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Abstract Natural orbitals for chemical valence (NOCV)
are defined as the eigenvectors of the chemical valence
operator defined by Nalewajski et al.; they decompose the
deformation density (differential density, Ap) into diagonal
contributions. NOCV were used in a description of the
chemical bond between the organometallic fragment and
the ligand in example transition—metal complexes: heme—
CO ([FeNsCy0H;5]-CO), [Ni—diimine hydride]-ethylene
(IN"N-Ni-H]-C,H4, N*"N=-NH-CH-CH-NH-), and [Ni
(NH;3);]-CO. DFT calculations were performed using
gradient-corrected density functional theory (DFT) in the
fragments resolution, using the fragment/ligand Kohn—
Sham orbitals as a basis set in calculations for the whole
fragment-ligand complex. It has been found that NOCV
lead to a very compact description of the fragment-—ligand
bond, with only a few orbitals exhibiting non-zero
eigenvalues. Results of NOCV analysis, compared with
Mulliken populations analysis and Zigler—Rauk interac-
tion—energy decomposition, demonstrate that the use of
the natural valence orbitals allows for a separation of the
o-donation and 7-back-donation contributions to the
ligand—fragment bond. They can be also useful in
comparison of these contributions in different complexes.
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Introduction

The development of ab initio methods of quantum
chemistry, and in particular density functional theory
(DFT), together with a fast increase in computational power
of modern computers has given rise to fast progress in the
theoretical description of transition—metal complexes based
on high-quality computations. Both aspects of theoretical
organometallic chemistry, the electronic structure of transi-
tion—metal based compounds, [1, 2] and reactions involving
such systems [1-3] are the subject of extensive theoretical
studies. However, some fundamental problems still exist
that are important for understanding the nature of chemical
bonds in these compounds. Recently, considerable attention
has been paid to the relationship between the geometrical
structure and hybridization, a role of the metal p-orbitals in
bonding, as well a description of the electronic structure
with models that assume covalent character of the bonds.
These problems are still a subject of discussion, and are
summarized in an excellent review by Frenking [1].

In a description of the bond between the transition—
metal-based fragment and a ligand, the Dewar—Chatt—
Duncanson model [4-6] is commonly used. It describes
bond formation as a synergic process with donation of
electrons from the ligand to the metal, and back-donation of
electrons from a d-orbital of the metal into the empty orbital
of the ligand.

In the present article the Natural Orbitals for Chemical
Valence (NOCV) will be introduced and applied in a
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description of the bond between the ligand and the transition-
metal-fragment. These orbitals are the eigenvectors of the
chemical valence operator of the Nalewajski—Mrozek theory
of valence and bond-orders [7-12]. It will be shown in this
article that NOCV decompose the deformation density
(differential density), Ap(r), into contributions that corre-
spond to donation and back-donation. Deformation density
is one of the basic quantities commonly used to visualize
the chemical bond. However, the standard density differ-
ence plots do not allow for the separation between the o-
and m-bond components, neither do they allow for the
separation of donation and back-donation processes.

The natural orbitals will be analyzed for three systems:
the heme/CO ([FeN5CyoH,;5]-CO), [Ni-diimine hydride]"/
ethylene ([N*N-Ni-H]-C,H;, N*N=-NH-CH-CH-
NH-), and [Ni(NH;);]*"/CO. The first complex is a model
for the well known complex of biological importance [13].
The second system is an intermediate in the catalytic
processes of ethylene polymerization and copolymerization,
[14, 15] and the third was chosen to facilitate the
comparison between the systems, as it contains the same
ligand as one of the systems (CO), and the same kind of
transition-metal fragment as the other one (d°-Ni-based
complex). In the following we will first briefly introduce
the theoretical background of NOCYV, and then present their
use in a description of bonding, and in particular, in
analysis of donation and back-donation contributions.

Theoretical background

One of the basic quantities in the Nalewajski—-Mrozek
theory of valence and bond—order indices [7-12] is the
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overall chemical valence, V. For a given molecular system,
the value of ¥ corresponds to the number of chemical bonds
in the system [10—12]. A decomposition of V into diatomic
contributions allows for defining the bond—order indices
(bond-multiplicities) [10-12].

It has been shown [11] that for the one-determinental
wavefunctions and a closed-shell system, the chemical
valence can be expressed as

V = 1/Tr(AP?) = 14Tr(PAP) (1)

where AP =P — P°, P is the standard charge-and-bond-
order (CBO) matrix in a molecule and P° stands for the
CBO matrix in a promolecule, consisting of non-interacting
atoms (or larger molecular-fragments) placed in the
positions of the nuclei in a given molecular system
complex. For open-shell systems, the corresponding rela-
tion is expressed in terms of the corresponding spin-
resolved CBO matrices.

