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ABSTRACT OF THE DISSERTATION

Engineering Smart Thermal Properties in Metal-Organic-Frameworks

by

Luping Han

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, March 2018

Prof. P. Alex Greaney, Chairperson

Metal-organic-framework (MOFs) are the most porous materials known to human-

ity, and thus they attract intensive interest for their huge potential. Hydrogen storage is

one of their most important applications. MOFs are promising materials for gas storage

and absorption refrigerators–reducing the overall size of the absorption bed. Central to the

performance of the MOF is its ability to withdraw heat from the absorbed working gas. The

poor thermal conductivity of MOFs limits the refueling time of hydrogen storage because of

the removal of latent heat shown in Fig. 0.1. Currently, to meet DoE’s performance targets

for H2 storage, at least a fivefold increase in thermal conductivity is required. However,

their thermal properties have received limited attention. We use molecular dynamics (MD)

simulations to study MOFs’ thermal transport properties and to identify how they can be

exploited to create new materials with smart thermal properties. We “measure” the thermal

conductivities of MOFs to test mechanisms for externally tuning the thermal conductivi-

ties, and determine if changes in thermal properties of MOFs could be used for chemical

recognition. These were performed for the purpose of establishing design principles that
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can be used in the development of new MOFs with tailored thermal conductivity.

The structure of metal-organic-frameworks (MOFs) is radically di↵erent from that

of conventional fully-dense crystals and their vibrational behavior di↵ers correspondingly.

There are thousands of known MOFs that encompass a wide spectrum of topologies and

symmetries. These structures open avenues for engineering materials with entirely new

thermal properties. Advancing our theoretical understanding of thermal conduction in

these materials, and with it our control over the transport of heat, has a huge potential

to impact the way we use and think about heat. More than letting us use heat more

e�ciently, it will enable us to use heat di↵erently. For example, creating materials in which

the thermal conductivity can be externally tuned, and materials that use heat to carry

chemical information for chemical recognition.

Figure 0.1: An illustration of MOF-5 that is used as adsorption bed in the hydrogen adsorp-
tion tank in hydrogen vehicles. The tank is under development at Oregon State University.
[583, 132]
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Chapter 1

Introduction

The goal of this research project is to obtain theoretical understanding of heat

transport mechanisms in MOFs, and to identify how they can be exploited to create new

materials with smart thermal properties. To accomplish the objectives, we apply com-

putational methods to test mechanisms for externally tuning the thermal conductivity of

MOFs, and determine if changes in thermal properties of MOFs could be used for chemical

recognition.

This thesis mainly contains three parts: Introduction, Manuscripts and Conclu-

sion. The manuscripts has four chapters that are my four journal papers [215, 217, 123, 218]

(published or submitted), respectively.

In this chapter, I will introduce each chapter, respectively. Chapter 2 is the com-

prehensive background of MOFs and the method to compute thermal properties of MOFs.

Chapter 3 interprets the relationship between the heat transfer and the structure of MOF-5.

The three approaches to study the fundamental thermal transport mechanism of MOFs are
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used (shown in Fig. 1.1): (a) computing the MOFs with systematically increasing linker

length in Chapter 4, (b) computing MOFs with articulated network geometry in Chapter 5

and (c) computing MOFs filled with things (MOFs and gases) in Chapter ??.

The objective is accomplished using a combination of theory and molecular dy-

namics simulation to identify competing transport processes, and systematically map their

behavior to architectural features in MOFs.

Figure 1.1: There are three approaches for understanding the heat transport in MOFs.
Figure (a) shows the idea to compute the MOFs with systematically increasing linker length.
Figure (b) shows the idea to compute MOFs with articulated network geometry. Figure (c)
shows the idea to compute MOFs filled with things (MOFs and gases).

2



Chapter 2

Background

2.1 MOFs

The metal-organic frameworks (MOFs) are a type of porous polymeric material

[262], comprising of metal-organic nodal units connected together by organic bridging link-

ers [247, 262]. MOFs are the most porous materials known to humanity and have a large sur-

face to mass ratios [672]. Compared to other nanoporous crystals with inorganic host frame-

works, MOFs have these advantages: three-dimensional hybrid frameworks [251], and highly

designable frameworks such as pore shape and pore size [247, 262, 156, 465, 599, 549, 417].

Because of the wide choice of metal and ligand (organic linker), MOF family contains abun-

dant members, which gives a wide range of structural, magnetic, electrical, optical, thermal

and catalytic properties that may be embodied by such materials [262, 465, 599, 549, 417].

MOFs are currently attracting high fundamental and industrial interest because of their

high adsorption surface area and large free cage volume [251, 516], which are the reasons

of their high sorption capacities [262], shown in Table 2.1. However, the outstanding ar-
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chitecture also gives a poor thermal conductivity that directly impacts the performance

of the material in applications such as gas storage and gas separation. Although thermal

transport properties of MOFs in these applications are both unusual and important, their

thermal properties have received limited attention, and thus warrant detailed research.

In this thesis, our goal is to understand the heat transfer mechanisms in MOFs

theoretically. In addition, understand how to use heat transfer mechanisms of MOFs to

design and engineer new materials. Specifically, advance scientific and theoretical under-

standing of heat transport in gas laden MOFs to enable the advancement of materials for

key energy applications. Apply computational methods to test mechanisms for externally

tuning the thermal conductivity of MOFs, and determine if changes in thermal properties

of MOFs could be used for chemical recognition. [200]

2.2 Thermal Properties of MOFs

Large number of MOFs have been identified including 1-, 2-, and 3-dimensional

frameworks [668] due to the highly designable structure of MOFs, since Tomic stated MOFs

in 1965, especially during the last decade. The self-assembled metal ions which act as nodal

units connected by organic linker arms makes an open space-frame structure. Because of

the highest porosity and the ultrahigh surface area, MOFs have many critical energy related

applications, including gas storage [189, 532, 346] and gas separation [689, 360]. However,

the network architecture also gives rise to unusual and exotic thermal properties [367,

370], properties that can be intimately tied to gas absorption. The various structures with

di↵erent thermal properties can help us to learn theoretical thermal conduction in MOFs,

4



MOF-5 Conditions Surface area/m2 g�1 H2 storage Ref.

(IRMOF-1) P/bar T/K BET Langmuir Excess/wt% Vol./gL�1

1 20.4 10.96 71 [285]
1 77 950 1250 [253]
1 77 2900 [345]
1 77 1450 4.5 27.99 [507]
1 77 2.1 12.46 [336]
1 77 1794 2.0 11.81 [138]
1 77 3362 1.32 7.41 [509]
1 77 1.32 7.41 [694]
1 77 2885 1.15 6.31 [514]
10 77 1.6 9.49 [456]
30 77 4.3 25.5 [694]
30 77 3080 4.3 25.5 [579]
30 77 3080 4.3 25.5 [120]
40 77 3800 4400 7.1 42.1 [285]
45.4 77 3534 4171 4.95 30.8 [650]
50 77 2296 3840 4.7 29.29 [457]
100 77 10.0 66 [285]
170 77 11.5 77 [285]
60 200 0.9 4.67 [457]
48 298 1.65 9.9 [454]
60 298 0.45 1.78 [579]
65 298 0.28 0.67 [457]
67 298 572 1014 0.2 1.19 [456]
100 298 0.57 2.55 [285]

Table 2.1: Surface area, hydrogen storage and nitrogen storage under di↵erent conditions
for MOF-5 (IRMOF-1).

and further to control the transport of heat.

Understanding the mechanism of thermal transport in MOFs is technologically

beneficial. Adsorption refrigeration [580] and hydrogen storage [663] are applications of

gas adsorption properties of MOFs. Both of the applications are strongly thermal con-

ductivity dependent. For hydrogen storage, the poor thermal conductivity of the MOF-5

(0.31 W/mK, similar to concrete) adsorption bed limits the rate at which latent heat can

be removed, with the refueling time limited [686, 485]. DOE’s performance targets for H2

storage are: a capacity of 45 g/L, a refuelling time of 3 min, and an ability to operate

within the temperature range -30 to 50 �C [83, 3]. To meet the targets, at least a fivefold
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increase in thermal conductivity is required. To design new materials that mitigate the

thermal transport bottleneck it is imperative to understand the limiting processes of heat

transport.

Although MOFs are widely attracting intense scrutiny for their merit of gas storage

and gas separation, their thermal properties are limited understood. However, detailed

research is required, since the thermal transport properties of MOFs are both unusual

and important. Heat transport in MOFs (with and without gases) is unusual because

it straddles two domains: heat transport by crystal lattice modes (like in a crystalline

solid); and heat transport between localized molecular modes by communication between

localized oscillators as in the case of amorphous polymers. Kaviany et al. have performed an

outstanding computational research of thermal transport in empty MOF-5, characterizing

the transport mechanisms and determining that the molecular-mode and lattice-mode heat

currents contribute roughly equally to the thermal conductivity [251]. Wilmer et al. have

studied mechanisms of heat transfer with adsorbed gases in MOFs, which have reported

that thermal conductivity of MOFs decreases as increased concentration of adsorbed gases

[33]. Wilmer et al. have reported that the reason (for decreasing thermal conductivity with

increasing concentration of adsorbed gases) is because of MOF–gases phonon scattering,

however, MOF–MOF phonon scattering still dominates the thermal conductivity [33]. These

works have been instrumental for identifying key heat transport processes in MOFs, but

have not systematically addressed the dependence of these processes on the framework

architecture. In this work we elucidate the role that MOFs’ architecture plays in governing

the interplay and dominance of molecular and lattice modes [215]. Rather than examine an

6



individual MOF or an idealized MOFs we examine trends in heat transport across a family

of isoreticular MOFs (IRMOFs) examining processes of heat transport and analyzing the

family’s adherence or deviation form elementary heat transport models.

2.3 Molecular Dynamics

2.3.1 Introduction to Molecular Dynamics

With the rapid improvement of computer and software performance [95], com-

puter simulations are widely used in science and engineering such as physics, astrophysics,

chemistry, biology, economics and psychology etc. There are two main families of molecular

computer simulation technique: molecular dynamics (MD) and Monte Carlo (MC) [428].

MD simulations combined with electron density-function theory (DFT) and discrete ap-

proaches such as cellular automata and the lattice-Boltzmann method, and MC simulations

are based on quantum techniques involving path-integral and Monte Carlo methods [499,

p.3]. The advantage of MD over MC is that MC can only be used to study systems in equi-

librium and MD gives a route to properties of the dynamical system: transport coe�cients,

time-dependent responses to perturbations, rheological properties and spectra [428, 499,

p.6].

In this thesis, MD simulations are mainly introduced. Molecular dynamics (MD)

simulations have been widely used for computing the equilibrium and transport properties

of a classical, many-body system that is modelled at the atomic or some coarse-grained level

[12, 467, 125]. MD is a complement to usual experiments [428]. It helps to understand the

properties of molecules in terms of their structure and the dynamical interactions between

7



them at microscopic level [12, 428].

There are two main families of MD: the classical MD simulation and the quantum

or first-principles MD simulation [467]. The quantum MD simulations are precisely based

on the quantum nature of the chemical bond and formulate to characterize the distribution

of electrons and nuclei [303, 467]. Although classical MD simulations are widely used, there

are a few molecular processes operations which are beyond the limits of the classical MD

simulations, such as proton transfer and tunneling which can be simulated by quantum

MD simulations [526]. The classical MD simulations are based on the approximation that

motion of particle is defined by the laws of classical mechanics [12, 467, 37]. The molecules

are treated as classical entities, i.e. ones that have position and momentum [629]. The

classical MD simulations are widely used for studying the thermodynamic properties of

liquids and solids [14], because classical MD simulations have an advantage that is the

equations of motion can be solved simply, even for a large complicated system [37]. In this

proposal, the classical MD will simply be referred to as MD.

Fig. 2.1 summarizes a typical MD approach. The force field and force calculations

are the most important parts in MD, and we will discuss these parts in 2.3.2 and 2.3.3.

2.3.2 Force Field and Periodic Boundary Conditions

The atomic force field model is an empirical potential energy that describes a

physical system of atoms kept together by interatomic forces [393, 500, 467]. Depending

on the Lagrange equation of motion, assuming identical mass of particles, Newton’s second

8



Figure 2.1: Schematic flowchart of a classical MD simulation.

law for a simple atomic system can be written as

mq̈
i

= �@U

@q
i

= f
i

(2.1)

where m is the identical mass of atoms, q
i

is the component of the Cartesian coordinates

for atom i, U is the potential energy of atom i and f
i

is the corresponding force component

[499]. Therefore, in order to calculate the atomic forces, we should specify the potential

energy function U(rN ). U(r1, ..., rN ) represents the potential energy of N interacting atoms

in terms of their positions r
i

= (x
i

, y
i

, z
i

) [467]. The potential energy U is constituted by
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bonded interactions and nonbonded interactions that are depend on the specific bonds of

the structure and the distance between the atoms respectively [393].

U = U
bonded

+ U
nonbonded

,

U
bonded

= U
bond

+ U
bend

+ U
torsion

+ U
inversion

,

U
nonbonded

= U
vdw

+ U
electrostatic

.

(2.2)

The bonded interactions consist of bond stretch (U
bond

, two-body), bond-angle

bend (U
bend

, three-body), dihedral angle torsion (U
torsion

, four-body), and inversion terms

(U
inversion

, four-body). The nonbonded interactions consist of van der Waals (U
vdw

) terms

and electrostatic (U
electrostatic

) terms. [393, 500] The simplest and typical force field used

in MD takes the form shown in Eq. (2.3).

U(r1, · · ·, rN ) =
X

bond

1

2
k
jk

(r
jk

� r0)
2 (2.3a)

+
X

bend

1

2
k
ijk

(✓
ijk

� ✓0)
2 (2.3b)

+
X

torsion

k
ijkl

(1 + cos(n�
ijkl

� �0)) (2.3c)

+
X

inversion

1

2
k
ijkl

(⇠
ijkl

� ⇠0)
2 (2.3d)

+
X

vdw

4✏
ij

[(
�
ij

r
ij

)12 � (
�
ij

r
ij

)6] (2.3e)

+
X

electrostatic

q
i

q
j

4⇡✏0rij
(2.3f)
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In Eq. (2.3a, 2.3b, 2.3c, 2.3d) (bonded interactions), summation indices represent

all the bonds, angle bends, dihedral torsions and inversions. In Eq. (2.3a, 2.3b, 2.3c, 2.3d),

k is the sti↵ness of di↵erent types of bonding interactions, r is the bond distance, ✓ is the

value of the angle, �
ijkl

is the proper dihedral angle, ⇠
ijkl

is the improper dihedral angle, and

the terms with a subscript of zero are the equilibrium values of the bonds, angles, dihedrals

and impropers, respectively. The geometry of Eq. (2.3a, 2.3b, 2.3c) are illustrated in

Fig. 2.2(a), and the geometry of Eq. (2.3d) is also shown in Fig. 2.2(b). Eq. (2.3e) describes

the van der Waals repulsive and attractive forces between particles in the Lennard-Jones

12-6 potential [276], where � is the diameter, and ✏ is the well depth. This is shown in

Fig. 2.3. Eq. (2.3f) is the Coulomb electrostatic potential, where q
i

, q
j

are the charges in

electron units and ✏0 is the dielectric constant.

