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Abstract: The KID (Koopmans in DFT) procedure usually applies in organic molecules of the
closed—shell type. We used the KID procedure in an open-shell system for the first time to choose the
most suitable density functional to compute global and local reactivity descriptors coming from the
Conceptual Density—Functional Theory. From a set of 18 density functionals spread from the second
until the fourth rung of the Jacob’s ladder: BP86, B97-D, BLYP, CAM-B3LYP, M06-L, M11-L, MN12-L,
B3LYP, PBEO, N12-SX, M06-2X, M11, MN12-SX, CAM-B3LYP, LC-wHPBE, wB97X-D, APFD, MN15
and MN15-L, we concluded that CAM-B3LYP provides the best outcome.

Keywords: KID protocol; Global Reactivity; Conceptual DFT; Kopmans’ Theorem; Mo—oxo
Complexes; Hydrogen production

1. Introduction

Molybdenum, a second-row transition metal, has become a promising candidate to synthesize
new catalysts. Specifically, the scientific literature revealed findings involving this metal in H,
production from water scission[1,2]. Karunadasa et al.[3] found a Mo-N-based metal-organic
compound whose molecular formula is given by [(PY;Me,)Mo(CF;S0;)]*, being PY;Me, the
pentadentate ligand 2,6-bis[1,1-bis(2-pyridil)ethyl]-pyridine.[4].

The global process is summarized by the following chemical reaction:

4+ +H0

[(PYsMep)Mo(CE;S03)] " —-5

[(PY5Me,)MoO)*" + H, (1)

These researchers experimentally confirmed that [(PYSMez)Mo(Hzo)]ZJr is able to turn water into
H, through a suggested catalytic cycle[3] where the [(PY;Me,)Mo(H)(OH)]" complex can release H,,
as a result the [(PY;Me,)MoO]* complex has the feature of capturing electrons through multiple steps,
leading to the aquo-Mo complex which makes it an electrocatalyst to release H, in neutral aqueous
media and seawater. Therefore the [(PY;Me,)MoO]" complex is the focus of our attention as Figure 1

depicts.
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Figure 1. [(PY;Me,)MoO]* complex.

The most recent investigation concerning compounds based on [(PYsMe,)MoO]* complexes
was aimed to analyze the electron-withdrawing and electron-donating nature of substituent groups
along with their locations at para—position of equatorial/axial pyridine rings in order to study its
influence on kinetics (AEY) and thermodynamics (AE®) of the molecular hydrogen release process. The
results revealed an opposite effect given by each type of substituent group depending on if located on
equatorial or axial pyridine rings[5]. Furthermore, a difference between electron-withdrawing or
electron—donating substituent groups at axial para-positions can be distinguished visually utilizing
the so—called dual descriptor better than spin—density[6].

An analysis of the global and local reactivity of Mo-oxo complexes as electrocatalysts is
mandatory to attain a deep understanding of the molecular hydrogen release process|[7,8]. Previous
theoretical studies focused on: the energy barrier, overall energy, substituent effect, explicit and
implicit solvent effect, along with the use of few local reactivity descriptors. All of them allowed
to gain more insights concerning this type of electrocatalyst[3,5,7]. However, all these theoretical
approaches have assumed none dependence of the density functional, i.e. up to now we assumed the
BP86 density functional is accurate enough to carry out these analyses. Karunadasa et al.[3] suggested
the use of BP86 owing its best performance to reproduce energetic values, which are the closest
to those obtained experimentally in agreement with electrochemical measurements. Nevertheless,
reactivity descriptors usually do not link in the same way, so being necessary to assess a representative
set of density functionals to unveil whether BP86 is still proper to evaluate reactivity or not in the
framework of the Conceptual-DFT (CDFT)[9,10]. Besides, this study is required because condensed
values of local reactivity descriptors implemented in some quantum chemical or post-SCF softwares
are based on the frontier molecular orbital approximation, meaning that HOMO and LUMO drive the
complete reactivity of a molecule. On the other hand, electronic chemical potential and molecular
hardness, the main two global reactivity descriptors coming from the CDFT, are usually computed
according to the Koopmans’ theorem.

