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Abstract

Lithiated organic electrde material

David Gabro

This research analyzes the possibility of using lithiated benzenedipropiolate, an organic
material, as a replacement for today’s anode materials in lithium batteries. To
theoretically analyze the electronic band structure and characterize the structure of
the molecule this study used a super computer located in Linköping, Sweden. Because
this material has yet been fully analyzed i.e. a risk exist in creating the crystal. Since
not much is known about this molecule it was decided to only analyze this molecule
theoretically. The program SIESTA was used to do periodic Born-Oppenheimer
molecular dynamics calculations to relax the molecules. The crystal for this molecule
has almost the double of free energy per volume compared to the other probable
systems in this report. The crystal has a “all syn catemer” structure in three
dimensions with one lithium atom interacting with four oxygen atoms. The number of
lithium atoms added to see the limit for explosion of the battery is still unclear since
no big difference in the volume, free energy, fermi energy or distance between atoms
(with the exception of one oxygen atom in one case) has been detected when adding
12 lithium atoms per molecule to the crystal. 
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Sammanfattning 

I denna rapport karakteriseras, teroretiskt, ett litiumbatteriets struktur och den elektroniska 

bandstrukturen då materialet på anoden byts ut mot ett organisk material. Det undersöks även 

hurvida stabil kristallen är när den fylls upp med joniserade litiumatomer. Detta projekt gjordes på 

Uppsala universitet under handledning av Anton Grigoriev på institutionen för fysik och astronomi, 

Materialteori. 

En knappt studerad molekyl, Benzenedipropiolate, som har sin kemiska beteckning C12H4O4 har 

reagerat med två litiumatomer och skapat, vad som analyserats i denna rapport, dilithiated 

benzenedipropiolate. Genom att skapa denna molekyl i MATLAB och sedan granskats i AVOGADRO 

skickades filerna för denna molekyl, tillsammans med filerna för pseudopotentialerna för kol- väte- 

syre- och  litium atomerna, till en avlägsen server på en superdator lokaliserad i Linköping, Sverige. 

Väl på servern utfördes komplicerade periodiska Born- Oppenheimer beräkningar för att kunna få ut 

den fria energin, fermienergin, volym med mera. Kristallen var då skapad och analyserades. Enligt 

”density functional theory” så var den kristall med lägst energi den troligaste kristallen för 

grundtillstånds energin. Man kom fram till att den kristall som analyserades troligen var väldigt nära 

grundtillståndskristallen. Den grundtillstånds kristall som analyserades består av fyra dilithiated 

benzenedipropiolate molekyler med ett sicksackigt mönster i tre dimensioner där varje litum atom 

delades med tre syreatomer. 

Efter att den troligaste grundtillstånds kristallen var funnen analyserades gränsen för maximalt antal 

litium atomer per enhetscell, detta för att veta när t.ex. batteriet skulle explodera. Resultatet blev  

att den funna gränsen för benzenedipropiolate, som sades skulle ligga på tolv litiumatomer per 

molekyl enligt [3], inte riktigt stämde överens resultatet i denna rapport. Maximalt antal 

litiumatomer som kunde fylla enhetskristallen utan att överstiga gränsen var nära 48 tillförda 

litiumatomer på fyra molekyler, men var ännu inte funnen utan behöver analyseras ytterligare. 

Genom att fylla kristallen med litiumatomer ledde till att systemets fria energin fick en ökning med 

omkring 32 eV per tillförd litiumatom. Dessa litium atomer placerades på ett vis så att trippel- och 

dubbelbindningarna i molekylen skulle ”binda om sig” med litium atomerna istället, vilket ledde till 

att varje molekyl fick en struktur som betedde sig som två butanliknande strängar fastbundna i 

motsatt ände av en enkelbunden benzenring. Man kom även fram till att placeringen på varje 
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litiumatom kunde ge ett resultat som skilde sig med upp till en halv eV men även hade en påverkan 

bindningslängden, detta då troligtvis pga. omfördelningen av bindningarna. Varje tillförd litiumatom 

bidrog på ett sätt som fick system att bli mer och mer metalliskt och gav metalliska egenskaper.  
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1 Introduction 

Ever since the 70’s scientists have been researching and experimenting with organic conductors [1] 

because of its theoretical energy capacity and because they are renewable [2]. Organic electrode 

materials are environmental friendly and would be cheap to manufacture from abundant biomass 

using environmentally friendly processes. Here a barely analyzed organic electrode material for 

lithium-ion batteries  lithiated benzenedipropiolate are investigated. It is a molecular crystal that is 

showing a very promising alternative to the standard electrode materials. This specific material, 

lithiated benzenedipropiolate, can reversibly reduce its unsaturated carbon-carbon bonds to a Li/C 

ratio of 1/1 leading to a specific capacity that is higher than any other lithium carboxylate material, 

1363 mAh/g [3].  

The lifetime for lithium ion batteries varies a lot depending on how “empty” the batteries are before 

charging them, but are on average expected to last around 1200-1500 charge-discharge cycles. The 

performance for lithium ion batteries are rarely specified for more than 500 complete discharge 

cycles [4]. This would mean that lithium ion batteries in a, e.g. phone, are not expected to last longer 

than about a year and half (calculating only with 100 % discharge every single day), this is of course 

not the case since people seldom completely empty their battery before charging. However, the 

lifetime is closely connected with recharging of the batteries, where organic batteries have a clear 

advantage [5]. 

Figure (1) illustrates the typical structure of a battery. The electrolyte can either be a solid or a liquid, 

if it is made of a solid it will pair up with liquid or gaseous electrodes. Using solid electrodes creates a 

problem unless the electrolyte is made of polymers which is the case in this report [6]. 

Figure 1 Simple sketch of an electrochemical cell. 



 David Gabro 

 LITHIATED ORGANIC ELECTRODE 
MATERIAL 

4 

 

 

The main objective for this report is to theoretically analyze how dilithium benzenedipropiolate 

molecules would work, when used as an anode material for lithium batteries i.e. theoretical 

characterization of structure and electronic structure and lithiation properties.  

A secondary objective is to analyze if the battery stability of the predicted structures of dilithium 

benzedipropiolate as anode material. Namely, how many lithium atoms can be absorbed, until 

irreversible changes are induced in the structure. 

Theoretical analyze is beneficial because it could be expensive and/or difficult to chemically 

synthesize the structure for analysis. 

  

Figur 2 Molecular structure of Benzenedipropiolate 
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2 Theory 

2.1 Density functional theory 

 

Density functional theory (DFT) is a way of obtaining the amount of energy from the density. The 

energy is calculated by following these steps in general: first obtain the electronic Hamiltonian from 

the density. With this, the Schrödinger equation can be solved and the wave functions can be 

obtained. With the wavefunction one can calculate the density, energy and other observables [7]. In 

the following subsections, a few fundamental terms are described.  

