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Abstract: Two very different quantum mechanically based energy decomposition analyses (EDA)
schemes are employed to study the dominant energy differences between the eclipsed and staggered
ferrocene conformers. One is the extended transition state (ETS) based on the Amsterdam Density
Functional (ADF) package and the other is natural EDA (NEDA) based in the General Atomic and
Molecular Electronic Structure System (GAMESS) package. It reveals that in addition to the model
(theory and basis set), the fragmentation channels more significantly affect the interaction energy
terms (AE) between the conformers. It is discovered that such an interaction energy can be absorbed
into the pre-partitioned fragment channels so that to affect the interaction energies in a particular
conformer of Fc. To avoid this, the present study employs a complete fragment channel—the
fragments of ferrocene are individual neutral atoms. It therefore discovers that the major difference
between the ferrocene conformers is due to the quantum mechanical Pauli repulsive energy and
orbital attractive energy, leading to the eclipsed ferrocene the energy preferred structure. The NEDA
scheme further indicates that the sum of attractive (negative) polarization (POL) and charge transfer
(CL) energies prefers the eclipsed ferrocene. The repulsive (positive) deformation (DEF) energy,
which is dominated by the cyclopentadienyle (Cp) rings, prefers the staggered ferrocene. Again, the
cancellation results in a small energy residue in favour of the eclipsed ferrocene, in agreement with
the ETS scheme. Further Natural Bond Orbital (NBO) analysis indicates that all NBO energies, total
Lewis (no Fe) and lone pair (LP) deletion all prefer the eclipsed Fc conformer. The most significant
energy preferring the eclipsed ferrocene without cancellation is the interactions between the donor
lone pairs (LP) of the Fe atom and the acceptor antibond (BD*) NBOs of all C—C and C-H bonds in
the ligand, LP(Fe)-BD*(C-C & C-H), which strongly stabilizes the eclipsed (Dsp,) conformation by
—457.6 kcal- mol 1.

Keywords: ferrocene; eclipsed and staggered conformers; energy decomposition analysis; natural
bond orbital scheme; intramolecular interaction; quantum mechanical models

1. Introduction

Since its discovery, ferrocene [1], ie., di-cyclopentadienyle iron (1°, FeCp, or Fc), has
been extensively studied experimentally and theoretically with exhausting information. The
ground-electronic state conformation of Fc due to the orientation of two parallel cyclopentadienyl
(Cp) rings of Fc, which gives the eclipsed (E) or staggered (S) conformers, is surprisingly difficult to
resolve unambiguously in both theory [2,3] and experiment [4-8] A number of challenges are manifest
in the studies of Fc since its discovery [1]. Firstly, the extremely small energy difference between the
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conformers, ca. 0.9 + 0.3 kcal-mol~!, using electron diffraction in gas phase [4], and the calculated
energy of 0.58 kcal-mol~! using the B3LYP/m6-31G(d) model [2,3] is likely within the error bars of
many methods including quantum mechanical methods. Secondly, the low energy barrier for the
rotation of a cyclopentadienyl ring relative to the rest of the molecule [9,10] makes the problem more
complex; and finally, lack of permanent dipole moment due to very high point group symmetry for
both conformers, D5y, and Dsq further complexes the issue [3].

Detailed structural understanding of the Fc conformers is very important as Fc derivatives may
inherit particular properties that only exist in a particular conformer [10]. For example, additional
ligand coordinating to the metal and the Cp rings while maintaining certain symmetry is preferred
for the geometry of the Ds;, conformer [11-13]. Design of synthesis pathways and understanding
of the mechanics and reaction dynamics of the Fc derivatives such as catalysts require detailed
information of the structure, symmetry and properties of the Fc conformers. The stability of the
eclipsed and staggered conformers of Fc has been a challenge issue, and both structures were
discussed in textbooks [14-16] presenting ferrocene. A number of recent articles such as Duhovi¢ and
Diaconsecu [11], Coriani et al. [17], Roy et al. [18], Gryaznova et al. [13] Bean et al. [19] Frenking and
co-workers [20-24] and Cortés-Guzman and Bader [25] have well documented the history and current
status of Fc studies. The debate on the most stable conformer of Fc, whether it is the eclipsed (E) or
the staggered (S), however, remains. Recently, the signature of the eclipsed Fc has been determined
using infrared (IR) spectral calculations [2].

Structures and properties of the staggered (S) and eclipsed (E) conformers of Fc are markedly
similar. As indicated by Coriani et al. [17], Fc is a “notoriously difficult example”, as it contains
transition metal Fe, which leads to much larger errors because of more complex bonding situations
and its d-electrons. Although many recent quantum mechanical studies using high level post-HF
methods, such as Meller-Plesset perturbation theory (MP2), coupled-cluster singles/doubles (CCSD)
and coupled-cluster triples CCSD(T) in combination with a number of large basis sets such as
TZV2P+f [17] and using various Density Functional Theory (DFT) models including BHLP, B3LYP,
BLYP, BP86, local spin-density approximation (LSDA) [26] and BPW91 [13] models, the puzzle of
E-Fc or S-Fc remains. Nevertheless, all consistently suggest that the eclipsed Fc exists in equilibrium
as the minimum structure of Fc [2,17,18,20,27]. Studies using the B3LYP /m6-31G(d) model indicated
that in addition to the quantum mechanical method, the basis set needs to including more d-functions
of Fe [2,3].

