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Abstract

Investigating the Properties and Lattice Vibrations of Ordered and

Disordered Crystalline Materials

Crystalline materials are known for their well-defined periodic structure and their proper-

ties have been widely applied in numerous fields. An ideal single crystal will exhibit a

perfect ordered structure. However, in most crystalline materials defects and dislocations

are commonly present and the vast majority of applications of crystalline materials con-

cern polycrystalline materials rather than single crystals. In metals the effects of disorder

and polycrystallinity have been studied extensively, but the effect on the properties of other

crystals, such as organic molecular materials, are not fully understood. In this thesis the

techniques of low-frequency vibrational spectroscopy by means of terahertz time-domain

spectroscopy (THz-TDS) were combined with density functional theory (DFT) simulations

to investigate the role and effect of disorder for small organic molecular materials including

drug molecules as well as other emerging materials.

Terahertz radiation is located between the far-infrared and microwave regions on the

electromagnetic spectrum. At these frequencies photons excite a complex mix of inter- and

intra-molecular interactions in solid state materials, particularly low-frequency vibrational

modes in molecular crystals. Due to the complexities of lattice vibrations at such low fre-

quencies, high-accuracy computational methods are necessary to interpret the experimental

results. Such simulations are usually based on ideal, defect free, structures of crystals while

experiments are performed on commercial or lab-synthesised samples that will exhibit some

disorder. Careful comparison between the results from the ideal calculations and the exper-

imental observation makes it possible to study the role of defects in the crystalline systems

of interest. In this context THz-TDS can be considered as a complementary method to the

classical crystallographic techniques, e.g. X-ray diffraction, to aid the effective structural

analysis of crystals.

The methodologies that were developed in this thesis are useful to provide more infor-

mation for the design and the performance of novel materials such as metal-organic frame-
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works (MOFs) in general and MOF perovskites in particular from the perspective of low-

frequency vibrations. This is meaningful for the future optimisation and screening of ma-

terials. For small organic molecules, the new method is helpful to better understand the

mechanism of their phase transitions and to determine the structure of polymorphs, even in

the presence of disorder. This idea is explored to investigate the fundamentals of the crystalli-

sation process where the sensitivity of terahertz spectroscopy to both crystalline structure

as well as liquid dynamics is exploited to gain further insight into the transition between

disorder and order.
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Cambridge CB2 1TA

January 2022

iii



Acknowledgements

There is no doubt that my PhD has been the most unforgettable and rewarding journey

in my life with invaluable support from people (an endless list) along the way. I can still

remember the time when I finally decided to accept the offer from Cambridge, being anxious

as well as excited about the challenge. It was a brave choice back then, but now I can say

it was the best decision ever. I did not only work for completing my degree and research

topics, but also experienced memorable moments, met amazing people and also became a

better version of myself.

I would like to pass my greatest thanks to my supervisor, Professor Axel Zeitler, the best

kind of supervisor I can think of. He has not only led me into the world of science but also

guided me through the ups and downs during my PhD with a smiling face all the time. At

the very beginning, he was the one who offered me the chance of becoming a PhD candidate.

He gave us all the freedom to explore our interests in science and tried his best to support us

when we needed. I would also like to thank Dr. David Fairen-Jimenez for being my advisor,

and Dr. Jonathan Evans, my college tutor, who helped me a lot for example with funding

applications and minimising the impact of COVID on my time in Cambridge.

I was really lucky to join such a nice group with so many supportive people around me.

I would like to thank everyone in the terahertz applications group that grew from people

of six to more than ten now, as well as the visitors. Many thanks to Mike who taught me

how to do experiments and simulations and offered substantial help with my first project,

first report, first publication, first trip as a researcher and so forth. Also, thanks to Daniel

who gave useful trainings and tutorials in my first year. Of course a big thank you to Adam

as well, who spent a year as a postdoc in the group but became more like a friend to us.

Dabwan (Dr. Al-Sharabi now) and Johanna (the future Dr. Kölbel), we joined the group at

the same time and supported each other. You two deserve a special thank you. I also want

to thank the friends I met in the past years, both in and outside of Cambridge. Life would

have been so boring without you all.

It was my pleasure to meet and work with a group of amazing scientists who contributed to

iv



my research. Dr. Andrew Bond has been helping with X-ray crystallography and discussions

on crystal structures, chemical synthesis and career choices. Professor Tim Korter has been

offering his help with computational work that has solved a number of problems that occurred

in my projects. It was a great collaboration with Dr. Eduardo Maia Paiva and his colleagues

on the project of theophylline, as well as with Dr. Terry Threlfall who contributed to the

crystallisation project extensively. I appreciated Dr. Jingwei Hou and Dr. Wen Dong for

introducing me to their projects, and also everyone I met and talked to at various conferences,

tutorials and workshops, I was inspired and enlightened by the informative discussions. In

addition, I would like to thank the China Scholarship Council for fully funding my PhD

studies.

Special thanks to Axel and Johanna for proofreading this thesis.

Most importantly, thank you Mom and Dad for always being there for me and supporting

my choices.

v



Publications and Conference Presentations

Publications in Peer-Reviewed Journals

1. Qi Li, Adam J. Zaczek, Timothy M. Korter, J. Axel Zeitler and Michael T. Rug-

giero, Methyl-rotation dynamics in metal-organic frameworks probed with terahertz

spectroscopy, ChemComm, 2018, 54, (45), 5776-5779.

2. Qi Li, Andrew D. Bond, Timothy M. Korter and J. Axel Zeitler, New insights into

the crystallographic disorder in the polymorphic forms of aspirin from low-frequency

vibrational analysis, Mol. Pharm., 2021, 19, 1, 227-234.

3. Eduardo M. Paiva#, Qi Li#, Adam J. Zaczek, Claudete Fernandes Pereira, Jarbas
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Chapter 1

Introduction

1.1 Overall Context

Crystals are defined as perfectly organised periodic systems. However, other than in ideal

situations, some dislocations and a certain degree of disorder are always present, even in crys-

talline materials. Such disorder results in deviations from the ideal crystalline properties and

hence increases complexity regarding the behaviour of such materials. In some crystalline

systems, such as in metals, the role of defect structures and how they influence fundamental

material properties, e.g. conductivity or tensile strength, have been studied widely. How-

ever, such detailed understanding is not as advanced for many other crystalline systems,

such as organic molecular materials.1–3 This thesis aims to develop more insight into the dis-

order in ordered crystalline materials by applying the combined methodologies of terahertz

time-domain spectroscopy (THz-TDS) and density functional theory (DFT) simulations. The

experimental technique is used to characterise the available samples (likely to have defects),

while the computational methods perform the calculations based on the structures of perfect

crystals. Given the complexity of the vibrational motions that can be observed at terahertz

frequencies, the computational analysis is essential to interpret the data thoroughly, and in

turn, the experimental results can serve to validate the accuracy of the computational sim-

ulations. Ultimately, defects then are manually introduced into the crystal structures, and

1



simulations are carried out to investigate how the defects affect the properties of the crystals.

The details of these two main techniques will be discussed in Section 1.2 and Section

1.3, and the implementation will be covered in Chapters 2 and 3, respectively. The studies

covered in Chapters 4-7 discuss the applications of this methodology on a range of crystalline

materials that are characterised by an increasing level of disorder, including novel metal-

organic frameworks (MOFs), classic small organic molecules, and a hydrate system of an

inorganic salt.

In the field of materials science, a range of novel materials have been discovered and

synthesised to meet the needs of potential applications, and metal organic framework (MOF)

structures are a popular class of such materials. They constitute of relatively large complex

metal-based organic materials and in this thesis the studies of porous MOFs (Chapter 4) and

MOF perovskites (Chapter 5) focused solely on their ordered structures. MOFs combine a

range of properties that traditionally only exist in either inorganic or organic materials. Due

to the complexity of their structures and the numerous possible combinations of the metals

and organic linkers, computational methods are very helpful to screen the most promising

structures and to support the future design. In addition, the synthesis of MOFs is often not

straightforward, and the products can be unstable. Therefore, computational simulations are

applied to provide preliminary results to aid their design for achieving a range of application

specific characteristics, such as thermodynamic and mechanical properties, their mechanical

flexibility, and surface area, prior to actually carrying out the experiments.4–6 Porous MOFs

can be applied to applications in energy storage, chemical separation, and catalysis, which

means the pores in the structure are of interest.7–10 However, MOF perovskites, where a

cation is occupying the centre of the structure, have been reported to exhibit slightly distorted

crystals from their ideal cubic structure reflecting some natural disorder.11;12 They have a

range of potential applications in data communications, multiferroics and solar cells.13–17

The focus of Chapter 6 turns to the investigation of small organic molecular crystals

and the role defects play in their structures on their properties. This class of materials

includes many molecules that are widely used as pharmaceutical drugs. In order to fully

characterise active pharmaceutical ingredients (APIs), numerous methods have been utilised
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to understand their structure, thermal and mechanical properties.18–21 Crystal defects are

believed to greatly influence these properties but they are not easy to evaluate. Disorder can

originate from impurities or the dislocation of certain atoms and molecules in the crystalline

domain. They can be inherent to their structure or induced by the processing of the material,

resulting in intergrowth of crystalline polymorphs and facilitate the occurrence of phase

transitions that can potentially affect the performance of the drug.20;22;23 At the examples of

the drugs aspirin and theophylline, Chapter 6 explores the implementation of the combined

terahertz and computational methodology to explore this application.

Chapter 7 studies the crystallisation process from an aqueous solution of an inorganic

salt, which is the most disordered system discussed in this thesis related to crystals. This

system was chosen as a relatively simple model to investigate the crystallisation process that

starts from the completely disordered liquid phase from which ordered crystals gradually

emerge. Crystallisation is a very important but highly erratic process. In order to develop

more insight from the vibrational spectroscopy point of view a versatile setup based on THz-

TDS was developed that can monitor the crystal growth and potentially detect the early

stage of nucleation.24;25 THz-TDS has not been widely applied in this field, but as it probes

the vibrations in the amorphous and crystalline phases simultaneously, it has considerable

potential for this area of research.26 In addition, a method of measuring local concentration

of solute in the liquid phase during crystallisation was also developed with the customised

set up.25

In general, the projects presented in this thesis cover different aspects of crystalline sys-

tems and consider the effect of disorder over a range of phenomena: For the relatively complex

and large crystalline systems, the research is focused on the dynamics in ideal crystals by

employing highly accurate computational techniques; for small organic molecules, the subtle

defects, that play a role in the field of polymorphs and phase transitions, are studied in detail;

and finally the last project investigates the transition from a completely disordered state into

an ordered crystal.
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1.2 Introduction to Terahertz Spectroscopy

1.2.1 Terahertz Radiation

Figure 1.1. Terahertz radiation lies between the far-infrared and the microwave region in the electromagnetic
spectrum.27

The electromagnetic spectrum is organised based on the wavelength (frequency) of the radia-

tion, and is categorised from high to low frequencies as gamma rays, X-rays, ultraviolet light,

visible light, microwaves, and radio waves (Figure 1.1). Since the spectrum is continuous, the

boundary between each type of radiation is not clearly defined. Terahertz radiation refers to

the spectral region located between the far-infrared and the microwave region, and roughly

covers the frequency range of 0.1THz to 10THz.28 In the context of the low-frequency vibra-

tional motions that can be probed using terahertz spectroscopy, the terahertz band is loosely

defined as 0.3THz to 3THz which is also limited by the performance of the spectrometer.

It has been widely applied to study solids such as organic crystals26;29–31, explosives32;33,

pigments34;35, and semiconductors36;37, as well as liquids38 and biomolecules39–41. Terahertz

radiation corresponds to the photon energies on the order of several millielectron volts (meV).

This region of the spectrum was traditionally referred to as the “terahertz gap”, due to the

difficulties associated with the generation and detection of terahertz radiation. In contrast,

radiation in the adjacent spectral regions to the terahertz region can be generated using a wide

range of well-established approaches. At lower frequencies, the generation of microwaves and

millimetre waves utilises electronic devices that are based on oscillating circuits. However,

the transit time of carriers in semiconductors limit their application at frequencies exceeding

a few gigahertz. In contrast, at frequencies beyond the terahertz range, photonic devices
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are applied. The radiation is generated by the recombination of electrons and holes in the

conduction and valence bands of semiconductors. However, this is not easily extended to the

terahertz region, as no suitable semiconductors are available. In addition, the energy gap

needed to generate terahertz radiation is small, which makes it harder, especially at room

temperature, to control the required energy jumps. Early experiments using far-infrared

gas lasers could reach the terahertz region by exciting transitions between roto-vibrational

levels of gas molecules, such as via a CO2 laser, yet the equipment was large, inefficient

and poorly tuneable.42;43 In addition, infrared (IR) spectroscopy techniques are also applied

for spectral analysis of materials in the area of 10 cm−1 to 400 cm−1, which is referred as

the far-infrared region. However, the spectral energy density of a thermal blackbody, such

as commonly used silicon carbide (GlobarTM) and Nernst glowers, is much weaker in this

low-frequency range compared to the mid-IR region (400 cm−1 to 4000 cm−1). Therefore, far-

infrared sources are often operated at high temperature and high emittance is preferred. For

the very low-frequency end (∼50 cm−1), mercury arc lamps are widely applied as sources, but

this approach is known to introduce additional noise to the system as well.44 For far-infrared

radiation (terahertz radiation) detection, bolometers and Golay cells are among the most

extensively used choices for incoherent detection. As thermal detectors, both are based on

the change of physical properties caused by the absorption of radiation, i.e. the resistance

change in a bolometer and the expansion of gas in a Golay cell. Common issues are their slow

response and modest noise equivalent power (NEP) value. This can be improved by operating

a bolometer at low temperatures but this has the disadvantage of requiring expensive liquid

helium cooling and high vacuum setups. Other detectors include the Schottky barrier diodes,

pyroelectric detectors, and photoconductive detectors.45;46

Terahertz Spectroscopy

In general, there are two types of terahertz radiation sources: broadband sources that convert

the ultrashort optical pulses into terahertz pulses, which is the technique applied in this

thesis, and continuous wave (CW) methods that result in narrow band signals. The earliest

technique for the generation and detection of coherent pulses of terahertz radiation was by
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utilising photoconductive switches, which were first developed by Auston et al. in 1984.47

Another popular technique utilised electrooptic materials.48 The breakthrough to achieve free

space propagation of the generated radiation, and thus enable the spectroscopy applications in

this thesis, was achieved in 1988 and 1989.49;50 From then on, the use of terahertz radiation

for spectroscopic studies was gradually developed by characterising a range of materials.

Other generation and detection techniques include large aperture antennas, air/gas induced

plasmas, free electron lasers and quantum cascade lasers.51–57

Femtosecond Laser Systems

The mode-locked femtosecond (fs) laser is an essential part for the generation and detection

of terahertz radiation.51 The pulse produced from the lasers should follow the relation

∆υ∆τ ≥ 2ln2

π
≈ 0.44 (1.1)

where ∆υ is the spectral bandwidth of the laser, and ∆τ is the duration of the mode-

locked pulse. To achieve very short pulses, as required to generate terahertz radiation, a

material with large spectral bandwidth is needed, such as titanium-doped aluminium ox-

ide (Ti-Sapphire).

Generation of Terahertz Radiation from Photo-Conductive Antennae

The photo-conductive antenna (PCA) is the oldest and most well-developed method of gen-

erating and detecting terahertz radiation. In 1881, Hertz first proposed the idea of using

a transient electric dipole to generate broadband radiation. At the time the generated and

detected electromagnetic transients were of a duration of greater than a nanosecond.58 A

hundred years later, Mourou et al. illuminated a GaAs:Cr photoconductor with sub picosec-

ond (ps) pulses, and generated a 3 ps short pulse.59 In 1984, Auston et al. applied photocon-

ducting Hertzian dipoles using radiation damaged silicon-on-sapphire for both transmitting

and receiving antennas.47 This was followed by Karin et al. who observed responses of less

than 1 ps and DeFonzo et al. developed the coplanar microstrip anntenas.60;61 The group
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Figure 1.2. The schematic diagram of photoconductive antenna.63

around Auston et al. developed microscopic antennas in 1988 and achieved free space trans-

mission, which opened practical applications of the prior work where the terahertz field was

confined within the substrate.49 Grischkowsky extended this work by improving the optical

setups using suitable spherical lenses to improve the coupling and beam forming which made

useful spectrometers possible.50;62

A PCA is usually composed of metal electrodes and a semiconductor substrate as shown

in Figure 1.2. The femtosecond optical pulse is focused on the gap between the electrodes,

and since the photon energy of the pulse is selected to exceed the band gap of the semi-

conductor, electron-hole pairs are generated in the substrate. The charges are accelerated

by the DC field applied to the metal electrodes, and then are recaptured by the semicon-

ductor structure on time-scales around a picosecond until the system reaches equilibrium.

An electric field is generated from the oscillation of the electric dipole, and the radiated

electric field is proportional to the second temporal derivative of the dipole moment or the

first temporal derivative of the transient current according to Maxwell’s equations. From
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this procedure, each femtosecond near infrared pulse generates a single cycle electric field at

terahertz frequencies (ETHz).
64

ETHz(t) ∝
dIPC(t)

dt
(1.2)

where IPC is the photo-current generated in the gap. Important aspects that influence the

performance of PCAs include:

1. The duration of the optical pulse.

2. The recapture time of the semiconductor material.

3. The design of the metal electrodes.

4. The gap between the two electrodes.

5. The power of the femtosecond pulse and the electric field applied to the gap.

The first and the second factors are based on the properties of the material for PCAs.

Popular choices include Cr-doped GaAs, radiation-damaged silicon-on-sapphire (RD-SOS),

low-temperature grown gallium arsenide (LT-GaAs), semi-insulating GaAs, indium phos-

phide (InP), and doped indium nitrides.47;59;65–68 The optical pulse wavelength needs to be

matched with the band gap of the material. For example, the band gap of GaAs is matched

by using a Ti:sapphire laser system with a wavelength centred around 800 nm. Ideally, the

recapture time is minimised for achieving intense large bandwidth terahertz pulses. The

larger the separation distance between the electrodes, the larger the required DC bias volt-

age is needed to generate the same electric field, but the higher the power of the emitted

terahertz radiation. In practice, the operating value of this field is usually chosen to be as

large as possible to achieve terahertz signals with higher power whilst balancing against the

robustness and longevity of the devices.

Various designs of PCA were compared in the study of Tani et al., including three types

of dipoles, the bow-tie, and a coplanar strip line (Figure 1.3).69–72 The results showed that

the bow-tie antenna was the most powerful design under the same conditions, and the biased

strip line resulted in the widest spectral bandwidth of the generated pulses. In addition, the
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Figure 1.3. The schematic view of the design of PCA: Left: the photoconductive dipole antenna; middle:
the bow-tie antenna; right: the photoconductive strip line.72

carrier lifetime of the semiconductor substrate was found not to be an important factor in

terms of the maximum achievable spectral bandwidth.72

The detection of the terahertz pulse using a PCA is slightly different from the generation

scheme described in Figure 1.2. The femtosecond pulses and the terahertz pulses illuminate

the substrate front and back sides respectively. Rather than applying a biased voltage,

the antenna gap is only conducting when the two pulses both arrive exactly at the same

time. The electric field needed to drive the transient current is provided by the terahertz

signal. The photocurrent is a convolution of incident electric field ETHz and the transient

photoconductivity σ(t) induced by the fs pulse.

J(t) =

! t

−∞
ETHz(t

′)σ(t− t′)dt′ (1.3)

The transient current is then measured by a lock-in amplifier. As a fs pulse is relatively

shorter than a terahertz pulse (ps duration), the detector uses the short laser pulse to map

out the terahertz pulse (Figure 1.4).

Optical Rectification and Electro-Optic Sampling

Some electrooptic materials can also be used to generate and detect broadband terahertz

radiation based on their nonlinear properties as first described by Bass et al. in 1962.74

However, the achievable signal was very weak before femtosecond lasers became more widely

available. By illuminating nonlinear crystals with the fast pulses intense electrical fields can

be generated (Figure 1.5). The optical rectification and electrooptic sampling that are used for
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Figure 1.4. The schematic diagram of PCA detection.73

the generation and detection of terahertz radiation, respectively, are based on the electrooptic

Cherenkov radiation.48;75 The scalar relationship of polarisation P , electric susceptibility

χ(E), and the electric field is

P = χ(E)E (1.4)

While in nonlinear crystals, χ(E) can be expanded in the powers of the electric field E

P = (χ1 + χ2E + χ3E
2 + χ4E

3 + ...)E (1.5)

where the second order term is considered P2 = χ2E
2 for the optical rectification and elec-

trooptic sampling. Considering an optical electric field E = E0 cosωt, P2 equals

P2 = χ2E
2 = χ2

E2
0

2
(1 + cos 2ωt) (1.6)

The second part of the induced polarisation is dependent on cos 2ωt which describes

second harmonic generation, which goes beyond the discussion of this thesis. While for the

first part, P ∝ E2
0 , represents the optical rectification effect, which means that when an

optical field passes through a nonlinear crystal, it results in a static electric field. In the

case of generating terahertz radiation with fs pulses, the optical field has a time-dependent
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Figure 1.5. The schematic diagram of optical rectification. The fs pulse (dashed line) passes the nonlinear
crystal from the left side, and induced polarisation (black solid line), which then generates the terahertz
radiation (blue line) that propogates to the right.51

component E(t) ∼ E0e
−at2eiωt, which induces a time-dependent polarisation

P ∝ E2
0e

−at2 (1.7)

The time varying polarisation generates the terahertz radiation according to Maxwell’s

equation. In 1988, Auston et al. used LiTaO3 for generation and coherent detection.75

Other commonly used nonlinear crystals are ZnTe, LiNbO3, GaAs, and InP.76–78 Some or-

ganic molecular crystals can produce terahertz pulses via optical rectification, such as 4-N,N-

dimethylamino-4’-N’-methylstilbazolium tosylate (DAST).79 The detection is the inverse of

electro-optic sampling using Pockel’s effect.80;81

As shown in Figure 1.6, when a fs pulse passes through the electro-optic (EO) crystal

alone, the optical pulse does not change. After passing through a 1/4 wavelength plate,

it changes to circularly polarised light and the Wollaston prism decomposes it into two

components with the same intensity perpendicular to each other. Therefore, the system

cannot detect any current. However, when fs and terahertz pulses pass through the EO

crystal together, birefringence will convert it to an elliptical pulse that can be decomposed

into two components with different intensities. Thus, the terahertz signal can be detected.
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Figure 1.6. The schematic diagram of electrooptic sampling.82

1.2.2 Terahertz Time-Domain Spectroscopy

Figure 1.7 shows a schematic of the general arrangement of terahertz time-domain spec-

troscopy (THz-TDS), which usually covers the low-frequency region of 0.3THz to 3THz (10 cm−1

to 100 cm−1).51 The recent innovations to femtosecond laser systems and terahertz generation

methods have made broadband THz-TDS techniques widely available, and this has resulted

in a surge of interest in terahertz technology from fundamental science to industrial sec-

tors. It has been largely applied to materials characterisation recently, from crystalline solids

including explosives and small organic molecules to liquids and biomolecules.26;33;41;84 The

pulses are generated by a femtosecond laser and divided into two identical pulses by a beam

splitter.

One portion (pump) is directed to the terahertz emitter where a single-cycle of terahertz

radiation is generated. This terahertz pulse is then collected and passes through and interacts

with the sample, from where it is refocused on the terahertz receiver subsequently. The other

portion (probe) is directed into a variable optical time delay stage, and is focused on the

terahertz receiver afterwards. The detector only generates a signal if both the probe pulse

and the terahertz field are present. The probe pulse is much shorter compared to the pulse

of terahertz radiation. Therefore, by adjusting the optical delay, the terahertz signal can be

mapped out in the time-domain, and via Fourier transform (FT) the signal is converted into
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Figure 1.7. General arrangement of terahertz time-domain spectroscopy.83

the frequency-domain.

The results in the frequency-domain can then be divided into phase, φ(ω), and amplitude,

A(ω) (Eqn. 1.8, 1.9, and Figure 1.8). Therefore, the complex refractive index can be directly

extracted from the terahertz measurements results (details in Section 2.4) without further

application of Kramers-Kronig analysis85. While THz-TDS can be set in both transmission

and reflection geometries, this thesis applies transmission measurements only.

E(t)
FT−→ 1√

2π

! ∞

−∞
E(t)e−iωtdt = E(ω) (1.8)

E(ω) = A(ω)eiφ(ω) (1.9)

where E(t) and E(ω) are the eletric field in the time- and frequency-domain, respectively. ω

represents the angular frequency as a scalar, while later in Eqn 1.10 ω is a vector representing

the angular velocity.
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FT−→

Figure 1.8. Terahertz time-domain signal (left) and frequency-domain signal (right). The upper panel shows
the unwrapped phase and the lower panel shows the amplitude.

1.2.3 Rotational and Vibrational Spectroscopy

The spectral region of terahertz radiation spans from the higher frequency boundary of

dielectric spectroscopy to the low-frequency side of far-infrared spectroscopy, which are the

two long-established techniques and have been widely applied to study molecular vibrations

and relaxation processes respectively. The development of THz-TDS offers an opportunity

to investigate the interplay between dielectric relaxation and lattice vibrations in materials

by probing this spectral band in detail.

The vibrational and rovibrational transitions of molecules without electronic excitations

usually fall into the infrared range. The many-body molecular problem can be firstly simpli-

fied into a two-body system (i.e. a diatomic molecule). For rotations, a diatomic molecular

system is composed of two atoms with the masses ofMA andMB, respectively (Figure 1.9a).
86

Assuming they rotate around an axis with an angular velocity of ω, the rotational energy is

Erot =
1

2
Iω2 =

J2

2I
(1.10)

where I = MAR
2
A+MBR

2
B = MR2 and M = MAMB

(MA+MB)
is the reduced mass. R is the distance

between A and B, and RA and RB are the distance from the atom to the centre, respectively.
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(a) (b)

Figure 1.9. Demonstrations of (a) a rigid rotor and (b) a vibrational diatomic molecule system. Adapted
from REF[86].

|J | = Iω is the rotational angular momentum. The square of the angular momentum

|J |2 = J(J + 1)h2 (1.11)

only has discrete values determined by the rotational quantum number J (J = 0, 1, 2, ...),

where h is the Planck constant. Therefore, the possible rotational energies are

Erot =
J(J + 1)!2

2MR2
(1.12)

where ! = h
2π

is the reduced Planck constant. The energy difference between the adjacent

rotational levels is

∆Erot = Erot(J + 1)− Erot(J) =
(J + 1)!2

2MR2
(1.13)

Figure 1.9b shows a system composed of two bonded atoms that vibrate around their

equilibrium positions as an example. As the Bohr frequency rule states, the vibrations of

molecules can only happen between the transitions of certain discrete energy levels.87

υγ′′γ′ = υγ′γ′′ =
Eγ′ − Eγ′′

h
(1.14)

where υ is the frequency of the radiation, E is the state energy, and γ represents vibrational

levels. The fundamental illustration of such motions can start from a diatomic molecule. For
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Figure 1.10. Illustration of the potential of harmonic oscillators. Adapted from REF[86].

vibrations, the frequency of such a two-body system is

υ =
1

2π

"
k

M
(1.15)

where k is the force constant and M is the reduced mass.

The solution of the Schrödinger equation gives the typical potential of a harmonic oscil-

lator as shown in Eqn. 1.16. Only certain transitions are allowed between the energy levels,

which correspond to the features on the spectrum. The vibrational levels are evenly spaced,

and the energy at level 0 is not zero but 1
2
hυ, which is called zero-point energy (ZPE), as

shown in Figure 1.10.

Eγ = (γ +
1

2
)hυ, (γ = 0, 1, 2, ...) (1.16)

The two atoms in this model are either bonded or interacting which means they vibrate

slightly away from the equilibrium positions. For a molecular crystal, which involves mul-

tiple oscillators, the displacements of all the atoms are along a particular normal mode. A

system with N atoms has 3N -6 (for a non-linear system) or 3N -5 (for a linear system) nor-

mal modes. The mode that falls into the terahertz region either corresponds to a collective
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motion (a phonon mode type of vibration) with a large mass or a torsional mode with small

force constant (as shown in Eqn. 1.15), and also rather than explicitly rotational or vibra-

tional motions, it detects combined motions. The molecular interactions that govern the

lattice vibrations at terahertz frequencies can be either intermolecular interactions, such as

hydrogen bonds, dipole-dipole interactions, and London dispersion forces, or intramolecular

interactions, including some distortions and rotations of molecules. THz-TDS, like other in-

frared spectroscopic techniques, probes the IR-active normal mode that results from a dipole

change between the equilibrium state and the distorted structure upon motion. In addi-

tion, compared to other mid-frequency spectroscopic techniques, THz-TDS is very sensitive

to thermal effects around room temperature in weakly bonded materials such as hydrogen

bonds and dispersion forces. A large population of excited states fall into the terahertz fre-

quency region at room temperature and this broadens the spectral features significantly.28

Therefore, temperature is an important factor when interpreting terahertz spectra, and spec-

tra acquired at lower temperatures can greatly improve the quality when information about

ground state transitions is of particular interest.

Two spectroscopy techniques that are frequently used to complement THz-TDS are

Fourier-transform infrared spectroscopy (FTIR) and low-frequency Raman spectroscopy. For

FTIR, which covers a wide frequency range, the absorption coefficient can be obtained directly

from measurements while the refractive index needs to be calculated based on a Kramers-

Kronig analysis. In addition, for the widely applied mid-FTIR, it probes fundamental vibra-

tional bands related to the functional groups, and many fingerprint features of samples are

also located in the mid-infrared region. However, mid-FTIR can be less powerful when char-

acterising highly similar structures, e.g. polymorphs, as well as long-range collective motions

within molecular systems. To reach the same low-frequency region as terahertz spectroscopy,

FTIR requires liquid helium cooling for the bolometric detection.88 Low-frequency Raman

spectroscopy complements THz-TDS as it can probe vibrational modes that are active to the

change in polarisability compared to the permanent dipole change, so all active modes within

the low-frequency region can be investigated with the combination of two techniques. In addi-

tion, Raman spectroscopy is based on scattering effect compared to absorption spectroscopy
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like THz-TDS and FTIR.

On the low-frequency side, terahertz spectroscopy covers the extended part of traditional

dielectric spectroscopy. Dielectric spectroscopy measures the response of a sample to an ex-

ternal electric field in a wide frequency range from 10−6 to 1010Hz (i.e microwave), which is

represented by the complex dielectric function ε̂(ω). The results provide information of the

polarisation of electrons, the movements of ions, and the reorientation motions of dipolar

species. This is found to be extremely helpful to study the dielectric relaxation in solva-

tion, liquids, as well as amorphous solids that occurs on a time scale of nanoseconds to

femtoseconds.89 The dielectric losses can be linked to the complex refractive index n̂(ω),

n̂(ω) = n(ω) + iκ(ω), shown in Eqn. 1.17, which can be directly calculated from the experi-

mental results acquired by THz-TDS.28

ε̂(ω) = ε′(ω)− iε′′(ω) = n̂(ω)2

ε′(ω) = n(ω)2 − κ(ω)2

ε′′(ω) = 2n(ω)κ(ω) =
n(ω)α(ω)c

ω

(1.17)

where ω represents the angular frequency, c is the speed of light in vacuum, κ(ω) is the

extinction coefficient, and ε′ and ε′′ are the real and imaginary part of the dielectric losses,

respectively.

The relaxation processes can be resolved into different regions based on the time scales:

the slow primary α relaxation and the secondary Johari-Goldstein β (JG-β) relaxation.84

The former is related to the global mobility in a frequency range of 10−6 to 103Hz. The

latter refers to local mobility (i.e. small-scale motions). These relaxation processes can be

described with Debye models, e.g. a two-component model

ε̂(ω) = ε∞ +
∆ε1

1 + iωτ1
+

∆ε2
1 + iωτ2

(1.18)

where ∆ε1 and ∆ε2 are the strength of the corresponding relaxation processes, and τ1 and

τ2 are the relaxation times. Extra Debye terms and oscillators are also applied in addition

to Eqn. 1.18 to take other effects into account, such as intermolecular stretching vibrations.
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In 1955, Poley studied microwave dispersion of polar liquids and revealed discrepancies

between the dielectric constant measured in the microwave region and the square of the com-

plex refractive index extrapolated from the visible and infrared experimental data. Therefore,

it was hypothesised that an additional region of dipolar absorption existed in the neighbour-

hood of a wavelength of 1mm(i.e. terahertz frequencies). This is mainly caused by the

reorientational motions of polar molecules that are trigged by an external electric field, such

as terahertz radiation.90–92

In 1965, it was firstly proposed by Chantry and Gebbie that the broad absorption be-

haviour of liquids in the terahertz region, which is beyond the description of Debye theory, is

resulted from the nature of the pseudo-lattice.93 This broad microscopical peak spanning over

most of the terahertz region was later referred to as vibrational density of states (VDOS).

Strom et al. reported the first terahertz absorption spectra of inorganic glasses using FTIR

in 1974.94 The study proposed that the temperature-independent absorption of amorphous

materials at terahertz frequencies rises with frequency as νβ(β ≲ 2) that resembles the den-

sity of states predicted by Debye theory, so it is assumed as an effect of the disorder-induced

coupling of the optical radiation to a density of low-frequency Debye mode. In addition,

Reid and Evans discovered the γ process in 1982, which corresponds to the same region

as mentioned above, by studying decalin solutions of halogenated benzenes and methylene

chloride over a broad frequency range from below 100Hz to 10THz with dielectric and FTIR

spectroscopy.95 However, the γ process appears as a defined peak, while the Debye mode only

becomes obvious when absorption is plotted against the square of frequency. Additionally,

the γ process is temperature dependent. The excess of density of states above the Debye

model is defined as the Boson peak (i.e. the Boson peak is the part of the VDOS that is above

the Debye level.), which is usually observed around 0.5THz to 1.2THz, while the full range

of the VDOS can extend to much higher frequencies.28 A recent study of sorbitol identified

the Boson peak at 1.1THz, and its intensity decreases while cooling but the feature does not

shift in frequency.96

Parrott and Zeitler argued that spectral data covering a broadband are necessary for

determining an appropriate fitting of Debye model. As the terahertz region only covers the
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Figure 1.11. An overview of the dielectric response of disordered materials. Adapted from Sibik et al.97

high frequency end of the main relaxation process, all the models will fit the terahertz data

alone.28

1.2.4 Terahertz Spectroscopy of Liquids and Glasses

The high frequency wing of the dielectric spectra extends to the terahertz region, which

represents the reorientational/rotational dynamics of disordered materials and THz-TDS has

the potential to grow further insight into this area. The disordered materials discussed here

are liquids and glasses, and they lack long-range order compared to crystalline materials.

Therefore, their terahertz spectra show an increase of absorption against frequencies but the

spectra remain featureless otherwise. It is also important to note that spectra from different

disordered materials are hardly distinguishable from each other based on structural factors.

While liquids can transform to the crystalline state via cooling, under certain conditions

instead of crystallising, they may reach a metastable state called supercooled liquid. When

the temperature decreases below a certain point, where the viscosity increases by orders of

magnitude and the system seems to not flow anymore on experimental time scales, the glass

transition occurs.98 The critical temperature point is referred as the glass transition point Tg.