2.1.1 Functional 

The difference between a function and a functional is that a functional takes the whole function as 

input parameter and gives a number as output meanwhile a function takes a number as an input and 

gives a number as an output [8]. A mathematical example of this can be: 

  “Function” 𝑓(𝑥) = 𝑥2  

 “Functional” 𝐹[𝑓] = ∫ 𝑓3(𝑥)𝑑𝑥
∞

−∞
 

2.1.2 Electronic Hamiltonian operator 

The electronic Hamiltonian is a simplification of the complete Hamiltonian operator and reduces it 

down to three terms, the kinetic energy, the electron-nucleus interaction and electron-electron 

interaction. The exchange of the Hamiltonian operator with the electronic Hamiltonian makes the 

calculations a lot easier to deal with but in the end the nucleus-nucleus interaction will have to be 

added to the energy [9]. 

�̂� = �̂� + �̂�𝑁𝑒 +  �̂�𝑒𝑒    (1) 

Due to the interaction with nuclei, an attractive potential is exerted on the electrons and one 

denotes the operator for this potential as �̂�𝑁𝑒. For the electronic subsystem this operator is playing a 

role of external potential, 𝑉𝑒𝑥𝑡 [9]. 

2.1.3 Hohenberg-Kohn Theorems 

Density functional theorem was born from two very simple theorems being proven by two men in 

1964 by the name of Walter Kohn and Pierre Hohenberg [10]. In the following, the Hohenberg-Kohn 

theory is introduced through these theorems. 
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2.1.3.1 Theorem I 

The external potential is always a unique functional of density. In other words, the density is uniquely 

determined for any given system with interacting particles in an external potential, 𝑉𝑒𝑥𝑡( 𝑟 ). 

2.1.3.1.1 Proof I 

Assuming that two external potentials exists, 𝑉𝑒𝑥𝑡
(1)

( 𝑟 ) , 𝑉𝑒𝑥𝑡
(2)

( 𝑟 ),  with a difference of more than just 

a constant but gives rise to the same ground state density, which will be denoted 𝑛( 𝑟 ). “Obviously 

𝑉𝑒𝑥𝑡
(1)

( 𝑟 ) and  𝑉𝑒𝑥𝑡
(2)

( 𝑟 ) belong to distinct Hamiltonians �̂�𝑒𝑥𝑡
(1)

( 𝑟 ) and �̂�𝑒𝑥𝑡
(2)

( 𝑟 ),  which gives rise to 

distinct wavefunctions 𝜓𝑒𝑥𝑡
(1)

( 𝑟 ) and 𝜓𝑒𝑥𝑡
(2)

( 𝑟 ).” 

The variational principle gives a consequence, no energy given from the wavefunction can be less 

than the energy which is given by 𝜓𝑒𝑥𝑡
(1)

( 𝑟 ) for the �̂�𝑒𝑥𝑡
(1)

( 𝑟 ).  Written in mathematical form one get: 

𝐸(1) = ⟨𝜓(1)|�̂�(1)|𝜓(1)⟩ < ⟨𝜓(2)|�̂�(1)|𝜓(2)⟩    (2) 

If now assuming that the ground state is not a degenerate state, this would mean that the inequality 

strictly holds. But as mentioned before, the ground state densities are identical for the two 

Hamiltonians one can then rewrite the expectation value in equation (1) as: 

⟨𝜓(2)|�̂�(1)|𝜓(2)⟩ = ⟨𝜓(2)|�̂�(2)|𝜓(2)⟩ + ∫ 𝑑𝑟 [ 𝑉𝑒𝑥𝑡
(1)( 𝑟 ) − 𝑉𝑒𝑥𝑡

(2)( 𝑟 ) ] 𝑛0( 𝑟 ) (3) 

Solving equation (2) in the same way again but with exchanged labels one get 

⟨𝜓(1)|�̂�(2)|𝜓(1)⟩ = ⟨𝜓(1)|�̂�(1)|𝜓(1)⟩ + ∫ 𝑑𝑟 [ 𝑉𝑒𝑥𝑡
(2)

( 𝑟 ) − 𝑉𝑒𝑥𝑡
(1)

( 𝑟 ) ] 𝑛0( 𝑟 ) (4) 

Adding equation (3) and (4) gives, 

𝐸(1) + 𝐸(2) < 𝐸(2) + 𝐸(1)    (5) 

Which obviously is a contradiction and therefore leads to that this theorem has been proven. 

2.1.3.2  Theorem II 

In terms of density one can define a universal functional for the energy E[n], the ground state of this 

energy gives the minimum value for the functional. 

2.1.3.2.1 Proof II 

All observables in the same system are uniquely determined since the external potential is uniquely 

determined by the density and the external potential is then uniquely determining the ground state 

wavefunction.  
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By rewriting the energy expression as a density representation one gets, 

𝐸[𝑛] = 𝑇[𝑛] + 𝐸𝑖𝑛𝑡[𝑛] + ∫ 𝑉𝑒𝑥𝑡(𝑟 )𝑛(𝑟 ) + 𝐸11 ≡ 𝐹[𝑛] + ∫ 𝑉𝑒𝑥𝑡(𝑟 )𝑛(𝑟 ) + 𝐸11 (5) 

Where F[n] is a universal functional, this is because the handling of the internal potential and the 

kinetic energies are the same for all systems. 

Now looking at the ground state, the energy is being defined by the unique ground state density, 

which will be denoted 𝑛(1)( 𝑟 ). 

𝐸(1) = 𝐸[𝑛(1)] = ⟨𝜓(1)|�̂�(1)|𝜓(1)⟩    (6) 

Inserting the variational principle, this would mean that a different density 𝑛(2)(𝑟 ) must give a 

higher energy. 

𝐸(1) = 𝐸[𝑛(1)] = ⟨𝜓(1)|�̂�(1)|𝜓(1)⟩ < ⟨𝜓(2)|�̂�(1)|𝜓(2)⟩ = 𝐸(2)  (7) 

This means that with respect to the density, one can get the total energy of the system written as a 

functional and then finding the density that has the lowest energy would mean to be the ground 

state density. 

2.1.4 Kohn-Sham approach 

The Kohn-Sham approach is a concept that creates a non-interacting reference system that is built on 

a set of one electron functions, i.e. a set of orbitals, such that the major part of the kinetic energy can 

be estimated to good accuracy. The part of the kinetic energy that is left is then merged with the 

non-classical contributions to the electron-electron repulsion. By using this method, one gets a large 

portion of the information approximated to the exact and only leaving a small portion to be an 

approximate functional [11]. The Kohn-Sham approach can be summarized into six main steps but 

before writing these steps one needs to understand some variables: 

VXC is the potential due to the exchange-correlation energy. This energy is not known how to be 

expressed, which means that the explicit form of VXC is not known and is simply defined as the 

functional derivative of the exchange-correlation energy, 𝐸𝑋𝐶  ,with respect to the density, 𝜌 [11], i.e. 