The differences between most molecular properties of the Fc conformers, such as energetics,
Fe-Cp bond length, rotational constants and total electronic energies etc. are almost identical [2],
in addition to the small Jahn-Teller effect [28]. Hence, many studies of Fc conformers are largely
contradictory and depending on the models and measurement means [29-31]. As a result, either E-Fc
or S-Fc has been arbitrarily employed to present the structure of Fc. Our recent DFT based infrared
(IR) study of Fc revealed that the IR spectral splitting within the region of 400-500 cm~! serves as the
signature region for E-Fc conformer in gas phase [2]. It was measured in a number of experimental
IR spectra including the early IR measurements of Fc of Lippincott and Nelson [7,8,32], although the
signature of ferrocene eclipsed conformer lacked recognition in the past.

The high thermal stability of ferrocene (upto 400 °C) indicates that the chemical bonding of the
complex is special as transition metal-carbon bonds are usually unstable [28]. In order to understand
the unique interactions within the E-Fc and the S-Fc, more detailed electronic structural studies of
ferrocene conformers are needed. In this regard, theoretical study has its own advantages. In a recent
study [3], we introduced an excess orbital energy spectrum (EOES) of ferrocene conformers (E-Fc and
S-Fc), in order to identify the differences between the conformers and their unique chemical bonding
on the molecular orbital base. It is discovered that the orbitals of Fc, core and valence, which are
dominated by the transition metal Fe, show large differences between the conformers of Fc [3].

Dividing the total molecular energy of Fc into orbital energies using molecular orbital theory is
an important method of studying a molecule. There are other ways to study energy contributions
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of a molecule. It is analogous to a number of manners of cake-cutting. The present study intends
to decompose the energy contributions of the conformers using the energy decomposition analysis
(EDA) [33-35]. Significant work with various methods has been done in this direction for ferrocene.
For example, Frenking and coworkers [20-22] have done significant work on energy decomposition
analysis of ferrocene. Others, such as Gomez-Sandoval et al. [36] Swart [37], Zhang et al. [38], efc. also
studied ferrocene from different viewpoint, i.e., using different conformers, or different fragmentation
schemes or different models and basis sets (either Gaussian basis sets or Slater basis sets), which
provide excellent additional information of Fc. However, it seems that a direct comparison can be
difficult, as the calculated energy components depend on multiple factors. Firstly, the energies are
fragmentation channel dependent, such as heterolytic and homolytic [21]. The component energies
are significantly different from different fragmentation schemes. Secondly, the energies are model
dependent, both methods and basis sets. For example, the energies calculated using HF, BP86, etc.
are very different, as are the basis sets. Thirdly, most of such EDA studies concentrate on the Dsq
staggered conformer [20-22,36,38], very few on the eclipsed Fc [37-39]. Finally, most of the EDA
studies concentrate on the extended transition state (ETS) [33,35] based on the ADF computational
package. In the present study, we focus on the differences of the decomposed energies between
the eclipsed and staggered conformers, using the atomic fragment scheme. This individual atomic
fragment scheme does not prefer a particular conformer or fragmentation scheme. In addition, two
different EDA schemes, the extended transition state (ETS) [33,35] based on the ADF computational
chemistry package [40] and the natural energy decomposition analysis (NEDA) [34,41-43] based on
the GAMESS package [44] are employed in the present study.

2. Computational Methods and Details

Any decomposition of the interaction energy into separate terms is artificial, so in principle one
cannot go wrong when choosing a particular decomposition scheme [45]. Electron configuration or
orbitals of a molecule is one way to understand the energy distributions of the conformers, based
on the one-particle approximation or the molecular orbital theory. The recent orbital based excess
orbital energy spectra (EOES) [3] indeed reveal apparent orbital energy differences of the ferrocene
conformers. Most of those orbitals with excess orbital energies are dominated by the Fe electrons
not only in the valence space, but also deep in the core space [3]. There are certainly other ways to
decompose the energy of a molecule, which will provide significantly different physical insight to
help one to understand the conformers of Fc from a different aspect. As indicated by Rayén and
Frenking [21], it can be helpful if the results of the orbital analysis were combined with EDA, which
also considers electrostatic bonding.

Energy decomposition analysis (EDA) is a very useful tool to dissect the physical origins of intra-
or intermolecular interactions of molecules [41,46-56]. It is a powerful method that bridges the gap
between elementary quantum mechanics and a conceptually simple interpretation of the nature of
the chemical bond [46]. The most well-known EDA is based on Morokuma [35] and the extended
transition state (ETS) of Ziegler and Rauk [33]. It has been extended to base on different physical
models to decompose the energies of a molecule [41,57-61]. The present study will concentrate on
two EDA schemes: one is the ADF based ETS scheme [33] and the other is the GAMESS based NEDA
scheme [34,41-43].

