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Abstract

Mechanochemistry, a solid-state synthesis method, offers several advantages over
solvothermal techniques, including shorter reaction times, higher selectivity, and reduced chemical
waste. However, despite these benefits, its industrial-scale use for many crystalline materials has
been limited due to an incomplete understanding of crystal growth processes. Gold nanoparticles
(AuNPs), traditionally synthesized via solvothermal methods, are well understood in terms of their
formation conditions, growth mechanisms, and kinetics. Their unique properties—optical activity,
electrical conductivity, low toxicity, and high surface-to-volume ratio—make them highly useful
for applications such as catalysis. Similarly, metal-organic frameworks (MOFs) are porous
materials known for their applications in gas adsorption, storage, catalysis, and structural
flexibility. The comprehension of the crystallinity of both NPs and MOFs is lacking when they are
synthesized using a solid-state method. This thesis begins by reviewing the literature on
mechanochemistry, focusing on the solid-state synthesis of nanoparticles and MOFs, along with
issues related to crystallinity defects. It then investigates the characteristics of materials grown
using solid-state methods. Specifically, the study examines the solid-state reduction and
crystallization behaviors of AuNPs over a 15-day period, where the reactions are initiated with a
small amount of mechanical energy in a controlled static environment. The effects of amine chain
length and aging temperature on AuNP crystallinity and particle size are analyzed. To further
explore the early-stage crystallization of solid-state-grown MOFs, techniques such as transmission
electron microscopy (TEM), Powder X-Ray diffraction (PXRD) and energy electron loss

spectroscopy (EELS) are used.



Résumé

La mécanochimie, une méthode de synthése en phase solide, offre des avantages par
rapport a certaines techniques solvothermiques; des temps de réaction plus courts, une sélectivité
accrue et une réduction des déchets chimiques. Cependant, malgré ces avantages, son utilisation a
I'échelle industrielle pour de nombreux matériaux cristallins reste limitée en raison d'une
compréhension incompléte des processus de croissance cristalline. Les nanoparticules d'or
(AuNPs), traditionnellement synthétisées par des méthodes solvothermales, sont bien documenté
en ce qui concerne leurs conditions de formation, leurs mécanismes de croissance et leur cinétique.
Leurs propriétés uniques, telles que I'activité optique, la conductivité €lectrique, la faible toxicité
et un rapport surface/volume élevé, les rendent tres utiles pour des applications comme la catalyse.
De méme, les cadres organométalliques (MOFs) sont des matériaux poreux connus pour leurs
applications dans l'adsorption de gaz, le stockage, la catalyse et leur flexibilité structurelle.
Cependant, la compréhension de la cristallinité des NPs et des MOFs est insuffisante lorsqu'ils
sont synthétisés par des méthodes en phase solide. Cette these commence par une revue de la
littérature sur la mécanochimie, en se concentrant sur la synthése en phase solide des
nanoparticules et des MOFs, ainsi que sur les probléemes liés aux défauts de cristallinité. Elle
explore ensuite les caractéristiques des matériaux produits par des méthodes en phase solide. Plus
précisément, I'é¢tude examine la grosseur et cristallisation des AuNPs en phase solide sur une
période de 15 jours, ou la réaction est initi€es par une petite quantité d'énergie mécanique dans un
environnement statique controlé. Les effets de la longueur des chaines d'amines et de la
température de vieillissement sur la cristallinité et la taille des AuNPs sont analysés. Pour explorer

plus en détail les premiers stades de la cristallisation des MOFs produits en phase solide, des



techniques telles que la microscopie €lectronique a transmission (TEM), diffraction des rayons

X de la poudre (PXRD) et la spectroscopie de pertes d'énergie d'é¢lectrons (EELS) sont utilisées.
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1 Introduction

This chapter serves to prepare and inform the reader for Chapters 2 and 3, which present the
manuscript-based portions of this thesis. It provides essential scientific background and context,
drawing upon a comprehensive review of relevant literature. Key discussed concepts include
aging, mechanochemistry, nanoparticles, metal-organic frameworks (MOFs), crystal defects, and
high-resolution transmission electron microscopy (HR-TEM), all of which are critical for
understanding the foundation of this research. To achieve a deeper understanding and an enhanced
control over the solid-state mechanosynthesis, we endeavoured to study crystalline growth through
these two primary objectives: (1) to explore the size and crystallinity behaviour of gold
nanoparticles, and (2) to investigate the early-stage crystallisation of Ui0-66, both objectives being
explored within solid-state systems. The use of solventless imaging via HR-TEM enabled visual

analysis of both systems, providing valuable insights into their structural properties.

1.1 Solid-state synthesis; Mechanochemistry and Aging

Mechanochemical reactions are reactions that are initiated or driven by mechanical energy.! The
use of mechanochemistry allows for a reaction that doesn’t require bulk solvent, which often have
an impact on the environment and the reaction itself.? Materials synthesized in the solid-state often
feature enhanced selectivity, high atom economy, and improved energy efficiency.® To utilize these
advantages to their maximum potential, it is important to understand how mechanochemical and
aging-based transformations behave differently from more traditional solvothermal chemistry.

Numerous instruments can be used in a mechanochemical reaction such as the mortar and pestle,

13



5 6,7,8

vibrational mill and twin-screw extruder* (Fig. 1.1)." Metal-organic frameworks,

t’IO 11,12

nanoparticles,” photocatalyst,'” quantum dots!!!? and co-crystals'? are some examples of materials
that can be made using mechanochemistry. All these materials have their properties highly
regulated by their crystallinity, making them good candidates for studying crystalline growth in

the solid state.

Barrel temperature

controllers Exit of the
extruder

Figure 1.1 Equipment for mechanochemical reactions (a) mortar and pestle (b) vibrational mill and (c) small-scale milling
jars and balls (d) planetary mill external and (e) internal (f) twin-screw extruder (TSE) allowing for continuous processing.
1a, 1b, 1c, 1d and 1e used with permission of Royal Society of Chemistry, from Ref. 5; permission conveyed through
Copyright Clearance Center, Inc. 1f used and adapted from Ref. 4 with permission from the Royal Society of Chemistry.

Mortar and pestle is a well-known instrument for mechanochemistry with its first usage going back
to the prehistoric age. Mortar and pestle is an inexpensive synthesis method which has drawbacks,
such as lack of consistency and low yield. In 1960, Dachille and Roy converted calcite to aragonite
by long exposure to mortar and pestle grinding.!* Treece et al. used a mortar and pestle and
temperature ignition to synthesise GaP and GaAs in a solid-state system.!®> Grinding the gallium
iodide and sodium pnictide precursors individually before combining them ensures a more evenly
distributed force during the grinding process. After igniting the powder combining both precursors,

the mixture was ground manually by mortar and pestle in a drybox, resulting in GaP or GaAs

14



depending on the pnictide used as a precursor.'” The use of mortar and pestle in some reactions
also allowed for the accessibility of compounds which were inaccessible by a solution synthesis.
Patil et al. T demonstrated that a mortar and pestle provided enough mobility and energy in the

synthesis of quinhydrones to form a new product without producing its more stable isomer.'¢

This was one of the first demonstrations of the possibility of better selectivity when using solid-
state chemistry compared to solution synthesis.'® The mortar and pestle has since been replaced
by a mortar grinder, which allows for better reproducibility and the introduction of temperature

variations.!”

(a)

(c)

feed inlet

YV

C T I T we
VinInInInEnInEnInEn-"

counter-rotatory barrels

Figure 1.2 Schematic representation illustrating the mode of motion of the cross-section of a (a) shaker and (b) planetary
mill, and (c) twin-screw extruder. Reproduced from Ref. 1 with permission from the Royal Society of Chemistry.

Another common instrument used in mechanochemistry is the ball mill, which uses ball bearings
of different sizes and materials as grinding media to impact mechanical force on the reagents (Fig.
1.2). The shaker mill is used for small scale reactions and grinds by impacts and friction. Its large-
scale counterpart, the planetary mill, uses centrifugal force to high energy grinding also by impact
and friction.!” There is also the cryo-mill, which is a mixer mill cooled thanks to free-flowing
liquid nitrogen flown around the jar to allow both cryogenic grinding and trapping volatile

compounds during milling.!”
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Aging may complement mechanochemical synthesis. Aging involves the use of specific reaction
conditions in which the reaction is driven thermally in the solid state, sometimes complemented
with different conditions such as humidity, solvent vapour, movement, light and pressure.'® Vapor
assisted aging is a technique that uses solvent vapour or humidity to age a sample. Usually, a beaker
full of volatile solvent is placed in an air-tight container with the sample. This allows for the

powder to have more mobility, which accelerates or initiates the reaction.

Strukil developped a hydrolysis of waste polyethylene terephthalate PET treatment either by
mechanochemistry or by aging.!” Starting by milling with pre-milled PET and sodium hydroxide
in a jar with a steel milling ball for 60 minutes, a Fourier-transform infrared attenuated total
reflection (FTIR-ATR) showed evidence of terephthalic acid (TPA) disodium salt. After workup,
PET conversion was high as was TPA yield even without the usual harsh conditions needed.'® They

then tested the same reaction but with vapor-assisted aging (Fig. 1.3).
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Figure 1.3 Reaction setup for the solid-state alkaline PET hydrolysis by aging at different levels of relative humidity (100 mg
PET scale). Aqueous salt solutions were put in two small test tubes inside the aging chambers. For aging in organic vapours,
the test tubes inside the aging chambers. For aging in organic vapours, the test tubes were filled with dry acetonitrile, 1,4-
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dioxane, methanol or ethanol. Reprinted from Ref.19, permission provided by John Wiley and Sons and Copyright Clearance
Center

They found that under aging conditions with high relative humidity (RH) for an extended period,
the conversion rate was higher than at lower RH or with a significant decrease in aging time.
Heating the mixture to 100°C or premixing the reagents for 5 minutes was shown to enhance PET

depolymerization under aging conditions."”

Another alternative to add mobility to a mechanosynthesis is the addition of solvent to the system

during milling.
1.2 Milling Additives: Solid solvent, LAG and ILAG

In a ball mill, the addition of the milling balls can have a great influence on the results of
the reaction. Balls of different sizes can affect the surface contact of the ball to the sample and so
change the outcome of the milling. Michalchuk et al. found that a ball of bigger size and mass
resulted in a faster transformation in the jar during a mechanochemical synthesis.?’ The group
associated that with a larger amount of powder being influenced by the greater contact with the
ball.?° They also determined that a reaction would also go faster if the mass of the milling ball was
higher.?’ Fischer et al. also concluded that a heavier and bigger ball moderately increased the
temperature of the system after a long milling time.?! To control the thermal equilibrium inside the
jar, one might be tempted to choose a smaller, lighter milling ball, freeze the jar before milling or

even shorten milling time.*?

