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Hydrazine passes through two transition states, TS1 (φ ) 0°) and TS2 (φ ) 180°), in the course of internal
rotation around its N-N bond. The origin of the corresponding rotational barriers in hydrazine has been
extensively studied by experimental and theoretical methods. Here, we used natural bond orbital (NBO) analysis
and energy decomposition of rotational barrier energy (∆Ebarrier) to understand the origin of the torsional
potential energy profile of this molecule.∆Ebarrierwas dissected into structural (∆Estruc), steric exchange (∆Esteric),
and hyperconjugative (∆Edeloc) energy contributions. In both transition states, the major barrier-forming
contribution is∆Edeloc. The TS2 barrier is lowered by pyramidalization of nitrogen atoms through lowering
∆Estruc, not by N-N bond lengthening through lowering∆Esteric. Higher pyramidality of nitrogen atoms of
TS2 than that of TS1 explains well why the N-N bond of TS2 is longer than that of TS1. Finally, the steric
repulsion between nitrogen lone pairs does not determine the rotational barrier; nuclear-nuclear Coulombic
repulsion between outer H/H atoms in TS1 plays an important role in increasing∆Estruc. Taken together, we
explain the reason for the different TS1 and TS2 barriers. We show that NBO analysis is a useful tool for
understanding structures and potential energy surfaces of compounds containing the N-N bond.

1. Introduction

To understand conformational behaviors of chemical and
biochemical compounds that contain the N-N bond, many
studies have been performed both experimentally and by
theoretical methods.1-10 Due to its structural simplicity,
hydrazine has been extensively studied as a model com-
pound.2-8 Despite the apparent absence of complicating factors,
such as substituents, the origin of the barrier to its internal
rotation about the N-N bond seems not to be either simple or
fully resolved.

For hydrazine, two transition states (TS1 and TS2) are found
during the rotation around the N-N bond2 (Figure 1 and Table
1). The barrier of GS (ground state)f TS1 is higher than that
of GS f TS2.2 The predominant explanation of rotational
barriers about the N-N bond is that the repulsion between
nitrogen lone pairs, N(lp)s, determines the barriers and affects
the structural changes, such as N-N bond lengthening.3,10

Several studies, however, suggested that hyperconjugation
interactions might determine the barrier.7 They reported that
the barrier to rotation about the N-N bond in hydrazine resulted
from the delocalization energy that stabilizes the ground state
conformation.7 Although these studies gave an insight into the
origin of the barrier, it did not answer the question of the
different TS1 and TS2 barriers in hydrazine and the structural
changes during the rotation.

Goodman et al. analyzed rotational barriers (∆Ebarrier) of
several small model compounds by dissecting them into the
structural (∆Estruct.), steric exchange (∆Esteric.) and hyperconju-
gative (∆Edeloc.) energy contributions.11,12They used this method
to determine the origin of conformational preference and

rotational barriers related to torsions around the C-C or C-O
bond of several molecules, including ethane, methanol, dimethyl
ether.11,12Here, we apply this method to analyze the rotational
barrier of hydrazine. We explain the reason the barrier of GS
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Figure 1. Chemical structure of hydrazine. (a) Atomic numbering of
hydrazine and nomenclature. (b) Optimized structures of the ground
states (GS) and transition states (TS1 and TS2) at the B3LYP/6-
31++G** level of theory.

TABLE 1: Degrees of Hybridization of lp(N), ∑N, Bond
Lengths, Bond Angles, and Torsional Angle for TS1, TS2,
and GS Geometries in Hydrazine Optimized at the B3LYP/
6-31++G** Level of Theory

parametera TS1 GS TS2

N1-N2 1.477 1.431 1.483
N1-H1(dN2-H4) 1.019 1.015 1.021
N1-H2(dN2-H3) 1.019 1.019 1.021
∠H1-N1-N2 ()∠N1-N2-H4) 108.8 108.1 104.3
∠H2-N1-N2 ()∠N1-N2-H3) 108.8 113.0 104.3
∠H1-N1-H2 ()∠H3-N2-H4) 105.5 108.8 103.4
∑N 323.1 329.9 312.1
∠H1-N1-N2-H3 0.0 91.2 180.0
s character (%) 26.35 20.72 31.22
p character (%) 73.54 79.19 68.68

a Bond lengths in Å; bond angles and dihedral angle in degrees.
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f TS1 (TS1 barrier) is higher than that of GSf TS2 (TS2
barrier) and the origin of structural changes of hydrazine during
the rotation.

2. Computational Methods

All calculations were performed at the B3LYP/6-31++G**
level using Gaussian 98 software13 and the NBO 4.0 module.14

Potential energy surface of the N-N bond rotation was obtained
by intrinsic reaction coordinate (IRC) calculations15 in the
transition states (TS1 and TS2). All of the energy barrier
calculations were performed without zero-point vibrational
correction.

