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Av. Vicuña Mackenna 4860, Casilla 306, Correo 22, Santiago, Chile.

§Dirección de Postgrado e Investigación, Sede Providencia,

Universidad Autónoma de Chile,
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Abstract

By means of the By means of the Spin–Polarized Conceptual Density Functional

Theory (SP–CDFT), three 2,6-bis(imino)pyridine catalysts based on iron(II), used

for polymerization of ethylene, were studied. The catalysts differed by substituent

group, bearing either -H, -NO2 or -OCH3. Up to now, catalytic activity, a purely

experimental parameter measuring the mass of polyethylene produced per millimole

iron per time and pressure unit at a fixed temperature, has not been explained in

terms of local hyper-softness. The latter is a purely theoretical parameter designed

for quantifying electronic effects; it is measured using the metal atom responsible

for the coordination process with the monomer (ethylene). Because steric effects

are not relevant in these kinds of catalysts and only electronic effects drive the cat-

alytic process, an interesting link is found between catalytic activity and the local

hyper-softness condensed on the iron atom by means of four functionals (B3LYP,

BP86, B97D, and VSXC). This work demonstrates that use of local hyper–softness,

predicted by the SP–CDFT, is a suitable parameter for explaining order relation-

ships among catalytic activity values, thus quantifying the electronic influence of

the substituent group inducing this difference; use of only net electric charge does

not lead to clear conclusions. This finding can aid in estimating catalytic activities

leading to a more rational design of new catalysts via computational chemistry.

Keywords: Non–Metallocene Catalysts, BIMP-Fe, Local Reactivity, Spin–Polarized

Conceptual Density Functional Theory (SPCDFT), Catalytic Activity
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1 Introduction

Group 4 metallocene methyl cations coming from respective pre–catalysts bear-

ing chlorine atoms have been used to catalyze ethylene polymerization reaction

which has been well studied from both points of view: theoretical and experimen-

tal.1–12 It is well–known that the polymerization reaction is initiated with a Lewis

acid that is known as a co–catalyst which is able to replace chlorine atoms by

one methyl group to produce the respective metallocene methyl cation (the active

species), being methylaluminoxane the most famous co–catalyst (MAO).1–3 In 1998,

a non–metallocene catalysts was synthesized by Brookhart and Gibson indepen-

dently. They discovered that MAO–activated iron bis(imino)pyridine yielded activi-

ties that were as high as those of group 4 metallocenes aforementioned, also activated

by MAO.13–16 However, some doubts about the oxidation state of iron arose some

years ago, so that a first preliminary theoretical work focused on oxidation state in

bin(imino)pyridine catalysts. From that study, it was concluded that Fe3+ should

be a more suitable species rather than Fe2+ for catalyzing the polymerization pro-

cess.17 A more extended theoretical work18 supported the results mentioned before,

so that it seems that Fe3+ makes easier the coordination of ethylene, thus driving

the polymerization process through coordination reactions with ethylene molecules.

A neutral dichloro 2,6-bis(imino)pyridine iron compound (Cl2BIMP-Fe) is the start-

ing material to generate the catalyst, such compound is well-known as a pre-catalyst,

meaning a non-catalytic compound that, through an activation process, is trans-

1
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formed into a cationic species which is the catalyst for the polymerization process.

In this work the analysis has been focused on the cationic species alone (BIMP-Fe

cation, the catalytic species; please see Figures 1 and 2) without taking into account

neither the co–catalyst nor the solvent effect because the interest is oriented toward

the intrinsic local reactivity of these catalytic species by themselves. For this rea-

son the presence of the co-catalyst has been suppressed in this work, in addition it

is known that its computational modelling is still a matter of debate;19–22 in other

words, the co-catalyst is not an issue of interest in this work. The ethylene monomer

has also been excluded from this work because its nature is not an explicit focus

of attention either. So, if our interest is centered on looking for an approximation

to the catalytic activity from the quantum chemistry point of view, then the entire

study must be oriented toward the catalyst per se.

In 2010, G.H. Zohuri et al23 reported synthesis, characterization and ethylene poly-

merization behavior of two late transition metal 2,6-bis(imino)pyridine catalysts

based on iron(II) of the type [Y−LFe(II)Cl2] where −Y ∈ {−NO2,−OCH3} as de-

picted by Figures 1 and 2; Y = H is used as a control-catalyst. Each can be turned

into a BIMP-Fe cation as aforementioned. The substituent−Y ∈ {−H,−NO2,−OCH3}

was located at the para position of the pyridine ring, and they obtained catalytic ac-

tivity values as quoted in Table 1; they suggested that the more electron–withdrawing

−Y substituent leads to a higher catalytic activity; according with them and under

the assumption that interactions between catalysts and monomer are mainly of elec-

trostatic nature, the lower is the net charge on the metal, the higher is the catalytic

2
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activity of the polymerization.

Table 1: Catalytic activities measured in kilograms of poliethylene per mmol of
Fe (where mmol means millimol), per hour and bar at a fixed temperature are
reported according to each substituent group −Y ∈ {−H,−NO2,−OCH3} have
been obtained by Zohuri et al.23 Polymerization conditions for obtaining these
values are the following: ethylene pressure= 5 bar; time= 30 min; solvent=toluene;
temperature=30◦C; [Fe] = 0.3 · 10−3mmol.