In the present work, we used the KID procedure proposed by Glossman-Mitnik ef al.[11-14] where
a set of indexes called | quantify deviations when using the Koopmans’ theorem. In order to quantify a
suitable density functional to be used in computing global reactivity descriptors and since the number
of available density functionals is too large as to perform an analysis functional by functional[15-17],
we analyzed 18 density functionals spread in the first four rungs of Jacob’s ladder. It is worthwhile to
mention this is an alternative procedure to validate the application of the Koopmans’ theorem different
that one proposed by Bellafont et al.[18] where the biding energies assess the validity of the Koopmans’
theorem.
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Figure 2. Reactant (R), transition state (TS) and product (P) in the key step that releases molecular
hydrogen. The [(PY;Me,)MoO]* complex is produced and corresponds to the system under analysis
in the present work.

2. Theoretical Background

The review of the results obtained in the study was aimed at confirming the fulfillment of
the KID (Koopmans in DFT) protocol on an open-shell system. On doing it previously, several
descriptors associated with the results that the HOMO and LUMO calculations obtained are related
with results coming from the vertical first ionization potential (I) and vertical first electron affinity
(A) following the ASCF procedure, where SCF refers to the Self-Consistent Field technique. There
is a connection between the three key descriptors and the simplest conformity to the theorem of
Koopmans by connecting ey to —I, €1 to —A, and their actions by defining the HOMO-LUMO gap

Jr = len + Egs(N = 1) — Egs(N)], Ja = |er + Egs(N) — Egs(N +1)|, and Jur = y/J1* + ] 4> Tt should
be noticed that the [4 descriptor consists of an approximation which is only valid if the HOMO
of the radical anion (the SOMO in the system with N + 1 electrons) resembles the LUMO of the
neutral system, then the use of J4 makes sense while LUMO tending to SOMO. For this reason,
another descriptor |A SL| has been designed [11-14], to help in the verification of the accuracy of
the approximation. Notice that a A SL — 0 does not guarantee the fulfillment of the Koopmans’s
theorem, |A SL| is a control parameter for the J4 so discarding a possible J4 = 0 which could be
just a coincidence when |A SL| # 0. In molecules like mirabamides [19] |A SL| < 0.03; however, we
cannot expect similar magnitudes when dealing with metal-organic or organometallic molecules as
the Mo-oxo complex analyzed in the present work; in consequence, this article marks a precedent in
the use of the KID protocol on open—shell metal-transition complexes.

It should be noticed that if the HOMO of the radical anion (the SOMO in the system with N + 1
electrons) resembles the LUMO of the neutral system, then J4 descriptor is a valid approximation,
hence the use of |4 makes sense while LUMO tending to SOMO. To sum up, the lower the | values,
the more suitable the Koopman'’s theorem application is. Since | = 0 is a too hard condition to meet,
then we propose a | threshold value equals 0.5 to select the most proper density—functional; while
|A SL| is expected to be so small as possible.

The Koopmans’ theorem[20] should be applied only within the context of the Hartree-Fock’s
theory and not DFT. Nevertheless, Toro-Labbé and Zevallos demonstrated that electronic chemical
potential, y = —0.5(I + A), and molecular hardness, 7 = I — A, based on Kohn-Sham's frontier
molecular orbitals yield the same trends given by the same global reactivity descriptors based on
frontier molecular orbitals of the Hartree-Fock theory[21]. The exact physical meaning could assign
to the Kohn-Sham HOMO using the "Kohn-Sham analog of Koopmans’ theorem in the Hartree-Fock
theory", meaning that the Kohn-Sham HOMO approximately equals the opposite of the first vertical
ionization potential, —I[22]. The Janak’s theorem[23] backs up this statement.
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3. Results
All results are quoted in Table 1.
Table 1. HOMO, LUMO and SOMO orbital energies, HOMO-LUMO gap and the KID descriptors (all

in eV) tested in the verification of the Koopmans-like behavior of the CAM-B3LYP density functional
for the Mo complex. The (1) and (2) represent the 6-31+G(d,p) and 6-311+G(d,p) basis sets, respectively.