A. Natural Bond Orbital Analysis. NBO (Natural Bond
Orbital) analysis16 is based on a method that transforms wave
functions into one center (lone pair) and two center (bond)
representations. NBO analysis16 provides an insight into interac-
tions between various parts of molecules. The diagonal elements
of the Fock matrix in the NBO representation represent the
energies of localized bonds, lone pairs, and antibonds. Off-
diagonal elements represent bond/antibond, lone pair/antibond,
and antibond/antibond interactions.

B. Energy Decomposition.It is possible to analyze the barrier
using an energy decomposition expressed in terms of the
changes in the kinetic and potential energy components.17

Another way to approach the problem, as taken by Weinhold,16a,18

partitions the barrier into “Lewis” (∆Elewis) and delocalization
energy changes:

Lewis energy represents the energy of hypothetical localized
species described by a determinant of doubly occupied NBOs
comprising the core, lone-pairs, and localized bonds of the Lewis
structure. The delocalization energy change,∆Edeloc, represents
the hyperconjugative stabilization contribution to the rotational
barrier, and in the NBO scheme it arises from bondf antibond
charge transfers.18,19 In the case of ethane,∆Edeloc was found
to be the dominant contribution to∆Ebarrier.11,12

One objection to the energy decomposition scheme of eq 1
is that it may place too much emphasis on∆Edeloc, because of
the composite nature of∆Elewis, which lumps possibly antago-
nistic steric and valence effects. Another is that it obliterates
separate steric and valence dependencies on relaxation and
environmental effects. To provide a more transparent relaxation
analysis of the barrier energy, we separate out the steric effect
by partitioning ∆Elewis into structural (∆Estruc) and steric
exchange (∆Esteric) energy changes.11,12

The steric exchange energy change represents the energetic cost
to preserve the mutual orthogonality of filled orbitals on atoms
that are forced into spatial proximity by the rotation20b,21 but
does not include Coulombic repulsion. Steric exchange repul-
sions involve a collective response of the entire N-electron
system, denoted as “total exchange repulsion” to discriminate
this simultaneous all-electron effect from the total pairwise
exchange energy obtained by summing independent pair ex-
change interactions between bond NBOs.21

The structural energy change,11 ∆Estruc, represents the energy
of the localized species defined by the Lewis structure, but now
described by a (nonorthogonalized) preNBO Hartree product.
It takes into account Coulombic and bond energy changes in
the classical structural formula during internal rotation. Although
it retains the stereoelectronic effects associated with the Lewis

covalent structure representation, it does not contain the
exchange repulsions inherent in∆Elewis defined through eq 1.
It may depend on bond length changes and will be strongly
relaxation dependent. We can obtain∆Estruc by calculating the
energy change obtained by eliminating the charge-transfer
interactions (NOSTAR deletion in NBO 4.014), and the steric
repulsion interactions:

∆Edeloc can therefore be calculated from full barrier energy
defined in eq 2.

C. Bond/Antibond Interactions. The bond/antibond interac-
tion energies18 provide important information on the interactions
between various parts of the molecules. In the case of hydrazine,
the energies obtained for the ground and transition states can
be used to understand the structures and rotational barriers. The
calculations to obtain the bond/antibond interaction energies
were executed by the indirect procedure suggested by Wesen-
berg and Weinhold.18b The difference between transition and
ground-state energies was calculated with the Fock matrix
element,Fij*, between the bond (or lone pair) NBOæi (with an
occupancy of nearly 2) and a virtually unoccupied antibond
orbital, æj* deleted:

Here Fdel
ij* indicates Fij* deleted. The energy contribution

engendered byFij* deletion, ∆2E[Fdel
ij*], is defined as the

difference between the barrier energy without deletion,∆E(B)
) ETS - EGS, and the barrier energy calculated form eq 4,
∆E[Fdel

ij*]

Equation 5 can be rewritten as follows:

Here ∆EGS represents the energy change in the ground state
when the corresponding interaction is deleted ()EGS[Fdel

ij*] -
EGS) and ∆ETS represents the energy change with the corre-
sponding deletion in the transition state ()ETS[Fdel

ij*] - ETS).
Principal bond/antibond interaction energies for hydrazine are
listed in Table 4.

D. Pauli Steric Repulsions. The exchange energy was
expressed in terms of the difference between the Hartree-product
wave functions for orthogonal and nonorthogonal bond orbitals,
which was approximated as the sum of orbital energy changes
due to orthogonalization. Specifically, the steric exchange
energy,20,21 if expressed as the sum of energy differences
between the filled orthonormal NBOs{σj I} and their “pre-
orthogonal” PNBO counterparts{σI}, can be defined as

HereFNBO
I,I ) 〈σjI|F̂|σjI〉 andFPNBO

I,I ) 〈σI|F̂|σI〉, F̂ being the
Fock operator.

