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Heat Transport at Interface in the Metal-Organic-Frameworks MOF-5 

Chapter 1 

Introduction 

Reviewing the history of the technology development, the application of new energies is always 

one of the most important milestones. The utilization of fossil fuels brought us the revolution in 

industry and created the basis of our modern world. Coming along with their convenience, the 

emissions like CO2 and SO2 lead to the greenhouse effect, acid rains and hazes, also the 

utilization of fossil fuels also cannot last forever because their limited storage under ground. In 

the concern of sustainable development and the influence to the environment, during recent 

decades scientists began to use clean energy to replace fossil fuels. Among different kinds of 

clean energies, hydrogen is considered as a potential strategy to replace gasoline as the fuel for 

vehicles. It is efficient and the only emission is water. To store hydrogen and make it easy and 

safe to carry, a proper storage material is needed. Metal-organic frameworks (MOFs) are a kind 

of possible hydrogen storage materials with porosity about 90% and specific surface are over 

6000 m2/g. MOFs are hybrid materials: their infinite crystalline lattices contain inorganic 

vertices (metal cations or clusters) and organic struts. The nodes and the linkers are connected by 

coordination bonds of moderate strength. Based on the structure and unusual properties of MOFs, 

they have many potential applications, such as gas storage, molecular separations, chemical 
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catalysis, chemical sensing, ion exchange and drug delivery. 

 

Figure 1.1 Hydrogen vehicle tank filled with MOFs 
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Figure 1.2 Structures of some successfully synthesized MOFs 

Based on hundreds of different organic linkers and metal cations, the combination of MOFs has 

thousands of possibilities. In Figure 1.2, it shows some typical structures that have been created 

and studied by researchers. All of those structures have the common feature – the organic linkers 



	 4	

and metal cations coordinated to form the infinitely repetitive structures with high porosity. In 

this thesis, I choose MOF-5, which has one of the simplest structures in MOFs family, to 

research the thermal properties of the interfaces of MOF-5 crystals during the heat transfer 

processes. 

This thesis focuses on 3 tasks. Firstly, determined and modeled the MOF-5 interface structure in 

the simulation program. Secondly, compute the boundary resistance in the terms of effective 

thickness and compare the effective thickness with the psychical size of real MOF-5 particles. 

Finally, work out the strategy that can be applied to MOF-5 interfaces to improve the thermal 

conductivity.  

Chapter 2 provides background on the structure and properties of MOF-5. Chapter 3 describes 

the computational methods to model MOF-5 and simulate the heat transfer processes. Chapter 4 

describes the research to idealize the structure of MOF-5 interface. Chapter 5 describes the 

research to elucidate thermal transport across interface in MOF-5. The conclusions and results of 

the work summarized in Chapter 6. 
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Chapter 2 

Background 

2.1 Structure of MOF-5 

In MOF-5, each zinc atom coordinates with 3 oxygen atoms from carboxyl groups in 3 

terephthalic acid linkers orthogonally and 1 oxygen atom in the center of the node. The cluster 

with 1 center oxygen atom and 4 such surrounded zinc atoms including the coordinated carboxyl 

groups forms a relatively stable substructure as a node. The node-linker coordination spreads in 

3-dimensional topology to build the network structure of MOF-5 crystal. The big yellow sphere 

shows the ideal storage space in MOF-5 porous structure. 

Compared with traditional porous materials like activated carbon and zeolite, MOFs are more 

designable and adjustable in structure and properties, since the synthesis conditions and reaction 

materials are controllable. 
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Figure 2.1 Unit cell of MOF-5. Node structure in left circle and linker structure in right circle[4] 

 

The unit cell of MOF-5 is equivalent in x, y, z directions, so the crystal surface should consist of  

(100) face. Also, considering the synthesis of MOF-5, the reaction conditions are not high 

enough to break or create covalent bonding, so the surface of MOF-5 crystals should be the free 

linkers with carboxyl groups at the ends. 

 

2.2 Applications of MOF-5 

The applications of MOFs have 2 major realms: gas storage and separation. The conventional 

gas storage method is to keep gas molecules in a tank at high pressure and low temperature. With 

the extreme large specific surface area, MOFs can adsorb gas molecules in the network 

efficiently to store gas. In this way, hydrogen can be applied as a convenient power source. 