DF HOMO LUMO SOMO H-LGap Jd) JA)  JHL) |ASL]
GGA
BP86(1) -5.9076  -5.6475  -2.5396 0.2601 1.682 1574 2304 3.108
BP86(2) 59764 -5.7160  -2.6020 0.2604 1.683 1581 2309 3.114
B97-D(1) -5.7128  -5.4589  -2.3418 0.2539 1.681 1594 2316 3.117
B97-D(2) -5.7773  -5.5187  -2.3968 0.2544 1.681 1.600 2321 3.122
BLYP(1) -5.6227  -53680  -2.2825 0.2547 1.679 1559 2291 3.086
BLYP(2) -5.6883  -5.4338  -2.3402 0.2544 1.681 1567 2298  3.094
MGGA
MO6-L(1) -5.6491  -5.2896  -2.2444 0.3595 1.637 1541 2249 3.045
MO6-L(2) -5.7223  -5.3604  -2.3081 0.3619 1.639 15550 2256  3.052
M11-L(1) -6.0358 -5.7389  -2.6145 0.2969 1.673 1.622 2330 3.124
M11-L(2) -6.0526  -5.7661 -2.66664 0.2865 1.681 1.608 2327 3.100
MN12-L(1) -5.6472  -5.1800  -2.2300 0.4672 1.596 1.489 2182 2950
MN12-L(2) -5.7114  -5.2379  -2.2844 0.4735 1.593 1499 2187 2954
MN15-L(1) -5.7296  -5.3419  -2.2977 0.3878 1.635 1587 2279  3.044
MN15-L(2) -5.7767  -5.3876  -2.3883 0.3891 1.636 1570 2268 2999
HGGA
B3LYP(1) -6.0349  -4.6744  -2.5356 1.3606 1181 1.072 1595 2139
B3LYP(2) -6.1035  -4.7302  -2.5932 1.3734 1181 1.070 1594 2137
PBEO(1) -6.1593  -4.5125  -2.5856 1.6468 1.045 0980 1433 1927
PBEO(2) -6.2271  -4.5623  -2.6420 1.6648 1.043 0976 1.428 1.927
N12-SX(1) -5.7255  -4.8172  -2.2134 0.9083 1398 1308 1914 2.604
N12-5X(2) -5.8034 -4.8733  -2.2735 0.9301 1.397 1305 1912 2599
HMGGA
MO06-2X(1) -6.5944  -3.5590  -3.3315 3.0354 0309 0320 0445 0.228
MO06-2X(2) -6.7261  -3.5927  -3.4975 3.1334 0.266 0.291 0.395 0.095
M11(1) -8.1338  -2.6079  -3.4509 5.5258 1.245 0.657 1.247 0.843
M11(2) -7.4763  -2.5905  -4.0619 4.8858 0576 0.619 0.845 1471

MN12-SX(1) -5.8638  -4.9659  -2.4105 0.8979 1395 1272 1.888 2555
MN12-5X(2) -5.9438  -5.0224  -2.4727 0.9214 1.391 1274 1.887 2550

MN15(1) -6.3324 44099 -2.8713 1.9225 0498 0.675 0.839  1.539
MN15(2) -6.6140  -4.0357  -2.9636 2.5783 0.621 0554 0.832 1.072
LC-DFT

CAM-B3LYP(1) -7.0524 -3.5710 -3.8414 3.4814 0.168 0276  0.323  0.271
CAM-B3LYP(2) -6.8780 -3.4014 -3.1005 3.4765 0148 0198 0.247 0.301
LC-wHPBE(1) -7.6899 -3.4948 -4.3163 4.1952 0975 1786 2.034 0.822
LC-wHPBE(2)  -7.8494 -2.4667 -4.4371 5.3827 0.787 0.676  1.038 1.970
wB97X-D(1) -7.2608  -2.7369  -3.5043 4.5239 0390 0339 0517 0.767
wB97X-D(2) -7.3297  -2.7815  -3.5620 4.5481 0397 0349 0528 0.780
APFD(1) -6.1740  -4.6172  -2.6188 1.5568 1101 0997 1485 1998
APFD(2) -6.2418  -4.6700  -2.6768 1.5717 1.099 0993 1481 1993
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4. Discussion

First of all, we must focus our attention on the |A SL| value because it permits us to discard or
accept the application of the KID protocol according to J(HL) values for a certain density functional.
Then we can define a threshold value for |A SL|, e.g., 1.0 so that all those density functionals resulting
in [ASL| > 1.0 should be discarded because, in such cases, J4 values make no sense since each one
indicates that LUMO differs from SOMO as established by the threshold aforementioned. Even so, we
included in discussion all obtained values since this is the first time that this protocol being applied on
a transition—metal complex of the open-shell type.

