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Abstract: The N—N bond length in the cis isomer of difluorodiazene is shorter than that in the
trans isomer, giving the cis isomer higher stability. The energy partitioning approach identifies
the necessary and dictating parameters responsible for the higher N—N bond energy and higher
non-bonded F—F interaction energy in the cis isomer. Using density functional theory, the cis
isomer is found to have higher chemical hardness and lower softness, and hence, it has higher
stability than the trans isomer on the basis of the principle of maximum hardness. Localized
molecular orbital study shows that the cis isomer has a higher strength of delocalization of the
lone pairs of electrons on the F atoms than does the trans isomer, leading to higher stability
of the cis isomer.

Keywords: cis/trans isomers, difluorodiazene, PMH, energy partitioning, localized molecular
orbital, chemical hardness, softness

Introduction

It is well known' that difluorodiazine (dinitrogen difluoride), N,F,, is a gas with two
isomers — cis and trans — which are shown in Figure 1. It is also known that the cis
isomer predominates (~90%) at 25°C over the trans isomer.

It seems to be very obvious that the two fluorine atoms in the cis isomer, due to
their greater proximity than in the trans isomer, undergo strong repulsion involving
the lone pairs of electrons on the F atoms and that cis isomer is less stable than the
trans one. However, the reverse observation, suggests the need to consider this probem
from another angle to find a more fruitful solution.

There have been both theoretical and experimental studies regarding the relative
stability of cis/trans isomers.> > Mourdo and Melo,? using Mayer’s energy decomposition
method at the Hartree—Fock level, demonstrated that the main stabilizing effects of the
cis isomer in the dihalo ethylenes are the energy terms associated with the interaction
of halogen substituents with carbon atoms. With the help of the simple reversed-
phase column liquid chromatographic method, Ismail et al®* showed that the higher
percentage composition of the monocrotophos cis isomer in the acetonitrile eluent
indicates its higher stability. Concepcion et al* demonstrated the kinetic preferences
of isomer formation. Hush et al® reported the relative thermodynamic stabilities of cis-
and trans-[PtCl (H,O),] in an aqueous solution using various methods and basis sets,
concentrating largely on the role of solvation. Through gamma radiation, Alfaia et al’
indicated the higher susceptibility of the cis double bond to autoxidation compared to
the trans configuration. Paul et al'® indicated the adjustability of the cis percentage and
the conformational stability toward the intermolecular H-bonding effects. Schieber
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Figure | Optimized geometries of the cis and trans isomers of difluorodiazene
(N,F,).

Notes: Cis-NZFZ; Blue balls: Nitrogen; White balls: Fluorine; Bond length
(N—N) = 1.239; Bond lengths (N—F) = 1.239; Bond angle (£ZFNN) = 114.59. Trans-
Nze; Blue balls: Nitrogen; White balls: Fluorine; Bond length (N—N) = 1.241; Bond
lengths (N—F) = 1.239; Bond angle (£ZFNN) = 109.93. Bond lengths are in A and
bond angles are in degrees.

Abbreviations: ZFNN, angle between N-F and N-N bonds.

and Caele"® demonstrated that while trans configuration of
carotenoids predominates, the cis isomer takes the prominent
role for food processing under the alteration of provitamin
activity, bioavailability, and antioxidant capacity.

The present study investigates whether there are any
differences in the geometrical parameters between the two
isomers, and if such differences do exist, the reasons behind
them. Further investigation will study the role of global
hardness on the relative stabilities of the two isomers as
well as the reason behind the closer proximity of the two
F atoms. The study will also deal with whether there is any
delocalization of the lone pairs of electrons on the F' atoms
over the F—-N—N—F skeleton, and if this does happen, how
it dictates the relative stabilities of the two isomers.

