/10 -10.0
28.9/46.0/25.1 66.7/23.3/10 - 5.0
KNO, 22.8/54.8/22.4 58.9/31.1/10 0
17.8/62.0/20.3 51.0/39.0/10 + 5.0
13.8/67.8/18.4 43.2/46.8/10 +10.0
44.5/20.8/34.7 74.0/16.0/10 -10.0
37.5/29.6/32.9 66.0/24.0/10 - 5.0
Sr(NO,), 31.3/37.5/31.2 58.0/32.0/10 0
25.6/44.7/29.7 49.9/40.1/10 + 5.0
20.5/51.2/28.3 41.9/48.1/10 +10.0
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© Zn(CDH),(NO;),+1.20Sr(NO,),+1.00Cu0
—Zn0+8.2N,+3C0,+1.2Sr0+9H,0+1.00Cu (4)

For the Mn complexes, only the results in a
stoichiometric system were reported, because
the same composition dependence as that in the
Mg complex/oxidizing agents without CuO was
obtained, as previously reported”’. In both com-
plexes, the amount of the oxidizing agent per 1
mol of the complex at a stoichimetric composi-
tion, respectively, is 7/4 mol of KCIQ,, 7/3 mol
of KBr0O,;, 14/5 mol of KNO, and 7/5 mol of
Sr(NOy),. .

2.2 Apparatus and method

The differential thermal analysis and the
gravimetry were carried out using a Rigaku TAS-
200 Thermal Analyzer. The sample container
was an open alumina cell and the sample amount
was three mg. The sample was heated to 800 °C
at a heating rate of 20 °C/min under Ar.

The heat of reaction was measured using a
Shimadzu CA~4 Type Automatic Bomb calorim-
eter under Argon. The experimental results at
the ambient pressure showed a dispersion of
measurement values of 3% to 4% over the pres-
sure range of 1.1 MPa to 3.1 MPa. There was no
combustion at 0.1- MPa and, therefore, the mea-
surement was carried out at 1.1 MPa.

The measurement of the burning rate was car-
ried out under the following conditions. A pre-
liminary experiment showed that the linear burn-
ing rate in the packing fraction range of 0.65 to
0.70 became smaller as the packing fraction in-
creased, while the mass burning rate was inde-
pendent of it. When the diameter of the burn-
ing tube was 6 mm, the burning rate had a maxi-
mum value. Consequently, the sample was
loaded at 0.6 of the packing fraction in a 6 mm
i.d. aluminum tube. The pressure dependence
was measured over the pressure range of 0.1 to
4.1 MPa and the influence of the composition
on the linear burning rate was investigated at
1.1 MPa. The linear burning rate was determined
by the time that was needed for the combustion
wave to proceed 10 mm.

The burning temperature was also measured
by using the same packing fraction and burning
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Fig. 1 DTA curves of Zn-complex and mixtures
in case (1) TG curve is shown with DTA
curves

tube diameter used for the measurement of the
burning rate. A W/Re thermocouple of 0.25 mm
diameter was vertically inserted into the burn-
ing tube against the combustion direction and
was connected to a Yokogawahokusinn Analyz-
ing Recorder.

The combustion residue was analyzed by X-
ray diffraction using a Rigaku rotaftex RU-200.
3. Results and discussion
3.1 Thermal analysis

Fig. 1 shows the results of the thermal analy-
sis for the Zn complex nitrate of CDH and its
stoichiometric mixtures with various oxidizing
agents. The Zn complex gradually decomposed
after melting at 220 °C, and the main reaction

KIELEE




was completed at about 350 °C. The following
small exothermic peak was then found; this peak
might be due to the decomposition of the resi-
due in the main reaction. The final residue was
thought to be ZnO from the final weight loss
and the results of the X-ray diffraction.

In the binary systems with various oxidizing
agents, there was little distinction from the re-
sults in the complex only, except for the com-
plex/KBrO, system. In the Zn complex/KBrO,
system, the vigorous exothermic decomposition
took place at a lower temperature than the melt-
ing point of the Zn complex. The final weight
loss was 57.3%, which was inconsistent with the
theoretical value, 42.3%. This might be attrib-
uted to the scattering of the sample due to the
vigorous decomposition behavior.

