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Chapter 1introduction

1.1 Transition metal chalcogenides

Transition metal chalcogenides (TMCs) are a class of materials with the composition of
transition metal from groups 42 in the periodic table (such as Mo, W, T, Fe) and chalcogen
elements (S, Se and Te). These compounds exhibit a diversity of eleatrdrmjuantum properties
—varying from insulators such as HfSemiconductors such as MpSemimetals such as Wle
true metals such as Nh$o even lowtemperature superconductor such as TaSe NbSe [1, 2]

The wide variety of elements and properties make the materials of great interest in fundamental
and technological research including electronics, catalysis, energy storage and cuatgunials
research. Many transition metal chalcogenides adopt a layered structure. Typically, the transition
metal atoms are arranged in one layer sandwiched between two layers of chalcogen atoms
combined with chemical bonding. The bonded metal and chalcogen atemstlie metal
chalcogenide sheets weakly combined by van deal¥\forces. The organization of atoms in one
layer results in different structure phases, mainl{tTroctahedral o2H prismatic geometry in

single or multiple layerg23]

TMCs include three subsets according to the stoichiometry between the transition metal
and the chalcogen elements: transition metal monochalcogenides, with the fobm @V Fe,

Cu, Ag, etc; Ch = S, Se and Te), the widekplored transition metal dichalcogenides (TMDs),



with the form of MCh, (M = Mo, W, Nb, Ta, etc.), and the less studied transition metal

trichalcogenide§TMTSs), with the form of MChg(M = Nb, Ta, Ti, V, Cr, etc.).4-8]

Tetrahedral Transition
Metal Chalcogenides (TTMC)

Ti | V |C [Mn| Fe |Co | Ni |Cu | Zn

Zr [Nb [Mo | Tc | Ru[Rh | Pt | Ag | Cd

Hf | Ta | W | Re | Os | Ir | Pd | Au| Hg

Transition Metal
Dichalcogenides (TMD) =00

Figure 1.1 Classification of transition metal chalcogenides (TMCs) based on crystal structure and transition metal

identity. TMCs consist of transition metals (groupsl2) bonded to chalcogen elements (S, Se, Te). A widely studied

subclass is transition metal dichalcogenides (TMDs), which adopt layered hexagonal or trigonal structures based on
octahedral (1T) or trigonal prismma ¢ ( 2H) MChse coordination units. These typic
Mo, W, Nb, Ta). In contrast, tetrahedtakr ansi ti on met al chal cogenides (TTMCs) fea

orthorhombic or tetragonal frameworks, favoring late 3d metals (Mn tdZ)n).

In this dissertation, another way is chosen to sort the TMCs we discuss, depending on the
crystal structure of these solid state materials since the crystal structure will affect the
dimensionality of the electronic interactions of the layers. TMDs arepesed of hexagonal or
trigonal crystal structures with a major structural motif o€ Another species of TMCs are
termed as tetrahedral transition metal chalcogenides (TTMCs), whose structures are tetragonal or

orthorhombic with a major structural motf MChu.[2] The metal atoms in one layer of the
2



chalcogenide sheet always form a 2D hexagonal net in TMDs, while TTMCs organize their metal
atoms in a 2D square lattice. Compared to TMDs which prefer the early transition metals (mainly
group 4 to 7]9-14], TTMCs favor the late transition metal in the first row (that is Mn, Fe, Co, Ni,

Cu and Zn) due to the small interstitial position of the tetrahedral site and therefore TTMCs are

more electron rich than TMO45-20]

Regardless of TMDs and TTMCs, their unique geometry offers opportunities for
researchers to apply physical and chemical methods to modify the layer structures and improve or
change the properties of the materials. One method is the exfoliation of trersel lapaterials into
mono or fewlayer sheets which largely maintain their properties and give rise to additional
characteristics caused by confinement effect. Another approach is through intercalation chemistry

which is mainly discussed in this dissexati

1.2 Compound intercalation

In 1959, Ridorfff i r st used the phrase “intercalation
chemical derivatives of graphite and since then, researchers begin to extend the concept of
intercalation to a broader range of layestdicture material21l] Generally, intercalation is
defined as the insertion process of guest species into the vacant sites of host materials. The crystal
structure of the host does not change significantly before and after intercglajid?otential
materials for intercalation consist of structural elements like channels and cavities with a diameter
of 3-11 A (for example, zeolites) or chains and layers combined together by weak van der Waals
forces.[23-25 Compared with a densely packed solid, these elements result in much more
unoccupied lattice sites for higher mobility of the inserted chemicals, and therefore permits

intercalation synthesis in relatively lower temperature (about 100 to 200 €) and eveann

3



temperature, which enable the production of compounds which are unstable at high temperatures
(more than 500 €).The weak interaction between layered or chain structure brings another
advantage that they can expand in one or two dimensions without serious restrictions, which allows
the insertion of relatively large molecules or ions such as metal complexes and cagjanssThe

layered hosthas a more stable structure than the -@imensional chains. The additional
intercalants weaken the interaction between the chains and lalyemnsany cases, this weakening

is enough to disintegrate the chainuctured solidsNevertheless, the twdimensional structure

can still stabilize the layets avoid the disintegration. Therefore, laytructured compounds are

more favored for intercalation study due to both emgythesis and comparatively stable final
products. If the gaps between the layers are not expanded too largely after intercalation, the
topological relationship between the host materials and their intercalated products are almost
preserved, indicating that the original stacking sequence of the host remdiiestadaby the

intercalation proces$26-29

Plenty of intercalatiomechniquesave been developed for the synthesis and applications
of those inserted layer materials based on the driving force of the techniques and the involved
intercalation kineticsJ0] For instance, electrochemical intercalation is widely applied for tuning
the electronic, optical, and structural properties of layenatkrialsas well as in energy storage
applications such asion batteries[31-39] Electrochemical potential created by external voltage
is the driving force of the techniquie. some casesherefore differentstage of the intercalation
corresponding to different stacking sequences of the intercalant lesrerbe moreprecisely
controlledby adjusting the voltage modulate the properties of the final product. However, this
technique is not suitable for insulating materials and intercalants without charges due to their low

electrical conductivity. The host materials need to play the role of anode if the guéss apec



(0]
PPN Q@ @
NN °o°
(a) In-situ intercalation (c) Intercalants excha y
. . ge with @ @ @
+ along with layer formation @ @ e intercalated structure
_—

-+

99 49 ‘ %%
Q

|
\{

Qo Q

' ' (b) Ex-situ intercalation
‘ ‘ with existed layers

Figurel.2: Three approaches of intercalation in synthbaised on the starting materiad3in-situ intercalation together
with the formation of layered structures, starting from element materials:difuertercalation with existed layerG)
intercalant exchange with intercalated structures.

negatively charged or cathode if guest speaieositivelycharged. In addition, some guest ions

have a chance to oxidize or reduce after applying exteatialgebefore the intercalation begins.

Anothertechnique is gaphase intercalatioespecially when intercalants are in vapor form.
This method has been widely used to insert alkali metals, halogens, and other gaseous species into
graphite, TMDs, and other 2D materialbhere are typically twocategories of gaphase
intercalation.[40] One is isothermal vapor intercalation, where the host materials and the guest
particles are kept at the same temperaflines method usually providemiformintercalation, but
the control of the levels of the intercalation could be difficult. To overcome such prolpemns,
zone vapor transport intercalation is applied. The intercalant source and the host materials are kept
in separate temperaturenes, which can also improve the intercalagéficiency. Since vapors

are involved in the synthesis througpinch technique, the reaction systems require vacuum or inert

ol



gas to prevent unwanted reactions from air, which increasdgftbelty of the setup establishment

and limits the reaction scalability for largeea material processing.1-48]

If the intercalants are liquid themselvessotublein certainsolvents, the straightforward
wet chemical intercalation can be considered as the method to insert those species into the hosts by
directly placing the host materials in the liquid containing intercalants at a controlled temperature.
The guest materials vary widely froimorganicions (Li*, Na', Cl?*, etc.), organicmolecules
(amines, hydrazine, pyridine), and even zemtent metals (Cu, Ag, Co, et¢43-56] The
intercalants may spontaneously diffuse into the layered host due to electrostatic interaction that can
overcome the van de Waals force between the layerfamous example of wet chemical
intercalation is Li intercalation by immersing the hosts in the active alkyl lithiubutyl or tert
buty! lithium) since Li atom favors to donate electrarButy! lithium intercalation in Mog WS
and graphite enables higjuality monolayer nanosheets for battery and optoelectronic applications
The organic molecules follow Lewis adidise interactions, where organic molecalis®donate
electrons to TMDs. Arief way to determinavhetherthe organic compoundsn serve as a stable
intercalants is to check their pKGenerally, oganic molecules with pK > 4 form stable
intercalation compounds while those withpK 3 do notAmong those chargeansfer our group
has proven evidence that the weak hydrogen bonding could likewise be a driving force in amine
intercalation chemistry and help stabilize the intercalated layered strl&thrd/hen a strong
hydrogen donor like ©6-H or N—H is interacted with a weak acceptor, a foomventional or

weak” hydrogen bond can occur.

1.3 Hydrogen Bonding

Pauling (1935) was the first chemist to apply t
residual entropy of ice. In his following wottke nature of the chemical bo(itB39), Pauling stated

unambiguously that if an hydrogen atom is attracted by relatively strong forces of two other atoms
6



instead of one under certain conditions, it may be considered the forces act as a bond between
them[57] In a configurationof Xx-H- - - A, t he hydrogen atom plays t he
other atoms. Besides, the second core idea from the work ighthatydrogenbond is an

electrostatic interaction because the H atom can only form one covalent bond with only one stable

orbital. Pauling presumed that only under the condition that X and A are very electronegative,

would the interaction be termed a hydrogen bondnathe H atom is sufficiently deshielded to

produce rather strong electrostatic attraction between H and A. Accordingly, X and A would be

restricted as the following elements: F, O, CI, N, Br and |. Snapinion is still widely accepted

and pplied in nowadays general chemistry textbo@k8-60] In 2011, International Union of Pure

and Applied Chemistry (IUPAC) defines hydrogen bonds 8he hydr ogen bond i s a
interaction between a hydrogen atom from a molecule or a molecular fragmetiK which X

is more electronegative than H, and an atom or a group of atoms in the same or a different molecule,

in which there is evidence of bond formati¢®il] This definition is consistent with Paulirgidea

that X in X—H must be moreslectronegativahan hydrogen and also implies that hydridic

hydrogen bondsyhereH is bonded to electropositive elements, are not explicitly included.

A Y
D

Figurel.3: The general structure of a hydrogen bond with geometrical parardefers, d and(i, where X—H is the
donor and A is the acceptor.



However, backri 1960, Pimentel and McClellan further developed the both core ideas of hydrogen
bonding and gave the modern definition of the phenomenon for the first time: A hydrogen bond is
said to exist, when (1) There is evidence of a bond; and (2) there is evidgrtbés bond sterically
involves a hydrogen atom already bonded to another dt®#h.It is noticeable that in this
definition, there is no specific requirement for the nature of atom A and X. Therefore, the concept
of hydrogen bonding can further evaluate to include more diverse groupsike G—H. This
definition makes the concept of drpgen bonding more universal and is also important to

understand the hydrogen interaction of metal chalcogenidbisidissertation

The general hydrogen bond consists of a donefXand an acceptor A. Figufe2 shows the
geometrical parameters a hydrogen bond has. In a crystallographic view, the most frequently
applied parameters ated andD. Table B1 gathers relevant structural parameters for hydrogen
bonds including S or Se as acceptors artl ©Or N-H as donors in some organic compounds.
Although there will be still some differences, this survey enlightens our understanding when

hydrogen bading occurs in our metal chalcogenides.

Tablel.1. Meanvalues for over 700 organic structures contaiong the hydrogen bond to S or Se.
Study by Allenet al. [58]

Type dA) D (A) da@g
O-H-S 2.67(1) 3.39(1) 134(1)
N—H-S=C 2.51(1) 3.43(2) 157(1)
N-H-S 2.75(1) 3.58() 142(1)
N-H-Se 2.38(1) 3.30(2) 153(1)

From the crystallographic studies of {life OH)FeS, the relevant-©OH -S interaction
in the structure point towards hydrogen bondif@f] The N—H donor is also proven to be
effective at hydrogen bonditg.Un !l i ke Cl arke’s work where both
ammonia molecules are intercalated into the gap of layered FeSe, our group succeeded in finding

an ammonia intercalation route which is free from alkali metahtcalation. Instead of pursuing
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a topdown intercalation synthesis of Gk (Ch=S, Se) in liquid ammonia, our group carried out

a bottomup synthesis where Eb sheets were built under hydrothermal conditions and resulted in
compound (KsNHs)FeCh. Through a deuterated process iR NH3)FeS, it was surprising to find

that within the gallery of F& NH:; molecules and Dprotons were observed instead of NH
cations. heproton in (HsNHs)FeS was in equal distance between 8¥arions and the ammonia
molecules was directed towards tHeisthe layers to form hydrogen bondirnig Tablel.2, some

data of interaction between hydrogen donors and acceptors in layered iron chalcogenides are
collected. Comparing with Tablell it is not difficult to make a compelling argument for hydrogen

bonding in these layered materials.

Tablel.2 Parameters involving hydrogen for several intercalat€thffé3-66]

Compounds Type d(A) D (A) d(y
(Lio.sFen.2OH)FeSe O—H-Se 3.072 3.635 119.6
Lix(NH2)y(NH3)1yFe:Se N-H-Se 2.725 3.721 174.2
Nax(C2N2Hg)yFeSe N-H-Se 2.784 3.553 159.1
[Fe(en)3}FeisSeo N-H-S 2.652.82 3.533.73 161.6170.0
(HosNHz)FeS N-H-S 2.578 3.556 170.9

1.4 Hydrothermal and solvothermal reactions

Among those wet chemical intercalation with TMCs, the technique of hydrothermal
synthesis is widely applied. The term hydrothermal origim®ly from geological science. It was
first introduced by Sir Roderick Murchison in the™®entury to describ¢he role of water in
geological transformatiori€7] The concept of hydrothermal synthesis is deeply inspired by
natural hydrothermal vents found along ocean ridges. In these geological settings, seawater is
superheated by volcanic activity to temperature
facilitating the precipitation of minerals like iron sulfides and manganese oxides upon da@]ng.