Figure 1 shows that the N—N bond length in the cis isomer
is shorter than that in the trans isomer, whereas the N—F
bonds in both isomers have the same bond length. Thus, the
stability of the isomers is related to the N—N bond strength.
The related questions are as follows:

i.  How does the N—N bond strength render more stability to
the cis isomer than the trans isomer and which parameter

is responsible for the formation of the strong N—N

bond?

ii. How do the highest occupied molecular orbital and lowest
unoccupied molecular orbital (HOMO-LUMO) energy
gaps and global hardnesses in the two isomers affect the
stabilities of the molecules?

iii. What are the probable reasons for the closer proximity
of the two F atoms in the cis isomer? On the other hand,
what is the nature of the interaction between the non-
bonding F atoms that makes them take the more stable
vicinal position in the cis isomer?

iv. Does delocalization affect the electron pairs on the
F atoms with regard to the extra stability of the cis
isomer? If so, what is the difference in the strength of
the delocalization of the lone pairs of electrons on the
F atoms in the two cases?

It is necessary to invoke the density functional and MO
theories to investigate the relative stabilities of the two
isomers. The MO energy partitioning approach is to identify
the parameters responsible for the N—N bond strength and
the nature of the interaction between non-bonding F atoms
in both isomers. Localized MO (LMO) study is used to
investigate the nature and strength of the delocalization of
the lone pairs of electrons on the F atoms over the F—N—N—F
skeleton in the cis and trans isomers.

In the present study, I have investigated the reasons
behind the unusual stability order of the two N F, isomers.
The work is organized as follows:

i. The HOMO-LUMO energy gap (A€), global hardness(n),
and global softness (S) for both the isomers are calculated
to investigate the relative stabilities of the two N,F,
isomers.

ii. The diatomic energy components for the N—N bonded
and F—F non-bonded interaction energies in both isomers
are calculated to identify the parameters necessary for
the formation of the stronger N—N bond and stronger
non-bonded F—F interaction in the cis isomer.

iii. The LMOs of both the isomers are calculated to
investigate the role of delocalizing lone pairs of electrons
on the F atoms as well as their strength of delocalization
with regard to the extra stability of the cis isomer over
the trans one.

The conceptual density functional theory (DFT), a new
branch of quantum mechanics, offers some new fundamental
global parameters: chemical potential (2),'* chemical hardness
(1), and its reverse concept global softness (S),'> of which
global hardness and softness are of prime importance in the
present work; u, which characterizes the escaping tendency
of electrons, was discovered by Parr et al' as a new, important
property of chemical systems. Chemical hardness indicates
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the resistance of charge transfer. The higher value of 7 makes
a chemical species harder and indicates its lower chemical
reactivity. Both 77 and | are successful in the rationalization
of chemical processes.'”? u, 7, and S are new concepts of
potential importance in chemistry and are established as
fundamental quantities of molecular electronic structure
and reactivity.?'*

In this regard, the principle of maximum hardness
(PMH), which was originally introduced by Pearson,? is the
one major contribution of DFT to structural and theoreti-
cal chemistry, leading to the characterization of reactants,
products, and transition states of different kinds of chemical
reactions.?*?%22 According to the PMH, molecules tend to
attain the state of maximum hardness when they are at equi-
librium. Thus, when a system moves toward a more stable
configuration, its global hardness increases and reaches its
maximum when electronic energy reaches its minimum.
This relationship between stability and hardness indicates
that the PMH is a good descriptor of the global reactivity
of a system.”

Rigorous and general proof of the PMH was given by
Parr and Chattaraj et al,***' and it appears that the PMH is a
fundamental, broadly applicable electronic structure rule.?
Although the PMH is demonstrated to be valid under the
conditions of constant external potential (v(r)) and chemical
potential, relaxation occurs in different systems.*>** As any
chemical reaction involves structural and electronic reordering,
the external potential hardly remains constant. Morell et al**
defined a new index in terms of the variation of hardness with
respect to the external potential. The PMH has been numerically
tested in a number of calculations through the computation of
global hardness for a variety of individual molecules during
the process of structural inversion, deformation, and internal
rotation in various types of simple reactions and in correlating
the order of the stability and reactivity of structurally related
molecules.?”?$35-46 The alteration of molecular polarizability
with global hardness through the distortion of bond length was
investigated by Roy et al.*’

