Thermal behavior of various metal complex nitrates (1)

—Cu complex of aminoguanidine—

Miyako AKIYOSHI', Hidetsugu NAKAMURA', and Yasutake HARA”

As a new gas generant, the Cu complex nitrates of aminoguanidine (Cu(NHCNNH,),(NO,),:
here after, CuAG) was synthesized, and the thermal behavior was investigated.

During the isothermal decomposition reaction at 101 to 125 °C, the CuAG complex formed a
stable intermediate. An autocatalysis equation can describe the reaction up to the formation of
the intermediate, and the aminoguanidine of the ligand seemed to gradually decompose while
maintaining the complex nitrate form. The activation energy of the reaction was 51 kJ/mol.
Above 125 C, the CuAG decomposes so rapidly that ignition occurs.

The burning rate and burning temperature at the stoichiometric composition with Sr(NO,),
was 6. 48 mm/s and 1343 C, respectively. Concerning the gas evolution during the combustion,
the N, and CO, gases account for 98. 8 % of all the evolved gases, while the evolution of HCN gas
was only 6. 67 X 10™ mol/mol. The evolution of CO gas was very low even during the ignition of
the complex in spite of the negative oxygen balance (-0. 237 g/g).

1. Introduction

Recently, automobiles sold in Japan are equipped
with an airbag system for safer driving. A non-azide
gas generant as a substitute for sodium azide has
been studied, and tetrazole derivatives”, urazole?
and azodicarboamide® were the subjects of this
study.

The authors evaluated the metal complexes of
organic compounds, which are composed of many
nitrogen atoms, as the new gas generant. In previ-
ous reports* ™', the thermal decomposition behav-
ior of the metal complex of carbohydrazide was
investigated.

In this report, the Cu complex nitrate of
aminoguanidine (Cu(NHCNNH,),(NO,),: hereaf-
ter, CuAG) was synthesized, and the thermal

Receipt on January 20, 2000
Received on August 8, 2000
‘Department of Applied Chemistry, Faculty of Engi-
neering, Kyushu Institute of Technology
Sensui-machi, Tobata-ku, Kitakyusyu-shi 804-8550,
JAPAN

TEL 093-884-3334

FAX 093-884-3308

Kayaku Gakkaishi, Vol. 62, No. 2, 2001

behavior was investigated.

2. Experiment
2. 1 Reagents

CuAG was synthesized using a previously
reported method'”. The Cu complex nitrate of the
ammine was slowly added to the AG nitrate in
water in a | to 2 molar ratio at 50 °C in a water bath.
The obtained complexes were identified by elemen-
tal analysis and polarized light zeman atomic
absorption spectrometry due to their insolubility in
water.

The Sr nitrate oxidizing agent was Wako pure
chemical reagent grade. Reagents screened to
under 63 um were mixed for sixty minutes using
splittable chopsticks on parchment paper. Five
kinds of samples were prepared by mixing, i.e., a
stoichiometric composition and two compositions
each with positive and negative oxygen balances
based on eq.1. Table 1 shows these compositions.

5CuAG +4Sr(NO,),
= 5Cu+4Sr0 + 29N, + 10CO, + 30H,0 (1)




Table 1 Composmons of mixtures (CuAG/ Sr (NO3) )

‘ Oxygen balance

CuAG/Sr(N03)2
Molar ratio (wt./wt.) (g/100g)
5/ 2 . 0.80/0. 20 -9. 14
5/3 0.73/0.27 -4. 15
5/14 0. 66/0. 34 0.
5/5 0.61/0.39 +3. 51
[ 0.47/0.53 | +13. 40
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2. 2 Apparatus and method
2. 2. 1 Thermal analysis

The differential thermal analysis and the gravi-
metric analysis were carried out using a Rigaku
TAS-200 Thermal Analyzer. The sample container
was an alumina cell and the sample amount was 3
mg. The sample was heated to 800 °C at a heating
rate of 20 C/min under Ar.

2. 2. 2 Isothermal decomposition

50 mg of CuAG was weighed into a glass tube
sealed at one end (6 mm inside diameter and 60 mm
length) and placed in an iron block having an 8 mm
diameter and a 50 mm length hole. This block was
inserted into an electric furnace kept at various
temperatures. After being heated for a specified
time, the weight of the sample was measured. The
decomposition residue was analyzed by X-ray
diffraction using a Rigaku rotaflex RU-200, by
elemental analysis using a Yanagimoto CHN corder
MT-3 type and by infrared spectroscopy using a
Shimazu FTIR-8100A.