These vents act as natural higtessure chemical reactors and are essential for sustaining unique
9



deepsea ecosystems. Laboratory hydrothermal methods aim to replicate these extreme yet
productive environments to synthesize complex inorganic materials under controlled conditions.
Early hydrothermal experiments were conducted by Robert Bunsen (1839) and Schafthaul (1845),
leading to the first artificial quartz crystal synthediarl Josef Bayer (1892) developed the
hydrothermal bauxite leaching process, which remains the primary method for aluminum
extraction[68,69] During World War Il, the demand for large quartz crystals led to extensive
research in hydrothermal crystal growth.

0.1 cnv's
Oxyanions, (HPO,%, HVO,%, Cr0,%, HAsO,?), REE, Trace Metals

°He, Mn?, H,S,0,, FeOOH, M CH,, Fe**, Fe,S,, ?Rn, H,, H,S

Nola Precipitation

Chimney

Sub Seafloor
Microbial Biosphere

& Metalliferous Sediments
@ Iron-Magnesium Crusts H*, CI,, Fe?*, Mn?",

H,Si0,, *He, H,S, CH,, CO,, H,,
Ca®, K, Li*, Cu?*, Zn** Pb**

Figurel.4: lllustration of a natural hydrothermal system at a-ogeéan ridge, highlighting the key geochemical processes

that inspire laboratory hydrothermal synthesis. Seawater infiltrates oceanic crust and is heated by magma to temperatures
up to 400ht&€mpear ather @i gHT) reaction zone. This results
Cu2 , Zn2 ) and tldden hydrothemmltfluids. tupon ¥entingi rapé coaling and redox changes lead

to precipitation of metal sulfidemnd oxides, mimicking the conditions used in hydrothermal autoclaves for controlled
crystallization. The diagram also illustrates the chemical gradients (temperature, pH, redox, solute concentration) that
govern phase stability, crystal growth, and matetéposition—principles directly relevant to hydrothermal materials

synthesis[71]

Like hydrogen bonding, thdefinition of hydrothermal technique hawvolvedover time

and still does not reach unanimf§2-77] In general,hydrothermalrefers to heterogeneous
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chemical reactions occurring in aqueous solvents undergnegsure and higtemperature (HPHT)
conditions. 81] The slightly different criteria of the definition is based on temperature, pressure
and reaction environmer.hydrothermal reaction typically involve$)Water acting as a reaction
medium 2) Elevated temperaturegually>100€) to facilitate solubility and reaction kinetic3)

Elevated pressure (>1 atm), often generated in a sealed system, to maintain the solvent in a liquid
or supercritical stateand 4) Dissolution and recrystallization of materials that are otherwise
insoluble under normal conditions. Hydrothermal reactions are widely used for material synthesis,
crystal growth, and mineral formation, ofterimicking natural geological processEsr example,
hydrothermal ged to produce highuality nanocrystals with controlled size and morphollakgy

metal oxides (Ti@ FeOs etc.) or eableslow temperature fabrication of piezoelectrics,
ferroelectrics, and superconductord MCs. However, some of the above products are synthesized

in a even lower temperature or pressure and the solvents as the reaction medium is not water
anymore.Consideringhe expanding role of hydrothermal technology, researchers now suggest a
broader definition:Any heterogeneous or homogeneous chemical reaction occurring in the
presence of a solvent (whether aqueous or nonaqueous) above room temperature and at a pressure
greater than 1 atm in a closed systBlmvertheless, given the prefix hydrefers to waterelated

concept, chemists favor to use a broader term solvothermal to describe the reaction especially when
the liguid medium is not water. Depending on the specific solvents, several other terms such as
glycothermal, alcothermal, ammonothermal, lyothermal, carbonothearalinvented to more

precisely describe the hydrothermal conditions in special circumstpiges.

When subjected to high temperature and presthwee solventgxhibit unique physical
and chemical properties that make it an effective reaction medium for hydrothermal syiitieesis.
di el ectri c c o fosexanple, drdps dsmpefaturaviacteasesaking it behave

more like an organic solvent (e.g., alcohols or acetdri€).This allows it to dissolve nepolar
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organic molecules and metal oxides, which are normally insoluble in water at room temperature

At supercritical conditions (T > 374€C, P > 22.1 MPa), water transitions into a state witikgas

diffusivity and liquidlike density, leading to enhanced mass transfer and reaction Adtes.

hydrothermal condition, theolubility of solids and minerals in water also enhanidegh-

temperature water dissolves metal oxides, silicates, and carbonates by forming -hwiehxo

fluorooc omp | exes

( e . g4.,Sont iotheOdHemical prapértieofivyater may change

as well.The ionization constant of water (Kincreases with temperature, making hydrothermal

water behave as a stronger acid and bas® the concentration of both &hd OHincreaseThis

enhances acidatalyzed and basmtalyzed reactions, making it effective for oxide dissolution and

mineral precipitationUnder supercritical conditions, water becomes a highly reactive oxidant due

to the increased availability of OH-radicals'his property isexploited in supercritical water

oxidation (SCWO) to decompose hazardous organic wastes effidiédiiby]

TABLULEBVIi scdrg it gl ect re)andeanrggatfaynviahtiegh

tempeT]at ur es

Temperaturd ° C | n (mPa) € p (g cnrd)
25 0.890 78.3 0.997
200 0.136 35.1 0.871
250 0.108 274 0.806
300 0.087 204 0.715
350 0.022 1.2 0.045
400 0.025 1.2 0.038
450 0.027 1.1 0.024

Mineralizers play a crucial role in hydrothermal reactjat$éng as solvents, catalysts, and

transport agents in hydrothermal synthegisl] They can increase the solubility of sparingly

soluble compounds by forming soluble complexagicontrol the morphology, phase, and size of

crystals during hydrothermal growtllso mineralizersenable lowtemperature synthesis of

metastable phases that are difficult to obtain via conventionatstalie reactionsComplexation
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occurs when mineralizers form soluble complexes with metal ions, increasing their solubility and
transport . For exampl e, Si O, dissolves in HF vi
growth. pH control is another crucial functiamhere some weak acidic salts like MH decrease

the pH and therefore help oxidize metals to their.idiisaline mineralizers like NaOH and KOH

dissolve oxides and hydroxides, enhancing crystal groWhis is evident in the synthesis of

YBa, Cus; Oy (YBCO) superconductor s, where NaOH he
phase formation. Additionally, redox regulation plays a vital role, with nitrates and sulfates acting

as oxidizers to stabilize spéci ¢ oxi dati on st ates, such as Fes3
controlled magnetic pragties. Finally, selective precipitation occurs when carbonates and
phosphates induce the crystallization of specific metal cations, controlling phase purity. An
example of this is the hydrothermal growth of hydroxyapatite (HAp), where phodypdssd

mineralizers help form the desired phase. These mechanisms collectively influence solubility,

phase control, and reaction kinetics, making mineralizers essential in hydrothermal synéhesis.

- = . . .
Teflonlid — | stainless steel lid

v

oo
Teflon layer —| I
I solvent
~S8%020
stainless steel autoclave
€)) (b)

Figure 1.5: (a) Schematic of a typical Teflelined stainless steel autoclave used in hydrothermal synthBjis.

Commercially available Pastyle47 mL and 25 mlautoclaves and their corresponding Teflon lirf&&.
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The apparatus of hydrothermal or solvothermal reactions is usually termed as autoclave or
bomb.The choice of an autoclave depends on temperature, pressure, and corrosion resistance in a
given solventCommon materials foautoclaveinclude stainless steel, nickehsed superalloys
ard titanium alloysand Iners and coatingsch asTeflon, silver, platinum) are used to protect
autoclaves from corrosive solven86] Teflon (PTFE) lined stainless steel autoclaves are one of
the most popular apparatus in lo¢aboratoryhydrothermal synthesigspecially in corrosive
environments where traditional metal autoclagas degrade. These autoclaves offer chemical
resistance, ease of use, and compatibility with a wide range of solVaetsuter stainlesssteel
body of the autoclavesrpvides structural strength to withstand high pressures (up to 250 bar) and
temperatures (~300€)and the inside Teflon liner are chemically inert to protect the steel body
againstacidic, basic, and oxidative solutiomsolved in the hydrothermal reactions. Steel discs
and springs are applied for pressure balance and protect the body ditong lmcident.Some
designs use a sharp ritige sealing mechanism, where Teflon expands under heat to create a
hermetic sealThe smooth noistick surface of Teflon ensures samples do not adhere to the liner
and make the recovery of the samples less difficult. Compared to those nobliémaétgdlatinum,
gold) autoclavesTeflonand steel are more affordable materials. However, Teflon starts to degrade
and releases fluorinated compouatt®ve300€ , which indicates that the hydrothermal reaction
with Teflon liner is limited to a relatively low temperature. Besides, Teflon is soft and prone to
deformation under prolonged high pressure conditions. Due to the porous structure of Teflon, some
solvent residue can stay in the liner wall although the lindraoughly cleaned.79 Therefore,

Teflon liners have a lifetime and has to be replaced with a new one after certain cycles of reaction

running or when a new sort of solvent is decided to be used in the reaction.

1.5 Objective andutline
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This chapter introduces the background and the motivations axiperimentsn the
dissertationThe work focuses on the synthesis, strucamalysisand measurement ghysical

properties.

In Chapter 2we discusghe synthetic and characterization methaylglied throughout the

work in the dissertation.

In Chapter3, we describe several amine intercalations into TTMCs such as FeS, CoS and
FeSethrough solvothermal methad®articularly, a rare polar metal is synthesized through
solvothermalmethod.We discuss itxrystal structure and electron structuiithe metal amine
complex Co(en)3, where erethylenediamine, intercalates between layers of cobalt s(Giol8)
to form a polar, ferromagnetic metal. We solve the strucufrethe hybrid compound
[Co(en3](CoS)12en in the polar groupPca2; with lattice parametera = 14.778(3) A b =
11.066(3) Aandc = 20.095(5) A using singlerystal Xray diffraction. ThgCo(en)]>* complexes
order between CoS layers and break timkierent fourfold symmetry. Moreover, the chiral Cogen)
complexes hydrogen bond to the terminal sulfides of the laymasbrak inversion symmetry,
thereby inducing a polar state. Téleortest hydrogen bond of the amino group is Fs = 2.41(1)

A. From 1.8 to 300 K, the title compound displays metallic electrical resistivity and an anomaly at
43 K. Through magnetizatioomeasurements, we find that @of; exhibits spontaneous
ferromagnetic order below 43 K. Figtinciples calculations reproduttee ferromagnetic structure

and illustrate decoupling between the conducting electrons and the inddtgigrdistortion. Our

work shows that hybrid materials created from intercalation chemistry of functional 2D hosts

provides a pathway for unitingpntraindicated properties.

In Chapter4, we describe chiral amine intercalations into two TMilxXSe and TaSg
through solvothermal methad$he syntheticstrategyand superconductivity afion-chiral and

chiral amine intercalatedaSe is mainly discussedWe found that the rigid methylbenzylamine
15



(MBA) molecules are far more challenging to be intercalated into the layers compared with smaller
and more flexible ethylenediamine molecules. However, with a trace amoethtytdnediaming

the intercalation of MBA becomes possible. Wedusiecular dchroismand hermogravimetric
analysisto demonstrate that tidBA intercalationwith the existence of ethylenediamine is a co
intercalation process, with ethylenediamine playing a role of intercalation lubricants. Through
magneticsusceptibilitystudy, we learnt that the intercalation of ethylenediamine increases the
critical temperature of Tagom below 1 K to ~5.2 K, and the chiral moleculd/BA can further
increase to ~7 K. However, resistance measurement failed tocsin@gpondingesults, possibly

because the samples are pellet pressed from powders instead of sample crystals

In Chapter 5, we employed-8itu synchrotron powder -Xay diffraction to monitor the
reattime crystallization of layered Feand Cebased chalcogenides under hydrothermal and
solvothermal conditions. Eight reactions, spanning botipmand topdown straggies, were
systematically examined to elucidate how precursor chemistry, solvent properties, and redox
environment influence phase evolution and lattice dynamics. Hydrothermal systems, especially
those based on Li OH and N#Hand welddfinesl pitermmgdatd orr api d t
templated structures, while solvothermal systems using ethylenediaminedarhj@opropane
exhibited markedly slower kinetics and more complex coordination competition-résokved
lattice parameter tracking revealditinct crystallization mechanismsncluding synchronous
framework growth and stepwise intercalatiehighlighting the influence of ion size, solvent
viscosity, and chelate geometry. Comparisons across systems uncovered general principles
governing layeredchalcogenide formation, and provided predictive insight for accessing

metastable or polar intercalated phases via soft chemical routes.

Chapter 6 summarizes the key findings of this dissertation and outlines potential directions

for future research informed by these results.
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Chapter2: Methods

2.1 Synthetic Methods.

In this sectionwe will only discuss the general approaches of the amine intercalation into
the tetragonal transition metal chalcogenides (TTMCs, i.e. FeS, FeSe, CoS and CoSe) and the
transition metal dichalcogenides (TMDs, iNbSe and TaSg through solvothermal reactions.

More specific details of the synthesis will ldescribedin the experimental sections of the

respective chapters.
2.1.1In-situintercalation

The amine intercalated iron chalcogenides and cobalt chalcogenides can be prepared using
a solvothermal based-situ method, or scalled bottorrup method, starting from the element
materials involved in the products with some modulation of the condition of the the synthetic
conditions, such as temperature and reaction time. For a typical reaction, Fe or Co metal powder, a
chalcogen source (such aslfur powder, selenium powder, thiourea and selenourea) and a
mineralizer NHCI, will be mixed with certairamine éthylenediamingl,2diaminopropane, 1;3

diaminopropane, 1;8iaminocyclohexane) in‘Beflortliner stainless steel autoclawvea glove box
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to ensure an inedtmospherén the autoclave. The sealpdxtureis heated to 140 to 20D for 3
to 7 daysBlack polycrystals or single crystals of the product will be found after wastithghe

same amine as in the reactions.