On the other hand, in all tertiary systems with
CuQ, the initial temperature of the reaction was
lower than the melting point of the Zn complex,
so that the thermal reactivity was supposed to
become higher with the addition of CuO. Par-
ticularly, in the system of the Complex/KBrO,/
Cu0, the initial temperature of the exothermic
peak was the lowest with the most vigorous re-
action. From these results, the addition of CuO
was supposed to raise the combustion reactiv-
ity.

Fig. 2 shows the results of the thermal analy-
sis for the Mn complex nitrate of CDH and its
stoichiometric mixtures with various oxidizing
agents. The Mn complex gradually decomposed
after melting at 200 °C, and the final product was
MnO. The final weight loss was 84 9%, being con-
sistent with the theoretical value for the metal-
lic oxide of the residue (84.2%). As for the bi-
nary system, the same results as in the case of
the Zn cbmplex were obtained in the thermal
reaction with various oxidizing agents. The re-

action with the oxidizing agent, except for KBrQ,,

was supposed to quietly progress. In the sys-
tem of the Mn complex/KBrO,, the initial tem-
perature of the exothermic reaction was 150 °C
with vigorous reaction. The final weight loss in
this system was 80%, which was inconsistent with
the theoretical value for the metallic oxide of
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the residue (58.4%). In the binary system, ex-
cept for KBrO,, the final weight loss was 65% to
709%, being close to the theoretical value at sto-
ichiometric composition. However, in the case
of Sr(NQ,), and KCIO,, the unreactive oxidizing
agent was found to decompose above 500 °C.
3. 2 Heat of combustion

Fig. 3 gives the heats of reaction for Zn com-
plex nitrate of CDH/oxidizing agent/CuO mea-
sured under Ar. As previously mentioned, no
ignition occurred without the addition of CuO.
In all systems, the heat of combustion had a
maximum value at the stoichiometric composi-
tion, i.e., oxygen balance = 0. The calorific
amount at the stoichiometric composition in-
creased in the order-of KNQO;, Sr(NO,),, KCIO,
and KBrO; of the oxidizing agent.

Egs. 5~8 show the calorific amount calculated
based on eqgs. 1~4 as a function of A, in which
A is the heat of formation of the Zn complex.
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KClO,/CuO system ;-5.314-A/745.0kJ/g (5)
KBrO,/CuO system ;-4.621 -A/876.2kJ/g (6)
KNO,/CuO system ;-4.088-A/781.3kJ/g (7)
Sr(NO,),/CuO system ;-4.392-A/793.2kl/g (8)

Over the range of -1000 to 1000 kJ/mol of A, the
heat of reaction based on eqs. 5~8 increased in
the order of KNO,, Sr(NQ,),, KBrO, and KClO,,
which was inconsistent with the tendency of the
experimental values. Though the fractional de-

composition may be low in the mixture system A;Zn0, @ ;KCl,

with KClO,, the diffraction pattern of unreac-
tive KC10,® (Fig. 4) could not be identified in
the combustion residue. Furthermore, as shown
in Fig. 4, CuO may be reduced to Cu,O in some
oxidizing agents. But this was difficult to be
identified, because of the small diffraction pat-
tern®’ of copper oxide. In any case, the reverse
of the heat of combustion to the calculated value
cannot be understood. In the mixture systems
with KNO, and Sr(NO,),, the carbonate® was
formed by the production of CO, and H,O.

For the heat of combustion of the Mn com-
plex nitrate of CDH, Table 2 lists the measure-
ment and the calculation results®’ as a function
of B, where B is the heat of formation for the Mn
complex. The tendency of the calculation re-
sults was consistent with that of the experimen-
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Table 2 Heat of reaction for Mn complex mix- .
tures

Heat of reaction(kJ/g)

Oxidizing agent

experimental { Caluculated
KClO, -4.61 -5.99-B/691.6
KBrO, -3.78 -5.03-B/838.6
KNO, - -4.45-B/732.0
. Sr (N03) 2 '3- 75 "4- 83"B/745. 4

tal calorific amount at a stoichiometric compo-
sition. In the mixture system with KNO,, no com-
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bustion but only melting might occur in the vi-
cinity of the ignition wire due to the lack of a
calorific amount.
3. 3 Burning rate

