Chemistry 362  Fall 2019
Professor Kim R. Dunbar
Goals for Chapter 23

Introduction to the Transition Elements: Ligand Field Theory

1. Know the basic properties of the “d-block” or transition metals and transition metal complexes.

2. Understand the three main bonding theories for transition metal complexes: Crystal Field Theory (CFT), Ligand Field Theory (LFT), Molecular Orbital Theory (MO) and the relationships among the three.

3. Understand that, depending on the types of orbitals (symmetry:  only,  and , or  and empty * orbitals) that the ligands have available to overlap with the d orbitals of a transition metal, the d orbital splitting will be different in terms of magnitude.

4. Know that the most important Molecular Orbitals in the transition metal ML​6 compounds are the d orbitals, which are filled last. In an octahedral molecule the d orbitals split into two groups: the t2g​ set (dxz, dyz, dxy) which is lower in energy than the eg set (dx2-y2, dz2).
5. Know that the d orbital splitting in a tetrahedral geometry, ML4, leads to two different sets of d orbitals whose energies are the reverse of the octahedral geometry. In a tetrahedral geometry, the e set (dx2-y2, dz2) is the lowest and the t2 set (dxz, dyz, dxy) is the higher energy set.

6. Know that the splitting energy between the t2g and eg sets is called the “octahedral splitting energy” and the common symbols are Δo​ and 10Dq (we did not use the latter). The t2g and eg​ orbitals in ML6 represent the Highest Occupied Molecular Orbitals (HOMO’s) and the Lowest Unoccupied Molecular Orbitals (LUMO’s). In tetrahedral, the e and t2 levels are the HOMO/LUMO set.

7. Know that π-donors have (a) low energy, filled σ-symmetry group orbitals and (b) higher energy, filled π-symmetry group orbitals that can overlap with metal orbitals that have the same symmetry (recall the possible metal orbitals are the nine valence orbitals d(five), s(one) and p(three) whose energies are in that order). The overlap leads to the t2g​ and eg sets of d orbitals with a very small splitting energy Δo​ value. 
8. Know that σ-donors have only low energy σ-symmetry group orbitals with which to participate in bonding to the metal which has d, s, and p orbitals whose energies are in that order. Their interaction with the d orbitals leads to an intermediate Δo value.
9. Know that π-acceptors have (a) low energy, filled σ-symmetry group orbitals and (b) very high energy, empty π*-symmetry group orbitals that can overlap with metal orbitals that have the same symmetry. These ligands produce the largest Δo value.

10. Know that the tetrahedral molecules produce M.O. energy diagrams similar to the octahedral ones, but that e < t​2 in energy and that overall the Δt is much smaller than Δo for the same metal and ligands (Δt is 4/9Δo).
11. Know that Crystal Field Theory (CFT) arrives at the same d orbital splitting energies found in M.O. theory by assuming that the metal and the ligands are point charges. This is a purely electrostatic bonding theory. The positively charged metal ion without ligands (free ion) has all five d orbitals at the same energy. When point charges (considered to be negative charges of Ligand electrons) are brought around  the metal, the orbitals split into two groups (t2g orbitals go down in energy by 2/5Δo due to less repulsion of M electrons with L electrons and eg orbitals go up by 3/5Δo in energy).
12. Know that Ligand Field Theory (LFT) is an extension of the concept of Crystal Field Theory, but it allows for covalency considerations in the M-L bonds.

13. Know that High-Spin (H.S.) or Low-Spin (L.S.) Complex refers to the filling of the t2g/eg and e/t2 sets with electrons. The Octahedral molecules can be either H.S. or L.S., but tetrahedral is only H.S.

14. Know that the relative amount of the Δo and Δt values can be used to explain whether a molecule is a High-Spin (H.S.) or a Low-Spin (L.S.) Complex. The choice of whether to be L.S. or H.S. depends on the overall LFSE (Ligand Field Stabilization Energy) for the two different electron configurations (L.S. versus H.S.). One can calculate the LFSE for d1-d10 configurations by assigning the energy of -2/5Δo for every electron in the t2g​ set and +3/5Δo for every electron in the eg set. If there are pairs of electrons, add a PE​ term for every pair.

15. Know that CFT for the tetrahedral geometry predicts the opposite sets of orbitals will be repelled and stabilized by the application of a tetrahedral crystal field. The e set (dx2-y2, dz2) is the lowest set and the t2 set (dxz, dyz, dxy) is the highest.

