
1



Metal-Organic Frameworks I

Lecture 36

Surfaces: adhesion, 
friction, lubrication

Lecture 37

Metal-organic 
frameworks: structures 
and structural 
properties

Lecture 38

Metal-organic 
frameworks: surfaces 
and host-guest 
chemistry
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“for the development of metal–organic frameworks”

https://www.nobelprize.org/prizes/chemistry/2025/summary/ 

https://www.nobelprize.org/prizes/chemistry/2025/summary/
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Symbol: n

3 rotary inversion 

(rotation then inversion) 

axes (green) in a Metal-

Organic Framework 

(materials of this type will 

be covered in lectures 

37-39 in week 13).

Inversion Axes (n) in Crystals

School of Chemistry, University of Sydney
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Recall from Lecture 4
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A crystal structure with space group I41/amd

• Body-centred tetragonal cell

• A lot of symmetry! (32 symmetry elements)
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41 screw axes (red), 2-fold rotation axes (green), mirror planes (blue), two different types of glide planes

Recall from Lecture 5
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Accessing high length scales
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http://mrsec.wisc.edu/Edetc/background/selfassembly/index.html
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Self-assembly on the macroscale

9

Here, coloured triangles 

floating on water are used to 

illustrate self-assembly.

Over time as the system cools, 

it explores many different 

configurations and finds a 

thermodynamically stable 

configuration.
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Molecular self-assembly

Self-Assembly of trimesic acid (1,3,5-

benzenetricarboxylate) on surfaces

Two hydrogen bonding motifs: 

dimer (b) and trimer (c)

J. Phys. Chem. C, 111, 10138 (2007)
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Coordinate bond formation

Coordination complexLigand Metal ion

Covalent bond

Self-assembly through the coordinate Bond

Coordinate bond

Mn+ LL
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Six connecting metal

Two connecting ligand

+ =

Cubic framework

(three-dimensional)

School of Chemistry, University of Sydney

Metal-Organic Frameworks (MOFs)
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History

Octahedral metal node

+

Linear CN- linker

Coordination Framework

FeII

FeIII

FeIII
4[FeII(CN)6]3

Prussian Blue (1710) 
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MOF formation: ‘nodes + linkers’
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‘Molecular LEGO’
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Design and construction (“crystal engineering”)

Diamond structure built from tetrahedral centres

CuI  +  [ZnII(CN)4]
2-  +  N(CH3)4

+

Robson (1990) - generated the first family 

of compounds where it was possible to 

reliably predict the structures before the 

crystals were actually made.

School of Chemistry, University of Sydney 16J. Am. Chem. Soc. 1990, 112, 4, 1546–1554



Design and construction (“crystal engineering”)

School of Chemistry, University of Sydney 17

CuI  +

Robson (1990) - expanded diamond-type frameworks using larger tetrahedral 

building units

Void regions are filled with anions and solvent of crystallisation  opportunity for host-guest chemistry

Ligand with a central carbon (tetrahedral) 

and benzonitrile “arms”

J. Am. Chem. Soc. 1990, 112, 4, 1546–1554



“It is a universal phenomenon in nature, of which the generality 

has been well established… that any material whatsoever, solid or 

fluid, increases in size in each dimension when heated. Any claims 

that this principle is of limited generality are based on arguments 

which lead only to fallacious results …”

School of Chemistry, University of Sydney

Thermal expansion

18

Lavoisier, 1789



“It is difficult to comprehend these phenomena 

without conceding that they are the effect of a 

real and material substance, a particularly 

pervasive fluid, which insinuates itself between 

the particles of bodies and thus separates 

them.”

School of Chemistry, University of Sydney

Mechanism of thermal expansion

19

Lavoisier, 1789

Lavoisier thought that light (lumiere) and heat 

(calorique) were substances and that heat got 

into materials and pushed it outwards.
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Bonding: Potential Energy Curves

Pauli Exclusion Principle

No two electrons in an atom may 
be in the same quantum state.  

• No two electrons can have same 
four quantum numbers, n, l, m, 
and s.  

• No orbital (specified by n, l, m) 
can be occupied by more than 
two electrons.

20

V(r)

r0

Attractive energy

Repulsive energy

Overall energy

Bonding interaction

Recall from Lecture 2 https://phet.colorado.edu/sims/html/states-of-matter/latest/states-of-matter_en.html
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Mechanism of thermal expansion

Distance

E
n

e
rg

y

21

The average bond length 

increases with temperature

As temperature is raised:

• The atoms have more thermal energy. 

• The amplitude of the longitudinal 

vibrations (i.e., the vibrations running 

along the length of the bond) 

increases. 

• The asymmetric nature of the potential 

well means that the average inter-

atomic spacing (bond length) 

increases.



Coefficient of thermal expansion
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The coefficient of thermal expansion, α , is the 

relative change in linear dimensions, per unit of 

temperature change.

