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An algorithm for computation of density-functional-based orbital reactivity indices, such as orbitally resolved
hardness and softness tensors, total hardness and softness, and the Fukui indices, has been extended for system:
with degenerate electronic states and implemented in the deMon computer code. The method treats explicitly
degenerate orbitals, thus avoiding spurious numerical errors in hardness tensor computations. Benchmark
calculations for a series of small molecules and some larger, highly degenerate systems reveal good
computational performance and numerical stability. The influence of the choice of auxiliary basis functions

on the results is also examined and discussed. The predicted orbital and total reactivity index values are
found to be insensitive to the applied exchange-correlation functionals. Applications of the orbital Fukui
indices to a series of (4+ 2) w-electron h]-annulenes show the possibility of rationalizing the reactivity of
individual molecular orbital contributions.

Introduction description of the applications of the reactivity indices in physics
. ~and chemistry can be found in a monograph of Peafson.
_ The concepts of reactivity theory, the so-called “reactivity  |n the present study, we focus our attention on a numerical
indices”, have been proven to be important predictive tools in jmplementation of the algorithhthat uses fractional occupation
analyzing chemical interactions and reactions. In the early stagenumbers of KS orbitals to compute hardness tensor elements,
of this theory, Pearsdnintroduced the quantities electronic  from which softness tensor elements, total hardness, total
hardness 7) and softness ) in his hard-soft acid-base  gsoftness, and orbital Fukui indices can be obtained. We
(HSAB) principle, which states “hard likes hard and soft likes communicate also an efficient extension of the algorithm to
soft”. The species are classified as soft (hard) if their valence systems with degenerate states that allows spurious entries in
electrons are easy (hard) to polarize or to remove, and thehardness tensors to be avoided. The algorithm has been
relationship between hardness or softness and the chemicalmplemented in the deMon-2008ode. Although the scheme
reactivity was given through the HSAB principle. In the for computing the reactivity indices based on the orbitally
development of the reactivity theory, Fukui has proposed the resolved hardness tensor (ORHT), first proposed withj#®X
use of the density of the frontier orbitals (highest occupied and then within DFT has been already successfully applied to
molecular orbital (HOMO) and lowest unoccupied molecular various chemical reactivity task&;18 it was not yet fully
orbital (LUMO)) in order to evaluate the reactivity of a system numerically optimized and implemented in a way to allow
toward electron donation and acceptance. A rigorous theoreticalroutine computations.
basis to those qualitative concepts was given by Parr and co- The paper is organized in the following way. A brief outline
workers? and they were identified within the framework of of the computational approach is presented in the first section.
density-functional theory (DFT) as various energy derivatives Then, the numerical implementation is described, giving atten-
with respect to the total number of electrord).(Thus, the tion to the extension of the method to degenerate orbitals.
hardness is defined as the second derivative of the K&tam Further, we have addressed the question about the numerical
(KS) energy to the density at fixed external potential and the stability of the hardness and Fukui index values against the
softness is the inverse of the hardness. Further, the hardnesghagnitude of the occupation number perturbatian)( employ-
and softness are derived in their local versimince they are ing several combinations of exchange-correlation functionals
functions of the positions. They measure the local response atand auxiliary basis sets. Benchmark results are presented and
a given point inside the molecular region to a global external discussed. In the last section, the possibility of treating aromatic
perturbation. Thus, it became possible to assign numbers to theSystems is illustrated by exploring Fukui indices and total
reactivity indices computed from first principles and to exploit hardness on a series ofn(4- 2) z-electronDn, [n]-annulenes.
these values to rationalize a wide range of chemical interactions,-l—heory
ranging from the atomic and molecular reactiénsyrface

adsorption processésand nanoscale objectsAn exhaustive In this section, we briefly recall the most important formulas

in the reactivity theory and the orbitally resolved hardness tensor
(ORHT) computational scheme. A detailed description of the

:g&”gﬁgﬁ”ﬁgﬁi ;‘r‘]‘qth%rf- SECIrgg'c'e ’("Bigg‘;a@bas'bg- ORHT method within DFT can be found elsewhété?
*TUgDresden. Y ' The chemical potentialy) and the total hardnesg) are
8 E-mail: thomas.heine@chemie.tu-dresden.de. defined within DFT as the first and second derivative, respec-
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tively, of the KS energy to the number of particles, at constant tensor elements, and they are related in the following way
external potential):
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Several approximations of varying accuracy have been f—
propose?°-22for the hardness and softness in their global and i ’72%
local definitions. One of the most widely applied formulas for J ®)
computing these quantities uses the three-point finite difference zfi =1
I

and expresses and » through the electron affinityA) and
ionization potential I(: . ) )
where the summations go over all orbitals or, with a valence-

