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Abstract A general and comprehensive molecular orbital
method for the investigation of the electronic relaxation con-
tribution to redox processes is presented. This method is
based on the population analysis of the molecular orbitals of
the final electronic state in terms of the occupied and unoc-
cupied molecular orbitals of the Koopmans’ state. The DFT
calculations for oxidation and reduction of transition-metal
species indicate a dramatic magnitude of electronic relaxa-
tion in these systems. The passive molecular orbitals play a
more significant role in electronic relaxation than the redox-
active molecular orbital that directly participates in the redox
process. The mechanism of electronic relaxation in the oxida-
tion of Fe!" and Cu' species varies from the ligand to metal 3d
charge transfer (LMCT) interactions to the ligand to metal
4s,4p LMCT. For systems with significant electronic delo-
calization, electronic relaxation becomes smaller leading to
much smaller contributions to the redox processes.
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1 Introduction

Molecular orbital (MO) methods have always had a promi-
nent role in the framework of computational chemistry and
have permitted the development of many well-known pack-
ages to determine the electronic structure with increasing
accuracy. MO methods at the density-functional theory
(DFT) level have become particularly useful for molecular
systems containing transition metal atoms. The wave func-
tions thus obtained, however, require additional analysis for
understanding the nature of electronic changes in chemical
systems.

Recently we have developed the AOMix-CDA program
[1-3] which can be used for a large number of MO analysis
applications. These include Frenking’s charge decomposi-
tion analysis (CDA) [4] and an extension of the method, the
extended charge decomposition analysis (ECDA) [2]. The
typical application of CDA and ECDA is the analysis of orbi-
tal interactions (via, for example, fragment orbital interaction
diagrams) [1,5] and the evaluation of donation and back-
donation in molecular complexes [1,2,5]. In AOMix-CDA,
the original two-fragment, closed-shell implementation [4]
of CDA has been extended to closed- and open-shell sys-
tems with multiple, closed- and open-shell fragments and
ferro- and anti-ferromagnetic spin-coupling schemes.

In both CDA and ECDA, the MOs of a complex are
described as the linear combinations of the occupied and
unoccupied MOs of the non-interacting molecular fragments
[fragment molecular orbitals (FOs)]:

NF
M0 =" cuith? (1
k a

where N F' is the number of fragments.
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Scheme 1 Molecular-orbital description of the ionization process of
the closed-shell species. In this process, an electron is removed from
the redox-active molecular orbital (the RAMO) of the initial electronic
state. The molecular orbitals of the initial and final electronic states are
shown in gray and black, respectively. The vertical ionization energy
(I Ev) is a difference between the Koopmans’ ionization energy (/ Ex)
and the relaxation energy (Eyx)

In the absence of the charge transfer (CT) and electronic
polarization (PL) interactions between the fragments [6,7],
the occupied and unoccupied MOs (OMOs and UMOs) of
the complex are described as the linear combinations of the
occupied FOs (OFOs) and the linear combinations of the
unoccupied FOs (UFOs), respectively:

NF

MO =" cuidi°. @)
k a
N

F
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k

In the presence of the CT and PL interactions, the magnitudes
of the CT and PL effects are directly linked to the configu-

ration interaction vector amplitudes of interfragment single
excitations and intrafragment single excitations, respectively.

Electronic relaxation (also referred in the literature as
orbital relaxation) is the change in electronic structure as
a response to oxidation or reduction (Scheme 1). The large
electronic relaxation can make significant contributions to
the thermodynamics and kinetics of electron transfer [8—11].
This phenomenon can be evaluated using photoelectron spec-
troscopy (PES) via the intensity of CT satellite features in
PES spectra [8] and using MO calculations via the analy-
sis of the electron density redistribution after oxidation or
reduction.

