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Abstract

Ten functionals were used to assess their capability to compute a local reactivity descriptor coming from the Conceptual
Density Functional Theory on a group of iron-based organometallic compounds that have been synthesized by Zohuri,
G.H. et al. in 2010; these compounds bear the following substituent groups: H-, OoN- and CH3O- at the para position
of the pyridine ring and their catalytic activities were experimentally measured by these authors. The present work
involved a theoretical analysis applied on the aforementioned iron—based compounds thus leading to suggest a new 2,6-
bis(imino)pyridine catalyst based on iron(Il) bearing a fluorine atom whose possible catalytic activity is suggested to be near
the catalytic activity of the complex bearing a hydrogen atom as a substituent group by means of the so called local hyper-
softness (LHS) thus opening a chance to estimate a possible value of catalytic activity for a new catalyst that has not been
synthesized yet without simulating the entire process of ethylene polymerization. Since Conceptual DFT is not a predictive
theory, but rather interpretative, an analysis of the used reactivity descriptor and its dependence upon the level of theory was
carried in the present work, thus revealing that care should be taken when DFT calculations are used for these purposes.

Keywords Catalytic activity - Bis imino pyridil iron-based catalysts - Ethylene polymerization - Conceptual density
functional theory - Local hyper—softness - Dual descriptor

Introduction

This paper belongs to Topical Collection P. Politzer 80th Birthday

Festschrift Today the Computational Chemistry has become an essen-

tial complementary tool to support scientific research in the
field of Catalysis [1, 2]. Although the current computational
capabilities allow to simulate several chemical reactions, the
computational effort to mimic the complicated process of
ethylene polymerization catalyzed by organometallic com-
pounds is still a challenging task to be performed from the
perspective of the Quantum Chemistry [3—6]. For that rea-
son the analysis of chemical reactivity through the use of
reactivity descriptors or reactivity indices should be able
to provide us of a useful information concerning to certain
key experimental parameters which are almost impossible
to obtain through a typical quantum chemical calculation.
When reactivity of a family of molecules is understood,
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the computational design of a new molecule that belongs to
that group should not be too complicated if at least one pure
experimental parameter could be linked to a pure theoretical
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parameter. The latter means that the use of a reactivity
descriptor (a pure theoretical parameter) would be a shortcut
to obtain an approximated range of values of the target
experimental parameter of interest associated to the new
designed molecule (catalytic activity) without computing
the entire chemical process and, of course, without
performing the experimental procedure to measure the
experimental parameter we are interested in. As a result, this
alternate perspective of the Computational Chemistry lies
not in the fact of reproducing an experimental parameter,
but rather it points to obtain a value of a theoretical
reactivity descriptor that explains certain interactions that
are responsible of the value of the target experimental
parameter aforementioned. By doing so this manner, the
catalytic activity of an anticipatedly designed catalyst
via computational quantum chemistry can be reasonably
estimated through the use of a suitable pure theoretical
parameter corresponding to a reactivity descriptor based on
arobust physical support provided by the conceptual density
functional theory [7-27].

Ethylene polymerization catalyzed by some
iron-based organometallic compounds

Within the context of ethylene polymerization, different
catalysts were designed, but the productivity increased
noticeably since the discovery of the metallocenes of group
IVB by Kaminsky [28-32]. A metallocene is a catalytic
precursor which after being assisted by a co-catalyst [33],
is turned into an organometallic cation able to catalyze the
polymerization process of ethylene. Since then, the ethylene
polymerization has improved noticeably thanks to these
organometallic catalysts. In order to use cheaper metals,
during the ending of the past century until now there has
been an interest in designing new catalysts of the type non-
metallocene based on iron in order to be used just like
metallocenes have been used to catalyze the polymerization
of ethylene [34-37].

