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ABSTRACT: The application of an effective electron Hamiltonian approach to the
description of the electronic structure of transition metal complexes with chemically active
ligands is analyzed. This approach is implemented in a computational code. The evolution
of the electronic structure along a path of isomerization of quadricyclane to norbornadiene
in the coordination sphere of Co-tetraphenylporphyrin is considered. In addition, the
electronic states of atomic oxygen coordinated to transition metal oxides and metal

porphyrins are studied.
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Introduction

T he transition metal compounds (TMCs) are
widely used as catalysts in many important
practical processes such as oxygenation, CO inser-
tion, and isomerization of hydrocarbons [1]. The
overall performance of catalysis can be limited by
different stages of the process like transport of
reagents and products or by the chemical transfor-
mation itself to be completed in the coordination
sphere of the transition metal atom. Even when dif-
fusion is the limiting stage in the overall process,
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a catalyst must interact with reactants in a way
that ensures the high rate of the chemical stage of
transformation of reactants to products, which is
a limiting step in the absense of catalyst. For that
reason the key problem in quantum chemical un-
derstanding of the TMC catalysis is disclosing the
factors controlling the form of the potential energy
surface (PES) of the reactants/products complex
with a catalyst (catalytic complex) compared to that
of free reactants.

The construction of the PES is a complicated
problem and the complications have a 2-fold ori-
gin. First, the TMC-based catalysts (CIMCs) are
usually rather large systems: this is true both for
solid-state heterogeneous catalysts, for enzymes,
and for their biomimetic models. Second, an essen-
tial feature of the electronic structure of the TMCs
(including CTMCs which comprise catalyst and re-
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actants/products molecules attached to the latter)
is the d shell which is usually believed to serve as
an electron donor or acceptor for the reactants [2].
Also, interactions between reactants and catalyst
can change not only charge but also the spin states
of both, getting around the spin conservation rules
restricting the reaction [3]. High correlation of elec-
trons in the d shell of the transition metal atom in
complexes leads to problems for self-consistent field
(SCF)-based methods when the latter are applied
to spin and symmetry properties of the ground
state of the TMCs as well as to d—d electron spec-
tra. The situation in CTMCs is even more compli-
cated since with these not only d electrons but also
electrons in the cleaving or forming bonds in the
reactants/products ligands must be treated by tak-
ing account of correlations. The density functional
theory-based methods have problems analogous to
those of other one-electron approaches. For exam-
ple, they predict the wrong ground state of nickel
oxide. Here the problem is not purely numerical,
but one of reproducing the qualitative features of
the electronic structure of the TMC. In addition,
strongly correlated calculations of the whole cat-
alytic system are not available even for one point of
the configuration space; the construction of the PESs
is really an incredible task. At the same time the
correlated description is necessary only for a small
part of the whole system, i.e., for the reaction center.
The situation is typical for applying hybrid meth-
ods when different parts of the system are described
with different levels of approximation (usually the
combination of quantum and molecular mechanical
approaches is used).

It is important to address not the purely com-
putational problem of describing TMC catalysis but
also the problem of “understanding” the latter. The
analogous reasons moved Ruedenberg [4] to for-
mulate a dichotomy between the high-precision
numerical calculation and clearness of the qual-
itative description. Indeed, to reach quantitative
accuracy we use model Hamiltonians as exact as
possible and try to solve the corresponding eigen-
value/eigenfunction problem as precisely as pos-
sible. This way sometimes leads us to numerical
exactness but very rarely to qualitative understand-
ing. On the other hand, understanding requires the
use of totally different tools, i.e., the phenomenolog-
ical Hamiltonians and approximate wave functions
related to them. The most renowned example of
a phenomenological Hamiltonian is, of course, the
Heisenberg Hamiltonian, which contains a single
parameter ], and almost no electrons—they are re-

placed by spins. An example somewhat closer to
our topic is the phenomenological Hamiltonian of
crystal field theory [5], which ignores all electrons
except those in the d shell and replaces all possi-
ble effects of the environment by several parameters
whose exact number depends on the symmetry of
the complex. Everyone knows that these phenom-
enological approaches may be easily questioned:
why the number of parameters is that; why their
numerical values are those, and so on. But nev-
ertheless, they do give insight into the nature of
phenomena.

