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Abstract
In this presented study, the effect of substituent, its ability to supply / withdraw electron to / from the reaction site, to 1H-

1, 2, 4-triazole-copper complex (1Htri-Cu) were investigated. The substituents were selected from their Hammett constant
value. Nitro group (-NO2), Chloro group (-Cl) and Amino group (-NH2) were selected and 1H-1, 2, 4-triazole-copper com-
plex (1 Htri-Cu), Nitro-1H-1, 2, 4-triazole-copper complex [(1Htri- NO2)Cu], Amino-1H-1, 2, 4-triazole-copper complex
[(1Htri- NH2)Cu] and Chloro-1H-1, 2, 4-triazole-copper complex [(1Htri-Cl)Cu] were synthesized and their thermal
decomposition behaviors were investigated. According to Sealed Cell-Differential Scanning Calorimetry (SC-DSC), the
substituents can be used to control the thermal stability of 1Htri-Cu complex by considering its Hammett constant value.

Moreover, in relation to the Flash pyrolysis / FTIR, the part of decomposed gases such as HCN, NO2 and N2 were similar
at the 1000 degree Celsius. And finally, with the Gaussian03 calculation, TDSC may concern with bond length of N2-C3.
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1.  Introduction
Energetic materials are employed as gas generator in

airbag because they easily release a large amount of
decomposition gas, inflate an airbag, and protect passen-
gers during life-threatening accidents. Many researchers
have been attracted in developing new energetic materials
for gas generators because of their practical use.

The important properties for gas generators are as follow-
ing1): (1) Generate a large amount of decomposition gas in
a short period, (2) No gas toxicity, (3) Low residue after
decomposition, (4) High thermal stability, (5) Low sensi-
tivity to physical stimulation such as mechanical impact,
friction and static electricity, (6) Low cost, (8) No change
in properties with time.

For the promising gas generators, high nitrogen contents
are required from the standpoint of gas toxicity. If the sub-
stances with 100 % nitrogen percentage, Nitrogen-
Clusters, were available (see Fig. 1), they would give clean
gases when they decomposed. However, Nitrogen-Clusters
only exist in theoretical calculation. Generally, the higher

nitrogen percentage it has, the more unstable it is; there are
only a few energetic materials whose nitrogen percentage
is more than 50 %. Among those substances, Azole can
not only give a large quantity of nitrogen gas but also have
satisfactory stability2). Owing to high nitrogen content,
they are used as gas generators.

In order to obtain better properties for gas generators, we
have applied some chemical modifications to azole; we
have designed in azole - metal complexes. Transition met-
als are commonly used to improve reaction rates for pro-
pellant because of their catalytic characteristics3). As a
result, the response to stimuli becomes better. 

Among myriad of triazole and transition metals, we chose
1H-1, 2, 4-triazole(1Htri) in this report which is the elemen-
tary structure of triazole (see Fig. 1). Copper was selected
because of its catalytic characteristics4), 5).

On the other hand, over last 20 years, scientists and engi-
neers have utilized various test methods on hundreds of
chemicals to better understand chemical decompositions.
The average decomposition characteristics, such as energy
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of decomposition and decomposition onset temperature
(TDSC), were determined for chemical classes containing
the following substituents : Nitro group (-NO2), Chloro
group (-Cl) and Amino group (-NH2) etc.

Furthermore, the thermal behavior of Nitro-Benzene with
various substituents has been investigated. TDSC value was
corresponding to their Hammett constant value (s)6).
When the Hammett constant were the positive value, TDSC

became higher and then the constants were the negative
value TDSC became lower too (see Fig. 2).

Therefore, this study suggested that the substituents can
be used to control the thermal stability of Nitro-benzene.
Consequently, the effect of substituent, which withdraw /
donate electron from / to the reaction site, on the thermal
behavior of 1Htri-Cu were investigated. In this study,

Nitro group (-NO2), Chloro group (-Cl) and Amino group
(-NH2) were selected as the substitutent because they have
different the Hammett constant value (s)7) which indicate
the degree of electron withdrawing or donating. 1Htri-Cu8),
[(1Htri- NO2)Cu]9), [(1Htri-NH2)Cu]9) and [(1Htri-Cu)Cl]10)

were synthesized and their thermal behaviors were investi-
gated. With this work, all complexes’ thermal behaviors
were studied by using Sealed Cell-Differential Scanning
Calorimetry (SC-DSC) and  then their thermal decom-
posed gas were analyzed by using Flash-pyrolysis / FT-IR.
Finally, the structure of all complexes were performed by
using Gaussian03 program as B3LYP / 6-31+G(d, p) basis.