Zohuri et al., in 2010 [38] synthesized and characterized
two late transition metal 2,6-bis(imino)pyridine precursor
catalysts based on iron(Il) of the type [Y—LFe(I)Cly]
where L is an organic ligand and Y— € {O,N—, CH30-},
as depicted by Fig. 1, corresponds to the substituent group.
These type of compounds bearing two chlorine atoms are
also known as pre—catalysts because after activation with
a cocatalyst (which is able to replace two chlorine atoms
by one methyl group) [39—41], the pre—catalyst turns into a
cationic species as follows:

[Y—LFe(I)Cl,]+ CocatalystCH; —> [ Y —LFe(II) CH3 >+
+CocatalystCl§_

where [Y—LFe(III)CH3]2Jr is the real catalytic species
which is able to catalyze the ethylene polymerization
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Fig. 1T Models of 2,6-bis(imino)pyridil iron-based catalysts, also
called BIMP-Fe cation, where 2+ is the total net charge and H-S
indicates that it corresponds to a high—spin configuration of sextet type
2S+1=06)and Y— € {OoN—, F—, H—, CH30—}

process and this kind of cationic species is our focus of
attention at the present work.

Along with the aforementioned two late transition metal
organometallic compounds, the respective pre—catalyst with
Y = H was used by them as a reference catalyst. The
substituent Y— € {O,N—, H—, CH30-} is located at the
para position of the pyridine ring that belongs to the L
organic ligand, and since it is the only different structural
part amongst these compounds, under same experimental
conditions, different values of catalytic activities are
attributable to the long-range substituent effect exerted by Y
on the metal atom where the polymerization process takes
place by means of a cycle of coordination of monomers
(ethyleno) leading to an increase of the carbon-chain length.

Zohuri et al. [38] obtained catalytic activities for these three
organometallic compounds Y— € {O,N—, H—, CH30-}
whose values are quoted in Table 1; these authors suggested
that the more electron—withdrawing substituent (Y) leads to
a higher catalytic activity. However, these authors did not
mention the level of theory under which this conclusion
was reached and neither they did not mention the type of
population analysis from which they computed net charges.

Local hyper-softness, a new tool coming
from the conceptual density functional theory

According to the Zohuri’s suggestions [38], net charge
(also known as partial charge) on iron atom (the site of

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— €
{O,N—, H—, CH30—} by Zohuri et al. [38] 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

Substituent Group O,N- H- CH30-

Catalytic Activity 25.50 22.75 18.75
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coordination for ethylene) might be used as a parameter to
be linked to the catalytic activity (the target experimental
parameter). However, since ethylene is a neutral molecule
and iron being a transition metal, the interaction between
the catalytic organometallic structure and ethylene molecule
should be predominantly of covalent nature rather than
electrostatic, so that the use of net charge should not be
more encouraged to be used and another kind of local
reactivity descriptor must be used instead of net charge.
This suggestion is based on a recently published article
involving the same iron—based organometallic systems [42]
so that values of net charges computed on the iron atom, at
three different population analysis, did not demonstrate to
be better linked with catalytic activity in comparison with
the so—called local hyper—softness (LHS) [15, 25-27, 43,
44]. Such an article suggested that the use of condensed
values of LHS on atoms are preferred than the use of net
charges on atoms.

Local hyper—softness (LHS) symbolized by s (r) is
defined as follows:

3% p(r) P oy f@
2) _ — _
’ (r)_< o> >U<r> n? o

— S2f(2) (r) —

Sy fa.

where S, f@(r), f(r) and y are mathematically defined by
the following expressions, respectively:
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where E is the total energy, N is the number of electrons and
v(r) is the external potential, commonly due to the presence
of nuclei. Definitions of S and f(r) are found in more
detail in the reference about Conceptual DFT [13], while
definition of £ (r) is found in its starting—point references
[45, 46]. On the other hand, y is called hyper—hardness
whose physical meaning and relevance is under study
[47]. Within the context of the Spin—Polarized Conceptual
Density-Functional Theory [23-25], local hyper—softness
(LHS) s (1), global softness S, dual descriptor f @ (r) and
Fukui function f(r) are replaced by sy (), Syns Sfanw (F)
and fy, (), respectively [25].

LHS possesses an operational formula given by dual

descriptor, fyy (T), times the global softness [10, 12, 13]
square, SiN. On the other hand, the term y defined by Eq. 5
is neglected thus turning the Eq. 1 into the Eq. 6:
S () 2 frow () SZ 6)
where S, can be calculated in terms of HOMO and
LUMO energies provided that the Koopmans’ theorem
[48-50] is satisfied as several articles have demon-
strated [10, 12, 13, 49, 50], being the Janak’s theorem
[51] the conceptual support in the framework of DFT
calculations.