In MO theory, a molecule is nothing but a collection
of nuclei and electronic charges are distributed through
MOs that are fully delocalized and called canonical MOs
(CMOs) or spectroscopic MOs (SMOs).*8 Although CMOs
are greatly helpful to spectroscopic studies, they remain
silent about routine chemistry involving lone pairs and
bond pairs, ie, they do not appear in the delocalized version
of the quantum chemical method. It was discovered that a
set of CMOs or SMOs is one of the many possible unitary
bases in the Hartree—Fock space and the new sets of MOs,

which conform to the chemical intuition in terms of lone
pairs and bond pairs, can be generated by suitable unitary
transformation in the same Hartree—Fock space. Such MOs
are called LMOs.

In the present study, the CMOs of each molecular spe-
cies are generated at their optimized geometries by the
complete neglect of differential overlap (CNDO)/2 method
of Pople et al.* The CMOs are then transformed into LMOs
using the method of Trindle and Sinanoglu.*® Through the
generation of the bond pairs and lone pairs of the isomers
under investigation, the goal is to identify the nature and
strength of the delocalization of the lone pairs on the F
atoms, and hence, to determine the relative stabilities of the
isomers.

Using the energy partitioning method of Fischer and
Kollmar,' the total energy of a molecule can be partitioned
into monoatomic and diatomic parts; thus, the reasons for the
stronger N—N bond formation in the cis isomer as well as the
stable vicinal position of the two F atoms in the cis isomer
will be investigated by analyzing the diatomic interaction
energy components.

General definitions of density functional

theory

It should be noted that N (the number of electrons) and
v(r) (the external potential) determine the perturbations
as occurring in a chemical reaction. Thus, the reactivity
of the molecules in terms of the system response to the
variation of N and v(r) can be studied under the theoreti-
cal framework of DFT.>? The response to changes in the
number of electrons when external potential remains con-
stant is measured at the first order by x and at the second
order by 77. The variation of the external potential without
charge transfer is measured by the electron density (o(r))
at the first order and by the Fukui function (f{r)) at the
second order.>® As the energy is a function of N and w(r),
the first order variation in the total energy in terms of the
simultaneous alteration of N and v(r) leads to the follow-
ing expression:

dE = (0E/ON)v»dN + J(E)E/E)v(r)).v dv(r)dr,
where

&= EAN)» and  p(r) = (QEV(r))~.

L is a global property that characterizes the electron trans-
fer associated with any chemical process and appears as the
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Lagrange multiplier with the condition that p(r) integrates
to N. Now, the total differential of the chemical potential
and electronic density ultimately goes to the following
expressions:

7= (8/1/8N)Vm and f(l’) = (8,0(r)/8N)W.) = [é‘lﬂé‘v(l”)]m‘.

Hardness can be described as the resistance to charge
transfer.

Operational definitions

From the rigorous density functional definition, an
exact calculation is not feasible. Operational defini-
tions of the parameters are needed. Global hardness is
obtained as

n=(-4)2,

where / and A4 are the ionization potential and electron affinity,
respectively, can be replaced by the energy of the HOMO
and LUMO, respectively, using Koopmans’ theorem,** and
are given as follows:

1 =- EHomo A = — Emo.

As one can arrive at the DFT-based concepts in terms of
semi-empirical methods™ (eg, NDO) and because conclusions
of DFT can be effectively tested by semi-empirical theo-
ries,?>23283537 in this investigation, the CNDO/2 method of
Pople et al* was used, taking STO as the basis set. S, the
global softness, is the inverse concept of global hardness
and is defined as follows:

S=1/7.

For the present purposes, the operational definition of
chemical potential is not required. Thus, its operational
definition is avoided here.

Energy partitioning of Fischer

and Kollmar

Pople et al® first noted the possibility of partitioning the
total molecular energy (E) obtained with the semi-empirical
CNDO theory into one and two center terms:

E= ZEA + ZZEAB.

