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Abstract. Composite solid propellants are preferred for use in defense and space applications because 

of their high energy density and simplicity. Oxidizers take up the highest percentage in propellant 

ingredient. KNO3, KClO4 and K2Cr2O7 are among the inorganic oxidizers with similar cation for 

present study, and their chemical and physical properties are fully understood. However, the 

relationship between thermal stability and electrostatic potential energy based on structural analysis 

has not yet been studied. In this study we used high resolution XRD data to study the electrostatic 

potential energy of the KNO3, KClO4 and K2Cr2O7 crystal structures. 

Introduction 

Solid propellants are most preferred than liquid or gas propellants due to easier to store and to 

handle. Solid propellants have high energy density, therefore produce a high temperature of 

combustion and high propulsive force. That characteristics make solid propellant ideal for military 

applications as well as space shuttle and many other orbital launch vehicles [1,2]. A solid propellant 

consists of several chemical ingredients such as oxidizer (60-80%), fuel (maximum 25%), binder, 

plasticizer, curing agent, stabilizer, and cross-linking agent. The specific chemical composition 

depends on the desired combustion characteristics for a particular mission [1-5]. The oxidizer 

classified as inorganic and organic based compounds.  

Potassium nitrate (KNO3), potassium perchlorate (KClO4) and potassium dichromate (K2Cr2O7) 

are among inorganic oxidizer that selected in this study due to the similar cation (K1+), but with 

different anion (NO3
1-, ClO4

1-, Cr2O7
1-) [4-9]. Different anions give a different chemical reaction to 

produce a different deflagration and detonation, which is important property of propellant. The 

chemical reaction rate is depending on the chemical bonding between the atom inside the structure 

[10]. 

To understand the chemical bond and the electronic structure of ionic crystals, estimation of 

electrostatic potentials in the periodic arrangement of the ions is an inevitable task. There are numbers 

of methods are used to calculate electrostatic potential energy [11-13], and Fourier methods were 

chosen due to it fast computing time and use the input from Rietveld refinement result [14,15]. 

This report presents the results of a preliminary study of KNO3, KClO4 and K2Cr2O7 with X-ray 

diffraction to determine the electrostatic potential energy based on the Rietveld refinement results. 
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Experimental Method 

Material classification were used in this research have high quality grade under pro analysis 

classification from Merck. Potassium Dichromate (K2Cr2O7) was used had purity minimum 99.98%. 

While Potassium Nitrate (KNO3) and Potassium Perchlorate (KClO4) have purity ≥ 99 %. The third 

chemical agents are classified as inorganic oxidizing agents, powder based and stable at room 

temperature under dry based condition. 3 gr sample of each compound were grinded and sieved to 

get homogeneous particle size smaller than 75 microns. Fine powder than prepared in circular PMMA 

holder with inner diameter of 25 mm and depth of 2 mm. To prevent the preferred orientation effect, 

a rotation sample stage is used with speed of 15 rotation per minutes. 

XRD data were obtained on a Bruker D8 Advance diffractometer with Cu X-ray anode operate at 

1.6 kW (40 kV, 40 mA), line focus of 0.04 x 8 mm, arm radius of 250 mm (primary and secondary), 

divergence slit of 1, soller slit of 2.5 (primary and secondary) and LYNXEYE-XET position-

sensitive detector (PSD) without K filter.  

Data acquisition were collected at 2  range of 10 - 100, with step size of 0.02 2 (4500 data 

points) and scan speed of 1 second per data. Suppose for scintillation counter detector (0-D detector), 

total acquisition time about 4500 seconds or 1.25 hours, but due to the advantage of LYNXEYE-XET 

PSD (1-D detector), the total acquisition time reduced to about 8 minutes for each sample.  

The Rietveld refinement were performed with Bruker-Topas version 6 implemented with 

convolution-based profile fitting / fundamental parameters approach which provides high accuracy 

and precision in determining lattices and structure parameters [16-19]. 

Result and Discussion 

The raw data and the result of the Rietveld refinement of KNO3, KClO4 and K2Cr2O7 in Fig. 1 

shows a good agreement between experimental data and simulated pattern from ICDD reference 

database PDF 01-071-1558 (orthorombic Pmcn), PDF 04-007-6710 (Orthorombic Pnma) and PDF 

04-015-3612 (Triclinic P-1), respectively.  