The PNBOs differ from the NBOs only in the final inter-
atomic orthogonalization, in which each orbital distorts to
include a small oscillatory feature (an “antisymmetrization tail”)
in regions where it passes through other filled orbitals, raising
the energy relative to that of its nonorthogonal counterpart and
thereby giving rise to “pressure” as described by Weisskopf.22

The steric exchange energy is defined as the sum of these energy

∆ENOSTAR ) ∆Esteric+ ∆Estruc (3)

∆E[Fdel
ij*] ) ETS[F

del
ij*] - EGS[F

del
ij*] (4)

∆2E[Fdel
ij*] ) ∆E(B) - ∆E[Fdel

ij*] (5)

∆2E[Fdel
ij*] ) ∆EGS - ∆ETS (6)

ENBO
exchange) ∑

I

(FNBO
I,I - FPNBO

I,I) (7)

∆Ebarrier) ∆Edeloc+ ∆Elewis (1)

∆Ebarrier) ∆Edeloc+ ∆Esteric+ ∆Estruc (2)

2066 J. Phys. Chem. A, Vol. 110, No. 5, 2006 Song et al.



changes over all filled orbitals including those (e.g., core
orbitals) that are not expected to contribute to the rotational
barriers. It was shown that inclusion of all orbitals is necessary
for a physically realistic description of steric phenomena,
because exchange antisymmetry involves allJ electrons simul-
taneously.

∆Esteric, the change of steric exchange repulsion energy
between transition and ground state, is

2*2 pairwise steric interaction between pairs of orbitalsI andJ
can be expressed as follows:20,21

Here each “PNBO/2” orbital is formed from “deorthogonalizing”
only orbitalsI andJ in a reverse Lo¨wdin transformation. The
exchange energy can be further approximated as the sum of
steric interactions between pairs of orbitalsI andJ:

Therefore, the total change of 2*2 pairwise steric exchange
repulsion energy between transition and ground state is

It has been reported that for interactions of a rare gas atom with
another rare gas atom or molecule, this pairwise sum is a
relatively good estimate of the fullENBO

exchange. For other
intermolecular interactions, however, it failed to describe the
correct physical behavior of the exchange potential because it
does not incorporate the important higher-order coupling effects
with other electron pairs.20,21 Therefore, we used this 2*2
pairwise steric exchange repulsion energy to investigate the
steric interactions between lone pairs of N atoms with care.

E. Bond Energies.The bond energy change(∆ω) is obtained
through the following equation:23

HereεGS andεTS signify the NBO bond energy of the ground
and transition states. TheFGS and FTS indicate the charge
occupancy of the corresponding state, respectively. The steric
exchange energy is calculated as an energy difference between
PNBO’s and final NBO’s, in terms of diagonal Fock matrix
elements. PNBO bond energy was obtained by subtracting steric
exchange energy from NBO bond energy.11,21∆Estrucrepresents
the energy that accounts for the changes in the highly occupied
PNBO orbitals, including, for example, Coulombic interactions,
but excluding energy effects due to the charge-transfer and the
exchange repulsion. Goodman et al. approximated∆Estruc in the
following manner:11

Here ∆ωi is the PNBO energy change corresponding to
the individual bond (or core) energy change accompanying
rotation.

3. Results and Discussion

A. Geometries and Rotational Barriers of Hydrazine.The
GS conformation has a dihedralφ angle of 91.2° (Figure 1).
TS1 and TS2 conformations haveφ angles of 0° and 180°,

respectively. The dihedralφ angle of H1-N1-N2-H3 is the
same as the dihedral angle of lp-N-N-lp [lp(N) ) lone pair of
N atom]. Figure 2 is the rotational profile as a function ofφ

dihedral angle in hydrazine, obtained by an IRC calculation15

from TS1 and TS2 at the B3LYP/6-31++G** level of theory.
During rotation about the N-N bond, the structural changes
also occurred.4 The N-N bond length in GS, TS1, and TS2
conformations is 1.431, 1.477, and 1.483 Å, respectively (Table
1). It is interesting to note that the N-N bond of TS2 is slightly
longer than that of TS1.2,4,10In addition, the sum of three angles
around the N atom, denoted by∑N, is decreased during the
rotation. The∑N of GS, TS1, and TS2 conformations is 329.9°,
323.1°, and 312.1°, respectively. This shows that the N atom
of TS2 is more pyramidalized than that of TS1. Because
pyramidalization of N atoms is related to rehybridization of
lp(N)s, the degree of hybridization of lp(N)s in GS, TS1, and
TS2 conformations is sp3.82, sp2.79 and sp2.20, respectively, by
NBO analysis16 at the B3LYP/6-31++G** level of theory. This
shows that when pyramidality of N atoms increases, the p
character (%p) of lp(N)s decreases, which may result in an
increase of %p of N-N bond. The TS1 barrier is predicted to
be 9.99 kcal/mol and the TS2 barrier is 3.05 kcal/mol (Table
2). The TS1 barrier is about 3 times higher than the TS2 barrier.2

