Tanabe-Sugano Diagrams 

This module is on Tanabe-Sugano diagrams. By the end of the module you should recognize what a  Tanabe-Sugano diagram is used for, what information can be gleaned from metal coordination complexes and how experimental data is analyzed.

Introduction

Tanabe-Sugano diagrams are used in coordination chemistry to predict electromagnetic absorptions of metal coordination compounds of tetrahedral and octahedral complexes. The analysis derived from the diagrams can also be compared to experimental spectroscopic data. Armed with spectroscopic data, an approximation to the crystal field splitting energy (10Dq), generated by ligands attached to a metal center, can be found.

Background

Crystal Field Splitting Energy

In crystal field theory interaction of the metal and ligand arise from the positive charge of the metal and negative charge on the ligands. The theory is developed by looking at the five degenerate d-orbitals and how the energies are changed on being surrounded by the negative point charges of the ligands. As the ligands are moved closer to the metal the repulsion between the electrons of the metal and ligands break the degeneracy of the d-orbitals. In the case of an octahedral complex 6 ligands surround a metal center with a single pair on each axis. This raises the energies of dx^2-y^2, dz^2 relative to those of dxy dxz dyz. This energy split is called Δoct. The tetrahedral energy split is about 4/9Δoct.1
Racah Parameters

Racah parameters were generated as a means to describe the effects of electron-electron repulsion within the metal complexes. The Racah parameters are A, B and C. In the case of Tanabe-Sugano diagrams each electron configuration split has an energy that can be related by the B value. A is ignored because it is roughly the same for any metal center and C generally approximated as being 1/4B. What B represents is an approximation of the bond strength between the ligand and metal.1 Comparisons between tabulated free ion B and B of a coordination complex is called the nephelauxetic ratio (the effect of reducing electron-electron repulsion via ligands). This effect is what gives rise to the spectrochemical series of ligands described later.[image: image1.png]g = Leo
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Parameters2
The x-axis in a Tanabe-Sugano diagram is in terms of the crystal field splitting parameter, 10Dq, or Δoct, scaled by the B Racah Parameter. The y-axis is in terms of energy of a electronic transition, E, scaled by B. Each line represents the energy of an electronic state while varying the strength of octahedral ligand field. And while only a few electronic states are spin allowed the spin forbidden electron transitions are included since spin forbidden transitions can appear in spectrum. Each term symbol is created from the splitting of term symbols from spherical to octahedral symmetry. With the relative energy ordering of the states are determined via Hund's rules.

Diagrams for d4, d5, d6, and d7 metal ions have a discontinuity in energies as the ligand field is varied. The discontinuity, shown with the vertical line, represents complexes changing from high-spin to low-spin complexes. At the line, the spin pairing energy is equal to the crystal field splitting energy. To the left of the line metal complexes are high-spin as the spin pairing energy is greater than that of the ligand field splitting. To the right of the line metal complexes are low-spin as the spin pairing energy is less than that of the ligand field splitting energy.
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How to use the Diagrams

1. Before looking at the diagrams the d-configuration of the metal ion must be determined.

2. Choose the appropriate Tanabe-Sugano diagram matching the d-configuration (http://chemistry.bd.psu.edu/jircitano/TSdiagram.pdf has full page diagrams necessary for measurements).

3. Take a spectrum of the complex and identify λmax for spin-allowed (strong intensity) and spin forbidden (weak intensity) transitions.

4. Convert λmax to wavenumbers and generate energy ratios relative to the lowest allowed transition. (i.e. E2/E1 and E3/E1)

5. Using a ruler, slide it across the printed diagram until the E/B ratios between lines is equivalent to the ratios found in step 4.

6. Solve for B using the E/B values (y-axis, step 4) and Δoct/B (x-axis, step 5) to yield the ligand field splitting energy 10Dq. 

Example

A Cr3+ metal complex has strong transitions and λmax at 431.03, 781.25 and 1250 nm determine the Δoct for this complex.