2. 2. 3 Combustion reactivity

The heat of the reaction was measured using a
Shimadzu CA-4 Type Automatic Bomb calorimeter
in argon. The results of the investigation at ambi-
ent pressure showed a variation in the measurement

values of 3 % to 4 % over the pressure range of 1. |
MPa to 3. 1 MPa. Also, there was no combustion at
0. 1 MPa, therefore, the measurement was carried
out at 1. 1| MPa.

The measurement of the burning rate was
carried out under the following conditions. A
preliminary investigation showed that the linear
burning rate in the theoretical density range of 0. 65
to 0. 70 became small as the theoretical density
became large, while the weight burning rate was
independent of it. Also, when the diameter of the
burning tube was 6 mm, the burning rate had a
maximum value. Consequently, the sample was
loaded at 0. 6 of the theoretical density 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 burning
rate was investigated at 1. ] MPa. The burning rate
was determined by the time that was needed for the
combustion wave to proceed 10 mm.

The burning temperature was also measured
using the same theoretical density and tube
diameter used for the measurement of the burning
rate. A 0. 25 mm diameter W/Re thermocouple was
vertically inserted into the burning tube against the
combustion direction and was connected to a
Yokogawahokusinn Analyzing Recorder.

The combustion residue was analyzed by X-ray
diffraction using a Rigaku rotaflex RU-200.

2. 2. 4 The evolved gas

The evolved gases in which the heat of reaction
was measured were collected in a collection bag
(Tedlar bag, 350 ml capacity). The amounts of the
N,, CO, CO, and N,O gases evolved were quanti-
fied using a Shimadzu GC-4 C Gas Chromatograph
(hereafter, GC). Table 2 shows the measurement
conditions for the GC. The NO and NO, gases were

Table 2 Gas chromat.ograph condmons

Gases Ng, Cco N-.O COi B
Column Molecular sieves 5A Acl:wabed charcoal
Particle size 60 ~ 80 mesh 60 ~ 80 mesh
Length 2m Im
Temp. | 40°C | 40°C
Carriergas | He, 20 ml/min. He, 60 ml/min.
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quantitatively analyzed using a Gastec gas detec-
tor tube. The NH, and N,H, gases were quantified
by the indophenol method' (1 =630 nm) and
the P-aminobenzaldehyde method'” (1 =458 nm),

respectively.
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Fig. 1 DTA-TG curves of CuAG
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Fig. 2 XRD patterns of the residue for CuAG during
the decomposition at heating rate of 5 °C/min.
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3. Results and discussion
3. 1 Thermal analysis

Fig.1 show the results of the thermal analysis for
CuAG at various heating rates. CuAG started to
exothermally decompose at 170 ‘C, and the decom-
position reaction was complicated over a wide
temperature range, as previously reported'?. At a
heating rate of 5 “C/min, the weight loss converged
to 18, 48, 68 % at 180, 210, 290 °C, respectively. Fig.2
shows the results of the powder x-ray diffraction
for the products collected for each weight loss in
Fig.1(b), and Fig.3 shows the results of their IR
spectra. The pattern of Cu,(OH),(NO;) was con-
firmed up to 48 % of the weight loss, though it is
difficult to consider because of a bad crystal.
Cu,(OH),(NO,) might be formed due to H,O being
generated by the decomposition of aminoguanidine
of the ligand. The formation mechanism of
Cu,(0OH),(NO,) was not clear. On the other hand,
in the IR spectra, the absorption attributable to the
functional group of [NO*'] was observed at 1390
cm™' up to 48 % of the weight loss, and several ab-
sorption peaks attributable to the aminoguanidine,

~ 0%(CuAG)

L

1 [ [
74000 2000 1500 1000 400
Wave number/cm™
Fig. 3 IR spectra of the residue for CuAG during the
decomposition at the heating rate of 5 °C/min.
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Fig. 5 The isothermal decomposition of CuAG at
various temperatures

such as the NH stretching vibration at 3300 cm '
and the -C = N stretching vibration at 1700 cm™,
became small as the decomposition reaction pro-
gressed. Aminnoguanidine of the ligand might
gradually decompose while maintaining the complex
nitrate form under mild heating conditions.

Fig.4 shows the results of the thermal analysis
for the CuAG complex mixture with Sr(NO,).. The
unreactive Sr(NOQ,), oxidizing agent was found to
decompose at 560 °C. The unreacted Sr(NO,), was
a small amount compared to the carbohydrazide
complex nitrates previously reported™®. The
reactivity with Sr(NO,), was expected to be
comparatively high.

3. 2 Isothermal decomposition

Fig.5 shows the weight loss versus time curves
for only the CuAG complex during the isothermal
decomposition at various temperatures from 101 to
125 °C. The CuAG decomposes so rapidly that igni-
tion occurs above 125 C.