The glassy state and all the disordered systems mentioned above are treated as an amorphous

phase in this thesis.
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Figure 1.12. The terahertz spectra of amorphous lactose and crystalline α-lactose monohydrate. Adapted
from McIntosh et al.99

Taraskin et al. demonstrated that, in disordered materials, the frequency-dependent ab-

sorption coupling coefficient between the far-infrared photons and atomic vibrations has a

universal form of C(ω) = A + Bω2, and the study used THz-TDS data of two inorganic

glassy systems, SiO2 and As2O3.
100 Later, Zeitler et al. demonstrated the possibility of

studying relaxation and crystallisation by investigating the state transition process of car-

bamazepine using variable temperature THz-TDS.101 Followed by a systematic study of a

series of polyhydric alcohols with temperature resolved terahertz transmission measurements,

Sibik et al. observed three universal features in the dielectric losses ε′′(ω) in three tempera-

ture regions: At temperatures well below the glass transition temperature (Tg), ε
′′(ω) com-

prises a temperature-independent microscopic peak due to librational motions; a secondary

β transition is spotted at 0.65 Tg; above Tg, α relaxation dominates the losses.84 The two

key transition points were introduced as Tgα and Tgβ with Tgα ∼Tg and Tgβ ≪Tg. The

subscripts corresponded to the relaxation process that the authors originally thought they

were linked to. The results support that three absorption mechanisms influence the tera-

hertz response in the organic amorphous materials: VDOS, caged dynamics, and dielectric

relaxation (Figure 1.11).97 The principal mechanism that applies to terahertz radiation is
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the VDOS that governs the frequency region from 0.1THz upwards. Secondly, the caged

dynamics contribute to the terahertz spectra at very low frequencies (<0.5THz) before the

onset of the VDOS, and is also called fast β-relaxation. This region corresponds to the fast

rattling prossess in the molecular systems that happens in the cage formed by the neighbour-

ing molecules, explained by the mode-coupling theory (MCT).102 Lastly, the primary and

secondary dielectric relaxations are too slow from THz-TDS to detect below Tg, while they

might contribute to terahertz spectra at higher temperature.

Amorphous solids are of great interest in pharmaceutics as they offer a solution to over-

come the challenge of low solubility that 40% of drugs on the market and 90% in development

are facing.103 However, crystallisation and instability of amorphous drugs are the resultant

problems that need to be overcome in order to be able to exploit the advantages of higher

dissolution rates in amorphous materials. Dielectric spectroscopy has been widely applied to

measure the global mobility in amorphous materials, which is found to play an important role

to the crystallisation at temperatures above Tg (and also below Tg). The crystallisation of

amorphous drugs well below Tg was found to be related to the JG-β relaxation. As THz-TDS

can probe both global and local mobility, it is a promising method to reveal a more complete

picture of crystallisation in amorphous solids.

A series of amorphous drugs were measured with terahertz spectroscopy while heating

from a low temperature to above Tgα. The results showed that the larger the gradient

of absorption between Tgβ and Tgα, the local mobility plays a more important role in the

crystallisation process (i.e. the more unstable the system is).104 The authors also acquired

terahertz spectra of partially crystallised naproxen in a temperature range of 100K to 310K,

and crystal growth was reflected by the drop of absorption while heating up. The results

revealed that at the temperature above Tgβ the change of terahertz absorption is 3.5 times

larger than at lower temperatures.104

In the field of water studies, terahertz spectroscopy also has additional advantages com-

pared to other commonly used vibrational spectroscopic techniques, namely FTIR and Ra-

man spectroscopy. Water is transparent to the Raman signal, which is useful to some extent,

but not if the solution as a whole is of interest. For FTIR, in the mid-frequency region, the
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absorption from water is much higher compared to the terahertz region and often results in

a noisy background that adds difficulty to measurements and data processing. From this

aspect, the advent of terahertz spectroscopy offers a new way of combining vibrational and

dielectric spectroscopy.

A number of studies applied the combination of terahertz spectroscopy and molecular

dynamics (MD) simulations to investigate the dielectric relaxation processes of liquid water,

as well as other liquid systems and mixtures. Ronne and coworkers studied the temperature

dependence of dielectric relaxation in liquid water with terahertz reflection spectroscopy

and MD, and Venables and Schmuttenmaer studied binary mixtures of water with acetone,

acetonitrile, and methanol.105;106 Yada et al. applied terahertz time-domain attenuated total

reflection spectroscopy and decomposed the dielectric constants of water and heavy water

into four components: slow relaxation, fast relaxation, intermolecular stretching vibration,

and intermolecular libration.107 Followed by their work in 2009 the same group studied the

intermolecular stretching vibration mode in water isotopes (H2O, D2O, and H18
2 O) with

broadband THz-TDS from 0.2THz to 7THz. The results indicate that H2O is the most

structurally disordered.108 Tielrooij and co-workers controlled the number of water molecules

per lipid molecule in the model membrane, and revealed different water dynamics.109 Also, via

various temperature measurements, they determined three different types of water molecules

in the system. In addition, Tielrooij et al. investigated the hydrophobic hydration shell of

tetramethylurea.110 By studying mixtures at various concentrations and temperatures, the

results clearly showed that the reorientation dynamics of water molecules were slower in

the hydration shell, but the effect was short-ranged to 8-12 water molecules. Additionally,

the number of water molecules in the hydrophobic hydration shell decreased with increasing

temperature.

Alcohol-water mixtures have been well-studied with THz-TDS and pulsed field gradient

nuclear magnetic resonance (NMR).89 From the results of methanol/water, ethanol/water, 1-

propanol water, and 2-propanol/water mixtures, three key concentrations were identified for

the alcohol-water mixtures (from low to high): (a) Above this concentration, the interaction

between water and -OH in alcohol becomes dominant, while below the value the hydration
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shells around the alcohols are the main effect; (b) At a higher concentration, the highest

level of hydrogen bonding network forms, which is also the point where the system reaches

the minimum diffusivity; (c) Above the third concentration, water and alcohol molecules

become independent. Following this study, Tan et al. extended the method to a wider range

of mixtures: diol-alcohol, diol-water, aprotic solvent-water, and acetone-chloroform.111 The

concept of characterising mixtures of solutions can be applied to many other systems, such

as carbohydrates, peptides, proteins, and salt solutions, to investigate the influence of solutes

on the water networks, hydration shells, and solvation dynamics.112–115

1.2.5 Terahertz Spectroscopy of Crystals

Usually, crystallographic methods, such as X-ray diffraction (XRD), are used to detect the ar-

rangement of atoms in crystalline solids. However those techniques, providing a time-averaged

structure by their very nature, exclude vibrational motions in molecules that have been

proven of great importance of many physical properties of crystals.37;116;117 Low-frequency

vibrational spectroscopy is a very attractive method to complement the structural investiga-

tions, and terahertz spectroscopy is a relatively recent technique that is now readily available

along with Raman spectroscopy to investigate the vibrational dynamics.

Amorphous solids and liquids, discussed in the last section, are strongly disordered which

results in featureless spectra at terahertz frequencies and lack of any distinctive bands. In

contrast, crystals are periodic and well-organised in the long range, so well-defined peaks can

be detected in the terahertz absorption spectra. The direct comparison between the amor-

phous lactose and crystalline α-lactose monohydrate is shown as an example in Figure 1.12.

As it is very sensitive to the intermolecular interactions, THz-TDS is useful to identify and

distinguish crystalline systems. For example, one early application of THz-TDS is to identify

materials for security checks, as many of explosives and illicit drugs have fingerprint features

falling into the terahertz region.33;118

Since THz-TDS is very sensitive to the intermolecular interactions of molecular systems,

particularly hydrogen bonds in organic materials, it is found to be effective to investigate
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the polymorphs in pharmaceuticals. Polymorphism refers to the crystallographic studies

of crystalline materials composed of the same molecules while packed in different ways. As

polymorphs are chemically identical, mid-IR and conventional Raman spectroscopy at higher

frequencies rely on detecting subtle differences in the interaction between (intermolecular)

functional groups, while their terahertz spectra are distinct for each polymorphic form. Even

though the structural differences between polymorphs can be subtle, their performance can

be different in applications, such as solubility and mechanical stability.119;120 For example, the

well-known drug paracetamol has three polymorphs reported. Other than the unstable form

III, the mechanical properties of form I and form II influence the strength of the compacted

tablets in manufacturing.120

Walther et al. applied THz-TDS to distinguish the three isomers of retinal, and man-

aged to assign the feature at 54 cm−1 to an intramolecular vibration of the carbon ring, a

pioneering early work on the assignment of terahertz spectra.121 Further studies of conform-

ers of saccharides in both crystalline and amorphous forms observed that the absorption

increased with frequency in the amorphous state, which resulted from the lack of long-range

order. It was also concluded that the spectral features in the crystalline phase were due to

intermolecular vibrations.122

Taday et al. first applied terahertz pulsed spectroscopy (TPS, now referred to as THz-

TDS) to distinguish the two polymorphs of ranitidine hydrochloride.123 It demonstrated the

ability of THz-TDS to differentiate the two forms not only in the form of pure samples, but

also when formulated as commercial tablets. Furthermore, Taday demonstrated a method

of quantifying crystallinity by applying THz-TDS spectra with a parial-least-squares (PLS)

calibration model, using aspirin and paracetamol in lactose as examples.124 This area was

continued by the study of Strachan et al. on carbamazepine, enalapril maleate, indomethacin,

and fenoprofen.125 Distinct modes were observed in the different crystalline samples, while

these features were absent in the spectra of amorphous and liquid samples, supporting the

results of Walther’s earlier work.122 The results strengthened the hypothesis that terahertz

spectroscopy can easily differentiate different crystalline polymorphs, and also distinguish

crystalline forms from amorphous and liquid forms. The four compounds have also been ap-

25



plied as model systems to illustrate the method of quantifying polymorphism and crystallinity

using THz-TDS and the PLS algorithm. In addition, early studies showed that the hydrate

and anhydrate forms of lactose, carbamazepine, piroxicam, theophylline, and D-glucose also

exhibit distinct features in the terahertz spectra, and the last two were also used as examples

to investigate the dehydration process using terahertz spectroscopy.30;126

Furthermore, THz-TDS was demonstrated to be able to distinguish between different hy-

drates of metal sulphates, such as CuSO4·xH2O and FeSO4·xH2O. By combining the exper-

imental spectra with solid-state simulations, the distinct vibrations can be identified.127;128

Similar studies have been performed on alkali halides. Recently, Chen et al. systemati-

cally studied 20 alkali halides and their solid hydrates formed from their frozen aqueous

solutions.129 By comparing the terahertz spectra of sample pellets and frozen solution, new

spectral features were identified, which were attributed to the crystallised salts in ice. It was

also reported that the cooling rate did influence the formation process but did not change

the form obtained, and also a threshold of 1.0mol l−1 of NaCl solution was determined, above

which THz-TDS can probe the crystallised hydrates in the frozen solution.

By applying temperature-variable terahertz measurements, it is possible to investigate

the phase transition between polymorphs, and to determine the transition temperature and

kinetics. Zeitler et al. had the first attempt to study the solid-solid transformation of carba-

mazepine form III to I in 2005, and following that Upadhya et al. reported the phase tran-

sitions between two anhydrous and monohydrate forms of theophylline.130;131 Subsequently,

the five existing polymorphs of sulfathiazole were investigated in 2006, and their terahertz

spectra were found to be clearly distinguishable (Figure 1.13). The study also suggested poly-

morphic impurities in the sample based on the analysis of the terahertz spectra.29 Further

studies of carbamazepine extended the polymorphic phase transitions to include the glass

transformation as well. Following the work, McIntosh studied crystallisation of amorphous

lactose to the monohydrate form, and the sample was kept at 295K and high humidity. The

terahertz spectra were nicely fitted with a Lorentzian function for the spectral peak and a

power law for the baseline, and the crystallisation was found to follow the Avrami kinetics.99

Sibik et al. used THz-TDS to fully characterise the solid and liquid phase transitions of parac-
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etamol while heating up, from the supercooled amorphous phase, crystallising to form III,

transforming to form II, then to form I, until melting at 455K. The kinetics were determined

with similar methods as by McIntosh et al.26 Pallipurath and co-workers studied solid-solid

phase transformations between the four polymorphs of diflunisal using variable temperature

terahertz transmission measurements, as well as Raman spectroscopy, differential scanning

calorimetry (DSC), and X-ray powder diffraction (XRPD).31

Other than processes with a sharp transition point, Ruggiero et al. reported a contin-

uous phase transition process of N-methyl-4-carboxypyridinium chloride (Me4CP·Cl), which

was demonstrated as a model to study concomitant polymorphism using THz-TDS. The au-

thors also quantified the population of each form with both experimental and computational

methods.132 The combination of THz-TDS, Raman, and ab initio computational methods

also challenged the historic belief that the γ form indomethacin is the stable form at ambient

conditions, while results showed that the “meta-stable” α form is actually thermodynamically

more stable.133 A recent study of camphor applied the combined methods and characterised

low-frequency vibrations of disordered materials at an atomic level for the first time. The

phase transition points between the ordered structure at low temperature and a disordered

structure at high temperature were also predicted at various temperatures and pressures,

as well as the key modes at 0.57THz and 1.91THz that correspond to the phase-transition

pathway.134

Even though crystals are by their very nature well-organised and periodic systems, actual

crystals are rarely free from defects and disorder can be present. This disorder affects their

physiochemical properties and the thermodynamic and kinetic barriers for phase transitions

between its polymorphic forms. Terahertz spectroscopy can be used to probe subtle disorder

in materials. For example in benzoic acid, there are two possible hydrogen bond configu-

rations between the carboxylic acid groups of the dimers in the crystal structure that can

introduce disorder, and it was found to have a big effect on the vibrational spectra, par-

ticularly on certain inter-molecular motions.135 Delaney et al. investigated two polymorphs

of irbesartan (Form A and Form B), which exhibited distinct spectral features at terahertz

frequencies, while conformational disorder was also spotted within the n-butyl hydrocarbon
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Figure 1.13. Terahertz spectra of five polymorphs of sulfathiazole (100 cm−1 = 3THz). Adapted from
Zeitler et al.29
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chain in Form B. Combined with solid-state DFT simulations, the disorder was determined

to originate from a competition between internal conformational strain and external cohe-

sive binding.136 For succinonitrile, orientational disorder was observed in the plastic crystal

phase, which arises from the rotation of its central carbon-carbon bond.137 This motion is

frozen out when cooling and that also results in the phase transition to a rigid crystal. The

homochiral and racemic plastic-crystal camphor undergoes a different phase transition upon

cooling, as the former forms an ordered crystal while the latter transforms to a glassy state.

This phenomenon was assigned to the orientational disorder of the molecules. The broad

feature is consistent in the terahertz spectra of the plastic and glassy phases, which was

correlated to rotation/libration of the molecules with a relaxation time of 0.2 ps to 0.3 ps.138

Simvastatin is an example where three polymorphs are due to the disorder in the ester tail.

A recent study investigated the occupational disorder at two ortho sites on one phenyl ring

of diflunisal, occupied by hydrogen and fluorine. Combining THz-TDS with computational

methods, the authors proposed that four possible configurations of the dimer are in an ar-

rangement showing a short-range correlation, which is represented by fingerprint peaks in

the frequency region of 1.5THz to 5THz.139

Two studies have been published thus far utilising THz-TDS to investigate the crystalli-

sation process from aqueous solution. May and Taday employed terahertz spectroscopy in

attenuated total reflectance configuration and monitored the crystallisation of sucrose in con-

fectionary products.140 The results clearly showed the transition from sugar solution to a solid

glassy and then into the crystalline state. Soltani et al. refined this method and successfully

proved the existence of intermediate hydrate states in the crystallisation of L-(+)-tartaric

acid during the evaporation of water from aqueous solutions of tartaric acid solutions.141 Ter-

ahertz spectra were acquired over a period of 60 h while water evaporated and three stages

of crystallisation were discernible. At the beginning, the spectra of the solution phase were

featureless. During the nucleation stage, the absorption decreased as a result of the reduction

in water concentration due to evaporation. In some experiments a discontinuous increase in

absorption was observed which was attributed to water being released when the hydrated

states transformed to the final crystals. A feature was spotted at approximately 750GHz
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that was hypothesised to result from the vibration of water molecules surrounding the frag-

ments of solvent molecules. The final observed stage was the crystalline phase displaying a

dominant absorption feature at 1.1THz. These three stages were assumed to be happening

inhomogeneously throughout the probed volume.

Beyond the characterisation of crystalline and amorphous systems comprising of a single

component, there has also been increasing interest of characterising co-crystalline and co-

amorphous materials with THz-TDS. Particularly in pharmaceuticals, both strategies offer

potential routes to design new drug combinations or formulations to achieve better bioavail-

ability and stability, as well as the potential to combine pharmacological effects. As co-

crystals are highly dependent on the non-covalent bonding between the co-crystal formers,

and THz-TDS is highly sensitive to probe weak interactions in molecular materials compared

to more established solid-state analytical tools, it is not surprising that the technique has

been applied to understand the fundamental properties of co-crystals.

The formation of a co-crystal by grinding phenazine and mesaconic acid together was

monitored with THz-TDS. As the two formers do not exhibit distinct features in the ter-

ahertz spectra, while the co-crystal does, the intensity of the feature at 1.2THz was used

to identify the formation of the co-crystal.142 Following this study, Parrott et al. compared

two pairs of co-crystals in 2009 to test the sensitivity of terahertz spectroscopy.143 One pair

were composed of theophylline with chiral and racemic forms of malic acid, and the other

one were formed from theophylline and the two forms of tartaric acid. The results proved

that THz-TDS can distinguish between chiral and racemic co-crystals with similar molecular

and supramolecular structures. The study also attempted to use computational methods for

feature assignment, while the analysis was limited by the non-ideal agreement between the

simulated and experimental spectra. However, a later study of Delaney and Korter success-

fully reproduced the experimental terahertz spectrum of the flufenamic acid/nicotinamide

co-crystal via solid-state simulations, as well as energetic information that is of great impor-

tance to the formation of the co-crystal.144 Recently, Davis et al. reported a study on the

polymorphs of the co-crystal enalapril maleate (EM-I and EM-II), which are large and flexi-

ble systems.145 Given the good agreement between the terahertz and computational spectra,
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the heterodimer energies, solid cohesion energies, and Gibbs free energies were determined

quantitatively from the simulations, which are important information for the further un-

derstanding of polymorphs and co-crystals formation mechanisms, as well as their relative

stabilities.

While amorphous drugs are expected to help overcome the formulation challenges of low

solubility, they tend to be physically unstable and co-amorphous drugs have the potential

of better stability and bioavailability compared to single amorphous drugs. Based on the

previous studies of using terahertz spectroscopy to study amorphous systems, it has also

been found useful to characterise co-amorphous materials, along with other solid-state char-

acterisation methods.146;147

Other than the classical small molecular systems, THz-TDS is also useful to investi-

gate more complicated and emerging materials, such as metal-organic frameworks (MOFs).

MOFs, as a class of newly developed hybrid materials, are versatile in structures due to the

countless combination of metals and organic linkers. MOFs also have unique properties and

large surface area that are suitable for many applications, while realising these technologies

require the fundamental understanding of MOFs, including their physical properties, struc-

tural stability and thermo-mechanical behaviours. Zeolitic imidazolate frameworks (ZIFs), as

a subclass of MOFs, are relatively stable in their thermal and chemical properties compared

to other MOF structures. They have been widely studied for potential applications in energy

storage and chemical separations, and the performance of these materials for the applica-

tions is thought to be closely related to their lattice dynamics. Ryder et al. presented the

low-frequency vibrations of ZIF-4, ZIF-7, and ZIF-8 using inelastic neutron scattering (INS)

and IR spectroscopy combined with computational methods.116 Interesting motions, such as

pore breathing, gate-opening and shearing, were proposed to fall in the terahertz frequency

range, but when such dynamics were probed with INS the lack of sufficient spectral resolution

limited the analysis. Later, Tan et al. applied THz-TDS to acquire well-resolved spectra of

ZIF-8 and ZIF-90, and the results were further compared with computed spectra via ab initio

simulations.117 Subsequent XRPD experiments and temperature resolved terahertz transmis-

sion measurements suggested water adsorption in ZIF-90 under ambient conditions. Tanno
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et al. also observed gas adsorption onto ZIF-8 using terahertz spectroscopy, by monitoring

the intensity of the feature at 2THz.148 The dynamics of the methyl group in the pores of

ZIF-8 and ZIF-67 were closely investigated, as it is believed to be important for the adsorp-

tion process.10 The mechanochemical response of ZIF-8 at various pressures was reported to

be connected with gate-opening motions of the imidazolate linkers, which can then be linked

to the change of pressure- and temperature-dependent terahertz spectra.149 THz-TDS has

also been applied to MOFs beyond the ZIFs family. For example, Schröck et al. charac-

terised the absorbed interfacial water in MOF-5 with THz-TDS and MD simulations.150 A

coupling of the intermolecular interactions of the absorbed water molecules to the collective

motions of the framework was observed at 4wt% hydration, and MOF-5 decomposed when

the water content reached 8wt%. The very first studies have also started to apply terahertz

spectroscopy to investigate the conductivity of MOFs.151 In addition, the technique has also

been applied to many other emerging materials, including perovskite solar absorbers, metal

oxide photoelectrodes, and 2D materials.152

Many of the studies mentioned above applied computational methods along with terahertz

spectroscopy to fully characterise the solid-state material of interest. Due to the complex-

ities of the phonon modes at terahertz frequencies, it is much more challenging to assign

the experimentally measured peaks to specific vibrational motions compared to the motion

of characteristic functional groups that can be observed in the mid-infrared by FTIR spec-

troscopy for example. Therefore, the application of highly accurate computational techniques

that have been developed for periodic solid structures are necessary for the interpretation of

the experimental low-frequency spectra.

The spectra are calculated based on the crystal structure as determined by crystallogra-

phy methods and the resultant spectra can then be compared to the experimental terahertz

or low-frequency Raman spectroscopy results. A good agreement between the experimental

spectra and the computational output serves to validate the simulation and further analysis

of the simulation results can be performed quite confidently. Recently, it has been shown

that by combining computational methods with low-frequency vibrational spectroscopy it is

possible to go beyond feature assignment and that this approach can facilitate fundamen-
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tal understanding of non-covalent interactions. It has been shown to be a powerful method

with potential for a wide range of research, such as polymorphism in pharmaceuticals and

the properties of well-known as well as emerging materials. Many computational methods

have been developed to simulate molecular systems, such as density functional theory (DFT),

molecular dynamics (MD), and Monte Carlo simulations.153;154 A number of popular software

packages have been developed, namely CASTEP, VASP, Gaussian, CP2K, and CRYSTAL17

amongst others that readily perform the task provided sufficient computational resource is

available.155–159 This thesis mainly applies the DFT method as implemented by the CRYS-

TAL17 software package that will be discussed in detail in the following section and Chapter

3.

1.3 Density Functional Theory

1.3.1 Quantum Mechanics and Electronic Structures

At the beginning of the 20th century, it became apparent that some experimentally observed

phenomena could no longer be explained by classical physics, such as atomic spectra, the

stability of atoms, radioactivity, blackbody radiation, and the photo electric effect.160 This

highlighted that the existing theory of mechanics was not adequate to understand the phys-

ical phenomena that could be measured. In 1923 Louis de Broglie postulated that not just

light but that electrons and potentially all matter exhibit wave properties.161 The De Broglie

relation represents the relation of wavelength λ and the momentum p, λ = h
p
, where h is

the Planck constant. The following year, Werner Heisenberg established a matrix formula-

tion of quantum mechanics, and in 1927 he established the famous Heisenberg uncertainty

principle.162 In 1926, Erwin Schrödinger derived the equation that now bears his name that

offers a wave-based explanation of the quantum behaviour.163 This equation is at the heart of

quantum chemistry and is used to describe the electronic structure and molecular dynamics,

as well as for the quantum Monte Carlo method.

In order to solve electronic problems in chemistry, quantum chemists are aiming to find
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approximate solutions of the time-independent Schrödinger equation.

Ĥψ = Eψ (1.19)

where Ĥ is the Hamilton operator, and ψ is the wavefunction. An operator, in general,

transforms one wavefunction into another.

In a molecular system, the Hamiltonian Ĥ includes the kinetic energy of the electrons (T̂e)

and the nuclei (T̂N), the Coulomb attraction between nuclei and electrons (Ẑ), and the repul-

sion between electrons (Û) and between nuclei (N̂) energies.164

Ĥ = T̂e + T̂N + Ẑ + Û + N̂ (1.20)

By expanding each energy term, the Ĥ operator can be expressed as:

Ĥ =
N#

i

− !
2mi

∇i
2+

M#

I

− !
2mI

∇I
2+ξ

$
N#

i,I

ZI

|ri −RI |
+

1

2
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i

N#

j ∕=i
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|ri − rj|
+

M#

I

M#

J ∕=I

ZIZJ

|RI −RJ |

%

(1.21)

ξ =
e2

4πε0
(1.22)

where ! is the Planck constant, mi and mI are the mass of electrons and nucleus, r and

R are the radii of electrons and nucleus, and Z is the positive charge of the nucleus. The

following subsections will cover how the equation is solved approximately.

The Born-Oppenheimer Approximation

The Born-Oppenheimer approximation divides the electronic problem into two parts: the

electronic and the nuclear Schrödinger equation.165;166 Since the nuclei are much heavier

than the electrons, they move relatively much more slowly. The kinetic energy of the nuclei

can be neglected, and the repulsion between the nuclei can be treated as a constant. After
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this approximation, the sum of the rest terms is the electronic Hamiltonian Ĥelec:

Ĥelec = −
N#

i=1

1

2
∇2

i −
N#

i=1

M#

A=1

ZA

riA
+

N#

i=1

N#

j>i

1

rij
(1.23)

Therefore, the electronic Schrödinger equation is:

Ĥelecψelec = Eelecψelec (1.24)

and ϕelec is the electronic wavefunction. ϕelec = ϕelec(ri;RA) means that the electronic

wavefunction not only depends on the electronic coordinates, but also it varies with the

coordinates differently when the nuclear coordinates change. The total energy for stagnant

nuclei is the electronic energy plus the repulsion between nuclei:

Etot = Eelec +
M#

A=1

M#

B>A

ZAZB

RAB

(1.25)

Variational Principle

The variational principle states that the expectation value of the Hamiltonian is the ground-

state energy and also the lowest energy that can be found.167;168

EGS ≤
&
Ψ|Ĥ|Ψ

'
(1.26)

where EGS is the ground-state energy, and Ψ is the normalised wavefunction. If Ψ =
(

n CnΨn (n is the number of particles, and Cn is the corresponding coefficient of the wave-

function), then

〈Ψ|H|Ψ〉 =
#

n

|Cn|2 〈Ψn|H|Ψn〉 =
#

n

|Cn|2En ≥ E0

#

n

|Cn|2 = E0 (1.27)

The equal sign is only valid for the ground state. This is an important principle that is

applied to the Hartree-Fock approximation and density functional theory.
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Slater Determinants

The electronic Hamiltonian in Eqn. 1.23 is only related to the spatial coordinates, but to fully

describe the state of an electron, the spin status must be specified. Thus, two spin functions

α(ω) and α(β) are introduced to the theory representing spin up and down, respectively. The

electrons should be described in four coordinates (x): three spatial coordinates and one spin

coordinate, so the wavefunction of a system with N electrons is χ(x1,x1, ...,xN). Because

the Hamiltonian operator does not reflect the effect of spin, an additional requirement of the

wavefunction theory is needed. The antisymmetry principle states that “A many-electron

wavefunction must be antisymmetric with respect to the interchange of the coordinate x of

any two electrons.” 162 The formulation is:

χ(x1, ...,xi, ...,xj...,xN) = −χ(x1, ...,xj, ...,xi...,xN) (1.28)

To be more specific, as illustrated in the Pauli exclusion principle, “Two or more identical

fermions cannot occupy the same quantum state within a quantum system simultaneously.” 169

Therefore, a satisfied wavefunction must satisfy the Schrödinger equation while being anti-

symmetric. For a single electron, the spatial orbital (ψi(r)) only describes the spatial distri-

bution of the electron, while the spin orbital χ(x) also describes its spin

χ(x) =

)
*+

*,

ψ(r)α(ω)

ψ(r)α(β)

For a system with N -electrons, the interactions between the electrons make things much

more complicated, so the electron-electron interactions are neglected as a start. Then, the

Hamiltonian for the whole system is

Ĥ =
N#

i=1

h(i) (1.29)

where h(i) is the kinetic energy and the potential energy of a single electron i. The

36



wavefunction is the product of the spin orbital wavefunctions of each electron.

χHP(x1,x2, ...,xN) = χi(x1)χi(x2)...χi(xN) (1.30)

where χHP is termed as a Hartree product, and the electrons are described by their own

orbitals exclusively. The main discrepancies of the Hartree product are the distinguishability

between electrons and the disatisfaction of the antisymmetry principle. Both can be resolved

by the Slater determinant.166;168

If we consider a system with two electrons with electron 1 in χi and electron 2 in χj, the

Hartree product is

χHP
12 (x1,x2) = χi(x1)χj(x2) (1.31)

Alternatively, if one is in χj and two is in χi, then

χHP
21 (x1,x2) = χi(x2)χj(x1) (1.32)

The Slater determinant solves the two problems via introducing a linear combination of the

two Hartree products. The wavefunction can thus be represented as:

χ(x1,x2) = 2−
1
2

------

χi(x1) χj(x1)

χi(x2) χj(x2)

------
(1.33)

In Eqn. 1.33, the two electrons are indistinguishable, and the sign of the wavefunction

will change if the coordinates are interchanged. In addition, the determinant becomes zero if

the two columns are equal, which means two electrons cannot be at the exact same quantum

state. For an N -electron system, the Slater equation is

χ(x1,x2, ...,xN) =
1√
N !

------------

χ1(x1) χ2(x1) ... χn(x1)

χ1(x2) χ2(x2) ... χn(x2)

... ... ... ...

χ1(xn) χ2(xn) ... χn(xn)

------------

(1.34)
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Hartree-Fock Approximation

In the late 1920s, Hartree and Fock were the first trying to tackle the many-body system,

and their method was to alternate the complex many-electron problem into a one-electron

problem, also referred to as the Hartree-Fock approximation.166;170–173 This was achieved by

treating the electron-electron repulsion with an average potential. The simplest wavefunction

available that can describe an N -electron system at ground state is the Slater determinant.

All other states are referred to as excited. Therefore, Eqn. 1.34 can also be written as

|χ0 >= |χ1χ2...χN > (1.35)

The choice of the spin orbitals is flexible, while according to the variational principle, the

best choice should result in the lowest energy E0.

E0 =
&
χ0|Ĥ|χ0

'
(1.36)

For two electrons, Eqn. 1.36 can be extended as

ĥ(1)χa(1) +
#

b ∕=a

.!
dx2|χb(2)|2r−1

12

/
χa(1)−

#

b ∕=a

.!
dx2χ

∗
b(2)χa(2)r

−1
12

/
χb(1) = εaχa(1)

(1.37)

where ĥ(1) = −1
2
∇2

1 −
(

A
ZA

r1A
includes the kinetic energy and the attractive energy between

the chosen electron 1 to the nuclei. The first term involving electron 2 is the Coulomb

interactions represented by the Hartree product, while the second term is the exchange

term arising from the antisymmetric effect. The spin orbitals χa and χb can vary until the

electronic energy reaches the minimum, and the two orbitals are chosen orthonormal to each

other, 〈χa|χb〉 = δab. The Coulomb operator and the exchange operator for electron 1 are

defined by Jb(1) and Hb(2), respectively.

Jb(1) =

!
dx2 |χb(2)|2 r−1

12 (1.38)
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Hb(1) =

!
dx2χ

∗
b(2)r

−1
12 χa(2) (1.39)

where r−1
12 is the average interaction of electron 1 and 2. Therefore, Eqn. 1.37 can be rewritten

as 0
h(1) +

#

b ∕=a

Jb(1)−
#

b ∕=a

Hb(1)

1
χa(1) = εaχa(1) (1.40)

Removing the summation, the Fock operator is equal to

f(1) = h(1) +
#

b

Jb(1)−Hb(1) (1.41)

where h(1) is the core-Hamiltonian operator, and the other parts compose the Hartree-Fock

potential υHF(1).

υHF(1) =
#

b

Jb(1)−Hb(1) (1.42)

Then, the Hartree-Fock equation becomes

f(i)χ(xi) = εχ(xi) (1.43)

or without the consideration of spin

f(i)ψ(ri) = εψ(ri) (1.44)

where f(i)1 is the effective one-electron operator, and the υHF(i) is the average potential

that one electron experiences when other electrons exist. As υHF(i), the average potential

experienced by the ith electron, depends on the spin orbitals of the other electrons, Eqn. 1.43

must be solved iteratively. This procedure is the self-consistent-field (SCF) method that

starts with an initial guess and calculates the average field to solve Eqn. 1.43 for a new set

of spin orbitals. It then repeats the calculation with the new set of spin orbitals until the

self-consistency is reached.

For a set of known basis functions ϕµ(µ = 1, 2,...,K), the molecular orbitals can be

1f(i) = − 1
2∇

2
i −

!M
A=1

ZA

riA
+ υHF(i)
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expanded as a linear expansion

ψi =
K#

µ=1

Cµiϕµ, i = 1, 2, ..., K (1.45)

Since the set can only perfectly describe the molecular orbitals when it is complete, the

choice of basis functions offers a reasonable description due to the restriction of computa-

tional resources. Plugging Eqn. 1.45 into Eqn. 1.44 and using υ to illustrate every possible

combination:

f(1)
#

υ

Cυiϕυ(1) = εi
#

υ

Cυiϕυ(1) (1.46)

Multiplying ϕ∗
µ on both sides and integrating over r1, the equations turns into a matrix

equation
#

υ

Cυi

!
dr1ϕ

∗
µ(1)f(1)ϕυ(1) = εi

#

υ

Cυi

!
dr1ϕ

∗
µ(1)ϕυ(1) (1.47)

where Sµυ =
2
dr1ϕ

∗
µ(1)ϕυ(1) is the overlap matrix, and Fµυ =

2
dr1ϕ

∗
µ(1)f(1)ϕυ(1) is the

Fock matrix. The Hartree Fock equation can now be rewritten in an integrated form, called

the Roothaan’s equation
#

υ

FµυCυi = εi
#

υ

SµυCυi (1.48)

or for the simplest FC=SCε, where C is a K × K coefficients matrix, and ε is diagonal

matrix with the value of orbital energies.

1.3.2 Density Functional Theory

The Hartree-Fock theory was a breakthrough, and provided a way to handle the many-

body problem. There are still some limitations: First, for a N -electron system, the full

wavefunction is a 3N -dimensional function (and could be even larger if spin is considered);

Second, the HF theory treated electrons individually without interactions with others, which

was obviously not ideal. An alternative choice is to use the density of electrons at a certain

position n(r). This led to the development of density functional theory (DFT). For an N-
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electron system, the density is

n(r) = N

!
ψ∗(r, r2, ..., rN)ψ(r, r2, ..., rN)drdr2...drN (1.49)

where ψ∗ is the complex conjugate of ψ. One attractive aspect of using the electron density is

that it is a function of only three coordinates, while for the full wavefunction the dimension is

3N coordinates, increasing with the number of electrons. The idea of DFT was first proposed

by Thomas and Fermi in 1927.174;175 They treated the system of electrons as non-interacting

electrons in a homogeneous gas, therefore the density was equal to the local density at a

given point. Dirac in 1930 extended the theory and was the first one who introduced a local

approximation of exchange.176 This exchange correlation is still the key topic of the DFT

today. The full energy equation of the Thomas-Fermi-Dirac approximation is

ETF[n] = C1

!
d3rn(r)(

5
3
) +

!
d3rVext(r)n(r) + C2

!
d3rn(r)

4
3 +

1

2

!
d3rd3r′

n(r)n(r′)

|r − r′|
(1.50)

where Vext(r) is an external potential, and for electrons in materials, it is the Coulomb

potential due to the existence of nuclei.2 The first term is the local kinetic energy, the third

term is the local exchange between electrons, and the last term is the electrostatic Hartree

energy. The ground state density, n0(r), is the solution that gives the lowest energy in

Eqn. 1.50, and also the answer is constrained by

!
d3rn(r) = N (1.51)

where N is the total number of electrons. While the local approximation in the Thomas-

Fermi-Dirac theory is too crude, it is not meaningful in physics and chemistry.177

2C1 = 3
10 (3π

2)
2
3 ; C2 = − 3

4 (
3
π )

1
3
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Figure 1.14. Schematic presentation of Hohenberg-Kohn theorem.164

Hohenberg-Kohn Theorem

A big step towards the modern density functional theory was made P. Hohenberg and W.