In the ETS method [33,35], the total bonding energy of the fragments is expressed as the sum
between two energy terms at the equilibrium [36]:

AE = AEprep + AEp,; D

The first contribution, AEpy), is the preparation energy and corresponds to the energy required
to deform the separated fragments from their equilibrium geometry to the one they assume in the
supermolecule. The second term is a stabilizing term called interaction energy, AE[,;, which includes
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the instantaneous interaction between the fragments. It can be considered as the difference between
the energy of the molecule and the energies of the prepared fragments [46]. The AEj,; term itself can
be decomposed into three quantities that have a direct physical meaning [23,40,45]:

AEInt = AEPﬂuli + AEElstat + AEOrb (2)

The first term, AEp,,;;, is computed by enforcing the Kohn-Sham determinant of the molecule,
which results from superimposing fragments to obey the Pauli principle by ortho-normalizing and
anti-symmetrizing the fragment spin-orbitals of one moiety with the fragment spin-orbitals of the
second moiety at the supermolecule equilibrium position. This step ensures that same spin electrons
do not occupy the same region of space. Usually this term is responsible for the increase in kinetic
energy upon formation of a chemical bond and is always positive. The second term, AEgg,;, is
computed as the electrostatic interaction between the unperturbed fragments at the equilibrium
position. While AEp,,;; is repulsive and AEgy,; is usually attractive, superposition of these two terms
can be called steric energy [62-65] where

AEgteric = AEpauli + AEEistat 3)

The last term, AE,, in Equation (1) is computed by relaxing the ortho-normalized density to the
fully optimized electron density of the entire supermolecule. This contribution includes the charge
transfer between the occupied orbitals of one fragment and the unoccupied orbitals of the other
fragments. It also includes charge transfer within the occupied and unoccupied orbitals of the same
fragment, i.e., the intra-fragment polarization. The AEp,;, term is always attractive as the total wave
function is optimized during its calculation. More specifically, it allows the virtual orbitals on the
fragments to be mixed in, and therefore includes highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) interactions [45]. In addition, it is possible to decompose
the orbital interaction AEp,; term further into contributions from orbitals, which belong to different
irreducible representations of the point group of the molecule.

In the natural bond orbital (NBO) concept, it constructs a unique set of atomic hybrids and
bond orbitals for a given molecule. It uses the information contained in the (exact or approximate)
first-order density matrix [66], thereby constructing its "Lewis structure" in an a priori manner.
Thus, NBO operates by well-known concepts in chemistry such as hybridization, conjugation,
hyper-conjugation, charge transfer, and orbital interactions. Natural energy decomposition analysis
(NEDA) can be used for analysing intermolecular interactions between host—guest species [43]. The
latest implementation of NEDA takes the form of a five-term energy decomposition:

AE = AEES + AEPOL + AECT + AEXC + AEpDEr (4)

where the first term AEgg is an electrostatic (ES) contribution. It describes the interaction of the
unperturbed monomer charge densities and therefore the interaction of the permanent multipoles of
the monomer units [34]. The next term AEpp; is a polarization component (POL) and it describes
the extra electrostatic interaction on polarizing the charge densities of the separated fragments
in the field of the other fragments when in complex [42]. The third term, AEcT, is a “charge
transfer” (CT) component and the forth term AExc is a “steric exchange” (EX) component. It is
considered to represent Pauli exchange-type repulsions between filled orbitals (or the quasiclassical
“Lennard-Jones repulsion” between hard-shell sphere atoms). Natural steric analysis expresses
steric exchange repulsion as the energy difference due to orbital orthogonalization, in accordance
with a well-established physical picture of “steric repulsions” [41—43] For the total steric exchange
energy, both the individual bond energy changes of natural localized molecular orbital compositions
(NLMO), followed by the pairwise steric interactions between orbitals on different centres [41-43].
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The remaining AEpgr term is the "deformation” energy (DEF), which represents the difference
between the energies of the perturbed and relaxed monomer densities.

The optimized geometries of Fc (both E and S conformers) were the same as those in gas
phase [2], which were obtained using the density functional theory (DFT) based B3LYP theory, in
conjunction with the recently developed basis set for the transition metal Fe, that is, the m6-31G
(d) basis set [67]. Two Staler type basis sets which are embedded in the ADF package [40], that
is, TZ2P and TZ2P+ [68] are employed, together with three quantum mechanical models, that
is, HF, B3LYP and a recent M06-2X level of theory. The natural energy decomposition analysis
(NEDA) was performed with NBO 6.0 binary code [69], which links to GAMESS-US 2014 R1
program [44]. Energetics analysis with the NBO deletions was performed with the NBO 6.0 binary
code linked to Gaussian 09 computational chemistry package [70]. All other calculations were based
on the B3LYP/m6-31G(d) optimized structures [2] of E-Fc and S-Fc, and were performed using
the Gaussian(9.

3. Results and Discussion

3.1. ETS: EDA Dependence on the Fragmentation Channels of Fc

It is accepted that the eclipsed (Dsp) ferrocene (E-Fc) exhibits a slightly lower total energy
than the staggered ferrocene (Dsq) [2,4,38,71-73] (at 0 K). However, in many cases the staggered,
D54 conformer of ferrocene has been employed for analyses [7,8,21,32], as it is often observed in
room temperature comparison with other transition metal complexes [21]. Many previous studies of
ferrocene were largely based on the qualitative MO diagram of staggered (Dsq) ferrocene [21,24],
which the electron configurations are largely model dependent as indicated in our previous
studies [2,3] and in agreement with many other accurate calculations [37].