-H -NO2 -OCH3

Cat. Act. 22.750 25.500 18.750

However, since ethylene is a neutral molecule, the interaction with the catalytic

species should be of covalent nature rather than electrostatic. This work provided

a good chance for testing a local reactivity descriptor that has been designed to

measure the most favourable sites for nucleophilic and electrophilic regions due to

covalent interactions. Such local reactivity descriptor might be used for prediction

or for estimating qualitatively values of catalytic activities of catalysts of the type

BIMP-Fe that have not been synthetized yet. These type of catalysts are appropri-

ate for our purposes because the coordination site is not influenced by steric effects

coming from the same catalyst at all. In consequence the hypothesis lies in the

fact that the use of this local reactivity descriptor (LHS) would lead to a better

statistical correlation with the catalytic activity in comparison with the use of the

net charge on the iron atom or other type of local reactivity descriptor.

This article is schematized as follows: first, the Theory section will give the reader

sufficient information about the aforementioned descriptor of local reactivity that

3
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has been employed in this work; secondly, the Computational Details section indi-

cates the methodologies that have been used to obtain the condensed local hyper–

softness values. Third, Results and Discussions section provides the critical analysis

concerning to this research. Conclusions are given in the last section.

2 Theory

As a general and intuitive chemical rule, the unfavorable influence of steric effects

exerted by a substituent group belonging to a same type of catalyst can be inferred

in the sense that a decrease of the catalytic activity is expected as a result of a

presence of a bulky substituent group which blocks the coordination site under

analysis; this deduction can only be described after watching the molecular model

of the structure under analysis. Since a quantification of steric effects is still a matter

of debate, although some efforts have been carried out in order to quantify steric

effects accurately24–30 and there is no a unique procedure to carry out an estimation

of them, we have priorized the analysis of electronic effects on catalytic activity.

The latter is founded in the fact that, after watching the molecular structure under

analysis, we realized that there is a predominance of the electronic effect given by the

para position of −Y substituent instead of its steric effect and in consequence, we can

assume that any analysis concerning to the reactivity of such compound should be

leaded by the study of possible electronic effects, as presented in this work provided

that the −Y substituent is the only variable to be taken under consideration; in

4
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other words, catalytic systems that have been chosen at the present work possess

its substituent group located pretty far from the coordination site thus implying a

constant and negligible steric effect in comparison with electronic effects which are

suspected that are mainly responsible on the catalytic behavior of these systems.

2.1 Local Hyper–Softness: A Suitable Local Reactivity Des-

criptor

Once defined the priority on electronic effects rather than steric ones, we must de-

cide about the type of electronic effect on which the attention should be paid during

the theoretical investigation. A BIMP-Fe cation is able to coordinate an olefin (the

monomer) due to a mix of both electrostatic and covalent interactions. Electrostatic

interactions operate at a long–range distance between π–electrons of the monomer

and the BIMP-Fe cation, while covalent interactions operate at a short–range dis-

tance, thus involving a displacement of π–electrons towards to the iron atom of the

catalyst in order to form a covalent bond that explains the coordination onto the

iron atom. Under this perspective, the BIMP-Fe cation undergoes a nucleophilic

attack controlled by a covalent interaction rather than electrostatic one. Hence the

covalent interaction must be described by means of a suitable local reactivity de-

scriptor.

According to the subsection 2, when covalent interactions are more relevant than

electrostatic ones, like this case, and within the framework of Conceptual DFT,31–36

Morell et al.37–41 have proposed the so–called dual descriptor (DD) which is a local

5
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reactivity descriptor represented as f (2)(r) within the context of closed–shell sys-

tems; from the point of view of the electronic density, this is a derivative of second

order with respect to number of electrons N and from the point of view of the total

energy, this descriptor is a derivative of third order: once as a functional derivative

with respect to external potential, υ(r) and twice with respect to the number of

electrons, N .42

One advantage of f (2)(r) is its capability to reveal, unambiguously, the most nucle-

ophilic and electrophilic sites on a molecule at the same time. A third mathematical

interpretation indicates that it corresponds to a derivative of the Fukui function,

f(r),34,43 with respect to the number of electrons, N . The Maxwell relation allows

one to understand this local reactivity descriptor as the variation of η (the molecular

hardness which measures the resistance to charge transfer34,44,45) with respect to the

variation of υ(r), the external potential aforementioned. The definition of f (2)(r) is

shown as indicated by Morell et al.:37,46

f (2)(r) =

(

∂ f(r)

∂ N

)

υ(r)

=

[

δη

δυ(r)

]

N

. (1)