The GGA density functionals (DF) present the highest deviations from the Koopmans’
theorem with 2.298 < J(HL) < 2.321 along with the average values of (J(HL))) = 2.304 and
(J(HL))() = 2309 where (1) and (2) represent the 6-31+G(d,p) and 6-311+G(d,p) basis sets,
respectively. Additionally this performance becomes worse when the size of basis set increases. The
BLYP is the best DF in this set with the 6-31+G(d,p) basis set for non metal atoms.

The MGGA set of DF also shows similar deviations from the Koopmans’ theorem since that
2.182 < J(HL) < 2.330 and the average values of ( J(HL)) ) = 2260 and ( J(HL)) ) = 2.260. Besides
we observe that the increase of the basis set size do not improve the performance of the Koopmans’
theorem. The 6-311+G(d,p) basis set for non metal atoms only favor the J(I) when using MN12-L,
but in general the best DF in the MGGA set is MN12-L along when using the 6-31+G(d,p) basis
set for non metal atoms. The HGGA set of DF shows us a more significant improvement because
1428 < J(HL) < 1.914 and the average values of ( J(HL)) 1) = 1.647 and ( J(HL)) ) = 1.645, being
the PBEQ the best DF with the 6-311+G(d,p) basis set for non metal atoms.The HMGGA set of DF
presents a better performance in the use of the Koopmans’ theorem when comparing with the MGGA
set because 0.395 < J(HL) < 1.888 and (J(HL)) 1y = 1.105and (J(HL)) () = 0.990, where M06-2X is
the best DF along with the 6-311+G(d,p) basis set.

The noticeable improvement comes from the LC-DFT set because 0.247 < J(HL) < 2.034 and
(J(HL))(1y = 0.958 and ( J(HL)) (o) = 0.604, being the CAM-B3LYP not only the best DF in this set,
but also in all sets considered in the present study. One explanation could be based on the construction
of this functional: On the one hand, CAM-B3LYP is composed of 0.19 Hartree-Fock (HF) plus 0.81
Becke 1988 (B88) exchange interaction at short-range. On other hand, it has 0.65 HF plus 0.35 B88 at
long-range and finally the standard error function describes the intermediate region. As we observe,
this result is related to the presence of an amount of HF exchange interaction, but not with the inclusion
of dispersion terms since CAM-B3LYP has not them in its mathematical formulation. Evidence that
favors this claim is detected through the remarkable difference between MN15 and MN15-L, clearly
the inclusion of Hartree—Fock exchange improves the performance of | indexes. All those density
functionals lack of HF exchange (0%) lead to worse | values: BP86, B97-D, BLYP, M06-L, M11-L,
MN12-L, MN15-L. After including the HF exchange, | values improve as: B3LYP (20%), wB97X-D
(22.2%), PBEO (25%), N12-SX (25%), MN12-SX (25%), M11 (42.8%), MN15 (44%), and M06-2X (54%).
Notice that we also included results coming from the use of the APFD density functional having a 23%
of HF exchange; it shows us better results than given by DFs lacking HF exchange, but similar that is
offered by density-functionals of the HGGA-type.

d0i:10.20944/preprints202007.0742.v1
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However, the improvement in the performance of the Koopmans’ theorem by a density functional
must be constrained the split of the interelectronic Coulomb operator into a short-range part and a
long-range part, having the latter a more percentage of HF exchange. Now the focus of our attention
should be paid on the those density functionals including this separation of the interelectronic
Coulomb operator and weighting the HF exchange at short- and long-range. In the case of MN11
we have 42.8% (short-range) and 11% X (long-range); CAM-B3LYP, 19% (short-range) and 65%
(long-range); LC-wHPBE, 0% (short-range) and 40% (long-range); and wB97X-D, 22.2% (short-range)
and 100% (long-range). The LC-wHPBE presents the worst performance among the LC-DFT set
of density functionals due to its lacking of short-range HF exchange (J(HL) = 2.034 with the
6-31+G(d,p) basis set and J(HL) = 1.038 with the 6-311+G(d,p) basis set). When one increases the basis
set, the performance of LC-wHPBE worsens since that despite being J(HL) = 1.038, the |A SL| = 1.970.

