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Abstract 

In this study, quantum chemical methods have been used to study two isomers of the proposed high 

energy density material N8. It has been suggested as a green substitute for conventional solid rocket 

fuel. Several techniques were used to study the barrier height towards decomposition along reaction 

path of four N8 isomers. The potential energy surfaces around the transition states of two of the 

isomers were further investigated. Results show that the bond length of the isomers may have been 

overestimated, and one of the isomers has a lower barrier and may have a more complicated 

reaction route. Furthermore, there is a rather large difference in barrier height between calculations 

at the CCSD and CCSD(T) levels of theory 

Sammanfattning 
I den här studien har kvantkemiska beräkningsmetoder använts för att studera två isomerer av N8. På 

grund av sitt höga energiinnehåll har N8 föreslagits som ett grönt alternativ till konventionellt fast 

racketbränsle. Flera tekniker har använts för att studera barriären för nedbrytning utefter 

reaktionskoordinaten för fyra N8-isomerer. Potentialytan runt aktiveringstillståndet för två av 

isomererna studerades närmare. Resultaten visar att bindningslängden hos isomererna kan ha 

överskattats och en av isomererna har en lägre barriär samt kan ha en mer komplicerad 

reaktionsväg. Vidare är det en tämligen stor skillnad i aktiveringsenergi mellan CCSD- och CCSD(T)- 

nivåerna. 
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Introduction 
Nitrogen is the most abundant element in the atmosphere. It is an inert gas due to its very stable N-N 

triple bond. Solid phases of elemental nitrogen exits at very high pressures (~100 GPa). Proposals 

have been made to utilize relative instability of N-N bond of lower order to create molecular 

polynitrogen compounds, stable at lower and more practical pressures, to use as high energy density 

material, HEDM. These compounds decompose into nitrogen gas according to reaction formula 1 

below. 

N𝑥 → 𝑥
2
N2    [1] 

Such reaction would release very large amounts of energy without emitting any harmful products 

into the environment. Also, if possible to be manufactured from nitrogen gas, these compounds have 

the potential to be completely renewable. However, the enormous release of energy in the 

decomposition of molecular polynitrogen somewhat limits their applications to very high power 

processes such as explosives and rocket propellants. 

This study will examine the two unbranched isomers of the N8. N8 has been proposed as an 

alternative rocket propellant. Previous work has shown that the barrier of its decomposition is too 

low to be stable in the gas phase1. However, it has been predicted that the cohesive energy in the 

solid phase (~9.8 kcal/mol) is sufficient to form a stable crystal2. Hence solid N8 has been investigated 

as an alternative to conventional fuel for solid rocket boosters which presently emit high amount of 

aluminum and hydrochloric acid into the atmosphere. 

Previous work 
Several compounds of nitrogen have been proposed as HEDM alternatives. One of these is the 

polymeric solid phase cubic gauche nitrogen (cg-N) which due to its N-N single bonds is assumed to 

release very high amount of energy. However, cg-N is very unstable at ambient pressures and is 

therefore not viewed as practical for any present applications. Another compound proposed is the 

molecular cubic N8 called octaazacubane. This isomer contains only single bonds as each atom bonds 

to three others and would release the highest amount of energy upon decomposition of the N8 

species. Because octaazacubane is high in energy it is also likely to be quite unstable. On the other 

end of the spectrum is azidylpentazole which is proposed as the most stable of the N8 species as it 

boasts much overlap in its π-system2. Table 1 contains the energy for ground and transition state of E 

and Z-isomers relative to azidylpentazole calculated by Fau and Bartlett3. 

Figure 1. Lewis structure of four isomers of N8. From left, azidylpentazole (C-isomer), E-diazidyldiazene (E-isomer), 
Z- diazidyldiazene (Z-isomer) and octaazacubane (K-isomer).  
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Table 1. Gibbs free energy of ground and transitions states of diazidyldiazene isomers relative azidylpentazole on the 
B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ calculated by Fau and Bartlett. 

B3LYP/aug-cc-pVDZ Ground State [kcal/mol] TS [kcal/mol] Barrier [kcal/mol] 

Azidylpentazole 0 N/A N/A 

E-isomer 9.8 36.9 27.1 

Z-isomer 8.6 31.6 23.0 

    

MP2/aug-cc-pVDZ Ground State [kcal/mol] TS [kcal/mol] Barrier [kcal/mol] 

Azidylpentazole 0 N/A N/A 

E-isomer 17.5 37.3 19.8 
Z-isomer 15.2 31.5 16.3 

 

The diazidyldiazene isomers studied in this thesis are of interest as their proposed reactants for 

synthesis, N3
- and N5

+ 4, have been produced macroscopically. A possible reactant for synthesis of 

azidylpentazole and other cyclic polynitrogen compounds, cyclo-N5
-, have been experimentally 

detected5 while no proposed synthesis route has been found for octaazacubane in the course of this 

study. 

Theory 

Schrödinger equation 
From quantum mechanics we know that the Schrödinger equation  

�̂�𝛹 = 𝐸𝛹    [1] 

may be used to calculate the ground state properties of any particle or system of particles. In 

equation 1, Ψ is the wavefunction of the system, E is the energy of the system and 

�̂� = −
ħ2

2𝑚
∇2 + 𝑉   [2] 

is the one-particle Hamiltonian operator, where the first and second terms correspond to the kinetic 

and potential energy of the particle respectively. Equation 1 only has an analytical solution for single 

electron systems such as the hydrogen atom, H, helium cation, He+, and dihydrogen cation, H2
+. For 

many-particle systems containing N electrons and M nuclei the Hamiltonian is rewritten to atomic 

units and now takes all particles of the system into consideration according to equation 3. 