Notice that the work published by Nikitin et al. [52]
supports the fact that catalytic activity is linked with Sy,
the global softness during the ethylene polymerization
catalyzed by phenoxy—imine titanium dichloride complexes
activated by MAO, but they claim that “our estimates have
qualitative nature, and further studies are needed for more
accurate prediction of the catalytic activity”. According
to the last statement, we suggest that an analysis of
local reactivity as we have proposed might improve their
analysis.

The only way that LHS can be used quantitatively is
performing an condensation (integration) on the k—atom
[18, 19, 23]. Through an appropriate integration within the
k" _atomic domain i, LHS turns into a local reactivity
index associated to the k—atom: €2y [18-20, 53]:

f WmM—/Awn%w
Qg

N SiN . / San @) dr = sy (kb (7)
Qk

This implies that a condensation-on-atoms of dual
descriptor which can be performed through an appropriate
integration within the k-atomic domain Qy:

/ fNNN (r)dr = fNNN {k} ®)
Q

Then, the use of LHS allows us make sure that the
measurement of local reactivity on a molecular system can
be comparable with local reactivity of other systems in spite
of their size differences. This descriptor should be able to
measure electronic effects that are exerted by substituent
groups in agreement with the molecular size [43].

/ Sy (D) dr = s 1k} )
Q

Since iron atom corresponds to the catalytic site where
the ethylene coordination occurs to initiate the polymerization
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reaction, the interest of measuring the local reactivity will be
focused on iron atom so that the k'"—atom is iron: s {k} =
syny 1Fe) and our hypothesis establishes that a high value
of s,y {Fe} leads to a high value of catalytic activity, thus
leading to estimate catalytic activities. As a consequence,
and in order to measure local reactivity, LHS must be
condensed onto the iron atom. It is expected that the main
local reactivity is concentrated on the iron atom because
during ethylene polymerization, the monomer (ethylene)
takes part of the coordination cycle onto the iron atom in the
complex.

Computational methods

Catalytic systems bearing substituent groups Y— €
{OoN—, F—, H—, CH30—} were taken into account at a
high—spin configuration (sextet) along with a total net
charge of 2+, thus meaning Fe(IIl) as depicted by Fig. 1,
the latter is based on previous calculations concerning to
its oxidation state [36, 37]. Geometrical optimizations were
performed in gas phase with the LANL2DZ [54-56] with
effective core potentials for all atoms by means of the
following functionals: HCTH (GGA, 0% of Hartree—Fock
exchange) [57-59], M06 (global hybrid meta—GGA, 27%
of Hartree—Fock exchange) [60], MO6L (meta—GGA, 0%
of Hartree—Fock exchange) [61], B3LYP (global hybrid
GGA, 20% of Hartree—Fock exchange) [62—-65], B97D
(GGA+D, 0% of Hartree-Fock exchange) [66], BP86
(GGA, 0% of Hartree-Fock exchange) [62, 67], VSXC
(meta—GGA, 0% of Hartree—Fock exchange) [68], M062X
(global hybrid meta—~GGA, 54% of Hartree—Fock exchange)
[60], B3PWO1 (global hybrid GGA, 20% of Hartree—
Fock exchange) [62, 67, 69-71] and CAM-B3LYP (range—
separated hybrid GGA, 19-65% of Hartree—Fock exchange)
[72]. Same set of functionals were used to perform identical
calculations, but applying the LANL2TZ+ pseudopotential
[54-56, 73] on the metal atom solely, while non metal
atoms were represented by the 6-311+G(d,p) [74—84] basis
set.

Frequency calculations were then performed to identify
the stationary points as minima [85]. However, notice that
all of those results corresponding to the substituents Y— €
{OoN—, H—, CH30—} performed through the use of the
B3LYP [62-65], BP86 [62, 67], B97D [66] and VSXC
[68] functionals were extracted directly from a previous
publication [42] so that they were not computed again for
the present work, but they are quoted in Tables included in
Supplementary Materials.

All calculations were carried out using the GAUSSIAN 09
[86] software package. To obtain condensed values of LHS
on iron atom (syyy {Fe}), the AOMix software was used
[87, 88]. Those functionals that gave sy, {Fe} values for

@ Springer

substituents —Y = {—NO,, —F, —H, —OCHj3} following
the same trend as indicated by catalytic activity values were
called “well-behaved” functionals; on the contrary; the “ill-
behaved” functionals are those ones did not agree with the
observed trend given by the catalytic activities values.