_ l(l +A) electron approximation, over the number of valence orbitals
“ 2 (Nva). Hence, the dimension of the hardness tensor is the number
2 of treated orbitals. This general way of computing the hardness
n= 1‘(I _y\ could be further exploited in the future, for example, by
2 computing the hardness tensor for localized orbitals in the active

o . region of some large molecular or surface structures and hence
The latter formulas are usually further simplified using the reducing the computational cost significantly. The hardness

HOMO—-LUMO energies: u = —(eHomo + €Lumo) andy = tensor can be generalized to open-shell systems, using the spin
eLumMo — €Homo. These equations directly employ one-electron jngexesa andp:

change, although the exact definition demands an infinitesimal

change of the number of electrons. In the case of HGMO 9

LUMO approximations, only the frontier orbital densities are ni‘j‘ﬁ =_L

involved in the hardness computation. Moreover, KS orbitals anjﬁ

are different from the canonical molecular orbitals and the

hardness calculation as the HOMQUMO gap is not straight-  In the open-shell case, the summation in eq 1 runs ovand
forward. S valence orbitals, and the dimension of the hardness tensor is

The reactivity will be, however, largely determined by the the number of treated plus j orbitals.
response of all valence electrons and is governed by the whole The above outlined approach has been successfully applied
spectrum and not just the frontier orbit&lFo this aim, an  in the studies of maximum hardness princtpé®1> and the
algorithm to compute reactivity indices (total hardness and active sites in a series of electrophilic and nucleophilic
softness, orbital Fukui indices, and orbital softnesses) from the reactions:*-18
orbitally resolved hardness tensor has been proposed initially .
within X, formalismi® and generalized later in the framework ~Implementation
of DFT.? Computation of ORHT elements uses a fraction ofan | this section, we describe the implementation of orbital
electron in the_flnlte dlfferen_ce_ derivatives that are taken OVer hardness and softness in the deMon cb@ame features of
allyalence orbitals. A very similar protopol only forcomput|ng deMon, such as the use of an auxiliary density, make this
orbital hardness tensor elements was implemented in an oldefimplementation very efficient. However, as this implementation

version of deMon code by Grigorov et #llt is, however, of s general, it is straightforward to apply it to any other density-
practical interest to use these hardness tensor elements to obtaifynctional code.
the other local and global reactivity indices. In an initial single-point run, the “unperturbed” one-particle

The idea to study the orbital response to small charge energies ¢), the molecular orbital (MO) coefficients, and the
perturbation by means of the orbital energy derivative to the electron density of the system are computed. Then, the hardness
occupation number variation is given in the works of Neshev tensor ;) is calculated using the difference quotient of eq 1.
and Proynov? The computational scheme within DFT has  For this purpose, the finite perturbatiofrf) is subtracted from
been derived by using Janak’s theor&mhich defines the KS  the occupation numbenyj of theith orbital and self-consistent
one-electron orbital energyi_I as the first derivative of the t(_)tal field (SCF) computations are carried out as many times as the
KS energy to the occupation numbew)( analogously with  number of perturbed orbitals. As the initial density of this SCF
Slater’s proposal to use fractional occupatiéhEach element is very close to the perturbed one for smalh, only a few
in the hardness tensoyj| is then obtained as the first derivative  SCF cycles are necessary. The influence of the perturbation on

of € to the occupation numbenj. the result is discussed in the next section. The contribution of
5 the core orbitals to the hardness is generally small and not
_ P _ O _ - &y — An) — &(n) 3) important for chemical reactivity. In our implementation, the
T anon - any - An—o An, user can choose if the core orbitals are included in the
calculation.
The difference quotient of eq 1 with finitAn; can be easily Special attention is required for degenerate orbitals. If one
implemented to compute the hardness tenggy fumerically. of the degenerate orbitals is perturbed, orbital symmetry is