6
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DD reveals, simultaneously, the preferably sites for nucleophilic attacks (f (2)(r) > 0)

and the preferably sites for electrophilic attacks (f (2)(r) < 0) into the system at point

r. The robustness of DD has been demonstrated through predicting specific sites of

nucleophilic and electrophilic attacks in a much more efficient way than the Fukui

function by itself47 because f (2)(r) is able to distinguish those sites of true nucle-

ophilic and electrophilic behavior. As a proof of this characteristic, some works have

been published with the aim of highlighting the powerfulness of f (2)(r) and all those

local reactivity descriptors that depend on dual descriptor.38–41,48–50

An operational formula to obtain DD is given by the arithmetic difference between

nucleophilic and electrophilic Fukui functions.37 When using the most accurate

mathematical expression to compute this descriptor as a scalar field (the finite dif-

ference approximation method), Eq.(2) is obtained. Since this level of approximation

implies three quantum chemical computations, meaning the system under study with

N − 1, N + 1 and N electrons, a second level of approximation has been used for

some years where densities of frontier molecular orbitals provide a working equation

easier to use which is given by Eq.(3), so that only the original system (N electrons)

provides the needed information without taking into account information coming

from the systems bearing N + 1 and N − 1 electrons:

f (2)(r) ≃ f+(r)− f−(r) = ρ
N+1

(r)− 2ρ
N
(r) + ρ

N−1
(r) , (2)

f (2)(r) ≃ ρ
L
(r)− ρ

H
(r) , (3)

7
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where densities of LUMO and HOMO are represented by ρ
L
(r) and ρ

H
(r), respec-

tively. The influence of molecular symmetry over the local reactivity has been

demonstrated by means of the fact that Fukui function must conserve the symme-

try,51 in consequence, DD also must do it. Inasmuch as any degeneracy might arise

in frontier molecular orbitals, working equations have been adapted to the molec-

ular symmetry.52,53 An extended mathematical justification about the influence of

degeneracy in local reactivity descriptors has been provided in previous publica-

tions.54,55 Fortunately, this is not the case, meaning that there is no degeneracy

detected in all of the frontier molecular orbitals belonging to the cationic systems

analyzed in the present work.

Within the context of the Spin–Polarized Conceptual Density-Functional Theory,57–61

f (2)(r) ≡ fNNN(r)
56 and the Eq.(4) must be used:

fNNN(r) ≃
1

2

{

ρα
L
(r) + ρβ

L
(r)

}

−
1

2

{

ρα
H
(r) + ρβ

H
(r)

}

, (4)

The condensation-on-atoms of dual descriptor can be performed through an appro-

priate integration within the kth–atomic domain Ωk:

∫

Ωk

fNNN(r) dr = fNNN {k} . (5)

This procedure will be explained in the subsection 2.2. When fNNN {k} > 0 the

process is driven by a nucleophilic attack on atom k which acts as an electrophilic

species.

8
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Conversely, when fNNN {k} < 0 the process is driven by an electrophilic attack over

atom k which acts as a nucleophilic species. However values of DD become insignif-

icant as the size of molecule increases.

To overcome this intrinsic behavior of fNNN {k} another local reactivity descriptor

has been defined, so that it permits to measure local reactivities according to the

molecular size;41 thus meaning that it allows one to compare local reactivity among

different compounds. Such a descriptor is the local hyper–softness (LHS):40,62–64

s(2)(r) =

(

∂2 ρ(r)

∂µ2

)

υ(r)

=
f (2)(r)

η2
−
f(r)γ

η3
, (6)

where:

γ =

(

∂η

∂N

)

υ(r)

(7)

γ is called hyper–hardness whose physical meaning and relevance is under study.65

Within the context of the Spin–Polarized Conceptual Density-Functional Theory,

s(2)(r) ≡ sNNN(r).
56

LHS has been mathematically defined as the additive inverse of the variation of

global softness with respect to a change experienced by the external potential at

a fixed electronic chemical potential, so that through a Maxwell relation it is also

defined as the partial derivative of local softness62,66–68 with respect to the chemical

9
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potential at a fixed external potential:

s(2)(r) = −

[

δS

δυ (r)

]

µ

=

(

∂s (r)

∂µ

)

υ(r)

. (8)

In principle, the use of local softness s(r), a local reactivity descriptor corresponding

to a derivative of first order of the electronic density with respect to the chemical

potential, µ gives rise to both nucleophilic, s+ (r) and electrophilic, s− (r) versions

of local softness, so revealing nucleophilic and electrophilic sites, respectively. But

as s(2)(r) is also a local reactivity descriptor that corresponds to a derivative of

second order of the electronic density with respect to the chemical potential, it will

be able to reveal true nucleophilic and electrophilic sites at the same time thus

allowing to establish comparisons among local reactivities of molecules of different

sizes. The latter is an ability that the dual descriptor does not have since it only

gives information about the local reactivity at an intramolecular level because LHS

is naturally scaled by global softness squared:

s(2)(r) =
f (2)(r)

η2
−
f(r)γ

η3
,

= f (2)(r)S2 − f(r)S3γ ,

= S2
{

f (2)(r)− f(r)Sγ
}

. (9)

where S stands for the global softness33,34,45 which can be calculated in terms of

HOMO and LUMO energies provided that the Koopmans’ theorem69 is satisfied as

10
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several articles have demonstrated:33,34,45

S ≃ (εL − εH)
−1 , (10)

where εL and εH stand for the the LUMO and HOMO energies, respectively. Never-

theless some doubts about the use of this theorem have been exposed by Joubert70

because the LUMO computed by means of a conventional Kohn-Sham DFT calcu-

lation corresponds to an electronic excitation and not to a capture of electron.71,72

Even so, the information coming from Koopmans’ theorem would provide a valid

qualitative picture about molecular reactivity. Nevertheless, some authors have

claimed that γ has a chemical meaning,65 so that a working equation that includes

this term should be proposed in the short–term. Notice that LHS is also understood

as a third order derivative of the grand potential Ω = E − µN : once as a first func-

tional derivative with respect to the external potential, υ(r) and twice with respect

to the chemical potential, µ.