Results and discussion

Table 2 provides the following trend for global softness Sy :
O,N— > F— > H- > CH30—

thus supporting Nikitin et al. observations concerning to the
relation between catalytic activity and the HOMO-LUMO
gap [52].

From Table 3, readers can notice that the column
corresponding to sy, {Fe} values provides the following
order relation for each functional: OoN— > F— > H— >
CH;0—.

Then the [F—LFe(II)Cl,] pre—catalyst after being acti-
vated by a cocatalyst would present a catalytic activ-
ity slightly higher than that one exhibited by the
[H—LFe(I[)Cl,] pre—catalyst.

Table 4 implies a subtle different trend for global softness
Syn in comparison to the trend obtained from Table 2 as
follows:

ON— > H- > F— > CH30—

Similarly, from Table 5, we observe that LHS presents
the following order relation:

O;N— > H- > F— > CH30—,

excepting when the B97D functional is employed which
gives that:

OsN > F— > H- > CH30—

Given that the LHS condensed value of the complex
bearing a fluorine atom is too near to the condensed
LHS value of the complex bearing an hydrogen atom, it
indicates that they both are catalytic species that will present
similar values of catalytic activities. As will be discussed
in next paragraphs, we can explain the “ill-behavior” of
M062X, B3PW91 and CAM-B3LYP functionals in spite
of using different basis sets and pseudotentials [LANL2DZ
on all atoms versus LANL2TZ+ on iron atom only and 6-
311+G(d,p)]. But on the other hand, the fact that B3LYP
and VSXC acquired a “ill-behavior” when passing from
LANL2DZ to LANL2TZ+ and 6-311+G(d,p) could be
attributable to the use of an incomplete mathematical
expression like that one given by the Eq. 6 where the
abscence of the term S3y f(r) could be increasing the
number of “ill-behaved” functionals, we suspect that this
occurs because this term could become more and more
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Table 2 Results coming from “well-behaved” functionals for the iron
complex bearing different substituent groups: O2N-, F-, H- and CH30-

Table 3 Results coming from well-behaved functionals for the iron
complex bearing different substituent groups: O2N-, F-, H- and CH30-

“Well-behaved” ep e 81‘3 sf SN SiN “Well-behaved” pr{Fe} S (Fe} fun{Fe} sy {Fe} r—syo {Fe}
functional functional
HCTC: HCTC:
O,N- “ 1148 —1031 —11.68 —11.16 1.1834 1.4005  OaN- 03932 01419 02513 35188 1.296
F- ~ 1133 —9.88 — 1155 —11.03 1.0152 1.0307 F- 04330 0.1380 02950 304.05 1.120
H- —1123 —9.78 —11.45 —10.92 1.0101 1.0203  H- 04334 0.1401 0.2933  299.26  1.102
CH;0- —11.02 —9.46 —11.28 —10.76 0.9615 0.9246  CH3O- 0.4329 0.1391 0.2938  271.59  1.000
MO06: MO6:
0,N- — 1237 —9.63 —1235 —10.45 04310 1858  O2N- 0.3903  0.0334 03569 6633 1210
F- —1225 —9.12 —1224 —1029 03937 1.550 - 04231 0.0344 0.3887 6025  1.100
H- —1213 =899 —12.14 —10.15 03899 1520 - 04254 00386 03869 5880 1073
CH;0- —11.95 —8.66 —12.00 —9.99 03774 1424  CH3O- 04318 0.0468 0.3850  54.82  1.000
MO6L: MO6L.:
O,N- 1146 —10.04 —11.62 —11.13 1.0471 1.0965  O2N- 0.3939 0.0911 03028 33195 1516
F- 1130 —9.58 —11.49 —10.99 0.9009 0.8116 - 04059 0.0966 03094  251.09 1.147
H- 1118 —947 —11.38 —10.86 0.8969 0.8044 - 04077 0.0999 03078  247.54  1.130
CH;0- ~ 1099 —9.16 —11.24 —10.70 0.8439 07121  CH3O- 04146 0.1071 03075  218.98  1.000
B3LYP: B3LYP
O,N- — 1208 —9.78 —12.13 —10.55 05152 0.2654 92N 02654 00244 02410 6396  1.292
F- 1198 —927 —12.03 —10.34 0.4545 02066 © 03175 00280 02895 59.80  1.208
H- 1187 —9.15 —11.92 —10.22 04527 02049 1 03099 00279 02820 5778  1.167
CH;0- ~ 1170 —8.82 —11.78 —9.99 04280 0.1832  CH30- 03328 0.0626 0.2702 4950 1.000
B97D: BI7D:
O,N- 1122 997 —1147 —1097 1.1468 13152 92N 03800 0.1290  0.2510  330.12 1.427
F- ~11.06 —9.55 —11.34 —10.83 0.9901 0.9803 - 03867 0.1282 0.2586 25346 1.096
H- —1095 —944 —1123 —10.71 09871 09744 I 03868  0.1309  0.2560  249.45  1.078
CH;0- ~1073 —9.14 —11.07 — 1054 0.9427 0.8887  CH30- 0.3870 0.1268 02603 23133  1.000
BPS6: BP86:
05N- — 1122 —1005 — 1159 —11.17 1.2530 15700 02N 0331701341 0.1976 31023 1456
F- — 1107 —9.64 —1146 —11.01 1.0638 11317 ©- 0.3464 01348 02116 23947  1.124
H- —1096 —9.54 —1136 —10.90 1.0595 1.1225 1 03490 0.1382 0.2108 23662 1.110
CH;0- ~1075 =926 —1121 —10.71 1.0064 10128 130" 0.34810.1377 0.2104  213.09  1.000
VSXC: VSXC:
O:N- 1148 —10.06 — 1165 —11.15 10387 10789 OV 03446 01188 02258 = 243.62  1.543
F- “1131 =961 —11.50 —1099 09050 0.8190  ©- 0356201227 02335 191.23 1211
H- C1122 —951 — 1142 —10.87 0.8839 07813 - 03565 01239 02326 18173 1151
CH;0- 03639 0.1339 02300 157.87  1.000
CH;0- “11.05 —921 —11.29 —10.71 0-8285 0.6864