For the ironbased amine intercalated product, the reaction favors a higher temperature
about 180 to 20€ for better product crystallinity. However, the cobalt based amine intercalated
product has to be at a relatively lower temperature below €15The previous research in our
group has found out that Co will react with chalcogens to form cubic bulk structyCes@bove

150€ instead of layestructure materialg35]

Although the amines used in the experiments are reagadé pure, there will inevitably
be water impurity in these liquids due to the process of industrial productia@INt$ an acidic
salt, can therefore still decrease the pH of the solvothermal reaction system and help dissolve iron
or cobalt metal. The amines are expected to serve as the guest species into the gaps between the
layers. However, they are also gdimghnds whichare prongo combine with theransitionmetal
to form complex cations Wit NH,Cl to provide CI anion, complex salts can likewise be
synthesized as a side product. In the cebadted product, white crystals of Co(dig@1) (diam =
ethylenediamingl,2diaminopropane, 1;8iaminopropane, 1;8iaminocyclohexane) have been
found among the main dark product. Nevertheless, iron complex salts are not founorautho
of iron-based amine intercalated synthesis, because the iron complex salts have a higher solubility

in the respective amine solvents than their cobalt analogues.

2.1.2Ex-situintercalation.

The chiral amine intercalatedobium dichalcogenides an@ntalumdichalcogenides can
be prepared usingsalvothermabasedexsitumethod, or sacalled topdown method. The starting

materials include 2MIbSe and2H TaSe which are already layered structure materials. The chiral

18



amines include the pair of(R) -(+)-o-methylbenzylamine (R-MBA) and (§ -(-)-o-
methylbenzylaminéS-MBA), as well as the pair of trarig2-diaminocyclohexane (trarfs 2-dach)

and cisl,2-diaminocyclohexane(ci$,2-dach). Nonchiral amine ethylenediamine and the racemic
solvents ofmethylbenzylamindMBA) and diaminocyclohexanél,2-dach) are also applied for
comparison. For a typical reaction, the polycrystdlpre-synthetic2H NbSe and2H TaSe are
mixed with certain aminenentionedabovein a Teflon-liner stainless steel autoclairean argon

atmosphere glove box and then sealed. The autoclaeated to12€ for 2 to 5 days.
2.2 X-ray diffraction.

X-rays are a form of electromagnetic radiation with wavelengths between approximately

0.1 to 100 A, falling between gamma rays and ultraviolet light in the spectrum. They are generated
whenever electric charges undergo acceleration or decelerati@ysére commonly used in
crystallography due to their wavelength being comparable to interatomic distances, making them
ideal for studying atomic structureBhere are two main methods of generatinga¥(s. The first

one relies on Xay tubesywhere highenery electrons impact a metal target, emittingays. They

are widely available but have limitations in brightné&asch tubes are the simplest and are available

in a laboratory of any size and therefore servéhagsonventionalaboratory Xray source. The

other one is ynchrotronradiation sources These produce extremely brightrdy beams by
accelerating electrons in a circular orbit, controlled by a magnetic field. Synchrotron sources offer

high intensity and tunable wavelengths, making them valuabkdfmnced diffraction studies.
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When Xrays interact with free electrons, they cause elastic scattering, generating a new
wave of the same frequendhis scattering is described by Thomson scattering and forms the basis
for understanding how -Xays interact with materialfn X-ray powder diffraction, the intensity of
scattered Xrays is proportional to the sum of Thomson scattering contributions from all electrons
in the crystal.This explains why heavy elements scattera}s more strongh~they have more
electrons contributing to the scatteriigh e at omi ¢ scattering factor
to scatter Xrays as a function of diffractivangle.ln a crystallinelattice, dffraction peaks only
occur at specific angles, forming the basis feraX crystallographyBraggs Law developed by
W.H. Bragg and W.L. Bragglescribes the conditions for constructive interference in crystal

diffraction:

na- = 2dsin6 (2.2)

whered is the interplanar spacing of the crysfhis the angle of incidence or Bragg anglés an

integer, the order of the diffraction, aad the wavelength of the incidentrdy.

2.2.1 Laboratoryowder Xray diffraction
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Powder X-ray diffraction (PXRD) arises when >ays interact with a polycrystalline
sample, where numerous randomly oriented grains contribute to scattesidigg todiffraction
in concentric cones known as Delyeherrer ringsThe diffraction pattern is a ordimensional
projection of a threglimensional reciprocal lattice, containing structural information about the
material. The Bragg reflections in a powder pattern provide information on the crystal structure,
unit cell parameters, and symmetRowder diffraction data are plotted as intensity vs. diffraction
angl e A(pavedegr.diffraction pattern consists of Bragg reflections superimposed on a
background. The three main components of the patterri)gpeak positionsvhich provide unit
cell parameters?) peak intensitiesvhich reveal atomic positions and thermal vibratioasd 3)
peak shapesvhich indicate crystallite size, strain, and instrumental broaderiihgre are also
background effect caused by instrument noise, sample fluoresceacgogrhous phases to be
considered Peak positions ammainly determined by unit cell dimensions and Miller indideld)(
Temperature variationsan cause thermal expansiowhich may alscshift peak positionsThe
strain and stresef the crystal carlead to peak broadening and asymmeBgsides, ample
displacement and instrument alignment introduce systematic peakashiftaen cause error and
inaccuracy to the peak positiofhe characteristic peaks can help facilitate phase identification by
comparing the data from automated databases sulthieasationalCenter for Diffraction Data
(ICDD) or Inorganic Crystal 8ucture Databas@CSD). The lattice parameter refinement can

precisely determintheunit cell dimensions.

Lattice parameter refinement is a crucial step4ra)X powder diffraction (XRD) analysis,
used to determine precise unit cell dimensions. It involves minimizing the differences between
observed and calculated Bragg peak positigttsconsidering systematic errors, such as-shitt
and sample displacement errdsth the Pawley and Rietveld refinement methods are widely used
in X-ray powder diffraction analysis for extracting structural information. Both techniques involve

least squares fitting of callated diffraction profiles to experimental data but differ in their
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approach to handling integrated intensitielse purpose of Pawely refinement is to extract peak
positions, shapes, and intensities without assuming a structural modeésitaufull pattern
decomposition approach to fit peak intensité®sl requires a known unit cellhe integrated
intensities are treated as independent least squares varigdhiemethodis not only useful for
indexing and preliminary phase identification, but also redime unit cell parameters and peak
shape without structure bidgowever, since Pawley refinement doesneguire an atomic model,

it can not provide information about atomic positions or structure factors. When the peaks overlap
to each other, this method will have more errors and require careful constraints. Rietveld refinement,
on the other hand, analyzeful structural modeljncluding atomic positionsto offer a more
detailed crystallographic informatioand therefore requiress reasonable initial structure model

for accurate resultdt uses profile fitting with a notinear least squares approadthe method

refines lattice parameters, peak shape, atomic positions, site occupancies, thermal vibrations, and
background correctioand explaimeak overlap, preferred orientation, and instrumental efiects

the data[89]

In our work, room temperature powdefry diffraction data were collected on a Bruker
D8 X-ray diffractometer &= 1.5418 A with Cu K, radiationas the Xray sourcg at X-ray
Crytallographic Center (XCC) itniversity of Maryland. For a routine quick measurement to
identify the phases, the PXRD data weoannedwith a step size of 0.0ZXrom 5° to 7¢° in a
Poly(methyl methacrylat§PMMA) holder, usually taken about 15 minutes. The data for further
Rietveld refinement were collected with a step size of 0.8l crystallographicanalyses were
carried out with the Brucker software suite. Bruker Diffrac. Suite TOPAS 5 was used for

Lebail/Pawleyand Rietveld refinements

2.2.2 Single crystal Xay diffraction
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Experimentally, ssuitablesingle crystalwasselectedand measured on a Bruker Smart Apex Il
CCD diffractometepr Bruker D8 Venture Duo single crystal diffractomet&he crystal was kept

at 150(2) K during data collection. The integral intensity were correct for absorption using
SADABS software using integration method. Resulting minimum and maximum transmission are
0.453 and 0.951 respectively. The structure wasesolyith the ShelXT (Sheldrick, 2015a)
program and refined with the ShelXL (Sheldri@d15c) program and leastjuareminimization

using ShelX software package. Number of restraints st experimenta/as138.

2.2.3SynchrotronX-ray diffraction

Synchrotron Xray diffraction (SXRD) is a powerful technique that utilizes Higifliance
X-ray beams produced in synchrotron facilities to achievetggblution diffraction patterns. This
method is essential for studying crystal structures, phasetimansand materials under extreme
conditions.The X-ray beam is generated by accelerating electrons or positrons in a circular orbit
using magnetic fields at relativistic speetiee emitted radiation is highly coherent, intense, and
tunable, allowing researchers to select specific wavelengths for diffraction experiB¥Ri3 has
much higher brilliance, uto twelve orders of magnitude more intense than conventionay X
tubes.Theparallelbeam of SXRDe&duces beam divergenardimprovesangular resolutionThe
facility of SXRD can provide timéracking experimentsor in-situ X-ray diffraction experiments,

which allows researchers to traitle structural change in materialsngaltime.

2.3 Neutrondiffraction.

The theoretical prediction that neutrons could be diffracted by crystals was first made by
Elsasser (1936 The first experimental confirmations were conducted by Halban & Preiswerk

(1936) and Mitchell & Powers (1936) using neutron sources from radamilium reactions. The
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practical use of neutron diffraction expanded significantly with the advent ofcdeeting nuclear

reactors, which provided a high flux of thermal neutr¢as].

Neutron diffraction is an essential technique in crystallography and material seigare,
important complementary taXRD. Neutrons are uncharged particles, which allows them to
penetrate deeply into materials without significant absorption or scattering by eledtneirs.
wavelength is comparable to atomic spacing in crystai® @), making them suitable for
diffraction experimentNeutrons interagtrimarily with atomic nuclei, rather than electron clouds,
making their scattering properties fundanadigtdifferent from Xrays.The scattering function of
neutrons is constant across Bragg angles, unkkayX, where it depends on atomic numBénce
neutron scattering varies by isotoptich have distinct neutron scattering lengths, it enables
isotopic substitution studies, which are useful in hydregmmtaining materialand also distinguish
elements wittsimilaratomic numbef88] Also, Neutrons can effectively detdight elements such
ashydrogen, lithium, and boron, whiao not have sufficient electrons forrdy diffraction and
arenearly invisible to Xrays This makes neutron diffraction a powerful tool for hydrogen bonding

study.Neutrons behave as quantum mechanical waves, with their wavelength given by:

— (2.2)

wherehi s P11 a n ¢ kmis newronnngags,aandis velocity. Thermal neutrons (energy ~
0.025 eV) have a wavelength of2LA, which matches typical interatomic distances in crystals.
The relatively low frequency of neutrons (41®z) aligns with thermal vibrations in solids,

making neutron scattering valuable for phonon studies.
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neutron cross section
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Figure2.2: (a) Schematic illustration comparing howrxys and neutrons interact with matterrays primarily scatter
off electron clouds, making them more sensitive to heavier elements with more electrons. In contrast, neutrons interact
with atomic nuclei, enablindetection of lighter elements and isotegpecific information(b) Qualitativecomparison

of neutron (orange) and-My (green) scattering cross sections for selected elements.

Neutrons are produced in nuclear reactors, where fast neutrons from fission are slowed
down by moderators (e.g., graphite, heavy water) to become thermal nelitrengactor core
provides a steady and intense flux of thermal neutrons, which can be extracted for diffraction
experiments using collimatordleutron beams are inherently polychromatith broad energy
distribution. To obtaina monochromatic beanone method is to apply eshanical velocity
selectorgo filter specific neutron speedshe othemway is toselect specific wavelengthisrough
Bragg diffractionwith crystalmonochromata: In early experimentsnetallic halide crystalith
very small mosaic spreadsuch ad. i F, N a C |, wereausedhs moadehromators.ater,
metallic crystals (e.g., lead, copper) were found to be more efficient, providing higher reflected
intensitiesThemonochromatorkave twapositions that is reflection mode and transmission mode.
Reflection mode is more frequently used and requires larger crystals, which usually allows better

intensity control. Foreshortening techniques, which is fideimonstrated in Xay studiesis also
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applied tooptimizes reflection geometry for better neutron inten§igllimators are essential for
defining the neutron beam direction and improving resoluidgpical collimation setupncludes
apertureswith a few centimeters widand bng collimatorso ensure good angular resolution in
diffraction patternsCollimated neutron beams are usually Maxwelistributed, with a typical
peak wavelength ~1.5 Aimilar to X-ray diffraction,neutrondiffraction can also be divided into
two types, powder diffractioandsingle crystal diffraction. Powder neutron diffracti@guires a
large sample (=B cm in height, ~1 cm thickand glindrical or slab geometry ensures uniform
neutron exposur&ingle crystal neutron diffraction uses msohallersamples andrpvides higher
resolution and avoids peak overlap issues seen in powder diffrddtomver, mutron absorption
remains a challenge, which cafffect data qualityand thereforecareful material selectiois
required Borontrifluoride proportional counters are commonly used for neutron deteGt@se
detectors operate based on neutron capture by {ddrohhe counter size is typically ~5 cm
diameter, 50 cmlengtB.0 % det ecti on efficiency can be achiev
The counter are gsitioned ~60 cm away from the sample to minimize background amide
shielded with neutrorabsorbing materials (e.g., cadmium, boeloaded plastics) to reduce
extraneous signal¥he detector is mounted on a rotating abiffraction data are eithéogged at
small angular intervals using electronic scaling cirguits cntinuously recorded with a pen
recorder (ratemetdrased) The scanning speed can be as slowsper hour in order to capture
weakdiffraction peaksNeutron spectrometers are much larger thaaydiffractometerbecause
they require bng collimation pathslarger shielding requirementnd bw neutron fluxto

necessitalong exposure times.