𝑉𝑋𝐶 ≡
𝛿𝐸𝑋𝐶

𝛿𝜌
    (8) 

The slater determinant, equation (9), is a determinant that simplifies the wavefunctions from being 

dependent of many parameters into functions depending of only one spatial variable [11]. 
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Θ𝑆 =
1

√(𝑁!) |
|

𝜑1(�⃗�1)

𝜑1(�⃗�2)
⋮
 

𝜑1(�⃗�𝑁)

𝜑2(�⃗�1)

𝜑2(�⃗�2)
⋮
 

𝜑2(�⃗�𝑁)

⋯
  
 

⋯

𝜑𝑁(�⃗�1)

𝜑𝑁(�⃗�𝑁)
⋮
 

𝜑𝑁(�⃗�𝑁)

|
|
   (9) 

Where 𝜑(�⃗�) is the single electron wavefunction and N is the number of electron wavefunctions. 

Some of the variables that was needed to be able to compute the Kohn-Sham approach has been 

described and the six steps can now be listed and understood: 

1. Define a non-interacting reference system with the exact ground state to be the single slater 

determinant Θ𝑆 . The density, ρ𝑆 , of the system should be created to be exactly equal to the 

density of the real interaction system, ρ0. 

2. By finding the orbitals (which creates the Slater determinant) from equation (9) one gets the 

solutions of the N single particle. 

 

𝑓𝐾𝑆𝜑𝑖 = 휀𝑖𝜑𝑖     (10) 

𝑓𝐾𝑆 = −
1

2
∇2 + 𝑉𝑆(𝑟)    (11) 

Where 휀𝑖  is the Eigen energy and 𝑉𝑆 is the effective potential.  

By solving the equation (9) for the orbitals one can now determinate the kinetic energy for 

non-interacting electrons as: 

𝑇𝑆 = −
1

2
∑ ⟨𝜑𝑖|∇2|𝜑𝑖⟩𝑁

𝑖    (12) 

The effective potential must be chosen in a way that fulfills the condition ρ𝑆 = ρ0 . The 

upcoming steps focuses on a way to generate the effective potential.  

3. The interacting systems’ energy is divided into four different components: 

- Kinetic energy of the non-interacting electrons 

- Classic electrostatic electron-electron repulsion energy, 𝐽 

- Energy due to the Nuclei, 𝐸𝑁𝑒 

- The remainder of the energy, 𝐸𝑋𝐶  , which consist of quantum mechanical 

contributions to the potential energy and part of the true kinetic energy which is not 

covered by 𝑇𝑆 . 

4. Applying the variational principle on this, one gets that the effective potential is exactly the 

sum of the potential due to the nuclei, V𝑁𝑒 , the coulomb potential (classical), V𝐶 and the 

potential generated by E𝑋𝐶  i.e. V𝑋𝐶  . 
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5. Given one knows the explicit forms of these potentials one gets the effective potential V𝑆 

and by solving the one-electron equations one obtains the Kohn-Sham orbitals however, the 

exact form for V𝑋𝐶  is not known and therefore needs to be approximated. 

𝑉𝑆(𝑟 ) =
𝛿𝐸𝐶𝑜𝑢𝑙

𝛿𝜌
 +

𝛿𝐸𝑁𝑒

𝛿𝜌
 +

𝛿𝐸𝑋𝐶

𝛿𝜌
= ∫

𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ − ∑

𝑍𝐴

𝑟𝐴

𝑀

𝐴

+
𝛿𝐸𝑋𝐶

𝛿𝜌
                                    (13) 

6. Inserting the orbitals into equation (13) gives the exact ground state energy which in turn 

gives the exact ground state energy. 

                                                       ρ𝑆 = ∑  

𝑁

𝑖

∑|𝜑𝑖(𝑟, 𝑠)|

𝑠

= ρ0                                                        (14) 

In all real applications, one does not know the exact form of E𝑋𝐶  so approximation needs to 

be done to the unknown functional [11]. 

In order to generate a system for the Kohn-Sham molecular orbitals one must first solve the 

Schrödinger equation for a one-electron system [11]. 

                                                                         (−
1

2
∇2 + 𝑉𝑆(𝑟)) 𝜑𝑖 = 휀𝑖𝜑𝑖                                                     (15) 

This can be solved by replacing the effective potential with the Kohn-Sham potential [11]. 

              𝑉𝑆(𝑟 ) = 𝑉𝐾𝑆(𝑟 ) =
𝛿𝐸𝐶𝑜𝑢𝑙

𝛿𝜌
 +

𝛿𝐸𝑁𝑒

𝛿𝜌
 +

𝛿𝐸𝑋𝐶

𝛿𝜌
= ∫

𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ − ∑

𝑍𝐴

𝑟𝐴

𝑀

𝐴

+
𝛿𝐸𝑋𝐶

𝛿𝜌
                 (16) 

2.2 General gradient approximation (GGA) 

When doing electronic structure calculations in solid-state physics, scientist have for many years 

mainly used local spin density approximations [12], this approximation can be written as: 

                                                           𝐸𝑋𝐶
𝐿𝑆𝐷(𝑛, 𝑛↓) = ∫ 𝑑3𝑟 𝑛(𝑟)𝜖𝑋𝐶

𝑢𝑛𝑖𝑓
(𝑛(𝑟), 𝑛↓(𝑟))                                  (17) 

Where 𝜖𝑋𝐶
𝑢𝑛𝑖𝑓[𝑛(𝑟), 𝑛↓(𝑟)] is the exchange-correlation energy per particle of a uniform electron gas 

(jellium) [12]. But this method gives about ten percent insufficiently negative exchange-correlation 

energies for almost all molecules, atoms and solids [13]. Although this flaw LSD is used in many solid-

state purposes, and some may even call it “a reliable, moderate-accuracy approximation” [12]. But 

for the cases when LSD isn’t reliable enough, another method is needed. That is where the general 

gradient approximation (GGA) comes in. It is gradient-corrected functionals and has the form [12]: 
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𝐸𝑋𝐶
𝐺𝐺𝐴(𝑛, 𝑛↓) = ∫ 𝑑3𝑟 𝑓(𝑛,  𝑛↓, ∇𝑛, ∇𝑛↓)                                        (18) 

Using this form/approximation reduces the LSD atomization energy errors by a factor close to five 

[14]. So what one wants is to retain the good features of LSD and avoid the GEA hole, this can be 

avoided by removing all unphysical contributions [12]. 

2.3 Pseudo-potentials 

A pseudo-potential is a potential that is being used as an approximation of a more complex system 

[15]. In this study, a pseudo potential was used in a way for the Schrödinger equation to include a 

modified effective potential instead of using the coulomb potential, for core electrons.  