The specific surface area of MOFs depends on the size of nodes and length of linkers, and 

generally it is over 6000 m2/g, so MOFs have strong adsorption of gas molecules. The adsorption 
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of MOFs differs in the size of gas molecules, so a MOF material layer can be used to physically 

separate a binary gas mixture. 

 

2.3 Heat transport in MOF-5 

B.L. Huang and M. Kaviany have studied on MOF-5’s thermal conductivity and heat transport 

mechanism[5]. Heat is transported in two different ways,\: the mode of Slack and the mode of 

Cahill and Pohl. 

 

Figure 2.2 Molecular modes and lattice modes in MOFs[11] 
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The mode of Slack involves the heat carried by propagating crystal lattice waves. The thermal 

conductivity higher than the experimental peak value at temperatures can be calculated in the 

following equation 

𝑘! =
!.!×!"! ! !!

!

!!
! !!!

!!!
!/! , 

where <M> is the average atomic weight of the atoms in the unit cell, TD is the Debye 

temperature and γG is the mode-averaged Gruneisen constant. Higher temperature increases the 

anharmonicity, which brings more phonon-phonon scattering and results in the decrease of the 

phonon mean free path, and thus, thermal conductivity reduces as temperature increases.  

The mode of Cahill and Pohl describes thermal transport in amorphous materials. This mode 

only considers energy exchange between neighboring vibrational molecules and the equation of 

thermal conductivity is 

𝑘!" =
!
!

!/!
𝑘!𝑛!/! 𝑢!,!,!!

!!!
!
!!,!

! !!!!

!!!! ! 𝑑𝑥
!!,!/!
!  . 

where u is the sound speed, n is the atomic number density and TD is the Debye temperature. 

It is also regarded as the minimum solid phase thermal conductivity. Higher temperature excites 

more phonons modes, so the thermal conductivity increases with the temperature according to 

this equation, and it reaches the classical limit when T>>TD, 

𝑘!",!"#$$%!#" =
!
!

!
!

!/!
𝑘!𝑛!/! 𝑢!,!,!!

!!!  . 

where u is the sound speed, n is the atomic number density and TD is the Debye temperature. 
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Figure 2.3 Temperature dependence of the thermal conductivity of MOF-5 predicted by MD[5] 

 

Based on the figure in B.L. Huang and M. Kaviany’s paper, at room temperature, the mode of 

Slack and the mode of Cahill and Pohl contribute almost the same to the overall thermal 

conductivity. 

 

2.4 Synthesis of MOF-5 

According to Norbert Stock’s article Synthesis of Metal-Organic Frameworks (MOFs): Routes to 

Various MOF Topologies, Morphologies, and Composites, the synthesis of MOF includes many 
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methods, like solvothermal reaction, microwave-assisted synthesis, electrochemical synthesis, 

mechanochemical synthesis and sonochemical synthesis. Among those, solvothermal reaction is 

the most basic and common way to produce MOFs. In the case of MOF-5, the nodes are C-O-Zn 

cores as secondary building units, and the linkers are benzene rings. The materials to synthetize 

MOF-5 are Zn(NO3)2 and terephthalic acid. Also N,N-dimethylformamide (DMF) is needed as 

the solvent. 

The process to synthesize MOF-5 is to dissolve Zn(NO3)2·6H2O and terephthalic acid in DMF 

with mole rate 2.64:1 (usually more Zn2+ to benefit the formation of higher-dimensional 

structure), then keep the solution reacting at a high temperature (~100℃) in pressurized condition 

for about 20 hours. The last step is to naturally cool the solution, then filter and wash MOF-5 

crystal. 

Since DMF is basic, the carboxyl group in terephthalic acid will lose hydrogen atoms. The 

exposed oxygen atoms contain high density of negative charge and coordinate with metal cations. 

The divalent transition zinc cations have many empty 3d orbitals, which are able to form 

coordination bonds with the oxygen in coordination structure, so in DMF the coordination 

happen between terephthalic acid and Zn2+. 