�̂� = − ∑
1

2
𝑁
𝑖=1 ∇𝑖

2 − ∑
1

2𝑀𝐴
∇𝐴

2𝑀
𝐴=1 − ∑ ∑

𝑍𝐴

𝑟𝑖𝐴

𝑀
𝐴=1

𝑁
𝑖=1 + ∑ ∑

1

𝑟𝑖𝑗

𝑁
𝑗>𝑖

𝑁
𝑖=1 + ∑ ∑

𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑀
𝐵>𝐴

𝑀
𝐴=1  [3] 
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Born-Oppenheimer approximation 
In order to simplify the calculation of equation 4, the Born-Oppenheimer approximation may be 

applied. The Born-Oppenheimer approximation states that the electrons move much faster than the 

nuclei, allowing the nuclei to be regarded as stationary. This way the kinetic energy of the nuclei may 

be omitted and the electrons to be seen as moving through a constant field of nuclei. Furthermore, 

as the nuclei are regarded as stationary, rendering the nucleus-nucleus repulsion is constant. These 

approximations reduce the equation 3 to the electrical Hamiltonian, equation 4 

�̂�𝑒𝑙 = − ∑
1

2
𝑁
𝑖=1 ∇𝑖

2 − ∑ ∑
𝑍𝐴

𝑟𝑖𝐴

𝑀
𝐴=1

𝑁
𝑖=1 + ∑ ∑

1

𝑟𝑖𝑗

𝑁
𝑗>𝑖

𝑁
𝑖=1   [4] 

Equation 4 allow to solve for the energy of the electrons in the system using the electronic 

Schrödinger equation 5 

�̂�𝑒𝑙𝛹𝑒𝑙 = 𝐸𝑒𝑙𝛹𝑒𝑙   [5] 

The total energy of the system equals the sum of the electric energy and energy due to nuclear 

repulsion, see equation 6 

𝐸𝑡𝑜𝑡 = 𝐸𝑒𝑙 + ∑ ∑
𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑀
𝐵>𝐴

𝑀
𝐴=1   [6] 

Variation principle 
As seen above, the Born-Oppenheimer approximation simplifies the calculations necessary to solve 

the Schrödinger equation. However, a suitable wave function must be found. This is commonly done 

by applying a Slater determinant 

𝛹(𝒙𝟏, 𝒙𝟐, … , 𝒙𝑵) =
1

√𝑁! ||

𝜓𝑖(𝒙𝟏) 𝜓𝑗(𝒙𝟏)

𝜓𝑖(𝒙𝟐) 𝜓𝑗(𝒙𝟐)

⋯ 𝜓𝑖(𝒙𝟏)

⋯ 𝜓𝑗(𝒙𝟐)

⋮ ⋮
𝜓𝑖(𝒙𝑵) 𝜓𝑗(𝒙𝑵)

⋱ ⋮
⋯ 𝜓𝑁(𝒙𝑵)

||  [7] 

where N number of electrons,  x, occupy N number of spin orbitals, ψ. The energy of the 

wavefunction of the approximate system is then calculated according to equation 9 

𝐸𝑎𝑝𝑝𝑟𝑜𝑥 =
∫ 𝛹∗�̂�𝛹𝑑𝑥

∫ 𝛹∗𝛹 𝑑𝑥
   [8] 

Where, according to the variation principle 

𝐸𝑡𝑟𝑢𝑒 ≤ 𝐸𝑎𝑝𝑝𝑟𝑜𝑥   [9] 

the approximate energy of the system must be higher than or equal to the true energy of the system. 

This also allows the evaluation of the quality of the wavefunction obtained using as a lower energy 

always must be more true-like. By minimizing the energy of the approximate wavefunction provided 

by the Slater determinant with respect to the spin orbitals, a set of equations may be derived. These 

are called the Hartee-Fock equations 

𝑓(𝑖)𝜓(𝒙𝑖) = 𝜀𝑖𝜓(𝒙𝑖)   [10] 
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where f(i) is the Fock-operator and εi is the energy of the spin orbital. The Fock-operator is given by 

equation 11 

𝑓(𝑖) = −
1

2
∇𝑖

2 − ∑
𝑍𝐴

𝑟𝑖𝐴

𝑀
𝐴=1 + 𝑣𝐻𝐹(𝑖)  [11] 

where the first term accounts for the kinetics energy of the electron, second term is the potential 

energy towards the nuclei in the system, and the Hartree-Fock potential, vHF(i), is the average 

potential seen by the ith electron from all the other electrons in the system. Using the Hartree-Fock 

equations reduce the n-electron problem to an n one-electron problem. The set of equations is 

solved iteratively until the Hartree-Fock potential has reached a convergence threshold. Commonly 

this is done by expanding spatial part of the spin orbital 

𝜓(𝒙) = {
𝜙(𝒙)α(ω)

or
𝜙(𝒙)𝛽(ω)

   [12] 

where α(ω) or β(ω) denotes spin (commonly called spin up and down respectively) allowing two 

electrons to have the same energy while occupying the same spatial orbital, φ. The spatial orbital is a 

linear combination of basis function, see equation 13 

𝜙 = ∑ 𝐶𝑖𝜒𝑖
𝐾
𝑖=1     [13] 

In equation 13, χi is a basis function and Ci is the coefficient of that basis function. By adding more 

terms to the spatial orbital, a more exact representation will be found. Only by using an infinite 

number of basis functions would an exact solution to the Hartree-Fock equations be found. 