Kohn in 1964 (as shown in Figure 1.14).178 The famous paper illustrated two important

theorems:

1. The ground state energy from the Schrödinger equation is a unique functional of the

electron density.

2. The electron density that minimises the energy of the overall functional is the true

electron density corresponding to the full solution of the Schrödinger equation.

The importance of the two theorems is in the aspects that the ground state energy determines

all the properties of the system at the state, and also that if we know the “true” functional, we

can vary the electron density until the energy is minimised. Based on the Hohenberg-Kohn

theory, the Hamiltonian of a system of electrons and fixed nuclei can be written as:

Ĥ = − h2

2me

#

i

∇2
i +

#

i

Vext(ri) +
1

2

#

i ∕=j

e2

|ri − rj|
(1.52)

Kohn-Sham Theory

The Kohn-Sham theory (KS) replaces the many-body problem with a chosen non-interacting

independent particle system that is relatively easier to solve.179 In general, the energy of a

system can be simply divided into two parts: Eknown covers all the known terms and EXC is
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the exchange-correlation functional which includes everything else.

E[{ψi}] = Eknown[{ψi}] + EXC[{ψi}] (1.53)

Eknown[{ψi}] =
h2

m

#

i

!
ψ∗
i∇2ψid

3r +

!
V (r)n(r)d3r +

e2

2

! !
n(r)n(r′)

|r − r′| d3rd3r′ + Eion

(1.54)

From the left to the right side, the terms are the kinetic energies of the electrons, the Coulomb

interactions between the electrons and the nuclei, the Coulomb interactions between the

electrons, and the Coulomb interactions between the nuclei. The above theory proposed the

idea of finding an electronic density to minimise the energy, but did not show a practical way.

Kohn and Sham solved this problem. What they suggested was to solve a set of equations,

one for each electron, instead of solving a full Schrödinger equation for the whole system.

The form of the Kohn-Sham equation is

.
h2

2m
∇2 + V (r) + VH(r) + VXC(r)

/
ψr(r) = εiψi(r) (1.55)

This simplifies Eqn. 1.21 by removing the summation over the terms. What we are looking

for now in Eqn. 1.55 is the wavefunction of a single electron ψi(r). The three potentials on

the left side are: V (r) that corresponds to the known term of the interactions between the

electrons and the nuclei; VH(r) that is a Hartree potential including the Coulomb interactions

between electrons and also a single electron to itself; VXC that covers the exchange and cor-

relation contributions, which is defined as a functional derivative of the exchange-correlation

energy (EXC), whereas the EXC can be estimated as a functional of the density around point

r.

VH(r) = e2
!

n(r′)

|r − r′|d
3r′ (1.56)

VXC(r) =
δEXC(r)

δn(r)
(1.57)

The Kohn-Sham equation offered a way to find the “true” electron density that can

minimise the energy, while introducing a practical iterative solving procedure. Even though
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Figure 1.15. Schematic presentation of solving the Kohn-Sham equation.164

we have to define all the terms in Eqn. 1.55 reasonably to solve the equation following the

scheme as shown in Figure 1.15. However, this is not the case for VXC. Based on the Kohn-

Sham theory, various density functionals were developed to accurately describe the EXC[{ψi}].

Density Functionals

Similar to a function taking variables, a functional takes a function and defines a single value

from the function. The functionals that are used in the DFT are developed to exactly describe

the exchange-correlation interaction, while due to the complexity of the electron density

within materials, such as chemical bonds, it is hard to find something that is practically useful

for the Kohn-Sham equation. Based on different approximations, a hierarchy of functionals

were constructed, including the local density approximation (LDA), the generalised gradient

approximation (GGA), Meta-GGA, Hyper-GGA and so on (Figure 1.16).168

Local Density Approximation The functional of the uniform electron gas can be derived,

as the electron gas density is a constant at any point, n(r)=constant. The local density

approximation (LDA) sets exchange-correlation potential as the known exchange-correlation
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potential at that point of the uniform electron gas. It is named after the fact that it only

uses the local density to define the approximate functional.

VXC(r) = V electron gas
XC [n(r)] (1.58)

Generalised Gradient Approximation Functionals Extended from LDA, GGA de-

scribes the exchange-correlation contribution including the local electron density and the

local gradient in the electron density. The Perdew-Wang functional (PW91) and the Perdew-

Burke-Ernzerhof functional (PBE) are the two widely used functionals at GGA level in DFT

calculations.180;181

V GGA
XC (r) = VXC[n(r),∇n(r)] (1.59)

Meta-Generalised Gradient Approximation Functionals Including the information

of n(r), ∇n(r), and ∇2n(r). Practically, the kinetic energy density τ(r) may be used instead

of ∇2n(r). Examples of meta-GGA functionals are Tao-Perdew-Staroverov-Scuseria (TPSS)

and M06-2X.182;183

τ(r) =
1

2

#

occupied states

|∇ψi(r)|2 (1.60)

Hyper-Generalised Gradient Approximation Functionals At this level, the function-

als include the contribution of both GGA and the exact exchange energy, called hyper-GGAs.

Eexchange(r) =
1

2n(r)

!
d3r′

|
(

occupied states ψ
∗
i (r

′)ψi(r)|2

|r − r′| (1.61)

The most widely used hyper-GGA functional is the B3LYP density functional while the

acronym refers to the developers and the mathematical method applied.

V B3LYP
XC = V LDA

XC + α1(E
exchange − V LDA

X ) + α2(V
GGA
X − V LDA

X ) + α3(V
GGA
c − V LDA

c ) (1.62)

where V GGA
X is the Becke 88 exchange functional, V GGA

c is the Lee-Yang-Parr correlation

functional, and α1, α2, and α3 are coefficients.184–186
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Figure 1.16. The “Jacob’s ladder” of DFT functionals.187

Additional Functionals Any functionals that incorporate exact exchange are called hy-

brid functionals. Therefore, the hyper-GGA functionals are also hybrid functionals. Hybrid-

meta-GGA functionals combine the exact exchange with meta-GGA functionals.

London Dispersion Corrections

The long-range correlation between electrons is missing in classic DFT simulations, among

which the weak London interactions that are very important to many phenomena in molecular

materials in particular in the solid state, such as crystal structures. Considering the dispersion

energy in DFT,

EDFT-D = EDFT + EDisp (1.63)

the dispersion energy is corrected by a pairwise method

EDisp = −
#

AB

#

n=6,8,10

(
CAB

n

Rn
AB

) (1.64)
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while for D3 correction,188;189 an extra damping term is added

EDFT-D = EDFT − S
#

i ∕=j

Cij

r6ij
fdamp(rij) (1.65)

where Cij is a dispersion coefficient for atoms i and j, rij is the distance between atoms i and

j, fdamp(rij) is a damping function, and S is a scaling factor applied to each pair of atoms

uniformly.

Basis Sets

One essential step of solving the molecular problem with the Hartree Fock approximation

is to describe the molecular orbitals with a linear combination of a set of basis functions ϕ.

The various sets of basis functions are called the basis sets.166 Even though the ideal basis

functions would be complete, the possible size of a set of basis functions is limited by the

practical resources. Also, the choice of appropriate basis sets is an important part of the

computational work. The molecular orbitals can be separated into two main regions: The

atomic region including the part with rapid oscillations, and the valence (bonding) region

which is very flexible. The orbitals can be described with basis functions that are similar

to the atomic orbitals (which is the method applied throughout this thesis), or periodic

plane wavefunctions can be used instead (as implemented in other codes such as VASP or

CASTEP).

Atomic Centred Basis Sets As implied by its name, this type of basis sets are centred at

the atomic nuclei. The two most widely used are the Slater-type orbitals (STOs; e−ζr) and the

Gaussian-type orbitals (GTOs; e−αr2). ζ and α are the Slater and Gaussian orbital exponent,

respectively. The smaller the exponents are, the more diffuse the functions are. The main

differences between the two types are at r = 0 and when r is large. At r = 0, the slope

of the Gaussian function is zero, while for the Slater function it is not. On the other hand,

the Gaussian function decays much faster than the Slater function. Describing the molecular

orbitals, ψi, via the Slater function is more accurate and less functions are required compared
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Figure 1.17. The product of two Gaussian functions. φP centred at point P is the product of φA and φB

that centred at A and B, respectively.

to the Gaussian functions. While when the interactions between electrons are considered, the

Gaussian-type orbitals are more efficient since the product of two Gaussian orbitals is also

a Gaussian orbital with the shift of the centre (Figure 1.17). This advantage avoids using

the Slater basis functions to deal with four integrals at different centres that improves the

efficiency of computations.

The nature of Gaussian functions does not perfectly fit the the behaviour of molecular

orbitals. To optimise the Gaussian functions, linear combinations of the primitive Gaussian

functions ΦGF
p are applied, called contracted Gaussian functions (CGF).

ΦCGF
µ (r −RA) =

L#

n=1

dpµΦ
GF
p (αnµ, r −RA) (1.66)

where L is the length of the contraction, and dpµ and αpµ are the contraction coefficients and

exponents. ΦGF
n is a normalised Gaussian function. The procedure is to fit a STO to a linear

combination of the primitive Gaussian functions, STO-1G, STO-2G, STO-3G and so on.190

It can also reduce the number of basis functions required for a reasonable approximation.

STG-3G is widely used in polyatomic calculations that fit the Slater function with three
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primitive GTOs.

A minimal basis set, such as STO-3G, that uses the least number of functions to describe

the occupied atomic orbitals can be effective for a single-atom calculation, while it is not ideal

and flexible enough for most systems. Therefore, more GTOs are used to describe the atomic

orbitals that results in double-zeta, triple-zeta basis sets and so forth. For example, if each

function of the minimal basis sets is split into two GTOs, the new set is a double-zeta basis set

like 4-31G and 6-31G.191;192 The acronym 4-31G means that the valence shell functions are

contractions of three primitive GTOs and one primitive GTO, and the inner shell functions

are the contractions of four primitive GTOs. Same as 4-31G, the only difference of 6-31G

is that the inner shell functions are contractions of six primitive GTOs. The next step of

improving the performance of the basis sets is to add polarisation functions, for instance by

adding d-type functions for the first row elements and p-type functions for hydrogen. These

are called polarised basis sets. Only isolated hydrogen atoms obey the s-symmetry. Any

charge distribution of the H atoms, which are placed in a uniform electric field, is attracted

to the direction of the electric field and becomes polarised. 6-31G∗ adds an uncontracted set

of d-type functions to the heavy metals, and 6-31G∗∗ adds another set of uncontracted p-type

functions to hydrogen atoms.193–195 For triple- and quadruple-zeta basis sets, more than one

polarisation function are added, such as adding f-type functions to the heavy atoms and

d-type functions to hydrogen. Other split valence and triple zeta basis sets, such as the ones

developed by Ahlrichs and co-workers in 1993 and the later modified basis sets (i.e. def2SVP

and def2TZVP), were also well-developed and robust.196–199 For sure the larger the basis

sets, the more expensive the computations are. However, larger basis sets do not necessarily

give better results. The choice of basis sets depends on the specific system, and also the

compromise between accuracy and the computational cost.
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Chapter 2

Experimental Methods

2.1 Experimental Setup

2.1.1 Room Temperature Measurements

A commercial THz-TDS spectrometer TeraPulse 4000 (TeraView LTd., Cambridge, UK) was

used for all experiments (Figure 2.1). For room temperature measurements, as shown in

Figure 2.2, the sample holder is positioned at the centre of the measurement chamber and

is perpendicular to the beam propagation direction between two mirrors. The beam width

is ∼2mm when it hits the sample. To eliminate the influence of water vapour in the atmo-

sphere surrounding the sample that strongly absorbs the terahertz radiation, the chamber

was purged with dry nitrogen gas during the measurements.

Due to the high absorption at the peak frequencies of vibrational features of pure crystals,

the transmission measurements are usually carried out using pellets that are compacted from

a powder mixture of transparent diluent and sample material, along with a blank reference

pellet made from diluent alone to compare with. The reference is usually air or polycrystalline

substances that are transparent to terahertz radiation, such as polyethylene (PE) and poly-

tetrafluoroethylene (PTFE). For the projects in Chapter 4, 5 and 6, the room temperature

set up was usually used for a quick check to assure that the sample pellet is well-prepared at

an appropriate concentration. While for Chapter 7, all the terahertz spectra were acquired
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Figure 2.1. The TeraPulse 4000 spectrometer.

at room temperature.

2.1.2 Variable Temperature Setup

The effect of temperature on the spectral features is significant due to the relatively close

energy spacing of the vibrational levels relative to the thermal energy at terahertz frequen-

cies. At low temperatures, the peaks are sharper and more well-defined as less of the higher

vibrational states are populated and the dielectric relaxations are coherent for crystalline

materials. Also, the shift of the peaks with temperature can provide additional insight into

the properties of the materials. For example, a discontinuous shift in peak frequency with

temperature for a specific feature could indicate underlying anharmonicity of the vibrational

mode. Therefore, low-temperature measurements are usually performed to acquire a spec-

trum of crystalline systems. An additional advantage is such low temperature spectra are

more comparable with the simulated spectrum that can be obtained from the computational

techniques at a temperature of 0K. A series of variable temperature measurements are use-

ful to study the temperature-dependent lattice vibrations of the targeted systems, and also

possible structural changes triggered by the change of temperature, such as phase transitions.

For all the measurements discussed in Chapter 4-6, low-temperature transmission mea-

surements were carried out to acquire terahertz spectra for the studied materials. A modified
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Figure 2.2. The optics chamber on the left and the sample holder on the right. The blue shade indicates
the terahertz beam.
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Janis ST-100 cryostat system (Janis, Wilmington, USA) was used as shown in Figure 2.3.

The cryostat is attached to the optics sample compartment from above and is fixed in place

using a set of mechanical steel bolts. The sample compartment outside the cryostat is contin-

uously purged with dry nitrogen gas similar to the room temperature setup, and the cryostat

sample chamber was evacuated using a vacuum pump to a pressure of 1.2mbar. A Lakeshore

331 temperature controller (Lakeshore, Westerville, USA) is attached to the cryostat to mon-

itor the temperature, and the temperature is measured using a thermocouple (suitable for

high temperatures up to 700K) and a silicon diode (for low temperatures and up to 500K)

that are attached to the very end of the cold finger.

For low temperature measurements, the cryostat is cooled with liquid nitrogen that is

pumped into the system via a transfer tube, while heating was achieved using a cartridge

heater in the cold finger that is connected to the temperature controller. For the temperature

range between 80K to room temperature, temperature stablisation is achieved by regulating

the flow rate of liquid nitrogen and the power of heater. The motor on the cryostat is used

to switch the position of the sample holder relative to the signal, so reference and sample

can be measured alternatively for variable temperature measurements. An overview of the

variable temperature set up is shown in Figure 2.4. The temperature range used to acquire

spectra for this work is between 80K to 500K.

2.2 Sample Preparation

For crystalline materials, the samples were usually in the form of commercially sourced high

purity polycrystalline powder particles or lab-synthesised single crystals. For terahertz trans-

mission measurements the samples were firstly deagglomerated into a uniform powder using

an agate mortar with a pestle, and then mixed with fine particles of high density polyethylene

as the diluent (PE, Induchem, Volketwil, Switzerland) to the desired concentration.

The well-mixed powder was compressed using a manual hydraulic press (Specac Ltd.,

Kent, UK) at a load of ∼2 t into a pellet, and the thickness was measured with a micrometer.

The parts for sample preparation are shown in Figure 2.5. The diameter of the pellets was
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Figure 2.3. A photo of the Janis ST-100 cryostat system.
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Figure 2.4. An overview of the setup for variable temperature measurements.

13mm, while the thickness was in the range of around 2mm to 3mm. A blank pellet of PE

was usually used as a reference. The optimal concentration was dependent on the absorption

of the material and was limited by the maximum absorption coefficient that can be measured,

which will be discussed in Section 2.4.

2.3 Data Acquisition

The software interface of the TeraPulse 4000 is shown in Figure 2.6. The parameters shown

in this Figure are the standard settings that were used for all experiments (unless specified

explicitly). Each transmission spectrum was acquired with an average of 1,000 waveforms

and the resolution was set at 0.94 cm−1, while the optical delay offset was adjusted slightly

based on the sample. The waveforms of reference and sample were acquired alternatively.

The high absorption of the rotational transitions in water vapour can influence the results

of measurements significantly, and hence it was necessary to carefully check whether the

sample chamber was purged sufficiently before starting a measurement. One practical way
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Figure 2.5. Parts for sample preparation: scale, mortar and pestle, pellet die, hydraulic press, and microm-
eter.
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Figure 2.6. TeraPulse 4000 settings for transmission measurement.
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Figure 2.7. Power spectrum of the transmitted terahertz pulse through the empty sample compartment.
Left: before purging; right: after the water vapour was displaced by dry nitrogen gas during purging. The
red circle highlights the feature of water vapour at 1.7THz.

is to check the feature around 1.7THz with an empty chamber, as that spectral feature

represents the absorption of water vapour (Figure 2.7).200

2.4 Data Analysis

THz-TDS measures the amplitude and phase of the time-varying electric field of a terahertz

pulse and then the time-domain information is transformed into the frequency-domain using

the fast Fourier transform method. After the operation, the optical constants, usually the

real part of the complex refractive index (n) and the absorption coefficient (α), were derived

using the Fresnel coefficients and the Beer-Lambert law. The whole process of data analysis

was performed on Matlab.

As shown in Figure 1.7 for the terahertz transmission measurement, one probe pulse is

propagating through the sample, and Figure 2.8 illustrates the details of the process.64 The
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Figure 2.8. Schematic diagram of THz-TDS transmission measurement. E0(ω) is the incident electric field,
Et(ω) is the transmitted field, Er(ω) and E′

r(ω) are the reflected fields from the front and back interfaces,
respectively. t and r represent the corresponding Fresnel transmission and reflection coefficients.64

numbers 1, 2, and 3 refer to different media. Media 1 and 3 are typically air and medium

2 is the sample. When the terahertz pulse is incident on the sample, part of it reflects

from the front face Er(ω) due to the change in refractive indices between the media. When

the transmitted part reaches the back interface another reflection occurs E ′
r(ω) and finally

the transmitted field Et(ω) emerges from the back face of the sample pellet. The Fresnel

transmission and reflection coefficients at each interface are denoted as t12, t23, t21, r12,

and r23. For the measurements covered in this thesis, the reference and sample pellets are

relatively thick (d = 2mmto3mm), and hence the multiple internal reflections are neglected

as they are separated in the time-domain from the main pulse. Therefore, the transmitted

and reflected electric fields of interest are

Et(ω) = E0(ω)t12t23e
−αd/2einωd/c

Er(ω) = E0r12

E ′
r(ω) = E0t12r23t21e

−αd/2einωd/c

(2.1)

The complex refractive index n̂(ω) = n(ω) + iκ(ω) is extracted from the transmission

measurements, where κ(ω) = α(ω)c/2ω, and κ(ω) and α(ω) are the extinction coefficient

59



and absorption coefficient, respectively. When both reference and sample are measured, the

refractive index and the absorption coefficient are calculated via the following equations

Esam(ω)

Eref(ω)
= T (ω)eiϕ(ω) = t12t23e

−αd/2ei(n−1)ωd/c (2.2)

n(ω) = 1 +
ϕ(ω)c

ωd
(2.3)

α(ω) = −2

d
ln

3
(n+ 1)2

4n
T (ω)

4
(2.4)

Due to the limit of the equipment, the valid range is usually 0.3THz to 3THz, and for a

good measurement it may extend to 3.5THz, before the signal reaches the noise level. How-

ever, this also depends the maximum measurable absorption coefficient αmax in the dynamic

range, which depends on each measurement. The method to define this was introduced by

Jepsen and Fischer in 2004.201

αmaxd = 2ln

.
DR

4n

(n+ 1)2

/
(2.5)

where DR refers to the dynamic range, n is the refractive index, and d is the sample thickness

in centimetres. As the black curve shows in Figure 2.9(d), the dynamic range drops rapidly

with increasing frequency. Therefore, the data analysis at the high frequency wing of the

spectrum has to be performed with caution in case the signal drops below the noise level.

Figure 2.9 uses the measurement of a pellet of aspirin as an example to illustrate the

data analysis process. The time-domain data are acquired directly for both reference and

sample (Figure 2.9(a)), and the waveforms are converted to the power spectra presented in

the frequency-domain (Figure 2.9(b)). Afterwards, using the method described above, the

absorption spectrum of the sample is acquired (Figure 2.9(c)). As mentioned before, the

refractive index can also be extracted at the same time, but that will not be discussed in

this thesis. Figure 2.9(d) shows that the peaks did not reach the upper limit up to 3THz,

which is the low-frequency region that is of interest. Therefore, the experimental results can
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be used for further analysis. All the spectra of the crystals covered in this thesis were double

checked with this method, but these figures were not included in the following chapters for

brevity.

61



(a) The acquired time-domain waveforms. (b) The frequency-domain power spectrum after
fourier transform.

(c) the terahertz absorption spectrum after the com-
parison between the reference and the sample.

(d) The absorption spectrum of aspirin form
I (solid) and the upper limit of the maximum de-
tectable absorption coefficient (dashed).

Figure 2.9. Using aspirin as an example to illustrate the data analysis procedure.
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Chapter 3

Computational Methods

This thesis focuses on crystalline materials and solid-state DFT (ss-DFT) was used for all

the calculations. In general, DFT studies the electronic structure by considering the quantum

mechanical states of electrons in the field of fixed nuclei, while ss-DFT in addition utilises

the periodic structure of crystals to simplify the complex many-body calculations. All the

simulation work was performed using the CRYSTAL17 software package that applies the

periodic ss-DFT and atom-centered basis sets.159

3.1 Introduction to Solid-State DFT

Due the nature of periodicity, a crystalline system is usually described by a unit cell, which,

if reproduced, can generate the whole structure of the solid.202 The Bravais lattice specifies

the periodic array of how the repeated units of a crystal are arranged. However, the Bravais

lattice only shows the periodic patterns, but not the actual unit. It includes all points with

the form of

R = n1a1 + n2a2 + n3a3 (3.1)

where n1, n1, and n1 are integers, and a1, a2, and a3 are three primitive vectors. Since

crystalline materials are well-organised, there are only certain ways they can be packed.

Based on the parameters of the Bravais lattice, crystalline systems are divided into seven

different groups: triclinic, monoclinic, orthorhombic, tetrahedral trigonal, hexagonal, and
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cubic. By further considering the symmetry of the atoms, crystals can be categorised into a

total of 230 so-called space groups.

The unit cell can be variable in length as long as the repetition of the unit cell can

cover the whole crystal space without overlapping. Additionally, the smallest unit that can

produce a unit cell is called the asymmetric unit, and this concept is exploited in the ss-DFT

simulations. The cell that fits in the group with the smallest volume is called a primitive

cell; other valid choices are conventional cells that have a relatively larger volume but likely

include more symmetry information. A primitive cell with all the symmetry information of

a crystal is called the Wigner-Seitz cell. In a unit cell, all points r can be expressed by the

three lattice vectors a1, a2, and a3.

r = x1a1 + x2a2 + x3a3 (3.2)

where x1, x2, and x3 can be any value between 0 and 1. For an ideal crystal, its packing

pattern is perfectly periodic, so the external potential for the electrons is periodic as well.

Therefore,

V (r +R) = V (r) (3.3)

The periodicity of the potential determines that for any translation operators that follow the

rule

T̂Rϕ(r) = ϕ(r +R) (3.4)

the Hamiltonian stays invariant.

TheWigner-Seitz primitive cell of the reciprocal space is called the first Brillouin zone (BZ),

and the centre of BZ is the Γ point. All the calculations are performed within the BZ. As in

the real space, the vectors (k) in the reciprocal space can be represented by a linear combi-

nation of three basic vectors.

k = n1b1 + n2b2 + n3b3 (3.5)
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The relationship between the lattice vectors of the reciprocal space and the real space is that

ai · bi = 2πδij

)
*+

*,

= 2π, i = j,

= 0, i ∕= j,

(i, j = 1, 2, 3) (3.6)

where δij is the Kronecker delta that equals one if i = j and otherwise is zero. Therefore,

b1 = 2π
a2 × a3

a1 · (a2 × a3)
(3.7)

b2 = 2π
a3 × a1

a1 · (a2 × a3)
(3.8)

b3 = 2π
a1 × a2

a1 · (a2 × a3)
(3.9)

The larger the vectors are in the real space, the smaller they are in the reciprocal space.

That is one advantage of solving the Schrödinger equation in reciprocal space, especially

more efficient for a large crystalline system.

In CRYSTAL17, atom centred basis sets are applied to describe the electronic structure

at each point in the crystals. The method considers the neighbouring interactions and chem-

ical properties, but an infinite number of parameters will be required for accurate ss-DFT

simulations due to the lack of periodicity. This problem can be solved by transforming the

original atom centred basis sets to periodic Bloch functions via Fourier transformation. Bloch

functions satisfy Bloch’s theorem which states that if a Bloch function has the same period-

icity as the studied crystalline system, it has the same value at the corresponding k points

(as shown in Eqn. 3.10).203;204

ψ(r +R;k) = eikRψ(r;k) (3.10)

The atomic orbitals ϕµ(r) need to be converted into Bloch functions φµ(r;k), so that Bloch’s

theorem can be applied to simplify the calculations. The crystalline orbital ψi(r;k) is then
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composed of a linear combination of Bloch functions.

φµ(r;k) =
#

R

ϕµ(r −Aµ −R)eik·R (3.11)

ψi(r;k) =
#

µ

aµ,i(k)φµ(r;k) (3.12)

where Aµ is the position of the nucleus that ϕµ is centred at. By converting the calculation

from the real space to the reciprocal space, the method reduces the complexity from infinite to

the certain k values that obey Bloch’s theorem, and each k value can be treated individually.

In addition, the Born-von Karman boundary condition states that

ψ(r +Niai) = ψ(r) (3.13)

where N1, N2, and N3 are the number of cells along each primitive direction.202 This suggests

that it is possible to study a periodic crystalline system with translational invariance and

without the disturbance of boundaries.

3.2 CRYSTAL17 Software Package

All the ss-DFT calculations in this thesis were performed using the CRYSTAL17 software

package.159 The routine on the computational work was: i, start from the published crystal-

lographic structure, usually from Cambridge Structural Database (CSD)205, try to identify

possible combinations of density functionals and basis sets, and then use a series of single-

point energy calculations to determine the appropriate k-points in the reciprocal space; ii, set

the parameters and the convergence criteria to optimise the geometry; iii, use the optimised

geometry for the further frequency analysis, from which the simulated spectrum is acquired.

Further analyses, such as Gibbs free energy, quasi-harmonic frequency calculations, and elas-

tic properties, are also possible depending on the specific requirements in each project. The

details of each step will be discussed in the following subsections.
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3.2.1 Single-Point Energy Calculations

CRYSTAL17 calculates the electronic energy from a single-point energy calculation, which

was also the first step to determine the choice of density functionals, basis sets, and the

values of computational settings. The method is called self-consistent field (SCF).179;206 The

initial electron density was estimated from the atomic positions and geometries imported in

the input file. The Hamiltonian was calculated in direct space and converted to reciprocal

space via Fourier transform for each k point. Following that, the matrix was diagonalised,

which yielded the total energy of the system. This information was then used to guess the

new density for the next round of calculation. SCF continued until there was no noticeable

difference (as specified by a parameter before the calculation) between the results of two

rounds, i.e. when convergence was reached.

The number of k points was specified by two factors activated by the keyword SHRINK

in CRYSTAL17. The first one determined the grid of k points in the reciprocal space based

on the Pack-Monkhorst method207, while the second one was important for the calculations

of the density matrix and Fermi energy of conductors. Since the projects presented in this

thesis did not cover conductors, the second factor will not be discussed and was set the same

as the first factor for the calculations in the following chapters. The shrinking factor was

tested by running the single point energy calculation on a series of integers from small to

large until the energy stoped changing.

The truncation criteria of the Coulombic and Hartree-Fock exchange integrals were deter-

mined for each calculation based on the system. The values are in the form of 10−X , 10−X ,

10−X , 10−X , and 10−Y , while Y was usually set to a value twice of X (TOLINTEG). This

can also be adjusted according to the shrinking factor testing calculations, or if problems

occur in the calculations of SCF cycle at the later stage of geometry optimisation.

For a spin polarised system, an open shell Hamiltonian needed to be activated with the

keyword SPIN, and a spin polarised solution can be calculated after the (α − β) electron

occupancy was specified by SPINLOCK. ATOMSPIN can be used to specify the atomic spin

of certain atoms, while this may reduce the symmetry of the studied system that makes the
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calculations more computationally expensive. This method was applied in Chapters 4.1 and

5 when metal-based MOFs were investigated.

3.2.2 Geometry Optimisation

The crystalline structure was optimised after proper parameters were determined via sev-

eral runs of single-point energy calculations. Geometry optimisation was performed via an

iteration process with a full set of SCF calculation in each cycle. The calculated electron

density was used to change the atomic positions slightly for the next cycle. The process

continued until the structure with the minimum energy was found that met the set con-

vergence criteria. For the calculations discussed later, the energy convergence was set at

∆E < 1× 10−8 Eh (TOLDEE). The root-mean-square (RMS) of the gradient of the po-

tential energy curve (TOLDEG) and the RMS of the displacement (TOLDEX) are set to

1× 10−5 a.u. and 4× 10−5 a.u., respectively.

While geometry optimisation of a system is a step of the routine, there are some keywords

in CRYSTAL17 that can be used to adjust the crystal structure or change the procedure of

geometry optimisation in order to provide results of interest according to the specific projects.

In Section 4.1, LNGSFROZEN, ANGSFROZEN, and FREEZINT were used to freeze bond

lengths, bond angles and dihedral angles, respectively, which enables to study the motion

of methyl groups explicitly. In Section 6.2, ATOMONLY was applied to perform geometry

optimisation with cell parameters fixed.

It is also possible to calculate the cohesive energy of a crystalline system in order to offer

more insight for certain cases, such as comparing the stability of polymorphs (Section 6.1).

The cohesive energies were calculated using the following equation:

Ecohesive =
Etotal −N × Emolecule

N
(3.14)

Etotal is the total electronic energy of a unit cell, N is the number of molecules within a unit

cell, and Emolecule is the energy of an isolated molecule that can be estimated by inserting

the keyword MOLECULE. However, the effect of the basis-set superposition error (BSSE)
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also needs to be considered, which is caused by the incompleteness of the basis set, and

that can be corrected with the Boys-Bernadi counterpoise correction (BB-CP) method in

CRYSTAL17.208 BSSE is estimated by the keyword MOLEBSSE, and the corrected cohesive

energy becomes Ecohesive (BB-CP) (3.15).

Ecohesive (BB-CP) = Ecohesive + BSSE (3.15)

3.2.3 Frequency Analysis

The optimised structure can then be used to calculate the frequencies and intensities of IR

and Raman active vibrational modes (FREQCALC and INTENS/INTRAMAN). The energy

convergence is set to ∆E < 1× 10−10 Eh, as the frequency calculations are more sensitive to

slight differences in atomic positions compared to the geometry optimisation. It is noted that

the frequency analysis here applies the harmonic approximation (HA). While quasi-harmonic

calculations are also possible with CRYSTAL17, it is beyond the content of this thesis. The

molecular vibrations at each frequency obtained from the simulated results were visualised

with Jmol programme.209

The method of calculating vibrational frequencies used by the CRYSTAL17 code is ex-

plained in detail in Pascale et al.210 Starting from a molecular system, the Born-Oppenheimer

potential energy surface with N atoms, V (x), is defined by 3N coordinates. Based on the

harmonic approximation,

V (0) =
1

2

#

ij

uiHijuj =
1

2
〈u|H|u〉 (3.16)

where ui is the displacement along the i-th cartesian coordinate relative to its equilibrium

position, and H is the Hessian matrix of the second derivatives of V (x) at equilibrium

compared to when atoms are displaced.

Hij =
1

2

.
∂2V (x)

∂ui∂uj

/

0

(3.17)
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The weighted displacement coordinates can be represented as qi =
√
Miui, where Mi is

the atomic mass associated with i-th coordinate. The vibrational potential can be rewritten

as

V (0) =
1

2
〈q|W |q〉 (3.18)

where W is the mass-weighted Hessian matrix, i.e. Hermitian matrix.

Wij =
Hij5
MiMj

(3.19)

By diagonalisingW , the force constants can be determined from the eigenvalues, as well as

the vibration frequencies ω =
√
κj

2π
. In CRYSTAL, the first derivatives are solved analytically,

but numerically for the second derivatives.

For periodic solid-state materials, the symmetric properties are used to reduce the cal-

culations to a minimal set. Translational invariance is introduced to describe the infinite

crystalline system with finite matrices. The generalised coordinates qi(k) are defined to solve

the problem for each k point in the BZ. In this case, the Hermitian matrix W becomes

Wij(k) =
#

G

exp[ik ·G]
H0G

ij5
MiMj

(3.20)

where H0G
ij represents the Hessian matrix with respect to atom i in the cell 0 and atom j

in the cell G. When considering these calculations for the special point Γ, the Hermitian

matrix can be simplified to the following form.

Wij(0) =
#

G

H0G
ij5

MiMj

(3.21)

The frequencies can be calculated the same way as for single molecules. Each atom is

displaced along the three Cartesian coordinates and the energy derivatives are calculated by

(3N + 1) SCF cycles. The vibrational frequencies can then be determined via the diagonal-

isation of the Hermitian matrix. This method applies to the frequency analysis for both IR

and Raman spectroscopy.
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The IR intensites are calculated from the Born charge tensor, which represents the change

of dipole moment relative to the atomic displacements. The Berry phase method with the

default Direct Inversion of Invariant Subspace (DIIS) convergence accelerator is used to per-

form these calculations, as the polarisation changes between the neutral and the distorted

geometries.211 The IR-intensities at each p-th mode are computed with the formula:

Ip =
π

3

NA

c2
dp|Zp|2 (3.22)

where NA is the Avogadro’s number, c is the speed of light, dp is the degeneracy of the

mode, and Zp is the mass-weighted Born effective charge vector.

Raman intensities are calculated by first computing the Raman tensor with a coupled-

perturbed Hartree-Fock/Kohn-Sham approach with accelerated convergence by mixing Fock/KS

matrix second derivatives (ANDERSON2).212–214 The method calculates the Raman polaris-

ability tensors along all Cartesian directions (X, Y, Z, XX, XY, XZ, YY, YZ, ZZ) based on

an applied electric field. Experimental temperatures and laser excitation wavelength are also

considered.

The frequency analysis provides the peak positions and intensities, while the peak width

depends on the experimental results. For the best comparison, the simulated spectra are

fitted to Lorentzian line shapes with the same full-width value at half maximum as the

experimental spectra.

3.2.4 Beyond Frequency Analysis

Elastic Properties

Elasticity is an important aspect of the mechanical properties of materials. The second-

order elastic constants C of a crystalline system relate the stress and strain as the following

equation shows.

σij = Cijklεkl (3.23)

where i, j, k and l = 1, 2, 3, σij is the stress, and εkl is the strain. The elastic constants
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Cijkl are usually expressed in a simplified format Cαβ with Voigt’s notation, as α = ij, β =

kl, and α, β = 1, 2, ..., 6 (i.e. xx = 1, yy = 2, zz = 3, yz = 4, xz = 5, and xy = 6). Cαβ is

defined as the strain second derivative of the total energy:

Cαβ =
1

V

∂2E

∂εα∂εβ
(3.24)

where V is the volume of the unit cell.215;216

A calculation of second-order elastic constants can be activated by the keyword ELAST-

CON, and the input structure needs to be well-optimised. The symmetry of crystals is applied

to reduce the number of independent components which in turn accelerates the calculation.

The symmetry determines how many deformations (up to 6) are actually needed to compute

the Cαβ matrix. For each deformation, the number of points and the size of displacement

can be defined by NUMDERIV and STEPSIZE, and a geometry optimisation is performed

at each point resulting in the strain matrix. After the elastic constants matrix is achieved,

elastic properties such as shear modulus, Young’s modulus, Poisson’s ratio and bulk modulus

can be obtained from the Voigt-Reuss-Hill approximation.216 In Section 4.2, a case study of

MOF-5 is an example of computing the elastic constants using the automated procedure

implemented in CRYSTAL17.