Some mechanochemical reactions use a technique called liquid-assisted grinding (LAG). This
refers to the addition of a catalytic amount of liquid added to the sample before grinding, inducing
reactivity to an otherwise unreactive system. Whether the addition of solvent to a

mechanochemical reaction is classified as a LAG reaction depends on the ratio of microliters of
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solvents to milligrams of solid (n). The n ratio for LAG is between 0-2 uL/mg while a reaction in
solution would have a 1 value of more than 12 uL/mg (Fig. 1.4).° It is also important to note that
a n value of 0 is considered a neat reaction because it is done with the complete absence of

solvent.??

‘ .
A

n (uL/mg) Slurry 12 (Solution)

Figure 1.4 Schematic showing the range of n values, from neat grinding at 0 uL mg™" to 212 uL. mg™" for solution chemistry.
Used with permission of Royal Society of Chemistry, from Ref.13; permission conveyed through Copyright Clearance
Center, Inc.

Chen et al. used LAG to gain access to a much greater selectivity in the palladium-catalysed
dimerisation of terminal alkyles.?* The use of a palladium catalyst in the reaction was found to be
an alternative to the use of a copper catalyst because of the significantly smaller amount of
palladium needed to make the reaction go forward. Unfortunately, this replacement also greatly
reduces the selectivity of the reaction, with the desired 1,3-diyne dimer usually accompanied by
three more enyne byproducts.>* Using LAG, the reaction conditions showed the possibility of

switching the selectivity from the diyne into the trans-enyne.?*

Another popular method is ion and liquid assisted grinding (ILAG). These methods use a catalytic

amount of salt additive, around 5 mol%, for the milling process. The inclusion of ionic additives
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frequently increases the range of topologies that can be achieved through mechanochemical
synthesis. It is often used for synthesis of zeolitic imidazolate frameworks (ZIF), a group of zinc
based metal-organic framework.?> This MOF is ideal for ILAG synthesis because the selection of

additives can change the structure of the MOF and dictate which ZIF is formed.

Frisci¢ et al. used LAG and ILAG for the synthesis of well-known MOFs based on terephthalic
acid.?® They found that grinding the reagents together without LAG did not provide a crystalline
MOF. After incorporating dimethylformamide DMF in catalytic quantities prior to milling for the
same amount of time, the resulting MOF exhibited a different isomer from that produced during
the solvothermal process. The addition of NaNOs to the reagents showed that ILAG formed a mix
of two isomers, with the isomer usually observed by solvothermal reaction becoming more
prominent with increasing milling time. The formation of the two MOF isomers was analysed and
confirmed by PXRD, FTIR, solid state NMR. The group tested a multitude of other salts for the
same reaction and found that the addition of salt to the system accelerated and directed the

formation of MOFs.?*> Some salts, like NHsNO3 and K>SOs, gave the ILAG more selectivity.?

A more recent advancement is the use of a solid solvent in a mechanochemical reaction. A dry
solvent, sometimes also called auxiliary, should not participate in the reaction but should allow for
even mixing and deaggregation of a sample in the mill. A good indication of the need to use it
would be the observation of a shell on the milling ball (Fig. 1.5).2° Yang et al. used NaCl and KCI
as a solid solvent in a one pot synthesis of HKUST-1.26 They were able to make a pore and function
adjustable HKUST-1 by combining 1,3,5-benzenetricarboxylic acid (H;:BTC) and copper acetate
monohydrate with a solid solvent separately before pre-grinding. They then milled both pre-grind

powders together for 20 minutes before washing the powder, resulting in high yield porous MOF.?
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Figure 1.5 Reaction mixture (3a, 2 mol % D) after LAG with and without a solid auxiliary: aggregation on the milling ball (a)
after 15 min, (b) after 5 h, and (c) after 2 h of milling with NaCl (34% yield). Reprinted with permission from Ref 28. Copyright
2015 American Chemical Society

Pentecost et al. also used NaCl in nanodiamond powder synthesis. The salt was used as a
deaggregation agent, allowing for the avoidance of microbeads usage. Avoiding powder
aggregation also allowed the particles to be separated by size, a big factor in the application of
nanodiamond.?” Do et al. developed a high-yielding ruthenium catalysed olefin metathesis.”
While it was established that milling styrene, a liquid, resulted in a fast cross-metathesis, they
wanted to test the milling of methyl 4-vinylbenzoate and 4-vinylbenzoic acid. During the LAG of
both solids, the yield for methyl 4-vinylbenzoate was found to have considerably improved while
the reaction of 4-vinylbenzoic acid gave subpar and irreproducible results. To improve the
reactions further, they added 150% of the total reactant weight in solid solvent. They used a variety
of grinding auxiliary with NaCl giving the best yield and NaBr giving the worst. ?® Sodium chloride
has been a well-known choice for dry solvent because of its removal simplicity. Sugar is also

known to be useful for the same purpose.
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1.3  Bottom-up and Top-down Mechanical Synthesis of Nanomaterials

Nanomaterials (NMs) are defined as structures with at least one dimension within the
nanometer range, typically between 1 and 100 nanometers. A variety of substances, including
metals, semiconductors, polymers, and biological molecules, can be engineered at the nanoscale.
The reduced size and increased surface area-to-volume ratio of NMs impart distinctive properties
that are not observed in their bulk equivalents, making them exceptionally versatile and suitable
for applications across numerous scientific and industrial fields. NMs can be synthesized using
two primary mechanical synthetic approaches: Bottom-up and top-down syntheses (Fig. 1.6). The
bottom-up method aims to make NMs out of a molecular precursor similar to solvothermal
synthetic methods. This method is able to nucleate metal atoms which in turn produce observable
nanoparticles. More milling time usually produces bigger particles in this regime, and as such a
smaller surface-area-to-volume ratio. Bottom-up synthesis has been shown to shows good promise

for the control of NMs definition, shape, composition and physiochemical features.?’
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Figure 1.6 Top-down (top) and bottom-up (bottom) strategies in solid-state nanoparticle synthesis. Reprinted from Ref.30,
Copyright 2018, with permission from Elsevier.
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Bottom-up mechanochemical synthesis has been used by many to synthesize biological samples
such as amino acids and materials such as NPs.® Lin et al. reported the solventless
mechanochemical synthesis of silver NPs on carbon nanotubes.?! Multiwalled carbon nanotubes
(MWCNTs) and silver acetate were milled together in a zirconia jar and analyzed through scanning
electron microscopy (SEM). The silver NPs were found to be homogeneously distributed on the
nanotube surface. They found that their technique was also applicable to other carbon substrate

and other metal salts.

The top-down approach involves milling and grinding the bulk materials to produce fine small
particles. The bulk material is put in a device which provides mechanical stress to break the big
structures down and induce plastic deformation with more time under stress. While this technique
has drawbacks such as lack of size control and uneven surfaces, it has an important advantage; it

is very simple. 3

Lin et al. use the top-down method to prepare high-surface-area carbons (HSACs).* The need to
find an alternative to the addition of harmful activating agents who also generate low yields and
contaminated activated carbons (ACs), material commonly used to filter contaminants. Traditional
methods using mechanical activation produce ACs with low surface-area, which limit their
possible uses. To remedy this, shredding renewable resources such as coconut shells (CS) forms
mechanochemical coconut shells (MCS), irregularly sized particles rich in oxygen-containing
groups.®* Adding the MCS to a 900 °C for 9 h carbonised the particles (HSAC-MCS-900-9) and
generated small particle sizes analysed by SEM. After N> adsorption-desorption and density
functional theory (DFT) analysis revealed that the HSAC-MCS-900-9 had a good amount of
micropores at 1.3 nm with the occasional presence of meso- and macro- pores ranging from 2 to

127 nm. A Brunauer-Emmett-Teller (BET) surface area analysis revealed the out-performance of
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HSAC-MCS-900-9 compared to other ACs because of its high surface area and large pore

volume.*3

1.4 Solid-state growth; Nanoparticles and Metal-Organic Frameworks

Nanoparticles (NPs) are a class of NMs with three-dimensions below 100 nm that are often

3637 cancer treatment and detection’®, and more.

used in catalytic capacities®**, biological settings
Since NPs have such a variety of uses, researchers usually select their synthesis method based on

the properties desired. Amongst the various methods, chemical reduction is widely used for

synthesising metallic nanoparticles, such as gold, silver, and platinum nanoparticles.*

Debnath et al. developed the first gold nanoparticles (AuNPs) solid state synthesis in 2009.%
Combining KAuCl4, sodium borohydride and Poly(vinylpyrrolidone) in an agate container with an
agate milling ball mixed at 1500 rpm for varying amounts of time resulted in a bottom-up synthesis
of AuNPs. The sodium borohydride, acting as reducing agent, and Poly(vinylpyrrolidone) acting
as protective ligands, reducing the agglomeration and controlling the size and shapes of the formed

AuNPs.

Table 1.1 The experimental conditions for the synthesis of the gold nanoparticle samples and their corresponding sizes.
Used with permission of Royal Society of Chemistry, Ref.40; permission conveyed through Copyright Clearance Center,
Inc.

Sample Mass ratio of KAuCls : PVP : NaBHs PVP “/kg mol™! Time/min Particle diameter/nm

A 10:25:1 10 15 8.8+2.8

B 10:25:1 10 30 10.7+ 1.1
C 10:25:1 10 60 134+24
D 10:25:1 10 120 23.3+5.0
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Sample Mass ratio of KAuCly : PVP : NaBHs PVP “/kg mol™! Time/min Particle diameter/nm

E 10:25:1 ~30 15 6.3+2.1

F 10:25:1 ~30 30 75+2.4

G 10:25:1 ~30 60 8.4+2.7

H 10:25:1 ~30 120 8.8+3.4

I 5:25:1 10 15 7.6+23

J 5:25:1 10 30 83+29

K 5:25:1 10 60 8.6+2.3

L 5:25:1 10 120 11.8+44
M 15:25:1 10 15 27.9+6.2
N 15:25:1 10 30 N.A

a Mass average molar mass. b Aggregation of particles was observed.