Computation 
As stated previously, solving the above equations is tedious, if not impossible even for simple cases. 

Furthermore, some aspects of the system are overlooked, such as correlation effects between 

quantum mechanical particles. When using density functional theory, the inclusion of exchange and 

correlation effects is governed by the functional. Functionals may include different exchanges and 

correlation expressions and also weighing them differently. It is also possible to include energies 

from excited states. This make functionals more or less suited depending on the system analyzed. 

Also, as stated above, the higher the number of basis functions used in the calculations the more 

accurate solution may be found. The number and nature of basis functions are governed by the basis 

set. It is also possible to allow calculations where electrons are not paired. This is need e.g. when 

analyzing a radical, these are called unrestricted as opposed to restricted calculations where all 

electrons are paired. 

Barrier 
The barrier towards decomposition is defined as the difference in Gibbs free energy between the 

ground and transition states as described in equation 14 

∆𝐺‡ = ∆𝐺𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑡𝑒 − ∆𝐺𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒   [14] 

where ΔG‡ is the barrier towards decomposition, ΔGtransition state is the Gibbs free energy of the 

transition state and ΔGground state is the Gibbs free energy of the ground state. The barrier corresponds, 

according to transition state theory6, to the rate constant of the reaction as seen in equation 15 
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𝑘 = 𝜅
𝑘𝐵𝑇

ℎ
𝑒−

∆𝐺‡

𝑅𝑇    [15] 

where k is the rate constant, kB is Boltzmann constant, R is the gas constant, T is the temperature of 

the system and h is Planck’s constant. In order to achieve a rough estimate of a stable system at 

room temperature, k=1 mol-124h-1 can be assumed sufficient. Rearranging equation 15 gives 

∆𝐺‡ = 𝑅𝑇 ln (
𝑘𝐵𝑇

ℎ
∙ 86400) ≈ 24,2 [kcal mol⁄ ]  [16] 

Method 
Calculations made in this study were performed in Gaussian 09 and can be divided into three basic 

categories, barrier calculations from stationary points using Density Functional Theory (DFT) and 

Coupled Cluster Theory (CCSD and CCSD(T)) in order to reproduce previous work and produce new 

data, Intrinsic Reaction Coordinate (IRC) and Extrapolation types. All calculations were performed at 

default temperature and pressure, 298.15 K and 1 atm. 

Previous work comparison 
Calculations were made on ground and transition states of azidylpentazole, diazidyldiazene and 

octaazacubane (C, E and Z and, K) isomers respectively on the B3LYP/aug-cc-pVDZ level of theory. For 

the E and Z-isomers calculations were carried out as described in the DFT section below. For the 

C-isomer the bond between the N3 and cyclo-N5 groups was elongated and frequency data was 

collected for the geometry corresponding to highest energy. For the K-isomer the choice of bond to 

be elongated is arbitrary as all atoms are equivalent. 

DFT 
Calculations were made using B3LYP, PBEPBE, PBE1PBE, ωB97xD and M062X functionals. 

Optimization of the E and Z-isomers were made at the B3LYP/6-31g(d) level of theory. The acquired 

geometry was used as starting geometry for optimization using the remaining funtionals with the 

same basis set. The weakest bond, R34, was selected to be stretched in order to find a highest energy 

as N8 goes towards N3
∙ and N5

∙ using SCAN with unrestricted option. This geometry was used as 

starting geometry for TS-optimization on the B3LYP/6-31g(d) level of theory. As with the ground 

state, this geometry was used as starting geometry for optimizations on other levels of theory. 

Frequency data was collected in all optimization calculations. Single point calculations were carried 

out on all optimized geometries using the 6-311g(2df,2p) and cc-pVDZ basis sets. 

CCSD and CCSD(T) 
After acquiring all geometries in the DFT section, single point calculations were performed on 

respective geometries at the CCSD/cc-pVDZ and CCSD(T)/cc-pVDZ levels of theory. All TS-calculations 

were performed in pairs using the restricted and unrestricted options.  
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IRC 
In order to follow the potential curve more closely, intermediate geometries were optimized from 

TS-geometries at the B3LYP/6-31g(d) level of theory. Single point calculations were made on the end 

geometries and two intermediate geometries on the CCSD/cc-pVDZ//B3LYP/6-31g(d) and 

CCSD(T)/cc-pVDZ//B3LYP/6-31g(d)7 in both the forward and reverse directions. These single point 

calculations allow examination whether the bond length in question is over or under estimated. The 

IRC calculations were carried out using both restricted and unrestricted options with respective 

TS-geometries as input geometries. Calculations on the CCSD/cc-pVDZ//B3LYP/6-31g(d) and 

CCSD(T)/cc-pVDZ//B3LYP/6-31g(d) level used restricted option on the restricted geometries, while 

both restricted and unrestricted options were used on the unrestricted geometries. The energies and 

associated barriers are not given in free energy, G, thus do not directly correlate to the reaction 

kinetics according to equation 15. 

Extrapolation 
Motivated by time management, it has been shown8 that extrapolations from smaller basis sets may 

be used rather than very large (and time consuming) basis sets. This method has been shown to work 

for MP2, CCSD and CCSD(T) calculations using the cc-pVXZ basis sets where X=D (2), T (3), Q (4), 5, 6. 

