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ABSTRACT 

Zeolitic imidazolate frameworks (ZIFs) are a rapidly emerging class of versatile 

porous material with many potential applications. Here, we report the construction of an 

amorphous ZIF (a-ZIF) model from a near-perfect continuous random network model of 

a-SiO2. The radial distribution function is in good agreement with measurements for 

amorphous aTZIF-4 but with notable fine differences. We confirm the retention of the 

metal tetrahedral bonding coordination in a-ZIF and the nearly identical short range 

ordering found in crystalline ZIFs (ZIF-4, ZIF-zni, and ZIF-8). Zn-N bond strength plays 

a key role in retaining the tetrahedrally bonded network structure. In addition, we studied 

deformation behavior of this unique a-ZIF model by simulating step-wise compression 

and expansion with strains between -0.389 and +0.376. An insulator-to-metal transition 

is observed at 51 GPa leading to a multicomponent light amorphous alloy of only 3.68 

g/(cm)3. A high-density amorphous-to-amorphous phase transition is observed due to the 

sudden formation of N-N bond pairs. Systematic expansion of a-ZIF retains the 
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framework softness until it fractures at high strain. Based on the expansion data, we 

propose an empirical formula for super-soft materials, which is in line with available 

experimental data.   

The electronic structure, mechanical and optical properties of five pyrophosphate 

crystals with very complex structures are studied. Existing structures from single-crystal 

X-ray diffraction shows short O-H bonds, which are rectified by density functional theory 

(DFT) calculations. The complex interplay of the minor differences in specific local 

structures and compositions are discussed by dividing the pyrophosphate crystals into 

three structural units. H2P2O7 is the most important and dominating unit in 

pyrophosphates. The other two are the influential cationic group with metals and water 

molecules.  The strongest P-O bond in P2O5 is the strongest bond for crystal cohesion, 

but O-H, N-H bonds also play an important part. Different type of bonding between O 

and H atoms such as O-H, hydrogen bonding and bridging bonds are present. Metallic 

cations such as Mg, Zn and Cu form octahedral bonding with O. Metallic elements can 

influence the structure and bonding to certain extent. The two Cu-containing phosphates 

show the presence of narrow metallic bands near the valence band edge. All these 

complex bonding affects their physical properties indicating that the fundamental 

understanding remains an open question.   



iv 

 

APPROVAL PAGE 

The faculty listed below, appointed by the Dean of the School of Graduate Studies 

have examined a dissertation titled “Ab Initio Study of Amorphous Zeolitic Imidazolate 

Framework (A-ZIF) and Pyrophosphate crystals,” presented by Puja Adhikari, candidate 

for Doctor of Philosophy Degree, and certify that in their opinion it is worthy of 

acceptance.  

Supervisory Committee 

Wai-Yim Ching, Ph.D., Committee Chair 

Department of Physics and Astronomy 

Paul M. Rulis, Ph.D. 

Department of Physics and Astronomy 

Da-Ming Zhu, Ph.D. 

Department of Physics and Astronomy 

Zhonghua Peng, Ph.D. 

Department of Chemistry 

Nathan A. Oyler, Ph. D. 

Department of Chemistry 

 

 



v 

 

CONTENTS 

 

ABSTRACT ..................................................................................................................... ii 

LIST OF ILLUSTRATIONS ......................................................................................... viii 

LIST OF TABLES ......................................................................................................... xiii 

ACKNOWLEDGEMENTS ............................................................................................ xv 

CHAPTER 1. INTRODUCTION ..................................................................................... 1 

1.1 Outline of Dissertation ....................................................................................... 3 

CHAPTER 2. THEORY AND METHODOLOGY ......................................................... 5 

2.1 Density Functional Theory ................................................................................. 6 

2.2 Vienna Ab initio Simulation Package (VASP) ................................................ 14 

2.3 Elastic and Mechanical Properties Calculations .............................................. 17 

2.4 Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) ............... 19 

CHAPTER 3. STRUCTURE AND ELECTRONIC PROPERTIES OF AMORPHOUS 

ZEOLITIC IMIDAZOLATE FRAMEWORK (a-ZIF) .................................................. 30 

3.1 Introduction ...................................................................................................... 30 

3.2 Modelling of A-ZIF .......................................................................................... 35 

3.3 Computational Details ...................................................................................... 36 

3.4 Results and Discussion ..................................................................................... 39 

3.4.1 Radial Distribution Function (RDF) ......................................................... 39 

3.4.2 Electronic Structure .................................................................................. 41 



vi 

 

3.4.3 Interatomic Bonding and Partial charge ................................................... 43 

3.4.4 Optical Properties ..................................................................................... 46 

3.5 Summary and Conclusion ................................................................................ 48 

CHAPTER 4. DEFORMATION BEHAVIOR OF A-ZIF FROM SUPERSOFT 

MATERIAL TO COMPLEX ORGANOMETALLIC ALLOY .................................... 49 

4.1 Introduction ...................................................................................................... 49 

4.2 Deformation Simulation of A-ZIF ................................................................... 53 

4.3 Computational Details ...................................................................................... 53 

4.4 Compression ..................................................................................................... 54 

4.4.1 Mechanical Properties .............................................................................. 58 

4.4.2 Electronic Structure .................................................................................. 62 

4.4.3 Interatomic Bonding ................................................................................. 65 

4.4.4 Partial Charge ........................................................................................... 69 

4.4.5 Optical Properties ..................................................................................... 70 

4.5 Origin of Metallization ..................................................................................... 74 

4.6 Expansion ......................................................................................................... 79 

4.6.1 Mechanical Properties .............................................................................. 83 

4.6.2 Electronic Structure .................................................................................. 87 

4.6.3 Interatomic Bonding ................................................................................. 89 

4.6.4 Partial Charge ........................................................................................... 91 

4.6.5 Optical Properties ..................................................................................... 92 



vii 

 

4.7 A-ZIF As A Super-soft Material ...................................................................... 94 

4.8 Summary and Conclusion .............................................................................. 105 

CHAPTER 5. PYROPHOSPHATE CRYSTALS ........................................................ 110 

5.1 Introduction .................................................................................................... 110 

5.2 Crystal Structures ........................................................................................... 114 

5.3 Computational Details .................................................................................... 118 

5.4 Results and Discussion ................................................................................... 119 

5.4.1 Electronic Structure ................................................................................ 119 

5.4.2 Partial Charge ......................................................................................... 122 

5.4.3 Interatomic Bonding ............................................................................... 123 

5.4.4 Mechanical Properties ............................................................................ 126 

5.4.5 Optical Properties ................................................................................... 129 

5.5 Summary and Conclusions ............................................................................. 132 

CHAPTER 6. FINAL REMARKS ............................................................................... 134 

APPENDIX................................................................................................................... 135 

REFERENCES ............................................................................................................. 161 

VITA ............................................................................................................................. 174 

PUBLICATIONS ......................................................................................................... 175 

 

  



viii 

 

 

LIST OF ILLUSTRATIONS 

Fig. 1 (a) Zn-Im-Zn unit of ZIFs, (b) 162 atom a-SiO2 model, (c) Ring statistics of a-

SiO2 model. Ball and stick figures of: (d) a-ZIF model, (e) ZIF-4 crystal, (f) ZIF-zni 

crystal, and (g) ZIF-8 crystal. Orange, blue, gray and white balls represent Zn, N, C and 

H respectively. ................................................................................................................ 32 

Fig. 2 (a) Experimental RDF of the a-ZIF-4, (b) RDF for the present a-ZIF model, (c) 

partial RDF for all atomic pairs for the a-ZIF model. .................................................... 40 

Fig. 3 Calculated TDOS and PDOS of (a) a-ZIF, (b) ZIF-4, (c) ZIF-zni, and (d) ZIF-8. 

The sidebar to (a) depicts the PDOS of the different types of bonds in Im. .................. 42 

Fig. 4 Calculated BO vs. BL plots of a-ZIF, ZIF-4, ZIF-zni and ZIF-8. ........................ 43 

Fig. 5 Optical properties of a-ZIF, ZIF-4, ZIF-zni and ZIF-8. (a) Imaginary dielectric 

function 휀2. (b) Real part of the dielectric function 휀1. (c) Energy loss function (ELF).

 ........................................................................................................................................ 47 

Fig. 6 Stress vs. strain in percentage. Compression is shown on the left and expansion 

on the right side. The inset shows the ball and stick diagrams of a complex 

organic/inorganic glassy alloy at different stages of compression/expansion: (a) 

compressed with a strain of 33.75% into a metallized a-ZIF; (b) the equilibrium a-ZIF 

model and; (c) expanded a-ZIF model at a tensile strain of 37.6% with large porosity 

and super-soft framework. .............................................................................................. 52 

file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408473
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408473
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408473
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408473
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408474
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408474
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408475
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408475
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408476
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408477
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408477
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408477
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408478


ix 

 

Fig. 7 Structural properties for compression. (a) Stress in unit of GPa vs. strain 

percentage, (b) density in unit of g/cm3 vs. pressure (stress) in unit of GPa, (c) Total 

energy (T.E) in unit eV vs. pressure (stress) in unit of GPa and (d) porosity percentage 

vs. strain percentage for compression. Dashes represents fitted curves/line. ................. 58 

Fig. 8 Mechanical properties for compression. Shear modulus (G), bulk modulus (K), 

Young’s modulus (E) and Poisson’s ratio (ɳ). ................................................................ 61 

Fig. 9 Total density of states of all data points under compression. .............................. 64 

Fig. 10 Selected partial density of states for compression. ............................................ 65 

Fig. 11 Bond order (e-) vs. bond length (Å) for a-ZIF for p0. Inset: % contribution to the 

total bond order density from different bonds. ............................................................... 66 

Fig. 12 Bond order (e-) vs. bond length (Å) of all data points under compression. ....... 68 

Fig. 13 Selected partial charge distribution for compression. ........................................ 69 

Fig. 14 Optical properties of all data points under compression. ................................... 72 

Fig. 15 Plasmon frequency (𝜔𝑝) in eV and refractive index (𝑛) vs. strain for 

compression. ................................................................................................................... 73 

Fig. 16 Interatomic bonding for p19. Bond order (e-) vs. bond length (Å) for the 

metallic phase at strain 33.75%. Inset: % contribution to the TBOD from different 

bonds. .............................................................................................................................. 74 

Fig. 17 Electronic structure. (a) Localization index of the electron states in the initial 

model p0 and the incipient metalized model p19. The inset shows the closed view of the 

LI near the Fermi level N(EF).  (b) The comparison in the total DOS of the metallic 

file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408479
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408479
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408479
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408479
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408480
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408480
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408481
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408482
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408483
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408483
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408484
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408485
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408486
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408487
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408487
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408488
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408488
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408488
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408489
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408489
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408489


x 

 

alloys at p19, p20 and p21. The inset shows the closed view of the DOS near the Fermi 

level N(EF). ..................................................................................................................... 77 

Fig. 18 Radial distribution function (RDF) and Partial RDF for p19, the metallic alloy.

 ........................................................................................................................................ 78 

Fig. 19 Structural properties for expansion. (a) Stress in unit of GPa vs. strain 

percentage, (b) density in unit of g/cm3 vs. strain percentage, (c) Total energy (T.E) in 

unit eV vs. strain percentage and (d) porosity percentage vs. strain percentage. All 

under expansion. ............................................................................................................. 82 

Fig. 20 Mechanical properties for expansion. Shear modulus (G), bulk modulus (K), 

Young’s modulus (E) and Poisson’s ratio (ɳ) under expansion. .................................... 84 

Fig. 21 Total density of states of all data points under expansion. ................................ 88 

Fig. 22 Bond order (e-) vs. bond length (Å) of all data points under expansion. ........... 90 

Fig. 23 Selected partial charge distribution for expansion. ............................................ 91 

Fig. 24 Optical properties of all data points under under expansion. ............................. 94 

Fig. 25 Super-soft materials. (a) Shear modulus G vs bulk modulus K for a-ZIF from 

this work in the super soft region. The dashed line is fitted with equation G = 0.27321K 

+ 0.27321K2  -1.83072E-4 K3 -0.02232. The data are represented with open circle in 

green color for t’s, with solid square in red color for p’s and p0 with open black square. 

(b) Data points of G vs K for soft materials of various sources including available 

experimental computed values.  The same dashed line from (a) is plotted to show the 

file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408489
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408489
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408490
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408490
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408491
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408491
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408491
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408491
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408492
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408492
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408493
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408494
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408495
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408496
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497


xi 

 

reasonable agreement with the data shown in (b). The reference source of the data is 

listed in Table 7. ............................................................................................................. 96 

Fig. 26 Change in bonding throughout the deformation (a) Total bond order density 

(TBOD) vs strain % for compression and expansion. The color segments show the 

contributions (PBOD from different bond pairs. (b) Number of bonds vs. average bond 

order for p19, p0 and t19. ............................................................................................. 107 

Fig. 27 Polyhedra figures for the five pyrophosphate crystals viewed along the c-

direction. (a), K2Mg(H2P2O7)2∙2H2O (b) (NH4)2Zn(H2P2O7)2∙2H2O, (c) 

K2Cu(H2P2O7)2∙2H2O, (d) 4[K2Cu(H2P2O7)2∙2H2O] and (e) 4[K2Zn(H2P2O7)2∙2H2O].

 ...................................................................................................................................... 116 

Fig. 28 Calculated band structures of five pyrophosphate crystals. (a) C1, (b) C2, (c) 

C3, (d) C4, (e) C5, and (c’), (d’) magnified y-axis from -1.5 eV to 0.05 eV for C3 and 

C4 respectively with dashed line showing Fermi level. ............................................... 119 

Fig. 29 Calculated total DOS and PDOS from four structural unit. (a) C1, (b) C2, (c) 

C3, (d) C4, (e) C5 and (f) shows PDOS of Cu from C3 and C4. ................................. 121 

Fig. 30 Calculated partial charge distribution in five pyrophosphate crystals. (a) C1, (b) 

C2, (c) C3, (d) C4, (e) C5. ............................................................................................ 122 

Fig. 31 BO vs. BL for all pairs of atoms in (a’) unrelaxed C1, (a) relaxed C1 (b) relaxed 

C2 , (c) relaxed C3, (d) relaxed C4, (e) relaxed C5, (f) bar graph of contributions from 

different bonds types in the five pyrophosphate crystals, and (g) illustration of the C1’s 

bridging bonds O–H–O of 1.30Å (shown in blue) after optimization between H2P2O7 

file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408497
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408498
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408498
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408498
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408498
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408499
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408499
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408499
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408499
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408500
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408500
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408500
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408501
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408501
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408502
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408502
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503


xii 

 

group in the adjacent cell (lower O–H–O is not clear, there is an oxygen atom behind 

potassium atom). Dark purple: K, light purple: P red: O, orange: Mg, light pink: H.  The 

figure in right shows O⋯H bonds of 1.77Å and 1.81Å. .............................................. 124 

Fig. 32 Shear modulus 𝐺 vs bulk modulus 𝐾 for the five pyrophosphates and other 

selected materials. ......................................................................................................... 128 

Fig. 33 Optical properties for the 5 pyrophosphate crystals: Center panel: real (휀1) and 

imaginary (휀2 ) parts of the dielectric function. Far left panel: expanded illustration of 

휀1  and 휀2) from 0.0 to 5 eV. Right panel, the electron energy loss function (ELF). (a), 

(a’) for C1; (b), (b’) for C2; (c), (c’) for C3; (d), (d’) for C4; and (e), (e’) for C5. ..... 131 

 

 

  

file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408503
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408504
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408504
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408505
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408505
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408505
file:///C:/Users/p_adh/Dropbox/iPhD-Dissertation/IPhD-Dissertation-PujaAdhikari-Final.docx%23_Toc41408505


xiii 

 

LIST OF TABLES 

Table 1. Structure of the a-ZIF model and ZIF-4, ZIF-zni, and ZIF-8 crystals. (†) E0 is 

the total energy of the respective ZIF models in units of eV and in kJ/mol per 

tetrahedral site. (*) Densities are expressed as the number of tetrahedral sites per unit 

volume. ........................................................................................................................... 38 

Table 2. Calculated total and partial BOD, effective charge Q*, and physical 

parameters in a-ZIF and three ZIF crystals. .................................................................... 45 

Table 3. Lattice constant, volume (V), strain, stress (pressure P) (GPa), density (ρ), and 

porosity percentage of all data points under the compression. ....................................... 56 

Table 4. Calculated Shear modulus (G), bulk modulus (K), Young’s modulus (E), 

Poisson’s ratio (η), Pugh’s modulus ratio (k = G/K), Vicker’s Hardness (HV), stress, 

strain, plasmon frequency (𝜔𝑝), refractive index (𝑛) and band gap (Eg) as function 

under compression. ......................................................................................................... 59 

Table 5. Lattice constant, volume (V), strain percentage, stress/pressure (GPa), density 

(ρ) and porosity percentage of all data points under the expansion. .............................. 80 

Table 6 Calculated Shear modulus (G), bulk modulus (K), Young’s modulus (E), 

Poisson’s ratio (η), Pugh’s modulus ratio (k = G/K), Vicker’s Hardness (HV), stress, 

strain, plasmon frequency (𝜔𝑝), refractive index (𝑛) and band gap (Eg) as function 

under expansion. ............................................................................................................. 85 

Table 7 Source of data for figure 8(b).  ‘C’ is calculated and ‘E’ is experimental. ....... 97 

Table 8 Lattice parameters of the five pyrophosphate crystals .................................... 117 



xiv 

 

Table 9 Partial charge values from three different structural units in five crystals. The 

first five columns are the elements in the first structural unit. ..................................... 123 

Table 10 Calculated physical properties for the five pyrophosphate crystals. ............. 126 

Table 11 Calculated Cij and mechanical parameters for the five pyrophosphate crystals.

 ...................................................................................................................................... 127 

 

 

 

  



xv 

 

ACKNOWLEDGEMENTS 

I would like to express my deep gratitude to my advisor Professor Wai-Yim 

Ching. I will forever be grateful to him for his patience, time, energy, motivation, wisdom 

and support throughout my research. 

 I would like to thank Professor Paul M. Rulis for his time, help and valuable 

suggestions throughout the research. I also would like to thank my committee Professor 

Da-Ming Zhu, Professor Zhonghua Peng and Professor Nathan A. Oyler for their valuable 

critic and suggestions. I am also thankful and appreciate all the support I got from 

Electronic Structure group, and Computational Physics group members.  

My husband, Shailesh, has been a solid support in every aspect. My parents, 

Professor Nav Raj Adhikari and Mrs. Aruna Baba Bhattarai, support and encouragement 

have helped me to come to this point in my life. I appreciate all the support I got from my 

siblings Upama and Apurba. I extend my thanks to all family members and friends. 

I sincerely appreciate the resources of University of Missouri-Kansas City, 

Department of Physics and Astronomy, National Energy Research Scientific Computing 

Center (NERSC) and Research Computing Support Services (RCSS) of the University of 

Missouri System.  

  



xvi 

 

  

 

 

A dedication to my family. 

 



1 

 

CHAPTER 1. INTRODUCTION 

Computational science is dramatically growing opportunities in high-end research 

of different field such as astrophysics, biophysics, chemistry, condensed matter physics, 

high energy physics, nuclear physics, plasma physics and many more. The understanding 

of these topics ranges from fundamentals to entire universe. These growing opportunities 

have aided growth in high-end computational resources. 

Increase in highly intensive computational technology have empowered 

computational simulations to cover many areas in materials research. The ab initio 

electronic structure study with a combination of fundamental theory, algorithms and 

computational power is rapidly increasing. Such computational simulation has become 

handy tool to test and provide directions in terms of deeper understanding of the 

fundamental properties and predicting nature of materials.  

Ab initio calculations is a procedure to solve known quantum mechanical 

equations on different materials. It is not easy to solve Schrödinger equation for a system 

of interacting atoms except for some small molecules or simple crystal. Therefore, 

different approximations are applied to solve the problem. One such approximation is 

density functional theory (DFT). 

DFT is a method of providing approximate solution to Schrödinger equation of 

many-body system. DFT resolves interacting problem into easy-to-solve non-interacting 

problem. DFT computational codes are used to study electronic, structural, and magnetic 
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properties of molecules as well as different materials, which may contain impurities and 

defects. DFT also has power to correct inaccuracy in crystal structure obtained 

experimentally using X-ray diffractometry due to the difficulty in locating exact positions 

of H atoms. Hence, DFT (more details in chapter 2) is a popular and successful quantum 

mechanical approach.  

In this dissertation, we discuss amorphous zeolitic imidazolate framework (a-ZIF) 

and pyrophosphate crystals. ZIFs are of considerable interest because their properties 

such as porosity, chemical stability, and resistance to thermal changes. These properties 

lead to their applications such as gas storage, drug delivery, selective adsorption and 

many more. We first verified our a-ZIF model by comparing it with experimental 

amorphized crystalline ZIF (c-ZIF) [1]. Then we studied the changes of the electronic, 

interatomic, optical, and mechanical properties among deformed (compressed and 

expanded) a-ZIF structures [2].  

Phosphates in general have application such as bone repair, tissue engineering, 

fertilizers, food products and many more. We have focused on fundamental study of five 

pyrophosphate crystals in this study [3, 4]. Four out of five crystals were found to have 

inaccurate H atoms position. These crystals have been optimized using DFT. The detailed 

comparison on the structure and properties among them could open door for their 

applications. 
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1.1 Outline of Dissertation 

The remainder of this dissertation is organized as following. We discuss about the 

theory and two computational packages, Vienna ab initio simulation package (VASP) 

and orthogonalized linear combination of atomic orbitals (OLCAO), in chapter 2. Chapter 

3 and 4 consist of study of a-ZIF and chapter 5 consists of study of pyrophosphate 

crystals. In chapter 3 we introduce a-ZIF and analyze its fundamental properties such as 

electronic structure, interatomic bonding and optical properties.  Chapter 3 [1] is reprinted 

with permission from (Adhikari, P., M. Xiong, N. Li, X. Zhao, P. Rulis and W.-Y. Ching, 

Structure and Electronic Properties of a Continuous Random Network Model of an 

Amorphous Zeolitic Imidazolate Framework (a-ZIF). The Journal of Physical Chemistry 

C, 2016, 120(28).],). Copyright (2016) American Chemical Society. In chapter 4 we focus 

on the changes in the fundamental properties including mechanical properties of 

deformed a-ZIF. Chapter 4 [2] (Adhikari, P., N. Li, P. Rulis and W.-Y. Ching, 

Deformation Behavior of an Amorphous Zeolitic Imidazolate Framework–from a 

Supersoft Material to a Complex Organometallic Alloy. Physical Chemistry Chemical 

Physics, 2018, 20(46).) is reproduced by permission of the PCCP Owner Societies. In 

chapter 5, we discuss the fundamental properties of five pyrophosphate crystals. Chapter 

5 [3, 4] (Adhikari, P., R. Khaoulaf, H. Ez-Zahraouy and W.-Y. Ching, Complex Interplay 

of Interatomic Bonding in a Multi-Component Pyrophosphate Crystal: K2Mg (H2P2O7) 

2· 2H2O. Royal Society open science, 2017, 4(12)), (Khaoulaf, R., P. Adhikari, M. 

Harcharras, K. Brouzi, H. Ez-Zahraouy and W.-Y. Ching, Atomic-Scale Understanding 
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of Structure and Properties of Complex Pyrophosphate Crystals by First-Principles 

Calculations. Applied Sciences, 2019, 9(5).) is reprinted with permission from the Royal 

Society and MDPI. Each chapter has its own result and conclusion sections. We conclude 

our work with some final remarks in chapter 6. 
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CHAPTER 2. THEORY AND METHODOLOGY 

2.One of the fundamental discoveries in quantum mechanics is many electron 

Schrödinger’s equation, which helps in study of physical properties of atoms and 

molecules. 

𝐻Ψ (𝒓𝟏, 𝒓𝟐 ⋯ 𝒓𝑵) = 𝐸Ψ(𝒓𝟏, 𝒓𝟐, ⋯ 𝒓𝑵) (2.1) 

𝐻 = 𝑇𝑛 + 𝑇𝑒 + 𝑉𝑛−𝑛 + 𝑉𝑒−𝑒 + 𝑉𝑒−𝑛 (2.2) 

𝑇𝑛 = − ∑
ℏ2

2𝑀𝑗
∇𝑗

2

𝑀

𝑗

 (2.3) 

𝑇𝑒 = − ∑
ℏ2

2𝑚𝑖
∇𝑖

2

𝑁

𝑖

 (2.4) 

𝑉𝑛−𝑛 = ∑ ∑
𝑍𝑗𝑍𝑝

|𝑹𝒋 − 𝑹𝒑|

𝑀

𝑝>𝑗

 

𝑀

𝑗

 (2.5) 

𝑉𝑒−𝑒 = ∑ ∑
𝑒2

|𝒓𝒊 − 𝒓𝒒|

𝑁

𝑞>𝑖

𝑁

𝑖

 (2.6) 

𝑉𝑒−𝑛 = − ∑ ∑
𝑍𝑗𝑒2

|𝒓𝒊 − 𝑹𝒋|

𝑀

𝑗

𝑁

𝑖

 (2.7) 

where Hamiltonian, 𝐻, is the sum of kinetic energy of nuclei (𝑇𝑛), kinetic energy of 

electron (𝑇𝑒), Coulomb repulsion between nuclei (𝑉𝑛−𝑛), Coulomb repulsion between 

electrons (𝑉𝑒−𝑒), and Coulomb attraction between electron and nuclei (𝑉𝑒−𝑛).  𝑖, 𝑞 refer to 

electrons and 𝑗, 𝑝 refer to nuclei. 𝑚 is the mass of electron and 𝑀𝑗, 𝑍𝑗 are the mass and 
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the proton number of 𝑗𝑡ℎ nucleus.  𝑟𝑖, 𝑅𝑗 are the position vectors of the electrons and 

nuclei respectively. ∇𝑗
2 and ∇𝑖

2 are the Laplacian operators with respect to 𝑖𝑡ℎ electron and 

𝑗𝑡ℎnucleus.  

Schrödinger’s equation takes account of the interaction of electrons and nuclei but 

is nearly impossible to solve. One of the approaches trying to simplify is Born–

Oppenheimer, which assumes nuclei to be stationary compared to electron due to its 

heavier mass therefore ignores kinetic energy of nuclei and considers repulsion between 

nuclei constant. This approximation reduces the difficulty level of Schrödinger’s equation 

however, it is still difficult to solve. The many-electron Schrodinger’s equation consists 

of 3𝑁 variables and is not solvable for more than one electron due to the Columbic 

repulsion between electrons. The fact is that the motion of electrons cannot be decoupled 

from each other. 

Another approach used is Thomas-Fermi model, predecessor to modern density 

functional theory (DFT), which uses electron density instead of wave function to simplify 

the many body system. This simplifies the problem, however, lacks accuracy especially 

from incorrect representation of kinetic energy, exchange energy and neglect of electron 

correlation.  

 

2.1 Density Functional Theory 

Density functional theory (DFT) is a quantum mechanical method used for 

electronic structure calculation.  It has been popular especially in solid-state physics and 
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quantum chemistry because of its reasonable accuracy, scale and computational cost. 

DFT helps resolving any interacting problem into easy to solve non-interacting problem 

plus a component that approximates the perturbation due to interaction. This theory helps 

solve convoluted N-electron wave function and connected Schrödinger equation using 

electron density 𝑛(𝒓) [5]. 

History of DFT starts from around 1920s, where Thomas and Fermi approximated 

the distribution of electrons in an atom using a statistical approach. In 1927 Thomas 

stated, “electrons are distributed uniformly in the six-dimensional phase space for the 

motion of an electron at the rate of two for each ℎ3 of volume” and the presence of 

effective field there “is itself determined by the nuclear charge and this distribution of 

electrons”[5, 6]. No molecular binding was predicted in Thomas–Fermi model [7] and 

the accuracy for atoms were low. Hence, this model was considered as primitive with not 

much real importance in terms of quantitative predictions for solid-state physics [5]. 

However, for the ground states the Thomas–Fermi model is considered as approximation 

to an exact theory, the density functional theory, due to a landmark paper by Hohenberg 

and Kohn in 1964. 

Hohenberg and Kohn 1964 paper [8] is one of the most important step in the 

development of DFT. The first Hohenberg–Kohn (H-K) theorem allows electron density 

𝑛(𝒓) instead of electron number 𝑁 and potential 𝑉(𝒓) to define characteristic. It states, 

“The external potential 𝑉𝑒𝑥𝑡(𝒓) is determined, within a trivial additive constant, by the 

electron density 𝑛(𝒓).” Now to check if external potential is unique to electron density 
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consider two external potential, 𝑉𝑒𝑥𝑡 and 𝑉𝑒𝑥𝑡
′ , which would differ by a constant and both 

giving same electron density, 𝑛, for its ground state. We would have two Hamiltonians 

𝐻 and 𝐻′ both having same ground-state densities with different normalized wave 

functions 𝜓 and 𝜓′ respectively. We would have two ground state energies 𝐸0 and 𝐸0
′  for 

two Hamiltonians 𝐻 and 𝐻′  respectively.  

𝐸0 < ⟨𝜓′|�̂�|𝜓′⟩ = < 𝜓′|�̂�′|𝜓′ >  +< 𝜓′|�̂� − �̂�′|𝜓 >

                             = 𝐸0
′ + ∫ 𝑛(𝒓)[𝑉𝑒𝑥𝑡(𝒓) − 𝑉𝑒𝑥𝑡

′ (𝒓)]𝑑𝒓 (2.8)
 

𝐸0
′ < ⟨𝜓|𝐻′̂|𝜓⟩ = < 𝜓|�̂�|𝜓 >  +< 𝜓|𝐻′̂ − �̂�|𝜓 >

                                  = 𝐸0 − ∫ 𝑛(𝒓)[𝑉𝑒𝑥𝑡(𝒓) − 𝑉𝑒𝑥𝑡
′ (𝒓)]𝑑𝒓 (2.9)

 

Adding (2.8) and (2.9), we would obtain 

𝐸0 + 𝐸0
′ < 𝐸0

′ + 𝐸0 (2.10) 

This contradicts and there cannot be two 𝑉𝑒𝑥𝑡 that give same 𝑛 for their ground states. 

The above work is from reference [5]. The first H-K theorem also suggest the electron 

density 𝑛(𝒓) can determine ground state energy and wave function of the system. The 

ground state energy for any external potential 𝑉𝑒𝑥𝑡(𝒓) was written as functional of 

electron density 𝑛(𝒓) [8].  

𝐸𝑉[𝑛(𝒓)] = ∫ 𝑛(𝒓)𝑉𝑒𝑥𝑡(𝒓)𝑑𝑟 + 𝐹𝐻𝐾[𝑛(𝒓)] (2.11) 

where, 𝐹𝐻𝐾[𝑛(𝒓)] is a universal functional of 𝑛(𝒓). The universal functional is sum of 

the kinetic energy functional 𝑇[𝑛(𝒓)] and electron-electron interaction functional 

𝑉𝑒𝑒[𝑛(𝒓)]. 𝐹𝐻𝐾[𝑛(𝒓)] is called universal function because if it is known it can be used for 

any physical system of electrons independent of the external potential 𝑉𝑒𝑥𝑡(𝒓).  
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𝐹𝐻𝐾[𝑛(𝒓)] = 𝑇 [𝑛(𝒓)] + 𝑉𝑒𝑒[𝑛(𝒓)] (2.12) 

where, 

𝑉𝑒𝑒 = 𝐽[𝑛(𝒓)] + 𝐸𝑛𝑐𝑙 (2.13)

with  𝐽[𝑛(𝒓)] =
1

2
∬

𝑛(𝒓)𝑛(𝒓′)

|𝒓−𝒓′|
𝑑𝒓 𝑑𝒓′ , a classical Coulomb repulsion part and 𝐸𝑛𝑐𝑙 is a 

non-classical term is contribution to electron–electron interaction and is major part of 

“exchange–correlation energy”.  