3 Method 

3.1 Avogadro 

Avogadro is a software that is being used for 

molecular simulations and analysis, to see e.g. 

the distance between atoms, bond lengths 

and/or the effects of the force fields. In this 

study Avogadro was mainly used for graphical 

understanding. A single dilithiated 

benzenedipropiolate molecule was created using the draw tool and simulated with the force field 

“MMFF94”, (“Merck Molecular Force Field 94 performs well at optimizing geometries, bond lengths, 

angles, etc...”) and is a method that provides good accuracy across a range of organic molecules [16], 

until convergence happens for receiving the initial bond length. The “relaxed” dilithium 

benzenedipropiolate molecule was saved as a “.xyz” file, which is a file type that saves positions, and 

later used for periodic Born-Oppenheimer molecular dynamics simulations. 

3.2 MATLAB 

When the lithiated Benzenedipropiolate molecule was created and converged in Avogadro, it was 

placed into a cell implying periodic boundary conditions (PBC) in MATLAB by reading in the “.xyz” file. 

After the molecule was created and there was not any complications with the PBC (i.e. such as having 

two atoms in the same position) when created as a periodic crystal, a Flexible Data Format “.fdf” file 

could be created. This file is needed as input parameters in order to start simulating on the 

supercomputer in Linköping, Sweden. 

Figure 3. A 3D representation of the dilithium 
Benzenedipropiolate molecule and its bonds/bond length, 
simulated in Avogadro. Black colored spheres are carbon 
atoms, white are hydrogen atoms, red are oxygen atoms and 
the purple spheres are lithium atoms. 
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3.3 SIESTA 

After the “.fdf” file was created it would be placed in a folder containing pseudo-potentials for each 

relevant material, in this study: carbon, hydrogen, oxygen and lithium. This folder was uploaded to 

the server, a Linux server. Once on the server, the program SIESTA was used to do PBC Born-

Oppenheimer simulation of the molecular and crystal structure. The results were then downloaded 

and analyzed in MATLAB. 

4 Results 

The results is split into two subcategories, where 4.1 is about finding the ground state crystal and 

section 4.2 is about studying the stability for the probable ground state crystal. 

4.1 Crystal 

All the simulations done can be seen in the Appendix (9.1), the following simulations were the most 

promising i.e. all the results were done on a “trial and error” method. The following results were 

selected from the systems that has the lowest free energy because the system with the lowest free 

energy system is, according to DFT, the system that is the most probable ground state system. 

4.1.1 Simulation 1 

The first simulation was done using two dilithiated benzenedipropiolate molecules placed in a zigzag 

formation [17] along the Y-direction and would be repeated in SIESTA (not shifted in the Z-direction), 

figure (4) shows this formation. 

Figure (5) shows the resulting “crystal” in the XY-plane. This is not a complete crystal even though the 

lithium has the desired zig zag pattern [17]. It can be realized when analyzing this in the YZ-plane, 

figure (6) displays this. The dilithiated benzenedipropiolate molecules may be tightly packed in a zig 

zag formation in X- and Y-direction but in order to make it a “full crystal” it needs to be tightly packed 

in the Z-direction as well. 

Figure 4 Placement of two dilithiated Benzenedipropiolate molecules forming a unit cell. Created in a formation that has 
lithium placed in a zig zag pattern along the Y-axis. Black colored spheres are carbon atoms, white are hydrogen atoms, red 
are oxygen atoms and the purple spheres are lithium atoms. Green arrow is the Y-axis, blue is the Z-axis and red is the X-axis. 
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Studying figure (5) one sees that each lithium is being shared by four oxygen and is bonding with the 

single bonded oxygen.  

 

  

Figure 5 The unit cell from figure 4 repeated into a larger crystal seen at in the XY plane. Black colored spheres are carbon 
atoms, white are hydrogen atoms, red are oxygen atoms and the purple spheres are lithium atoms. Green arrow is the Y-axis, 
blue is the Z-axis and red is the X-axis. 

Figure 6 The unit cell from figure 4 repeated into a larger crystal seen in  the XZ plane. Black colored spheres are carbon atoms, 
white are hydrogen atoms, red are oxygen atoms and the purple spheres are lithium atoms. Green arrow is the Y-axis, blue is 
the Z-axis and red is the X-axis. 



 David Gabro 

 LITHIATED ORGANIC ELECTRODE 
MATERIAL 

13 

 

 

4.1.2 Simulation 2 

The second simulation was done using two dilithiated Benzenedipropiolate molecules placed directly 

above each other along the Z-direction but with a ten-degree tilt along the X-axis, and would be 

repeated in SIESTA (not shifted in the Y-direction), figure (9) shows this formation. 

This is not a complete crystal either even though the lithium has the desired zig zag pattern [17]. It 

can be realized when analyzing this from a position that sees the molecules “lying flat” (XZ-plane), 

figure (10) displays this. The dilithiated benzenedipropiolate molecules may be tightly packed in a zig 

zag formation in the Z- and Y-direction but in order to make it a “full crystal” it needs to be tightly 

packed in the X-direction as well. 

Looking closely at figure (8) one sees that each lithium is being shared by three oxygen and has 

desired the zig zag pattern. 

  

Figure 7 Placement of two Benzenedipropiolate molecules forming a unit 
cell. Created in a formation that has lithium placed in a zig zag pattern 
along the Z-axis and has a ten-degree tilt along the X-axis. Black spheres 
are carbon atoms, white spheres are hydrogen atoms, red spheres are 
oxygen atoms and purple spheres are lithium atoms. Green arrow is the 
Y-axis, blue is the Z-axis and red is the X-axis 
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Figure 9 The unit cell from figure (7) repeated into a larger crystal seen at in the XZ plane. Black spheres are carbon atoms, 
white spheres are hydrogen atoms, red spheres are oxygen atoms and purple spheres are lithium atoms. Green arrow is the 
Y-axis, blue is the Z-axis and red is the X-axis. 

Figure 8 The unit cell from figure (7) repeated 
into a larger crystal. Black spheres are carbon 
atoms, white spheres are hydrogen atoms, red 
spheres are oxygen atoms and purple spheres 
are lithium atoms. Green arrow is the Y-axis, 
blue is the Z-axis and red is the X-axis. 
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4.1.3 Simulation 3 – Complete crystal 1 

All that is needed to do now is to create 

the “complete crystal” (a crystal in all 

three directions without a gap) is now 

given. Only by combining the good 

properties of these two systems with each 

other can the crystal be created, because 

what one system lacks the other system has. 

When creating a crystal with a zig zag 

pattern along the X-axis and having a 

ten-degree tilt on it gives a great system 

but it was not the probable ground state 

crystal. The probable ground state crystal is a crystal that 

can be created by using the unit cell from the previous 

simulation and positioning two more molecules so it 

forms a zig zag pattern in the Y – and Z –direction, figure 

(10) above displays this structure. 

 Repeating the unit crystal periodically gives the resulting 

structure, figure (11) displays this. The difference in the 

free energy as well as the fermi energy for the four 

systems is tabulated in table (1). Total simulation time 

for this system was 11 hours 57 min 44 seconds and was 

simulated with one node using SIESTA. The free energy 

per volume for this system is almost twice as large as for 

the two systems above and the fermi energy is being 

increased as well. The tabulated values for this can be 

seen in table (1), below on page 21. 