Figure 2.2: Geometry of a simple chain molecule, illustrating the definition of bonded
interatomic interactions: (a) bond r

jk

, angle ✓
ijk

and proper dihedral �
ijkl

(b) improper
dihedral ⇠

ijkl

. [428]

Since the models of MD simulation are generally very small compared to the

experimental substance, a suitable boundary conditions are important to a MD simulation

11



Figure 2.3: The standard non-bonded 12/6 Lennard-Jones style van der Waals interaction.
[276]

[73]. Periodic boundary conditions (PBC) aim to replicate the primary cell (simulation

volume or simulation cell) into an infinite, periodic array of replicas or images [73, 14]. The

particles in the image cells move in exactly same way as the particles in primary cell [14].

If a particle leaves the primary cell, its images will enter the cell though the opposite face

synchronously, because there are no walls at the boundary [14].

2.3.3 Integration of Trajectories

After computing all the forces between the particles, we can utilize the algorithm to

integrate Newton’s equations of motion [125, p.69]. The commonly used algorithms are the

Verlet algorithm and the Gear predictor-corrector [14]. The Verlet algorithm contains three

di↵erent algorithms: basic Verlet, leap-frog scheme and velocity Verlet [14]. The objective

of the numerical integration of Newton’s equation of motion is to find an expression that

computes positions r
i

(t+�t) as a function of the known positions r
i

(t) [467]. Derived from

the Taylor expansion of the coordinates of a particle, the equation of the Verlet algorithm
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[125] is:

r
i

(t+�t) ⇡ 2r
i

(t)� r
i

(t��t) +
F
i

(t)

m
i

�t2 (2.4)

where r
i

is the postion of atom i at a certain time, F
i

is the force acting on atom i, m
i

is

the mass of atom i and �t is the time step. From Eq. (2.4), we know that the velocity is

not used to compute the new position [125]. However, the velocities are important because

kinetic energy and temperature are derived from velocities [125]. Therefore, we have to find

a way to define the velocities. It can be derived from trajectories by using:

v
i

(t) =
r
i

(t+�t)� r
i

(t��t)

2�t
+ %(�t2) (2.5)

where %(�t2) is an error that is of the order �t2 in the velocity v
i

(t) [125].

The time step (�t) is important to the integration algorithms. A big time step will

make the motion of a molecule unstable because of the error in the integration, which may

cause a deformation of molecules. Reversely, a small time step is not e�cient for simulation

[102].

2.3.4 Thermodynamic Ensembles

In this section, we briefly discuss di↵erent ensembles of molecular dynamics which

are generally used. MD simulations can be used to compute macroscopic thermodynamic

properties of a system. The identical macroscopic thermodynamic state have di↵erent

microscopic states. An ensemble is the collection of all virtual copies of a system which has

di↵erent microscopic states [150]. Since the thermal fluctuations are small, the utilization of

ensembles at the macroscopic thermodynamic level for microscopic systems are convenient
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[499]. There are three mainly used ensembles, and the number of particles are all conserved.

1. Microcanonical Ensemble (NVE): The NVE ensemble is defined by a fixed number of

particles N , a fixed system volume V and a fixed total energy E. It is used to analyze

an isolated thermodynamic system which has reached thermal equilibrium [150]. The

advantage of this ensemble is that it allows to compute average of thermodynamic

properties.

2. Canonical Ensemble (NVT): The NVT ensemble is characterized by a fixed number of

particles N , a fixed system volume V and a fixed temperature T . It is used to analyze

a Boltzmann’s distribution of microscopic states of the system [74]. The Helmholtz

free energy A(N,V, T ) of NVT ensemble can be derived from the entropy S(N,V,E)

of NVE ensemble by Legendre tranform [74].

3. Isobaric-Isothermal Ensemble (NPT): The NPT ensemble analyzes systems attached

with a thermostat at temperature T and a bariostat at pressure P [74]. The system

exchanges energy with the thermostat and exchanges volume with the bariostat [74].

2.4 Computing Thermal Conductivity 

Heat travels by three mainly methods: radiation, conduction and convection.

Fig. 2.4 shows the general idea of these three methods. Radiation is the electromagnetic

waves, which can not be accurately investigated by MD simulations. However, MD is an

e↵ective tool to investigate conduction and convection. Conduction is the elastic impact

of lattice (phonons) and convection is the movement of molecules from one part of fluid
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to another. In conduction, both electrons and lattice vibrations can act as heat carriers.

For heat transfer in non-metals, only phonons should be considered because there is no free

electrons [498].

Figure 2.4: Discribe the three mainly methods of heat transfer. [330]

There are two common approaches to compute thermal conductivity by MD simu-

lations: equilibrium MD (EMD) and nonequilibrium MD (NEMD) [535, 626, 329, 524, 400].

The common methods used for EMD and NEMD are the Green-Kubo method and the “di-

rect method”, respectively. The Green-Kubo method predicts the thermal conductivity in

equilibrium by the fluctuation-dissipation theorem [211, 313]. In comparison, the direct

method is based on a temperature gradient across the simulation box [524]. The direct

method has two main disadvantages: (1) it is intricate to determine the reference tempera-

ture, (2) temperature gradients errors appear in the neighbor of the interfaces, because the

boundary conditions influence the phonon distribution [626]. By contrast, the Green-Kubo

method provides extra analytical data (e.g., the heat current autocorrelation function) [329].
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Therefore, in most of the planned computer experiments we utilize the Green-Kubo method,

equilibrium MD, to predict the thermal conductivity of Metal-Organic Frameworks and use

the ”direct method” as a secondary comparison.

2.4.1 Equilibrium Molecular Dynamics

The Green-Kubo method [211, 313] represents an Equilibrium Molecular Dynamics

technique to investigate complex susceptibility of magnetic or electric polarization and com-

plex conductivity in terms of integrals of time correlation functions. The thermal properties

of abundant dielectric materials have been investigated by the Green-Kubo method. Since

MOFs are dielectric materials, mostly we use the Green-Kubo method to predict thermal

conductivity. The Green-Kubo method predicts the thermal conductivity in equilibrium by

the fluctuation-dissipation theorem. The system is in the linear-response relation, because

there is no imposed driving force in equilibrium. The thermal conductivity  is proportional

to the integral of the autocorrelation function (ACF) of fluctuations in the instantaneous

heat flux:

 =
1

V k
B

T 2

Z 1

0
hJ(t) · J(t+ ⌧)i d⌧, (2.6)

where V is the system volume, k
B

is the Boltzmann constant, T is the system temperature

, J is the heat current and hJ(t) · J(t+ ⌧)i is the heat current autocorrelation function.

The common definition of the heat current J is

J(t) =
X

i

v
i

"
i

+
1

2

X

ij i 6=j

r
ij

(F
ij

· v
i

), (2.7)
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where v
i

, "
i

, r
ij

and F
ij

are the velocity, energy of atom i, the instantaneous interacting

separation vectors, and the force between atom i and its neighbor j, respectively [405].

Note that the Green-Kubo method can be linked to “measuring” the thermal

conductivity from a computer simulation, rather than a mechanism based prediction of 

as one obtains using Boltzmann transport theory. The thermal conductivity is predicted

from the di↵erent modes of phonons in lattice dynamics by Boltzmann transport equation.

This method is not useful for new model because of a lack of understanding of multiphonon

interactions [400].

Khodadadi et al. [32] has done a great job to proof that the micro-convection has a

minor role in some circumstances in Green-Kubo method. They considered that some high

thermal conductivities that were computed by Green-Kubo method (EMD) were wrong.

The critical technical reason was the subtraction of the average enthalpy of each atom type

from the convective term in the heat flux J in Equ. 2.7, which should be re-written as

J =
X

i

v
i

"
i

+
1

2

X

ij i 6=j

r
ij

(F
ij

· v
i

)� 1

V

X

↵

v̄
↵

h̄
↵

, (2.8)

where the last subtracted term is the partial micro-convection enthalpy term. In Equ. 2.8,

↵ is each type of atom in the system, v̄
↵

denotes the average velocity of atom type ↵ and

h̄
↵

denotes the average partial enthalpy of atom type ↵ which can be written as:

h̄
↵

=

N↵P
i=1

[K
i

+ P
i

+ 1
3(mi

v
i

+ 1
2

NP
j=1

r
ij

· F
ij

)]

N
↵

(2.9)

where K
i

and P
i

are the time-averaged kinetic and potential energies of particles of atom
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type ↵, respectively. In Equ. 2.8, 2.9, V, N and N
↵

are system volume, total number of

atoms and total number of atom types, respectively.

We have computed the heat current by Equ. 2.8 for each simulation to compare

with the one computed by Equ. 2.7. Results showed that the partial micro-convection

enthalpy terms in Equ. 2.8 were relatively small that can be neglected. Fig. shows an

example whose....

2.4.2 Non-Equilibrium Molecular Dynamics

Non-equilibrium molecular dynamics is the most intuitive computational method

for predicting thermal conductivity. The  is the ratio of heat flux to the temperature

gradient, where the heat flux is defined as the energy transferred in unit time perpendicularly

across a surface. One of common non-equilibrium molecular dynamics methods is Muller-

Plathe algorithm [muller1997]. Muller-Plathe algorithm has the following advantages: 1,

suitable for periodic boundary conditions, 2, accurate  with small temperature gradient,

3, no thermostat problem and suitable for chosen ensemble, 4, converges quickly.

Fig. 2.5 A shows the schematic periodic simulation box divided by N slabs along

the z direction, where slab 1 is the cool slab and slab N/2+1 is the hot slab. The velocities

of the hottest atom in slab 1 and the coolest atom in slab N/2+1 are exchanged. Relative

to center of mass motion of the two atoms will be exchanged, if the masses are not same

plimpton1995. This mechanism provides an energy transfer from the cool slab to the hot

slab. A temperature di↵erence is generated between the cool and the hot slab. After
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Figure 2.5: (A) Dividing the periodic simulation cell into N slabs. Slab N/2+1 is the
middle slab. Slab 1 is the cool slab, slab N/2+1 is the hot slab. This should be a symmetric
temperature profile since the cool slab and hot slab are separated by the same distance
in both directions in a periodic boundary conditions. By exchanging the velocities of the
hottest atom in slab 1 and the coolest atom in slab N/2+1, kinetic energy transfers from
the cool to the hot slab in two directions. (B) The temperature profile is computed by
determining the temperatures in the intervening slabs (2 ⇠ N/2 and N/2 + 2 ⇠ N). The
energy of heat flux divided by the slope of the temperature profile is proportional to the
thermal conductivity based on Eq. (2.10).

reaching steady state, the temperature gradient shows up. The thermal conductivity is

 =

P
exchange

m

2
(v2

h

� v2
c

)

2tL
x

L
y

⌧
@T

@z

� (2.10)

where m is the mass of the atoms, v
h

and v
c

are the velocities of hottest and

coolest atoms, L
x

L
y

is the area through heat transport. The equation is summing all of the
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velocities exchanging events during the simulation time t. The heat flux is moving in two

directions because of the periodic boundary conditions.
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Chapter 3

Relationship between thermal

conductivity and framework

architecture in MOF-5

Metal-organic-framework materials (MOFs) are the most porous materials known

to humanity and thus are promising materials for gas storage and absorption refrigerators—

reducing the overall size of the absorption bed. Central to the performance of the MOF is

its ability to withdraw heat from the absorbed working gas. Here we use a suite of molecular

dynamics simulations to relate structural features of the MOF-5 framework to its thermal

transport properties. These were performed for the purpose of establishing design principles

that can be used in the development of new MOFs with tailored thermal conductivity. The

last part of the paper examines thermal transport in MOF-5 when loaded with hydrogen

and deuterium which increases thermal conductivity.
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3.1 Introduction

Metal-organic frameworks (MOFs) are the most porous materials known to human-

ity, comprised of organic linker molecules assembled into an open network structure through

metallo-organic connections to nodal junctions. [377] Although metal-organic frameworks

are currently attracting intense scrutiny for their exciting potential for gas storage and gas

separation, their thermal properties have received limited attention. However, the thermal

transport properties of MOFs are both unusual and important, and thus warrant detailed

research. Since gas storage and separation processes involve exothermic and endothermic

operations [687] the ability to transport heat into or out of the adsorption media can be

the limiting factor in the performance of MOFs used in these applications. One beneficial

application of MOFs is as the adsorption bed in adsorption chillers. [581] These are cooling

systems that are driven by a heat source and use a cycle of evaporation and condensation

to pump heat. The use of MOFs as the adsorption bed provides a huge reduction in size

that makes chillers practicable for vehicular use when they can be powered by waste engine

heat. The motivation for our research on heat transport is a second important application

of MOFs—hydrogen storage in MOF-5.

Hydrogen storage devices using powder compacts of MOF-5 crystals as the adsorp-

tion bed are under development as part of the US Department of Energy’s (DoE) Hydrogen

Fuel Cell Program. These tanks are liquid nitrogen cooled and pressurized to 100 bar, and

under these conditions can store 7% excess wt% of H which amounts to 215 H2 dimers per

unit cell of the MOF, or an average of 26.9 dimers per framework cage.[687] This yields

comparable storage density to liquefied H2, but at a more practicable temperature. The
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limitations for these devices is not capacity but the refueling time. MOF-5 has poor thermal

conductivity (0.31 W/m.K [252], similar to concrete) and this impedes the removal of latent

heat of adsorption. [687, 486] Currently, to meet DoE’s performance targets for H2 storage,

at least a fivefold increase in thermal conductivity is required. [82, 4]

Heat transport in MOF-5 is unusual. Heat is carried by both transfer between lo-

calized molecular modes (like in an amorphous polymer) and by propagating lattice-modes

(like in a crystalline solid). Kaviany and co-workers have performed an excellent computa-

tional study of thermal transport in MOF-5, characterizing the transport mechanisms and

determining that the molecular-mode and lattice-mode heat currents contribute roughly

equally to the thermal conductivity.[248]

In this research, our goal is to establish design principles that will guide the devel-

opment of new gas storage MOFs with improved thermal conductivity. Thus, we extend the

work of Kaviany et al. to examine strategies for changing the MOF architecture. To design

MOFs that mitigate the thermal transport bottleneck it is imperative to understand the

relationship between the structure of the framework and both of the heat transport mecha-

nisms. In this manuscript we report the results of a systematic molecular dynamics study

on the sensitivity of thermal conductivity to variations in the MOF architecture. We also

present a new approach to obtaining mechanistic information by spatially decomposing the

heat current. The remainder of the article is organized as follows: After a brief description

of the simulation methods and philosophy, we present and discuss the simulation results for

empty MOFs. We then discuss simulations of MOF-5 filled with H2. The article finishes

with a summary and conclusions.

23



3.2 Method

Thermal conductivity, , of MOFs was computed from equilibrium classical molec-

ular dynamics (MD) simulations in the microcanonical ensemble using the Green-Kubo

method.[210, 314] This is a well established method based on the fluctuation dissipation

theorem that relates the thermal conductivity to the integral of the autocorrelation function

(ACF) of the instantaneous heat flux.