Recently, the detailed analysis of electronic relaxation has
been performed for oxidation of [FeCls]?~ and [Fe(SR)4]2_
using photoelectron spectroscopy and VBCI and DFT calcu-
lations [8—11]. The [Fe(Scys)4]2’/1’ site is the simplest of
iron—sulfur active sites found in electron transfer (ET) pro-
teins, and the corresponding redox couple involves the Fe!ll
(oxidized) and Fe!! (reduced) high-spin states. It has been
shown that valence ionization of the [Fe''L4]*~ complexes
results in dramatic charge donation from the ligands to com-
pensate for the creation of a valence hole in the 3d shell of
the Fe'l ion. As a result, a simple one-electron representa-
tion of the ionization process as a removal of an electron from
the redox-active molecular orbital (the RAMO, Scheme 1)
is insufficient and, in order to correctly describe the process,
electronic relaxation (Scheme 2) that redistributes electron
density back from the ligands to the metal atom must be
included in the description. One of the important conclu-
sions from this study was that a dominant contribution to
electronic relaxation in the high-spin d® — d° complexes
comes from the passive B-spin MOs, i.e., orbitals that are not
directly involved in the ionization process (Scheme 1). These

Scheme 2 Analysis of the
electronic relaxation process
after the ionization from the
B-spin HOMO (dashed red
area) using the contributions
from the occupied MOs (OMOs,
shown in blue), the RAMO
(shown in red) and the other
unoccupied MOs (UMO, shown

a-UMOs

B-UMOs

in pink) of the Koopmans’ state
as the basis. The population of

I RAMO I

the unoccupied RAMO when

a-MO Relaxatior>

going from the Koopmans’ state

[
[ B-MO Relaxatior> :
I
v

to the final state is presented by
a red dashed arrow

a-OMOs

———————— b |

B-OMOs

Koopmans' State
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account for a major portion of electronic density redistribu-
tion when going from the Koopmans’ state generated from
the ferrous state and the ferric final state [8]. As aresult, it has
been proposed that the metal-ligand covalency is an impor-
tant determinant of the magnitude of electronic relaxation in
transition metal complexes.

In this study, we develop a general method of the MO anal-
ysis of electronic relaxation in molecular systems (both inor-
ganic and organic) and determine the contributions of active
and passive - and S-spin orbitals (including the RAMO
itself) and hole-delocalization to this process.

2 Method

In this study, the - and B-spin MOs of the final redox state
(Scheme 1) are presented as linear combinations of the a-
and B-spin MOs of the initial electronic state:

#;' (final) = ch‘iq&g‘ (initial) )

¢! (final) = > ¢ ¢/ (initial) (5)

The algorithm for these transformations has been earlier
described [2] but, for the analysis of electronic relaxation, the
reference state is not the sum of fragment orbitals as in ordi-
nary CDA or ECDA calculations but another electronic state
of the same molecule, the Koopmans’ state. This state has
the same MO set as the initial electronic state except that the
RAMO has a different occupancy (one electron in the initial
state and zero in the Koopmans’ state for oxidation and zero
in the initial state and one electron in the Koopmans’ state
for reduction). The coefficients ¢7; and caﬁl. in Eqs. (4) and
(5) can be converted to the changes in MO populations using
the standard Mulliken scheme [12]. This allows direct eval-
uation of the changes in the electronic structure between the
Koopmans’ state and the relaxed final state in terms of con-
tributions of individual spin-orbitals, groups of spin-orbitals
(- and B-spin MO blocks) and, if symmetry is present, MO
symmetry groups via changes in their occupancies.

The MO occupancy analysis for electron relaxation can
be presented graphically (Scheme 2) using the oxidation of
Cu! species as an example. Ionization of an electron from
the RAMO (which is the 8-spin HOMO for this example)
creates a hole and shifts this orbital from a block of the 8-
spin occupied molecular orbitals (8-OMOs) to a block of the
B-spin unoccupied molecular orbitals (8-UMOs). Since the
OMOs of the initial electronic state (Cu') and the total elec-
tron distribution they produce are no longer optimal (in the
self-consistent-field (SCF) sense) for the new redox
state, the system undergoes electronic reorganization by par-
tially populating some UMOs (including the RAMO) and

de-populating some OMOs (this process is analogous to CT
and PL interactions that change the electron distribution for
a molecule with interacting fragments (Scheme 1 in Ref.
[2]) and represented by arrows in Scheme 2); thus producing
changes in the electronic distribution that lead to the relaxed
final state.