For a proper use of the SP-CDFT, it is worthwhile to mention that when s(2)(r) is

equal to 1 a.u.≡ 1 hartree−2 · bohr−3 implies that the local softness, s(r), varies in

1 hartree−1 ·bohr−3 because of a change experienced by the chemical potential, µ, in

1 hartree. More details about this deduction of units can be found in the respective

citation.73

It has been demonstrated that γ is a negligible amount38,43 in Eq.(6), meaning that

11
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f (2)(r) >> f(r)Sγ and the Eq.(9) can be written as follows:

s(2)(r) ≃ f (2)(r)S2 , (11)

At the moment, the use of Eq.(11) is sufficient for the purpose of this work where

s(2)(r) is computed by the use of Eqs.(3) and (10). However for open–shell systems,

the Eq.(4) must be used under the frontier molecular orbital approximation along

with the following expression:

SNN ≃

{

εαL + εβL
2

−
εαH + εβH

2

}−1

, (12)

where SNN = η−1
NN; it is simply the notation that one has to use for open–shell sys-

tems instead of S; and ηNN is the notation to be used in open–shell systems instead

of using the η symbol.

According to all claimed above, the Eq. (11) must be expressed as follows for open–

shell systems:

sNNN(r) ≃ fNNN(r)S
2
NN , (13)

Similarly to dual descriptor, LHS can also be condensed through an appropriate

integration within the kth–atomic domain Ωk:

∫

Ωk

sNNN(r) dr = sNNN {k} . (14)

12
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Then, the use of LHS allows one to make sure the measurement of local reactivity

on a molecular system can be comparable with local reactivity of other systems in

spite of differences in size. This descriptor should be able to measure electronic

effects in agreement with the molecular size.73 The obtention of integrated values

of sNNN(r) on iron is explained in the Computational Methods section. When the

catalytic activity is mainly controlled by electronic effects and not by steric effects,

the hypothesis is that a higher condensed value of sNNN {Fe}, leads to a higher value

of catalytic activity.

2.2 Computational Details

Catalytic systems bearing substituent groups −Y = {−H,−NO2,−OCH3} were

taken into account at a high–spin configuration (sextet) along with a total net charge

of 2+, thus meaning Fe(III) as depicted by Figure 2. Geometrical optimizations were

performed for the same cationic complex at a the high–spin configuration (sextet)

aforementioned with the LANL2DZ74–76 with effective core potentials for all atoms

by means of the following functionals: The Becke–3 for exchange and Lee–Yang–

Parr for correlation B3LYP (a hybrid generalized gradient approximation functional

meaning dependence of electronic density and its gradient are included along with an

accurate expression for the exchange functional; this is also so–called hybrid GGA

functional),77–80 BP86 (a pure GGA functional),77,81 B97D (a hybrid GGA func-

tional including an empirical correction dispersion also so–called hybrid GGA+D)82

and VSXC (a pure meta GGA functional where explicit dependence on kinetic en-

13
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ergy density is included).83 Frequency calculations were then performed to identify

the stationary points as minima.84 All calculations were carried out using theGaus-

sian 0985 software package.

For obtaining integrated values of Fukui function, the Fukui REV 1.1 software was

used86–89 where nucleophilic and electrophilic Fukui functions are condensed as fol-

lows:

f+
k =

∑

ν∈k

M
∑

µ=1

c∗ν LUMOcµ LUMOSνµ (15)

f−
k =

∑

ν∈k

M
∑

µ=1

c∗ν HOMOcµ HOMOSνµ . (16)

where Sνµ =
∫

drχ∗
ν(r)χµ(r) is the overlap integral where χµ(r) is an atomic basis

function and χ∗
ν(r) is a conjugate atomic basis function in which ν ∈ k indicates that

the sum runs over all of atomic basis functions that are centered on atom k under

the assumption that there are M atomic basis functions. As indicated by Eqs.(15)

and (16), this software works under the frontier molecular orbital approximation so

14
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that the condensation scheme is explained as follows:

f+(r) = ρ(r)N+1 − ρ(r)N (17)

≈ |ψ (r)|2LUMO =
M
∑

ν=1

M
∑

µ=1

c∗ν LUMOcµ LUMOχ
∗
ν(r)χµ(r)

f−(r) = ρ(r)N − ρ(r)N−1 (18)

≈ |ψ (r)|2HOMO =
M
∑

ν=1

M
∑

µ=1

c∗ν HOMOcµ HOMOχ
∗
ν(r)χµ(r) .