Diffuse reflectance spectroscopy (DRS), transition electron microscopy (TEM) imaging and FTIR
characterised the AuNPs formed while PXRD was used to confirm the growth of AuNPs in the
solid system. The results showed that varying the reagents mass ratios, reaction time, and mass
average molar mass of the protective ligand can alter the size of the particles. The group was able
to form stable NPs with sizes ranging from 6.3 nm and 27.9 nm.* Richard et al. developed a solid-
state synthesis of AuNPs through a modified Turkevich reaction.?? Aging a grinded sample
containing HAuCls * 3H>0, octadecylamine (ODA) and trisodium citrate dihydrate, they found
that the growth of AuNPs was stunted at -18 °C and accelerated at 32 °C.?> Rak et al. reported a
fast galvanic-reduction mechanochemical reaction able to produce gram amounts of AuNPs.’

Using different lengths amine chains resulted in the synthesis of different sized monodispersed
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AuNPs with the shorter chain amine resulting in bigger AuNPs. Their approach necessitated a
significantly lower amount of solvent compared to conventional synthesis methods, resulting in

the production of previously unattainable amine-stabilized ultra-small AuNPs.’

Metal-organic frameworks (MOFs) are porous structures combining metal clusters and organic
linkers (Fig. 1.7).*! The MOFs pores and high surface area are some of the characteristics of this
hybrid material that makes them so interesting.*? These materials have a flexible design that allows
for a customisation of properties.** Because of this, there has been a good deal of new research

focused entirely on developing MOFs for catalytic, gas storage and drug delivery purposes.*!

B

Functional groups
Organic ligands

Metal nodes Pore space

Figure 1.7 Illustration for the construction elements of functional MOFs. Reprinted from Ref.43, Copyright 2019, with
permission from Elsevier.

Deng et al. demonstrated that MOFs are able to accommodate multiple functional groups within
its structure by mixing the linker.** They found that by making a multivariate of MOF-5, a single
phase containing up to 8 distinct functionalities allowed for enhanced properties. To synthesise
this material, they started with 1,4-benzenedicarboxylate and its derivatives, all having the same
length. After comparing the H» storage capacity of MOF-5 with other variates, they found that the

latter had much better uptake capacity.**
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Figure 1.8 Microwave-assisted solvothermal synthesis of MOF structures. From Ref.45, Reproduced with permission from
Springer Nature.

These useful structures are most often synthesised solvothermally (Fig. 1.9) or by microwave
synthesis (Fig. 1.8).* Because of the simplicity of solvothermal synthesis, it is most often used to

form MOFs.

Horiuchi et al. used a solvothermal method to synthesise a visible light-responsive MOF.*® They
combined the reagents and DMF in a Teflon lined autoclave before mixing for 48 hr at 423 K
before collecting and drying the resulting precipitate. The MOF, Ti-MOF-NH;, was found to be
efficient in photocatalyzing hydrogen production when in a triethanolamine (TEOA) containing

aqueous solution.*®
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Figure 1.9 Conventional solvothermal synthesis of MOF structures. From Ref.45, Reproduced with permission from
Springer Nature.

Unfortunately, the use of solvent in the synthesis of these structures can sometimes be detrimental.
Solvent particles tend to stay in the structure, causing it to collapse when attempting to remove

them.*’

Because of this, the mechanochemical synthesis of MOFs has been a point of interest for
researchers. Klimakow et al. used a LAG synthesis to form HKUST-1 and MOF-14.*” Combining
the reagents copper acetate monohydrate, H;BTC and H3;BTB formed a powder then characterised
by PXRD, Raman spectroscopy, SEM and differential thermal analysis (DTA). *’ After analysis,
the mechanochemically synthesised MOFs were found to be comparable to their solvothermally

synthesised counterparts.

MOFs are usually analysed through diffraction-based techniques. MOFs have been notoriously
hard to image because of their tendency to collapse and change structure under a transmission
electron microscope (TEM). To counteract this damage, Wiktor et al. used Cryo-TEM, a technique
using liquid nitrogen to prevent knock-on damage caused by an intense electron beam, to image
MOF-5.*® They first synthesised the cluster, a basic zinc benzoate which was then combined in

DMF with the linker. They then drop casted the solution on a clean TEM grid before imaging at
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low dose. They found cubic MOF-5 merged particles at around 55nm in size. Using Cryo-TEM
allowed for the imaging of the pore structure of nanosized MOF-5 with the most intact structure
being analysed along the [100] axis.*® This did not, however, give images of optimal resolution,

indicating the need for further development.

1.5 Defects

Crystalline materials, such as NPs and MOFs, are subject to defects within their lattice.
Often time, the best way to find defects in a sample is to use HR-TEM. With a TEM image at such
a resolution, a fast Fourier transform (FFT) image of the sample can be performed, which helps to
look at the crystallinity of a sample (Fig. 1.10). FFT images of polycrystalline particles have a
diffraction pattern with many diffraction spots around the centre of the image. A single crystal will
have few diffraction spots with the distance between the spots and the middle representing the
reciprocal of the d-spacing. Some researchers want to avoid defects while others prefer them
because of the material properties they affect. That is why there has been research aimed at

understanding the origins of said crystalline defects.
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Figure 1.10 Single crystalline DODE capped AuNP aged for 14 days and its FFT image (yellow square).

Defects can be categorised in the following groups; point defects, line defects, two-dimensional
defects and three-dimensional defects.*’ Such defects can have multiple effects on a sample which
can range from observing a different diffraction pattern than that of the pure sample® to a higher
conductivity of the particle.’! The first is usually observed by an impurity in the system while the
second is usually a dislocation in the system. Point defects can be formed by irradiation,
mechanical formation, alloying or thermal equilibrium depending on the nature of the material.*’
Point defects have a tendency to cluster, which can be attributed to the fact that the formation

energy of multiple point defects is smaller than that of the energy sum of each defect.*’

Stacking faults, grain boundaries and twinning are all examples of two-dimensional defects.
Twinning defects are considered common and are usually assigned the term annealing twins; where
the growth of one grain at the expense of another.>? Particles that come in contact along the twin
symmetry plane, can also form twinning particles named contact twins.>? Ou et al. observed the

29



optical and magnetic properties of specially synthesised twinned crystal structure of CuzxEuxO.%
After synthesising the material through a gas to liquid method before analysing the sample by x-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field emission scanning electron

microscopy (FE-SEM) and TEM (Fig. 1.11).
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Figure 1.11 (a) XRD for the twinned crystal Cu20 and Cu2-xEuxO bulks with different Eu3+ dopant concentrations. (b)
Peaks of all of the samples correspond to the (111) plane. (c, d) SEM images of Cu2-xEuxO (0.79 at. %). (e) HR-TEM and (f)
SAED images of the twinned crystal CuzxEuxO (x= 0.79 at. %) sample. XPS spectra of CuzxEuxO (0.79 at.%): (g) Eu 3d, (h) O

1s, and (i) Cu 2p. Reprinted with permission from Ref. 53. Copyright 2024 American Chemical Society..

UV-vis absorption spectroscopy and a vibrating sample magnetometer were also both used to
analyse optical and magnetic properties.’® After Eu®" doping, the material became ferromagnetic
with the saturation magnetisation decreasing as the doping concentration is increased after a brief
initial increase. The twinned material also demonstrated an increase in its absorption capacity when

compared to a single crystalline sample.*
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Oliveira et al. researched the properties of twinned (111) solidified solar grade silicon. >* After
confirming that their particles were twinned by HR-TEM, they analysed the sample by calibrated
photoluminescence imaging and light beam induced current. Through these methods, they
concluded that their electrical capacitance increased when the twinning order within the particle

increased.’*

1.6  Mechanochemistry - Large scale

The mechanochemical transformations discussed so far have been typically developed
using small ball mills, at scales ranging from 100 mg to 10 g. While mechanochemistry has seen
some rapid advancement under such conditions, the development of this technique at larger scales
(typically beyond 100g) has been less reported. The extruder, Simoloyer and eccentric mill are the
only three mechanochemical devices that have been suggested for the largest scale of reactions
(<10 kg).> Unfortunately, that also means that there is little opportunity for mechanochemistry to
be used in a manufacturing process.’> Some of the problems that researchers encounter include
temperature control within the milling jars and the cleaning method still being reliant on solvents.*
Another important factor 1s that mechanochemical synthesis tends to be made in batch, where heat
removal can be challenging, impeding the industrial capacity.’® Using instruments such as twin-
screw extrusion (TSE) can allow for effective continuous processing, bypassing some of the issues

encountered by batch processing.>¢

Jin et al. developed a 15 g scale synthesis of functional metal-organic frameworks (MOF) using
already formed metal-organic frameworks and a functional ligand, in their case, IPA-L-Pro (Fig.

1.12).57
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Figure 1.12 Synthetic Scheme of Functional MOFs by the Mechano-PSLE Strategy. Reprinted with permission from Ref. 57.
Copyright 2023 American Chemical Society.

After milling both reagents for 30 minutes at 500 rpm, the powder was immersed for 3 days in
anhydrous methanol at room temperature. This resulted in 15 grams of chiral functional MOF.
They used PXRD to analyse the MOF that they synthesised and compared the spectrum with the
one after adding the functional groups. The spectrum showed that the crystallinity of the MOF was
not affected by the addition of the functional group. NMR was used to study the ratio of functional
group to ligand and SEM images also demonstrated that the morphology of the starting MOFs did
not change, with the only visual difference between functional and non-functional MOFs being
the colour.’” Malca et al. reported a one-pot, room-temperature mechanosynthesis of ultrasmall,
monodisperse bismuth sulfide nanoparticles (Bi.Ss NPs) via ball-milling.>® The milled or grinded
Bi(NOs);-5H20, L-cysteine and either oleyamine (OA) for organic solubility or sodium 6-
aminohexanoate (AHA) for aqueous solubility. After 90 minutes of milling and 12 hours of aging,
nanoparticles with an average size of 2.09 + 0.31 nm were observed TEM. However, immediately
after milling, the solid material appeared as a yellow paste, and nanoparticles were absent. The
self-assembly of nanoparticles was minimally affected by adjusting the milling time or the
mechanical activation method. Whether milled for just 5 minutes, ground by hand in a mortar and

pestle, or scaled up in a planetary ball mill, similar nanoparticles were consistently produced, with
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only slight variations in size. This multi-gram scale and cost-effective approach to synthesizing
Bi2Ss NPs represents a significant improvement over more time-consuming, high-temperature, and

solvent-heavy hydrothermal methods.