Although in principle one cannot go wrong when choosing a particular decomposition scheme in
EDA [45] the interaction energies of the same complex can significantly depend on the fragmentation
channels [20-24,36,38,46,74] within the same EDA scheme. Table 1 summarizes the previous EDA
studies of ferrocene using different models in the ETS scheme. A number of fragmentation channels
of ferrocene [21,24,38] are available: the ionic (heterolytic) channels consist of (i) ferrous Fe?* cation
with the valence electron configuration (alg)z(ezg)‘*(elg)O and (Cp ™), anion [21]; (ii) the singly charged
FeCp™* cation and singly charged Cp~ anion [20]; and (iii) the neutral (homolytic) channel formed
by the neutral Fe and the neutral Cp; as interacting fragments. In the homolytic channel, Fe is
in a valence electron configuration triplet (alg)z(ezg)4(elg)°‘°‘, and the ligand Cp, has the valence
occupation (alg)Z(azH)Z(elu)‘L(elg)Bf3 [21] The three energy components, that is, the AEp,,1;, AEEstar
and AE(,p, of the same ferrocene conformer are different, although the other conditions are the same,
e.g., BP86/TZP.

Table 1. Summary of previous EDA studies for ferrocene conformers in the literature (kcal- mol~1) *.

Frag M +2C M + M + M?* + M + M? + M* + M* + MCp* +
Channel P 2Cp~— 2Cp~ 2Cp~ 2Cp~ 2Cp— Cp2*~ Cp2?*~ Cp~
Model BP86 BP86 BP86 BP86 B_PW91 OPBE PWI1 PWI1 BP86
BasisSet  TZP[21] TZP[21] TZP[22] TZ2P[36] TZ2P*[39] TZP[37] TZ2P[38] TZ2P[38]  TZP[20]
Conformer Dsq Dsq Dsq Dsq Dsp Dsp Dsp Dsq 54
AEpaui 409.6 279.9 2722 282.0 Z 3457 399.23 398.85 172.4
AEqistar 3075  —599  —5980 —6005 - —619.1 22905  —22936  —2385
AEyp —376.3 —573.9 —567.5 —577.6 - —634.5 —626.35 —624.17 —171.5
AE;n; —274.2 —893.9 —893.3 —896.0 —919 —907.9 —456.17 —454.68 —237.6

* Based on the ADF computational chemistry package; * A modified Slater type TZ2P basis set (see [39]).

The fragmentation channel dependant differences of the energy components of ferrocene are
nowhere close to each other. For example, the AEp,,;; term (staggered Fc) is calculated using the
BP86/TZP model as 272.2 kcal- mol~! by Lein et al. [22], 172.4 kcal- mol—1 by Frunzke et al. [20],
and 409.6 kcal- mol ! by Rayoén and Frenking [21] for the fragmentation channels (i), (ii) and (iii),
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respectively. In the same manner, the AE gy, term is calculated as —598.9 kcal- mol~! by Lein et al. [22]
—238.5 kcal- mol~! by Frunzke et al. [20] and —307.5 kcal: mol ! by Rayén and Frenking [21] for
the same Fc complex; whereas the AE(,; term in Equation (2) is calculated as —567.5 kcal- mol~!
by Lein et al. [22], —171.5 kcal- mol~! by Frunzke et al. [20] and —376.3 kcal- mol~! by Rayén and
Frenking [21], respectively. Perhaps, what is in common (if any) in the three fragmentation channels is
that the AEp,,,;; term is positive, whereas the AEgg,: and AEpy, terms are both negative. As indicated
by Swart [37], the fragmentation channels will influence the interaction (bonding) energy significantly
and the energy components. The fragmentation channels differ from the central metal Fe electrons,
indicating the Fe-electrons play a significant role in the interaction energy and therefore the properties
of the complex.

3.2. ETS: EDA Dependence on Quantum Mechanical Models Employed

In addition to fragmentation channels, the quantum mechanical models employed also impose
large component energy differences, which make the EDA quite difficult for comparison and
explanation purposes. For example, Swart [37] using the same fragmentation channel, i.e., ferrous
Fe?* cation and (Cp7)2 anion (i) and the same basis set of triple zeta polarized (TZP) in ADF, but
OPBE (combination of Handy's optimized exchange (OPTX) with the PBE correlation) rather than
BP86 for the eclipsed ferrocene, the calculated energy components are apparently different [39]. As
a result, such diverse results make it difficult to reveal whether the energy component differences
between the eclipsed and staggered ferrocene are due to the model or due to the conformers.

In order to obtain a quantitative and consistent analysis for the interaction energies of ferrocene
eclipsed (Dsp) and staggered (Dsq) conformers, one needs a consistent study based on the same
conditions including the fragmentation channels and models. From the results summarized in
Table 1, it is clear that the EDA energy components of the same conformer significantly depends
on the fragmentation channels as well as the computational chemistry model, while other conditions
are the same. To reduce the impact of the fragmentation schemes, the present study employed a
“completed atomic scheme” FeCp, — Fe ((3d)®, singlet) + 10 C ((2p)2, singlet) + 10 H ((1s)!, doublet),
that is, the complex fragments into the smallest possible neutral atoms. Note that the atomic states
are not necessarily the ground states of the atoms.

Table 2 further compares the EDA component energies calculated using the same DFT method
of BP86 with different basis sets. It is seen from this table that, once the fragment channel is the same,
there are very small or no differences between the Slater type basis sets, TZ2P, TZP and TZ2P+ [68],
if the same DFT based (BP86) method is used. To calibrate the calculated energies, the HF/TZ2P
model is also employed to calculate the same energy components at the HF level and AAE column
(AAE = AE(Dsp,) — AE(Dsq)) is the energy differences between the eclipsed and staggered conformers
of ferrocene. The results from Zhang et al. [38] are also included as references as both conformers
were available, but note these results are based on a different fragmentation channel (Fe?* + Cp,2~)
using the PW91/TZ2P model.