The second H-K theorem lay outs energy for the variational principle. “For a trial 

density 𝑛(𝒓) such that 𝑛(𝒓) ≥ 0 and  ∫ 𝑛(𝒓)𝑑𝒓 = 𝑁, 𝐸0 ≤ 𝐸𝑉[𝑛(𝒓)]   [8]. This theorem 

minimizes its energy functional 𝐸𝑉[𝑛(𝒓)] to 𝐸0 for correct ground state electron density 

𝑛0(𝒓). 

𝐸0 = ∫ 𝑛0(𝒓) 𝑉𝑒𝑥𝑡(𝒓) + 𝐹𝐻𝐾[𝑛0(𝒓)] (2.14) 

However, the explicit forms  𝐸𝑛𝑐𝑙 and 𝑇[𝑛(𝑟)] are not known in 𝐹𝐻𝐾. Since, the exact 

form of the universal functional is unknown, H-K theorem does not provide procedure 

for its determination.  

From H-K theory Kohn and Sham (K-S) approximated a method for treatment of 

inhomogeneous system of interacting electrons in 1965. In analogy with the H-K 

universal functional 𝐹𝐻𝐾[𝑛(𝒓)] they used non-interacting system. The non-interacting 

electron system density 𝑛(𝒓) was considered same as for interacting system. K-S 

considered non-interacting electron system as a contributing factor to kinetic energy [9]. 
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𝑇𝑠 is considered as kinetic energy of non-interacting system. The universal functional 

according to K-S proposal:  

𝐹[𝑛(𝒓)] = 𝑇𝑠[𝑛(𝒓)] + 𝐽[𝑛(𝒓)] + 𝐸𝑋𝐶[𝑛(𝒓)] (2.15) 

Using equation (2.12) we get,  

𝐸𝑋𝐶[𝑛(𝒓)] = [𝑇 [𝑛(𝒓)] − 𝑇𝑠[𝑛(𝒓)]] + [𝑉𝑒𝑒[𝑛(𝒓)] − 𝐽[𝑛(𝒓)]] (2.16) 

Using equation (2.13) we get, 

𝐸𝑋𝐶[𝑛(𝒓)] = [𝑇 [𝑛(𝒓)] − 𝑇𝑠[𝑛(𝒓)]] + 𝐸𝑛𝑐𝑙 (2.17) 

The difference of 𝑇 [𝑛(𝒓)] and 𝑇𝑠[𝑛(𝒓)] gives the residual part of kinetic energy not 

including the non-interacting system. 𝐸𝑋𝐶[𝑛(𝒓)] is exchange–correlation energy 

functional, which consists of small residual part of true kinetic energy, non-classical 

contribution of self-interaction, exchange and correlation effects to the potential energy. 

For real interacting system, the energy functional using equation (2.15) 

𝐸𝑉[𝑛(𝒓)] = ∫ 𝑛(𝒓)𝑉𝑒𝑥𝑡(𝒓)𝑑𝑟 + 𝑇𝑠[𝑛(𝒓)] + 𝐽[𝑛(𝒓)] + 𝐸𝑋𝐶[𝑛(𝒓)] (2.18) 

where, 𝐽[𝑛(𝒓)] =
1

2
∬

𝑛(𝒓)𝑛(𝒓′)

|𝒓−𝒓′|
𝑑𝒓 𝑑𝒓′. To minimize energy functional 𝐸𝑉[𝑛] variational 

principle requires the stationary principle is satisfied by ground state density. 

𝛿 {𝐸𝑉[𝑛(𝒓)] − 𝜇 [∫ 𝑛(𝒓)𝑑𝑟 − 𝑁]}   = 0 (2.19) 

This gives Euler-Lagrange equation 

𝜇 =
𝛿𝐸𝑉[𝑛(𝒓)]

𝛿𝑛(𝒓)
(2.20) 
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where, 𝜇 is Lagrange multiplier also known as chemical potential. Using equation (2.18) 

we get  

𝜇 = 𝑉𝑒𝑥𝑡(𝒓) +
𝛿𝑇𝑠[𝑛(𝒓)]

𝛿𝑛(𝒓)
+ ∫

𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓′ + 𝑉𝑋𝐶 (2.21) 

Rewriting above equation 

𝜇 = 𝑉𝑒𝑓𝑓(𝒓) +
𝛿𝑇𝑠[𝑛(𝒓)]

𝛿𝑛(𝒓)
(2.22) 

where, 

𝑉𝑒𝑓𝑓 = 𝑉𝑒𝑥𝑡(𝒓) +
∫ 𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓′ + 𝑉𝑋𝐶(𝒓) (2.23) 

With the exchange–correlation potential, a local potential, also known as K-S potential. 

𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶[𝑛(𝒓)]

𝑛(𝒓)
(2.24) 

In K-S treatment, equation (2.22) with equation (2.16) is same as conventional 

DFT, when we apply it to system of non–interacting electrons moving in external 

potential 𝑉𝑒𝑓𝑓(𝒓). And by solving the 𝑁 one electron equations (Schrodinger’s equation) 

for the given 𝑉𝑒𝑓𝑓(𝒓) we can obtain 𝑛(𝒓) that satisfies equation (2.22). 

−
1

2
[∇2 + 𝑉𝑒𝑓𝑓(𝒓)]𝜓𝑖(𝒓) = 휀𝑖𝜓𝑖(𝒓) (2.25) 

The value of 𝜓𝑖(𝒓) obtained from equation (2.25) is used to obtain the electron density 

as given by following equation. 

𝑛(𝒓) = ∑|𝜓𝑖|
2

𝑁

𝑖

(2.26) 
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Equation (2.23) to (2.26) are the K-S equations. Initially electron density 𝑛(𝒓) is a 

guessed then, we calculate the effective potential and solve K-S equation, followed by 

calculation of electron density. If it is self-consistent then we calculate other quantities 

like energy, forces etc. If not self-consistent then again go back to the calculation of 

effective potential. The K-S approach, although exact, is difficult to use because the 

exchange-correlation functional 𝐸𝑋𝐶 is unknown. To determine the exchange-correlation 

term is a point of interest even for modern density functional theory. Exchange-

correlation is about the interaction among electrons. The motion of electrons is affected 

by the Coulomb interaction as well as with their quantum numbers.  According to Pauli 

exclusion principle, two electrons with same four quantum numbers will not be allowed 

to occupy the same space in same time. Usually, the exchange-correlation functional 𝐸𝑋𝐶 

is divided into exchange and correlation part. The exchange interaction takes place due 

to Pauli exclusion principle. Correlation energy is due to correlation motion between 

electrons of opposite spin.  

One of the approximations for the exchange–correlation functional is local density 

approximation (LDA). In this approximation, only density in certain point 𝒓 is required 

to calculate the exchange correlation energy of that point. This is the reason behind the 

term “local” named in this approximation. According to this approximation, the 

exchange–correlation functional is calculated as 

𝐸𝑋𝐶(𝑛) = ∫ 𝑛(𝒓) 휀𝑋𝐶[𝑛(𝒓)] 𝑑𝒓 (2.27) 
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where, 휀𝑋𝐶 is the exchange–correlation energy of an electron in a homogenous electron 

gas of density 𝑛(𝒓). In equation (2.27) 𝐸𝑋𝐶(𝑛) defined as local density functional, where 

density is used as a major parameter to compute the exchange and correlation energy.  

 LDA can describe many ground state properties of many-electron system and has 

been used in solid state physics for long time. LDA approximates energy of a system 

correctly when the density is uniform. In condense matter physics LDA is still highly 

applicable for ground state calculation. LDA has been simple, accurate and has low cost 

compared to other approximation. In this study, LDA approximation is used for OLCAO 

calculation.  

However, in cases where the density varies rapidly, LDA needs to be improved. 

While LDA considers uniform density at a point 𝒓, most of the real systems are spatially 

non-uniform. Hence, the spatial variation of electron density must be included to 

determine the exchange–correlation energy functional. Including the spatial variation of 

electron density, the exchange–correlation energy functional is expressed as,  

𝐸𝑋𝐶
𝐺  𝐺𝐴[𝑛(𝒓)] = ∫ 𝑑𝒓 𝑓(𝑛(𝒓), ∇𝑛(𝒓)) (2.28) 

where, the integrand is a function of local density 𝑛(𝒓) and gradient of 𝑛(𝒓). Equation 

(2.28) is called generalized gradient approximation (GGA).  There are different GGAs 

such as PBE provided by Perdew, Burke and Ernzerhof  [10], B3LYP provided by 

combination of Becke’s three parameter hybrid method [11] with Lee, Yang and Parr [12, 

13], etc. PBE is more common in physics community whereas B3LYP is more common 

in chemistry community. 
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In present study we have used two packages based on DFT: Vienna ab initio 

simulation package (VASP) and orthogonalized linear combination of atomic orbital 

(OLCAO). The details about these packages is discussed in section 2.2 and 2.3. 

 

2.2 Vienna Ab initio Simulation Package (VASP) 

Vienna ab initio simulation package (VASP) was developed in 1993 by Kresse 

and coworkers [14]. It is a popular computer program, which uses first-principle for 

electronic structure calculations and quantum mechanical molecular dynamics. VASP 

have capability of computing using different approach to solve Schrödinger’s equation 

such as density functional theory (DFT) using Kohn–Sham equation, Hartree–Fock 

approximation using Roothaan equations, as well as hybrid functionals mixing Hartree–

Fock with DFT. In addition, Green’s functions methods and many–body perturbation 

theory are also available in VASP. VASP uses plane wave basis set and this allows 

efficient transformation of Hamiltonian operations of wavefunctions between real and 

reciprocal space using Fast Fourier Transform (FFT) technique.  

Practically, it is impossible to compute all-electron plane wave calculations. 

Hence, concept of pseudopotential approximation is applied instead of exact potentials. 

The general idea of pseudopotential is to ignore some core level nodal feature and 

emphasize in the part where chemical bonds between two atoms occurs, which happens 

certain distance away from nucleus. The pseudopotential at some cutoff radius will 

resemble with the exact potential. There are three different type of potentials used in 
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VASP– norm-conserving pseudopotential [15], ultra-soft Vanderbilt pseudopotentials 

(US-PP) [16, 17] and projector–augmented wave (PAW) [18, 19]. All three method have 

frozen core in which core electrons in atomic environment is pre-calculated and kept 

frozen for the calculations. PAW represents true orbital using combination pseudo part 

expressed in plane waves basis (does not contain nodal features) and use additional basis 

localized functions expressed in radial logarithmic grids, which can retain the nodal 

feature and can represent very fine features being computationally efficient. In this study, 

we have used PAW potential with a combination of gradient correction for exchange 

correlation functional PBE developed by Perdew, Burke and Ernzerhof  [10]. It is one of 

the best GGA available in VASP. However, LDA is sometimes considered better in terms 

of computational expense.  

In the self-consistency cycle (SCF), VASP uses iterative matrix diagonalization 

techniques such as conjugate gradient scheme [20, 21], the blocked Davidson algorithm 

[22, 23] and the residual minimization with direct inversion of the iterative subspace 

(RMM-DIIS) [24, 25]. We used RMM-DISS and blocked Davidson for efficient matrix 

diagonalization. Individually, RMM-DIIS is faster whereas, blocked Davidson is stable 

and slow. If both are combined, then blocked Davidson algorithm is used in the first 

iteration and then followed with RMM-DIIS. Therefore, is very efficient for large system. 

To mix the charge density efficiently VASP uses Broyden and Pulay mixing scheme [25-

27]. 
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Geometric optimization is one of the important steps before we start calculating 

other properties since the initial structure of the material provided may not be exact. For 

geometric optimization, VASP have capabilities to control the movement of ions to some 

extent. In geometric optimization, firstly force on each ion and stress tensor of simulated 

cell is computed. Then quasi-Newton algorithm uses forces and stress tensor to search 

the directions to equilibrium. This algorithm works fast however, if the initial structure is 

not reliable it may take the structure to inequilibrium. For unreliable initial structure, 

conjugate-gradient algorithm is used however, it works slowly. In this study, we have 

used quasi-Newton algorithm for pyrophosphate crystals, amorphous zeolitic imidazolate 

framework (a-ZIF) and ZIF crystals and conjugate-gradient algorithm for deformation 

study of a-ZIF. 

VASP mainly consists of four input files INCAR, KPOINTS, POSCAR and 

POTCAR. The INCAR file consists parameters to control the calculation. The KPOINTS 

file consists of number of k-points (mesh) based on the size of the cell. POSCAR consists 

of lattice vectors and initial positions of atoms in fractional coordinate. The POTCAR file 

consists of potentials for all elements mentioned in POSCAR. The order of potential for 

elements in POTCAR should follow their order in POSCAR. In this study, we have used 

VASP for geometric optimization and for elastic and mechanical properties calculation. 
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2.3 Elastic and Mechanical Properties Calculations 

Elastic and mechanical properties of materials are crucial to understand their 

behavior for their potential applications. Upgraded computer technology and improved 

methodology has made it possible for the ab initio calculation of mechanical properties 

of the system more accurately [28]. 

For the calculation of elastic constant there are two approaches used for ab initio 

calculations. One of them is based on the analysis of total energy of a crystal as a function 

of its volume or pressure. The total energy 𝐸(𝑉, 휀) of the crystal can be expressed as: 

𝐸(𝑉, 휀) = 𝐸(𝑉0) + 𝑉 ∑ 𝜎𝑖휀𝑖 +
𝑉

2
∑ 𝐶𝑖𝑗휀𝑖휀𝑗 + ⋯

6

𝑖,𝑗=1

6

𝑖=1

(2.29) 

where, 휀𝑖 are strain components, 𝜎𝑖 are stress components and 𝐶𝑖𝑗 are the elastic tensors. 

By fitting the total energies obtained under different strains to a parabola near the energy 

minimum elastic constants are derived [29]. 

The second approach is based on ab initio stress–strain relationship a Nielsen and 

Martin scheme [30]. This approach firstly optimizes the volume and atomic position of 

the system. Applying small strain magnitude 휀 to each fully relaxed system. Then using 

the Hooks law, 

𝜎𝑖 = ∑ 𝐶𝑖𝑗휀𝑗

6

𝑗=1

(2.30) 

where, stress component 𝜎𝑖  (𝑖 = 1 to 6) is linearly dependent to the applied strain 휀𝑗(𝑗 = 1 

to 6) under small deformation and the elastic constants 𝐶𝑖𝑗. Equation (2.30) gives six set 
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of linear equations with six components of stress and 21 elastic constants (𝐶𝑖𝑗 = 𝐶𝑗𝑖). We 

have used strain of ± 0.5% for a-ZIF and ± 0.25% for pyrophosphate crystals. 

For the calculation of bulk mechanical properties using the elastic tensor 𝐶𝑖𝑗, and 

compliance tensor 𝑆𝑖𝑗 three approaches are used: Voigt’s approach, Reuss approach, and 

Voigt–Reuss–Hill approximation. 

Voigt’s approach [31] calculates upper limit of bulk modulus 𝐾𝑉𝑜𝑖𝑔ℎ𝑡 and shear 

modulus 𝐺𝑉𝑜𝑖𝑔ℎ𝑡.  

𝐾𝑉𝑜𝑖𝑔𝑡 =
1

9
(𝐶11 + 𝐶22 + 𝐶33) +

2

9
(𝐶12 + 𝐶13 + 𝐶23) (2.31) 

𝐺𝑉𝑜𝑖𝑔ℎ𝑡 =
1

15
(𝐶11 + 𝐶22 + 𝐶33 − 𝐶12 − 𝐶13 − 𝐶23) +

1

5
(𝐶44 + 𝐶55 + 𝐶66) (2.32) 

Reuss approach [32] calculates the lower limit of bulk modulus 𝐾𝑅𝑒𝑢𝑠𝑠 and shear 

modulus 𝐺𝑅𝑒𝑢𝑠𝑠.  

𝐾𝑅𝑒𝑢𝑠𝑠 =
1

(𝑆11 + 𝑆22 + 𝑆33) + 2(𝑆12 + 𝑆13 + 𝑆23)
(2.33) 

𝐺𝑅𝑒𝑢𝑠𝑠 =
15

4(𝑆11 + 𝑆22 + 𝑆33) − 4(𝑆12 + 𝑆13 + 𝑆23) + 3(𝑆44 + 𝑆55 + 𝑆66)
(2.34) 

Later Hill averaged both Voigt and Reuss approach and is known as Voight–

Reuss–Hill approximation (VRH) [33].  

𝐾 =
𝐾𝑉𝑜𝑖𝑔ℎ𝑡 + 𝐾𝑅𝑒𝑢𝑠𝑠

2
(2.35) 

𝐺 =
𝐺𝑉𝑜𝑖𝑔ℎ𝑡 + 𝐺𝑅𝑒𝑢𝑠𝑠

2
(2.36) 
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𝐸 =
9𝐾𝐺

3𝐾 + 𝐺
(2.37) 

𝜂 =
3𝐾 − 2𝐺

2(3𝐾 + 𝐺)
(2.38) 

where, 𝐸 is Young’s modulus and 𝜂 is Poisson’s ratio. 

 

2.4 Orthogonalized Linear Combination of Atomic Orbitals (OLCAO) 

In this study we have used Orthogonalized Linear Combination of Atomic 

Orbitals (OLCAO), which is developed and improved by Professor Wai-Yim Ching and 

Professor Paul M. Rulis of University of Missouri-Kansas City [34, 35]. OLCAO package 

is based on local density approximation (LDA) of density functional theory (DFT). For 

electronic structure, bonding and optical properties study we use VASP optimized 

structure as input to OLCAO. In the OLCAO method, atomic orbitals are used in the basis 

expansion. The economic use of the basis set in OLCAO with the VASP optimized 

structure has been successfully used in electronic properties calculations for bulk metallic 

glass [36] , biomolecules [37-40], glasses [41, 42] and other complex systems [2, 43, 44]. 

The OLCAO method uses the idea of linear combination of atomic orbitals 

(LCAO) method The LCAO method uses atomic orbitals to construct the wave function 

of a many electron system. The ideas of LCAO method led to orthogonalized plane wave 

(OPW) method. The OPW method, developed by Conyers Herring [45], was able to do 

crystal band structure calculations for the first time. The OPW method helped to improve 

the LCAO method to the OLCAO method we use. 
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In OLCAO method, solid state wave function 𝜓𝑛𝑘 is expanded in Bloch functions.  

𝜓𝑛𝑘(𝒓) = ∑ 𝐶𝑖𝑦
𝑛 (𝒌)𝑏𝑖𝛾(𝒌, 𝒓)

𝑖,𝛾

(2.39) 

where, 𝛾 is serial number of atoms, 𝑛 is band index and 𝒌 is wave vector. 𝑖 represents 

orbital symmetry of the atom. The Bloch sum 𝑏𝑖𝛾(𝒌, 𝒓) is 

𝑏𝑖𝛾(𝑘, 𝑟) = (
1

√𝑁
) ∑ 𝑒𝑖(𝒌⋅𝑹𝒗)𝑢𝑖(𝒓 − 𝑹𝒗 − 𝒕𝜸)

𝑣

(2.40) 

where, 𝑹𝒗 is lattice vector, 𝒕𝜸 is vector pointing to the positon of  𝛾𝑡ℎ atom in the cell and 

𝑢𝑖(𝒓 − 𝑹𝒗 − 𝒕𝜸) are the atomic orbitals and consists of radial and angular part 

𝑢𝑖(𝒓) = (∑ 𝐴𝑗𝑟𝑛−1𝑒−𝛼𝑗𝑟2
) ⋅ 𝑌𝑙𝑚(𝜃, 𝜙)

𝑁

𝑗=1

(2.41) 

The orbital quantum number 𝑖 collectively represents quantum number 𝑛,  𝑙 and 𝑚. The 

radial part ∑  𝑁
𝑗=1 𝐴𝑗𝑟𝑛−1𝑒−𝛼𝑗𝑟2

 is linear combination of 𝑁 cartesian gaussian type of 

orbitals (GTOs). 𝑌𝑙𝑚(𝜃, 𝜙) is the angular part consisting the real spherical harmonics. 

The two GTOs can be transformed in new GTO and this simplifies the evaluation of 

orbital interaction integrals. GTOs are characterized by decaying exponents 𝛼𝑗 .  The 𝑁 

number of GTOs and set of 𝛼𝑗 are selected based on experience. 𝛼𝑗 are distributed in 

geometric series and ranges from 𝛼𝑚𝑖𝑛 to 𝛼𝑚𝑎𝑥. Their values differ for every element in 

periodic table. The 𝛼𝑚𝑖𝑛 ranges from 0.1 to 0.15, 𝛼𝑚𝑎𝑥 from 106 to 109, and 𝑁 from 16 

to 30. Database for these parameters are provided in OLCAO. We can use same set of 𝛼𝑗 

for all atoms of the same element and for all orbitals of different quantum number 𝑖, which 
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reduces the computational cost. The orbitals 𝑢𝑖 in equation (2.41) consist of core orbitals, 

the occupied valence orbitals, and a variable number of additional empty orbitals. 

Depending on the size and complexity of the system three basis are used in OLCAO: 

minimal basis (MB), full basis (FB), and extended basis (EB). MB is suitable for large 

amorphous system. In MB core orbital and orbital in valence shell of atom, occupied or 

unoccupied are included. FB is usually used for small system and mostly gives accurate 

results. In FB additional empty orbitals of the next unoccupied shell is added to MB. EB 

is used for special cases such as spectral calculations. EB is the case where additional 

empty orbital of the next unoccupied shell is added to FB.  

As in DFT, we need to solve the one-electron Kohn–Sham equation in OLCAO. 

[−∇2+𝑉𝑒−𝑛(𝒓) + 𝑉𝑒−𝑒(𝒓) + 𝑉𝑥𝑐[𝑛(𝒓)]] 𝜓𝑛𝑘(𝒓) = 𝐸𝑛(𝒌)𝜓𝑛𝑘(𝒓) (2.42) 

In left hand side, the first term is kinetic energy, followed by electron–nuclear, electron–

electron Coulomb interaction, and exchange–correlation part of the potential respectively. 

The exchange–correlation potential depends on electron density 𝑛(𝒓), which is obtained 

from summation over occupied states. 

𝑛(𝒓) = ∑|𝜓𝑛𝑘(𝒓)|2

𝑜𝑐𝑐

(2.43) 

The exchange-correlation part of the potential 𝑉𝑥𝑐 is deducible from an exchange-

correlation energy functional 휀𝑥𝑐 for the exchange-correlation energy𝐸𝑥𝑐(𝒓), 

𝐸𝑥𝑐 = (𝒓)∫ 𝑛(𝒓)휀𝑥𝑐[𝑛(𝒓)]𝑑𝒓 (2.44) 

Therefore, we get  



22 

 

𝑉𝑥𝑐(𝒓) =
𝑑(𝑛휀𝑥𝑐[𝑛])

𝑑𝑛
=  −

3

2
𝛼 [

3

𝜋
𝑛(𝒓)]

1
3

(2.45) 

where 𝛼 has been approximated to be 
2

3
 by Kohn and Sham. 

 In OLCAO, crystal charge density 𝑛𝑐𝑟𝑦(𝒓) and one-electron crystal potential 

𝑉𝑐𝑟𝑦(𝒓) are sum of atom-centered functions consisting of Gaussians. 

𝑛𝑐𝑟𝑦(𝒓) = ∑ 𝑛𝐴(𝒓 − 𝒕𝑨)

𝐴

(2.46) 

where,  

𝑛𝐴(𝒓) = ∑ 𝐵𝑗𝑒−𝛽𝑗𝑟2

𝑁

𝑗−1

(2.47) 

The electron–nuclear and electron–electron Coulomb interaction 𝑉𝐶𝑜𝑢𝑙 and the 

exchange–correlation potential 𝑉𝑥𝑐 can be written as 

𝑉𝐶𝑜𝑢𝑙(𝒓) = 𝑉𝐶(𝒓 − 𝒕𝑨) (2.48) 

𝑉𝑥𝑐(𝒓) = ∑ 𝑉𝑥(𝒓 − 𝒕𝑨)

𝐴

(2.49) 

where,  

𝑉𝐶(𝒓) = −
𝑍𝐴

𝑟
𝑒−𝜁𝑟2

− ∑ 𝐷𝑗𝑒−𝛽𝑗𝑟2

𝑁

𝑗=1

(2.50) 

𝑉𝑥(𝒓) = ∑ 𝐹𝑗𝑒−𝛽𝑗𝑟2

𝑁

𝑗=1

(2.51) 
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where, 𝑉𝐶(𝒓)’s first term is potential near nuclei and 𝑍𝐴 is the atomic number of the atom 

at that site. Crystal potential as sum of atom-centered potentials. 

𝑉𝑐𝑟𝑦(𝒓) = ∑ 𝑉𝐴(𝒓 − 𝒕𝑨)

𝐴

(2.52) 

To increase the efficiency of OLCAO we use same set of exponentials 𝛽𝑗in the 

Gaussian expansion from equation (2.46) to (2.51). For each atom 𝛽𝑗 are predetermined 

but the coefficients 𝐵𝑗, 𝐷𝑗and 𝐹𝑗 are updated in each cycle of self-consistent iterations. 

Here, 𝛽𝑗 have range from 𝛽min to 𝛽𝑚𝑎𝑥 and have geometric distribution. The 𝛽min, 𝛽𝑚𝑎𝑥 

and number of term cast 𝑁depends on 𝑍 and system. 

Using the Bloch equation (2.40) to solve Kohn–Sham equation (2.42) we get 

following equivalent secular equation. 

|𝐻𝑖𝛾,𝑗𝛿(𝒌) − 𝑆𝑖𝛾,𝑗𝛿(𝒌)𝐸(𝒌)| = 0 (2.53) 

where, 𝑆𝑖𝛾,𝑗𝛿(𝒌) and 𝐻𝑖𝛾,𝑗𝛿(𝒌) are overlap and Hamiltonian matrix respectively. 

𝑆𝑖𝛾,𝑗𝛿(𝒌) = 〈𝑏𝑖𝛾(𝒌, 𝒓)|𝑏𝑗𝛿(𝒌, 𝒓) 〉 (2.54) 

𝐻𝑖𝛾,𝑗𝛿(𝑘) = 〈𝑏𝑖𝛾(𝒌, 𝒓)|𝐻|𝑏𝑗𝛿(𝒌, 𝒓) 〉 (2.55) 

For large and complicated system solving equation (2.53) will require large 

computational time and memory. Mostly, core states of energy lower than approximately 

-30 eV in highest occupied states are of less importance. For example, orbitals with lower 

energy than oxygen 2s orbital will weakly interact with neighbors. Therefore, the 

calculation can be reduced to non-core valence electron states and unoccupied states in 
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FB or EB expansion. The dimension of equation (2.53) can be reduced by 

orthogonalization process [35]. 

The matrix elements between the Bloch sums of equation (2.53) can be divided 

into three parts: (i) core–core, (ii) core–valence, valence–core and (iii) valence–valence. 

For simplicity using “valence” term to include all non-core orbitals. The matrix element 

between core Bloch sums on different sites are assumed zero and using orthogonality 

condition the dimension of the matrix equation can be reduced. The orthogonalized 

valence Bloch sum 𝑏𝑖𝛼
𝑣′

(𝒌, 𝒓) in terms of original non-orthogonalized elements is 

expressed as: 

𝑏𝑖𝛼
𝑣′

(𝒌, 𝒓) = 𝑏𝑖𝛼
𝑣 (𝒌, 𝒓) + ∑ 𝐶𝑗𝛾

𝑖𝛼𝑏𝑗𝛾
𝑐 (𝒌, 𝒓)

𝑗,𝛾

(2.56) 

where, superscripts 𝑣 and 𝑐 is denoted for valence and the core portion of Bloch sums. 

And superscript 𝑣′ is used to denote the orthogonalized valence Bloch sums. The 

expansion coefficients are: 

𝐶𝑗𝛾
𝑖𝛼 = 〈𝑏𝑗𝛾

𝑐 (𝒌, 𝒓)|𝑏𝑖𝛼
𝑣 (𝒌, 𝒓) 〉 (2.57) 

𝐶𝑗𝛾
𝑖𝛼∗

= 〈𝑏𝑖𝛼
𝑣 (𝒌, 𝒓)|𝑏𝑗𝛽

𝑐 (𝒌, 𝒓) 〉 (2.58) 

The orthogonality condition is expressed as: 

〈𝑏𝑗𝛽
𝑐 (𝒌, 𝒓)| 𝑏𝑖𝛼

𝑣′
(𝒌, 𝒓)〉 = 〈𝑏𝑖𝛼

𝑣′
(𝒌, 𝒓)|𝑏𝑗𝛽

𝑐 (𝒌, 𝒓) 〉 = 0 (2.59) 

Orthogonalization process vanishes the non-diagonal elements resulting into matrix 

consisting of blocks of core and valence orbitals, which can be solved separately. This 
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process increases the computational efficiency and makes OLCAO suitable for large and 

complex systems calculation. 

In this study, OLCAO method is used to calculate various electronic properties 

such as band structure, total/partial density of states (TDOS/PDOS), effective charge (𝑄∗) 

and bond order (BO). Band structure 𝐸𝑛(𝒌), is one of the elemental properties calculated 

in crystalline solid. It is a plot of energy eigenvalues as a function of k–points in reciprocal 

space. The k–points are chosen along the high symmetry points in the irreducible 

Brillouin zone (BZ). These high symmetry points are dependent in the Bravis lattice of 

the crystal.  The energy gap between the top of valence band (VB) and bottom of 

conduction band (CB) classifies if the system is a metal, a semi–metal, a half–metal, a 

semiconductor or an insulator. 

The density of states (DOS) 𝐺(𝐸) represents number of electron states per unit 

energy in the crystal. DOS can be expressed as:  

𝐺(𝐸) =
𝛺

(2𝜋)3

𝑑

𝑑𝐸
∫ 𝑑𝑘

𝐵𝑍

=
𝛺

(2𝜋)3
∫ (

𝑑𝑆

|∇E|
) (2.60) 

where, 𝛺 is volume of the unit cell, 𝑆 is the overlap matrix and the integral include the 

constant energy surface in the BZ. The total DOS (TDOS) can be divided into partial 

DOS (PDOS) of different atomic and orbital component. This helps us for critical analysis 

and understanding the fundamentals of material property. In this study, we have used FB 

for DOS calculation. 
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OLCAO uses Mulliken’s population analysis scheme [46, 47] which defines 

fractional charge 𝜌𝑖,𝛼
𝑚  for the 𝑖𝑡ℎ orbital in the 𝛼𝑡ℎatom  of the normalized state 𝜓𝑚(𝒓). 