1.7  Characterisation

TEM is a specialized imaging technique for ultra-small and ultra-thin specimens that has
been widely used by researchers. With its ability to image samples with thicknesses of 200 nm or
less, this technique is ideal for crystallinity and structure research because of its various
interactions between the electron beam and the sample. The accelerated electrons are emitted from
an electron source and go through the sample before scattering at different angles. There are
different electron scattering such as elastic and inelastic with the latter indicating energy loss.
Those scattered electrons carry a lot of information including structural and chemical, often
through inelastic scattering 3.>° When observing the sample, the contrast can be a great indicator
of chemical composition, with metals having a higher contrast than organic materials because of
their different density. TEM is able to produce 2D images of the sample which in turn is able to
give information such as size and crystallinity by collecting the information provided by the elastic
scattered electrons. Unfortunately, researchers have to be mindful when imaging a sample because
of the damage such as beam burning, knock-on damage and burning that may occur.®® Knock on
damage is a common damage type seen in TEM imaging because of the electron-nucleus
scattering.®! Figure 1.13 summarizes the different types of damages incurred by samples during a

TEM analysis.
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Figure 1.13 Schematic illustration of the interaction between a high-energy electron beam and a thin specimen and
associated mechanisms of electron beam damage. PE, SE, TE, FSE, BSE, and CL refer to primary, secondary, transmitted,
forward scattering, back scattering and cathodolumi-nescence respectrively. Reproduces from Ref. 59 with permission
from Wiley Materials.

Hao et al. used TEM and scanning transmission electron microscopy (STEM), a specialised TEM
technique, to look at CeO» nanocrystals supported single molecular chain surfactant.®> STEM
scans the sample using a focused electron beam which is able to provide better resolution. Zhang
et al. found a way to image sensitive material at the atomic resolution, notably hard to do
because of the knock-on damage to the sample from the electron beam.®® To remedy this, one
usually has to reduce the voltage of the electron beam, resulting in lower image resolution. With
their developed method, they were able to observe the structure of MOFs and other sensitive

material by reduced electron dose, enhance precision alignment and reduced drift. The MOF
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imaging results showed both the clusters and ligands clearly, the image being drift corrected and
amplitude filtered. They also imaged a hybrid perovskite CH3NH3PbBr3; showing ordered
nanosized domains with alternating orientation CH3NHj3 cations, which gives the sample in-plane

and out-plane electric dipoles.®

Electron energy-loss spectroscopy (EELS) is a technique often combined with STEM that
identifies chemical compositions and bonding states of a chosen sample.** It does so by analysing
the energy lost by electrons in the TEM as they are inelastically scattered.®> EELS is an alternative
to energy dispersive X-Ray spectroscopy (EDX) where the latter is of lower spatial resolution.
EELS is able to produce an image map of the elements as they are on the sample using the energy
filtering mode, a reproduction of the sample image that has been filtered according to the inelastic
electron scattering. It is also able to give a spectrum of energy loss through the spectroscopy mode
which acquires a spectrum of energy loss of the scattered electron.®> This imaging method is
versatile and tunable to the researchers’ needs and can be used for many applications, especially

combined with other methods such as Cryo-STEM.%

Ferguson et al. used this technique to demonstrate the considerable mobility of a solid-state sample
during aging.%” The group formed AuNPs using a Turkevich method combining HAuCls - 3H>0,
trisodium citrate dihydrate as the reducing agent and ODA as the stabilising ligand. The milling of
all three reagents was brief and the resulting yellow powder started aging at room temperature in

the dark.®’

35



Aging time / days

- Aucentrai > Cleontrar  ~®Nacentrar

® AUsuroung ® Clsurouna % Nalsuroung

Aging time / days

Figure 1.14 STEM-HAADF images and EELS elemental maps for Au, Cl, and Na (left to right, respectively) for freshly milled
powder (a-d), after 24 h of aging (e-h), and after 48 h of aging (i-l). In all cases the same particle was studied. The total
intensity of each element in the EELS images are given in (m) normalised to the freshly milled powder. The relative EELS
intensities for each element over the central particle (solid lines) and its surroundings (dotted lines) are shown in (n). Gold,
chlorine, and sodium are represented by blue, green, and red, respectively. Yellow circles (a, e, i) indicate a group of
nanoscale particles that we also examined during the aging process. Used with permission of Royal Society of Chemistry,
from Ref 67; permission conveyed through Copyright Clearance Center, Inc.

During the 48 hr aging, the sample was analysed by STEM-EELS 3 times (Fig. 1.14). The sample
was prepared in the solid state to avoid any solvent influence on the reduction of the gold. Using
EELS, spectral images were taken to look into the local distribution of Au, Cl and Na. This allowed
for the reduction of gold to be better observed. The spectral images and HAADF micrographs gave
the position and relative intensity of the particles and of each element at each imaging time. The

group observed the high mobility of all the key elements even with the absence of a solvent.®’

This introduction, with a focus on solid-state syntheses, nanoparticles, MOFs and TEM, should
have prepared the reader for the following thesis in an adequate manner, allowing for a deeper

understanding of the subjects of my two years Master’s research.

Chapter 2 will focus on understanding the crystallinity of the solid-state AuNPs synthesized as

reported in the literature. This understanding is crucial for a better control of their growth and
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functionality. Defects and size are two important parameters researchers look at when synthesising

these particles.

The lack of knowledge regarding mobility in solid samples during MOF synthesis hinders the
possibility of conducting large-scale mechanochemical synthesis of MOFs. Being able to observe
the sample by STEM-EELS would allow for a better understanding on how the clusters and linkers

come together and of the defects that form in the structure. This will be presented in chapter 3.
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2 Study of crystal defects formation in gold nanoparticles grown via solid-state
aging techniques

After introducing the thesis in chapter 1, chapter 2 explores how solid-state synthesis
influences the crystallinity of gold nanoparticles (AuNPs). Building on a previous study that
combined gold metal salt, trisodium citrate, and octadecylamine (an 18-carbon linear amine), the
effects of varying chain length and temperature on the crystallinity of AuNPs were analyzed. High-
resolution transmission electron microscopy and X-ray diffraction were used to image and identify
the presence of Au” more specifically, their size and lattices. Understanding solid-state synthesis
and nanoparticle defects is necessary for this chapter. This chapter presents a detailed

characterization and analysis of these AuNPs formed during aging at two different temperatures.

This chapter is based on a submitted article and has been reprinted with permission from

all co-authors.
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2.1  Abstract

The synthesis of nanoparticles by mechanochemistry opens a new avenue for the greener
fabrication of important functional materials. Understanding the mechanism of defect formation
in such syntheses is crucial to future discoveries. Gold nanoparticles (AuNPs) were synthesized
under mechanochemical and aging conditions, using two different chain length amine capping
agents, namely octadecylamine (ODA) and dodecylamine (DODE), each at two different
temperatures. The formation of defects was monitored by solid-state sampling transmission
electron microscopy for up to 15 days. Our findings indicate that longer amine chains were
associated with smaller nanoparticle size, fewer defects and higher crystallinity, particularly at
smaller sizes. The shorter chain DODE-capped nanoparticles showed more defects, including
single and multiply twinned structures, across a broader range of particle sizes. We interpreted this
as the result of the shorter chain’s lower molecular inertia creating a more mobile solid system of
higher entropy. Higher aging temperatures resulted in increased entropy and a greater variety of
crystalline arrangements, observed as more disordered structures. These results highlight the
critical role of capping agent selection and aging conditions in tailoring the properties of
mechanochemically synthesized nanoparticles for applications in catalysis, materials science, and
biotechnology.

2.2 Introduction

Nanomaterials (NMs) are structures with at least one dimension in the nanometer scale, typically
ranging from 1 to 100 nanometers. Various materials, including metals, semiconductors, polymers,
and biological molecules, have been produced in the nanoscale.! Due to their small size and high
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surface area-to-volume ratio’, NMs exhibit unique properties compared to their bulk counterparts.
This makes them highly versatile and applicable across a wide range of fields. Gold nanoparticles
(AuNPs) have received a particularly high level of attention in terms of research interest and
applications® such as bioimaging luminescence* and catalysis®. AuNPs are great tools for biology
thanks to their chemical and toxicological inertness, biocompatibility, as well as their optical
activity generated through surface plasmon band (SPB) adsorption.’ They have been exploited for
bioassay applications, imaging of cells, biomolecules, and other biological components, as well as
photothermal therapies.® ¢ AuNPs have also gained attention in catalysis, especially fixed onto
supporting oxides like C0o304, Fe203, or TiO2.” They have prior usage in small molecule activation,
including CO and H» oxidation, NO reduction, water-gas shift reaction, CO2 hydrogenation, and

methanol catalytic combustion, as well as organic transformations.?

Since AuNPs have such a variety of uses, researchers usually select their synthesis method based
on the desired properties. Chemical reduction is one of the most popular and widely used methods
for synthesizing metallic nanoparticles, such as gold, silver, and platinum nanoparticles as grow
occurs through a bottom-up approach.! Bottom-up synthesis requires three components; a metal
precursor (typically a metal salt), a reducing agent and a capping agent. The capping agent assists
and controls NP seeding and growth while the reducing agent drives the reduction of the metal
precursor.>! Bottom-up methods can achieve ultrasmall sizes (< 10 nm) which is generally not
possible through a top-down method, more often used in large scaler synthesis such as size and
shape control.” The traditional solvothermal approach offers several advantages, including
simplicity, efficiency, cost-effectiveness, and continuous operation with high yields.! Whilst is has
many advantages it requires a high amount of solvent for an effective synthesis. Mechanochemistry

is a method that has gotten more attention for nanoparticle synthesis.'® As an innovative approach
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to chemical transformation, it utilises mechanical energy to drive reactions whilst avoiding the use
of bulk solvents.!! Compared to solvent-based reactions, solid-state reactions may result in

enhanced or unique selectivity, higher atom economy, unique products, and improved energy

13,14,15 18,19

efficiency.'> Metal-organic frameworks, nanoparticles,'® photocatalyst,!” quantum dots
and co-crystals?® are some examples of materials that can be made using mechanochemistry.
Mechanochemistry is sometimes complemented by accelerated aging, a reaction condition in
which chemical transformations occur through ambient thermal energy in the solid state, with
controllable parameters such as temperature!®, movement?!, light??, humidity?! and solvent

vapour.?? To utilise these advantages to their maximum potential, it is important to gain insight

into the mechanisms of mechanochemical and aging-based transformations.