Table 2 reveals that the basis set effects to the energy components between the ferrocene
conformers are small. The energy component changes AAE between the eclipsed and staggered
ferrocene conformers do not vary apparently with respect to the basis sets. The calculated electrostatic
energies, AEgg,; for Dsy, are basically the same using the same theory (BP86) among the basis sets,
i.e., both are —2794.94 kcal- mol !, for TZP and TZ2P, respectively, but a slightly less negative energy
of —2793.10 kcal- mol~! is found when the TZ2P+ basis set is used for the same conformer. Similar
trends are found for the AEp,,;; but repulsive, i.e., 12679.83 kcal- mol~! when both TZP and TZ2P
basis sets are used. As pointed by Bickelhaupt and Baerends [75], the basis set superposition errors
(BBSE) are very small for the large Slater type basis sets used in the present study. Therefore, the
energy contribution as a result of the formation of the electron-pair bond is not contained in AEp,;
and AEgjstat [75].
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Table 2. Comparison of energy terms for the eclipsed (Dsy,) and staggered (Dsq) ferrocene using the
DFT based BP86 model and HF model with different basic sets (kcal- mol—1) 12,

12 BP86/TZP BP86/TZ2P BP86/TZ2P+
Energy Frag
Dsp Dsq AAE; 3 Dsh Dsq AAE; 3 Dsn Dsgq AAE; 3
AEEstar —2794.94  —2789.68 —5.26 —2794.94  —2789.68 —5.26 —2793.10  —2787.85 —5.25
AEpgui 12,679.83  12,666.40 13.43 12,679.83  12,666.40 13.43 12,675.76  12,662.35 13.41
AEoy —12,942.17 —12,933.04 —9.13 —12,954.25 —12945.16  —9.09 —12952.85 —12943.81 —9.04
AEpy; —3057.29  —3056.32 —0.97 —3069.36 —3068.45 —0.91 —3070.20  —3069.31 —0.89
AEster 9884.88 9876.71 8.17 9884.89 9876.71 8.18 9882.66 9874.50 8.16
Energy Frag 12 HF/TZ2P * PW91/TZ2P ®
Dsp Dsq AAE;? Dsp Dsq AAE; 3
AEEsta —3332.24  —3325.18 —7.06 —229.05 —229.36 0.31
AEpgui 14,486.28  14,470.29 15.99 —399.23 —398.85 —0.38
AEoyn —16,465.98 —16457.79  —8.19 —626.35 —624.17 —2.18
AV —5311.94  —5312.68 0.74 —456.17 —454.68 —1.49
AEste, 11,154.04  11,145.11 8.93 —628.28 —628.21 —0.07

! The fragment scheme is Fe(CsHs), — Fe ((3d)°, singlet) + 10 C ((2p)?, singlet) + 10 H ((1s)!, doublet); 2 Based
on the B3LYP/m6-31G(d) optimised geometry [2]; ° AAE; = AE;(Dsp) — AE;(Dsq); * In the HF/TZ2P EDA
calculations, the QZ4P fit was applied [40]; 5 The fragmentation scheme is Fe(CsHs), — M2+ 4 CpZZ* [38].

The small basis set effects on energy components show in the orbital energy term, AAEg,,
as this energy term is responsible for orbital interaction or relaxation [75]. This term is the basis
set dependent charge-transfer and polarization (and mix) term [75]. The energy differences, AAE;,
for the electrostatic energy and the orbital energy between the eclipsed and staggered ferrocene
conformers exhibit negative values, which are balanced but the almost twice as large Pauli positive
energy values, leading to the total interaction energy change, AAE},; a very small energy value. For
example, using the BP86/TZ2P+ model, the AAE components for AAEp,,1;, AAEEss and AAEp,y,
are given by 13.41 kcal mol~1, —5.25 kcal- mol~! and —9.04 kcal- mol 1, respectively, which results
in the interaction energy AAEj,; (See Equation (2)) of only —0.89 kcal- mol~!. The results in Table 2
show that under the same theory, ie., BP86, the larger the basis set, the slightly less negative
the total interaction energy difference between the eclipsed (E-Fc) and staggered (S-Fc) ferrocene
conformers. For example, the absolute value of AAEp,; changes from —0.97 kcal- mol~! (BP86/TZP),
to —0.91 kcal- mol~! (BP86/TZ2P) and to —0.89 kcal- mol~! (BP86/TZ2P+). Hence, under the same
fragmentation scheme (in the present study, the fragment scheme is completely dissociating into
neutral atoms), the energy difference of the electrostatic energy between E-Fc and S-Fc remains at
—5.25 kecal- mol~! across the basis sets, followed by the energy term of orbital interaction changes of
AAE(,, with —9.04 kcal- mol~! when TZ2P+ basis set is used. The largest energy change between the
conformers is the repulsive Pauli (or steric) energy component, which is as large as 13.41 kcal- mol !
using the same model of BP86/TZ2P+.