Neutron diffraction is a unique tool for studying magnetic structures, as it directly interacts
with spin and orbital momentslore detailed discussion about the types of magnetic materials will
be included in theextsection Paramagnetic materials have randomly oriented magnetic moments

at high temperaturesNeutron scattering from paramagnets is primarily incoherent, since the
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uncorrelated spins do not produce laagge magnetic ordefhe differential magnetic scattering
crosssection depends on spin quantum numi®r df the ions neutron magnetic moment
interaction andmagnetic form factowhich accounts for the distribution of unpaired electrons
Antiferromagnetism (AFM) occurs when neighboring spins are antiparallel, leading tezeroet
magnetizationBelow the Nél temperaturel(), neutron diffraction reveals superlattice reflections,
which indicate a doubling of the magnetic unit cBlilemagnetidBragg Peak by neutron diffraction
will disappear abovéy. The intensity of these peaks follows a Brillouin functioml confirns the
expected sphordering behaviorNeutron diffraction allows direct determination of the spin
alignment direction, which is difficult to achieve with other techniglesome materials, the
orbital angular momentum also contributes to the magnetic strucNeeatron diffraction
differentiates between sponly and spirorbit-coupled systems by analyzirige form factor
deviations due to orbital contributiorsd the banges in Bragg peak intensities at different
scattering angledn ferromagneticmaterials such as Fe, Co and Nl spins align paralleand
result ina strong net magnetizatiof-errimagnetic materials also have net magnetization, caused
differently by two opposing spin sublattices with unequal momevéitron diffraction studies
provide insights into spin alignments and magnetic domain strucanedelp determine the
magnetic moment per atom by analyzing Bragg peak intenditeggnetized materialselectively
scatter neutrons based on spin polarizati®utron polarization experiments can separatespin
and spirdown statesand are used tstudy spirwave excitations in magnetically ordered

materialq.89)

The powdemeutrondiffraction patterns in this dissertation were measured at POWGEN
beamlines of the SpallatiodeutronSource (SNS) in Oak Ridge National Laboratdryeach
measurement, ~3 to 5 grams sample powders were loaded in a vanadium PAC can and sealed by

copper can collar and aluminum can lid in &tmosphere
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2.4 Magnetic susceptibility measurement

Magnetic susceptibilitg, is the quantity that relates a matégahagnetizatiom, to the

strength of an applied magnetic field, Conventionally, M and H have a linear relationsisp

M=cH (2.3)

equation 2.2 showsyhich is typically valid in higher temperatures and low fielagnetic
susceptibilityc will tell the researchers the magnetic identity of the materials they synthesize. There
are two different applied field for the magnetic susceptibility measureifieatfirst one is direct
current (DC) field, which can veil the static magnetic properties. The other one is an alternating

current (AC) fieldto measure the dynamic properties.

In the pastresearcherssouy and Faraday balance techniques were the more popular
methods todetermine magnetisusceptibility by measuring the apparent weights of the
materiald91-92] Nowadays,more precise measurements can be madeSigyerconducting
Quantum Interference Device (SQUIDYhich can offer temperature below the boiling point of
helium (~2 K) A SQUID can detect extremely small changes in magnetic flux with two parallel
Josephson junctions that form a superconducting loop. A superconducting magnet and a cryostat
are also applied in the instrument to perfornidfiend temperaturdependensusceptibility The
term field cooled (FC) and zefild-cooled (ZFC) are used respectively to describe whether a
material is cooled down with or without an applied magnetic fieldhe ZFC process, the sample
is first cooled down to a low temperature without applying an external magneticOiete. the
desired low temperature is reached, a small external magnetic field is applied, and then the sample
is gradually heated while measuring its magnetization as a function of tempefaiarmethod
helps study the initisic magnetic response of a material in the absence of an initial magnetic field,

revealing information about magnetic ordering, phase transitions, and pinning effects in
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superconductordn the FC process, the sample is cooled down from high temperature while an
external magnetic field is appliedfter reaching low temperature, the magnetization is measured
while heating the sample, keeping the external field conshtmeasurements reveal how a
material's magnetic properties evolve when cooled under a magnetic field. This method provides
insight into domain dynamics, magnetic anisotropy, and superconducting vortex behavior. In many
materials, especially supercondustand spin glasses, the ZFC and FC curves differ significantly,
indicating irreversible magnetic behavior or trapped magneticlfiux superconductozFC often

shows a sharp drop in magnetization due to flux pinning, while FC exhibits stronger diamagnetism

due to trapped magnetic flux.

Paramagnet Ferromagnet Antiferromagnet
R 0.54 a
& 4 (a) TS (b) — (c) (d) "o 3
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Figure23 Representative magnetic susceptibility (x) vs. t empe
states(a) Paramagnety decr eases monotonically wit hWeisdlike bebhavierj ng t emper
(b) Ferromagneta s harp drop in X is observed at the Curie tempera
~70 K; (c) Antiferromagnetx s hows a characteristic peak at the Néel temp

spin ordering{d) Superconductor a sharp diamagnetic onset below Tc (~3.6 K) is observed in volume susceptibility

(4mx), signaling the Meissner[92effect and the onset of supe
Magnetic susceptibility measurements in this dissertation werormedon a 7 T

Quantum Design SQUID (SQUID MPMS3) at Quantum Materials Center (QMC), University of

Maryland. Powder samples were held iclearplastic capsule sealed with cottét.a MPMS 3

mounting station o clearplastic straws were made into a double layered holder, the inner layer

of which caught the capsule at the point of ~ 66 mm from the bottom of the holder. The plastic
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materialsof the capsule and the holdean be polycarbonate, polypropylene, Delrin (acetal
copolyme}, and KetF (PCTFE), which have cryogerdompatibilityand low background moment

due to their nonmagnetic material characteristics. Colored holders should be avoid since the dyes
of the color are generally magneti@ne end of the holder was sealed with Kapton type, while the
other end was attached to a carfiber rod to help the holder insert into the witle chamber of

the instrument. Admperaturalependent magnetic susceptibiligyé T) at selected fielstrengths

and fielddependent isothermal magnetization (M vs H) were measured at direct carhehp t
identify the type omagneticorder and detect if there is phase transition in the sample. A tgpical

vs Tmeasuremergtarts with a ZFC process followed by a FC process.

2.5Electron transponneasurement

El ectrical resistivity and conductivity are fund
to transport electric charge. These properties play a crucial role in material science, electronics,
energy storage, and power transmission. Conductivigasures how well a material allows
electrical current to flow, while resistivity quantifies opposition to current. The relationship
between these properties is given dsyl/}, wherell represents conductivity andrepresents
resistivity. Different materials exhibit varying electrical behavior based on their atomic and
electronic structures. Metals such as silver and copper have high conductivity due to the presence
of free electrons in their conduction bands, while semiconductors exnilzible conductivity,
influenced by temperature and doping. Insulators, like glass and rubber, have extremely high
resistivity, making them poor conductors of electricity. Beyond classical conductors and insulators,
ionic conductors and superconductors piespecialized functionalities in battery technology and
guantum materialSlemperature plays a significant role in resistivity and conductivity. In metals,
resistivity increases with temperature due to enhanced elqutiamon scattering, whereas in

semiconductors, resistivity decreases as more electrons transition to the icondactd.
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Advanced theoriessuchasBleGlr tnei sen rel ations and Matthi
scattering mechanisms impact electronic transpdrtderstanding electrical resistivity and
conductivity has led to advancements in nanoelectronics, superconductors, and power grid
optimization. These concepts are crucial for designing-&ffjtiency materials for electrical
wiring, semiconductor deviceand nexigeneration energy systems.
<\1>
\l‘

w

Figure 2.4 Schematic and optical image of a fqupbe resistivity measurement setup. (a) A schematic illustration
showing the standard configuration for fqanrobe measurements on a rectangular sample, with current applied through
the outer contacts (I+ and)lard voltage measured across the inner contacts (V+ ajdTVie sample dimensions
(length),w (width), andt (thickness) are labeled. (b) Optical image of a real sample wired for measurement using silver

paste and thin gold wires.

2.6 Thermogravimetric analysis

Thermal analysis (TA) refers to techniquésat monitor the physical and chemical changes of

materials as a function of temperature and timi&ermogravimetric analysis (TGA)
specifically measures mass loss during heating, cooling, or isothermal holding conditions.
The temperatur@rogram in TGA may includeonstant heating rate (nesothermal

method) gepwise heating with isothermal holds (quasithermal methodand cooling
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cycles for phase transition studidie mass changes can be caused by the decomposition
of materials, evaporation of volatile compoundgjdation or reduction reactions in
reactive atmosphergand asorptionor desorption processes in porous matertdtsvever,

TGA can not detect phase transition, polymorphic transformations or reactions without
mass change without complementary techniques sudffe®utial scanningcalorimetry
(DSC) ordifferential thermalanalysis (DTA. The microbalance of a TGA stgm can
measure mass changlgem 1 mg to several grams in a furnace, which can controls
temperature reaching up to 1600. Gas flow system can decide whikimd of gas into

the furnaceto create differenatmosphergincluding inert (N, Ar), oxidizing (Q, air) or
reducing (H, CO) environmen{There are mainly three different configurations of sample
holders: toploading style where sample hangs on a support rod, bottmading holders
whose sample pan is placed on a hook, andlsatting which is used in horizontal

furnaces. The temperature near the sample is monitored and regulated by thermocouple.

2.7 Circular dichroism

Circular dichroism (CDJefers to the differential absorption of lefind rightcircularly polarized
light by chiral moleculesCD spectroscopy is widely used in biochemistry, molecular biology, and
supramolecular chemistry to study chiral molecuildge phenomenon of optical activity was first
discovered in the early 19th century in solutions of chiral compounds such as tartarithacid.
development of CD spectroscopy as a quantitative tool began in tkg0thidentury, particularly

in the study of bioplymers and small organic molecul&hiral molecules interact differently with
left- and rightcircularly polarized light, leading to nonzero rotational strengths in electronic

transitions.The observed CD signal is proportional to the difference in absorption:
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AA=AL - Ar (2.4)
whereA. andAr are the absorbances of tefhd rightcircularly polarized lightCD spectra provide
insight into electronic transitions, molecular symmetry, and the environment of chiral c€heers.
core components of a CD instrument incladaonochromatoto <lecta specific wavelength of
light for measurementa photo elastianodulator (PEM)to convertlinearly polarized light into
circularly polarized lightto alternaé between left and right circular polarizatiomnd a
photomultiplierdetector (PMT}Yo measurehe difference in light absorption for both polarizations.
CD instruments require frequent calibration to ensure accurate measureifentstandard
calibration method uses (+) -bamphorsulfonic acid (CSA), which has wellaracterized CD
bands at 192.5 nm and 290.5 n@ther calibration approaches involve measuring oxyfges
optical rotatory dispersion (ORD) standards or using reference samples such as quartz plates
Variations in temperature, humidity, and optical alignment can introduce errors, so periodic
recalibration is necessargample concentration should be optimized to avoid saturation effects in
the detector. Typically, 0:1.0 mg/mL concentrations are used for protein and DNA samples.
Cuvette path lengths range from 0.01 mm (for UV studies) to 10 mm (for visible spectra)
Aggregation, bubbles, or particulate matter can introduce artif@@sspectra are highly sensitive
to temperature variations, requigithermostatted sample holders. Common setups include Peltier

temperature controllers for stability during kinetic and denaturation studies
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Chapter3: Solvothermal synthesis of amine intercalated Fe and Co
chalcogenides and polaferromagnetic breaking the crystal

symmetry

The workdescribedwithin this chapter was mainly published@hemistry of Materials
2021,33 (13), 49364947. Brandon C. Wilfong, Daniel HhickeXoung, James M. Rondienlli,
Peter Y. Zavalij and Efrain E. Rodriguez were the contributing authors of the manuscript. H.Z.
synthesized the samples, collected and analyzed the powder XRD data. B.W. and H.Z. performed
the MPMS measurements. D.H.Y and J.MdRlculatedthe electronic structure. P.Z. performed

single crystal diffractiorxperiment@and solvedhecrystal structure.

3. Introduction
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Figure 3.1: Tetrahedral transition metal chalcogenides (TTMCs), which are composed of alstetge MChy
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unit cell

tetrahedra wher€h = S, Se, or Te anil = Fe, Co, Ni, or Cu. The metal sublattice is a perfectly square one, which

results in a tetragonal cell.
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Figure3.2 The powder XRD patterns of ground polycrystalline [@¥{](CoS)2 - encollected at room temperature. Le
Bail fit of the [Cogn)s](CoS)2 - en structure in the orthorhombic space groRpe2:. Tick marks represent the

corresponding phase.
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Figure 3.3: The synchrotrorXRD patterns of polycrystalline [Cef)s](CoS)z - en collected at Beamline 1D-B in
Advanced Photon Source, Argonne National Laboratory. Le Bail fit of theefB{{CoS)2 - en structure in the
orthorhombic space groupca2:. Tick marks represent the corresponding phase. Asterisk denotes diffraction peak

attributed to Kapton tube used in holding the polycrystalline sample.
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Figure3.4: The powder XRD patterns of ground polycrystalline samples of the solvotheprgtisred products under
different reaction conditions (temperature, sulfur source). Patterns were collected at room temperature. The yellow curve
at bottom represents the calculated powder XRD patterns of cube tBmugh CrystalDiffract™, indicating that the

product of the solvothermal synthesis at 200C is more likely to beS€instead of the title compound. The selenide
analog of the former compound was also reported by Zhoet>4l, in a thermal transformation from tetragonal CoSe

from below 1B€ to 200€C .[86]

39



Relative intensity (arb. units)
L
L

(&1
(=]
(&4}
[*]
(=]
n
(&}
w
=1
(]
(5]
IS
=]
IS
o
(5.
S
(5]
(&1}
D
=1
[o2]
(5]
~
o

Figure 35: The powder XRD patterns collected at room temperature of ground polycrystalline sample of the
solvothermally prepared product for different number of days. Thiourea was used as the sulfur source and the reaction
was carried out at 140€C. The yellow curaébottom represents the calculated powder XRD patterns cficidCoS)2

- enfrom CrystalDiffract™.

322 Diffraction study

PowderrayX di ffraction (PXRD) powder p-ayerns we
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323Magneti c

Tabd.q8i:ngl e -rawysdiafl f rXac tehlo@le hafdE® )§] dbrl

Structure [Co(ens]Clz- en [Co(ens]Cl2
Space group C2/c Pbca
Empiricalformula Ci15.91Hs56Cl4C02N14 C16H24CI2CoNs
al A 33.4529(14) 8.1835(7)
b/ A 8.7631(4) 17.1315(15)
o A 23.7869(10) 20.4500(18)
e 90 90
b/ ° 100.36817) 90
a° 90 90
Crystal system monoclinic orthorhombic
Volume( 2) 6859.3(5) 2867.0(4)
z 8 8
Calculated density (gerr) 1.362 1.437
Mo KU A 0.71073 0.71073
2drange/l® 3.482 to 54.998 3.984 to 59.994
Crystal size/ mrh 0.31 x0.30 x0.09 0.28 x0.14 x0.10
No. reflections collected 47592 43289
No. independent reflections 7890 4182
F (000) 2972.0 1304.0

Final R indexes [l 20(1)]

Ri = 0.0367wR = 0.0891

Ri=0.0228wR> = 0.0531

Final R indexes [all data]

Ri = 0.0477wR. = 0.0938

Ri= 0.0314wR: = 0.0557

Temperature/K

120(2)

150(2)

conducted

measur ements

temperature

and field

[ Co(

dependent

with a Quantum Design Magnetic Propert-y Measur

recovered polycrystalline samplesainolaageldrcapgilh

straw. The magneti zati on offi ¢lhdel ismagnp( 2F @asf t @ n

and then heatioongeflr ¢mC)L. 8t Kt o0 WO

to 1.8 K upon

smal | field of 100 OBbBsdtoherrhael FrCa gmeeatsiuzraetmeonnt . me

conducted on the same instrument at BH=se#rves of

T. Magneti zati on was converted to molar magneti
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magnetons) per Co atom using the derived struct
Xray diffraction experi ments.