Electronic relaxation energy is obtained as a difference in
the electronic energies of the Koopmans’ state (Scheme 1)
in which the electronic density is a sum of the one-electron
densities derived from the «- and B-spin MOs of the initial
electronic state, Eq. (6),

pKoopmans — Z n;_x (¢;x (initial)) 2
+> nl'(¢/ (initia)) ’ ©6)

(where n? and nlﬁ are the - and B-spin MO occupations in

the Koopmans’ state), and the relaxed final electronic state
(FS):

Enx = Exs — EFfs @)

3 Computational details

Density functional theory (DFT) calculations have been
performed using the Gaussian 03 program [13]. The spin-
unrestricted method was employed to model the open-shell
species and, where necessary, for the closed-shell species. In
all other calculations, the spin-restricted method was
employed. Wave function stability calculations were per-
formed to confirm that the calculated wave functions cor-
responded to the electronic ground state.

Orbital and fragment populations, spin densities and MO
compositions were calculated using Mulliken population
analysis (MPA) [12] using the AOMix program [14,15]. The
analysis of the MO compositions of the final relaxed state in
terms of MOs of the reference, Koopmans’ state (Eqgs. (4)-
(5)) was performed using the AOMix-CDA program [1,2]
which can be used with almost all widely used quantum
chemistry programs (ADF [16], GAMESS, Gaussian [13],
Hyperchem [17], Jaguar [18], MOPAC [19], Q-Chem [20],
Spartan [21], Turbomole [22], ZINDO [23]). Mayer bond
orders [24,25] were calculated using the AOMix-L
program [1].

The species analyzed were anthracene_'0’+(C 14H10),
[Ru(NH3)2C12(qui)]_’O’+ where bqdi is the o-benzoqui-
nonediimine ligand [5], [Cu(tpz)(L)]_’O where tzp is the tris
(1-pyrazolyl)hydroborate ligand [1] and L is F~, OCgF5 and
SCgFy , 49-atom QM model [26] of the plastocyanin blue
copper site (PCu) derived from our early PCu study [27],
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the 30-atom model ([Cu}(SCH3)>(imz),]%") and 51-atom
model (with the axial ligands) of the Cup site [28], high-
spin [Fe(SCH3)4]>~!~ and [FeCl]?> !~ [8]. The structures
of all species were optimized using the B3LYP exchange-
correlation (XC) functional [29] with the basis sets listed in
Table 1 except those of the [Fe(SCH3)4]2_ and [FeCly]*~
ions which were taken directly from Ref. [8]. The MOs of
these latter two species were calculated using the same XC
functional (BP86 [30,31]) as in the original study. Note that
the extent of metal-ligand covalency is dependent on the XC
functional used. The hybrid XC functionals (such as B3LYP)
with the Hartree-Fock (HF) exchange added give the less
covalent bonding description [32]. For the high-spin ferric
compounds pure GGA functionals such as BP86 were found
to give agreement with experimental data [8].

Table 1 Description of the computational models

4 Results and analysis

The results of the electronic relaxation calculations are sum-
marized in Tables 2 and 3. Table 2 contains the data related
to the ionization of the species, whereas Table 3 refers to
the reduction of the species. The 100% change in occupan-
cies of the occupied and unoccupied MOs of the initial elec-
tronic state corresponds to a complete transfer of one electron
from the occupied MO block to the unoccupied MO block
(Scheme 2).

