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Thermodynamic Analysis of Aqueous Redox Chemistry: Introduction to Latimer and Frost Diagrams
Part 1: Constructing the Manganese Latimer Diagram in Acidic Conditions (pH = 0)
In this part, you will use the provided manganese species and standard reduction potentials to write the full half-reactions and construct the Latimer diagram for manganese in an acidic solution (pH = 0).
1. Balancing the Half Reactions
For each reaction below, the manganese-containing reactant and product are given. Complete and balance each half-reaction under acidic conditions (pH = 0). Remember to balance the oxygen atoms with H2O and the hydrogen atoms with H+. Finally, balance the charge using e-.
Reaction A: [MnO4]-(aq) → [HMnO4]- (aq)			Reduction Potential : E∘ = 0.90 V
Balanced Half-Reaction:


Reaction B: [HMnO4]- (aq) → MnO2 (s)			Reduction Potential : E∘ = 2.10 V
Balanced Half-Reaction:


Reaction C: MnO2 (s)  → Mn3+ (aq)  				Reduction Potential : E∘ = 0.95 V
Balanced Half-Reaction:


Reaction D: Mn3+ (aq) → Mn2+ (aq)				Reduction Potential : E∘ = 1.54 V 
Balanced Half-Reaction:


Reaction E: Mn2+ (aq) → Mn (s)				Reduction Potential : E∘ = -1.19 V 
Balanced Half-Reaction:

2. Generating the Latimer Diagram
A Latimer diagram summarizes the standard reduction potentials for the sequential reduction of a chemical element in its various oxidation states.
Construct the Latimer diagram for manganese in an acidic solution (pH = 0) using the species and reduction potentials given above.
Instructions:
1. Draw the series of reactions, placing the species with the highest oxidation state on the far left. Write only the Mn species and nothing else from the half reactions.
2. Use a straight arrow (→) to show each reduction step.
3. Write the corresponding standard reduction potential () in volts above each arrow.
Complete your Latimer Diagram below:




This diagram illustrates the sequential reduction steps. Next, we will use this diagram to perform calculations and predict reactivity.
Part 2: Disproportionation and Non-Adjacent Species
The Latimer diagram you constructed in Part 1 is the starting point for quantitative analysis of the stability and reactivity of the manganese species in a pH = 0 solution.
1. Calculating Non-Adjacent Potentials
A key application of the Latimer diagram is calculating the standard reduction potential () for a reaction that involves the reduction of an element over multiple steps (i.e., non-adjacent oxidation states). Since potential is an intensive property and is not additive, we must use the Gibbs Free Energy () to relate the steps.

Where  is the number of electrons transferred, and  is the Faraday constant (96,485 C/mol). Because  is an extensive property, it is additive.
Calculate the standard reduction potential () for the reduction of [MnO4]- directly to MnO2:
1. Write the multistep reduction process: This involves the steps from [MnO4]- to [HMnO4]-, then to MnO2.
2. Calculate  for each individual step. 
3. Sum the  values to get the total  for the entire process.
4. Write out the overall reaction. Determine the overall number of electrons () for the overall reaction.
5. Calculate the final overall  using the total  and the total n:  




















2. Identifying Unstable Species (Disproportionation)
Disproportionation occurs when a species in a given oxidation state is thermodynamically unstable and spontaneously reacts to form both a higher and a lower oxidation state product.
A species is unstable with respect to disproportionation if the standard potential for the reduction to the lower state is more positive than the reduction potential to its left (i.e., the reduction potential to the left () is smaller than the reduction potential to the right (), meaning  ).
For example, if [HMnO4]- is unstable with respect to disproportionation, the following reaction should have a positive :
3[HMnO4]- (aq) + H+ (aq) → MnO2(s) + 2[MnO4]- (aq) + 2H2O (l)
How can you determine what  should be for this reaction? Hint: consider combining two half-cell reactions that you derived from Part 1.1. You will need to calculate out the total . In addition to calculating out , also calculate the equilibrium constant K (recall from general chemistry that  ). What does all of this tell you? Show your work below.














Analyze the Latimer diagram and identify any other Mn species that is thermodynamically unstable toward disproportionation at pH = 0. Explain your reasoning. 









Part 3: The Frost-Ebsworth Diagram
While the Latimer diagram is useful for identifying adjacent reduction potentials and unstable species, the Frost-Ebsworth diagram (or simply Frost diagram) is a powerful graphical tool that relates the stability of all oxidation states to a standard reference potential. 
A Frost diagram plots the total standard Gibbs Free Energy (  ) for the formation of species in oxidation state N from its elemental form (e.g., Mn metal) divided by the negative of Faraday’s constant (). This value, , is plotted on the y-axis against the oxidation state, N, on the x-axis, with the elemental form acting as the zero reference ().
The most thermodynamically stable species lies lowest on the plot. A species is unstable toward disproportionation if it sits on a convex peak, lying above the straight line connecting its two adjacent oxidation states.
1. Calculating  Values
The starting point (Mn0) is always  = 0 V. Use the following derived equation to calculate the value for each subsequent oxidation state relative to Mn0.