Therefore, the chemical valence can be defined as the
expectation value of the valence operator [11]:

V =Tr(PhAP) = Tr(PV) = < OV [T >=< V> (2)
The operator of chemical valence can be thus written in

terms of the molecular/pro-molecular (KS) orbitals ¥/¥°
and their occupations as

) (3)

In the present work we consider the natural orbitals for
chemical valence, ¥, defined as the eigenvectors of J:

agoi:v,-cp[,izl,...,n 4)

where 7 is a number of the basis functions.
Such orbitals decompose the deformation density (dif-
ferential density), Ap, into diagonal contributions:

Aol = Y wdt ) )
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Also, the overall chemical valence can be written in
terms of the eigenvalues as:

1 n
VZ;ZV% (6)

Let us consider the molecular system A—B, consisting of
two molecular fragments A and B. The molecular wave-
function (electron density) can be expressed in the basis of
the fragment orbitals. The deformation density (differential
density) can be defined with respect to the fragment
densities, Ap(p) = pB(r) — p(r) — pB(r).

In such a molecular fragment resolution, the eigenvalues
of ¥ have an interesting property. They can be coupled in
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pairs, each of them grouping two complementary orbitals
characterized by eigenvalues of opposite sign and the same
absolute value:
Vo= —vip_i Ve =wkpr  k=1,....n/2 (7)

It can be expected that few of such pairs contribute to the
bond between the fragments, as the deformation density is
predominantly localized in the bond region. Thus, a large
number of orbitals must describe the fragment electron
density without participation in bonding. This means that
such NOCV are characterized by the zero eigenvalues, as
only the orbitals corresponding to non-zero eigenvalues
contribute to the deformation density (Eq. 5).

The interpretation of the natural orbitals in the fragment
resolution follows from Egs. 5 and 7. The deformation
density can be expressed as:

n/2 n/2
Ap(r) =Y w2 () +01()] = Ap(r) (8)
=1 =

where the summation goes over the pairs of NOCV.

Thus, the eigenvalue v, represents the number of
electrons transferred from the orbital ¥ (‘antibonding’)
to the orbital ¥k (‘bonding’) in a process of bond formation.
It should be emphasized that in general both orbitals of
each pair have fractional occupations in the molecule, as
well as in the promolecule.

In the following we will present a few examples of the
NOCYV, determined in a two-fragment resolution, and their
contributions to the deformation density, focusing on the
ligand bonding in transition metal complexes.

Computational details and the model systems

The optimized geometries of the model complexes studied
in the present work are shown in Fig. 1. The fragment—
ligand bond was characterized for the heme—CO
([FeNsC5oH,5]-CO, panel a), [Ni—diimine hydride] —eth-
ylene ([N*N-Ni-H]"-C,H,, N*"N=-NH-CH-CH-NH-,
panel b), and [Ni(NH;);]*'~CO (panel ¢). All the calcu-
lations were performed in a fragment resolution, i.e. using
the fragment/ligand KS orbitals as a basis set for the whole
fragment-ligand system. DFT calculation based on the
Becke—Perdew exchange-correlation functional [16—18]
were performed using the modified version of the
Amsterdam Density Functional program (ADF 2004) [19-
24]. The ‘standard’ STO basis sets, included in the ADF
program, [19] were used in all the calculations. Double—
zeta STO basis sets were used for the H, C, N and O atoms,
while triple—zeta basis sets were used for Ni and Fe atoms.
The 1s electrons of C, N, O as well as the 1s—2p electrons

c)
Fig. 1 The molecular systems studied in the present work: the model
heme-CO complex ([FeNsC,oH;5]-CO, (a) [Ni—diimine hydride]"—
ethylene (IN"N-Ni-H]*~C,H,, N"N=-NH-CH-CH-NH-, (b) and
[Ni(NH3);]*"~CO (¢)

of Ni and Fe were treated as frozen core. Auxiliary s, p, d, f
and g STO functions, centered on all nuclei, were used to fit
the electron density and obtain accurate Coulomb and
exchange potentials in each SCF cycle. The donation/back-
donation effects were also analyzed in terms of the
Mulliken population analysis, [25] and the Ziegler—Rauk
bond-energy decomposition [26, 27].
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Fig. 2 Molecular orbital interaction diagram (a) and the contours the fragment orbitals in the complex with respect to the promolecule