 

 

  

Figure 11 The unit crystal, after relaxation in SIESTA, 
using four dilithium benzenedipropiolate molecules. 
The molecules are now placed in a more complex 
way. Black spheres are carbon atoms, white spheres 
are hydrogen atoms, red spheres are oxygen atoms 
and purple spheres are lithium atoms. Green arrow 
is the Y-axis, blue is the Z-axis and red is the X-axis 

Figure 10 The unit crystal, before relaxation in SIESTA, using four 
dilithium benzenedipropiolate molecules.  The molecules are placed in 
a zig zag formation along the Y- and Z-axis. Black spheres are carbon 
atoms, white spheres are hydrogen atoms, red spheres are oxygen 
atoms and purple spheres are lithium atoms. Green arrow is the Y-axis, 
blue is the Z-axis and red is the X-axis 
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Figure 12 The unit cell from figure (11) repeated into a larger crystal seen at in the 
XZ plane. Black spheres are carbon atoms, white spheres are hydrogen atoms, red 
spheres are oxygen atoms and purple spheres are lithium atoms. Green arrow is the 
Y-axis, blue is the Z-axis and red is the X-axis 
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4.1.4 Simulation 4 – Complete crystal 2 

Everything that is needed to create a complete crystal has been given but the systems above may not 

be the ground state crystal. By creating a system with two dilithiated Benzenedipropiolate molecules 

that are placed in a zig zag formation and tilted ten degrees in the Z-direction. This structure is the 

repeated in SIESTA leading to a probable desired complete crystal. Figure (13) displays the unit 

crystal before being relaxed in SIESTA. The resulting unit crystal can be seen in figure (14). 

 

  

Figure 13 Placement of two Benzenedipropiolate molecules forming a unit cell. Created in a 
formation that has lithium placed in a zig zag pattern along the Y-axis and has a ten-degree tilt 
along the X-axis. Black spheres are carbon atoms, white spheres are hydrogen atoms, red spheres 
are oxygen atoms and purple spheres are lithium atoms. Green arrow is the Y-axis, blue is the Z-
axis and red is the X-axis 



 David Gabro 

 LITHIATED ORGANIC ELECTRODE 
MATERIAL 

18 

 

 

Repeating the unit crystal periodically gives the resulting structure, seen in figure (14). 

As can be seen in figure (14) and figure (15), the desired structure is created, a zig zag formation. Not 

only does this crystal have a zig zag pattern for the lithium in three dimensions but it has a shifting in 

the benzene rings in two dimensions.  

Figure 14 The unit cell from figure (13) repeated into a larger crystal seen at in the XY plane. Black spheres are 
carbon atoms, white spheres are hydrogen atoms, red spheres are oxygen atoms and purple spheres are lithium 
atoms. Green arrow is the Y-axis, blue is the Z-axis and red is the X-axis. 

Figure 15 The unit cell from figure (13) repeated into a larger crystal seen at 
in the YZ plane. Black spheres are carbon atoms, white spheres are hydrogen 
atoms, red spheres are oxygen atoms and purple spheres are lithium atoms. 
Green arrow is the Y-axis, blue is the Z-axis and red is the X-axis. 
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Table 1 Difference between free energy, fermi energy and cell volume for the three most promising systems and sorted in 
the order they converged. Where BDP1 is a single benzenedipropiolate molecule.  

 

System Total Free 
Energy 

[eV] 

Fermi 
Energy 

[eV] 

Unit Cell 
volume 

[Å3] 

Free energy 
per molecule 

[eV] 

 Free Energy 
per molecule  
per Volume  

[eV/ Å3] 

BDP1 -3687.53 -4.18 2643.45 -3687.53 -1.39 

Ziza10deg -7381.25 -5.43 947.90 -3690.62 -3.90 

BDPzigzagY2Li -7383.77 -4.69 1776.09 -3691.89 -2.08 

Ziza2Z2Y -14764.76 -5.63 1152.13 -3691.19 -6.41 

Ziza10degZ -7384.67 -6.15 484.68 -3692.33 -7.62 

 

 

  

Figure 16 Placement of atoms before and after relaxation in SIESTA. The blue lines are where and how far the atom 
has moved. Blue spheres are carbon atoms, yellow spheres are hydrogen atoms, green spheres are oxygen atoms 
and red spheres are lithium atoms. 
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Figure 17 Band gap of the complete crystal. Red line is the fermi energy, Ef = -5.633 eV 

Figure 18 Density of states for spin up (blue line) and spin down (spin down) 
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4.2 Stability 

The results for stability is in this section being studied. Where each added lithium atom is being 

placed in, what is to be believed to be, the most probable way, namely close to the double and triple 

bonds of the benezenedipropiolate molecule [3]. 

4.2.1 Finding the lithiation limit 

Now that the probable ground state crystal has been found we analyze if the crystal will remain 

stable when filled with lithium. The placement of the lithium atoms was in a position that would be 

the most probable and then varied a little. The system that gave the lowest free energy would then 

be built further on i.e. another lithium atom was added, due to lack of time for convergence of 

crystal 2 would we did a deeper analyze of crystal 1. The systems vary from one extra lithium to a 

system with 42 extra lithium. Due to lack of time, the difference for every single extra-added lithium 

atom could not be analyzed.  

 

 

Figure 19 Decrease of free energy difference between added lithium and the probable ground 
state crystal. Only plotting the lowest free energy difference of each. Each circle is the system with 
the lowest free energy for that amount of added lithium atoms. 
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Figure 20 Difference in free energy for each system compared to the ground state 
crystal divided per number of lithium atoms in that particular system. Only plotting the 
lowest free energy difference of each system (for plot with all systems see Appendix 
(9.2)) 

Figure 21 Change in the bandgap with added lithium, from 0 lithium atoms to 42 extra 
added. Only plotting the lowest free energy difference of each analyzed system. 
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Figure 22 Difference in the angle between atoms in the benzene ring before and 
after 42 extra lithium atoms have been added to the ground state crystal. Blue line 
is for first molecule, red is for the second, magenta is for the third and cyan is for 
the fourth molecule. (For how the bonds were labeled see Appendix (9.2)) Blue line 
is molecule 1, red is molecule 2, magenta is molecule 3 and cyan is molecule 4 (look 
in appendix for definition of molecules) 

Figure 23 showing the difference in bond length before and after adding 42 lithium. 
The peak at 2 is due to an oxygen atom that has moved 2.5 Å after adding 42 extra 
lithium atoms in the unit cell compared to the other atoms that only moved ~0.1±0.2 
Å. Blue line is molecule 1, red is molecule 2, magenta is molecule 3 and cyan is 
molecule 4 (look in appendix for definition of molecules) 
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Figure 25 Projected density of states (PDOS), before lithiation, at the atoms shown in the inset 
(blue balls = C, green = O, red = Li, yellow = H) integrated over YZ plane normalized by atomic 
density.The energy is 0 at the fermi energy i.e. X-axis shows the difference between the energy 
and the fermi energy. The color scaling goes from blue as the lowest to yellow as the highest. 