 =
V

3k
B

T 2

Z 1

0
d⌧ hJ(t) · J(t+ ⌧)i , (3.1)

This can be likened to ”measuring” the thermal conductivity from a computer simulation,

rather than a mechanism based prediction of  as one obtains using Boltzmann transport

theory. Our approach is to use simulations as a computer experiment, in which we vary

various aspects of the MOFs and determine the impact on . In these experiments we

decompose the heat current J into di↵erent local contributions,

J =
X

i

J
i

(3.2)

where J
i

is the instantaneous heat current in region i. The contributions of the regional

autocorrelations and the inter-regional cross-correlation to ,

hJ(t) · J(t+ ⌧)i =
X

ij

hJi(t) · Jj(t+ ⌧)i , (3.3)

24



are used to infer mechanistic changes to the heat transport processes. We have recently

successfully used a similar spatial decomposition of J to map heat transport around defects

in graphite. [5]

All simulations are performed on a 2 ⇥ 2 ⇥ 2 super cells with periodic boundary

conditions. (A single unit cell of the frameworks and their components is shown in Fig.3.1.)

For the empty MOF-5 calculations this is a cubic compute cell with ⇠ 52 Å edges containing

Figure 3.1: (a-c) shows the components of the IRMOF-1 (also called MOF-5) and IRMOF-
10 frameworks. (a) shows the Zn4O13 nodal units, (b) the C8H4 (1,4 phenyl dicarboxylate)
linkers in IRMOR-1, and (c) the C14H8 (4,4 biphenyl dicarboxylate) linkers in IRMOF-10.
(d & e) show a single unit cell of each framework. Note that along each direction the
orientation of the nodes alternates and so there are 8 nodes per unit cell. This alternating
structure means there are two types of interstitial cage.

3392 atoms. The previous work by Kaviany et al. has shown that a 2 ⇥ 2 ⇥ 2 super cell

is su�ciently large to obtain converged predictions for , and in this research we have
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independently corroborated this. For their study of MOF-5, Kaviany et al. developed a set

of empirical interatomic potentials for modeling the Zn, O, and C atoms in the framework

(H they included indirectly by increasing the mass of the carbon with attached H atoms).

We have tested these potentials against the Hessian matrix for MOF-5 computed from first

principles. (The Hessian was computed using the SIESTA density functional theory package

[566] with a DZP or better basis using the PBE generalized gradient exchange correlation

energy functional.[462] Calculations were performed with a 700 Rydberg energy cuto↵ and

the structure relaxed to minimize forces to a tolerance of 0.01 eV/Å2.)

To correctly simulate the MOF interacting with gases intercalated into the frame-

work we must model the H in the framework explicitly. Thus, we have augmented Kaviany’s

potentials with a set of bonding, angular, and dihedral terms for the H. These are listed

in the table 3.1. Additionally, Kaviany’s potential set does not include a C-C-O angular

interaction at the end of the linkers. This means the framework has no resistance to in-

plane bending of the linkers at the node-linker bridge, making the framework overly soft in

shear along the (110) directions. We have included a C-C-O angular term. For most of the

simulations we have kept this turned o↵ in order to compare our work with that of Kaviany

et al.. However, we have also computed  with the extra angular sti↵ness turned on—the

results are described in the next section. The non-bonded potentials for H were those used

in the code Autodock and the added bonding terms were chden to match the full hessian

matrix of MOF-5 that was computed from first principles.

All simulations were performed at 300 K. The simulation procedure was as follows:

The empty MOF structure was optimized at 0 K. The 2⇥ 2⇥ 2 supercell was created and
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simulated in the NPT ensemble under zero pressure with the cell free to change volume

but not shape. The temperature was ramped slowly to 400 K. From this simulation a fit

was performed to obtain the thermal expansion coe�cient for the potentials used (which

is negative [371, 368]). For each simulation the 2⇥ 2⇥ 2 super cell was scaled to its mean

volume at 300 K and then heated to 300 K in the NVT ensemble, before being allowed

to equilibrate by simulation for 100 ps in the NVE ensemble. After equilibration, NVE

simulation was continued for a further 500 ps during which the heat flux was computed and

its autocorrelation function averaged. The auto correlation was computed out to 10 ps or

longer, and at least 40 simulations with di↵erent starting configurations were averaged to

obtain each datum.

In simulations with gas atoms in the framework, the gas molecules were placed

randomly in the framework interstices with random orientation (any randomly chosen po-

sitions that would have placed atoms too close together were rejected). The gas loaded

framework was optimized and annealed prior to the NVT heating step to 300 K described

above. Note that when we added the gas we did not alter the volume of the framework. At

300 K the gas condenses onto the framework and is not mobile across the voids within the

framework. As a result, the gas put the framework under small tensile pressure as the gas

acts to slightly contract the framework. Simulations were performed using the LAMMPS

molecular dynamics simulation package [473]. Trajectories were integrated using the veloc-

ity verlet method with a time step of 0.2 fs, which was su�cient to minimize total energy

fluctuations during NVE simulation to less than 10�5 of the thermal energy.
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3.3 Dependence of  on Framework Architecture

To a establish a set of design principles that can be used in the development of

new gas storage MOFs with improved thermal transport properties we must understand

how aspects of the framework structure impact heat transport by both molecular modes

and by lattice modes. We consider four separate factors: The acoustic mismatch between

the nodes and linker arms; the sti↵ness of the framework in shear; the e↵ect of putting the

system in tension; and the e↵ect of the linker arm length.

3.3.1 Node-Linker Acoustic Mismatch

Heat transport by molecular modes is passed between localized molecular vibra-

tions. To move through the MOF the heat must be passed from modes in the linkers to

modes in the nodes. The node is much heavier than the linker. The nodes and linkers are

acoustically mismatched creating a bottleneck for the molecular-mode heat transport. We

have tuned the acoustic mismatch by scaling the mass of atoms in either the nodes (Zn, O

and Oc) or the linkers (C1, C2, C3 and H). The thermal conductivity with mass scaling

is shown in Fig.3.2. Sweeping the mass of the nodal atoms through a four-fold scaling

from half to twice their normal mass increases the acoustic mismatch between the linkers

and nodes and produces nearly a two-fold reduction in thermal conductivity (discernable

even though the error bars are large). Reducing the mass of the node atoms reduces the

frequency of the nodes’ internal molecular modes, and so reduces the acoustic mismatch

with the linker. Increasing the mass of the linker atoms should also reduce the acoustic

mismatch; however, as is shown in Fig.3.2 this results in very little change in  discernable
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Figure 3.2: Thermal conductivity of MOF-5 as a function of scaling the mass of selected
components of the lattice. The blue plot shows scaling the mass of nodes (atoms Oc, Zn,
& O). The red plot shows scaling the mass of the linker atoms (C1, C2, C3, & H).

above the noise in the error bars.

It is clear from the mass scaling calculations that node-linker acoustic mismatch

is only one factor a↵ecting heat transport. We have computed the eigenvalues of the mass

weighted Hessian matrix as a function of scaling the node or linker masses. It was found

that as the nodes are much heavier than the linkers the mass of the node atoms have a

strong influence on the lattice mode dispersion. Increasing the node mass a↵ects both

the molecular-mode and lattice mode heat current adversely. Increasing the linker mass

improves molecular mode thermal conductivity but degrades the lattice mode thermal con-

ductivity, and although  changes little the spectral make up of the heat current ACF is

di↵erent as can be seen in Fig.3.3. It can be seen in Fig. 3.3.(c) that changing the mass of

the node or linker atoms has a large impact on the high frequency component of the heat

current, however the high frequency fluctuations carry little heat. The relative importance

of lattice and molecular modes is determined by fitting an approximate form of the ACF,
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C
f

, in fourrier space with the sum of decaying oscillatory processes:

C
f

(t) =
X

i

A
i

cos (2⇡⌫
i

t) e�t/⌧i ,

with amplitudes A, frequencies ⌫, and decay times ⌧ as fitting parameters. In this approx-

imation each process contributes


i

=
V

3k
B

T 2

A
i

⌧
i

1 + (2⇡⌫
i

⌧
i

)2

to the total thermal conductivity. As heat current fluctuation processes are all under-

damped, increasing the lifetime — that is, sharpening the peak in the power spectrum —

reduces the contribution to thermal conductivity.

3.3.2 Framework Shear Sti↵ness

Simulations were performed to measure  of MOF-5 with and without the angular

O-C1-C2 interaction at the node-linker bridge. The angular interaction sti↵ens the shear

modulus of the framework, but surprisingly does little to change . While net  is altered,

the angular interaction changes the nature of the thermal fluctuations—resulting in di↵erent

spectral make-up and slower convergence of the heat current ACF shown in Figs.3.3.(a–c).

The angular interaction also makes a small, but statistically significant, change to the cross-

correlation of the linker and node heat flux. As can be seen in Fig.3.5, turning on this extra

angular sti↵ness makes the node-linker cross-correlation have a positive rather than negative

impact on the thermal conductivity.
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Figure 3.3: Plot (a) shows the averaged heat flux ACF for di↵erent MOFs. Plot (b) shows
the integration of the ACF as a function of the integration duration. Plot (c) shows the
power spectrum of heat current. In all plots (a–c) the curves are normalized and o↵set
for clarity. The blue, red, green, black and orange traces are for: empty MOF-5, MOF-5
with heavy nodes; MOF-5 with heavy linkers; MOF-5 with the O-C1-C2 angular interaction
turned on; and for IRMOF-10.

3.3.3 E↵ect of Strain on 

We have measured (in silico) the e↵ect of homogeneous strain on the thermal

transport. Strains can arise from many sources; MOF-5 thermally contracts, and gas storage

applications put MOFs under pressure—the working pressure for the MOF-5 based H2
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storage device is 100 bar. Moreover, we have found that MOF-5 contracts with the uptake

of gas. The gas molecules bind to the framework preferentially at the ”oxter”1 where

the linkers come together at a node and the gas molecules can interact with several linkers

simultaneously. This interaction pinches the junctions causing contraction of the framework.

Thermal contraction is due to activation of soft buckling modes in the linker arms [371, 368],

and thus one might anticipate that—like tuning a guitar string—putting the linkers in

tension would increase the lattice-mode thermal conductivity. In this reasoning the e↵ect

of strain would be asymmetric due to linker buckling under compression. Surprisingly, we

observe only small systematic change in  due to strain with tension reducing the ease of

heat transport, as shown in Fig.3.4.
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Figure 3.4:  of MOF-5 computed as a function of strain.

3.3.4 Expanding Linker Arm Length

The topology of the framework proscribes that heat transported by molecular-

modes must flow through the thermally resistive bridge between nodes and linkers. We

exploit this to probe the interplay of molecular-mode and lattice-mode heat transport. If

1an old Scottish word for armpit
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the resistance to molecular-mode heat transport is dominated by linker-node acoustic mis-

match, then extending the length of linkers will increase the molecular-mode conductivity

along a chain of links by reducing the number of resistive interfaces along each linker direc-

tion. However, increasing the linker length also reduces the areal density of linkers cutting

through any cross-section of the framework. The density of heat conducting channels goes

down faster than their thermal conductivity rises, and so one obtains a net reduction in the

molecular mode thermal conductivity 
M

that scales with the framework’s lattice parame-

ter, a, as 
M

⇠ a�1. The beautiful modular chemistry of MOFs permits us to change a by

inserting longer linker arms while maintaining the topology, symmetry, and nodal chemistry.

We have simulated IRMOF-10 (isoreticular-MOF) in which phenyl groups are substituted

with biphenyl. [144] (MOF-5 is the first in IRMOF series and is also called IRMOF-1. [145])

Simulating IRMOF-10 requires three new dihedral terms which are included in table 3.1.

The heat flux ACF and the resulting thermal conductivity value for IRMOF-10 are

shown in Figs.3.2&3.5. The heat current ACF and its integral contains long slow oscillations

that are slow to die out. To obtain converged results it was necessary to compute the ACF

for IRMOF-10 out to 50 ps. The thermal conductivity of IRMOF-10 was less than one

quarter of that of MOF-5. The lattice parameter of MOF-5 is only 0.75 times smaller

than that of IRMOF-10, and so the reduction in  can not be explained by the density

of node-linker thermal bottlenecks alone (although it is possible that the phenyl-to-phenyl

link at the center of the biphenyl linkers also introduces a thermal bottleneck for molecular

modes). The longer lived fluctuations have a slower decay rate (as indicated by the sharper

peaks in fig.3.3(c)), and as these are in the under damped limit increasing the fluctuation
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lifetime reduces the contribution to heat transport (Eq.3.4).

3.3.5 Decomposition of J

We analyse equilibrium MD simulations by decomposing the heat current, J =

J
N

+ J
L

, into contributions from the nodes, J
N

, and contributions from the linkers, J
L

,

and integrating the correlation functions (see Fig.3.5). A number of interesting observations
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Figure 3.5: Bar chart of the thermal conductivity of frameworks, including the contributions
from the autocorrelation of the heat current in nodes and linkers, and the node-linker heat
current cross-correlation. (a & b) are for empty MOF-5, (c & d) are for MOF-5 with the
mass of the Oc, Zn and O atoms doubled, and (e & f) are for MOF-5 with the O-C1-C2
angular interaction turned on. In (a, c, &, e) the O atoms are included in the calculation
of J

N

, and in (b, d, & f) it is included in J
L

. Plot (g) is for MOF-5 with the mass of C1,
C2, C3, and H doubled (and O included in J

N

). Plot (h) is for IRMOF-10 with O included
in J

L

. The dark blue line indicates the total thermal conductivity for the framework with
error bars.

arise from the contribution of these integrated correlation functions to .

• Increasing the mass of node atoms reduces the contribution of hJ
N

· J
N

i to .

• The cross-correlation in Figs.3.5.(a, b, c, d, & g) is negative. This implies that there

is considerable reflection of heat current fluctuations at the interface between nodes

and linkers.

• For MOF-5 the cross-correlation is most negative when O is considered part of the
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linker. This indicates that most of the reflection occurs at the interface between O

and Zn. This interface also has the largest mass di↵erence.

• Increasing the linker length from MOF-5 to IRMOF-10 greatly reduces  and changes

the relative contributions of hJ
N

· J
N

i, hJ
L

· J
L

i, and hJ
N

· J
L

i.

• Turning on the O-C1-C2 angular interaction does not change  (at least within the

resolution of the error bars), however Fig.3.5.(b & f) show a statistically significant

change in the contribution from the cross-correlation hJ
N

· J
L

i. This result illus-

trates an important di�culty for validation of computational prediction of thermal

conductivity—namely that  is an integral property and so it is possible to obtain the

correct answer for the wrong reasons. Simply predicting a value of  that matches

experiment is insu�cient to demonstrate the validity of the model that made the

prediction.