16.24 and aging® as been demonstrated as being conducive to the formation of

Mechanochemistry
size controlled AuNPs. In previous work from our group, an AuNP synthesis was developed
through solid-state aging, based on a modified version of the well-known Turkevich reaction.*®
This modification introduced a citrate-induced chemical aging component to the reaction that
enabled the in-situ observation, via high-resolution transmission electron microscopy (HR-TEM),
of gold reduction, precursors reactivity, and nanoparticle growth over a period of days to weeks.?°
During experimental observations, certain AuNPs exhibited defects in their crystalline structure.
Notable among these defects are twinning, stacking faults, and miscellaneous grain boundaries.

This work provides a unique opportunity for in-depth characterisation of the mechanochemical

and solid-state reactivity kinetics and established that this reaction followed a sigmoidal behavior.
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Defects play a key role in nanoparticle reactivity?’ and modulate materials properties such as
electrical conductivity and mechanical strength?® by changing how electrons and phonons
propagate through the lattice.?” 3 Structural and edge defects are particularly impactful, for
example, on quantum dots designed for optical and electronic applications.?! Twinning is a specific
type of defect with major impact on magnetic properties, which can also affect a materials potential
for superconductivity.>* A nanoparticle with densely populated twin boundaries can also exhibit
significantly higher tensile strength than its pure metal counterpart.>* A mechanochemical process
may prove to be an effective means to experimentally support the modelling of nanoparticle
twinning, as it eliminates the impact of solvents on the nanoparticle structure formation and
behaviour. It also benefits experimentally as artificially extended reactions allow for a prolonged

observation period of crystal growth processes in the solid state.

Herein we adapted our solid-state aging AuNPs synthesis and in-situ characterisation method to
track the formation of defects in the crystallinity. For this study we analysed the effect of ligand
chain length, as well as the effects of aging temperature on the size of the made NP, the nature of
the defects as well as their frequency. Analysis was done via HR-TEM, allowing Fast-Fourier
Transform (FFT) images of crystalline and amorphous particles to be compiled and quantified.
Powder X-ray diffraction (PXRD) was also used to track the presence of crystalline gold in our
samples. This work provides insight into the modulation of crystalline properties in NMs produced

in the solid phase, based on energy and mobility parameters.
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2.3 Discussion

To study the size and crystallinity of nanoparticles while aging in the solid phase, we used HAuCl,e
3H>0 as the gold salt precursor, trisodium citrate dihydrate as the reducing agent, a long chain

amine, and sodium chloride (Fig. 2.1). %

Long chain amine capped AuNPs

HAUCI, » 3H,0 &

+
-18°C, 29.5 Hz, 60s
H3(CH,),CHoNH ’ ‘
CH3(CH2),CHNHL - cH.O, - H,0. NaCi
n=10o0r 16

21°Cor 15°C

Figure 2.1 Synthesis of long chain amine-capped AuNPs by mechanochemical mixing under frozen conditions,
followed by aging at 15 or 21 °C for up to 15 days.

Two different amine chain lengths were explored to investigate the impact of chain length on the
nature and frequency of observed crystalline defects. The longer chain, octadecylamine (ODA),
consists of 18 linear carbons, while the shorter chain, dodecylamine (DODE), consists of 12 linear
carbons. In our reaction, NaCl was used as a solid auxiliary, as it was found that samples containing
DODE aggregated during milling, preventing even mixing of the sample.>* All the reagents were
combined with a zirconium ball, frozen at -28 °C for 60 minutes, and ground together in a
zirconium milling jar for 60 seconds at 29.5 Hz. Subsequent aging for up to two weeks took place
at two different temperatures: 21 °C and 15 °C. The pre-cooling ensured that no AuNPs formed

during milling, as demonstrated by our group before,> to observe solely the effect of NP growth

by aging.
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The yellow to orange colour of the gold-salt precursor changed colour during the aging process,
taking on the distinctive purple that results from localised SPR effects in AuNPs.* The sample
containing ODA started as a bright yellow powder, while the DODE sample was initially burnt
orange.’> After 15 days at room temperature, the ODA-capped AuNPs turned purple, with the
sample aged at 15 °C, the colour changed much slower than the sample aged at room temperature.
As for the DODE-capped AuNPs, the sample turned a purple-blue colour by day 4, only becoming

darker as the days progressed.

We first tracked the reaction’s progression by PXRD at the same time each day, for 15 days. Using
PXRD we monitored the growth of the Au(111) X-ray reflection at 26 = 38.2°3° to track the growth
of AuNPs. Figure 2.2 displays intense peaks corresponding to the NaCl added to the sample before

milling, which made the observation of AuNPs peaks difficult.?’.
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Figure 2.2; XRD spectrum of amine capped AuNPs showing the absence of AuNPs peaks, as generated; a)ODA capped aged
at 21°C, b) DODE capped aged at 21°C, c) ODA capped aged at 15°C, d) DODE capped aged at 15°C

We found however that washing samples allowed us to see peaks at 260 = 38.2° representing the
Au(111), for samples aged 9 or 15 days at room temperature. This result confirms the presence of
crystalline Au® nanoparticles. PXRD however is unable to discern between the kinds of crystalline
defects present in the synthesised AuNPs. We thus turned to TEM for in depth, particle by particle

analysis.

To eliminate any risk that suspension of the AuNPs in solvent affects particle?> formation itself,
TEM analysis was carried out using a solid-state sampling technique. A small amount of each
sample was taken and mounted on a TEM grid. HR-TEM images were taken and treated using

FFT to allow a direct analysis of crystalline defects in growing AuNPs. Single crystalline

49



nanoparticles were frequently observed, along with other AuNPs demonstrating polycrystallinity,
notably orientation changes and stacking faults. Defects such as single-twins and multi-twins were
individually counted while stacking faults and grain boundaries were combined in one category

for clarity and simplicity.

After compiling the nanoparticle sizes from TEM images using ImageJ*®, the next step involved
running the statistics through Fityk®® to generate size distribution functions. On days 0 and 1, some
precursor particles larger than 2nm were observed while growing AuNPs are identified as early as
day 2 for some samples. Most product particles sizes were around 1-2 nm with the size increasing
over the course of the 15 days. For all conditions, slower growth and better size control were
observed for the samples aged at colder temperatures. Specifically, at 15 °C, we only see
nanoparticles of sizes greater than 2 nm at day 9 and 12 for DODE and ODA respectively, while
they start appearing on day 4 at 21 °C. Less thermal energy is consistent with slower growth, which

results in a more controlled and more monodisperse growth.
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Figure 2.3; Size of chain amine capped AuNPs over 15 days. a)ODA capped aged at 21°C, b) ODA capped aged at 15°C, c)
DODE capped aged at 21°C, d) DODE capped aged at 15°C. *The small number of particles measured reduces the
representativeness of the results

For all conditions, longer aging time led to bigger product particles in the 2 to 8§ nm range. For
DODE, the shorter chain amine, such large particle appeared sooner in the aging process and were

observed more frequently than in other samples. Product particles of sizes above 2 nm were
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observed as early as day 2 for DODE while ODA only showed signs of NPs that size at day 9. In
short, a shorter chain amine resulted in bigger product particles while a longer chain provided
smaller AuNPs. We already observed a similar relationship for the synthesis of long-chain amine
based AuNPs made under mechanochemical conditions (ball milling).!® It was found in this
example that a longer chain length created more order around the particle, thus limiting further

nanoparticle growth. We propose that a similar effect is at play here.

=
L

Multi-twinned Single crystalline

Figure 2.4; Various microstates examples along with TEM images of each.

After compiling the sizes, we used FFT * as a tool which allows the treatment of HR-TEM
generated images so as to extract crystallinity information. Using Imagel, we could then classify
each particle in terms of their crystallinity property, and bin them as single crystal, single twin,
multi twin, polycrystalline and other defects (Figure 2.4). We observed that as the size of the

nanoparticle grew, an increase in defects and number of polycrystalline particles was observed, for
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both ligands and temperatures tested (Figure 2.5). It is important to note that the 7-8 nm bin was

typically less populated, making it less statistically relevant than the other bins.

9eCP

0-2nm 3to 4nm 5to 6nm 7 to 8nm

= single crystal single twin  m multi-twin = polycrystalline = other defects

960

0to 2nm 3to 4nm 5to 6nm 7 to 8nm
u single crystal single twin ® multi-twin = polycrystalline = other defects

0o¢e

0to 2nm 3to4nm 5to 6nm 7 to 8nm

= single crystal single twin  m multi-twin = polycrystalline = other defects

000

0to 2nm 3to4nm 5to 6nm 7 to 8nm
u single crystal single twin ® multi-twin = polycrystalline = other defects

Figure 2.5; Crystallinity of chain amine capped AuNPs. a)ODA capped aged at 21°C, b) ODA capped aged at 15°C, c) DODE
capped aged at 21°C, d) DODE capped aged at 15°C. * Numerical values found in Table S1

Both the 21 °C and 15 °C aged samples had similar ratios of single and polycrystalline for the

smallest size range, namely 0-2 nm, for both ligands (Figure 2.5). From 3 nm and beyond, the

chain length began affecting crystallinity in a measurable way. For instance, at 21 °C, we observed
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more defects in DODE-capped AuNPs (shorter chain) than in ODA-capped ones (longer chain).
The shorter chain amine also showed a wider variety of microstates, with notably both single and
multiply twinned nanoparticles present in NPs sizes 3-6 nm for DODE but not for ODA (Figure
2.5 aand ¢). Another interesting point to note is the rarity of twins in the longer chain amine capped
NPs. When comparing 21 °C sample with 15 °C ones, it was found that colder temperatures
favoured the formation of more ordered systems (Figure 2.5 b and d). It is evident from the analysis

of monocrystal AuNPs, which are more abundant in the colder samples, in all side ranges.

