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Abstract: Glycidyl azide polymer (GAP) with tetra hydroxyl functional groups 
or t-GAP is a potential energetic polymeric binder for application in both high 
energy propellants and high explosives. t-GAP is synthesized via azidation of 
the precursor tetrafunctional poly-epichlorohydrine (t-PECH) with sodium azide 
in DMSO solvent medium. In this article, process optimization and progress of 
chemical reaction for preparation of t-GAP is studied using FTIR spectroscopy 
and an attempt is made to predict the reaction kinetics with concentration profiling. 
The characteristic vibrational features corresponding to C‒N3 of t-GAP and C‒Cl 
of t-PECH have been used to monitor the progress of reaction. 

Keywords: energetic binder, FTIR, reaction kinetics, reaction profiling, 
t-GAP

1 Introduction

The development of energetic binders has always been a key research area in 
the development of both high energy propellants for application in rockets/
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missiles and high explosive formulations for application in warheads. Glycidyl 
azide polymer (GAP) with two or more hydroxyl groups is one such energetic 
binder [1-6]. GAP is widely used as an energetic binder along with ammonium 
dinitramide (ADN) as a green and chlorine free oxidizer in high energy composite 
propellants and gas generating compositions [7-13]. Klapotke et al. [14] have 
reported GAP/TKX-50 based rocket propellant formulations. GAP also finds 
application in plastic bonded explosives as an energetic binder in place of 
conventional inert binders like hydroxyl terminated polybutadiene (HTPB) [15].

GAP based energetic binders possess positive heat of formation, higher 
density and excellent thermal stability. It offers a significantly higher specific 
impulse and superior ballistic properties compared to conventional binders like 
HTPB and carboxy terminated polybutadiene (CTPB) etc. The di-functional 
GAP (d-GAP) with two terminal hydroxyl groups imparts a higher specific 
impulse along with ADN in the propellant, both with and without aluminium. 
However, it exhibits poor mechanical properties compared to HTPB based 
propellants. In addition, the hydroxyl groups in d-GAP are secondary in nature 
and therefore curing with di-isocyanates needs to be carried out at a relatively 
higher temperature. In order to improve the characteristics of GAP, synthesis 
of tetra hydroxyl functional GAP or GAP tetraol (t-GAP) with both primary 
and secondary terminal hydroxyl groups has been developed. t-GAP was first 
prepared in 1994 through the azidation of tetra hydroxyl polyepichlorohydrin 
(t-PECH) which was obtained by the epoxidation of PECH diol, followed acid 
hydrolysis [16]. Recently, Soman et al. [17] reported a method for preparing 
t-GAP, rheological characterization during its curing and evaluation of its 
mechanical properties. In both methods, t-PECH had been subjected to azidation 
with sodium azide (NaN3), in an aprotic polar solvent like DMF or DMSO. The 
polymeric and energetic properties of t-GAP are well reported. However, there 
is no data available in literature on the reaction kinetics of the azidation process 
for t-GAP. In this study, the process for t-GAP was studied on a laboratory scale. 
Based on laboratory scale experiments, the process has been optimized with 
respect to temperature and time. FTIR spectrometry is an established tool and 
has been widely used to study the progress of various types of reaction and to 
derive their kinetic data [18, 19]. The same has been used to derive the kinetic 
data and rate equation for the t-GAP process.

The reaction progress of a bench scale batch (at 0.5 kg level) of t-GAP 
has been periodically tested using FTIR spectroscopy to find the reaction end 
point and to obtain kinetic parameters. t-GAP is synthesized via azidation of the 
precursor t-PECH with NaN3 in DMSO as the reaction medium (Figure 1). The 
reaction of NaN3 and t-PECH passes through the nucleophilic substitution of ‒Cl 
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by ‒N3. The characteristic vibrational features corresponding to C‒N3 of t-GAP 
and C‒Cl of t-PECH have been employed to derive the progress of the reaction.

Figure 1. Azidation of t-PECH for preparation of t-GAP

The area under the curve of respective IR vibrational peaks of t-GAP and 
t-PECH has been considered to be a direct representation of their concentration 
in the reaction mixture. The real time profiling has thus been useful in 
earmarking the actual time required for complete azidation of t-PECH to t-GAP. 
The concentration profile has further been employed to calculate the kinetic 
parameters such as order of reaction (n) and rate constant using both integral 
and differential methods of rate kinetics [13].