3.4 Gas Filled Framework

MOFs used for gas storage will, by definition, be filled with gas. As it is the

removal of latent heat of adsorption that limits gas uptake, it is important to determine

the role that framework guests play in thermal transport. Simulations were performed of

MOF-5 at 300 K, loaded with hydrogen and deuterium, up to an average 14 dimers per

framework cage. Under these conditions the gas is bound to the framework and while the

dimers migrate along the linker arms, there is little free motion across the voids of the

framework. A typical simulation system is shown in Fig.3.6 along with the plot of  as

a function of gas concentration. Adding H2 causes a modest increase in , along with a

35



small tensile stress. The surprising negative response to strain in Fig.3.4 indicates that this

increase in  is not due to stress. Furthermore, we have computed J
G

, the heat current

involving gas atoms, and find correlations involving J
G

make a negligible contribution to

.

Adding deuterium to the system instead of H2 gives a larger increase in , showing

that the mass of the gas is important. Gas in the framework adds disorder to the system

increasing scattering of lattice modes. However, as the gas binds preferentially to the oxter

of the linkers, we attribute the increase in  to the gas providing additional channels for

heat transfer from nodes to linkers.
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Figure 3.6: (top) Example of the 2x2x2 supercell structure of MOF-5 loaded with H2

molecules (image is prior to annealing). (bottom) Plot of thermal conductivity of MOF-5
as a function of loading with hydrogen and deuterium.
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3.5 Conclusions and Summary

In this paper we have presented a systematic study of the interplay of MOF ar-

chitecture with heat transport mechanisms. It was found that many aspects of the frame-

work impact both the molecular-mode and lattice-mode transport processes. Specifically,

changing the linker mass and increasing the shear sti↵ness through the O-C1-C2 angular

interaction produce little change in . In both of these cases simulations show very di↵erent

dynamics in the heat current fluctuations. We thus conclude that changes to  are bu↵ered,

because the linker mass and the O-C1-C2 angle a↵ect the lattice and molecular modes in

opposite directions. To engineer a substantial net change in  it is necessary to identify

parameters that change both heat transport mechanisms in the same direction. In this

work we have found two such parameters: the node mass, and the linker arm length. The

lattice-mode and molecular-mode thermal conductivity are both reduced by increasing the

mass of nodes and the lengthening linker arms.

We have presented a new approach to analyzing equilibrium molecular dynamics

simulations to obtain insight into heat transport mechanisms. This approach is based on

the Green-Kubo method and involves spatially decomposing the instantaneous heat current,

and computing the regional autocorrelations and cross-correlations separately. The sign of

the cross-correlation reveals information about heat transfer between regions.

Finally, it was found that the thermal conductivity is increased by loading MOF-

5 with gas, with  increasing with both the concentration and mass of the adsorbed gas.

This result is beneficial for many gas adsorption applications where the rate of adsorption is

limited by the removal of latent heat. A more complete understanding of the mechanisms of
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adsorbate-enhanced thermal transport will facilitate design of MOFs with desired thermal

properties, and so this is an area of continued research.
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Type Potential Parameters

— Atom Labels —
H2 Hydrogen (or duterium) in H2 (D2) dimer guest molecules
Oc O in node center
Zn Zinc in node
O Node-linker bridging Oxygen
C1 Terminal carbon
C2 C-C3 in phenyl
C3 C-C2H in phenyl
H Hydrogen in phenyl ring

— Bonds —
H2-H2 E = K(r � r

o

)2 K=1.85 eV · Å�2, r
o

=0.74 Å
C3-H E = K(r � r

o

)2 K= 17.04 eV · Å�2, r
o

=1.10 Å
— Angles —

C2/3-C3-H E = K(✓ � ✓
o

)2 K=1.6 eV, ✓
o

=120�

O-C1-C2 E = K(✓ � ✓
o

)2 K=3.0 eV, ✓
o

=120� (when turned on)
— Dihedrals —

C3-C2-C2-C3 E = K[1 + d cos(n�)] K=0.434 eV, d=-1, n=2
C2-C2-C3-H E = K[1 + d cos(n�)] K=0.130 eV, d=-1, n=1
C2-C2-C3-C3 E = K[1 + d cos(n�)] K=1.735 eV, d=1, n=1

— Non-Bonded Interations —

H2-H2 E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.00087 eV, r

o

=2 Å

H2-Oc E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.00750 eV, r

o

=3.6 Å

H2-Zn E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0 eV, r

o

=0 Å

H2-O E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.00750 eV, r

o

=3.6 Å

H2-C1 E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.01089 eV, r

o

=4.0 Å

H2-C2 E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.01089 eV, r

o

=4.0 Å

H2-C3 E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.01089 eV, r

o

=4.0 Å

H2-H E = 4"
⇣�

ro
r

�12 �
�
ro
r

�6⌘
"= 0.00390 eV, r

o

=3.0 Å

Table 3.1: Augmented interatomic potentials used to simulate MOF-5 and IRMOF-10. The
cuto↵ of non-bonded interations is 10 Å.
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Chapter 4

Non systematic variation of

thermal conductivity across the

isoreticular family of

metal-organic–frameworks

4.1 Introduction

Metal-organic frameworks (MOFs) are the most porous materials known to hu-

manity. Advantages of MOFs such as 3-D hybrid frameworks, highly designable frameworks

for pore shape and pore size attract intense scrutiny for their merit of gas storage and gas

separation. Although MOFs are widely attracting intense scrutiny for their merit of gas

storage and gas separation, their thermal properties are limited understood. Thus detailed
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research is required, since the thermal transport properties of MOFs are both unusual and

important.

Heat transport in MOFs is unusual because it straddles two domains: heat trans-

port by crystal lattice modes (like in a crystalline solid); and heat transport between lo-

calized molecular modes by communication between localized oscillators as in the case of

amorphous polymers. The problem is that thermal conductivities of MOFs are low (E.g.

 of MOF-5 is 0.31 W/m K,[251] close to that of concrete), because the heat transport

by phonon in MOFs is insulated. The poor thermal conductivity of MOFs limits the

refueling time of hydrogen storage because of the removal of latent heat of adsorption.

However, MOFs’ thermal properties have received such limited attention even under the

booming interest of their exciting potential for gas storage and gas separation. Kaviany

et al. have performed a research of thermal transport in empty MOF-5, characterizing

the transport mechanisms and determining that the molecular-mode and lattice-mode heat

currents contribute roughly equally to the thermal conductivity.[247] Zhang et al. have also

computed the contributions of lattice-mode heat currents quantitatively.[689] Wilmer et al.

and Grayson et al. have measured thermal conductivity of MOFs filled with gases compu-

tationally and experimentally, respectively.[33, 116] Wilmer et al. have reported that the

reason of decreasing thermal conductivity of MOFs as increased concentration of adsorbed

gases is because of MOF–gases phonon scattering, however, MOF–MOF phonon scattering

still dominates the thermal conductivity. We have elucidated the role that MOFs’ architec-

ture plays in governing the interplay and dominance of molecular and lattice modes.[215]

Thus, we examine trends in heat transport across a family of MOFs with sys-
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tematically vary architecture, rather than examine an individual MOF or idealized MOFs.

Specifically we examine the subset of isoreticular MOFs (IRMOF) with linkers composed of

benzene chains, that are IRMOF-1, -10 and -16. All three of these come with interpenetrated

variants called IRMOFs-0, -9, and -15, respectively. Our approach is that systematically

varying IRMOFs, examining processes of heat transport and analyzing the family’s adher-

ence or deviation from elementary heat transport models. The remainder of this article is

laid out as follows: In the next section the simulation approach is described and section 4.3

describes a simple network model of heat transport. We then discuss the heat transport in

the family of IRMOFs and their corresponding interpenetrated variants. The article finishes

with a summary and conclusions.

4.2 Methods

We have simulated IRMOF-1, -10 and -16 whose linkers are phenyl, biphenyl and

terphenyl, respectively, shown in Table 4.1. The family of IRMOFs is nicely and systemat-

ically in varying the linker length. Base on the network model in Fig. 4.1, molecular-mode

heat transport must flow through the heat resisters between the heat carriers. The resis-

tance of molecular-mode heat transport is mainly dominated by two factors: (1) linker-node

acoustic mismatch, and (2) the areal density of linkers cutting through any cross-section of

the framework.[215] Extending the length of linkers will not only increase the molecular-

mode conductivity along a chain of links, but also reduce the areal density of linkers cutting

through any cross-section of the framework. The network model provides a net reduced

relationship with the molecular mode thermal conductivity 
M

and the lattice parameter
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of the framework, a, as 
M

⇠a�1.

(a) Zn4O13 (b) C8H4 (c) C14H8 (d) C20H12

(e) IRMOF-1 (f) IRMOF-10 (g) IRMOF-16

(h) IRMOF-0[?] (i) IRMOF-9 (j) IRMOF-15

Table 4.1: (Table IRMOFs-table) (a-d) Shows the components of the IRMOF-1 (the first
in IRMOF series and is also called MOF-5), IRMOF-10 and IRMOF-16. (a) Shows the
Zn4O13 nodal units, (b) the C8H4 (1,4 phenyl dicarboxylate) linkers in IRMOF-1, (c) the
C14H8 (4,4 biphenyl dicarboxylate) linkers in IRMOF-10 and (d) the C20H12 (p-terphenyl
4,4 dicarboxylate) linkers in IRMOF-16. (e-g) Show a single unit cell of each framework.
(h-j) Show a single unit cell of each interpenetrated framework, respectively.

Thermal conductivity, , of MOFs was predicted from equilibrium classical molec-

ular dynamics (MD) simulations in the microcanonical ensemble (NVE) using the Green-

Kubo formalism, which is based on the fluctuation dissipation theorem.[313, 211] The Green-

Kubo method computes the thermal conductivity by the integral of the auto-correlation
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function (ACF) of the instantaneous heat flux.

 =
V

3k
B

T 2

Z 1

0
hJ(t) · J(t+ ⌧)i d⌧, (4.1)

where J(t) is the instantaneous heat flux, and hJ(t) · J(t+ ⌧)i is the heat current auto-

correlation function. The heat current J is decomposed into di↵erent contributions,

J =
X

i

J
i

(4.2)

where J
i

is the instantaneous heat current of species i. In these multi-component systems the

instantaneous heat current J
i

is computed following the method of enthalpy correction.[32]

The auto-correlations and the inter-species cross-correlations are determining the mecha-

nism of the heat transport process.

The potentials of MOF-5 (IRMOF-1) are extracted from Han et al.,[215] which

are augmented from Kaviany’s[251] MOF-5 potential set. Compared to MOF-5, IRMOF-

10, 9, 16 and 15 contain the additional C2-C2 bonds, C2-C3-C3 angles and C2-C3-C3-C2

dihedrals in linkers between the adjacent 1,4-dichlorobenzene rings, which are shown in

Table 4.1. All simulations were performed on 2⇥2⇥2 supercells with periodic boundary

conditions at 300 K. In order to simulate each 2⇥2⇥2 supercell with correct volume at 300

K, all of the supercells were generated and performed in the isothermal-isobaric ensemble

(NPT) under zero pressure with the cell free to change volume but not shape. Each system

was heated up to 400 K from 0 K slowly, and the negative thermal expansion coe�cients

of each IRMOFs were computed by slopes of the linear fits. Each 2⇥2⇥2 supercell was
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Type Potential Parameters
Atom labels

Oc Oxygen in node center
Zn Zinc in node
O Node-linker bridging oxygen
C1 Terminal carbon
C2 C � C3 in phenyl
C3 C � C2H in phenyl
H Hydrogen in phenyl ring

Bonds

O-C1 U = D{[1� e�↵(r�r0)]2 � 1} D = 4.624 eV, ↵ = 2.337 Å
�1

, r0 = 1.28 Å

C1/2-C2 U = D{[1� e�↵(r�r0)]2 � 1} D = 5.439 eV, ↵ = 1.669 Å
�1

, r0 = 1.482 Å

C2/3-C2/3 U = D{[1� e�↵(r�r0)]2 � 1} D = 8.196 eV, ↵ = 1.680 Å
�1

, r0 = 1.388 Å

C3-H U = K(r � r0)
2 K = 17.04 eV Å

�2
, r0 = 1.10 Å

Angles

C2/3-C2/3-C2/3 U = K(cos ✓ � cos ✓0)
2 K = 5.866 eV, ✓0 = 120�

O-C1-O U = K(cos ✓ � cos ✓0)
2 K = 5.5 eV, ✓0 = 120�

C1/2-C2-C3 U = K(cos ✓ � cos ✓0)
2 K = 4.799 eV, ✓0 = 120�

Zn-O-C1 U = K(cos ✓ � cos ✓0)
2 K = 5.5 eV, ✓0 = 132.3�

C2/3-C3-H U = K(✓ � ✓0)
2 K = 1.6 eV, ✓0 = 120�

O-C1-C2 U = K(✓ � ✓0)
2 K = 3.0 eV, ✓0 = 120�

Dihedrals

C2/3-C2/3-C2/3-C2/3 U = K[1� cos(�� �0)] K = 1.735 eV, �0 = 0�

O-C1-C2-C3 U = K[1� cos(�� �0)] K = 1.587 eV, �0 = 0�

O-C1-O-Zn U = K[1� cos(�� �0)] K = 1.732 eV, �0 = 0�

C3-C2-C2-C3 U = K[1 + d cos(n�)] K = 0.434 eV, d = �1, n = 2
C2-C2-C3-H U = K[1 + d cos(n�)] K = 0.130 eV, d = �1, n = 1
C2-C2-C3-C3 U = K[1 + d cos(n�)] K = 1.735 eV, d = 1, n = 1

Non-bonded interactions

Oc-Zn U =
1
r
qOcqZn +Ae�r/⇢ � Cr�6 A = 770.127 eV, ⇢ = 0.357 Å, C = 0.00088 eV Å

6

Oc-O U =
1
r
qOcqO

O-Zn U =
1
r
qOqZn +Ae�r/⇢ � Cr�6 A = 529.7 eV, ⇢ = 0.352 Å, C = 0.0 eV Å

6

Zn-Zn U =
1
r
qZnqZn

O-O U =
1
r
qOqO

Table 4.2: Interatomic potentials of the family of IRMOFs. The cuto↵ of non-bonded
interactions is 10 Å.

scaled to its mean volume at 300 K. The canonical ensemble (NVT) is performed at 300

K for 100 ps to equilibration. And then the heat flux was computed and its auto- and

cross-correlation functions are averaged during the 500 ps microcanonical ensemble (NVE).
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The auto- and cross-correlation functions were computed out to 50 ps, and 40 simulations

with di↵erent starting configurations were averaged to obtain each thermal conductivity and

error bar. The LAMMPS MD simulation package[474] was used to perform velocity–Verlet

time integration with a time step of 0.2 fs which was su�cient to minimize total energy

fluctuations during NVE simulation to less than 10�5 of the thermal energy.