Since dual descriptor is the arithmetic difference between f+(r) and f−(r), the

condensed value of f (2)(r) is the arithmetic difference between Eq.(16) and Eq.(15):

f
(2)
k =

∑

ν∈k

{

M
∑

µ=1

c∗ν LUMOcµ LUMOSνµ −

M
∑

µ=1

c∗ν HOMOcµ HOMOSνµ

}

. (19)

Finally, the condensed value of local hyper–softness is simply obtained by the follow-

ing multiplication: S2 f
(2)
k , or S2

NN fNNN {k} within the context of open–shell systems,

meaning that all of the condensed values of dual descriptor are computed as a simple

arithmetic difference between f+
NN{Fe} and f−

NN{Fe}, respectively in order to obtain

fNNN{Fe}. Condensed values of sNNN{Fe} are obtained as an ordinary multiplication

between S2 and fNNN{Fe}. Note that the notation f
+
NN{Fe}, f

−
NN{Fe}, fNNN{Fe} and

sNNN{Fe} is applied within the context of open–shell systems only.

Concerning to electric net charges on iron atom, they were computed for each

cationic complex, by means of the Mülliken, Natural90 and CHELPG91 population
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analysis, respectively, to test that local hyper–softness is a better parameter to link

with catalytic activity rather than the net charge on iron atom. When CHELPG

was used, the following atomic radii were considered: Fe, 0.64 Å; H, 1.31 Å; N, 1.71

Å; O, 1.40 Å; C, 1.38 Å. The use of net charges coming from the CHELPG scheme

as a type of local reactivity descriptor were considered in this work for the same

reason that net charges by means of Mülliken and NPA were taken into account

too: to test its capability to establish a link with catalytic activity, however there

is an additional precedent that support the CHELPG scheme to be selected. That

precedent indicates that condensed Fukui functions within the CHELPG scheme

through a finite difference approximation (Yang and Mortier)92 gives so good re-

sults as those given by the AIM scheme (and better than Mülliken),93 so it sounds

sensible to perform a test by simply using the net charges obtained by CHELPG.

Then the reader has to notice that we are then comparing three types of charges,

which should be more simple to obtain than condensed Fukui functions based on

Mülliken’s scheme which are computed through the Fukui software available for free.

Some question arise, for instance, are any of these three schemes to give net charges

on atoms as local reactivity descriptors good enough to rationalize values of catalytic

activity or should we resort for a more sophisticated tool like Fukui functions, dual

descriptor and local hyper–softness condensed each on atoms? and if so, which

of them should be used as a suitable local reactivity descriptor: Fukui functions,

local softness or local hyper–softness? This article aims to unravel this uncertainty

because there is a plethora of reactivity descriptors that might confuse to novel

16
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users about their capabilities. The first intuitive idea is to use net charges on atoms

under the assumption that electrostatic interactions are ruling the chemical process

under analysis, but if net charges do not show a link with the chemical process

under study, what kind of another local reactivity descriptor should be used? the

local hyper–softness might reply that question provided that covalent interactions

are the responsible of driving the reaction under study, in this case the reaction

under study is the coordination between an olefin like ethylene and the metallic

atom of an organometallic catalytic cation complex based on iron which give rise to

the catalytic cycle to produce polyethylene.

3 Results and Discussion

As the electronic effect predominates over the steric effect as expected in this group

of catalysts, a link is expected between the condensed value of the LHS on the iron

atom and the catalytic activity of the respective catalyst. This would provide a

rational explanation about the found differences among catalysts mainly in terms

of electronic effects. But first, let us check the performance of the net charge on

the iron atom as a plausible local reactivity descriptor to rationalize the catalytic

activity.

Zohuri et al.23 provide catalytic activities for these systems as quoted by Table 1 so

providing the following order relationship:−NO2 > −H > −OCH3.
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Table 2: Catalytic activity (CatAct) is expressed in kilograms of polyethylene per
mmol of Fe, per hour and bar at a fixed temperature where experimental condi-
tions established by obtained by Zohuri et al.23 for polymerization are the follow-
ing: ethylene pressure= 5 bar; time= 30 min; solvent=toluene; temperature=30◦C;
[Fe] = 0.3 · 10−3mmol; electric net charge on iron atom calculated by the Mülliken
population analysis (Q

M
{Fe}), natural population analysis (Q

NPA
{Fe}) and the pop-

ulation analysis based on charges that are derived by fitting to a potential electro-
static potential CHELPG (Q

CHE
{Fe}) are expressed in atomic units.

CatAct Q
M

{Fe} Q
NPA

{Fe} Q
CHE

{Fe}

B3LYP:

-NO2 25.50 0.489 1.223 2.233

-H 22.75 0.626 1.234 2.272

-OCH3 18.75 0.643 1.243 2.239

BP86:

-NO2 25.50 0.519 1.002 2.213

-H 22.75 0.534 1.015 2.272

-OCH3 18.75 0.541 1.027 2.245

B97D:

-NO2 25.50 0.572 1.090 2.126

-H 22.75 0.582 1.096 2.142

-OCH3 18.75 0.585 1.103 2.172

VSXC:

-NO2 25.50 0.403 1.102 2.170

-H 22.75 0.405 1.106 2.242

-OCH3 18.75 0.406 1.114 2.297

18

Page 21 of 49 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



According to Table 2, Mulliken and NPA population analysis provide net charges

on iron atom that follow the reverse order: −NO2 < −H < −OCH3 no matter the

functional being used. The latter suggests a reverse order relationship between cat-

alytic activity and net charge on iron, however, when using the CHELPG population

analysis, an anomalous order relationship is obtained with the B3LYP and BP86

functionals: −NO2 < −OCH3 < −H , meanwhile the B97D and VSXC functionals

provide an identical order relationship to that one obtained by the catalytic activ-

ity: −NO2 > −H > −OCH3. Clearly, net charges are not reliable local reactivity

descriptors to rationalize an experimental parameter because they fail when using

at least three different population analysis combined with four types of functionals

of different nature: a hybrid GGA functional, a pure GGA functional, a hybrid

GGA+D and a meta GGA functional.