Such schemes have been shown effective for other nitrogen rich compounds of lower molecular 

mass9. Using the B3LYP/6-31g(d) geometries as starting geometry, a new optimization was 

performed on the MP2/cc-pVTZ level of theory and both restricted and unrestricted options were 

used for TS-optimizations. Single point calculations were performed using the cc-pVDZ basis set and 

on the CCSD and CCSD(T) levels using the same basis sets. Data from the calculations was used in 

equation 17 

𝐸∞
𝑡𝑜𝑡 =

3𝛼∙𝐸𝑇
𝐻𝐹−2𝛼∙𝐸𝐷

𝐻𝐹

3𝛼−2𝛼 +
3𝛽∙𝐸𝑇

𝐶𝑂𝑅𝑅−2𝛽∙𝐸𝐷
𝐶𝑂𝑅𝑅

3𝛽−2𝛽    [17] 

where E∞
tot is the extrapolated energy, EHF is the Hartree-Fock energy , ECORR is the MP2, CCSD or 

CCSD(T) correlation energy, α equals 3.4, β equals 2.2 or 2.4 for MP2 or CCSD and CCSD(T) 

respectively and D and T denotes the size of the basis sets used. 

Some methods use the techniques similar to the extrapolation above as an integrate part in their 

algorithms. Such methods are called Complete Basis Set (CBS) methods. In this study the CBS-QB3 

method was used, which optimizes geometries at the B3LYP/6-311g(d,p) level of theory. Similar 

extrapolations as in equation 17 have been used. However, the Hartree-Fock energy from the 

CBS-QB3 calculations was used10 rather than extrapolate it, as seen in equation 18. Single point 

calculations were carried out on the CCSD/cc-pVDZ//CBS-QB3 and CCSD(T)/cc-pVDZ//CBS-QB3 

𝐸𝐶𝐵𝑆
𝑡𝑜𝑡 = 𝐸𝐶𝐵𝑆

𝐻𝐹 +
3𝛽∙𝐸𝑇

𝐶𝑂𝑅𝑅−2𝛽∙𝐸𝐷
𝐶𝑂𝑅𝑅

3𝛽−2𝛽    [18] 

Results and discussion 

Previous work comparison 
Comparing table 2 to table 1 above show this study has found roughly the same energies for the E 

and Z geometries as previous work. All TS geometries are confirmed true transition state yielding one 

imaginary frequency. 
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Figure 2. Optimized geometries of the E-isomer using DFT methods with 
6-31g(d) basis set. Left column show ground states at different levels of theory 
which react to transition state using either restricted (middle) or unrestricted 
(right) option. 

Table 2. Energies of N8 isomers and corresponding transitions states relative azidylpentazole (C-isomer) and barriers 
yielded on the B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ respectively. 

B3LYP/aug-cc-pVDZ Ground  state [kcal/mol] TS [kcal/mol] Barrier [kcal/mol] 

C 0 60.1 60.1 

E 9.5 35.7 26.2 

Z 8.3 31.4 23.1 

K 231.7 247.1 15.4 

    

MP2/aug-cc-pVDZ Ground  state [kcal/mol] TS [kcal/mol] Barrier [kcal/mol] 

C 0 85.7 85.7 
E 17.1 36.5 19.4 
Z 14.9 30.9 16.0 
K 235.5 247.6 12.1 

 

Table 2 also shows the stability of the C-isomer as discussed above. However, this barrier is likely 

overestimated as a TS-optimization could not be carried out successfully. The table also shows the 

very high energy and low barrier of the K-isomer. These properties make the K-isomer impractical for 

any present applications. 

DFT 

E Geometries 

Figure 2 shows the optimized 

geometries of E-isomer using 

the DFT methods with the 

6-31g(d) basis set. All ground 

state geometries are almost 

identical as interatomic 

distances have a standard 

deviation of around 0.01 Å. 

The TS-geometries are 

divided into restricted and 

unrestricted. On the 

B3LYP/6-31g(d) and 

PBEPBE/6-31g(d) level of 

theory, the unrestricted 

options is not utilized in the 

calculations and these are 

pure singlet states. On the 

PBE1PBE/6-31g(d) and 

M062X/6-31g(d) unrestricted 

calculations produce  a slight 

increase in spin which results 

in a shorter bond length. All 

TS-geometries are confirmed 
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as true transition states with one imaginary frequency. The imaginary vibration indicates that the 

isomers are decomposing as follows 

N8→N2 + 2N3
∙  

 The geometries on the ωB97xD/6-31g(d) level of theory are obvious outliers as they do not make 

chemical sense and will not be included in further results and discussions. 

Z Geometries 

As in the case of the E-isomer, 

the geometries of the 

Z-isomer in the ground state 

differ very little between the 

different levels of theory. 

However, unlike the E-isomers 

there is a distinct difference 

between restricted and 

unrestricted geometries. As 

seen in figure 3, the 

geometries on the 

ωB97xD/6-31g(d) and 

M062X/6-31g(d) levels of 

theory do not make chemical 

sense. Also, on the 

PBE1PBE/6-31g(d) level of 

theory the optimization did 

not converge at all. On these 

levels of theory it proves 

crucial to use the unrestricted 

option in order to provide 

feasible geometries. On the 

B3LYP/6-31g(d) and 

PBEPBE/6-31g(d) levels of 

theory both restricted and 

unrestricted geometries were 

obtained. These are also the unrestricted geometries with the lowest spin cases. The impact of the 

unrestricted description seems to be a more reactant-like geometry with a shorter equilibrium bond 

length along the reaction coordinate. It should also be pointed out that on the ωB97xD/6-31g(d) level 

of theory, the bonds seem to break at different points along the reaction coordinate, following a 

reaction path via 

N8→N5
∙ + N3

∙  

Although not consistent with any other level of theory, this reaction path seems plausible and results 

have been taken into account. 