𝛼𝑉 =
1

𝑉

𝑑𝑉

𝑑𝑇

Volumetric expansion:

𝛼𝑙 =
1

𝑙

𝑑𝑙

𝑑𝑇

Linear expansion:

Material 𝛼𝑙 /10-6 K-1 at 20 °C

Mercury 60

Lead 29

Aluminium 23

Brass 19

Stainless steel 17

Copper 17

Gold 14

Nickel 13

Concrete 12

Steel 12

Platinum 9

Glass 8

GaAs 6

Indium phosphide 5

Pyrex 3

Silicon 3

Diamond 1



CdII(CN)2·G

– single porous network

– neutral framework

– guest molecules

N(CH3)4CuIZnII(CN)4

– single network

– anionic framework

– N(CH3)4
+ cations in pores

MII(CN)2

– two networks

– neutral framework

– no guests

School of Chemistry, University of Sydney 23

Negative Thermal Expansion (NTE) in MOFs

M(CN)2 family



Negative Thermal Expansion (NTE) in MOFs
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Single-Crystal X-Ray Diffraction Data

He-cooled Single-Crystal X-Ray Diffraction Data

Powder X-Ray Diffraction Data (ANBF, Tsukuba)

Neutron Powder Diffraction Data (ANSTO)

Neutron Powder Diffraction Data (HRPD, ISIS)

Zn(CN)2
 = -16.5 x 10-6 K-1

Phys. Rev. B, 71, 140301 (2005).
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Example 1: Zinc cyanide

Unit cell lattice parameter vs. temperature measured using several diffraction techniques

With increasing temperature, this material shows a contraction in the lattice 

parameter, characteristic of NTE behaviour.



Mechanism for NTE
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Phys. Rev. B, 71, 140301 (2005).

While longitudinal vibrations make the bond lengths increase, other types of vibrations 

lead to a decrease in the distance between atoms with increasing temperature.



1 2



Low energy transverse (at a 90° angle) vibrational modes



Mechanism for NTE

School of Chemistry, University of Sydney 26

Phys. Rev. B, 71, 140301 (2005).

1 2 T1/2

Low energy transverse vibrational modes in a crystal (phonons)



CdII(CN)2·G

– single porous network

– neutral framework

– guest molecules

N(CH3)4CuIZnII(CN)4

– single network

– anionic framework

– N(CH3)4
+ cations in pores

MII(CN)2

– two networks

– neutral framework

– no guests

School of Chemistry, University of Sydney 27

Negative Thermal Expansion (NTE) in MOFs

M(CN)2 family
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NTE in MOFs: the M(CN)2 family

Angew. Chem. Int. Ed., 47, 1396 (2008).

Example 2: Cadmium cyanide with a carbon tetrachloride clathrate 

guest molecule in the cavity

12.62
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a
 /
A

carbon tetrachloride clathrate

T /K

a 
/Å

α = +10.0(2) × 10–6 K–1

As temperature increase the 

lattice parameter increases, 

exhibiting thermal expansion 

behaviour.

Cd(CN)2·G
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NTE in MOFs: the M(CN)2 family

Angew. Chem. Int. Ed., 47, 1396 (2008).

Example 2: Cadmium cyanide with a carbon tetrachloride clathrate 

guest molecule in the cavity
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The lattice parameter starts 

to decrease slightly as the 

guest solvent molecule starts 

to evaporate, leaving the 

structure.

Cd(CN)2·G
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NTE in MOFs: the M(CN)2 family

Angew. Chem. Int. Ed., 47, 1396 (2008).

Example 2: Cadmium cyanide with a carbon tetrachloride clathrate 

guest molecule in the cavity
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An abrupt lattice parameter 

collapse is seen at ~100 °C 

when all the solvent is 

removed.

Cd(CN)2

Cd(CN)2·G
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NTE in MOFs: the M(CN)2 family

Angew. Chem. Int. Ed., 47, 1396 (2008).

Example 2: Cadmium cyanide with a carbon tetrachloride clathrate 

guest molecule in the cavity
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On cooling, the lattice 

parameter of the desolvated 

material expands, exhibiting 

NTE behaviour.

Cd(CN)2

α = –33.4(5) × 10–6 K–1
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NTE in MOFs: the M(CN)2 family

Angew. Chem. Int. Ed., 47, 1396 (2008).

Example 2: Cadmium cyanide with a carbon tetrachloride clathrate 

guest molecule in the cavity
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At low temperatures, air 

molecules condense in the 

pores, and the material 

again exhibits thermal 

expansion behaviour.