324Resi stivity measurements

El ectrical resi stance measurements were perfor.
Measurement Sy3tem EPPRNMSedowelrleadt podfycay st allin
polycrystalline samples wer e fcodndi gpxieasls esdt rienstso. &
pel |l et of uni form density, we dynamically pumpe

performed temperature dependent-prroebse stt anltrei gneea s
attaching gold witewibhteittierppassated PbEeEl presse
2 mm X 2 mm x 0.5 mm. Once in the PPMS, t he s amj
to 300 K upon applying a current of 0.1 mA. No r
325Fi psti nci ples calcul ations

Cal cul ations were performed using density func«
Vi emabaisniimuloat i on pla2@Rdaece n@VASH) anewave basi s se¢
cutoff of 60@BueBMrenZIbehbBPér (EBEy ebathangéuncti onal
solids [ZPB&EsSoULU¥yred along-awigment ad waoveemedhod t
separation of t he dloZGEhemd! vallems ewed @ecérohsdec
calcul ati ons, but al | Co and S atoms as well a
positions as determined by XRD. Tlhcee nBireirlel do umens hz c
and Gaussian smkaeVhg EWwWedt hootfatdi.c doping si mu
modi fying the number of el ectrons in the simul e

compensating background charge.
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3.RBesul ts
3. ry¥ystal structure.

Unli ke most of the ihtetbael atetdeTTM@Dpo(adgdoEs.
tetragonal space group. The underl ying subl attdi
cont afioml ch a&lxi s and Péd mm tdahimin2, @ ¥B eicra uesiet tehre i nt er c
ofemol ecul es whs:pbi nomsgaimefyolyd | $ ¥y mmettrhy, 4we i nit
the structure Anmmaspbacer ghoupombic62) wi-th | atti
tetragonal ce3.(&=sBowwe iBn 6Pi Aoré@m A, Bamdypn = 90 °
addition to observing the orthorhombic distorti
indexed by the small <cell . I n the precession i me
data @EHiguwre t hdee superstructure refleations to

3a, b b, 4xcnedl We note that t he s ucpierrcsltieiggiuér @r & | ref

sever al orders of magnitude weaker 3t)lfamf tthhee mai
psetw@&dr agonal3.ciehlelr e(fFoirgeur ewshi | e we were able to
orthorhombic cell tod3.t2)e3 M¢RWopadtdt aons h@Wiegbreesn

structure with PXRD.

We solved the ®by@mtpocestguctpr e@oi n60) for t he
guadr uplbanxg so f( iRfhndsrert t9 magce gr oumpg lniode 621)arce utse st
i ntcegld de. The residPabcnhowmvehe waklut olo/n Wh.gh wi
We therefore al leomwoelde ctunlee si nttoe rfcuarltahteerd or der i n t
of the intercalated molecules breaks the center
ma x i mails onnoonr p lgir @ uPPacmomdve f ouoent hes pamed pdace
group No 32). We t hRaaamndl terd st hee dutRrewd Sttt dhree %iers i d

Not ePtzhsawti t c Rr@asldd hes PhroirPeaars t he parent structur
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The stoichiometry eof (Cie®) cloumpofumrd tflse [ ICoOLt of
we wi || abbr evloal S oiltvedndme Ptodd at hepasdc€oPt aue of
is shown 8 nDéetgulkrse 8f the structuraly saspeti ment
are i8l.Tabhe crystallographic information file (
in the SlI. The sstredctabhradraonfhiast s hafreCa®!|l t heir
For every tls2 ioS hien cehtomphexeaedmmooreulCeée There

are 4 for mudjgd (LCmidt)pserofuniCo (cel |

Figure3.6: Precession images of single crystaby diffraction. (top) Reflections in th&0-plane indexed by a
pseudetetragonal cell encircled in green. Reflections are brighter than the satellite reflections encircled in blue by three
orders of magnitude. The four satellite reflections in blue a#drigdicate a cell quadrupled in thedaection with
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respect to the pseudetragonal cell. (bottom) Reflections in thid-plane. The satellite reflections in tbe-direction
indicate a tripled cell with respect to the psetetoagonal cell.

We argue thate)tihse dciovnaplleenst (boa(sed on two obser ve
calculations give a value cl|l osd& tbhondwaifsemantchks
given B2, Tabieh we input intol2Becbodd wvhéepetl
crystals that we -OoeSc ocvoenrteadi na loonnlgy wdiitvhaleemnt Co. O
stoichi omethf glamd fIC® ( ot her has monoclinic sy mn
[ Cop] GénThe [f£&deen crystals are highly air sensi
to the compound that Kovnir et al. found when at
et hyl endimTahnrei nRRXRD results for a range of synth
Fi gwBr-84s5 For the rest of this manue)ywiitpht ,t hvee de

i mplicati'othatod. a Co

The polar nature of the crystal structure can
t o ctalké s, making the polar axis diregadmpladx gned
breaks this mirror symmetry by preferentially or
As a measure of this pejpaomplyex tihe &mo wte nQ.el 35 (nt
one CoS layer th®n thkewémmet etBlrtgehetBey are ori
a fashion so that they are closer to oreen | ayer o
mol ecul e, however, i semalred wyl edsi sogrCddlHe The CH
mot i ft eodr iienn one of two di reamrotliecrnud .e sCladsoeptt @ n&4 oY%
and 16 % the other. We repredgBentl ntlkeestti wgl gri e
group closest to the CoS layer is fully ordered.
I n spaé®e2agrtohuepr e i s only aonandVyichkefdnlppssymoatr
this site is the identity operation. Therefore,

Laue gPoaipmn®€C ), which places this stifu@tOure i n
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Figure3.7: Full precession images of the hidhd Okiplanes from single crystal diffraction.
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The single crystal exhibits a racemic mixture f

45 %. The twinning is associat eddiwiédcdt itchre. clhmoi ct
words, in onepdommbhectthesCafe closer to the | o
ot her domai n, to the upper | ayer. This preferen
ferroic materi al and i s usually associated wit
temperature, wletthaerc, mognettira, ne Upon field cool
popul ated over the other. I n this case, i kel y ¢
to be slightly favored over the other.

ot v
2575A 2575

& \—_\ p )_
e 7~ Yam

32.410A 2410 A
L . -

Figure38: Thetwo N—H ...S hydr ogen bonds t hat-Cofl fomeinghaicrpstal strubtwee. @)o |l ar i ty o
View along the [010] zone axis, where the two closest hydrogen bonds to the sulfide layer fromehe]fCegmplex

occur through two N-H groups above and below the complex. By choosing one closer hydrogen bond over the other,

the structure breaks inversion symmetry. (b) View along the [100] zone axis demonstrates how the hydrogen bonds lead

to a bending of th€oS layers along a directionnadlel to the [001] axis.

Remar kablegpmalhecuGoe(s order bet ween the CoS gal

arrange i-hexagpsalbdocell a3.9sfbwen panankeitgeurrse f C
pseudohexagonal cell show the degmorécohesfl it kel
pack in such a manner to-tkeéragmmahscreadti e oWwi thet!
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compl exes can haveDspbinotgcoopi dgmmegryhe et hyl
most efficient maamoéectubepacklfotlbde haGuoets tphaaiarl | 3 |
axi s BHBgumes arrangement has the triangul ar f ac

symmetry of t heDsc otnhpel eoxveesr amaly cbhrey Bstf{ @lr @BQi) ntduey hm

reasons discussed | ater.
Tab82 Relevant bA)ndanddi sh afid e morg | eizhceo mP o € x i n
[ Co)] G&H:2NThe bond angles correspond to the bite
Co ceéntoer | abels can be found in Figure S9.
Co—N1 2.16(4)
Co— N4 2.16(2)
Co—N5 2.26(2)
Co—N8 2.21(4)
Co— N9 2.19(2)
Co—N12 2.10(3)
N1— Co— N4 78.6(11)
N5 — Co— N8 79.4(10)
N9 — Co— N12 81.0(6)

Figure3.9: Single crystal structure of eBoS viewed down the-axis. The Ca€n)s complexes are arranged so that the

trigonal faces of the octahedra are parallel to the CoS layers shown in grey background. Both enantiomers are found in a
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single layer, and they pack in a way to form a pseuglagonal cell. The hydrogen atoms of émemolecules are not
shown for clarityThe white lines indicate the orthorhombic lattice of@GrS whereas the blue lines a psehézagonal

cell for the packing of the Cef)s octahedra.

3. Maggneti sm

FigBr&Opresents the temperature dependent mol ar
efCoS from3Q08KK The system displays <c¢lear par
temperature region above 50 K wuntil arveeurmge 43 K
from paramagnetic behavior, which is indicative
3.4d40shows this transition region where the mol ar
K and tFiCe bZF@Qr cation ioceedeeseasesheThempegster.i

ZFE€EC bifurcation below the transition temperatu

were able to reproduce the 43 K transCda.$on in se
0.02 0.021 —— 2K
o] o
S 001 2
el s
5 5
g 0.00 ‘g’
g g
= =
§ -0.01 E
-0.02 -0.02 -
-I5 0 5 -6.2 -6A1 010 Oj1 O:Z
Magnetic Field (T) Magnetic Field (T)

Figure 3.10: Field dependent magnetic measurements of a polycrystallir@o8nsample. (a) Field dependent
magnetization from7 T to 7 T at a range of temperatures above and below the ferromagnetic transition. (b) Azoomed

in region at low applied field of the fieltependent magnetization showing the soft ferromagnetic behavior.
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Fi g3rleOshows the inverse mol ar-Wemagseltaw fsiutscapp
from 430000 KK i n the paramagnetMec ssedionpaTlhemeexerrs
the fojlwhwicingaccounts for parasitic Paul.i par am
the Curi@ @omdsttare® TWeeisrs Viaileueds ar3e HiOndhed &€drii @ |
t empeMeotfur4de3 K appears O0tfThhebeositghel wabelkowf th
expected for efrarcrtonbigsetdihmasienot o k80y %comes from

i nterplanar exchange interactions being weaker t

[=)]
[w]

Resistivity (mQ - cm)
Y
o

Resistivity (mQ - cm)

0 100 300

Figure3.11: Temperature dependent resistivity of a pressed pelleti@casered polycrystalline eBoS samples
at zero applied field. The resistivity vs. temperature curve (blue) shows metallic behavior with a deviation from linearity
around the 43 K Curie tempéuge emphasized in the inset by plotting the slope of the resistance vs. temperature curve

(orange) indicating a discontinuity concomitant with the Curie temperature.

From the extracted Curie constant, we cal cul at
system assuming the Co ate)nrso mpn etxhees @S all d ywe rc oa
From this approach, we fimwm@oanwkeift¢kbctsvei qnmént
than in th&feel atheld33]&@Te Wei ss constant i's posi

indicating predominantly ferromagnetic fluctuat|
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justification for the assignment of ferromagnet
calculated the effective momepnpdomplsaxni aign tt rhialh u toe

such a case, we extrawlCoanwhithctl oeehgmawyt eos &

resultspdochabeadral coordination.

| sot her mal magnet i3z0&thioom ad unrovset's niofc, hRyiskt ivecrlge siiss b
to be expected in a soft ferromagnet. The 2 K an
field. I nteresti nAlglkye tar ammestiatnmaognn eitsi cf osutnedp i n t he

the external fieldhafpgesi satepdesi hgkelrgpgpbdugnment
moments at hi gher applied fields. A probe of ma
di ffraction would be needede)sop edcii setsi mgnudi sthh et hGeo S
At 2 K, the magneti c mo meagiCo ,a pawphriocahc h ess vseatyu rsartail d
smal | moment and magneti zati on [1s3T huea aits cotnh esramgs sah
50 K, 100 K, and 300 K show paramagneti c behavi
42 K.

3. El2ctrical transport

Fi gl3ir®hows t he-dtegpmmareantturmre si st i virteyc ofvoerr ead perne s

CoS. Although we were able to grow single cryst
able to isolate one suitable foetsrafhspolycmgasta
efCoS exhibit metallic, ' inear resistivity as a

up to 300 K. We did not apply an external magnet
There is a clear change in |inear behavior ar ol
Fi g8rellnset) by plotting the slope of the resist
this derivative, a cl ear di scontinuity is shown

from |Ilinear behavior to a powemalawe THhe dlmamqe
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change in scattering processes below the ferrom
Fermi surface.

The rel at ed JhlaMQ@s CofSeK@dhases al so exhibit met é
the fill-omlyi todl sCoatd the Fer mi | evedCg&£Panddevi at i o
CoSe gfhHal3@@oncomitant with their respective ferrc
t he Xepd a'&eh,i s deviation was much more dramatic a
magnetic moment s. WeC 0aSr ei su naslusrop ra srmaalt - Bhsagt d necne  m
TTMCs are metallic due to partial byl mboegl gf Cbhe

dst at es .

150
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-100
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150~ : .

- -2 -1 0 1 2
energy (eV)

Figure3.12: Electronic density of states (DOS) for (a) model high symmetry structurdPwithsymmetry and (b)

experimental low symmetry structure wiltaz symmetry. Co* denotes the intercalate Co atoms.