Therefore, only the TS2 barrier has been observed experimen-
tally.6

∆Esteric) ENBO
exchange(TS) - ENBO

exchange(GS) (8)

Ex
I,J ) (FNBO

I,I - FPNBO/2
I,I) + (FNBO

J,J - FPNBO/2
J,J) (9)

E2*2
exchange) ∑

I<J

Ex
I,J (10)

∆E2*2
steric) E2*2

exchange(TS) - E2*2
exchange(GS) (11)

∆ω ) εTSFTS - εGSFGS (12)

∆Estruc≈ ∑Ebonds≈ ∑∆ωi (13)

Figure 2. Rotational dependence of the energy components and barrier
energies of fully relaxed rotation leading to TS1 and TS2, obtained by
IRC calculations at the B3LYP/6-31++G** level of theory.

TABLE 2: Change of Rotational Energy Barrier (kcal/mol),
∑N (deg), N-H Bond Length (Å), and N-N Bond Length
(Å) According to Rigid, Partially Relaxed, and Fully Relaxed
Rotation in TS1 and TS2 of Hydrazinea

N-N
relaxed

X-N-X
relaxed

N-H
relaxed rigid

fully
relaxed

TS1 (φ ) 0°)
∆Ebarrier 11.04 10.61 11.46 11.47 9.98
N-N 1.464 1.431 1.431 1.431 1.477
N1-H1 1.0148 1.0148 1.0167 1.0148 1.01925
N1-H2 1.0186 1.0186 1.0160 1.0186 1.01925
∑N 329.9 325.7 329.9 329.9 323.1

TS2 (φ ) 180°)
∆Ebarrier 6.81 3.87 6.90 6.92 3.06
N-N 1.448 1.431 1.431 1.431 1.483
N1-H1 1.0148 1.0148 1.0142 1.0148 1.02065
N1-H2 1.0186 1.0186 1.0140 1.0186 1.02065
∑N 329.9 315.0 329.9 329.9 312.1

a All calculations were performed at the B3LYP/6-31++G** level
of theory.
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B. Skeletal Relaxation.During the rotation of the N-N
bond, hydrazine undergoes structural changes. In other words,
N-N bond lengthening, N-H bonds lengthening, and pyrami-
dalization of N atom occur simultaneously during the rota-
tion.2,4,10To understand the effect of structural changes on the
barrier, we rigidly rotated N-N bond, and then geometrically
optimized the selected one component from the pool of the N-N
bond, all the N-H bonds, or all the X-N-X angles.23

In Table 2,∆Ebarrier’s of N-H bond relaxed rotation of both
TS1 and TS2 (TS1, 11.46 kcal/mol; TS2, 6.90 kcal/mol) are
almost the same as those of rigid rotation (11.47 kcal/mol; 6.92
kcal/mol). Moreover, N-H bonds lengthen by at most 0.0046
Å in N-H bond relaxed rotation, implying that the effect of
N-H bonds lengthening on the barrier energy can be neglected.

In TS1, ∆Ebarrier of X-N-X angle relaxed rotation (10.61
kcal/mol) is similar to that of fully relaxed rotation (9.98 kcal/
mol), whereas∆Ebarrierof the N-N bond relaxed rotation (11.04
kcal/mol) is close to that of rigid rotation (11.47 kcal/mol). This
shows that pyramidalization of N atoms lowers rotational barrier
more effectively in TS1 than N-N lengthening does.

In TS2,∆Ebarrierof X-N-X angle relaxed rotation (3.87 kcal/
mol) is similar to that of fully relaxed rotation (3.06 kcal/mol),
whereas∆Ebarrierof N-N bond relaxed rotation (6.81 kcal/mol)
is almost equal to∆Ebarrierof rigid rotation (6.92 kcal/mol). This
shows that, in case of TS2, pyramialization is more important
than N-N bond relaxation in lowering∆Ebarrier. Compared with
the fully relaxed rotation (1.483 Å), the N-N bond length of
N-N bond relaxed rotation (1.448 Å) is not lengthened so much
and is close to that of rigid rotation (1.431 Å). It seems that
pyramidalization of N atoms in the transition states plays a
crucial role in lowering∆Ebarrier, compared with N-N bond
lengthening, which has been known as the principal barrier
lowering mechanism.10 As pyramidality of the N atoms in-
creases, the %p of lp(N)s decreases, which results in increasing
of the %p of N-N bond. We reasoned that the increasing of
pyramidality of N atoms in TS2 results in N-N bond lengthen-
ing in TS2.