The computational procedure thus requires self-consistentdestroyed and usually convergence of the SCF is poor or even
calculations first for the ground-state energy and then for each fails. In addition, for two degenerate orbitals,and j', the

perturbed orbital with occupation = 1 — Anj andn; = 0 + hardness tensor elemenjg and 7 are equal; that is, equal
An;, for the occupied and virtual orbitals, respectively. rows/columns in the hardness tensor are produced and it cannot
The hardnessy), softness$), softness tensosy), and orbital be inverted. We fix this problem by perturbing degenerate

Fukui indices ) are now easily accessible from the hardness orbitals simultaneously. After determination of the degree of
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degeneracyl}) using a threshold (I® Hartree as the default),

all degenerate orbitals are perturbed/n/D. The factor 1D

is due to the simultaneous perturbation of the degenerate orbitals,
so that the resulting change of the occupation numbers for that
system remains aaAn. In this way, each set of degenerate
orbitals is accounted for only once in the hardness tensor and
the correspondingj values are directly multiplied by the degree

of degeneracyld). The latter can be easily seen, for instance,
in the case of two degenerate orbitajsapd j'), from the
following equation:

An 0 02 04 06 08
L U ey A &(n) An
77ij = 77ij’ = A“nnjo Anj for € = € T T T T T T T T
2 1 4;0—0——‘*. h
1
Using this technique, spurious entries are removed fhgm 1
which finally has the dimension of the number of nondegenerate 12+ G-OA2 7
orbitals. After degenerate orbitals are removed frgin the no} g_"éﬁi
reactivity indices can be computed following eq 2. The 10 | --e AD* .
implementation of open-shell hardness follows exactly the same L .= A3 ]
recipe and is straightforward. 8t o--s A4 i
Dependence of the Reactivity Indices on the Perturbation | , ) , ) ) ) ) |
(An) 0 0.2 0.4 0.6 0.8
An
We have deliberately chosen the hardness valygsa¢ Figure 1. Dependency of the hardness (in electronvolts) on the
benchmark for our implementation, singés obtained from;s perturbation An) for various auxiliary basis sets for the VWN functional

computations (eq 2) and in this way reflects the entire numerical Br g‘z ()()tlfzg) gng) ']:”: ,&bzotzgmg' OT)f;é ftin%t)iofn SAe;S (fg tgeo‘;\/lzgili?fig)sfare
i i i i , 0, , 3, 0) for A2; (5, 0, , 4, 0) for A3; (8, 0, , 7, 0) for
e e o e Iplmenlalon T 1 (3.2, 01 2,2) o K2 32 03,9 o A, and 140
P P .y P ’ e . (5, 5, 5) for A4*, for H/F atoms, respectively. The nomenclature gives
of halide acids, KO, H;S, and NH are reported as well. As it the number of (s, spd, spdfg) sets.

follows from eq 1, the accuracy of the hardness tensor elements

and the consecutive reactivity indices;,(g§, S andf;) will is approximated with the finite difference. Indeed, all computa-
essentially depend on the accuracy of the KS one-electrontions except the A2 computation ogldhow such a linear region,
energies. On the contrary, the amount of perturbatiam) (vill going from large to smalhn values. For smalleAn, numerical