The Figure 2.4(a) shows the real size of MOF-5 particles, in the photo the MOF-5 crystals have 

perfect cubic size, and all of the crystals are very small, only few micrometers for each side. The 

Figure 2.4(b) describes how researchers prepare MOF-5 samples for real experiment. Since the 

size of MOF-5 crystal is too small, researchers have to compress the particles to required shape. 
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Figure 2.4(a) Photo of MOF-5 crystals; 2.4(b) Compressor to produce MOF-5 samples 

 

Besides the solvothermal reaction, researchers have other strategies to synthesize MOF-5. The 

microwave-assisted hydrothermal synthesis consists of placing the mixed reaction materials into 

a microwave reactor. The nucleation rate of the reaction is largely enhanced in microwave 

reactor and the reaction time drops from 20 hours in a conventional solvothermal synthesis to 

about 30 minutes. The phase purity and reaction reproducibility are also better than the normal 

method. 

The mechanochemical method can synthesize MOF-5 without presence of solvents. Solid 

reactants are mixed in a ball mill and the reaction happens during the mechanical grinding 

motions. The reaction keeps proceeding in solid phases, so the production cost can be reduced 

without the solvent purification process. 
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Chapter 3 

Simulation Methods 

3.1 Classical molecular dynamics 

This research of MOF-5’s thermal properties is based on molecular dynamics (MD) simulations. 

Compared with processing traditional experiment and studying theory only, we can create the 

model of materials with the help of software like Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS), Mathematica, Matlab. Computational simulations can discover 

and display some physical and chemical properties of the materials more obviously than 

traditional experiment methods. 

MD is a simulation method that studies the physical behavior of atoms and molecules based on 

Newtonian mechanics, 

!!!!
!"!

=
!!!
!!

, 

By solving the Newton’s equation of motion of the simulation model including forces, energies 

and moments, the simulation software can calculate and collect the data of physical properties 

like heat transfer and vibrations. The entities positions and momentums change with the 

simulation time steps, so it helps to study the time evolution of the system. 

The first step of MD is to set the initial states of entities in the system including positions and 

momentums based on experimental data or theoretical structure. The initial velocities of atoms 
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are randomly selected form a Maxwell-Boltzmann distribution at the simulation temperature, 

𝑝 𝑣!" = !!
!!!!!

!/!
𝑒𝑥𝑝 − !

!
!!!!"

!

!!!
, 

This equation gives the probability of an atom i with mass mi to have the velocity vix in x 

direction at temperature T. 

For each step of simulation, MD calculates force on each atom based on previous step’s 

conditions and keeps saving and updating their positions, velocities and accelerations for next 

step. 

The equilibration phase is necessary when MD simulation begins, because it helps the simulation 

model reach equilibrium after the initial states. During this phase, software also monitors and 

records the atoms’ positions and momentums with the actual conditions. When the parameters 

reach stable values, then MD applies the production phase to the model. The thermodynamic 

properties and other data in the expected simulation conditions can be collected during this 

phase. 
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Figure 3.1 Schematic of the MD algorithm 

 

3.2 Modeling MOF-5 in molecular dynamics 

To create a model of MOF-5 not only the crystal structure is important, but also the potentials for 

different interactions in MOF-5 matter. Reviewing the structure of MOF-5, the linkers are 

typically benzene rings. The main challenge of the model is the interactions in Zn-O-C nodes. 

According to the synthesis method of MOF-5, terephthalic acid and zinc cations are combined by 

coordination, rather than chemical bond. B.L. Huang et al. calculated the potentials with a set of 

bonding, angular, and dihedral terms for MOF-5. The potentials are listed in Table 3.1. 

 

 