1 = ∫ |𝜓𝑚(𝒓)|2𝑑𝒓 = ∑ 𝜌𝑖,𝛼
𝑚

𝑖,𝛼

(2.61) 

𝜌𝑖,𝛼
𝑚 = ∑ 𝐶𝑖𝛼

𝑚∗
𝐶𝑗𝛽

𝑚𝑆𝑖𝛼,𝑗𝛽 

𝑗,𝛽

(2.62) 

where, the 𝑆𝑖𝛼,𝑗𝛽  are the overlap integrals between the 𝑖𝑡ℎ orbital in the 𝛼𝑡ℎatom and 

𝑗𝑡ℎ orbital in the 𝛽𝑡ℎ atom and 𝐶𝑗𝛽
𝑚  are the eigenvector coefficients of the 𝑚𝑡ℎ band, 𝑗𝑡ℎ 

orbital in the 𝛽𝑡ℎ atom. This fractional charge helps in defining another quantity 

localization index (LI), which identifies the degree of disorder in amorphous system.  

𝐿𝑚 = ∑[𝜌𝑖𝛼
𝑚]2

𝑖,𝛼

 (2.63) 

where 𝐿𝑚is probability density of the state 𝑚 at different sites. Here, the fractional charge 

distributed in each orbital of each atom is identified. 𝐿𝑚 lies between 1 to N-1 where N is 

the total number of electron states in the model. 𝐿𝑚 is 1 for totally localized state and 

charge is confined to a single orbital whereas  𝐿𝑚 is N-1 for totally delocalized state. 

Based on the fractional charge on the Mulliken’s scheme two other important 

parameter–effective charge (𝑄∗) and bond order (BO) are calculated. 𝑄∗is the number of 

electronic charges associated with the atom. In OLCAO calculation, MB is used for the 

calculation of the 𝑄∗ and BO. 

𝑄𝛼
∗ = ∑ ∑ ∑ 𝐶𝑖𝛼

∗𝑛𝐶𝑗𝛽
𝑛 𝑆𝑖𝛼,𝑗𝛽

𝑗,𝛽𝑛.𝑜𝑐𝑐𝑖

(2.64) 
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where 𝑄𝛼
∗  is the effective charge on atom 𝛼. Charge transfer or partial charge Δ𝑄𝛼

∗ =

𝑄𝛼
0 − 𝑄𝛼

∗  is the deviation from the neutral charge of the effective charge on the same atom. 

BO is the overlap population 𝜌𝛼𝛽 between any pair of atoms (α, β) and defines the relative 

strength of the bond. 

𝜌𝛼𝛽 = ∑ ∑ 𝐶𝑖𝛼
∗𝑛𝐶𝑗𝛽

𝑛 𝑆𝑖𝛼,𝑗𝛽

𝑖,𝑗𝑛.𝑜𝑐𝑐

(2.65) 

where 𝑆𝑖𝛼,𝑗𝛽  are the overlap integrals between the 𝑖𝑡ℎ orbital in the 𝛼𝑡ℎatom and 

𝑗𝑡ℎ orbital in the 𝛽𝑡ℎ atom and 𝐶𝑗𝛽
𝑛   are the eigenvector coefficients of the 𝑛𝑡ℎ band, 𝑗𝑡ℎ 

orbital in the 𝛽𝑡ℎ  atom. Summation of all BOs in the system results into total BO (TBO) 

and normalizing it by volume gives total bond order density (TBOD). TBOD is single 

metric to assess the stability and internal cohesion in the crystal [48]. Like the mass 

density of a material which is a matric for a material property, TBOD has the merit in 

predicting materials properties for complex multi-component systems based purely on 

computational means. TBOD can be dissected into partial components, partial bond order 

density (PBOD), of different types of atomic pairs or group of atoms in a structural unit. 

The TBOD can be used as the first line of screening in materials with special properties 

and targeted applications. 

Optical properties of solids in OLCAO can be calculated from the assessment of 

the complex dielectric functions: 

휀(ℏ𝜔) = 휀1(ℏ𝜔) + 𝑖휀2(ℏ𝜔) (2.66) 
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where 휀1(ℏ𝜔) and 휀2(ℏ𝜔) are the real and imaginary part respectively of the dielectric 

function. For the imaginary part 휀2(ℏ𝜔), inter band optical conductivity 𝜎(ℏ𝜔) is 

calculated using random phase approximation. 

𝜎1(ℏ𝜔) =
2𝜋𝑒ℏ2

3𝑚2𝜔𝛺
∑|〈𝑛|𝑝|𝑙〉|2𝑓𝑙[1 − 𝑓𝑛]𝛿(𝐸𝑛 − 𝐸𝑙 − ℏ𝜔)

𝑛,𝑙

(2.67) 

where, 𝛺 is the volume of the unit cell and 𝑓𝑙  is Fermi–Dirac function of the occupied 

band state 𝑙. The energy conservation between the transition process between the 

occupied state 𝑙 and unoccupied state 𝑛 with energy 𝐸𝑙 and 𝐸𝑛 is conserved by the 𝛿 

function. For metals, the energy dependent conductivity function uses Kubo–Greenwood 

formula [49] as extension of inter-band optical conductivity equation (2.67). The 

imaginary part of the dielectric function 휀2(ℏ𝜔) is computed by: 

휀2(ℏ𝜔) = 4𝜋 (
𝜎1(𝜔)

𝜔
) (2.68) 

The real part 휀1(ℏ𝜔) is then computed from imaginary part 휀2(ℏ𝜔) using 

Kramers-Kronig relation [50]: 

휀1(ℏ𝜔) = 1 +
2

𝜋
∫

𝑠휀2(ℏ𝜔)

𝑠2 − 𝜔2
𝑑𝑠

∞

0

(2.69) 

After the frequency dependent dielectric functions are obtained, we can compute 

electron energy loss function (ELF), 𝐹(𝜔) and refractive index 𝑛(𝜔). 

𝐹(𝜔) = 𝐼𝑀 (−
1

𝜖(𝜔)
) =

𝜖2(𝜔)

𝜖1
2(𝜔) + 𝜖2

2(𝜔)
(2.70) 
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The peak of ELF is identified as plasmon frequency 𝜔𝑝. This frequency is for the 

collective excitation of the electrons in a solid and is experimentally measurable quantity. 

The refractive index can be computed by: 

𝑛(𝜔) = √√(휀1
2(𝜔) + 휀2

2(𝜔) + 휀1(𝜔)

2
(2.71) 

For static refractive index, 𝜔 → 0  휀2
2(𝜔) → 0 using (2.71) we get 

𝑛 = √휀1(0) (2.72) 
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 CHAPTER 3. STRUCTURE AND ELECTRONIC PROPERTIES OF AMORPHOUS 

ZEOLITIC IMIDAZOLATE FRAMEWORK (a-ZIF) 

3.1 Introduction 

Metal-organic frameworks (MOFs) have been one of the most actively pursued 

materials in the last twenty years and have attracted researchers from diverse fields of 

chemistry, physics, materials, and biomedical sciences covering a plethora of research 

areas including synthesis, design, applications in gas storage [51, 52], drug delivery [53, 

54], catalysis [55, 56], molecular separation [57], sensing [58], and much more. The root 

of their popularity is their porous structure, enabling selective molecular encapsulation 

[59]. Being able to store materials at ambient temperature in porous structures paves the 

way to its versatile usage especially in the transportation of natural gas. MOF compounds 

consist of transition metal ions connected to organic ligands by linking organic and 

inorganic units with strong chemical bonds. There are more than 20,000 different kinds 

of MOFs reported due to their flexibility in constituent elements, size, and functionality. 

The organic unit, when linked with the metal-containing unit, generally forms structures 

with large porosities of greater than 50% of its crystal volume [60].  

MOFs exists in both crystalline and amorphous forms. In most cases, crystalline 

MOFs (c-MOFs) are used for applications because their structures are generally well 

characterized. However, c-MOFs are more difficult to synthesize for specific 

functionality [61]. This leads to pursuing a strategy of altering many different known 
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MOF structures [62]. On the other hand, non-crystalline or amorphous MOFs (a-MOFs) 

can usually be fabricated in large quantities from c-MOFs [62]. The common techniques 

of amorphization include applying pressure, ball milling, heating or electrical 

discharging, etc. Application of a-MOFs are numerous, including irreversible storage of 

harmful substances [63], reversible gas storage by pressure-induced amorphization [64], 

controlled drug release using partial amorphization [53] and much more.  

An important member of the MOF family is the zeolitic imidazolate framework 

(ZIF). Zeolites comprise a class of microporous crystalline solids with well-defined 

structures [65]. The term zeolite is limited to aluminosilicates, but it also incorporates 

microporous aluminophosphates, germinates, and other components. They have TO4 

tetrahedral structure units where T stands for a silicon or aluminum atom. All tetrahedral 

units share corners in forming a three-dimensional network. The zeolites have large pores 

and low density [66]. The pore size usually ranges from 3 Å to over 10 Å, which is 

sufficiently large for organic molecules to diffuse through the lattice. These outstanding 

properties lead to a large number of applications in gas separation, ion exchange, and 

heterogeneous catalysis [66]. The most common metals in zeolites include Zn, Sn, and Ti 

in the framework structure. Out of millions of possible crystal structures, only 232 zeolite 

topologies are known to actually exist [67].  

Zeolitic imidazolate framework (ZIF) displays network topologies analogous to 

silica. In the network, the corner-sharing SiO4 tetrahedra are replaced by MN4 tetrahedra 

(M = metal, Zn in this study) linked by imidazolate (IM) (C3N2H3)
-anions (Fig. 1(a)). 
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ZIFs have some advantages over other types of MOFs because they have combined 

characteristics of both MOF and zeolite [68]. ZIFs possess the tunable porosity and 

structural flexibility of MOFs, and the thermal, mechanical, and chemical stability of 
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Fig. 1 (a) Zn-Im-Zn unit of ZIFs, (b) 162 atom a-SiO2 model, (c) Ring statistics of a-SiO2 

model. Ball and stick figures of: (d) a-ZIF model, (e) ZIF-4 crystal, (f) ZIF-zni crystal, 

and (g) ZIF-8 crystal. Orange, blue, gray and white balls represent Zn, N, C and H 

respectively. 
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zeolites. This outstanding combination of properties makes ZIFs more versatile and 

serves as an attractive candidate for many applications especially for the gas separation 

and storage [63, 69].  

The chemically tunable porosities of ZIFs are pivotal for their potential 

application in gas storage and separation, drug delivery, heterogeneous catalysis, and 

selective adsorption [70-73]. In addition to the large number of crystalline ZIFs with well-

defined zeolite structures, the emerging category of noncrystalline or amorphous ZIF 

glasses are of particular interest. Here, we refer the general noncrystalline ZIF as an 

amorphous ZIF (a-ZIF).  

The a-ZIF can be viewed as a model system for understanding the general features 

and properties of a novel hybrid inorganic/organic glass with no long range order (LRO) 

but with well-preserved short range order (SRO). Recently, there has been increased 

interest in the structure of ZIF glasses subject to elevated temperatures near the crystalline 

to amorphous phase transition [74]. Experimentally, the complex temperature dependent 

behaviors of ZIF glasses have been characterized with advanced techniques such as X-

ray diffraction, neutron diffraction, Raman and Brillouin spectroscopy [74-76], and 

positron annihilation lifetime spectroscopy (PALS) [77]. Simultaneously there has been 

a steady increase in the number of theoretical studies using molecular dynamic (MD) 

simulations [78, 79] and ab initio calculations [76, 80-82].  

The main shortcoming encountered in the computational studies appears to be that 

while the presence of short range order SRO has been predicted [75], there remains an 
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inability to precisely quantify the intermediate range order (IRO) with distances of 

separation in the range of 10 Å to 20 Å and to verify the absence of LRO. The reason for 

that problem is the lack of realistic a-ZIF models of sufficiently large size. Furthermore, 

the a-ZIF models derived from different MD simulations depend on the methods and 

potentials used as well as the starting configurations, which can result in significant 

uncertainty in the IRO due in-part to the possibility of defect structures. The defect 

structures often distort any physical properties that are calculated based on such models. 

Therefore, it is highly desirable to first construct a sufficiently large but also nearly 

perfect continuous random network (CRN) model of a-ZIF to serve as a baseline for 

comparative studies.  

In this study, we report the construction and characterization of a near-perfect 

CRN model for a-ZIF with periodic boundaries obtained through the conversion of a 

special a-SiO2 model that was generated from our previous work. We then calculate the 

electronic structure, interatomic bonding, and optical properties of this defect free 

amorphous ZIF model (Fig. 1(d)). Also reported are the results of parallel calculations of 

three crystalline ZIFs: ZIF-4, ZIF-zni, and ZIF-8 (Fig. 1(e)-(g)).  Crystalline ZIF-4 and 

ZIF-zni have identical chemical compositions [Zn(C3H3N2)2], consisting of the divalent 

Zn2+ and unsubstituted imidazole ligand [(C3H3N2)2], however their structures and 

network topologies are quite different from a-ZIF. While ZIF-8 contains the 2-

methylimidazole ([Zn(C4H5N2)2]) as the ligand.  
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3.2 Modelling of A-ZIF  

The a-ZIF model presented here originates from a 162 atom periodic a-SiO2 

model (54 SiO2 molecules) ( Fig. 1(b)) constructed 35 years ago [83]. The beauty of this 

a-SiO2 model is that it has near-perfect local bonding with no over- or under-coordinated 

Si or O atoms and a realistic distribution of 4-, 5-, 6-, 7-, 8-, and 9-membered rings (Fig. 

1(c)), which is extremely difficult to construct across the periodic boundary due to strong 

directional Si-O bonds. Such a near-perfect CRN model cannot be obtained easily by 

using MD. This model has no 4-member rings and contains mostly 5- and 6- membered 

rings (30% and 32%), considerable 7- and 8- member rings (18% and 17%), and a small 

presence of 9-member rings (3%). The distribution of rings indicates that this is a truly 

CRN model of silica even with the absence of 4-member rings. This a-SiO2 model was 

originally obtained from a carefully hand built periodic model of amorphous Si [84] by 

inserting O atoms between the middle of the Si-Si bonds and rescaling the cell size. Over 

the years, the a-SiO2 model has been systematically improved, enlarged and used as a 

representative model to calculate many different properties, [85-87] including amorphous 

to amorphous phase transition under pressure [88].  

In the a-SiO2 model the corner-sharing SiO4 tetrahedra are replaced by MN4 

tetrahedra (M = metal, Zn in this study) linked by imidazolate (IM) (C3N2H3)
-anions. The 

Zn-Zn distance of separation is approximately twice that of Si-Si in a-SiO2, which 

indicates that the volume of an analogous ZIF may be approximated by a 2 × 2 × 2 

supercell of a-SiO2 with IM bridges that make a Zn–IM–Zn angle close to 145°, similar 
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to the Si-O-Si angle in a-SiO2. We converted the a-SiO2 model of 162 atoms to the initial 

a-ZIF model of 918 atoms (Fig. 1(d)) retaining the same network topology. 

Similar a-ZIF model was reported [75] from a larger a-SiO2 model [89] following 

the same approach of using an a-Si model [90]. However, the original a-Si model used in 

that work started from the crystalline diamond structure and it contains very different ring 

statistics. The a-SiO2 model of Ref. [89] was used to obtain an a-ZIF model using reverse 

Monte Carlo (RMC) technique [89]. However, the resulting model contains defective 

sites making the conversion to an ideal network of a-ZIF model difficult. The present a-

ZIF model we constructed has no such defects and is of appropriate size for relatively 

easy application of ab initio electronic structure methods. Moreover, the differently sized 

ring structures are the source of the large distribution of different pores in MOF glasses, 

as observed in PALS [77]. The a-ZIF model converted from the a-SiO2 model (space 

group P1) has the same ring statistics. ZIF-4 and ZIF-zni are orthorhombic with space 

group Pbca and I41cd respectively. Both contain 4-membered rings. ZIF-8, however, has 

a cubic space group I43m and contains 6-membered rings and large pores. 

 

3.3 Computational Details 

This initial a-ZIF structure was then force relaxed using the density functional 

theory (DFT)-based VASP. For the electronic optimization, a high energy cutoff of 600 

eV was used with the electronic convergence criterion set at 10-5 eV. For ionic relaxation, 

we set the force convergence criteria to be 10-3 eV/Å. A single k-point at the zone center 
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is enough for a large glassy model such a-ZIF. Fig. 1(d) - (f) depicts the final relaxed 

structures for a-ZIF, ZIF-4, ZIF-zni, and ZIF-8. The relaxed cell parameters are listed in 

Table 1. The electronic structure, interatomic bonding and optical properties were 

calculated using OLCAO.
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Table 1. Structure of the a-ZIF model and ZIF-4, ZIF-zni, and ZIF-8 crystals. (†) E0 is the total energy of the respective 

ZIF models in units of eV and in kJ/mol per tetrahedral site. (*) Densities are expressed as the number of tetrahedral sites 

per unit volume. 

ZIFs a-ZIF ZIF-4 ZIF-zni ZIF-8 

Chemical 

Composition 

Zn54N216C324H324 Zn16N64C96H96 Zn32N128C192H192 Zn12N48C96H120 

a, b, c (Å)  26.729, 24.417, 27.645 15.316, 15.577, 18.584 23.802, 23.802, 12.595 17.140, 17.139, 17.139 

α, β, γ 90.73°, 93.66°, 90.21° 90°, 90°, 90° 90°, 90°, 90° 90°,90°, 90° 

Space Group 1 Pbca I41cd I-43m 

V(nm3) 18.00 4.43 7.14 5.03 

E0 (eV) -6023.11 -1786.12 -3572.22 -1740.46 

E0 (kJ/mol) -581141.23 -172334.14 -344666.36 -167928.82 

E0
†(kJ/mol)/Tetra. site -10761.87 -10770.88 -10770.82 -13994.07 

Density* nm 3 3.00 3.61 4.48 2.38 

Mass Density 

(amu/Å3) 

0.60 0.73 0.90 0.55 
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3.4 Results and Discussion 

3.4.1 Radial Distribution Function (RDF) 

The radial distribution function (RDF) g(r) of the a-ZIF model was calculated with 

the Interactive Structure Analysis of Amorphous and Crystalline systems (ISAACS) 

program [91] and compared to experimentally measured data G(r) from ZIF glass aT-ZIF-

4 [62] (Fig. 2(a, b)). The experimental data was obtained from the Fourier transform of 

the total scattering function S(Q) produced from X-ray total scattering data. The 

experimental spectrum does not show peaks A’ and E’ present in Fig. 2(b) because they 

are involving H atoms. However, all other peaks in the computed and experimental data 

align well. We take this as an indication that our a-ZIF model fits well with the 

experimental data for the aT-ZIF-4, both clearly show evidence of the retention of SRO 

and IRO through the major peaks below 6 Å and the lack of LRO beyond 6 Å. The peak 

at 6 Å is due to the Zn-Zn pairs.  In contrary to experimental RDF G(r) based on scattering 

factor S(Q)which is incapable of identifying light H atoms, the calculated RDF g(r) from 

the a-ZIF model contains all information partial RDF (PRDF) of all atomic pairs (Fig. 

2(c)), including H, which has a significant effect on the locations and shapes of the peaks 

shown in Fig. 2(b). There are seven prominent structures in g(r) (marked A’, A, B, C, D, 

E’, and E). The sharp peaks from H-related pairs in the a-ZIF model are the results of the 

large number of H atoms in the a-ZIF model. For instance, the first very sharp peak A’ in 

g(r) comes from the enormous number of C-H pairs. The compositions of the other peaks 

are: A: C-N, C-C; B: Zn-N, C-C, N-H, N-C, N-N, C-H; C: Zn-C, Zn-H, N-N, C-H, N-H, 



 

40 

 

H-H; D: Zn-N, Zn-C, H-H; E’: Zn-H; and E: Zn-Zn. Moreover, the experimental data 

cannot resolve the difference between C-C and C-N bonds, but the PRDF clearly shows 

their relative contributions. 
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Other details of the a-ZIF model (including calculated properties to be described 

below) and those of the three crystalline phases: ZIF-4, ZIF-zni, and ZIF-8 (solvent free) 

are summarized in Table 1. We note that a-ZIF has a much lower density than ZIF-4 and 

ZIF-zni but that it has a higher density than ZIF-8, due to the presence of large pore in 

ZIF-8. 

 

3.4.2 Electronic Structure 

Despite numerous theoretical calculations on crystalline and amorphous ZIFs, it 

is intriguing to note that results on the electronic structure are somehow missing. We have 

calculated electronic structure and interatomic bonding information for the a-ZIF model 

using the OLCAO method. The calculated total density of states (TDOS) and partial DOS 

(PDOS) of a-ZIF are shown in Fig. 3(a). A large band gap of 4.8 eV which may be under-

estimated due to the usual deficiency of LDA-based DFT methods indicates that a-ZIF is 

an insulator. From the TDOS, the occupied portion of the valence band (VB) consists of 

nearly all sharp peaks, i.e. two very sharp peaks (A and B), and four relatively sharp peaks 

(C–F) in the lower VB, three broader peaks (G–I) in the lower part of the upper VB, and 

four broader peaks (J–M) in the upper part of the upper VB. In the unoccupied conduction 

band (CB) region, there is only one prominent peak (N) at 6.0 eV followed by a plateau 

to which all of the atoms contribute. The PDOS also provides insight regarding the 

interatomic bonding in a-ZIF. For example, above -6 eV, the Zn atoms interact strongly 

with N and H atoms. All these data indicate that the electronic structure of a-ZIF bears a 
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strong resemblance to the broadened spectrum of the organic molecule IM. The PDOS 

for crystalline ZIF-4, ZIF-zni, and ZIF-8 are very similar to a-ZIF shown in Fig. 3(b), (c) 

and (d) respectively. The energy gap for c-ZIFs and a-ZIF are close (shown in Table 2). 

Fig. 3 Calculated TDOS and PDOS of (a) a-ZIF, (b) ZIF-4, (c) ZIF-zni, and (d) ZIF-8. 

The sidebar to (a) depicts the PDOS of the different types of bonds in Im. 
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3.4.3 Interatomic Bonding and Partial charge 

To characterize the nature of the bonding and charge transfer in a-ZIF, we have 

calculated the effective charge Q* and bond order (BO) values according to equations 

(2.64) and (2.65). Their values are listed in Table 2. Fig. 4 shows the distribution of the 

calculated BO versus bond length (BL) up to 3.6 Å. The narrow distributions of C-C, C-

H, N-C, and Zn-N pairs in both a-ZIF and crystalline ZIFs are almost identical, which 

indicates that the SRO in the a-ZIF model remains the same as in the crystalline phases. 

The average BO for N-H pairs is negligible.  The C-N bonds have two kinds of BO values 

due to the two types of covalent C-C bonds in the imidazolate ring (one is stronger than 

the other). It also shows two types of C-C bonding in ZIF-8 corresponding to C-C bonding 

in the substituted CH3 group in methylimidazolate which is different from the C-C bond 

Fig. 4 Calculated BO vs. BL plots of a-ZIF, ZIF-4, ZIF-zni and ZIF-8. 
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in imidazolate. In all ZIFs, the highest BO values are those of the strongly covalent C-C 

bonds, followed by the C-N bonds. The short C-H bonds (1.085 Å) have slightly smaller 

BO values than those of the C-C and C-N bonds. The C-H bonds are slightly weaker 

because H atoms are outside of the imidazolate ring. The slightly larger variance in C-H 

bonds in ZIF-8 is because some of bonds are from methylimidazolate, which has a 

different local environment. In all four ZIFs, Zn connects with imidazolate via N-bonding 

with a relatively large BO value and a BL close to 2.0 Å. This is the key for maintaining 

the near perfect tetrahedral Zn-N4 tetrahedral bonding with imidazolate or 

methylimidazolate. Table 2 also lists the calculated total bond order density (TBOD) and 

partial BOD (PBOD), band gap (Eg), refractive index (to be discussed below) and average 

effective charge Q* of the ZIFs. TBOD is a single quantum-mechanical metric obtained 

from electronic structure calculations and that reflects the internal cohesion of complex 

materials [48] ideal for assessing material properties in both crystalline and non-

crystalline solids. In many cases the TBOD is more reliable and convenient than the total 

energy or formation energy because it is independent of the cell size. The calculated 

TBOD for a-ZIF is 0.0264 e-/Å3, which is smaller than that of its crystalline counterparts. 

ZIF-4 and ZIF-zni have a TBOD of 0.0317 e-/Å3 and 0.0396 e-/Å3, respectively. This 

indicates that the crystalline phases have a higher internal cohesion than the amorphous 

phase even though their SROs are identical. However, the TBOD for ZIF-8 of 0.0276 e-

/Å3 is close to that of a-ZIF, indicating a much weaker internal cohesion than ZIF-4 or 

ZIF-zni and can be attributed to the large porosity in ZIF-8. 
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Table 2. Calculated total and partial BOD, effective charge Q*, and physical parameters 

in a-ZIF and three ZIF crystals. 

Type/PBOD a-ZIF ZIF-4 ZIF-zni ZIF-8 

C-C 0.0037 0.0045 0.0056 0.0049 

C-H 0.0082 0.0098 0.0123 0.0103 

C-N 0.0118 0.0143 0.0177 0.0096 

Zn-N 0.0026 0.0031 0.0039 0.0022 

TBOD 0.0264 0.0318 0.0396 0.0270 

Eg 4.673 5.134 4.840 4.574 

𝒏 1.327 1.367 1.460 1.311 

average Q* 

    

C 4.086 4.087 4.081 4.178 

N 5.453 5.453 5.449 5.411 

H 0.761 0.759 0.767 0.779 

Zn 11.105 11.114 11.114 11.139 

𝜺𝟐 Peaks (eV) 

    

A1 5.590 5.490 5.480 5.410 

A2 6.800 6.750 6.630 6.590 

𝝎𝒑  (eV) 15.810 16.930 17.280 16.120 
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3.4.4 Optical Properties 

MOF materials are envisioned to have many as of yet unrealized applications as 

functional materials [92-95]. We have calculated the optical properties for a-ZIF within 

one-electron DFT in the form of the frequency-dependent complex dielectric function. 

We are not aware of any previous investigation of the optical properties of any ZIF 

materials except for some recent work on infra-red and Raman spectra related to 

vibrations at very low frequencies [96]. Fig. 5 shows the calculated frequency-dependent 

complex dielectric function and the electron energy loss function (ELF) as a function of 

photon energies up to 35 eV for a-ZIF.  

Ab initio optical properties calculation of a-ZIF model with 918 atoms is 

computationally very challenging. There are five prominent features (A1–A5) carry over 

from 휀2(𝜔) to 휀1(𝜔) (B1-B5) and then to the ELF (C1-C5) with the largest peak C5 at 

15.810 eV identified as the plasmon peak 𝜔𝑝 for collective oscillations of the electrons 

in a-ZIF. The optical properties of crystalline ZIF-4, ZIF-zni, and ZIF-8 are also shown 

in Fig. 5. The overall features are similar to a-ZIF but with sharper absorption peaks due 

their crystalline nature with LRO. We note the rather sensitive variations in the shape and 

the location of the plasmon peak 𝜔𝑝, which should be easily detectable experimentally. 

ZIF-8 have more spikes in 휀2(𝜔), 휀1(𝜔) and ELF, which could be due to presence of 2-

methylimidazole ([Zn(C4H5N2)2]) as the ligand instead of imidazole ligand [(C3H3N2)2]. 

Most importantly, the refractive indices 𝑛 for the four ZIF systems were obtained from 

the square root of 휀1(𝜔) at zero frequency (excluding the vibrational effect) and were 
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found to be 1.327, 1.367, 1.460 and 1.311 for a-ZIF, ZIF-4, ZIF-zni, and ZIF-8 

respectively. The smaller value of 𝑛 for ZIF-8 compared to a-ZIF is likely due to its higher 

porosity and low density. It is possible to correlate the ultralow refractive index of ZIF 

materials to their porosity if they could be measured with enough accuracy. We also 

speculate that 𝑛 could be a convenient and measurable descriptor for characterizing a-ZIF 

films. The peak positions in the absorption curves and the position of 𝜔𝑝 in the four ZIF 

systems are listed in Table 2.  

 

Fig. 5 Optical properties of a-ZIF, ZIF-4, ZIF-zni and ZIF-8. (a) Imaginary dielectric 

function 휀2. (b) Real part of the dielectric function 휀1. (c) Energy loss function (ELF). 
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3.5 Summary and Conclusion 

In summary, we have shown that: (1) a near-perfect CRN model for amorphous 

ZIF that was not derived from a crystalline phase has been constructed with RDF in good 

agreement with measurement; (2) The electronic structure and bonding for the a-ZIF are 

elucidated in great detail showing considerable bond strength in the Zn-N pairs. Very 

similar results were obtained for the three ZIF crystals: ZIF-4, ZIF-zni, and ZIF-8, 

reaffirming the identical atomic scale SRO; (3) The optical properties of a-ZIF were 

calculated showing unique absorption features and an ultralow refractive index of 1.327. 

These and other properties are critically compared with three others crystalline ZIF 

phases. Their sensitive dependence on the structures can be used to characterize and 

predict the different types of ZIF phases, especially in relation to their porosity and thus 

their ability to encapsulate other molecules.  
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CHAPTER 4. DEFORMATION BEHAVIOR OF A-ZIF FROM SUPERSOFT 

MATERIAL TO COMPLEX ORGANOMETALLIC ALLOY 

4.1 Introduction 

For nearly eight decades, scientists have been predicting [97] and pursuing the 

metallization of hydrogen under high pressure. Various attempts have been made since 

the late 1930s in the search for metallic hydrogen [98-101]. It was finally achieved in 

2016 due to significant advances in high-pressure technology and instrumentation. 

Metallic hydrogen was observed at a pressure of 495 GPa using a diamond anvil cell 

[102]. Simultaneously, there have been many experimental and theoretical efforts 

regarding the densification of both crystalline and non-crystalline organic, inorganic, 

metallic materials and the accompanying phase transitions [103-106]. This is one of the 

most fundamental and frontier areas of chemistry and physics where experimental and 

theoretical studies strive to explore novel materials for new applications. Although there 

are some recent efforts regarding the metallization of organic semiconductors [107-109], 

conversion of metal organic frameworks (MOFs) to a low band-gap semiconductors [110] 

and the incorporation of heavy metals in MOFs [111-113] with potential applications in 

various devices, there has not been much research on the possible phase transition of 

organic framework materials such as MOFs under high pressure. 

The mechanical properties of MOFs and the accompanying changes in structure 

under pressure are of considerable interest because they can provide the necessary 
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insights to understand the amorphization process [114, 115]. Experimentally, the usual 

techniques used are nano-indentation and high pressure diamond anvil cell [64]. Under 

compression, c-MOFs convert to a-MOFs with enhanced mechanical stability [115]. 

When a shock is applied to porous crystals, the compression process leads to the reduction 

of internal porosity and the collapse of the crystal framework resulting in amorphous 

structure [116]. However, the actual behavior of a-MOFs, which are equally porous as c-

MOFs, under external strain is still a subject that is not well understood. This is in sharp 

contrast to inorganic glasses such as amorphous SiO2 (a-SiO2) which shows changes in 

atomic coordination and the formation of six-fold Si polyhedral units at ultrahigh 

pressures [88, 117]. 