C. Decomposition of Rotational Barrier. To evaluate the
nature of the barrier to rotation about the N-N bond, we
decomposed the rotational barrier into three different contribu-
tions,∆Estruc, ∆Esteric, and∆Edeloc (Table 2 and Figure 2). For
the TS1 barrier, the contributors∆Edeloc and∆Estruc are barrier
forming, whereas the term∆Esteric lowers the barrier. For TS2
barrier,∆Edelocand∆Estericare the barrier-forming contributors,
whereas∆Estrucis the important anti-barrier-forming contributor.

In rigid rotation model, ∆Edeloc is the barrier-forming
contributor in both transition states (Figure 3). In the course of
rigid rotation leading to TS1,∆Estericand∆Estrucalso contribute
to an increase in barrier energy (2.42 and 2.98 kcal/mol,
respectively), which is the reason for∆Ebarrier of rigid rotation
in TS1 (11.47 kcal/mol) being higher by 4.55 kcal/mol than
that in TS2 (6.92 kcal/mol). On the other hand,∆Esteric and
∆Estrucof rigid rotation are almost zero (+0.51 and-0.49 kcal/
mol, respectively) in TS2. Nevertheless, in fully relaxed rotation
they are split to be largely positive and negative values,
respectively (Figure 2). In both rigid and fully relaxed rotation,
∆Edeloc is the important barrier-forming contributor for barrier
(Table 2). The energy decomposition scheme implies that the
different barrier heights in hydrazine result from the different
contribution of∆Estrucand∆Esteric terms, which are related with
N-N bond lengthening and pyramidalization of N atoms. We
thus investigated the effect of structural changes on the barrier
energy by using the internal rotational paths11 (Figure 4 and
Table 3). Path A rotates the torsional dihedral angle in the GS

structure to its value in TS1 or TS2, freezing all the other angles
and bond lengths (step I). This is followed by relaxing-NH2

internal angles to their fully relaxed values (step II). This is
followed by N-N bond relaxation (step III). Finally, step VI
relaxes all of the N-H bonds to their fully relaxed values. Path
B rotates the torsional dihedral angle in the GS structure as
step I. This is followed by N-N bond relaxation (step IV), then
by relaxing-NH2 internal angles to their fully relaxed values
(step V), and finally by step VI, which relaxes all of the N-H
bonds to the fully relaxed values.

Table 3 shows that N-N bond relaxation and pyramidaliza-
tion of N atoms are related to lowering∆Ebarrier and that N-H
bond relaxation hardly affects the energy decomposition terms
and∆Ebarrier. We summarize Table 3 in the following manner:
(1) During the fully relaxed rotation, the increase of∆Edeloc is
mainly due to the pure rotation (step I). The N-N bond
relaxation also contributes to increasing∆Edeloc. (2) During fully
relaxed rotation, N-N bond relaxation makes∆Esteric decrease
and∆Estrucincrease (steps III or IV). (3) During the fully relaxed
rotation, pyramidalization of N atoms makes∆Esteric increase
and ∆Estruc decrease (steps II and V). (4) In TS2, the most
important structural change to lower∆Ebarrier is pyramidalization
of N atoms (see∆Ebarrier, 0.33 kcal/mol, in step IV, path B).
This shows clearly that pyramidalization of N atoms is the most
important anti-barrier structural change during the fully relaxed
rotation in both TS1 and TS2. Because these structural changes
affect the rotational barrier energy, we investigated both
structural and steric energies inE andF sections in more detail.

D. Delocalization Energy. The delocalization energy
(∆Edeloc) is the most important barrier-forming term of all the
energy decomposition terms in both transition states. The most
important barrier-forming interactions are N1(lp)/N2-H4(σ*)
and N2(lp)/N1-H1(σ*) which amount to 4.26 kcal/mol in GS
f TS1 and 5.30 kcal/mol in GSf TS2 (Table 4). These
interactions are the principal origin of rotational barriers of
hydrazine as shown by Weinhold.7b As these interactions have
already been analyzed,7b we did not discuss them further.