4.1 Tonization of high-spin ferrous species

The oxidation of the high-spin ferrous [FellL4]>~ species
removes an electron from the RAMO which is a metal

Species Symmetry DFT model

XC functional Basis set @
[Cu(tpz)(F)] C, B3LYP TZVP [37] for all atoms
[Cu(tpz)(OCeF5)] Cy B3LYP TZVP for all atoms
[Cu(tpz)(SCeFs5)] Cs B3LYP TZVP for all atoms
PCu A B3LYP TZVP for all atoms
[Cur (SCH3)2(imz);] C; B3LYP TZVP for Cu and S, 6-31G* other atoms
Cup A B3LYP TZVP for Cu and S, 6-31G* other atoms
[Ru(NH3)2Cl (bgdi)] Coy B3LYP DZVP [38] for Ru and TZVP for other atoms
[Fe(SCH3)4]2* Sy BP86 TZVP for all atoms
[FeCl4]%~ Doy BP86 TZVP for all atoms
Anthracene D»y, B3LYP TZVP for all atoms

4 All calculations were performed with pure (not Cartesian) d basis functions

Table 2 Electronic relaxation energies and the changes of the MO occupancies between the Koopmans’ state and the relaxed final electronic state

after the ionization

Species Eqx (eV) Change of occupancies (%)* of

RAMOQP a-MOs B-MOs
[Cul(tpz) (F)]~ 5.40 Ba’l19 7.0 (2’ 4.7,a” 2.3) 7.3 (a’4.1,a” 3.2)
[Cul(tpz) (OC4Fs)] 4.72 pav49 5.2(a’2.6,a”2)5) 8.4 (a’2.2,a”6.2)
[Cul(tpz)(SCsF5)]~ 3.01 Ba’0.6 49 (a’2.3,a”2.6) 3.8(a’1.9,a”1.9)
PCu! 2.22¢ B 23 4.5 54
[Cué(SCH3)2(imZ)2] d 1.65 Ba, 0.1 3.0 (ag 1.5, a4 1.5) 2.4 (ag 1.3,a,1.1)
Cup © 2.03 Bal3 35 2.9
[Ru'' (NH3),Cl, (bqdi)] 2.37 Bayl.2 9.8 (a1 1.8, 20.5, b16.9, b20.6) 5.2 (arl.5,a21.3,b;1.9,b,0.4)
[Fe'l(SCH3)41>~ 5.28 Bb1.0 2.8(04,b1.4,e1.0) 48.0(a254,b4.5,¢e18.1)
[Fe'Cly 1>~ 5.70 Ba 119 1.8 (a1 0.3,22 0.1,b; 0.3,b 0.4,¢ 0.7) 23.8 (a1 12.1, a2 0.0, by 0.0, by 1.5,e 10.1)
Anthracene 0.52 B 0.0 1.5 1.1

2 The changes of occupancies of the MOs of different symmetry blocks are shown in parentheses. The changes in the active symmetry block (that

includes the RAMO) are shown in bold

Y These % changes correspond to the partial population of the RAMO
¢ The large PCu QM models give Ex up to 2.8eV

4 The 30-atom model of the Cup site

¢ The 51-atom model of the Cup site [28]
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Table 3 Electronic relaxation energies and the changes of the MO occupancies between the Koopmans’ state and the relaxed final electronic state

after the reduction

Species Ex (eV) Change of occupancies® (%) of
RAMOP «-MOs B-MOs
[Cu'(tpz) (F)] 478 Ba’0.1 8.2 (a’ 5.3,272.9) 8.2 (a’5.3,a” 2.9)
[Cul(tpz) (OCgFs5)] 3.43 Ba’0.6 6.4 (a°3.2,2”3.2) 6.4 (2’ 3.2,a” 3.2)
[Cu'l (tpz) (SCeFs)] 2.82 Ba’l.l 5.6 (a’ 2.6, 2" 3.0) 5.6 (2’ 2.6, a” 3.0)
[Cul®(SCH3)2(imz), ]+ © 1.91 Ba,03 3.4 (ag1.8,a,1.7) 3.4 (a,1.8, 2,1.7)
Cup ¢ 2.01 Ba0.3 3.7 3.7
[Ru'l(NH3),Cl, (bqdi)] 1.11 «b,0.0 1.8 (a10.8, 220.2, b10.4, by 0.3) 3.0 (a; 1.0,22 0.5,b; 1.1, by 0.4)
Anthracene 0.50 a 0.1 1.1 1.3