Thermodynamic Properties

When the phonon modes are accurately calculated for the crystals, the thermodynamic prop-

erties within a defined temperature range in steps (TEMPERAT) can also be predicted (based

on the HA) with nearly zero additional computational time. For each k point in the BZ,

there are 3N harmonic oscillators labelled by i (i = 1, ..., 3N ; N is the number of atoms in a

unit cell). Therefore, the energy can be expressed as:

εi,km =

3
m+

1

2

4
ωki (3.25)

where m is an integer referring to the vibrational level and ωki = 2πνki. The vibrational

canonical partition function of the crystalline system at a defined temperature is
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Qvib(T ) =
6

k

3N6

i=1

∞#

m=0

exp

.
− εp,km

kBT

/
(3.26)

where kB is the Boltzmann’s constant. The entropy S(T) and the internal energy U(T) can

be calculated from Qvib as

S(T ) = kBT

3
∂log(Qvib)

∂T

4
kBlog(Qvib) (3.27)

U(T ) = kBT
2

3
∂log(Qvib)

∂T

4
(3.28)

and the constant-volume specific heat Cv(T ) can also be calculated via Cv(T ) = ∂ε(T )/∂T .217

From the available thermodynamic data, the Gibbs free energy curve (at atmospheric pressure

and constant volume) can be calculated that is very helpful to determine the possible phase

transitions and relative stability between polymorphs (Section 6.1).

73



Chapter 4

Low-Frequency Dynamics and

Physical Properties of Metal-Organic

Frameworks

The first system discussed here is a class of large ordered crystalline systems, metal-organic

frameworks (MOFs), usually porous materials. The nature of the interatomic interactions

present within the pores and its flexibility can affect the adsorption process, and is also

critical to design and utilise these advanced materials with desirable applications. The work

outlined in Section 4.1 has been published in the journal Chemical Communications and is

reproduced from Li et al. (doi.org/10.1039/C8CC02650E)10 with permission from the Royal

Society of Chemistry. It was a collaboration with Prof. Timothy Korter and Dr. Adam J.

Zaczek at the University of Syracuse, who performed the Raman spectroscopy measurements

for the project. The author of this thesis performed THz-TDS measurements and all the

computational work.

Section 4.2 is an extension of this work following on MOFs. At the example of MOF-5, the

work shows the possibility of applying the developed methodologies to study the flexibilities

of MOFs. However, due to the unstable nature of MOF-5, it only contains computational

results. All the results presented in this section were achieved by the author of this thesis.
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4.1 Methyl-Rotation Dynamics in Metal-Organic Frame-

works: ZIF-8 and ZIF-67

4.1.1 Introduction

Metal-organic frameworks (MOFs) are a class of solid materials that have exciting physical

properties with numerous applications including gas storage, chemical separation, drug de-

livery, and catalysis.5;7–9;218 The basis of the diverse utility of MOFs partly lies in their rich

topological possibilities.219;220 A wide range of three dimensional structures can be realised,

with many of these containing large spatial voids that are related to their applicability.221–223

Unquestionably, the molecular and bulk structures of MOFs play a major role in defining

their performance for such applications.224;225 It has however become clear in recent years

that the vibrational dynamics of the solids are also of critical importance in dictating the

efficacy of such materials.226;227 Previous work has demonstrated that in particular, the low-

frequency (sub 200 cm−1) vibrational motions are clearly critical for many properties, such

as mechanochemical and gas adsorption phenomena.148;149 It is therefore highly desirable to

develop a complete understanding of the interplay between the structural and dynamical

aspects of MOFs in order to optimise their design, and ultimately, their function. In one

of the most well-studied MOF systems, ZIF-8, it has been shown that the solid is capable

of adsorbing a large variety of molecules, ranging from gaseous nitrogen to active pharma-

ceutical ingredients.228;229 Zeolitic imidazolate frameworks (ZIFs) are composed of transition

metal ions connected by imidazolate linkers with a tetrahedral coordination. The “zeolitic”

term refers to the similarity between the metal-imidazole-metal angle and the Si-O-Si an-

gle in zeolites. Figure 4.1 shows the structure of ZIF-8 where the big blue sphere in the

middle on the right side represents the large pore within the material that can potentially

accommodate adsorbed molecules. ZIF-8 is regarded as a prototype of ZIFs, and has been

investigated both experimentally and computationally in much greater detail compared to

other ZIFs.116;117;230 ZIF-67231;232 is the cobalt-substituted structural analogue of ZIF-8. It is

less well-studied, yet the similarity between the two makes it readily possible to extend the
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Figure 4.1. The formula unit structure of ZIF-8 is shown on the left and with the bulk packing on the right.
The grey atoms represent the zinc atoms which are connected by the imidazolate linkers. The blue sphere
displays the void volume within the material.

computational method used for ZIF-8 to ZIF-67, and also the straight-forward comparison

of the two sets of results.

Low-frequency vibrational spectroscopy (10 cm−1 to 200 cm−1 or 1meV to 25meV) pro-

vides unique insight into the weak forces that are present within molecular solids.233–236 Since

the vibrations often involve large amplitude motions of entire molecules, it is possible to ex-

perimentally explore a large portion of both the intra- and inter-molecular potential energy

hypersurface.237 By combining the experimental data with quantum mechanical simulations,

it is possible to fully characterise the atomic-level structure, dynamics, and forces that are

present within the solid. The accurate simulation of the low-frequency vibrational spectra

inherently depends on the description of the weak forces that supports the investigation of

the mentioned properties of solids using a theoretical approach.153;238 A good match be-

tween the experimental vibrational spectrum and the simulated spectrum can be used as a

method to experimentally validate the ab initio simulations. The simulations in turn also

yield additional data that would be difficult to obtain experimentally (e.g. band structures)

to be extracted with a high degree of confidence. In this work, THz-TDS and low-frequency
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Raman spectroscopy are combined with ss-DFT simulations in order to probe the quantum

mechanical origin and atomic dynamics of the quasi-free methyl rotation in crystals of ZIF-8

and ZIF-67.

Previous research on the gate-opening and pore-breathing mechanisms in ZIF-4, ZIF-7,

and ZIF-8 demonstrates that DFT calculations, along with THz-TDS, offer new opportuni-

ties to study the fundamental lattice dynamics of ZIFs. In that study, the simulated results of

ZIF-4 and ZIF-7 matched well with measurements, however the agreement was not attained

for ZIF-8 when it reached low-frequency range.116 A recent study by Tan et al. successfully

investigated the mechanical dynamics of ZIF-8 and ZIF-90 with the combination of THz-

TDS and DFT simulations, and the simulated results showed excellent agreement with the

experimental data, even at frequencies below 3THz. Critically, the authors shared that it was

possible to get a far more accurate result for this sample when using the M06-2X density func-

tional183 instead of the functional developed by Perdew, Burke and Ernzerhof (PBE)239;240.117

This work also makes the case for the importance of low-frequency motions in the applications

of ZIFs, such as gas storing.

For both materials, the methyl-groups (at the top of left side Figure 4.1) on the imidazo-

late linkers that point into the pore exhibit free (or nearly-free) rotation even at cryogenic

temperature without discernible methyl-methyl coupling, giving rise to very low energy tran-

sitions on the order of µeV.230 This class of quasi hindered-rotational motions have long

been used as a probe of the weak forces within materials, and thus the investigation of the

interactions within the pores and the methyl-rotation dynamics is important to fully under-

stand the adsorption process for further practical applications. However, even though methyl

quantum rotors have been studied in other materials, such as 4-methylpridine, and the topic

has drawn attention of scientists for a long time,241 the methyl-rotation dynamics in MOFs

have not been well investigated. Previous research of Zhou et al. gives an estimated value

of the barrier height of ZIF-8 as 7meV probed by inelastic neutron scattering without any

detailed explanation.230 By building on the existing understanding of the fundamental quan-

tum mechanical processes underpinning these motions, this project aims to develop better

insight into the properties of ZIF-8 and ZIF-67.
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In this work, the methyl-rotation energy barriers of ZIF-8 and ZIF-67 were calculated

explicitly. The 1-D Schrödinger equation was solved and used to compute the vibrational

levels and wavefunctions for both materials, leading to an explanation of the origin of quasi-

free methyl group rotation within ZIFs. In addition, the transition energies were computed

to investigate the rotational tunnelling phenomena by comparing with previously published

results.

4.1.2 Materials and Methods

Terahertz Time-Domain Spectroscopy

For THz-TDS transmission measurements, the samples were mixed with polyethylene (PE)

to a 5% w/w concentration and mixed using a mortar and a pestle. The well-mixed powder

was subsequently pressed by a hydraulic press at 2 tons of pressure into a pellet with a 13mm

in diameter and ∼2mm of thickness. A blank PE pellet was prepared with the same method

and used as a reference. Cryogenic temperature measurements were performed via the set

up described in Chapter 2.

Low-Frequency Raman Spectroscopy

The low-frequency Raman spectra were acquired with an Ondax (Monrovia, California, United

States) THz-Raman system with a 784.7 nm centered laser excitation fibre coupled to an An-

dor (Belfast, United Kingdom) Shamrock 750 nm spectrograph equipped with an Andor iDus

416 CCD. Pure ZIF samples were placed in a 1 cm capillary, and an empty capillary was used

as a reference.

DFT Simulations

Both MOFs were studied using fully-periodic DFT calculations with the CRYSTAL17 soft-

ware package.159 The M06-2X meta-global gradient approximation (meta-GGA) density func-

tional183 (including the gradient of electron density and the kinetic energy density) was used

for correlation and exchange (with 54% explicit Hartree-Fock exchange), and was combined
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with the split-valance double-zeta 6-31G (d,p) basis set.242 The initial geometries of ZIF-8 and

ZIF-67 were obtained from the published crystallography database (CSD)205. A SHRINK of

4 was set corresponding to 8 k-points in the reciprocal space, and the energy convergence was

set at 10−8 Hartree. The tolerance of bielectronic coulomb and Hartree-Fock (HF) exchange

integrals were set to 10−8, 10−8, 10−8, 10−8 and 10−16 (TOLINTEG). For the geometry op-

timisations, atomic positions and lattice parameters were fully relaxed except for the space

group symmetry. Based on the electronic structure of cobalt, spin-unrestricted calculations

were applied to ZIF-67 with three electrons initially unpaired in a ferromagnetic arrangement

for the first five self-consistent field cycles. The optimised structures were then used to cal-

culate harmonic vibrational frequencies. The PBE density functional239 was tested at first,

while this resulted in the undesired generation of negative modes in the frequency output.

Thus, the M06-2X density functional183 was chosen as it proved to be effective in previous

studies on ZIFs.117 The energy convergence was set to 10−10 Hartree for frequency analysis,

as the accuracy of the electrons’ positions highly influences the intensities. Two displace-

ments for each atoms were performed along the three directions in Cartesian coordinates to

compute the first-derivatives of the gradient g(x) = dE(x)/dx, where g(x) is the derivative

of energy change against displacement (NUMDERIV=2).

In order to explore the methyl rotation dynamics within the ZIFs, the optimised crystal

structures were locked except the methyl group which was rotated in steps of 10° correspond-

ing to the carbon-carbon bond (as shown in Figure 4.1). To calculate the new position of

the three hydrogen atoms, the Cartesian coordinates were first extracted from the optimised

geometry output, and the origin was changed to the carbon within the methyl group. The

new coordinates of hydrogen atoms were then calculated by a 3 × 3 rotation matrix as a

function of n̂ and θ, where n̂ is a real vector of unit length passing through the origin, and θ

is the rotation angle (Eqn 4.1).

R(n̂, θ) =

!

"""#

cosθ + n1
2(1− cosθ) n1n2(1− cosθ)− n3sinθ n1n3(1− cosθ) + n2sinθ

n1n2(1− cosθ) + n3sinθ cosθ + n2
2(1− cosθ) n2n3(1− cosθ)− n1sinθ

n1n3(1− cosθ)− n2sinθ n2n3(1− cosθ) + n1sinθ cosθ + n3
2(1− cosθ)

$

%%%&

(4.1)
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Table 4.1. The comparison of simulated and experimental structures.

Relative error RMSDs
Cell length Bonds length Angles

ZIF-8 0.3% 0.04 Å 3.20 °
ZIF-67 0.6% 0.02 Å 1.12 °

Once the new coordinates were obtained, the origins were altered back to the initial one,

and divided by the cell length to obtain the fractional coordinates. For each new structure,

the geometry optimisation calculation was performed resulting in the respective potential

energies. Further calculations were done on an expanded (+1.5%) and a compressed (-1.5%)

volume relative to the optimised structure of ZIF-8 to study the volume dependence of the

methyl-rotation energy barriers, as upon comparison ZIF-67 was found to be 1.5% smaller

than ZIF-8 in volume.

4.1.3 Results and Discussion

Geometry Optimisation

The optimised structures acquired from the simulations were compared with the experimental

data in terms of the cell length difference, the root-mean-square deviations (RMSDs) of bond

lengths and angles without hydrogen atoms. The differences between dihedrals were not

looked at in detail, as the molecule lies generally in a plane. Both simulated structures for

ZIF-8 and ZIF-67 are in excellent agreement with the crystallographic data. The details are

shown in Table 4.1. In order to validate the simulated results, THz-TDS and low-frequency

Raman spectroscopy measurements were performed, and the results are compared with the

simulated harmonic frequencies analysis shown in the following section.
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Figure 4.2. The experimental low-frequency vibrational spectra of ZIF-8 (blue) and ZIF-67 (red). The
left panel shows the 78K THz-TDS spectra, as well as the simulated IR-spectra (black) convolved with
Lorentzian line-shapes based on the experimental full-width at half-maxima (FWHM), and corresponding
vibrational transitions (black sticks). The right panel shows the experimental 298K low-frequency Raman
spectra, with the M06-2X-predicted Raman-active modes and PBE-predicted spectra shown as solid and
dashed lines, respectively.

Low-Frequency Vibrational Spectra

Figure 4.2 shows the THz-TDS spectra of ZIF-8 and ZIF-67 on the left side and Raman

spectra on the right. The high similarities correspond to the isomorphic structures of both

materials, and only minor shifting is observed for a few adsorption features. With respect to

THz-TDS spectra, the black curve represents the simulated spectra with the short vertical

black ticks displaying the intensities. The results are in great agreement with the experimen-

tal measurements except for the intensities which are a little bit overestimated near 130 cm−1

in both solids. The spectra of low-frequency Raman spectroscopy are shown in the right

figures. Unfortunately, CRYSTAL17 software package159 cannot provide the intensities for

Raman spectroscopy with the M06-2X density functional183, but the active modes are marked

by vertical solid lines, and fit well with experimental results except missing those modes at

70 cm−1 and 103 cm−1 in the ZIF-8. The Raman intensities are acquired using PBE density

functional239, but it does not match with the experimental spectra as well as M06-2X183. The

modes for hindered-rotational motion are 129.6 cm−1 (Raman active) and 176 cm−1 (neither

Raman nor IR active) in ZIF-8 and ZIF-67, respectively. Within the range of 120 cm−1

to 140 cm−1 in ZIF-8, there is another IR-active mode which is more likely a gate-opening
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Figure 4.3. Simulated methyl rotor potential energy of ZIF-8 (blue) and ZIF-67 (red) with a step of 10°
from 0° to 120° with the 60° minimum representing the equilibrium staggered conformation of the methyl-
hydrogens with respect to the plane of the imidazolate ring. The blue dotted and dashed lines represent a
contracted and expanded ZIF-8 structure, respectively.

motion as visualised with Jmol209. The combination of THz-TDS and Raman spectroscopy

enables the full investigation of all the active modes within the terahertz radiation region,

and the perfect match validates the simulated outputs. Therefore, the optimised structures

can be used for further calculations such as the study of methyl-rotation dynamics.

Simulations of Methyl-Rotation Potential Energy

The potential energies were acquired in steps of 10° both for ZIF-8 and ZIF-67 as shown

in Figure 4.3 with the blue/red circles marked at each point. The figure only displays

the potential energies from 0° to 120° as the rotation has a three-fold symmetry, so the

phenomenon repeats after every 120°. The results show that ZIF-67 has a higher energy

barrier than ZIF-8, and this can be explained by the relative smaller volume (-1.5%) of ZIF-

67. To understand the volume-dependence of energy barriers, calculations were performed on

an expanded (+1.5%) and a compressed (-1.5%) structure of ZIF-8. Comparing the three blue

curves, the barrier heights increase when the volume shrinks, which supports the explanation.

Also the comparison between compressed ZIF-8 with ZIF-67 proves that volume influences

the energy barrier, while the slight difference can be explained by the metal atoms within
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Figure 4.4. Simulated methyl rotor potential energy of ZIF-8 (left, blue) and ZIF-67 (right, red) with the
torsional vibrational levels drawn as black lines, and the scaled-normalized (×3) vibrational wavefunctions
drawn as shaded curves.

the materials that result in a change of angles from 0.15° to 0.25°. The effect of volume

is intuitively understandable, as when the pore size decreases, it becomes more difficult for

methyl groups to rotate within the structures. This can be used to explain the importance

of the methyl-rotation dynamics as well. When MOFs are applied to adsorb gases or other

molecules, the pores will be occupied by the adsorbents which may inhibit the rotation process

of methyl groups. Therefore, the detailed understanding of methyl rotors could be a new

method of probing the adsorption process in MOFs and the amount of molecules adsorbed. In

addition, the potential energies were calculated explicitly with reduced symmetry groups, and

the simulated outputs show the same results as the calculations with the original symmetry

groups. Therefore, no obvious change occurs when the symmetry is altered. It can be

concluded that there is only one type of methyl groups in the structure. Combined with

Figure 4.2, as there are no split peaks on the experimental spectra, the assumption of no

methyl-methyl coupling was proved both experimentally and computationally.

Insight into Methyl-Rotation Dynamics

In order to explain the existence of methyl rotation even at low temperature (below 80K),

the method proposed by Lewis et al. was applied that obtained the vibrational levels and the
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Table 4.2. Experimental and simulated energetic components (in meV) of the methyl hindered-rotational
process in ZIF-8 and ZIF-67.

Experimental ZIF-8 ZIF-67
Potential Max (meV) − 13.16 16.99
Zero-Point (meV) − 4.31 5.04

Barrier Height (meV) ∼ 7 8.85 11.95
0 → 1 334× 10−3 225× 10−3 466× 10−3

Transition Energies (meV) 1 → 2 2.7 6.97 8.83
2 → 3 − 1.43 1.02

wavefunctions by solving the 1-D Schrödinger equation, which provided the potential ener-

gies up to level 6.243 The wavefunction describes the quantum state of a particle. Figure 4.4

shows that at some levels there are more than one wavefunction because of degenerate levels

that also correspond to the existence of methyl-rotation. The square of the wavefunction

corresponds to the possibility of the population of electrons within a specific region. Here,

even when the temperature is low that the energy can only reach one of the lowest level, the

population of electrons still expands over a wide range of angles that means the methyl groups

are still rotating. Thus, this result offers a fundamental explanation of methyl-rotation dy-

namics. The maximum potential and the zero-point energy (ZPE) can be read from the figure

directly, while the actual energy barrier was calculated by subtracting the maximum value

from the ZPE. The final results are shown in the Table 4.2. The maximum barrier height

is 13.16meV and 16.99meV of ZIF-8 and ZIF-67, respectively. Considering the ZPE, the

predicted values of ZIF-8 and ZIF-67 are 8.85meV and 11.95meV. The transition energies

were also calculated from the vibrational levels. All these energies corresponding calculations

were performed with fully crystalline symmetry and periodic boundary conditions, and are

given in units of meVmol−1methyl−1.
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Comparison with Inelastic Neutron Scattering Results

In Table 4.2, the results from this study are compared with the previous study of methyl-

rotation in ZIF-8 by Zhou et al. with the inelastic neutron scattering (INS).230 The values

in the “experimental” column were obtained from the study by Zhou et al.230 The predicted

value for the barrier height matched well with the experimental data except for the big

difference at the transition energy from 1 → 2. In this context, it is useful to note that in the

chemistry community the simulated result will be regarded as good if the difference between

the predicted value and the experimental data is below 1 kcal/mol (43meV).188;189 In this

project, the relative difference are three orders of magnitude lower than this requirement.

The difference for the transition energy 1 → 2 can be explained properly when we looked into

the two methods in detail. As the predicted value for 1 → 2 were 6.97meV and 8.83meV

that are both out of the range shown in the previous paper of ZIF-8 which reached 4meV at

maximum, the value measured by the INS of 1 → 2 could be the transition energy of 2 → 3.

4.1.4 Conclusions

In ZIF-8, one of the most well-studied MOFs to date, and its cobalt analogue ZIF-67, the

imidazolate methyl-groups, which point directly into the void space, have been shown to freely

rotate even down to cryogenic temperatures. Using a combination of experimental terahertz

time-domain spectroscopy, low-frequency Raman spectroscopy, and state-of-the-art ab initio

simulations, the methyl-rotor dynamics in ZIF-8 and ZIF-67 are fully characterised within the

context of a quantum-mechanical hindered-rotor model. The study successfully predictes the

rotational energy barriers of ZIF-8 and ZIF-67 as 8.85meV and 11.95meV. Closer analysis

of the vibrational levels and the wavefunctions lends insight into the fundamental origins of

the experimentally observed methyl-rotor dynamics, and provides valuable information into

the nature of the weak interactions present within this important class of materials.
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4.2 Case Study: Elasticity of MOF-5

4.2.1 Introduction

The mechanical properties of porous MOFs are very important for potential utilisations. The

elastic constants of MOF-5 have been studied via experimental and computational meth-

ods, and the reported results show that MOF-5 is a non-flexible cubic material but highly

anisotropic. Bahr et al. used two different nanoindentation techniques, the continuous stiff-

ness measurement (CSM) and the quasistatic indentation, to measure the Young’s modulus

as 2.7± 1.0GPa and 2.5± 1.0GPa respectively. There are three factors that were proposed

might influence the experimental results: surface roughness, atmospheric interactions, and

plastic deformation.244 While the result was corrected by the method studied by Vlassak

and Nix, the final estimated value was 7.9GPa when considering the anisotropic effect.245

However, the Young’s modulus predicted by computational methods had an average around

21.6 ± 0.3 GPa, which is much higher than the experimental results. Even by applying the

correction factors, the simulated result is still three times higher than that of experiments.

In addition, the lattice parameters were not well reproduced by the LDA and GGA simula-

tions.4;246 Herein, M06-2X density functional183 is applied to carry out geometry optimisation

and to calculate elastic constants of MOF-5 (the structure is shown in the Figure 4.5) in or-

der to get better insights of its flexibilities from computational perspective. The method

has been proved to be effective to enhance the accuracy of computational work based on the

previous studies on MOFs.10;247 Unfortunately, due to the unstability of MOF-5, there was

no sample available for experiments, so this case study only covers the computational work

and results.

4.2.2 Materials and Methods

The optimised geometry, the harmonic frequencies, and the elastic tensors were calculated by

ss-DFT simulations performed using CRYSTAL17 software package159 (the details of the cal-

culations were discussed in Section 3.2). The crystallographic published data (MIBQAR249)
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Figure 4.5. The structure of MOF-5. Adapted from Rosi et al.248
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was used as the initial geometry input. The M06-2X meta-global gradient approxima-

tion (meta-GGA) density functional183 was combined with the split-valence double-zeta 6-

31G(d,p) basis set242. The geometry optimisation was carried out without any restriction on

lattice parameters and atomic coordinates except for the geometry symmetry. A SHRINK

of 4 was set corresponding to 8 k-points in the reciprocal space, and the tolerance of bielec-

tronic coulomb and Hartree-Fock (HF) exchange integrals were set to 10−8, 10−8, 10−8, 10−8

and 10−16 (TOLINTEG). The energy convergence criteria was set at 10−8Hartree, and the

critirion was more strict for the frequency and the elastic constants calculations which was

set to 10−10Hartree.

4.2.3 Results and Discussion

The simulated structure of MOF-5 was in great agreement with the experimental result mea-

sured by neutron diffraction from deuterated MOF-5 at 3.5K250, with an 0.04% relative

error of the lattice parameters. This was more promising than all the slightly lower values

obtained from previous LDA and GGA methods.4 Civalleri et al. published a case study

on MOF-5 with B3LYP density functional, and the output was comparable with the experi-

mental data. It also found the lowest IR active mode was at 52 cm−1, and our result showed

a terahertz active mode at 50.8 cm−1.4 However, when it comes to the lattice parameter,

bond lengths and angles, the results from our method are much closer to the values in the

database. The close comparison is shown in the Table 4.3, and the labels are denoted as

shown in Figure 4.6. The various elastic constants were calculated including bulk modulus,

Young’s modulus, shear modulus and Poisson’s ratio. The Voigt, Reuss, and Hill averages are

shown in Table 4.5. Compared with the experimental results, the predicted Young’s modulus

from this study is 8.24GPa, which is very close to the corrected value of 7.9GPa.

The symmetric matrix of elastic constants calculated from CRYSTAL17 (Table 4.4) was

imported to the elastic tensor analysis, ELATE, to fully process the elastic tensor which gave

out detailed information.251 The results are shown in Table 4.6 and Figure 4.7.
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Figure 4.6. The asymmetric unit of MOF-5.

Table 4.3. The comparison of lattice parameter (Å), bond lengths (Å), and angles (°).

B3YLP M06-2X Exp. (165K) Exp. (3.5K)
a 26.088 25.903 25.856 25.909

O1-Zn 1.972 1.945 1.947 1.968
Zn-O2 1.961 1.948 1.936 1.947
O2-C1 1.270 1.262 1.261 1.254
C1-C2 1.499 1.498 1.489 1.515
C2-C3 1.402 1.396 1.382 1.381
C3-C4 1.932 1.396 1.374 1.381
C3-H 1.084 1.084 - 1.108

Zn-O2-C1 131.7 131 131.4 130.7
O2-C1-O2 125.2 125.69 125.2 127.2
O2-C1-C2 117.4 117.16 117.4 116.4
C1-C2-C3 120.1 119.79 120.7 120.1
C2-C3-H 119.2 118.98 118.8 119.5

Table 4.4. The MOF-5 symmetric elastic constants matrix calculated with CRYSTAL17.

29.939 12.948 12.948 0.000 0.000 0.000
29.939 12.948 0.000 0.000 0.000

29.939 0.000 0.000 0.000
1.116 0.000 0.000

1.116 0.000
1.116

Table 4.5. The average properties are based on the calculated elastic matrix, and the CRYSTAL17 picked
the Hill average as the final value of Young’s modulus.

Averaging scheme Bulk modulus Young’s modulus Shear modulus Poisson’s ratio

Voigt Kv = 18.612 GPa Ev = 11.375 GPa Gv = 4.0678 GPa vV = 0.39814 GPa

Reuss KR = 18.612 GPa ER = 4.9782 GPa GR = 1.7102 GPa vR = 0.45542 GPa

Hill KH = 18.612 GPa EH = 8.2407 GPa GH = 2.889 GPa vH = 0.42621 GPa
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Table 4.6. The eigenvalues of the stiffness matrix.

λ1 λ2 λ3 λ4 λ5 λ6

1.116GPa 1.116GPa 1.116GPa 16.991GPa 16.991GPa 55.835GPa

(a) Spatial dependence of linear compressibility. (b) Spatial dependence of Poissons ration.

(c) Spatial dependence of shear modulus. (d) Spatial dependence of Young’s modulus.

Figure 4.7. The elastic properties of MOF-5.
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4.2.4 Conclusions

The optimised geometry has a high agreement with the published crystallographic structure

and the relative error for lattice parameters is 0.04%. The predicted Young’s modulus is

8.24GPa that is very close to the corrected experimental value. From both aspects, the

results show that applying the M06-2X density functional can highly improve the accuracy

of computational results and can also help with further studies of the flexibility of MOFs.

However, it turns out that the synthesis of MOF-5 is too complicated and the structure is not

very stable, thus no further experimental measurements are currently available to validate

the computational results. As the case study showing here, the method can be extended to

other MOF systems.
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Chapter 5

Low-Frequency Vibrations and

Magnetisation of Metal-Organic

Perovskites

5.1 Introduction

Multiferroics are regarded as the materials that possess more than one ferroic property such as

ferromagnetism, ferroelectricity, and ferroelasticity.252 The materials with the combined prop-

erties of the first two have attracted more attention recently, as they are potential promising

candidates for data storage.253 After TbMnO3 was found to have magnetic coupling polar-

isation with a very low ordering temperature, and BiFeO3 was discovered to possess strong

polarisation without clear magnetoelectric coupling, researches were stimulated in this field

looking for ideal candidates of multiferroic materials.254;255 As both structures fall into the

perovskite category, many studies have been carried out aiming to search for or synthesise

ideal perovskite multiferroics.256 At the beginning, more studies are focused on inorganic

transition-metal oxides, and then the screening expanded to organic compounds such as per-

ovskite metal-organic frameworks (MOFs). MOFs are composed of metal ions and organic

linkers and attract a lot of attentions recently partially because of the highly porous materials
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that are achieved with such structures, and therefore can be potentially applied to energy and

gas storage, chemical separations, and catalysis.7;257 Metal-organic perovskites are a subclass

of MOFs with similar structures as perovskite (ABX3). The metal atoms are at the B site

and are linked by the organic linkers denoted as X, and the organic cations occupy the A site

in the centre. The composition and the inorganic-organic duality of these materials by nature

lead to the possibility of exhibiting both magnetism and strong polarisation. One advantage

from the nature of perovskite MOFs is that the multiferroic properties of the systems can be

controlled by tuning the magnetic ordering of the metal ions or by adjusting the combination

of the metals and the cations. Therefore, more fundamental studies on such materials will

offer useful information for future design of new materials. Our interest of this project is the

[C(NH2)3][M
II(HCOO)3] series that was first synthesised by Hu et al. in 2009. Their exper-

imental work extensively studied and characterised the structures of the series, and showed

the spin-canted anti-ferromagnetic (AFM) characteristics of such materials.11 While ferro-

magnetism (FM) is more favourable for the potential applications, the study of magnetism

and the possible magneto-electric coupling become more important in the field.256 Later on,

Stroppa et al. and Svane and Aaron have also studied magnetic and ferrroelectric properties

of perovskite MOFs with computational approaches. However, the computational work was

performed on certain MOF perovskites to investigate their magnetism and polarisation, but

there was no systematic comparison between the same systems with different metals or the

various spin configurations.12;258;259 In addition, the available vibrational spectroscopy stud-

ies on these systems were mainly at mid-IR range performed with classic FTIR and Raman

spectroscopy.11;260 This study aims to combine the terahertz time-domain spectroscopy and

the ab initio simulations to study the series of [C(NH2)3][M
II(HCOO)3] perovskite MOFs with

various metal atoms from the low-frequency vibrational spectroscopy perspective, which is

expected to be useful for this study to investigate the lattice vibrations at low-frequencies

and the magnetisation of the targeting series of MOF perovskites with the only substitutions

of metal atoms.

Seven such MOF perovskites (M=Mg, Mn, Co, Ni, Cu, Zn, and Cd) were investigated (M-

MOF will be used to refer them individually). THz-TDS effectively probes weak interactions
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within molecular systems e.g. hydrogen bonds. In addition, at such frequencies between 0.3 -

3THz (10cm−1-100cm−1), the spectral features show the contribution of long range vibrations

of the whole structures, which makes the technique very sensitive to the slight structural

differences. THz-TDS has been applied to a wide range of classic and emerging materials,

such as small organic molecules23;26;101, metal-halide perovskites152;261;262, and MOFs10;117,

and promising results have been achieved, while there were no earlier studies using THz-

TDS to study MOF perovskites. Same as the importance of molecular structures and bulk

properties, previous work illustrates that vibrational dynamics are a major factor to the

performance of materials as well.10;152;263 Therefore, the application of THz-TDS in this

project is expected to provide some information that can complement the results acquired

via other techniques. Due to the complexity of the collective motions falling in the terahertz

range, ss-DFT simulations are applied to fully interpret the experimental results. With the

proper tuning of the computational settings, comparable computational results for all the

structures are achieved which offers the opportunity to study the effect of the slight change

in spin configurations. Even though some materials may not be necessarily stable in nature,

or have been hard to synthesise experimentally, simulations can still provide results based

on reasonable assumptions. Thus, it will be helpful to guide the future design and synthesis

process and to screen potential materials for desired applications.

5.2 Materials and Methods

5.2.1 Materials

The structure of the [C(NH2)3][M
II(HCOO)3] series, with the guanidinium cation [C(NH2)3]

+

named as Gua+, is shown in Figure 5.1. The framework is composed of the metal atoms (M2+)

and the formate groups as the linkers. The Gua+ cation in the centre is connected to the

framework by six hydrogen bonds that makes this series more stable than similar structures

with other cations.11 Among the seven systems, the Cd-MOF is the only trigonal system and

the other six are orthorhombic. The Cu-MOF perovskite, due to the John-Teller (J-T) effect
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Figure 5.1. The structure of [C(NH2)3][M
II(HCOO)3] MOF perovskite. The orange shaded area marks the

Gua+ cation, and the blue shaded area highlights the formate group linker. The blue dashed lines represent
the six hydrogen bonds.

of the Cu atoms, results in a Pna21 symmetry, and all the other five are belonged to the

Pnna space group.11

5.2.2 THz-TDS Measurements

The THz-TDS transmission measurements were performed on a commercial spectrometer

TeraPulse 4000 (TeraView Ltd., Cambridge, UK) with a cryostat (Janis, Massachusetts, USA)

attached to cool the measurement chamber down to 80K. The temperature was monitored

and controlled by a coupled heater (Lakeshore 330, Ohio, USA). The perovskites single crys-

tals were gently grounded with an agate mortar and a pestle and were then mixed with

polyethylene (PE) to a 2% w/w concentration. The powder mixture was then compressed

into a pellet with a hydraulic press at 2 tons, and a blank PE pellet was used as a reference.

The spectrum of each sample was acquired from an average of 1000 waveforms with a spectral

resolution of 0.94 cm−1.

5.2.3 Solid-State DFT Simulations

All the calculations were performed using the CRYSTAL17 software package.159 The same

settings and parameters were applied to all the structures whenever possible to keep the
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Table 5.1. Categorisation of the seven structures based on the electronic structure and the symmetry
respectively.

Electrons
Unpaired Ni, Co, Mn, Cu
All-paired Mg, Zn, Cd

Symmetry
Orthorhombic

Mg, Mn, Ni, Co, Zn
Cu (J-T effect)

Trigonal Cd

results comparable. The 6-31G(d,p) basis set242 and the B3LYP density functional with

Grimme-D3 dispersion correction188;189 were used for the six systems, except for Cd-MOF.

Since 6-31G(d,p)242 was not available for Cd, def2SVP was chosen as an alternative and all

the parameters were kept the same as the others.198;199 The energy convergence criterion

for the geometry optimisation was set at 10−8 Hartree and 10−10 Hartree for the frequency

analysis. The IR intensities were calculated based on the Berry phase method211;264 with the

default Direct Inversion of Invariant Subspace (DIIS) convergence accelerator.

The seven structures were categorised based on two different criteria for the convenience of

further computational work: First, they were divided into two groups depending on whether

the metal atoms have or have not unpaired electrons; Second, they were grouped into two

different symmetry groups (Table 5.1).

To closely study the magnetisation of the series materials, the spin configuration within a

unit cell is considered specifically. For each metal atoms in the series of [C(NH2)3][M
II(HCOO)3],

there are six nearest metal atoms as shown in Figure 5.2. Four (M=Mn, Co, Ni, and Cu) out

of the seven structures were composed of metal atoms with unpaired electrons, and the spin

coupling was specified within one unit cell considering the computational resources.