For zeolitic imidazolate framework (ZIF), an important family member of MOF, 

a large number of crystalline ZIFs (c-ZIFs) have been studied in detail [68, 104, 114, 118, 

119] but much less research has been performed on amorphous ZIFs (a-ZIFs). The a-ZIFs 

are mostly fabricated from c-ZIFs using methods such as heating, applying pressure, ball 

milling, etc. The a-ZIFs obtained usually have different mechanical, optical, and 

electronic properties that could lead to a new class of advanced functional materials. The 

amorphization process is also used as a test to see if the system possesses new desirable 

properties. For example, in the compression study of crystalline ZIF-8, it was found to be 

chemically stable up to a pressure of 39 GPa [120]. This structural stability is crucial for 

storage application. Many new ZIF-based materials derived from the existing frameworks 
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have been reported. Thermally amorphized (aT) ZIF glass or aT-ZIF-4 could be used as a 

photoluminescent and optically active glass [75, 121]. 

Applying compressive or tensile strains to a material obviously will change its 

mechanical properties in different ways. In particular, changes in mechanical parameters 

enable us to estimate specific properties such as hardness, softness, durability, mechanical 

strength, etc. Therefore, it is not surprising that there are several studies of the mechanical 

and elastic properties of different ZIFs under variation of pressure, temperature, and pore 

fillings [122], and their correlation with framework density and porosity [104]. Also, 

there are theoretical predictions of mechanical properties for ZIFs in response to different 

substitutions of the terminal group [119].  

In this study, we present a systematical simulation study on the deformation 

behavior under both hydrostatic compression and uniform expansion of a large a-ZIF 

model that was recently constructed [1]. At each step of deformation, the electronic 

structure, interatomic bonding, mechanical and optical properties are calculated. It is very 

important that we found that, at the high pressure of 51 GPa, a-ZIF undergoes an insulator 

to metal transition, from one amorphous phase to another amorphous phase, resulting in 

the formation of a complex organometallic alloy that has not been seen before. To our 

knowledge, this is the first time showing the metallization of an organic compound and 

the formation of a new lightweight super hard alloy. In the opposite direction of 

deformation, we carried out the large-scale modeling of homogeneous expansion in three 

dimensions (3D) up to a volume expansion of 260% and a high porosity of 84.1% while 
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still maintaining a relatively low internal pressure of 0.11 GPa. Together with the well-

resolved density functional theory (DFT) calculations at each step of compression and 

expansion, new discoveries and insights emerged on the nature of the formation of a low-

weight organometallic alloy in one direction and the persistence of the super-soft material 

in the other direction (See Fig. 6).  

 

  

Fig. 6 Stress vs. strain in percentage. Compression is shown on the left and expansion on 

the right side. The inset shows the ball and stick diagrams of a complex organic/inorganic 

glassy alloy at different stages of compression/expansion: (a) compressed with a strain of 

33.75% into a metallized a-ZIF; (b) the equilibrium a-ZIF model and; (c) expanded a-ZIF 

model at a tensile strain of 37.6% with large porosity and super-soft framework.  
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4.2 Deformation Simulation of A-ZIF 

The simulation is carried out in a step-wise approach for both homogeneous 

compression and expansion. We start with the initial a-ZIF model (labeled as p0). For 

compression, 21 additional data points (labeled as p1- p21) are obtained for strains up to 

-0.3885% at p21. For practical reasons, these 21 points are not equally spaced in strain 

levels. In most cases, the atomic positions from the previous strain is used as the starting 

structure of the current strain to accelerate the optimization process under the new strain. 

The stress and the final atomic configurations at each strain are recorded for the 

subsequent properties calculation. Similarly, for the expansion simulation, a total of 19 

data points (labeled as t1-t19) are used for strains up to 0.3759% at t19 where the 

framework is partially fractured. The end-member models are shown as ball-and-stick 

sketches in Fig. 6. As already alluded to in the introduction, at p19 the system becomes 

an organometallic alloy at high compressive strain after transforming from the insulating 

phase at the lower strain. In the opposite direction, the structure remains as a soft material 

at t19 with large porosity.  

 

4.3 Computational Details 

We used VASP to obtain stepwise compression, and expansion models of a-ZIF 

and for their optimization. The stepwise 21 compressed and 19 expanded structures were 

obtained using the scaling parameter in VASP. In VASP, we used a relatively high energy 

cutoff of 600 eV, with electronic and ionic force convergence set at 10-7 eV and 10-5 eV/Å 
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respectively. To calculate the elastic properties of all compression and expansion points 

we used VASP. We used the stress (σj) and strain (ϵi) response analysis scheme [30, 123]  

to the relaxed structure and then obtained the elastic coefficients (Cij, i, j = 1, 2, 3, 4, 5, 

6). To obtain σj and Cij, a small strain ϵ (±0.5) % is applied. From the calculated Cij, other 

mechanical properties such as bulk modulus (K), shear modulus (G), Poisson’s ratio (η), 

Young’s modulus (E) are obtained using Voight-Reuss-Hill (VRH) polycrystals 

approximation [32, 33]. The electronic structure and interatomic bonding were calculated 

using OLCAO. 

 

4.4 Compression 

Starting from the equilibrium configuration p0, the step-by-step compression 

process was carried out. The data on the lattice parameters, volume (V), density (ρ), 

strain, stress or internal pressure, and porosity in the increasing order of stress under 

hydrostatic compression are summarized in Table 3. In Fig. 7, we plot the data for better 

visual juxtaposition. Fig. 7(a) shows the stress vs. strain plot with fitted polynomial 

equation 𝑦 = 1.701 × 10−5𝑥5 − 0.0013𝑥4 + 0.0375𝑥3 − 0.4398𝑥2 + 1.8563𝑥 −

1.1804 shown in dashed curve. Fig. 7(b) shows the density (g/cm3) vs. pressure (GPa) 

which can be easily converted to the percentage change in volume vs. pressure. The initial 

density changes up to 43 GPa pressure is fitted with a polynomial curve shown in dashed 

curve with equation 𝑦 = −0.0017𝑥2 + 0.1163𝑥 + 1.3378.  Beyond 50 GPa change in 

the density is fitted using linear equation 𝑦 = 0.0105𝑥 + 3.1662. At 51.2 GPa, volume 
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reduction at point p19 is 70.92% which is more than the compression used in the 

experiment of Su et al on crystalline ZIF-8 with a reduction of about 58% from the 

original volume [124]. At this highly compressed state, the system becomes metallic (see 

following sections). Together with the final two points p20 (strain = 36.8%, P = 98.39 

GPa) and p21 (strain = 38.9%, P = 146.28 GPa), it suggests ATAT at high density. Fig. 

7(c). shows the calculated total energy (eV) vs. pressure. Obviously, the lowest energy 

will be at p0 with zero strain and the energy increases rapidly as pressure increases. There 

is a sudden jump in total energy at p19 where metallization occurs. Fig. 7(d) shows the 

porosity vs. strain calculated using the PLATON software [125]. The porosity rapidly 

decreases with the increase in strain. So, a-ZIF starts as a network with high porosity and 

transforms into a metallic alloy of zero porosity.
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Table 3. Lattice constant, volume (V), strain, stress (pressure P) (GPa), density (ρ), and porosity percentage of all data 

points under the compression. 

Name Lattice Constant a, b, c (Å) α, β, √ V(Å3) Strain% P(GPa) ρ(g/ cm3) Porosity% 

p0 26.253, 23.721, 26.915, 92.69°, 93.79°, 88.89° 16704.1 0.00 0.000 1.071 58.8 

p1 25.740, 23.551, 26.697, 91.05°, 94.00°, 90.31° 16141.6 1.14 0.083 1.108 57.4 

p2 25.209, 23.066, 26.147, 91.05°, 94.01°, 90.31° 15163.6 3.17 0.206 1.180 54.7 

p3 25.062, 22.931, 25.994, 91.05°, 94.01°, 90.31° 14899.1 3.74 0.245 1.201 53.9 

p4 24.413, 22.337, 25.321, 91.05°, 94.01°, 90.31° 13771.9 6.23 0.444 1.299 50.2 

p5 23.883, 21.852, 24.771, 91.05°, 94.01°, 90.31° 12893.1 8.27 0.552 1.387 46.8 

p6 23.352, 21.366, 24.220, 91.05°, 94.01°, 90.31° 12052.5 10.31 0.815 1.484 43.2 

p7 22.556, 20.638, 23.394, 91.05°, 94.01°, 90.31° 10861.4 13.37 1.449 1.647 37.2 

p8 21.892, 20.031, 22.706, 91.05°, 94.01°, 90.31° 9931.0 15.91 2.288 1.801 31.6 

p9 21.494, 19.667, 22.293, 91.05°, 94.01°, 90.31° 9399.1 17.44 3.087 1.903 28.1 

p10 21.229, 19.424, 22.018, 91.05°, 94.01°, 90.31° 9055.3 18.46 3.733 1.975 25.7 

p11 20.566, 18.817, 21.330, 91.05°, 94.01°, 90.31° 8232.6 21.01 6.114 2.173 19.5 
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Name Lattice Constant a, b, c (Å) α, β, γ V(Å3) Strain% P(GPa) ρ(g/ cm3) Porosity% 

p12 20.300, 18.574, 21.055, 91.05°, 94.01°, 90.31° 7918.0 22.03 7.444 2.259 17.2 

p13 19.902, 18.210, 20.642, 91.05°, 94.01°, 90.31° 7461.3 23.56 9.829 2.397 13.7 

p14 19.637, 17.967, 20.367, 91.05°, 94.01°, 90.31° 7166.8 24.58 11.740 2.496 11.4 

p15 19.371, 17.724, 20.092, 91.05°, 94.01°, 90.31° 6880.2 25.60 14.029 2.600 9.1 

p16 18.973, 17.360, 19.679, 91.05°, 94.01°, 90.31° 6464.7 27.13 19.576 2.767 6.5 

p17 18.575, 16.996, 19.266, 91.05°, 94.01°, 90.31° 6066.3 28.65 26.210 2.949 4.4 

p18 17.912, 16.389, 18.578, 91.05°, 94.01°, 90.31° 5439.3 31.20 42.386 3.289 1.8 

p19 17.249, 15.782, 17.890, 91.05°, 94.01°, 90.31° 4857.0 33.75 51.224 3.683 0.3 

p20 16.452, 15.054, 17.064, 91.05°, 94.01°, 90.31° 4215.1 36.81 98.392 4.244 0.2 

p21 15.922, 14.568, 16.541, 91.05°, 94.01°, 90.31° 3820.2 38.85 146.279 4.682 0.0 
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4.4.1 Mechanical Properties 

The mechanical properties of a-ZIF under compression consist of the bulk 

modulus (K), shear modulus (G), Young’s modulus (E), Poisson’s ration (η) and Vicker 

Hardness ( HV) for all data points under compression listed in Table 4. 

Fig. 7 Structural properties for compression. (a) Stress in unit of GPa vs. strain 

percentage, (b) density in unit of g/cm3 vs. pressure (stress) in unit of GPa, (c) Total 

energy (T.E) in unit eV vs. pressure (stress) in unit of GPa and (d) porosity percentage 

vs. strain percentage for compression. Dashes represents fitted curves/line. 
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Table 4. Calculated Shear modulus (G), bulk modulus (K), Young’s modulus (E), Poisson’s ratio (η), Pugh’s modulus 

ratio (k = G/K), Vicker’s Hardness (HV), stress, strain, plasmon frequency (𝜔𝑝), refractive index (𝑛) and band gap (Eg) 

as function under compression. 

Name  G (GPa)  K (GPa) E (GPa) ɳ G/K = k   HV Stress (GPa) Strain % 𝝎𝒑 eV) 𝒏 Eg 

p0 2.519 8.875 6.903 0.370 0.284 0.423 0.000 0.00 15.63 1.33 4.80 

p1 2.492 8.540 6.814 0.367 0.292 0.433 0.083 1.14 16.17 1.35 4.75 

p2 2.615 8.100 7.082 0.354 0.323 0.502 0.206 3.17 16.38 1.37 4.65 

p3 2.637 7.930 7.122 0.350 0.333 0.523 0.245 3.74 16.42 1.37 4.62 

p4 3.075 7.850 8.160 0.327 0.392 0.702 0.444 6.23 16.58 1.40 4.51 

p5 3.852 8.789 10.083 0.309 0.438 0.936 0.552 8.27 16.82 1.43 4.55 

p6 4.509 10.900 11.888 0.318 0.414 0.980 0.815 10.31 17.16 1.46 4.40 

p7 4.683 12.792 12.522 0.337 0.366 0.876 1.449 13.37 17.61 1.51 4.30 

p8 6.276 17.304 16.797 0.338 0.363 1.066 2.288 15.91 18.12 1.56 4.14 

p9 7.494 21.401 20.133 0.343 0.350 1.161 3.087 17.44 18.47 1.59 3.93 
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Name  G (GPa)  K (GPa) E (GPa) ɳ G/K = k   HV Stress (GPa) Strain % 𝝎𝒑 eV) 𝒏 Eg 

p10 7.779 25.037 21.146 0.359 0.311 1.041 3.733 18.46 21.05 1.62 3.77 

p11 10.388 37.640 28.537 0.374 0.276 1.116 6.114 21.01 22.42 1.68 3.20 

p12 12.199 45.387 33.588 0.377 0.269 1.214 7.444 22.03 22.36 1.71 3.20 

p13 14.851 58.624 41.084 0.383 0.253 1.304 9.829 23.56 23.39 1.75 3.10 

p14 16.046 67.349 44.597 0.390 0.238 1.285 11.740 24.58 23.33 1.78 2.73 

p15 19.623 79.576 54.397 0.386 0.247 1.541 14.029 25.60 24.08 1.81 3.14 

p16 23.158 103.092 64.634 0.396 0.225 1.558 19.576 27.13 24.27 1.86 2.91 

p17 31.978 121.234 88.180 0.379 0.264 2.350 26.210 28.65 24.76 1.92 2.36 

p18 37.412 191.379 105.370 0.408 0.195 1.868 42.386 31.20 26.11 2.04 2.03 

p19 87.693 282.152 238.383 0.359 0.311 5.786 51.224 33.75 26.48 2.91 - 

p20 121.507 450.251 334.436 0.376 0.270 6.207 98.392 36.81 27.70 - - 

p21 321.503 547.037 806.510 0.254 0.588 29.952 146.279 38.85 29.44 - - 
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Fig. 8 shows that K, G, and E increase only slightly at low compression and then 

start to increase rapidly near a strain of 15%. This reaches to a very high value of K = 

282.15 GPa, G = 87.69 GPa at a strain of 33.75% (p19) where it is in a metallic state. The 

increase is much more dramatic after data point p18 prior to the insulator-to-metal 

transition and p19 after the transition. In the last two data points, p20 and p21 with P 

equals 98.39 GPa and 146.28 GPa, where the system is in a highly compressed metallic 

state with extremely high mechanical parameters. It is also noted in the compressed 

structures, K is always larger than E except at the last data point p21 where E is higher 

than K and both are larger than G.  The Poisson’s ratio shown in Fig. 8 shows a much 

more complicated pattern. It goes through a steep decrease at p5 with strain equal to 

Fig. 8 Mechanical properties for compression. Shear modulus (G), bulk modulus (K), 

Young’s modulus (E) and Poisson’s ratio (ɳ). 
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8.27% and then has another steep decrease at p19 with a strain of 33.75%. The Poisson’s 

ratio drops precipitously from p18, the point before the insulator to metal transition. At 

the highest compression point p21, the Poisson’s ratio is lower than p0 (0.254) These two 

deep drops in Poisson’s ratio are the signatures of two ATAT in this amorphous system, 

one at lower compression for the insulator and one at high compression for metallic alloy. 

 

4.4.2 Electronic Structure 

The electronic structure of a-ZIF for all compressed data points is presented in the 

Fig. 9. As can be seen, a-ZIF remains as a large gap insulator with distinctive peaks from 

different bonding combinations until it reaches the pressure of 51.22 GPa at p19 where it 

suddenly transforms into a metal with very different TDOS. The TDOS for the metallic 

state has no band gap (see Table 4). Element-resolved partial DOS (PDOS) of H, C, N, 

and Zn at points p16 to p21 is shown in Fig. 10. The PDOS of Zn consists mainly of a 

narrow peak at -7.85 eV even when the structure as a whole is transformed into a metal 

at p19. Other PDOS for H, C, and N all lost their distinct peak structures and merge into 

a broad peak showing the total collapse of the IM molecule in the metallic state. 
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The PDOS for p20 and p21 are similar to p19 other than a slight decrease in Zn 

peak and flattening of H, C and N segments. For p19 the PDOS of all atoms do not have 

a gap implies all kinds of bonding between elements take part in the metallization process. 

The Femi level is located in a deep valley, also called a pseudo-gap. In crystalline metallic 

alloys, the presence of pseudo-gap implies crystalline stability. The same concept can be 

applied to multi-component metallic glasses, or non-crystalline high entropy alloys.  
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Fig. 9 Total density of states of all data points under compression. 
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4.4.3 Interatomic Bonding 

The interatomic bonding in a-ZIF under compression is important in revealing the 

changes in the different types of covalent bonds in the compression process of the rigid 
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Fig. 10 Selected partial density of states for compression. 
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framework structure. With only 4 elements in a-ZIF there could be a maximum of 10 

different bond pairs depending on the structure under deformation. 

Fig. 11 shows a bond order (BO) vs bond length (BL) plot for p0. (Similar plots 

for other data points are shown in Fig. 12). There are four main bonding types in a-ZIF 

at p0: C–C, C–H, and N–C within the IM and Zn–N bonds that connect the IM in a 

continuous random network through the Zn atoms. The contribution to the TBOD from 

different bond pairs is shown in the inset of Fig. 11. They are 44.94%, 30.91%, 14.21%, 

and 9.59% from N-C, C-H, C-C, and Zn-N pairs respectively. The N–H bonds are very 

far apart at p0 and their contribution to the TBOD is negligible (0.35%). Although the 

Zn-N bonds contribute to less than 10% of the TBOD, much less than the strong 

Fig. 11 Bond order (e-) vs. bond length (Å) for a-ZIF for p0. Inset: % contribution to the 

total bond order density from different bonds. 
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intramolecular covalent bonds within the IM linker, they play a pivotal role in the 

deformation process. Unlike the strong intramolecular covalent bonds, Zn–N bonds have 

small deviations in their BL (1.98 Å to 2.04 Å) and BO (0.21e to 0.22e) because the a-

ZIF is amorphous phase has well-defined SRO. Thus, the deformation of a-ZIF will be 

mostly reflected in the changes in the Zn-N bonds as shown in Fig. 12. 
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Fig. 12 Bond order (e-) vs. bond length (Å) of all data points under compression. 
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4.4.4 Partial Charge 

The partial charge (PC) distribution for every atom in a-ZIF model and their 

evolution with pressure can provide additional insight on its electronic structure. In Fig. 

13, we show the PC distribution for all 918 atoms for p0, and the 4 points before and at 

the metallization (p16-p19) with the average PC values for each type atom marked.  

At p0, the average PC for Zn, N, C, and H are +0.926, -0.440, -0.109 and +0.248 

electrons respectively. Zn and H are electropositive while N is always electronegative. C 

can be either electropositive or electronegative depending on the local bonding 

environment in IM. So, there is a considerable charge transfer from Zn to N through the 

Zn-N bonds in the framework. The PC for C is most interesting because it starts with two 

distinct groups. One group has PC close to zero and the other PC falls below zero. The 
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Fig. 13 Selected partial charge distribution for compression. 
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former originates from the C atom bonds to 1 H and 2 N and the other from the C=C 

double bond in the IM (C3N2H3)
-1 anion. As pressure increases, the distribution of PC for 

each atom broadens. In the metallized structure at p19, the Zn atoms are all positively 

charged as in all other strains but are more scattered in the metallic state with an average 

value of 0.827 e. Some of N atoms are now positively charged with an average value of 

-0.399 e and some of the H atoms are now negatively charged with an average value of 

0.195 e. These changes have been observed only in the metallic states which shows the 

complexity of interatomic bonding glassy metals.  

 

4.4.5 Optical Properties 

We have also calculated the optical properties in the form of the complex dielectric 

function 휀(휀1, 휀2) and the energy loss function ELF (ℏ𝜔) via the OLCAO method. From 

the zero frequency limit of the real parts of the dielectric function 휀1(0), we can have a 

reasonable estimation of the refractive index for the a-ZIF model. The refractive index is 

listed in Table 4 and complex dielectric function with energy loss function (ELF) for 

every compression step are shown in Fig. 14. In the metallized state (p19, p20 and p21) 

the effect of the pseudo-gap is reflected with large absorption at low frequency typical of 

metals. 
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From the complex dielectric functions, we can estimate the bulk Plasmon 
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Fig. 14 Optical properties of all data points under compression. 
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frequency (𝜔𝑝) (listed in Table 4) for a-ZIF under pressure. Experimentally, it is easier 

to measure 𝜔𝑝 using elastic scattering techniques than interband transitions using optical 

absorption to extract the dielectric function. In Fig. 15, we plot the refractive index 

(𝑛) and the Plasmon frequency (𝜔𝑝) as a function of strain for compression. The 

refractive index increases slowly till p19 (2.91). Plasmon frequency increases overall 

during compression there is a noticeable increase at p10. The 𝜔𝑝 increases to 26.48 eV 

for p19, which should be easily detectable experimentally.   

 

Fig. 15 Plasmon frequency (𝜔𝑝) in eV and refractive index (𝑛) vs. strain for 

compression. 
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4.5 Origin of Metallization 

In order to trace the origin of metallization at a deeper level, we have analyzed 

the changes in the interatomic bonding and electronic structure under hydrostatic 

compression.  There is a sudden drastic change in the a-ZIF framework from the 

preceding configuration with the disappearance of the band gap (see Table 4), resulting 

in a metallic phase as shown in the frames of p18 and p19 in Fig. 9. Fig. 16 shows a 

scatter plot of the BO vs BL of all bond pairs at this strain of -0.3375. It shows the 

existence of the formation of strong new bonds: N-N, Zn-C, Zn-Zn, Zn-H and even a few 

Fig. 16 Interatomic bonding for p19. Bond order (e-) vs. bond length (Å) for the 

metallic phase at strain 33.75%. Inset: % contribution to the TBOD from different 

bonds. 
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H-H bonds. Each type of bond has a certain range of BLs and varying BO values as in 

the amorphous glassy materials. Due to compression, the original strong intra-molecular 

covalent bonds (C-C, N-C, C-H, N-H) in IM also increased in BO as part of the 

metallization. Specifically, the C–C bonds have BO range from 0.81 e to 0.35 e and BL 

range from 1.29 Å to 1.70 Å; N–C bonds have BO range from 0.68 e to 0.21 e with BL 

range from 1.24 Å to 1.60 Å; C–H bonds have BO range from 0.67 e to 0.48 e and BL 

range from 1.04 Å to 1.06 Å; and N-H bonds have BO range from 0.57 e to 0.33 e and 

BL range from 1.00 Å to 1.11 Å. The most conspicuous observation is the sudden 

appearance of rather strong N-N bonds (BO ranges from 0.46 e to 0.16 e with BL ranges 

from 1.24 Å to 1.50 Å) that never existed before. The other significant observation is the 

much wider distribution of the Zn-N bonds which previously were the network binders. 

They are now ubiquitous with BO ranges from 0.43 e down to almost 0 and with the 

significant presence of the Zn-C,Zn- Zn, and Zn-H bonds. This is strong evidence for a 

new type of second order phase transition from insulator to metal as pressure is increased. 

Intuitively, we can interpret the sudden appearance of N-N bonds to be an order parameter 

𝜎 in the theory of phase transition such that such that σ = 0 means no N-N bond, and σ = 

1 means one of the N atoms in all IM molecules is involved in forming the N-N bond 

simultaneously. Fig. 12 shows the evolution of the bonds at each strain. The first 

appearance of very weak H-H bonds at large separation occurs at p6. At p11, both the Zn-

C and Zn-Zn bonds appear. At an even higher pressure at p14, Zn-H bonds start to form. 

And finally, at p19 in the metallic phase, the sudden appearance of N-N bonds. All of the 
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bonding observed at p19 persists in p20 and p21. In p21 the H-H BO have increased to 

0.89 e. It is also noted that during this evolution of various bonds, the distribution of the 

network binder Zn-N bonds steadily increases their range of distribution in BL but it is 

the sudden appearance of the N-N bonds that is responsible for the metallic state. The pie 

chart in the inset of Fig. 16 depicts the percentage contribution to the TBOD in this 

metallic alloy. Fig. 16 also shows the presence of strong covalently bonded H-H pairs not 

commonly seen in metallic alloys. Their BO are around 0.61 e, 0.62 e, 0.66 e with BLs 

of 0.74 Å, 0.75 Å, and 0.76 Å. At higher distances of separation of larger than 1.2 Å, 

there are other H-H pairs with much weaker BO values. These strong bonding of H–H 

and Zn–H is only seen in the metallized phase at and beyond p19. 

The localization index (LI) of all electron states in the metallic phase p19 and 

those of the initial equilibrium structure p0 are compared in Fig. 17(a). It shows that the 

LI for p0 are all localized since they originate from the segments of the molecular states 

of IM and the Zn-N bonds bridging them. In contrast, the LI of the organometallic alloy 

are all delocalized except at the lowest end of the band edge. These are the true 

characteristic of a metal. Near the Fermi level, there is a slight increase in the LI reflecting 

the presence of the pseudo gap near the Fermi level. In Fig. 17(b), we compare the total 

density of states (TDOS) of the three metallic phases at p19, p20, and p21. Despite the 

significant change in the strain and very different mechanical properties, all three metallic 

phases have very similar TDOS. They all have the same pseudo gap at the Fermi level, 

indicating all metallic phases will be stable. The inset of Fig. 17(b) shows the TDOS near 
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the Fermi level in the energy from -1.0 to 1.0 eV. There is a minute increase in the DOS 

at EF or N(EF) as pressure is increased. The N(EF) at p19, p20 and p21 are 13.66, 31.48, 

and 37.64 states/eV-cell respectively.  

Fig. 17 Electronic structure. (a) Localization index of the electron states in the initial 

model p0 and the incipient metalized model p19. The inset shows the closed view of the 

LI near the Fermi level N(EF).  (b) The comparison in the total DOS of the metallic alloys 

at p19, p20 and p21. The inset shows the closed view of the DOS near the Fermi level 

N(EF).  
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The atomistic origin of metallization of a-ZIF at the pressure of 51.2 GPa requires 

special attention for this unexpected phenomenon. We start the discussion with the radial 

Fig. 18 Radial distribution function (RDF) and Partial RDF for p19, the metallic alloy. 
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distribution function (RDF) and their partial components (PRDF) of this metallic phase 

shown in Fig. 18.  

Experimentally it would be very difficult or nearly impossible to resolve the 

detailed distribution with light atoms, especially the H, and so accurate simulation is the 

only technique available. The top panel of Fig. 18 shows the total RDF with prominent 

peaks marked as A, B, C, A’, D and E. Beyond 2.5Å, no structures exist as is true for any 

amorphous material with no long-range order. The PRDF in Fig. 18. shows that the peaks 

A and A’ are from H-H pairs. Peak B is a double peak from N-H and C-H pairs which 

are impossible to resolve experimentally [1]. Peak C originates from the combination of 

C-C, N-N and N-C pairs with the latter being a double peak itself, showing two different 

types of nearest neighbor (NN) N-C pairs. The broad peak D is contributed by Zn-N (a 

double peak), Zn-C, N-H, and Zn-H (second NN, or SNN) pairs. Lastly, the very broad 

peak E is mainly from SNN pairs of N-N, N-C, and C-C pairs. Please also note that the 

y-axes label in Fig. 18 are not the same for different pairs for easy contrast. 

 

4.6 Expansion 

After presenting the results for compression, we now turn to the opposite end of 

deformation, homogenous expansion of the a-ZIF from the initial structure p0. Similar to 

Table 3 for compression, we list in Table 5 the 19 data points under expansion for lattice 

parameter, volume, strain, stress, density, and porosity in the increasing order of strain.
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Table 5. Lattice constant, volume (V), strain percentage, stress/pressure (GPa), density (ρ) and porosity percentage of 

all data points under the expansion. 

Name Lattice Constant a, b, c (Å) α, β, √ V(Å3) Strain% P(Gpa)  ρ(g/ cm3) Porosity % 

p0 26.253, 23.721, 26.915, 92.69°, 93.79°, 88.89° 16704.1 0.00 0.000 1.071 58.8 

t1 26.270, 24.037, 27.247, 91.05°, 94.01°, 90.31° 17160.1 0.90 0.059 1.042 59.9 

t2 26.668, 24.401, 27.660, 91.05°, 94.01°, 90.31° 17952.0 2.43 0.198 0.996 61.7 

t3 26.801, 24.523, 27.798, 91.05°, 94.01°, 90.31° 18221.2 2.94 0.256 0.982 62.2 

t4 27.066, 24.765, 28.073, 91.05°, 94.01°, 90.31° 18767.8 3.96 0.393 0.953 63.3 

t5 27.332, 25.008, 28.348, 91.05°, 94.01°, 90.31° 19325.3 4.98 0.555 0.926 64.3 

t6 27.597, 25.251, 28.623, 91.05°, 94.01°, 90.31° 19893.6 6.00 0.633 0.899 65.3 

t7 27.863, 25.494, 28.899, 91.05°, 94.01°, 90.31° 20473.0 7.02 0.93 0.874 66.2 

t8 28.393, 25.979, 29.449, 91.05°, 94.01°, 90.31° 21665.3 9.06 0.756 0.826 68.1 

t9 28.659, 26.222, 29.724, 91.05°, 94.01°, 90.31° 22278.5 10.07 0.881 0.803 68.9 

t10 29.189, 26.708, 30.275, 91.05°, 94.01°, 90.31° 23539.2 12.11 1.019 0.760 70.5 

t11 29.720, 27.193, 30.825, 91.05°, 94.01°, 90.31° 24846.7 14.15 0.751 0.720 72.1 
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Name Lattice Constant a, b, c (Å) α, β, √ V(Å3) Strain% P(Gpa)  ρ(g/ cm3) Porosity % 

t12 30.516, 27.922, 31.651, 91.05°, 94.01°, 90.31° 26897.2 17.21 0.452 0.665 74.3 

t13 31.047, 28.407, 32.201, 91.05°, 94.01°, 90.31° 28325.1 19.25 0.315 0.632 75.6 

t14 31.843, 29.136, 33.027, 91.05°, 94.01°, 90.31° 30560.3 22.31 0.246 0.585 77.4 

t15 32.374, 29.621, 33.577, 91.05°, 94.01°, 90.31° 32113.9 24.34 0.178 0.557 78.5 

t16 33.170, 30.350, 34.403, 91.05°, 94.01°, 90.31° 34541.7 27.40 0.159 0.518 80.0 

t17 33.700, 30.835, 34.953, 91.05°, 94.01°, 90.31° 36226.4 29.44 0.138 0.494 80.9 

t18 34.496, 31.564, 35.779, 91.05°, 94.01°, 90.31° 38854.7 32.50 0.118 0.460 82.2 

t19 35.823, 32.778, 37.155, 91.05°, 94.01°, 90.31° 43512.6 37.59 0.109 0.411 84.1 



 

82 

 

As is evident in the ball and stick figure shown in Fig. 6(c), at the largest 

expansion of strain equals to 37.59% with the volume almost 2.6 times of the starting 

structure p0, the continuous network structure of a-ZIF starts to break or become 

fragmented. In Fig. 19(a) to 19(d), we show the plots of stress, density, total energy and 

porosity vs strain respectively for expansion. These plots are fundamentally different 

Fig. 19 Structural properties for expansion. (a) Stress in unit of GPa vs. strain percentage, 

(b) density in unit of g/cm3 vs. strain percentage, (c) Total energy (T.E) in unit eV vs. 

strain percentage and (d) porosity percentage vs. strain percentage. All under expansion. 
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from the similar plots for compression data shown in Fig. 7(a) to 7(d) as is expected for 

the entirely different kinds of deformation.  