  

Figure 3. Optimized geometries of the E-isomer using DFT methods with 
6-31g(d) basis set. Left column show ground states at different levels of theory 
which react to transition state using either restricted (middle) or unrestricted 
(right) option. 
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Energy barrier 

Figures 4 and 5 show the energy barriers of E and Z-isomers respectively with both restricted and 

unrestricted options. Whenever the unrestricted option was used the energy barrier has decreased. 

Those TS-geometries corresponding to a decrease in barrier are also those more reactant-like and 

therefore should be lower in energy. This correlates well with the geometries shown previously. 

The activation barrier was calculated using three different basis sets. For the E-isomer the largest 

basis set used, 6-311g(2df,2p), also generated the highest barrier. This is positive from a scientific 

point of view as that basis set should be able to provide the most accurate model for the molecular 

orbital, according to the variation principle. 

As with the E-isomer, the barrier of the Z-isomer decreases as a result of the unrestricted treatment. 

Also, the 6-311g(2df,2p) basis set provides the highest barriers although this is not always the case 

and not as strong correlation as for the E-isomer. The lower barrier of the Z-isomer is also 

Figure 4. Energy barriers of E-isomer at the DFT levels of theory that produced acceptable geometries. The lines shows 
how the barriers vary when using different basis set. Left column contains barriers using restricted option and right 
contains corresponding unrestricted barriers.  

Figure 5. Energy barriers of Z-isomer at the DFT levels of theory that produced acceptable geometries. The lines shows 
how the barriers vary when using different basis set. Left column contains barriers using restricted option and right 
contains corresponding unrestricted barriers. 
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problematic from an engineering point of view as it is the most abundant in the gas phase. It should 

be mentioned that the high barriers on the ωB97xD level are likely not due to asymmetric bond 

cleavage along of the transition state as the nuclear repulsion energy is rather low. 

CCSD and CCSD(T) 
As mentioned earlier, single point calculations were made on the CCSD and CCSD(T) levels of theory 

on each geometry. Gaps in figure 6 are due to discarding those geometries as argued previously.  

As seen in figure 5, CCSD calculations produced quite different barriers than those seen above. The 

geometries on the B3LYP/6-31g(d) and PBEPBE/6-31g(d) levels of theory are the greatest source of 

information, as these were the only ones where all geometries could be tested. These are still quite a 

lot higher for the Z-isomer than the E-isomer. Also, the utilization of the unrestricted option using 

CCSD calculations is surprising. The inclusion of single and double excitations in the algorithm should 

reduce the importance of the unrestricted option11. This could point to the complexity of the system 

as a whole. In general it may be stated that the E and Z-isomers behave rather differently under 

these calculations. Unlike the previous results the barrier of the E-isomer increases for the 

unrestricted calculations, which is true for all geometries tested ranging from 0.4 kcal/mol for 

B3LYP/6-31g(d) and PBEPBE/6-31g(d) geometries to 4.6 kcal/mol for M062X/6-31g(d). Furthermore, 

the geometries with the highest barrier in figure 4 now exhibit the lowest barriers. For the Z-isomer 

on the other hand, the barrier decreases in the unrestricted calculation, a lot even for the 

PBEPBE/6-31g(d) geometry. However, the barriers stay roughly the same regarding the Z-isomer. 

Altogether, the results on the CCSD level of theory still exhibit an ambiguous nature. Some results 

exhibit a satisfying barrier while some do not and some trends may be pointed out. However, none 

of the data are unrealistic. That cannot be stated when taking the triple excitations into account on 

the CCSD(T) level of theory, as seen in figure 7. 

 

Figure 6. Barriers on the CCSD/cc-pVDZ level of theory using the optimized E and Z geometries on the DFT level of theory 
with the 6-31g(d) basis set. 
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Some of the barrier using single point calculations on the CCSD(T)/cc-pVDZ level of theory are 

negative which is not expected. But, previous work have come to similar results though hardly 

commenting on it3.  However, all unrestricted calculations on the Z-isomer are positive and fairly high 

although the remaining results leave them somewhat questionable. 

In order to use the transition state theory, the transition state must be higher in energy than the 

ground state, producing a positive barrier6. As seen in figure 6 this is not always the case. This raises a 

few options about what can be wrong on the CCSD(T) level of theory. 

1. CCSD(T) level of theory is not suited for calculations on these systems 

2. The system is not properly described i.e. the geometries are not compatible with the 

CCSD(T) level of theory.  

3. The assumption of using transition state theory is false 

IRC 
The second point above was tested as a change of geometry is easy to achieve using IRC. In order to 

obtain a negative energy barrier along a potential energy surface, the studied state must be far offset 

towards the products. Figure 8 shows the energy surface of both E and Z-isomers on both restricted 

and unrestricted B3LYP/6-31g(d) levels of theory using IRC calculations. 

Figure 7. Barriers on the CCSD/cc-pVDZ level of theory using the optimized E and Z geometries on the DFT level of theory 
with the 6-31g(d) basis set. 