It seems that this dichotomy cannot be overcome
except with the use of a method which in fact re-
solves the contradiction between the model (even ab
initio) and the phenomenological approach. That is
the effective Hamiltonian method. It is supposed to
bridge the gap between a model Hamiltonian which
is assumed to be exact (it may be the ab initio one
or not, but for the purpose at hand it is considered
as the exact one) and a phenomenological Hamil-
tonian reflecting the principal qualitative features
of the process or object under consideration. The
main features of the effective Hamiltonian approach
as applied to rationalization of the phenomenologi-
cal approaches are (1) a reduced number of electron
variables, (2) principal calculability of the parame-
ters, and (3) a form coinciding with that of the
phenomenological Hamiltonian.

This general scheme has been recently im-
plemented in the effective crystal field (ECF)
method [6], which represents the hybrid approach
for describing the electronic spectra of d-d exci-
tations in the TMCs. It exploits the group func-
tion formalism and the Léwdin partitioning method
to separate the electronic variables relevant to the
d shell and the ligands, respectively. It allows one
to take into account both the electron correlations
in the d shell and the Coulomb and resonance
interactions between the d shell and the ligands.
Calculations of a wide range of electronic spectra
of TMCs have shown that the ECF method allows
the description of the d—d transitions in satisfactory
agreement (within 1000 cm™!) with experimental
results [7-9]. At the same time there are essen-
tial restrictions imposed on the problems which
can be solved by the ECF method. They arise from
two features of the ECF approach: the electron cor-
relations in ligands are totally neglected and the
number of electrons in the d subsystem must be a
good quantum number (i.e., approximately integers
that coincide with the number of d electrons in the
corresponding free metal ion) to use the perturba-
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tion expansion in the effective Hamiltonian method
correctly. Obviously, such restrictions do not allow
use of the ECF method for description of catalytic
processes (or, more commonly, for processes ac-
companied by significant modifications in electronic
structure of ligands). The purpose of this work is to
parallel the derivation that led to the ECF method
to bridge the gap between the model and phe-
nomenological description of catalysis by transition
metal complexes and to bypass the difficulties cited
above. To do so we first describe a phenomenolog-
ical Hamiltonian relevant for description of cataly-
sis by TMCs [10-13]. According to Refs. [10-13]
the form of the phenomenological Hamiltonian is
the sum of the Hamiltonians for the components,
i.e., the reactants and catalyst and their interac-
tion:

H= Hreact + Hcat + Hint . (1)

The phenomenological Hamiltonian for the re-
actants must describe several electronic states
necessary to reproduce the transformation of the
reactants to the products. Actually the Hamiltonian
for reactants and that for the products is the same
Hamiltonian but for different values of nuclear
coordinates.

If the interaction between the catalyst and reac-
tants/products vanishes, the eigenfunction of the
total Hamiltonian becomes @, A ®F, and the
eigenvalues are simply sums of the eigenvalues of
the subsystem Hamiltonians:

E El t + Ecat’

reac

Ei‘eact <cbreact | Hreact | cDieact)' (2)
E]éat < cat ’ Heat ’ chat)

They have the same form as those for the free re-
actants/products but shifted by the corresponding
catalyst energies. When the interaction is turned on
the ground state of the catalytic complex, it becomes
a linear combination which is sometimes called an

“entangled” state [14]:
D (Ap*=1 @
ik

0
ZA q>leact A q)cat/
When the interaction is turned on, the electronic en-
ergy becomes

E= \IJO‘H“I’O Z(A?k)z react + Ecat)

+Y°) A?kAO,k/

ik 7K
x (@]

react

/\d>cat|Hmt|d> /\q>’;at) (4)

react

where the amplitudes of different basis product
states can be estimated. The perturbative estimate
for the amplitudes has the form

AOk <q)lreact A q)cat'HlntId)react A q)gat> (5)
! ((Ereact react) + (Ecat cat))

so that the phenomenological Hamiltonian de-
scribed above does its work: it gives a phenomeno-
logical description of transformation of reactants
coordinated by a catalyst. The estimate for the am-
plitudes in Eq. (5) allows us to establish correlations
between the physical properties of the free catalyst
and its activity, which from our point of view jus-
tifies the phenomenological approach to catalysis
proposed in Refs. [10-13]. The following sections
focus on construction of a hybrid approach, taking
into account equally the electron correlations in the
d-shell and some part of the ligands.