2.  Experiments
2.1 Samples

1Htri-Cu, [(1Htri-NO2)Cu], [(1Htri-NH2)Cu] and,
[(1Htri-Cu)Cl] were synthesized following the previous
studied and elemental analyses were carried out and com-
pared with the literature value. 

In relation to physical characterization, infrared spectra
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Fig. 1 Nitrogen content vs. heat of explosion.
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(4000 - 400 cm-1) were recorded at room temperature. The
samples were prepared using KBr technique. Moreover,
NMR experiments were carried out by dissolving the com-
plexes in Dimethyl Sulfoxide (DMSO) in 5 mm NMR
tubes, and the 1H spectra recorded on a Bruker Spectrospin
DRX 400 MHz UltrashieldTM MNR spectrometer.

2.2 SC-DSC thermal analysis
Sealed Cell-Differential Scanning Calorimeter (SC-DSC)

was used for thermal analysis. SC-DSC was carried out
using DSC20 with the operation system STARe System
(Mettler Toledo K. K.). In this study, stainless steel cells
were selected as the high-pressure sample containers. The
experiments were carried out at a heating rate of 10 K min-1

under a steady state flow of nitrogen (N2). An almost con-
stant sample mass of 1.0 mg was weighed. They were heat-
ed in the scanning mode from 30 ˚C to 500 ˚C. The temper-
ature and heat flow calibrations were conducted by the rec-
ommended procedure using pure indium metal with a melt-
ing point of 429.6 K and heat of fusion of ∆Hf= 287.1 J g-1. 

The SC-DSC data on the recording chart were analyzed
as follows:
(1) The line connecting the point before the exothermic

reaction starts and the point after it ends was used as
the baseline.

(2) The temperature at which exothermic reaction starts
(TDSC) is determined from the intersection of the tan-
gential line at the inflection point and the baseline.

2.3 Thermal decomposition products
Flash-pyrolysis was carried out in order to investigate the

thermal decomposition products. The instrument was
Pyroprobe 2000 and Brill cell (CDS Analytical Inc.) com-
bined with a rapid-scan FT-IR spectrometer (MAGNA-IR
850, Nicolet Instrument Corporation). The starting and the
ending temperatures were 30 ˚C and 1000 ˚C, respectively,
with a heating rate of 10 K s-1.The scanning resolution was

4 cm-1 and integration of the spectra was 4 times. The mea-
suring time was 1 minute. The measurements were carried
out less than 1 atm in a N2 buffer gas.

2.4 Molecular orbital calculation
The quantum-chemical calculations were performed

applying the Gaussian03 program as B3LYP / 6-31+G (d,
p) basis. The geometry optimization providing also the
molecule energies were followed by frequency calculation
using the same basis set.

3.  Results and discussion
3.1 SC-DSC

Figure 4 and 5 show SC-DSC curves of 1Htri, 1Htri-Cu,
[(1Htri-NO2)Cu], [(1Htri-NH2)Cu], [(1Htri-Cl)Cu], 1Htri-
NO2 and 1Htri-NH2 respectively. The value of TDSC and
QDSC are summarized in Table 2. Below its decomposition
temperature, 1Htri exhibited endothermic peak that corre-
sponded to melting while in case of the complexes, the
endothermic peak disappeared. The phenomena might be
due to the change of their electronic state11). 

While in case of 1Htri with the substituent such as -NO2

and NH2, TDSC of both samples revealed almost the similar
value (Table 1). The substituent effect on the thermal sta-
bility of the 1Htri-Cu complex was also investigated. From
Table 2, TDSC of [(1Htri-NO2)Cu] and [(1Htri-Cl)Cu] were
higher than that of 1Htri while TDSC of [(1Htri-NH2)Cu]
was lower than that of 1Htri. Since these TDSC of sub-
stituents-1Htri-Cu complexes tendency corresponded to
their Hammett constant values (Table 3), -NO2 and -Cl
group were the positive value, the TDSC were higher and
NH2 group was the negative so the TDSC was lower. It can
be considered that the TDSC of 1Htri-Cu complex might be
influenced by electronic state of the 1Htri ring with specific
substituent. Therefore, this study suggested that the sub-
stituents can be used to control the thermal stability of
1Hti-copper complex.
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Substituent

-NO2

-Cl
-NH2

Hammett constant

 0.78
0.3 

-0.66 

Table 3 Hammett constant value.

