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CH 246: Crystal Field Theory and Spectroscopy 
Let’s explore how we can use crystal field theory to interpret the UV/Vis spectra of metal complexes.
A. General Observations and Hypotheses
1. Examine the three different solutions. What do you notice that is the same? What is different?






2. What color of light are the solutions of [Co(OH2)6]2+, [CoCl4]2- , and [MnO4]- absorbing? (Make a prediction based on the color wheel first, then we will measure with a spectrometer.)




3. Estimate the energy (in wavenumbers) of the absorptions.






4. What kind of electronic transitions do you think these absorptions are related to? (i.e. what orbitals are involved)








B. Building out Hypotheses with Theory
1. Predict the molecular geometry of each of the metal complexes. Sketch a rough diagram of the crystal field splitting of the d orbitals in your predicted geometry.






2. Determine the oxidation state and d-electron count of the metal center in each complex. Use this information to fill in the orbital diagrams from question 1. Be sure to justify your choice of electron filling. Are they high spin or low spin?






3. Now compare your d-electron orbital diagrams for each complex with your hypothesis from question 4 in part A. Do they agree? If not, what corrections do you need to make?




4. Recall that we talked about 2 selection rules for electronic transitions: spin and symmetry. What does it mean for a transition to be spin-forbidden? What about symmetry forbidden?






5. Are any of the transitions you predicted spin or symmetry forbidden? Why or why not?





C. Comparing Experiment to Theory
Now comes the fun part, let’s look at some calculated structures and spectra for these complexes to determine if our hypotheses are supported by computational results!
	Complex
	Abs. (Wavenumber)
	Abs. (nm)
	fosc

	[Co(OH2)6]2+ (doublet)
	18326.2
	545.3
	1.03E-05

	[Co(OH2)6]2+ (quartet)
	16108.7
	620.8
	1.34E-05

	[CoCl4]2- (quartet)
	12247.6
	816.5
	0.00210

	[MnO4]-
	26366
	398.3
	0.00948

	
	
	
	


Table 1. Selected calculated absorption and their oscillator strengths. Note: fosc refers to the oscillator strength, a dimensionless quantity that expresses the probability of absorption for an associated electronic transition. Larger fosc values correspond to more intense absorptions.

1. First, lets consider the geometry and spin states of the metal complexes. Do the calculated complex geometries correspond to your predicted geometries in part B question 1? What about the spin states?



2. With computational methods it is possible to make a prediction about the preferred spin state of a complex by comparing the single point energies from the output files. What is the preferred spin state of [Co(OH2)6]2+? Do you notice any differences in the geometries of the doublet and quartet structures?




3. Now let’s inspect the results from the electronic transition calculations. For each of these states (transitions) you will see the natural transition orbitals (NTOs) as well as the calculated energy and oscillator strength of the particular transition (fosc). The oscillator strength expresses the probability of emission or absorption associated with a particular electronic transition. (See the following for a more thorough treatment of the topic: https://doi.org/10.1119/1.12937) Do you notice any significant differences in the data? Do these values agree with your observations from part A?



4. Now let’s look at the orbitals involved in the transitions represented by the natural transition orbitals (NTOs). How would you characterize the donor NTO for the most intense absorption for [Co(OH2)6]2+? What about the acceptor orbital? For inorganic systems, it is often useful to characterize electronic transitions based on the nature of the donor and acceptor orbitals. For example, if the donor orbital is primarily located on the ligand and the acceptor orbital is located on the metal, we would call this a ligand to metal charge transfer (LMCT) since we have formally oxidized the ligand by one electron and reduced the metal by one electron. Be careful though because not all transitions involve charge transfer. Use this information to classify this transition as an LMCT, d-d transition, or metal to ligand charge transfer (MLCT).







5. Repeat this analysis for [CoCl4]2-  and [MnO4]-.















6. Do these transitions correspond to your predictions from parts A and B? Do the oscillator strengths of these transitions reflect your predictions about the “forbiddenness” of these transitions?






D. Drawing Conclusions

1. Why is [MnO4]-  absorption in the visible region so much more intense than the cobalt complexes?






2. Why is the absorption of [CoCl4]2- more intense than that of [Co(OH2)6]2+?







3. Can you think of possible applications for inorganic compounds in which strong absorption might be beneficial? (Particularly in the visible region.)





4. [Ru(bpy)3]2+, where bpy is a bipyridine ligand, is often used as a photosensitizer in dye sensitized solar cells. This complex has a strong absorption in the visible region, would you expect this transition to be metal-centered, or would you expect it to involve charge transfer? (Hint: Think about the geometry of the compound).





5. If we describe the bpy ligand as a strong π-acceptor, how would you describe the ordering nature of the metal d-orbitals (bonding or anti-bonding)? Based on this description, predict whether this transition is a ligand to metal charge transfer (LMCT) or metal to ligand charge transfer (MLCT). For more details on this and other systems read: https://doi.org/10.1351/PAC-CON-13-03-04