4.3 The network model

In order to guide the understanding and interpretation of heat transfer, a network

model is used as a simple thermal transportation model for both IRMOFs family and

breathing MOFs.[123] The models like this are quite good for understanding other properties

of MOFs, like folding mechanical behavior, sti↵ness and so on. The network model is

derived from the thermal resistance of the nodes and linkers, which are unknowns, R
Node

and R
Linker

. Although we don’t know them, we know when are they constant. We should

be able to untangle what is the node and linker e↵ect to thermal conductivity. Since

IRMOFs are isotropic, the heat transfer rate, Q̇, flow along the node-linker network due

to a temperature di↵erence (unit of [K]), �T , which have a relationship as Q̇ = �T ·

(R
Node

+R
Linker

)�1. The negative temperature gradient, rT , (unit of [K · m�1]) is the

time averaged temperature di↵erence between the ends along one direction, which can be

written as rT=�h@T/@xi. Fourier’s Law of cooling provides the relationship between heat

flux and thermal conductivity, J =� ·rT . The thermal conductance C is the reciprocal

of thermal resistances R. Then the heat flux is derived by Equ. 4.3a, where A, L are area

of heat conducting channel and lattice parameter of IRMOFs, respectively. The thermal
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conductivity of IRMOFs is written by Equ. 4.3b.

The thermal conductance of linker can be written as C
Linker

=
Linker

·L
Linker

. The

thermal conductivity of IRMOFs is further derived as Equ. 4.3c. The thermal conductivities

of linkers (shown in Table 4.1, b-d) is computed by Green-Kubo method.

J =
Q̇

A
=

�T

(R
Nd

+R
Lk

)A
= � rT

(R
Nd

+R
Lk

) L
(4.3a)

 =
C
Nd

· C
Lk

(C
Nd

+ C
Lk

) L
(4.3b)

=
C
Nd

· k
Lk

(C
Nd

L
Lk

+ k
Lk

)L
. (4.3c)

Increasing the linker length will reduce the areal density of linkers cutting through

any cross-section of MOF. Thermal conductivity of Molecular modes is proportional to the

reciprocal of lattice parameter. The density of heat conducting channels decrease faster

than their thermal conductivity increase.

4.4 Results

4.4.1 Non-interpenetrated MOFs

Based on the network model Equ. 4.3c, thermal conductivity is determined by

three parameters: C
Node

, � and L, in which C
Node

is independent in linker length and L is

increasing linearly. The family of isoreticular MOFs (IRMOF-1, 10, and 16) in Table 4.1

is nicely and systematically in varying the linker length. The solid red line in Fig. 4.3
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Figure 4.1: (Fig. Network) Nodes can be treated as heat carriers (red spheres) and linkers
can be treated as heat resisters (blue sticks). Since nodes carry much more heat than the
linkers. Left is the simplest member of IRMOFs, MOF-5 (IRMOF-1),

Figure 4.2: Plot (a) shows the averaged heat flux ACF for di↵erent MOFs. Plot (b) shows
the integration of the ACF as a function of the integration duration. Plot (c) shows the
power spectrum of heat current. In all plots (a-c) the curves are normalized and o↵set for
clarity. The blue, red, black, cyan, green and magenta traces are for: IRMOF-1, -10, -16,
and Interpenetrated IRMOF-0, -9, -15, respectively.
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corresponds to the thermal conductivities computed by MD simulations. The three dashed

lines are the thermal conductivities predicted by the network model, depending on the three

thermal conductivities computed by MD simulations, respectively. The network model has

a decreasing trend, but does not accurately match the MD thermal conductivities. � is

unknown, however, the thermal conductivities of di↵erent length of linkers (like shown in

Table 4.1 [b-d]) can be computed by MD simulations, which are the values of �. Subplot

of Fig. 4.3 shows the value of � of nude linkers with di↵erent linker length oscillating

around 170 W ·m/K, which is also independent in linker length. Therefore the thermal

conductivities of IRMOFs are only determined by C
Node

. Depending on Equ. 4.3c, C
Node

can be computed by three di↵erent  (IRMOF-1, 10 and 16). With three di↵erent values

of C
Node

, the predicted network model is computed and plotted in dashed lines in Fig. 4.3.

Figure 4.3: Thermal conductivity as a function of lattice parameter of IRMOF-1, -10 and
-16. The blue plot is the thermal conductivity predicted by the network model. The red
plot corresponds to the thermal conductivity computed by MD simulations. The subplot
shows the parameter � in network model as a function of linker length.

The nodes carry much more heat than the linkers, however, the linkers and the
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Figure 4.4: The solid red line is same as the one in Fig.4.3, which is the thermal conductivity
as a function of lattice parameter of IRMOF-1, -10 and -16. The solid blue line is the thermal
conductivity of IRMOF-1, -10 and -16 with sti↵er nodes, which is compared with the dotted
lines with di↵erent values of C

Node

computed by the network model.

soft heavy nodes create an acoustically mismatched bottleneck for the molecular-mode heat

transport.[215] We have sti↵ened the nodes by changing the non-bonded interactions of

nodes into bonded interactions (details in support information). The thermal conductivity

with sti↵er nodes is the solid blue line shown in Fig. 4.4. In this case, C
Linker

is independent

in sti↵ness of nodes. Dashed lines are the network model predicted thermal conductivity

based on di↵erent values of C
Node

. Obviously, sti↵er nodes increase C
Node

and sequentially

increase thermal conductivity.

The network model predicts a decreasing trend, however,  of IRMOF-16 is higher

than that of IRMOF-10. In long range, � is independent in linker length. Nonetheless, in

the range of linker length of IRMOF-1, -10 and -16 (referred to lattice parameters are from

25.62 Å to 41.18 Å shown in Fig. 4.3), � of IRMOF-16 increases drastically than that of

IRMOF-1 and -10. That is the reason why  of IRMOF-16 does not follow the network

model.
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Fig. 4.2 (a) presents the heat current ACF of IRMOF-1, -10 and -16, in which

-10 and -16 show long oscillations that decay slowly. The long decaying fluctuations are

indicated by the sharper peaks in Fig. 4.2 (c). This is because there are numerous extra

phonon scattering.

Figure 4.5: Red error bars show the thermal conductivity of non-interpenetrated frame-
works, IRMOF-1, -10 and -16 as a comparison to interpenetrated frameworks IRMOF-0,
-9 and -15 (black error bars). Blue line shows the thermal conductivity of interpenetrated
frameworks predicted by the network model.

4.4.2 Interpenetrated MOFs

The non-interpenetrated IRMOF-1, -10 and -16 are isomers of doubly-interpenetrated

IRMOF-0, -9 and -15, respectively. In the network model, IRMOF-0, -9 or -15 can be treated

as an IRMOF-1, -10 or -16 assembled together with another identical IRMOF-1, -10 or -16,

shown in Table 4.1 (e,h, and f,i and g,j). The thermal conductivities of interpenetrated

IRMOFs are shown in Fig. 4.5 (black).

If the resistance to molecular-mode heat transport is only computed by the net-

work model, the thermal conductivities of interpenetrated IRMOFs should be doubled (as
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shown in blue Fig. 4.5), since the density of heat conducting channels is doubled. However,

increasing the density of heat conducting channels also increases the numbers of resistance

and linker-node acoustic mismatch. Therefore,  of interpenetrated IRMOF-15 is lower

than the one predicted. From a topological point of view, both IRMOF-9 and -15 are dou-

bled interpenetrated frameworks, however, the orientation of the two isomers are di↵erent.

The structure of IRMOF-9 is orthorhombic, while that of IRMOF-15 is cubic. The two

isomers of IRMOF-9 are favoured to stay close to each other compared to IRMOF-15 whose

one isomer evenly resides within the other (so does IRMOF-1) and a co-facial inter-lattice

linker distance of 10.8 Å. The framework resides near the nodes at the junction of the

linkers of the other framework, base on the theory of ”oxter”, the framework binds with

two or more linkers of the other framework simultaneously, which makes heat transfer from

linker to linker much more easier. Consequently,  of interpenetrated IRMOF-0 and -9 are

much higher than the one predicted by the network model.

4.4.3 Cross-Correlations

We analyse equilibrium MD simulations by decomposing the heat current into

contributions from each type of atoms, J =
P
i

J
i

, where i is atom type, and integrating the

correlation functions. We use color map to show the integral of each correlation functions

instead of numbers (see Fig. 4.6). The colors that are referred to integral from high to low

are from yellow to green to blue. We observe several interesting things:

• In the top row, compared to IRMOF-1 and -16, thermal conductivity of IRMOF-10

is much lower because of the negative cross-correlation of Zn–O and Zn–Oc. The
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negative cross-correlation implies that there is considerable reflection of heat current

fluctuations at the bond of Zn–O and Zn–Oc.

• Increasing the linker length from interpenetrated IRMOF-0, -9 to -15, which is shown

in the bottom row, keeps the pattern. The trend is that the contribution to thermal

conductivity from auto-correlation of Zn becomes progressively dominating.

• In the left and middle column, both interpenetrations keep the pattern. For IRMOF-1

and -0, auto-correlation of O contributes to thermal conductivity mainly, in addition,

auto-correlation of Zn becomes important after interpenetration. For IRMOF-10 and

9, auto-correlation of O contributes to thermal conductivity mainly, in addition, auto-

correlation of C1 becomes important after interpenetration.

Figure 4.6: An illustration of the correlation color map for each two types of atoms of
IRMOFs. Each color pixel illustrates the integral of the auto- or cross-correlation of the
two types of atoms. The colors that are referred to integral of correlation functions from
high to low are from yellow to green to blue. The IRMOFs in the top row are IRMOF-1,
-10, -16 and the ones in bottom row are the corresponding interpenetrated IRMOF-0, -9,
-15, respectively.
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Chapter 5

Phonon-focusing and rattler-mode

interference in thermal

conductivity transitions of the

breathing

metal-organic–framework MIL-53

Laura de Sousa Oliveira, Luping Han, Agnieszka Truszkowska, Wenxi Huang, Brady J.

Gibbons and P. Alex Greaney

In this research, Oliveira and I contributed most of the work. MIL-53 behaves like

a concertina between open and closed pore cases under di↵erent pressures, which is shown
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in Fig 5.1. My work was focused on computing thermal conductivities of MIL-53 by Green-

Kubo method that were analyzed with that computed by the geometric network model

under di↵erent pressures. Oliveira’s work was focused on performing the first principles

calculations of MIL-53 and on building geometric network model of thermal conductivity.

The metal-organic–framework (MOF) MIL-53 has a framework geometry with an

unconstrained winerack mode that enables it to concertina between open and closed struc-

tures either under pressure or with the uptake of adsorbates. Here we show that in these

breathing MOFs the thermal conductivity — an important property for gas sorption in high

surface area materials — also changes significantly between open and closed conformations.

We present a very simple geometric network model of conductivity in these materials that

underpins the base trend and a second rattler model that provides a mechanistic under-

standing of the deviations from it.

5.1 Introduction

The metal organic framework (MOF) MIL-53 is the holotype for a series of ge-

ometrically hinged MOFs that can concertina between open and closed pore structures

through a so called “wine rack” deformation [539, 363, 378, 437]. The transition between

open and closed configurations can be driven by the uptake of gas or by pressure leading to

intense exploration of these flexible MOFs for uses in gas storage and gas separation appli-

cations [539, 610, 427, 641]. An important auxiliary factor in the gas sorption performance

of MOFs is thermal conductivity, which is often a bottleneck for delivering or dissipating

latent heat of adsorption [249, 487, 216]. In this letter we have examined how the ther-
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mal conductivity of MIL-53 changes as it switches from open to closed. Importantly, we

find that the thermal conductivity changes significantly, but not as dramatically as would

be expected based on the geometric change in the network. We find that the anisotropy

in the thermal conductivity stems from a phonon focusing e↵ect tempered by scattering

from non-propagating “rattler” modes. Phonon focusing is a phenomenon of considerable

technological interest in the phonon transport community and has been proposed as the

mechanism that enables materials with ultra low thermal conductivity — materials with

thermal conductivity that along one direction exceeds the theoretical lower limit for heat

conduction in amorphous materials [100]. In our present work on MIL-53 we find the first

example of a material in which the phonon focusing can be tuned as the structure switches,

providing important insights on how to engineer phonon focusing materials. The transi-

tion in phonon focusing in MIL-53 explains the deviation in thermal conductivity from the

purely geometric e↵ects, and our analysis of the rattler modes provides key insights into

why the framework architecture of MOFs makes MOFs, as a materials class, fundamentally

poor at conducting heat.

5.2 Methods

5.2.1 Thermal Conductivity

The MIL-53(Al) thermal conductivities, , were computed using the well-established

Green-Kubo formalism [210, 314]:

 =
V

3k
B

T 2

Z 1

0
hJ(t)J(t+ ⌧)i d⌧, (5.1)
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where k
B

, T and V are the Boltzmann’s constant, the temperature, and the volume of the

simulated region respectively. J is the heat-flux, and hJ(t)J(t+ ⌧)i is the non-normalized

heat current autocorrelation function (HCACF). The Green-Kubo expression (Eqn. 5.1),

based on the fluctuation-dissipation theorem, relates instantaneous fluctuations in the sys-

tem heat-flux to thermal transport, and it allows thermal conductivity calculations from

equilibrium classical molecular dynamics simulations. Classical molecular dynamics simu-

lations were performed with the large-scale atomic/molecular massively parallel simulator

(LAMMPS) software [475]. Simulations were performed for 3⇥3⇥3 and 2⇥5⇥2 supercells,

with 2,052, and 1,520 atoms respectively, and periodic boundary conditions. We found

that while  in the a, and c directions is converged with 3 unit cell lengths, a larger cell

size (5⇥ the lattice parameter) is needed to converge  along b, the channel direction. By

contrast, thermal conductivity studies of MOF-5 have shown a 2⇥2⇥2 supercell size to yield

converged  values [216, 249]. Molecular dynamics simulations require the specification of

an appropriate set of interatomic potentials. In this paper we use the intramolecular and

non-bonded force field parameters adjusted by Vanduyfhuys et. al. along with the atomic

partial charges resultant from Vanduyfhuys et al.’s DFT Mulliken population analysis [619]

to explore the host-independent pressure behavior of the MIL-53(Al) framework. To com-

pute the lattice parameter of the MIL-53 at 300 K, the MIl-53 supercells were optimized at

0 K. In the isothermal–isobaric ensemble (NPT) with the cell free to change volume, the

temperature was increased slowly to 1,000 K and cooled down back to 0 K. The negative

expansion coe�cient was obtained by fitting to the simulation. The supercells were scaled

to its mean volume at 300 K. In addition to a SCHEME minimization, to find the most
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energetically favorable configuration, the 3⇥3⇥3 and 2⇥5⇥2 MIL-53 supercells were annealed

to 300 K for 5 ns from 0 MPa to 300 MPa and back to 0 MPa for another 5 ns in NPT,

relaxing the atomic structure as well as supercell shape and size. After relaxing the atomic

structure, along with the size of the compute cell, all systems were given a thermal energy

equivalent to 300 K and equilibrated in the microcanonical ensemble (NVE) for 50 ps before

starting to record the HCACF. The simulations were then performed for an additional 5

ns with 1 fs time step and periodic boundary conditions. Throughout the period in NVE

the average temperature remained at approximately 300 K, the HCACF was computed out

to 50 ps, and 40 simulations with di↵erent starting configurations were averaged to obtain

each datum.