Method

The general way to derive an effective Hamil-
tonian for the partitioning interacting subsystems
of a complex system is to use a combination of
the McWeeny group function technique [15] and
the Lowdin partition technique [16]. Let H be the
Hamiltonian of the system consisting of two parts A
and B. Therefore, H can be represented as a sum of
the Hamiltonians for bare A and B subsystems and
the operator of interaction between subsystems:

H=H, + Hp + Vyp. (6)

The exact wave function V¥ is replaced by the an-
tisymmetrized product of the wave functions of its
components A and B: ®4 A ®p. The entanglement of
two subsystems is lost and to take it into account the
original ab initio Hamiltonian H is replaced by the
effective one (H) acting in the space of the prod-
uct functions &4 A ®p. The requirement imposed on
He is that its eigenvalues coincide with those of the
exact Hamiltonian H. Denoting the projection oper-
ator on the space of product functions &4 A ®p as
P and the complementary projection operator as Q
(=1 — P), one obtains that

Hf = PHP + PV 43QR(E)QV 43P, 7)
where the resolvent operator is
R(E) = (EQ - QHQ) ™. ®)

As is clear from analysis of the desirable fea-
tures of the phenomenological Hamiltonian given
in the Introduction the electron correlations must
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be covered in both the d shell and to some extent
in the ligands. The hybrid scheme assumes divi-
sion of the whole system into parts. The subsystem,
which requires a highly correlated quantum chem-
ical method, consists of the d shell of the transition
metal atom and of some electronic states of the lig-
ands. The ligand variables can be chosen in a unified
way.

Dividing a TMC in two subsystems, the d shell
and the ligands (the s and p orbitals of the tran-
sition metal atom are ascribed to the ligands), is
natural when the electronic structures of the ligands
is intact. This separation is implemented in the ECF
method, where the Hamiltonian is presented by a
sum of the bare Hamiltonians of the subsystems and
operators of Coulomb and resonance interaction be-
tween them:

H=H;+H + V. + Vg )

The effective Hamiltonian for the [ subsystem can
be approximated as a sum of the bare Hamiltonian
for the [ subsystem and the interaction of the ligands
with the Coulomb field induced by the d shell [6],

He = H) + tra(PaV,), (10)

where tr; denotes the summation over the d shell
variables and P is the one-electron density ma-
trix for the d subsystem. The transition from the
bare Hamiltonian for the ligands to the effective
one [Eq. (10)] leads to renormalization of transition
metal atom one-electron parameters:

ng
ugt = Uy + 53 > 8uis (11)
ned
where 1, is a number of electrons in the d shell of
the bare transition metal ion. The core charge of the
transition metal atom is also renormalized:

780 = Zpg — na. (12)

To describe the electronic structure of the ligand
subsystem the SCF approach was used within the
ECF formalism.

A common way to single out the one-electron
states of the ligands responsible for chemical trans-
formation is to select several highest occupied mole-
cular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) of the reactants. These
MOs are regarded as the r (reactive) subsystem. Ex-
amples of such MOs are given in the next section.
Procedures to select these MOs automatically or in
a special way are implemented as well.

The selection of the r subsystem leads to divid-
ing the model (ab initio) electronic Hamiltonian H,

which differs from that given by Eq. (9). The d shell
and r subsystem are now to be combined in the
(d @ r) subsystem for which electron correlations
must be taken into account as completely as possi-
ble. The rest of the TMC [(I © r) subsystem] is de-
scribed by a low-level (SCF-based) method. There-
fore, for these subsystems

H =Hje + Hier + V. + Vg, (13)

where V| and V} are the operators of Coulomb
and resonance interactions between the subsystems
(d@r) and (I&71). One may think that the operator V',
is that part of the intersubsystem interaction which
conserves the numbers of electrons in the respective
subsystems, whereas V} by contrast transfers elec-
trons from one subsystem to another. Two-electron
transfers which in principle appear in the Hamil-
tonian are not very large and we omit them here for
the sake of simplicity. The effective Hamiltonian for
the (d @ r) subsystem acting in the space of functions
with fixed numbers of electrons in both subsystems
is obtained by averaging the effective Hamiltonian
[Eq. (7)] over the wave function of the (I ©7) subsys-
tem,

HS = Hyor + (V. + Vig)iors (14)

where we introduce the operator coupling two one-
electron transfers between the subsystems:

Vig = PVRQ(EQ — QHoQ)'QVRP.  (15)

The operator P projects onto the subspace with a
fixed number of electrons in the (d ® r) and (I©7)
subsystems. The operator Hy is the part of the
Hamiltonian which is diagonal with respect to the
operators P and Q (or more precisely with respect to
the operator of the number of electrons in the sub-
systems):

Hy = Hyg, + Higr + V7. (16)

The resolvent contribution [Eq. (15)] depends on en-
ergy. This dependence is, however, weak and will
be omitted in our following considerations. It corre-
sponds to the second order of the operator form of
the Rayleigh-Schrédinger perturbation theory.