1. Cr has 6 electrons. Cr3+ has three electrons so a d-configuration of d3
2. Locate the d3 Tanabe-Sugano diagram

3. Convert to wavenumbers:

107(nm/cm)/(1250 nm)= 8000 cm-1
107(nm/cm)/(781.25 nm)= 13600 cm-1
107(nm/cm)/(431.03 nm)= 23200 cm-1
4. Allowed transitions are 4T1g<-4A2g,4T1g<-4A2g and 4T2g<-4A2g
	Transition
	Energy cm-1
	Ratios to lowest

	4T1g<-4A2g
	23200
	2.9

	4T1g<-4A2g
	13600
	1.7

	4T2g<-4A2g
	8000
	1

	5. Sliding the ruler perpendicular to the x-axis yields the following values:

Δoct/B
	10
	20
	30
	40

	Height E(ν3)/B
	29
	45
	64
	84

	Height E(ν2)/B
	17
	30
	40
	51

	Height E(ν1)/B
	10
	20
	30
	40

	Ratio E(ν3)/E(ν1)
	2.9
	2.25
	2.13
	2.1

	Ratio E(ν2)/E(ν1)
	1.7
	1.5
	1.33
	1.275


6. Based on the two tables above it should be assessed that the  Δoct/B value is 10. B is found by finding the dividing E by the height.

	Energy cm-1
	Height
	B

	23200
	29
	800

	13600
	17
	800

	8000
	10
	800


7. Next multiply Δoct/B by B to yield the Δoct energy. 10*800 = 8000 cm-1=Δoct
Each problem is of varying complexity as several steps may be needed to find the correct Δoct/B values that yield the proper energy ratios.

Nephelauxetic Effect

Imagine you had an abudance of V(H2O)63+ (d2) which has two absorbtions. If you had no other available metal centers, but an abundance of ligands, the complex's absorption spectrum (therefore its color) could be changed via application of the spectrochemical series:

I− < Br− < S2− < SCN− < Cl− < NO3− < N3− < F− < OH− < C2O42− ≈ H2O < NCS− < CH3CN < py (pyridine) < NH3 < en (ethylenediamine) < bipy (2,2'-bipyridine) < phen (1,10-phenanthroline) < NO2− < PPh3 < CN− ≈ CO

If you wanted higher energy absorptions (shift toward purple colors) you use ligands to the right of H2O and if you wanted redder colors attach ligands to the left of H2O. Here you could measure the nephelauxetic ratio of the ligands to compare how each ligand modifies the B Racah parameter. The series of complexes would also serve as a very good demonstration for a classroom.

The reason behind modifying metal ligands has implications for commercial products. Unique colors in ceramics and glass products can be traced back to many metal compounds.

Calculations using Orgel diagrams

Orgel diagrams are useful for showing the energy levels of both high spin octahedral and tetrahedral transition metal ions. They ONLY show the spin-allowed transitions. 

For complexes with D ground terms only one electronic transition is expected and the transition energy corresponds directly to D. Hence, the following high spin configurations are dealt with: d1, d4, d6 and d9.

D Orgel diagram
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On the left hand side d1, d6 tetrahedral and d4, d9 octahedral complexes are covered and on the right hand side d4, d9 tetrahedral and d1, d6 octahedral. 
For simplicity, the g subscripts required for the octahedral complexes are not shown.

For complexes with F ground terms, three electronic transitions are expected and D may not correspond directly to a transition energy. The following configurations are dealt with: d2, d3, high spin d7 and d8. 

F Orgel diagram
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On the left hand side, d2, d7 tetrahedral and d3, d8 octahedral complexes are covered and on the right hand side d3, d8 tetrahedral and d2 and high spin d7 octahedral. 
Again for simplicity, the g subscripts required for the octahedral complexes are not shown.

On the left hand side, the first transition corresponds to D, the equation to calculate the second contains expressions with both D and C.I. (the configuration interaction from repulsion of like terms) and the third has expressions which contain D, C.I. and the Racah parameter B.

1. 4T2g ¬ 4A2g            transition energy = D
2. 4T1g(F) ¬ 4A2g       transition energy = 9/5 *D - C.I.

3. 4T1g(P) ¬ 4A2g       transition energy = 6/5 *D + 15B' + C.I.


On the right hand side, 

The first transition can be unambiguously assigned as:

3T2g ¬ 3T1g           transition energy = 4/5 *D + C.I.

