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Using Solid State Chemistry and Crystal Field Theory to Design a New Blue Solid

Read the following paper and related supplemental information and prepare answers to the discussion questions before class:

Smith, A. E.; Mizoguchi, H.; Delaney, K.; Spaldin, N. A.; Sleight, A. W.; Subramanian, M. A. "Mn3+ in Trigonal Bipyramidal Coordination: A New Blue Chromophore," J. Am. Chem. Soc. 2009, 131, 17084-17086.  doi:10.1021/ja9080666
Discussion Questions: 

1.  What inorganic materials are currently used as blue pigments and what are the problems with these materials?  What are the disadvantages of the blue pigment discussed in the paper?  What needs to be done to make this a commercially viable blue pigment? 

2.  Normally, formulae are written with whole numbers – implying a distinct stoichiometry.  In this paper, the formula for the series of compounds is written as YIn1-xMnxO3.  Why?  What does this general notation necessarily imply?  How does one interpret the meaning of a specific composition such as YIn0.9Mn0.1O3 as it is not possible to have 1/10 of a Mn atom?

3.  YIn1-xMnxO3is made by a common procedure for the synthesis of thermodynamically stable solid state materials.  Describe how these materials are made.  Why do you think this method produces thermodynamically stable materials?

4. How is the hexagonal YMnO3 structure similar to and different from the perovskite structure?

5.  Compare the ionic radii of In3+, Mn3+, and Y3+ for a specific coordination number.  Why do you think Mn3+ forms a solid substitution on the In3+ rather than the Y3+ site?

6.  What is the crystal system of the YIn1-xMnxO3 family?  What are the unit cell parameters for a particular composition?  Which of these cell parameters are fixed by the crystal symmetry and which may vary?

7.  Define apical and basal relative to the trigonal pyramidal coordination geometry.  What are the Mn-O and In-O bond distances found in these materials – both basal and apical?  How do these compare to the predicted bond distances (based on Shannon-Prewitt radii)?

8.  Explain the model of static disorder applied to the apical oxygen atom in the X-ray crystal structure for YIn0.37Mn0.63O3.  What signaled to the researchers that disorder needed to be considered in this structure and how did they resolve the issue?

9.  In the supplemental information, Figure S2 shows the X-ray powder diffraction patterns for the complete YIn1-xMnxO3 series.  Explain how these data support the conclusion that a complete solid solution is formed.  What would you expect to see if only a limited range existed for the solid solution?

10.  As shown in Figure 2, there is a large change in the c-axis (perpendicular to the Mn3+ layers) and very little change in the a-axis (contained in the Mn3+ layer).  Explain this in terms of the hexagonal YMnO3 structure.

11.  What is Vegard's Law?  Does this solid solution obey Vegard's Law?

12.  Explain the origin of the crystal field splitting pattern for a D3h (trigonal pyramidal) d-block metal ion shown in Figure 1.  How do changes in the a-axis affect the crystal field splitting?  The c-axis?  Which of these axes changes more upon substitution?

13.  Explain why the electron occupation shown in Figure 1 for Mn3+ is high spin.

14.  The authors state that crystal field stabilization energies have been invoked to rationalize the stability of the hexagonal YMnO3 structure relative to perovskite.  Provide the detailed argument, calculating the CFSE of Mn3+ in each of these structures.  Hint: You might find Figure 21.11 in Housecroft and Sharpe, Third Edition useful.  What other factors besides CFSE should be taken into account in ranking the relative stabilities of these two structures?

15.  What is ferroelectricity?  Hint: There are some similarities to ferromagnetism and in fact the co-existence of ferroelectricity and ferromagnetism in materials is of great interest right now (multiferroics).

16.  What is diffuse reflectance spectroscopy?  What do you suppose is used as a "blank" condition in diffuse reflectance?  

17.  The x-axis for the spectrum in Figure 4 is labeled in eV.  Convert the photon energies of each tick mark from eV to nm.  What part of the electromagnetic spectrum is being studied (i.e. x-ray, microwave, visible, IR, etc.)?

18.  Explain what the LaPorte selection rule is and why it is relevant to this discussion.

19.  What is the origin of the blue color of doped YIn1-xMnxO3?  Why is it so intense?  Why is no blue color observed when Mn3+ is substituted into a YMO3 perovskite?

20.  How is the YbFe2O4 structure similar to hexagonal YMnO3?  How is it different?

21.  Why must ScAlMgO4, ScGaMgO4, LuGaMgO4, ScGaZnO4, or InGaMgO4 – all of which have the YbFe2O4 structure type – be used as hosts for pigments rather than YbFe2O4?  For each of these compounds, on which site would you expect Mn3+ to substitute?