5.2.2 Phonon properties

Phonon properties for both op and cp MIL-53(Al) were computed with a self-

consistent-charge density functional tight binding (SCC-DFTB) approach [148], using the

DFTB+ software package [22]. The parameter sets, or Slater Koster files, used for the

calculations are provided by the developers [170] and can be downloaded from the DFTB+

website (under “matsci”). A comprehensive review of DFTB can be found in the liter-

ature [479, 534, 148]. Relaxation calculations were performed with a 76 atom unit cell

obtained from a database of computation-ready MOF structures derived from experimental

data, the CoRE (computation-ready, experimental) MOF database [106]. The atomic po-

sitions were optimized using the conjugate-gradient algorithm to near 5 ⇥ 10�7 eV/Å and

the electronic optimization was within 3 ⇥ 10�7 eV. The Brillouin zone was sampled by a

converged 2⇥2⇥2 Monkhorst-pack scheme k-point mesh [421, 450]. The hessian was com-
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puted using a double-sided finite di↵erence approach implemented through Phonopy [597]

from the force constants obtained for a 2⇥2⇥1 supercell and a displacement amplitude of

0.01 Å for each one-sided atomic displacement. Periodic boundary conditions were enforced

in all directions.

Group velocities, v
g

, were calculated for the acoustic bands, i.e. ⌫ = 1, 2, 3, along

the reciprocal wave vectors, k, corresponding to the a, b, c, and linker directions, using the

Phonopy software package [597], as

v
g

(k⌫) = rk!(k⌫). (5.2)

The number of phonon states at a given frequency, !, wave vector, k, and tem-

perature, T , can be approximated by the Bose–Einstein distribution, f(!, T ). We define

phonon flux at a given wave vector, k, frequency and temperature, �(k,!, T ), as

�(k,!, T ) = v
g

(k,!)~!(k)D(k,!)f(!, T ), (5.3)

where 2⇡~ is Planck’s constant, such that E(!) = ~!. In the above expression, the density

of states, D(k,!), is the number of phonons at k of frequency ! per volume of the Brillouin

zone considered. In the interest of performing a comparative quantitative analysis, we

normalize the phonon flux with respect to the maximum flux of both the open- and closed-

pore structures, such that any constants can be disregarded. Sorting the phonon branches

can be a daunting task and we have, therefore, opted to consider the sum of the phonon
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flux over multiple frequencies. Over all frequencies at a given k, the sum is given by:

�k(T ) =
3NX

m=⌫

�
m

(k, T ), (5.4)

where N is the number of atoms in a unit cell, and 3N the total number of phonon branches.

Validation of DFTB+

Albeit less accurate than the more common density functional theory (DFT) ap-

proach, DFTB has been shown to perform well on various systems from molecules to periodic

materials [148], and o↵ers a significant reduction in computational costs. In addition to the

DFTB calculations, we relaxed the op and cp MIL-53(Al) with DFT to compare the relaxed

geometries obtained with both methods. For the DFT calculation, a unit cell was relaxed

with the plane-wave Vienna Ab-initio Simulation Package (VASP) [309, 306, 307, 308], using

the project-augmented wave (PAW) method [48, 310] in the local density approximation

(LDA)[464]. Energy convergence to 0.1 eV was attained with a �-centered 4⇥4⇥4 irre-

ducible Monkhorst-Pack k-point sampling of the Brillouin zone and a 800 eV kinetic energy

cut-o↵. The structure, cell size and shape were relaxed with a Gaussian smearing approach,

until ionic and electronic tolerances reached 0.05 eV/Å and 0.01 meV, respectively.

All bond lengths are within 0.01 Å of each other (see Table 5.1 in the Supporting

Information). The lattice parameters, volume and angles are shown in Table 5.4 for the op

and cp MIL-53(Al) structures. The DFTB calculations consistently overestimate b and c

and underestimate a. Experimental measurements of thermally-actuated MIL-53(Al) [363]

result in a monoclinic structure, not observed in either DFT or DFTB calculations. The
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cp MIL-53 structure appears to be barely triclinic for both DFT and classical potential

calculations.

5.3 Thermal conductivity model

A simple heat propagation model for MOFs can be derived from the thermal

resistivities in the nodes and linkers, R
N

and R
L

. Fig. 5.1 illustrates this idea. Notice

that each unit cell has four nodes and R
N

corresponds to a two-node cluster and includes

the bridges between the cluster and the linker on each side of it. The MIL-53 structure is

approximately orthorhombic, and we shall use this approximation to describe the suggested

thermal transport model. For heat to travel across one unit cell in either the [100] or [001]

directions it must travel along an alternating sequence of linkers and nodes (crossing exactly

two of each per unit cell). In a unit cell, the heat flow along a chain of linkers and nodes

can be written as Q̇ = �2Cchain�T , where �T is the temperature change along the chain,

and the thermal conductance of the chain, Cchain, is obtained from the thermal resistance

across a node and a linker

Cchain =
1

2(R
N

+R
L

)
. (5.5)

Armed with the heat current along a single chain we can now determine the heat flux in

any direction. For the heat flux along [100], J
xx

, it would thus follow that

J
xx

= �2Cchain�T

L
y

L
z

= �2Cchain
L
x

L
y

L
z

@T

@x
= �

xx

@T

@x
(5.6)
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where L
x

, L
y

and L
z

are the length of the unit cell along the x-, y- and z-directions,

and 
xx

is the thermal conductivity along x. Using the same approach, and assuming a

thermal conductance, Cchannel, along the alternating chain of metal and oxygen atoms in

the z direction, we can write the thermal conductivity tensor:

 = 2Cchain

0

BBBBBB@

Lx
LyLz

0 0

0 Cchannel
Cchain

Ly

LxLz
0

0 0 Lz
LxLy

1

CCCCCCA
(5.7)

5.4 Computational Results and Discussion

5.4.1 Thermal conductivity simulations and model results

The values of Cchain and Cchannel were obtained from the thermal conductivity

calculations at 0.1 MPa, and used with the also classically obtained thermal expansion

results to determine the model predicted thermal conductivities. The solid lines in Fig. 5.1

b) correspond to the expected thermal conductivity based on the model, plotted against

the actual thermal conductivity values obtained. The error bars are the standard error for

the thermal conductivity. We can immediately observe that the notion of a single chain

resistivity to explain thermal transport along both a and c is flawed: the collective node

and linker resistivity, R
n

+ R
l

, is 0.083 K/W when computed with  along a, and 0.138

if  is along c. This results in estimated values of thermal conductivity for the open-pore

MIL-53 above and below the actual values for  along a and c, respectively (see Fig. 5.1

b)). The node resistivity is 0.015 K/W.
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Figure 5.1: Fig. a) illustrates the scalability of the thermal conductivity tensor between
breathing states in MIL-53. Fig b) are the MIL-53(Al) thermal conductivity classical po-
tential calculations at di↵erent pressures and corresponding standard error, and expected
change in thermal conductivity as predicted by the geometric model (solid lines). The inset
shows the actual thermal expansion/contraction of the framework as a function of temper-
ature, in a classical potential (the color coding is the same as for the thermal conductivity).
The black line shows the deformation of the linker throughout the simulation.

Although heat is conducted along the linkers for both axes, from Fig. 5.1 b) we can

observe that the thermal conductivity of the open-pore MIL-53(Al) is over twice as large

along a than c. This anisotropy is in good agreement with the elastic constants in those

directions, as computed by Ortiz et al. [446]: 90.85 GPa along a, and 33.33 GPa along c.The

softer modes correspond to the deformation direction. In the closed-pore configuration,

the anisotropy is accentuated as the conductivity along a doubles with the closing of the

framework. The trend predicted in Fig. 5.1 b) by the geometric framework model is followed

to some extent, but it fails to accurately depict the computational results. The linkers

are not interconnected along the channels and, in the vacuum, heat in this direction is

solely conducted through the aluminum nodes. As the pores of the MIL-53 close, the

density of node arrays in the plane perpendicular to the b-axis increases. This explains the

expected increase in  along b (see dashed orange line). The actual increase in thermal

63



conductivity is grossly overestimated by the geometric model. A similar argument can be

made for  along a and the increase in density of linker–node chains. In this case, the model

trend (see blue solid line) is in better agreement with the results. Contrary to the change

along a, the plane perpendicular to c expands and the density of linkers/nodes is reduced,

thus the model predicted decrease in thermal conductivity (the green dashed line). This

trend is not matched by our calculations, which predict a nearly steady response to the

geometric change in this direction. The geometric model does not fully capture the thermal

conductivity behavior during the geometric transition. To elucidate the discrepancy between

the simulation and the model results, we have computed phonon properties semi-empirically

for the op and cp MIL-53(Al).

5.4.2 Features of the open- and closed-pore MIL-53(Al) dispersion rela-

tions

The phonon dispersion relations along a, b, c, and in the alternated linker–node

chain direction for both the op and cp MIL-53(Al) have been calculated with tight-binding

DFT (see Fig. 5.2). The group velocities along the same directions near the � point are

also plotted (see Fig. 5.3). The full dispersion relation for the closed-pore MIL-53(Al) is

barely distinguishable from that of the open-pore MIL-53(Al) (see Fig. 5.2 a)). This is

unsurprising, seen as the densities of states for the conformational [387] framework isomers

are nearly identical (Fig. 5.2 b)). There is a small fractional increase in the number of states

in the acoustic region in the cp structure; lower frequency optical modes are also slightly

more abundant in the cp structure, as are higher modes in the op MIL-53(Al). Many high-

frequency modes are flat in both frameworks and therefore are not expected to carry heat.
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There are, however, some lower frequency optical modes, for instance in the region shown in

Figs. ?? c) and d), with a significant curvature which are thus likely to contribute towards

thermal transport. A much higher number of states are available due to linker atoms than

node atoms; however, they are not normalized by the number of atoms in the unit cell (68

linker atoms, and 8 node atoms).

Figure 5.2: Fig. a) is the dispersion relation computed along the linker–node chain and along
the aluminum nodes in the channel direction for MIL-53(Al) for the open-pore structure.
In Fig. b), the total (blue) and partial density of states of MIL-53(Al) separated by the
linker (orange) and node (green) contributions for the open-pore (solid lines) and the closed-
pore (dashed lines) frameworks are shown. A zoom-in on the lower phonon modes of the
dispersion relation in the same region given in b) for both the op (red) and cp (black)
MIL-53 structures. Figure c) shows a zoom in of the dispersion relation along a and c also
for the op (red) and cp (black) MIL-53.
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Figure 5.3: Figs. a) and b) are phonon dispersions zoomed in near the � point for the
channel–chain and a–c directions, respectively. Figs. c) and d) are the corresponding
phonon group velocities. Values at and very near the � point are not reliable and thus
are not plotted. We found these to be slightly below zero for some modes, an indication
that the framework could have been further relaxed. Modes 1–3 are labeled. Solid lines
correspond to the open-pore, and dashed lines to the closed-pore frameworks. The black
lines show an average of the group velocities for the three modes.

The deformation of MIL-53 is accompanied by changes in phonon group velocities

in the direction of the linker. As we expected, this suggests that the lattice mode contri-

butions to the linker resistance R
L

changes as the network is deformed, and so the central

premise that the linkers are independent thermal resistors does not hold. The average group

velocities along the chain is less significantly altered in the “breathing” of the MIL-53 (see
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Fig. 5.3 c)), where it increases, unlike along the linker, a and c. There is one caveat that

needs to be drawn attention to regarding the calculations along the channel, that precludes

comparisons between calculations performed with MD and dftb+: unlike in the other di-

rections, the length of the channel increases noticeably between the open- and closed-pore

configurations in dftb+, while a small decrease happens in MD. Experiments [363] suggest

a small increase should be observed (see Table 5.4 in the supplementary materials).

Some abrupt changes in the group velocities and frequencies in Fig. 5.3 are due to

an incomplete description of the modes, i.e. when optical modes are lower than the acoustic

mode, they become entangled and while this is visually clear, it is di�cult to extricate the

optical modes and plot the full acoustic modes. However, mode 3 (in orange) along the

chain (for both the op and cp MIL53), and mode 3 along a are e↵ectively rapidly changing

near �. The most significant changes to the group velocities happen along c, and to some

extent a. While the lower velocity along a could explain the discrepancy between the actual

thermal conductivity values and the expected value to changes in the geometry, the same

justification does not hold for transport along c. A lower group velocity along c should ‘push

it’ in the same direction as the geometric model. In other words, the changes in the group

velocities do not appear to explain deviation from the model along c. One reason why we

might expect the thermal conductivity to increase along c instead of decreasing, as predicted

by the model, is that as the pores narrow, the corners of the linker become in contact with

each other, resulting in a larger surface area for heat conduction. Even accounting for the

discrepancies in channel length between dftb+ and the classical potential for the cp MIL-53,

changes along b are also not seemingly justified. It would be expected that the computed
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thermal conductivity along each string of aluminum nodes should remain nearly constant

given the small change in channel length between the two breathing modes. Instead, we find

it is kept approximately constant across the sum of the nodes, even as they become denser.

Without apparent significant changes to the group velocities, it is reasonable to assume that

increased phonon scattering in the cp MIL-53 could be the source of its lower-than-expected

thermal conductivity.

In addition to changes in group velocity due to the non-linear behavior of some

modes, such as the longitudinal mode (along a in the closed-pore MIL-53, as discussed

above), other interesting features can be seen in the behavior of the group velocities. If we

consider the lowest frequency mode (in blue) along the linker–node chain, upon inspection

of the one-dimension dispersion plot (Figs. 5.3 a) and c)), we would expect to find the

group velocities in closed- and open-pore frameworks to be much closer. Similarly, the

derivative of the same mode along a (Fig. 5.3 b) and d)) would seemingly hint at a higher

group velocity for the op MIL-53, yet that is not the case; conversely the first two modes of

the closed pore framework in the direction of have apparent di↵erent derivatives, but very

similar group velocities. The peculiar behavior of the group velocities drew our attention to

the circled features in the dispersion plots in Fig. 5.2, which show a prevalence of flattened

acoustic modes in the narrow pore framework. In the next section we introduce a simple

model that could help explain these features.

Rattler modes

To help interpret the phonon dispersion we have developed a simple chain and

spring model for an idealized framework. The model is as depicted in Fig. 5.4 b), a 2-
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D network comprised of a 1-D chain of masses connected to each other by springs, and

an additional spring and mass to model a rattler. The dispersion of these toy models

reveals rattler behavior in which the acoustic band flattens into a rattler mode with zero

group velocity and the trajectory of the acoustic band is picked up by an optical mode. This

crossover behavior produces a band gap in the dispersion, and flattens the acoustic mode. As

indicated in Fig. 5.2, the same feature shows up along the linker and the interrelated a and c

directions. As the framework transitions between the open- and closed-pore structures, the

linker becomes compressed (see Fig. 5.1 b), and Table 5.4). It is possible that this inhibits

the rattler behavior otherwise present in the op MIL-53. Rattler modes could explain the

apparent contradiction between the expected changes in thermal conductivity due to the

geometry of the framework, if the heat that was previously carried by the acoustic modes

becomes carried by optical modes for slightly higher wave vectors.