contribute to the numerical precision of the one-electron energy problems in the difference quotient start to be important, and
values. For this reason, we have examined the numerical stabilitynumerical stability is lost. These numerical difficulties can be
of the hardness values versis, first, employing the local spin-  due to either an incomplete auxiliary basis, as in the case of
density exchange-correlation approximation of Vosko, Wilk, and A2 for Hs, or numerical difficulties due to an overdetermined
Nusaif® (VWN) and setting the energy convergence tolerance auxiliary basis, as in the case of A3* and A4* for HF. However,
equal to 102 Hartree. The orbital basis functions used in these if a (linear) extrapolation in the linear regiongfAn) is carried
computations are of double (DZVP)- and triple (TZVP)- out, the resulting hardness is found to be nearly independent of
quality 2® while for fitting the density auxiliary basis sets of the employed auxiliary basis. We have made similar observa-
various qualities were considered. (Auxiliaries are generated tions for other numerical parameters, for instance, SCF tolerance
automatically, using the strategy of Godbout efatpvering and grid quality.
the space of the orbital basis functions used in the calculation. The hardness values and Fukui indic&3 {or a series of
The auxiliaries with polarization functions (denoted with an benchmark molecules using the VWN, BP88, and PBE func-
asterisk) are an extension to the standard A2, A3, and A4 basistionals are collected in Tables 1 and 2, respectively. The
set. They split the space into three regions (compared to two in computations were carried out again for the s@neange used
the standard), the first with only s orbitals, the second with spd in the cases of Fland HF. The main result is thatandf, are
orbitals, and the third with spdfg orbitals, with each set of nearly independent of the functional used, which is in contradic-
orbitals sharing the same exponent.) Additional test computa-tion to other approximations of the reactivity indices that
tions were performed for two gradient-corrected approximations explicitly use virtual orbitals. Only for molecules with a small
(GGAs): (1) Perdew’s 1986 for correlatitfrand Becke’s 1988 hardness, like naphthalene, small differences between the local
GGA for exchangé! referred to as BP88, and (2) Perdew  density approximation (LDA) and the GGA are found. The use
Burke—Ernzerhof's 1996 exchange-correlation functioffal, of TZVP bases at the LDA level of theory did not yield
referred to as PBE, employing DZVP bases. significantly different values for the hardness (Table 1) and
In Figure 1, the dependence pfn the perturbationAn) is Fukui indices (Table 2). Hence, it is also advantageous
studied for H and HF molecules. In this study, we include six concerning computing time to write orbitally resolved reactivity
sets of auxiliary functions to represent the auxiliary density. indices within DFT.
For clarity, we discuss only the results obtained with the VWN  The last aromatic molecules presented in Table 1 were chosen
functional. The hardness is linearly dependent on the finite because they contain a high number of degenerate orbitals, thus
perturbation An), as follows directly from eq 1, where the being an appropriate test for the numerical stability of our
partial first-order derivative for each hardness tensor elementtechnique to treat degeneracy. For these molecules, the con-
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TABLE 1: Hardness (5, in eV) at Various Levels of DFT

for Benchmark Molecules, Using the DZVP and TZVP Basis
Sets (TZVP is Not Available for | and Br)?° and A2
Auxiliaries (See Texty
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TABLE 3: Hardness of Dy, [n]-Annulenes from the ORHT
Method (), Hardness from the HOMO—LUMO Difference
(mu-L), in eV, and Orbital Fukui Indices for Some Selected
- and ¢-Orbitals of (4n + 2) [n]-Annulenes, Computed
Using the PBE Exchange-Correlation Functional, the DZVP

system VWN BP88 PBE VWN_exptl Basis Set, and A2 Auxiliaries (See Text)
HF 14.10 (10.28) 14.20(10.15) 14.14 (10.65) 13.17 11.0 system £ f
HCl 9.38(8.17) 9.30(7.84)  9.36 (7.87) 9.06 8.0 Yy ML M x i
HBr 8.08 (7.26) 7.94(6.27)  7.92(6.74) CsHst  9.09 3.06 0.051(8) —0.421(4)
HI 7.20(6.44)  7.16(6.17)  7.16 (6.23) 5.3 CiH2t 481 260 0.027 (11) —0.383 (5)
H.0 11.58(8.51) 11.54(8.36) 11.56(8.41) 11.04 95 CHsZ~ 359 252 —0.039 (13) —0.334 (5)
H.S 8.18 (7.68) 8.12 (7.64) 8.14 (7.682) 8.56 6.2 0.118 (14+ 15) 0.262 (6+ 7)
NH;3 10.20 (7.33) 10.20(7.47) 10.06 (7.52) 954 82 CsHs™ 5.55 2.46 —0.094 (16) —0.555 (6)
benzene 1.96 (5.57) 2.30(5.48)  2.30 (5.66) 2.28 0.096 (17+ 18) 0.142 (7+ 8)
naphthalene 1.22 (4.18) 1.82 (4.14) 1.78 (4.15) 1.75 CeHe 5.12 2.30 —0.328 (17) —0.36 (7)
aGeometries have been optimized at the same levels of thedhe N 0.003 (20+ 21) —0.04 (8+9)
experimental hardness values are taken from ref 7. Note that the CiHy 429 224 -0.134(20) —0.623(8)
experimental hardness is obtained from the measured ionization CHZ 339 210 :8822 (g:l% 24) :833(2) (g+ 10)
potential and electron affinityp(= 1/2( — A)). In parentheses are srie ’ ’ 0'044 (263!- 27 0'150 (12)+ 1
reported the hardness values (in electronvolts) coming from the CHZ 415 1.90 _0 680 (gg) ) :0'151 E9) )
calculated IP and AE values. For IP and AE, SCF computations at the ~& : : 0.053 (264 27)  —0.215 (10+ 11
same levels of theory have been performed. _0'115 %28—% 293 —0'185 ElZ—i— 133
CioHio  3.29 120 0.437(27) 1.573 (11)