Figure 24 Projected density of states (PDOS), before lithiation, at the atoms shown in the inset 
(blue balls = C, green = O, red = Li, yellow = H) integrated over YZ plane normalized by atomic 
density.The energy is 0 at the fermi energy i.e. X-axis shows the difference between the energy 
and the fermi energy. The color scaling goes from blue as the lowest to yellow as the highest. 
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5 Discussion of results 

Here we will discuss the result in different subsections. 

5.1 The results of finding the ground state crystal 

The results from creating the model of the ground state crystal shows that the most probable 

structure for the crystal shall be a crystal with a “all syn catemer” (a zig zag formation) as was 

described it would in [17], all tabulated values of the analyzed systems can be reviewed in Appendix 

(9.1).  The origin of this catemer structure comes from a how the lithium atom places itself in the 

crystal and forms an infinite large one-dimensional pattern, established with O-H ⋅⋅⋅O hydrogen 

bonds [17-18]. In 

this study though, the catemer structure is not only in one dimension but also in three, leading  

to a very complex structure with a lot to offer. 

Studying table (1) one can see that the free energy difference per molecule is increasing with a few 

eV for each crystal compared with the crystal that is created from a single benzenedipropiolate 

molecule. This would mean that when creating a system with at least two benzenedipropiolate 

molecules, it gives an answer that is closer to the ground state energy. Further analyze of table (1) 

gives that the crystal of two systems are more likely to be the ground state system than any other 

analyzed in this report. When comparing the energy per volume for these two system with all the 

other systems, in this study, one sees that they can almost be twice as large and therefore once again 

confirming that they will not be the probable ground state crystal.  

In figure (16) one can see the movement of each and every single atom in its unit cell and how the 

different atoms have interacted with each other, forcing the atoms to move in certain directions. 

Figure (18) shows that there is no shift in phase when looking at bandgaps and the peaks, this 

indicates that the system is not polarized. 

5.2 The results for the lithiation 

From figure (19), one can see that adding a lithium atom to the system decreases the difference in 

free energy with about 32 eV. This would mean that each system is better than the other until the 

lithiation limit, analyzed down to 42 extra lithium atoms (giving it a total of 50 lithium atoms in the 

system). When placing the lithium atom in such a way that the triple and double bonds breaks up 

into single bonds, gives the benzenedipropiolate molecule a single bond benzene ring with two 

butane-like strings connected on each side.  
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Analyzing the figure (26) in Appendix (9.2) one can see that the placement of the lithium atoms can 

differ the energy of the system with about 0.5 eV. This may not seem like that much but it can have 

devastating effects if created in real life, because the lithium atoms can interact with the lithiated 

benezenedipropiolate molecule in negative ways forcing destabilization of the crystal structure. 

From figure (21), the change in the bandgap indicates that this system becomes more and more 

metallic with each lithium added to the possible ground state crystal. In the graph there is some 

fluctuation to this behavior, this is probably because the placement of the lithium atom was not 

optimal in that particular system. 

Studying figure (20) one can see that the energy increases in some unknown pattern when adding 

lithium atoms and probably will increase until -14.78 eV, which would be the energy for this bcc 

structure and the probable lithiation limit. When the crystal will be filled above this limit, the lithium 

atoms will start to form a new structure only consisting of lithium atoms.  

When comparing the distances between the atoms in the four different dilithiated 

benezenedipropiolate molecules in a unit cell (see figure (27) in appendix (9.2)) before and after 

adding 42 lithium atoms, one sees from figure (22) that the bond length increases up to 0.3 Å at bond 

5 and 14. This is because the double triple bonds between carbon-carbon is being “reconfigured” to 

single bonds with the lithium atoms. The resulting structure after the reconfiguration of the 

benezenedipropiolate molecules becomes “butane-like”. 

The angles of the benzene rings, for all four molecules in the unit cell, are all being twisted and 

turned when comparing the ground state crystal to the “filled lithium crystal” (the system with 42 

added lithium atoms in the unit cell). This is due to the lithium “stealing” bonds from the double 

covalent bonds in the ring, forcing the benzene rings to be rings with single bonds which are naturally 

longer due to lack of interactions between electrons. 

Studying the graphs for the projected density of states in the three different directions before and 

after it has been filled with 42 extra lithium, one sees that the number of probable states for the 

orbitals will increase as well as the overall probable states (X-direction figure (25) and (26) and the Y 

and Z can be found in the appendix (9.2)). 
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6 Improvements and recommendations 

Lack of time due to standing in queue to be able to simulate and due to actual long- needed 

simulation time on the super computer made it hard to see where the exact limit for number of 

lithium atoms placed in the unit cell is and therefore further analyze may be needed in this area. 

Because of the lack in time for a system to converge, as well as the queue time, another probable 

ground state crystal was found at the same time simulations for the lithiation limit was done which 

may need further analyzation.  

Something to maybe analyze further is to make more simulations with different placement for the 

simulations with a high number of added lithium atoms to better know the approximate and 

probable placement of the lithium atoms before the stability breaks. 

Another recommendation is to also do these same simulations with a higher accuracy by increasing 

the cutoff energy, so far only cutoff energy at 200 Rydberg was done on these experiments. 

Lastly, one can try to create this composition/crystal experimentally and start to analyze the 

experimental data instead of only analyzing the dilithiated benezenedipropiolate theoretically. 

7 Conclusion  
We propose a probable crystal structure for the dilithiated benzenedipropiolate with a zig zag 

formation in three dimensions and a shifting in the benzene rings i.e. the benzene rings are not place 

exactly above each other neither exactly next to each other. It has a free energy low enough to be 

close to the ground state structure.  

The lithiation of the benzenedipropiolate in this structure was studied up to a total of 12 lithium 

atoms per molecule, and this seems not to be the limit here since a clear difference in the system has 

not been seen, not in the volume, free energy, fermi energy or distance between atoms (with the 

exception of one oxygen atom).  

Creating a system with 12 lithium atoms per molecule gives the benzenedipropiolate molecule a 

structure that can be described as a single bond benzene ring with two butane strings connected on 

opposite sides. More research needs to be done to be able to draw an definite conclusion of where 

the lithiation limit for this crystal is and if this system really is the ground state crystal.   
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9 Appendix 

9.1 Crystal systems 

Table 2 All the converged systems that formed a crystal of sorts, sorted from highest free energy to the lowest. 