Fig. 5 gives the results of the linear burning
rate for various compositions for the Zn com-
plex. The burning rate had a maximum value at
a stoichiometric composition in any system. The
composition dependence was slight in three sys-
tems, except for the complex/KBrO, system. The
maximum burning rate in the Zn complex/KBrO,
system was remarkably higher compared with
other ones. The much higher burning rate than
one in other systems seemed to be caused by
the much higher reactivity based on the results
of the DTA curves. This was also consistent with
the results of the heat of combustion. The burn-
ing temperature decreased in the order of the
system with KBrQ,, KCIO, and Sr(NO,), or KNO,.
(1600 °C, 1500 °C and 1400 °C).

Fig. 6 shows the pressure dependence of the
burning rates at a stoichiometric composition.
Table 3 shows the constant a and the pressure
exponent n estimated based on Vieille’s equa-
tion (V=aP"). Under the experimental pressure
of 1.1 MPa, the burning rate was consistent with
the tendency seen in Fig. 5. The pressure expo-

Burning rate (cm/s)

| ol Il ] ! |

0.5 1.0 5

0.05 0.1
Pressure (MPa)
A ;KCl04, O ;KBrO3,
4 ;KNOj, O ;Sr(N03) 4

Fig.6 Burning rate characteristics of stoichio-
metric mixtures of Zn-complex,

Table 3 Constant a and pressure exponent n of
burning rate for Zn-complex of stoichio-

metric composition (O.B.=0)
Oxidizing agent a ‘n
KCl10,/Cu0 2.411 0.250
KBrQ,/CuO 9.343 0.104
KNO,/CuO 0.682 0.622
Sr(NO,),/Cu0O 0.834 0.541

nent was larger in two mixture systems with ni-
trates as an oxidizing agent. Furthermore, for
the mixture system with KBrO,, the constant a
in the Zn complex was three times as large as
that in the Mg complex. Because the constant a
in all systems was large compared with the value
in the Mg complex, the effect of the addition of
CuO was thought to -be siginificant in view of
the DTA curve (Fig. 1).

Fig. 7 shows the pressure dependence of the
burning rate at a stoichiometric composition for
the Mn complex. Table 4 lists the constant a
and the pressure exponent n estimated based
on Vieille’s equation (V=aP"). No combustion
occurred in the mixture system of Mn complex
with KNO,. Under high pressurized conditions,
the burning rate in the complex/KClO, system
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Table 4 Constant a and pressure exponent n of
burning rate for Mn-complex of sto-

ichiometric composition (0.B.=0)
Oxdizing agent a n
KCIO, 1.464 0.801
KBrO, 0.936 0.268
Sr (N 03) 2 0.694 0.537

was the highest of all the systems, unlike the
case of the Mg and Zn complexes. Because the
tendency of obtained results was consistent with
that of the heat of combustion, the burning rate
in the Mn complex seemed to be governed by
the heat of combustion. This tendency also
agreed with that of the burning temperature,
which was 1800 °C in the complex/KClO, system
and 1600 °C in the other systems. The pressure
exponent was the largest in the Mn complex/
KCIO, system, and no ignition and combustion
occurred under atmospheric pressure.
4, Conclusions

The combustion reaction of the CDH complex
nitrate of Zn and Mn with various oxidizing
agents was investigated by thermal analysis and
the measurement of the heat of combustion, the
burning temperature and the burning rate.

In the case of the decomposition at a slow
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heating rate, such as thermal analysis, the ini-
tial temperature of the reaction in the binary
system with KBrO, was the lowest with the most
vigorous reaction in both complexes. Further-
more, it was clear that the reactivity at a slow
heating rate rose by the addition of CuO in the
Zn complex/oxidizing agents system.

In the Zn complex with CuQ, the heat of com-
bustion at a stoichiometric composition in-
creased in the order of Sr(NO,),, KNO,, KCIO,
and KBrO; of the oxidizing agent. However, this
tendency was inconsistent with that of the cal-
culated value. Furthermore, the burning rate
also increased in the order of the results of the
heat of combustion, and that of the complex/
KBrO,/CuO was the highest of all the tertiary
systems. The burning rate in the Zn complex/
oxidizing agent/CuO system seemed to be gov-
erned by the heat of combustion and the reac-
tion rate. )

On the other hand, in the Mn complex, both
the heat of combustion and the burning rate in-
creased in the order of Sr(NO,),, KBrO,; and
KCIO,, agreeing with the tendency of the calcu-
lated value. The burning rate in the Mn com-
plex/oxidizing agent system seemed to be gov-
erned by the heat of combustion. However, in
the mixture system with KCIO,, the pressure
exponent was large and no combustion occurred
at atmospheric pressure.