The effective Hamiltonian [Eq. (14)] depends on
the wave function of the (I © r) subsystem. We use
as an approximation that this subsystem is con-
structed from the MOs of the [ subsystem obtained
by the SCF procedure with the effective Hamil-
tonian [Eq. (10)] excluding those ascribed to the r
subsystem. The effective Hamiltonian for the (d @ r)
subsystem can be written as a sum of one-electron
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and two-electron contributions [17]:

Heff — H(l

der — “tder + H

dEBr (17)

Each of these contributions can be further subdi-
vided. The one-electron contribution is

1) (Dat,pup (1)ECF, v (L)res,ui
Hg, = > Hy" + 3 Hyg ™"+ ) T Hyg
ped n,ved },{,Ed
ier
s 1)dint, i
ST L ()
ier ijer

The Coulomb interaction of electrons occupying
d orbitals with core and electron density populating
in the s and p orbitals of a transition metal atom is

HillEBjt s Z d;md/w <udd + Pssgsd

+ Zpd ZPW), (19)

aep

where P, is the diagonal element of the density ma-
trix of the / subsystem [only for s and p orbitals of
the transition metal atom in Eq. (19)]. The next con-
tribution to Eq. (18) coincides with that of the ECF
induced by the ligands [6]:

(1)ECF,u1v
BT = S| P20V
2

2 :
-2 /3“],3\;]{ n]) An—}i'-“dH (20)
j

jeler

The expression in square brackets corresponds to
the Coulomb interaction of the d shell with the lig-
ands averaged over the wave function of the (/ © 1)
subsystem. Here V},, is the matrix element of this in-
teraction and P, is the electron density on the ligand
atom L due to electrons of the (I © r) subsystem. The
next contribution to Eq. (20) arises from resolvent
contribution [Eq. (15)]. B, is the corresponding res-
onance integral, 1; is the occupancy of the jth MO
(equal to 1 if the MO is doubly occupied and 0 oth-
erwise), and AE; and AEj; are the energies of the
one-electron transfer from the d shell to the jth MO
and vice versa.

The next contribution describes one-electron
transfers between the d shell and the orbitals active
in the chemical transformation. It changes the num-
ber of electrons in the d shell and in the r subsystem:

Hfil@rres i — ,B,U,i Z(d:[aria. —+ T’Z;d;,m')- (21)

The intra-r subsystem one-electron energy is

Hi = (61' — > (2 — Kij)) > ririe, (22)
jer o

where ¢; is the energy of the ith orbital in the r

subsystem and J;; and Kj; are the Coulomb and ex-

change integrals between the ith and jth MOs. The

last contribution to the one-electron part of the ef-

fective Hamiltonian is

1)dint,
H;e))rm A _ndel] Z VieTios (23)

where Gy;j is the matrix element (dd |if).
Two-electron contributions can be also further
subdivided:

(2) (2)nvpn (2)pnif
Hig, = 2 Hig"'+ > Hg,
uw,v,0,ned ued, ijer
@ikl
+ > Hg (@4
ijkler
where
3] 1
Hd@;;vpn = E(M‘)hor]) Zar d;t(rd;td ctvo,
(2)upij
HdEBr = IU] Z(f‘[ no MUrirrffl (25)
H(Z ikl Kl .
deor — 2(1]| )Zat z(rrktrlfr]"”

we use a standard notation for the Coulomb matrix
elements.

The number of one-electron states included in
the (d @ r) subsystem is relatively small (typically,
less than 10). This space size allows use of the full
configuration interaction method to solve the eigen-
problem for the effective Hamiltonian [Eq. (14)]. We
used unitary group analysis [18-20] to obtain the
weights of the spin-adapted configurations in the
ground and excited states of TMCs.

The energy of the combined system can be read-
ily determined using the wave functions of the
subsystems. Let us denote by Vg, the single deter-
minant wave function of the (I & r) subsystem and
by Wk, the kth eigenfunction of the effective Hamil-
tonian [Eq. (14)]. Then, the electronic energy of the
kth state of the combined system is approximated by

Ek = <\Ij§@r’Heff ’\y;(@r) + (\pler’Hler}\pler>/ (26)

dor
i.e,, the entanglement between subsystems leads to
the appearance of the effective operator average in
Eq. (26).

