THE EFFECTIVE CRYSTAL FIELD METHODOLOGY AS USED TO INCORPORATE TRANSITION METALS INTO MOLECULAR MECHANICS

ANDREI L. TCHOUGRÉEFF Karpov Institute of Physical Chemistry, Vorontsovo pole 10, Moscow 103064, Russia and Center for Computational Chemistry, Keldysh Institute for Applied Mathematics, Miusskaya pl. 4, Moscow 125047, Russia

1. Introduction

Transition metal complexes (TMC) of biological significance are too large for a complete quantum chemical treatment. Thus incorporation of transition metal atoms (TMA) into the general molecular mechanics (MM) formalism [1] would be highly desirable [2, 3]. However, the problem of molecular modeling TMA must not be limited to obtaining appropriate MM potentials. The ability of the MM approach (when extended to TMA) to describe potential energy surfaces for different low energy electronic states of TMCs is of equal importance. Such states are accessible, for example, in experiments on spin transitions [4]. Multiple spin states are also involved in oxygen binding by the heme containing proteins [5]. The most important feature of such a combined method is the necessity to implement different levels of the description of electronic structure in the different parts of the system. These parts are (i) the isolated group of strongly correlated d-electrons on the metal atom and (ii) electrons in the closed shell of the ligands. The physical reason for a distinction between electrons in the ligands and those in the d-shell is that in an organic molecule one can never distinguish the multiplet terms of the component atoms. In contrast, the d-shell of a transition metal ion in a complex largely retains the system of electronic terms that it had in the free state. Due to specific properties of electrons in the d-shell, different levels of electron correlation must be achieved to describe electrons in the d-shell and those in the ligand orbitals properly. This requirement has been successfully implemented in the effective crystal field (ECF) method [6]. In Sect. 2 of the present paper we discuss the underlying principles and give an account of the ECF method. Sect. 3 is a brief review of the current implementation of the ECF approach and of some recent results. In Sect. 4 new developments and extentions of the ECF methodology, including its combination with MM are reviewed.

2. Theoretical Background

Both semi-empirical and ab-initio methods based upon the self consistent field (SCF) approximation [7] have been used to calculate the ground and low energy excited states of TMCs [8]. Although ab-initio calculations involving large CI expansions or a special set of configurations in the MCSCF wave function can lead to a reasonable agreement of the calculated and observed characteristics of TMC, these calculations are restricted to relatively small systems and can hardly be used for screening large portions of the configurational space which is necessary for molecular dynamics modeling of metal containing enzymes.

Despite the reasonable agreement between the observed properties of TMCs and those calculated by SCF based semi-empirical methods some fundamental problems remain unsolved. These include (for more detailed discussion see [6, 9] and references therein):

(i) the Koopmans Theorem is not valid for the states with large contributions from the atomic d-states;

(ii) the Aufbau-principle frequently breaks down for orbitals with significant contributions from atomic d-states;

(iii) the iteration procedures implied by the SCF scheme oscillate or converge very slowly.

The Koopmans Theorem relates the SCF orbital energies to ionization potentials. For organic molecules the difference between the minus orbital energy (i.e. the ionization potential according to Koopmans Theorem) and the experimental ionization potential is usually small. For TMCs the disagreement with experiment can amount to 10 ÷ 20 eV for levels with significant contribution from d-orbitals (see [9] and references therein). This suggests that the behavior of d-electrons in TMCs is not consistent with the SCF picture, where independent electrons move in the mean field induced by the nuclei and other electrons. In contrast, d-electrons are strongly correlated.

Another rarely recognized problem is the break down of the Aufbauprinciple (i.e. the rule that the MO’s are filled with pairs of electrons starting from the lowest energy orbital). This occurs frequently in the semiempirical calculations of TMCs, where empty or singly occupied orbitals are calculated to have lower orbital energies than some doubly occupied orbitals. This generally happens to orbitals derived from d-atomic orbitals. It can be checked [6] that the Slater determinants which break the Aufbauprinciple do not represent minima of the SCF energy functionals but saddle points. Namely this causes the well known but rarely reported problems with the convergence of the SCF iterations. More distressing than the convergence problems is the fact that the success of SCF based semi-empirical methods is achieved by the loss of the confidence that the obtained Slater determinants represent the minima of the SCF energy functional. The parameterization of a semi-empirical Fock operator for TMAs, that uses a trial wave function which is not a stable solution of the SCF problem is a doubtful procedure.

It follows that there are some fundamental problems in the quantum chemical description of the electronic structure of TMCs. They are due to the important role of electron correlations in the d-shell. The description of electrons in the ligands with SCF methods seems to cause less problems.