TABLE 2: Fukui Indices for the o-Orbitals of HF, HCI,

HBr, HI, H ,0, H,S, and NH;, Using the VWN, BP88, and
PBE Exchange-Correlation Functionals and the DZVP Basis
Set and the VWN Exchange-Correlation Functional and the
TZVP Basis Set

system HF HCI HBr HI HO H.S NH;
fo° 058 078 082 074 1.03 1.03 0.52
fot 065 082 085 076 114 115 054
fod 065 082 08 076 113 115 0.5
f° 057 0381 090 1.07 0.60

a All the computations were carried out employing A2 auxiliaries
(see text). Geometries have been optimized at the same levels of theory
b The VWN exchange-correlation functional and the DZVP basis set.
¢The BP88 exchange-correlation functional and the DZVP basis set.
dThe PBE exchange-correlation functional and the DZVP basis set.
¢The VWN exchange-correlation functional and the TZVP basis set.

vergence criteria were difficult to satisfy when higher perturba-
tion (An > 0.03) was considered. The latter is not surprising
because the system stability is determined in general by the
eigenvalues of the matrix whose elements are energy derivative
of second order (Hessian) with respect to the coordinates or to
the occupation numbet§that is, in our case, the eigenvalues
of the hardness matrix. Naphthalene is less stable compared
for example, to halide acids, whose orbital reactivity index

values were obtained to be almost not sensitive to the magnitude

of An (vide supra). This also demonstrates the advantage of
the proposed methodology, which can deal with rather small
perturbations.

The experimental data for are reported in Table 1 as well.

—0.118 (30+31)  1.006 (12+ 13)
—0.800 (34+ 35) —1.370 (14+ 15)

a|n parentheses, the numbers of orbitaddl sw-orbitals and the
isolobalo-orbitals—are given (for further details, see ref 35). Geometries
have been optimized at the same levels of theory.

reported in Table 1 the hardness values obtained as half of the
difference between the ionization potentials (IPs) and electron
affinities (EAS) (eq 2), as well. For this purpose, IPs and AEs
were calculated employing the SCF procedure for the corre-
sponding neutral and charged molecules. The observed good
agreement between the experimental and theoretical date reveals
the known fact that DFT is able to reproduce well the
experimental ionization potentials and electron affinities.

To conclude this section, we emphasize that the absolute
values of the reactivity indices do not provide any physical
information. The reactivity index numbers can provide knowl-
edge only if a particular chemical behavior for a set of
compounds is studied. Therefore, we believe it is of great

Smportance to ensure a stable numerical algorithm for computing

global and local reactivity indices, taking into account the
response of all orbitals in the system rather than comparing their
values coming from different working definitions.

Reactivity Indices of Aromatic Molecules

Aromatic molecules have a special reactivity, and molecular
reactivity is considered as one of the categories defining
aromaticity?233-35 Since aromaticity describes compounds that

Note that there is no direct way to measure hardness or softnessare energetically stabilized due to the presence of cyclic

The experimental hardness is the difference between the
measured ionization potential and the electron affififihis
means the operational definition gf(eq 2) has been used to
obtain the experimental hardness, while oprvalues are
computed from another approximation that is closer to the exact
hardness definition of eq 1. Therefore, only the relative trends

delocalized electron®; 37 it is expected that aromatic com-
pounds can be characterized by their relatively large hardness
values. The latter is in general associated with higher stability,
or lower reactivity, as is aromatic stabilization. Although the
attempts to correlate hardness with aromaticity date from the
late 1960s, the relationship of hardness and aromaticity was

can be compared. As is known, the hardness and other reactivityneither fully exploited? nor extended to the involvement of the

index numbers are expected from the chemical evidér{tg:
water is harder than hydrogen sulfide and ammoniac; (2) the
hardness of the halide acids is in the order HFHCI > HBr

> HI, as follows from the classification of the hardoft
compoundg;and (3) the smalledt value of HF correlates well
with the anomalous behavior of hydrofluoric acid, which is a
weak acid, whereas HCI, HI, and HBr are strong acids. To
provide direct comparison with the experimental data, we have

Fukui functions.