Ferromagnetic (FM) spin coupling means all the unpaired electrons spin in the same direc-

tion, while the anti-ferromagnetic (AFM) coupling describes the electrons spinning oppositely

and some effects may therefore cancel out. The spin configuration of each metal atom was set

arbitrarily using the keyword SPIN and SPINLOCK available in CRYSTAL17 code. There

were in total four metal atoms within one unit cell, therefore three AFM configurations were

possible depending on how to set the spinning of each metal atom in a unit cell as shown

in Figure 5.3 as well as the FM configuration. The relative energies and simulated spectra
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Figure 5.2. A supercell of Cu-MOF as an example to illustrate the spin coupling. The triangle marks the
Cu atom in the centre, and the check marks highlight the six nearest Cu atoms to the centred one.

97



Figure 5.3. The possible three types of anti-ferromagnetic spin coupling with the restriction that the
calculation was performed within one unit cell (AFM-A, AFM-B, and AFM-C, respectively). The arrows
represent the spin direction of the unpaired electron of the specified atoms, and the atoms on the same
coloured plane have the same spin setting.

were then compared between the structures with different metals and also the same metal

but with different spin configurations.

The geometry for the systems was firstly optimised with the only restriction of space

group. However, when the optimised structure was used for further frequency analysis,

negative modes were predicted. The problem was fixed by moving all the atoms along the

eigenvector of the negative mode with the highest intensity, and the unit cell was then fully re-

optimised with the symmetry removed.12 The optimised structures acquired after removing

the symmetry led to good frequency analysis results without negative modes, yet this method

also caused great amount of computational resources expenditure.

5.3 Results and Discussion

5.3.1 THz-TDS Measurements

Terahertz transmission measurements were performed on the seven MOF perovskites samples.

Figure 5.4 shows the summary of the experimental spectra of all the systems. Cd-MOF, which

is the only trigonal crystal, shows a clearly different spectrum compared to the other six. All

six orthorhombic systems have comparable spectral features with two intense peaks at around
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1.6THz and 2.3THz and one broad weak peak at around 2THz. It is also observed that

for the Mn-MOF spectrum the spectral features shift to lower frequencies compared to the

other structures. In addition, the electron configuration of the high spin state Mn2+, which

has 5 unpaired electrons, just has one unpaired electron going into each 3d orbital. From

the available crystallographic data, Mn-MOF is also the one with an obviously larger volume

than the others, which can be another explanation of the features being located at relative

lower frequencies.

5.3.2 Geometry Optimisation

All the finalised optimised structures were slightly distorted from the original lattice, which

reflected the nature of disorders within their structures and also the sensitivities of the com-

putational method. Mg-, Zn-, and Cd-based perovskites had all electrons in pair, therefore

the simulated spectra were calculated directly from the frequency analysis calculations. For

the structures with unpaired electrons (M=Mn, Co, Ni, and Cu), the energies for the systems

with different spin configurations are summarised in Table 5.2, and the ones underlined are

the configuration with the lowest energy among the structures with the same metal atoms.

For all the structures, FM configuration had the highest energy among all the possibilities,

which suggested clear AFM characteristics of the materials. Mn-, Co-, and Ni-MOF had the

lowest energy with AFM-C configuration, while Cu-MOF reached the lowest with AFM-A

that reflected its FM characteristics. The calculation of the AFM-C configuration of Ni-MOF

did not fully converge to the set convergence criteria, so the energy was chosen as the average

value of the several structures that were very close to meet the convergence criteria. The lat-

tice parameters of the lowest energy structures were compared with the experimental data as

shown in Table 5.3. Since the experimental data were acquired at room temperature (expect

for Ni-MOF which was acquired at 173K), the volume of all optimised systems shrank com-

pared to the experimental data (while Ni-MOF shrank the least) which is due to the thermal

effect, as the DFT calculations are calculated at 0K. The relatively small differences and the

consistent value for all the structures showed the accuracy of simulations. Neither the change
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Figure 5.4. Experimental spectra of all the seven systems: Mg-MOF (blue), Mn-MOF (red), Co-
MOF (yellow), Ni-MOF (purple), Cu-MOF (green), Zn-MOF (light blue), and Cd-MOF (brown).
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Table 5.2. The energies of optimised structure in Hartree. The first row represents M in the corresponding
structures, and the electron configurations are shown in the brackets. The first column shows the spin
configuration, and in the brackets is the number of nearest metal atoms having the electrons spinning in the
opposite way. The underlined ones are the ones with the lowest energy among the structures with the same
metal but different spin configurations.

Mn2+ ([Ar]3d5) Co2+ ([Ar]3d7) Ni2+ ([Ar]3d8) Cu2+ ([Ar]3d9)
FM (0) -7697.1144 -8623.8171 -9125.8604 -9654.2576
AFM-A (2) -7697.1146 -8623.8174 -9125.8607 -9654.2582
AFM-B (4) -7697.1149 -8623.8175 -9125.8612 -9654.2576
AFM-C (6) -7697.1150 -8623.8179 -9125.8615 -9654.2581

of metal atoms nor the spin configurations had an obvious effect on the O-M-O’ angles or

on the hydrogen bonds that link the formate groups and the framework. The six M-O bond

lengths connected to the same metal atoms were measured. When the symmetry was kept

for simulations, the six bonds were restricted to have the same lengths. However, when the

symmetry was removed, the six M-O bond lengths changed slightly and could be categorised

in three pairs: the middle lengths pair were generally aligned and the short and long pairs

settled on each side, yet for Cu-MOF the six bond lengths were all slightly different from

each other. Both arithmetic and geometric means were calculated for the six orthorhombic

structures (M = Mg, Mn, Co, Ni, Cu and Zn). While the other five systems had a relatively

comparable value of around 2.09 Å, the Mn-MOF had an average value of 2.17 Å that was

clearly larger than any of the other systems. This reflected on the larger volume of Mn-MOF

and can also be an explanation for the red shift for the spectral features observed in the

experimental spectrum in Figure 5.4. The three O-M-O’ angles were also influenced by the

distorted cell from the ideal orthorhombic. Even though the differences were subtle, a trend

was observed for the structures composed of the metals from the first row of the transition

region: Mn, Co, Ni, Cu and Zn. Mn-MOF had the largest angle of 179.7° between the two

bonds of the middle length, while that angle of Zn-MOF was with 177.08° the smallest among

the series.
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Table 5.3. The comparison between the experimental lattice parameters and the optimised structures with
the lowest energy (in percentage): (Exp.-Cal.)/Exp.*100.

Mg Mn Co Ni Cu Zn Cd
a 2.17% 3.70% 3.39% 1.92% 2.62% 3.30% 3.65%
b 1.45% 2.43% 2.83% 1.44% 0.27% 2.46% 3.72%
c -0.15% -0.70% -0.79% -1.28% 2.24% -0.31% 3.65%
Volume 3.46% 5.38% 5.39% 2.10% 5.06% 5.38% 4.72%

5.3.3 Frequency Analysis

Frequency analysis was done for all the seven structures on its optimised structure with

the lowest energy, and the four different spin configurations were performed on Cu-MOF

to investigate the influence of magnetisation on lattice dynamics. The detailed comparison

between the experimental and the simulated spectra are shown in Figure 5.5, except for the

spectra of Cu-MOF that will be discussed in the following section. The frequency analysis

results of Ni- and Co-MOF generated negative modes even after removing the symmetry,

so they are not included in the discussion of this section. For the other four orthorhombic

structures, the simulated spectra matched very well with the experimental spectra, but the

intensity of the peak at around or below 2.5THz was over predicted for all the systems.

The phonon mode was visualised using Jmol that corresponded to a shift of the formate

groups along the b-axis while the framework was barely involved. This can explain why

the overestimation was spotted in the frequency simulations for all the structures since the

motion of the Gua+ cations would be quite similar in all the studied structures. The first

feature showing in the experimental spectrum of Zn-MOF was replaced by separated peaks

at two frequencies around it. The spectrum of Cd-MOF, which was calculated using the

def2SVP basis set, generally showed similar shape as the experimental results, while it was

clearly less accurate than the results calculated with the 6-31G(d,p) basis set.

5.3.4 Magnetisation Analysis of Cu-MOF

The spin configuration affected the structures and also the lattice dynamics of the perovskites.

Other than comparing the energies to predict the relatively stable structure, it was more
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(a) Mg-MOF. (b) Mn-MOF.

(c) Zn-MOF. (d) Cd-MOF.

Figure 5.5. The comparison of the simulated (black) and the experimental (blue) spectra of the four systems:
(a) Mg-MOF, (b) Mn-MOF, (c) Zn-MOF and (d) Cd-MOF. The black ticks correspond to the active modes
predicted by the frequency analysis calculations and the height marks the intensity of each mode.
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reliable to validate the hypothesis by the results of frequency analysis. The Cu-MOF was used

as an example, and a spectrum was calculated for all four possible spin coupling structures.

As shown in Figure 5.6, the calculations resulted in a distinguishable spectrum of the FM

structure compared to other spectra predicted with AFM configurations. This is a clear

evidence of the magnetism effect on the molecular dynamics. For the details of the spectral

features, there is a clear peak at 1.6THz showing in the experimental spectrum that is only

predicted in the AFM simulated spectra. It proves that the Cu-MOF has anti-ferromagnetic

characteristics. The calculated spectra of AFM-B and AFM-C are very similar to each other.

Both compared to the spectrum of AFM-A, there is an extra peak at 1.9THz and another

one after the very intense feature at 2.3THz. However, for the experimental spectrum the

peak at 2.4THz is very sharp without a shoulder afterwards. Therefore, it is concluded that

the simulated spectrum with AFM-A configuration matches the experimental results best.

Figure 5.7 shows a closer comparison between the experimental and the AFM-A simulated

spectra. The peaks match very well between the two, and several weak features on the

left side of the intense feature at 2.3THz also match perfectly with the left shoulder of the

anharmonic feature at 2.2THz in the experimental spectrum.

5.4 Conclusions

The combination of THz-TDS and DFT simulations offered a new way of characterising the

series of [C(NH2)3][M
II(HCOO)3] and also complemented the techniques previously applied.

THz-TDS provided information of molecular vibrations at low frequencies that showed very

high similarities of the structures of the same crystal systems. However, the shifting of the

peaks and the difference between the relative intensities also reflects the differences of the

metal atoms. DFT simulations not only helped with interpretations of the experimental

spectra, but also investigated the series of materials in depth, such as the slight distortions,

the different spin configurations and the comparison between various metals, which otherwise

would be hard to approach experimentally. The results suggested that the systems distorted

from the perfect defined crystal space group and all the systems exhibited AFM character-
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Figure 5.6. The Cu-MOF experimental spectrum acquired at 80K (green) and simulated spectra with
difference spin configurations: FM (blue), AFM-A (red), AFM-B (yellow) and AFM-C (purple) are shown
above. The active modes predicted are not plotted here to simplify the figure for clarification.

Figure 5.7. The experimental spectrum of Cu-MOF (80K) and the simulated spectra of Cu-MOF (AFM-A).
The black ticks represent the intensities of the modes predicted in the simulation.
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istics. Also, the different spin configurations did not result in obvious structural changes,

while they did influence the energy which in turn would affect the relative stabilities of the

materials.
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Chapter 6

Terahertz Spectroscopy of Small

Organic Crystals

This chapter covers two studies of small organic crystals: aspirin and theophylline. Both

studies have been recently published in the journal Molecular Pharmaceutics, entitled “New

insights into the crystallographic disorder in the polymorphic forms of aspirin from low-

frequency vibrational analysis” and “Understanding the metastability of theophylline FIII

by means of low-frequency vibrational spectroscopy”, respectively.22;23

Section 6.1 focuses on two quite similar polymorphs of aspirin. THz-TDS was combined

with DFT simulations to investigate the intergrowth/polymorphic impurities in the systems.

The computational work was discussed with Prof. Timothy Korter at the University of

Syracuse. Dr. Andrew Bond in the Chemistry Department at the University of Cambridge

contributed to the X-ray diffraction measurements and aspirin synthesis. The author of this

thesis performed THz-TDS measurements, DFT simulations, and data analysis of the work.

Section 6.2 presents a study of the polymorphs of theophylline that unveiled the dehy-

dration process and phase transitions between monohydrate and anhydrous forms, as well

as the structure of the metastable form III. This was a collaboration with Dr. Eduardo M.

Paiva, Prof. Claudete F. Pereira, and Prof. Jarbas J. R. Rohwedder at the State Univer-

sity of Campinas-Unicamp, who performed the majority of the experimental work including
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X-ray diffraction, thermogravimetric analysis, mid- and low-frequency infrared and Raman

spectroscopy. Dr. Adam J. Zaczek contributed to the ss-DFT simulations, and I would like

to thank Prof. Timothy Korter (Syracuse University) for helpful discussions concerning the

simulations and crystal symmetry. The author of this thesis characterised the different forms

of theophylline as well as the dehydration process of the monohydrate form with THz-TDS,

and also performed all the computational work.

6.1 New Insights into the Crystallographic Disorder

in the Polymorphic Forms of Aspirin from Low-

Frequency Vibrational Analysis

6.1.1 Introduction

The crystal structure of one of the most well-known analgesics, acetylsalicylic acid, commonly

referred to under its trade name aspirin, was first characterised by Wheatley in 1964.265 After

the initial crystal structure was determined, it was widely discussed whether other crystal

forms of aspirin may exist, but it was not until 2005 that Vishweshwar et al. reported

the crystal structure of aspirin form II.266 The form II structure had been identified as an

energy minimum by Ouvrard and Price267 in a crystal-structure prediction exercise, but sub-

optimal features of the experimental structure determination left doubts over the validity of

the crystal structure and the existence of form II as a discrete polymorph.268 The origin of

these difficulties was explained by Bond et al., who showed that aspirin forms I and II exist

as intergrown single crystals, comprising domains of both structure types.269 Reproducible

crystallisation of form II remained challenging, but it was shown in 2010 that domains of

the second polymorph of aspirin are introduced reliably in the presence of aspirin anhydride

during the crystallisation process.270 More polymorphs of aspirin have since been discovered.

A high-pressure polymorph form III has been observed from changes in Raman spectra on

compression of form I above 2 GPa.271 A further polymorph (form IV), obtained from the
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melt, has been structurally characterised at ambient conditions, but it transforms to form

I within a couple of minutes at room temperature.272 Given their limited stability, these

additional forms are not considered in this study.

In this paper, we focus on the closely-related aspirin polymorphs, form I and form II.

There are considerable similarities in their respective crystal structures, which permit the

observed intergrowth behaviour. Figure 6.1 shows the projections of the two polymorphs

along the a, b, and c axis. The structures are polytypes273, having consistent layers lying

in the bc planes. For the two forms, the difference is seen in the arrangement of these

layers along the a axis. The relationship between the structures can be viewed as a shift of

neighbouring layers by half a unit-cell length along the c axis (as can be seen in the a axis

projection), or alternatively as a reflection of every second layer perpendicular to the b axis.

Given the observed intergrowth behaviour, it is evident that the two arrangements must have

closely comparable energies. Computational work using density functional theory (DFT) has

indicated that the two forms exhibit only a subtle energetic difference, and it was suggested

that the two polymorphs were virtually degenerate.274 Later on, Reilly and Tkatchenko

applied a many-body dispersion approach with DFT to investigate their energetic differences

at room temperature, which inferred that the stability of form I was due to the coupling

of low-frequency phonon modes and collective electronic fluctuations.275 A recent work of

Vaksler et al. proposed a new method to study the mechanical properties using quantum

chemical calculations constituted of two steps: analysis of the pairwise interactions between

molecules and modelling displacement between strongly bound fragments.276 The results

identified the crystallographic c axis, within the region between the common planes of the

polytypes, as the most likely direction for shear deformation to occur.

Even though crystals are defined as well-organised and ordered systems, defects and

dislocations are commonly encountered in crystalline materials. The influence of defects, for

example on the properties of metals, has been widely studied. It is well known that defects

can also affect the performance of molecular materials such as their mechanical stability.277

The subtle differences in crystal structure between the two aspirin forms and the comparable

energetic stabilities challenge the view of distinct polymorphs and make this an interesting
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Figure 6.1. Projection of aspirin form I (left) and form II (right), viewed from a, b, and c axis (from top to
bottom). The arrow next to the a-axis points in the direction of the c-axis. It emphasises the relationship
between the two polymorphs by shifting neighbouring layers by half a unit-cell length in this direction.
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model system for investigating the effect of disorder and the structural dynamics in organic

molecular crystals beyond their perfect structures. Chan et al. have reported a detailed

structural study of aspirin crystals, with disorder models fitted to diffuse X-ray scattering

data.278 These results confirm that crystals of form I are well ordered, but that form II

crystals contain stacking faults corresponding to the form I interlayer arrangement, which

aggregate to form included regions of the form I structure. Hence, “pure” form II is generally

not encountered, and may not be experimentally attainable.

Well-established solid-state analytical techniques can probe a wide range of molecular,

particulate, and bulk properties. For example, by combining information from spectroscopic

techniques (i.e. Raman and Fourier transform infrared spectroscopy), X-ray diffraction,

differential scanning calorimetry, as well as thermogravimetric analysis,279 a thorough char-

acterisation of the sample of interest can be achieved. The method proposed in this study

augments this approach by combining vibrational spectroscopy in the far-infrared region,

measured by terahertz time-domain spectroscopy (THz-TDS), and ab initio DFT simulations

under periodic boundary conditions. The unique perspective this adds is to explicitly take

into account the influence of the low-frequency vibrational dynamics. These motions typically

exhibit large amplitude and are very soft and complex motions dictated by the weak disper-

sion and hydrogen bonding interactions in organic molecular crystals. We show here how

this information can reveal further insight regarding the nature of the polymorphism at the

example of aspirin forms I and II. These low-frequency dynamics are of universal importance

for crystal polymorphism, and the approach described in this work can be applied directly

to many other pharmaceutical systems of interest. The measurement of vibrational dynam-

ics complements the structural characterisation from crystallographic techniques, while the

solid-state DFT methods provide a powerful route for interpretation of the terahertz spectra.

These methodologies have previously been applied to study a wide range of organic molec-

ular crystals, including polymorphs of pharmaceutical drug molecules.29;235;280;281 THz-TDS

probes weak interactions within molecular crystals, but due to the complexity of the motions

at terahertz frequencies, not least given the strong coupling between large amplitude external

and internal motions, the spectra are difficult to interpret without the complementary DFT
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Figure 6.2. Terahertz spectra of aspirin form I acquired by Laman et al.282 Left: Aspirin pellet; Right:
Aspirin film.

method. The terahertz spectrum of aspirin form I has previously been measured by Laman,

Harsha and Grischkowsky using a bespoke THz-TDS setup, where thin films of crystals

were grown directly onto the surface of an aluminium parallel plate waveguide structure.282

This method has the advantage that no scattering occurs when the terahertz electric field

propagates along the surface of the waveguide and the effervescent field can interact very

efficiently with the crystalline film. As a result, the line width of the vibrational modes is

dramatically sharpened compared to conventional transmission spectroscopy of a polycrys-

talline sample (Figure 6.2). However, the requirement to crystallise the sample directly onto

the flat aluminium plate waveguides in the form of a thin film restricts the application of the

method for detailed investigation of complex polymorphism where such constraints in crys-

tallisation conditions limit the accessible solid-state forms. Therefore, we apply transmission

measurements on pellets containing polycrystalline particles of the two polymorphic forms

of aspirin using a commercial terahertz spectrometer.

6.1.2 Experimental Section

Materials

Commercial aspirin form I of USP grade was acquired from Sigma-Aldrich (Gillingham, UK)

and used as received. Form II was prepared following the procedure described by Bond et
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al. through crystallisation from the organic solution of form I in the presence of aspirin

anhydride.270 A bulk solid mixture of 9 g aspirin and 1 g aspirin anhydride was prepared, and

divided into 10×1 g portions in separate vials. The solid in each vial was dissolved in 3ml

tetrahydrofuran (THF) with shaking, then left to evaporate under ambient conditions. X-ray

powder diffraction (XRPD) was used to confirm the crystalline structure of all samples prior

to any subsequent terahertz spectroscopy experiments.

X-Ray Powder Diffraction (XRPD)

X-ray powder diffraction measurements were carried out on a Panalytical XPert Pro diffrac-

tometer in Bragg-Brentano geometry, using non-monochromated CuKα radiation (λave =

1.5418 Å). Samples were prepared on glass flat-plate sample holders and data were measured

over the range 2 θ = 3° to 40°. Due to the polytypic relationship between the crystal struc-

tures, the diffraction patterns of aspirin form I and II are closely comparable (50% of the

reflections are identical). Form II domains are indicated by signature peaks at 2 θ ≈ 16.0,

19.2 and 26.0°.269

Terahertz Time-Domain Spectroscopy (THz-TDS)

The THz-TDS measurements were performed in transmission using a commercial spectrom-

eter (TeraPulse 4000, TeraView Ltd., Cambridge, UK) equipped with a cryostat (Janis, Mas-

sachusetts, USA) and an attached temperature controller (Lakeshore 330, Ohio, USA). The

set up was used to acquire measurements in the temperature range between 80 and 400K.

Due to the strong absorption from pure crystals, polycrystalline aspirin powder was di-

luted in polyethylene (PE) powder (Induchem, Volketwil, Switzerland) to a 5% w/w con-

centration using an agate mortar and a pestle by gentle mixing. The powder mixture was

then compressed into a pellet of 13mm diameter using a hydraulic press (Specac Ltd., Kent,

UK) at a load of 2 tons, and a blank PE pellet was prepared in the same way to be used

as a reference. For each sample, 1000 waveforms were acquired and averaged with a spec-

tral resolution of 0.94 cm−1. A spectrum was first acquired at room temperature to check
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if the sample pellet was at the proper concentration. The whole system was then cooled

to 80K with liquid nitrogen to acquire a spectrum at low temperature that would be more

comparable with the simulated spectrum from the DFT calculations.

Density Functional Theory Calculations

The DFT simulations were performed using the CRYSTAL17 software package.159 The pub-

lished crystallographic data from the Cambridge Structural Database (CSD) (ACSALA07;

ACSALA17) were used to set the initial atomic positions and lattice parameters.205;278;283 The

subtle differences between the two polymorphs required very strict parameters for the best

differentiation. The “extra extra large” grid (XXLGRID) was used to generate 100 k-points

in reciprocal space (SHRINK=7) and the tolerance of bielectronic coulomb and Hartree-

Fock (HF) exchange integrals were set to 10−12, 10−12, 10−12, 10−12 and 10−24 (TOLINTEG).

The atomic centered triple-ζ Ahlrichs VTZ basis set (with polarisation)196 and the PBE

density functional181 with Grimme-D3 London dispersion correction188;189 were applied with

a three body Axilrod-Teller-Muto repulsion term (ABC)284. The energy convergence cri-

terion for the geometry optimisation was set at 10−8 Hartree, and 10−10 Hartree for the

frequency analysis. The default DIIS convergence accelerator was applied. In addition, two

displacements for each atom along each Cartesian direction were calculated for the phonon

modes (NUMDERIV=2) and the IR intensities were calculated based on the Berry phase

method.210;211 The cohesive energies of both forms were calculated by subtracting the iso-

lated molecular energy from the total solid-state energy considering the basis set superposi-

tion error (BSSE), which originates from the finite basis sets.208 Certain normal modes were

selected and the corresponding geometries were scanned along the eigenvectors to obtain

more information on these modes (SCANMODE). The Gibbs free energy as well as other

thermodynamic properties were calculated from 7K to 300K for each structure.
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6.1.3 Results and Discussion

X-Ray Powder Diffraction (XRPD)

The bulk solids from the crystallisation trials contained differing degrees of form II do-

mains, as indicated by the relative intensities of the signature form II peaks in the XRPD

patterns (Figure 6.3). Trace aspirin anhydride was also detected in most samples. The vari-

ability in the crystallisation outcome is attributed principally to (deliberate) inhomogenous

mixing of the initial aspirin/aspirin anhydride solid sample. Three samples were selected for

further analysis, which contained minimum quantities of aspirin anhydride and a range of

form II peak intensities. The sample referred to as “form I” shows no evidence of form II

peaks in the XRPD, “low purity form II” shows form II peaks of intermediate intensity, and

“high purity form II” shows the most intense form II peaks. Here, “purity” refers to the

polymorphic composition. Hence, the form I sample straightforwardly represents the aspirin

form I structure, the high purity form II sample is the best available representative of the

form II structure, and the low purity form II sample comprises the form II structure with a

more substantial fraction of form I domains.

Terahertz Time-Domain Spectroscopy (THz-TDS)

The maximum absorption coefficient (αmax) was determined by the dynamic range of the

terahertz signal.201 It was checked qualitatively for the experimental results to make sure

that the absorption was within the accessible range. Figure 6.4 shows that the absorption

did not exceed the dynamic range of the instrument for frequencies up to 3THz. Therefore,

the spectra obtained for the two polymorphs were valid for further analysis.

Figure 6.5 shows the experimental spectra of form I and the two form II samples at 80K.

The overall resemblance of all parts of the spectra reflects the close structural similarity

between the two forms, which is not generally common in other polymorphic systems. In

order to facilitate comparison, the spectra were normalised relative to the peak at 1.8THz,

which is a pronounced feature in both forms (Figure 6.5). The reason for choosing this feature

will be explained in the following section of computational results. In general, the peaks of
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Figure 6.3. PXRD patterns for the bulk samples of aspirin form I and the two measured samples of form
II. The arrows highlight signature peaks for form II that are absent from form I.

Figure 6.4. The maximum absorption coefficient compared with the experimental spectra for form I (left)
and form II (right).
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Differences

Figure 6.5. The experimental spectra (left) of aspirin form I (blue), form II with high polymorphic pu-
rity (red), and form II with low polymorphic purity (yellow). The spectra (right) are normalised relative to
the feature at 1.8THz (highlighted by the grey vertical line). The arrows highlight the three main noticeable
differences between the two forms.

form II appeared relatively broader than those of form I, which may reflect the inherent

disorder expected for form II. The three main differences are pointed out in Figure 6.5: (i)

the feature at around 1.5THz is considerably more intense in the form II samples than in

form I; (ii) around 2.0THz, the spectra of the form II samples clearly show peak broadening

and merging; (iii) the form II samples show a shoulder on the high frequency flank of the

peak just before 2.5THz.

Optimisation of the Crystal Structures

The experimental crystal structures of both polymorphic forms were optimised using the

settings described in the Experimental Section and compared with their published experi-

mental data at 100K and 300K respectively (as shown in Table 6.1 and 6.2). The relative

errors between experimental and optimised structure are small, demonstrating the accuracy

of the calculations. As expected, the calculated physical properties of the two polymorphs

(Table 6.3) show only marginal differences. The total lattice energy of form II is calculated

to be 0.293 kJmol−1 higher than form I, which implies that form I is marginally the more

energetically stable state. The energy difference increases to 1.609 kJmol−1 when consid-

ering also the zero-point energies. The cohesive energy (Ecohesive per molecule) of form I
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Table 6.1. The comparison between the simulated structures and the crystallographic data of form I at
300K and 100K. Difference in percentage (%)=(Exp.-Calc.)/Exp.×100.

Difference
300K 100K Optimised 300K 100K

a 11.416 11.233 11.28884893 1.114 % -0.497 %
b 6.598 6.544 6.64371589 -0.693 % -1.524 %
c 11.483 11.231 11.18437958 2.600 % 0.514 %
β 95.6 95.89 95.614354 -0.015 % 0.287 %

Volume (Å3) 860.803 821.218 834.803486 3.020 % -1.654 %

Table 6.2. The comparison between the simulated structures and the crystallographic data of form II at
300K and 100K. Difference in percentage (%)=(Exp.-Calc.)/Exp.×100.

Difference
300K 100K Optimised 300K 100K

a 12.2696 12.095 12.10525594 1.339 % -0.085 %
b 6.5575 6.491 6.51259457 0.685 % -0.333 %
c 11.496 11.323 11.30727436 1.642 % 0.139 %
β 68.163 68.491 69.046117 -1.296 % -0.810 %

Volume (Å3) 858.575 827.047 832.475974 3.040 % -0.656 %

is predicted to be 0.560 kJmol−1 lower than form II prior to any correction for BSSE, but

rises to 0.035 kJmol−1 higher than form II after BSSE correction. A noticeable difference

is that the entropy of form I is predicted to be smaller than that of form II. It should be

noted that this refers to vibrational entropy, calculated for the idealised form I and form II

crystal structures. The calculations do not quantify configurational entropy associated with

the structural disorder described for form II single crystals.

Table 6.3. Comparison of the properties of the two polymorph (form I-form II). The entropy and heat
capacity listed in the table are values predicted at 298.15K and atmospheric pressure.

Form I Form II Difference
Energy (×106 kJ mol−1) -6.80803637 -6.80803608 -0.293

Volume (Å3) 834.803 832.476 2.328
Density (g cm−3) 1.433 1.437 -0.004
Ecohesive (kJ mol−1) 205.092 205.652 -0.560
Ecohesive with BSSE (kJ mol−1) 10.285 10.250 0.035
Zero-point energy (kJ mol−1) 1617.261 1615.945 1.316
Entropy (J mol−1 K−1) 862.097 875.594 -13.497
Heat capacity (J mol−1 K−1) 785.492 785.638 -0.146
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Frequency Analysis

The simulated vibrational spectra were calculated for the optimised crystal structures, and

are compared with the experimental results in Figure 6.6 (the experimental results of the

high purity form II are used onwards for further analysis). Figure 6.7 shows the simulated

spectra of both forms with the bandwidth set to 1 cm−1 in order to display each feature for a

clearer comparison. As shown, the peak at around 1.8THz is predicted for both forms with

comparable intensities, hence the decision to normalise the experimental spectra relative to

that feature in Figure 6.5. The three circled areas correspond to the differences identified

between the experimental spectra: (i) the feature at 1.53THz is predicted only for form II,

which explains why the peak is more pronounced in the spectra of the form II samples; (ii)

the merging of the peaks just below 2.0THz in form II can be explained by the extra feature

predicted on the high frequency side of the intense peak at 1.82THz; (iii) the broad shoulder

at 2.5THz in the experimental spectra of the form II samples matches well with the two less

intense peaks at 2.37THz and 2.58THz predicted for form II. Overall, the simulated spectra

show a greater degree of difference between the two polymorphs compared to that observed

in the experimental spectra. One way to explain this could be the expectation that the form

II samples are intergrown with form I domains. To explore this possibility further, a small

amount of the “high purity” form II sample was used to spike the bulk form I sample and vice

versa. This resulted in even closer similarity between the experimental spectra. As a final

observation, the anticipated structural disorder in the form II samples would be expected to

result in non-coherent and less pronounced vibrational motions, which are suggested by the

increase of the baseline in the terahertz spectra.97

To quantify the comparison, the experimental spectra were fitted in Matlab with the

spectral features constrained to the frequencies predicted by the simulations, where the peaks

were fitted to Lorentzian functions and the baseline was fitted to a power law Eqn. 6.1.

y =
#

n

An

(1 + (x−fcn−d
gn

)2)
+Bxa + c (6.1)

where An is the amplitude of the peak, gn is the peak width, fcn is the predicted frequency
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Figure 6.6. The simulated (black or grey) and experimental (blue) spectra of aspirin form I (solid) and form
II (dashed). The vertical bars represent the precise frequencies and intensities for active modes that were
predicted by the DFT method for each form. A bandwidth of 1 cm−1 was used for the simulated spectra in
each case.
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Figure 6.7. The simulated spectra of form I and II when bandwidth was set to 1 cm−1. The red circles
highlight the three simulated features predicted in form II that were assigned to the differences of experimental
spectra of form II from form I.

of the peak, d is the relative shift between the simulated active modes, and Bxa+ c was used

to fit the baseline. Application of the shift d is common practice and is mainly due to the

difference in temperature between the experimental (80K) and simulated (0K) results as well

as additional effects of anharmonicity. The fits are shown in Figure 6.8, and the resulting

parameters are shown in Table 6.4. The highlighted features in both samples are not predicted

in the corresponding form, but rather in the other polymorph. The fact that it is possible to fit

the experimental spectra very closely using this methodology, but that both spectra contain

residual features indicative of the other polymorphic form, substantiates the hypothesis that

the two polymorphs are intergrown in the samples analysed, and furthermore demonstrates

that this feature can be detected by the terahertz measurements. It is also notable that the

baseline fitting parameters of form II in Table 6.4 are larger than those required for form I,

consistent with the expectation that the form II sample is more disordered. This can also be

reflected from the wider peak width in form II on average, as peak broadening is a significant

effect to the terahertz absorption spectra caused by disorder in crystalline materials.138;285
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Figure 6.8. Aspirin form I (left) and form II (right) experimental spectra fitted with the Lorentzian functions
and the power law with fixed simulated modes. The blue dots represent the raw data from the experimental
data points, while the red curves result from the fitting process.

It is evident in Figure 6.8 that the first peak of form II at 1.0THz is not fitted as well as

the other features. Therefore, further calculations were performed to examine the energies

of the structures with the atoms displaced in steps along the eigenvectors corresponding to

the first spectral features of each form. Figure 6.9 shows that the difference between the

energy calculated with the harmonic approximation and the real total energy of form II,

along the displacement, was much larger than that of form I. This implies that the influence

of anharmonicity is much larger for the first peak of form II than for form I, which can

account for the less effective fitting that is observed. In addition, it was found that the

methyl groups (–CH3) in form II were much more active than in form I within the whole

low-frequency range (0.5THz to 3THz), showing both rotation around the C–CH3 bond

and greater motion of the entire acetyl group. This can be related to differences in the

local environments of the CH3 groups, which include C–H· · ·O and C–H· · · π intermolecular

contacts (Figure 6.10). Two out of three such contacts (within the layers common to the

polytypes) are directly comparable in the two polymorphs, but the “interlayer” C–H· · ·O

contact in form I is shorter and closer to linear than that in form II. Hence, the CH3 groups

in form I adopt an approximately symmetrical position between two neighbouring O atoms

in form I, compared to an asymmetrical arrangement in form II. The results confirm the

122



Figure 6.9. The calculated energies of the structures with the atoms displaced in steps along the eigenvectors
corresponding to the first spectral features of form I (blue) and form II (red). The solid lines represent the
total energies of the geometry at each position, and the dashed ones are for the energies calculated based on
harmonic approximation.

observations reported in the early work of Reilly and Tkatchenko.275

Free Energies of the Polymorphs

In Section 3.3 (Table 6.3), it was shown that the total lattice energy of form I is calculated to

be marginally lower than that of form II at absolute zero. To further investigate the relative

stability of the polymorphs at real temperatures, the Gibbs free energy curves of both forms

were calculated from 7K to 300K (shown in Figure 6.11 and the lower bound being limited

by the CRYSTAL17 software package159). A turning point is predicted at 75K, where the

Gibbs free energy of form I becomes larger than that of form II, which infers that form II

is more stable at ambient temperature. The dynamic calculations show specifically that the

stability of form II arises as a result of its greater vibrational entropy. However, two caveats

apply: (1) the free energy calculation is based on the harmonic approximation, which would

be expected to influence the predicted value of the transition point; (2) the calculations refer

to the idealised form I and form II crystal structures, and do not consider structural disorder
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Figure 6.10. C–H· · ·O and C–H· · ·π intermolecular contacts within the optimised crystal structures of form
I (left) and form II (right). The central and right-hand molecule in each diagram lie within the consistent
2–D layers of the polytypes, while the different C-H· · ·O contact is formed between layers.

Table 6.4. The power law fitting parameters for aspirin form I and form II (top). The Lorentzian fitting
parameters of form I (bottom left) and form II (bottom right). Features highlighted with an asterisk are not
predicted in the corresponding form but rather in the other polymorph.

B a c d (THz) d (cm−1) R2

Form I 0.0164 0.364 0.00285 0.0476 1.59 0.991
Form II 1.04 4.14 0.150 0.0329 1.10 0.999

fcn (THz) An (cm
−1) gn

1.05 8.82 0.0772
1.53* 18.2 0.164
1.81 157 0.0564
2.10 123 0.0600
2.29 206 0.0959
2.38 0.285 0.274
2.77 134 0.0675
3.02 99.5 0.198

fcn (THz) An (cm
−1) gn

1.00 3.67 0.209
1.53 14.5 0.115
1.83 75.9 0.0876
1.98 3.58 0.0823
2.09* 60.3 0.118
2.29 91.5 0.0848
2.37 50.0 0.128
2.79* 45.4 0.538
2.86 40.3 0.134

124



Figure 6.11. The comparison between the Gibbs free energy of two polymorphs from 7K to 300K(∆E=
form I - form II).

associated with the intergrown nature of form I/form II single crystals.