Figure 5.4: Model of a 1-d chain with a rattler, as portrayed in b), and an example, Fig.
a), where its acoustic mode is dampened by the optical mode of the rattler.

Evidence of phonon focusing

The discrepancy between the group velocities and the derivative of the modes

along the chain and linker directions in the closed pore framework, discussed earlier in this
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work, suggests that there is a phonon-focusing e↵ect at play, inducing the suppression of

modes and correspondingly a↵ecting the thermal conductivity of both breathing states, but

particularly the compressed framework.

”In elastically anisotropic cubic crystals, the phonon flux emitted by a point heat

source is focused in some direction in the crystal lattice due to non-collinearity of the phase

and group phonon velocities” I think the idea is that there will be regions where the group

velocity and the phase velocity (and thus k, since they point in the same direction) do not

point in the same direction, and the scattering of phonons happens preferentially in one (or

several) direction(s) instead of somewhat uniformly from a ”heat source”

phase velocity and other characteristics of the wave are modified

for any direction in a crystal from the relation between the directions of the wave

vector R, or the phase velocity V, and the corresponding directions of energy flow or group

velocity V which Musgrave and Miller” have derived.

5.5 Supplementary materials

The bonds, angles and dihedrals are computed herein for the MIL-53 op and cp

structures obtained with DFT, DFTB, and classically with the potential of Vanduyfhuys et

al.. The calculation details are included in the manuscript. In Tables 5.1–5.3 the standard

deviation has been included only when greater or equal to the values’ significant figures (i.e.

0.01 for bond lengths, and 0.1 for angles and dihedrals).
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Bond DFTB (Å) DFT (Å) Potential [619] (Å)
O

l

-C1 1.31 1.26 1.27
C1-C2 1.49 1.48 1.50
C2-C3 1.40 1.39 1.40
C3-C3 1.39 1.38 1.39
C3-H

l

1.10 1.10 1.08
O1-Al 1.92 1.89 1.96 ± 0.01
O

n

-Al 1.91 1.83 1.85 ± 0.01
O

n

-H
n

0.96 0.97 0.91

Table 5.1: Table of bond lengths obtained for MIL-53(Al) using DFTB, DFT, and Van-
duyfhuys et al. [619] classical potential. The subscripts n and l indicate a node and a linker
atom, respectively. C1 is the carbon linked to the linker oxygens, the C2 atom bonds to C1,
and C3 refers to the hydrogenated carbon atoms in the benzene rings.

Angle DFTB (o) DFT (o) Potential [619] (o)
O

l

-C1-O
l

124.7 ± 0.1 125.6 ± 0.2 123.8 ± 0.2
C1-C2-C3 120.8 119.9 ± 0.1 120.7
C3-C2-C3 118.3 120.2 118.7
C2-C3-H

l

119.1 118.2 119.3 ± 0.1
C3-C3-H

l

120.0 121.9 ± 0.1 120.0 ± 0.1
C2-C3-C3 120.8 119.9 120.7
C1-C2-O

l

117.6 117.2 ± 0.1 118.1 ± 0.3
C1-O

l

-Al 134.4 ± 0.1 133.3 ± 0.2 130.4 ± 2.2
Al-O

n

-Al 128.1 ± 0.2 128.6 123.9 ± 0.3
Al-O

n

-H
n

111.1 115.2 116.9 ± 0.3
O

l

-Al-O
l

(i) 180.0 180.0 178.4 ± 0.1
O

l

-Al-O
l

(ii) 89.1 ± 0.1 90.3 ± 0.8 90.3 ± 1.9
O

l

-Al-O
n

(i) 88.8 88.3 84.6
O

l

-Al-O
n

(ii) 91.2 91.7 93.0
O

n

-Al-O
n

180.0 180.0 176.2 ± 0.2

Table 5.2: Table of angles for MIL-53(Al) using DFTB, DFT, and Vanduyfhuys et al. [619]
classical potential. The subscripts n and l indicate a node and a linker atom, respectively.
C1 is the carbon linked to the linker oxygens, the C2 atom bonds to C1, and C3 refers to
the hydrogenated carbon atoms in the benzene rings. Angles O

l

-Al-O
l

, and O
l

-Al-O
n

are
further subcategorized. In the O

l

-Al-O
l

angle (i) corresponds to the case where the linker
oxygens belong to horizontally aligned linkers, and (ii) to the case where the linker oxygens
are located in linkers perpendicular to each other. In the O

l

-Al-O
n

angle, in (i) the node
and linker oxygens are located along the same linker direction, and in (ii) the node and
linker oxygens are parallel to each other along b.

71



Dihedral DFTB (o) DFT (o) Potential [619] (o)
O

l

-C1-C2-C3 179.7 ± 0.1 179.7 ± 0.2 178.3 ± 0.8
Al-O

l

-C1-C2 176.5 ± 0.5 172.7 ± 0.3 162.4 ± 5.0
C1-C2-C3-H

l

0.0 0.2 ± 0.2 0.2 ± 0.1
Al-O

l

-C1-O
l

4.3 ± 0.7 7.7 ± 0.3 17.6 ± 7.0
C2-C3-C3-H

l

180.0 179.8 ± 0.2 179.8 ± 0.1
C2-C3-C3-C2 0.0 0.1 0.2 ± 0.1
C3-C2-C3-C3 0.0 0.1 ± 0.1 0.1 ± 0.1
H

l

-C3-C3-H
l

0.0 0.4 0.1 ± 0.1
C3-C2-C3-H

l

179.9 179.8 ± 0.1 179.8 ± 0.1
H

n

-O
n

-Al-O
l

[7.8, 82.87, 146.6] [33.9, 57.7, 122.4, 146.6]

Table 5.3: Table of dihedrals for MIL-53(Al) using DFTB, DFT, and Vanduyfhuys et al.
[619] classical potential. The subscripts n and l indicate a node and a linker atom, respec-
tively. C1 is the carbon linked to the linker oxygens, the C2 atom bonds to C1, and C3

refers to the hydrogenated carbon atoms in the benzene rings.

MIL-53 (Al) Method a (Å) b (Å) c (Å) volume (Å3) ↵ deg � deg � deg

lp

DFTB 16.306 6.858 13.836 1,547.2 90.000 90.000 90.000
DFT 16.466 6.602 13.007 1,414.3 90.000 90.003 90.000
Experiment (77 K) [363] 16.913 6.624 12.671 1,419.6 90.000 90.000 90.000
Potential [619] 16.410 6.541 13.757 1,476.6 90.062 90.000 90.007

np

DFTB 19.240 8.436 7.383 1,198.3 90.000 90.031 90.000
DFT 19.067 7.191 6.579 902.383 90.003 89.988 90.001
Experiment (77 K) [363] 20.824 6.871 6.607 863.9 90.000 113.949 90.000
Potential [619] (at 300 K, 300 MPa) 19.417 6.374 6.319 782.1 89.996 90.001 89.934

Table 5.4: Table of lattice parameters for MIL-53(Al). The lattice parameters and angles
described herein follow the orientation indicated in Fig. 5.1
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Chapter 6

Conclusions

In this dissertation we have presented three approaches to study the fundamental

thermal transport mechanism of MOFs: (shown in Fig. 1.1): (a) computing the MOFs with

systematically increasing linker length in Chapter 4, (b) computing MOFs with articulated

network geometry in Chapter 5 and (c) computing MOFs filled with things (MOFs and

gases) in Chapter ??. We have presented a systematic study of the interplay of MOF archi-

tecture with heat transport mechanisms. It was found that many aspects of the framework

impact both the molecular-mode and lattice-mode transport processes.

In both of these cases simulations show very di↵erent dynamics in the heat current

fluctuations. We thus conclude that changes to  are bu↵ered, because the linker mass

and the O-C1-C2 angle a↵ect the lattice and molecular modes in opposite directions. To

engineer a substantial net change in  it is necessary to identify parameters that change

both heat transport mechanisms in the same direction. In this work we have found two such

parameters: the node mass, and the linker arm length. The lattice-mode and molecular-
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mode thermal conductivity are both reduced by increasing the mass of nodes and the

lengthening linker arms.

We have presented a new approach to analyzing equilibrium molecular dynamics

simulations to obtain insight into heat transport mechanisms. This approach is based on

the Green-Kubo method and involves spatially decomposing the instantaneous heat current,

and computing the regional autocorrelations and cross-correlations separately. The sign of

the cross-correlation reveals information about heat transfer between regions.

Finally, it was found that the thermal conductivity is increased by loading MOF-

5 with gas, with  increasing with both the concentration and mass of the adsorbed gas.

This result is beneficial for many gas adsorption applications where the rate of adsorption is

limited by the removal of latent heat. A more complete understanding of the mechanisms of

adsorbate-enhanced thermal transport will facilitate design of MOFs with desired thermal

properties, and so this is an area of continued research.
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Schwab, D. Bäuerle, M. Aspelmeyer, and A. Zeilinger. Self-cooling of a micromirror
by radiation preasure. Nature, 444:67–70, 2006.

[183] A. Girdhar and A. Mital. Expanding Group Technology Part Coding for Functionality:
Part I Developing a Functional Basis for Classification. International Journal of
Industrial Engineering Applications and Practice, 8(3):186–197, 2001.

[184] A. Girdhar and A. Mital. Expanding Group Technology Part Coding for Functional-
ity: Part II Functional Classification of Workparts and Application to Design. Inter-
national Journal of Industrial Engineering Applications and Practice, 8(3):198–209,
2001.

88



[185] J. Glover, R. Ronning, and C. Reynolds. Handbook of Creativity. Plenum, 1989.

[186] M. Godet. Scenarios and Strategic Management. Butterworth Publishers, London,
UK, 1987.

[187] Ashok K. Goel. Design, analogy, and creativity. IEEE Expert, 12(3):62–70, 1997.

[188] Gabriela Goldschmidt and Dan Tatsa. How good are good ideas? Correlates of design
creativity. Design Studies, 26(6):593–611, 2005.

[189] Jacob Goldsmith, Antek G. Wong-Foy, Michael J. Cafarella, and Donald J. Siegel.
Theoretical limits of hydrogen storage in metal-organic frameworks: Opportunities
and trade-o↵s. Chemistry of Materials, 25(16):3373–3382, 2013.

[190] Jacob Goldsmith, Antek G. Wong-Foy, Michael J. Cafarella, and Donald J. Siegel.
Theoretical limits of hydrogen storage in metal-organic frameworks: Opportunities
and trade-o↵s. Chemistry of Materials, 25:3373–3382, 2013.

[191] P. Gomes and C. Bento. A case similarity metric for software reuse and design.
Artificial Intelligence for Engineering Design, Analysis and Manufacturing, 15(1):21–
35, 2001.

[192] A. Gomez de Silva Garza and M.L. Maher. GENCAD: A hybrid analogi-
cal/evolutionary model of creative design. In Proceedings of the 4th International
Conference on Computational Models of Creative Design, 2001.

[193] Xue-Qing Gong and Annabella Selloni. Reactivity of anatase TiO2 nanoparti-
cles:??? the role of the minority (001) surface. The Journal of Physical Chemistry B,
109(42):19560–19562, October 2005.

[194] Xue-Qing Gong, Annabella Selloni, Matthias Batzill, and Ulrike Diebold. Steps on
anatase TiO2(101). Nature Materials, 5(8):665–670, August 2006.

[195] J. Goodenough, A. Bruce, A. Nightingale, P. Bates, and G Budd. A unified validation
methodology for system level co-design and co-implementation. In Proceedings of the
Annual IEEE International ASIC Conference and Exhibit, 2001.

[196] E. Grabska, K. Grzesiak-Kopek, and G. Slusarczyk. Visual creative design with the
assistance of curious agents. In Lecture Notes in Computer Science; Proceedings of the
4th International Conference on Diagrammatic Representation and Inference, volume
4045 LNAI, pages 218–220, 2006.

[197] K. Grantham-Lough, R. B. Stone, and I. Y. Tumer. Failure prevention through
e↵ective cataloguing and utilization of failure events. Journal of Failure Analysis,
2007. To appear.

[198] P. Alex Greaney. Exploratory calculations. Unpublished.

[199] P. Alex Greaney. Unpublished.

89



[200] P. Alex Greaney. Engineering smart thermal properties in metal-organic-frameworks,
2014.

[201] P. Alex Greaney and Je↵rey C. Grossman. Nanomechanical energy transfer and
resonance e↵ects in single-walled carbon nanotubes. Phys. Rev. Lett., 98:125503, Mar
2007.

[202] P. Alex Greaney and Je↵rey C. Grossman. Nanomechanical energy transfer and res-
onance e↵ects in single-walled carbon nanotubes. Physical Review Letters, 98:125503,
2007.

[203] P. Alex Greaney and Je↵rey C. Grossman. Nanomechanical resonance spectroscopy:
A novel route to ultrasensitive label-free detection. Nano Letters, 8(9):2648–2652,
2008.

[204] P. Alex Greaney and Je↵rey C. Grossman. Nanomechanical resonance spectroscopy:
A novel route to ultrasensitive label-free detection. Nano Letters, 8(9):2648–2652,
2008. PMID: 18707177.

[205] P. Alex Greaney and Je↵rey C. Grossman. Chapter 5 simulating thermomechanical
phenomena of nanoscale systems. In Computational Nanoscience, pages –. The Royal
Society of Chemistry, 2011.

[206] P. Alex Greaney, Je↵rey C. Grossman, and Mark D. Allendorf. Ab initio calculations
of structural energy of irmof frameworks and framework defects. Unpublished, 2011.

[207] P. Alex Greaney, Giovanna Lani, Giancarlo Cicero, and Je↵rey C. Grossman. Anoma-
lous dissipation in single-walled carbon nanotube resonators. Nano Letters, 9:3699–
3703, 2009.

[208] P. Alex Greaney, Giovanna Lani, Giancarlo Cicero, and Je↵rey C. Grossman.
Mpemba-like behavior in carbon nanotube resonators. Metallurgical Transactions,
42A:3907–3912, 2011.

[209] Je↵ery A. Greathouse and Mark D. Allendorf. The interaction of water with mof-5
simulated by molecular dynamics [j. am. chem. soc. 2006, 128, 10678–10679]. Journal
of the American Chemical Society, 128(40):13312–13312, 2006.

[210] Melville S. Green. Marko↵ random processes and the statistical mechanics of time-
dependent phenomena. II. irreversible processes in fluids. The Journal of Chemical
Physics, 22:398–413, 1954.

[211] Melville S. Green. Marko↵ random processes and the statistical mechanics of time-
dependent phenomena. ii. irreversible processes in fluids. The Journal of Chemical
Physics, 22(3):398–413, 1954.

[212] Zhixin Guo, Dier Zhang, and Xin-Gao Gong. Thermal conductivity of graphene
nanoribbons. Applied Physics Letters, 95(16):–, 2009.

90



[213] Harri Haapasalo and Pekka Kess. Managing creativity: Is it possible to control the
birth of innovation in product design? International Journal of Technology Manage-
ment, 24(1):57–69, 2002.