It is also interesting to compare the AAEs among BP86/TZ2P, HF/TZ2P and PW91/TZ2P
models. As the BP86/TZ2P and HF/TZ2P models are based on the same fragment channel, the
energy differences can be attributed to inclusion of electron correlation of the BP86 method. The
missing electron correlation energy contributes to increase the AAEg;y,; (more negative), AAEp,,;;,
and AAEg;,,, but decrease the AAEp,;,. As a result, the total interaction energy, AAEj,; changes its
sign from preferring the eclipsed Fc (in BP86/TZ2P) to preferring the staggered Fc (HF/TZ2P). In
addition, the heterolytic fragmentation channel of Zhang et al. [38] (Fe?* + Cp,2™) in the PW91/TZ2P
model indicates that the pre-partitioned fragments of the ferrocene conformers, although largely
changed the preference of individual energy component, the total interaction energy AAEj,, again,
prefers the eclipsed conformer. It also indicated that the energies have already been absorbed into the
pre-partitioned fragments of the conformers.

The decomposed energy terms of a molecule also depends on the theory employed [74]. Table 3
compares the EDA energies using different level of theory combining with the TZ2P+ basis set. This
TZ2P+ is a Slater basis set that is close to the modified Gaussian basis set of m6-31G(d) [67]. Four
levels of theory are employed, that is, HF, BP86, M06-2X and B3LYP. Similar trend to the results of
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basis sets in Table 2 is observed. The electrostatic energy and the orbital energy between the E-Fc and
S-Fc conformers exhibit attractive negative values, which are nearly balanced but the almost twice as
large positive Pauli energy values, leading to the total interaction energy change, AAE},; a very small
energy value. The energy differences obtained from DFT models in the same table are very small
with respect to the HF/TZ2P+ model. For example, the total interaction energy differences (AAE;;)
are given by 1.60 kcal- mol~—1, 0.76 kcal- mol~1, —0.09 kcal- mol~! and —0.89 kcal- mol~! from the
HF, M06-2X, B3LYP and BP86, respectively. The HF/TZ2P+ model gives the AAEp,,;;, AAEEs;, and
AAE(,; terms as 14.62 kcal- mol~!, —5.25 kcal- mol~! and —7.76 kcal- mol~!, respectively. The HF
results under the same conditions reveal that the largest relative energy changes with respect to the
BP86 model between the E-Fc and S-Fc is the AAE,;, term with 16.5%, and followed by the AAEp,,;;
term with —8.3% and the AAEg;y,; term remain unchanged. The total steric energy between the E-Fc
and S-Fc conformers becomes smaller when electron correlation effect is taken into account, as this
energy term AAEg;,,;. is reduced from 9.36 kcal- mol~! in the HF/TZ2P+ model to 8.40 kcal- mol~! in
the B3LYP/TZ2P+ model.

Table 3. Comparison of energy terms for the eclipsed (Dsp,) and staggered (Dsq) ferrocene using
different level of theory with the TZ2P+ basic set (kcal- mol~!) 12,

E 12 HF/TZ2P+ MO06-2X/TZ2P+
nergy Terms ™
Dsp Dsq AAE; 3 Dsp Dsq AAE;®
AEEgiat —2793.10 —2787.85 —5.25 —2793.10 —2787.85 —5.25
AEpguii —49,351.36  —49,365.98 14.62 —54,025.19 —54,039.14 13.95
AEo —16,840.51 —16,832.75 -7.76 —14,568.75 —14,560.82 -7.93
AEp,; —68,984.98  —68,986.58 1.60 —71,387.05 —71,387.81 0.76
AEgie, —52,14447  —52,153.83 9.36 —56,818.3 —56,826.99 8.69
E 12 B3LYP/TZ2P+ BP86/TZ2P+
nergy Terms ™
Dsp, Dsq AAE;3 Dsp Dsq AAE; 3
AEEgiat —2793.10 —2787.85 —5.25 —2793.10 —2787.85 —5.25
AEpguii 222.39 208.73 13.66 12,675.76 12,662.35 13.41
AEoy —13,630.90  —13,622.42 —8.48 —12,952.85 —12,943.81 —9.04
AEp,; —16,201.62  —16,201.53 —0.09 —3070.20 —3069.31 —0.89
AEg;er —2570.72 —2579.12 8.40 9882.66 9874.50 8.16

1 The fragment scheme is Fe(CsHs), — Fe ((3d)e, singlet) + 10 C ((2p)2, singlet) + 10 H ((1s)!, doublet); 2 based
on the B3LYP/m6-31G(d) optimised geometry [2]; 3 AAE; = AE;(Dsp,) — AE;j(Dsq).