Additional evidence supporting the use of the CAM-B3LYP density functional that has to do
with the HOMO-LUMO gap comes from the benchmark study performed by Tecmer et al.[24] Since
Time-Dependent DFT (TD-DFT) results in excited states that sometimes appear lower in energy
when compared against the reference state, they applied TD-DFT with the following set of density
functionals: LDA, PBE, BLYP, B3LYP, PBEO, M06, M06-L, M06-2X, CAM-B3LYP. Vertical excitation
energies obtained were compared with reference data obtained using accurate wave-function theory
(WFT) methods for the electronic spectrum of the UO,?*. As a result, they found that CAM-B3LYP
was able to produce the best agreement in comparison to coupled-cluster data, thus revealing the
importance of proper inclusion of HF exchange as offered by a hybrid functional like CAM-B3LYP
in transition-metal compounds. In fact, for the CAM-B3LP functional, |[ASL| = 0.301, implies that
SOMO differs from LUMO by about less than 9%, so that the variation from |A SL| = 0.271 up to
|A SL| = 0.301 when changing the basis set from 6-31+G(d,p) to 6-311+G(d,p) is not significant.

Finally, as |A SL| indicates, GGA, MGGA, and HMGGA density functionals cannot be used to
apply global reactivity descriptors coming from the Conceptual DFT when the Koopmans’ theorem is
applied. The reader should have in mind that the use of the Koopmans’ theorem allows one to obtain
values of global or even local reactivity descriptors because a fast analysis of reactivity through the use
of global descriptors of the CDFT is carried out firstly through of the Koopmans’ theorem. Then |
indexes provide us quantitative criteria to validate whether the Koopmans’ theorem is suitable to be
used within this context or not.

5. Settings and Computational Methods

We used the Gaussian(09[25] suite of programs for 16 density functionals excepting MN15 and
MN15-L that were employed through the use of the Gaussian16[26] quantum chemistry package. The
following exchange—correlation functionals[15-17] were used:

GGA-type: BP86, B97-D (D meaning thus an addition of molecular mechanic dispersion
corrections), and BLYP.

MGGA-type: M06-L, M11-L, and MN12-L (non-separable gradient approximation).
HGGA-type: B3LYP, PBEO, and N12-5X (range-separated hybrid).
HMGGA-type: M06-2X, M11, and MN12-SX (range-separated hybrid).

LC-DFT-type: CAM-B3LYP, LC-wHPBE, wB97X-D (range-separated hybrid), MN15, and MN15-L.

d0i:10.20944/preprints202007.0742.v1
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Exclusively of Gaussian: APFD (Austin-Frisch-Petersson functional with dispersion)[27]

Besides we included the effective core potential MWB28[28-31] for metal center and the
standard Gaussian-type orbitals 6-31+G(d,p) and 6-311+G(d,p)[32-35,35-37] basis sets for N, C, O,
and H atoms. For each level of theory, we performed geometrical optimizations on the molecular
system with its original number of electrons (N). Afterward, each optimized geometry was used
in single—point calculations with N +1 and N — 1 electrons in order to compute the vertical first
ionization potential (I) and the vertical first electron affinity (A). Finally, we compared couples I
and A against couples HOMO and LUMO energies through the use of the | indexes. We carried out
harmonic vibrational frequencies analyses to confirm the obtained structures correspond to minima on
the Born-Oppenheimer surface: we did not find imaginary frequencies on the N-electron geometrical
optimized structure for each used density functional.