But, depending on the size of the ligand field (D) the second transition may be due to:

3A2g ¬ 3T1g           transition energy = 9/5 *D + C.I.

for a weak field or

3T1g(P) ¬ 3T1g       transition energy = 3/5 *D + 15B' + 2 * C.I.

for a strong field.

TANABE-SUGANO DIAGRAMS

An alternative method is to use Tanabe Sugano diagrams, which are able to predict the transition energies for both spin-allowed and spin-forbidden transitions, as well as for both strong field (low spin), and weak field (high spin) complexes. 
Note however that most textbooks only give Tanabe-Sugano diagrams for octahedral complexes and a separate diagram is required for each configuration.
In this method the energy of the electronic states are given on the vertical axis and the ligand field strength increases on the horizontal axis from left to right.
Linear lines are found when there are no other terms of the same type and curved lines are found when 2 or more terms are repeated. This is as a result of the "non-crossing rule".
The baseline in the Tanabe-Sugano diagram represents the lowest energy or ground term state.
The d2 case (not many examples documented).
The electronic spectrum of the V3+ ion, where V(III) is doped into alumina (Al2O3), shows three major peaks with frequencies of: n1=17400 cm-1, n2=25400 cm-1 and n3=34500 cm-1.

These have been assigned to the following spin-allowed transitions.

	3T2g
	<---
	3T1g

	3T1g(P)
	<---
	3T1g

	3A2g
	<---
	3T1g



The ratio between the first two transitions is calculated as n2 / n1 which is equal to 25400 / 17400 = 1.448.

In order to calculate the Racah parameter, B, the position on the horizontal axis where the ratio between the lines representing n2 and n1 is equal to 1.448, has to be determined. On the diagram below, this occurs at D/B=30.9. Having found this value, a vertical line is drawn at this position.

Tanabe-Sugano diagram for d2 octahedral complexes
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On moving up the line from the ground term to where lines from the other terms cross it, we are able to identify both the spin-forbidden and spin-allowed transition and hence the total number of transitions that are possible in the electronic spectrum.

Next, find the values on the vertical axis that correspond to the spin-allowed transitions so as to determine the values of n1/B, n2/B and n3/B. From the diagram above these are 28.78, 41.67 and 59.68 respectively.
Knowing the values of n1, n2 and n3, we can now calculate the value of B.
Since n1/B=28.78 and n1 is equal to 17,400 cm-1, then B=n1/28.78 = 17400/28.78
or B=604.5cm-1
Then it is possible to calculate the value of D.
Since D/B=30.9, then: D=B*30.9 and hence: D = 604.5 * 30.9 = 18680 cm-1
The d3 case
Calculate the value of B and D for the Cr3+ ion in [Cr(H2O)6)]3+ if n1=17000 cm-1, n2=24000 cm-1 and n3=37000 cm-1.
SOLUTION.

These values have been assigned to the following spin-allowed transitions.

	4T2g
	<---
	4A2g

	4T1g
	<---
	4A2g

	4T1g(P)
	<---
	4A2g


From the information given, the ratio n2 / n1 = 24000 / 17000 = 1.412

Using a Tanabe-Sugano diagram for a d3 system this ratio is found at D/B=24.00

Tanabe-Sugano diagram for d3 octahedral complexes
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Interpolation of the graph to find the Y-axis values for the spin-allowed transitions gives:

n1/B=24.00
n2/B=33.90
n3/B=53.11

Recall that n1=17000 cm-1. Therefore for the first spin-allowed transition,
17000 /B =24.00 from which B can be obtained, B=17000 / 24.00 or B=708.3 cm-1.

This information is then used to calculate D.
Since D / B=24.00 then D = B*24.00 = 708.3 * 24.00 = 17000 cm-1.

It is observed that the value of Racah parameter B in the complex is 708.3 cm-1, while the value of B in the free Cr3+ ion is 1030cm-1. This shows a 31% reduction in the Racah parameter indicating a strong Nephelauxetic effect.

The Nephelauxetic Series is as follows:

F->H2O>urea>NH3 >en~C2O42- >NCS- >Cl-~CN->Br- >S2- ~I-.


Ionic ligands such as F-give small reduction in B, while covalently bonded ligands such as I- give a large reduction in B.