The state of the quantum chemical description of TMCs described above is in sharp contrast to the situation with understanding of their electronic structure. The experimental data on d-d excitation spectra can be successfully interpreted with models equivalent to the crystal field theory (CFT) [10, 11]. This is because the specific properties of TMCs are controlled by the d-electrons. Their low energy excitations are responsible for the characteristic absorption bands in the optical spectra and for the magnetic properties. The ground state spin depends on the balance between Coulomb repulsion of d-electrons and their interaction with the ligands which induce an external field. These features apparently correspond to the situation described by the naïve CFT where all interesting events happen in the d-shell of TMA’s whose ligand environment remains inert [10]. Thus the qualitative physical picture provided by the CFT is correct to a large extent. This is due to the correct form of the electronic wave function which is used implicitly. The wave function of a complex in the CFT is a product of the multiplet (full CI) state for a fixed number of d-electrons and of an unspecified closed shell state of the remaining electrons in the ligands. The ligand electrons are not considered explicitly, and that is why crystal fields can not be satisfactorily calculated within the CFT’s own framework. This has been achieved in the ECF method [6].

The formal derivation of the Effective Crystal Field method proceeds as described in the literature [6]. The whole set of the valence atomic orbitals (AO) of a TMC (including the 4s-, 4p-, and 3d-AO’s of the metal center and the valence AO’s of all ligand atoms) is separated into two parts. The first contains only 3d-orbitals of the TMA (d-system). The second part contains 4s- and 4p-AO’s of the TMA and the valence orbitals of the ligand atoms

(ligand system or l-system). The total Hamiltonian for a TMC can be written as the sum:

H = H_d + H_l + H_c + H_r (1)

where H_d is the Hamiltonian for the d-electrons in the field of atomic cores of the TMC, H_l is the Hamiltonian for the electrons of the l-system, H_c and H_r are operators for the Coulomb and resonance interactions between the two systems.

The exact wave function Φ(N) for any N-electron state of a TMC can be presented in the form [12]:

Φ(N) = X nkm C_{km}(n; N − n)Φ^k_d(n) ∧ Φ^m_l (N − n) (2)

where Φ^k_d(n) are the n-electron wave functions for the metal d-orbitals; Φ^m_l (N − n) are the (N − n)-electron wave functions for the l-orbitals; C_{km}(n; N −n) are variation parameters. For most of the Werner-type TMCs Φ^k_d(n) functions with a specific value n give a major contribution to eq. (2). This particular value of n depends on the oxidation state of the transition metal atom in the TMC. The terms in eq. (2) with other values of n provide some smaller corrections. The wave function Φ_n for the n’th electronic state of a TMC is then assumed to take the form:

Φ_n = Φ^n_d (n_d) ∧ Φ_l(N − n_d) (3)

where Φ^n_d (n_d) is the spin and symmetry adapted n_d-electron wave function of the metal d-orbitals, and Φ_l is the (N − n_d)-electron wave function of the l-orbitals. For TMCs with closed-shell ligands, the ground state of the l-system can also be described by a closed-shell Slater determinant Φ_l(^1A_1) with zero total spin. Thus, both the spin multiplicity and the point symmetry of the function eq. (3) coincide with those of the functions Φ^n_d of the d-system.

The two function multipliers in eq. (3) must be determined from the energy minimum condition. A serious problem arises due to the fact that wave functions of the type used in eq. (3) correspond to a fixed integer number of electrons in the d-shell. Therefore, all matrix elements of the resonance (electron hopping) operator H_r for the functions of that type vanish. In order to include the effects of the resonance interaction between the subsystems, we consider the effective Hamiltonian H^{eff} [6, 7] which operates in the subspace spanned by the functions of eq. (3). Its eigenvalues coincide with those of the exact Hamiltonian of eq. (1):

H^{eff} = P H_oP + H_{RR} H_o = H_d + H_l + H_c H_{RR} = P H_rQ(EQ − QH_oQ)�^1QH_rP (4) Here, P is the operator projecting on the subspace of functions with the fixed number n_d of d-electrons; Q = 1 − P .

The variational problem for the effective Hamiltonian H^{eff} of eq. (4) in the P -subspace transforms into a system of equations for the functions Φ^n_d and Φ_l (see e.g. [6, 7]):

H^{eff}_d Φ^n_d = E^n_d Φ^n_d H^{eff}_l Φ_l = E_lΦ_l H^{eff}_d = H_d+ < Φ_l | H_c + H_{RR} | Φ_l > H^{eff}_l = H_l+ < Φ^n_d | H_c + H_{RR} | Φ^n_d > (5)

Since the l-system is described by a single Slater determinant Φ_l, the latter must be found from the SCF procedure applied to the Fockian F^{eff}_l , derived from the Hamiltonian H^{eff}_l by the standard method [7, 13]. Proceeding semi-empirically we use the CNDO parameterization [13] for all the l-AO’s. The solution of the SCF problem for the l-system with the approximate CNDO Fock operator gives the one electron density matrix P_{kl}, the energies of the molecular orbitals (MO) ϵ_i, and MO-LCAO coefficients c_{ik}. These quantities completely describe the electronic structure of the l-system. They are used to construct the effective Hamiltonian H^{eff}_d of eq. (5) by averaging the operators H_c and H_{RR} over the ground state Φ_l of the l-system. This yields the effective Hamiltonian H^{eff}_d in the form [6]:

Heff_d = X μνσ Ueff_{μν} d^+_{μσ}d_{νσ} + 1 2 X_{μνρη} X_{στ (μν | ρη)d+μσdνσd+ρτ dητ (6)} where the d-electron Coulomb interaction term is that of the free ion and the effective core attraction parameters Ueff_{μν} contain contributions from the Coulomb and the resonance interaction of the d- and l-systems: Ueff_{μν} = δ_{μν} U_{dd} + W^{atom}_{μν} + W^{field}_{μν} + W^{cov}_{μν} (7) where W^{atom}_{μν} = δ_{μν} ( X i2s,p g_{μi}P_{ii}) (8)

is the repulsion of electrons in the d-shell from those in the 4s- and 4p-AO’s of the metal;

W^{field}_{μν} = X L (P_{LL} − Z_L)V^L_{μν} (9)

is the Coulomb interaction of d-electrons with the net charges on the ligand atoms, in the standard CFT form; and W^{cov}_{μν} = − X i β_{μi}β_{νi}( 1 − n_i ΔE_{di} − n_i ΔE_{id} ) (10)

takes into account the resonance. In eqs. (8)-(10) P_{ii} is the diagonal matrix element of the one-electron density matrix of the l-system; P_{LL} = P_l2_L P_{ll} is the electron population of the ligand atom L; Z_L is the core charge of the ligand atom L; V^L_{μν} is the matrix element of the potential energy operator describing the interaction between a d-electron and an electron placed on the ligand atom L; n_i is the occupation number of the i’th l-MO (n_i = 0 or 1); ΔE_{di} (ΔE_{id}) is the energy necessary to transfer an electron from the d-shell (from the i’th MO) to the i’th MO (to the d-shell): ΔE_{di} = I_i − A_d − g_{id} ΔE_{id} = I_d − A_i − g_{id} (11)

β_{μi} is the resonance integral between the μ’th d-orbital and the i’th l-MO, described by the resonance integrals β_{μk} between the μ’th d-AO and the k’th l-AO:

β_{μk} = −(I_d + I_k)S_{μk}β^{ML} (12)

where I_d and I_k are the valence state ionization potentials, S_{μk} is the overlap integral between the μ’th d-AO and the k’th l-AO, and β^{ML} is the only adjustable parameter (see below), specific for each ML pair, where M stands for a transition metal atom and L stands for a ligand donor atom (nitrogen, oxygen etc.).

After establishing the form of the effective Hamiltonian for d-electrons, the states of n_d electrons in the d-shell are calculated by diagonalization of the matrix associated with H^{eff}_d in the n_d-electron wave function basis set. The ground state of the complex is given by the external product of the ligand Slater determinant and the n_d-electron wave function, obtained by diagonalization of H^{eff}_d , which leads to the lowest eigenvalue. The dd excited states are products of other n_d-electron functions with the same Slater determinant. The excitation energies are equal to differences between the eigenvalues of H^{eff}_d .

3. Standard Implementation and Recent Results

The ECF method has been developed originally with a specific aim to calculate d-d spectra of TMCs. The only interest in the electronic structure of the ligands was to estimate the ECF. Therefore, the simplest semi-empirical CNDO method [13] was used to calculate the characteristics of the l-system. From eqs. (7)-(12) it follows that all quantities that are involved in the determination of the ECF (i.e. ionization potentials, partial atomic charges) may be obtained with reasonable accuracy from CNDO calculations on organic molecules. Calculations for a series of octahedral ML^{2+}_6 and ML^4�_6 complexes, where M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu; L = H_2O, NH_3,

F�, Cl�, CN� were reported [6, 14, 15] . From these, the parameters βML

were obtained by comparision to experimental values of 10Dq [16]. In all cases we observe excellent agreement between calculated and experimental spin state and symmetry of the ground state. d-d Spectra of the excitations were reproduced with the accuracy of 2000 cm�^1. We also applied the ECF/CNDO method to ML_4Z_2 compounds with the same ligands L as above and Z = H_2O,Py, NCS� [17], and to metalloporphyrins [9]. The spin multiplicities and the spatial symmetry of the ground states of the mixed ligand complexes are correctly reproduced by the ECF/CNDO method. The same is true for the energies and symmetries of the lower excited states.

Based on the successful prediction ot the ground state spin and symmetry for a variety of TMCs we studied the spin transition of cis-[Fe(bipy)_2- (NCS)_2] [18] which is well documented [4] and where the experimental molecular geometries are known for both spin isomers [19]. The ECF/CNDO calculations reproduce the change of the total spin of this quasi-octahedral d^6 complex from S = 0 (low-spin) to S=2 (high-spin) which accompanies the increase of the Fe-N distances by ∼ 0.15 – 0.20 Å. It was also possible to predict low-energy d-d excited states for both spin forms in acceptable agreement with the experiment.