The B3LYP/m6-31G(d) is superior in not only producing an accurate result in IR spectrum [2]
and geometry [3] of ferrocene, but also in providing a consistently accurate description of the
heterolytic dissociation enthalpy of the complex [76], the discussion of the present study will
concentrate on the results produced by the B3LYP/TZ2P+ model from the atomic fragmentation
scheme. The energy differences between the terms, AAEp,,;;, AAEgpi,; and AAEp,,, are
13.66 kcal- mol~!, —5.25 kcal-mol~!, and —8.48 kcal-mol~!, respectively. As pointed out by
Bickelhaupt and Baerends [75] in their earlier study of conformation of ethane, the Pauli repulsive
energy is always higher when going to the eclipsed conformation with all other geometry parameters
fixed, in agreement with the ferrocene eclipsed conformer with AAEp,,;; =13.66 kcal: mol ! higher
energy than the staggered conformer. The electrostatic interaction is more attractive in the eclipsed
conformer (see Table 3) as AAEgsq; = —5.25 kcal- mol~!. The AAEg;,; term indicates that the charge
distribution of the atomic fragments leads not only to higher steric interaction, but also more attractive
electrostatic interaction [75]. In general, the total electrostatic energy is attractive (negative) since
the electron-nucleus attraction outweighs the repulsive terms. Obviously, the eclipsed ferrocene is
slightly more attractive than the staggered complex. As a result, the origin of steric repulsion is not
electrostatic repulsion between electrons and nuclei, but favours steric three-dimensional positions,
whereas the steric repulsion is originated from the quantum mechanical Pauli exclusion energy [75].
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The orbital interaction energy change of Fc, AAE,;, = —8.48 kcal- mol !, is more attractive when the
overlap of the charge clouds is larger, such as in the eclipsed Fc. This is because that the orbitals
overlaps between occupied-occupied and occupied-unoccupied orbitals are all larger which leads to
stronger donor—acceptor interactions [75].

Conformational isomers such as n-butane [77] and ethane [75] usually take the staggered
conformer as the global minimum structure, due to the steric hindrance [75]. However, in the case
of ferrocene the Cp rings are separated through bonding with a transition metal Fe. From Table 3
it is seen that the total interaction energy difference between the conformers of ferrocene, AAEy;, is
a small residue of the balance between Pauli repulsive term AAEp,,;; and the attractive electrostatic
and orbital energies of AAEgs,; + AAEp,,. Interestingly, the electrostatic energy term in this table
AAEgjg,; is independent of the level of theory, as the HF and the DFT models produce the same
electrostatic energy. As a result, the major difference between the Fc conformers is due to the quantum
mechanical Pauli repulsive energy and orbital attractive energy, in agreement with chemical intuition.

3.3. NBO-NEDA Analysis of Ferrocene Conformers

To better understand the nature of interactions in ferrocene conformers in terms of meaningful
physical components we applied the natural energy decomposition analysis (NEDA) scheme using
the B3LYP/m6-31G(d) optimized geometries [2], which have been employed in the previous ETS
section. Table 4 compares contributions of the decomposed energy terms based on the NEDA scheme
for the eclipsed and staggered conformers of ferrocene. Comparing the data shows that the main
driving forces responsible for the higher relative stability of eclipsed conformer are mainly electrical
and charge transfer (CT) interactions, which account for —4.82 and —5.35 kcal- mol !, respectively.
We may notice a relatively large contribution of the polarization interaction (—6.27 kcal- mol~!) into
the higher relative stability of the eclipsed conformer. These strong electric and charge transfer (CT)
interactions are necessary to overcome the strong CORE repulsion, which is 9.73 kcal- mol~! higher
than the staggered conformation.

Table 4. Energy decomposition of ferrocene conformational differences using NEDA
scheme (kcal- mol—1) ab.

Energy Component ¢ Dsp Dsq AEd
EL (ES + POL + SE) —1011.05 —1006.23 —4.82
ES —676.89 —675.31 —1.58
POL —671.73 —665.46 —6.27

SE (Fe) 35.89 35.84 0.05

SE (Cp) 150.84 149.35 1.49

SE (Cp) 150.84 149.35 1.49

Tot SE 337.57 334.54 3.03
Charge Transfer (CT) —634.02 —628.67 —5.35
Core (XC + DEF — SE) 880.64 870.91 9.73
XC —200.44 —198.58 —1.86

DEF (Fe) 395.28 39247 2.81

DEF (Cp) 511.69 505.78 591

DEF (Cp) 511.68 505.78 5.90

Tot DEF 1418.65 1404.03 14.62
Etot (EL + CT + Core) —764.43 —763.99 —0.44

2 using B3LYP/m6-31G(d) model; b The fragment scheme is FeCp, — Fe + 2Cp; © ES: electrostatic;
POL: polarization; SE: self-energy correction (“polarization penalty”) for each centre; XC: exchange; DEF:
“deformation” energy; ¢ AE = E(Dsp,) — E(Dsq);

The NBO 6.0 program [69] makes it possible to investigate the effect of specific natural bond
orbital (NBO) donor-acceptor interactions on the conformer’s energy difference. It uses the so-called
“deletions” when certain NBOs, group of NBOs, or specific NBO donor-acceptor interactions can
be deleted to determine their energetic effects. For example, to estimate the role of electronic
delocalization on the conformer’s stability we can delete all non-Lewis NBOs from the basis set,
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with the resulting “natural Lewis structure” wave function being perfectly localized and with all
Lewis-type NBOs doubly occupied. In this case the stabilizing effect of the delocalizing (non-Lewis)
contributions, Eyy, will be expressed as

ENL = E(full) —EL (5)

where E(full) is the original energy and E is the Lewis-type localized energy.

