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SI 1: Binary and Ternary Models
Binary (two-component mixture) and Ternary (three-component mixture) were proposed in our previous and current work. This section aims to compare binary mixture model at full occupancy with a corresponding ternary mixture mode with no composition constraint. 
Nomenclature:
Binary Model: Two-component mixture model at full occupancy. This model is only valid at full occupancy because partial occupancy implies free volume and in a real material the hydrogen network spans the system
Physical Property: P2












Constraint: 
Property:
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Ternary Model: Three-component mixture model with bounded occupancy constraint
Physical Property : P3














	
	Eqn (S2)



	
	Eqn (S3)



	
	Eqn (S4)



	
	Eqn (S5)
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Model P3 at arbitrary occupancy in terms of volume fractions:
NOTE: 
Property: 
	
	[bookmark: _Ref122010305]Eqn (S8)



Based on Eqn (S6) and Eqn (S7), Eqn (S8) can be shown as Eqn (S9)
	
	[bookmark: _Ref122010312]Eqn (S9)



Mapping ternary to binary at full occupancy 
At full occupancy 





	
	Eqn (S10)



	
	Eqn (S11)



	
	Eqn (S12)


Property:
	
	Eqn (S1)


At full occupancy: 
	
	Eqn (S13)

	
	Eqn (S14)

	
	Eqn (S15)



Binary mixture model origins from the rule of mixture, which can be applied to all composite material. Once the property values are evaluated from the constituent material aspect, the property values of composite material can be calculated. In other words, the coefficients (P2S and P2L) in the binary mixture model are evaluated from the cage aspect. 
However, the ternary mixture model is designed for the gas hydrates system. It considers the structural feature of gas hydrate. The hydrogen-bonded network permanently exists regardless of the presence of guest molecules. The small and large cages are embedded in the hydrogen-bonded network. This is different from the constituent material in the binary mixture model, which does not have a basic structural skeleton. P3S and P3L are the effects estimated from the lattice aspect, originating from the occupied small or large cages. 
At full occupancy, which is a special condition, the binary and ternary mixture models should generate the same results. Then the Eqns (S13-S15) shows the relationship between the properties from the binary model and the ternary model properties. 
To summarize, there is no conflict between the binary and ternary mixture models. The ternary mixture model is the updated version of the binary model, which considers the structural feature of gas hydrate. At full occupancy, ensuring two models will give the same results, Eqns (S13-S15) need to be satisfied. Under other conditions, only ternary mixture models can be applied. 





SI 2: Steepest ascent and steepest descent curve derivation
This section will provide detailed information for the derivations of Eqn (3-5) in the Results and Discussion section of the manuscript
The relationship between the compressive stability limits and the small and larges’ occupancy can be expressed in analytical and numerical ways, as shown in Eqn (S16-S17) which are the same as Eqn (1-2) in the manuscript. The four coefficients a, b, c and d are equal to 4.6, 0.3, 1.7 and 0.7, respectively. 
	
	Eqn (S16)

	  
	Eqn (S17)


Steepest Descent/Ascent Curves
Step 1: take partial derivatives of :
	
	Eqn (S18)

	
	Eqn (S19)


Step 2: Apply standard calculus:
	
	Eqn (S20)



	
	Eqn (S21)



	
	Eqn (S22)


Step 3: Integrate both sides:
	
	Eqn (S23)


Where K is a constant, has a unit of GPa, the same as :
	
	Eqn (S24)


Plug in the coefficient values 
	
	Eqn (S25)


The Error! Reference source not found.) shown above is the Eqn (3) in the manuscript, where  is  and  is .
	
	Eqn (S26)


Use  to replace 
	
	Eqn (S27)



	
	Eqn (S28)


Considering the value of Y would be positive 
	
	Eqn (S29)


Steepest ascent curve (starting from )

Step 1: to calculate the  value for the steepest curve through , plug  into the equation
	
	Eqn (S30)




By solving Error! Reference source not found.), we can obtain the value of K.

Thus  for the steepest ascent curve. 
	
	Eqn (S31)



Step 2: find the ending point of the steepest ascent curve where .
	
	Eqn (S32)



	
	Eqn (S33)



	
	Eqn (S34)



Considering  would be a positive value,
	
	Eqn (S35)



	
	Eqn (S36)



Step 3: Evaluate the Stability limit value of the ending point of the steepest ascent curve. 
	
	Eqn (S37)

	
	Eqn (S38)



	

	
	Eqn (S39)



	

	
	Eqn (S40)



	

	
	Eqn (S41)



Which is the same as Eqn (4) in the manuscript



Steepest decent curve (starting from )
Step 1: to calculate the  value for the steepest curve through , plug  into the equation
	
	Eqn (S42)




Thus  for the steepest decent curve. 
	
	Eqn (S43)



Step 2: find the ending point of the steepest decent curve where .
	
	Eqn (S44)



	
	Eqn (S45)



	
	Eqn (S46)



Considering  is a positive value
	
	Eqn (S47)



Step 3: Evaluate the Stability limit value of the ending point of the steepest decent curve. 
	
	Eqn (S48)



	
	Eqn (S49)



Which is the same as Eqn (5) in the manuscript
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