Entropic considerations may help explain the observed change in frequency of single to
polycrystalline particles, as well as the relative change in twin defects to other defects as a function
of changing reaction conditions. As a measure of a crystal system’s disorder, entropy increases
through the introduction of defects to single crystals, leading to polycrystallinity. There is thus an
inverse relationship between crystallinity and entropy.*’ The observed inverse relationship
between temperature and order can be easily explained in this framework: at lower temperature,
motion is more limited and a higher order can be seen.** Similarly, longer amine chains are
associated to higher order than shorter chains, as is well know in the field of surface assembled
monolayers. If the surface is covered with ligands that have more order, it will slow the growth of
the corresponding particle, an effect consistent with the fact we observed smaller particles with
longer chains. Past work from our group on mechanochemical synthesis of AuNPs also pointed to

16

the same mechanism.® Also, this will result in less defects in the crystalline arrangement, as

incoming new gold atoms will have more time to accommodate the local structure during growth.
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2.4 Conclusion

This study explored the synthesis and aging of AuNPs in the absence of solvent, focusing on the
impact of amine chain length on nanoparticle size, crystallinity, and defect formation. It was found
that AuNPs with a longer chain, exhibited fewer defects and higher crystallinity, especially at
smaller sizes. On the other hand, a broader range of sizes was observed for AuNPs capped with
DODE, which displayed a higher occurrence of defects, including single and multiply twinned
structures. This difference is attributed to the smaller molecular inertia of DODE, which allows
more work to be done to the system, thus allowing for greater defect formation. Higher aging
temperatures resulted in a greater number of microstates and increased entropy, reflecting more
disordered structures. Lower aging temperatures yielded more ordered structures with fewer
microstates. These findings emphasize the importance of capping agent selection and aging
conditions in controlling nanoparticle properties, which is crucial for applications in catalysis,

materials science, and biotechnology.

2.5 Experimental
Trisodium citrate dihydrate (ACS reagent, >99.0%), tetrachloroauric(Ill) acid trihydrate (ACS

reagent, >49.0% Au basis), and 1-octadecylamine (technical grade, 90%) were obtained from
Sigma Aldrich and used without further purification. Dodecylamine, 98%, was obtained from
Thermo Scientific Chemicals and used without further purification. Sodium Chloride (Anhydrous)

was obtained from ACP chemicals and used without further purification.

ODA capped AuNPs synthesis
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Trisodium citrate dihydrate (0.0783 g, 0.2664 mmol), tetrachloroauric(III) acid trihydrate (0.0954
g, 0.2421 mmol), 1-octadecylamine (0.3263 g, 1.211 mmol) and sodium chloride (0.75g, 12.8
mmol) were added to separate jars and frozen for 24 hrs. All four chemicals were then added to a
15 ml zirconia milling jar (Form-Tech Scientific) with an 8 mm (3.0 g) diameter zirconia milling
ball. The jar containing the reactants was milled for 1 minute at 29.5 Hz on a Retsch MM400 mixer

mill.

The resulting yellow powder was transferred to a jar and sealed with parafilm. This sample
preparation was done twice. One sample was aged in an opaque container at room temperature (21

°C) while the other sample was aged in a foil paper covered jar at 15°C.

DODE capped AuNPs synthesis

Trisodium citrate dihydrate (0.0983 g, 0.2664 mmol), tetrachloroauric(IIl) acid trihydrate (0.1200
g, 0.3041 mmol), dodecylamine (0.2818g, 1.211 mmol) and sodium chloride (0.75 g, 12.8 mmol)
were added to separate jars and frozen for 24 hrs. All four chemicals were then added to a 15ml
zirconia milling jar (Form-Tech Scientific) with an 8 mm (3.0 g) diameter zirconia milling ball.
The jar containing the reactants was milled for 1 minute at 29.5 Hz on a Retsch MM400 mixer

mill.

The resulting yellow/orange powder was transferred to a jar and sealed with parafilm. This sample
preparation was done twice. One sample was aged in an opaque container at room temperature (21

°C) while the other sample was aged in a foil paper covered jar at 15°C.
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Characterisation

The TEM studies were performed using a Thermo Scientific Talos F200X transmission electron
microscope equipped with a high-brightness XFEG Schottky source, operated at 200 keV. Images
were captured in the high contrast mode. TEM grids were prepared using the solid-state method,
where the 400 mesh Cu grid was dipped in the milled powder and any excess powder was removed
with a compressed air can. Each samples were analyzed on day: 0, 1, 2,4, 9, 12 and 15. Individual

particles, an average of 688 per sample, were sized using the Imagel software’®.

Solid-state TEM sampling made very small product particles difficult to analyze due to a high
frequency of nanoparticle overlap. Most of the samples, however, contained between 150 and 300
measurable particles, which is considered representative of the sample. On some days, only 8-50
product particles were measurable, the solid-state TEM method making it harder to measure

particles due to the heavy overlap of nanoparticles.

PXRD studies were performed using a Bruker D8 Advance diffractometer equipped with a Ni-
filtered CuKa (A = 1.5418 A) source, 1D LYNXEYE detector, and operating at 40kV and 40 mA.
PXRD patterns were obtained in a 20 range of 5° to 50° with an exposure time of 0.60 s and in
increments of 0.02°.
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2.8  Supplementary Information
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Figure 2.6 XRD spectrum of washed ODA capped AuNPs sample after 9 and 15 days aging.
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Table 2.1 Numerical values of AuNPs measured for each samples.

Number of NPs
Sample Crystallinity Size (nm)
0-2 3to4 5to6 7to8
single crystal 494 14 9 4
single twin 0 0 0 1
ODART multi-twin 0 0 0 0
polycrystalline 56 10 17 4
other defects 0 2 3 1
single 660 38 3 4
single twin 0 4 2 0
DODE RT multi-twin 0 0 2 1
polycrystalline 118 30 5 7
other defects 0 5 1 0
single 318 32 3 5
single twin 1 1 0 0
ODA 15° multi-twin 0 0 0 2
polycrystalline 11 1 9 5
other defects 0 1 0 1
single 697 34 4 2
single twin 1 1 0 0
DODE 15° multi-twin 0 0 0 0
polycrystalline 67 28 6 7
other defects 1 4 1 2




3 Study of UiO-66 formation grown via solid-state aging techniques

The primary emphasis of this chapter is on the synthesis of UiO-66. After gaining a more
comprehensive understanding of how AuNPs crystallize in the solid-state, we explored the
crystallization process of a metal-organic framework also grown in a solid-state manner. Starting
from previous work that developed a UiO-66 synthesis method based on aging and
mechanochemistry, we investigated different methods of synthesis which would allow for an
ambient condition aging system. Though our initial intention was to observe the crystallization
using high-resolution transmission electron microscopy and connected techniques such as electron
energy loss spectroscopy, our inability to successfully replicate the findings published in the
literature prevented fulfillment of our objectives. It is crucial to have a good understanding of
metal-organic frameworks crystallization in order to better plan synthesis. In this chapter, we will
provide a description of the parameters that we explored and present an analysis of the milled
powder obtained through the combination of a zirconium metal salt or an acetate cluster with an

organic linker and modulator.

This chapter is based on a manuscript in preparation and is presented with permission from

all co-authors.
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3.1 Abstract

Metal-organic frameworks (MOFs) are highly porous materials composed of metal clusters and
organic linkers, with Ui0-66, a zirconia-based MOF, known for its exceptional stability and wide
range of applications, such as gas adsorption and catalysis. Traditional synthesis methods, such as
solvothermal processes, are resource-intensive and often involve toxic solvents, making them less
environmentally friendly. Green synthesis techniques, including mechanochemistry, liquid-
assisted grinding and aging, were used in attempts to develop a solventless aging method of UiO-
66 synthesis. Despite various attempts, fully crystalline UiO-66 was not successfully formed, as
established by Powder X-ray diffraction and High-resolution transmission electron microscopy
results. Once we can establish a synthetic path for this material our goal is to study its
crystallization in the solid phase.

3.2 Introduction

Metal-organic frameworks (MOFs) are porous and tunable materials composed of organic linkers
and metal clusters, also called secondary-building unit (SBU).! UiO-66 is an incredibly stable
zirconia based MOF of fcu-topology first reported by Cavka et al.? Its synthesis involved a
solvothermal reaction, where a zirconium salt and organic ligand, terephthalic acid, were combined
and heated in dimethylformaldehyde (DMF) overnight.> UiO-66 has a variety of applications such
as gas adsorption because of its high stability, even during the adsorption and desorption process.>
4 UiO-66 was also proven to have some functionality in the biology industry as a biomimetic
catalyst for the hydrolysis of methyl paraoxon.® Since UiO-66 has such useful properties, the use
of this material in industry settings is becoming increasingly popular.® Because of this, large-scale

synthesis of MOFs has also been a great point of interest. Unfortunately, since the synthesis usually
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involves a one-pot solvothermal, microwave or electrochemical method’, the amount of needed

solvents, sometimes toxic, has potential incremental consequences.

Mechanochemistry, on the other hand, has been suggested as a solution to this longstanding issue.
For instance, the green synthesis of Cu3(BTC); using twin screw extrusion was developed, which
allowed for high yield in a continuous manufacturing setting.® This synthesis required minimal
amount of solvent, with water being the only by-product of said synthesis, and could be applied to
a variety of other MOFs.® Adding catalytic amounts of solvents such as water, a mechanochemistry
method called liquid-assisted grinding (LAG), is often used in the green synthesis of MOFs.” 1°
This addition to a mechanochemical reaction is frequently used because it can accelerate or even
enable the reaction.” Another method of synthesis, which usually forms highly crystalline MOFs,
involves the formation of the metal cluster as a precursor to MOF synthesis.!! Using this method

allows for a better control of the crystallization and formation UiO-66 derivatives simply by

selecting different linkers.'?

Aging is a technique used by researchers to form MOFs. The solventless method is a green
alternative to other methods and can involve multiple parameters, such as temperature'?, humidity
and pressure.'* D’ Amato et al. developed a synthesis using aging at elevated temperatures to form
Ui0-66."° Mixing together a zirconium metal salt, a linker and a catalytic amount of liquid, they
were able to achieve highly crystalline UiO-66. Depending on the pKa of the chosen linker, the
ratio of acetic acid to water changed to improve crystallinity, the liquid acting as a modulator in
the reaction.!” It would be beneficial to understand how the reaction conditions affect the
crystallinity and pore size of the material, considering the properties are dependent on the presence
or absence of defects.'® UiO-66, being considered one of the most stable MOF because of its cluster

being 12-connected, compared to the common 4 to 6, can sustain more defects without
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collapsing.'® Shearer et al. found that increasing the temperature and ratio of linker promoted the
binding of the linker to the metal, forming a MOF with fewer defects.!” MOFs containing defects,
being either a missing metal cluster or a missing linker, are usually characterized by powder Xray
diffraction (PXRD), thermogravimetric analysis (TGA), Brunauer—Emmett—Teller (BET), nuclear
magnetic resonance (NMR) or Fourier transform infra red (FTIR).!® These methods are good to
prove the existence of defects and give additional information, such as pore size of the structure
but none are able to quantify them. Transmission-electron microscopy (TEM) might be a good
solution to this problem. Unfortunately, MOFs are notoriously hard to image via TEM because of
their tendency to collapse when they are under the TEM electron beam.'® Wiktor et al. were able
to image MOF-5 using high-resolution TEM (HR-TEM). The group used aberration correction,
liquid nitrogen atmosphere and low acceleration voltage to image defect free MOF-5.!8 Liu et al.
were able to image solvothermally synthesized defective UiO-66 using HR-TEM. ' Using formic
acid to promote defects resulted in a UiO-66 containing a great amount of defects, as showed by
powdered x-ray diffraction (PXRD), with cluster defects become rarer as crystallization time
extends.'” A missing linker defect can be observed by PXRD while a missing cluster has a PXRD
spectrum equivalent to the one without defects. This demonstrates that one of the only ways to

observe cluster defects is to use HR-TEM.!?