3.1 A Link between Catalytic Activity and Local Hyper–

Softness

When sNNN{Fe} > 0 implies that nucleophilic attacks will be oriented on iron atom;

on the contrary, when sNNN{Fe} < 0 implies that electrophilic attacks will be headed

on iron atom. Since the interaction between an ethylene molecule and an iron

complex involves a nucleophilic attack of π–electrons coming from ethylene toward

to the iron atom in the complex cation to give rise the Cossée–Arlman’s complex,

this π–complex experiences a noticeable intramolecular rearrangement in such a way

that the methyl group, originally linked to iron migrates toward to one of the carbon
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atoms of the coordinated ethylene thus leading to a propyl chain, thus setting free

the coordination site again on iron atom which will allow a coordination of a second

ethylene molecule and so on. This is the essential process that explains the increase

of the carbon chain length along the entire polymerization process when a catalyst

is present. Tables 3 and 4 give the needed numbers to compute condensed values of

LHS on the iron atom:

Table 3: Values of energies of α-HOMO (εαH), β-HOMO (εβH), α-LUMO (εαL), β-
LUMO (εβL) and molecular hardness (ηNN), all of them are expressed in eV.

εα
H

ε
β
H

εα
L

ε
β
L

ηNN

B3LYP:

-NO2 -0.44411 -0.44575 -0.35931 -0.38788 1.9411

-H -0.43617 -0.4381 -0.33624 -0.37567 2.2090

-OCH3 -0.43011 -0.43274 -0.32397 -0.36716 2.3364

BP86:

-NO2 -0.41237 -0.42600 -0.36919 -0.41052 0.7981

-H -0.40272 -0.41761 -0.35043 -0.40053 0.9438

-OCH3 -0.39493 -0.41185 -0.34019 -0.39356 0.9936

B97D:

-NO2 -0.41219 -0.42135 -0.36639 -0.40306 0.8720

-H -0.40229 -0.41281 -0.34705 -0.39359 1.0131

-OCH3 -0.39431 -0.40688 -0.33599 -0.38723 1.0608

VSXC:

-NO2 -0.42188 -0.42821 -0.36966 -0.40967 0.9627

-H -0.41234 -0.41976 -0.3494 -0.39955 1.1313

-OCH3 -0.4059 -0.41477 -0.33846 -0.39350 1.2070

Rigorously speaking, molecular hardness is expressed in atomic unit of energy per

atomic unit of charge squared, thus implying a.u. of energy · (a.u. of charge)−2 =

hartree · (a.u. of charge)−2 ≡ hartree. and for that reason molecular hardness is

usually expressed only in units of energy, however the unit of charge is included too,
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but in atomic units.

Table 4: Condensed values on iron of: nucleophilic Fukui function (f+
NN{Fe}), elec-

trophilic Fukui function (f−
NN{Fe}), dual descriptor (fNNN{Fe}), nucleophilic local

softness (s+NN{Fe}), electrophilic local softness (s
−
NN{Fe}), local hyper–softness (LHS,

sNNN{Fe}), global softness (SNN) and global softness squared (S2
NN). The condensed

Fukui functions (nucleophilic and electrophilic) are dimensionless, no matter the
unit we are using for the respective Fukui functions, condensed dual descriptor is
expressed in (a.u. of charge)−1 which is understood as a dimensionless unit in prac-
tice, condensed local softnesses are expressed in eV−1, condensed LHS is expressed
in m(eV−2), global softness is expressed in eV−1 and global softness squared is ex-
pressed in eV−2.

f
+

NN
{Fe} f

−

NN
{Fe} fNNN{Fe} s

+

NN
{Fe} s

−

NN
{Fe} sNNN{Fe} SNN S2

NN

B3LYP:

-NO2 0.2654 0.0244 0.2410 0.1367 0.0126 63.96 0.5152 0.2654

-H 0.3099 0.0279 0.2820 0.1403 0.0126 57.79 0.4527 0.2049

-OCH3 0.3328 0.0626 0.2702 0.1424 0.0268 49.50 0.4280 0.1832

BP86:

-NO2 0.3317 0.1341 0.1976 0.4156 0.1680 310.22 1.2530 1.5699

-H 0.3490 0.1382 0.2108 0.3698 0.1464 236.65 1.0595 1.1226

-OCH3 0.3481 0.1377 0.2104 0.3503 0.1386 213.12 1.0064 1.0129

B97D:

-NO2 0.3800 0.1290 0.2510 0.4358 0.1479 330.10 1.1468 1.3151

-H 0.3868 0.1309 0.2560 0.3818 0.1292 249.42 0.9871 0.9743

-OCH3 0.3870 0.1268 0.2603 0.3648 0.1195 231.32 0.9427 0.8887

VSXC:

-NO2 0.3446 0.1188 0.2258 0.3580 0.1234 243.64 1.0387 1.0790

-H 0.3565 0.1239 0.2326 0.3151 0.1095 181.74 0.8839 0.7813

-OCH3 0.3639 0.1339 0.2300 0.3015 0.1109 157.87 0.8285 0.6864
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Observe that f+
NN{Fe} > f−

NN{Fe} and s+NN{Fe} > s−NN{Fe} is always satisfied, thus

indicating that the iron atom is ready to receive a nucleophilic attack preferably

rather than an electrophilic attack. The use of f−
NN{Fe} and s−NN{Fe} makes no

sense.