The successfull description of the Fe(II) spin isomenrs motivated us to address the problem of the spin states of myoglobine (Mb) [20]. The interpretation of the kinetics of the binding of small molecules like CO, O_2 or NO to Mb is controversial [5, 21, 22]. It is known that the reaction rates are controlled by the electronic states of the reactants and products. The ground state of Mb is a quintet, CO and O_2 have singlet (^1Σ^+) and triplet (^3Σ_g) ground states, respectively, and MbCO as well as MbO_2 both have singlet ground states. According to the spin coupling rules [23], the binding of both CO and O_2 is a spin forbidden process for Mb in the S=2 ground state since a change of the total spin of either systems (Mb + CO or Mb + O_2) is required. It emerges that an interpretation of the low-energy electronic spectum of Mb might be useful for the analysis of the binding kinetics. We note that SCF ab-initio calculations of iron porphyrins (FeP) may give erroneous results with a bias towards high-spin ground states. A high-quality ab-initio study on FeP the ground state has erroneously been found to be a quintet [24]. Moreover, ab-initio approaches are too expensive to use for screening of large portions of the nuclear configuration space. We have studied the ground state spin and symmetry of the iron(II) porphyrine imidazole complex in dependence of the coordination sphere geometry [20]. Following earlier suggestions [5] we computed its electronic ground and several low-energy excited states for a two dimensional area in the coordinate space defined by two internal coordinates: namely, by that of the shift of the Fe atom perpendicular to the porphyrine plane (r_{F e}�_{Ctr}), and by the distance between the Fe atom and the imidazole nitrogen atom (r_{F e}�_{Nϵ} ). The results are depicted on Fig. 1. Three types of ground states are possible in a rectangle with r_{F e}�_{Ctr} = 0.0 – 0.5 Å and r_{F e}�_{Nϵ} = 2.0 – 2.3 Å. The^5B_{2g} state is the ground state in a small region with a large shift of Fe from the center of the porphytin ring. The experimental geometry of Mb falls in this area, and Mb has a quintet ground state [21]. With a short Fe − N_ϵ distance ( r_{F e}�_{Nϵ} = 2.0 Å) the ground state is a singlet (^1A_{1g}) provided the r_{F e}�_{Ctr} distance is smaller than 0.45 Å. A relatively small elongation of the axial Fe-N_ϵ bond results in a triplet (^3E_g) ground state. This is not surprising, since the ECF/CNDO calculation [9] of the four coordinated iron(II) porphyrine yields this ground state, in agreement with ab-initio calculations and experiment [25].

The analysis of the electronic states found in the the ECF/CNDO study [20] may have consequences for the interpretation of the binding mechanism. This follows from the accepted idea [5] that slow motions of the protein backbone are transferred to the iron center and can change its spin state and consequently its reactivity towards dioxygen binding. The motions of the axial imidazole ligand may bring the heme to areas in the coordinate space where it has either singlet or triplet electronic state. The binding of CO (singlet) or O_2 (triplet) are then spin allowed processes. The binding kinetics of these small molecules is therefore affected by the rate with which the heme enters the areas in the coordinate space where it has the ground state required for either reaction.

4. Further Developments

Up to this point we have described the ECF method and analyzed the results of its application to the calculation of the d-level splitting and dd spectra in a series of TMCs. The ECF method allowed us to perform systematic calculations of the crystal field for various ligand environments. The results of these calculations are in fair agreement with the experimental

2.00

2.05

2.10

2.15

2.20

2.25

2.30

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 r_{F e}�_{Nϵ}

r_{F e}�_{Ctr} 5B_{2g}

3E_g 1A_{1g}

Figure 1. Map of the ground state spin of heme as a function of the Fe-Nϵ and Fe-Ctr distances.

data, particularly with respect to the spin multiplicity of the ground states of the complexes. Let us turn now to possible extensions of the method.

In the simple version of the ECF/CNDO method the electronic structure of the ligands is treated within the CNDO approximation. A more detailed description of the ligand electronic structure can be obtained with the INDO parameterization [13]. This has been done for a series of octahedral complexes, metalloporphyrins, and chlorocuprates [26]. In all cases the ground states and the excitation spectra of the compounds are in agreement with available experimental data.

A further application of the ECF methodology is to develop a method for the calculation of potential energy surfaces (PESs) of TMCs. This is possible with the representation of the total energy of the TMC in the form [7, 29]:

E_n = E^{eff}_d (n) + E_L (13)

where E^{eff}_d (n) is the energy of the n’th state of the effective Hamiltonian of eq. (6) for d-electrons, E_L is the energy of the ligands. This expression is general [7] and represents the total electronic energy of the n’th state of a TMC if it is described by the electronic wave function of the form of eq. (3). The CNDO or INDO parameterizations for the ligands are probably of high enough accyracy when we only need the charge distribution in the ligands and the orbital energies at fixed experimental geometries. However, these methods are not accurate enough for geometry optimizations (or more generally for computations of PESs) of TMCs since an accurate core-core repulsion will be required. Therefore in a recent study [27] the SINDO/1 method [28] was used for the calculation of the electronic structure of the ligand sphere. So far the ECF/SINDO1 method has only been tested for a few molecules at their experimental geometries. These results are promising and they provide an accurate description of the ground state spins, symmetries and excitation energies. In cases where the SINDO/1 method can be used for the analysis of the geometry of the ligands the combined ECF/SINDO1 method must also lead to accepatble results in the analysis of complex geometries and PESs. In fact, any semi-empirical method that gives a reasonable description of the PES of organic molecules can be used in combination with the ECF methodology for the d-shell of TMAs. Currently, we are testing the possibility to combine the ECF approach with the MINDO/3 parameterization [30] for the ligands.