Figure 8. Potential energy surface of E and Z-isomers using IRC calculation on the B3LYP/6-31g(d) level of theory. Labels 
indicate bond length of transition state. 
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Figure 8 shows that it is quite possible to obtain a significantly flawed barrier if the wrong geometry 

is used. In the figure, energy of the Z-isomer ground state is defined as 0 kcal/mol. The reactants and 

products optimized separately have been added in for a more complete view of the potential energy 

surface. Single point calculations carried out on the CCSD level of theory on the E-isomer geometries 

exhibit a somewhat different potential energy surface as seen in figure 9. 

On the CCSD/cc-pVDZ//B3LYP/6-31g(d) level of theory, the potential energy surfaces of the E-isomer 

has local maximum at 1.86 Å as opposed to only at 2.01 Å on the B3LYP/6-31g(d) level of theory. 

Also, the shape of the curve hints that a maximum may be found between these points. This confirms 

the suspicion that the bond length of the transition state is overestimated. However, these data do 

not suggest the barrier to be much underestimated as the two maxima are very close in energy. The 

Z-isomer exhibits similar shift in bond length corresponding to local maxima as seen in figure 10. 

The restricted calculations on both geometries exhibit maxima at 1.93 Å, which is shorter for the 

restricted geometry and longer for the unrestricted geometry. These maxima are 4.7 kcal/mol and 

Figure 9. Potential surface of the E-isomer on the CCSD/cc-pVDZ//B3LYP/6-31g(d). The ground state from previous 
calculations is defined as 0 kcal/mol. Restricted single point calculations were carried out on both restricted and 
unrestricted geometries. Unrestricted single point calculation was carried out on unrestricted geometry only. 

Figure 10. Potential surface of the Z-isomer on the CCSD/cc-pVDZ//B3LYP/6-31g(d). The ground state from previous 
calculations is defined as 0 kcal/mol. Restricted single point calculations were carried out on both restricted and 
unrestricted geometries. Unrestricted single point calculation was carried out on unrestricted geometry only. 
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3.7 kcal/mol higher than the initial transitions states geometries on the 

CCSD/cc-pVDZ//B3LYP/6-31g(d) level of theory. The unrestricted single point calculations of the 

unrestricted geometries on the CCSD/cc-pVDZ//B3LYP/6-31g(d) yields a maximum for the transition 

state geometry on the B3LYP/6-31g(d) level of theory. They also exhibit a maximum at 2.1 Å which 

may be explained by the lowered convergence criterion used for that point. There is also the 

possibility that the potential energy surface of the decomposition of the Z-isomer is more 

complicated than previously assumed. It should also be pointed out that the potential energy 

surfaces of the restricted and unrestricted calculations on the unrestricted geometry partially overlay 

on the reactant side of their maxima as they produce the identical energies. The similarity of the 

potential energy surfaces of both restricted series shows the geometries to be nearly equivalent, 

which also shows in the geometry data. This leaves the use of unrestricted geometry as the root of 

the shorter bond length of unrestricted calculation maximum. 

The IRC calculations on the CCSD(T)/cc-pVDZ//B3LYP/6-31g(d) level of theory exhibit similar potential 

energy surfaces as on the CCSD/cc-pVDZ//B3LYP/6-31g(d). Also, they clearly show as to why the 

barriers are so small and even negative in figure 7. 

All potential energy surfaces in figure 11 exhibit maximum at 1.86 Å. These maxima yield a greater 

gradient around the maxima than on the above used levels of theory. This would explain the very low 

barriers in figure 7, as the free energy corrections are added to the transition state geometries on the 

B3LYP/6-31g(d) level of theory are between 11.7 and 13.1 kcal/mol lower than the maxima in 

figure 11. As in the case of the E-isomer, the potential energy surface of the Z-isomer on the 

CCSD(T)/cc-pVDZ//B3LYP/6-31g(d) exhibit further coherence around a shorter bond length. However, 

this still being the bond length of the unrestricted transition state geometry on the B3LYP/6-31g(d) 

level of theory. 

Figure 11. Potential surface of the E-isomer on the CCSD(T)/cc-pVDZ//B3LYP/6-31g(d). The ground state from previous 
calculations is defined as 0 kcal/mol. Restricted single point calculations were carried out on both restricted and 
unrestricted geometries. Unrestricted single point calculation was carried out on unrestricted geometry only. 
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Again, the negative barriers in figure 7 are explained as that geometry yields a very low energy. 

Furthermore, the unrestricted geometry yields the highest maxima. This is promising from an 

engineering point of view as such geometries previously have proved most realistic. 

Answering the questions posted in the top of this section. CCSD and CCSD(T) levels of theory do seem 

suited to study these systems. Instead the B3LYP/6-31g(d) level of theory may not accurately predict 

the geometries of the transition states. 

Extrapolation 
As with the DFT calculations, restricted and unrestricted options were used for the TS-geometries. 

However, for neither E nor Z-isomer, the unrestricted calculations converged. To confirm these being 

accurate, single point calculations were carried out on the UMP2/cc-pVTZ//RMP2/cc-pVTZ level of 

theory, which did not produce different results. The ground state geometries of both E and Z-isomers 

are almost identical to 

their DFT counterparts to 

within a couple of 

hundredth of an Å. On the 

other hand the transition 

state geometries yield 

bond lengths similar to 

those yielding maxima 

using coupled-cluster 

methods in the IRC 

section. 