6.1.4 Conclusions

This work applies THz-TDS and ab initio simulations to explore the two highly similar

polymorphs of aspirin. The results show that, even for these two nearly identical crystal

structures, THz-TDS can reveal spectral differences based on its sensitivity to inter- and

intra-molecular forces. With the help of DFT simulations, slight differences observed for

the aspirin polymorphs and the spectra provide further solid evidence of the intergrown

nature of the two forms. A number of calculated physical properties are compared for the

two forms and most of them are found to be quite similar, reflecting the high degree of

structural similarity. However, form II shows a relatively larger vibrational entropy, which

yields a lower free energy than form I at temperatures above 75K. Larger parameters for the

baseline fitting of the THz-TDS spectra also indicate a higher degree of structural disorder

for form II, consistent with established expectations for this polymorph. The methodology
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introduced here for aspirin complements existing physicochemical techniques and adds a new

perspective to rationalise the crystallography of polymorphic systems and their structural and

thermodynamics analysis. Further computational work on a supercell structure incorporating

defects would be very valuable to investigate the influence of structural imperfections in

the system and could also add insight into possible phase transitions between the aspirin

polymorphs. However, a highly efficient computational plan will be required as well as a

large amount of computational resources to pursue this work further.

6.2 Understanding the Metastability of Theophylline

Form III by Means of Low-Frequency Vibrational

Spectroscopy

6.2.1 Introduction

Theophylline (THEO) (Figure 6.12), a compound with bronchodilator properties, has five

known anhydrous polymorphs (I, II, III, IV, V) and one known monohydrate polymorph (M)

which is a typical channel type hydrate.286–288 In industry, the anhydrous form II (FII) and

monohydrate form M(FM) are the two most relevant THEO derivatives because FII is easier

to be crystallised and they readily interconvert depending on the ambient temperature and

relative humidity (RH).289 Because of the tendency of solvates to have poor solubility in the

same solvent that they contain within their packed structure, FII is preferred over FM for

medicinal production.290 However, during the production of dosage forms containing FII, FM

can inadvertently form when techniques such as wet granulation are used.291 The polymorphic

form of a drug can greatly impact its pharmaceutical efficacy and it is therefore of great

importance to intimately know the chemical nature of these solids and the physical-chemical

transformation mechanisms between the solid phases.
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Figure 6.12. Molecule of theophylline.

The existence of a THEO metastable state was first reported by Phadnis and Surya-

narayanan in 1997, where its formation was described rather than the expected FII following

an experiment of the dehydration of FM.292 It was found that extended heating yielded

a different pattern in the powder X-ray diffractogram (PXRD), which was attributed to a

metastable state initially referred to as FI∗ and later named form III (FIII).293 The diffrac-

tion peaks that were supposed to be characteristic of this metastable state started to appear

at 40 °C and disappeared at 130 °C upon continuous heating. In a second PXRD exper-

iment, FIII was characterised and found to persist until 140 °C. The authors synthesised

this metastable state by exposing FM to reduced pressure (< 0.6 kPa) at room temperature

for 12 h. According to the authors, this crystalline form is an intermediate product of the

solid-solid transformation during dehydration of FM to FII following a general pathway of

FM→FIII→FII. In contrast, this intermediate product does not appear in the hydration

process from FII to FM, which occurs in a single step.294

Airaksinen et al. also studied FM dehydration in order to investigate the efficiency of

drying techniques with multichambered microscale fluid bed drying and variable temperature

powder X-ray diffractometry.291 In addition to the PXRD patterns of FII and FM, a third

pattern attributed to a metastable state was observed during the process. Its distinctive main

peaks at 9.4°, 11.3°, 12.5°, 13.5°and 15.4° 2θ, corresponded to the pattern that was found

previously by Phadnis and Suryanarayanan. This further indicated that FIII was involved
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Figure 6.13. Projections of the extended unit cells of theophylline polymorphs FII (a-b) and FM(c-d). d)
highlights the channel formed by the water molecules in the “a” direction of FM. CSD code: a-b) BAPLOT01
and c-d) THEOPH01.

in THEO dehydration.

Other studies also pointed to the existence of this same FIII metastable state (sometimes

also referred to as I∗ or A∗) during the dehydration of FM based on PXRD measures.286;293;295

As described by Sun et al., the crystalline structure of FM is created by dimers of theophylline

containing an inversion center.288 This structure exposes the N(1), which is a strong acceptor

of hydrogen, and therefore the water molecule binds with this site of the THEO molecule

(Figure 6.13).

According to Fucke et al., the dehydration mechanism of FM proceeds in two steps: the

first step starts with the release of entire columns of water molecules from the channel hydrate

by breaking the HOH—N(1) hydrogen bonds that are weaker than the homomeric hydrogen

bonds between water molecules.296 This step should result in a FIII structure that is quite

similar to the structure of FM, characterised by signature stacked dimers but with empty
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channels remaining where the water molecules in the hydrate were located. However, the

FIII structure has not been conclusively determined. In the second step of the dehydration

mechanism, the dimer structure collapses, resulting in greater mobility for THEO molecules

to rotate and allowing for the conversion to the FII structure. It is worth noting that

the above-described mechanism is expected to occur during dehydration when heating is

introduced to the system.

Zeitler et al. studied the transformation of FM to produce FII by heating and measuring

the low-frequency vibrational spectra with in situ terahertz time-domain spectroscopy (THz-

TDS).30 The transformation to FII occurred but the presence of a distinct metastable state

during the phase transition was not observed. The authors proposed that during the tran-

sition process, the concentration of the metastable state was too low to be observed by

terahertz spectroscopy. It is important to note in this context that rather than a free-flowing

powder for the THz-TDS measurements the samples of FM were embedded in a porous PTFE

matrix that was formed by compressing PTFE and polycrystalline FM particles. In addition

to observing the solid-state transformation, intense, narrow peaks were observed in terahertz

spectrum during the heating process despite continuous purging of the sample chamber with

dry nitrogen. The peaks are characteristic of the rotational spectrum of water vapor and it

was therefore possible to measure the hydrate water emerging from the FM crystals before,

during and after the solid-state phase transition.

In a recent paper, Robert et al. realised isothermal dehydration of THEO FM at 50, 60,

70, and 80 °C monitoring the mid- and low-frequency Raman spectra evolution with time.297

The results showed complete transformation from FM to FII in all experiments within 90 min

as evident from tracking the concentration of solid-state forms by using principal component

analysis (PCA) and multivariate curve resolution (MCR) chemometric methods. Although a

clear signal of metastate FIII was not observed in these experiments, the authors state that

at 50 °C, the dehydration was a multicomponent system based on the concentration profile

recovered by MCR. The authors highlighted the advantages of including the low-frequency

vibrational spectral range in studies of polymorphs of pharmaceutics products.

The FII THEO polymorph has an orthorhombic296 unit cell while FM is monoclinic (shown
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in Figure 6.13). These polymorphs exhibit plane stacking of theophylline molecules in the

“b” direction for FII and in the “a” direction for FM (Figure 6.13a and 6.13c). The distances

of these layers are 3.37 Å and 3.26 Å for FII and FM, respectively, indicating π-π stacking

but with parallel displacements. FII has infinite H-bonds in the “c” direction involving N(1)

and H(1). FM is formed by dimers of theophylline molecules, bounded by H-bonds between

O(1) and H(1) interspersed by water molecules that bind via H-bonds with the N(1) of

theophylline. The water molecules form a channel perpendicular to the plane “b-c”.

The optical phonon modes that disturb the polarisability of the π-π stacking structures

found in the THEO crystal structures result in strong signals in low-frequency Raman spec-

troscopy.298 The infrared active modes in the same frequency range also exhibit intense bands

that can be measured using terahertz spectroscopy (typical spectral range of 0.3 to 6 THz or

10 to 200 cm−1).299;300 Thus far, the low-frequency Raman spectra of FIII (metastable state)

still have not been reported and its THz-TDS spectrum suggests a low-quality crystal be-

cause of the absence of sharp, high intensity bands despite the PXRD data confirming that

it is a crystalline solid.301;302

Phadnis and Suryanarayanan stated that FIII is a very unstable solid phase of THEO,

and for this reason its structure had not been reported prior to their publication.292 Vora et

al. suggested that a mixed structure between amorphous and crystalline phases might exist

for this metastable state during the transformation from FM to FII.303 It is clear that the

nature of this metastable FIII polymorph is complex and highly dependent on temperature

and RH conditions, so additional studies are required in order to gather more insight into

the FIII structure.

Larsen et al. conducted molecular dynamics simulations to provide a mechanism for

FM dehydration and to compare the theoretical results with PXRD and solid-state nuclear

magnetic resonance experimental data.304 The phase transformation results showed several

defects occurring in the crystalline structure until the formation of FIII which presented

disorder. Additionally, they found evidence for the different stages of the dehydration process,

beginning with FM undergoing a transition state before turning to FIII which finally reaches

FII at room temperature. Refinements were made to propose the crystalline structure of FIII.
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This structure has stacked hydrogen bond dimers such as in FM but with layers tilted by

approximately 60 ° in its “c” direction (CSD code: KOJNIJ304). The reason for this torsion

can be understood as a way to minimize the energy of the system due to the exposure of the

group N(1) after water leaving, since in this new structure N(1) has short connections with

three hydrogens from CH3 group of neighboring molecules.

As terahertz radiation is located at the low-frequency end of the far-infrared region, tera-

hertz and low-frequency Raman spectroscopy are very sensitive to inter- and intra-molecular

vibrations in the system where interaction energies are low and the masses of the vibrating

oscillators are large. This makes the techniques very useful to detect the role of water within

the theophylline structure while also to distinguish the different polymorphs that can be

present while the sample is kept at various conditions. While THz-TDS is similar to conven-

tional IR spectroscopy and can only detect molecular vibrations that result from changing

dipole moments, the remaining vibrations that result from a change in polarisability can be

detected with Raman spectroscopy. Therefore, the two techniques will be used to comple-

ment each other in this study in tandem with PXRD to fully characterise the structure and

observe all low-frequency modes of the various forms of theophylline.

In the low-frequency region (10-200 cm−1), the vibrations are relatively complex collective

motions related to the whole structure rather than to specific functional groups observed in

the mid-IR region (400-4000 cm−1). Therefore, computational methods are necessary to fully

interpret the vibrational motions corresponding to the observed modes by low-frequency Ra-

man and terahertz spectroscopy. This combined methodology has been applied to a wide

range of materials and has been shown to provide much deeper insight into the nature and

behavior of a chemical system.10;233;238;305 In this study, solid-state density functional the-

ory (ss-DFT) simulations were used to simulate the experimentally obtained structures and

vibrational spectra of the theophylline forms. Thereby, an uniquely conclusive evidence to

the dehydration process has been provided while offering a novel proposal for the anhydrous

metastable state.
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Figure 6.14. Custom-made chamber used in dehydration process with nitrogen purge.

6.2.2 Experimental Section

Sample Syntheses

Theophylline FII was purchased from Sigma-Aldrich (theophylline anhydrous≥ 90%, powder-

T1633) and used as received. Theophylline FM was synthesised in the laboratory according

to the method described in the work of Pinon et al. by dissolving FII (1 g) in ultrapure

water (50mL) at approximately 60 °C under vigorous stirring.289 When fully dissolved, the

system was allowed to cool slowly to room temperature (∼20 °C) under continuous stirring

for a period of 24 h. The precipitate was filtered and allowed to dry at room temperature

for 2 days. FM single crystals (large single crystals with 3mm length) were made by dissolv-

ing 100mg of FII in 5ml of ultrapure water and the solution was allowed to evaporate at

room temperature until dry long needle shape crystals formed. To obtain FIII, a dehydration

procedure was followed by exposing FM powder (fine particles) or single-crystal (large parti-

cles) samples to a continuous dry nitrogen purge of at a minimum flowrate of 10 L·min−1 for

24 h at room temperature (∼20 °C). Heating was not used in order not to induce FIII→FII

transformation, as observed in previous works described in the Introduction to this article.

Throughout this process the sample was confined in a closed chamber to measure the Raman

spectrum in real-time (Figure 6.14).
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Experimental Characterisation and Analyses

Thermogravimetric analysis (TGA) was performed to confirm the non-heating dehydration

process efficiency from FM to FIII. All the theophylline polymorphs were characterized using

powder and single crystal X-ray diffraction (PXRD and SC-XRD), mid-infrared absorption

with attenuated total reflectance (FT-IR-ATR), mid- and low-frequency Raman spectroscopy,

and THz-TDS.

Thermogravimetric Analysis Four samples were analysed using TGA (TA Instruments

model TGA2950): fine powder of FM (sample P1), dehydrated product of P1 (sample P2),

large crystals of FM (sample S1), and dehydrated product of S1 (sample S2). A heating rate

of 1 °C min−1 was used over the range of 30 to 95 °C with argon gas with the samples placed

in an aluminum pan.

Powder and Single Crystal X-Ray Diffraction The powder X-ray diffractometer was

a Shimadzu, model XRD7000, with Cu Kα λ = 1.54180 Å source, voltage of 40 kV, current

of 30mA and a range of 5 °to 50° 2θ.

To determine the structures of the THEO forms, single-crystal X-ray diffraction (SC-

XRD) experiments were performed at 296K on a Bruker model Apex with a CCD camera

with a Mo Kα (λ = 0.71073 Å) radiation source and a resolution of 8.33 pixels per mm2.

Fourier Transform Mid-Infrared Spectroscopy The FT-IR-ATR spectrophotometer

was an Agilent model Cary 630, with 4 cm−1 of spectral resolution in the range from 400 to

4000 cm−1. Spectra were acquired with 64 scans per sample, using a diamond crystal ATR.

Mid- and Low-Frequency Raman Spectroscopy For the Raman spectrophotometer

measurements, FM powder was supported on a lab-made chamber that allowed Raman mea-

surements to be acquired while the sample was subjected to a continuous flow of nitrogen

that promotes dehydration. The lab-made Raman spectrophotometer was described in de-

tail in previously published work.306 The instrument used a single-mode 785 nm laser with
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500mW of power as an excitation source with a power of 20mW detected on the sample

surface. The Raman spectra had a spectral resolution of 2 cm−1 acquired with an integration

time of 4 s per spectrum in the range from 10 to 1800 cm−1. The low temperature (77 K)

measurements were performed using a temperature control stage (model THMS600, Linkam

Scientific Instruments, UK).

Terahertz Time-Domain Spectroscopy The terahertz measurements were divided in

two parts. The first aimed to investigate the spectra of the THEO polymorphs as well as

the dehydration product. A terahertz spectrophotometer based on Asynchronous Optical

Sampling (ASOPS) technology and electro-optical detection (HASSP-THZ, Quantum Laser)

was used. For each time-domain waveform the data was averaged using 500 measurements.

The spectral range was analysed from 10 to 200 cm−1 (0.3 to 6THz) and the spectra in the

frequency-domain were obtained by the fast Fourier transform method. The sample chamber

of the terahertz spectrometer was purged with nitrogen at room temperature (∼20 °C). The

sample was positioned out of focus in the propagation direction of the terahertz pulse to

increase the spot of radiation in the sample and allow for monitoring of a larger region of the

pellet.307;308 The pellet weighed 200 mg in total and consisted of 30%m/mTHEO FM and

70%m/mpolyethylene.

The second portion of terahertz work aimed to further examine THEO dehydration be-

havior and to support the solid-state DFT simulations. Here, the room temperature trans-

mission THz-TDS experiments were used to track the entire dehydration process of FM by

placing the sample pellet under vacuum or by purging the sample chamber that contained

the sample with dry nitrogen gas overnight, both of which achieved the same results. In these

cases, the terahertz transmission spectra were acquired with the TeraPulse 4000 spectrom-

eter (TeraView Ltd., UK) at a continuous measurement interval of 10 sec per spectrum for

measurements acquired during dehydration under vacuum and 5 mins per spectrum for the

overnight sets under dry nitrogen flow (Table 6.5). For these measurements, the FM sample

was gently ground with an agate mortar and a pestle and mixed with polyethylene (PE)

to 5%w/w concentration. The homogeneous powder was then compressed into a pellet of
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Table 6.5. The summary of four sets of THz-TDS measurements of the THEO FM dehydration process.

Set Sample Conc. Method Waveforms Rate/spectrum Time
1 FM 5% Vacuum 150 8 sec 30mins
2 FM 4% Purging N2 overnight 1000 5min 15 hrs
3 FM 5% Vacuum 200 10 sec 50mins
4 FM 10% Purging N2 overnight 1000 2min 17 hrs

13mm diameter and 2-3mm thickness with a hydraulic press at 2 tons. A blank PE pellet was

used as the reference. After dehydration, the sample was cooled to 80K with liquid nitrogen

using a cryostat (Janis, Massachusetts, USA) and an attached heater (Lakeshore 330, Ohio,

USA) to acquire a terahertz transmission spectrum of the final THEO state. The experimen-

tal spectra acquired at low temperature have better resolved peaks and are more comparable

with simulated spectra that are calculated at 0K. The low temperature measurement was

performed on FII using the same method.

Solid-State Density Functional Theory Calculations

All ss-DFT simulations were performed using the CRYSTAL17 software package.159 Geom-

etry optimisation and frequency analysis of both IR and Raman spectra were calculated for

FII, FM and potential metastable dehydrated state FIII. The FIII structure was suspected

to be very similar to FM as guided by the preliminary XRD and mid-frequency vibrational

spectroscopy results showing very similar lattice parameters. Two possible structures of

FIII were proposed in this project: FIII(A) with the fixed lattice parameters of FM but

where the water molecules were removed; FIII(B) with water molecules removed as well

but with the unit cell fully optimised. The initial atomic positions and lattice parame-

ters were acquired from the published crystallographic data from the Cambridge Structural

Database (CSD)205 (THEOPH01288 for FM; BAPLOT01296 for FII). All calculations applied

the atomic centred triple-zeta 6-311G(d,p) basis set and the PBE181 density functional with

Grimme-D3 London dispersion correction.188;211 A shrink of 9 was determined corresponding

to 205 k-points in the reciprocal space. The Hartree-Fock (HF) exchange integrals were set to

10−9, 10−9, 10−9, 10−9, and 10−18 (TOLINTEG). All the structures were optimised with the
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only restriction of symmetry, while the FIII(A) was optimised with the restricted space group

and fixed cell length (ATOMONLY). The energy convergence criterion for the geometry op-

timisation was set at 10−8 Hartree and a stricter 10−10 Hartree for the frequency analysis.

The IR intensities were calculated based on the Berry phase method210;211 with the default

DIIS convergence accelerator, and the Raman spectra were calculated by first computing

the Raman tensor with a coupled-perturbed Hartree-Fock/Kohn-Sham approach with accel-

erated convergence by mixing Fock/KS matrix 2nd derivatives (ANDERSON2).213;214 The

experimental temperatures and laser excitation wavelength were also taken into account in

the Raman spectra calculations. While the 6-311G (d,p) basis set gave reliable energy and

optimisation results, it generated imaginary modes in frequency calculations for only form

III structures, despite very accurate spectral results for all other theophylline forms. To

mitigate this problem, simulations were additionally re-analyzed for all structures with the

triple-zeta Ahlrichs VTZ basis set (with optimisation)196 which solved this issue. All the

frequency results presented are devoid of imaginary frequencies.

6.2.3 Results and Discussion

Samples and Dehydration Process Characterisation

Most previous THEO studies realised that the rate of THEO FM dehydration increases

with temperature and results in FII as the final solid state, i.e. FM→FIII→FII. In this

dehydration study the FIII to FII transition was not reached. Room temperature dehydration

was enhanced by applying a high flow rate N2 purge (10 L·min−1) for 12 h over FM samples in

a closed custom-made chamber. Two different sets of FM samples were used as the starting

material of dehydration: two fine powder samples and two large single-crystal samples. To

evaluate the efficiency of the non-heating dehydration process on these samples, TGA was

employed on the start and final materials using a heat flow rate of 1 °C min−1 shown in

Figure 6.15.

Upon heating the samples up to 54 °C, the observed weight loss was gradual. This behavior

is consistent with the first step of dehydration, which corresponds to the removal of the
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Table 6.6. Main PXRD peaks in the range of 5 ° to 17 ° for THEO polymorphs FII, FM and FIII of
theophylline.

Form II (°) Form M(°) Form III (°)
7.38 8.88 9.66
12.86 11.52 11.50
14.62 13.36 22.64

14.70 13.84
15.50
16.50

hydrate water from the molecular columns closer to the sample surface resulting in voids

between the dimer structures of THEO molecules in the FM configuration. This behavior

is in line with the transition state described by Larsen et al.304 In addition, the gradual

weight loss was more pronounced in the powder sample which has a higher surface area than

large single crystals. At 55 °C the rate of weight loss suddenly accelerated, indicating the

rapid expulsion of the remaining hydrate water molecules. This second stage resulted in the

formation of form FIII that was characterised by a cracked morphology (small crystallites)

in random directions. The particles appeared opaque after dehydration compared with the

transparent crystals of the FM starting material (see images S1 and S2 in Figure 6.15). The

macroscopic cracking is known to result in a larger number of defects and dislocations in the

dehydrated material and a more disordered crystal. This was confirmed by the loss of high-

quality diffraction spots in the single-crystal X-ray diffraction analysis (Figure 6.15). The

TGA analyses were also performed on dehydrated samples and are shown by the red curves

in Figures 6.15a and 6.15b. The data shows that dehydration was efficient at removing all of

the water from the FM starting material before being subjected to TGA analysis.

In Figure 6.16a the PXRD patterns of FII and FM are shown. It is clear that the dehy-

drated material exhibits a distinctly different pattern, corresponding to FIII, in agreement

with previously reported measurements.293;302 We will refer to the dehydration product as

FIII from here onwards. Table 6.6 summarises the main peaks that were observed of each

polymorph in the range from 5°to 17° 2θ, corresponding to a distinct pattern in their crystal

packing.
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Figure 6.15. Thermogravimetric analysis of fine powder samples (a: P1 and P2) and large single-crystals (b:
S1 and S2) of THEO FM before (P1 and S1) and after (P2 and S2) the dehydration at room temperature.
The images at the bottom are of the large single crystals before and after dehydration with an inset image
of their X-ray diffraction spots.
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FTIR (400 - 4000 cm−1) and Raman spectra at mid-frequencies (400 - 1800 cm−1) are shown

in Figure 6.16b and 6.16c, respectively, for THEO polymorphs FII, FM, and FIII. This spec-

tral range can be used to differentiate the polymorphs by careful analysis of the vibrational

features that are involved in intermolecular H-bonds. Based on the spectral analysis, we

can infer that the crystalline structures of FM and FIII exhibit high similarity. In addi-

tion, the FIII FTIR spectrum shows a clear absence of the O-H water stretching band at

3350 cm−1 (Figure 6.16c) which is present in FM FTIR spectrum. In the mid-frequency Ra-

man spectra, the most notable differences are for the bands at 1238 and 1475 cm−1 where

only a change in intensity was observed (highlighted in Figure 6.16b).

Low-Frequency Vibrational Spectroscopy of THEO Polymorphs

The terahertz and Raman spectra for THEO polymorphs FII, FM, and FIII obtained in

the low-frequency spectral region (10 to 200 cm−1) are shown in Figures 6.17a-b and 6.17c-

d, respectively. As expected, the Raman and terahertz spectra are quite different for the

theophylline polymorphs FII and FM, since this spectral range captures a direct fingerprint

related to phonon vibrations. The number of phonon modes (only optically active ones) is

calculated according to 6Z-3, where Z is the number of molecules into the unit cell.298 Thus,

since FII and FM have 4 molecules of theophylline within their unit cell, the number of

optically active phonon modes for each polymorph should be 21. Due to the high symmetry

of the crystals and selection rules, the phonon vibrational modes that are active in Raman

happen to be inactive in terahertz spectroscopy. In addition, it is known that the spectral

bands in the terahertz range overlap considerably when measured at room temperature, due

to the significant anharmonicity and the contribution of excited states in the vibrational

modes.238;309 Therefore, given the limited spectral range from 10 to 200 cm−1, the spectral

resolution, and the temperature of the measurement, the number of observed bands were less

than calculated. In the THz-TDS spectra, FII and FM exhibited 6 and 5 bands, respectively

and in the Raman spectra FII and FM showed 7 and 6 bands, respectively.

Based on the structure suggested by Larsen et al., FIII also has Z = 4 which results

in 21 optical phonon vibrational modes.304 The terahertz and Raman spectra of FIII in
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Figure 6.16. a) PXRD, b) mid-frequency Raman, and c) FTIR of THEO polymorphs FII, FM, and FIII.
The present and absent vibrational bands of water in FM and FIII, respectively, are highlighted in the FTIR
spectra.
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Figure 6.17. a-b)Terahertz and c-d)Raman spectra of theophylline polymorphs FII, FM, and FIII at low
frequencies.

Figure 6.17 showed about 3 and 5 bands, respectively. In the low-frequency Raman spectrum,

the band at 43 cm−1 increased in intensity and the bands at 62 and 90 cm−1 appeared to only

shift in frequency during dehydration from FM to FIII (see Figure 6.18), indicating, within

the context, that they are similar phonon vibrational modes in a new environment. After

dehydration, the closed chamber was purged with air at 90% relative humidity and the

spectrum of FM polymorph was recovered, as can be observed by the spectrum recorded at

240min.

In addition, the dehydration process was tracked in situ with THz-TDS as shown in

Figure 6.19. The spectra, continuously acquired over time, clearly showed that the spectral

features both at 60 and 90 cm−1 were decreasing, indicating a structure change. The last

spectrum lacked any obvious crystalline features. This result suggests that the structure
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Figure 6.18. Raman spectra were acquired over time during dehydration of theophylline FM showing the
solid transformation to FIII. The curve at 240min shows the recovered FM spectrum after submitted to
rehydration with 90% humidity air.

became successively disordered, which is expected as water leaves the system. It was also

observed that after leaving a sample pellet at 20 °C and 40% RH for 2 days, it was converted

from FIII to FII. (Figure 6.20).

All these vibrational spectroscopic and PXRD results indicated that FM and FIII are

distinct polymorphs. However, they should present similar structures at a molecular level

since their infrared and Raman vibrational characteristics at mid-infrared frequencies (400

to 1800 cm−1) are quite similar. This similarity should be most likely due to the stacked

dimers of theophylline keeping the water binding site, N(1), exposed and allowing re-entry

of the water and thereby reconstituting the monohydrate (FM). In addition, the dehydration

process causes a loss of crystal structural quality by forming a cracked short structure due

to the collapse of the dimers (microcrystalline environment).

The resultant reduction in crystal quality makes experimental structural determination

extremely difficult and simulations of THEO FIII are an elegant alternative to conclusively

determine possible structures and complement the characterisation work that already per-

formed. By accurately simulating the low-frequency vibrational spectra of a structure and

comparing it to the terahertz and Raman results obtained experimentally, it ensures that the
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Figure 6.19. 5%w/w FM pellet was kept under the purge of N2 overnight for 17 hrs. The dehydration
process was tracked by the THz-TDS and a spectrum was acquired every 5mins.

Figure 6.20. The spectra of the dehydrated FM sample pellets kept after 2 days, and the spectra of FII at
80K and 294K.
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intermolecular forces are correctly modeled, and therefore validates the proposed structure.

Computational Results of THEO Polymorphs

Geometry optimisations were performed for all the structures of interest with relative errors

in volume and unit cell dimensions of less than 3% (Table 6.7). The energies of the optimised

structures are in the trend of FM < FII < FIII(B) < FIII(A) (Table 6.8). The relative energies

are in good agreement with the observations that FM forms at specific temperatures and

humidity, as well as the observed transition of FIII to FII after FM is dehydrated. However,

the widely reported P21/n space group for FM resulted in energetically unfavourable positions

of water molecule pairs that oriented toward each other and frequency simulations that

showed negative modes around 500 cm−1, indicating an incorrect structure. The only way

to resolve this issue is by reducing the symmetry to the Pc space group, showing that the

correct space group for FM is not P21/n, but Pc. The simulated and experimental IR and

Raman spectra of FM are well matched as shown in Figure 6.21. For the IR spectra, the

experimental features are accurately predicted in the computational results with pronounced

peaks at 60.2, 64.4 and 91.9 cm−1. It was impossible to acquire a spectrum of FM at 80K due

to the limitations of the experimental setup as cooling the sample to 80K requires evacuation

of the sample chamber which would unavoidably cause dehydration under vacuum. The first

two modes at around 60 cm−1, shown in Figure 6.21 as one broad peak in the experimental

spectra, correspond largely to water molecule translational motions in the channel along the

a-axis. The mode at 90 cm−1 corresponds to a vibrational motion of the water dimer along

the c-axis (Figure 6.22). The visualisation of these modes nicely explains the collapse of the

peaks shown in Figure 6.19. As water leaves the system over time, these motions disappear

and the modes they correspond to diminish.

However, the intense peaks that are observed in the infrared correspond to the vibrations

of water molecules. They are infrared active due to the strong dipole coupling and are

predicted to exhibit relatively low intensities in the Raman spectra. Intense Raman-active

modes, such as those at 25.6, 79.9 and 105.8 cm−1 mainly involve intermolecular vibrations of

THEO molecules. Overall, the Raman spectra appear to provide a highly accurate probe of
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Table 6.7. The comparison between the optimised and the published experimental structures of FM, FII
and FIII(B) to FM. Difference (%) = (Exp.-Calc.)/Exp.*100%.

FM(Pc) FII FIII(B)
a 2.509% 2.393% -0.342%
b 2.072% 1.471% 9.980%
c -0.921% 0.724% 3.099%
β -0.266% N/A 0.417%

Volume 3.745% 4.525% 12.388%

Figure 6.21. Experimental and simulated IR (left) and Raman (right) spectra of FM.

Table 6.8. The energy difference (105 kJ·mol−1) between FII, FIII(A), FIII(B) and the most stable form
FM. Both sets of data were calculated using the PBE density functional, while the first column applied the
6-311G(d,p) basis set which worked better for the FM and FII system, and the second column used Ahlrichs
VTZ basis set that was more suitable for the FIII structure.

6-311G(d,p) Ahlrichs VTZ
FM 0 0
FII 7.72098 7.72170

FIII(B) 7.72110 7.72173
FIII(A) 7.72231 7.72205
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Figure 6.22. The IR-active vibrations of water molecules along the a-axis in FM at 64.4 cm−1 (above with
channels highlighted in dashed blue boxes for clarity) and along the c-axis at 91.9 cm−1 (below). The faded
atoms represent positions at the peak of a vibration. Arrows indicate the direction of water molecules in the
channels.
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the vibrational dynamics related to the crystal structure formed by the theophylline molecules

in FIII while the spectral features observed in the terahertz spectrum are uniquely sensitive

to the role of water molecules as they are removed from the hydrate channels. Together, the

two methods allow for a detailed investigation of the mechanism of the dehydration process.

The predicted IR and Raman spectra for FIII(A) and FIII(B) are similar, but their fea-

tures appear shifted (Figure 6.23), which can be explained by the fact that the structures

differ by a 12.4% reduction in the cell volume for FIII(B) compared to FIII(A). For the

Raman spectra, the simulated FIII(B) spectrum with three main intense bands matches the

experimental results very well, while only two high-intensity features were predicted in the

simulation of FIII(A). The third of the broad features that can be resolved in the experimen-

tal spectrum at around 120 cm−1 nicely matches with the several closely spaced predicted

modes in FIII(B). In addition, the simulated IR spectra of the two hypothetical structures

are compared with the experimental spectra that were acquired at the end of dehydration

processes using THz-TDS. As shown in Figure 6.24, the intensities of the two main features

highly depend on how thoroughly the system is dehydrated. For the two extended dehy-

dration experiments that were run overnight, the spectra lose any clear crystalline features,

which can be reflected from the simulated results showing only very weak features in terms

of intensities in the low-frequency range. However, for the two dehydration experiments

under vacuum, the intensities of the spectral features at 60 and 90 cm−1 remain, but their

shape are not as defined as at the beginning of the experiments. The increasing disorder is

also evident from the broad spectral features that are characteristic of all the FIII spectra

that were recorded. From both the experimental and computational results, it can be con-

cluded that FIII is a highly disordered meta-stable state following the dehydration of FM.

In addition, due to the fact that FIII has a relatively higher predicted energy compared with

other polymorphs, it is easily able to transform to other more stable forms depending on

the surrounding conditions. However, despite being disordered, the structure corresponds to

the proposal of an FM structure with water molecules removed. It matches better to the

proposed FIII(B) structure, as no intense features are predicted for FIII(B) below 100 cm−1

and has an energy comparably lower to FIII(A).
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Figure 6.23. Left: Simulated IR spectra of FIII(A) and FIII(B); Right: Simulated and experimental Raman
spectra of FIII.

Figure 6.24. The comparison between the terahertz spectra at the end of each dehydration process and the
simulated spectra of FIII(A) and FIII(B).
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6.2.4 Conclusions

The disordered structure and the metastability of theophylline FIII have been extensively

studied based on a novel combination of X-ray diffraction, Raman and terahertz spectroscopy,

as well as computational simulations. The molecular arrangement of FIII is similar to that

in the FM structure, but in the Pc space group and with no water molecules present (here re-

ferred to as FIII(B), i.e., following full unconstrained geometry optimisation of the structure

THEOPH01 along with the removal of all water molecules). This was further corroborated

by simulating FM and determining that the main experimentally observed peaks at 64.4

and 91.9 cm−1 corresponded largely to water molecule motions within the theophylline FM

lattice. Upon dehydration, these peaks disappear while the experimental spectrum comes

to match the simulated spectrum for FIII. The structural similarities of FM and FIII result

in comparable vibrational spectra in the mid-frequency region, another indication of their

structural similarities. Therefore, low-frequency spectroscopy techniques that are more sen-

sitive to inter- and intra-molecular interactions within the crystals were necessary to deduce

its structure by resolving its vibrational modes, while simulated structures were necessary to

gain the required insight into the dynamics occurring during dehydration. Those additionally

offered more definitive evidence to the partially crystalline and highly disordered structure

of FIII. This work shows the significant impact that combining low-frequency spectroscopy

with more commonly used analytical techniques can have in determining the subtle dynamics

in a sample, as well as how computational simulations can provide necessary and conclusive

insight to experimental results.

149



Chapter 7

In-situ Observation of the Structure

of Crystallising Magnesium Sulphate

Solutions

This chapter contains extensive discussion of utilising terahertz spectroscopy to investigate

the crystallisation process. Magnesium sulphate heptahydrate is used as an example here to

demonstrate the newly developed experimental setup, as well as data processing and concen-

tration measurements methods, while the concept can be directly applied to other systems

of interest. The results are presented focusing on three aspects: the experimental set up, the

solute concentration measuring method, and the crystallisation process of MgSO4·7H2O.

Sections 7.1 and 7.2 outline the work that has been accepted (in press) in the journal

IEEE Transactions on Terahertz Science and Technology (doi: 10.1109/TTHZ.2021.3132800)

and published in Analytical Chemistry (doi: 10.1021/acs.analchem.1c04279), respectively,

while a manuscript corresponding to the third section is still in preparation.24;25

All experimental work was carried out jointly with my colleague Johanna Kölbel, a Ph.D.

student in our group. The study was a collaboration with Dr. Terry Threlfall from the

University of Southampton, who contributed his expertise on the topic of crystallisation in

general and the fascinating crystallography of magnesium sulphate hydrates in particular.
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7.1 Flow Cell to Study Crystallisation Processes In-

Situ Using Terahertz Time-Domain Spectroscopy

7.1.1 Introduction

Crystallisation has been an intriguing topic in both crystallography and chemistry for decades,

yet resolving its fundamental nature at the molecular level is still not straightforward. This

is due to the complexity of the seemingly simple process which can give the impression of

a highly erratic process. Nucleation and crystal growth are widely understood to constitute

the two main steps.310;311

A number of techniques have been applied to study the crystallisation process. X-ray

techniques, such as small-angle and wide-angle X-ray scattering, X-ray spectroscopy, and

X-ray diffraction, are of great importance in providing information on the molecular level.