An alternative to the step by step improvement of semi-empirical descriptions of the ligand’s electronic structure for the computation of the PES of TMCs is to use the MM approximation to calculate the ligand’s energy E_L. Here the ECF/CNDO or ECF/INDO method is only retained for the d-shell electrons [29]. This simply replaces the ligand’s energy E_L by E_{mm}, estimated by an MM calculation. The total energy of the n-th electronic state of the complex then has the form:

E_n = E^{eff}_d (n) + E_{mm} (14)

The energies E^{eff}_d (n) of the d-shells are calculated with the ECF/CNDO (or ECF/INDO) method. Two aspects are important here: First, the ECF/MM approach based on eq. (14) allows the use of a single MM potential for the ligands for all electronic states of the metal center. This is because the electronic energy of the d-shell is calculated explicitly. This approach does not require different parameters of the MM potentials for different spin states of the complex. The ”different ionic radii” for the ions of the different spin states are obsolete (see below). Second, the MM potentials for TMAs extracted from structural data on TMCs cannot be used directly in eq. (14) since they include implicitly effects of the d-shells.

The ECF/MM approach has been used to calculate energy profiles of cis-[Fe(bipy)_2(NCS)_2] (see also Sect. 3) [29]. The ECF/CNDO method used before [18] must now be completed by the MM potential representing ligand’s energy. We used the standard MM2 parameterization for all atoms except iron, for which no bending or torsional terms were used and the bond stretching potential was modeled by a Morse function: E^{F e}�^N b = D_{F e}�_N (1 − e�^{αF e}�^{N (r}�^{r0F e}�^{N )})^2, (15)

-60 -55 -50 -45 -40 -35 -30 -25 -20 -15

1.9 1.95 2 2.05 2.1 2.15 2.2

Energy kcal/mol

R(Fe-N(bipy)), A

S=2 S=0 S=1

Figure 2. Calculated energy pro˛les for the spin states of cis-[Fe(bipy)2(NCS)2].

The following parameter values were used to reproduce the experimentally determined positions of the PES’s minima along the Fe-N bond-length coordinates for the low-spin and high-spin states:

r^0_{F e}�_{Nbipy} = 2.035 Å, D_{F e}�_{Nbipy} = 70.0 kcal/mol, α_{F e}�_{Nbipy} = 2.0 Å�^1; r^0_{F e}�_{NNCS} = 1.975 Å, D_{F e}�_{NNCS} = 40.0 kcal/mol, α_{F e}�_{NNCS} = 3.0 Å�^1. (16) Results of our calculation are shown in Fig. 2. It is indeed possible to reproduce the whole qualitative picture of the lowest electronic terms derived from experiment [4, 31] with a single MM potential for the ligands and the ECF/CNDO d-electron energy. Different Fe-N distances for the hs and ls forms of the complex result from the well balanced contributions of a single ligand potential for each donor (eq. (16)) and the geometry sensitive d-shell energy obtained by the ECF/CNDO procedure. The d-electron energy is specific for each spin state since it is obtained by diagonalization of the n_d-electron effective Hamiltonian of eq. (6) in each point along the path in the coordinate space. Thus energy profiles such as Fig. 2 may now be calculated [29] rather than drawn by hand [4, 31].

We can now return to the discussion of the Mb ground states. With eqs. (13), (14) the PES of Mb can be obtained with an appropriate MM potential. In the vicinity of the boundaries (solid lines in Fig.1) the energy differences between the states are comparable to the spin-orbit interaction.

Thus along these boundaries the ground states contain significant contributions from all states with total spins of 0, 1, and 2. The energy profile along the internal coordinate of a simultaneous shift of the iron atom and the imidazole ligand (with a constant r_{F e}�_{Nϵ} = 2.0 Å) is therefore likely to be adiabatic rather than nonadiabatic. That means that for the corresponding vibration anharmonic corrections may be significant. These must be taken into account, for example, in the analysis of protein dynamics by a combination of normal-mode and Mössbauer techniques [32].

5. General Discussion and Conclusions

In the present paper we have demonstrated how the ECF methodology can be applied to the calculation of the d-level splitting, d-d excitation spectra, and PES of TMCs. The ECF method allows the performance of systematic calculations of the crystal field for various ligand environments. The results of these calculations are in fair agreement with experimental data. The basis for this success is a physically justifiable form of the trial wave function of TMCs (eq.(3)).