Output	results	and	data 

Repeat	as	the	simulation	time	setted 

monitor	and	record	the	postions	and	momentums	of	atoms 

Apply	boundary	conditions 

Keep	running	simulation	at	production	stage 

Apply	simulation	parameters	to	reach	equilibrium	stage 

Set	initial	state	for	MD	simulation 



	 15	

Type Potential Parameters 

Atom labels 

H Hydrogen in phenyl ring 

Zn Zinc in node 

O Node-linker bridging oxygen 

Oc O in the node center 

C1 Terminal carbon 

C2 C-C3 in phenyl 

C3 C-C2H in phenyl 

Pair 

Oc-Zn qOcqZn/r+Aexp(-r/r0)-Cr-6 A=770.127eV, r0=0.357Å, C=0.00088eV Å6 

Oc-O qOcqO/r  

O-Zn qOqZn/r+Aexp(-r/r0)-Cr-6 A=529.7eV, r0=0.352Å, C=0.0eV Å6 

Zn-Zn qZnqZn/r  

O-O qOqZn/r  

O-C1 φ0{[1-exp(-a(r-r0))]2-1} φ0=4.624eV, a=2.337Å-1, r0=1.28Å 

C1-C2 φ0{[1-exp(-a(r-r0))]2-1} φ0=5.439eV, a=1.669Å-1, r0=1.482Å 

C2/3-C2/3 φ0{[1-exp(-a(r-r0))]2-1} φ0=8.196eV, a=1.680Å-1, r0=1.388Å 

Angles 

C2/3-C2/3-C2/3 kθ(cosθ-cosθ0)2/2 kθ=11.732eV, θ0=120° 

O-C1-O kθ(cosθ-cosθ0)2/2 kθ=11.0eV, θ0=120° 

C1-C2-C3 kθ(cosθ-cosθ0)2/2 kθ=9.599eV, θ0=120° 

Zn-O-C1 kθ(cosθ-cosθ0)2/2 kθ=11.0eV, θ0=132.3° 

Dihedrals 

C2/3-C2/3-C2/3-C2/3 kϕ[1-cos(ϕ-ϕ0)] kϕ=1.735eV, ϕ0=0° 

O-C1-C2-C3 kϕ[1-cos(ϕ-ϕ0)] kϕ=1.587eV, ϕ0=0° 

O-C1-O-Zn kϕ[1-cos(ϕ-ϕ0)] kϕ=1.732eV, ϕ0=0° 

r, θ and ϕ are distance , bond angle and dihedral angel. 

Table 3.1 The potentials parameters of MOF-5 model[5] 

 

3.2 The Green-Kubo method 

In the simulation, the Green-Kubo method is used to compute the thermal conductivity, κ, of 

MOF-5.  
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The Green-Kubo method is based on the fluctuation dissipation theorem and relates the thermal 

conductivity to the integral of the heat current autocorrelation function (ACF) of the heat flux. 

𝜅 = !
!!!!!

𝑑𝜏 𝐽(𝑡) ∙𝐽(𝑡 + 𝜏)!
! , 

where kB is Boltzmann constant, T is temperature, V is volume, t is time, τ is the time difference 

and J is the heat current. 

This method can calculate the thermal conductivity in computer simulations of materials at 

equilibrium with a temperature gradient, rather than obtaining the real heat-transfer process using 

Boltzmann transport theory. By recording the heat current for each timesteps, the   

In the simulations, the heat current data is obtained directly from LAMMPS and used to compute 

κ. In order to study the interactions of the two sides of the interface in the heat-transfer process, 

the heat current J is decomposed for different regions, 

𝐽 = 𝐽!! . 

The contribution of the local autocorrelations and the cross-correlation of the two side of the 

interface, 

𝐽(𝑡) ∙𝐽(𝑡 + 𝜏) = 𝐽!(𝑡) ∙𝐽!(𝑡 + 𝜏)!" , 

can infer the mechanism of heat transport across the interface in MOF-5 crystal. 
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Figure 3.2 Structure of MOF-5 model with breaks 

This research is about the thermal conductivity of MOF-5 itself, so the frameworks aren’t filled 

with any gas. In the simulation, the model is a 4x4x12 framework with periodic boundary 

conditions. Two breaks appear between node 3 & 4 and node 9 &10 in axial direction. Before the 

heat-transfer process starts, the middle portion of the model, which length equals to one fourth of 

the total model’s length, is heated and held at 400K, while the rest of the model is heated and 

held at 300K. Both of the heating processes use an NVT, which means that the volume, 

temperature and number of atoms won’t change in each part. Then the whole model is held in 

NVE, which means that the volume, system total energy and number of atoms won’t change in 

each part, for a long enough time (over 100 ps) to make sure the temperature distribution along 

the heat-transfer direction reaches stable. To compare the influence of interface to thermal 

conductivity, similar simulation was performed with a model without a break. The difference 

between the thermal conductivities in the two models indicates the effect of interface. 
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Figure 3.3 Temperature change in equilibrium MD simulation 

 

3.3 Boundary thermal resistance 

The term “effective length” is used to quantitatively measure the boundary thermal resistance of 

interface. During the heat-transfer process, the temperature gradient on the two sides of interface 

is the same, but the temperature gap happens in the break. The possible explanation for the 

temperature gap is that the heat current may reflect at the crystal boundary or scatter at the 

interface. “Effective length” is used to make up the temperature gap due to the break. According 

to the equation for thermal conductivity, 
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𝜅 = ∆!
∆!