Results and Discussion

The method described in the previous section
is implemented in the program suite CATALYST.
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It is mainly directed to analysis of the electronic
structure of catalytic TMCs. In the present work
we describe some initial applications of the above
formalism to the description of the evolution of
electronic structure in a series of processes: the iso-
merization of quadricyclane to norbornadiene and
adsorption of atomic oxygen on the surfaces of tran-
sition metal oxides and metal porphyrines.

The isomerization reaction of quadricyclane to
norbornadiene is the re-arrangement of a four-
membered ring into two double bonds. Without
a catalyst this reaction is prohibited by symmetry
according to the Woodward-Hoffmann rules [21].
More precisely, the HOMO and LUMO (having the
b1 and b, symmetries, respectively) of quadricy-
clane and norbornadiene intersect in the course of
transformation. This reaction was studied experi-
mentally [22, 23]. It was observed that some metal
porphyrins are the catalysts of the isomerization of
quadricyclane to norbornadiene.

The experimental data for this reaction were in-
terpreted using the Mango-Schachtschneider (MS)
theory [24]. The MS theory predicts the catalytic ac-
tivity of Mn-phthalocyanine (Mn-pc) and inactivity
of Co-tetraphenylporphyrin (Co-tpp) in contradic-
tion with experiments [25]. The MS theory states
that the orbital symmetry can be preserved by trans-
fer of an electron pair from the HOMO of the
reagent to the unoccupied orbital of the TMC cat-
alyst of the same symmetry and, vice versa, of an
electron pair from the occupied orbital of the cat-
alyst to the LUMO of the reagent. The d,, and d,
orbitals of the Co-tpp (the ground state is doublet
2A1q) having the symmetry of intersecting MOs of
the reactants are fully occupied, leading to inac-
tivity of Co-tpp in this reaction according to MS
theory (but not by experiments). At the same time
in Mn-pc these orbitals can take part in the redis-
tribution of electrons between catalyst and reagents
but experiments reveal inactivity of Mn-pc in the
isomerization reaction of quadricyclane to norbor-
nadiene.

In other works [10, 11] another approach to analy-
sis of the catalytic activity of TMCs was proposed.
The catalytic activity of Co-tpp can be explained
by the entanglement of the complex ground state
2A; with the direct products of the *Ay, or By,
quartet states of Co-tpp and the 3A, triplet state of
the system quadricyclane-norbornadiene. This con-
tribution can be obtained from the excited states
of both the d shell of the catalyst and of the re-
actant. An interaction of these terms is ultimately

FIGURE 1. Scheme of quadricyclane adsorption on
the Co—porphyrin.

caused by one-electron transfers between the sub-
systems [10, 11].

This model can be quantified by using the
method described above. We studied the chemical
reaction path from quadricyclane to norbornadiene
in the coordination sphere of Co-tpp. The com-
plex with quadricyclane is schematically drawn in
Figure 1. The distance between the cobalt atom and
the center of the four-membered ring was fixed at
2.0 A. The intersecting MOs of the b; and b, symme-
try (which are HOMO and LUMO for quadricyclane
and norbornadiene) were included in the r subsys-
tem. The energies of excitation of the singlet ground
state 'A; to the triplet state A, approximately
equals 7 eV both for quadricyclane and norbor-
nadiene at their respective equilibrium geometries.
Close to the transition state the 'A; and 3A, terms
are almost degenerate. Our calculations have shown
that the ground state of the catalytic complex is the
doublet 2A;, which is mainly the direct product of
the ground states of the catalyst and reactants. The
overall weight of the states with charge transfer is
about 1% along the whole reaction path. The dou-
blet direct product of the low-lying quartet *Az, of
the Co-tpp and the 3A; triplet of the quadricyclane—
norbornadiene system contributes to the ground
state. When the equilibrium geometric structures of
quadricyclane and norbornadiene are under consid-
eration the weight of this state is negligably small.
At the same time, in the vicinity of reaction bar-
rier this doublet became the major admixture to the
leading ground state configuration. Its amplitude
exceeds 0.15. Therefore, the concept [10] loading the
important role upon the excited states of the cata-
lyst and reagents (and also the states with charge
transfer) for the catalytic activity of the Co-tpp is in
agreement with the numerical results obtained us-
ing the CATALYST package.