In Fig. 19(a), the stress has two prominent peaks at t7 (strain = 7.02%) and t10 

(strain = 12.11%) with two data points t8 (strain = 9.06%) and t9 (strain = 10.0%) in the 

valley between them. The stress then decreases slowly thereafter except at the stress t14 

(22.31%) where a slight increase in the stress above the smooth trend can be observed. 

These structures signify the breakage of bonds of the network structure during expansion. 

Close inspection of the related structures reveals that the Zn-N bonds at this stress level 

breaks and reform in a complex fashion. As expansion continues, the network continues 

to deform by further elongation and breaking of additional Zn-N bonds with the 

covalently bonded IM anions remaining intact. Fig. 19(b) shows that the density of the 

model decreases smoothly whereas in Fig. 19(c) the total energy vs strain plot shows 

collaborating evidence of the structures shown in Fig. 19(a). Fig. 19(d) shows that the 

porosity of the model increases smoothly, since both porosity and density (in Fig. 19(b)) 

are macroscopic properties that will not be reflected in atomistic details of bond breaking 

in the expansion. At the largest expansion (t19), the volume is 2.6 times of the original 

volume and the porosity is at 84.1% compared to 58.8% in the starting case. 

 

4.6.1 Mechanical Properties 

In the present study, we have calculated the mechanical properties for every step 

of expansion (shown in Fig. 20 and Table 6) of a-ZIF with high porosity. 
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The bond breakage during the expansion breaks the network of the a-ZIF. 

Therefore, the overall mechanical properties under expansion of a-ZIF decreases 

making them softer in nature.

Fig. 20 Mechanical properties for expansion. Shear modulus (G), bulk modulus (K), 

Young’s modulus (E) and Poisson’s ratio (ɳ) under expansion. 
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Table 6 Calculated Shear modulus (G), bulk modulus (K), Young’s modulus (E), Poisson’s ratio (η), Pugh’s modulus 

ratio (k = G/K), Vicker’s Hardness (HV), stress, strain, plasmon frequency (𝜔𝑝), refractive index (𝑛) and band gap (Eg) 

as function under expansion. 

Name  G (GPa)  K (GPa) E(GPa) ɳ G/K = k HV Stress (GPa) Strain % 𝝎𝒑 (eV) 𝒏 Eg 

p0 2.519 8.875 6.903 0.370 0.284 0.423 0.000 0.00 15.63 1.33 4.80 

t1 2.414 9.184 6.660 0.379 0.263 0.376 0.059 0.90 15.67 1.33 4.83 

t2 2.219 9.491 6.175 0.392 0.234 0.310 0.198 2.43 15.62 1.31 4.83 

t3 2.135 9.098 5.941 0.391 0.235 0.303 0.256 2.94 15.61 1.31 4.84 

t4 2.394 9.446 6.622 0.383 0.253 0.358 0.393 3.96 15.60 1.30 4.81 

t5 2.817 9.204 7.668 0.361 0.306 0.498 0.555 4.98 15.58 1.29 4.75 

t6 2.940 9.266 7.976 0.357 0.317 0.535 0.633 6.00 15.56 1.29 4.18 

t7 3.039 9.266 8.217 0.352 0.328 0.569 0.923 7.02 15.49 1.28 4.80 

t8 2.501 8.216 6.812 0.362 0.304 0.455 0.756 9.06 15.50 1.27 4.03 

t9 2.842 8.318 7.654 0.347 0.342 0.568 0.881 10.07 15.51 1.26 4.00 
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Name  G (GPa)  K (GPa) E(GPa) ɳ G/K = k HV Stress (GPa) Strain % 𝝎𝒑 (eV) 𝒏 Eg 

t10 2.992 7.344 7.902 0.321 0.407 0.720 1.019 12.11 15.50 1.25 3.93 

t11 2.351 6.494 6.292 0.339 0.362 0.531 0.751 14.15 15.54 1.24 3.97 

t12 1.791 5.394 4.839 0.351 0.332 0.397 0.452 17.21 15.47 1.22 4.03 

t13 1.377 4.451 3.746 0.360 0.309 0.304 0.315 19.25 15.63 1.21 3.94 

t14 1.138 3.551 3.083 0.355 0.320 0.276 0.246 22.31 15.58 1.19 3.83 

t15 0.875 3.061 2.398 0.370 0.286 0.202 0.178 24.34 15.54 1.18 3.01 

t16 0.521 2.321 1.453 0.396 0.224 0.106 0.159 27.40 15.64 1.17 3.11 

t17 0.607 2.157 1.664 0.371 0.281 0.153 0.138 29.44 15.53 1.17 2.98 

t18 0.035 0.637 0.103 0.473 0.055 0.003 0.118 32.50 15.65 1.15 3.01 

t19 -0.106 0.009 0.103 -1.484 -12.337 - 0.109 37.59 6.44 - 3.16 
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4.6.2 Electronic Structure 

The calculated DOS for a-ZIF under expansion is shown in Fig. 21. They are quite 

similar and unremarkable. All the segments in the figure maintain the sharp peaks in the 

occupied valence band (VB) DOS, which is the same as in p0 because the molecular 

structure of the IM in a-ZIF remains intact under expansion. The only observable 

difference is the steady decrease in the band gap (see Table 6) as expansion increases and 

the appearance of defect-like states below the conduction band (CB) edge when the 

network starts to break. 
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Fig. 21 Total density of states of all data points under expansion. 
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4.6.3 Interatomic Bonding 

The BO vs BL distributions for all the expanded a-ZIF models are displayed in 

Fig. 22. As can be seen, the C-C, C-H, N-C, and N-H bonds do not change much under 

expansion because the IM anion remains intact. The only change is the steady spread of 

the Zn-N bonds starting at t6 and becoming very obvious at t7 to t10 where the stress vs. 

strain have two prominent peaks described above that can be attributed to the larger 

deformation of Zn-N bonds. This spreading of Zn-N bonds continues as the volume 

increases up to the last data point t19 where the structure has already been fractured. At 

that point, the Zn-N BL ranges from 1.82 Å to 2.11 Å with corresponding BO ranges 

decrease from, 0.28 e to 0.18 e. It is observed at t15 there appears Zn-C of BL 2.36 Å and 

BO of 0.063 e. This is an example when the Zn-N bond breaks the Zn sort of recoil and 

moves closer to C in the IM molecule. Unlike the compression cases, the other bonds 

beyond 2.25 Å are negligible including the bonding between N and H. 
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Fig. 22 Bond order (e-) vs. bond length (Å) of all data points under expansion. 
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4.6.4 Partial Charge 

Unremarkable variation is seen in expanded partial charge. Therefore, we have 

selected some points of expanded a-ZIF shown in Fig. 23 with the average PC values 

for each type atom marked. Zn atoms lose charge to N and the PC for C in IM anion can 

be positive or negative based on the local bonding within the IM molecule.  
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Fig. 23 Selected partial charge distribution for expansion.  
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4.6.5 Optical Properties 

The calculated optical properties in the form of energy loss function and the 

complex dielectric functions for expansion are shown in Fig. 24. The variations in the 

optical properties under expansion is much smaller than those encountered in the 

compression due to very different deformation behavior and concomitant changes in 

structures. The calculated optical parameters Plasmon frequency (𝜔𝑝)  and refractive 

index (𝑛) for expansion are listed in Table 6. 
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4.7 A-ZIF As A Super-soft Material 

 In general, the softness of a material is defined as the inverse of hardness or 

according to Pugh, resistance to plastic deformation and is proportional to the shear 

modulus (𝐺)[126]. Fracture strength is directly proportional to bulk modulus (𝐾), so a 

higher 𝐾/𝐺 ratio is generally associated with the malleability whereas a low 𝐾/𝐺 ratio 

implies brittleness. Most current research focuses on hard materials and much less work 

devoted to the soft materials. Some attempts have been made to define hardness based on 

empirical formula related to the G/K(=k) ratio in the work by Chen et al [127]  for 

Vicker’s Hardness, HV = 2(k2G)0.585 – 3 and lately by Tian et al [128] (HV = 

0.92k1.137G0.708). We have used Tian’s formula to calculate HV for the deformed a-ZIF 

shown in Table 4 (compression) and Table 6 (expansion).  

Crystalline ZIFs are known as soft materials because of their porous structure and 

the connections between components with specific bonding with the metal atoms. There 

is a well-established definition of softness for porous crystals. Porous coordination 

0 10 20 30 40
0

1

2

3
0.00

0.25

0.50

0.75

1.00

 

Energy (eV)

 

 

t18

 

ELF

0 10 20 30 40
0

1

2

3
0.00

0.25

0.50

0.75

1.00

 

Energy (eV)

 

 

t19

 

ELF

Fig. 24 Optical properties of all data points under under expansion. 
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polymers are classified into first, second, and third generations in 1998 by Kitagawa et 

al. [129]. If the crystal collapses irreversibly after the removal of a guest molecule in the 

pore, they are classified as first generation [58]. Second generation soft compounds are 

used as adsorbents and are comparable with zeolites i.e., they have a rigid framework and 

would retain their crystallinity after removal of the guest molecules. The third generation 

soft compounds are flexible porous frameworks that would reversibly respond to external 

stimuli, both chemical and physical. The third generation of soft compounds are porous 

crystals that acquire both a highly ordered network and structural transformability [58]. 

They go through transformation from perfect crystalline to imperfect crystalline including 

transformation into an amorphous phase. Based on the low Young’s modulus and 

hardness, ZIFs are also considered as soft materials due to the flexible M-IM-M linkages 

and the large void spaces[104]. Highly porous frameworks with the low density of ZIFs, 

such as ZIF-8 are soft phases with very low hardness [114]. The porosity of a-ZIF with 

no strain is 50%, (see Table 3) which qualifies it to be a very soft material. 

For expansion, mechanical properties have very low modulus values especially 

the G/K ratio. This signifies a-ZIF and its expanded structures are super-soft materials. 

This gives us a reasonable sample of valuable data to study the softness in relation to its 

mechanical properties except at the point t19 where the network is highly fragmented, 

and the mechanical properties lost it usual meaning. In Fig. 25(a), we plot the data for G 

vs. K, on the expanded a-ZIF models together with a few less compressed models with 

high porosity. A reasonable range for soft materials such as a-ZIF is for K to be less than 
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25 GPa and G to be less than 8 GPa [130].  Fig. 25(a) shows that the data can be divided 

into roughly three groups: a cluster of points (circled) from both expansion and low 

Fig. 25 Super-soft materials. (a) Shear modulus G vs bulk modulus K for a-ZIF from this 

work in the super soft region. The dashed line is fitted with equation G = 0.27321K + 

0.27321K2  -1.83072E-4 K3 -0.02232. The data are represented with open circle in green 

color for t’s, with solid square in red color for p’s and p0 with open black square. (b) 

Data points of G vs K for soft materials of various sources including available 

experimental computed values.  The same dashed line from (a) is plotted to show the 

reasonable agreement with the data shown in (b). The reference source of the data is listed 

in Table 7. 
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compression which is shown in the expanded scale in the inset, and two approximately 

liner curves with slightly different slopes. The lower one with a larger slope from 

expansion and a higher one with smaller slope from low compression. As a-ZIF is soft in 

nature even though it is compressed until some extent it still falls in the soft region, as 

shown in Fig. 25(a). The clustered group is a merger at which some of the compression 

data points come close to some of expansion data points. All expanded a-ZIF data points 

are definitely soft in nature. As a reasonable compromise to show the general trend of G 

vs K in super-soft materials, we fitted the data to a 3rd order polynomial. G = aK + bK2 + 

cK3 + a constant with a = 0.27321, b = 0.27321, c = -1.83072E-4 (constant = -0.02232). 

This fitted curve is shown as a dashed line in Fig. 25(a). 

Table 7 Source of data for figure 8(b).  ‘C’ is calculated and ‘E’ is experimental. 

Materials G (GPa) K (GPa) Ref 

ZIF-8 1.09 9.23 C [131] 

ZIF-4 1.11 1.54 C [81] 

ZIF-zni 2.23 15.63 C [80] 

UiO-67 5.69 17.15 C  [132] 

UiO-68 4.18 14.40 C [132] 

C10H8, P21=a 4.64 9.98 C [133] 

C10H8, P21=c 5.18 10.27 C [133] 

C14H10, P21=a 3.72 9.86 C [133] 
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Materials G (GPa) K (GPa) Ref 

C14H10, P21=c 4.05 10.04 C [133] 

100 B2O 7.10 10.50 C [134] 

UiO-66-different capping ligands   

 

Formate 7.07 19.04 C [135] 

Hydroxyl 6.87 17.64 C [135] 

Chloride 6.82 17.82 C [135] 

Brain tissue 0.00 0.05 C [136] 

(CH3NH3)2KBiBr6 7.31 14.97 C [137] 

(CH3NH3)2KBiI6 5.93 12.91 C [137] 

(CH3NH3)2TlBiBr6 7.68 16.24 C [137] 

(CH3NH3)2TlBiI6 7.14 14.64 C [137] 

α-MUF-10 1.30 6.80 C [138] 

β-MUF-10 3.20 11.70 C [138] 

Dibenzyl 2.40 5.10 E  [139, 140] 

Iododurene 2.80 5.80 E  [139] 

Benzene (240 K) 2.00 4.80 E  [139, 140] 

Benzophenone 2.60 5.40 E  [139, 140] 

Anthracene 3.20 7.60 E  [139, 140] 

Hexamine 6.10 7.70 E [139] 
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Materials G (GPa) K (GPa) Ref 

Naphthalene 3.00 5.60 E  [139] 

p-DCBP 3.20 7.40 E [139] 

Tolan 3.00 4.40 E  [139] 

340 H2O-vol NOT fixed 5.70 11.99 C[128] 

340 H2O-vol fixed 5.67 11.01 C[128] 

Co54N216C324H324 7.36 17.01 C[128] 

Zn54N324C216H216 4.04 14.14 C[128] 

Li27B27N324C216H216 5.61 11.90 C[128] 

GeS2 5.87 8.48 C[128] 

GeSe2 3.96 6.97 C[128] 

As2S3 6.96 13.10 C[128] 

As2Se3 4.91 7.57 C[128] 

As4Se4 2.17 3.16 C[128] 

Ge4Se9 4.32 6.50 C[128] 

 TlBr 7.58 22.46 E [141] 

 TlCl 7.58 23.56 E  [141] 

CsBr 7.50 13.01 E  [141] 

CsI 6.24 12.67 E  [141] 
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Materials G (GPa) K (GPa) Ref 

KBr 5.08 15.03 E  [141] 

KCl 6.24 17.36 E [141] 

KI 6.20 12.00 E [141] 

Egg white    

Cross-linked crystal 0.70 4.51 E [142] 

Non-Cross-linked crystal 1.17 4.20 E [142] 

Non-Cross-linked crystal 2.64 9.46 E [142] 

Sr60Mg18Zn22 7.71 14.60 E [143] 

Sr60Li5Mg15Zn20 7.02 16.10 E [143] 

Sr60Mg20Zn15Cu5 7.76 15.30 E [143] 

Zn20Ca20Sr20Yb20Li11Mg9 6.30 12.00 E [144] 

Breakaway glass 1.40 3.90 E [144] 

Glassy sulfur (at 0 C) 2.10 7.90 E [145] 

Se70Ge3 6.20 11.70 E [144] 

Amorphous Se 3.50 9.90 E [144] 

ZIF-8 1.10 7.75 E  [131] 

100 B2O 6.90 12.10 E [146] 

RbBr 6.60 13.80 E [147] 

RbI 5.10 11.20 E [147] 
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Materials G (GPa) K (GPa) Ref 

Stishovite 0.00 0.00 E [148] 

B2O3 glass 6.10 13.20 E [149] 

As2O3 glass 4.50 10.90 E [149] 

Ge18.2Sb18.2Se63.6 7.97 15.21 E [150] 

Ge23.3Sb3.3Se73.3 6.57 13.44 E [150] 

Ge13.3Sb3.3Se83.5 5.49 11.76 E [150] 

Se 4.63 11.45 E [150] 

Se83Te17 4.60 11.47 E [150] 

Ge13.3Sb13.3Se73.4 7.08 13.81 E [150] 

Ge23.3Sb13.3Se63.7 7.96 14.73 E [150] 

Ge25Sb10Se65 7.28 13.61 E [150] 

Ge26.7Sb6.7Se66.7 7.47 13.27 E [150] 

Ge16.7Sb16.7Se66.7 7.99 14.93 E [150] 

Ge20Sb10Se70 6.98 13.25 E [150] 

Ge16.7Sb6.7Se76.7 6.55 11.93 E [150] 

Ge3.3Sb3.3Se93.4 4.12 10.21 E [150] 

Ge6.7Sb6.7Se86.6 5.60 13.02 E [150] 

Ge10Sb10Se80 5.89 11.87 E [150] 

Ge6.7Sb16.7Se76.7 6.94 14.06 E [150] 
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Materials G (GPa) K (GPa) Ref 

Ge30Se70 6.44 12.23 E [150] 

Ge20Se80 5.65 11.45 E [150] 

Ge10Se90 4.29 9.39 E [150] 

Ge25Se75 6.67 12.53 E [150] 

Argon 1.4 1.8 E [140] 

Cesium 1.6 2.2 E [140] 

Rubidium 1.9 2.7 E [140] 

Potasium 2.65 3.6 E [140] 

Benzene 3.25 4.6 E [140] 

Dibenzyl 3.45 4.8 E [140] 

Tolane 3.45 4.1 E [140] 

Sodium 3.6 4.4 E [140] 

Ge22Se78 6.30 12.48 E [150] 

Ge13.3Sb8.9Se61.1As4.4Te12.3 7.16 14.04 E [150] 

Ge16.7Sb11.1Se55.6As5.6Te11.1 7.18 14.38 E [150] 

Ge20Sb6.7Se58.3As3.3Te11.7 7.43 15.65 E [150] 

Ge10Sb13.3Se58.3As6.7Te11.7 7.92 15.70 E [150] 

Ge16.7Sb4.5Se63.9As2.2Te12.8 6.56 13.43 E [150] 

Ge3.3Sb2.2Se77.8As1.1Te15.6 4.83 11.72 E [150] 
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Materials G (GPa) K (GPa) Ref 

Ge6.7Sb4.5Se72.2As2.2Te14.4 5.67 13.35 E [150] 

Ge13.3Sb2.2Se69.4As1.1Te13.9 5.67 13.18 E [150] 

Ge10Sb6.7Se66.7As3.3Te13.3 6.41 13.58 E [150] 

Ge6.7Sb11.1Se63.9As5.6Te12.8 7.39 15.05 E [150] 

Ge20Se66.7Te13.3 6.26 13.27 E [150] 

Ge10Se75Te15 5.73 12.86 E [150] 

Ge3.3Sb15.5Se61.1As7.7Te12.2 7.73 16.11 E [150] 

Ge3.3Sb8.8Se69.4As4.4Te13.9 6.54 14.93 E [150] 

Sb6.7Se75As3.3Te15 5.66 13.05 E [150] 

Ge22Se64.7Te13.3 6.28 12.93 E [150] 

Ge3.3Sb3.3Se56Te37.4 5.78 12.82 E [150] 

Ge6.7Sb6.7Se52Te34.6 6.63 13.66 E [150] 

Ge13.3Sb3.3Se50.1Te33.4 6.75 13.46 E [150] 

Ge10Sb10Se48Te32 7.09 15.92 E [150] 

Ge20Se48Te32 6.99 13.79 E [150] 

Ge10Se54Te36 6.10 12.78 E [150] 

Se60Te40 5.38 12.74 E [150] 

Benzophenone 3.75 5.15 E [140] 

Naphthalene 4.25 5.4 E [140] 
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It is important to test if the fitted equation has any validity with real soft materials 

other than the data we generated for a-ZIF during expansion and low compression. To 

this end, we carried out an extensive search for soft materials with both the values of G 

and K available. These data are plotted in Fig. 25(b) together with the same dashed curve 

Materials G (GPa) K (GPa) Ref 

Anthracene 4.7 6.9 E [140] 

Stilbene 4.8 6.7 E [140] 

Ice 4.9 7.3 E [140] 

Acenaphithene 4.95 6.6 E [140] 

Terpin Monohydrate 5.05 7.1 E [140] 

Hexamethylenetetramine 6.95 8.4 E [140] 

Argon 1.4 1.8 E [140] 

Cesium 1.6 2.2 E [140] 

Rubidium 1.9 2.7 E [140] 

Potasium 2.65 3.6 E [140] 

Benzene 3.25 4.6 E [140] 

Dibenzyl 3.45 4.8 E [140] 

Tolane 3.45 4.1 E [140] 

Sodium 3.6 4.4 E [140] 
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in Fig. 25(a). The data points consist of both experimental values and simulation data 

from other sources for a different variety of soft materials, including some of the very 

soft materials such as brain tissue, egg white, amorphous carbon, chalcogenides, bulk 

metallic glasses (BMG), MOFs and many more (See Table 7). The source of these data 

is listed in Table 7 together with references as appropriate. It is apparent that these data 

are quite scattered with roughly half are above the dashed curve and the other half are 

below the curve, but the general trend is well reproduced. We tentatively conclude that 

the empirically derived equation may have some validity in predicting the softness of a 

material based on the position of its G vs K values near the curve. 

 

4.8 Summary and Conclusion 

 The results presented and discussed above show some exciting new findings in 

this large-scale simulation study for a specific model of a-ZIF. First and foremost, we 

show that a-ZIF undergoes an insulator to metal transition at the pressure of 51.1 GPa 

resulting in the formation of a complex light-weight non-crystalline metallic alloy. The 

origin of this metallization is due to the sudden formation of N-N bonds at this pressure 

and the enhanced bond strength of other pairs previously absent. This new alloy phase 

has some very outstanding properties such as: (1) quaternary composition of only 4 

elements C, N, H, and metallic Zn; (2) it is very light with a density of 3.65 g/(cm)3; (3) 

it is quite ductile with a small G/K ratio for a metallic alloy; (4) it could be very stable 

since the Fermi level lies at the deep valley in the DOS and have large calculated TBOD. 
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We are not aware of any reports on this class of material and their potential applications 

should certainly be explored.  

The other significant finding is the demonstration that a-ZIF under low pressure 

belongs to the class of super-soft materials. It is generally recognized that materials with 

large porosity such as MOF or ZIF are soft materials. This is confirmed by our extensive 

calculations on the mechanical properties of a-ZIF under expansion and small 

compression. The simulated data enable us to formulate an empirical formula based of 

the functional relationship between G and K. It turns out that this formula matches quite 

well with some of the available experimental data and computational results of many 

other soft materials, at least in the sense of general trends. 

In the present case, we applied the concept of TBOD and PBOD to a-ZIF under 

deformation and provided the additional insights on the merit of using this approach to 

unravel the intricate hidden mechanism of metallization not known previously. In Fig. 

26(a), we display the TBOD of both the compression and expansion at each stage of 

deformation in the form of histogram bars. Each bar is further divided into different 

components for the bond types. At the center (p0), the TBOD is 0.0284 e-/Å3), a very low 

number compared to many of the other materials we studied. This is because a-ZIF is a 

high-porosity material with very weak internal cohesion. There are only four types of 

bonds, the intra-molecular covalent bonds (N-C, C-H, and C-C) and the important Zn-N 

bond that link the network of IM anions with metallic Zn. At the far left, the bar for p19 

where the metallization occurred, and the system becomes an organometallic alloy. The 
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TBOD value is 0.1085 e-/Å3, much larger than inorganic pyrophosphate crystal 

(K2Mg(H2P2O7)2∙2H2O [3] (0.0213 e-/Å3), C-S-H cement mineral crystal suolunite[48] 

(0.027x e-/Å3), the a-SiO2 glasses (0.0247 e-/Å3) [151], a multi-component metallic glass 

vitreloy[36] (0.0355 e-/Å3), and a hybrid mix of calcite and peptide [37] (0.029 e-/Å3). 

Fig. 26 Change in bonding throughout the deformation (a) Total bond order density 

(TBOD) vs strain % for compression and expansion. The color segments show the 

contributions (PBOD from different bond pairs. (b) Number of bonds vs. average bond 

order for p19, p0 and t19. 
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Thus, this new light weight alloy with TBOD of (0.1085 e-/Å3, 0.13434 e-/Å3, and 0.15694 

e-/Å3 at p19, p20 and p21) could be very strong due to its strong internal cohesion based 

on its relatively large TBOD. Under expansion, the TBOD decreases steadily due to 

enlarged volume expansion but the relative contributions from different components are 

the same. This is further depicted in Fig. 26(b) where we list the number of different type 

of bonds that contribute to the TBOD in the form of histogram bars. The middle panel is 

for the starting structure p0 and the left and right panels are for p19 (organometallic alloy) 

and t19 (most expanded model) structures respectively. As can be seen the most 

distinctive feature is displayed in metallic phases p19, p20 and p21 with participation of 

many different bond pairs, whereas difference in the number of bond pairs are very small 

between p0 and t19.  

In summary, we have completed the study of deformation behavior of a-ZIF using 

large-scale simulation. The accomplishments revealed are novel, exciting and important. 

They are summarized as follow:  

(1) Deformation behavior of a-ZIF under homogenous compression and 

expansion and their accompanying properties are studied for the first time. (2) 

Metallization of a-ZIF under high pressure at pressure of 51.2 GPa is discovered showing 

the formation of a new lightweight and strong organometallic glassy alloy. (3) 

Confirmation a-ZIF as a super-soft material and use the data generated to predicting 

softness of materials in good agreement with experimental data. (4) Effective use of the 

concept of total and partial bond order density for the analysis of complex interatomic 
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bonding to reveal new insights on the mechanisms of deformation of a-ZIF structure 

based on quantum mechanical calculations.  

The deformation simulations we conducted have opened a new area of research 

on light weight organometallic alloys with many interesting mechanical and optical 

properties for potential applications. The soft MOF materials are already speculated to be 

used in clothes and fabrics [152], and now in the strong new alloys whose synthesis and 

application has yet to be realized. It is anticipated that the present work will stimulate 

experimental effort for the preparation and characterization of the new organometallic 

alloys from many different types of MOF materials.  
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CHAPTER 5. PYROPHOSPHATE CRYSTALS 

5.1 Introduction 

Phosphates is a vast and complex subject with a long history intersecting multiple 

disciplines of physics, chemistry and biology. However, it is still not fully understood 

compared to another well-known inorganic crystals, the silicates [153]. The first research 

on phosphates can be traced to two centuries ago with the preparation of Na4P2O7 [154]. 

The vastly different classifications and overlapping nomenclatures of phosphates without 

consensus across different communities cause great difficulties and confusion among 

researchers. It is generally agreed that it originated with phosphoric acid H3PO4 and P 

atom is pentavalently bonded to four O atoms in forming a tetrahedral [PO4]
-3 unit.    

 In the elementary classification there are three types of phosphates, 

monophosphate, condensed phosphates and oxyphosphates [155]. Phosphoric anion 

consists of PO4 as a basic unit and is present in any phosphoric anion with P-O-P bonds 

in the condensed phase. Condensed phosphates can be described as compounds formed 

with cations consisting of alkali or other metallic elements and phosphoric anions denoted 

by (PnO3n+1)
-(n+2) (n < 20) or their various combinations with or without the presence of 

water molecules[153]. One of the condensed phosphates is the pyrophosphate, also 

known as diphosphate or dipolyphosphate. This is a subset of family of crystals that 

originates from pyrophosphoric acid P2O5∙2H2O (H4P2O7) and contains the pentoxide 

group (P2O5). Pyrophosphates exist in both crystalline as well as non-crystalline glassy 
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forms. Phosphate glasses are quite different from the silicate-based optical glasses due to 

low dispersion and high refractive indices. Alkaline earth phosphate glasses are 

particularly important due to its high transparency in the ultraviolet region [156].  

Biologists believe that Nature choose phosphates to be part of the genetic material 

such as DNA, RNA and ATP because phosphoric acid can meet the stringent condition 

required for the formation of linkage via hydrolytically stable ester bonds [157]. This 

leads to the assertion of evolutionary centrality of phosphate [157] as pointed out by Todd 

that “Where there is life, there is phosphorus” [158]. Phosphates and especially 

pyrophosphates are the usual leaving group in metabolic reaction [157] i.e., 

pyrophosphate leaves the reactant making it more reactive, and this characteristic is used 

in inhibiting infections [159]. Another example is the use of phosphates in materials, 

especially calcium orthophosphate for osteoporosis patients in hip fracture and joint 

replacement [160] in human body that demand special mechanical properties such as high 

fracture toughness and yield strength.  

Phosphates have a wide range of scientific and technological applications.  

Phosphate glasses are used as host materials for rare-earth ions in solid state laser as low 

temperature sealing glasses [156], and in lithium batteries [161]. They have also been 

used as source in near-infrared lasers [162]. Phosphate phosphor can be used in field of 

lighting due to effective excitation in near-ultraviolet range [163], Other uses of 

phosphate glasses include nuclear power production [164] and piezoelectric material for 

pressure sensor applications as demonstrate in Ga phosphate crystal [165].  
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In addition to biomedical applications, one of the major applications of 

phosphates is in agriculture and development of green energy. They are particularly 

important in a country like Morocco with long history of development and natural 

applications. Indeed, in Morocco, phosphates are exceptionally rich, both in terms of the 

content of their P2O5 containing ore and the enormity of their reserves that form the 

valuable sedimentary series. According to the report published in January 2018 by the 

USGS (United States Geological Survey), the world phosphate rock reserves are 

estimated at about 70 billion tons, of which 50 billion tons are in Morocco, which 

represents three quarters of the world's reserves. 

Phosphates are very important for the economy and industrial development in a 

country like Morocco. The OCP group (Cherifian Phosphates Office), a Moroccan 

company was created in 1920 specializes in the extraction, recovery and marketing of 

phosphate (P2O5) and the derived products. It makes Morocco the world's leading market 

in the production of phosphate products. The treatment of phosphate rocks gives the 

following marketed products: phosphoric acid (H3PO4), single superphosphate (SSP), 

monoammonium phosphate (MAP), diammonium phosphate (DAP), fertilizer (NPK), 

triple superphosphate (TSP). The strategy used by OCP group for the distribution of 

phosphate (P2O5) was based on the three sectors, fertilizers (85% by volume of P2O5), 

animal nutrition (8%) as well as a wide variety of industrial uses (7%), including laundry 

detergents and food products such as sodas, etc. Another use is that, the purified 

phosphoric acid is used as salts for the food industry such as yeast, cheese, preservation 
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of meat and fish, treatment of drinking water, etc. Other industrial uses include metal 

processing, textiles, cements etc. 