In addition, spectroscopic methods can be used to probe the chemical interactions in the

system of interest, including NMR, FTIR, Raman, and UV/Vis spectroscopy.311 Typically, a

combination of selected techniques is necessary to fully characterise a system, and in recent

years computational methods have been used increasingly great effect to complement the

experimental investigations.

In aqueous systems, the high absorption of water in the infrared results in a noisy back-

ground signal, which complicates FTIR measurements and limits their application largely

to measurements near surfaces in attenuated total reflectance (ATR). Raman spectroscopy

is therefore commonly used as an alternative to investigate the vibrational modes in the in-

frared given the lack of contribution from water molecules to the Raman spectra due to the

different selection rules. In recent years, terahertz time-domain spectroscopy (THz-TDS), has

emerged as a new tool that can be used, similar to FTIR, to probe the molecular vibrations

due to permanent dipole changes but it has the advantage that it can also be applied in

transmission when water is present in the sample given the slightly lower absorption of water

at terahertz frequencies compared with the mid-infrared. THz-TDS has been proved to be

a useful technique to study both amorphous and crystalline materials in the solid state, as
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it is sensitive to inter- and intra-molecular interactions within such systems.26 It has been

successfully applied to investigate the properties of pure amorphous materials and crystals,

and also phase transitions of polymorphs and crystallisation from the amorphous to crys-

talline phase.26;28;29 Additionally, the dielectric relaxation phenomena on picosecond time

scales have been investigated with terahertz spectroscopy in polar liquids, such as alcohol,

water, and their mixtures.89

However, there are not yet many studies utilising THz-TDS to investigate the crystallisa-

tion process in solutions. May and Taday employed terahertz spectroscopy in ATR configu-

ration and monitored the crystallisation of sucrose in confectionary products.140 The results

clearly showed the transition from sugar solution to a solid glassy and then crystalline state.

Soltani et al. refined this method and successfully proved the existence of intermediate hy-

drate states in the crystallisation of L-(+)-tartaric acid during the evaporation of water from

aqueous solutions of tartaric acid solutions.141 Terahertz spectra were acquired over a period

of 60 h while water evaporated and three stages of crystallisation were discernible. At the

beginning of the measurement, the spectra of the solution phase were featureless. In the

nucleation stage, the absorption decreased as a result of the reduction in water concentration

due to evaporation. In some experiments discontinuous increases in absorption were observed

which were attributed to water being released when the hydrated states transformed to the

final crystals. A feature was spotted at approximately 750GHz that was hypothesised to

result from the vibration of water molecules surrounding the fragments of solvent molecules.

The final observed stage was the crystalline phase displaying a dominant absorption feature

at 1.1THz. These three stages were assumed to be happening inhomogeneously throughout

the probed volume.

Even though the absorption of terahertz radiation from water is approximately two orders

of magnitude weaker than in the mid-infrared it is still around 200 cm−1 at 1THz, which lim-

its the path length of the cuvette that can be used for transmission measurements to around

100 µm in terms of trading off dynamic range and spectral bandwidth for the measurement.

However, such a path length is sufficient for crystallisation experiments and terahertz spec-

troscopy combined with microfluidics offers the opportunity to measure samples containing
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water with high sensitivity and over a wide frequency range. Similar approaches using thin

cuvettes in transmission were previously found to be useful to investigate biomaterials such

as proteins and DNA312;313. While in the current set-up, a crystallisation cell with a fixed

path length was used, it would be entirely feasible to replace this with a variable thickness

cell, which opens up other avenues for data processing and extraction of optical constants as

for example used in Venables et al.314

In the newly developed set up, a closed microfluidics platform made of z-cut quartz was

utilised, enabling investigation of both the solvent and solute at frequencies from 0.35THz

to 2THz whilst allowing for optical observations in the visible range of the spectrum dur-

ing crystallisation and for cleaning of the cell between experiments. Magnesium sulphate

hydrates were chosen as a model system, as different hydrates are known to form under

specific conditions. Between 2 ◦C to 47 ◦C, MgSO4·7H2O is the predominant form that can

be crystallised at reasonable experimental time scales.315. Therefore, MgSO4·7H2O is used

as an example to demonstrate the setup designed based on transmission THz-TDS that can

observe the crystallisation and characterise the structure before, during, and after crystal

formation in situ.

7.1.2 Methods

Up to now, all published studies using terahertz spectroscopy to study crystallisation from

solution have relied on solvent evaporation to trigger nucleation. These studies were per-

formed by ATR sampling, which restricts the observations to the evanescent field near the

surface of the ATR crystal rather than in the bulk of the liquid.140;141 The goal of this project

was hence to build a versatile setup that would be capable to study crystallisation mecha-

nisms from supersaturated solutions with THz-TDS in transmission geometry. Main design

criteria were intended to cover operation over wide temperature and concentration ranges,

assure stability at high temperature, control temperature gradients during crystallisation,

and enable measurements under stagnant and flowing conditions.
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Figure 7.1. Schematic setup.

Description of the Setup

The setup comprised a temperature controlled crystallisation cell that was designed such that

it fits into a standard transmission chamber of a commercial THz-TDS setup (Figure 7.1).

In parallel to the terahertz measurements it was possible to film the crystallisation process

using a small camera that was integrated into the setup.

The central part of the setup was the crystallisation cell that held a cuvette containing

the solution during the measurements. The cuvette was manufactured by Hellma (Southend-

on-Sea, UK). It was made of two pieces of z-cut quartz (each 1.5mm thick to avoid etalon

reflections) glued together using EP220 epoxy (Fiberdur, Aldenhoven, Germany) with an

outlet on each side giving a pathway of solution. The channel was 24.5mm long and 100 µm

thick, and a schematic drawing is shown in Figure 7.2.

The quartz cuvette was held in a metal jacket which has been machined with channels

to allow for water to circulate through the metal block in order to control the temperature

of the quartz cuvette using a water bath and pump (Figure 7.3). A thermocouple was fitted

to the block to allow for accurate temperature control. During the THz-TDS measurement,

the assembled crystallisation cell was positioned at the focal position of the measurement

chamber and the terahertz beam propagated through the centre of the cuvette with a beam

width of about 2mm.
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Figure 7.2. Three-view drawing of the cuvette. Left: view from the front, centre: view from the side, right:
view from the bottom. Lengths are in mm.
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inlet

Sample 
outlet

Water inlet Water outlet

Figure 7.3. Renderings of the metal sample holder with cuvette inserted.
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The temperature of the crystallisation cell was controlled by an external recirculating

water bath that was connected to the inlet and outlet of the sample holder metal jacket. The

pipes between water bath and crystallisation cell were insulated using foam pipe lagging,

circulation of the coolant/ heating medium was performed using a pump (120s cased pump,

Watson Marlow, Falmouth, UK), and the temperature was controlled by balancing variable

heating with an in-built stirrer and PID controller (Anova Applied Electronics, San Francisco,

CA, USA) against the near constant cooling from a surrounding ice bath.

Using this setup it was possible to vary the temperature set point by 0.1 ◦C intervals and

to ramp the temperature over the course of a measurement. Using water and ice as the

respective circulating and cooling media, the temperature of the crystallisation cell could be

equilibrated between 4 ◦C to 90 ◦C without further adjustments. Crystallisation was triggered

by slowly decreasing the temperature of the crystallisation cell.

In order to investigate the effect of continuous sample flow, a syringe pump (Aladdin Sy-

ringe ONE Programmable Syringe Pump AL-1000, World Precision Instruments, Hitchin,

UK) was used to provide a steady flow of solution. At its lowest setting, the flowrate was

0.375mlmin−1, which corresponded to a residence time of approximately 2.4 s within the

sample cuvette when assuming plug flow. The syringe was contained by a metal tube which

was wrapped with a heating coil (SRT051-040LSE, silicon rubber tape, Omega Engineer-

ing, Manchester, UK). This ensured that the heat provided by the heating coil was evenly

distributed and single-use syringes could easily be replaced between measurements. Further

heating coil was wrapped around the transfer tube all the way to the inlet of the crystalli-

sation cell. This made it possible to control and keep the temperature constant both inside

the syringe and the transfer tube.

The temperature at the syringe was measured with a thermocouple and controlled via

a PID controller (P6100, West Control Solutions, Brighton, UK). The syringe was kept at

an elevated temperature to avoid supersaturation and to minimise the chance of nucleation

and crystallisation occurring in the solution before reaching the cell. Over the course of the

experiment, the solution was pumped into the crystallisation cell. The temperature at the

inlet of the cell was again measured with a thermocouple to assure that the temperature was
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still high enough to avoid nucleation before the solution reached the cell. This thermocouple

was not connected to the PID controller and has been added only to monitor the system.

Once the solution had passed through the cell, it flowed through the outlet at the bottom side

to a beaker that was placed within the sample compartment of the terahertz spectrometer

to collect the solution that was purged.

An optical camera (CF-25, CrazyFire, China) was attached to the cell and focused on the

liquid layer in order to acquire images every 2 s of the crystallisation process in addition to

the terahertz spectra.

The temperature was monitored continuously throughout the crystallisation experiments

using thermocouples located in the water bath, at the heater, and inside the flow cell, as well

as at the inlet as mentioned above. Temperature data was acquired once every second.

Sample Preparation and Operation

The MgSO4 water solution was prepared by dissolving MgSO4·7H2O(Sigma-Aldrich, Gilling-

ham, UK) in Milli-Q water (IQ 7000, Merck, Darmstadt, Germany, resistivity 18.2MΩ · cm)

to the desired concentration in a beaker. The mixture was placed on a magnetic stirrer

for constant stirring until the sample was fully dissolved. It was sometimes heated to a

slightly higher temperature (in the range of 25 ◦C to 35 ◦C) when preparing solutions with

high concentrations to facilitate dissolution. EDTA solution was used for cleaning and purg-

ing the crystallisation cell after each measurement. For the cleaning solution, commercial

EDTA solution (pH=8; Fisher Scientific, Loughborough, UK) was mixed with NaOH solu-

tion (Reagecon Diagnostics, Shannon, Ireland) to adjust the pH to 10, in which MgSO4·7H2O

has a better solubility.

The temperature of the metal jacket around the crystallisation cell was equilibrated be-

fore injecting the solution. Once the sample was injected into the crystallisation cell the

temperature was either kept stable and crystallisation was observed as a function of time or

it was varied using the heater control in order to induce crystallisation or dissolution.

For static measurements, solution was injected outside the spectrometer to avoid spillage

inside the sample chamber. Tubes were connected to the inlet and outlet of the cell and
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solution was injected with a syringe from one end. Care was taken that no air bubbles

remained within the crystallisation cell. Surplus solution purged from the cell was collected

in a beaker and disposed of.

Previously it had been observed that crystals tend to form either at the inlet or outlet

of the cell, or, if connected, at the end of tubes. To ensure higher reproducibility, the inlet

and outlet tubes were truncated at a length of 3 cm and the ends were sealed with parafilm

to avoid evaporation of the sample. It would also have been possible to do without tubes,

however, due to the small size of the crystallisation cell and the need to seal the inlet and

outlet, this often introduced air bubbles so that it was decided to use tubes of a constant

length instead.

Following injection, the sample holder was immediately placed into the chamber and

measurement acquisition was initiated no longer than 30 s after injecting the sample.

For the continuous flow measurements, a suitably large syringe was first fully filled with

the prepared MgSO4 solution, and placed into the metal tube that was kept at the set-point

temperature. The syringe within the temperature controlled metal jacket was then fixed to

the syringe pump and connected to the inlet tube before starting the measurements.

In either case, static or continuous flow, once the sample was injected into the crystalli-

sation cell the temperature was either kept stable or varied using the circulating water bath,

depending on the type of experiment performed.

To clean the flow cell and to remove remaining crystals after an experiment was com-

pleted, the cell was purged with the cleaning solution several times before and after each

measurement, additionally with Milli-Q water as well. The spectrometer was used to confirm

the absence of crystals after purging.

Terahertz Time-Domain Spectroscopy

A TeraPulse 4000 (Teraview, Cambridge, UK) spectrometer was used to perform the terahertz

transmission measurements. The thickness of the z-cut quartz windows comprising the flow

cell, as well as the need to use air as the reference, caused a relatively large optical delay

between the reference pulse and the sample pulse for these measurements. Therefore, the
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high-resolution mode was chosen, which allowed for acquiring a time-domain waveform of

45 ps duration.

Each spectrum was calculated from the co-average of 15 individual waveforms, resulting

in the acquisition of one spectrum per 20 s. The spectral resolution set in the software was

0.94 cm−1. Given the dynamic range of the spectrometer and the absorption of water in the

terahertz region, high quality spectroscopic data were acquired in the frequency range of

0.3THz to 2THz.

7.1.3 Results and Discussion

Data Processing

During a THz-TDS measurement, the waveforms of reference and sample were recorded. The

ratio of the Fourier transforms of reference and sample (the so-called power spectrum) yielded

the complex transmission coefficient of the sample as a function of frequency.

In their paper from 1996 Duvillaret et al. described a reliable method to extract optical

constants from THz-TDS measurements by taking the complex refractive indices of the sur-

rounding media and sample into consideration, and solving the inverse problem of extracting

the complex index of refraction iteratively from the measured transmission coefficient.316

In this case however, the analysis was complicated by the fact that the surrounding media

were not the same for the reference and sample measurement, as is demonstrated in Figure 7.4.

To avoid the Fabry-Prot effect from internal reflections caused by the empty crystallisation

cell, the reference measurements were performed in air without quartz windows.

This posed a challenge when attempting to calculate the complex optical constants using

the method of Duvillaret et al. because their method assumed the surrounding media for the

reference and sample measurement were the same.

The absorption of z-cut quartz windows in the terahertz region of interest is very low,

with an extinction coefficient of approximately zero and the real part of the refractive index

being approximately constant. Inserting windows into the beam path mostly lead to a longer

time delay before detecting the pulse on the order of 20 ps for a window thickness of 3mm.
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Figure 7.4. Schematic of the path of the terahertz beam in the sample chamber for different cases (quartz
windows as reference, air as reference, and the sample sandwiched between windows). n denotes the real part
of the refractive index.

This could be utilised when calculating the absorption coefficient. While the spectral shape

of the absorption was not influenced by the reference thickness, the absolute values were. By

shifting the acquired reference waveform by about 20 ps and subsequently using the method

of Duvillaret et al., the absorption coefficient was calculated. The absolute shift depended

on the thickness of the windows and sample. By comparing the absorption coefficient of

pure water with literature values, introducing a time delay of 18.43 ps to the reference data

recovered the absorption. This is illustrated in Figure 7.5a and 7.5b.

Due to the optical design of the Terapulse 4000 instrument, a small feature was visible in

the reference waveform at a time-delay of approximately 15 ps following the main peak. This

introduced artefacts in the frequency-domain unless temporal windowing was applied. The

reference waveform was therefore zero-padded to remove those artefacts and Figure 7.5c shows

both the reference and sample waveforms that were being used to calculate the absorption

coefficient. Application of a Fourier transformation resulted in the power spectra shown in

Figure 7.5d.

The different sets of data (time, THz-TDS, temperature, images) had to be linked together

prior to further analysis. Temperature data was acquired each second, an image every 2 s,

and THz-TDS data every 20 seconds. The temperature assigned to each terahertz spectrum

was calculated as the average temperature during its acquisition. This way, terahertz data

could be plotted as a function of time as well as temperature and linked to images via their

time stamps for visual clarification.
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Figure 7.5. a)-c): Reference (blue) and sample (orange) waveforms. a): original case, b): after shifting the
reference waveform, c): after shifting and zero-padding the reference waveform. d) Power spectra of reference
(blue) and sample (red and yellow). In red, a liquid sample and in yellow after crystallisation.

Results and Discussion

When operated under stagnant condition the concentration of MgSO4 in the solution within

the cuvette was constant and crystallisation could be observed as a function of time, depend-

ing on the chosen temperature and concentration. At concentrations of 25wt% to 29wt%

MgSO4 crystallised into its heptahydrate form within minutes at temperatures between 4 ◦C

to 12 ◦C.

In Figure 7.6, the crystallisation of a supersaturated MgSO4 solution over time is shown

while the sample was being kept at approximately 4 ◦C. As expected, the spectrum of

the MgSO4 solution was completely featureless with a monotonously increasing baseline.

Such spectral features are expected for aqueous solutions where no molecular order on the

timescales of picoseconds is maintained and thus the molecules in solution are completely

disordered in an amorphous phase. Over time the baseline dropped, and a peak emerged at

1.6THz, evidencing the formation and existence of crystals.

Magnesium sulphate heptahydrate - water spectra containing crystalline features could

161



0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

0

100

200

300

400

500

 (c
m

-1
) 0.5 1 1.5 2

Frequency (THz)

0
5

10

 (a
.u

.)
0 min

42 min

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

-100

0

100

200

300

400

500

600

 (c
m

-1
)

5
6
8
9
11
12
13
15
16

Te
m

pe
ra

tu
re

 (°
C

)

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

0

200

400

600

800

 (c
m

-1
)

5
7
10
12
15
17
20
23
25

Te
m

pe
ra

tu
re

 (°
C

)

Figure 7.6. Top: Spectra recorded at different times throughout the process. Each subsequent spectrum
is offset by 10 cm−1. Inset: Typical spectrum of the crystalline system. It is depicted here as the sum of
the amorphous background (blue) and the peak at 1.6THz (orange). Bottom: Absorption spectra of MgSO4

heptahydrate (left) and water (right) at different temperatures. Each subsequent spectrum is offset by
10 cm−1.

hence be separated into the sum of the amorphous background and the peak at 1.6THz, as

shown in the inset in Figure 7.6 at the top.

Observed Clipping

When comparing the absorption of water with literature values89;317, it was observed that the

terahertz beam was clipped somewhat by the sample holder, resulting in a typical reduction

of the measured absorption at lower frequencies compared to literature values. However, the

clipping only affects the spectrum below approximately 1THz (Figure 7.7). Furthermore,

we were not interested in absolute values as of yet and because the geometry was constant

throughout the measurements, relative changes in absorption are still valid and useful for
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Figure 7.7. Absorption coefficient of water from literature (black dots)89;317 and measured in the crystalli-
sation cell (blue line).

investigating sample properties.

7.1.4 Conclusions

A setup is reported in this section that can be used to observe crystallisation processes

from aqueous and other organic solvents utilising terahertz time-domain spectroscopy in

transmission geometry. Both static systems and systems under flow were investigated while

either keeping the temperature constant or employing temperature ramping. Utilising the

versatility of the setup, the magnesium sulphate heptahydrate system was studied at different

temperatures before, during, and after crystals formed, thereby allowing the investigation of

both crystals and the solvent at different levels of saturation.

The effects of temperature and concentration changes will be investigated further. The

setup is designed for operating temperatures between 4 ◦C to 90 ◦C, which can be extended

with minor adjustments. Therefore, it can be applied to a wide range of crystalline systems

at various concentrations. Future work will focus on being able to trigger crystallisation
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within the cell, allowing the observation of initial crystal nucleation and growth.

7.2 Measuring Solute Concentration with Terahertz Time-

Domain Spectroscopy in Single and Multiphase Sys-

tems

7.2.1 Introduction

Terahertz time-domain spectroscopy (THz-TDS) is a useful far-infrared spectroscopy tool

that is increasingly used in the field of solid state crystallography to complement X-ray

diffraction methods to distinguish between polymorphs and other solid forms, as it probes

collaborative motions in molecular systems that are largely influenced by the different crys-

talline packing.235 Its use can be extended to study crystallisation itself and it has been

shown that even low amounts of crystallinity can be detected in semi-crystalline systems,26

and we recently developed a setup that allows for the in-situ investigation of crystallisation

from the liquid phase over a range of concentrations and temperatures.24

Ultraviolet-visible (UV-Vis) spectroscopy has been widely applied for determining the

concentration of a range of chemical species in a liquid, such as in the field of solution chem-

istry and water quality monitoring.318 By measuring the absorption spectrum of the sample

of interest, the identity of a known compound or molecule in solution can be confirmed and

using a calibration curve, the concentration of the compound can be determined quantita-

tively.319 However, despite its excellent sensitivity and ready availability some drawbacks of

the method remain: the electronic transitions that give rise to the absorption in the UV-Vis

are not very specific and often overlap and it is not always straightforward to utilise UV-Vis

spectroscopy for measuring the concentration of chemicals in semi-crystalline systems, as the

crystal particles will result in scattering losses and signal distortion.

In contrast, Raman spectroscopy can resolve the formation of crystals in the mid-infrared

with much higher chemical specificity even in the presence of water, but it is inherently limited
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to study the properties of the crystals in solution rather than capturing much information

about the liquid phase.320 Other optical techniques such as second harmonic generation and

polarized light microscopy can both detect the onset of the crystallisation, but are not ideally

suited to infer detailed mechanistic insight into the nascent molecular structures.321;322

The method that is proposed in this study is using THz-TDS to determine the concentra-

tion of the solute prior and during crystallisation. In contrast to UV-VIS spectroscopy the

method does not require the presence of a chromophore but rather exploits the differences in

relaxation dynamics of the dipole moments of the solvent molecules that strongly affect the

absorption measured at terahertz frequencies. In analogy to the quantification by UV-Vis a

calibration curve over a range of concentrations is required but for the THz-TDS method the

sample temperature needs to be taken into account as well.

Using this method, it is possible to measure the concentration of solute in the liquid

phase not just in the neat liquid but throughout phase changes such as during crystallisa-

tion. In liquid systems, the coupling of photons to the vibrational density of state (VDOS)

forms the so-called microscopical peak, which is responsible for an increasing absorption co-

efficient with frequency observed in the terahertz region. In crystalline systems, the VDOS

is depleted and instead spectral peaks are formed at discrete frequencies, thereby decreasing

the baseline. Hence, terahertz spectroscopy can probe liquid relaxation dynamics as well as

vibrational transitions in crystals simultaneously, represented by the baseline and the peaks

on a spectrum, respectively. It is demonstrated at the example of the crystallisation of the

model system magnesium sulphate heptahydrate.

7.2.2 Experimental Section

THz-TDS Measurements of Crystalline MgSO4·7H2O in the Solid State

A sample of MgSO4·7H2O(Sigma-Aldrich, Gillingham, UK) was ground using an agate mor-

tar and a pestle, and then mixed with polyethylene (PE) powder to 2.5 w/w% by gentle

mixing. The powder mixture was compressed into a pellet of 13mm diameter using a hy-

draulic press (Specac Ltd., Kent, UK) at a load of 2 tons. A blank PE pellet was used as
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a reference. A terahertz time-domain spectrometer TeraPulse 4000 (Teraview, Cambridge,

UK) was equipped with a cryostat (Janis, Massachusetts, USA) and an attached heater and

controller (Lakeshore 330, Ohio, USA). The setup was capable of performing temperature-

variant transmission measurements. For each measurement, 1000 waveforms were acquired

and averaged and a spectral resolution of 0.94 cm−1 was achieved per spectrum.

MgSO4 Solution Measurements

Aqueous magnesium sulphate solutions were prepared to various defined concentrations from

commercial MgSO4·7H2O(Sigma-Aldrich, Gillingham, UK). The experimental setup was de-

scribed in detail in Section 7.124 and consisted of a liquid cell inserted into a hollow metal

sample holder. The temperature was controlled by a recirculating water bath. The setup

could be used either under stagnant conditions, i.e. the solution was inserted at the beginning

of the measurement and the liquid cell was sealed, or in the continuous flow conformation,

i.e. the solution was initially kept in a heated syringe that was fixed to a syringe pump, and

was slowly injected into the cell.

Once solution was injected into the liquid cell and the temperature had stabilised at the

setpoint temperature (here ∼ 4 ◦C), the temperature of the cell was slowly increased at a rate

of 1 ◦Cmin−1 up to 25 ◦C. In the present study, calibration was therefore performed in the

temperature range of 4 ◦C to 25 ◦C and the concentration region that was explored ranged

from 0 (pure water) to 0.28 w/w %(MgSO4 to water). The weight ratio/concentration is

denoted as c (w/w %), which represents the concentration of solution.

Transmission spectra were acquired using a TeraPulse 4000 spectrometer (Teraview, Cam-

bridge, UK) and images were acquired with an attached camera (CF-25, CrazyFire, China).

Utilising the high-resolution mode of the spectrometer, time-domain waveforms of 45 ps du-

ration with a spectral resolution of 0.94 cm−1 were recorded. Each spectrum was calculated

from the average of 15 individual waveforms, resulting in the acquisition of one spectrum per

20 s and covering the frequency range from 0.35THz to 2THz.

Several thermocouples continuously monitored the temperature of the water bath, of the

circulating water surrounding the crystallisation cell, of the syringe, and of the solution at
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(a) Solid-state terahertz spectra of MgSO4·7H2O
at various temperature at 0.5THz to 3THz.
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(b) Solid-state terahertz spectra of MgSO4·7H2O
at 21 ◦C at 0.5THz to 2THz.

Figure 7.8. Solid-state terahertz spectra of crystalline MgSO4·7H2O.

the inlet of the cell.

7.2.3 Results and Discussion

Crystalline MgSO4·7H2O

Reference terahertz spectra of crystalline MgSO4·7H2O in the solid state were acquired over a

range of temperatures in order to characterise the vibrational features that are characteristic

of the crystalline form. Three strong vibrational features were identified at 1.2, 1.6 and

2.8THz in the spectral range that was accessible using the THz-TDS setup (Figure 7.8a).

The measurement at temperatures below room temperature confirmed the presence of sharp

vibrational features that underly each of the features observed at room temperature. Given

that the subsequent crystallisation experiments were performed in the temperature range of

4 ◦C to 25 ◦C, and that the presence of the liquid flow cell limits the spectral bandwidth of

the spectrometer to the range of 0.35THz to 2THz, the more intense feature at 1.6THz at

21 ◦C was used to represent the behaviour of the crystalline phase (Figure 7.8b).
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Concentration Calibration

The temperature-dependent behaviour of the liquid phase was characterised with terahertz

spectroscopy for solutions over a range of concentrations c. For the measurement of solution

at each concentration, the absorption at select frequencies was taken from the spectra and a

linear fit was applied against temperature, as demonstrated in Figure 7.9.

α(c, T, ν) = a1 · T [◦C] + b1 (7.1)

where α is the absorption extracted from the terahertz spectra of solution at a certain

concentration c acquired in the temperature (T ) range of 4 ◦C to 25 ◦C at a chosen frequency

ν. a1 and b1 are the least square linear fitting parameters. Using this methodology, the

parameters a1 and b1 for a range of concentrations are determined.

Based on the calibration methodology outlined above it is then possible to fit the change

in absorption with concentration at a given temperature and frequency with a2 and b2 as the

linear fit parameters.

αν,T (c) = a2 · c[w/w %] + b2 (7.2)

Figure 7.10 shows the data that was derived for the case of MgSO4 solution at the

three chosen frequencies: 0.5THz (lower bound), 1.0THz (high signal to noise ratio), and

1.6THz (centre of the crystalline peak) at a temperature of 5 ◦C. The measurements were

performed under static as well as continuous flow, and no significant deviation was identified

between the different conditions, as demonstrated by the red data points in Figure 7.10 which

correspond to the continuous flow conditions.

The calibration procedure can thus be used to extract the concentration of the solute in the

liquid phase based on the measured absorption at any given temperature within calibration

range and for any frequency within the spectral bandwidth of the instrument.
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Figure 7.9. The linear fit of temperature (◦C) and absorption at the example of a solution of MgSO4 at a
frequency of 0.5THz and c = 0.14 w/w %.
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Figure 7.10. The calibration curve of MgSO4·7H2O at 5 ◦C. The absorption at 0.5, 1.0, and 1.6THz is
represented by the yellow, green, and blue markers, respectively, and the red data points are the measurements
using continuous flow.

169



Case Study of MgSO4 Crystallisation

Applying the above method, it was possible to determine the local concentration of solute

in the liquid phase during the crystallisation process. Compared to the case of measuring

the solute concentration in the neat solution outlined above in the presence of a solid phase,

i.e. the crystals, the total absorption (α) is the sum of the absorption from the liquid phase

αliquid and the solid phase αsolid, here crystalline MgSO4 heptahydrate. To identify the local

concentration in solution the contribution from αsolid can be minimised by measuring the

absorption at the lower frequency end of the available bandwidth for the calibration curve.

At a frequency of 0.5THz the crystalline phase exhibits negligible absorption (Figure 7.8)

and α ≈ αliquid. The vast majority of crystalline systems do not exhibit phonon modes at

frequencies below a few hundred gigahertz and hence this method is not restricted to the

MgSO4 system but generally applicable as long as the spectral characteristics have been

established by a simple transmission measurement of the crystalline phase. As a general rule

it can be assumed that the higher the frequency that is chosen for the analysis the more likely

it would be affected by the crystalline phase when calculating the equivalent concentration.

Figure 7.11(a) shows the absorption at 0.5THz directly extracted from the terahertz

spectra acquired throughout the crystallisation process, which was at the lower bound of the

frequency window and no crystalline feature was expected.

With the information of frequency, temperature, and absorption, the corresponding con-

centration of the liquid phase was determined as shown in Figure 7.11(b) using the calibration

curve in Figure 7.10. The concentration first decreased gradually due to the water depletion

from the two ends of the flow cell. In the second region, the concentration increased drasti-

cally as crystals started to grow which resulted in relatively denser liquid in the area that was

probed with THz-TDS. Afterwards, the concentration reduced again and slowly reached the

same equilibrium point as in the beginning, which was assumed as the stable concentration

at that temperature. In this way, the temperature-dependent absorption was converted to

information that was independent of temperature.
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Figure 7.11. The absorption and calculated concentration cl at 0.5THz. (a) The change of absorption over
time at 0.5THz along with the temperature profile. (b) The calculated cl during the crystallisation process.

7.2.4 Conclusions

The newly established set up, based on microfludics and THz-TDS, has been applied to

develop the proposed method of measuring solute concentration as well as the local con-

centration of semi-crystalline systems. By acquiring terahertz spectra of liquid samples with

different concentrations at various temperatures, the calibration curve was determined by the

extracted absorption at terahertz frequencies. This was then used to calculate the concentra-

tion of solutions. Furthermore, this method can also be applied to study local concentration

of the liquid phase while crystallisation occurs. Using the absorption at lower frequencies

is recommended in this case, since the complexity of entangled spectral features of liquid

and crystalline phases at higher frequencies complicates the spectra. THz-TDS can hence be

used as a complementary method for studying concentration changes in a variety of systems

under different conditions.
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7.3 In-Situ Observation of the Structure of Crystallis-

ing Magnesium Sulphate Heptahydrate Solutions

with Terahertz Transmission Spectroscopy

7.3.1 Introduction

The crystallisation process has been used for centuries as a purification and separation step

for various applications. Therefore, it is surprising that empirical models rather than funda-

mental understanding still govern the comprehension of crystallisation’s underpinning mech-

anisms and kinetics. What is well established is that nucleation and crystal growth are the

two main steps contributing to the crystallisation process. However, the microscopic mech-

anism of the formation of the nuclei and how they subsequently evolve into crystals is still

unclear .311;323–325 Two widely popular models are used to describe the crystallisation process:

classical nucleation theory and non-classical theory. The former states that density and order

fluctuations in the solution cause the formation of crystal-like clusters, which in turn result

in nuclei that gradually grow into the crystal form defined by the packing of the cluster.326

The non-classical theory proposes that the clusters first formed are liquid like, and crystalline

order is only introduced later when they grow into nuclei.327;328

One widely used model system for investigating crystallisation is the MgSO4-H2O system.

A variety of hydrate forms can crystallise depending on the temperature and concentrations in

solution, but this system also recently received added attention because the presence of such

sulphates and their hydrated forms are discussed as the origin of near-surface water content on

Mars.329 A comprehensive understanding of the crystallisation mechanism is highly desirable

to support further research into this topic.

A range of techniques are widely used to investigate the crystallisation process: Tradi-

tional crystallographic methods characterise crystalline structures, such as small-angle and

wide-angle X-ray scattering, X-ray spectroscopy, and X-ray diffraction; spectroscopic tech-

niques including nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy
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(FTIR), and Raman spectroscopy provide insight into the chemical structure and the shape

of the molecules during crystallisation; ultraviolet-visible (UV-Vis) spectroscopy can mea-

sure the solute concentration but is of limited use when nascent particles result in scattering

losses that cannot be distinguished from absorption311;318; second-harmonic generation and

polarised light microscopy are applied to detect the onset of crystallisation but are not very

sensitive to the structure.321;322

When investigating crystallisation in aqueous solutions, the strong absorption due to the

presence of water makes it impossible to perform FTIR measurements in transmission. In-

stead, observations are restricted to surface measurements using attenuated total reflection

(ATR). While Raman spectroscopy does not suffer from this restriction, the lack of inter-

action means that only very little information, if any, of the solvent molecules during the

crystallisation process can be extracted.320

Terahertz time-domain spectroscopy (THz-TDS) offers a unique perspective to charac-

terise the crystallisation process both in terms of information from the solvent as well as

the emerging crystals. By measuring the amplitude and phase of single-cycle pulses of far-

infrared radiation, in solution, THz-TDS can probe large-amplitude inter-molecular vibra-

tions as well as high-frequency dielectric relaxation processes that correspond to relaxation

times of less than 10 ps.26 In solids, the technique can distinguish between different poly-

morphic forms, cocrystals, hydrates and solvates, as well as provide an excellent measure

for overall crystallinity and defect density crystallinity since the long-range order in crystals

results in well-defined spectral features (fingerprints) in the terahertz region. In contrast, in

amorphous materials, the lack of long-range order results in the collapse of the well-defined

peaks into a vibrational density of states (VDOS), which starts at a few hundred gigahertz

and exceeds the entire spectral bandwidth of modern THz-TDS spectrometers (0.3THz to

3THz). It is characterised by a featureless, monotonously increasing absorption coefficient

that typically peaks at frequencies beyond 3THz.330

Studies of water and water/alcohol mixtures with THz-TDS suggested key concentration

transition points that marked different stages of water and alcohol molecular interactions.89

Other water mixtures and solutions also demonstrated the use of THz-TDS to probe water
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molecules based on their mobilities and the behaviour of the hydration shell.109;110 As well

as for characterising static structures, THz-TDS has also been found useful to probe reac-

tion dynamics, such as solid-solid phase transitions, amorphous-solid transformations, and

crystallisation.26;130;140;141

Previously, terahertz spectroscopy has been applied to study the crystallisation of sugar

and L-(+)-tartaric acid utilising attenuated total reflectance geometry and triggering the

crystallisation process by the evaporation of water from the aqueous solution.140;141 During

crystallisation the VDOS is depleted, resulting in the emergence of peaks and a dropping

of the overall baseline given its nature as the flank of the VDOS. THz-TDS can therefore

simultaneously probe amorphous and crystalline phases represented by the behaviour of the

baseline and peaks, respectively. In addition, this suggests that the behaviour of liquid phase

can be extracted explicitly from the baseline while crystallising, hence the solute concentra-

tion can be measured even in semi-crystalline samples.25

MgSO4 is chosen as a model system to demonstrate that THz-TDS is an option to com-

plement the currently widely applied tools in the field of crystallisation. The versatile set-up

based on THz-TDS in transmission geometry and the methodology described in detail in

Section 7.1 and 7.2 are further used to observe the dissolution of crystals at elevated temper-

atures, calculate the equivalent local concentration, and can be extended to other systems of

interest.

7.3.2 Methods

Solid-State Samples Measurements

Commercial samples of four different MgSO4 hydrates were investigated. These crystalline

samples were ground gently in an agate mortar with a pestle, and the polycrystalline samples

were then mixed with polyethylene (Induchem, Volketwil, Switzerland) to a defined concen-

tration that varied for different hydrates, as detailed in Table 7.1.