E. Steric Exchange Energy.To understand the role of the
local bond orbitals on the barrier, we used the 2*2 pairwise
exchange energy that gives the independent pair interactions
between local bond orbitals; however, the sum of 2*2 pairwise
exchange energies is not the same as∆Esteric and the total 2*2
exchange energy is less accurate than the total steric exchange
energy as reported earlier.20,21 Table 5 shows that the steric

Figure 3. Rotational dependence of energy components and barrier
energies of rigid rotation leading to TS1 and TS2, calculated at the
B3LYP/6-31++G** level of theory.
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repulsion between nitrogen lone pairs is higher in TS2 (12.14
kcal/mol) than in TS1 (10.14 kcal/mol)8,9 and that N-N bond
lengthening lowers the steric repulsion between lone pairs.
Nevertheless, the 2*2 pairwise steric exchange energy between
lone pairs of rigid rotation (RR) in TS1 is lower (13.18 kcal/
mol) than that in TS2 (18.33 kcal/mol), whereas∆Estericof rigid
rotation in TS1 is higher (2.42 kcal/mol) than that in TS2 (0.51
kcal/mol). This shows that the steric repulsion between two lone
pairs does not dominate the entire steric repulsion during the
internal rotation. In addition, the 2*2 pairwise steric exchange
energy between lone pairs is decreased by pyramidalization of
N atoms (RRf PS1 conformer) in both TS1 and TS2.∆Esteric

and the total 2*2 exchange energy, however, are increased by
pyramidalization of N atoms in both transition states. In other
words, pyramidalization lowers the steric repulsion between lone
pairs but heightens∆Esteric. This implies that pyramidalization
of N atoms is not related to escaping the repulsion between
N(lp)s. The assumption that the origin of rotational barrier of
hydrazine is the repulsion between N(lp)s needs to be recon-
sidered especially in TS2.10

F. Structural Energy. Structural energy may be represented
by PNBO bond energy changes11 (Table 6). The N-N bond
lengthening (steps III and IV) and pyramidalization of N atoms
(steps II and V) affect the PNBO energy changes significantly,
as compared with other bond or core components. The N-N
bond lengthening increases the N-N PNBO energy similarly
in both transition states. Nevertheless, pyramidalization of N

Figure 4. Alternate internal rotation paths to the fully relaxed (FR) hydrazine conformer. In path A: step I, rigid rotation form the GS conformer
is followed by relaxation along pyramidalization of N atoms to its optimized TS conformer [the “prepared” conformer state 1, PS1] (step II) and
is followed by N-N bond relaxation (step III). In path B: step I, rigid rotation from the GS conformer is followed by relaxation along N-N bond
relaxation to its optimized TS conformer to its optimized TS conformer value [the “prepared” conformer state 2, PS2] (step IV) and is followed by
pyramidalization of N atoms from PS2 (step V). Step VI relaxes N-H bonds to its fully relaxed value.

TABLE 3: Energy Decomposition of the Rotational Barrier
as a Function of Internal Pathsa

GSf TS1 ∆Estruc ∆Esteric ∆Edeloc ∆Ebarrier

fully relaxed 4.04 -3.22 9.17 9.98
A step I 2.98 2.42 6.07 11.47

step II -10.43 9.37 0.35 -0.70
step III 11.09 -14.66 2.81 -0.76
step VI 0.39 -0.35 -0.06 -0.02

B step I 2.98 2.42 6.07 11.47
step IV 11.48 -14.61 2.76 -0.37
step V -10.82 9.32 0.40 -1.10
step VI 0.39 -0.35 -0.06 -0.02

GSf TS2 ∆Estruc ∆Esteric ∆Edeloc ∆Ebarrier

fully relaxed -17.22 9.78 10.50 3.06
A step I -0.49 0.51 6.91 6.92

step II -29.83 27.69 -0.72 -2.86
step III 12.55 -17.85 4.34 -0.96
step VI 0.56 -0.57 -0.02 -0.03

B step I -0.49 0.51 6.91 6.92
step IV 13.37 -16.88 3.83 0.33
step V -30.66 26.72 -0.21 -4.15
step VI 0.56 -0.57 -0.02 -0.03

a See Figure 4. All calculations were performed at the B3LYP/6-
31++G** level of theory.

TABLE 4: Bond/Antibond Interactions (kcal/mol) of
Hydrazinea

donor/acceptor interaction GSf TS1 GSf TS2

Barrier Forming
N1(lp)/N2-H3(σ*) 0.95 1.99
N1(lp)/N2-H4(σ*) 4.26 5.30
N2(lp)/N1-H2(σ*) 0.95 1.99
N2(lp)/N1-H1(σ*) 4.26 5.30
N1-H1(σ)/N2-H3(σ*) 0.90 1.72
N2-H3(σ)/N1-H2(σ*) 0.90 1.72

Antibarrier Forming
N1-H1(σ)/N2-H4(σ*) -0.82
N2-H4(σ)/N1-H1(σ*) -0.82
N1-H2(σ)/N2-H4(σ*) -1.76
N1-H1(σ)/N2-H3(σ*) -1.87
N2-H3(σ)/N1-H1(σ*) -1.76
N2-H2(σ)/N1-H2(σ*) -1.87
total sum 9.83 11.24
∆Edeloc

b 9.17 10.50

a All calculations were performed at the B3LYP/6-31++G**-
optimized geometries.b These values were obtained by NOSTAR
procedure of NBO4.0.