A > B

A more detailed analysis of the two center terms was
done by Gordon®® to explain the torsional barriers. For the
present purposes, the matters related to the one center term

will be set aside and the explicit formulae of only two center
terms will be used. However, E, and E,, can be written as
follows:

E=EV+E/+EX and
EAB = EABR + EABV + EABJ + EABK + EABN'

Superscripts characterize the physical nature of the energy
terms and subscripts specify the atoms. £, " = the potential
energy of the electrons on atom A in the field of nucleus B
plus that of the electrons on atom B in the field of nucleus 4
and is expressed as follows:

EZB ==PVis = DsVus

where £y = 2 P/w and Puu are the elements of the bond
order matrix “With atomic orbital 1 on atom A. Similarly,
Py = ZPW and p  are the elements of the bond order
matrix With atomic orbital v on atom B. V., is the potential
energy of an electron on atom A4 in the field of nucleus B,
and V,, is the potential energy of an electron on atom B in
the field of nucleus 4.

E " is the contribution of resonance integrals to the
energy of the A—B bond and is the main feature of the cova-
lent bond and is expressed as follows:

E/]:B = 22 2 p,awb,//VS//v’

MueA veB

where ﬂyv is a parameter that is dependent on orbitals /zand v.
S,y is the overlap of the STOs  and v.

E ,/ accounts for the repulsion of the electrons on the
atoms A and B and is expressed as follows:

EjB =PPY .5,

where 7, is the electronic repulsion between an electron on
atom 4 and an electron on atom B.

E .~ accounts for the electronic exchange interactions
and is expressed as follows:

E/]:B = _%7/1522});‘/'
ueAveB
E " is the nuclear repulsion energy of the nuclei 4 and
B and is expressed as follows:
ZZ

N _ %448
EAB_ >

R

AB

where Z, and Z, are the nuclear charges on 4 and B
respectively and R, is the distance between the nuclei.
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Localized molecular orbitals
from the method of Trindle

and Sinanoglu

Here, the definition of the localization measure, D, is based
on the idea that an electron in a local orbital should interact
maximally with the electron sharing the same orbital. For a
given set of doubly occupied orbitals, (¢, ......... ,8), D is
defined below as the sum of orbital coulomb energies:

N
Dx=)[¢ /]

(1)

N

-3 [fourwodsde

n=1
D will be a maximum for maximally localized orbitals.
A simple iterative technique was proposed by Edmiston and
Reudenberg®’ for transforming the orbitals to the set that maxi-
mized D. They considered the exactly soluble two-orbital case,
molecular orbitals eg, ¢,and ¢, are ones of many possible unitary
transformations and through unitary transformation, another
set of molecular orbitals is generated eg, u, and uj,which are
more localized. Now the quest is for that unitary transformation
which is more localized occupied molecular orbitals. That is,

what is sin o and cos o, in Equation (2)?

cose;  —sing;

4
g,

i

u;

2

sina; cos ¢

Maximization of D, with respect to the angle o, leads to
the expressions in Equation (3).

cosda, = — 4,42 + B

sinda, = B[4+ B]"

4, =109,/001-318 -4, |4~ 7]
B, =1} _¢/z'/¢f 7]

A3)

The assumptions of the CNDO/2 method on the two
electron integrals allows for considerable simplification of the
Edmiston—Ruedenberg transformation, leading to Equation (4),
which drastically reduces the time required per iteration.

. 2 2 L, 2, 2 2
4, —Z[rr/tt]{(ah_ -a,)a,a, —Z(a,.,, —a,)a;, —a, @

rt

B{./. = Z[rr/tt]{(a,zr —af,,)a,.,aj,}

rt

Results and discussion

Figure 1 shows the optimized geometrical parameters of both
the cis and trans isomers of difluorodiazene. This figure shows
that the N—N bond length in the cis isomer is shorter than
that in the trans isomer, although the N—F bond length in
both cases is identical. Thus, the difference in the N—N bond
strength seems to be the reason behind the extra stability of
the cis isomer. Table 1 shows the various energy components
of the N—N bond energy for both isomers. Table 1 demon-
strates that the numerical values of £,/ — the energy of
repulsion among the electrons on one N atom with those on
another N atom — and £, " — the nuclear repulsion energy
of the two N nuclei — of the cis isomer are greater than those
of the trans isomer. Thus, the greater £, /and E,_ N values of
the cis isomer tend to reduce the N—N bond strength, but all
other diatomic parameters—E,,