The weight loss converged to 21 % in the experi-
mental temperature range, indicating the formation
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Fig. 6 XRD pattern of the residue during the iso-
thermal decomposition at 110 °C
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Fig. 7 IR spectra of the residue for CuAG during the
isothermal decomposition at 110 “C/min.

of a stable intermediate during the corurse of the
reaction. The decomposition did not progress even
after holding at the experimental temperature for
several hours. Fig.6 shows the results of the XRD
for the intermediate during the isothermal decom-
position at 110 °C and Fig.7 shows the result of
the IR spectrum for one experiment. The pattern
of Cu,(OH),(NO,) was confirmed, as observed
during the decomposition at the heating rate of 20
C/min. Furthermore, the absorption attributable
to the nitrate ion was also observed at 1390 cm™ in
the IR spectrum. The reaction mechanism seems
to be same in both decomposition conditions consid-
ering from the residue in the course of reaction. The
intermediate was clearly a mixture.

For the first stage of the reaction (up to 22 % of
the weight loss), an applicable rate equation was
investigated by the derived fractional decomposition.
As shown in Fig.8, an autocatalysis equation can
describe the reaction. In the case of the decomposi-
tion of CuAG, the products act as the catalysis.
Arrhenius plots of the rate constants at each
temperature gives the activation energy of the
reaction of 51 kJ/mol (frequency factor: 7.8 X 10°).
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Fig. 9 Heat of combustion for CuAG/Sr(NO,).,

3. 3 Combustion reactivity

Fig.9 shows the composition dependence of the
heat of reaction. The heat of reaction had a maxi-
mum value at the stoichiometric composition. Fig.10
shows the results of the powder X-ray diffraction
for the residue of each composition. Cu and SrCO;,
were confirmed at the negative oxygen balance and
stoichiometric composition. The CuAG decomposed
to CuO during the decomposition under mild
heating conditions, such as the thermal analysis,
while it decomposed to Cu under vigorous conditions,
such as the combustion. On the other hand, not
Cu but CuO were confirmed at the positive oxygen
balance, and unreactive Sr(NO,), was also observed
in addition to CuO and SrCQO,. CuO was thought to
be formed by the reaction of Cu and unreactive
Sr(NO,),. SrCO, was formed by the reaction of the
reaction products SrO and CO,.

Fig.11 shows the results of the composition

Kayaku Gakkaishi, Vol. 62, No. 2, 2001

Intensity

Jay

20 404 6 80
20 /deg. CuKa
¥ Sr(NOs);, A SrCO3, A Cu, O CuO

Fig. 10 XRD patterns of the combustion residue
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Fig. 11 Burning rate and burning temperature for
CuAG/Sr(NO,),

dependence of the burning rate and burning
temperature. These also had a maximum value at
a stoichiometric composition; the burning rate and
burning temperature at the stoichiometric compo-
sition was 6. 48 mm/s and 1343 C, respectively.
Fig.12 shows the pressure dependence of the
burning rate at a stoichiometric composition. The
pressure exponent was estimated based on Vieille's
equation (V = aP"). The pressure exponent was
comparatively high at 0. 722, and the reaction in the
gas phase was thought to be the rate-determining
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Fig. 12 Burning rate characteristics of the stoichio-
metric mixture

Table 3 The amount of evolved gases
{unit: mol/mol)

CuAG | CuAG/Sr(NO,),
Gases ] Mixtures
ignition { Combustion
N, 325 5.55
NH, 1.07 0. 002435
HCN 1. 41 { 0.0
N,O 0. 44 0.0
NO 0.025 | 0.015
NO, 0.0 0.0
co 0.14 | 0.13
o, 0.57 1.41
N number | 9.89 11.11
% . 989 | 9.8
Cnumber | 2.12 | 1.54
% | 106.0 \ 77.0

step of the combustion'. The nitrate of the oxidiz-
ing agent might generate highly reactive NOx gases.
As previously reported™®, the pressure exponent
shows a tendency to be high in the case of using the
nitrate as the oxidizing agent.

3. 4 The evolved gases during the combustion
Table 3 lists the analysis results of the evolved
gases during the ignition for the complex only and
during the combustion for the mixture. In the case
of the ignition for the complex only, HCN gas attrib-
utable to the C = N bond in the structure and NH,
gases generated more than 1 mol per 1 mol of CuAG
due to the negative oxygen balance of the CuAG
(-0. 237 g/g) . However, the evolution of CO gas was
very low even during the ignition of the complex in
spite of the negative oxygen balance. This phenom-

enon was a peculiarity of the CuAG complex. No
carbonyl bond in the structure was given as one of
the reasons. An investigation was needed to deter-
mine the relation of the complex structure and the
gas evolution behavior. ’

On the other hand, in the mixture system with
Sr(NOQ;),, the N, and CO, gases account for 98. 8%
of all evolved gases, while the evolution of HCN gas
was very low; 6. 67 X 10™ mol/mol. For the CO gas,
there was no difference in the amount of the evolved
gas compared with the one during the ignition of
only the complex.