TABLE 5: 2*2 Pairwise Steric Exchange Energy Changes
(kcal/mol) in Hydrazinea

TS1 GS RR PS1 PS2 FR

LP(N1)/LP(N2) 0.00 13.18 11.16 11.89 10.14
totalE2*2

exchange
b 36.79 40.56 41.12 34.37 34.81

∆E2*2
steric

c 0.00 3.77 4.33 -2.42 -1.98
∆Esteric 0.00 2.42 9.37 -14.61 -3.22

TS2 GS RR PS1 PS2 FR

LP(N1)/LP(N2) 0.00 18.33 15.29 14.86 12.14
totalE2*2

exchange
b 36.79 39.45 40.67 32.68 33.80

∆E2*2
steric

c 0.00 2.66 3.88 -4.11 -2.99
∆Esteric 0.00 0.51 27.69 -16.88 9.78

a All calculations were performed at the B3LYP/6-31++G** level
of theory.b These values were obtained by eq 10.c These values were
obtained by eq 11.
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atoms affects the N(lp) PNBO energies differently in TS1 and
TS2. The decrease of N(lp)s PNBO energies for TS2 is larger
than that for TS1 (steps II and V for TS1 and TS2) because of
the different pyramidality of N atoms between TS1 and TS2.
The decrease of N(lp) PNBO energies significantly contributes
to decreasing∑∆ωi and ∆Estruc (steps II and V for TS1 and
TS2), which may explain why the rotational barrier of TS1 is
higher than that of TS2.

G. Coulombic Repulsion.Coulombic repulsion energy is
another factor that can affect∆Estruc.11 Coulombic repulsion
energy (Vr) consists of electron-electron Coulombic repulsion
energy (Vee) and nuclear-nuclear Coulombic repulsion energy
(Vnn). Coulombic attraction energy (Va) is the same as nuclear-
electron Coulombic attraction energy (Vne), which is related to
bond energies and delocalization energy.

As shown in the step I of RR(TS1) and RR(TS2) of Table 7,
the relationship between∑∆ωi and ∆Estruc digresses from eq
5. We therefore investigated Coulombic repulsion energy terms
(Vr), in an attempt to explain the reason for the difference
between the TS1 and TS2 barriers.∆Vr of RR(TS1) is positive
(31.41 kcal/mol), but that of RR(TS2) is negative (-9.56 kcal/
mol). At this point,∆Veeof ∆Vr in RR(TS1) is almost the same
as that in RR(TS2), whereas∆Vnn in RR(TS2) is negative value
(-11.83 kcal/mol) and∆Vnn in RR(TS1) is positive value (27.88
kcal/mol). Higher∆Vnn of RR(TS1) than that of RR(TS2) is
responsible for the difference of∆Vr between TS1 and TS2. It
seems that∆Estrucof rigid rotation in TS1 (2.98 kcal/mol), which
is higher than that in TS2 (-0.49 kcal/mol), results from the
difference of∆Vnn between TS1 and TS2. Because there are
no nuclei except the nuclei of outer H/H atoms that become
closer to each other in case of RR(TS2)f RR(TS1), this implies

that ∆Vnn between outer H/H atoms makes∆Estruc of rigid
rotation in TS1 higher than that in TS2.4 In addition, the increase
of the nuclear-nuclear Coulombic repulsion energy between
outer H/H atoms in rigid rotation is the reason that∆Ebarrier in
RR(TS1) is higher than in RR(TS2).

When N-N bond is rigidly rotated from TS2 to TS1 (TS1′′
conformer),∆Ebarrier is increased from 3.05 to 11.88 kcal/mol
(Table 8).∆Estrucis enlarged by 6.70 kcal/mol, whereas the other
decomposition terms are almost unchanged (e1.2 kcal/mol).
The tendency of these changes of barrier energy and energy
decomposition terms are not different from that calculated at
the MP2/6-31++G** level of theory. On the other hand,∑∆ωi

largely increases, whereas∆Vnn increases by 68.71 kcal/mol
and ∆Vee increases only by 12.93 kcal/mol. Comparing the
change of∆Vee with that of ∆Vnn in TS2 f TS1′′, we noted
that most of the increase of∆Estruc results from the increase of
∆Vnn. We reasoned that the nuclear-nuclear Coulombic repul-
sion energy between outer H/H atoms makes∆Estruc of rigid
rotation in TS1 higher than that in TS2.4