We will now consider differences between the ECF methodology and other approaches that have been used together with MM of TMA. The angular overlap model (AOM) [33, 34] has to be mentioned here. The effective Hamiltonian for the d-shell (eq. (6)) has the form of the standard crystal field Hamiltonian. The covalence term of eq. (10) dominates the d-level splitting appears analogous and its form is similar to the AOM parameters e_σ and e_π. However, the differences between the two approaches are very important. The AOM is obtained by applying second order perturbation theory (PT) in H_r (eq. (1)) to obtain one-electron d-states of the TMC. This involves the matrix equation for the one-electron MO’s of the whole complex and treats the part of the secular equation which corresponds to dl mixing. Therefore the estimates for the complex MO’s and for the orbital energies are of somewhat lower quality. This also applies to the formalism based on Green’s function, reviewed in [35]. Thus the AOM approach is based on the SCF approximation but the MO’s are replaced by estimates based on PT. The consequences of the SCF approximation with respect to the numerical procedures (see Sect. 2) are not known since corresponding calculations of the ligand field have not been reported [33, 35].

The ECF method applies second order PT in H_r to the many-electron states of the form of eq. (3). This formal difference leads to apparent differences in the final formulae for the crystal field matrices and to different numerical results. In the AOM, there is no difference between the influence of the occupied and empty l-MO’s on the position of the d-levels and it does not distinguish between electron transfer from and to the d-shell. These differences are rather important. The ECF approach considers the energetics of the localized and strongly interacting electrons in the d-shell explicitly. This allows the calculation of the crystal field as a function of the ligand environment, both in terms of the ligand geometry and the chemical nature. In the AOM the crystal field parameters e_σ and e_π are fitted to experimental spectra. They are specific for each ligand and not transferable, even for constant donor atoms. In the ECF approach the electronic structure of the ligands is taken into account explicitly. Only the magnitude of the resonance (eq. (12)) between orbitals of a given donor atom and d-orbitals of a given transition metal is parameterized. The same value is used for all the ligands containing a given donor atom, since the details of the ligand electronic structure are taken into account by the SCF calculation of the ligands.

A Cellular Ligand Field Stabilization Energy (CLFSE) term has been added to the MM energy of TMCs [36]. This term is by definition the sum of one-electron energies of the d-levels, obtained by diagonalization of the 5×5 crystal field matrix taken as a sum of cellular contributions from different ligands [33, 34]. The electronic states of the d-shell are then simulated by ascribing different occupation numbers to the one-electron d-levels obtained by the crystal field matrix diagonalization. This is an approximate procedure in contrast to the ECF approach, where the d-electron energy is obtained by exact diagonalization of the effective Hamiltonian H^{eff}_d of eq. (6) in the many-electron basis. However, to the extent to which the electronic structure of TMCs can be described by a single determinant with some definite d-level filling the CLSFE/MM method [36] is capable to reproduce characteristic features of the PES of TMCs. For example, the structures of Cu(II) complexes which are dominated by the Jahn-Teller distorsion can be described within the CLFSE/MM approach, due to the fact that the d^9 complexes of Cu(II) can be exactly described on the single determinant level. Nevertheless, some problems may arise with complexes where electron correlations are more important. This is the case with complexes like cis-[Fe(bipy)_2(NCS)_2], where spin transitions are possible. In this example it has been shown that the electronic wave function of the low spin form is sufficiently multiconfigurational [37]. It is known that configuration mixing is an important contribution to the stabilization of the low spin configuration of the d-shell. The spin isomerism itself is a consequence of a balance between the crystal field strength, electron correlation and the exchange energy. The high spin states can be represented by a single determinant and thus, they are not stabilized by configuration mixing. The crystal field and the CI push into the same direction – they both stabilize the low spin states. For this reason, in any single determinant based approach the crystal field required to achieve the low spin state (when going from the high spin free ion) is stronger than it is if the full CI description of the d-shell is used. This may lead to certain misbalances in the parameterization of one-electron schemes.

Acknowledgments

This work has been supported by the Russian Foundation for Basic Research (RFBR) through the grants 96-03-32781, 96-03-32824, and 97-03- 42536 and by INTAS through the grant 94-4089. The support from NATO and the Organizing Committee of the Workshop for the visit of the author to San-Miniato is gratefully ackowledged as are the valuable discussions with Prof. G. Náray-Szabó, Prof. E.-W. Knapp, Prof. W. Nowak, Prof. C.R. Landis, Prof. R.J. Deeth, Prof. A. Warshel, and Prof. J. Kozelka.

References

1. Burkert, U., Allinger, N.L. (1982) Molecular Mechanics. ACS, Washington. 2. Comba P. (1993) The relation between ligand structures, coordination stereochemistry, and electronic and thermodynamical preperties. Coord. Chem. Rev. 123, 1 - 48; Comba, P., Hambley, T.W. (1995) Molecular Modeling. VCH, Weinheim.