6. Conclusions

Nowadays, there are more than 200 density functionals available to execute quantum chemical
calculations. Depending upon the goal established by users, certain functionals are more appropriate
than others to execute quantum chemical calculations. In the context of Conceptual DFT, the choice
of a density functional sometimes is an issue of personal preference based on specific criteria that
could have nothing to do with the analysis of molecules reactivity. In this work, we have applied
the KID (Koopmans’ in DFT) procedure on an open-shell metal-organic cation complex for the first
time to decide the best density functional from the Koopmans’ theorem point of view to use reactivity
descriptors from the Conceptual DFT. From the set of density functionals we selected, the best one
corresponds to CAM-B3LYP, thus discarding the use of BP86 to perform any analysis concerning
reactivity and selectivity through the use of Conceptual-Density-Functional Theory. An energetic
difference as 9% between SOMO and LUMO is acceptable to validate the applied criterion given by the
KID protocol. Since this is not the only transition metal complex to be analyzed, the next calculations
will involve more based-Mo complexes participating in the catalytic cycle that supports the mechanism
explaining the molecular hydrogen release. Alike, a similar analysis will be performed on the reactant
and transition state from the chemical reaction given by Figure 2. Another reason for using the KID
protocol is based on the fact that some programs of Quantum Chemistry use the Frontier Molecular
Orbital Approximation to compute values of local reactivity descriptors. That means that HOMO
and LUMO energies are not only input data to compute global reactivity through global reactivity
descriptors as chemical potential and molecular hardness[9,10], but also Fukui functions[9,10] and
dual descriptor[38-40] employ the squares of HOMO and LUMO as a first approximation to reveal the
most susceptible sites to undergo nucleophilic and electrophilic sites of molecules.
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Abbreviations

The following abbreviations are used in this manuscript:

SCF Self-Consistent Field

DFT Density—Functional Theory

CDFT Conceptual Density-Functional Theory

KID Koopmans in DFT

HOMO Highest Occupied Molecular Orbital

SOMO Singly Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

GGA Generalized Gradient Approximation

MGGA Meta-GGA

HGGA Hybrid-GGA

HMGGA Hybrid-Meta-GGA

LC-DFT Long-range Corrected DFT

BP86 Becke 1988 exchange functional and Perdew 1986 correlation functional
B97-D Becke functional with Grimme’s D2 Dispersion scheme

BYLP Becke exchange functional and Lee, Yang and Parr correlation functional
MO06-L Meta 2006 Local functional

M11-L Meta 2011 Local functional

MN12-L Meta Nonseparable 2012 Local functional

MN15-L Meta Nonseparable 2015 Local functional

B3LYP Becke, 3—parameter, Lee?Yang?Parr) exchange-correlation functional
PBEO Perdew-Burke-Ernzerhof functional with the full PBE correlation energy
N12-SX Nonseparable 2012 Screened-eXchange functional

M06-2X Hybrid Meta 2006 functional including a 54% of HF eXchange

M11 Hybrid Meta 2011 functional

MN12-SX Meta-N12-SX

MN15 Hybrid Meta 2015 functional

CAM-B3LYP  Coulomb-Attenuating Method—-B3LYP functional

LC-wHPBE  Long-range Corrected Perdew-Burke-Ernzerhof functional

wB97X-D Becke 1997 eXchange functional with Grimme’s D2 Dispersion scheme
APFD Austin-Frisch—Petersson functional with Dispersion

Appendix A How to obtain the LC-wHPBE density functional in Gaussian 09.

Since the LC—wHPBE is absent in Gaussian 09, the use of internal Options provided by this suite of
programs allows one to use that density functional as follows:

#p LC-wPBE/6-31G(d,p) Int=(Grid=Ultrafine, Acc2E=12) IOp(3/74=33909) Opt
I0p(3/76=1000010000)

10p(3/107=0400000000,3 /108=0400000000) 'mu/omega exact and DFT
I0p(3/119=1000000000,3/120=10000) !beta, exact and DFT coefficient
I0p(3/130=-1,3/131=-1) !alpha, Full range coeff, exact DFTX

It will provide the equivalent of the LC-wHPBE density functional.

I0p(3/74=33909) replace the functional, but having LC—wPBE sets up the required structure for the
LC treatment of a hybrid functional. The user has to bear in mind that the IOp structure is not
passed between multi-step jobs. So if a frequency calculation is required, a second job step must
be performed repeating the IOps and without using the Opt Freq, but only Freq. Notice that the
integration thresholds which are used with G16 must be specified in Gaussian 09. Omitting these
specifications in the integrations will provide energies that will not match Gaussian 16 results, even
obtaining the LC—wHPBE density functional.
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