In this paper we observed the solid-state formation of UiO-66-NO> via HR-TEM. We used a
complimentary method, Electron Energy-Loss spectroscopy (EELS) as a means to observe the
mobility of each element during a 48hrs aging period. Scanning transmission electron microscopy
(STEM) and Electron energy loss (EELS) were used to map the formation of the MOF for a 48hrs

period.
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3.3 Discussion

The synthesis, mechanochemical or not, of UiO-66 is often accompanied by the presence of a
modulator. The modulator has an important role because of the competition it generates with the
linker by containing only one coordination type, which forms more crystalline MOFs.? Following
the literature detailing a one-pot aging synthesis of UiO-66, we started by milling Zr metal salt

(ZrOCl, « 8H20), organic linker (NO2-BDC) and a modulator (acetic acid) together (Fig.3.1)."

0-N
HO OH é%) .
+  ZrOCl,- 8H,0 + a0 —>  Ui0-66
4 5 295Hz

15 min

. . 24 hours
NO,-BDC Acetic acid Expected result

Figure 3.1 Reported synthesis of UiO-66 by mechanochemical mixing for 15 min, followed by aging 21 °C for 24 hours.

Adding acetic acid resulted in a slurry which dried while aging and was brought to PXRD for
analysis (Fig. 3.1). To avoid the influence of solvents on the MOF crystallization, we avoided any

washing of our sample after synthesis.

With UiO-66 showing prominent peaks at 20 = 7.36° and 8.52° in PXRD spectrums, we used these

peaks to analyze the structure of the MOF.
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Figure 3.2 XRD spectrum of ZrOCI2 e 8H20, acetic acid and NO2-BDC milled together for 15 minutes a) after aging 24hrs
and b) UiO-66 simulated

Figure 3.2 shows that PXRD peaks are shifted from the expected peaks, with 20 =7.14° and 8.66°.
The peaks were also broader, showing poor crystallinity. We also observe the absence of a few

other Ui0-66 peaks such as the peak at 20 =25.76°, indicating that the MOF was not formed during

milling or aging.

Following D’ Amato et al., we decided to introduce an acidic modulator, and picked uric acid as a

solid one, as opposed to liquid ones used before (Fig. 3.3).

- /i
O—N
HO OH -
HN PR
+ ZrOCl,- 8H,0 + >=o —» —»  Ui0-66
0] @) 29.5 Hz
1 or 5 min
NO,-BDC Uric acid 0,24, 48 brs Expected

result

Figure 3.3 Attempted synthesis of UiO-66 by mechanochemical mixing with uric acid for 1 or 5 min, followed by aging 21 °C
for up to 48 hours.
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As observed in Figure 3.4, aging the sample for 24hrs results in a peak shift. While right after

milling ZrOCl, « 8H,0, NO»2-BDC and uric acid together showed peaks at 20 = 7.67° and 8.63°,
after 24hrs, a third peak starts to form at 20 = 7.09°, with the peak at 206 = 7.67° becoming less

prevalent, indicating a reaction in the sample during aging. Other peaks in the sample can be

attributed to reagents.

—Ui0-66

F simulated
_J o~ A A A A A . A N

7.09472

——0>b) 24hrs

Intensity

a) Ohrs

20

Figure 3.4 PXRD spectrum of milled sample containing Zr metal salt, Uric acid and 2-nitroterephthalic acid aged for a)Ohrs
and b)24hrs after milling 1 minute.

We understand that while we are not forming UiO-66, we are making a crystalline material.
Thinking that the peaks observed were from the presence of the Zr metal cluster, we milled and

aged the Zr metal salt with uric acid without the presence of linker (Fig. 3.5).
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Aging

0
0D, 7N
ZrOCl,- 8H,0 + )\ >=o — > —> > U066
29.5 Hz
H H 5 min
Uric acid 24 hrs Addition of NO,-BDC Fxpected

Figure 3.5 Attempted synthesis of UiO-66 by mechanochemical mixing of Zr metal salt and modulator for 5 min, followed
by aging 21 °C for 24 hours before the addition of NO2-BDC and milling for 5 min.

During aging, the milled sample containing ZrOCl, * 8H,O and uric acid shows small changes in

peaks where peaks became stronger and sharper after aging (Fig. 3.6a,b).

—Ui0-66 simulated a) Ohrs ——b)24hrs ——c) Ohrs after linker addition
A A Mo A A AA Y Y U U | A_A M —
5 10 15 20 25 30 35 40 45 50

Figure 3.6 PXRD spectrum of milled Zr metal salt and Uric acid after a)Ohrs and b)24hrs and c) after addition of 2-
nitroterephthalic acid. Both a) and c) were milled for 5 minutes.

We also observed the three previously predominant peaks at 20 = 7.27°, 8.06° and 8.77° losing
intensity after the addition of the linker (Fig. 3.6¢c). The presence of all three peaks even with the
absence of any linker indicates that the peaks observed are not from the metal cluster and are an

indication that a different material is synthesised.
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After asserting that using a zirconia metal salt precursor was unlikely to result in crystalline MOF,
we decided on using a metal cluster as a starting point to form UiO-66 following the example of

Karadeniz et al (Fig. 3.7 and 3.8).1°

_O\/\
O 4 21°C
_O\/\ \/\ )J\ e [ZT6O4(OH)4(CH3COO)]2]2
OH 10 hrs
zZrtt
Zirconium(lV) propoxide Acetic acid Acetate cluster

Figure 3.7 Synthesis of Acetate cluster by mixing of Zirconium (V) propoxide and acetic acid, followed by aging 21 °C for 10
hrs

-+
—N
HO OH &
[Zr604(OH)4(CH3CO0); 5], + — > Ui0-66
3 o Acetic acid
25 Hz, 90 min
Acetate cluster NO,-BDC Expected result

Figure 3.8 Attempted synthesis of UiO-66 by mechanochemical mixing of Acetate cluster, NO2-BDC and acetic acid for 90
min.

The acetate cluster was synthesized by combining acetic acid and zirconium(IV) propoxide (70
wt% 1-propanol solution), as detailed in the experimental section, and analyzed via PXRD to

verify the structure and crystallinity (Fig. 3.9).
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Figure 3.9 PXRD spectrum of Acetate cluster a) synthesized and b) simulated
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Figure 3.10 PXRD spectrum of ZrOCI(2 » 8H20, acetic acid and NO2-BDC milled together for 90 minutes a) synthesized and
b) UiO-66 simulated.

The major peaks in Figure 3.10a indicate that UiO-66 was not successfully formed. Both being
shifted from different amounts when compared to the simulated peaks, we are unable to confirm
the formation of UiO-66. This could be because of the difference in organic linker compared to
the one in the literature, where we used NO*-BDC or terephthalic acid (BDC) and the literature
used 2-aminoterephthalic acid (NH2-BDC). We believe that the source of the problem might be
the difference in pKa between the two linkers, NH2-BDC used in the literature and NO2-BDC used
in our experiments, which would be different enough to be changing the material formed during
milling. This would have to be explored further. In order to further confirm this, the sample was

brought to TEM for imaging. To avoid any solvent influence on the crystallization of the system,
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the TEM grids were not prepared using a drop-casting method but by a solid-state process, as

detailed in the experimental section.

Figure 3.11 TEM images of milled sample containing acetate cluster, acetic acid and NO2- BDC.

Even though no discernable shapes were observed through TEM (Fig. 3.11), EDX showed the
presence of all components, such as zirconia and nitrogen, expected in UiO-66. Fast-Fourier
Transform (FFT) images of the material display a lack of crystallinity. This could be because of
the high amount of instantaneous burning from the HR-TEM electron beam, as expected for a
material that is mainly composed of organic material. This sensitivity could also be because of the

lack of stability usually provided by the specific structure of UiO-66.

3.4 Conclusion

In conclusion, despite multiple attempts, the mechanochemical synthesis of fully crystalline UiO-
66 was not achieved. PXRD spectra showed peak shifts and broadening, indicating the formation

of a different crystalline material instead of the desired MOF. Neither the use of uric acid nor a
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pre-formed zirconia acetate cluster successfully resulted in the synthesis of UiO-66. HR-TEM
confirmed the presence of the expected elemental components but showed no crystallinity, likely
due to the material's sensitivity to the electron beam. Once UiO-66 is successfully synthesized,
performing an EELS map of the material would be a valuable complementary method to HR-TEM,
as it would allow for tracking the distribution of key elements, such as zirconium and nitrogen,
during crystallization. Future research should focus on exploring alternative linkers, reaction
conditions, and modulators to overcome synthesis challenges and produce a stable, defect-

controlled UiO-66 structure.
3.5 Experimental

Acetic acid

ZrOCl; » 8H20 (604.2 mg, 1.875 mmol), acetic acid (0.5 mL, 8.72 mmol) and 2-nitroterephthalic
acid (395.8g, 1.875 mmol) were added to a 15ml zirconia milling jar (Form-Tech Scientific) with
an 8mm (3.0 g) diameter zirconia milling ball. The jar containing the reactants was milled for 5
minutes at 25 Hz on a Retsch MM400 mixer mill. The sample was aged in a dark space at room

temperature.
Uric acid

ZrOClz * 8H>0 (116.8 mg, 0.363 mmol), uric acid (106.6 mg, 0.634 mmol) and 2-nitroterephthalic
acid (76.5 mg, 0.363 mmol) were added to a 15ml zirconia milling jar (Form-Tech Scientific) with
an 8mm (3.0 g) diameter zirconia milling ball. The jar containing the reactants was milled for 5
minutes at 25 Hz on a Retsch MM400 mixer mill. The sample was aged in a dark space at room

temperature.