Oxygen is the most common oxidative agent. The
catalytic reactions of oxidation are extensively used
for detoxication of organic substances and of carbon
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oxide. The transition metal oxides or related materi-
als are widely used oxidation catalysts. The mech-
anism of oxidation on these catalysts is, however,
not well understood. At the same time it was shown
that the activation energy of the process of the oxi-
dation of dihydrogen is proportional to the oxygen
binding energy to the catalyst surface [26]. On the
basis of this dependence it was concluded [27] that
the rate-determining step in the surface oxidation of
Hz is

H; + Ogurt = Hy0,9 = H,O.

The direct interaction (without catalyst) between
free atomic oxygen and dihydrogen is prohibited
because the spin state of oxygen is triplet and the
spin state of dihydrogen is singlet. Therefore, one
may expect that the process under consideration
is going to be catalyzed if the state of the oxygen
atom under interaction with a catalyst changes to
singlet. The experimental studies of the state of the
adsorbed oxygen atoms is difficult because it is also
difficult to distinguish between the adsorbed oxy-
gen and that from the bulk of the oxide. In the
literature there exist only purely Coulomb estima-
tions [28] and the indirect experimental data [29]
for oxygen atoms on the NiO surface that predict
the contribution of the O~ form of the adsorbed
oxygen to be significant. Moreover, electron spin
resonance experiments manifest the formation of
the O*~ anion-radicals during adsorption of dioxy-
gen on oxide catalysts. It has been also concluded
that the adsorbed anion-radical O~ is highly reac-
tive in the oxidation of carbon oxide and dihydro-
gen [30, 31].

The program package CATALYST allows eluci-
dation of the state of oxygen atoms on the surface
of transition metal oxides (Fig. 2). The important
characteristic of the oxygen atom adsorbed is its
spin state. The method gives the amplitudes of
the configurations (characterized by their Young
tableaus) in the wave function for the combined sys-
tem (d shell and two orbitals of the oxygen atom).
When both oxygen orbitals are singly occupied the

FIGURE 2. Scheme of oxygen adsorption on the
surface of transition metal oxide.

state of the oxygen in the configuration cannot be
easily defined. Moreover, in this case one Young
tableau does not allow us to determine the weights
of singlet and triplet oxygen states. We must con-
sider two corresponding Young tableaus and solve
the system of two inhomogeneous linear equations.
The required subduction coefficients are taken from
Ref. [32]. The calculations were carried out using the
cluster model of the solid catalyst. Transition metal
oxide with the rock salt lattice type was modeled
by a cluster containing 125 ions (62 ions of transi-
tion metal and 63 ions of oxygen). The r subsystem
was constructed from singly occupied p, and p, or-
bitals directed parallel to the surface. The charge on
the adsorbed oxygen atom was determined as the
sum of electrons transferred from the d shell to the
r subsystems taken with corresponding calculated
weights for all configurations entering the ground
state of the catalytic complex. The varied character-
istics of the adsorption were the distance from the
oxygen adsorbed to the transition metal ion and the
distance from the transition metal ion to the sur-
face. The dependencies of the ground state spin on
these geometry parameters are plotted in the maps
(Figs. 3-5) for cobalt, nickel, and iron oxides (dotted
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A ad
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FIGURE 3. Spin states of the system O- - -CoO, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(Os)] of the adsorbed oxygen atom as
functions of distances r(O- - -Co) and r(Co-surface).
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FIGURE 4. Spin states of the system O. - -NiO, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(QOs)] of the adsorbed oxygen atom as
functions of distances r(O- - -Ni) and r(Ni-surface).

lines denote approximate borders between different
spin states).

For cobalt(Il) oxide this map is relatively simple.
The major part of the map (including large Co—Oags
distances) corresponds to the overall sextet state.
The main contribution to the ground state is the di-
rect product of the quartet state of the d shell (this
contribution naturally corresponds to the ground
state of the transition metal ion on the surface of
oxide) and the triplet state of atomic oxygen. The
weight of the ionic configurations with an electron
transferred from the d shell to oxygen increases with
decreasing the distance Co-O,gs. The total charge
on the oxygen atom is 0 for large r(Co—O,qs) and
reaches —0.42 for 1(Co-Oags) = 1.5 A and #(Co-
surface) = 0.0 A. The growth of the r(Co-surface)
to 0.3 A leads to an increase in the absolute charge
on the oxygen atom of merely 0.01. When r(Co-
O.gs) = 14 A the ground state of the catalytic
complex switches to quartet with a leading contri-
bution from the direct product of the doublet state
of the Co ion on the oxide surface and triplet state
of the oxygen atom. The charge on the oxygen atom
in this state is —0.46. The contribution from the con-