System Efree Ef [eV] Unit Cell 
volume[Å3] 

BDP90square -7323.8740 -6.1053 2813.7483 

BDPzigzag_2str_Z -7342.0577 -6.8321 1932.0812 

BDPzigzagYLi1 -7342.9962 -6.8419 1657.2362 

BDP90degLi1 -7343.2529 -6.5225 1922.7421 

Ziza10deg1Li -7344.0512 -6.3130 1159.0107 

BDPzigzagZLi1 -7344.1129 -6.4730 1319.1060 

Ziza10deg1LiZ -7344.2432 -6.7270   918.9131 

Ziza1Z1Y -7375.1710 -4.1300 7253.5481 

Ziza15deg -7380.1429 -4.8353 1623.5200 

ZizaY -7378.1606 -4.0930 2638.2694 

Ziza25deg -7380.2032 -5.0580 1646.0671 

Ziza35deg -7380.8502 -5.1763 1737.6056 

Ziza20deg -7380.9563 -5.7528 1205.4567 

Ziza5deg -7381.2437 -5.3925   956.1487 

Ziza10deg -7381.2460 -5.4281   947.8969 

BDPzigzagY2Li -7383.7748 -4.6882 1776.0888 

Ziza10degZ -7384.6695 -6.1470   484.6781 

Ziza2Z2Y -14764.7581 -5.6335 1152.1263 
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9.2 Systems for the lithiation limit 

Table 3 Effects of adding extra lithium to the unit cell in different places. Sorted in the system that converged the fastest. “+Li” 
stands for extra lithium. Va stands for Volume after added lithium and Vb stands for Volume before added lithium. The 
placement of the added lithium were placed in the following: Ziza and zz stands for zigzag formation, O stands for over 
molecule, B stands for below the molecule, SS stands for side to side, M stands for middle, m is for middle of the benzenering, 
s (side) is placement next to the benezenering T stands for triple bond and rapp (stands for the Swedish word “rapport” which 
means report and) is referring to the report in [3]. 

System # +Li Ef 
[eV] 

ΔEf 
[eV] 

Efree 
[eV] 

ΔEfree 
[eV] 

ΔEfree/#+Li 
[eV] 

Unit Cell 
volume [Å3] 

Va/Vb 

Ziza2Z2Y 0 -5.633388  -14764.758054   1152.1263 1 

2LiFBzz 2 -5.040331 +0.5931 -14797.068258 -32.3102 -16.1551 1098.7165 0.9536 

2LiOB 2 -5.038097 +0.5953 -14796.481810 -31.7238 -15.8619 1106.1318 0.9600 

2LiOBzz 2 -4.935423 +0.6980 -14796.457935 -31.6999 -15.8500 1156.3704 1.0037 

2LiSS 2 -5.030066 +0.6033 -14796.783403 -32.0253 -16.0127 1110.3736 0.9638 

7LedM 7 -5.272975 +0.3604 -14877.151899 -112.3938 -16.0563 1092.0303 0.9478 

7LedMT 14 -5.180986 +0.4524 -14985.873117 -221.1151 -15.7939 1200.2362 1.0418 

7Ledx2M 14 -5.130829 +0.5026 -14985.629121 -220.8711 -15.7765 1121.9975 0.9738 

7Ledx3M 21 -5.233387 +0.4000 -15090.953643 -326.1956 -15.5331 1123.1208 0.9748 

1MB 1 -4.987853 +0.6455 -14780.020637 -15.2626 -15.2626 1186.6422 1.0300 

2MB 2 -5.156740 +0.4766 -14796.657891 -31.8998 -15.9499 1101.0539 0.9557 

1M2IB 3 -5.025431 +0.6080 -14811.808100 -47.0500 -15.6833 1183.3557 1.0271 

2M2I4mB 8 -4.771517 +0.8619 -14892.447418 -127.6894 -15.9612 1125.7333 0.9771 

2msB 2 -5.067033 +0.5664 -14796.116004 -31.3579 -15.6790 1105.2483 0.9593 

4msB 4 -5.031696 +0.6017 -14827.749505 -62.9915 -15.7479 1154.2702 1.0019 

7Ledx3MT 42 -5.786740 -0.1534 -15404.355267 -639.5972 -15.2285 1341.0029 1.1639 

2M2IB 4 -5.091731 +0.5417 -14828.163667 -63.4056 -15.8514 1138.0462 0.9878 

4T 12 -4.525712 +1.1077 -14951.689553 -186.9315 -15.5776 1191.9633 1.0346 

16T8S 32 -5.618914 +0.0145 -15255.294646 -490.5366 -15.3293 1261.9055 1.0953 

16T 24 -5.816406 -0.1830 -15139.508141 -374.7501 -15.6146 1091.4091 0.9473 

36 36 -5.748019 -0.1146 -15311.478416 -546.7204 -15.1867 1374.0592 1.1926 

Rapp 40 -5.644137 -0.0107 -15372.037339 -607.2793 -15.1820 1387.7094 1.2045 
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Figure 27  Difference in free energy for each system compared to the ground state crystal 
divided per number of lithium in that particular system. All the circles are different systems 
with different placement of lithium atoms. 

 

Figure 26 Change in Enthalpy for the different systems. All the circles are different 
systems with different placement of lithium atoms.  
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Table 4 Effects of added lithium to the unit cell on the band gap . “+Li” stands for extra lithium 

System # + Li Δbandgab 
[eV] 

Ef BandEmin 
[eV] 

BandEmax 
[eV] 

Enthalpy 
[eV/cell] 

Energy/volume 
[eV/Å3] 

Ziza2Z2Y 0 2.3359 -5.633388 -7.13254 -4.79661 -14764.7894 -12.8137 

2LiFBzz 2 2.1718 -5.040331 -7.25574 -5.08398 -14797.0522 -13.4676 

2LiOB 2 2.0787 -5.038097 -7.17071 -5.09197 -14796.5176 -13.3768 

2LiOBzz 2 2.0890 -4.935423 -7.08771 -4.99867 -14796.4556 -12.7956 

2LiSS 2 2.1982 -5.030066 -7.25026 -5.05207 -14796.7277 -13.3260 

7LedM 7 1.8097 -5.272975 -7.53413 -5.72446 -14877.1474 -13.6234 

7LedMT 14 0.8935 -5.180986 -5.62745 -4.73396 -14985.9255 -12.4858 

7Ledx2M 14 0.6016 -5.130829 -5.43165 -4.83002 -14985.5693 -13.3562 

7Ledx3M 21 0.9379 -5.233387 -6.17125 -5.23330 -15090.9051 -13.4366 

1MB 1 2.1022 -4.987853 -7.08996 -4.98781 -14780.0373 -12.4553 

2MB 2 0.1742 -5.156740 -5.24381 -5.06966 -14796.6548 -13.4386 

1M2IB 3 0.1023 -5.025431 -5.12653 -5.02427 -14811.7690 -12.5168 

2M2I4mB 8 1.0832 -4.771517 -5.30954 -4.22630 -14892.4623 -13.2291 

2msB 2 0.2097 -5.067033 -5.16974 -4.96006 -14796.1947 -13.3871 

4msB 4 0.1672 -5.031696 -5.11527 -4.94806 -14827.7288 -12.8460 

7Ledx3MT 42 0.3464 -5.786740 -5.96129 -5.61485 -15404.2821 -11.4872 

2M2IB 4 0.0859 -5.091731 -5.13461 -5.04876 -14828.1215 -13.1380 

4T 12 0.2437 -4.525712 -4.64692 -4.40326 -14951.6869 -12.7985 

16T8S 32 0.2748 -5.618914 -5.75632 -5.48157 -15255.2875 -11.9973 

16T 24 0.7567 -5.816406 -6.19683 -5.44009 -15139.5127 -12.8137 

36 36 0.3429 -5.748019 -5.91919 -5.57629 -15311.6035 -11.1432 

Rapp 40 0.3721 -5.644137 -5.83032 -5.45824 -15372.1107 -11.0773 
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Figure 29 Labeling of the bonds between atoms in the dilithiated benzenedipropiolate molecule 