3. El4ectronic structure
First principllCosSosnifmulmtiitosn smeafaldn ¢ ferr omagne

a calcul ated magn@iCibc We mermtmpoted. mol ti pl e AFN
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comparison but found that each was at | east 0.5
competitive with the FM phase. We computed the
exper iPweas2t auct ure as welRbamdéehesthri ght)lsy ehmé Er g ur
both cases, we find that thedbFaenrdmi cloenvfeilr niianlgl st |
partially filled Co statesS.fdOosxsdexmetnédi tocoa

mechani sm deeowmplhedcfti @m tmechani sm, we emphasi z

l evel is nearly identical bet ween the centrosymr
a modest redistribution of intercalateg&€® state:c
in FM coupling strength between the CoS | ayers ¢

We observe that the interspiateo@Gbi gurasi appeal

by both the DOS and as/Coal Holwetved , momentc ad fc u2 .at 2 c

t heehi gands, which would i mpact the orbital fill:@

3.4 scussion

3. HdyHdrogen bonding

I ntercal ated met al chal cogenides typically ado
the intercal ate. Most guest species are single
interaction with the host cpatctireactiisoreidrhea weal
force. The t-Ca$ei £«omproal nidn ethhat the intercal ates

The orderielpgoomipl texesCm@ot only breaks the tetrago

(Fi uy ebute alnyertsh on symmetry between | ayers. T
a factoax b3fdue (danhesorderg. What interamagleecul ar
order of the complexes between the CoS | ayers? (

of this paepcompdl)lexXde €mdage in hydr dgreinomondi ng
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in the CoS | ae@ppcomphedesgy)mtedaaeCCqg( chir al and pre

with CoS | ayers to break inversion symmetry.
Our group has found evidence that amine inter
stabilized by the f[6#®HRhlh e eomonovfe nhtyi dornohgyednr obgoerthdase.a k

bond can occur when a—Hs tarnediHgNi do npoari r®udc hwi ad @

accelpiop2r ThE3weak acceptor is typically man atom
bond. An example of a species of?%a omodSer.atlen eolregce
structures, for examptHe,: - 8hE< airs amgednent haofac:i

crystall og3Pa mhimplset ledkiaemsp.l e i s the polymeric str
infi#aHte 81=C intermolecular chains. I ncidentally
l eads to f[34o0electricity.

We use the empirical rule that the interatomic
be shorter than the sum of the..vggnodeiSeWaallTdhimrsad
|l eads to an H---S distance | ess than 3.e0t0 A (anc
alon-bkbnding provides a histogram of typical di st
S=C and S< ac[iépl deetnicdrios et 2 e8 . A as tohfefi.r Fiarns td,er
N—H donors are roughly f—4H edotnionmmess. niohries cpoonmotns tthc
being more effective donors for sulfur than hydr

sul furtastimpoconsider since the polarity of th

carbon influences distances. For thioketone acce
A wi+H dNonors. For thioether aomcepti mrcy e(@ad<e)s, thow
A. Clearly, how much negative charge | ies on sul

accept hydGooyy,e -8 elbn€oedn must be sufficieHdtly pol a

gr oupsethoifgadrcds.
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The classic Werppférs &komwnex o[l pafti ci pate in hydi
been exploited [LbBl&rmaCafSysit her éleenSl ynteratomic
Coe(pcompl ex qualify as hydroeodlen -Isondds.t ahicesf alle
Table 3. We chose to set the cutoff to be 2.8 A \
hydrogen bonds of moder ate stersemgteh .H-TheS t=wo2.idni]
and 2.575(18) Whémabiew8dxdewnt hbhee[ O®wB] hydr ogen
are wel/l aligned with a row @fdpBulThedeotamémonbydr

bonds are in tbe2r&@8gd,oand. W8 Ao not consider t

formation of the polar space group. A double wel
Coe(rcompl ex within the | ayers, whi ch means that
|l ayer to be closer to. I n such a case, the equi

|l ayers but rather closer to mnEi3J.@ly3etrhi sv ebrr otkleen
symmetry |l eads to one hyld&® gl novwern dtHbee i adStghbesrh.d r Tt he
angl es | i33t ead ei mal Baoblien | i ne with the mean bond a

mol ecules with 142(2)° for [18bP0ethers and 157(1)

22575A  2575R

. 7 )’_

el L
12410 A 2410 Al
.

Figure3.13 ThetwoN—H ..S hydrogen bonds t hatCo$feomsingemcrystal stiudtuee. @o | ar i ty

View along the [010] zone axis, where the two closest hydrogen bonds to the sulfide layer fromethe]fCogmplex
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occur through two N-H groups above and below the complex. By choosing one closer hydrogen bond over the other,
the structure breaks inversion symmetry. (b) View along the [100] zone axis demonstrates how the hydrogen bonds lead

to a bending of the CoS lagealong a direction parallel to the [001] axis.

The d@&meleecul e also participates in hydrogen bol

2.659(11) A. This short diesmmalneculoae.cuFlse fmtrh ern ee

fremol ecule is disordered, and the H---S distanc
the disordeemnd|l end!|l e§ theengage in hydrogen bo
mol ecules is Ilikely influenced by intermolecul &

interactions of the dénmnmdlrecalben batkbasebi ghnthe
solvent of c¢crystallization.

Tab33%Hydrogen bonrm) dnsdt eéoredids fatrg letahceo mPod € x i n
[ Co)] G&:2MONly hydrogen bonds that are at |l east 9

radi.i of H and S are included. Atom | abels can ¢k

H8 —S2 2.410(10)
H1— S10 2.57510)
H12—S7 2.65911)
H4—S1 2.72511)
H9 — S6 2.75310)
H5 —S11 2.79310)

" N8 — H8D%20 149.11

" N1—H10%10 142.47

3.2Ro0l e odmimed ad ompl e x

The solvothermal synthesis in chelating amines
of hybrid material s. I n particul ar, transition n
and 15 chalcogeni des t her owogrhk tphf3-BB]@nyshcfHBadit i ¢ st r
l14Bas demonstrated how such coordination compl e

i norganic semiconductors. RecendhdycomRmplvenx es et
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can intercal ate ealmohegcuwietsh inneut aglkred i ron S
supercofidl@act or s.

The classic Weeppfdrs cdhmpladx [w®d((ch arises from t
chel attiigg@gand. We note that our complexes are sli
ours cont aid)s whiewealaesntt h®ose( studi @¥d. bFh@Wecoep!| war
i s eithelrantdleedn antgihd mer-h a md/eadnhat il emer . Neverthel
structure remai npoparaci aced botmotenamiti @almer s ar «
The orientationCHf btalcek beotntey [l eeraed s( GH st er eoi sonm
Since ethtem@pd(exes are ordered in the | ayers, we
of the four compl exes 3dbisthioiwes ,t heh euntiwto ceelaln.t | snel
nei ghbors and are reaefjlhted plobara.cOBn equ darytnisyh,an
equal mi x-handedfhaannddgehde fetnant i omers within each i
The point group eaj)yaoameglre XD:difust era@zth A@&d (s | oweri ng
symmetry fAoarnlemtamtt mener s ari ses fadmimgame rciomdor
Since they are not pl amamdiera crhiagrdd@din dc awmh ibceh e i t
|l abel we apply depends omdenlaetéometri dmesr t weor i ax
C—C bond is sarxdlsl elf ttchet mect ahedr al compl ex and
(Fi gujld This @giheedfadbreltthheenobA X guet hengwangar al | e
The e@acompl ex€aSiar € AMdRan/sX dadse | abel 8d.15WhiFli gur e
the | owdAArxamMda@iysomers woul d hav ®ssryentneeitmmeyd tthe

change ofemoinreg ocfonfhoer matCeyammigbWeércs it to be

3.3%0l ar met al s

A ferroelectric materi al exhibits spontaneous

transitiofldés&Rrfud B thteurmeo.r e, one should expect to
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through the application of an external el ectric
applications including sensing and memory stor a:f

ferromagnets, ferroel afltdild]Nhaand uathh el faernn gi ener

context of a metallic conductor, however, i's st
against use of the term ferroelectric metal i n
VST 15Wi]Jt hout a measurable change in polarizatio
temperature, the concept of ferroelectricity may

with the continuing debate on mehattheri tf @ rsr aglpaa:

pol ar metals themselves are promising quantum me

Qc

H
@c1
@co
[~

Figure3.14:Crystal structure of [Cef)s|Clz. The divalent complex crystallizes in yellow needles with chloride anions.

This is the side product to the main phase, the title compounéfGi¢CoS)2 - en

We place ourCofS ndni ndhse cwrmnenext of known pol ar me
in the field of polar metals have f.ocAlstehdo uogrh t r
many groups first focused on el ectron doping

BaTai[1081 5t hey were not able to conclusively &esta
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behind the si milOdann eodu smeabaddrivwatcionducti vity and
2013, with ®the alérdk ttcnfe $RiIrroics community find
ferroel ectati.capmeetpaalr.e dS htd tr ® lulg ikpcr elsis@ugy @@ met hod, a
cooling it bel ow 140 -&Krderhepyh ausnec dRored ®®3.i tai osne cforn
Subsequent gr olucpast ircempiogdad eéehratt raansifteirorno erlaetchterri ct
di spl acement drives thel[lB]rlLeiaK ipads.iotf tihnavte ras i doonu bsl
potenti al exi sts zfldrantdhebeliowsiltded iKn Lih@s Gystem
symmetry by falling into one of the two mini ma.

describe theAdoramBAtd@®niaon | @fmek sel mf t @afocSa s & heef en

doubl e well could be caused by hydrogen bonding
Li O4106]5
A—OAA ‘
N7 A
N = N
o =4 ')
Co

\\\\\ //,’ ’ J

N A N .
N 7
N

N
"’//n' aw \ 0

77 vl aoes A

b ANEY

Figure3.15: The chiral [Coén)s]?>* complexesn enCoS.The t wo enanti omer s, A and A, have
for the ethylene backbone. They are found within the same gallery between the CoS layers. Hydrogen atoms of the en

molecule are not shown for clarity.

The pol ar met al t haCtoSmaywolwvevyerl asdggtaWVet iemnn n
di chal cogadogés Whe pol aPmhfsphacdogboepgnoup3l)
called 1T" structure. Note that this polar orthc

mn2 R c2y whi ch we find for our compounda2oi s Unli ke
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not a semiconductor but a Weyl Sapipneeatrasl .t oL ilkes |
pl ausi ble example of a ferroelectric met al sinc
an el ect reitcfaflrisetl ddenroenistrated th3SBawdtShabmaity

et s@dlon demonstrated the sHdMiéd ehrfopots eidn mewlhla ns ismg

polarity is also a doubl e well apgetensi ap, wivhhche
one another-welSlucpotdeomutbhileel s may be a gener al wa
compounds can break inversion symmetry to become

3.4B8and ferrom&goneti sm i n en

The title compound stands apart from the previ
known ferromagnet. The effective moment size ind
moments in the CoS | ayer s.t oNoanivnadldehrngc, ¢ keafc 82 €o0e ck
either tenhrahed€ab | adjienr st hogs? joconalheexdasa.l The tetr
Co centelS=wdu2df e either |l ow spin or high spin
octahedrxals,caonpel eval ue for spin would also be 3/
[ Co)]?>*and would | ead to ams eflffeavtei teakmomertto afccd
atoms per forempul( €a8jtihte nofwe] @Gre(asured a tot al eff
M per Co center. Thé& pdKpiltworel dWeii rsadi cfaiteel dt h(at C
ferromagnetically coupled to each other.

Past studi es on cobal't chal cogeni de@GoSal so poli
Gr eenebtl wailtk ed extAeMC e vmp yu mars= wehHeercek r oposi ti ve me
as*olrl*, M= Mn, Fe, Co,CMNiIi § EmMmBSELBEMmdey f o-und | ong
range magneti cbagaercdmpounhdes CGol ong with metall

compounds that are ferromadgastito bhet aled ativedeybl
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K) . For exSaimplea,f dl Cofnragnédab2wiKt whare an anomaly
resistivity just as wédc found in our compound nezeé
Two factors affect tbhaes emdonfelMMCss i ZTehei If itrlsés @ sCa
and the second is electron doping intos+sthe Ferr
KL eSef or X<583 . ép arhaemet er , which control s interl a
substituCenss &8d lcamtdl ye,f ftelca i ve momenA ndaroeg dwianatm
change is seen when anioat slalkist int o thie@meSiss uemp lod y
for x& Bdecreases fromx4d2® &nd o0 ,8126) Wes gooarnt d Ivied g .

from these past studies that t He Si rstheorull ady dre adli st
small effectiVve moment and | ow

Sinckaf€ed TTMCs are band ferromagnets, their Fe
propertiest cRlboobttegd the electronandOfSowrddthe
that the Eertmiavlieervseels (t he v al enchkeabd nfdeldihwerrees i t
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To better understand the effects of electron do
CoS |l ayers (i.e. wi t le ccuotmpil retxeersc) a Ifa txeedd Qoo a thoennsr
from the XRD measurements as a funct3i.drbt e el ec
calcul ated magnetic moment increases as the dop
aboutp®dr 5Ce center, well above tethe oanpp rexxismaitlTdirs
supports thda dbhseerCwat@odn ttalkeass | i kekby underfill ed

CoS |l ayers contribute strongly to the observed
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Figure 3.16: Calculated magnetic moment per Co site under electrostatic doping as computed for CoS layers (no

intercalated Co sites). The dashed line indicates approximate doping of the CoS layersna]{CoS)>.
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We hypothesize that coorMlj nathieor nhdmewlee xaeose o f

ami-maesed UL i gaomnndsd be combined with either | ayere
hybrid material s. I n this paper weae bbboséenometaf
studies one could also introduce other mul ti de
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Figure3.17: The powder XRD patterns of ground polycrystalline samples of the solvothepregtigred products with
two different chalcogen sources. Patterns were collected at room temperature.
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superconductor, the amount electron doping that
et o OpRN k6 & ¢MGledfl.Nn t he title comppendCoweentctar e
in electron doping. Second, the transition tempe
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Chapterd: Chiral amine intercalations into TMDs

4.1 Introduction

In the previous chaptewe showed that inserting racemic mixtures of chiral Co(er? compl exes
into layered hosts can yield polar but radriral metallic structures, where inversion symmetry is
broken but overal/l chiral i tgn depdntomese78)fThisdue t o t
raises a compelling question: What if one could intercalate an enantiopure chiral molecule rather

than a racemate? Would such a structure realize a true chiral crysfakthartould this promote

chiral or topologically nontrivial electronic statesd even lead to some intriguing quantum

properties such abkechiral superconducting pairing symmetry

Superconductivity arises from the formation of bound electronp&ixsoper pairs-that condense

into a macroscopic quantum state with leagge phase coherence. In most conventional
superconductors, such as elemental metals, the pairing is mediated bygand exhibits-wave

symmetry, where the superconducting gap is isotropic across the Fermi surface. However, in many
layered oistronglycorrelatednaterials, the pairing mechanism can deviate from this picture, giving

rise to unconventional pairing synetries such as-wave or dwave, where the superconducting

gap exhibits anisotropy or even nodes in momentum EpgdeThese unconventional states often
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break additional symmetries, including tireversal or rotational symmetry, and are of great
interest due to their potential to haogpologically nontrivialelectronic states

The symmetry of the pairing function is intimately tied to the symmetry of the underlying crystal
lattice. In particular, the absence of inversion symmetry inagorosymmetric superconductors
can lead to mixing of spiainglet and sphtriplet componers, resulting in complex gap structures
and new emergent phenomdn85] This has motivated a growing effort to explore whether
structural modificationsespecially those involving chiral or polar ordean influence the nature

of superconductivity in layed materials.In particular, theoretical work has shown that
conventional svave superconductors, when interfaced with topological insulators or non
centrosymmetric systems with strong sfirbit coupling, can support effectiveimave pairing and
even host Majorana bound statgs31-183

A particularly intriguing manifestation of unconventional superconductivity is the breaking of
time-reversal symmetry (TRSB). In TRSB superconductors, the Cooper pair wavefunction acquires
a complex phase, such as jfripy state whichcan result irspontaneous currents, internal magnetic
fields, and topologically nontrivial excitatiof$84-187] These complex order parameters typically
arise in systems with multicomponent representations of the crystagpount andare favored in
lattices with reduced symmetnparticularly those lacking inversion or mirror symmett$0,
1861995

Experimental signatures of TRSB include the emergence of-lia@soconductance peaks,
anomalous Josephson effects, spontaneous magnetization, or didegt@rent critical currents.