[214] Luping Han, Makenzie Budge, and P. Alex Greaney. Thermal transport in gas laden
mof-5. In preparation, 2013.

[215] Luping Han, Makenzie Budge, and P. Alex Greaney. Relationship between thermal
conductivity and framework architecture in mof-5. Computational Materials Science,
94:292 – 297, 2014. {IWCMM23} Special Issue.

[216] Luping Han, Makenzie Budge, and P. Alex Greaney. Relationship between thermal
conductivity and framework architecture in mof-5. Computational Materials Science,
94(0):292 – 297, 2014. {IWCMM23} Special Issue.

[217] Luping Han and P. Alex Greaney. Tbd. Manuscript in preparation.

[218] Luping Han and P. Alex Greaney. Tbd. Manuscript in preparation.

[219] J. A. Harley and T. W. Kenny. High-sensitivity piezoresistive cantilevers under 1000
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[479] Dirk Porezag, Th Frauenheim, Th Köhler, Gotthard Seifert, and R Kaschner. Con-
struction of tight-binding-like potentials on the basis of density-functional theory:
Application to carbon. Physical Review B, 51(19):12947, 1995.

[480] Bed Poudel, Qing Hao, Yi Ma, Yucheng Lan, Austin Minnich, Bo Yu, Xiao Yan,
Dezhi Wang, Andrew Muto, Daryoosh Vashaee, Xiaoyuan Chen, Junming Liu, Mil-
dred S. Dresselhaus, Gang Chen, and Zhifeng Ren. High-thermoelectric performance
of nanostructured bismuth antimony telluride bulk alloys. Science, 320:634–638, 2008.

[481] Zachary D. Pozun and Graeme Henkelman. Hybrid density functional theory band
structure engineering in hematite. The Journal of Chemical Physics, 134(22):224706–
224706–9, June 2011.
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Ordejón, and Daniel Sánchez-Portal. The siesta method for ab initio order-n materials
simulation. Journal of Physics: Condensed Matter, 14(11):2745, 2002.

[567] Ricardo Sosa and John S. Gero. A computational study of creativity in design: The
role of society. Artificial Intelligence for Engineering Design, Analysis and Manufac-
turing: AIEDAM, 19(4):229–244, 2005.

[568] O Stamm, U Latscha, P Janecek, and A Campana. Development of a special electrode
for continuous subcutaneous pH measurement in the infant scalp. American journal
of obstetrics and gynecology, 124(2):193–195, January 1976. PMID: 2012.

[569] G. A. Steele, A. K. Huttel, B. Witkamp, M. Poot, H. B. Meerwaldt, L. P. Kouwen-
hoven, and H. S. J. van der Zant. Strong Coupling Between Single-Electron Tunneling
and Nanomechanical Motion. Science, 325(5944):1103–1107, 2009.

[570] J M Stein. The e↵ect of adrenaline and of alpha- and beta-adrenergic blocking agents
on ATP concentration and on incorporation of 32Pi into ATP in rat fat cells. Bio-
chemical pharmacology, 24(18):1659–1662, September 1975. PMID: 12.

[571] Mathias Steiner, Marcus Freitag, Vasili Perebeinos, James C. Tsang, Joshua P. Small,
Megumi Kinoshita, Dongning Yuan, Jie Liu, and Phaedon Avouris. Phonon popula-
tions and electrical power dissipation in carbon nanotube transistors. Nature Nan-
otechnology, 4:320–323, 2009.

[572] Gerhard Stock. Classical simulation of quantum energy flow in biomolecules. Phys.
Rev. Lett., 102(11):118301, Mar 2009.

[573] R. B. Stone, I. Y. Tumer, and M. E. Stock. Linking product functionality to histor-
ical failures to improve failure analysis in design. Research in Engineering Design,
16(2):96–108, 2006.

[574] R. B. Stone, I. Y. Tumer, and M. VanWie. The Function Failure Design Method.
Journal of Mechanical Design, 14:25–33, 2005.

[575] R. B. Stone and K. L. Wood. Development of a functional basis for design. Journal
of Mechanical Design, 122(4):359–370, 2000.

[576] Steven J. Stuart, Alan B. Tutein, and Judith A. Harrison. A reactive potential for hy-
drocarbons with intermolecular interactions. Journal of Chemical Physics, 112:6472–
86, 2000.

[577] M. Sturgill, E. Cohen, and R.F. Riesenfel. Feature-Based 3-D Sketching for Early
Stage Design. In Proceedings of the ASME Design Engineering Technical Conferences
and Computers in Engineering Conference, 1995.

[578] Masanori Sugiomoto, Koichi Hori, and Setsuo Ohsuga. Method of assisting creative
design processes. Languages of Design, 1(4):357–367, 1993.

118



[579] Daofeng Sun, Yanxiong Ke, David J Collins, Gary A Lorigan, and Hong-Cai Zhou.
Construction of robust open metal-organic frameworks with chiral channels and per-
manent porosity. Inorganic chemistry, 46(7):2725–2734, April 2007. PMID: 17348646.

[580] Xiuquan Sun, Collin D. Wick, Praveen. K. Thallapally, B. Peter McGrail, and Liem X.
Dang. Computational study of hydrocarbon adsorption in metal-organic framework
ni2(dhtp). The Journal of Physical Chemistry B, 115(12):2842–2849, 2011. PMID:
21384829.

[581] Xiuquan Sun, Collin D. Wick, Praveen. K. Thallapally, B. Peter McGrail, and Liem X.
Dang. Computational study of hydrocarbon adsorption in metal-organic framework
ni2(dhtp). The Journal of Physical Chemistry B, 115(12):2842–2849, 2011.

[582] V.V. Sushkov, N.J.I. Mars, and P.M. Wognum. Introduction to TIPS: A theory for
creative design. Artificial Intelligence for Engineering, 9(3):177–189, 1995.

[583] TAMU. Making an alternate fuel usable in cars: Researcher tackles natural gas
storage, April 2013.

[584] R. V. Tappeta and J. E. Renaud. Multiobjective collaborative optimization. Journal
of Mechanical Design, 119(3):403–411, 1997.

[585] S. N. Taraskin and S. R. Elliott. Io↵e-regel crossover for plane-wave vibrational
excitations in vitreous silica. Phys. Rev. B, 61(18):12031–12037, May 2000.

[586] Praveen K Thallapally, Carlos A Fernandez, Radha Kishan Motkuri, Satish K Nune,
Jun Liu, and Charles HF Peden. Micro and mesoporous metal–organic frameworks
for catalysis applications. Dalton Transactions, 39(7):1692–1694, 2010.

[587] Praveen K Thallapally, Jian Tian, Motkuri Radha Kishan, Carlos A Fernandez,
Scott J Dalgarno, Peter B McGrail, John E Warren, and Jerry L Atwood. Flexi-
ble (breathing) interpenetrated metal-organic frameworks for CO2 separation appli-
cations. Journal of the American Chemical Society, 130(50):16842–16843, December
2008. PMID: 19053477.

[588] Praveen K. Thallapally, Jian Tian, Motkuri Radha Kishan, Carlos A. Fernandez,
Scott J. Dalgarno, Peter B. McGrail, John E. Warren, and Jerry L. Atwood. Flexible
(breathing) interpenetrated metal-organic frameworks for co2 separation applications.
Journal of the American Chemical Society, 130(50):16842–16843, 2008.

[589] H. J. Thevenot, J. Nanda, and T. W. Simpson. A methodology to support product
family redesign using a genetic algorithm and commonality indices. In Proceedings of
the ASME Design Engineering Technical Conferences, 2005.

[590] G. Thompson and M. Lordan. Review of creativity principles applied to engineering
design. In Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 1999.

119



[591] Anna C. Thornton. Use of constraint-based design knowledge to improve the search
for feasible designs. Engineering Applications of Artificial Intelligence, 9(4):393–402,
1996.

[592] Lukas Thulin and John Guerra. Calculations of strain-modified anatase TiO {2} band
structures. Physical Review B, 77(19):195112, May 2008.

[593] D. L. Thurston. A formal method for subjective design evaluation with multiple
attributes. Research in Engineering Design, 3(2), 1991.

[594] D. L. Thurston. Real and misconceived limitations to decision based design with
utility analysis. Journal of Mechanical Design, 123(2), 2001.

[595] Murilo L. Tiago, Sohrab Ismail-Beigi, and Steven G. Louie. Photoisomerization
of azobenzene from first-principles constrained density-functional calculations. The
Journal of Chemical Physics, 122(9):094311–094311–7, March 2005.

[596] Chang-Lin Tien. Microscale Energy Transport (Series in Chemical and Mechanical
Engineering). CRC Press, 1997.

[597] Atsushi Togo, Fumiyasu Oba, and Isao Tanaka. First-principles calculations of the
ferroelastic transition between rutile-type and cacl 2-type sio 2 at high pressures.
Physical Review B, 78(13):134106, 2008.

[598] Tao Tong, Yang Zhao, Lance Delzeit, Ali Kashani, M. Meyyappan, and Arun Majum-
dar. Dense vertically aligned multiwalled carbon nanotube arrays as thermal interface
materials. IEEE Transactions on Components and Packing Technologies, 30:92–100,
2007.

[599] David J. Tranchemontagne, Jose L. Mendoza-Cortes, Michael O’Kee↵e, and Omar M.
Yaghi. Secondary building units, nets and bonding in the chemistry of metal-organic
frameworks. Chem. Soc. Rev., 38:1257–1283, 2009.

[600] David J. Tranchemontagne, Jose L. Mendoza-Cortes, Michael O’Kee↵e, and Omar M.
Yaghi. Secondary building units, nets and bonding in the chemistry of metal-organic
frameworks. Chem. Soc. Rev., 38:1257–1283, 2009.

[601] L. Trigeorgis. Real options: An overview. In L. Trigeorgis, editor, Real Options in
Capital Investment: Models, Strategies, and Applications. Praeger/Greenwood, West-
port, 1995.

[602] Patrick A. Truitt, Jared B. Hertzberg, C. C. Huang, Kamil L. Ekinci, and Keith C.
Schwab. E�cient and sensitive capacitive readout of nanomechanical resonator arrays.
Nano Letters, 7:120–126, 2007.

[603] Kong-Thon Tsen, Shaw-Wei D. Tsen, Q. Fu, Stuart M. Lindsay, Karen Kibler, Bert
Jacobs, T-C. Wu, B. Karanam, S. Jagu, Richard B. S. Roden, Chien-Fu Hung andOtto
F. Sankey, B. Ramakrishna, and Juliann G. Kiang. Photonic approach to the selective
inactivation of viruses with a near-infrared subpicosecond fiber laser. Journal of
Biomedical Optics, 14:064042–1, 2009.

120



[604] I. Y. Tumer. Towards ISHM Co-Design: Methods and practices for fault avoidance
and management during early phase design. In Proceedings of the 1st Integrated
Systems Health Engineering and Management Forum, 2005.

[605] I. Y. Tumer and E. M. Hu↵. On the E↵ects of Production and Maintenance Variations
on Rotating Machinery Component Performance. Journal of Quality in Maintenance
and Engineering, 8(3):226–238, 2002.

[606] I. Y. Tumer and E. M. Hu↵. Analysis of Triaxial Vibration Data for Health Monitoring
of Helicopter Gearboxes. Journal of Vibration and Acoustics, 125(1):120–128, 2003.

[607] I. Y. Tumer and C.S. Smidts. Integrated design and analysis of software-driven hard-
ware systems. IEEE Transactions on Computers, In Print., 2010.

[608] I. Y. Tumer and R. B. Stone. Mapping Function to Failure during High-Risk Com-
ponent Development. Research in Engineering Design, 14:25–33, 2003.

[609] Irem Y. Tumer and Carol S. Smidts. Integrated design-stage failure analysis of
software-driven hardware systems. IEEE Transactions on Computers, 60(8):1072–
1084, 2011.

[610] Kazuhiro Uemura, Susumu Kitagawa, Mitsuru Kondo, Kôichi Fukui, Ryo Kitaura,
Ho-Chol Chang, and Tadashi Mizutani. Novel flexible frameworks of porous cobalt
(ii) coordination polymers that show selective guest adsorption based on the switching
of hydrogen-bond pairs of amide groups. Chemistry-A European Journal, 8(16):3586–
3600, 2002.

[611] D. G. Ullman. The mechanical design process. McGraw-Hill, 2003.

[612] D. G. Ullman. Making robust decisions. Tra↵ord Publishing, 2006.

[613] K. Ulrich and S. Eppinger. Product design and development. McGraw-Hill, 1995.

[614] Naoto Umezawa and Jinhua Ye. Role of complex defects in photocatalytic activities
of nitrogen-doped anatase TiO2. Physical Chemistry Chemical Physics, 14(17):5924–
5934, April 2012.

[615] H. UstUnel, D. Roundy, and T. A. Arias. Modeling a suspended nanotube oscillator.
Nano Letters, 5:523–526, 2005.

[616] M. Van Wie, C. Bryant, M. Bohm, D. McAdams, and R. Stone. A general model of
function-based representations. Artificial Intelligence in Engineering Design, Analysis
and Manufacture, 19(2):89–111, 2005.

[617] Niels Vandecasteele, Michele Lazzeri, and Francesco Mauri. Boosting electronic trans-
port in carbon nanotubes by isotopic disorder. Phys. Rev. Lett., 102(19):196801, May
2009.

121



[618] L. Vanduyfhuys, T. Verstraelen, M. Vandichel, M. Waroquier, and V. Van Speybroeck.
Ab initio parametrized force field for the flexible metal-organic framework mil-53(al).
Journal of Chemical Theory and Computation, 8(9):3217–3231, 2012.

[619] L. Vanduyfhuys, T. Verstraelen, M. Vandichel, M. Waroquier, and V. Van Speybroeck.
Ab initio parametrized force field for the flexible metalorganic framework mil-53(al).
Journal of Chemical Theory and Computation, 8(9):3217–3231, 2012.

[620] P.H.G. VanLangen, N.J.E. Wijngaards, and F.M.T. Brazier. Designing creative arti-
ficial systems. Artificial Intelligence for Engineering Design, Analysis and Manufac-
turing: AIEDAM, 18:217–225, 2004.

[621] Kirill A. Velizhanin, Chih-Chun Chien, Yonatan Dubi, and Michael Zwolak. Driving
denaturation: Nanoscale thermal transport as a probe of dna melting. Phys. Rev. E,
83:050906, May 2011.

[622] M. Verma and W.H. Wood. A Function-Based Approach to Design for Manufac-
turing. In Proceedings of the ASME Design Engineering Technical Conferences and
Computers in Engineering Conference, 2000.

[623] Willemien Visser. Two functions of analogical reasoning in design: a cognitive-
psychology approach. Design Studies, 17(4):417–434, 1996.

[624] J. Vocovich, R. B. Stone, F. Liu, and I. Y. Tumer. Early identification of potential
software failures using the software function-failure design method. 2007. In review.

[625] Christophe Volkringer, Thierry Loiseau, Nathalie Guillou, Gérard Férey, Erik Elkäım,
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