N-N ?
electrons on one N atom in the field of the nucleus of another

the potential energy of the

N atom and vice versa; £ NfNK, electronic exchange interac-
tions; and £, %, the contribution of resonance integrals to
the energy of the N—N bond — strengthen the aforesaid bond
in the cis isomer; the most contributing parameter is £, .
Thus, the electron—nuclear attraction potential in the N—N
bond takes the lead for the formation of the stronger N—N
bond in the cis isomer. Table 4 shows that the difference in E”
of the two isomers corresponding to the N—N bonded interac-
tion is 20.22 times more than the total energy difference, AE,
whereas the differences in £X and E¥ of the two isomers are
0.61 and 2.52 times, more than the AE, respectively. From the
above comparative result, £, "is found to be the controlling
parameter of the large stability of the cis isomer.

Further investigation will determine the reason for the closer
proximity of the two F atoms in the cis isomer compared those
in the trans isomer. Table 2 shows the various energy compared
to components for the non-bonded F—F diatomic interaction
energy. Table 2 demonstrates that while £, ,”and £, " lower the

. . . - ” © x
F—F interaction strength in the cis isomer, £, ./, E,. f,and £,

Table I N—N bond energy components and total N—N bond energy (E,, ,) of the cis and trans isomers of difluorodiazene, N,F,

Isomel"s EN—NJ EN—NN EN—NV EN—NK EN—NR EN—N
(au) (au) (au) (au) (au) (au)

Cis-N,F, 9.79794 10.67745 —-20.01785 —0.39094 —1.65850 —1.59190

Trans-N,F, 9.76283 10.65889 —19.9681 | —0.38944 —1.65231 —1.58814

Note: Energy values are in au.
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Table 2 F—F non-bonded energy components and total F—F non-bonded interaction energy (E, ) of the cis and trans isomers of

difluorodiazene, N,F,

Isomers E_/ E_N E. Y E_X E_F E .

(au) (au) (au) (au) (au) (au)
Cis-N,F, 11.76866 11.42220 -23.18816 —-0.00233 —0.00275 —0.00238
Trans-N,F, 8.55705 8.29248 —16.84745 —0.00206 —0.00051 —0.00049

Note: Energy values are in au.

are responsible for the stronger F—F interaction, in which £, "
plays the primary role. Thus, the variation trends of the diatomic
energy components for the F—F non-bonded interaction energy
mimic those for the bonded N—N energy.

Table 4 reveals that the difference in E” of the two iso-
mers corresponding to the F—F non-bonded interaction is
2577.5 times greater than AE whereas the differences in
EX and E® of the two isomers are 0.11 and 0.91 times more
than the AE respectively. Thus, the comparative study reveals
that the dictating parameter of the large stability of the cis
isomer is £, ,”. Further comparison involving the contrib-
uting parameters of the N—N bonded and F—F non-bonded
interaction energy shows that the most dictating parameter
for the larger stability of the N,F, cis isomer compared to
the trans isomer is £, "

Table 3 shows the energy of HOMO(¢,,,,,,.,)
LUMO (g,,,,,), A&n, S, and the total energy of both isomers.
From Table 3, it can be seen that the numerical value of n

, the energy of

in the cis isomer is 0.33681 au and 0.33474 au in the trans
isomer. The cis isomer has a total energy of —78.90530 au
and the trans isomer has a total energy of —78.90284 au.
An analysis of these values for both isomers shows that the
more stable cis isomer has a higher 1 value than the less
stable trans isomer. Thus, the above observation is in nice
conformity with the PMH.