(J¥|=0.1 a.u.) of the molecular orbitals contributing to the bond
between heme and CO (b). The changes in Mulliken populations of

Results and discussion

In the following, the natural orbitals for chemical valence
will be presented and analyzed for the three model systems
shown in Fig. 1. We begin the discussion with the heme—
CO complex (Fig. la). In Fig. 2, the molecular orbital
interaction diagram is shown (panel a) together with the
contour plots of the molecular orbitals that participate in the
CO bonding (panel b). The MO diagram of Fig. la was
obtained from the DFT calculations in the basis set built of
the Kohn—Sham orbitals of non-interacting fragments.
There are six orbitals participating in the Fe—CO bond
(labeled as e, We2, Wess Wess We7, and Weg); the two
omitted orbitals (g4, Wes) are entirely localized on the
heme fragment. From contour plots of Fig. 2b, it is possible
to determine the symmetry of MO; it is clear that orbitals
Ye3 and e participate in the o-bond, while the remaining
orbitals exhibit 7-character. The contour plots show that
these MOs are delocalized over the whole iron—porphyrine—
CO system. The MO diagram of Fig. 2a emphasizes that
these MOs are a complicated combination of a few
fragment orbitals. Thus, their interpretation, e.g. in terms
of donation/back-donation can be quite difficult. In this
respect, the Mulliken population analysis can be helpful. In
Fig. 2a, the changes of Muliken populations of the
fragment MO are added. The HOMO of CO loses 0.4 e,
while the LUMO of heme gains 0.5 e; this corresponds to
the CO — heme donation. Similarly, the LUMO of CO
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(separated fragments) are shown in the MO diagram

gain 0.4 e, mostly as a result of the heme — CO back-
donation from a few occupied orbitals of heme; in total
they lose ca. 0.6 e. It should be pointed out that the
increase in population of LUMO on one fragment and the
decrease in populations of HOMO on the other fragment
do not cancel each other. This reflects the intra-fragment
polarization of their MO.

The natural orbitals for chemical valence describing the
heme—CO bond formation are shown in Fig. 3. There are
three pairs of complementary orbitals with eigenvalues
significantly higher than zero (|v|>0.1). Thus, the other
natural orbitals barely participate in bonding, as their
contribution to Ap depends on v* ( here v*<0.01). The first
pair, ¥-1 and #1, exhibit 6-character; the remaining are n-
orbitals. Each of the NOCV contains contributions from
both fragments. However, the positive-cigenvalue orbitals
are mostly localized in the bonding region, between Fe and
C atoms; thay exhibit bonding character. The negative
eigenvalue orbitals are antibonding. The population of the
antibonding orbital ¥-1 in a promolecule is 1.37 e, and of
the bonding orbital ¥1 0.63. In the process of bond
formation from the fragments, the former loses 0.74 e,
and the latter gains the same amount. In a molecule, their
populations are ‘switched” compared to the promolecule
(0.63 e for #-1 and 1.37 e for ¥1). This is schematically
illustrated in an NOCV diagram of Fig. 4a; here the size of
the balls corresponds to the occupations of the NOCV in
the promolecule/molecule.
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P-1 ¢,

V=-0.74
n=0.63 ©

Fig. 3 Natural orbitals for chemical valence for the heme/CO system.
Only the orbitals participating in bonding (|v|>0.1) are shown. The
numbers in the figure denote the eigenvalue (), and the population
(n) of the natural orbital in a molecule

It can be concluded from Eq. 8 and the discussion above,
that the interpretation of the NOCV in the two-fragment
resolution may be depicted as a scales. This is illustrated in
Fig. 4b. If the electrons are localized mostly in the first
orbital of the complementary pair (negative eigenvalue,
antibonding orbital, left scale), there is no bond. As they
flow to the other one (positive eigenvalue, bonding orbital,
right scale), the bond is formed.

The picture of m-bonding in the heme—-CO system is
analogous. The two negative-eigenvalue orbitals, ¥—2 and
%—3 are populated by 1.26 e each in promolecule. As the
bonds are formed, 0.52 e flows to their complementary
partners, ¥2 and ¥3, respectively; the occupations of the
two bonding orbitals in the molecule become 1.26 e.

Finally, the contributions of the NOCV to the deforma-
tion density Ap are shown in Fig. 5. The contributions from
the three pairs of orbitals determine the complete shape of
Ap (Fig. 5d), as the eigenvalues of the remaining orbitals
are negligible. Figure 5a shows the contribution from the
first pair, -1 and ¥1. It is clearly seen from the contour plot
of Ap; =vi[—¢%, + ¢?] that this pair of orbitals partic-
ipates in the donation from CO to heme: the negative
contributions (outflow of electrons) are practically localized
on CO and the positive changes (increase in the number of
electrons) are visible exlusively on the heme fragment.