Figure 13. Energy barriers E-isomer using cc-pVDZ and cc-pVTZ basis sets and 
extrapolated value on the MP2, CCSD and CCSD(T) level of theory. Geometry was 
optimized on the MP2/cc-pVTZ. 

Figure 12. Potential surface of the Z-isomer on the CCSD(T)/cc-pVDZ//B3LYP/6-31g(d). The ground state from previous 
calculations is defined as 0 kcal/mol. Restricted single point calculations were carried out on both restricted and 
unrestricted geometries. Unrestricted single point calculation was carried out on unrestricted geometry only. 
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As seen in figure 13 the 

barrier increases as the size 

of the basis set increases. As 

reasoned earlier in the DFT 

section this is good from a 

scientific point of view 

according to the variation 

principle. Extrapolation 

shows that as the basis set 

approaches infinitely large, 

assuming it to be close to 

the actual molecular orbital, 

the barrier is the largest on 

all levels of theory tested. At 

the limit, the barrier on the 

CCSD/cc-pVXZ//MP2/cc-pVTZ level of theory is close to the maxima achieved in the corresponding 

IRC section. This seems logical as the bond along the reaction coordinate is similar in both cases. As in 

the case of the DFT geometries, including the triple excitations sharply lowers the barrier. 

As seen in figure 14 the barrier of the Z-isomer is lower on every level of theory than that of the 

E-isomer. Like the E-isomer, the Z-isomer yields a barrier at the limit close to the maxima in the 

corresponding IRC section. The transition state geometry also yields a bond length close to that of 

the maxima in figure 12. 

The barriers on the CBS-QB3 

level of theory are rather 

similar to those on the 

B3LYP/6-31g(d) and 

PBE/6-31g(d) levels of 

theory. This may be 

explained by the similar level 

of theory used when 

optimizing the geometries. 

Also, the slightly shorter 

bond length of these 

geometries may be due to 

the larger basis set, as 

reasoned above. In either 

cases the barrier may be over 

or under estimated since the 

bonds are rather long, about 2 Å. This seems reasonable as calculations on the CCSD(T) level of 

theory again is strikingly low. On the other hand, the barrier on the CCSD level of theory is one of the 

highest in this study with regard to both isomers. However, IRC calculations are not available for 

CBS-QB3 and other routes may have to be taken to study the effect of adjusting the geometry. 

Figure 14. Energy barriers Z-isomer using cc-pVDZ and cc-pVTZ basis sets and 
extrapolated value on the MP2, CCSD and CCSD(T) level of theory. Geometry was 
optimized on the MP2/cc-pVTZ. 

Figure 15. Barriers of E and Z-isomers on the CBS-QB3 level of theory and 
extrapolations on the CCSD/cc-pVXZ/CBS-QB3 and CCSD(T)/cc-pVXZ/CBS-QB3 
levels of teory. 
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Conclusion 
Based on the results in the DFT section, the use of unrestricted calculations is an important tool to 

achieve a comprehensive understanding of the N8 isomers. This is most prominent for the Z-isomer, 

as an optimized geometry could not be obtained without the unrestricted option being used on three 

out of five levels of theory. Furthermore, the Z-isomer may not have as straight forward 

decomposition as the E-isomer as previously assumed. The unsymmetrical bond breaking on the 

ωB97xD/6-31g(d) level of theory may show a tendency towards this.  

IRC calculations on the CCSD/cc-pVDZ//B3LYP/6-31g(d) and CCSD(T)/cc-pVDZ//B3LYP/6-31g(d) show 

that the bond length of the transition states may be overestimated when using a DFT method. 

However, it is not possible to accurately obtain the thermal corrections (free energies) of the maxima 

in these calculations. It is therefore not possible to state from the IRC calculations how much this 

would affect the barrier towards decomposition. The IRC calculations do however provide a tool to 

estimate the accuracy of a level of theory used to optimize geometries. 

In several ways, it has been shown that the decomposition barrier may be higher than what is first 

believed. Some methods yield higher barriers such as the M062X and MP2 levels of theory. 

Extrapolation and DFT single point calculations also exhibit a positive dependence of the size of the 

basis set used. Using more accurate methods on intermediate geometries has shown that the 

geometry of the transition state may be hard to achieve. By trying out optimizations on other levels 

of theory, with larger basis sets using IRC calculations as benchmark to an accurate geometry, could 

be a route to obtain more realistic and practical barriers. 
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Appendices 

Bond lengths 
Table 3. Bond length between atoms 1 and 2 of optimized geometries of E and Z-isomers and their transition states 

R(1,2) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.136 1.135 1.157 1.163 1.157 1.152 

PBEPBE/6-31g(d) 1.152 1.152 1.171 1.182 1.171 1.172 

PBE1PBE/6-31g(d) 1.131 1.131 1.157 1.157 1.154 1.148 

wB97XD/6-31g(d) 1.128 1.127 1.154 1.148 1.154 1.131 

M062X/6-31g(d) 1.124 1.123 1.157 1.146 1.154 1.140 

B3LYP/aug-cc-pVDZ 1.134 1.134 1.158 1.163 1.158 1.151 

MP2/aug-cc-pVDZ 1.155 1.156 1.170 1.171   

MP2/cc-pVTZ 1.140 1.141 1.156 1.157   

CBSQB3 1.128 1.128 1.148 1.153   

 

Table 4. Bond length between atoms 2 and 3 of optimized geometries of E and Z-isomers and their transition states 