Acetate cluster, [Zrs04(OH)4(CH3COO)12]2, synthesis was done according to literature.'’
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Acetic acid (3.50mL) and Zirconium(IV) propoxide (70 wt% 1-propanol solution)(1g, 3.05mmol)
were mixed in a sealed jar and left for 10hrs at room temperature (20:1 ratio). The white powder

was collected by filtration and dried at room temperature under vacuum.
UiO-66 through the acetate cluster

The Acetate cluster (64.8 mg, 0.023 mmol) and 2-nitroterephthalic acid (50.77 mg, 0.28 mmol)
were added to a 10ml teflon milling jar (Form-Tech Scientific) with two 8mm (3.0 g) diameter

stainless steel milling ball. The jar containing the reactants was milled for 90 minutes at 25 Hz on

a Retsch MM400 mixer mill.
Characterization

The TEM studies were performed using a Thermo Scientific Talos F200X transmission electron
microscope equipped with a high-brightness XFEG Schottky source, operated at 200 keV. Images
were captured in the high contrast mode. TEM grids were prepared using the solid-state method,
where the 400 mesh Cu grid was dipped in the milled powder and any excess powder was removed

with a compressed air can.

PXRD studies were performed using a Bruker D8 Advance diffractometer equipped with a Ni-
filtered CuKa (A = 1.5418 A) source, 1D LYNXEYE detector, and operating at 40kV and 40 mA.
PXRD patterns were obtained in a 20 range of 3° to 50° with an exposure time of 0.70 s and in

increments of 0.02°.
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4 Discussion and conclusion

This chapter builds on the discussions from Chapters 2 and 3, raising questions and sharing
findings that, while relevant to this thesis, did not fit within the more focused manuscripts. It
establishes links between these works and earlier research, integrating perspectives from other
scholars in the realm of solid-state grown nanoparticles and MOFs, with a focus on their crystalline
properties. The chapter will include final remarks and offer suggestions for future research on the

topic.

4.1 Discussion of Findings

We start with a review of the results showed in chapter 2 and compare with findings from
the relevant literature. Among the papers relevant to chapter 2, one notable article was the synthesis
technique developed by Richard et al. This approach involved the use of octadecylamine, gold
metal salt, and trisodium citrate to produce octadecylamine capped AuNPs.! The process included
aging the mixture after 60 seconds of milling. In our own research, we used some of their
techniques, such as freezing before milling and the addition of a reducing agent, to conduct a

thorough analysis of AuNPs crystallinity and size after an extended aging period.

As presented in chapter 2, most observed particles were in the 0 to 3 nm size range. Richard et al.
reported nanoparticles of greater size than ours which we attribute to the drop-cast methods used
for TEM analysis which added solvent to the system, an issue we were able to avoid by changing
methods and choosing a solid-state grid preparation method.! The AuNPs sized in the solid-state

is likely to better represent the true system. Rak et al. also reported greater sizes of
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mechanosynthesised AuNPs; however, the reaction conditions of the galvanic-reduction
mechanochemical method result in substantially different kinetics.? In this synthesis, they milled
gold metal salt and long chain amines with steel metal balls for 90 minutes, then sonicating the
resulting suspension to obtain a powder containing monodisperse AuNPs. They then analysed the
HR-TEM images of the resulting AuNPs, capped with different length chain amines, and measured

their size (Table 4.1).

Table 4.1 AuNPs aspects and diameters determined by TEM as a function of the ligand®. Used with
permission of Royal Society of Chemistry, from Ref 2, permission conveyed through Copyright
Clearance Center, Inc.

Ligand AuNP aspects and diameter (nm)
Pentadecylamine (C15) Spherical - 4.2 + 1.2
Hexadecylamine (C16) Spherical - 1.8 + 0.3
Heptadecylamine (C17) Spherical - 1.5 + 0.2
Octadecylamine (C18) Spherical - 1.3 + 0.2
4-Dimethylaminopyridine (DMAP)  Incomplete reduction”
4,4'-Bipyridine (4,4’ BIPY) Incomplete reduction”
Imidazole Large irregular particles
1-Methylimidazole Large irregular particles
Benzyl disulfide Irregular aggregates
o-Mercaptododecanoic acid Films formed on TEM grid
Citrate Polydisperse large particles
~500 nm

bSpherical small NPs are observed by TEM, but XPS analysis demonstrated that mechanosynthesis only afforded
partial reduction.

The difference in size found between the long amine chain pentadecylamine (C15) and
octadecylamine (C18) was far greater than the one we found between dodecylamine (C12) and
octadecylamine (C18). The size of octadecylamine and pentadecylamine capped AuNPs, at around

1.3 nm and 4.2 nm respectively, the effect of the amine chain length is more pronounced than what
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we note in chapter 2. They also reported incomplete reduction of the gold salt when using DMAP
and 4,4’-Bipyridine, something we also noticed when 12-aminododecanoic acid (ADA) was used

in our synthesis.

Figure 4.1 HR-TEM image of ADA capped AuNPs after 7 days aging at room temperature.

ADA, containing a carboxyl functional group, was used as a capping agent for the AuNPs synthesis
using similar aging conditions as presented in chapter 2 (Fig. 4.1). After aging for 14 days, the
sample did not advance to the expected purple colour indicating an incomplete reduction of the
gold salt. ADA is a long chain that is terminated on either side by a carboxyl group or amine group.
DMAP and 4,4’-Bipyridine, which both resulted in incomplete reductions, both have a melting
point of 114 °C; ODA and DODE both have much lower melting points at 52 °C and 30 °C
respectively. These high melting points are an indication of the strong intermolecular interactions.
Because of the strong dipole-dipole interactions and hydrogen bonding of ADA, the molecular

inertia of the solid-state system is much higher than DODE, which slows down the reduction of
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gold metal salt. In his 2022 M.Sc. Thesis discussion, A.J. Richard, he mentions the mechanism of
AuNPs being a cause for nanoparticle defects such as the ones we studied in chapter 2.> He also
mentions that the observation of ultrasmall nanoparticles during the aging period suggests that
their formation is influenced by sporadic defect formation or amorphization.® # The ultrasmall
particles observed after a short milling time and mild aging conditions demonstrate the small
activation barrier required for this mechanism, something the mild aging conditions easily

overcame.3

Ferguson et al. were interested in exploring the early stages of their own modified Turkevich
reaction and used STEM-EELS to image the mobility within the system and the time dependent
elemental intensity.’ Taking inspiration from the results of this paper and results showed in chapter
2, we explored the crystallization of MOFs through EELS, as detailed in chapter 3. We first
explored the solid-state synthesis of ZIF-8 because of a previous accelerated aging paper detailing
successful synthesis.® After milling ZnO, 2-methylimidazole and a salt additive, the powder was

aged at 98% relative humidity (RH) at 50-60 °C and analyzed by XRD and TEM.
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Figure 4.2 PXRD spectrum of unwashed sample, aged at 98% RH at 50-60°C for 24hrs.

Fig.4.2 confirmed the presence of ZIF-8 with peaks at around 20 = 7.35°, 10.40°, 12.75°, 14.73°

and 16.48° being present.’

100 nm

Figure 4.3 STEM-HAADF images (a) and EDX elemental maps for b)O, c)N and d)Zn of unwashed sample aged at 98% RH
at 50-60°C for 24hrs.

The TEM images obtained for this sample did not display clear shapes, which would be able to

further confirm well crystallized ZIF-8. Figure 4.3 shows EDX spectrum taken of the same sample
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showed a proximity between the Zn and C signal, which made it difficult to properly identify
points of interest. To counter this, we used Zr-UiO-66 which provides a sharp edge signal in EELS.
We followed a synthesis that uses Zr metal salt containing Cl, ZrOCl,,® which we could track
through an EELS elemental map and assess mobility of these elements and consequently the
crystallization of UiO-66.° Chapter 3 details the synthesis used where we added acetic acid directly
to the milling jar. Besides introducing an additional solvent additive during the milling process,
we also subjected the sample to acetic acid vapor aging. Interestingly, the PXRD spectrum

remained unchanged when compared to a sample without gas vapor.

c)10eq

——Db)1.75eq

J a)1eq

20

Figure 4.4 PXRD spectrum of unwashed sample containing a)1 eq, b) 1.75 eq and c) 10 eq of uric acid aged for 24hrs.

Considering the addition of uric acid as a modulator, the concentration had to be studied (Fig. 4.4).
Too high of a concentration would prevent the MOF from forming while too little results in a MOF
of poor crystallinity.” As we adjusted the amount of modulator, uric acid, added, the PXRD

spectrums showed differences in peaks (Fig. 4.4) whilst showing no formation of UiO-66.

84



4.2 Conclusion and Future Work

Solid-state formed long chain amine capped AuNPs were imaged and analyzed via HR-
TEM. By employing a pre-established solid-state AuNPs synthesis method, a powder comprising
gold metal salt, a reducing agent, a solid auxiliary, and a long amine chain was milled briefly. The
mixture was then aged at two different temperatures for a duration of 15 days, resulting in a distinct
purple colour, a characteristic of AuNPs. Periodically, HR-TEM images of the sample were
captured and size and property analysis was conducted on the particles. Using a different length of
chain amine, we successfully explored its influence on the size and crystallinity of the formed
nanoparticles. When a longer chain amine was used as a capping agent, smaller overall
nanoparticles are observed. The colder temperature analyzed showed particles of smaller size,
corroborating previous studies asserting the metal reduction dependence on temperature.
Combining HR-TEM with a solid-state grid preparation technique prevented the influence of
solvent on the reduction and allowed for a more accurate analysis of crystallinity within the system.
FFT imaging helped the classification of ultrasmall particles, which showed that shorter chain
amines had the tendency to showcase particles with more grain boundaries. This discovery is

helpful in pursuing greater crystallinity control for solid-state grown nanoparticles.

Using specialized equipment to understand crystallinity and mobility generated an interest in the
crystallization of MOFs grown with solid-state synthesis. After forming ZIF-8 through aging, the
sample, when brought to HR-TEM, showed no shape and an extensive sensitivity to the electron
beam: the need for a more stable MOF directed us towards UiO-66. Using a Zr metal salt with uric
acid and then an acetate cluster with acetic acid, analysis by PXRD and HR-TEM imaging

unfortunately did not evidence the formation of the expected UiO-66. With problems such as
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selection and ratio of modulator and high sensitivity to the electron beam, successful imaging of
the material with HR-TEM still requires a substantial amount of research and technique

development.
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