2 Experimental

2.1 Materials 
The precursor material, t-PECH was obtained from a commercial source with 
the properties:
‒ molecular weight (Mn): 1500 ±50,
‒ hydroxyl/OH value: 87 ±2 mg KOH/g,
‒ viscosity: 52 ±5 P,
‒ volatile matter (VM): 0.01-0.03%, and
‒ moisture content 0.03-0.06%.
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Other chemicals and reagents like NaN3, DMSO and ethyl acetate used in 
the process were of GR grade (purity >95%) and were obtained from Qualigen 
and Merck.

2.2 Experimental set-up for t-GAP synthesis
The bench scale process for t-GAP was carried out in a bench scale reactor set-
up (HEL, UK make). The chemical reaction was performed in a 10 L jacketed 
reactor fitted with a double coiled reflux condenser. Heating and cooling of the 
reaction mixture was ensured with a highly efficient Huber circulator system. 
Reaction parameters like Tr, Tj, ΔT, RPM etc. were controlled and recorded 
through an attached PLC-SCADA system. A 50 L volume glass reactor fitted 
with overhead stirrer was used for extraction of t-GAP. 

2.3 Preparation of t-GAP
A slurry of NaN3 in DMSO is prepared in a 10 L reactor at around 40-45 °C 
under constant agitation. The slurry was then slowly heated up to the reaction 
temperature followed by the dropwise addition of a solution of t-PECH in DMSO. 
Care was taken during addition of t-PECH solution to avoid an uncontrolled 
rise in temperature. The reaction mixture turned light brown towards the end of 
addition. During the process, samples were withdrawn periodically at distinct 
time intervals and analyzed using FTIR spectroscopy to monitor the progress of 
the reaction. At the end of the reaction, the reaction mass was cooled to 60 °C and 
then quenched in a volume of 50 L fed with ice-water mixture. It was observed 
that the reaction mass became very thick at a temperature below 55 °C, thus, the 
reaction mass was taken out of the reactor at about 60 °C. 

  
(a)                                     (b)                                     (c)

Figure 2. Various stages of t-GAP process: final reaction mass (a), mass during 
quenching (b) and t-GAP (c)
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A suitable solvent was then added to the reaction mass in the quencher and 
stirred for 2-3 h and was subsequently washed with 10% NaCl solution. The 
organic phase was separated and the solvent distilled off under vacuum. 

2.4 Spectral analysis
A table top FTIR spectrometer (Thermo Fisher Scientific Nicolet Summit pro) 
was used to record the IR absorption data of the reaction mixture samples. The 
sample collected from the reaction mass was directly analyzed using single 
bounce Diamond ATR accessory. t-PECH was characterized by a medium to 
strong IR absorption peak at 747 cm‒1 corresponding to C‒Cl stretching vibration 
while, t-GAP was characterized by a strong peak at 2088 cm‒1 corresponding to 
‒N3 stretching vibration. A comparative FTIR profile is presented in Figure 3. IR 
Spectrums were recorded for the samples withdrawn periodically at 1 h intervals. 

Figure 3. Comparative FTIR spectral data of t-PECH and t-GAP

2.5 Characterization
The physical and chemical properties of t-GAP were determined using various 
instrumental techniques. Average molecular weight (Mn and Mw) was determined 
using a Thermo Scientific Ultimate 3000 Gel Chromatography (GPC) instrument. 
The hydroxyl value was determined using an acetylation method. Viscosity was 
measured using a RV Brookefield viscometer. The Karl fisher titration method 
was employed to determine moisture content while volatile mater (VM, in %) was 
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measured using an IR heated balance. Finally, t-GAP was analysed for molecular 
weight, hydroxyl value (OH value), viscosity, density, VM and moisture content. 
The results are presented in Table 1.

Table 1. Physical and chemical properties of t-GAP
Properties t-GAP

Colour Brown
Mn 2000 ±100
OH value [mg KOH/g] 85 ±2
Viscosity [P] 17-20
Density [g/cm3] 1.35
VM [%] <0.1
Moisture [%] <0.1

2.6	Reaction	kinetics	and	concentration	profiling	data	of	t-GAP
For reaction monitoring, periodic sampling of the reaction mixture was done 
at distinct intervals from the time of attaining a reaction temperature of 90 °C 
and subjected to FTIR analysis without any prior treatment. A single bounce 
diamond ATR accessory has been employed for the subject study. Formation 
of t-GAP is indicated by a gradual growth of the peak at 2088 cm‒1 attributed 
by ‒N3 vibration of NaN3, while consumption of t-PECH in the reaction is 
depicted by the disappearance of the peak at 747 cm‒1 indicating a C‒Cl bond. 
The area under the curves of the respective absorption peaks was considered to 
be proportional to the concentration of product and the reactants in the reaction. 
The spectroscopic data thus generated is plotted to create a concentration-time 
profiling of the reactant t-PECH as well as product t-GAP. 