4 The % changes of occupancies of the MOs of different symmetry blocks are shown in parentheses. The changes in the active symmetry block

(that includes the RAMO) are shown in bold

b These % changes correspond to the partial de-population of the RAMO

¢ The 30-atom model of the Cup site
4 The 51-atom model of the Cuy site [28]

3d-based B-spin orbital (with b; symmetry and the 84% Fe,
16% Cl1 composition for the [Fe'lC14]%~ ion). The resultant
[Fe'"L4]~ species have an additional acceptor S-spin Fe 3d
orbital for covalent bonding with the ligands and the metal-
based acceptor orbitals («- and B-spin 4s and 4p orbitals and
B-spin 3d orbitals of Fe!l") at lower energy than the [Fe'L4]~
species, closer to the energies of the ligand-based donor orbi-
tals. This results in the more covalent metal-ligand bonds in
the ferric species and the considerable ligand-to-metal charge
transfer (LMCT) in the transition from the Koopmans’ ferric
state to the electronically relaxed ferric state. Although there
are quantitative differences in the relaxation processes of oxi-
dation of [Fe!'Cl4]%~ and [Fe'L4 12—, their overall behaviors
are similar. In both cases, the active symmetry block (the 8-
spin MO block that includes the RAMO) contributes little to
electronic relaxation (Table 2), and the major role for elec-
tronic relaxation and the stabilization of the oxidized state
belongs to passive B-spin MO block. The contribution of
the whole a-spin MO block (2-3% change in «-spin MO
occupancies, Table 2) is much less than the contribution of
the B-spin MO block (24-48%). This highlights that, for the
LMCT process in these species, the Fe 3d-L 3p interactions
are dominant but some contributions from Fe 4s,4p —-L 3p
interactions exist [8].

4.2 Tonization of copper(I) species

Upon oxidation of the Cu' complexes, an electron is removed
from the RAMO which is a metal 3d-based B-spin orbital, as
in the case of the ionization of the Fe!l complexes. Just like
in [Fel"L,]~, the contribution of the RAMO or the active
MO block to the relaxation process is fairly small (Table 2).
However, unlike the electronic relaxation in [Fel'L4]~, the
electronic relaxation in the Cu complexes involves larger con-
tributions from the passive «-spin MO block (Table 2). This

indicates that, for electronic relaxation in Cull species, the
Cu'' 4s,4p-ligand interactions have become more significant
than the Fe 4s,4p—ligand interactions in [Fell L)4]™.