On the contrary, the contributions from the other two
pairs of complementary orbitals, Ap, and Ap; (Fig. 5¢c,d),
clearly correspond to m-back-donation from heme to CO.
The negative changes are localized on a d-orbital of the iron
atom, while the positive on CO molecule (mostly on
carbon).

Thus, the contributions from NOCV to the deforma-
tion density allow for a separation of the o-donation and
m-back-donation charge—flows. As such the natural
orbitals for chemical valence provide a useful tool in a
description of the bonding in organometallic systems in
terms of the intuitive quantities well established in chemistry.
It is worth emphasizing that the overall deformation density
of Fig. 5d does not provide any information on the o-/7t-
donation/back-donation contributions, as they partially
cancel in some regions of physical space.

Let us discuss the second system studied in the present
work. Figure 6 shows the most important natural orbitals
for chemical valence (panel a) and their contributions to the
deformation density (panel b) calculated for the 7t-complex
of ethylene with the Ni—diimine-hydride system of Fig. 1b.
There are two pairs of complementary NOCV: one of
o-character (¥-1 and ¥1) and another of m-character
(-2 and ¥2).

The first orbital of the o-pair ¥-1 exhibits antibonding
character. The second orbital of the pair is clearly a o-bonding
orbital, localized predominantly in the bond region. The
populations of ¥~1 and #1 in promolecule are 1.28 ¢ and
0.72 e. Formation of the molecule from promolecule is
accompanied by a charge—flow of 0.56 e from -1 to ¥1; as a
result the population of ¥-1 decreases to 0.72 e and the
population of #1 increases to 1.28 e. Thus, similarly to the
previous system discussed in this article, the two orbitals
‘switch’ their populations.

The same is true for the 7t-pair of NOCV, ¥, and %,.
The former is an antibonding orbital, while the latter is a
m-bonding combination of fragment orbitals. The charge
flow of 0.46 e from -2 to ¥2 decreases the population of
the former from 1.23 to 0.77, and increases the population
of the latter from 0.77 to 1.23. The two orbitals have
practically no contributions from atoms other than those
directly involved in bonding (Ni and ethylene C atoms).

Figure 6b shows the contributions from the two pairs of
NOCYV to the deformation density. The contribution from
the first pair, Ap; = vi[—¢*, + ¢}], is negative in the
ethylene part (outflow of electrons), and positive on the catalyst
(inflow of electrons). Thus, as in the case of the previous
molecular system, the first pair contributes to o-donation from
ethylene to the Ni—diimine complex. The second pair of
NOCYV contributes to 7-back donation from the catalyst to
ethylene, as the catalyst (mostly the metal atom) loses
electrons, and there is an increase in electron density in the
region close to ethylene carbon atoms. The total deformation

@ Springer



352

J Mol Model (2007) 13:347-355

Fig. 4 The natural orbital pop-
ulation diagram (a) for the
heme/CO system. The comple-
mentary orbitals (w,k and on)
are grouped in pairs; size of a
circle corresponds to a popula-
tion of a given NOCV in a
promolecule/molecule. The
eigenvalues, corresponding to a
charge transfer from P~k and ¥k,
are displayed on top of each
diagram. Panel b illustrates the
‘scales’ interpretation of NOCV
(see text); as an example the first
pair of complementary orbitals
(P-1 and #1) was used. If the
electrons are ‘localized’ in the
first orbital of the complemen-
tary pair (in promolecule), there
is no bond; as they flow to the
other one, the bond is formed
(see also Eq. 8)

Fig. 5 The donation (a) and
back-donation (b and ¢) contri-
butions to the deformation den-
sity (Ap, d) for the heme/CO
system, originated from the
three pairs of complementary of
NOCV shown in Fig. 3. The
|[Ap|=0.01 a.u. contours are
shown
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Fig. 6 The natural orbitals for a)
chemical valence (a) and their
contributions to Ap (b), for the
[Ni—diimine—hydride]/ethylene
system. The details as in

Figs. 3 and 5

n=0.72

v=056 P _

Ap, =-0.46*¢%, +0.46%;

Ap =Ap, +Ap,

density, Ap, contains both contributions, and thus, it is
characterized by an increase of electron density in the bond
region.