!
!∆!

, 

the relationship of MOF-5’s thermal conductivity κ and MOF-5’s interfacial thermal 

conductivity κ’, the total length of the model with breaks and the effective length l’ is, 

!!
!
= !!!!

!
, 

so, 

𝑙′ = (1− !!
!
)𝑙. 

 

3.4 Density functional based tight binding method 

Density functional based tight binding (DFTB) method is applied to compare the stability and 

possibility of those three interfaces. DFTB method is based on a second-order expansion of the 

Kohn-Sham total energy in Density-Functional Theory (DFT) with respect to charge density 

fluctuations. It considers electrons are strongly binding with nucleus, and the interactions 

between electrons are relatively weak. 

The total energy expression of non-interacting electrons in Kohn-Sham system is 

E[n(r)] = Ts + Eext + EH + Exc + EII, 

Where Ts is the non-interacting kinetic energy, Eext is the external interaction, EH is the Hartree 

energy, Exc is the exchange-correlation energy, and EII contains terms from valence, core 

elections and other contributions. 
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3.6 Model validation 

To validate the reliability of the MOF-5 model created in LAMMPS, movies of the MOF-5 

model during the heat transfer process are recorded. LAMMPS records the locations of every 

atom in the model for every 100 timesteps. The movies show the model has regular fluctuation 

and the whole model can keep the framework stably. 

The thermal conductivity of the perfect MOF-5 crystal has also been calculated to compare with 

the literature data. The modeling data is 1.783 W/mK, which is higher than the literature data 

0.32 W/mK[5]. It can be explained by the reason that this thermal conductivity of the perfect 

MOF-5 crystal structure has less effect from boundary thermal resistance in the real MOF-5 

samples.  
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Chapter 4 

Design of MOF-5 interfaces 

4.1 Geometry 

During the synthesis process of MOF-5, zinc atoms in node and dehydrogenated terephthalic 

acid linkers coordinate with each other to form the cell structure. The uncoordinated linkers and 

nodes repeatedly attach to the existed grains to expand the topological structure. The unit cell of 

MOF-5 has exactly the same structure in X, Y and Z directions. The picture of MOF-5 particle 

samples also shows the cube structure of MOF-5 crystal. So the interface of MOF-5 model in 

simulation should be (100) phase. In real experiments on MOF-5, researchers need compress 

MOF-5 particles to make the sample to test its properties. Since the pressure isn’t high enough to 

cause the change of MOF-5’s chemical structure, the interfaces among MOF-5 crystals can keep 

in (100) phase. 

 

4.2 Models of surface termination 

In this thesis, I designed 3 types of (100) interface for the models to fit the possible synthesis 

results. The first one has the exposed uncoordinated nodes. It’s a simplified model for the 

interface, which is not very possible in real case. It can be treated as the intermediate product 
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structure between real interface and unit cell, and provide the basic structure to compare with 

other interface structures. 

 

Figure 4.1 Geometry of exposed node interface 
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Figure 4.2 Geometry of linker-end interface 

The second model is the linker-end interface. In the interface portion, one side of the terephthalic 

acid dehydrogenates and coordinates with nodes, and the other side keeps the carboxyl. It 

simulates the reaction product when the synthesis environment has extra terephthalic acid. The 

terephthalic acid molecules on the boundary don’t have enough zinc cations to coordinate, so it 

keeps the carboxyl group. 

The third one is the hydroxyl-end interface. We assume that in this type of interface, MOF-5 

crystal doesn’t have enough terephthalic acid molecules to form the boundary structure. To 

balance the charge of zinc cations in node, hydroxyls are added on interface. 
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Figure 4.3 Geometry of hydroxyl-end interface 

 

4.3 Results and comparison of termination models 

In Chapter 3, the DFTB method was applied to compare the interface energy of the three 

different types of interfaces. The term “average cohesive energy” is used to represent the energy 

that needed for all of the atoms at interface to form the framework structure in certain interface. 

The equation of the average cohesive energy is 

∆𝐸 = !!"!! !!!!
!!