To study the effects of metal-ligand covalency on
electronic relaxation in Cu complexes, the [Cu(tpz)(L)]
series (L = F~, OCgFy , SCgF5 ) was investigated (Fig. 1).
Removal of an electron from the RAMO leads to more cova-
lent Cu—L bonds and results in higher Cu—L bond orders in the
Koopmans’ state of these species relative to the reduced state
[CuI(th)(L)]_ (Table 4). For example, when going from
[Cu! (tpz)(F)]™ to the Koopmans’ state, the Cu—F bond order
increases from 0.54 to 0.72. This increase highlights the fact
that the RAMO is an anti-bonding orbital (Fig. 1) for the
Cu-L donor—acceptor bond and its de-population enhances
the Cu—ligand covalent bonding. The [Cu'l (tpz) (F)] complex
has the least covalent Cu-L bond, whereas the
[CuH(tpz) (SCgFs)] complex has the most covalent Cull-L
bond in the series as can be seen from the atomic spin densi-
ties, B-LUMO composition and Cu—L bond orders (Table 4).
The nature of the RAMO (Table 4, Fig. 1) changes from a
Cu 3dx2-—y> based orbital in [Cull (tpz)(F)] to a more delo-
calized Cu 3dyo—yo-L prr orbital in [Cu'!(tpz) (SC6Fs)]. As
a result, in going from [Cu(tpz)(F)] to [Cu(tpz) (OC¢F5)] to
[Cu(tpz) (SCgFs)], the electronic relaxation energy decreases
from 5.40to 4.72eV to 3.01 eV, respectively and the changes
in MO populations decrease from a total (¢- and B-MO
blocks) of 14.3% for [Cu(tpz)(F)] to 13.6% for
[Cu(tpz)(OCgFs)] to 8.7% for [Cu(tpz)(SCeFs)] (Table 2).
As can be seen from the analysis of electron populations of
the molecular fragments in the Koopmans’ state and the final
relaxed state (Table 4), the LMCT interactions that compen-
sate for the hole in the RAMO in [Cu! (tpz)(L)] involve both
the tpz and L ligands of the complex and, in most cases, the
LMCT tpz — Cu'! interactions with the net charge dona-
tion of 0.30-0.43 e~ (Table 5) are more significant than the
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70.6% Cu, 11.8% F

56.7% Cu, 12.6% O

C

48.7% Cu, 27.0% S

‘—\

D 25.2% each Cu, 20.2% each S

Fig. 1 B-Spin LUMO (the contour value is 0.03 a.u.) and its compo-
sition for the [Cu'(tpz)(L)] complexes (a L = F~, b L = OC¢F;,
¢ L = SC¢F5) and (d) the 30-atom Cus model

LMCT L — Cu'linteractions for which the net charge dona-
tion is 0.07-0.22 e-. This ligand donation to the Cu! orbi-
tals involves population of the - and B-spin 3d,4s,4p orbi-
tals [with 3d orbitals receiving ~50% of the donated charge
(Table 5)].

The plastocyanin blue copper site (PCu) with even more
covalent Cu-thiolate bond (where the Cu and Scys contri-
butions to the S-LUMO are from ~40% each of the two
atoms) [26,27] has an even smaller Ejx (Table 2). Thus, the

@ Springer

Cu-L bond covalency plays an important role in lowering
the electronic reorganization energy, and upon removal of
an electron the delocalized RAMO minimizes the change of
electronic structure between the Koopmans’ and the relaxed
final states.

This conclusion can be further evaluated by the compari-
son of electronic relaxation in the binuclear and mononuclear
Cu sites. The binuclear Cup site found both in cytochrome
¢ oxidase [33] and nitrous oxide reductase [34-36] func-
tions as an ET center in these proteins and has the dis-
torted Cuz (Sc¢ys)2 diamond core with a short Cu—Cu distance
(243 A) [28]. In its oxidized state, Cuyp is a class III mixed-
valence system (Cut!Cut!). The spin density is almost
equally distributed between two Cu and two Scys atoms,
and the B-spin LUMO very closely mirrors this description
(Fig. 1) [28]. Thus, the oxidation of the reduced Cup cluster
(with its Cut!Cu™! redox state) generates a mixed-valence
system that requires less electronic relaxation (Eyx =
1.7-2.0eV and the total changes in the MO occupancies are
only 5.4-6.4%) relative to the mononuclear Cu sites with
comparable Cu-L covalency (Table 2). The 30-atom QM
model of the Cup site without the copper axial ligands has
slightly smaller electronic relaxation than a more extended
51-atom model with the axial ligands (see Ref. [28] for the
description of these Cup models). This indicates a very weak
effect of the axial ligands of Cup on electronic relaxation.