Given the complex structures of phosphates and their ubiquitous presence, 

fundamental understanding of their structures and properties is a subject of paramount 

importance. However, such studies are lagging far behind other inorganic materials such 

as silicates. High level quantum mechanical calculations always play a role in such cases 

in providing the information on electronic structure, molecular interaction and reactivity. 

They have implications on physical properties including vibrational, optical and 

mechanical properties. Such studies on phosphate crystals can facilitate identifying the 

potential usage of these complex materials. Several such investigations have appeared in 

the literature in recent years. Tang et al [166]  have investigated behavior of phosphate 

species using ab initio molecular dynamics. Application of pyrophosphate for water 

oxidation catalysts was investigated by Kim et al [167] using both experimental and 

computational methods. Other density functional theory (DFT)-based calculations for 

different kinds of pyrophosphates has been done by Witko et al [168], Zhang et al [169], 

and Xiang et al [170]. 

In this study, we present the results of calculations of five pyrophosphate crystals. 

The only difference in the structural components of these five crystals are the alkali metal 

K or NH4 and metallic elements such as Mg, Zn or Cu. They have the same pyrophosphate 

group H2P2O7 and same number of H2O molecules. We show that for such crystals, the 

experimentally determined structure may not be sufficiently accurate due to the difficulty 
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in locating exact positions of H. As expected, the electronic structure and bonding in these 

five crystals are very similar but to our great surprise, they show some considerable 

variations. The presence of narrow metallic bands at the top of valence band (VB) in the 

two Cu-containing pyrophosphates is identified. In addition, the mechanical properties 

with the parameter gauging brittleness and ductility can differ by as much as 50%. Since 

the mechanical properties of all materials ultimately depends on the strengths of 

interatomic bonding, what could be the atomistic origin of such unusual behavior for the 

pyrophosphate crystals? With the detailed and accurate calculations of the electronic 

structure and mechanical and optical properties, we offer some tangible insights that 

defies the conventional wisdom. In the next two sections, we briefly describe the crystal 

structures and computational methods used in the calculation. The main results are 

presented and discussed in result and discussion and ends with a summary and some 

conclusions.  

 

5.2 Crystal Structures 

The chemical composition of all pyrophosphate contains the ionic group P2O7
4-. 

The five pyrophosphates in this study are K2Mg(H2P2O7)2∙2H2O, 

(NH4)2Zn(H2P2O7)2∙2H2O, K2Cu(H2P2O7)2∙2H2O, 4[K2Cu(H2P2O7)2∙2H2O] and 

4[K2Zn(H2P2O7)2∙2H2O]. These structures belong to di-cationic ABPy∙nH2O family 

where A is a monovalent cation, B can be a mono-, di- or trivalent cation and Py is the 

acidic pyrophosphate group (H2P2O7)
2-. These crystals were synthesized using the wet 
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method. This method is generally applied by the strategy followed by our scientific team 

(Redouane Khaoulaf, Khalid Brouzi, and Mohamed Harcharras from University 

lbnTofail, Université Mohammed V Agdal, and Université Ibn Tofail respectively from 

Morrocco) to obtain multicomponent compounds such as acidic pyrophosphates studied 

in this work. This method is based on the preparation of a solution of the various 

precursors, which are generally sodium or potassium pyrophosphates (Na4P2O7(H2O)10, 

K4P2O7), NH4Cl, MgCl2 (H2O)6, ZnCl2(H2O)4 and CuCl2(H2O)2. We then resort to the 

solubilization of all these precursors by the addition of a strong acid of the HCl type (pH 

of solute must be controlled) with sometimes a slow stirring. After slow evaporation at 

room temperature for all the solute, which is leading to the formation of single crystals. 

These pyrophosphates have well-characterized crystal structure as well as vibrational 

analysis, Raman and infrared spectra reported such as K2Mg(H2P2O7)2∙2H2O by 

Harcharras et al [171], (NH4)2Zn(H2P2O7)2∙2H2O by Capitelli et al [172], 

4[K2Zn(H2P2O7)2∙2H2O] by Khaoulaf et al [173]. K2Cu(H2P2O7)2∙2H2O and 4[K2Cu 

(H2P2O7)2∙2H2O] are same crystal structure with different space group. i.e., P-1 and Pnma 

respectively. Their Raman and infrared vibrational spectroscopic analysis is done by 

Khaoulaf et al [174].  

It was observed that four of these crystals have very short O–H bonds in the 

experimentally measured data which appear to be unrealistic. These short O–H bonds are 

of around 0.636 Å to 0.650 Å for K2Mg(H2P2O7)2∙2H2O; 0.731 Å to 0.750 Å for 

(NH4)2Zn(H2P2O7)2∙2H2O ; 0.720 Å to 0.751 Å for 4[K2Cu (H2P2O7)2∙2H2O]; 0.738 Å to 
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0.838 Å for 4[K2Zn(H2P2O7)2∙2H2O]. This deficiency has been rectified by accurate ab 

initio geometry optimization implemented in the Vienna Ab initio Simulation Package 

(VASP) to be explained in section below. The optimized crystal parameters for all five 

cyrstals are shown in Table 8 and their polyhedral figures is shown in Fig. 27. 

Fig. 27 Polyhedra figures for the five pyrophosphate crystals viewed along the c-

direction. (a), K2Mg(H2P2O7)2∙2H2O (b) (NH4)2Zn(H2P2O7)2∙2H2O, (c) 

K2Cu(H2P2O7)2∙2H2O, (d) 4[K2Cu(H2P2O7)2∙2H2O] and (e) 4[K2Zn(H2P2O7)2∙2H2O]. 
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Table 8 Lattice parameters of the five pyrophosphate crystals 

  Space group a (Å), b(Å), c(Å), α, β, γ Volume(Å3) No. of Atoms 

C1 P-1(Ci) 6.954, 7.503, 7.589, 81.166°, 75.522°, 84.257° 378.05 31 

C2 P-1(Ci) 7.178, 7.424, 7.808, 81.007°, 71.428°, 90.952° 388.58 39 

C3 P-1(Ci) 7.101, 7.430, 7.609, 78.761°, 71.657°, 83.958° 373.38 31 

C4 Pnma(D2h
16) 9.757, 11.134, 13.728, 90.000°, 90.000°, 90.000° 1491.35 124 

C5 Pnma(D2h
16) 9.770, 11.166, 13.746, 90.000°, 90.000°, 90.000° 1499.60 124 
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 In the later discussion on the structural characteristics and their physical 

properties of these five crystals, we will focus on the difference and interplay between 

the three structural units.  The first unit is the cationic group consisting of metallic 

elements. The only difference in the crystal composition is in the first structural unit K or 

NH4, and metallic element Mg, Zn or Cu. The composition from the other two structural 

units, pyrophosphate group H2P2O7 and water are the same. To save space, we will name 

these five crystals as C1 to C5 with difference only in the first two components of unit 1: 

C1 for K2Mg(H2P2O7)2∙2H2O, C2 for (NH4)2Zn(H2P2O7)2∙2H2O, C3 for 

K2Cu(H2P2O7)2∙2H2O, C4 for 4[K2Cu(H2P2O7)2∙2H2O] and C5 for 

4[K2Zn(H2P2O7)2∙2H2O]. It should be pointed out that C3 and C4 have the same chemical 

composition and formula unit but with different crystal symmetry and volumes. The C1, 

C2 and C3 crystals have the triclinic structure whereas C4, C5 crystals have orthorhombic 

structure and called composites.  

 

5.3 Computational Details 

For structural optimization and elastic properties calculations using VASP, we 

used the PAW-PBE potential [19] with generalized gradient approximation (GGA) for 

the exchange correlation potential.  We used a relatively high energy cutoff of 600 eV. 

The electronic and ionic force convergence criteria are set at 10-9 eV and 10-7 eV/Å 

respectively.  A 6 × 6 × 6 k-point mesh was used for C1, C2 and C3 crystals and a less 

dense mesh of 4 × 4 × 4 for the two larger crystals C4 and C5. No discernable difference 
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in the relaxed structure was observed using other exchange correlation functions such as 

hybrid functional PBE0, HSE03 and applying van der Waals correction in the case of 

K2Mg(H2P2O7)2∙2H2O. For mechanical properties, we apply a small strain ϵ (± 0.25%) to 

the crystal. 

 

5.4 Results and Discussion 

5.4.1 Electronic Structure 

The calculated band structures for the five pyrophosphate crystals are shown in 

Fig. 28. They are all insulators with large direct band gaps at Γ ranging from 3.70 eV to 

Fig. 28 Calculated band structures of five pyrophosphate crystals. (a) C1, (b) C2, (c) C3, 

(d) C4, (e) C5, and (c’), (d’) magnified y-axis from -1.5 eV to 0.05 eV for C3 and C4 

respectively with dashed line showing Fermi level. 
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5.22 eV and listed in Table 10. However, on a closer inspection, we find that in C3 and 

C4 the states near the VB top are actually metallic bands with both occupied and 

unoccupied band below and above the Fermi level. This is illustrated in Fig. 28(c') and 

(d’) next to Fig. 28(c) and (d). The top of valence band (VB) in all five crystals are flat 

and the bottom of conduction band (CB) have curvatures. The calculated CB effective 

masses listed in Table 10 are comparable with each other around 0.143 me to 0.149 me. 

They can be compared to other wide-gap semiconductors such as AIP (0.13 me)[175], 

GaN (0.19 me)[176],  ZnSe (0.17 me)[177], ZnTe (0.16 me) [178], CdS (0.20 me)[179], 

and CdSe (0.13 me) [180]. The small effective mass implies these crystals could have 

large electron mobility in the CB.  Therefore, pyrophosphate crystals with wide band gap 

and high electron mobility could be used in radiation detector [181]. 

The total density of states (TDOS) for all five crystals with energy range from -

25 to 25 eV are shown in Fig. 29. The TDOS are further resolved into partial density of 

states (PDOS) for the 4 structural units. These give more detailed information on the 

interaction between different groups and the difference among five crystals. For example, 

in crystals containing K, a sharp peak at around -10 eV is due to semi-core nature of K-

3p orbital. We see a slight double peak for K due to two different types of K based on 

sites.  (NH4)2Zn(H2P2O7)2∙2H2O is the only crystal containing NH4 ligand instead of K. 

The sharp peak at around -16.38 eV is due to both N and H atoms and a smaller peak at -

6.49 eV is due to N-2p orbital. For C3 and C4, the gap state arises purely from Cu 3d 

electrons with possible interaction with water and the pyrophosphate group (H2P2O7)2. In 
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Fig. 29(f), we specifically show the PDOS of Cu in C3 and C4 in the energy range from 

-8 eV to 8 eV with the zero of energy located at the Fermi level. It should be mentioned 

that the current calculation is not spin-polarized based on the assumption that the 

pyrophosphates studied in this paper are all paramagnetic. To get much deeper insight on 

Cu-containing pyrophosphates, spin-polarized calculation or DFT +U approach should 

be attempted.  

Fig. 29 Calculated total DOS and PDOS from four structural unit. (a) C1, (b) C2, (c) C3, 

(d) C4, (e) C5 and (f) shows PDOS of Cu from C3 and C4. 
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5.4.2 Partial Charge  

The partial charge (PC) ∆Q∗ on each atom is defined as the deviation of the 

effective charge from the neutral charge on the same atom. We have calculated the PC 

for every atom in all five crystals as shown in Fig. 30.  

As expected, P, Mg, K, Cu, and H have positive PC whereas O and N atoms have 

negative PC and their values are very similar. Minor variations of the PC for P, H or O 

only reflect their locations in the structural units of H2P2O7 or H2O. The minor variations 

can also originate from the different crystal symmetry, triclinic vs orthorhombic. Thus, 

the PC for each atom in the crystals shown in Fig. 30 are not very insightful. On the other 

hand, grouping the PC for atoms in each of the three structural unit will be quite revealing. 

Fig. 30 Calculated partial charge distribution in five pyrophosphate crystals. (a) C1, (b) 

C2, (c) C3, (d) C4, (e) C5. 
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They are listed in Table 9. It is noted that there are considerable differences in the PC of 

the three structural units between the five crystals including the two water molecules 

(2·H2O). This indicates that there could be subtle difference in inter molecular interaction 

and corresponding reactivity. 

Table 9 Partial charge values from three different structural units in five crystals. The 

first five columns are the elements in the first structural unit. 

 
K2 (NH4)2 Mg Zn Cu (H2P2O7)2 2·H2O 

C1 1.68 - 1.26 - - -2.97 0.03 

C2 - 1.55 - 0.91 - -2.57 0.11 

C3 1.73 - - - 0.67 -2.62 0.22 

C4 1.74 - - - 0.59 -2.36 0.03 

C5 1.73 - - 0.85 - -2.71 0.13 

 

5.4.3 Interatomic Bonding 

The best way to describe the interatomic interaction is to show the BO vs BL 

distribution in each crystal and then use the data to obtain the TBOD and PBOD for each 

structural unit. We noticed the experimentally determined structure may not be 

sufficiently accurate due to the difficulty in locating exact positions of H. Except for C3 

we noticed short O-H bonds in other four crystals. We have shown original experimental 

structure’s BO vs. BL for one of the crystals, C1, in Fig. 31(a’). We have compared this 
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with optimized structure in Fig. 31(a). The two unusually short O–H bonds of BL 0.63 Å 

and 0.64 Å with high BO values depicted in Fig. 31(a’) have been corrected after 

optimization to 1.10 Å and 1.12 Å and reasonable BO values (Fig. 31(a), blue ellipses).  

Another major change due to optimization is that in the unrelaxed experimental structure, 

the four hydrogen bonds (O∙∙∙H) are relatively weak with typical HB length of 1.8 Å.  

Fig. 31 BO vs. BL for all pairs of atoms in (a’) unrelaxed C1, (a) relaxed C1 (b) relaxed 

C2 , (c) relaxed C3, (d) relaxed C4, (e) relaxed C5, (f) bar graph of contributions from 

different bonds types in the five pyrophosphate crystals, and (g) illustration of the C1’s 

bridging bonds O–H–O of 1.30Å (shown in blue) after optimization between H2P2O7 

group in the adjacent cell (lower O–H–O is not clear, there is an oxygen atom behind 

potassium atom). Dark purple: K, light purple: P red: O, orange: Mg, light pink: H.  The 

figure in right shows O⋯H bonds of 1.77Å and 1.81Å. 
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After optimization, two of the HBs become much stronger with BO of 0.139 and 0.134 

and BL of 1.304 Å and 1.349Å respectively forming a bridging bonds O–H–O (brown 

inverse triangle) in Fig. 31(a)). The O–H–O of C1 is shown in Fig. 31(g)The other two 

HB remains similar. 

The BO vs BL distribution for the five pyrophosphate crystals turns out to be quite 

similar except for C3 and C4 containing Cu. We present the distribution for all crystals 

Fig. 31(a) to (e) respectively. More detailed discussion for C1 has been described in ref 

[3]. Essentially, there are six types of different interatomic bonds for each crystal. The 

four common bonds in each crystal are covalent bonds (P-O, O-H), hydrogen bond (HB) 

(O···H), and bridging bonds (O-H-O). The covalent P-O bonds within the structural unit 

H2P2O7 is the strongest bonds and they are only slightly different in each crystal, which 

implies the strong tetrahedral unit PO4 as is true in all phosphates. Mg-O and Zn-O bonds 

are stronger in comparison to K-O bonds and they form octahedral units in the respective 

crystal. In C2, the unique covalent N-H bonds are very strong since they are part of the 

intramolecular bonds in NH4. The BO for Cu-O in C3 and C4 with same chemical 

composition are quite different. In C3 some of Cu-O bonds have larger BL of 2.50 Å with 

lower BO of 0.054 e. This shows difference in bonding due to crystal structure. The sum 

of total bond order values in the crystal when normalized by volume gives the TBOD, a 

very useful parameter to identify internal cohesion in pyrophosphate crystals and they are 

listed in Table 10. It turns out that C2 has the highest cohesion with TBOD of 0.02743 e-

/Å3, much larger than the other four crystals with very similar TBOD. The PBOD from 
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different bond types is shown in Fig. 31(f) in the form of histogram. P-O bonds have 

highest contribution in all crystals and is responsible for its internal cohesion. Apart from 

the strong N-H bonds in C2, O-H is second most significant bonds in these crystals. 

However, all other bonds also play its part in crystal cohesion of pyrophosphates 

including the O∙∙∙H hydrogen bonds.  

Table 10 Calculated physical properties for the five pyrophosphate crystals. 

   Eg (eV) me* (me) 𝜺𝟏(𝟎) 𝒏 𝝎𝒑(eV) TBOD 

C1 5.22 0.143 2.09 1.44 22.98 0.02125 

C2 4.91 0.146 2.11 1.45 20.85 0.02743 

C3 3.70 0.146 2.37 1.53 23.14 0.02141 

C4 4.20 0.146 290.99 17.06 22.89 0.02139 

C5 4.99 0.149 2.15 1.47 22.67 0.02155 

 

5.4.4 Mechanical Properties 

Mechanical properties are essential for any materials with technological 

applications. However, they are very little information on the mechanical properties for 

pyrophosphate crystals in contrast to their vibrational properties. To fill this gap, we have 

calculated the elastic coefficients from the VASP relaxed structure for the five crystals. 

From the elastic coefficients, the mechanical parameters for these crystals are obtained 
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using the VRH approximation for poly-crystals [31-33]. They are bulk modulus (𝐾), 

shear modulus (𝐺), Young’s modulus (𝐸) and Poisson’s ratio (𝜂) and listed in Table 11.  

Table 11 Calculated Cij and mechanical parameters for the five pyrophosphate crystals. 

  𝑲(GPa) 𝑮(GPa) 𝑬(GPa) 𝜼 𝑮/𝑲 𝑨𝑼 

C1 22.88 15.63 38.19 0.2218 0.6831 3.6100 

C2 30.28 14.84 38.26 0.2894 0.4899 3.1220 

C3 28.19 14.66 37.48 0.2784 0.5199 2.7776 

C4 30.26 13.90 36.15 0.3009 0.4591 0.7182 

C5 24.53 15.58 38.57 0.2379 0.6351 1.9064 

 

Also included are the Pugh ratio 𝐺/𝐾 and the universal elastic anisotropy parameter 𝐴𝑈 

[182]. 𝐴𝑈 equal to 0 implies perfect isotropy and is usually much less than 2 and seldom 

goes beyond 4 for most crystals with different crystalline symmetries [182]. There is a 

large variation of 𝐴𝑈 among the five pyrophosphate crystals with a low value of 0.7182 

for C4 and high value of 3.610 for C1 thus C1 is far more elastically anisotropic than C4. 

Low symmetry triclinic crystal should have higher AU compared to orthorhombic 

crystals, however, it is still disconcerting that C5 which is also orthorhombic has much 

larger 𝐴𝑈 than C4. Each of these mechanical parameters are correlated and all are derived 

from the elastic coefficients.  Higher the bulk modulus, less compressible is the system. 

Shear modulus is related to the rigidity of the material and Young’s modulus represent 
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stiffness of the material. 𝐺/𝐾 is a parameter based on Pugh’s criteria [126] to estimate 

brittleness or ductility in pure metals from comparative analysis. i.e., if 𝐺/𝐾 ratio is high 

then it is brittle and ductile if 𝐺/𝐾 ratio is low. However, Pugh’s ratio may also work in 

other materials as it also has relation with Poisson’s ratio (𝜂) i.e, higher 𝐺/𝐾 ratio lower 

is 𝜂 and vice versa. All five crystals have low 𝐾 and 𝐺 values with 𝐾 ranges from 22.88 

GPa to 30.28 GPa and 𝐺 ranges from 13.90 GPa to 15.63 GPa respectively. As a result, 

𝐺/𝐾 ratio ranges from a low value of 0.4591for C4 to a much higher value of 0.6831 for 

C1. This is a variation of almost 50% in the Pugh ratio signal the brittle nature for C1 and 

being ductile for C4. Given the fact that they have almost identical TBOD (C1: 0.02125 

and C4: 0.2139), there must be a credible reason for rationalization with the use of Pugh 

Fig. 32 Shear modulus 𝐺 vs bulk modulus 𝐾 for the five pyrophosphates and other 

selected materials. 
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ratio. In Fig. 32, we plot the 𝐺 vs 𝐾 in the range for 𝐾 from 0 to 40 GPa and 𝐺 from 0 to 

20 GPa for the five pyrophosphates C1-C5 together with a selected set of materials such 

as chalcogenides [150], oxide glasses [149], organic molecules [139], alkali metal halides 

[183, 184], thallium halides [184] within the same range. The slopes of the dashed lines 

show the 𝐺/𝐾 ratio which are close to the inverse of the Poisson’s ratio for the 

pyrophosphates. They can be divided into 2 groups with 𝐺/𝐾 = 0.611 (C1, C5) and 0.457 

(C2, C3, C4). One is ductile and other is brittle in comparison. We are not aware of 

experimental measurement for these pyrophosphate crystals, so the results presented can 

be considered as theoretical predictions.  

 

5.4.5 Optical Properties 

The optical properties for the five pyrophosphate crystals are calculated in the 

form of complex dielectric function based on the one-electron theory of interband optical 

transition. The calculated real (휀1) and imaginary (휀2) parts of frequency-dependent 

dielectric function are shown in black and red color respectively in Fig. 33 (center panel 

(a) to (e)). Optical absorption spectra in all five crystals above the absorption threshold 

of 5.0 eV show five peaks A, B, C, D and E roughly in the ultraviolet region. This feature 

is related to the similarity in the TDOS (Fig. 29) dominated by the PDOS of the H2P2O7 

unit. However, for the absorption spectra for the Cu containing crystals C3 and C4 in Fig. 

33(c) and (d), additional absorptions occur in the 0.0 eV to 5.0 eV region which are in 

the infrared, visible, ultraviolet spectral region (See the far-left column in Fig. 33). This 
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is due to the presence of unoccupied part of the metallic band discussed in electronic 

structure section. This made its optical properties in C4 resemble a metallic material with 

huge peaks at energy close to 0.0 eV. On the other hand, the optical properties for C3 is 

quite reasonable despite the same chemical composition and formula with C4. The optical 

absorption (휀2) in C3 occur at a higher photon energy than in C4. After Kramers-Kronig 

transformation of 휀2 to 휀1, 휀1 at zero is only slightly larger than those in C1, C2 and C5 

but still reasonable. A plausible explanation on the difference between C3 and C4 is they 

have different crystal symmetry (space group P-1(Ci) and Pnma(D2h
16) respectively) 

despite these two Cu-containing pyrophosphates have the same chemical formula. This 

is one of the very rare examples that the crystal symmetry can play a critical role in the 

optical properties in the infrared frequency region. 

The refractive index for the five pyrophosphate crystals can be obtained from the 

square root of zero-frequency limit of real part of the dielectric function (휀1(0)). They 

are listed in Table 10 and are in the range of 1.44 to 1.53. The value of 𝑛 is 17.06 for C4 

is questionable due to large absorption in the infrared region. These refractive index 

values can be compared with 60% glucose solution in water (1.44) [185],  BaF2 (1.47) 

[186], CaF2 (1.433) [186], SrF2 (1.44) [186], CsF (1.48) [186], RbBr (1.55) [186], and 

RbCl (1.49) [186] etc. 
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In the right panel of Fig. 33((a’) to (e’)) we display the calculated energy loss 
Fig. 33 Optical properties for the 5 pyrophosphate crystals: Center panel: real (휀1) and 

imaginary (휀2 ) parts of the dielectric function. Far left panel: expanded illustration of 휀1  

and 휀2) from 0.0 to 5 eV. Right panel, the electron energy loss function (ELF). (a), (a’) 

for C1; (b), (b’) for C2; (c), (c’) for C3; (d), (d’) for C4; and (e), (e’) for C5. 
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function (ELF) for the five crystals whose optical absorption spectra are shown in the 

center panel. The peak of ELF is known as plasma frequency (𝜔𝑝 ), 𝜔𝑝 is the frequency 

of collective excitation of electrons in solid at high energy and can be easily measured 

experimentally. The 𝜔𝑝 for all five crystals are listed in Table 10. They range from 20.85 

eV in C2 to 23.14 eV in C3.  

 

5.5 Summary and Conclusions 

We have presented detailed results on the quantum mechanical calculation on 

electronic structure, partial charge, interatomic bonding, mechanical and optical 

properties of five pyrophosphates with very complex structures. To our knowledge, these 

are the first time such calculations have been attempted. This enable us to make detailed 

comparisons on the structure and properties among them. The fundamental understanding 

of pyrophosphate crystals can open door for many applications. The general conclusions 

of this study can be succinctly summarized as follows:  

(1) The existing crystal structure data from XRD is not sufficiently refined which 

results in unrealistically short O–H bonds. This is rectified by high precision 

computational optimization. Therefore, conventional XRD data and its structural analysis 

may be questionable for crystals involving light H atoms because of their weak intensity 

signals in the measurement. This could affect many of the published data on the structures 

of pyrophosphates. High level DFT calculation can ameliorate the situation and should 

be part of future crystallographic analysis. (2) The electronic structure and bonding in 
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these crystals appear to be quite similar, but there are subtle differences in bonding in 

these crystals due to differences in their compositions in different metallic elements and 

crystal geometry. (3) The presence of very narrow metallic state of Cu in the crystals can 

induce empty states above the Fermi level which make its optical properties more 

complicated and interesting. (4) NH4 is a unique group of atoms to replace the metallic 

ion. It is the only present in C2 crystal, which has the largest TBOD. (5) Crystal symmetry 

plays an important role, triclinic vs orthorhombic. This implies short range intermolecular 

action is more critical than longer range crystal symmetry. (6) H2P2O7 is the most 

important and dominating unit in pyrophosphates. The water molecule provides the 

unique H∙∙∙O bonds and metallic elements can influence the structure bonding and 

reactivity to a certain extent. (7) The mechanical properties of these five crystals vary the 

most but detailed correlation to structure and electronic properties remains clear.  
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CHAPTER 6. FINAL REMARKS 

We used a combination of OLCAO and VASP to study (1) the electronic 

structures, optical, and mechanical properties of a-ZIF, and five pyrophosphate crystals 

and (2) deformation behavior of a-ZIF. 

 We constructed a near-perfect continuous random network of a-ZIF and studied 

electronic structure of a-ZIF with some c-ZIFs (ZIF-4, ZIF-zni and ZIF-8). We studied 

deformation behavior of a-ZIF by stepwise compression and expansion. In the 

compression study, we discovered a new multicomponent light amorphous alloy. As a-

ZIF is a super-soft material, we used their deformed expanded structures to predict 

softness of different materials. Many c-ZIFs have large-porosity zeolite structures that 

are ideal for molecular encapsulation. We can expand this study by encapsulating 

molecule starting with simple molecule such as CO2 in the a-ZIF model.  

The search for expanding the practical usage of pyrophosphate crystals is going 

on in Morocco. Deep level electronic structure study can help us understand the crystals 

as well as give insight of their potential applications. The work presented represent the 

first step in understanding the structure and properties of pyrophosphates. Much work 

remains to be done especially in the direction of having different transition metal elements 

and invoke spin-polarized calculation for magnetic properties.   
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APPENDIX 

Input files INCAR, KPOINTS and POSCAR used for VASP calculation are listed. 

INCAR file for deformation behavior study of a-ZIF calculation. 

System = Deformation behavior a-ZIF 

ISMEAR = 0       ! Gaussian Smearing. 

PREC = Accurate      ! Determines precision. 

ENCUT = 600 eV  ! Cutoff energy. 

EDIFF = 1.0E-7  ! Energy difference convergence limit for electronic optimization. 

EDIFFG = -1.0E-5 ! Energy difference convergence limit for ionic optimization. 

IBRION = 2       ! Ionic relaxing algorithm (conjugate gradient algorithm).  

NSW    = 1200      ! Total number of ionic steps. 

ISIF   = 2        ! Principal degrees of freedom. 

LREAL  = Auto     ! Projection on real space. use FALSE (default) for reciprocal space. 

NPAR   = 16      ! Best sqrt of NCPUs used. should be >= NCPUs/32. 

ALGO   = Fast     ! Electronic minimization algorithm (mixture of the Davidson and 

RMM-DIIS algorithm). 

LCHARG  = F        ! No writing in CHG and CHGCAR files 

LWAVE  = F        ! No writing in WAVECAR file 

 

 



 

136 

 

KPOINT file used for deformation behavior study of a-ZIF. 

G 

0     ! 0 means automatic generation scheme 

G    ! G means gamma centered grid 

1   1   1   ! Subdivisions along the reciprocal lattice vectors 

0   0   0   ! Optional shift of the mesh 

 

POSCAR file for relaxed a-ZIF (p0). 