Values of energies of «-HOMO (efy), a-LUMO (&), B-HOMO (sﬁ),
B-LUMO (85) are expressed in eV; global softness (Syy) is expressed
in eV~! and square of global softness (SI%N) is expressed in eV 2.
LANL2DZ pseudopotentials were used for all atoms

important as more electrons are included in quantum
chemical calculations.This is the type of discrepancy that
should encourage us to use the Eq. 1 instead of Eq. 6

A list of condensed values of local reactivity descriptors on iron is
presented: nucleophilic Fukui function ( flj& {Fe}), electrophilic Fukui
function ( S (Feb), dual descriptor ( fyyy {Fe}), local hyper—softness
Sxnn (Fe) and relative local hyper—softness r—sy, {Fe}. The condensed
Fukui functions (nucleophilic and electrophilic) are dimensionless,
no matter the unit we are using for the respective Fukui functions
and they are written as percentages; the condensed dual descriptor is
expressed in (a.u. of charge)~! which is understood as a dimensionless
unit in practice; relative local hyper—softness is dimensionless
mathematically. Condensed LHS is expressed in m(eV~2). LANL2DZ
pseudopotentials were used for all atoms
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Table 4 Results coming from “well-behaved” functionals for the iron
complex bearing different substituent groups: O2N-, F-, H- and CH30-

Table 5 Results coming from “well-behaved” functionals for the iron
complex bearing different substituent groups: O2N-, F-, H- and CH30-

“Well-behaved” ef e sfl 85 S SiN “Well-behaved” pr{Fe} S (Fe} fun{Fe} sy {Fe} r—syo {Fe}
functional functional

HCTH: HCTH:

OoN- —11.51 —10.23 —11.64 —11.11 1.1062 1.2237 OoN- 0.4478 0.1358 0.3120  381.8 1.411
F- —11.37 —9.84 —11.52 —10.98 0.9662 0.9335 F- 0.4501 0.1332 0.3170  295.9 1.094
H- —11.31 —9.81 —11.46 —10.91 0.9756 0.9518 H- 0.4522 0.1344 0.3178 3025 1.118
CH30- —11.10 —9.47 —11.28 —10.75 0.9259 0.8573 CH30- 0.4529 0.1373 0.3156  270.6 1.000
MO6: MO6:

O,N- —1242 —958 —1242 —10.41 0.4124 0.1701 O,N- 0.4127 0.0449 0.3678  62.60 1.159
F- —1230 —-9.09 —-12.31 —10.27 0.3810 0.1452 F- 0.4389 0.0467 0.3923  57.00 1.056
H- —1223 —-9.07 —12.25 —10.18 0.3824 0.1462 H- 0.4372  0.0464 0.3908  57.10 1.057
CH;0- —12.03 —8.72 —12.08 —10.00 0.3711 0.1377 CH30- 0.4480 0.0559 0.3921  54.00 1.000
MO6L: MO6L:

O,N- —11.57 —=9.99 —11.65 —11.11 0.9434 0.8900 O,N- 0.4125 0.0651 0.3475  309.2 1.472
F- —1142 —-956 —11.53 —10.98 0.8299 0.6887 F- 0.4205 0.0750 0.3455 2379 1.133
H- —11.36 —9.54 —11.46 —10.90 0.8403 0.7061 H- 0.4208 0.0752 0.3457  244.1 1.162
CH30- —11.16 —9.20 —11.31 —10.73 0.7874 0.6200 CH30- 0.4288 0.0901 0.3387  210.0 1.000
B97D: B97D:

O,N- —11.35 =993 —11.48 —10.95 1.0256 1.0519 O,N- 0.3935 0.0990 0.2945  309.8 1.459
F- —11.20 —9.54 —11.35 —10.81 0.9091 0.8265 F- 0.4013  0.1047 0.2966  245.1 1.155
H- —11.13 =951 —11.29 —10.73 0.9174 0.8416 H- 0.4031 0.1130 0.2901  244.2 1.150
CH;0- —1091 —9.18 —11.12 —10.55 0.8696 0.7562 CH;0- 0.4002 0.1194 0.2808 2123 1.000
BP86: BP86:

O,N- —11.39 —10.04 —11.63 —11.13 1.0811 1.1688 O,N- 0.3582  0.1192 0.2390 2793 1.422
F- —11.23 —9.66 —11.50 —10.98 0.9569 0.9157 F- 0.3698 0.1234 0.2464  225.6 1.149
H- —11.16 —9.62 —11.44 —10.91 0.9662 0.9335 H- 0.3723  0.1283 0.2440  227.7 1.159
CH30- —10.94 —9.32 —11.28 —10.72 0.9174 0.8416 CH;0- 0.3735 0.1401 0.2334  196.4 1.000

Values of energies of «-HOMO (efy), a-LUMO (&), B-HOMO (sfl),
B-LUMO (85) are expressed in eV; global softness (Sy, ) is expressed
in eV~! and square of global softness (Sf]N) is expressed in eV 2.
The LANL2TZ+ pseudopotential was used for iron atom and the
6-311+G(d,p) basis set was used for all non metal atoms

in order to keep the accuracy in our results and provide
more confidence in the use of descriptors of reactivity
coming from the Conceptual DFT. Even so, the use of
the B97D, BP86, HCTH, M06 and MO6L functionals is
recommended in these types of compounds because a
trend of reactivity given by the global and local reactivity
descriptors Sy and sy {Fe}, respectively is conserved in
agreement with experimental results expressed in values of
catalytic activities. In reference to the fact that M062X,
B3PW91 and CAM-B3LYP functionals always behave
badly, we can claim that within the foundations of DFT,
it has been established that an universal density functional
indeed exists. This density functional is universal in the
sense that it can be applied to the calculation of all the
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A list of condensed values of local reactivity descriptors on iron is
presented: nucleophilic Fukui function ( fl\m {Fe}), electrophilic Fukui
function ( S (Feb), dual descriptor ( fyyy {Fe}), local hyper—softness
Sxnn (Fe} and relative local hyper—softness r—sy, {Fe}. The condensed
Fukui functions (nucleophilic and electrophilic) are dimensionless,
no matter the unit we are using for the respective Fukui functions;
the condensed dual descriptor is expressed in (a.u. of charge)™!; the
relative local hyper—softness is mathematically dimensionless and its
only purpose is to reveal the fraction in excess of condensed LHS
in comparison with the minimum value of LHS amongst the four
iron-based complexes being this minimum always equals 1.000 for
each functional that has been used in this work. Condensed LHS is
expressed in m(eV~2). The LANL2TZ+ pseudopotential was used for
iron atom and the 6-311+G(d,p) basis set was used for all non metal
atoms