The well-mixed powder was compressed into a pellet of 13mm diameter with a thickness

of 2mm to 3mm using a hydraulic press (Specac Ltd., Kent, UK) at a load of 2 ton, and
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Table 7.1. Concentration overview for different solid-state samples.

Sample Concentration
anhydrous MgSO4 97% (Acros Organics) 7.5% w/w
anhydrous MgSO4 99.5% (Alfa Aesar) 7.5% w/w
MgSO4 monohydrate 97% (Sigma-Aldrich) 6.3% w/w
MgSO4 heptahydrate 98% (Sigma-Aldrich) 2.5% w/w
MgSO4 heptahydrate crystallised at room temperature from solution 2.5% w/w

a blank polyethylene pellet prepared in the same way was used as a reference. During the

THz-TDS transmission measurement, 1000 waveforms were acquired and averaged, with a

resolution of 0.94 cm−1.

Additionally, a supersaturated solution of MgSO4 was prepared from MgSO4 heptahy-

drate 98% (Sigma-Aldrich, Gillingham, UK) dissolved in Milli-Q water (IQ 7000, Merck,

Darmstadt, Germany, resistivity 18.2MΩ · cm), and filled into a well-sealed petri dish. The

petri dish was left in a fume hood at 20 ◦C until crystals formed. This process was to mimic

the crystallisation process in the crystallisation cell. Due to constraints of the set-up it was

impossible to investigate crystals grown directly in the microfluidic cell at cryogenic tem-

peratures. The crystals grown in the petri dish were made into pellets using the method

described above and characterised at cryogenic temperatures with terahertz spectroscopy

later to confirm their structure more accurately.

THz-TDS measurements were performed with a commercial spectrometer TeraPulse 4000

(TeraView Ltd., Cambridge, UK), and the measurement chamber was purged with nitrogen

to eliminate the effect of water vapour. Variable-temperature measurements were facilitated

by a cryostat (Janis, Massachusetts, USA) and the temperature was well-controlled with an

attached temperature controller (Lakeshore 330, Ohio, USA). The sample pellets were first

cooled down to 80K and then heated up in steps to 300K to examine the temperature-

dependent behaviour of the spectral features. Measuring commercial samples at room tem-

peratures allows the direct comparison of their spectra with those acquired during crystalli-

sation experiments. However, acquiring spectra for crystalline samples at lower temperatures

improves their quality since absorption in the terahertz region is highly affected by the tem-

perature background, reflected in effects such as peak broadening and peak shifting.
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Crystallisation Measurements

To investigate crystallisation, magnesium sulphate solutions were prepared to various con-

centrations using commercial MgSO4 heptahydrate 98% (Sigma-Aldrich, Gillingham, UK).

The sample was dissolved in Milli-Q water in a beaker, which was then left on a magnetic

stirrer until the crystals were fully dissolved. After several rounds of preliminary experiments,

three concentrations (mass ratio of MgSO4 heptahydrate to water) were chosen for further

repeats: 1.41:1, 1.29:1, and 1.20:1. This was based on the time and temperature observed

for crystallisation.

A detailed description of the crystallisation set up was given in an earlier paper 24 (also

in Section 7.1). The set up consisted of a liquid cell that was held by a hollow metal sample

holder inside of which water was circulated. The temperature of the circulating water was

controlled via an external water bath, whose temperature was balanced between an electric

heater and the surrounding ice bath with an accuracy of 0.1 ◦C. The operation temperature

was in the range of 4 ◦C to 90 ◦C, and during the experiments described here it was operated

between 4 ◦C to 25 ◦C.

Air was used as the reference, and the high-resolution mode of the spectrometer was

utilised to extend the extent of acquired time-domain waveforms to 45 ps. Each spectrum

was formed of the average of 15 individual waveforms with a spectral resolution of 0.94 cm−1,

resulting in an acquisition time of 20 s per spectrum. The valid frequency range was from

0.35THz to 2THz.

When monitoring the crystallisation process at a set temperature, the cell was first cooled

down and kept constant at the target temperature until the system was stable. Afterwards,

the MgSO4 solution was injected into the flow cell with a syringe via a tube, and the outlets on

both sides of the flow cell were sealed with parafilm. The sample holder including the cell was

promptly placed at the centre of the measurement chamber and terahertz spectra and images

were acquired. The time from injecting the solution to the start of the measurement was

minimised to no more than 30 s, in case of triggering undesired nucleation. The temperature

was kept as constant as possible during the whole crystallisation process, until crystals formed
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across the cell in the view of the optical probe and the terahertz spectra did not exhibit further

changes. The experiment was either terminated at this point, or the behaviour of the system

during slow heating to room temperature was studied. In the latter case, the temperature

was increased by 0.2 ◦Cmin−1 up to 25 ◦C in the flow cell. This was found to be an ideal

heating rate to introduce a constant temperature change to the cell.

For all measurements, three thermocouples monitored the temperature at various posi-

tions: in the water bath, inside the metal sample holder, and at the inlet of the cell, and one

data point was acquired per second. The optical probe used for image acquisition was set

to acquire one photo every two seconds. After each crystallisation measurement, the liquid

cell was thoroughly cleaned to remove grown crystals, contaminations, or seeds which could

influence subsequent measurements. The cleaning solution was prepared from commercial

EDTA solution (pH=8; Fisher Scientific, Loughborough, UK) and NaOH solution (Reagecon

Diagnostics, Shannon, Ireland) to adjust the pH to 10 in which MgSO4 exhibits a higher sol-

ubility.

7.3.3 Results and Discussion

Terahertz Spectra of MgSO4 Hydrates

The terahertz spectra of MgSO4 anhydrous, monohydrate, heptahydrate, and the crystal

grown in the lab from solution were acquired at different temperatures (Figure 7.12). Com-

paring the spectra of the three different hydrates, neither the anhydrous nor monohydrate

forms of MgSO4 showed pronounced peaks in the region of interest (0.3THz to 3.0THz), and

only baseline dropping occured upon cooling.

For the commercial heptahydrate sample, three pronounced bands were observed at 80K:

at 1.2THz, 1.7THz (double features), and 2.8THz. These vibrations probably resulted from

the interactions between MgSO4 and water because they were not present in the anhydrous

and monohydrate samples. As expected, the spectra exhibited peak broadening and shifting

as well as an increase of the baseline upon heating to room temperature. This is due to

the significant population of excited vibrational states at room temperature, which is a
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Figure 7.12. Crystalline MgSO4 hydrates measured at different temperatures.
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characteristic of the far-infrared where the energy gap between ground state and excited

states is lower than in the infrared. In addition, the increased thermal vibration and emission

contribute to this effect. At 294K, which was close to the temperature of the crystallisation

experiments, the high intensity peak at 2.8THz diminished into the baseline and the two

features at lower frequencies became weaker and broader while the double peak at 1.7THz

merged and shifted to a single feature at 1.6THz.

The spectra of crystals grown under the conditions similar to the crystallisation in the

flow cell exhibited less temperature-dependent behaviour. The feature at 1.2THz was slightly

more intense at low temperatures, while the peak at 1.7THz was consistently observable in

the whole temperature range. The latter shifted to 1.6THz upon heating to room tempera-

ture, though as a single feature rather than a double one at temperatures above 80K. The

high similarity between the terahertz spectra of heptahydrate and grown crystals, especially

at 294K, confirmed that the crystals grown in the crystallisation cell were indeed MgSO4

heptahydrate. The differences between the two could be accounted for by the different purity

and defect density. In addition, the 1.1THz peak became too weak to be observed at room

temperature, so the feature at 1.6THz was used in the following analysis to monitor the

crystallisation process.

Crystallisation of MgSO4·7H2O

As described in the method section, the flow cell was kept constant at the desired temperature

for crystallisation, and the process was monitored with both terahertz spectroscopy and an

optical probe. Confirmed by visual analysis, crystallisation was usually observed to start at

either inlet or outlet (or both) of the crystallisation cell, followed by crystal growth across the

cell to its other end. Acquired images were useful complimentary information to track the

progress of crystal growth throughout the cell. After performing image edge detection and

binarisation, crystals were represented by white pixels, and the amount of crystals in the field

of view of the camera was quantified as demonstrated in Figure 7.13. In most measurements,

it took approximately 4min to 10min for crystals to grow from one end of the cell to the

other once crystal growth had initiated.
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The spot of terahertz radiation probing the centre of the cell was about 2mm in diame-

tre (as highlighted in Figure 7.13b). Before the crystals had grown into the centre of the cell,

the sample volume probed with terahertz radiation was entirely filled with liquid, and the

terahertz spectra were hence completely featureless. However, as crystal growth continued

toward the centre of the cell, the absorption below 1.6THz decreased and a peak emerged at

1.6THz. This indicated the existence of crystals in the field of view of the spectrometer (see

Figure 7.13d). The peak at 1.6THz correlated with the peak in the solid state heptahydrate

samples measured previously and shown in Figure 7.12. The time by which crystals were

detected by THz-TDS coincided well with the time expected from image analysis (also shown

in Figure 7.13c).

Three frequencies were chosen to illustrate the changes of the spectrum over the course

of the experiment: 1.6THz, i.e. the peak maximum, 1.0THz, the frequency where the

spectrometer has the highest signal to noise ratio, and 0.5THz, which was a sufficiently low-

frequency that it should not directly be influenced by the crystalline spectral feature. At each

of those three frequencies, the absorption coefficient was extracted and plotted as a function

of time, as illustrated in Figure 7.14.

An algorithm was used to differentiate reliably and reproducibly between three regions

(before, during, and after crystal growth) by fitting three linear functions to the data and

selecting the fits that minimised the sum of their root mean square error. The fits are

shown in Figure 7.14. This allowed more information to be extracted at each stage of the

crystallisation, and facilitated comparison between the subsequent measurements which were

performed under a range of conditions.

Crystallisation experiments and the analysis described above were performed for a range

of different temperatures and concentrations. A measure for how fast the crystals covered the

field of view was found by evaluating the time difference between the emergence of the peak

and reaching the equilibrium afterwards. This time period was denoted as “second region”.

The “first region” corresponded to the time before crystals appeared in the field of view, and

the “third region” referred to the last part of the experiment after crystals had fully covered

the field of view.
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(a) Raw image recorded when the crystals grew
into the middle of the cell and were detected by
THz-TDS.

(b) 7.13a after edge detection and binarisation.
The approximate sample volume probed with
THz-TDS is highlighted.

(c) Percentage of area covered by crystals as ob-
served with visual analysis plotted against time.
In this case, the crystal growth through the cell
occurred in about 6min at around 4 ◦C.

(d) Terahertz spectra acquired during crystalli-
sation. Each subsequent spectrum is offset by
10 cm−1.

Figure 7.13. Visual analysis of crystal growth.

181



0 10 20
Time (min)

14

16

18

20

 a
t 0

.5
 T

H
z 

(c
m

-1
)

0 10 20
Time (min)

110

115

120

125

130

 a
t 1

.0
 T

H
z 

(c
m

-1
)

0 5 10 15 20 25
Time (min)

230

240

250

260

270

 a
t 1

.6
 T

H
z 

(c
m

-1
)

Changes after 
14 min and 17 min

Changes after 
15 min and 19 min

Changes after 
15 min and 18 min

Figure 7.14. Absorption extracted at 0.5, 1, and 1.6THz. This highlighted the different behaviour of the
peak feature compared to the rest of the spectrum (i.e. the differences between crystalline and liquid phases).
Whereas the absorption at 1.6THz increased after 14min, when crystallisation occurred, the absorption
decreased at lower frequencies. Linear fits were performed before (first region, blue), during (second region,
red), and after (third region, purple) crystal growth through the field of view.
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During analysis, the slope of the linear fit to the data points in the second region was

evaluated. In most experiments, the gradient of the linear fit was positive for 1.6THz and

negative at lower frequencies.

Figure 7.15a clearly shows the different behaviour of the absorption for the peak at 1.6THz

compared to other frequencies. While the absorption at 1.6THz (triangles) increased during

crystallisation, it decreased for lower frequencies (dots and diamonds). The spread was higher

at higher concentrations, meaning that a faster crystallisation was more likely to result from

more supersaturated solutions of MgSO4.

If less time was spent in the second region, i.e. the crystal growth rate was increased,

the higher was the absolute gradient in that region at all frequencies. This was shown in

Figure 7.15b. For better clarity, the slope during the phase at which the crystals grew into

the field of view of the THz-TDS system was shown at only 1THz, where the signal to noise

ratio was largest. The slope in the second region of the data at 1THz was plotted against

the time the crystals took to fully cover the field of view of the spectrometer. The shown

slope was negative because the absorption decreased at 1THz when crystals appeared.

Figure 7.15c shows the relationship between the duration of the middle region with the

temperature at which the experiments were performed. While crystal growth through the

field of view of the spectrometer seemed to take around 4min at temperatures between 3.5 ◦C

to 5 ◦C, the spread was larger at temperatures above 6 ◦C. In one extreme case it took almost

40min for the crystals to fully cover the field of view. In most other cases, it took between

2min to 12min, independent of concentration. At last, Figure 7.15d showed how much the

absorption at 1.0THz changed with time at different temperatures and concentrations.

Combining Figure 7.15a and Figure 7.15c it was concluded that, based on the results from

our experiments presented here, both a higher initial concentration and elevated temperature

above 6 ◦C made the crystal growth more erratic indicated by a wider spread of the data.

Calibrated Local Concentration and Hydration Shell

Terahertz spectra are inherently temperature dependent. As discussed above, both a decrease

in MgSO4 concentration and an increase in temperature yield a higher absorption coefficient.
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Figure 7.15. Analysis parameters during crystal growth plotted against concentration, time, and tempera-
ture. The concentrations were represented by the mass ratio of MgSO4 heptahydrate to water.
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Therefore, if the data are corrected for temperature variations, all changes that are observed

in the absorption coefficient are directly linked to structural changes of the probed sample

volume.

To eliminate temperature effects, a calibration procedure previously established in Kölbel

et al. was followed.25 By measuring the absorption of liquid mixtures of varying concentra-

tions at different temperatures, a calibration curve had previously been determined. This

allowed the calculation of the concentration of a solution of unknown concentration at arbi-

trary temperatures. In purely liquid samples, the calibration procedure resulted in the actual

concentration for solutions. However, the emergence of crystalline features affected the spec-

tra and in this case, the liquid phase absorption was calculated at frequencies furthest away

from the peak of the crystalline feature at 1.6THz.

An example of converting temperature-dependent data into the temperature-independent

equivalent concentration is shown in Figure 7.16. Instead of the slowly rising absorption

before crystals reached the field of view that was observed in Figure 7.14, the concentration

decreased. This complemented the information gained only by analysing the absorption

coefficient and yielded an explanation of the changes in the spectra during crystallisation as

follows.

At the beginning of the experiment, both the terahertz spectra and visual analysis con-

firmed the absence of MgSO4 crystals located in the centre of the cell. Once nucleation

occurred, typically not in the centre of the cuvette but near one end of the cell, a local

increase in water concentration was observed in the terahertz spectra due to the increase

in water concentration immediately adjacent to the growing crystals as magnesium and sul-

phate ions crystallised into the MgSO4 heptahydrate form. This caused a slight increase of

the absorption coefficient, corresponding to a lower MgSO4 concentration measured in the

centre of the cell.

MgSO4 in solution is surrounded by a hydration shell whose absorption is markedly differ-

ent from that of bulk water.113 This was demonstrated by calculating a theoretical absorption

coefficient based on the known absorption coefficient of pure water (αwater) and that of anhy-

drous MgSO4 and that of MgSO4·7H2O(αcrystal), neglecting the effect of a larger hydration
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Figure 7.16. Illustration of using the calibration method to calculate liquid phase solute concentration
based on measured absorption at various frequencies.

shell. A series of MgSO4 aqueous solution with a range of concentrations were measured,

and a difference between the measured (αsolution) and the calculated (αideal mixture) absorption

was consistently observed.

αideal mixture = αcrystal · cMgSO4
+ αwater · cwater > αsolution (7.3)

This difference was calculated with Eqn. 7.3 for a number of measurements and is shown

in Figure 7.17 for anhydrous MgSO4, where cMgSO4
represents the molar concentration of

anhydrous MgSO4 or MgSO4·7H2O of the solutions in the corresponding case. Calculated

values for both anhydrous MgSO4 and MgSO4 heptahydrate are shown in Table 7.2. Changes

were subtle below 0.02 molar concentration and increased steadily above in both the case of

anhydrous MgSO4 and MgSO4 heptahydrate.

The calculated theoretical absorption excluding the effect of the hydration shell was larger

than that of the measured absorption, indicating that the hydration shell surrounding MgSO4

had a lower absorption coefficient than the bulk water that it replaced which is in line
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Table 7.2. Data for Figure 7.17.

Molar conc. (MgSO4) Relative abs. (cm−1) Molar conc. (MgSO4·7H2O) Relative abs. (cm−1)
0.007 7.80 0.007 7.96
0.013 6.68 0.014 6.85
0.019 -1.21 0.021 -1.15
0.024 11.42 0.028 11.27
0.028 20.26 0.035 19.81
0.032 43.00 0.042 42.18
0.040 37.29 0.055 35.55
0.040 42.19 0.055 40.45
0.043 40.44 0.062 38.17
0.043 47.64 0.062 45.37
0.046 39.54 0.068 36.70
0.046 35.24 0.068 32.40
0.049 39.59 0.074 36.15
0.049 41.39 0.074 37.95
0.054 67.92 0.087 63.21
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Figure 7.17. Relative absorption calculated and plotted against molar concentration of MgSO4. The
experimental error is on the order of 4 cm−1. The lines are drawn to guide the eye and are not intended to
be indicative of a physical model.
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with expectation as the dipoles in the hydration shell tend to exhibit slower relaxation be-

haviour. The results also inferred that the hydration shell encompassed more than the 7 water

molecules that form part of the MgSO4 heptahydrate crystal because of the observed differ-

ence between the measured and calculated absorption. This is in line with other observations

that also found extended hydration shells when probing samples with THz-TDS.113

An increase of the overall absorption coefficient at 0.5THz and 1.0THz as seen in exper-

iments when crystals grew hence corresponded to water being expelled from the hydration

shells into the bulk phase when the crystals formed. The bulk aqueous phase was pushed

toward the field of view sampled by THz-TDS during the growth of the crystals before the

crystals themselves entered the field of view of the terahertz beam. Therefore, the growth of

MgSO4 heptahydrate, that started at one end of the cell, increased the local concentration

of bulk water in the centre of the cell, where it was probed with THz-TDS. This explained

the initial slight increase in absorption that was observed at both 0.5THz and 1.0THz, given

that the absorption coefficient of bulk water is much higher than that of the solution mixed

with MgSO4 or the heptahydrate.

Once the crystals reached the centre of the cell, the absorption at 0.5THz and 1THz

decreased (see Figure 7.14) as the probed sample became more ordered and thereby the

VDOS was depleted, while the absorption at 1.6THz increased as the peak emerged. On the

other hand, the liquid phase concentration seemed to increase at 0.5THz and 1.0THz when

crystals started to grow in the field of view of THz-TDS. This was in line with a decrease

of the hydration shell size and a potentially denser liquid in the area of forming crystals

that was probed with THz-TDS.311 The absorption coefficient at the peak at 1.6THz clearly

increased, and this effect was accompanied by a decrease in MgSO4 concentration. Once

the crystals covered the centre of the cell and the system reached an equilibrium state, the

changes at all frequencies became subtle again.

However, the calculated liquid phase concentration was not quantitatively valid at fre-

quencies close to crystal features, as no rigorous method has yet been developed to system-

atically account for peak effects to the baseline, and the calibration curve was determined

from the experimental data of a series of samples in the liquid phase only.
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To examine further the influence of the crystalline feature to the data collected at other

frequencies, the previous procedure for calculating concentration was applied inversely, i.e.

the known and frequency-independent calculated concentration was used to calculate the

equivalent absorption if it was fully liquid (αliquid). Of the three frequencies described here,

the data at 0.5THz were the least affected by the crystalline feature, since that frequency

was the furthest away from the feature at 1.6THz. Therefore, the concentration calculated

from it was being used as the basis to calculate αliquid.

The relative difference compared to the measured absorption is plotted in Figure 7.18 for

different experimental stages. Before crystals were observed in the field of view, the relative

difference was close to zero for all frequencies. During crystal growth into the field of view

however, the relative difference increased between 1.5THz to 1.7THz, and decreased between

0.6THz to 1.4THz. This effect became even stronger once crystallisation was complete.

Maxima of the relative difference were found at 1THz and 1.6THz while the difference

decreased toward lower frequencies. This showed that while the peak only seemed to impact

a relatively narrow frequency range between 1.5THz and 1.7THz, the effects of crystallisation
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are still strongly observed at 1.0THz. The spectral change was directly visible: depletion of

the VDOS below 1.5THz and appearance of a peak above. It should be noted that while

current results focus on crystal growth into field of view of the spectrometer, nucleation

itself has not yet been observed directly. This will be the focus of future work, possibly by

observing very subtle spectral changes.

Dissolution Observed

All the crystallisation experiments were performed and monitored at a constant temperature,

and once both visual and spectral analysis confirmed that the crystallisation was completed,

the system was slowly heated up. Meanwhile, it was also observed that crystals started to

dissolve at elevated temperatures. Therefore, further measurements were carried out to study

this phenomenon systematically.

With the well-controlled heating component, an experimental heating rate of 0.1 ◦C / 30 s

was determined to ensure a constant temperature change in the crystallisation cell. Faster

heating might have led to a temperature difference between the circulating water and the

inside of the cell, while slower heating rates (although possible) prolonged the experiment.

With the chosen heating rate, crystal dissolution was observed within a reasonable experi-

mental time frame. However, an accurate dissolution temperature was not measured because

hysteresis effects related to kinetics of crystallisation and dissolution have to be taken into

account.

The temperature profile over time is shown in Figure 7.19a, and the times when charac-

teristic changes occurred in the spectra are highlighted with vertical lines. These agreed well

with the times extracted from the images acquired by the camera. When the temperature

was increased steadily once crystals grew completely, crystal dissolution was observed both

visually as the percentage of crystals decreased drastically in the cell (Figure 7.19c), as well

as with THz-TDS resulting in the disappearance of the crystalline feature at higher temper-

atures (Figure 7.19b). This was also investigated by utilising the calculation of liquid phase

concentrations to remove the temperature effect from the spectra (Figure 7.19d).

The calculated concentration stayed mostly constant once crystals had formed until
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around 130min after the beginning of the experiment, which coincided with the first ob-

servation of crystal dissolution in the camera images. Because heat was constantly being

added to the system and the temperature increased steadily, the equilibrium concentration

of MgSO4 in the vicinity of the crystal features varied because the saturation point changed

with temperature. Therefore, the crystals dissolved slowly while the surrounding liquid was

approaching the point of local saturation upon increasing the temperature. Opposite to crys-

tal growth, dissolution resulted in an enlargement of the hydration shells accompanied by an

increase of the absorption at 0.5THz and 1.0THz and a decrease at 1.6THz. The calculated

concentration however decreased at 0.5THz.

7.3.4 Conclusions

THz-TDS was used to study the crystallisation process of MgSO4·7H2O. The emergence and

disappearance of the spectral feature at 1.6THz indicated the growth or dissolution of crystals

in the field of view of the spectrometer (validated by image analysis), while the change of the

baseline reflected the behaviour of solvent. This is useful for investigating solvation dynamics

and the behaviour of molecular species at phase boundaries.

The absorption at three frequencies was investigated in particular, and the process clearly

showed three stages. Experiments at three concentrations and in the temperature range of

4 ◦C to 9 ◦C suggested that both a higher initial concentration and elevated temperature

above 6 ◦C were likely to result in a more erratic crystal growth. The faster the crystals grew

through the field of view of the spectrometer, the higher was the change in absorption at all

frequencies. The temperature effect on terahertz spectra was addressed as outlined previously

in Section 7.2, leading to the calculation of an equivalent liquid phase concentration. In

addition, changes in the absorption coefficient were correlated with the composition and size

of the hydration shell surrounding the salt ions.

The results covered here are from experiments where the crystals grew into an area probed

by terahertz radiation. Therefore, the onset of nucleation was not observed directly. The

focus of on-going work is to trigger nucleation at desired locations (e.g. in the centre of
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Figure 7.19. Crystal dissolution analysis.
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the cell) so that the investigation can be extended from that of crystal growth to that of

nucleation. The current setup is designed for operating temperatures between 4 ◦C to 9 ◦C,

and this range can be extended further with simple adjustments. Therefore, this technique

can be applied to investigate a wide range of crystalline and semi-crystalline systems, thereby

offering an interesting perspective of low-frequency motions of multiphase systems.
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Chapter 8

Conclusions and Future Work

8.1 Porous Metal-Organic Frameworks

Porous metal-organic frameworks (MOFs) have been a popular class of novel materials known

for their high surface area and flexibility and which can be applied to a wide range of applica-

tions, such as energy and gas storage, chemical separation, and catalysis amongst others. The

combinations of various metals and organic linkers result in a number of structural possibil-

ities of MOFs. In Section 4.1, one classic MOF material, ZIF-8 (Zn-based) and its analogue

ZIF-67 were discussed. I specifically focused on the methyl groups that occupy the pores.

ZIF-8 has only one type of functional group in the pores, which makes it an ideal candidate

to study how the molecular dynamics within the pores can affect the adsorption process. By

comparing the results with those from ZIF-67, which is Co-based rather than Zn-based, the

study also demonstrates the influence of metal atoms to the properties of MOFs. This can

help with the future design and screening of desired MOFs. Terahertz spectroscopy probes

the collective motions falling in the low-frequency vibrational region in ZIF-8 and ZIF-67,

including shearing, gate-opening, and methyl rotation. The DFT simulations complement

the experimental results and offer an opportunity to isolate the three-fold rotation motion (0°

to 120°) of methyl groups, and allow us to calculate the potential energy barriers of both

ZIFs. The results prove that the methyl group rotation remains active even at very low
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temperatures. The different metal atoms in the two ZIFs clearly affect the volume of the

pores, which in turn results in a relatively higher energy barrier of ZIF-67 compared to that

of ZIF-8. Additionally, the results were comparable with previously published studies that

applied inelastic neutron scattering methods to investigate this effect.

The works presented in Section 4.2 builds on the results and methodology developed in

Section 4.1. The study discussed the investigation of the elasticity of MOF-5. While this

work was entirely computational, the results were compared to the published data as reported

in the literature that were acquired by many other methods, both theoretically and exper-

imentally. The results prove that, by using the meta-GGA density functional M06-2X, the

accuracy of both the optimised structure and the predicted elastic constants is considerably

improved, and yields results that are much more comparable with the experimental values

compared to the calculations employing LDA or GGA functionals. This proved the feasibility

of the general method. Even though performing calculations with a hybrid functional is more

time-consuming, it can be a good choice if highly accurate results are required.

The studies of porous MOFs show that the combination of methodologies can offer a lot

of insight into the molecular dynamics, flexibility, and a close investigation on certain func-

tional groups and fragments. However, most studies are usually focused on certain MOFs

as prototypical examples and there is no experimental database available containing reliable

quantitative data (e.g. elastic constants), and the accuracy of available simulated results are

currently not consistent. Therefore, it will be very helpful to develop more standardised com-

putational methods in the future to obtain important properties that can be made available

through large databases to aid the design of new materials.

Initially, the method could be tested on a list of chosen MOFs that are of particular

interest in the chemistry community. The predicted values should be double checked with

experimental measurements, such as THz-TDS, in an approach that is very similar to the

current individual studies. Afterwards, the method could be adapted for a wider range of

materials that will offer more information in the database to support the screening process

for future applications.
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8.2 Metal-Organic Perovskites

Metal-organic perovskites have a cation occupying the pore at the centre of the structure.

Therefore, this type of material has very different potential applications to the porous MOFs

covered in the last section. Based on the types of metal-organic perovskites, this type of

material can be applied to solar cells, multiferroic materials and data storage. In Chapter

5, a series of Gua-MOF perovskites, which have interesting ferromagnetic properties, were

discussed to investigate the effect of metal atoms on the low-frequency vibrational spectra.

These materials naturally possess disorder that is readily evident from the unavoidable pre-

diction of negative modes whenever the symmetry is maintained during computational lattice

dynamics calculations. The computational results show that all the optimised structures of

the seven systems that were studied here are slightly distorted from the published space

groups in the crystallographic data. The high similarities of their structures are reflected

in their comparable terahertz spectra, with similar active motions that are observed at rel-

atively similar frequencies. Interestingly, in the case of Mn-MOF a significant blue shift in

the spectral features is observed compared to other systems given that the outer electronic

shell in Mn2+ is only and just half filled.

Calculations were performed on selected perovskites of different magnetism. This offers

a new way to study the influence of spin configuration on the low-frequency vibrations.

The results also predict the most likely configuration, which is that of the lowest energy

among the proposed structures with the same metal atoms. The prediction matches with the

experimental data that were published in previous studies.

Further simulations can be carried out to calculate the polarisability of the series of

molecules, which is also of great importance for potential applications. In addition, the

combined methodologies can be applied to study the properties of other perovskites based

on the desired application, such as charge mobilities. If this project will attract attention, it

may help stimulate discussions in the physics and chemistry community to see how to better

use terahertz spectroscopy to gain more insight into the field of MOF perovskites.
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8.3 Small Organic Molecules

Small organic molecules have been widely studied and are used in a number of applications,

yet a range of phenomena in these materials are not fully understood, such as the exact

mechanism of their phase transitions and the properties of polymorphic forms in general

and crystalline disorder in particular. In Chapter 6, two well-known small organic molecular

crystals that are widely used as pharmaceutical drugs, aspirin and theophylline, were explored

with terahertz spectroscopy and DFT simulations as examples to investigate the role of

disorder in crystalline systems. In both cases, the combined methodologies show advantages

for identifying polymorphs and distinguishing complex and disordered crystalline structures.

In Section 6.1, the study was focused on gaining further insight into the crystallographic

disorder in aspirin forms I and II. These two polymorphs are widely known for their struc-

tural similarities, which makes them ideal candidates to test the sensitivity of the combined

methodologies and also to verify hypotheses of the influence of defects on polymorphs. Ex-

perimental terahertz spectra of the two forms resulted in minor differences. Therefore, very

strict computational settings were applied for all the calculations to provide accurate results

for further examining the differences between the two forms. Experimental spectra were fit-

ted with Lorentzian and power law functions to extract quantitative information regarding

the level of disorder and to explore evidence that the two forms are intergrown rather than

completely pure. However, this study did not provide an effective way to fully quantify the

disorder.

Due to the high similarities of the structure of FI and FII, the only difference being a

half cell length shift between every other layer, it is hypothesised that the phase transi-

tion/intergrowth between the polymorphs originates from local defects during the crystal

growth. Such defects could be the mispositioning of few molecules or unexpected vacancies

in the crystal lattice. As a result, the molecules surrounding the defects have to move around

to find new positions to achieve local stability, which results in one polymorphic form or the

other. Computationally, this concept could be explored by a combination of DFT and AIMD

simulations. However, in reality, the defects will have a very low concentration, otherwise
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the whole system would be too unstable from the beginning. A supercell structure must be

applied to the calculations in order to create a large background for inserting defects. This

makes it highly time consuming and requires a large amount of computational resources. Pre-

liminary work was performed on CRYSTAL17 using the keyword “ghost” to remove a dimer

from the original packing of form I that only deleted atoms but kept the basis sets. The

structure was stable and shrank as expected. Due to the limited computational resources,

the geometry optimisation calculations did not converge, and it was not possible to continue

subsequent AIMD calculations. If the following steps can be achieved, it will provide valu-

able results to the mechanical properties and plastic deformation of small organic molecules.

Similar studies can also be potentially applied to recently discovered aspirin polymorphs and

other materials of interest, such as benzocaine and caffeine.

In Section 6.2, the metastability of theophylline FIII was closely investigated along with

the phase transitions involving the other two polymorphs FM→FIII→FII. The existence of

FIII has been previously discussed, yet its structure had not been reported. Results of mid-

and low-frequency Raman spectroscopy and terahertz spectroscopy both showed distinct

spectra for FM, FIII and FII. TGA also provided evidence of discernible weight loss after

FM being dehydrated. The dehydration experiments of FM were monitored both on pure

samples and samples mixed with PE. After purging under N2 overnight or under vacuuming

for a long time, the pronounced peak features of FM terahertz spectra all disappeared.

Unclear spectral features of FIII, after the dehydration of FM, reflect that its structure is

highly disordered, and also explains why it was not easy to be determined via traditional X-

ray diffraction. However, the lattice parameters are comparable with those of FM. Therefore,

the hypothesis was that the FIII structure is very similar to that of FM but with the water

molecules removed. DFT simulations were then applied to explore the idea. Two possible

structures were proposed: One as FM without water but fixed cell length; the other with

only the restriction of symmetry. Comparing the simulated and experimental spectra, the

second structure is more promising with no clear features below 3THz, which supported the

hypothesised structure of FIII. In addition, the sample pellets were remeasured after being

kept at around 20 ° ◦C and 40% relative humidity. The terahertz spectra changed again from
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the very disordered crystals to the well-organised FII. This observation completed the phase

transitions process discussed in the literature. In this project, the combination of THz-TDS

and DFT simulations provided definitive evidence of the disordered structure of FIII, and

this combination of methods is an effective complementary tool to XRD to characterise the

crystallographic structure of ordered crystals.

I was limited by the available computational resources and therefore the symmetry was

kept constrained when performing the geometry optimisations. However, it would be worth

trying to re-simulate the structure for a fully relaxed system. This will result in a FIII

structure that should be closer to the real structure, and which in turn could provide more

information of how disordered the metastable state actually is. Additionally, one main as-

sumption of the DFT method is that all calculations correspond to a temperature of 0K,

which means no extra energy can be provided to the system. In contrast, all the phase tran-

sitions investigated here happen at much higher temperatures, around room temperature,

and the system will need extra energy to support the molecular mobility that leads to a

more stable conformation. In order to investigate the whole phase transitions between theo-

phylline polymorphs, it is worthwhile to carry out simulations based on ab initio molecular

dynamics, which can provide the trajectories of molecules. This also needs a large amount

of computational time and powerful computational facilities.

8.4 In-Situ Observation of Crystallisation with THz-

TDS

A versatile setup was developed that can be applied to characterise solutions and monitor

crystallisation process with terahertz spectroscopy in transmission geometry. It was built

up based on a customised flow cell with additional components to allow for a wide range of

temperature whilst maintaining precise control and stability of the temperature. As parts of

the terahertz beam were slightly clipped by the sample holder, it will be useful to adjust it

for future work. The set up was firstly applied to study pure solutions (e.g. MgSO4·7H2O
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in water) over a range of concentrations, resulting in the concentration calibration curves.

Therefore, by acquiring a terahertz spectrum of a solution of unknown concentration, the

solute concentration can be determined from the calibration curve with the absorption at a

certain frequency and temperature. The method was then extended to multi-phase solutions,

i.e. the change of the solute concentration while crystallising. In this case, an absorption at

the low-frequency end is recommended for the solute concentration measurement since it is

less likely to be affected by the crystalline features.

The crystallisation process of magnesium sulphate heptahydrate was studied in detail us-

ing this setup as well as the concentration measurement method. Crystalline MgSO4·7H2O

possesses an intense feature at 1.6THz, in the region of interest, which clearly reflected the

growth of crystals. In addition, the baseline dropping was a characteristic signature of the

occurrence of crystallisation as well. Other than crystal formation, the dissolution of crystal

was also observed while heating up the setup slowly. However, for all the measurements the

crystals started to grow from the two ends of the flow cell, therefore terahertz spectroscopy

could only capture the behaviour when they reached the centre of the cell. It will be more

informative if the crystallisation can be triggered at chosen positions, so the onset of nucle-

ation can also be studied. Future work on other crystallisation systems is also of interest to

expand the possible applications of the developed methodologies.
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[196] A. Schäfer, H. Horn, and R. Ahlrichs. Fully Optimized Contracted Gaussian Basis Sets

for Atoms Li to Kr. The Journal of Chemical Physics, 97(4):2571–2577, 1992.
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