4. Conclusion

As new gas generant, the Cu complex nitrates of
aminoguanidine (hereafter, CuAG) were synthe-
sized, and the thermal behavior was investigated.

From the isothermal decomposition at 101 to 125
°C, CuAG complex formed a stable intermediate
during the corurse of the reaction. The weight loss
converged to 22 %, and a autocatalysis equation can
describe the reaction up to 22 % of the weight loss.
For this reaction, the aminoganidine of the ligand
was postulated to gradually decompose while main-
taining the form of the complex. Arrhenius plots of
the rate constants at each temperature provided
the activation energy of the reaction, 51 kJ/mol
(frequency factor; 7.8 X 10°). Above 125 C, the
CuAG decomposed so rapidly that ignition occurred,
and the final residue was CuO.

The burning rate and burning temperature at the
stoichiometric composition with Sr(NQ,), was 6. 48
mm/s and 1343 C, respectively. The final residue
was not CuO but Cu. For the evolution gas during
the combustion, N, and CO, gases account for 98. 8
% of all the evolved gases, while the evolution
of HCN gas was low, 6. 67 X 10-4 mol/mol. The
evolution of CO gas was very little even during the
ignition of the complex only in apite of the negative
oxygen balance (-0. 237 g/g). Having no carbonyl
bonds in the structure was given as one of the

reasomns.

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

-8 - PN L3



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.
Hara, J. Japan Explosives Soc., 57, 238(1996)

5) M. Akiyoshi, N. Hirata, H. Nakamura, and Y.
Hara, ibid., 57, 244 (1996)

6) M. Akiyoshi, Y. Imanishi, N. Hirata, H.
Nakamura and Y. Hara, ibid., 58, 68 (1997)

7) M. Akiyoshi, G. Kinoshita, N. Hirata, H.
Nakamura and Y. Hara, ibid., 58, 268(1997)

8) M. Akiyoshi, G. Kinoshita, N. Hirata, H.

Nakamura and Y. Hara, ibid., 59, 192 (1998)

9) M. Akiyoshi, Y. Imanishi, N. Hirata, H.
Nakamura and Y. Hara, ibid., 59, 320(1998)

10) M. Akiyoshi, Y. Imanishi, N. Hirata, H.
Nakamura and Y. Hara, ibid., 59, 328 (1998)

11) M. Akiyoshi, Y. Imanishi, N. Hirata, H.
Nakamura and Y. Hara, ibid., 59, 328(1998)

12) M. Akiyoshi, Y. Imanishi, N. Hirata, H.
Nakamura and Y. Hara, ibid., 60, 274 (1999)

13) JIS K0099-1983, “Analysis method of ammounia
in exhaust gases”

14) Analytical Chemical Handbook™, Maruzen, 650
(1981)

15) A.P. Glazkova, Exprosivestoffe, Nr.4, 137(1973)

BRoO&B@EAEMEEEDORNED(FE IR
—TF I/ 7= mthtk—

KERMF, PHIEHE", M BB

FROHARERL LT, 73/ V7=V OSERMEEE (LI, CuAG ¢BR)ZAML, T
BB L,

101~125C COEBRIAFTiL, CuAG BRIEORFT CRERTUGEERT 5, PRIEER T CORE
i3, HAROXICKS KBS L, ZOR, SEMEBEOMELHFELREL, BUFTHETI/IIT
=V URREICHET D, PRI OTEM LT RN ¥ —13 51kd/mol Th-o7=, i, 125CUETH, FiS
HABITHET LT, BV,

THERR b2 57 b L O BEERAAR T ORABEREE B CMASEIREEIE, 44 6.48mm/sec, 1343°CL A=,
IR DREN R 1, T BUNREHRRVTBMLRET, HPH6.67X10  mol/mol D 7 L LARH
AR EhTs, Fin, —BLIRB A RiL, CuAG DBEHE/ T AN (-0.237g/g) THBIZLhb b
T, SEKRTEABETE X, TORERIZIV RN -,

CRAMIRERFETEMEAEEHE  T804-8550 LM i FMIXAAET 1 — 1)

Kayaku Gakkaishi, Vol. 62, No. 2. 2001 - 79 —