Figure 28 Labeling of the four dilithiated benzenedipropiolate molecule 
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Table 5 Change in distance between atoms before and after adding 42 extra lithium  
for molecule 1 

Bindings System: Before 

Distance [Å] 

System: 42 Li 

Distance [Å] 

1 1.993 1.999 

2 1.280 1.402 

3 1.288 1.371 

4 1.470 1.398 

5 1.244 1.521 

6 1.438 1.485 

7 1.427 1.506 

8 1.406 1.502 

9 1.427 1.439 

10 1.426 1.504 

11 1.399 1.511 

12 1.429 1.444 

13 1.439 1.488 

14 1.242 1.521 

15 1.479 1.410 

16 1.272 1.371 

17 1.289 1.400 

18 2.021 1.871 

 

  

Figure 30 Change in distance between atoms for molecule 1.  
Blue line is before adding 42 lithium and red is after. 
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Figure 31 Change in distance between atoms for molecule 2.  
Blue line is before adding 42 lithium and red is after. 

 

 

Table 6 Change in distance between atoms before and after  
adding 42 extra lithium for molecule 2 

Bindings System: Before 

Distance [Å] 

System: 42 Li 

Distance [Å] 

1 2.026 2.022 

2 1.288 1.388 

3 1.272 1.405 

4 1.480 1.403 

5 1.242 1.495 

6 1.439 1.448 

7 1.427 1.478 

8 1.399 1.502 

9 1.429 1.498 

10 1.427 1.463 

11 1.406 1.525 

12 1.427 1.493 

13 1.438 1.476 

14 1.245 1.526 

15 1.469 1.402 

16 1.280 1.384 

17 1.289 1.389 

18 1.995 1.900 
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Figure 32 Change in distance between atoms for molecule 3.  
Blue line is before adding 42 lithium and red is after. 

 

 

Table 7 Change in distance between atoms before and after  
adding 42 extra lithium for molecule 3 

Bindings System: Before 

Distance [Å] 

System: 42 Li 

Distance [Å] 

1 1.952 2.001 

2 1.282 1.416 

3 1.277 1.419 

4 1.482 1.409 

5 1.242 1.497 

6 1.438 1.486 

7 1.425 1.453 

8 1.398 1.423 

9 1.427 1.473 

10 1.425 1.466 

11 1.403 1.423 

12 1.427 1.465 

13 1.435 1.456 

14 1.244 1.498 

15 1.467 1.402 

16 1.285 1.395 

17 1.284 1.428 

18 1.968 1.952 
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Figure 33 Change in distance between atoms for molecule 4.  
Blue line is before adding 42 lithium and red is after. 

Table 8 Change in distance between atoms before and after  
adding 42 extra lithium for molecule 4 

Bindings System: Before 

Distance [Å] 

System: 42 Li  

Distance [Å] 

1 1.975 1.995 

2 1.283 3.805 

3 1.285 1.446 

4 1.465 1.419 

5 1.244 1.503 

6 1.434 1.488 

7 1.425 1.473 

8 1.404 1.381 

9 1.427 1.461 

10 1.425 1.472 

11 1.398 1.450 

12 1.427 1.454 

13 1.437 1.449 

14 1.242 1.508 

15 1.481 1.399 

16 1.277 1.431 

17 1.282 1.381 

18 1.954 2.075 
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Table 9 Change in angle in the benzene ring before and after adding 42  
extra lithium for molecule 1 

  Angle  System: Before 

Angle [°] 

System: 42 Li  

Angle [°] 

1 119.9 115.9 

2 119.4 113.0 

3 119.9 120.6 

4 120.7 122.1 

5 118.7 111.8 

6 120.9 115.5 

Figure 34 Labeling of the angles between atoms in the Benzene ring 

Figure 35 Change in the angle in the benzene ring for molecule 1.  
Blue line is before adding 42 lithium and red is after. 
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Table 10 Change in angle in the benzene ring before and after adding 42 extra lithium 

Angle System: Before 

Angle [°] 

System: 42 Li  

Angle [°] 

1 120.9 117.7 

2 118.7 112.7 

3 120.5 115.0 

4 120.0 116.0 

5 119.3 113.3 

6 120.0 116.9 

  Figure 36 Change in distance between atoms for molecule 2.  
Blue line is before adding 42 lithium and red is after. 
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Table 11 Change in angle in the benzene ring before and after adding 42 extra lithium 

Angle  System: Before 

Angle [°] 

System: 42 Li  

Angle [°] 

1 120.6 125.1 

2 119.1 111.6 

3 120.7 123.8 

4 119.9 123.5 

5 120.1 111.1 

6 119.5 124.6 

  

Figure 37 Change in distance between atoms for molecule 3.  
Blue line is before adding 42 lithium and red is after. 
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Table 12  Change in angle in the benzene ring before and after adding 42 extra lithium 

Angle  System: Before 

Angle [°] 

System: 42 Li  

Angle [°] 

1 119.6 126.7 

2 120.1 109.5 

3 119.8 124.1 

4 120.6 126.7 

5 119.1 110.6 

6 120.7 123.4 

 

 Figure 38 Change in distance between atoms for molecule 4.  
Blue line is before adding 42 lithium and red is after. 
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Figure 39 PDOS along the Y-direction before adding lithium. The energy is 0 at the 
fermi energy i.e. X-axis shows E-Ef. The color is PDOS integrated over the cell in the 
plane, orthogonal to the coordinate and normalized by number of atoms. 

 

Figure 40 PDOS along the Y-direction after adding 42 lithium atoms in the unit cell. 
The energy is 0 at the fermi energy i.e. X-axis shows E-Ef. The color is PDOS 
integrated over the cell in the plane, orthogonal to the coordinate and normalized 
by number of atoms. 
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Figure 42  PDOS along the Z-direction after adding 42 lithium atoms in the 
unit cell. The energy is 0 at the fermi energy i.e. X-axis shows E-Ef. The color 
is PDOS integrated over the cell in the plane, orthogonal to the coordinate 
and normalized by number of atoms. 

Figure 41 PDOS along the Z-direction before adding lithium. The energy is 0 at 
the fermi energy i.e. X-axis shows E-Ef. The color is PDOS integrated over the cell 
in the plane, orthogonal to the coordinate and normalized by number of atoms. 

 