chemical and physical properties of any given system. The
electronic density of that system is supposed to contain all
the information related to it. As it is well known, although
there is a theorem that assures it existence, we do not know
the functional form of that universal density functional.
Thus, it has been necessary to resort to approximations, and
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there is a long and rich story of people doing research to
build better and improved density functionals. Indeed, there
is a plethora of information in the literature about these
efforts [89, 90]. However, most of the density functionals
that have been developed during the years are far from being
universal. Thus, there are density functionals that have been
created for the reproduction of certain chemical or physical
properties, and we call them property-dependent density
functionals. There are instead another group of density
functionals that work with a particular chemical or physical
system, but behave poorly for others. These are system-
dependent density functionals. In order to verify how well a
particular density functional can be used for the description
of a particular chemical or physical property, or for a
given molecular system, some researchers have compiled
large databases with huge information about an extended
number of molecular systems that can be compared with
the predictions that outcome from the use of the different
density functionals [89]. An inspection of that comparisons
can give us a clue to understand the results of our particular
research. In our case, we have studied the possible catalytic
activity of a new iron-based organometallic compound for
ethylene polymerization through the use of the condensed
local hypersoftness descriptor (LHS) that arise from
Conceptual DFT. To this end, ten density functionals have
been considered: B3LYP, B97D, BP86, VSXC, HCTH,
MO06, MO6L, M062X, B3PW91 and CAM-B3LYP to the
study of that given molecular systems with four different
substituents. We have found that, although some of them
(B3LYP, B97D, BP86, VSXC, HCTH, M06 and MO6L) are
“well-behaved”, in the sense that the calculated LHS over
the Fe atom of the catalysts is linked to the catalytic activity
in relation to the substituent group when pseudopotentials
are applied on all atoms. Meanwhile, B97D, BP86, HCTH,
MO06 and MO6L functionals demonstrated a good behavior
when pseudopotentials are applied on iron atoms only,
thus revealing that the LHS is a robust tool when using
B97D, BP86, HCTH, M06 and MO6L functionals. The other
density functionals considered here (M062X, B3PWOl
and CAM-B3LYP) are “ill-behaved”, that is, a different
ordering has been found.

The first point to be observed is that all “well-behaved”
density functionals (with the exception of B3LYP and
MO06) are pure functionals, that is, without the addition of
a certain percentage of HF exchange. In turn, the group
of “ill-behaved” density functional are different types of
hybrid GGA DFT. A recently published study about the
quest for a universal density functional, the accuracy of
a large number of density functionals have been tested
across a broad spectrum of databases in chemistry and
physics. There are four databases in that work that are
of interest for our purposes because they are related with
the molecular catalysts that we have studied. The first one

is SRMBEI13 (single-reference metal bond energies) and
the second is MRBEI10 (multi-reference bond energies).
The others include metal bond energies (MBE18) which
comprehends all metal bond energies in the chemistry set
and is composed of all data in SRMBE13 and five data from
MRBEI0, and transition metal bond energies (TMBELS)
that collects the transition metals bond energies from the
SRMBE13 and MRBEI10.

Systems containing transition metals, and/or exhibiting
high multi-reference character [89] lead to mean unsigned
errors (MUE) for the pure density functionals that are lower
than those for the hybrid functionals. This explains while
in our work the “ill-behaved” functionals are those of the
hybrid kind (M062X, B3PW91 and CAM-B3LYP). While
the inclusion of HF exchange delivers density functionals
which perform well for the prediction of the bandgap of
solids, this does not seem to be the case for metallorganic
systems. However, the hybrid GGA B3LYP and meta-
GGA MO06 belong to “well-behaved” density functionals.
Perhaps, the explanation to this could be found in the
fact that amount of HF exchange that have been included
in every functional. For example, M06 is a global hybrid
meta-GGA with 27% of HF exchange, that leads to a
overall good performance for chemistry, while M06-2X is
a global hybrid meta-GGA with 54% HF exchange, with
top-level performances in all areas of chemistry including
thermochemistry and reaction kinetics, but excluding multi-
reference systems, such as many systems containing
transition metals. Finally, a comparison between B3LYP
(in the “well-behaved” group) and B3PWO91 (in the “ill-
behaved” group), both with an equal amount of HF
exchange (in any case, lower than M06), indicates that the
difference must be in the correlation part. As a matter of
fact, an inspection of the tables in the mentioned work,
reveals that the MUEs against the MRBE10 are lower for
B3LYP than for B3APWO1 (although worse than for the pure
density functionals). Thus, the difference on how correlation
is accounted in both functionals could explain the different
behaviors that we found.