4.3 Reduction of copper (II) species

The reduction of the copper (II) species is the reverse pro-
cess to the oxidation of the copper(I) species which we dis-
cussed previously. Since the nature of the RAMO for these
two processes is the same, all the observations about elec-
tronic relaxation that have been made for the oxidation of
the Cu' species (a significant role of the passive a-spin MOs
and the covalency/delocalization effects) also apply to the
reduction of the Cu'! species (Table 3). However, the data in
Tables 1 and 2 are not identical for two reasons. First, the
oxidation data (Table 2) refer to the Cu species in their opti-
mized reduced state geometries, whereas the reduction data
(Table 3) refer to the Cu species in their optimized oxidized—
redox state geometries. Second, since the Cu! complexes are
all closed-shell species, there is no spin polarization effect
arising from non-equal number of the «- and B-spin elec-
trons. Thus, the contributions to electronic relaxation from
the a- and B-spin MO blocks are equal to each other.

4.4 Oxidation of low-spin ruthenium(II) species

As aninteresting comparison to the oxidation of the high-spin
Fe!l with a d° electronic configuration, is the oxidation of a
low-spin Ru'!(d®) species. In the Ru species [Rul'(NH3),
Cly(bqdi)] [5], the RAMO is a metal 4d(tz¢)-based orbital
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Table 4 Electronic structure of the [Cu“(tpz)(L)] complexes at their optimized geometries, the Koopmans’ states after the ionization of

[Cul (tpz)(L)]~ and the corresponding final relaxed states

Species SD SD BO Composition of B-LUMO (%)
Cu L Cu-L Cu? L

[Cu'l (tpz) (F)] 0.693 0.117 0.78 70.6 (d 69.4) 11.8
Koopmans’ state 0.763 0.116 0.72 (0.54%) 76.3 (d 75.8) 11.6
Final relaxed state 0.644 0.139 0.80 66.8 (d 65.8) 13.3
[Cul(tpz) (OCgFs)] 0.560 0.282 0.90 56.7 (d55.4) 29.5
Koopmans’ state 0.703 0.203 0.70 (0.44%) 70.3 (d 69.4) 20.3
Final relaxed state 0.504 0.383 0.85 51.1(d 50.4) 38.5
[Cul(tpz) (SCsFs)] 0.472 0.378 1.20 48.7 (d 47.6) 39.0
Koopmans’ state 0.513 0.416 1.16 (0.76) 51.3(d 51.0) 41.6
Final relaxed state 0.437 0.460 1.18 44.9 (d 44.6) 45.7

Spin densities (SD), Mayer metal-ligand bond orders (BO) and the composition of the -spin LUMO in terms of contributions from the Cu atom

and the ligand L

2The Cu d orbital contributions to the S-spin LUMO are shown in parentheses

®The Cu'-L bond orders in the reduced complexes, [Cu! (tpz)(L)]™

Table 5 «- and B-spin electron populations of the Cu atom and its 3d shell, the tpz and L ligands after ionization of the [Cul (tpz)(L)]~ complexes

L Spin Cu? tpz L
KS FS AP KS FS AP KS FS AP
F o 14.32 14.51 0.19 55.84 55.67 —0.17 4.84 4.82 —0.02
d4.90 d5.00 do.10
B 13.56 13.87 0.31 55.71 55.45 —0.26 4.73 4.68 —0.05
d4.14 d4.35 do.21
OCgFs o 14.33 14.51 0.18 55.77 55.61 —0.16 44.90 44.88 —0.02
d4.92 d5.00 d0.08
B 13.63 14.01 0.38 55.67 55.50 —0.17 44.70 44.50 —0.20
d4.23 d4.49 d0.26
SCgFs o 14.40 14.58 0.18 55.76 55.63 —0.13 48.83 48.79 —0.04
d4.92 d5.00 d0.08
B 13.89 14.14 0.25
d4.41 d4.53 do.12 55.69 55.52 —0.17 48.41 48.33 —0.08