, 
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in which Etot is the total energy of the interface, Ni is the number of atom type i, and Ei is the 

energy of the single atom type i. In this case, the atom types include zinc, carbon, hydrogen and 

oxygen.  

In DFTB, the models of single zinc atom, single carbon atom, single hydrogen atom and single 

oxygen atom were created to calculate the potential energy of each atom in MOF-5 interface 

models. The results shows in Table 4.1 

 Zn C H O 

Potential energy [H] -1.40 -4.31 -0.239 -3.09 

Table 4.1 Potential energy for single zinc atom, carbon atom, hydrogen atom and oxygen atom 

 

 Unit cell Exposed node 

interface 

Linker-end 

interface 

Hydroxyl-end 

interface 

Average cohesive 

energy [H] 

-0.246863 -0.235091 -0.238246 -0.213482 

Table 4.2 Energy of MOF-5 unit cell and three types of interface computed by DFTB 

 

Since interface with uncoordinated linkers has the closest energy among those three to the energy 

of unit cell, we have reason to infer that the interface with uncoordinated linkers has the most 

chance to appear in real experiments.  
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Chapter 5 

Thermal Transport properties 

5.1 Equilibrium simulations 

Following the Green-Kubo method in chapter 3, we applied equilibrium simulations to three 

types of interface to calculate the effective length. For each type, a 4x4x12 MOF-5 bar with 2 

breaks in quarter place are created and simulated with the following initial parameters, 

 Temperature Heating Time Equilibration Time X, Y, Z direction 

Parameters 300 K 20 ps 100 ps repetitive 

Table 5.1 Initial settings for equilibrium simulations 
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Figure 5.1 Temperature change in equilibrium MD simulation 

 

When simulation starts, the system is heated from 0 K to 300 K in 20 ps. It’s a long enough time 

for every part of the model heating evenly. Then the system keeps this temperature for 100 ps. 

The heat flux autocorrelation function is recorded during this equilibration time. 

We created 20 initial models in same energy state for each type of interface to do repeatable 

simulation, and the results are the average value for all of them. 
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5.1.1 Perfect structure 

To compute the effective length for each type, we need to calculate the thermal conductivity first. 

We created the perfect MOF-5 model in the same size, but without break. By recording the heat 

flux autocorrelation function data, 

𝜅 = !
!!!!!

𝑑𝜏 𝐽(𝑡) ∙𝐽(𝑡 + 𝜏)!
! , 

 

Figure 5.2 Integral autocorrelation function of perfect MOF-5 crystal 

 

The thermal conductivity we calculated in this method is 1.783 W/mK, which is larger than the 

literature data, 0.32 W/mK[5]. The reason is that this thermal conductivity is for the perfect 

MOF-5 crystal structure, so it’s higher than the thermal conductivity of the real MOF-5 samples. 
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5.1.2 Types of interface 

We did the same simulation for the three types of interface and computed the thermal 

conductivity. Effective length is calculated by the equation in chapter 3, 

𝜅 = ∆!
∆!

!
!∆!

, 

𝑙′ = (1− !!
!
)𝑙. 

For the interface with exposed nodes, thermal conductivity is 0.562 W/mK, the effective length 

for each break is 53.03 Å. 

For the linker-end interface, thermal conductivity is 0.73 W/mK, the effective length for each 

break is 46.24 Å. 

For the hydroxyl-end interface, thermal conductivity is 0.514 W/mK, the effective length for 

each break is 55.75 Å. 

According to the data, even the smallest one is far wider than the physical width of the break, 

13.06 Å, which proves the significant influence of interface to the total thermal properties. Since 

the linker-end interface has the smallest effective length, it provides the best thermal 

conductivity. 

 

5.2 Nonequilibrium simulations 

So far we already compared the difference of the three types of interface in thermal conductivity. 

Then we start to consider the mechanism of heat transfer process at interface. To compute the 
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contribution of different types of atoms at interface, we decompose the heat flux J by atom type, 

𝐽 = 𝐽!! . 

where Ji is the heat flux curried by atom type i. 

From the structure of MOF-5, we can clearly see that the node contains zinc atoms and oxygen 

atoms, while the linker has carbon atoms and hydrogen atoms. By creating the matrix for the 

crosscorrelation function among atoms, we can calculate the contribution of atoms to the total 

thermal conductivity. 