_ Reference

1) N. L. Sax, R. J. Lewis, “Dangerous Properties
of Industrial Materials, 7th Edition”, vol. 3,
van Nostrand Reinhold (1989), p3046

2) “Chemical Dictionary”, vol. 1, p63(1963), ed.
by a editorial committee for “Chemical
Dictionary”

1) Jian Zhou WU, H. Yuzawa, T. Matsuzawa,
M. Arai and M. Tamura, J. Japan Explosives
Soc., 55, 66 (1994)

2) K. Ichikawa, M. Arai, M. Tamura and K. Waki,
An academic meeting of Japan Explosives
Soc., 1997 (autumn), p87

3) T. Kazumi, Y. Suzuki, T. Okada, T. Hasegawa
and T. Yoshida, J. Japan Explosives Soc., 56,
248(1995) '

4) M. Akiyoshi, N. Hirata, H. Nakamura and Y.

KEP2E




Hara, J. Japan Explosives Soc., 57, 238(1996)
5) M. Akiyoshi, N. Hirata, H. Nakamura, and
Y. Hara, ibid., 57, 66 (1996) -

6) M. Akiyoshi, Y. Imanishi, N. Hirata, H.

Nakamura and Y. Hara, ibid., 58, 68(1987)
7) M. Akiyoshi, G. Kinoshita, N. Hirata, H.

Nakamura and Y. Hara, ibid., 58, 258 (1997)
8) “Chemical Handbook-fundamental part”,
vol. 1, pI-140(1984)
9) ASTM, “X-ray Powder DATA File”, Set 2-326
(KCIO,), Set 23-493(K,0), Set 16-826 (K,CO,),
Set 5-418(SrCO,), Set 5-667(Cu,0)

AR/ ERSY REBEFHBIEORERH (FE5K)
— BB RUY Y i ERICAIRS ROMBERIG —

BERBTF, K2 TR, FHEE
PR%EE, R SR

HBEAL7 /Sy 7OFRAFERL LT, FRRCSIEREANVE L F 7Y FOMRRY
2N VHAHEBIRICOWT, ZOERELFHET 2 BT, BERBHI VYL, RERHY
Y4, HEERAY YA, BERR L0 YF Y Lk EOBREHE & DRASVOADITRUREEE, 2
LR ECRESEEORIE R TV, TS ORMBERIBIEIC W TERL . .

TSR L DRRBAVVLALEBATALE, RLVERT, LALMLLRET %, Hnth
HORGEER A X 5 7-DIFML 7-CuO 0%z, BOIFD L 5 LB nEtT

TKEW,

EAMEMAICBEL T, CuO 2 10%3in L 7-fis OBLARIR S & D{LERBEAM DRI
i3, KBrO,>KCIO,>KNO;>Sr(NO,),pMiic/h, FHEifER, 125l CGROR
BLE%ot, FKBrOfnMRFBHELIKE {, BAIDHERCIREISHDOMIcKE o -
7o MBEBELRACAICE 2D, TOROREEEEIZ, RICBRUORIGHEEEISIERMN L &

5C b ﬂgﬁﬁ"ﬂ ch

—%, MnghtkCIi35UGH#, MRFEHEE L bicKClO,>KBrO,>KNO,>Sr(NO,), DIEE
tixot, COROBFEEIIRICHITEMEEL NS, LiL, KCIORDEHIEHK
BREL, BETTREK LD, ¥, BEEAHY Y LADRAYTR, KERTT--

BKRETRREEZ LS LTELD 27,

CHAMIFEREBAEFEEE T805-8550 ALAMTTAMEX lkEr 1 — 1
" A e MAEFETROR) BB > ¥ —  T671-1665 SERGLBRABHIIE

$3805)

Kayaku Gakkaishi, Vol. 59, No. 4, 1998 —199—