The relative capabilities of delocalization of lone
pair of electrons on F atoms over the F-N-N-F skeleton
in both the cis and trans isomers will be investigated. It
should be noted that any unitary transformation of MOs
leaves the total energy of the system intact. The chemists'
routine chemistry usually deals with the lone pairs and

Table 3 Energy of HOMO, ¢, (au); energy of LUMO, ¢,
of the cis and trans isomers of difluorodiazene, Nze

UM

bond pairs for the at a glance view on the chemical system
for the explanation of a behavior. In delocalized molecular
orbitals, the concept of lone pairs and bond pairs vanishes.
But localized molecular orbitals generate those and thus
their routine chemistry is preserved. In the present study,
based on the knowledge of the nature of lone pairs, their
delocalization strength is easy to detect, which is related
to the contribution to the stability through the lowering of
kinetic energy pressure®® and also from the view point of
particle in a 3D box model.

Table 5 shows the LMOs of the cis isomer. Table 5
demonstrates that LMO 21.p.(1F), the second lone pair on
the first /' atom, and LMO 31.p.(2F), the third lone pair on
the second F atom, become delocalized over the F—N—N—F
skeleton to diminish the kinetic energy pressure from those
electron pairs, leading to their strong contribution toward
the overall stability of the cis isomer. Table 6 displays the
LMOs of the trans isomer. From Table 6, it can be seen that
LMO 11.p.(1F), the first lone pair on the first " atom, and
LMO 31.p.(2F), the third lone pair on the second F atom,
become delocalized over the F-N—N—F skeleton. Thus, in
the trans isomer, like in the cis isomer, the third lone pair on
the second F' atom participates in the delocalization over the
F—N—N—F skeleton; however, unlike the cis isomer, the first
lone pair on the first /" atom in the trans isomer takes the role
of delocalization over the previous framework. Table 5 shows
that the coefficient of 2p,, orbital on the first /" atom for the for-
mation of LMO 21.p.(1F) and the coefficient of the 2p, orbital
on the second F atom for the formation of LMO 31.p.(2F)
have the same value (-0.9850). In LMO 21.p.(1F), the 2p,
orbital on the first /" atom is in 7-type interaction with the

o (au); global hardness, 77 (au); global softness, S (au); and total energy, E (au),

Isomers Energy of HOMO Energy of LUMO HOMO-LUMO Global Global Total energy
€. omo € umo energy gap hardness softness E
(au) (au) Ae n S (au)
(au) (au) (au)
Cis-N,F, —0.56714 0.10648 0.67362 0.33681 2.96903 —78.90530
Trans-N,F, —0.56671 0.10276 0.66947 0.33474 2.98739 —78.90284

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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Table 4 Difference in the energy parameters (E', EX, and EF) for
both the N—N bonded and F—F non-bonded interactions and
difference in total energy (AE) of the cis and trans isomers of
difluorodiazene, NZF2

Interaction types  AE'(au) AEX(au) AER(au) AE (au)
N—N bonded 0.04974 0.00150 0.00619 0.00246
F—F non-bonded 6.34071 0.00027 0.00224

Note: Energy values are in au.

2p, orbitals on the second F, first N, and second N. Similarly,
in LMO 3Lp.(2F), the 2p,, orbital on the second F atom is in
7-type interaction with the 2p, orbital on the first F, first N,
and second N. Further, Table 6 shows that the coefficient of
the 2p,, orbital on the first /" atom for the formation of LMO
11.p.(1F) and the coefficient of the 2p, orbital on the second
F atom for the formation of LMO 31.p.(2F) have the same
value (-0.9858). In the formation of the previously mentioned
LMOs of the trans isomer, like the cis isomer, the 2p, orbital
on one [ atom is in 7-type interaction with the 2p,, orbital on
the other F atom and both the N atoms.