R(2,3) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.257 1.255 1.217 1.209 1.217 1.227 
PBEPBE/6-31g(d) 1.259 1.256 1.226 1.211 1.226 1.225 
PBE1PBE/6-31g(d) 1.249 1.247 1.204 1.192 1.209 1.220 
ωB97xD/6-31g(d) 1.255 1.254 1.217 1.216 1.217 1.250 
M062X/6-31g(d) 1.257 1.256 1.198 1.214 1.202 1.226 
B3LYP/aug-cc-pVDZ 1.259 1.256 1.217 1.210 1.217 1.228 
MP2/aug-cc-pVDZ 1.277 1.273 1.256 1.254 

  MP2/cc-pVTZ 1.260 1.257 1.238 1.235 
  CBSQB3 1.252 1.250 1.215 1.207 
   

Table 5. Bond length between atoms 3 and 4 of optimized geometries of E and Z-isomers and their transition states 

R(3,4) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.402 1.421 2.011 2.112 2.011 1.832 
PBEPBE/6-31g(d) 1.402 1.427 1.990 2.222 1.990 1.954 
PBE1PBE/6-31g(d) 1.386 1.401 2.111 2.332 2.030 1.823 
ωB97xD/6-31g(d) 1.398 1.411 1.850 2.036 1.850 1.533 
M062X/6-31g(d) 1.396 1.408 2.238 2.040 2.174 1.828 
B3LYP/aug-cc-pVDZ 1.396 1.415 2.031 2.117 2.023 1.835 
MP2/aug-cc-pVDZ 1.408 1.421 1.875 1.861 

  MP2/cc-pVTZ 1.401 1.413 1.871 1.857 
  CBSQB3 1.400 1.421 1.972 2.058 
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Table 6. Bond length between atoms 4 and 5 of optimized geometries of E and Z-isomers and their transition states 

R(4,5) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.253 1.240 1.137 1.125 1.137 1.150 
PBEPBE/6-31g(d) 1.273 1.251 1.151 1.130 1.151 1.147 
PBE1PBE/6-31g(d) 1.247 1.237 1.125 1.125 1.131 1.144 
ωB97xD/6-31g(d) 1.243 1.234 1.153 1.127 1.153 1.156 
M062X/6-31g(d) 1.239 1.232 1.113 1.125 1.117 1.141 
B3LYP/aug-cc-pVDZ 1.251 1.242 1.133 1.123 1.134 1.148 
MP2/aug-cc-pVDZ 1.274 1.267 1.169 1.160 

  MP2/cc-pVTZ 1.261 1.251 1.150 1.142 
  CBSQB3 1.246 1.234 1.131 1.119 
   

Table 7. Bond length between atoms 5 and 6 of optimized geometries of E and Z-isomers and their transition states 

R(5,6) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.402 1.421 2.011 2.112 2.011 1.832 
PBEPBE/6-31g(d) 1.402 1.427 1.990 2.222 1.990 1.954 
PBE1PBE/6-31g(d) 1.386 1.401 2.111 2.335 2.030 1.823 
ωB97xD/6-31g(d) 1.398 1.411 1.850 2.058 1.850 2.214 
M062X/6-31g(d) 1.396 1.408 2.238 2.033 2.174 1.828 
B3LYP/aug-cc-pVDZ 1.396 1.415 2.031 2.117 2.023 1.835 
MP2/aug-cc-pVDZ 1.407 1.421 1.876 1.861 

  MP2/cc-pVTZ 1.401 1.413 1.872 1.857 
  CBSQB3 1.400 1.421 1.972 2.058 
   

Table 8. Bond length between atoms 6 and 7 of optimized geometries of E and Z-isomers and their transition states 

R(6,7) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.257 1.255 1.217 1.209 1.217 1.227 
PBEPBE/6-31g(d) 1.259 1.256 1.226 1.211 1.226 1.225 
PBE1PBE/6-31g(d) 1.249 1.247 1.204 1.191 1.209 1.220 
ωB97xD/6-31g(d) 1.255 1.254 1.217 1.203 1.217 1.199 
M062X/6-31g(d) 1.257 1.256 1.198 1.201 1.202 1.226 
B3LYP/aug-cc-pVDZ 1.259 1.256 1.217 1.210 1.217 1.228 
MP2/aug-cc-pVDZ 1.277 1.274 1.256 1.254 

  MP2/cc-pVTZ 1.260 1.257 1.238 1.235 
  CBSQB3 1.252 1.250 1.215 1.207 
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Table 9. Bond length between atoms 7 and 8 of optimized geometries of E and Z-isomers and their transition states 

R(7,8) [Å] E Z ER ZR EU ZU 

B3LYP/6-31g(d) 1.136 1.135 1.157 1.163 1.157 1.152 
PBEPBE/6-31g(d) 1.152 1.152 1.171 1.182 1.171 1.172 
PBE1PBE/6-31g(d) 1.131 1.131 1.157 1.157 1.154 1.148 
ωB97xD/6-31g(d) 1.128 1.127 1.154 1.157 1.154 1.161 
M062X/6-31g(d) 1.124 1.123 1.157 1.154 1.154 1.140 
B3LYP/aug-cc-pVDZ 1.134 1.134 1.158 1.163 1.158 1.151 
MP2/aug-cc-pVDZ 1.155 1.156 1.170 1.171 

  MP2/cc-pVTZ 1.140 1.141 1.156 1.157 
  CBSQB3 1.128 1.128 1.148 1.153 
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