Cd(CN)2



CdII(CN)2·G

– single porous network

– neutral framework

– guest molecules

N(CH3)4CuIZnII(CN)4

– single network

– anionic framework

– N(CH3)4
+ cations in pores

MII(CN)2

– two networks

– neutral framework

– no guests

School of Chemistry, University of Sydney 33

Negative Thermal Expansion (NTE) in MOFs

M(CN)2 family
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NTE in MOFs: the M(CN)2 family

34

N(CH3)4CuZn(CN)4

J. Am. Chem. Soc., 132, 10 (2010).

Example 3: Tetramethylammonium copper(I) zinc(II) cyanide

Between 200–400 K, this material shows an almost constant lattice parameter, 

termed zero thermal expansion, due to two competing effects. 

As temperature increases:

• The framework undergoes 

the transverse vibrational 

modes that (typically) lead 

to contraction.

• The cation vibrates and 

rotates more, occupying 

more space, and 

expanding the framework.



Negative Thermal Expansion (NTE) in MOFs

J. Am. Chem. Soc., 127, 17980 (2005); J. Am. Chem. Soc., 128, 7009 (2006).
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MIIPtIV(CN)6 family

Prussian blue type compounds with octahedral metal centres with linear cyanide 

linkers

cubic holes
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J. Am. Chem. Soc., 127, 17980 (2005).

NTE in MOFs: ZnIIPtIV(CN)6·xH2O

These materials are synthesised with water in the cubic holes. Below room temperature, 

this material shows near “zero thermal expansion” due to two competing effects. 

As temperature increases:

• The framework undergoes 

the transverse vibrational 

modes that (typically) lead 

to contraction.

• The water vibrates and 

rotates more, occupying 

more space, and 

expanding the framework.



J. Am. Chem. Soc., 127, 17980 (2005).
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NTE in MOFs: ZnIIPtIV(CN)6·xH2O
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Above room temperature, the water molecules are removed, and the lattice parameter 

decreases. 
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School of Chemistry, University of Sydney
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J. Am. Chem. Soc., 127, 17980 (2005).

NTE in MOFs: ZnIIPtIV(CN)6·xH2O

The materials then show NTE behvaiour due to the transverse vibrations of the 

framework. 



Effect of bond strength on vibration modes

The energies of these phonons, and therefore their amplitudes, depends on 

the strength of the  M(1)−C≡N−M(2)  bonding:

- tightly bound cyanides gives small amplitudes so small NTE

- loosely bound cyanides gives large amplitudes so large NTE

School of Chemistry, University of Sydney 39

Low energy phonon (lattice vibration) modes 



αMn > αFe > αCo > αNi < αCu < αZn ≪ αCd

School of Chemistry, University of Sydney 40

J. Am. Chem. Soc., 128, 7009 (2006).

NTE in MOFs: The effect of M in MIIPtIV(CN)6



αMn > αFe > αCo > αNi < αCu < αZn ≪ αCd

J. Am. Chem. Soc., 128, 7009 (2006).
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NTE in MOFs: The effect of M in MIIPtIV(CN)6

• Ionic radius decreases 

across the period due to 

the increasing effective 

nuclear charge. 

• Smaller metal ions form 

stronger metal–ligand 

bonds due to greater 

electrostatic attraction.

• Stronger bonds leads to 

smaller NTE.

• Hence, the downward trend 

from Mn to Zn. 



0

Weak bonds

-0.4o

Partially weak

-0.8o

Partially strong

-1.2o

Strong

-0.6o

Intermediate

0

Weak
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Bond strength and crystal field stabilisation energies

42

3dxy 3dxz 3dxz

3dx2-y2 3dz2

3dxy 3dxz 3dxz

3dx2-y2 3dz2

3dxy 3dxz 3dxz

3dx2-y2 3dz2

3dxy 3dxz 3dxz

3dx2-y2 3dz2

3dxy 3dxz 3dxz
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o
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t2g

0.4o

0.6o

MnII FeII CoII NiII CuII ZnII



αMn > αFe > αCo > αNi < αCu < αZn ≪ αCd

J. Am. Chem. Soc., 128, 7009 (2006).
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NTE in MOFs: The effect of M in MIIPtIV(CN)6

• The contribution from the 

crystal field stabilization 

energy (CFSE) creates the 

overlayed trough shape. 

• Ni(II) has the largest CFSE 

and hence the strongest 

bonds.

• Stronger bonds leads to 

smaller NTE. 
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MIICl2 lattice energies MII hydration enthalpies

Other properties where CFSE has an impact

Beyond the Born-Mayer equation: When unpaired electrons 

are present the CFSE also contributes to the lattice enthalpy. 



Learning outcomes

After this lecture you should be able to

• Appreciate the basic design principles of MOF synthesis

• Explain how longitudinal vibrations lead to the expansion of matter on warming

• Explain how transverse vibrations can lead to contraction on warming (NTE)

• Describe the underlying mechanism of NTE in metal-cyanide frameworks

• Explain ways in which the thermal expansion behaviour of materials can be varied

45School of Chemistry, University of Sydney
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