KS Koopmans’ state, FS final relaxed state, AP the difference in electron populations between the final state and the Koopmans’ state

4The contributions from all Cu orbitals and Cu 3d orbitals are shown

(with ~20% Cl1 3p contributions) with a; symmetry (the
HOMO of [Ru'!(NH3),Cl; (bqdi)], Fig. 2a). Removal of an
electron from this RAMO results in electronic relaxation of
2.37eV. Here, the passive a-spin MOs play a much more
important role (Table 2) than the passive S-spin MOs or
the RAMO (which changes its population by only 1% when
going from the Koopmans’ state to the final relaxed state).

4.5 Reduction of low-spin ruthenium(II) species

In the reduction of the [Ru'l(NH3),Cl, (bqdi)] complex, the
RAMO is an anti-bonding, ligand-based orbital with b; sym-
metry (the LUMO of [Ru'l(NH3),Cly(bqdi)], Fig. 2b). Its
composition is 65% m* LUMO of the bqdi ligand and 31%
HOMO of the metal fragment (Ru'l(NH3),Cl,). This com-
position of the LUMO reflects the back-donation from Ru!!
to the bqdi ligand in this complex [5]. The population of

this delocalized RAMO by an electron results in electronic
relaxation of 2.01 eV and fairly minimal changes in MO pop-
ulations (total of 4.8%) (Table 3). Since the extra electron
enters the a-spin MO block, the S-spin MO block is now
passive. The passive MO block is again more important than
the active MO block or the RAMO.

4.6 Oxidation and reduction of anthracene

Anthracene (C14Hjp) is a typical polycyclic aromatic mol-
ecule that consists of three fused benzene rings. Its HOMO
and LUMO are delocalized, non-degenerate 7 and 7 * orbi-
tals, respectively. These frontier MOs have 6—17% contribu-
tions from each of the 10 carbon atoms of anthracene while
the remaining 4 carbon atoms (at the ring joints) contribute
~1% each. As a result of this extensive delocalization, the
removal of an electron from the g-spin HOMO (Table 2) or
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Fig. 2 The HOMO (a) and the LUMO (b) of [Ru(NH3),Cl, (bqdi)]
(the orbital contour value is 0.03 a.u.)

the addition of an electron to of the «-spin LUMO (Table 3)
of anthracene require very little electronic relaxation of the
corresponding Koopmans’ states. The relaxation energies for
these processes are only ~0.50eV, and the total charges in
the MO populations are only 2.4-2.6%. The changes in the
RAMO occupancy during the relaxation process is 0.1% or
less. This indicates that this aromatic molecular system, after
oxidation or reduction, undergoes very minimal change as far
as the electronic distribution is concerned. This provides an
example where a simple one-electron representation of the
redox process as a removal/addition of an electron from/to
the RAMO is very close to valid and justifies (at least par-
tially) the concept of the “frozen orbital” ionization in these
cases.

5 Conclusions

This study prevents a molecular orbital method for the inves-
tigation of electronic structure contributions to the redox
properties of different sites. We have provided theoretical
data that indicate the dramatic influence of electronic relaxa-
tion on the redox properties of transition metal systems with
weaker covalent bonding. The details of the mechanism for
electronic relaxation depend on the electron configuration;
however the common feature for all molecular systems stud-
ied is that the passive molecular orbitals play a more signifi-
cant role relative to the RAMO that directly participates in
the redox process. For transition metal complexes, the mech-
anisms of hole/electron delocalization range from the domi-
nant ligand—metal 3d LMCT interactions and only a small

@ Springer

contribution from ligand—metal 4s,4p LMCT interactions
in the oxidation of ferrous species to a much more signifi-
cant ligand—metal 4s5,4p LMCT interactions in the oxidation
of copper(I) species. For systems with electronic delocaliza-
tion, electronic relaxation becomes less significant leading to
much smaller contributions for the redox processes in con-
jugated delocalized systems such as anthracene.
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