 

System   Zn54N216C324H324               

   1.00000000000000      

    26.2514461864538582    0.3030169344495507   -0.0212465443628228 

     0.1852354515690849   23.7171529160958592   -0.3788364542342813 

    -1.7468786552705746   -0.8208247384888389   26.8457035222849676 

   Zn   N    C    H  

    54   216   324   324 

Direct 

  0.5918762625201514  0.6329385829298948  0.2893274548081435 

  0.8877116615034708  0.7885290958833369  0.5946115426848391 

  0.3264892259527497  0.4392357347958617  0.7303895764947579 

  0.7881637395191978  0.8446123836618908  0.1340496461838031 

  0.4204858407477449  0.7192620540234208  0.1657670838347961 

  0.6863283229948578  0.7421154880231667  0.4770614047275344 

  0.5537647491728364  0.7896196103155014  0.6468860895582081 

  0.6763427529912965  0.9320790754340194  0.8030785840364102 

  0.6001826136683226  0.8440359829749068  0.9907568602846212 

  0.6872162137226286  0.9202677623666726  0.3210159548715282 

  0.4403476821886334  0.1659854568541846  0.4835762065390046 

  0.7507161480309081  0.1565095407207429  0.3932756820484468 

  0.6227165500548498  0.3116381396118322  0.5216382988663781 

  0.9514497227231374  0.4302598360036443  0.6409164026244663 

  0.7640391886234333  0.1505805570647278  0.7501556389444698 
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  0.7769411876136545  0.3746506240184841  0.0621979803823326 

  0.5550642807866458  0.3720348984134794  0.0554105610986141 

  0.5005591958277342  0.4329562863292674  0.3768672577716014 

  0.0254427224189873  0.6015616324767582  0.5186796738373149 

  0.3909791483862087  0.9444643228450306  0.0023476423766761 

  0.0899873834991848  0.9233075896519209  0.1406473897235315 

  0.1049774795766429  0.5179671278986496  0.0032576569946356 

  0.7776900147242972  0.5970119551704293  0.1713928486711316 

  0.2420208038568052  0.6699005626107459  0.4916870358355417 

  0.8764338955719352  0.8026202462793780  0.8176823718248832 

  0.9665543477946431  0.1353738042308577  0.8733134602749077 

  0.0669204176781905  0.7624992298562748  0.9582653815038433 

  0.9054259363822241  0.0394391678839172  0.0660465462763908 

  0.0700022954784592  0.7518985768760917  0.2903951554781220 

  0.0983157024380071  0.1197487130998288  0.5748508834731202 

  0.8794988897257613  0.1980587572773839  0.5770395488287914 

  0.2222570239125517  0.2487151486681038  0.4393145726086082 

  0.8293628690532324  0.5542032224457618  0.7866770535909196 

  0.1220204153301875  0.4009935337490950  0.7973708497177812 

  0.8496237228851586  0.2189260829547888  0.2169419518588881 

  0.9565872308799498  0.5320438802597980  0.3099848212417029 

  0.3353843335242696  0.4454574150693035  0.5242424919461350 

  0.4298922510323592  0.6577957041115616  0.7850011634089896 

  0.5228814030784995  0.6122043440572956  0.9893911964472795 

  0.4982101809280229  0.0612682274355180  0.2879921938584772 

  0.9337376323611237  0.3842669201940107  0.9208458843146115 

  0.2123909002160389  0.8672526263257307  0.6325057468379454 

  0.2529906658188045  0.8122477038082253  0.8493429862015234 

  0.4021496174983937  0.9795879882816279  0.6205060832082647 

  0.3109381427579097  0.9460784313398243  0.2015942731647455 

  0.4217270731344165  0.2793101293719972  0.2069284642026746 

  0.0369743206898462  0.8953596627229942  0.4829147113499926 

  0.1705439176935786  0.1473614612665022  0.7889742567030029 

  0.0586149117898798  0.2999612967902408  0.2795236335746989 

  0.6685554675001134  0.3810876736933295  0.7392478180771328 

  0.3941171560225942  0.0858309700743924  0.8271822118559609 

  0.4827777424192375  0.3146254884997633  0.8416923582175583 

  0.2163796876018618  0.3878226992892621  0.1642762339307068 



 

138 

 

  0.2613064559291510  0.6078702516883195  0.2751443280175497 

  0.5488271661186231  0.6960425008516643  0.2602941896092814 

  0.4848527946309960  0.7281749454566403  0.2092036443966432 

  0.6401463864335248  0.6469830898934888  0.3492783140490121 

  0.6767356294094929  0.6840071704937213  0.4206995414693998 

  0.6365672693820791  0.6038635584380826  0.2360853395081955 

  0.7053145190654593  0.5979594459855312  0.1909493243568880 

  0.5388649113733204  0.5794840346850541  0.3091521891768013 

  0.5051249304226760  0.5045055180083108  0.3416341101365403 

  0.8929498952500198  0.8189361390344680  0.6657674574233101 

  0.8975674578415589  0.8176104141392961  0.7492988821418126 

  0.8224157815408968  0.7529122987704575  0.5679328601907379 

  0.7504831991814898  0.7347662009256065  0.5208378898586933 

  0.3451310753089972  0.3933573585584819  0.6687814524448976 

  0.3497735987813649  0.4033780197369894  0.5866425477330311 

  0.3646439398485145  0.5112148403292018  0.7220575586086193 

  0.4013231211570741  0.5951429245540046  0.7391583050169526 

  0.2513994487579239  0.4502870630364121  0.7314256071735106 

  0.1723202331908928  0.4331020337880090  0.7528016498045307 

  0.3547048676759204  0.4040664322824881  0.7926593800351615 

  0.4153334861873394  0.3561064277727543  0.8364961866652868 

  0.7788407907208056  0.8676768079703517  0.2058230911970144 

  0.7385186244914633  0.8885134621874503  0.2753878581788799 

  0.8063286468624633  0.7620405614736856  0.1342618742756033 

  0.8040911324395396  0.6710503871787377  0.1530003032704933 

  0.3690584142358351  0.7828745068849825  0.1687570522737571 

  0.3258847448984450  0.8628916851741111  0.1869892368658987 

  0.3814414513844392  0.6552624148522276  0.1918913607891694 

  0.3210073657387656  0.6149323672062689  0.2328069340604045 

  0.6732906613141750  0.8136457912009281  0.4403163471497996 

  0.6682949980151131  0.8707042280767893  0.3758650581916161 

  0.6305303169311182  0.7322230823148225  0.5236183964330300 

  0.5839357205042296  0.7460356559894575  0.5900929877782807 

  0.6040772586449044  0.8458968256310685  0.6785187901291496 

  0.6502198074057602  0.8975278259437605  0.7365640089439522 

  0.5318617072789761  0.7402030710540296  0.6998182619486595 

  0.4849961779707900  0.6964205764377245  0.7525715304249948 

  0.4949282247252478  0.8346790006851923  0.6164599706964243 
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  0.4397026629748813  0.9069179255159399  0.6051274018811175 

  0.6284107695102871  0.9096298394410905  0.8533070020383499 

  0.6007962607818707  0.8758948255501996  0.9229973384411390 

  0.7480604948903951  0.9092916562578883  0.8255351607453065 

  0.8224256836239873  0.8614246392264360  0.8335575893671140 

  0.5319847114377180  0.8631304954361145  0.0182312573960896 

  0.4513764388685373  0.8955931418345381  0.0211348128144392 

  0.6044355947192219  0.7594169062056416  0.9839701151176051 

  0.5766284545616424  0.6708284024566206  0.9854896032985097 

  0.4806789739859024  0.2337183777064052  0.5088486946834350 

  0.5514307101577629  0.2836203842659523  0.5288490063343730 

  0.4816414739766612  0.1226078021437654  0.4332633135228158 

  0.5077828653991013  0.0863500575135503  0.3604876715680129 

  0.3695119815814853  0.1760490718266446  0.4518084896363784 

  0.2887995522525707  0.2059800866741353  0.4350711616166341 

  0.7522282332747109  0.1940590921989581  0.3290577522788214 

  0.7931626020875618  0.2189949901483090  0.2632217771679847 

  0.6993597431877584  0.1855334573534579  0.4403552027371137 

  0.6584949601406165  0.2427724177073301  0.4937120653520455 

  0.8180766002674043  0.1647045536633596  0.4335390102328494 

  0.8665220755335402  0.1776112979399984  0.5046877282299937 

  0.6553689596298338  0.3464819083019207  0.5844735648223621 

  0.6713239174634120  0.3740964758283968  0.6647273663896500 

  0.6155988977793811  0.3680779623071928  0.4678293064281895 

  0.5701472160236662  0.4117533588046884  0.4069167124716764 

  0.9066307191969069  0.3684554312506806  0.6122420936025867 

  0.8783661218471470  0.2815955006246167  0.5912754622065119 

  0.9033093930969828  0.4929262222554166  0.6625979930969866 

  0.8572946719631749  0.5401343893224256  0.7188699323205745 

  0.8357079252484264  0.1292755517408396  0.7751467797950370 

  0.9128418412157919  0.1288390864633365  0.8162814804686011 

  0.7741564731117444  0.1515642803031342  0.6766969549034848 

  0.8222418649433408  0.1665809923385155  0.6128785990232837 

  0.7412445107888912  0.2279595402284939  0.7734559006902566 

  0.7062094871761105  0.3145901963349686  0.7685924733481762 

  0.7098845607284440  0.3433115229673480  0.0773826549855906 

  0.6245273156369204  0.3426881473643770  0.0772624005945103 

  0.8241393531307173  0.3488095506441807  0.1188637280005940 



 

140 

 

  0.8468209117665451  0.2899792165899333  0.1794644821599755 

  0.7748340323557071  0.4594876774896899  0.0693940816273498 

  0.7777951759385270  0.5435007909771050  0.1111318837313605 

  0.5066716482431446  0.3667558244705898  0.1088762216412627 

  0.4571770250805549  0.3320467538146489  0.1644447151245823 

  0.4652336705744210  0.3680962715541725  0.3402049891593707 

  0.4323748386525511  0.3122771581257024  0.2770876395425880 

  0.4614017037660118  0.4511562065572389  0.4378501773539922 

  0.4009306749334366  0.4548103198536229  0.4928385498470119 

  0.0865724092983381  0.6351196894715325  0.4914973308740170 

  0.1658025402689157  0.6641914479314327  0.4813938141670914 

  0.3297847294809726  0.9105879602267632  0.9631837725208440 

  0.2774590616812430  0.8653885360746616  0.9059075111147314 

  0.0516069381424661  0.8730803862442986  0.1829143276987854 

  0.0450312845439381  0.8090269421877501  0.2407917831907987 

  0.1538656989485686  0.9407222547054956  0.1827941235504083 

  0.2360328062294193  0.9526672882215590  0.2083444224672121 

  0.0844351396246701  0.5997964165427940  0.0116886327885719 

  0.0674358962686041  0.6903129146209283  0.9948127333877232 

  0.1238498202922216  0.5012389436912438  0.9319679351345467 

  0.1292637760658207  0.4561431835007401  0.8571389510246673 

  0.8199728591896162  0.5597321465514818  0.2266828763386012 

  0.8870745257789701  0.5294967394820109  0.2748587561905741 

  0.2592738885827729  0.7367836253443912  0.5367724836606271 

  0.2483527358974982  0.8024514606342397  0.5979070305982724 

  0.2691011070238793  0.6049890466443731  0.5311162527932634 

  0.3059849315751407  0.5207346525048180  0.5442099612342252 

  0.2745430692868595  0.6580674741185801  0.4266217663305881 

  0.2820292713564854  0.6271473822054140  0.3473584913927549 

  0.8406611010748373  0.7279525108307705  0.8168882298405435 

  0.8239933533708440  0.6355708031576525  0.8080377682182740 

  0.9796355522010842  0.2164099177115614  0.8952284787633012 

  0.9701177244218253  0.3102141058586429  0.9070096899289172 

  0.1182280251255164  0.7561746823675145  0.9059431878843058 

  0.1880323754232137  0.7755422803866959  0.8664778773776064 

  0.8619904374353511  0.0913155961962709  0.1065944603305155 

  0.8413018769295743  0.1548297505835542  0.1664158405012189 

  0.0768385717688179  0.7963330000409187  0.3564789317541628 
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  0.0640458663285674  0.8544454367701213  0.4229928924060158 

  0.1412575420297526  0.7267527107354188  0.2729240433766792 

  0.2087231458074726  0.6693349748719452  0.2603484709986092 

  0.1407845368796959  0.1038157827412664  0.6376759971892341 

  0.1700691986865209  0.1213470349304656  0.7170081077983808 

  0.1312264992369090  0.1841561848480897  0.5444839617232825 

  0.1831874944252135  0.2300843642067878  0.4980296977923465 

  0.1748350706696500  0.2366885696811057  0.3783351052905629 

  0.1104484895234455  0.2581751638363489  0.3231256893651480 

  0.2368621303039115  0.3314336053232335  0.4495474477918359 

  0.2809829857497336  0.4066298974142900  0.4803735291644426 

  0.8826215313351424  0.5134063947600584  0.8299304947803771 

  0.9236289128137233  0.4439905818347383  0.8709253078635242 

  0.7607991286124842  0.5181577437948237  0.7845963034834273 

  0.7010155493362096  0.4530212342319053  0.7656520464587864 

  0.1477709570802706  0.3235364424808067  0.8148044461175135 

  0.1669384857102407  0.2309956563651757  0.8076145498137286 

  0.4645892578497433  0.6152349537956819  0.8418549485721181 

  0.4947885386353342  0.5966712576358671  0.9192950384212971 

  0.3719294874584069  0.6967540599623570  0.8185137093374754 

  0.3050875744004517  0.7501816483096360  0.8407172976565230 

  0.4857903730310339  0.1218960446774208  0.2386069066574486 

  0.4521993364255681  0.2010772987263649  0.2064076824959158 

  0.1402054965152919  0.8671504714491118  0.6048560180841934 

  0.0742493370700853  0.8717615250369002  0.5477555088734252 

  0.2201653066685337  0.8731122606557560  0.7067894618963381 

  0.2389584935587008  0.8542006011322419  0.7867869123284309 

  0.2512923448978753  0.9326761672948772  0.6085260993019580 

  0.3279629602862897  0.9699140983213975  0.5997471423689864 

  0.3477779814138736  0.2858330602956885  0.1833632298410863 

  0.2738945645642419  0.3309397225055440  0.1634477571593511 

  0.2370214527877619  0.1219097411174357  0.8228279906297431 

  0.3209635190248746  0.1064695998946616  0.8385001933622237 

  0.0919958949647726  0.3065597730082446  0.2146399304418617 

  0.1526098428741783  0.3442430778801076  0.1720733488166331 

  0.5964841504535778  0.3794540465566417  0.7592496385266975 

  0.5288583455661661  0.3565775584611007  0.8003570994480622 

  0.4367759814451908  0.1498222913329227  0.8100070897414076 
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  0.4707860471115140  0.2358671930901652  0.8137601606347588 

  0.2287372629575136  0.4434992663149120  0.2228998269747074 

  0.2397279705739742  0.5271762145299015  0.2644218176258198 

  0.9422307148586824  0.7271261829328192  0.5942873472765035 

  0.9936018403479219  0.6580925990536701  0.5656980421448554 

  0.9092241587327409  0.8453526020691416  0.5470998994204751 

  0.9643101240058130  0.8831905316578306  0.4982207823822448 

  0.7233282354433076  0.8677346629643887  0.0953805866625197 

  0.6569334680175988  0.8704958945488366  0.0387364652731610 

  0.8414248584699252  0.8863700216162634  0.1005056147691188 

  0.8790728904688263  0.9604980251221449  0.0703424225394662 

  0.4341960607626932  0.6951950121734566  0.0952480184482738 

  0.4696355320285996  0.6500062724312371  0.0306971868718556 

  0.6805256174424070  0.0153874867586272  0.7934281754915522 

  0.7133064409951217  0.0958630170916402  0.7702279724470772 

  0.7192801677045522  0.9858282966081895  0.3608565071743501 

  0.7454355884899582  0.0725314211185916  0.3855310587480517 

  0.6232808939316087  0.9495391725461525  0.2848795539481813 

  0.5533248570995496  0.0043071657549591  0.2723586437572184 

  0.4430195808659104  0.1188567640938066  0.5438612029904072 

  0.4310562927509453  0.0477123876005617  0.5934073154826623 

  0.9902618135714690  0.4016207147936891  0.7020102418117468 

  0.0532659148725959  0.3932184007601458  0.7617087384441842 

  0.0015584325128710  0.4626526821088652  0.5979211522596861 

  0.0351016079555782  0.5301746444429331  0.5551965951797301 

  0.8051163615737993  0.3562053185859699  0.9967207692909809 

  0.8646618968510987  0.3643588320707489  0.9417970131101656 

  0.5307791484397910  0.3290500177430429  0.9929135333542474 

  0.5071135079845275  0.3074695135284630  0.9129447637843972 

  0.5656234330962814  0.4534208130850069  0.0411953610193154 

  0.5533995207619239  0.5423722965821778  0.0178206689729412 

  0.9755919740237562  0.5841302299869477  0.4600149685108307 

  0.9501478615333711  0.5538022708952710  0.3823461478017598 

  0.3614429648184689  0.9797431917033491  0.0632736470665990 

  0.3278519363406719  0.9808024408040857  0.1377209114671855 

  0.4177642415158946  0.0022502948480639  0.9591637340198014 

  0.4202338706271430  0.0538211264337912  0.8917896403171290 

  0.0977360372683800  0.8883574631157833  0.0718808273122900 
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  0.0864532582466147  0.8293614254715801  0.0045322909034467 

  0.0470487048178310  0.9923755623160997  0.1280651683927268 

  0.9766041463586062  0.0376611829241407  0.0984588066725732 

  0.0429458340578495  0.4706792262015982  0.0117929100175998 

  0.9765970128814124  0.4197201474941036  0.9790353389569667 

  0.1635905079121145  0.4850204925977082  0.0452525532115893 

  0.2050454817840061  0.4328675671857527  0.1030644786565081 

  0.9289363136472168  0.8025065548426198  0.8757259344170079 

  0.9968534330965310  0.7831374302194386  0.9276803324243356 

  0.9342168030862286  0.0896829212322931  0.9237015006251268 

  0.9084839809991470  0.0564121472057780  0.9943375627781412 

  0.0343851542639201  0.1071914373093064  0.8510461417427030 

  0.1108800816630134  0.1122275203600004  0.8190633981743477 

  0.0297793386607618  0.6813173128289735  0.2774626474238222 

  0.9920712385124530  0.5978851046358961  0.2821617411884479 

  0.0844654148171979  0.0593672382366140  0.5209544668787299 

  0.0563804636707075  0.9773251415451929  0.4853827790148236 

  0.0296913352728729  0.1398936310067058  0.6009740621244523 

  0.9473726719488714  0.1667079948151263  0.6006927587578860 

  0.9172004969159726  0.2219454484205201  0.2559740312748995 

  0.9949648613129304  0.2555390928107125  0.2782381535282152 

  0.0061873312395776  0.4666162928434346  0.3047215901520794 

  0.0458508447397100  0.3819315673151759  0.3004323331950846 

  0.4319595436907236  0.0182923890206409  0.2855922748935567 

  0.3603415347384557  0.9759359569781900  0.2548499363162545 

  0.4061920526841740  0.9870983304025215  0.6955650101181933 

  0.4002178044322333  0.0265669388123093  0.7722791396819048 

  0.5051411894504021  0.6837260543966811  0.2332743286519125 

  0.5571479673790151  0.7522467737764851  0.2530021001806813 

  0.5178268172682422  0.7720311954965059  0.2216328731090768 

  0.6413877795112958  0.6908704441193353  0.3827649167165086 

  0.6771230620575084  0.6093726826932754  0.3670060396523405 

  0.6995756910795878  0.6322008223305455  0.4109209840992248 

  0.6865527958557031  0.6149873408022491  0.2346254051357521 

  0.6224150974498214  0.5781832999127076  0.1903190660605204 

  0.6646590569333941  0.5744794322613794  0.1626052336324768 

  0.5437913015780264  0.5239922569212087  0.3171128761788020 

  0.4941368258170163  0.5966279446483468  0.3301182255116044 
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  0.4734113924295545  0.5506010542231253  0.3499890659396092 

  0.8779185240175895  0.7936214331289498  0.7059944965588069 

  0.9242428300483306  0.8620831039064690  0.6846116704473747 

  0.9269941410135597  0.8613391603854513  0.7358466471477801 

  0.7885603348231189  0.7713222051194735  0.5322476995165815 

  0.8049080850119287  0.7011121924209163  0.5800650414956867 

  0.7606498718815526  0.6900377797738664  0.5512647307957209 

  0.3207218870623574  0.4092021608735079  0.6259205981205158 

  0.3931298243939305  0.3755820103038797  0.6557031636660833 

  0.3959511503896130  0.3818080527800245  0.6053301385455087 

  0.3641997037900369  0.5600161048940151  0.7496978139699968 

  0.4048132073634811  0.5154931515337779  0.6917325697568585 

  0.4272817024567791  0.5669791878449348  0.7023142518218770 

  0.2217084784995255  0.4167912418780386  0.7558802045294312 

  0.2188518194268503  0.4907887186178643  0.7111741676614340 

  0.1702509206601538  0.4802534640447658  0.7244523065826131 

  0.3890059471420984  0.3611763021897763  0.7922899155813283 

  0.3591359571714259  0.4278728390492028  0.8405451262804643 

  0.3963841345166190  0.3984026447684338  0.8674576946243344 

  0.7347644668978176  0.8845696989648002  0.2251895338743344 

  0.8130558365645149  0.8602523082357658  0.2462585405436465 

  0.7883697032159469  0.8732100749389667  0.2889880628591805 

  0.7781290943295855  0.7204470789807924  0.1501812036460089 

  0.8535240206408004  0.7376459886920891  0.1265453127451727 

  0.8521089885302476  0.6817527824867661  0.1379123711635209 

  0.3713077523653180  0.8354554016353213  0.1899919087182599 

  0.3187913070312117  0.7763147005124360  0.1510813672898722 

  0.2923618999147274  0.8254566276945292  0.1622458299316026 

  0.3495129455863205  0.6609341389466563  0.2289841415105735 

  0.3729944924544079  0.6019321251380909  0.1705885932286363 

  0.3359890292797312  0.5771012071113730  0.1957505452271238 

  0.6946917932562875  0.8290492297834909  0.3989028746498056 

  0.6302954163056177  0.8477010493214960  0.4439169049213318 

  0.6273258060295770  0.8827281540153999  0.4044455363699749 

  0.6246174470939183  0.7621265682731831  0.5666522887168274 

  0.5910842459493154  0.6943242592116189  0.5191995312286023 

  0.5624515414607085  0.7028029385453001  0.5600757028214334 

  0.6205808453840940  0.8520423429732036  0.7269155247940959 
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  0.6246053666291699  0.8904257648076046  0.6556968697389043 

  0.6529173975429098  0.9220596045124518  0.6913188184860256 

  0.4846492386984935  0.7309796124311168  0.7141646081858271 

  0.5644924104985580  0.7094622221193300  0.7309838576583602 

  0.5358029026059647  0.6826528537486820  0.7634085332931181 

  0.4798202552614023  0.8864033009304861  0.6328465049942787 

  0.4624653965890022  0.8212479356331460  0.5753128374505694 

  0.4284690693608078  0.8656146175661417  0.5684015195089847 

  0.6404995154488538  0.8967374822709976  0.9009200779410601 

  0.5775883298714375  0.8962171499898409  0.8443594599571715 

  0.5607216907635189  0.8752613856411343  0.8870387839800042 

  0.7746824804842547  0.8626554396097124  0.8119432878485930 

  0.7810087189828927  0.9400047693617276  0.8580635175522296 

  0.8267088465739683  0.9106269709544836  0.8628907194872433 

  0.4944678813682564  0.8947095764452285  0.9965266969132964 

  0.5116212060663906  0.8425805939528450  0.0597006006252223 

  0.4620867390848363  0.8624202942856378  0.0614164636759704 

  0.5669301377239999  0.7258034466962549  0.9960820170411577 

  0.6406536343976825  0.7235317062029499  0.9641857920617386 

  0.6235047444123047  0.6690337166280129  0.9650333137996429 

  0.5297432390442242  0.2418354420503087  0.4995781512404452 

  0.4703435122595349  0.2726296910848506  0.5467090063184019 

  0.5137220870365706  0.3035190828917818  0.5587999557859484 

  0.4821311176198096  0.1284702768852578  0.3837896876555084 

  0.5089833705996801  0.0734908183791365  0.4424479457471024 

  0.5249350010043797  0.0512162276999198  0.3978518465004154 

  0.3296385792844004  0.2066560108987357  0.4681993187040163 

  0.3528219561252925  0.1540095064953354  0.4052130638539522 

  0.3034293753751252  0.1725730673257798  0.3949262563237472 

  0.7875220274267614  0.1794770156645142  0.2965106108368430 

  0.7339028732792524  0.2464750500704901  0.3155240132152752 

  0.7591138092772050  0.2618171160475933  0.2750770556847031 

  0.6852779511492059  0.2390040679278863  0.4526809915761351 

  0.6803299768491843  0.1529781237029517  0.4758859508749326 

  0.6553081424386006  0.1881570999652100  0.5086704293837004 

  0.8215243402243056  0.1884983200947698  0.4798987163398736 

  0.8641104784701481  0.1367068085293349  0.4281951890490335 

  0.8939565337417119  0.1445935193960386  0.4719645399878383 
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  0.6411350401163457  0.3437372232739561  0.6314836530349814 

  0.6974807230177795  0.3808058974372548  0.5879958272223345 

  0.7072269509290215  0.3977995623657965  0.6372340625923234 

  0.5755590956033645  0.3655200455136311  0.4339531632111465 

  0.6375575028594265  0.4195992016622483  0.4619343054924296 

  0.6095989048185082  0.4465010493954048  0.4246136297706772 

  0.9190549721497402  0.3134619359615611  0.6054615437056874 

  0.8545062443194466  0.3719953593989551  0.6017591518967360 

  0.8371409151714209  0.3185613194236881  0.5888401782887480 

  0.8944206896921737  0.5013993535266070  0.7110010572301230 

  0.8693850051100335  0.5285482789426039  0.6374816514956392 

  0.8410852928446317  0.5575179208060126  0.6721122671750563 

  0.8646835055718487  0.1496027616399986  0.8148312892724499 

  0.8674084871536706  0.0927751916280425  0.7495596976684120 

  0.9147511799658624  0.0924926191341432  0.7748773283201739 

  0.8113366540265926  0.1823594644162339  0.6596778028074091 

  0.7603048378865658  0.1134215384686163  0.6380468987821936 

  0.7898452913890690  0.1226770958674110  0.5988365792979612 

  0.7217187765200372  0.2677859410257162  0.7432679537443901 

  0.7379220616214321  0.2507530070516562  0.8212970706972442 

  0.7164837750425682  0.3040854230422751  0.8183001178328766 

  0.6652842065680157  0.3494586879196655  0.0504664703563377 

  0.6967462471601759  0.3314264483638521  0.1246448407302674 

  0.6443183154711846  0.3311532949863867  0.1245375870241814 

  0.8258861790528886  0.2950617292554089  0.1328928468473738 

  0.8456455170574836  0.3802383133734791  0.1590923895934143 

  0.8595262106875496  0.3440717130122202  0.1963647493956439 

  0.7683902158068199  0.4881425965744486  0.1129161598566262 

  0.7891725539791486  0.4993259971706360  0.0374364097260974 

  0.7909409094619648  0.5509952657468862  0.0631003245072500 

  0.4941700958515451  0.3209847553340897  0.1329442620876255 

  0.4756981257030185  0.4099784930902378  0.1261903309368453 

  0.4451845465834785  0.3886236594629682  0.1602143216334871 

  0.4619746553916552  0.3568305115920918  0.2906429812689554 

  0.4359203253805979  0.3278654768873714  0.3597721597956993 

  0.4155655258355632  0.2937010200578820  0.3209514233971915 

  0.4126477224408970  0.4401294109128850  0.4459950944850111 

  0.4822127805777318  0.4746152969602135  0.4823376122100083 
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  0.4450293978626057  0.4769593867463752  0.5161283584199380 

  0.1367347898842783  0.6283127079831392  0.5041179184802898 

  0.0834009506212568  0.6782300982487638  0.4586249448904112 

  0.1320426437969266  0.6961173665293026  0.4524014123504303 

  0.3254189180411965  0.8696204396311329  0.9268233999337780 

  0.2814211714356640  0.9341099654464886  0.9657000615361762 

  0.2493459711190171  0.9064274165503766  0.9305425603059602 

  0.0718411409889627  0.8264578282403225  0.2036238123118089 

  0.0087380792904856  0.8863465576947488  0.2084847794213287 

  0.0047258702365570  0.8469637066191210  0.2439870691613785 

  0.2018649331946646  0.9454478120825796  0.1690656398995307 

  0.1574416246503218  0.9454016487886006  0.2342632769312334 

  0.2079858568563309  0.9526740523415382  0.2499322506985772 

  0.0914844827365405  0.6419436612443143  0.9810710176208829 

  0.0537705070775536  0.6228068652051095  0.0474314997792266 

  0.0433299947988221  0.6783035048750482  0.0370789773468095 

  0.1091617034616501  0.4565782388130616  0.9019610749460567 

  0.1557612328825152  0.5311773078316122  0.9044986639796860 

  0.1590530570248215  0.5036327500547157  0.8586213707576366 

  0.8695980813146108  0.5666753187953831  0.2410734460387737 

  0.8045570943568713  0.5152211776258669  0.2530770942751486 

  0.8457371719688999  0.4966533742136389  0.2826672233725227 

  0.2257256550034369  0.7648313772169425  0.5649316737959940 

  0.3065482896843738  0.7575396006418694  0.5529444782803903 

  0.2998258023646592  0.7980268863609722  0.5903736946468356 

  0.2848196917342669  0.5556229626087779  0.5104269976927482 

  0.2811514490063003  0.6017445070833775  0.5815652739912740 

  0.3038848641402825  0.5498517059640496  0.5896744299745460 

  0.2499578128095902  0.6431053141545272  0.3826034643953472 

  0.3258617652654007  0.6512362045880640  0.4189645294182596 

  0.3304402889553381  0.6322988714738537  0.3702645288190348 

  0.8507746366208475  0.6785538782103111  0.7925371100088379 

  0.8051953445542691  0.7157204265939773  0.8502953110708457 

  0.7950230645606177  0.6589941794995220  0.8449480673143570 

  0.9487798301518342  0.2617804781165557  0.8885551212827435 

  0.0237702526480297  0.2372060849914346  0.9196646849574525 

  0.0179481029093239  0.2947222401169636  0.9268457154375619 

  0.1622006122824691  0.7847971027139368  0.9077567237611076 
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  0.1158831243012389  0.7264522315007058  0.8604904756294417 

  0.1587361582349817  0.7384032241388140  0.8362698257693165 

  0.8790055908049846  0.1245342872954918  0.1458807043205048 

  0.8099230885494249  0.1009658642863924  0.1016501769474873 

  0.7971604954813589  0.1400011114888099  0.1384701984699929 

  0.0434133950978315  0.8159641695740905  0.3893962181089533 

  0.1217726791806277  0.8242199395768207  0.3699328272465699 

  0.1138714463875311  0.8598507400441161  0.4105875425596457 

  0.1601938343324597  0.6735339087354562  0.2737852278630462 

  0.1804485718694410  0.7587657201600494  0.2579822346310560 

  0.2217144785611103  0.7235413748496317  0.2501957752179605 

  0.1345464966016210  0.1338129504075779  0.6806819132050207 

  0.1833288666835865  0.0699644348242432  0.6469883866597497 

  0.2012390292232744  0.0805715080263681  0.6957485894069276 

  0.1606576305000645  0.1809566332264553  0.5053160134618662 

  0.1353896191540900  0.2389794879813175  0.5636761828986648 

  0.1672516719620109  0.2672506000727159  0.5351147221516115 

  0.1456194708782674  0.2779621594721835  0.3578907928781685 

  0.1570728332727292  0.1871314571718607  0.3550464327176694 

  0.1176551986256723  0.2003239433794221  0.3210135272256787 

  0.2830089843799151  0.3520882648404357  0.4644229272230913 

  0.2029008080855439  0.3759186836634303  0.4563544411891461 

  0.2299986595411629  0.4220914768150030  0.4752813965181895 

  0.8780769694545195  0.4666665787418132  0.8556519815758132 

  0.9345216026300290  0.5213769622588026  0.8289177658041531 

  0.9596837447171037  0.4785891086586438  0.8537153053951682 

  0.7511728902292998  0.4644767934875123  0.7688127828925563 

  0.7135872810715462  0.5426843573153080  0.7919339275278792 

  0.6768730005146628  0.5026530279629443  0.7803758706005760 

  0.1396469435884689  0.2744414009259688  0.7883791259216920 

  0.1825575760064625  0.3106175832719665  0.8535024725269125 

  0.1943264681774349  0.2538994791579167  0.8491117199574026 

  0.4791649966998589  0.6367090934046497  0.8876250124694959 

  0.4714862551163663  0.5575670033875414  0.8443059200015366 

  0.4900942858934618  0.5461895789443566  0.8918988407912510 

  0.3444189564773895  0.7444532188552679  0.8110194589440056 

  0.3485610939841409  0.6702376445318619  0.8554186581669377 

  0.3075433111554619  0.7030305002633976  0.8689706201661216 



 

149 

 