 Sample

1Htri
1Htri-Cu
(1Htri-NO2) Cu
(1Htri-Cl) Cu
(1Htri-NH2) Cu

Product gases at 1000˚C

N2, CH4, HCN
CO2, CO, N2O, NO, HCN
CO2, CO, N2O, NO, HCN
CO2, CO, N2O, NO, HCN
CO2, CO, N2O, NO, HCN

Table 4 Various components of the decomposed gas
at  1000 oC.

Fig. 6 1Htri-NH2. Fig. 7 1Htri-NO2.

Fig. 8 (1Htri-NH2) Cu. Fig. 9 (1Htri-NO2) Cu.

 Sample

1Htri
1Hti-NO2

1Htri-NH2

TDSC (˚C)

343
286
285

Table 1 Summary of TDSC of 1Htri and its substituents.

 Sample

1Htri-Cu
(1Htri-NO2) Cu
(1Hti-Cl) Cu
(1Htri-NH2) Cu

TDSC (˚C)

297
316
322
200

Table 2 Summary of TDSC of 1Htri-Cu complexes.



3.2 Thermal decomposition products and 
molecular orbital calculation

Results of the Flash thermolysis / FT-IR tests of 1Htri,
1Htri-Cu, [(1Htri- NO2)Cu], [(1Htri- NH2)Cu] and [(1Htri-
Cl)Cu] were shown in Table 4. The decomposition gas
products were changed by the coordination of 1Htri to
metal ions and substituent. Under the same conditions,
1Htri released N2, CH4 and HCN. In case of [(1Htri-
NO2)Cu], [(1Htri-NH2)Cu] and [(1Htri-Cl)Cu] were CO2,
CO, N2O NO HCN etc. 

Moreover, the chemical structure of all samples which

were evaluated by using Gaussain03 #B3LYP / 6-31 +G(d,
p) basis (Table 5). The results from this work were com-
pared with the experimental result and the previous
studied15). It showed this studied calculation was almost
nearly the real experimental result. 

According to B3LYP / 6-31 +G(d, p), the 1Htri coordi-
nate with substitutuent at position C3 atom (Fig. 6 ~ Fig. 9)
all of bond length of 1Htri was changed. The summaries of
the relationship between TDSC and each bond length of
1Htri ring were showed as Fig. 10 ~ Fig. 14. Considering
relationship between N2-C3 and TDSC value might be the
initial decomposition of 1Htri and 1Htri-complexes coordi-
nated with substitutents.

The decomposition mechanisms of these complexes still
required to consider the decomposed gas together.
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Experimental Calculated

X-ray(15) 

N1N2
N2C3
C3N4
N4C5
C5N1

N1N2C3
N2C3N4
C3N4C5
N4C5N1
C5N1N2

    1.354
    1.330
    1.353
    1.350
    1.344
101.8
114.5
104.3
107.1
112.2

HF(15)

6-31G

    1.363
    1.307
    1.371
    1.311
    1.343
103.2
113.5
104.1
109.4
109.8

B3P86(15)

6-311G

    1.346
    1.319
    1.358
    1.315
    1.346
101.8
115.3
102.6
109.8
110.5

B3LYP

6-31+G

    1.357
    1.326
    1.365
    1.322
    1.352
101.9
115.2
102.8
109.8
110.4

Table 5 Comparison of the X-ray experimental data 
with the Gaussian calculated data of 1Htri.

Fig. 10 N1-C5 bond length vs. TDSC.

Fig. 11 N2-C3 bond length vs. TDSC. Fig. 12 C3-N4 bond length vs. TDSC.

Fig. 13 C4-N5 bond length vs. TDSC. Fig. 14 N1-N2 bond length vs. TDSC.



4.  Conclusion
In order to study the effect of substituent in case of 1Htri-

copper complex were investigated.
According to SC-DSC, the substituents can be used to con-

trol the thermal stability of 1Htri-Cu complex by consider-
ing its Hammett constant value.

According to the Flash pyrolysis / FTIR, part of decom-
posed gases such as HCN, NO2, were similar at the 1000
degree Celsius and with B3LYP / 6-31 +G(d, p) basis calcu-
lation, TDSC may concern with N2-C3.

As the above reasons, thermal analysis revealed azole
with substituent and coordinated with copper was able to
improve its thermal stability and thermal reactivity of pure
triazole.
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