3. Hay P.B. (1993) Methods for molecular mechanics modeling of coordination compounds. Coord. Chem. Rev. 126, 177 - 236.

4. K-onig, E. (1991) Nature and dynamics of the spin-state interconversion in metal complexes. Struct. & Bonding. 76, 53 - 152.

5. Perutz, M.F. (1970) Stereochemistry of cooperative e¸ects in haemoglobin. Nature. 228, 726 - 739; (1972) Nature of haem-haem interactions. ibid. 237, 495 - 499; Perutz, M.F., Fermi, G., Luisi, B., Shaanan, B., and Liddington, R.C. (1987) Stereochemistry of Cooperative Mechanisms in Hemoglobin. Acc. Chem. Res. 20, 309-321.

6. Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A. (1991) Electronic structure and optical spectra of transition metal complexes via the e¸ective hamiltonian method. in Electron-Electron Correlation E¸ects in Low-Dimensional Conductors and Superconductors. Ovchinnikov, A.A. and Ukrainskii, I.I. (eds.) Springer, Berlin; A.V. Soudackov. (1991) İńěłâàőŋăï áâàãłâãàă łőňŕńěłáőć ŕěàěåőďŋëå ňěâăńńőć. PhD Thesis. Karpov Institute of Physical Chemistry, Moscow, [in Russian]; Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A.(1992) Electronic structure and optical spectra of transition metal complexes by the e¸ective Hamiltonian method. Theor. Chim. Acta. 83, 389 - 416.

7. McWeeny, R. (1992) Methods of molecular quantum mechanics. AP, London. 8. Russo, N., Salahub, D.R. (eds.) (1996) Proceedings of the NATO Advanced Study Institute on Metal-Ligand Interactions: Structure and reactivity, Cetraro, Italy, September 4-16, 1994, Kluwer, Dordrecht.

9. Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A. (1996) Ground State Multiplicities and d-d Excitations of Transition Metal Complexes by E¸ective Hamiltonian Method. Int. J. Quant. Chem. 58, 161 - 173.

10. Bethe, H. (1929) Termaufspaltung in Kristallen. Annalen der Physik. 3, 133-215. 11. Jfirgensen, C.K. (1971) Modern aspects of ligand ˛eld theory. North-Holland, Amsterdam.

12. Constanciel, R. (1975) Element analysis of wave functions by group density method.

in Localization and Delocalization in Quantum Chemistry. Chalvet, O., Daudel, R., Diner, S., and Malrieu, J.-P. (eds.) D. Reidel Publ., Dordrecht.

13. Pople, J.A., Beveridge, D.L. (1970) Approximate molecular orbital theory. McGraw- Hill, NY.

14. Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A. (1994) Řăáçěâë íńěłâàőŋŋőľ áâàãłâãàë őłâăíďàĺçěáłĺå čěłáăăłćă- ĺ čěáăăňĺŋőłőňŕńěłáőć ňěâăńńőć ŕěàćőčő ŕěàěåőďŋőčő àïďă ňěâőďőň íääěłâĺćŋőčő čăňĺńìâőŋĺăŋă. Ęãàŋ. Ťĺğ. Ţĺň. 68, 1256 - 1264 [in Russian]; Calculations on electronic structure of octahedral hexaqua- and hexamino complexes of ˛rst row transition metals by the e¸ective Hamiltonian method.Russ. J. Phys. Chem. 68, 1135 [in English].

15. Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A. (1994) Řăáçěâë íńěłâàőŋŋőľ áâàãłâãàë åńőàĺďŋëå łőňŕńěłáőć ňěâăńńőć ŕěàćőčő ŕěàěåőďŋőčő àïďă ňěâőďőň íääěłâĺćŋőčő čăňĺńìâőŋĺăŋă. Ęãàŋ. Ťĺğ. Ţĺň. 68, 1265 - 1270 [in Russian]; Calculations on electronic structure of chlorocomplexes of ˛rst row transition metals by the e¸ective Hamiltonian method. Russ. J. Phys. Chem. 68, 1142 [in English].

16. Lever, A.B.P. (1986) Inorganic Electronic Spectroscopy. Elsevier, Amsterdam. 17. Soudackov, A.V., Tchougr«ee¸, A.L., Misurkin, I.A. (1996) Crystal Field Splittings and Optical Spectra of Transition Metal - Mixed Ligand Complexes by E¸ective Hamiltoninan Method. Int. J. Quant. Chem. 57, 663 - 671.

18. Tchougr«ee¸, A.L., Soudackov, A.V., Misurkin, I.A., Bolvin, H., and Kahn, O. (1995) High-Spin - Low-Spin Transitions in Fe(II) Complexes by an E¸ective Hamiltonian Method. Chem. Phys. 193, 19 - 26.

19. Gallois, B., Real, J.-A., Hauw, C., and Zarembowitch, J. (1990) Structural changes associated with the spin transition in Fe(phen)2(NCS)2: A single crystal X-ray study. Inorg. Chem. 29, 1152 - 1157.