16. Know that the square planar d orbital splitting can be derived from the octahedral energy diagrams by considering the effect of “pulling two ligands away” along the z direction. This serves to stabilize all orbitals with “z character” and destabilize any orbitals with pure “x and y character”. The limit of pulling away the two ligands is to make an ML4 square planar compound. Know the diagram that applies to this and that SQUARE PLANAR MOLECULES ARE NEVER HIGH SPIN.
17. Know how to sketch the possible d1-d10 electronic configurations for an ML6 (octahedral) and ML​​​4 (tetrahedral) complex and tell the possible H.S./L.S. configurations whenever applicable. Be able to tell how many unpaired electrons are possible for each type of dn configuration and H.S/L.S. combination.
18. Know that CFT/LFT can help one to predict properties of transition metal complexes, most importantly for this chapter, magnetism (number of unpaired electrons) and electronic spectroscopy (qualitative determination of how many transitions and whether they will be easy to observe or not).

19. Know that there are two main selection rules that govern the intensities of electronic transitions between the Ground state (g.s.) and the Excited state (e.s.) in molecules.

(a) Orbital or Laporte Selection Rule:
Allowed transitions occur between orbitals of the “g type” and orbitals of the “u type” or vice versa. Transitions between g & g types or u & u types are “Laporte or orbitally forbidden”.

g-gerade means symmetric with respect to a sign change across the orbital and u-ungerade means antisymmetric with respect to a sign change across the orbital

Note: Orbitals are “g” in an Octahedral Molecule but not “g” or “u” in tetrahedral because a tetrahedron does not have an inversion center. The consequences of this is that all d-d transitions in an Octahedron are forbidden and all d-d transitions in a Tetrahedron are allowed.

(b) Spin Selection Rule:

The spin multiplicity (2S+1) must remain the same between the g.s and the e.s. for the transition to be allowed.

20. The intensities of d-d transitions range form roughly 10-2 to ~103 in terms of ε (molar absorptivity coefficients) in Beer’s Law definition (A=εbc: A = Absorption; ε = molar absorptivity; b = path length of cell and c = concentration).
In terms of intensities:

(a) Spin-forbidden and Laporte-forbidden are the weakest (ε~10-2) (see for example H.S. Mn2+ complexes).

(b) Spin-allowed but still Laporte-forbidden (Octahedral complexes are always Laporte-forbidden) are more intense (ε~10-2 to 100).

(c) Spin-allowed and Laporte-allowed (Tetrahedral complexes) are more intense (ε~100-1000).

21. Know how to determine the G.S. of any free ion configuration. (Note: we did this for d electrons but one can also apply it to electrons in any type of orbital. L=0, S; L=1, P; L=2, D; L=3, F; L=4, G; L=5, H etc.

22. Appreciate how the free ion Term Symbols convert into a new labeling scheme for complexes:

In octahedral: S ( A1g;  P ( T1u;  D ( Eg + T2g;  F ( A2u + T1u + T2u
23. Know that an A state is non-degenerate (only one state), an E state is doubly degenerate (two states) and a T state is triply degenerate (three states)
The following goals should be on your list, but they are not going to be included on the mini-exam

24. By knowing the Free Ion States and how they translate to States in a Ligand Field, it is possible to construct an Energy Correlation Diagram. The specific diagrams with appropriate energy scaling are called Tanabe-Sugano Diagrams.
25. Know that one can use a Tanabe-Sugano diagram qualitatively or quantitatively. We are using it only as a qualitative tool in this class. The x-axis is roughly the d orbital splitting Δo and the y-axis is the energy axis that shows you the order of the states.
26. Know that you can observe more transitions than you might predict based solely on the spin selection rule because you can observe spin-forbidden transitions sometimes. Know that, even if you only observe spin-allowed transitions, you can sometimes see more transitions than you would expect (for example, the Ti3+ (d1) molecules. This is due to a lowering of symmetry of the molecule.

27. Know that a lowering of the symmetry of a molecule will lead to more observed transitions (more states!). Know that the Jahn-Teller theorem predicts that non-linear molecules with a degenerate  ground state electronic configuration will distort in such a way as to remove (or “lift”) the degeneracy. Know which states in octahedral and tetrahedral are subject to Jahn-Teller distortions. (These are the ones where electrons are distributed unsymmetrically in a degenerate set of orbitals. This leads to more than one choice for how the electrons can be placed in the orbitals). d1, d2, d4 (L.S. and H.S.), d5 (L.S.), d6 (H.S.), d7, and d9 are all subject to a Jahn-Teller distortion.
28. Know that a Jahn-Teller distortion for an octahedral complex typically leads to shoulders on the main transitions predicted for a purely octahedral molecule from the Tanabe-Sugano diagram.