To obtain values of global softness, first the molecular hardness must be computed,

in agreement with Eq.(12), values of frontier molecular orbitals α and β are needed

which lead to molecular hardness value as Table 3 shows.

According to these results, in particular the sNNN{Fe} column of Table 4, it is

revealed that there is a link between catalytic activity and local hyper–softness

condensed on the iron atom when iron has a 3+ oxidation state and a sextet spin–

multiplicity. The reader can notice that the order relationship is conserved for these

four functionals: −NO2 > −H > −OCH3.

However, notice that LHS as well as electric net charges on iron atoms are method-

ologically and functional–dependant, meaning these values are influenced by level

of theory, even if the order relationship is conserved as the sNNN{Fe} case. The

magnitudes of LHS are pretty similar between the BP86 and B97D functionals,

but they differ in comparison with values given by the VSXC functional and they

are extremely different when comparing with the results coming from the B3LYP

functional. Nevertheless there is a way to figure out if LHS is a better local reac-

tivity descriptor to support experimental values as catalytic activities, because the
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conservation of the order relationship of LHS is a positive signal to think that this

descriptor is more convenient rather than using net charges (and other descriptors).

In principle, if so, then a proportionality between LHS condensed on iron atom

and catalytic activity should be suggested rather than between net charge and cat-

alytic activity, however there is still an important detail that prevents to directly

establish this comparison yet: The order of magnitude. For each functional used

in this work, catalytic activity, local hyper–softness condensed on iron atom and

net charge on iron atom exhibit differences in their orders of magnitude. Among

different functionals, local hyper–softness presents differences in their orders of mag-

nitude, for instance, there is a difference of one order of magnitude between local

hyper–softness computed by means of the B3LYP functional and the one calculated

by the BP86 functional as exhibited by Table 2.

To assess a possible connection between the local hyper–softness with the catalytic

activity and the net charge and the catalytic activity, all values of these param-

eters were converted into a type of value of one order of magnitude as indicated

by Table 5. Each set of three values of condensed LHS on the iron atom, for the

same functional, was divided by the smallest value in order to turn them to relative

values. And to establish a fair comparison, the same transformation procedure was

performed on net charges, Fukui functions, dual descriptor, local softness, global

softness and global softness squared. To better understand this method, let us see

an example: From Table 2 we took the catalytic activities (25.50, 22.75 and 18.75 )
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to be divided by 18.75 so leading to relative values of catalytic activities quoted in

Table 5; in addition, the condensed LHS coming from the use of the B3LYP func-

tional are taken from Table 4 (47.36, 42.79 and 36.65) and they are divided by 36.65

so leading to the relative condensed LHS values reported in Table 5 (1.292, 1.168 and

1.000). After repeating this procedure for the remaining functionals, the Table 5 is

completed with: relative local hyper–softness values and relative net charges values

thus allowing to generate bar graphics as depicted by Figures 3 and 4. Please check

the Supporting Information where relative values for all of the descriptors quoted in

Tables 3 and 4 are graphically represented and, as observed, local hyper–softness is

the best descriptor to explain an experimental parameter like catalytic activity.

Observe that, according to Figure 3, a possible proportionality between catalytic

activity and electric net charge on iron atom is discarded; on the contrary, there

is a proportionality that might be established between catalytic activity and local

hyper–softness condensed on the iron atom as depicted by Figure 4. This makes

sense since the interaction that rules the flux of π–electrons coming from the olefin

toward the iron atom is of covalent nature mainly rather than electrostatic nature

and LHS is a proper local reactivity descriptor that permits a quantification of re-

activity of sites that are susceptible to be covalently attacked by nucleophilic and

electrophilic reagents. In Supporting Information it is possible to observe, qualita-

tively through the bar graphics, that LHS is a better local reactivity descriptor than

net charges, nucleophilic Fukui function, dual descriptor, nucleophilic local softness,

global softness and global softness squared.
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Table 5: Relative values of catalytic activity, local hyper–softness and electric net
charges defined in the previous table are dimensionless and they are symbolically
represented by r-CatAct, r-sNNN {Fe}, r-Q

M
{Fe}, r-Q

NPA
{Fe} and r-Q

CHE
{Fe}.

r-CatAct r-sNNN {Fe} r-Q
M

{Fe} r-Q
NPA

{Fe} r-Q
CHE

{Fe}

B3LYP:

-NO2 1.360 1.292 1.000 1.000 1.000

-H 1.213 1.168 1.280 1.008 1.018

-OCH3 1.000 1.000 1.315 1.016 1.003

BP86:

-NO2 1.360 1.456 1.000 1.000 1.000

-H 1.213 1.110 1.029 1.013 1.027

-OCH3 1.000 1.000 1.043 1.025 1.015

B97D:

-NO2 1.360 1.427 1.000 1.000 1.000

-H 1.213 1.078 1.018 1.006 1.007

-OCH3 1.000 1.000 1.023 1.012 1.022

VSXC:

-NO2 1.360 1.543 1.000 1.000 1.000

-H 1.213 1.151 1.006 1.004 1.033

-OCH3 1.000 1.000 1.008 1.010 1.058
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4 Conclusions

In the field of catalysis driven by BIMP-Fe cations for polymerization process of

ethylene, and in reference to the electronic effects, the main advantage of using the

local hyper–softness descriptor, sNNN{Fe} for open–shell systems which is condensed

on a strategic site of the catalytic system, lies in the fact that this is a function that

is consistent–size, thus allowing to establish comparisons of local reactivity among

catalytic systems of different sizes; this is not possible to carry out with the dual

descriptor by itself.

On the other hand, although the measure of steric effects is still an issue of debate,

fortunately, the set of catalytic systems that have been theoretically studied at the

present work lacks to exhibit a dramatic influence of this type of effect by the −Y

substituent group, so that the main effect of the substituent group is attributable

to electronic aspects given by the electron-withdrawing or electron-donor behavior

solely. In consequence an experimental key parameter as the catalytic activity has

been explained in terms of the local hyper–softness (LHS), a theoretical parameter,

which has turned out to be better than the use of net charge on iron atom thus

supporting the predominantly covalent nature of the interaction catalyst–monomer

rather than electrostatic.
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Furthermore, condensed LHS on iron atom has demonstrated to be a more robust

conceptual tool than global softness, global softness squared, electric net charge,

nucleophilic Fukui function, nucleophilic local softness and dual descriptor on iron

atom since the found trend between catalytic activity and LHS condensed on iron

atom is well conserved in spite of using four functionals.

The influence of variables like temperature, solvent, pressure of monomer and con-

centration of catalyst have been considered as constant parameters, however authors

of the present work are aware on the fact that these parameters could also be ana-

lyzed in terms of some other proper reactivity descriptors. At the moment, to make

sure that the influence of substituent groups on catalytic activity can be predictable

through the use of the local hyper–softness, more values of catalytic activities are re-

quired along with constant remaining experimental conditions under the assumption

that steric effects are irrelevant and the interaction that rules the entire catalytic

process is mainly of covalent nature. In absence of steric effects, or when it is sus-

pected that they are not playing an essential role during a chemical interaction, the

use of LHS should be suitable to measure electronic effects which can be responsible

of values of catalytic activity due to the degree of covalent character that is ruling

the interaction under analysis and not the use of net charges because it does not

give a proper answer that helps understand catalytic activity values.

27

Page 30 of 49Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



To sum up, an important consequence of the research reported here is having the

chance to not only explain differences among catalytic activities measured under

the same experimental conditions, but also estimate values of catalytic activities of

new BIMP-Fe cations when −Y, the substituent group, is changed by another one

that has never been put on such position before, provided that the experimental

conditions are the same than that were defined for those known BIMP-Fe cations.

LHS is a key parameter that can contribute to a rational computational design of

new catalysts.
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[57] P. Pérez, E. Chamorro and P.W. Ayers. Universal Mathematical Identities in

Density Functional Theory: Results from Three Different Spin-Resolved Rep-

resentations. J. Chem. Phys. 2008, 128, 204108–22.

[58] Galván, M.; Vela, A.; Gázquez, J.L. Chemical Reactivity in Spin-Polarized

Density Functional Theory. J. Phys. Chem. 1988, 92, 6470–6474.

[59] Gázquez, J.L.; Galván, M.; Vela, A. Chemical Reactivity in Density Functional

Theory: The N-Differentiability Problem. J. Mol. Struc.–THEOCHEM 1990,

210, 29–38.

[60] Galván, M.; Vargas, R. Spin-Potential in Kohn-Sham Theory. J. Phys. Chem.

1992, 96, 1625–1630.

[61] Ghanty, T.K.; Ghosh, S.K. Spin-Polarized Generalization of the Concepts of

Electronegativity and Hardness and the Description of Chemical Binding. J.

Am. Chem. Soc. 1994, 116, 3943–3948.

37

Page 40 of 49Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



[62] Ayers, P. W.; Parr, R. G. Beyond Electronegativity and Local Hardness:

Higher-Order Equalization Criteria for Determination of a Ground-State Elec-

tron Density J. Chem. Phys. 2008, 129, 054111.

[63] Labet, V.; Morell, C.; Grand, A.; Cadet, J.; Cimino, P.; Barone, V. Formation

of Cross-Linked Adducts between Guanine and Thymine mediated by Hydroxyl

Radical and One-Electron Oxidation: A Theoretical Study. Org. Biomol. Chem.

2008, 6, 3300–3305.

[64] Labet, V.; Morell, C.; Cadet, J.; Eriksson, L.A.; Grand, A. Hydrolytic Deam-

ination of 5-Methylcytosine in Protic Medium. A Theoretical Study. J. Phys.

Chem. A 2009, 113, 2524–2533.
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