20. Tchougr«ee¸, A.L. (1997) Śŕĺŋőćëě ŕěàěåőďë ć čěňě ĺ łĺŋěâĺłă áćïğëćăŋĺï CO ĺ O2 ňĺőčńőąĺŋőň. Ţĺň. Ťĺğĺłă. Accepted. [in Russian]; Spin states of the heme and kinetics of CO and O2 binding by myoglobin. Chem. Phys. Reps. Accepted. [in English].

21. Frauenfelder, H., Wolynes, P.G. (1985) Rate theories and puzzles of hemeprotein kinetics. Science. 229, 337 - 345.

22. Springer, B.A., Sligar, S.G., Olson, J.S., and Phillips, G.N. (1994) Mechanisms of ligand recognition in Myoglobin. Chem. Rev. 94 699 - 714.

23. Landau, L.D., Lifshitz, E.M. (1989) Łćăŋâőćăï ňěåăŋĺłă. Ŋăãłă, Ň. [in Russian];

(1959) Quantum Mechanics. Pergamon Press, London [in English]. 24. Rawlings, D.C., M. Gouterman, M., Davidson, E.R., and Feller, D. (1985) Theoretical investigations of the electronic states of porphyrins. III. Low-lying electronic states of porphinatoiron(II). Int. J. Quant. Chem. 28, 773 - 796.

25. Dedieu, A., Rohmer, M.-M., Veillard, A. (1982) Ab-initio calculations of metalloporphyrins. Adv. Quant. Chem. 16, 43 - 95.

26. Tokmachev, A.M., Tchougr«ee¸, A.L. (1997) İääěłâĺćŋőě łàĺáâăńńĺçěáłőě ŕőńě ďńï àăáçěâă ćőğąãęďěŋĺľ d-íńěłâàőŋőć ć łőňŕńěłáăå ŕěàěåőďŋëå ňěâăńńőć. Ţĺň. Ťĺğĺłă. Accepted. [in Russian]; E¸ective crystal ˛eld for calculation of delectron excitation in transition metal complexes. Chem. Phys. Reps. Accepted. [in English].

27. Soudackov, A.V., Jug, K. (1997) E¸ective Hamiltonian { crystal ˛eld on the INDO level: Calculations of d-d spectra of some iron(II) compounds. Int. J. Quant. Chem. 62, 403 - 418.

28. Nanda, D.N., Jug, K. (1980) SINDO1. A semiempirical SCF MO method for molecular binding energy and geometry. Approximations and Parametrization. Theoret. Chim. Acta. 57, 95 - 106.

29. Darkhovskii, M.B., Tchougr«ee¸, A.L. (1997) Őą őąêěďĺŋěŋĺĺ łćăŋâőćőľ åĺňĺĺ ĺ ňőńěłãńïàŋőľ ňěåăŋĺłĺ. ŔŔİ łőňŕńěłáőć ŕěàěåőďŋëå ňěâăńńőć ŋă ŕàĺňěàě áŕĺŋőćőčő ŕěàěåőďă ć cis-[Fe(bipy)2(NCS)2]. Ţĺň. Ťĺğĺłă. Accepted. [in Russian]; On uni˛cation of quantum chemistry and molecular mechanics. PES of transition metal complexes as exempli˛ed by spin transition in cis-[Fe(bipy)2(NCS)2]. Chem. Phys. Reps. Accepted. [in English].

30. Bingham, R.C., Dewar, M.J.S., Lo, O.H. (1975) Ground states of molecules. XXV.

MINDO/3. An improved version of the MINDO semiempirical SCF MO method. J. Amer. Chem. Soc. 97, 1285 - 1294.

31. G-utlich, P. (1981) Spin crossover in iron(II)-complexes. Struct. & Bonding. 44, 83 - 195.

32. Melchers, B., Knapp, E.-W., Parak, F., Cordone, L., Cupane, A., and Leone, M.

(1996) Structural ‚uctuations of myoglobin from normal-modes, M-ossbauer, Raman, and absorption spectroscopy. Biophys. J. 70, 2092 - 2099.

33. Gerloch, M., Wooley, R.G. (1984) The Functional Group in Ligand-Field Studies:

The Empirical and Theoretical Status of the Angular Overlap Model. Progr. Inorg. Chem. 31, 371-446.

34. Sch-a¸er, C.E. (1973) Two Symmetry Parameterizations of the Angular-Overlap Model of the Ligand-Field. Struct. & Bonding. 14, 69-110.

35. Kikoin, K.A., Fleurov, V.N. (1994) Transition Metal Impurities in Semiconductors.

World Scienti˛c, Singapore.

36. Burton, V.J., Deeth, R.J., Kemp, C.M., and Gilbert, P.J. (1995) Molecular mechanics for coordination complexes: the impact of adding d-electron stabilization energies. J. Amer. Chem. Soc. 117, 8407-8415.

37. Tchougr«ee¸, A.L. unpublished result.