In recent years, TRSB has been observed or suggested in several eamditdaials, including

Sr > RuOy, , UPt 3, UTe, , and mxA(BEDTeTelcFe) i tAAuyithl CdSr) gani ¢
chiral structure$194] These observations raise the possibility that structural chirality could
influence the symmetry of the pairing state in ways that favor-teéwersal symmetry breaking

when introduced into a superconducting system
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An additional mechanism by which molecular chirality may influence superconductivity is through
the chiralinduced spin selectivity (CISS) effect. CISS describes the phenomenon whereby chiral
molecules preferentially transmit electrons of a given spimtaii®n, generating spipolarized
currents without requiring magnetic fields or ferromagnetic matgttz#s189192) This effect is
attributed to the interplay between the chiral geometry ofrtbkecule and sp#orbit couplingof

the host structureleading to spirdependent transport even in honmagnetic, ro@mperature
systems.

Importantly, recent studies have extended the relevance of CISS intoststdid and
superconducting systems. For example, Bian et al. demonstrated that chiral amine intercalation into
|l ayered MoS, induces st r ong Nakgjimaretap epoded spmat i on i
polarized Cooper pairs in an organic chiral superconductor, implying that-ré€l&&d
mechanisms may couple directly to the superconducting condgraté4]. These findings
suggest that chirality may not only break spatjshmetries bualso influence the spin structure of

the pairing state, potentially favoring unconventiaal RSB superconductivity.

In light of these developmentaie exploredthe intercalatiorof a series of am@molecules—
including ethylenediamine ef), racemic methylbenzylamine (raMBA), (S)o-
methylbenzylamine ®1BA), and (R}a-methylbenzylamine (RBA)—into the layered
transition metal dichalcogenide 2H a S &hese amines offer progression from achiral to
enantiopure chiral molecular structures, allowing us to systematically probe the role of molecular
symmetry.Upon intercalation, we observe clear superconducting transitions in DC magnetic
susceptibility measurements, indicating th#te chiral compounds retain or induce
superconductivity. These results establish a foundation forefuirtliestigatinghow molecular
chirality, steric effects, and symmetry breaking may influence the superconducting state in such

hybrid layered materials.
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4.2 Experimental

4.2.1Sample Synthesis.

Polycrystalline powder TaSevas first synthesized as the host structunaterial We mixed
tantalum(Alfa Aesar, 99.5%pandselenium powdefAlfa Aesar, 99.5%])n 1:2 molar r&io with a
total mass of ~2 grarin a quartz ampoulevhich was lateevacuatednd sealed witl hydrogen
torch fame The sealed ampule was heated up to 70&here it stayed for 1 hour, and then the
temperature was increased to 900for 5 days.The mixture was afterwards furnaceoled to
room temperature. To improve homogeneity ofgheduct the resulting powders were ground in

an agate mortar and reheated at 90@r another 5 days.

Through the solvothermal reaati®, we performecdhe intercalation of the selected amines into the
layeredTMD hostshby using the respective amines as the solvétitthe amines were purchased

from SigmaAldrich.

en TaSe. For the typical preparationof the compound ~2 mmol of TaSe powders from the
previous process wemispendeih 20 mL of ethylenediaming€99.0%)in a 47mL Teflon cup.
The Teflon cup was then sealedaigonfilled glove boxto ensure the reaction system wasled
in an oxygerreeatmosphereThe sealed Teflon cup was packed within a stainlessasitmllave
and heated &0 to120 for 2-3 days. Thawutoclavewvas aircooled to room temperature after
the heating procesand the solid product inside the Teflon cup wasshedwith ethanoland
decanted. If the powders were still suspended in the solvent, theentvéugel to better isolate
the product The resulting sampleserethen collected, vacuum dried and stored in asfjjted

glovebox for further characterization.
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RMBA-TaSe. Similar preparations as described above by suspendiagnmol of the TaSe
powdersin 20 mL of R(+)-methylbenzylaming€98.0%)liquid in a 47mL Teflon cup. However,
~0.05 to ~0.1 mL of ethylenediamimesre addednto the mixture. The difference of the reaction
with and without thiselatively smallamount of ethylenediamine whle discussetater in the next
section.The Teflon cup was seal@udl inert environment within atainlesssteelautoclave, which
was then heated to 120 and kept there for 2 to 3 days. After d@mpletion of the solvothermal
reactions, the autoclave was cooled down to room temperature in air and tbetantre

recovered and washed with ethanol.

SMBA-TaSe2 and racemidBA-TaSe2. Thesynthesisprocedure for SMBA or racemic
intercalated wasdentical to that described above for RMBPRaSe2, except that ac e mi ¢ a
methylbenzylamin€98.0%)or (S)(-)-methylbenzylaming€98.0%)was used in place of (R})-

methylbenzylamine.

4 .2 .2Diffraction studies

Powder xray diffraction (XRD) patterns wellected using a Bruker D8 AdvancerXy
diffractometersuppliedwith Cu K, radiation 6= 1.5418 2 6 =). Wetypically ugeth °

step size of 0.0208nd scanning time of 0.50 seconds per degree.

Magnetic measurement§Ve preformed temperature and field dependent direct current (DC)
magnetization measurements through a Quantum Design Magnetic Property Measurement System
(MPMS3). The sample powders as mentioned alyeete placed individually in a gel capsule

which was then inserted intoplastic straw holdeiThis process of sample preparati@msalready
beendescribedn Chapter 2Methods A zero fieldcooling (ZFC)measuremenwas conducted

first, where the temperatudecreasefrom 300 K to 1.8 Kunder no appliefleld, andthe samples

were then heated back to 30QuKder asmall, appliedield (100 Oe) Then, the sample is cooled
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back down to base temperature undéeld-cooled (FC) stateln the same instrument, we later
carried out isothermal magnetization measuremagrdsseries of temperature (300 K, 120 K, 20 K
and 2 K) with applied fields betweé¢h= +7 T. Since we still have a full understanding of the
structure of the intercalated samples, we remain applying the molar mass ga@aS&Sewhen
magnetization was converted to molar magnetic susceptibilitynaagheticmoment (in Bohr

magnetons).

4.2.3Resistivity measurements.

We used a Quantum Design Physical Property Measurement System-@PN¢S8 the
electricalresistance measuremernibe size obne single crystdromthepolycrystalline products
does not meet theinimum requirements of the electrical resistance measureraadttherefore
it is achallengeto directly measure the resistivity of one single crystal of the samples. Instead,
electrical resistance of @lfet of the samples was measuretdepowder samplewere first ground
in an agate mortaand were pressed into a roundefet under 2000 psi of uniaxial stresale
dynamically pumped on the die apparatus to form a pel@tder to ensure the uniform density of
the pellet during the procesbhe diameter oftte round pellet was ~ 1 cm and the thickness was
~0.5 mm.Then we mounted the pressed pellet on the cehtespecialized puck with 3 channels.
The fourpoint probetechniquesvere appliedat all the three channels by attaching silver wires
onto the pressed pellet with silver paiM/e conducted temperature dependent resistance

measurements from 1.8 K300 K upon an applied current of 0.1 mA amithout magnetidield.

4.2 ACircular dichroism study.

The circular dichroism measurements were conducted with J&ddbS$pectropolarimeter
~0.1 gram othe asrecovered ground powdengsdispersed into ~20 methanoland the liquid

was sonicated for 20 minutes to form a stable suspension for the measur@inerdslected

70



wavelength of the measurements is from 800 nm down to 20@itima scanning rate of 40 nm

per minute. Bckground wafirst measured with a quartuvetteonly filled with ethanaland then

the liquid is changed to the suspension mentioned above. Nitrogen gas was kept purging in the
chamber where the cuvette was placed to remove dust and moisture which may undermine the

measurements in the far/ range.

4.2.5Thermogravimetric analysis measurements.

We conducted the TGA measurements through €J680mainly to explore the stability
and decomposition process of the intercalated transition aiietallcogenidesAround 10 mg of
theasrecovered samples was placed in a platinum Pla@ temperature was increased from 40

to 800 ataramp of 10 per minute in nitrogeatmosphere

4.3 Resultsand discussion

4.3.1Synthesis andrystalstructures.

The intercalation of ethylenediaminery into layered transition metal dichalcogenides

suchas?2HT aSe, was first reporetaildthérmet hed) aTa@aS4978isn

crystals were sealed together with | iquid ethyle

several weeks, enabling intercalation under the autogenous pressure of the wbicardould be
regarded as a solvothermal reaction. However, our experistemtghatsuch intercalation could
be achieved undenilder conditions. The peahift from~14.8A t o ~ B powdef %ray d
patterns in Figure 2.displaysthat the solvothermal insertion ethylenediamine could be even
carried out at 8 nyRClays.8& GCrid lawer eéhanctte Woilisge poirt bFf
ethylenediamine and therefore the reactisnnot in the narrow senseof the definition, a

solvothermal reaction as we have discussed in Chapter 1.
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Besides TaSetheresearchielevanto enintercalatedNbSe is also widely reported’heseresults
indicate that ethylenediamiig a very effective intercalant for van der Waals layered compounds.
The ease with which ethylenediamine intercalatesTiM®s under mild solvothermal conditions

can be attributed to a combination of favorable molecular and thermodynamic factors. First,
ethylenediaminds a small bidentate molecule with two termirddH>. gr oup s, al |
engage in weak coordination or hydrogen bonding interactions withthe Tabeay er s .  Thi
its affinity for the van der Waals gaps and may lower the energy barrier for intercalation. Second,
ethylenediaminss compact molecular size (~5 A) enables it to penetrate the narrow interlayer space
without requiring significant structural distortion or high thermal activatiime short chain
structure of ethylenediamiradlows the molecule to have multiple conformations, which also lower
the difficulties of intercalation. Typically for Tagethe strong polarity ofethylenediamine
facilitates interactions with local charge distributions, defects, or dipoles present within the host

lattice—especially relevant in materials exhibiting charge density wave behavior

=

H
= ? NH,

CH;
CH;

Figure4.1: Mol ecul ar st r uc t-methgbenzydamineedariativtes: @ef-a-methylloenzylamineR-
MBA) and (right) S-a-methylbenzylamineSMBA).

Compared to ethylenediamine, the intercalatiom-ofiethylbenzylamindMBA), either
racemicor chiral, into TMDshas been less frequently reportadd when successful, typically
requires significantly longer reaction times more forcing conditios Recently,Duan et al.

reported thehiral MBA intercalation into 2HTaS through a synthesis inert N, atmosphere for
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120 hous and into 1TFTaS for even 28 days[196,197 These results suggest that MBA is
considerably more difficult to intercalate into TMDs than ethylenediariinis difference can be
attributed to several structural and chemical facu to itsbenzeneing, MBA is a bulkier and
more rigid molecule compared to ethylenediamine, which imposes constraints on its
conformational adaptability. Unlike the linear and flexible ethylenediamine, which can readily
adopt different conformations to fit within the confineth der Waals gaps, MBA must overcome
greater steric and packing barriers dgtihe intercalationBesides MBA only has a singleNH;
group. ts reduced polarity and limited hydrogen bonding capability may result in weaker
interactions with the host layers, offering less thermodynamic driving force for intercaldimn.
larger size and lower diffusivity of MBA moleculasn also slow the kinetics of interlayer
penetration,which may demandlonger reaction times or more forcing conditions to achieve

complete intercalation.

In our initial batchof solvothermaMBA intercalationexperimentswereactedhe TaSe
polycrystals with RMBA as the solvent neat. Tipewder Xray patterns of the products indicate
thatintercalatiorsucceeddbased on the peak shiftdowever, attempts to reproduce the results in
subsequent batches were unsuccessful. Even though we iddreaseaction time from 3 days to
7 days otincreasd the temperatur'om 120€ to 180€C , the expecteteft shift of the (002) peak
was not observedgain The iner containes of the solvothermalpparatusve applied here were
Teflon cupsin Chapter 1we mentioned that Teflon materials atgundanbf pores, which can
easily absorb molecules in teelvents involvedBefore ouffirst batch of MBA intercalation, the
Teflon cups were used fethylenediamineeactions. Although the Teflon cups were cleaned with
the standardperatingorocedure before the change to the different solvent, the aging of the Teflon
cups would increase tmmberof pores and ethylenediamine coutanainin the inner wall of the
cups.Therefore, the residue of ethylenediamine/mpkay an important role in the intercalation of

MBA.
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To testour hypothesiof ethylene contamination if the first experimente conducted a
series a controlled synthesiErst, aseparate batch of MBA intercalaticeactionsvereconducted
in freshly replaced Teflon vessels that had no prior exposiethytenediamineateliminate the
possibility of ethylenediamine contaminati@nce again, webserved no peak shift the PXRD
patternssuggesting that no intercalation occurred in the absence of residual ethylenedid®ime

wereused the same Teflon cup anténtionallyadded a small amount of ethylenediamine into the

en-TaSe,
—— RMBA-TaSe,, w/ en droplets
{—— SMBA-TaSe,, w/ en droplets
TaSe, -

- F — —n .