  0.4681015765482860  0.1747164406072614  0.2480456175820003 

  0.4810128906538336  0.1139423470986296  0.1873217457453914 

  0.4603439461620386  0.1624986844180833  0.1675804866991756 

  0.1249719077160496  0.8647336559328732  0.5560031467824600 

  0.0962434134675092  0.8764315385180182  0.6296119409216576 

  0.0557581604930459  0.8793370947365006  0.5945342096208571 

  0.2353680499865445  0.8336110313015510  0.7392112084102808 

  0.2134957212034904  0.9221799606685164  0.7355366069722019 

  0.2251168064845230  0.9105318643582887  0.7846483566344740 

  0.2974865257639791  0.9452596663965741  0.6303850658450569 

  0.2521476872427252  0.9506373185887547  0.5605535649705568 

  0.2992187021532915  0.9735336520711626  0.5551533416362742 

  0.3188889874198704  0.3326972494799900  0.1905153307453800 

  0.3193629632910805  0.2518403131830970  0.1494242208323736 

  0.2739233115035096  0.2794380045760467  0.1372947668567500 

  0.2833872939876895  0.1193272132082461  0.8041834917970481 

  0.2454722705161822  0.1101757257510941  0.8724743887415178 

  0.2970001504813526  0.1008293716937716  0.8821391127014580 

  0.1388723271679767  0.3287716399442124  0.2166064801306461 

  0.0745298457752402  0.3075428148020988  0.1651996611014799 

  0.1118435244750646  0.3305055104920677  0.1389666659947887 

  0.5783456653016626  0.3457927559768781  0.7927032776902210 

  0.5559487349834444  0.4141066014716548  0.7445673599775963 

  0.5144079019362680  0.4000841970623587  0.7698208076703660 

  0.4319926659338278  0.2041204746820834  0.8260524712745797 

  0.4815871777759034  0.1465770688520355  0.7857839105915871 

  0.5024574799975889  0.1995279156242163  0.7881046292986119 

  0.2275201128384554  0.5000646511884788  0.2202060370422340 

  0.2424960326986789  0.4337344069547662  0.2722406967428879 

  0.2492926468306144  0.4850726611161158  0.2976997871635778 

  0.9519622177057468  0.6907909532722056  0.5560248340934064 

  0.9801767899022310  0.7171119262397501  0.6309134584563740 

  0.0117125251826864  0.6746634284764795  0.6133680787160219 

  0.9526407138462468  0.8379993711648901  0.5235023078494101 

  0.8916551474171909  0.8989182924726754  0.5359490020616199 

  0.9255276339496397  0.9221892211679853  0.5060112130948640 

  0.6924931637533178  0.8378950000153079  0.0624482632562888 

  0.7063842963824802  0.9230820889395398  0.0925147747363968 



 

150 

 

  0.6655472769440162  0.9247306664413522  0.0577896035442626 

  0.8518856626375977  0.9417046788202535  0.1067702920172751 

  0.8633545952203561  0.8686002296702765  0.0570826840941656 

  0.8866273620931350  0.9140533025009667  0.0386437432855185 

  0.4745385834370571  0.6648277434870464  0.0797153141394856 

  0.4013419372285962  0.7001123800142018  0.0534099744997493 

  0.4230904235958126  0.6724236595619941  0.0137729952814583 

  0.7215050981858225  0.0405270349294073  0.7772900760676509 

  0.6436398599746003  0.0573841991919497  0.7969022437660838 

  0.6637858569194988  0.1068829245560336  0.7826999079776421 

  0.7205910324734273  0.0404073793817643  0.3495742368664317 

  0.7450834169239763  0.9827767552319124  0.4070097045955989 

  0.7613119011365775  0.0360373104643514  0.4221506600356380 

  0.5979618398144713  0.9969545432783645  0.2990728976333205 

  0.5927940831278734  0.9250156280178294  0.2463417904304600 

  0.5498597380682121  0.9585979393513896  0.2386858488873817 

  0.4133939068474098  0.0754721621245140  0.5531334779127288 

  0.4822797776417127  0.1189673399021842  0.5806300478994408 

  0.4749575052457457  0.0751930780631224  0.6110555975171763 

  0.0375112866202856  0.4172241027768865  0.7188593029648296 

  0.9746823317879570  0.3651359656819849  0.7363047293326332 

  0.0133640122447340  0.3599476655778669  0.7730149543904113 

  0.0009796819814996  0.5177404228897571  0.5880741716868569 

  0.0386586422287781  0.4380566447062998  0.5695398552530354 

  0.0591737787371051  0.4795584984047695  0.5431933567222317 

  0.8522824921412050  0.3737445838502613  0.9891188259658288 

  0.7859281856756807  0.3340602293468897  0.9511811585045040 

  0.8226279631946457  0.3390054775268546  0.9173196563339625 

  0.5235236265196991  0.3479948070932165  0.9465961437249639 

  0.5182931621485530  0.2727444400754419  0.9886210663373592 

  0.5036977694330736  0.2594558864439465  0.9395017176406718 

  0.5320334328480999  0.4919164661557490  0.0225995179857277 

  0.6114146355306540  0.4811851909760506  0.0488128397351094 

  0.6039130321983263  0.5357445191361122  0.0343559798040897 

  0.9899937054988339  0.5650370630045588  0.4151373801320289 

  0.9228726674484632  0.5847288193666382  0.4557670874632321 

  0.9072505674524616  0.5663624323680642  0.4079386937143320 

  0.3457950283893814  0.9489401468596601  0.0998724112735171 



 

151 

 

  0.3528577971623256  0.0352717412285230  0.0785344199918900 

  0.3321221096015427  0.0359199198556032  0.1243369581615276 

  0.3963216704355826  0.0129923759976282  0.9137735046402093 

  0.4582978492604181  0.0385666954591541  0.9667679635543515 

  0.4598005161107407  0.0702705631069265  0.9252695174884389 

  0.0899966893572594  0.8346840525732093  0.0546931216819586 

  0.0992799541699723  0.9193947785696150  0.0298549628201444 

  0.0923092362258589  0.8832454495016276  0.9885901829246597 

  0.9992518844405386  0.9875206331609789  0.1073253674399313 

  0.0558390347411253  0.0495646494052681  0.1328257437220786 

  0.0124846027066432  0.0774598464499604  0.1145053293052649 

  0.0055018720001616  0.4654506520990061  0.9752703501059130 

  0.0371734588107904  0.4255508747099139  0.0414749507973560 

  0.9965153233691564  0.3943380879002773  0.0214218514714407 

  0.1632406646855674  0.4645565212634447  0.0910760721959244 

  0.2087636679609010  0.4651901160716138  0.0267591902036256 

  0.2342242886767731  0.4332931109141694  0.0622497362318181 

  0.9782132782160164  0.7851195487185987  0.8798890449579210 

  0.9152271971596080  0.8121059643805321  0.9241447669247406 

  0.9568835575523671  0.8003461633303637  0.9559102722732455 

  0.9415976345036874  0.0895624572034008  0.9736866057346307 

  0.8937289505365731  0.0541226575761089  0.9115845472376467 

  0.8779351252813740  0.0337642976787135  0.9549615628321971 

  0.0692937268285480  0.1408443666748573  0.8336252805796353 

  0.0550624080336787  0.0532931105936730  0.8472415808887158 

  0.1020142277806100  0.0563813603309197  0.8275067826666586 

  0.0087664558233160  0.6452153578375435  0.3071146330346856 

  0.0261711349203622  0.6553385804271872  0.2303401565960264 

  0.0031547460918699  0.6040826637373998  0.2333013083056431 

  0.0744986084913780  0.0049218998106089  0.5276322394139087 

  0.0716890930155578  0.0672939410867191  0.4710537895935342 

  0.0545512316261486  0.0168554046617323  0.4492427805162518 

  0.9915291257211974  0.1696269407026135  0.5781972928747936 

  0.0084954371341448  0.1162642057328659  0.6406041329963248 

  0.9579573279519868  0.1328681579755480  0.6405024491115997 

  0.9568386218378042  0.2515661224163781  0.2423798568389477 

  0.9308889221854212  0.2059456166454474  0.3037338778825898 

  0.9786838361411061  0.2265043255808853  0.3174324025433860 



 

152 

 

  0.0007604725274405  0.4101861428762266  0.3000217190916164 

  0.0582754200773002  0.4749657545978241  0.3085582643826255 

  0.0825360406799822  0.4231190469250741  0.3058950787785469 

  0.3992502704273193  0.0093750418583139  0.2455944176747532 

  0.4128651557450080  0.9887089438383428  0.3230300999472531 

  0.3688370642717045  0.9626256534055690  0.3041314348166920 

  0.4005413836122682  0.0352610095830446  0.7232394248394952 

  0.4095357052051042  0.9447154876117194  0.7291603197520575 

  0.4059486291599355  0.9690143732709853  0.7763065538773382 

  0.4877098753816854  0.6424778494925245  0.2314191657437431 

  0.5899230784497898  0.7742007458432409  0.2706520037300454 

  0.5110665101246321  0.8139342505400433  0.2078053356332454 

  0.6166674957485114  0.7279556785541565  0.3796178588734863 

  0.6849994142014375  0.5696382504844715  0.3471228063174184 

  0.7301488664271137  0.6155953943302306  0.4354426102133471 

  0.7091626155414601  0.6352396526274297  0.2654311528806403 

  0.5837139333589204  0.5642976900074320  0.1808112392077401 

  0.6687540863802127  0.5566709349532656  0.1252627630996879 

  0.5755648408593281  0.4978261380971697  0.3052372940332767 

  0.4806021100638936  0.6400997387166408  0.3295393499981484 

  0.4390670445363954  0.5472498669052167  0.3698873694002615 

  0.8523856563977146  0.7579856942705755  0.7038271811964549 

  0.9419360275467433  0.8901486859732343  0.6603919657191586 

  0.9473042106448295  0.8888252702903813  0.7634458146103259 

  0.7917807258812962  0.8111620093823927  0.5145006678335245 

  0.8253637806644351  0.6758896342026796  0.6077407332595123 

  0.7355213820270132  0.6541953482851738  0.5506086347364506 

  0.2818055271630078  0.4257747602955501  0.6236028040673575 

  0.4220674190002301  0.3606353572066972  0.6828522988988673 

  0.4272355957589613  0.3733913229524388  0.5815510248074022 

  0.3370311848652202  0.5700235420732892  0.7776806411898556 

  0.4144037169526748  0.4816972882959342  0.6652300626177737 

  0.4596586514584057  0.5855518537591439  0.6865074077089673 

  0.2361993610898719  0.3806848851185936  0.7761591358360347 

  0.2323926428683332  0.5236800234684797  0.6888870834676137 

  0.1348464339657555  0.5031844544070755  0.7158860653106172 

  0.3946906700739802  0.3334055361494875  0.7598283113335687 

  0.3356800170895002  0.4637128158030528  0.8519797740135863 



 

153 

 

  0.4105016934719785  0.4042311240521632  0.9061218468041917 

  0.7001441411635141  0.8942574884150909  0.2026420409124826 

  0.8521055664181874  0.8461398743340870  0.2417337049643036 

  0.8027844976195797  0.8733378594063306  0.3277132764956934 

  0.7388064686613514  0.7260112564775086  0.1599481259641221 

  0.8846160927992495  0.7617546206153198  0.1141602350193577 

  0.8815734333553599  0.6491473507396455  0.1361528888356344 

  0.4057953085117464  0.8536178421728560  0.2080945994772793 

  0.3053957913811270  0.7371540102021780  0.1327277419729399 

  0.2523616297551915  0.8362771383448085  0.1546091487890661 

  0.3469879964733566  0.6987098202627946  0.2531642889618720 

  0.3933864104051801  0.5858967114383664  0.1389739812075119 

  0.3192835426578783  0.5356687429448329  0.1899473701391356 

  0.7290023823894112  0.8093005376087662  0.3851176835782739 

  0.6048944585832570  0.8440296332991033  0.4737617245827874 

  0.5990793741535982  0.9149616727675653  0.3945586154404332 

  0.6501911712170174  0.7952738715732236  0.5812501078469116 

  0.5864322763843094  0.6642234991451196  0.4876816132376182 

  0.5288956563461046  0.6809870539874422  0.5700330553165353 

  0.6105623462254808  0.8237170253183692  0.7551567453091699 

  0.6171239676729763  0.8967934936136045  0.6162064923203695 

  0.6742207469208555  0.9602693033803813  0.6879350836235337 

  0.4502088069269900  0.7491755717363917  0.6964032340381835 

  0.6054635983306432  0.7085706136533914  0.7276609391197553 

  0.5474486240354876  0.6549516421941568  0.7931652759363456 

  0.4982140910902978  0.9091740863449207  0.6648659688041417 

  0.4662579963458788  0.7817193280153236  0.5538062374176007 

  0.3972079109307365  0.8705620139596651  0.5404254203302743 

  0.6782455109028628  0.9022614419007448  0.9193745523500712 

  0.5572470109165958  0.9023741851972613  0.8085710680390172 

  0.5235205508261381  0.8594190417623847  0.8940493804691308 

  0.7593480785880289  0.8296931321924098  0.7861528244360717 

  0.7697291170365074  0.9803753450709825  0.8749603280695728 

  0.8617224570613753  0.9213697053244417  0.8846622845751311 

  0.4985992968175286  0.9178538566178905  0.9632227257316075 

  0.5335711580203372  0.8155740345327137  0.0849051505697312 

  0.4340914053028699  0.8550337836140371  0.0881777885543950 

  0.5323092881641645  0.7413372214176086  0.0123607510729979 



 

154 

 

  0.6755586770826059  0.7391062049321047  0.9506974193616590 

  0.6410806725861664  0.6296151759756748  0.9523718517948704 

  0.5497763333981193  0.2168109539870194  0.4719706763255588 

  0.4334565358969817  0.2752291266263906  0.5626615307156465 

  0.5203034684961702  0.3381331646867896  0.5861412823694131 

  0.4635275642090536  0.1634720825358524  0.3648536347930678 

  0.5149125160279393  0.0581071845977052  0.4797517020382723 

  0.5468660098553558  0.0129886302116394  0.3900548674920414 

  0.3301460456427755  0.2289654027217099  0.5044025003096310 

  0.3768308915393722  0.1264086887645018  0.3831386176699884 

  0.2779111041284122  0.1646360300931427  0.3620756834618229 

  0.8090515170075491  0.1399095223917335  0.2971099671175509 

  0.7042899865449291  0.2687876251084030  0.3351795763955166 

  0.7554920980362388  0.2998494308143536  0.2541722298599776 

  0.6942705968623794  0.2752805955471305  0.4319035061137524 

  0.6859323945121776  0.1075210282847321  0.4751136148202322 

  0.6355348551608291  0.1782807134634739  0.5412282232207359 

  0.7908487885040968  0.2131609527852274  0.4958505280450597 

  0.8721151451472756  0.1125250198008081  0.3942929012075710 

  0.9321269051208569  0.1288388824996337  0.4821307713002689 

  0.6088190272395353  0.3197540045769761  0.6415068818234081 

  0.7175687297709421  0.3904478845457857  0.5555661093905531 

  0.7367328960115215  0.4250231949609878  0.6545101720930085 

  0.5495827634086395  0.3302898669942569  0.4296612874578600 

  0.6709386579075421  0.4337349216950036  0.4846647781546428 

  0.6147593706975472  0.4876475568832222  0.4098197769148293 

  0.9575454540047228  0.2964078935007634  0.6114159246704937 

  0.8338186114906589  0.4119080737778892  0.6047340161695857 

  0.7986245143245355  0.3043881801493981  0.5788251539122337 

  0.9151856115829710  0.4792631110989147  0.7405743441795078 

  0.8677944139181807  0.5308881149112941  0.5972263537618773 

  0.8105941441324693  0.5886354511867307  0.6667897278143949 

  0.8504989195228216  0.1791352127930188  0.8429524540565023 

  0.8541838046390384  0.0702273298951080  0.7152482793764110 

  0.9494640621227800  0.0693957052218506  0.7665143091911758 

  0.8308365917858649  0.2160628248030702  0.6815567179441643 

  0.7305739637433403  0.0828842444957732  0.6411680939822137 

  0.7898689890742674  0.1017440952795843  0.5621354857866149 



 

155 

 

  0.7189188230485216  0.2626658385897854  0.7028750087674338 

  0.7505445234840535  0.2275601098471441  0.8538046439945849 

  0.7082371839292652  0.3352210335062697  0.8476410362856233 

  0.6623602140245596  0.3597302621405836  0.0114626264895518 

  0.7254954433786146  0.3240899587420668  0.1545590668217491 

  0.6198722414781580  0.3239005058763403  0.1544885163949295 

  0.8115982912224122  0.2595729635175575  0.1093916750810247 

  0.8494299545393429  0.4256349946386692  0.1584801838296517 

  0.8773566006190033  0.3528867202666956  0.2333471147253963 

  0.7570754545230819  0.4685187047667992  0.1460456458211027 

  0.7972066434394968  0.4881164744018818  0.9991720761316037 

  0.8006948400829271  0.5921245758614290  0.0508490777925311 

  0.5120875637662549  0.2796517566703235  0.1277427233442641 

  0.4778301696654890  0.4524871108256593  0.1133519958225311 

  0.4160012355952752  0.4096176400037907  0.1814065303516581 

  0.4810082775949157  0.3810905319032280  0.2643170941245897 

  0.4316581836287143  0.3264321524365144  0.3995090656148773 

  0.3899406586430587  0.2583927520470172  0.3215267911466922 

  0.3856119656451835  0.4215764511676482  0.4178919895928009 

  0.5217697177638505  0.4874345006901133  0.4867405406157193 

  0.4466670401284841  0.4927564372829551  0.5546764238070908 

  0.1522373742692007  0.5974848393596565  0.5298736355012824 

  0.0470182989437963  0.6933051255254423  0.4424438619510431 

  0.1446563142118418  0.7292948142690960  0.4298886147307930 

  0.3569215741491198  0.8425376445461651  0.9157539175516920 

  0.2734712018558444  0.9684022965400647  0.9923079444888082 

  0.2088193420200507  0.9129406176283402  0.9215796311357758 

  0.1065271566217319  0.8054626298292235  0.1920825859495309 

  0.9845753414748541  0.9226527151594479  0.1998045595068940 

  0.9763711151815975  0.8435081049724749  0.2711961971042665 

  0.2120747162496977  0.9436403989537452  0.1305577643704078 

  0.1240637899015846  0.9431330930349073  0.2557570571919049 

  0.2257677728154498  0.9580564563850461  0.2873562298360009 

  0.1136935965888566  0.6375175400400422  0.9484631880199630 

  0.0412027363311910  0.5980629431380426  0.0770892068881745 

  0.0202293567076506  0.7095722530199520  0.0564319852637026 

  0.0840635852514985  0.4241889093505396  0.9129615062056408 

  0.1741117523971326  0.5695469681518455  0.9193334343857630 
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  0.1800659642718739  0.5143766411210813  0.8271104032417276 

  0.8930699778169648  0.5991090695732935  0.2275270258331176 

  0.7656389438268439  0.5002575591520139  0.2491499934255187 

  0.8483954518417567  0.4628930953205175  0.3086061820933625 

  0.1848601453410373  0.7579007485538671  0.5612768485499671 

  0.3413426625926985  0.7421891403809541  0.5369575331514295 

  0.3277935269680691  0.8243279096365548  0.6113248044675130 

  0.2815851874151303  0.5455180156056243  0.4705767500203437 

  0.2734653341545718  0.6366095798334596  0.6076948094089391 

  0.3194470835744829  0.5323637634126012  0.6240805321785093 

  0.2086672663858067  0.6441243552377485  0.3763297876405314 

  0.3552169943633149  0.6597868285833983  0.4484930930448183 

  0.3642748072509103  0.6223756604904683  0.3502651884897165 

  0.8777748256341437  0.6735894201523190  0.7636874391382041 

  0.7899611180651200  0.7480668751527598  0.8752974065332219 

  0.7698660981032853  0.6337920422017952  0.8649716726467774 

  0.9106642115479900  0.2595981566760074  0.8703964507372014 

  0.0559901406893468  0.2098766666707945  0.9298962049255842 

  0.0438817162532879  0.3252670129329212  0.9452927840388925 

  0.1753462163083070  0.8122453319359344  0.9392372068130548 

  0.0843584499499380  0.6989316584706406  0.8487731171715054 

  0.1702812553258742  0.7232104312630322  0.7999928479453627 

  0.9187563463617923  0.1263042710690290  0.1597831658823152 

  0.7859089168712463  0.0795884596161952  0.0725715928898716 

  0.7602174416946741  0.1579712073032834  0.1468763061703327 

  0.0040529744400929  0.8025643307719409  0.3889499235341010 

  0.1558217620987667  0.8166838020633342  0.3496924032603807 

  0.1398221291743737  0.8888791778146575  0.4311490277368076 

  0.1383393238643770  0.6378079444381084  0.2837399015651529 

  0.1764527090577470  0.8039914126209198  0.2539771794568201 

  0.2588270336183500  0.7333367532671320  0.2376846716499101 

  0.1037441780833590  0.1643906043087705  0.6854739498170652 

  0.1979152739122689  0.0409525702196145  0.6187421492315259 

  0.2335661174804438  0.0619717975044182  0.7166153436998187 

  0.1657820350140267  0.1427006891260242  0.4822895039204512 

  0.1158242348624533  0.2537518595797635  0.5962110825149485 

  0.1796077384044499  0.3107135335292072  0.5383942055575396 

  0.1499507620634783  0.3224344171760765  0.3684345118080960 
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  0.1734758594841611  0.1462666469659620  0.3641757276460165 

  0.0944673711262320  0.1729763461474020  0.2956327832072261 

  0.3181177795916003  0.3271567695429200  0.4639393820452362 

  0.1621340123435079  0.3715688845206584  0.4479556380483670 

  0.2168024014162322  0.4643026938472869  0.4858469892504209 

  0.8416942315885307  0.4492794442701541  0.8636568832083874 

  0.9497884337003326  0.5563734604788296  0.8103898799701845 

  0.0003374099364626  0.4701481595508228  0.8595172268244345 

  0.7806917126742966  0.4337721213141898  0.7595251267723953 

  0.7094440993875021  0.5866017172914895  0.8043175375140947 

  0.6357070029717169  0.5057912189876175  0.7817934191359701 

  0.1139291944057688  0.2706798105739637  0.7551312587294821 

  0.1962631124770255  0.3425040071551217  0.8811420817426634 

  0.2201931378998992  0.2283435151809357  0.8721395689170209 

  0.4785598809642940  0.6815346345316772  0.8979164758391736 

  0.4626982449843017  0.5290491055105933  0.8123432232362747 

  0.5005684858941719  0.5061680832628082  0.9079508577090859 

  0.3528718192411679  0.7750465520387185  0.7840521686814619 

  0.3630582063424965  0.6304478537481427  0.8693496625717090 

  0.2799946484190371  0.6963632946980872  0.8963481592501746 

  0.4671480415317910  0.1946270911419161  0.2851057173510098 

  0.4928091429573576  0.0748041111909104  0.1686014633939643 

  0.4509747446861549  0.1721229315416167  0.1289963521672434 

  0.1509374124329856  0.8575186567017659  0.5264820100936499 

  0.0969971457182142  0.8800566989955725  0.6699853131084289 

  0.0153979862428711  0.8860095069255752  0.5994575601735991 

  0.2439245955284715  0.7900310440558399  0.7280679237455601 

  0.2012193673061705  0.9614558000988731  0.7190155668884926 

  0.2250619869936845  0.9381751988508493  0.8179342133639464 

  0.3090671304922970  0.9363996648660571  0.6687752665640830 

  0.2195031856419146  0.9460633994574197  0.5338559000568339 

  0.3138605675104801  0.9919285794736528  0.5229178177289271 

  0.3303331499897033  0.3679116691457701  0.2157789070784146 

  0.3333030686954403  0.2107058682379488  0.1365503321659520 

  0.2416862804852196  0.2660542162298468  0.1125532528837865 

  0.2898297122476827  0.1270989097094542  0.7656742468389375 

  0.2143906349386734  0.1091326119933051  0.8970438580891852 

  0.3181309018428884  0.0904595544284141  0.9165628865400662 
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  0.1631261246765626  0.3336678723391467  0.2507486404473037 

  0.0372576197938361  0.2918634086867367  0.1520493955889340 

  0.1124801528490835  0.3374464909348664  0.0994559432726623 

  0.6013233177339841  0.3136422050917812  0.8115172316441649 

  0.5594538548025776  0.4460016403935690  0.7174427859618256 

  0.4760136662579587  0.4179165107354874  0.7683556232776626 

  0.4002316289982208  0.2205866752606849  0.8465472657234717 

  0.4950656334326880  0.1072252925369918  0.7686822311917736 

  0.5370772873045032  0.2139014433964505  0.7731638613538044 

  0.2180069834592512  0.5214301415398543  0.1859151853673895 

  0.2470058673584062  0.3913776601668163  0.2856727110716231 

  0.2604770762768250  0.4946129378551313  0.3366679404027191 

  0.9287822286622419  0.6882775157498250  0.5210715501941757 

  0.9821120747993752  0.7409966146314994  0.6663422852375750 

  0.0455358274881550  0.6553267307041640  0.6311653733224076 

  0.9765128321160601  0.8002191116818330  0.5259068382295449 

  0.8568932048472729  0.9167682446763247  0.5502921159755599 

  0.9250321865257047  0.9634931368811233  0.4902812263990413 

  0.6957174629134895  0.7925076986110533  0.0556477898185967 

  0.7245845892122530  0.9571320453233768  0.1149901549756679 

  0.6420702938932868  0.9602342376178881  0.0455494753744746 

  0.8396740337938077  0.9684588895497259  0.1377782640843228 

  0.8603929822589385  0.8253787080196070  0.0422160158776088 

  0.9078647484815280  0.9165908760847195  0.0055947132954027 

  0.5075636464889201  0.6538185560416711  0.1040270108257647 

  0.3652571052724337  0.7230212620537692  0.0547077225853817 

  0.4089284001188193  0.6671888194243455  0.9750649980662182 

  0.7574919462215538  0.0186936969867401  0.7713382928852350 

  0.6061776010632576  0.0492401544128308  0.8095050338782038 

  0.6468780651744679  0.1489002470777168  0.7810740230827157 

  0.7036738476341119  0.0568437544009915  0.3151642004014464 

  0.7496865459973976  0.9432863616721151  0.4257009865144257 

  0.7832844075482867  0.0505410624575613  0.4557106161757113 

  0.6120962473818198  0.0260917408201136  0.3289106227362520 

  0.6035204569103766  0.8856732765588979  0.2272802499565559 

  0.5172700654497386  0.9530337267220336  0.2120626058969086 

  0.3788340920680955  0.0644404928232184  0.5307043269239075 

  0.5120054575010585  0.1502708859431459  0.5826239665339588 
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  0.4975039592783970  0.0618382720711909  0.6437885013577155 

  0.0605764403932055  0.4453771670610309  0.6993792314105985 

  0.9375755777224593  0.3455045284294703  0.7320491111107292 

  0.0152101697847721  0.3353504758825823  0.8061021867340559 

  0.9755436459539889  0.5488198573683150  0.6047027570650301 

  0.0477366780652018  0.3932595052605509  0.5699471901057827 

  0.0887575135324548  0.4765065052532675  0.5168439053808943 

  0.8775505201796950  0.3936976976207345  0.0180503334622405 

  0.7480740798583525  0.3162625331929153  0.9461836017977656 

  0.8213304366100569  0.3265444133926529  0.8779532594435480 

  0.5305614856147469  0.3911288207194130  0.9373888482810246 

  0.5208319928945986  0.2462406673067385  0.0204836346784267 

  0.4911464822244992  0.2197586394324416  0.9215925197361162 

  0.4920532057441671  0.4833193797587367  0.0127150203166354 

  0.6457902199108697  0.4603647498294094  0.0638588399487923 

  0.6305532035922784  0.5701691438276352  0.0346910121715121 

  0.0296193782576911  0.5591138748452292  0.4064525942856664 

  0.9002858724663307  0.5975828543569740  0.4868053084063051 

  0.8690839666404241  0.5615573698911391  0.3903682946387653 

  0.3470426653824945  0.9031393629161965  0.0990105115823673 

  0.3620781685598582  0.0699264672822766  0.0559605225674071 

  0.3202003146255914  0.0713534645969492  0.1480480653707051 

  0.3628627480213798  0.9913608012726502  0.8971229580812859 

  0.4830541011670688  0.0390618111630216  0.0006887611073686 

  0.4861167527283882  0.1027961508830177  0.9171265181917768 

  0.0867576348612516  0.7995284424174623  0.0786677031186560 

  0.1043263219318125  0.9647452681332821  0.0323673381758242 

  0.0904759257893757  0.8919991888991148  0.9492983104116381 

  0.9808584429949898  0.9473698708979975  0.0983548469939517 

  0.0917855598794711  0.0661949358804987  0.1488601438000637 

  0.0049537884567503  0.1224008963097237  0.1118463049418763 

  0.9992612550695994  0.4949809667547879  0.9457795909752122 

  0.0620336860010576  0.4186760722005281  0.0744903021499306 

  0.9807440812907706  0.3559481332355005  0.0339970719013269 

  0.1325965987318718  0.4725206461393159  0.1158264738237054 

  0.2191279439242864  0.4747275813255681  0.9897558249242548 

  0.2705718956272480  0.4108308498590448  0.0614011809262962 

  0.0005612978306607  0.7742526780292640  0.8481637354660970 
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  0.8770670488664207  0.8264237166721274  0.9323640547807293 

  0.9610032397162782  0.8035642173965770  0.9963171356793220 

  0.9711040859098836  0.1134533522975875  0.9950390593792600 

  0.8791615646510859  0.0461112127054269  0.8733101386744421 

  0.8475041251750123  0.0049313112699066  0.9607061080447692 

  0.0645360595051363  0.1862793516227757  0.8318282040978257 

  0.0351851853339001  0.0170335625541439  0.8590227223767626 

  0.1294195307873279  0.0230840277211820  0.8189302668985607 

  0.0056084385196906  0.6532178517114007  0.3468490253883515 

  0.0403513521203900  0.6750196688496749  0.1985043225352032 

  0.9942799346335137  0.5716165368815819  0.2044376542574005 

  0.0800747165113501  0.9853091405863927  0.5632843860450979 

  0.0754823135829672  0.1078699949115056  0.4547692659215950 

  0.0415858457167709  0.0063658008267441  0.4108697373968146 

  0.9958561899366453  0.1932699711939451  0.5451634423581462 

  0.0307163469140774  0.0894588853956012  0.6657520009069572 

  0.9291340482707623  0.1234253567881782  0.6658433267168432 

  0.9574118674146476  0.2708610260059182  0.2066350299084867 

  0.9056592826849045  0.1821221052494327  0.3248666600659078 

  0.0020668223032710  0.2227957841743808  0.3519159015735257 

  0.9640853430321220  0.3894992684137403  0.2962201957036306 

  0.0741560761645507  0.5169469316727880  0.3122189910040391 

  0.1230919336916607  0.4132147970810071  0.3067516803521458 

  0.4033662113260448  0.0273310131618834  0.2097172317191976 

  0.4318307628341813  0.9883718613841402  0.3600880030092670 

  0.3433986144002249  0.9355982025085805  0.3220224240688717 

  0.3969950542828448  0.0766759458717769  0.7076359831729819 

  0.4144463445503065  0.9007485513648651  0.7171924796352604 

  0.4074247888567410  0.9496996073568668  0.8121251715181577 
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