A comparison of Tables 5 and 6 shows that in Table 5, the
second lone pair on the first /" atom in LMO 21.p.(1F) and
the third lone pair on the second F atom in LMO 31.p.(2F) of the
cis isomer are delocalized to a greater extent than in the trans
isomer, whose LMOs are shown in Table 6. Table 6 shows the
greater contributions of the 2p_atomic orbitals on 1F and 2F
for the formation of LMOs 1Lp.(1F) and 31.p.(2F), respectively,
which indicates the higher charge accumulation on those F'
atoms compared to the population on the F atoms in the cis
isomer. There is then greater reluctance of those lone pairs on

the Fatoms in the trans isomer toward delocalization. Thus, the
lower delocalization abilities of those lone pairs on the F atoms
in the trans isomer make it less stable. Further comparison of
Tables 5 and 6 shows that the coefficients of the 2P, orbitals
on the N atoms and F atom (other than the most contributing
one) toward LMO 3Lp.(2F) and 11.p.(1F) formation in the trans
isomer (Table 6) are smaller than those toward the formation
of LMOs 21.p.(1F) and 3Lp.(2F) in the cis isomer, indicating
a higher charge density on the N atoms in the cis form, and
hence, a higher delocalization capacity of the lone pairs of
electrons on the F' atoms in the cis isomeric form.

Thus, from the above LMO study on both isomers, it is
very much expected that the higher delocalization strengths
of the delocalizing lone pairs on the F atoms in the cis
isomer make the cis isomer relatively more stable than the
trans isomer by lowering the kinetic energy pressure’ from
those lone pairs, and also from the view point of particle in
a 3D box model.

Conclusion
Figure 1 shows that the N—N bond length in the cis isomer of
N,F, is shorter than that in the trans isomer, and this differ-
ence in geometrical parameter leads to the higher stability of
the cis isomer, which is nicely reflected in the DFT study. In
conformity with the PMH, it is found that the more stable cis
isomer has higher global hardness and lower global softness
than the trans isomer.

Using CNDOJ/2 energy partitioning, it is found that the
electron—nuclear attraction potential (£, ,") involving the
electron on one N with the nucleus of another N, and vice

Table 5 Localized molecular orbitals (LMOs) of cis-difluorodiazene, N,F,

LMOs/ 1l.p.(IN) o(IN-IF) ILp.(IF) o(N-N) 1Lp.(2F) mN-N) o(2N-2F) 2Lp.(IF) Lp.(2N) 3Lp.(IF) 2Lp.(2F) 3l.p.(2F)
Atomic

orbitals

IN, -0.7715  0.2526 0 0.3551 -0.0215 0 0.0323 0 0.0285  -0.0281  0.0025 0

IN,, 0.1676 —-0.4076 —0.0001 05304 00372 O -0.0371 0 -0.0471 -0.0427 —-0.0036 O

IN,, ~ 0.6082 0.4260 —0.0009  0.304I -0.0171 0 0.0203 0 0.0488  -0.0233  0.004I 0

IN,, 0 0 0 0 0 0.7069 0 -0.1329 0 0 0 0.1086
2N, 0.0283 0.0324 0.0023 0.3551 0.0281 0 0.2526 0 -0.7715 0.0215 0 0

2N, -0.0014 00120 -0.0004  —0.5901 —0.0466 O —0.0131 0 —-0.5486 -0.0384  0.0006 0

2N, 0.0678 0.0406 0.0056 -0.1601 -0.0136 0 0.5894 0 03115 -0.0142 -0.0006 O

2N, O 0 0 0 0 0.7069 0 0.1086 0 0 0 —-0.1329
IF, -0.0005  0.3303 -0.8962 0 -0.0012 O -0.0174 0 -0.0159 0.0998 -0.0018 0

IF —-0.0010  0.5146 0.2469 -0.0059 0 0 —0.0286 0 -0.0249 -0.6949 -0.0028 O

IF,, —0.4583 —-0.3685 —0.0043 0.0034 0 0.0251 0 0.0223  -0.7084  0.0025 0

IF,,. 0 0 0 0 0 -0.0171 0 -0.9850 O 0 0 —0.0146
2F,¢ -0.0162 -0.0174 -0.0018 0 -0.0996 O 0.3304 0 -0.0005 0.0013 -0.8962 0