Conclusions

The main purpose of the present work was not only to assess
the performance of a set of functionals to study the catalytic
activity, but also to obtain insights about local reactivity
by means of the most rough operational formula which is
usually employed to obtain 3D plots and condensed values
of dual descriptor in a fast way.

— Bar graphics given by Figs. 2 and 3 illustrates better our
selection of functionals in this context. The recom-
mended functionals to study reactivity on these type
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Fig.2 Bar graphics of relative local hypersoftness for all functionals used in this work. The LANL2DZ pseudopotential was used for all atoms
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Fig.3 Bar graphics of relative
local hypersoftness for all
functionals used in this work.
The LANL2TZ+
pseudopotential was used for
iron atom and 6-311+G(d,p) for
all non metal atoms
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of compounds are: HCTH, M06, MO6L, B97D and
BP86. However we must to say that other function-
als gave anomalous results (M062X, B3PW91 and
CAM-B3LYP). These undesirable values are due to
under—estimations or over—estimations of values of the
energies of HOMO and LUMO and therefore these
were called “ill-behaved” functionals, meanwhile all
those functionals that provided us results that were
capable to follow the same order relation in values of
catalytic activities were called “well-behaved” func-
tionals. For more details concerning to this compari-
son, please refer to the Supplementary Materials. The
increase of the number of “ill-behaved” functionals
(B3LYP and VSXC) when pseudopotentials are applied
on metal atoms only in the same type of calculations
can be attributable to the use of the Eq. 6 instead of
Eq. 1 where the $3y f(r) term could be playing a more
important role when more electrons are included in our
calculations, because to the best of our knowledge, the
way of calculation of the y index has not been tested
in terms of energy of frontier molecular orbitals in
this type of organometallic compounds. Besides, deal-
ing with multi-reference organometallic compounds
should encourage to use suitable functionals for these
systems, i.e. MN12-SX [91] or MN15 [92]. The latter
is a pending task that will be broached in next articles.
Not only from the global point of view revealed through
global softness (Syy), but also from the local one
through the values of LHS condensed on iron atom
(sxan {F€}), we claim that a catalytic activity value
is a consequence of local and global reactivity of
the catalyst provided that experimental conditions are
kept constant including the nature of monomer and in
consequence, the catalytic activity is an experimental
parameter that is a consequence of the global reactivity
of the catalyst along with its local reactivity focused on
the iron atom where the polymerization process takes
place. It is possible to notice that during the entire
analysis the monomer (ethylene) is irrelevant and we
focused on the intrinsic reactivity of the iron—based
complexes. The use of condensed values of LHS was
possible to perform because the steric effect is another
constant parameter which does not play an essential
role for the catalytic activity in this context, so that
all observed differences in catalytic activity values are
exclusively attributable to the electronic effect given by
the substituent groups.

The use of a bigger basis set to represent all electrons
of non metal atoms and the use of a pseudopotential
focused only on the metal revealed that the fine trend
has been altered due to modifications on values of
energy of frontier molecular orbitals, thus indicating
that the frontier molecular orbital approximation must

@ Springer

be abandoned and the Eq. 1 should be used in its
more complete form without excluding any term in
order to check if the deleted term allows to keep
the same trend between LANL2DZ for all atoms and
LANL2TZ+ for iron and 6-311+G(d,p) for non metal
atoms. Clearly, the next step will lead us to refine our
calculations by the use of a balanced basis—set on every
atom. In addition, our calculations did not include a
solvent model for toluene, so our results have revealed
the intrinsic reactivity of these catalysts. This work
concerning to the use of a more accurate operational
formula and the inclusion of a solvent model is in
progress. In consequence the present work is a previous
approach to get an systematic insight about the global
and local reactivity of these organometallic systems
within the framework of the catalysis of the ethylene
polymerization.

To end, the new suggested 2,6-bis(imino)pyridine
catalyst based on iron(Il) bearing a fluorine atom as a
substituent group (not been synthesized yet to the best
of our knowledge), should present a catalytic activity
value less than that the nitro Fe-based and greater
than the methoxy Fe—complexes, but pretty near to the
catalytic activity value of the Fe—based complex bearing
an hydrogen atom simply.
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