4. Conclusions

We analyzed the rotational barrier of the N-N bond in
hydrazine using NBO analysis and energy decomposition
scheme, such as the structural (∆Estruc), steric exchange (∆Esteric),
and hyperconjugative (∆Edeloc) energy contributions. The most
important barrier-forming contribution is the delocalization
energy (∆Edeloc) at TS1 and TS2 barriers. It is notable that the

TABLE 6: PNBO Bond Energies (kcal/mol) as a Function of Internal Pathsa

TS1 N1-H2(σ) N1-H1(σ) N1-N2(σ) N1(lp) N1(core) ∑∆ωi ∆Estruc

fully relaxed -9.58 -0.92 48.64 -20.53 -5.69 -24.82 4.04
step I -9.41 -5.30 -4.05 3.00 1.39 -24.67 2.98
step II -2.42 4.96 -0.03 -18.32 -0.14 -31.88 -10.43
step III -0.97 -0.94 53.14 -4.49 -6.07 28.20 11.10
step VI 3.21 0.36 -0.42 -0.72 -0.88 3.52 0.39
step I -9.41 -5.30 -4.05 3.00 1.39 -24.67 2.98
step IV -1.31 -0.92 52.32 -3.63 -6.06 28.48 11.48
step V -2.08 4.94 0.79 -19.18 -0.15 -32.16 -10.81
step VI 3.21 0.36 -0.42 -0.72 -0.88 3.52 0.39

TS2 N1-H2(σ) N1-H1(σ) N1-N2(σ) N1(lp) N1(core) ∑∆ωi ∆Estruc

fully relaxed 1.53 10.19 65.09 -56.48 -3.68 -31.78 -17.22
step I -2.72 4.02 0.31 -1.07 4.50 9.80 -0.49
step II 3.24 8.05 4.50 -48.83 2.46 -65.70 -29.83
step III -3.23 -3.19 61.09 -5.33 -9.10 19.42 12.54
step VI 4.23 1.31 -0.82 -1.25 -1.55 4.70 0.56
step I -2.72 4.02 0.31 -1.07 4.50 9.80 -0.49
step IV -2.62 -2.29 58.86 -2.36 -6.94 30.44 13.37
step V 2.63 7.15 6.73 -51.80 0.30 -76.72 -30.66
step VI 4.23 1.31 -0.82 -1.25 -1.55 4.70 0.5Y

a See Figure 4. All calculations were performed at the B3LYP/6-31++G of theory.

TABLE 7: Changes in the Sum of PNBO Bond Energies
(∑∆ωi), Structural Energy (∆EStruc), and Coulombic
Energies (kcal/mol) of Hydrazinea

energy change RR(TS1) RR(TS2) TS1 TS1′′ TS2

∑∆ωi -24.67 9.80 -24.82 -69.64 -31.78
∆Estruc 2.98 -0.49 4.04 -10.53 -17.22
∆Vnn 27.88 -11.83 -384.66 -291.39 -360.10
∆Vee 3.53 2.27 -400.66 -337.68 -350.61
∆Vr ()∆Vnn + ∆Vee) 31.41 -9.56 -785.31 -629.07 -710.71
∆Va ()∆Vne) -48.09 12.25 796.71 605.04 704.57

a All calculations were performed at the B3LYP/6-31++G** level
of theory.

TABLE 8: Changes in Rotational Barrier ( ∆EBarrier ) and
Barrier Energy Decomposition Terms (kcal/mol) in TS2,
TS1′′, and TS1 at the B3LYP/6-31++G** and MP2/
6-31++G** Levels of Theory

∆Estruc ∆Esteric ∆Edeloc ∆Ebarrier

exp
∆Ebarrier

a

B3LYP/6-31++G**
GSf TS1 4.04 -3.22 9.17 9.99
GSf TS1′′ -10.53 10.71 11.70 11.88
GSf TS2 -17.23 9.78 10.50 3.05 3.145

MP2/6-31++G**
GSf TS1 6.55 -5.50 9.16 10.21
GSf TS1′′ -9.24 9.5 11.80 12.06
GSf TS2 -16.54 9.55 10.00 3.02

a Reference 3.
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difference between the TS1 and TS2 barriers in hydrazine about
the N-N bond may be explained by the different pyramidal-
ization of N atoms between TS1 and TS2, which lowers∆Estruc

differently. The structural energy of TS1 is much higher than
that of TS2, which results from the nuclear-nuclear Coulombic
repulsion between outer H/H atoms in TS1. This NBO analysis,
therefore, may be helpful in understanding the conformational
behavior of compounds that contain the N-N bond1.
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