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Introduction to MOFs

Metal-Organic Frameworks (MOFs) 

(Chem. Soc. Rev., 2014, 43, 5750-5765)

porous materials, metal ions/clusters, organic linkers 

Properties:
• Gas adsorption
• Flexible structure
• Catalytic activities

J. Karra, 2011, Theses: Georgia Institute of Technology

MIL-47 MIL-53

V. Guillerm, 2011, Thesis: Institut Lavoisier Versailles
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Potential applications:
➢ Gas storage and separation
➢ Catalytic processes
➢ Drug delivery
➢ Sensing (indicated by color change)
➢ Nano spring/dampers
➢ Etc …



Outline

Structural flexibility in functionalized MOFs 

Thermal-induced flexibility in MIL-53 (Cr)-Br
 DSC investigation of the flexibility
 Effect of microstructure on the flexibility

Effect of functionalization on the flexibility

Conclusions and perspective
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Structural flexibility of MOFs

General aspect of framework flexibility

Mode of framework flexibility:

Schneemann, et.al. Chem. Soc. Rev., 2014, 43, 6062-6096

Framework flexibility can 
occur with or without 
guest molecules 
involvement

Flexibility = one given system exists in two crystalline states with distinct pore size or shape



Structural flexibility of MOFs

Origin of the structural flexibility in MOFs:
➢ metal node (oxidation state of metallic ion, 

deformation of the molecular geometry)
➢ change in the dihedral angle (connection between 

linkers and metal node)
➢ rotation of the linkers

Stimuli:
▪ Guest molecules
▪ Pressure
▪ Temperature
▪ Light
▪ Electric field

MIL-53(Material of Institut Lavoisier)

metal cluster + 1,4-BDC linkers
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“Breathing”

stimuli

T.K. Trung, et.al. J. AM. CHEM. SOC. 2008, 130, 16926–16932

(reversible) transitions of metal–organic frameworks, accompanied by:
• changes in unit cell volume (ΔV ≠ 0)
• characteristic distances and angles of the unit cell
• crystallographic space groups of the two distinct phases may be different



Functionalization of the linkers

6

Linkers functionalization to modulate/control the flexibility

• They breath at T higher than ambient
• Can be studied by DSC
 powerful tool to study thermal-induced flexibility in MOFs

BDC

MIL-53(Cr)

BDC-Cl

MIL-53(Cr)-Cl

BDC-Br

MIL-53(Cr)-Br

Controlling flexibility maybe interesting for: 
➢ selectivity in gas adsorption applications
➢ mechanical applications (nanospring/dampers)

What can DSC do?
1. Transition temperature
2. Enthalpy of transformation



Thermal behavior of flexible MOFs
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Adsorbed water can be removed by heating 
up to the temperature at which pore opening 
occurs

At ambient condition, MIL-53(Cr)-Br is in 
narrow pore structure as it is adsorbing 
water molecules from atmosphere

1. Transition temperature
2. Enthalpy of transformation

Heating up opens the pore and release water
Cooling down  narrow pore without
water moleculesThermal cycling several times

1st cycle = pore opening + water release
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Effect of microstructure on the transition temperature

MIL-53(Cr)-Br

73 nm
60 nm

73 nm

60 nm

MIL-53 (Cr)-Br

2theta

▪ The structure is more rigid as the crystallite size is decreasing (or strain increasing)
▪ Therefore, it requires more energy for structural transition (NPLP) to occur. 
▪ Consistent with the fact that crystal downsizing suppress the structural mobility (Sakata, 

et.al, 2013) 

Yoko Sakata, Shuhei Furukawa. Science, vol 339, 11 January 2013

Effect of crystallite size and strain on structural transition temperature

What happens if we have different microstructure ?
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Evolution of microstructure size upon cycling

Upon thermal cycling, crystallite size is 
growing due to particle coarsening

Bigger crystallite becomes less rigid than 
smaller crystallite, therefore the temperature 
of transition decreases because it requires less 
energy to transform bigger crystallite.

Why transition temperature is decreasing upon 
cycling?

Crystallite size influences transition temperature

What happens to the crystallite size upon thermal cycling?
And how it affects the transition temperature?

Effect of microstructure on the transition temperature
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73 nm

60 nm

MIL-53 (Cr)-Br

2theta

What about enthalpy of NPLP transition?

Effect of microstructure on the enthalpy of transition

• Enthalpy value is not yet corrected by 
the water removal

• After correction, the initial value of the 
enthalpy is comparable between two 
batches

• Why enthalpy is decreasing upon cycling?
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Why enthalpy is decreasing upon cycling?

Effect of microstructure on the enthalpy of transition

We haven’t talk about pore closing



Does pore opening and pore closing occurs at the same temperature?

12

No peak is observed during cooling
Does this mean no pore closing?

• Pore opening occurs at 120-140°C
• Pore starts to close at 100°C
• Kinetics of pore closing are slower
• Phase coexistence

Remember DSC during cycling?
 Pore closing does exist but when?

Stepwise isotherm

180°C 180°C 180°C 180°C180°C180°C

Effect of microstructure on the enthalpy of transition
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Not all crystallite may undergo the LPNP transition. 
Therefore, there might be a phase coexistence (NP and LP). 
Upon cycling, phase coexistence is increasing. 
Phase coexistence induces internal strain that increases internal energy of the system. 
Increasing internal energy causes reduction in the enthalpy

Why enthalpy is decreasing upon cycling?

Effect of microstructure on the enthalpy of transition
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Effect of linkers functionalization on the flexibility

Effect of linkers functionalization on structural transition temperature

BDC-BrBDC-Cl

[3] V. Guillerm, Thesis: Institut Lavoisier Versailes, 2011

Effect of steric hindrance?
Effect of electronegativity?

Cl-functionalization leads to lower 
transition temperature than
Br-functionalization

• DSC study is consistent with 
temperature-programmed XRD 
reported in ref [3]

• Additionally, DSC gives energetic 
data



Conclusion and perspective
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• DSC is a powerful and complementary technique to study temperature-induced flexibility

• Temperature for the transition can be proposed:
MIL-53 (Cr)-Br: open (130°C);  close (100°C)
MIL-53 (Cr)-Cl: open (100°C); close (60°C)

• Enthalpy of transition is consistent with data provided from computational modeling
MIL-53 (Cr)-Br: 5 J/g
MIL-53 (Cr)-Cl: 3 J/g

• Flexibility can be tuned by controlling the microstructure and functionalization of linkers

• Kinetics play strong role in controlling flexibility

Conclusions:

• This fundamental findings can be put in practice, ex: controlling the pore size at given 
temperature for particular gas separation and also for mechanical dampers/springs

Perspective:
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