Where  and  are the number of electrons and potential for each sequential reduction step from MnN to Mn0.
Use the potentials provided in Part 1 to complete the table below.
	Species
	Oxidation State (N)
	Total Electrons for reduction step
	Stepwise reduction potential () (V)
	 (V) for MnN

	Mn
	0
	NA
	0.00 (by definition)
	0

	Mn2+
	+2
	2
	-1.19
	2×(-1.19) = -2.38

	Mn3+
	+3
	1
	1.54
	-2.38 + (1×1.54) = -0.84

	MnO2​
	+4
	
	
	

	[HMnO4]−​
	+6
	
	
	

	[MnO4]−​
	+7
	
	
	



	Column
	Description

	Species
	The chemical species of manganese.

	Oxidation State (N)
	The oxidation state of Mn in that species.

	Total electrons for reduction step
	The number of electrons transferred in the single reduction step from the species in this row down to the next lower oxidation state present in the table.

	Stepwise reduction potential ()
	The standard reduction potential () for the single, adjacent reduction step starting from the species in this row and leading to the next lower state. These values are taken from the Latimer Diagram.

	 for MnN
	The cumulative sum of () values for all sequential steps required to reduce the species in this row (MnN) all the way down to Mn0. This is the value you will plot on the y-axis.



Draw the resulting Frost Diagram (graph on next page), where y-axis =  and x-axis = N (Oxidation State).
2. Analysis of the Frost Diagram
A. Using the data you calculated for Mn6+ in the table above, explain how the Frost diagram visually confirms your finding from Part 2 that Mn6+ is unstable with respect to disproportionation.
B. Identify the most powerful oxidizing agent among the manganese species at pH = 0.
Hint: The most powerful oxidizing agent corresponds to the reduction step with the highest point (largest  value) on the Frost diagram.
C. Identify the most powerful reducing agent among the manganese species at pH = 0.
Hint: The most powerful reducing agent corresponds to the oxidation step with the steepest ______ slope on the Frost diagram. 
D. Identify the most stable oxidation state for the manganese species at pH = 0.




Answers from Part 3.2

























Determining  from Slope (Tie Line):
1. Draw a straight line (tie line) connecting the point for [MnO4]- to the point for MnO2.
2. Calculate the slope of this tie line using the values you determined in the table.
3. Does the  value you determined from the slope match the value you calculated in Part 2? Mathematically prove that this equivalency is valid.
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1. Begin by creating your interactive Frost-Ebsworth diagram. Follow the following steps to create a Claude AI account
Navigate to https://claude.ai
Create a free account using your email address
Log in to access the chat interface
2. Copy and paste the following prompt exactly into Claude (remember to be nice to your future overlord):
“Please generate an interactive Frost-Ebsworth diagram for manganese at pH = 0. The diagram should allow me to select two data points on the graph, and when I do, a tie line should be drawn between them that displays the slope of the line, which represents the standard reduction potential (E°) for that redox couple. Use the following standard reduction potentials for manganese: - Mn2+/Mn: -1.19 V – Mn3+/Mn2+: 1.54 V – Mn4+/Mn3+: 0.95 V – Mn6+/Mn4+: 2.10 V – Mn7+/Mn6+: 0.90 V”
3. Once Claude is complete, familiarize yourself with the diagram:
· Click on various data points to see how the interactive features work.
· Practice selecting two points and observing the tie line that appears.
· Note how the slope () is automatically calculated.
Note: Please carefully verify the output as AI tools can occasionally miscalculate values, invert data, etc. If the diagram is incorrect, prompt the AI with specific feedback to make the necessary corrections. If you are still unsure about its accuracy, please ask your instructor for assistance in troubleshooting the issue(s).
4. Take a screenshot of your generated Frost-Ebsworth diagram and include it in your submission.
5. Using your interactive Frost-Ebsworth diagram, determine the standard reduction potential () for the following redox couples by selecting the appropriate data points:
Mn3+ / Mn2+ couple: 
· Select the Mn2+ and Mn3+ points
· Record the slope displayed:  = _________ V
Mn4+ / Mn7+ couple: 
· Select the Mn4+ and Mn7+ points
· Record the slope displayed:  = _________ V
Mn4+ / Mn couple: 
· Select the Mn and Mn⁴⁺ points
· Record the slope displayed:  = _________ V
6. Now, manually calculate the standard reduction potential for each of the three redox couples. Show all work clearly.
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