We discuss below the orbitally resolved total hardness and
Fukui indices ofo- and m-orbitals belonging to @ + 2)
m-electron systems that are listed in Table 3. The HOMO
LUMO total hardnessiy-L) is also given because this is one
of the most applied approximations in the reactivity-based
description of aromaticity®42 The total hardness from the
ORHT method is inversely dependent on the number of active
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orbitals that constitute the hardness tensor. Therefovalues two mores-orbitals are occupied. Ody values indicate these
for the (4 + 2) [n]-annulenes decrease with an increasing two frontier MOs are nonreactive.
number of electrons. The same is true for HOMIQJMO gaps,
which decrease in Hikel theory with increasing ring size. This ~ Summary
trend is generally true, as also other indices of aromaticity ap efficient algorithm for the computation of density-
correlate reciprocally with the ring siZé:* Special cases in  fynctional-based orbital reactivity indices, such as the orbitally
the series oftjl-annulenes are ions with the same ring topology yesolved hardness and softness tensors, total hardness and
but different numbers of electrons. The series of annulenes gpfiness, and Fukui indices, is proposed and implemented in
contain two species with the same number of vertices but athe deMon-2003 code. The theory accounts for all valence
different number ofr-electrons: GH4**/C4H4*~ and GHg**/ orbitals in the computations of the hardness, thus allowing direct
CgHg”". In both cases, Hkel theory gives a degenerate orbital and relatively easy computations of the local reactivity indices
which has zero energy and is hence neither bonding nor as well. The algorithm automatically treats degenerate orbitals.
antibonding (the LUMO in the cationic species and the HOMO The good computational performance of the algorithm is
in the anionic species). Therefore, the aromatic stabilization of jjlustrated for a series of small molecules and some large, highly
both systems should be rather similar. This is exactly what we degenerate systems as well. The numerical stability is tested
find within the ORHT: the molecular hardness of these species for a set of 10 different values of the occupation number
differs by <5%. On the other hand, it is obvious that-, fails perturbations, ranging fromin = 0.000k to An = 0.8e. The
to describe the reactivity of these molecules: the LUMO of influence of the basis set and the choice of auxiliary basis
the cation is the HOMO of the anion, and hence, the HOMO  functions to fit the density in the deMon code on the numbers
LUMO gap is computed between different orbitals foiHz2"/ is also examined and discussed. The approach is found to be
C4H4%~ and GHg?t/CgHg?, respectively. insensitive to the applied exchange-correlation functionals.
The ORHT hardness decreases monotonically with increasing  The relationship between the reactivity-based concepts and
ring size and number of-electrons, which is comparable with ~aromaticity is illustrated for a series ofr{4- 2) [n]-annulenes.
experimental observations and not reflected in #fe. ap- The orbital Fukui indices correctly attribute low reactivity to
proximation. The ORHT approach gives the possibility of the isonodalo- and sw-molecular orbitals in the aromatic
overcoming the size dependency of the total hardness, includingc@mpounds, ranging froms8i5™ to CyoHio. The high degree
local reactivity properties, for example, the Fukui indices, in ©Of delocalization of the lowest-energyorbitals in GHg*~ and
the description and interpretation of aromaticity. CioHio is indicated by the largefi, values for these MOs. The
As the Fukui indices are directly proportional to the orbital low reactivity of those aromatic compounds is most probably

> . . due to the frontier sets of degenerateorbitals, for which
softness, a lowervalue indicates a harder, more localized orbital - .
: ) . . .negativef, values have been obtained.
and vice versa. Orbitals that are characterized by negative Fukui L . o N
indices are considered as nonreactive. having an opposite Further applications of this fully optimized numerical imple-
i Y PP mentation toward reactivity study of various problems can be

behav_|or with res_pect to the other MO.S of the molecule toward easily performed with relatively small computational costs and
a particular reactioft Usually, aromatic systems are known as human resources

species that “try to leave their-electrons unchanged2®The

results in Table 3 reveal that most of theandf, values are Acknowledgment. The German Academic Exchange Ser-
negative or near zero, thus indicating these orbitals are nonre-yice (Deutscher Akademischer Austauschdienst, DAAD) is
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