W(O-)=0.461 W(0r)=0.429 W(0-)=0.003
Q(0)=-0.492 Q(0)=-0.428 Q(0)=-0.003
W(0)=0.208 W(0)=0.210 W(0)=0.000
r(Fe-surf.)/ /
0,3 4
3
5
0243
1
+
5 +5 3 43
3 2 73 3 74
2
0,14
W(0-)=0.487
Q(0)=-0.531
W(0)=0.000
5
1
010 T T T T T T T T T 1
/,4 1,5 1,6\1,7 18 19 20 21 \2,2 23 24
r(Fe--0O)
W(0-)=0.459 W(0-)=0.490 W(0-)=0.048 W(0-)=0.012
Q(0)=-0.467 Q(0)=-0.509 Q(0)=-0.047 Q(0)=-0.011
W(0)=0.211 W(O )=0.236 W(0)=0.011 W(0_)=0.000

FIGURE 5. Spin states of the system O- - -FeO, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(Os)] of the adsorbed oxygen atom as
functions of distances r(O- - -Fe) and r(Fe-surface).

figurations with a singlet oxygen is negligibly small.
It can be stated that the value of r(Co-surface) is
not significant for defining the electronic state of ad-
sorbed oxygen atoms on the surface of cobalt oxide.

For nickel(II) oxide the spin-state map is simi-
lar to that for cobalt(Il) oxide. The quintet ground
state is characteristic for the most part of the map.
The main contribution to this state comes from the
triplet configuration of oxide and the triplet con-
figuration of atomic oxygen. For small distances
7(Ni-Oags) the ground state of the catalytic complex
the triplet (the direct product of the singlet state of
oxide and the triplet state of oxygen is the main con-
tribution). It can be noticed that the absolute charge
on the oxygen adsorbed on the nickel oxide [—0.37
for r(Ni-O.gs) = 1.4 A] is smaller than that for the
oxygen adsorbed on the cobalt oxide.

The spin map for the oxygen adsorption on the
iron(Il) oxide is much richer than those for cobalt(II)
and nickel(Il) oxides. In this case the exit of the
metal atom from the surface plane affects the overall
spin state and the state of oxygen in the expan-
sion. If the distance r(Fe-O,gs) > 2.1 A, then the
ground state of the catalytic complex is triplet (ob-
tained from the quintet state of FeO and the triplet
state of atomic oxygen). For small distances r(Fe-
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surface) the ground state is degenerate (33 + 34).
When both r(Fe—O,qs) and r(Fe-surface) are large
enough, the ground state is nondegenerate (35). The
absolute charge on the oxygen atom for these triplet
states does not exceed 0.01. When 7(Fe—O,qs) ranges
between 1.5 and 2.0 A the ground state of the cat-
alytic complex is quintet. In the small region for
the r(Fe-O,4s) distance close to 1.5 A and the r(Fe—
surface) distance close to zero, the quintet ground
state (51) is nondegenerate and is formed mainly by
the triplet states of the iron oxide and atomic oxy-
gen. The charge on the oxygen atom in this state is
rather large and equals —0.53. Another quintet state
(52 + 53) is doubly degenerate. The decrease of the
distance r(Fe—0,q4s) from 2.0 to 1.5 A results in an
increase in the absolute charge on the oxygen atom
from 0.05 to 0.51. Moreover, the contribution to the
ground state from the states with singlet oxygen ex-
ceeds 10% for r(Fe—Oags) = 1.5 A. If r(Fe—Oags) <
1.4 A the ground state of the complex is a doubly
degenerate triplet (31 + 35). It is interesting that the
absolute charge on the atomic oxygen in this state
[—0.47 for r(Fe—Oa.gs) = 1.4 A] is lower even than
that for the quintet state with greater distance r(Fe—
O.gs). At the same time the contribution from the
configurations with singlet oxygen is greater than
that for the quintet states.

The conclusion can be drawn that the state of
noncharged oxygen adsorbed on the surface of
cobalt, nickel, and iron oxides is predominantly
triplet. The essential contribution of the singlet oxy-
gen is observed only for iron(Il) oxide for small
distances #(Fe-Oags). At the same time the configu-
rations with negatively charged oxygen essentially
contribute to the ground state of the catalytic com-
plex. In the case of iron(Il) oxide these configura-
tions have the most weight in the ground state.
It is experimentally well established that CoO and
NiO are good catalysts of the oxidation by atomic
oxygen. As is shown the singlet oxygen is not
formed on their surfaces. Therefore, the important
role in the catalytic process is given to the negatively
charged states of the oxygen in accordance with the
experiment-based conclusions [30, 31].