Literally, the contribution of nodes refers to propagating lattice modes. Heat current transfers in 

form of phonon in lattice structure. The contribution of linkers refers to local molecular modes. 

Heat current transfers through local vibration of atoms in linker molecules. 

To achieve this, we still use the program LAMMPS to do the simulation. A non-equilibrium 

simulation is applied to MOF-5 models. After heating the mOF-5 bar to 300 K, we add another 

heating process to raise the temperature of node 5 to node 8, one forth of the total length, to 400 

K. With this temperature gradient, we can observe the interaction of atoms on both side of 

interface during the heat transfer process. Instead of recording the total heat flux, we record the 

heat flux for each type of atoms at interface and create the matrix of thermal conductivity 

contribution. 
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Figure 5.3 Temperature map of MOF-5 during nonequilibrium simulation 

 

step	
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Figure 5.4 Temperature change in non-equilibrium MD simulation 

 

For the perfect MOF-5 crystal structure, we choose two neighbor layers and the width of each is 

the lattice parameter. Each cube in matrix is the crosscorrelation between the atoms in X and Y 

axis from two sides of interface. The brighter the color is, the more contribution it does to the 

total thermal conductivity. The matrix of contribution shows the nodes carry the most part of 

heat, over 90%. 

The matrices of the plots of the crosscorrelation function and the integral crosscorrelation 

function also indicate the different contribution of the thermal transport interactions. The curves 

with stronger amplitude and longer duration mean higher thermal transport interaction, also 
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mean more contribution to the total thermal conductivity. 

 

Figure 5.5 Thermal conductivity contribution of perfect MOF-5 crystal 
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Figure 5.6 Crosscorrelation function of perfect MOF-5 crystal 

 

Figure 5.7 Integral of cross-correlation function of perfect MOF-5 crystal 
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Figure 5.8 Thermal conductivity contribution of exposed node interface 

 

Figure 5.9 Cross-correlation function of exposed node interface 
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Figure 5.10 Integral of cross-correlation function of exposed node interface 
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Figure 5.11 Thermal conductivity contribution of linker-end interface 
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Figure 5.12 Cross-correlation function of inker-end interface 

 

Figure 5.13 Integral of cross-correlation function of inker-end interface 
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Figure 5.14 Thermal conductivity contribution of hydroxyl-end interface 
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Figure 5.15 Cross-correlation function of hydroxyl-end interface 

 

Figure 5.16 Integral of cross-correlation function of hydroxyl-end interface 
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For the exposed node interface, the matrix shows the similar result. Carbon atoms and hydrogen 

atoms in node carry over 90% heat. 

For the linker-end interface, the matrix shows the different result. Carbon atoms and hydrogen 

atoms carry more heat, about 85%. 

For the carboxyl-end interface, the contribution distribution also indicates the nodes contribute 

more, about 70%, to total thermal conductivity. 
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Chapter 6 

Conclusions 

6.1 Conclusions 

1. Calculating the effective length of three types of interface of MOF-5 gives us the quantitative 

effect to MOF-5’s thermal properties. The effective length of interface is much larger than the 

physical width of break. Since the size of MOF-5 crystal is small and this kind of interface exists 

a lot in MOF-5 sample, it brings significant effect to thermal conductivity. 

2. The matrices of thermal contribution distribution indicate the different mechanism of heat 

transfer process in different types of interface. For the exposed node interface and hydroxyl-end 

interface, zinc atoms and oxygen atoms in node carry most of the heat flux, so lattice modes 

contribute most. While for the linker-end interface, carbon atoms and hydrogen atoms in linkers 

contribute more, so it is more like molecular modes. It can be explained by interface geometry. 

In exposed node interface and hydroxyl-end interface, missing linkers between boundaries 

interrupt the heat transfer path, so the local molecular vibration cannot transfer through the break. 

However, in linker-node interface, the uncoordinated linkers could be the medium of heat 

transfer, so the contribution of linkers is more than other two types of interface. 

3. For further research, the design of MOF-5 interface is only based on synthesis theory. We 

couldn’t find any literature support or observation of MOF-5 real interface structure. The 
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geometry of the interface can be improved after collecting more real experiment data. To reach 

the final goal of our project, to improve the thermal conductivity of MOF-5, we need to do more 

research about the mechanism of other possible organic groups that we can use at interface, and 

work out the interface type reducing the effect to thermal conductivity to the least. 
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