The NBO analysis further indicates that while the Lewis (Er) energy which prefers the eclipsed
Fc and the non-Lewis (Ey ) energy which favours staggered Fc, the total energy between the eclipsed
and staggered Fc largely cancels out with a relatively small residue. As one can see in Table 5 (section
Lewis Contribution) the localized Ey, contribution strongly favours the eclipsed (Ds},) configuration by
564.4 kcal- mol~!, while the delocalization contribution Ey; favours the staggered (Dsq) conformer
by a similar amount of 563.9 kcal- mol !, leading to nearly equal total energies for the two conformers
with a small residue of —0.52 kcal-mol~!. Thus, the stability of the staggered conformer can
therefore be attributed to the electronic delocalization energy Enr. In the absence of the Fe atom
(section Lewis Contribution (NoFe)) in Table 5, we see a similar picture but E; and Eyy. contributions
are much smaller (—23.3 and 23.1 kcal- mol~!, correspondingly), with the difference between two
conformations being also smaller (—0.18 kcal- mol~!). However, the Lewis contributions with and
without Fe in Table 5 indicate that the significant localised (Lewis) and delocalised (non-Lewis)
contributions of Fc conformers are due to the orientations of the cyclopentadienyle (Cp) rings, as
only approximately +23 kcal- mol~! of such energies are due to the Fe atom, which counts for less 5%
of the (non-)Lewis contributions.

Table 5. NBO Analysis of ferrocene conformational differences *.

Energy Decomposition E(Dsy)/Ep, E(Dsq)/E), AE ?/ kcal-mol~!
Lewis Contribution (Fc)
Total —1650.66185 —1650.661026 —0.52
Total Lewis (Ep) —1648.30198 —1647.402542 —564.41
Total Non-Lewis (Enp) —2.35987395 —3.25848317 563.89
Lewis Contribution (No Fe)
Total —386.897706 —386.8974192 —0.18
Total Lewis (Er) —385.653328 —385.6162447 —23.27
Total Non-Lewis (Enpr) 1.244378 1.281174 23.09
LP(Fe) - BD *(C-C & C-H)
Energy of Deletion (Ep) —1650.02738 —1649.298117 —457.62
LP(Fe) - RY *(C & H)
Energy of Deletion (Ep) —1650. 02384 —1650.013585 —6.43

* Based on B3LYP/m6-31G(d) optimized geometries [3]; * AE = E(Eclipsed) — E (Staggered).

We can further dissect the delocalizing (non-Lewis) contribution, Enp, into specific
donor-acceptor contributions by, for example, exploratory deletion of all interactions between the
donor lone pairs (LP) of the iron atom and the acceptor antibond (BD*) NBOs of all C-C and C-H
bonds, which is given in section LP(Fe) — BD*(C-C & C-H) of Table 5. As we can see a deletion
of these donor-acceptor interactions strongly destabilizes the staggered (Dsq) conformation by
457.6 kcal- mol 1. Tt indicates that a significant energy difference between the eclipsed and staggered
ferrocene is caused by the interactions between the lone pair of Fe and the antibond electrons of the
orientation of the Cp rings, i.e., the conformers. On the other hand, the donor-acceptor interactions
involving the donor lone pairs (LP) of Fe atom and the unoccupied Rydberg-type (RY*) acceptor
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NBOs of the carbon and hydrogen atoms lead to a relatively small destabilization of the staggered
(Dsq4) conformer by 6.4 kcal- mol~!, as given in section LP(Fe) — RY*(C & H) of Table 5.

4. Conclusions

Quantum mechanically based energy decomposition analyses (EDA) are employed to study
interaction energies of ferrocene conformers. Two very different EDA schemes are employed with
one based on the extended transition state (ETS) using the ADF package and the other on natural EDA
(NEDA) using the GAMESS package. The study reveals that the interaction energy terms of ferrocene
depend on a number of factors, not only the model (theory and basis set) but also more significantly,
the fragmentation schemes in the EDA. It is discovered that interaction energy can be absorbed
into the pre-partitioned fragments such as the heterolytic fragmentation, which may affect the
interaction energies in a particular conformer of Fc. The present study employs a complete individual
atomic fragment scheme—the fragments of ferrocene are neutral atoms rather than pre-partitioned
fragments. In the ETS scheme, it discovers that unlike the alkane rotational conformers such as
n-butane and ethane, which the steric hindrance results in the staggered conformer as the energy
favoured structure, the major difference between the ferrocene conformers is due to the quantum
mechanical Pauli repulsive energy and orbital attractive energy, leading to the eclipsed ferrocene the
energy preferred structure.

The NEDA scheme further indicates the attractive (negative) polarization (POL) and charge
transfer (CL) energies prefer the eclipsed ferrocene. The repulsive (positive) deformation (DEF)
energy, which is dominated by the cyclopentadienyle (Cp) rings, prefers the staggered ferrocene.
The polarization (POL) and charge transfer (CL) energies are nearly balanced out by the deformation
(DEF) energy, leading to small attractive total interaction energy residue preferring the eclipsed Fc
conformer. Further NBO analysis indicates that the localized Lewis E contribution strongly favours
the eclipsed (Dsp,) configuration by 564.4 kcal- mol~!, while the delocalization non-Lewis contribution
Eni favours the staggered (Dsq) conformer by a similar amount of 563.9 kcal- mol~! leading to nearly
equal total energies for the two conformers with a small residue of —0.52 kcal- mol~!, in favour of the
eclipsed conformer. The most significant energy between the eclipsed and staggered ferrocene which
is not cancelled out is the deletion of all interactions between the donor lone pairs (LP) of the iron
atom and the acceptor antibond (BD*) NBOs of all C-C and C-H bonds (LP(Fe) — BD*(C-C & C-H)),
which strongly destabilizes the staggered (Dsq) conformation by 457.6 kcal- mol 1.
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