The transition metal porphyrins can be also used
as catalysts for oxidation. These species have been
extensively studied both experimentally [33, 34] and
theoretically [35—-38]. It is interesting to compare the
spin maps of the atomic oxygen coordinated to the
transition metal atom of the metalloporphyrine and
to the surface ion of an oxide. The formal differ-
ence is in the environment of the transition metal
atom [(! © r) subsystem]. We compared cobalt, iron,
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(0)=0. Q(0)=-0.196

W(0 )=0.218

r(Co-plane) /
054
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Q0)=-0327 [ o i
W(0)=0.218 12 14

W(0)=0.461
Q(0)=-0.548
W(O )=0.000

W(0)=0.215
Q(0)=-0.218
W(O )=0.000

FIGURE 6. Spin states of the system O. - .CoP, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(Os)] of the adsorbed oxygen atom as
functions of distances r(O- - -Co) and r(Co-plane).

and manganese compounds. The spin maps for the
atomic oxygen adsorbed on these metal porphyrins
are shown in Figures 6-8. When we look at the state
map for CoP=0 we see that it is mainly occupied
with the states where the oxygen atom is largely
in its triplet and the radical-anion states. Only at
unrealistically short Co—-O distances do states with
a significant contribution of singlet oxygen appear.
What is particularly important is that the borders
between the areas are sharp so that very small varia-
tions in the Co-O separation drastically change the
state of the coordinated oxygen atom. This feature
is characteristic for all maps. The map for FeP=0O
is somewhat richer, and the area occupied by the
states with significant contributions of singlet oxy-
gen atoms is large. However there is no place where
a noticeable contribution of the O*~ dianion can be
found although it is frequently identified to explain
things in the chemistry of monooxygenase enzymes
and their biomimetic models [39].

The most interesting finding from that point of
view is the map for MnP=O0O. It is rather simple
with only one state seen. However everywhere we
can see a noticeable contribution of the singlet oxy-
gen atom. The pictures obtained for two ends of
this short range Mn, Fe, and Co, however, corre-
spond well to the well-known observation that all

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 107



TOKMACHEYV, TCHOUGREEFF, AND MISURKIN
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FIGURE 7. Spin states of the system O. - -FeP, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(QOs)] of the adsorbed oxygen atom as
functions of distances r(O- - -Fe) and r(Fe-plane).

these metal porphyrines may serve as catalysts for a
variety of oxygenation processes. However, CoP is
known to direct the process toward a radical pattern
(many oxygenation products, chain reaction etc.),
but MnP directs the reaction to a single insertion
product whether it goes about monoxygenation of
olefines or alkanes. In this respect FeP occupies an
intermediate position.

Conclusions

The reactions in the coordination sphere of tran-
sition metal atoms are in common use. The develop-
ment of the quantum chemical methods calculating
the electronic states and the energies of the cat-
alytic complexes is very important. There are many
problems in the construction of such approaches
due to the necessity to take into account electron
correlations in the d shell and in the reactants si-
multaneously. We constructed a method which uses
different levels of approximation for the reactive
part of system and the environment (ligands). The
method is implemented with a program package.

W(0)=0.404
Q(0)=-0.426
W(0)=0.173
"M ”O"E'_ @/
044
W(0-)=0.008
03 Q(0)=-0.008
4 W(O )=0.000
’ s
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I T T T T T 1
1.2 14 16 1‘8‘\‘ 20 22 24
N
N r(Mn--Q)
X

W(0)=0.390 WO 0077
Q(0)=-0.383 Q(0)=-0.067
W(0)=0.176 W(0)=0.009

FIGURE 8. Spin states of the system O. - -MnP, charge
[Q(O)], and weights of the states O~ and O(singlet)
[W(O~) and W(Os)] of the adsorbed oxygen atom as
functions of distances r(O- - -Mn) and r(Mn—-plane).

This approach was applied to a series of exper-
imental situations. The catalytic activity of Co-tpp
in the isomerization reaction of quadricyclane to
norbornadiene is explained by an admixture of the
excited states of the quadricyclane-norbornadiene
system and Co-tpp and affirmed by numerical cal-
culations. The states of the oxygen adsorbed on the
transition metal oxides are calculated and the ex-
perimental conclusion about important role of the
states with electron transfer from the d shell to the
oxygen is confirmed.
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