3 Results and Discussion

3.1 Spectroscopic study of t-GAP
Azidation of t-PECH with NaN3 took place in DMSO as a solvent medium 
forming t-GAP. From Figure 4, it was observed that the peak corresponding to 
747 cm‒1 attributed to C‒Cl bond vibration, disappeared after almost 5 h with 
no further advancement in the same. The same can also be verified with the 
progression of vibrational peak at 2088 cm‒1corresponding to that ‒N3 bond as 
shown in Figure 5, representing formation of product t-GAP. However, to ensure 
completion of the azidation process, the reaction was continued for 6 h.
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Figure 4. FTIR spectral regions corresponding to consumption of t-PECH 

Figure 5. FTIR spectral regions corresponding to formation of t-GAP 

3.2 Optimization of reaction
Lab level experiments were carried out at different reaction temperatures starting 
from 80 to 100 °C with the reaction mixtures being subjected to different 
time intervals of 20 to 4 h depending on the temperature. After completion 
of the process, the product, t-GAP was isolated and characterized using FTIR 
spectroscopy to assess if the reaction was completed or not. The absence of an 
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FTIR peak at 747 cm‒1 corresponding to a C‒Cl bond indicates that the reaction is 
complete. Table 2 depicts the completion of the reaction at different temperature/
time intervals. During the laboratory scale experiments at temperatures of 95 
and 100 °C, significant evaporation of DMSO solvent vapour was observed. 
Therefore, a reaction temperature of 90 °C was considered to be optimum with 
a reaction time of 6 h.

Table 2. Results of lab level process optimization batches

Tr [°C] Time [h]
Presence of FTIR
Peak at 747 cm‒1 

(corresponding to C‒Cl bond)
Remarks

80 20 No Complete
85 12 No Complete
90 6 No Complete
95 5 No Complete
100 4 No Complete

3.3	Rate	kinetics	and	concentration	profiling
FTIR data has been used to derive the relative concentration profile of both 
reactant and product. From the spectrums, the area under three peaks at distinct 
time intervals is taken to generate data of the concentration profile. Where, A1 

corresponds to area under the peak 747 cm‒1, A2 corresponds to the area under the 
peak at 2088 cm‒1 and A3, corresponding to the area under the peakat 1040 cm‒1 
(–C–O–C– bond) which is common in both t-PECH and t-GAP. The ratio of A1/A3 
and A2/A3 give effective relative areas under the peaks which can be considered 
as proportionate concentrations of t-PECH and t-GAP. These proportionate 
concentrations were then normalized to a scale of 100, as shown in Table 3.

The reaction shown in Figure 1 can be written as:

αA + βB  →  εC + µD + other products

where: A = t-PECH, B = azide ion, C= t-GAP and D = NaCl and CA, CB and 
so on are their corresponding concentrations.

The Rate of reaction expression can be written as:

‒rA = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

    = k CA
aCB

b....        (1) 

 

‒rA = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

  = Ќ CA
n          (2) 

 

Log (CA0/CA ) = Ќ t         (3) 

 
1
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴

= 1
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴0

 + Ќ t          (4) 

 

CA
(1 ‒ n) – CAo

(1 ‒ n) = Ќ (n ‒ 1) t        (5) 

 

    tF   = 𝐹𝐹𝐹𝐹
1−𝑛𝑛𝑛𝑛−1
Ќ(𝑛𝑛𝑛𝑛−1)   CAo

(1 ‒ n)           (6) 

 

Log tF = log (𝐹𝐹𝐹𝐹
(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (7) 

 

Log tF = log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (8) 

 

log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  )   

 

‒rA = 1.23 × 10‒3 CA
1.493        (9) 

 (1)
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For constant stoichiometric ratio CB/CA= β/α =constant
‒rA = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵
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b....        (1) 
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n          (2) 
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1
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(1 ‒ n) = Ќ (n ‒ 1) t        (5) 

 

    tF   = 𝐹𝐹𝐹𝐹
1−𝑛𝑛𝑛𝑛−1
Ќ(𝑛𝑛𝑛𝑛−1)   CAo

(1 ‒ n)           (6) 

 

Log tF = log (𝐹𝐹𝐹𝐹
(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (7) 

 

Log tF = log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (8) 

 

log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  )   

 

‒rA = 1.23 × 10‒3 CA
1.493        (9) 

 (2)

where n = a + b +....., Ќ is the modified rate constant and n is the order of reaction.
To find out the reaction order, we first assume this reaction to be of 1st order. 