The highest quality of data was indicated by peak to background ratio beter than 200 for all 

diffractograms resulted a smaller expected R-factor (Rexp); 3.88, 5.52 and 5.90 for KNO3, KClO4 

and K2Cr2O7, respectively. The indicator for a good Rietveld refinement, weighted R-factor (Rwp), 

are close to Rexp results a small Godness of Fit (GoF); 1.18, 1.17 and 1.05 for KNO3, KClO4 and 

K2Cr2O7, respectively. Due to this high quality of data, precise lattice parameters, atomic position 

and thermal displacement parameters are able to determine. The complite summary of all refined 

parameters are listed on Table 1 and Table 2.  

Fig 2 shows the represent 3D structures of KNO3, KClO4 and K2Cr2O7 from Rietveld refinement. 

The N5+ in KNO3 has plane like coordination with three O2-, while Cl7+ in KClO4 and Cr6+ in K2Cr2O7 

has tetrahedral coordination with four O2-. K1+ act as buffer for all the structures. While the polyhedral 

with the center atom of N5+ and Cl7+ in KNO3 and KClO4 are stand alone,  there are two pairs of Cr6+ 

in K2Cr2O7 was connected by two O2- denotes O4 and O11. The share of O2- ion among Cr6+ causes 

Cr−O4 and Cr−O11 bond to streches and create a distorted polyhedra. 
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Figure 1. Rietveld refinement of KNO3, KClO4 and K2Cr2O7 (Color online: black – data, red – 

model, blue – residual).  

Table 1. Summary of refined lattice parameters and figure of merits. 

  KNO3 KClO4 K2Cr2O7 

Space Group  Pmcn Pnma P-1 

Cell Mass  404.413(0) 554.196(0) 1176.738(8) 

Cell Volume (Å3) 319.375(1) 363.753(1) 726.881(6) 

Crystal Density (g/cm3) 2.103(0) 2.530(0) 2.686(1) 

Crystallite size (nm) 361(5) 636(6) 170(2) 

Strain 0.00025(4) 0.00042(1) 0.00011(0) 

Lattice 

Parameters 

a (Å) 5.41592(9) 8.85524(1) 7.38581(8) 

b (Å) 9.16965(7) 5.66352(1) 7.46347(0) 

c (Å) 6.43132(7) 7.25477(1) 13.40167(5) 

 Alpha () 90 90 96.18341(9) 

 Beta () 90 90 98.05732(8) 

 Gamma () 90 90 90.87155(4) 

Rexp  3.88 5.52 5.90 

Rwp  4.58 6.47 6.18 

GoF  1.18 1.17 1.05 

Refined parameters 21 19 31 
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Table 2. Summary of refined structure parameters. 