The basic features of NOCV are also similar in the case
of the third system studied (Figs. 7 and 8). Three pairs of
NOCYV contribute to the metal-CO bond, one of o-character
and two pairs of 7r-symmetry. This is quite similar to the
heme—CO system discussed earlier. However, there is a
slight difference in the eigenvalues of the 7-pairs (£0.37
and +0.30 for ¢,,and ¢ 5, respectively). This comes
as a result of an asymmetry of —NHj ligands. The

Ap contribution from the first pair of NOCV again describes
ligand — metal donation, and from the other two pairs
corresponds to the metal — ligand backdonation. However,
Ap, and Ap; exhibit a non-negligible, negative contribu-
tions at the oxygen atom of CO.

Table 1 compares the NOCV-eigenvalues determined for
the three systems discussed above. These numbers are
collected together with the estimates of donation/back-
donation charge transfer from Mulliken population analysis
(changes in HOMO/LUMO occupations) and the results of
the Ziegler—Rauk bond-energy decomposition. In the case
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CO system. The details as in Fig. 3

of the bond-energy decomposition, the orbital interaction
energy, AE, 4 comprises both contributions (from donation
and back-donation). Therefore, it is reasonable to compare

Fig. 8 The donation (a) and

these values with the sum of the NOCV-charge transfer
measures (sum of absolute values of eigenvalues).

The eigenvalues for the o-orbitals (donation) change in
the order: heme—CO >[Ni(NH;);]*'~CO >Ni-diimine—
hydride—ethylene complex. The same order is observed
for the back-donation measures (sum of 7t-eigenvalues).

The trend following from the eigenvalues is confirmed
by both Mulliken population analysis, and Ziegler—Rauk
bond-energy analysis: the correlations between (Vy + Vpy)
and (V)M + i) as well as between (Vy+ Vpq) and
AE, are linear (both with R?=0.99). It should be pointed
out that the total bonding energy AFE,,, also includes the
steric (electrostatic+Pauli repulsion) contributions. There-
fore, AE,, cannot be expected to correlate well with the
NOCV eigenvalues. Indeed, the correlation between
(Va+ Vi) and AE,yy is worse (R?=0.82), although the
trend is preserved for the systems studied.

Thus, it can be concluded that the NOCV not only
provide a compact description of the fragment-ligand bond
and allow for separation of the donation and back-donation
contributions, but they can also be useful in a comparison
of these contributions in different complexes.

Concluding remarks

In the present article we used the natural orbitals for
chemical valence (NOCV) for a description of the bond
between the ligand and the transition-metal-based fragment
in the example complexes including the heme/CO, Ni—
diimine-hydride/ethylene, and [Ni(NH3);]*"/CO system.

back-donation (b and ¢) contri- a) Ap, =-0.60 *(pz +0.60 *(pl d) Ap = Ap, +Ap, +Ap
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Table 1 The donation and back-donation measures for the system
studied in the present work, obtained from the NOCV analysis,
Muliken populations of the fragment MO, and the Ziegler—Rauk
interaction energy decomposition

heme-CO  [Ni(NH3);]-CO  [NN-Ni-H]-C,H,
Ve 0.74 0.60 0.56
Voa® 1.04 0.67 0.46
Vi+ Vea 1.78 1.27 1.02
y e 0.51 0.39 033
Vit 0.40 0.24 0.14
vyt 4y o 91 0.63 0.47
AEyp° -96.90 -69.30 -50.60
AE " 413 397 -36.01

?The eigenvalue for NOCV describing the donation processes.

® The eigenvalue (sum of eigenvalues) for NOCV describing the back-
donation processes.

¢ Changes in Mulliken populations of MO involved in the donation
process.

9 Changes in Mulliken populations of MO involved in the back-
donation process.

© The total orbital interaction energy between the fragments (kcal mol ).

"The total bonding energy between the fragments (including orbital-
interaction, Pauli repulsion, and electrostatic terms).

We demonstrated that NOCV lead to a very compact
description of the fragment-ligand bond, with only a few
orbitals exhibiting non-zero eigenvalues. For the systems
studied here, NOCV allow for a clear separation between
the o-donation and 7t-back-donation contributions to Ap.
The conclusions on donation/back-donation magnitude
resulting from NOCV were validated by a comparison with
the results of the Mulliken population analysis of fragment
molecular orbitals and the Zigler—Rauk interaction-energy
decomposition. Therefore, it may be concluded that NOCV
allow us to quantify the ‘classical” concepts of donation and
back-donation. We would like to point out that this is done
without the arbitrariness introduced by a population
analysis. Thus, natural orbitals for chemical valence in a
fragment resolution can be useful in a description of
bonding in various organometallic systems.
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