2F,, 0.0018 0.0024 0.0001 0.0072  -09923 0 —0.0396 0 0 0.0025 0.0858 0

2F, 0.0334 0.0379 0.0037 0.0012  0.0095 0 —0.6879 0 0.0014  -0.0023 04352 O

2F,, 0 0 0 0 0 -0.0171 0 -0.0146 O 0 0 —0.9850
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Table 6 Localized molecular orbitals (LMOs) of trans-difluorodiazene, N,F,

LMOs o(N-N) ILp.(IN) 1Lp.2N) 1Lp.(2F) o(IN-IF) 2Lp.(2F) 3Lp.(2F) ILp.(IF) 2Lp.(IF) 3Lp.(IF) 6(2N-2F) 7(N-N)
Atomic

orbitals

IN 0.3508 —-0.7752 0.0201 0.0293 —0.2495 -0.0008 0 0 —0.0004 0.0271 —0.0306 0

| Npr 0.1219 0.5257 0.0428 0.0228 —0.5303 -0.0021 0 0 —0.0005 0.0074 —-0.0383 0

| szy 0.6017 0.3454 -0.0204  0.0308 0.2563 0.0018 0 0 —0.0006  0.0462 0.0277 0

IN,, © 0 0 0 0 0 0.1063 01292 0 0 0 ~0.7069
2N, 0.3508 —0.0200 0.7752 -0.0269 0.0306 -0.0004 O 0 —-0.0008 —0.0292  0.2495 0

Zszx —0.1220 0.0430 0.5258 0.0075 —0.0386 0.0005 0 0 0.0023 0.0228 —-0.5302 0

Zszy -0.6016 —0.0204 0.3454 0.0463 0.0278 0.0007 0 0 —0.0017 0.0308 0.2564 0

2N2p1 0 0 0 (0] 0 0 —0.1292 0.1063 0 0 0 —0.7069
IF, 0.0011 —0.0004 -0.0113 -0.0049 -0.3313 0.0008 0 0 -0.8936 -0.1188 0.0193 0

| szx —0.0038 0.0009 0.0203 0.0079 0.5940 -0.0015 0 0 -0.4366  0.4537 —0.0348 0

IF, ~ —00054 -0.0006 -0.0119 -0.0074 -03506 00009 0 0 0.1044  0.8801  0.0233 0

IF,, 0 0 0 0 0 0 -00139 09858 0 0 0 0.0162
2F, 0.0012 0.0114 0.0004 0.1196 -0.0193 -0.8934 © 0 0.0008 0.0048 0.3313 0

ZFsz 0.0038 0.0202 0.0007 0.4533 —0.0346 0.4370 0 0 0.0014 0.0079 0.5940 0

ZFlpy 0.0054 -0.0117  —0.0008  0.8802 0.0232 -0.1036 0 0 -0.0009 -0.0074 —0.3506 0
0 0 0 0 0 0 -0.9858 00139 0 0 0 0.0162
versa, is greater in the cis isomer compared to the trans Disclosure

isomer, leading to a higher N—N bond energy in the cis
isomer. The exchange energy (£, ,*) and resonance energy
(£, ) vary in the same pattern as that of (£, ") though varia-
tion of (£, /) and (£, ") run in the opposite direction and
tend to decrease the N—N bond energy in the cis isomer.

Further, an energy partitioning study on the non-bonded
F—F interaction energy was undertaken to identify the reason
for the closer proximity of the two F atoms in the cis isomer.
The study shows that like the N—N bond energy partitioning,
E. ), E, X and E,_ * tend to increase the interaction energy
when £, "takes the lead and the opposing parameters, £,/ and
E, ", are overcome by the results of the former parameters.

The LMO study shows that the second lone pair on the
first F atom and the third lone pair on the second F atom
in the cis isomer become delocalized in a larger amount than
the third lone pair on the second F atom and the first lone pair
on the first F atom in the trans isomer. Thus, the lower kinetic
energy pressure due to the higher delocalization capabilities
of the lone pairs in the cis isomer is expected to render higher
stability to the cis isomer, and also the “particle in a 3D box”
model sets its importance here.
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