 x y z Occupancy Uiso Multiplicity Wyckoff 

KNO3 atomic parameters 

K 0.25 0.4166 0.7568 1 2.3950 4 c 

N 0.25 0.7548 0.9152 1 2.1213 4 c 

O1 0.25 0.8902 0.9107 1 3.1767 4 c 

O2 0.4492 0.6866 0.9151 1 3.0556 8 d 

KClO4 atomic parameters 

K 0.1809 0.25 0.3374 1 1.4480 4 c 

Cl 0.0679 0.25 0.8105 1 1.2645 4 c 

O1 0.1885 0.25 0.9419 1 1.3355 4 c 

O2 0.4197 0.5438 0.1952 1 1.0175 8 d 

O3 0.4253 0.25 0.5981 1 3.2709 4 c 

K2Cr2O7 atomic parameters 

K1 1.1034 0.6692 0.6403 1 1.5223 2 i 

K2 0.2501 0.7671 0.3496 1 1.4820 2 i 

K3 0.6624 -0.0853 0.1584 1 1.4915 2 i 

K4 0.6949 0.6522 -0.1358 1 1.4512 2 i 

Cr1 0.5917 0.7688 0.6072 1 2.4453 2 i 

Cr2 0.7929 0.8068 0.4137 1 2.2866 2 i 

Cr3 0.8170 0.4257 0.1136 1 1.9518 2 i 

Cr4 0.8133 0.1524 -0.0831 1 2.4982 2 i 

O1 0.7196 0.6125 0.6490 1 2.7066 2 i 

O2 0.5547 0.9100 0.7017 1 2.7745 2 i 

O3 0.4024 0.6852 0.5451 1 2.8274 2 i 

O4 0.7076 0.8928 0.5268 1 2.3774 2 i 

O5 0.9591 0.6753 0.4429 1 2.2858 2 i 

O6 0.8688 0.9716 0.3608 1 2.5661 2 i 

O7 0.6344 0.6951 0.3365 1 2.8322 2 i 

O8 0.6890 0.2929 0.1638 1 2.3695 2 i 

O9 0.9756 0.5180 0.2000 1 2.3774 2 i 

O10 0.6949 0.5755 0.0612 1 2.6869 2 i 

O11 0.9293 0.2959 0.0227 1 1.9258 2 i 

O12 0.6919 -0.0003 -0.0433 1 2.3205 2 i 

O13 0.9604 0.0612 -0.1486 1 2.8701 2 i 

O14 0.6774 0.2736 -0.1518 1 2.1721 2 i 
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Figure 2. Refined crystal structure model of (a) KNO3, (b) KClO4 and (c) K2Cr2O7. 

The formal atomic charges (K = +1, N = +5, Cl = +7, Cr = +6, O = -2) need to add into the 

Crystallographic Information File (CIF) in order determine the bond valence parameter, further 

calculate the electrostatic potential energy. 

Information concerning the oxidation state of the elements was determined by bond-valence sum, 

BVS, using the Brown’s model as shown in Eq. 1 [20,21]. 

𝐵𝑉𝑆 = ∑ exp (
𝑟0−𝑟𝑖

𝐵
)𝑛

𝑖=1                       (1) 

where B = 0.37, and r0 = 2.113 Å for K−O pair, r0 = 1.361 Å for N−O, r0 = 1.669 Å for Cl−O and r0 

= 1.794 Å for Cr−O from Brese et al. [22], and ri (polyhedral ionic radii) are taken from Shanon et 

al. [23]. As suggested, N, Cl and Cr are five-valent, seven-valent, and six-valent, respectively.  

The electrostatic energy is calculated from new CIF files where the atomic charges are taken from 

BVS calculation. The electrostatic potential, ϕi, for site i is computed by using Eq. 2 [14, 24]. 

𝜙𝑖 = ∑
𝑍𝑗

4𝜋𝜖0𝑙𝑖𝑗
𝑗           (2) 

where Zj is the oxidation state of the jth ion in the unit of the elementary charge e (1.602177×10 −19 

C), ϵ0 is the vacuum permittivity (8.854188×10 −12 Fm−1), and lij is the distance between ions i and 

j in the crystal. Electrostatic potential or Madelung energy, EM, per asymmetric unit is calculated by 

using the formula as shown in Eq. 3 [14,24].  

𝐸𝑀 =
1

2
∑ 𝜙𝑖𝑍𝑖𝑊𝑖𝑖                      (3)  

with 𝑊𝑖 =
(𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦)×(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠)

(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠)
 

Table 3 shows the calculated bond valence sum for each atom and electrostatic energy per asymmetric 

unit for KNO3, KClO4 and K2Cr2O7. 

Table 3. BVS and EM per asymmetric unit. 
 KNO3 KClO4 K2Cr2O7 
 K N O K Cl O K Cr O 

BVS 1.275 4.992 1.652 * 1.086 7.535 -1.632* 1.023 5.927* 1.652 * 

EM 

(MJ/mol) 

-13.16(8) -17.76(2) -92.82(8) 

 *More than one atom, value is based on average 
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Figure 3. (a) Distortion index and (b) Electrostatic energy per asymmetric unit. 

Fig. 3(a) shows the polyhedral distortion index according to the coordination complex with O2 and 

electrostatic energy per asymmetric unit (Fig. 3(b)). It is clearly be seen that the degree of distortion 

from the centre of polyhedral are increase with the coordination numbers, as well as the complexity 

with the decrease of structural symmetry. The same pattern also shows in electrostatic energy but in 

opposite trend that shows an increase in bond energy which concluded that K2Cr2O7 has the most 

potential energy compared to KNO3 and KClO4. 

Conclusions 

The crystallography analysis on KNO3, KClO4 and K2Cr2O7 has been studied with powder X-ray 

diffraction. Rietveld refinement are successfully performed and the related parameters to the 

propellants energy performance are successfully determined. The electrostatic energy per asymmetric 

unit for KNO3, KClO4 and K2Cr2O7 are -13.16(8) MJ/mol, -17.76(2) Mj/mol and - 92.82(8) MJ/mol, 

respectively. The K2Cr2O7 has the most potential energy compared to KNO3 and KClO4. 
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