Therefore, Equation 2 after integration can be expressed as:

Log (CA0/CA ) = Ќ t (3)

Therefore, the graph between Log((CAO/CA)) and t should give a straight 
line. However, Figure 6 shows no such straight line. Hence the reaction cannot 
be first order.
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Figure 6. Concentration profile considered as 1st order kinetics

Now considering the reaction to be 2nd order. The same Equation 2 after 
integration can be written as:

‒rA = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

    = k CA
aCB

b....        (1) 

 

‒rA = ‒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

  = Ќ CA
n          (2) 

 

Log (CA0/CA ) = Ќ t         (3) 

 
1
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴

= 1
𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴0

 + Ќ t          (4) 

 

CA
(1 ‒ n) – CAo

(1 ‒ n) = Ќ (n ‒ 1) t        (5) 

 

    tF   = 𝐹𝐹𝐹𝐹
1−𝑛𝑛𝑛𝑛−1
Ќ(𝑛𝑛𝑛𝑛−1)   CAo

(1 ‒ n)           (6) 

 

Log tF = log (𝐹𝐹𝐹𝐹
(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (7) 

 

Log tF = log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  ) + (1 ‒ n)log CAo       (8) 

 

log (0.8(1−𝑛𝑛𝑛𝑛)−1
Ќ(𝑛𝑛𝑛𝑛−1)  )   

 

‒rA = 1.23 × 10‒3 CA
1.493        (9) 

 (4)

Thus, the graph between 1/CA and t should give a straight line with slope 
Ќ and intercept 1/CAO.
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Figure 7. Concentration profile considered as 2nd order kinetics

From Figures 6 and 7, it is confirmed that the reaction does not obey 1st and 
2nd order reaction kinetics. 

After integrating Equation 2, for any nth order reaction, for any fractional 
change in concentration of t-PECH, Equation 2 can be modified, according to 
[13], as:

CA
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(1 ‒ n) = Ќ (n ‒ 1) t (5)
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where tF is the time needed for fractional change (80%) in concentration. After 
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taking any three values of CA and CAO at any distinct time on the graph between 
CA and t, the following calculation can be carried out for 80% fractional change.

Table 4. Logarithmic fractional concentration and t for nth order reaction
CA0 CA = 0.80CAO tF (from graph) Log tF Log CAO

100 80 20 2 1.30103
60 48 25 1.778151 1.39794001
20 16 44 1.30103 1.64345268

1.2

1.4

1.6

1.2 1.6 2

Lo
g 
t F

Log CAO

Figure 8. Logarithmic fractional concentration and t for nth order reaction

Figure 8 gives almost a straight line with a slope value of ‒0.493 and intercept 
of 2.283. Now, from Equation 8, the value of n and Ќ can be calculated as:

(1 ‒ n) = ‒0.493 => n = 1.493
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 = 2.283  =>  After putting the value of n = 1.493, the value

of Ќ = 1.23×10‒3.

Finally the overall rate of reaction can be represented as:

‒rA = 1.23 × 10‒3 CA
1.493 (9)

Equation 9 represents the rate equation for the preparation of t-GAP from 
the precursor t-PECH. The rate equation can predict the progress of reaction at 
any point of time during the process and time required for completion of the 
reaction at the given temperature. 
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4 Conclusions

♦ In the study, FTIR spectroscopy has been used as an effective tool for 
determining the time required for completion of reaction for preparation 
t-GAP at different temperatures and accordingly, the reaction conditions 
have been optimized.

♦ The azidation process of t-PECH to t-GAP has been further systematically 
studied using FTIR spectroscopy and the data on concentration profile of 
both reactant and product have been generated for the progress of reaction. 
The periodic probing with FTIR spectroscopy suggested the t-GAP reaction 
to be completed within 6 h while reaction temperature is maintained at 90 
°C. It is also observed that, initially, the conversion rate is quite high but 
after 4.5-5 h it became very slow.

♦ The effective area under the peak method was employed to calculate the 
concentration profile of t-GAP and t-PECH, the same being used to derive 
the reaction kinetic parameters. The FTIR spectroscopic study on rate 
kinetics, could successfully generate kinetic parameters like reaction order 
n as 1.493, and rate constant  = 1.23 × 10‒3 at 90 ℃. The reaction kinetics 
data can be advantageously used to predict the progress of the reaction at any 
point of time during the process of preparation of t-GAP and time required 
for completion of the reaction.

♦ The finding confirms that FTIR spectroscopy can be used as an efficient 
tool to generate relative concentration profiles of reactants/products; and the 
same can be used to derive reaction kinetic parameters and rate equation. 
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