Relative intensity (arb. units)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
26(%)

Figure4.2 Powder Xray diffraction (XRD) patterns of pristine TaSe ( bl ack) , -enthegd ealedt eadni hiaSe, (
TaSe. , sygheszednin 2days at@®p and MBA-i nt ercal ated TaSe, samples prepare
ethylenediamine: RMBAT a S e , , 3@agsl att ¥0) and SMBA-T a S e ,, 3 {ayseatl 120). All intercalated

samples exhibit a clear shift of the (001I) reflections to
expansion of the interlayer spacing due to successful molecular insertion. The peak positions ef &dEBMBA-

T a Sae:neaff identical to that of el a S e , , suggesting a similar degree of inte
the presence of ethylenediamine during synthesis. These structural features are consistent with mixed intercalation and

support the role of ethyledmmine as a cintercalant or promoter.
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MBA solution as described in the previous Synthesis sectioterdstingly, under otherwise

identical conditions, a clear peahift reappeared in the resulti®XRD pattern This result

supports the hypothesis thattrace amount o&thylenediaminenay facilitate or promote the

i ntercal ati on dGiven¥hB Aighiintetcalatiofl affiiengy. of ethylenediamine

discussed earlier, the observed promotion effect of trace ethylenediamine on MBA intercalation

l'i kely arises from its ability to transiently n
smal quantities, ethylenediamine may locally expand the interlayer spacing or weaken the van der

Waals interactions betwen Ta Se, | ayer s, thereby reducing the
hinder the insertion of bulkier, less flexible molecules like MBA. In this context, ethylenediamine

may serve as a transient structural opener or intercalation initiator, priminattive for

subsequent incorporation of MBA. This effect is especially relevant given that MBA, on its own,

exhibits limited intercalation under the same conditidfs.conveniencewe still use the term

MBA-TaSe or such to refer to the TMDs reacting winethylbenzylamine in this dissertation,

although the layered structure chalcogenides may bmtexxalated with both MBA and

ethylenediamine.

However,we must note that thepowder X-ray diffraction patterns of the MBA a S e »
sample prepared with trace amounts of ethylenediamine exhibit nearly identical peak shifts to those
observedinthepuen-T a Se », i Mhissimitardty saggests thRXRD can onlydemonstrate
thattheintercalation has indeextcurred butloes not conclusively demonstrate that MBA is solely
responsible for the observed structural expansion. Given the strong intercalating ability of
ethylenediamine, it remains possilhat the peak shift is dominated by residolatrace amount
of ethylenediamingrather than MBA itselfThe most direct wato address the problem is to solve
the crystal structures of those amine intercalated JsBepleghrough single crystal diffractign

just as we did foenCoS in Chapter 3Although thecrystallinity of amine intercalated Tag®meet
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the requirement, unfortunately, the plates of the crystals tended to twin with each other and a single

crystal failed to be separated.
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Figure4.3 Le Bail refinement of the neutron diffraction pattern of ¢teylenediaminé nt er cal at ed

observed data (black), calculated profile (red), and difference curve (blue) are shown.

TaSe:.

To further support the presence of MBA in the intercalated product, we performed circular

dichroism (CD) and thermogravimetric analysis (TGA) measurenoétite samples where chiral

MBA is involved in the reaction®#s shown in Figurel.4, the CD spectra of SMBAT a S e »

RMBA-Ta Se,

and

4.%)iregainaperoximatemirror-image features that qualitatively resemble

those of the corresponding free molecules in solution (Figu®), although with diminished

intensitydue to the restrains of the chiral malkxs between the layerBhe CD signals are centered

inthe2063 00 nm regi on,

in MBA, perturbed by the chiral carbon center. The fact that these spectral features are preserved

after intercalation suggesthat the MBA molecules remain structurally intact and retain their

absolute configuration within the host lattice. Furthermore, the observation of opposite Cotton

effects for SMBA and RMBAintercalated samples provides compellgpgectroscopic evidence
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that chiral amines are indeed present in the interlayer space, and that their handedness is preserved

upon insertion.

8l _
——SMBA —— SMBA-TaSe,
s ——RMBAI | ef ——RMBA-TaSe, ]

CD (mdeg)

50 _

100 L 1 1 10 1 1 1
250 300 350 400 200 250 300 350 400

wavelength (nm) wavelength (nm)

(a) (b)

Figure 4.4: Circular dichroism (CD) spectra of (a) free SMBA and RMBA molecules, and (b) their corresponding
intercalated compounds wiTtalSeT a @ er-dla RMBAr e-fke feadturesyialimeit 0 S MB A

with reduced intensity compared to the freeecales, indicating the successful intercalation of chiral MBA molecules

TGA provides complementary evidence for the s
As shown in Figurd.5, all samples exhibit mass loss bele®00T, corresponding to the release
or decomposition of intercalated organic species. ThReenSe , cont r ol relatieelpp|l e di sp
uniformwei ght | oss beginning at ~180 °C anhd extendi
desorptionof intercalated ethylenediamine. In contrast, both RMBAd SMBA-intercalated
samples exhibit a twetage thermaldecop osi t i on. The first, a sharp w
22 0 °p@ssiblyattsibuted to the combined releaseetiiylenediaminend loosely bound or
di sorder ed MBA mol ecul es. The second stage, froec
corresponding to the decomposition of more strongly intercalated MBi&.different thermal
behaviorcomparedoen-Ta Se, strongly support the presence ¢

these samples, wittthylenediaminacting as a cintercalant and potential fac#itor.Besides, the
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smallertotal mass loss percentage of MBSe thanen-T a Sis gonsistent with the lower
intercalation efficiency of MBA. This observation aligns with the structural and kinetic
considerations discussed earlier, including the larger steric footprint and reduced flexibility of

MBA molecules, both of which hinderthe i nserti on into the van der
smaller total organic content, as reflected in the TGA results, thus reinforces the conclusion that

MBA intercalation is more challenging and less complete than that of ethylenediamine.

100 F .
S
S
& 95 E
c H
Q '
o 180°C 220°C
Q
Q
5 90} ]
é’ en-TaSe,
—— RMBA-TaSe,
| | —— SMBA-TaSe . J
85 2 in N,
0 200 400 600 800
Temperature (°C)
Figure 4.5: Thermogravimetric analysis &n-T a Se . , —-TRNRA , afTdSSEMBANnder N > at mosphe
samples show mass | oss below 480 °C due to the release or
TaSe, sample exhibits a gradual wlkeislgirdleade of etsylersedicanné.inng near

contrast, the RMBA and SMBA-intercalated samples show a sharper weight lossinth18® ° C range (bl ue sh
region), attributed to the combined release of ethylen@d& and earhstage desorption or decomposition of loosely
bound MBA mol ecul es. A second, broader weight |l oss from 22

with the thermal decomposition of strongly intercalated MBA. The distinct tilgorofiles further support the successful

intercalation of MBA into TaSe:.
Based on the observed mass | oss of approxi mat
TGA profile of erTaSe |, and assuming this |l oss correspond

78



intercal ated ethylenedi amine (en), we estimate t
This suggests that nearly one ethylenediamine m
indicating a substantial intercalation level consistenh wignificant expansion of the interlayer

spacing.

4.3.2Superconductivity.

Magnetic susceptibility measurements on-EaSe reveal a <clear supe
transition near 5 .48a Wder zarsfieldschooowne di n ZFiCgTurceondi t i
curvesexhibits a sharp diamagnetic drop, while fielubled (FC) data show a similar but less
pronounced downturn, consistent with the behavior of a-ltypeperconductor. The divergence
between ZFC and FC curves and the emergence of negative susceptibfiity ¢tbe onset of a
bulk Meissner state. These results demonstrate that ethylenediamine intercalation induces
superconductvi ty in TaSe. under T™TeRMBAs ot epthkbamalb Tact
sample exhibits a clear superconducti dfh transit.i
The ZFC curve displays a sharp diamagnetic drop with a susceptibility amplitude significantly
larger than that of elT a Se > , suggesting an enhanced superco
separation between ZFC and FC c sistentevsith thend t he |
devel opment of a Mei ssner sdnalsaved irCaTnapSaer,e, d tthoe t h
higher Tc in RMBAT a Se » points to a potenti al role of c

superconducting properties of layered materials.
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Figure4.6: Temperatur@lependent magnetic susceptibility of (&}€ra Se . and-T@lbeRMBAsSu+r ed under :

field-cooled (ZFC) and fielttooled (FC) conditions with an applied field 10 Oe

Magnetic susceptibility measurements reveal notable differences in the superconducting
behavior betweenefa Se ., anta RMB.A As s hhbewaoth sample§ eéxigibitr e s
clear diamagnetic transitions, indicating the onset of superconductivity. However, the transition
temperature (Tc) of RMBAT a Se, i s significantly higher, occur
forenrTaSe,. Mor eov e bilityoftRMBA-L& e suseaphés a value of
-2.3 x 10 3 emu- Oe ! . nitudlargerthamteaeofeh g Sapn 6rdeb of 10
emu- Oe ' .- mol ). This enhanced diamagnetic resp:«
fraction in RMBA-T a Se , , possibly due to improved inter!l
coherence induced by thmulky, rigid chiral intercalant. The sharper transition and stronger
shielding further support thidea that chiral molecules such as MBA not only insert successfully
into the TaSe, host |l attice, but magewadndleo t une t
for manipulating quantum behavior in layered materidlbese observations collectively
demonstrate that molecular intercalation not only induces superconductivity in otherwise weakly
ornonsuperconducting TaSe., b—pdrticutatty oulky &nd ehirat hoi ce o

amines like RMBA—can significantf enhancd. and improve superconducting volume fraction.
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To further probe the superconducting behavior of RMBA Se . |, we measur e
temperaturelependent resistivity (H) at three different sample positions. As shown in Figure
4.7, all three measurement channels exhibit a consistent and reproducible drop in resistance
beginning near 2.5 K, suggesting the onset of a
channels reach zero resistance, and the transitions appear broadoamglete. This behavior is
indicative of filamentary or lowdimensional supercondtivity, which may arise from sparse

percolating superconducting domains or anisotropic transport pathways.

0—15K 0—300K

—— Channel 1
014 Chamnel 2 /’
Channel 3 ~

:
\\

R(Q)

\_\\‘_ 010 Channel 1
0.10 | . E —— Channel 2

Channel 3

L L s
0 100 200 300
Temperature (K} Temperature (K)

(a) (b) (c)

Figure4.7: (a) Lowtemperature resistance<R) curves of RMBATaSe., measured at three indep
(Channels43) fr om.(0) Fullangg BT Kcurves from 0O to 300 K, showing meta
mini mum near-r 20 K foll owed by a monotonic increase with
disordered or polycrystalline systenfs) Optical image of the resistivity puck with RMBAa Se, pressed pell et

electrical contacts labeled for Channels 1, 2, and 3.

I nterestingly, despite the <clear magnetic ti
measurements, no distinct feature is resolved at this temperature in-the&uR/es. This
di screpancy may be attributed t oconductimg phaseni t ed vo
which, while sufficient to yield a diamagnetic response, may be insufficient to support coherent

percolative transport across the sample. Additionally, the sample used for transport was a pressed
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polycrystalline pellet, in contrast to the likely layered anisotropy of the underlying crystal structure.
Such grain boundaries and random orientations can severely suppresmigaguperconducting

pathways, particularly in van der Waals materials witbng irplane transport anisotropy.
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Figure4.8:Magneti c suscepd®tinbtielrictayl a(tyel aoBa 3HMBMe & ¥ Bileld-cboladn der zer o
(ZFC)andfieldc ool ed (FC) conditions. A slight downturn in the ZFC
a superconductintke response, dbuthe signal magnitude is more than an order of magnitude weaker than in

superconducting samples. No clear diamagnetic transition is present, suggesting the absence of bulk superconductivity.

Unfortunately the magnetisusceptibilitymeasurementdo not showsuperconductivityin the

SMBA intercalated TaSelnterestingly, SMBAT a Se,. exhi bited a weak downt
superficially reminiscent of a superconducting transition. However, the magnitude of the
diamagnetic signal is more than an order of magnitude smaller than that observed ir-RMBA

erHntercalated samples, and no zeesistance state was detected. One possible explanation lies
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in the synthesis history of intéralatibrohadundérgoee .. The
full annealing and reating steps, which may have restored its ideal layered structure and reduced

defect densityAlso, racemic MBA TaSe and reproduced RMBAaSe2synthesized with the

same batch of Tageloesnot exhibit superconductivity In contrast, earlier superconducting
samples were intercalated into unannealed or on
metastable stacking faults, local strainjnterstitial sites favorable for molecular intercalation and

percol ative superconductivity. These results sug

host lattice plays a crucial role in enabling bulk superconductivity via molecular iatema

4.4 Conclusion

I n t his chapter, w e demonstrated t ha-t t he i
methylbenzylamine (MBA), including its chiral enantiomers, into the layered hest 2HSe , c an
induce superconductivity, with the intercalant structure significantly influgntiie transition

temperature and magnetic response. Ethylenediamine, due to its small size and high polarity,
readily intercalates under mild solvothermal conditions and yields superconductingehe . wi t h

a Tc of ~5.2 K. In contrast, the intercalationNdBA proved more challenging, likely due to its

bulkier structure and reduced hydrogen bonding capability. Interestingly, trace amounts of
ethylenediamine were found to promote the intercalation of MBA, suggestingnéeotalation

mechanism that lowerke barrier for incorporating larger, less flexible amines.

Circular dichroism and thermogravimetric analysis confirmed the presence and thermal stability of
intercalated chiral MBA molecules, while magnetic susceptibility measurements revealed a
significantly enhanced super comiRMBAiTiats@ .t r dmei t i
diamagnetic response of RMBAa Se, i s mar kedl| y —TsatSeo.n,g esru gtgheasnt itnh
larger superconducting volume fraction or improved structural coherence associated with the chiral

intercalant. However, resistivity measurensenf pressed polycrystalline pellets revealed only
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parti al resistance drops near 2.5 K, consi stent

that the higheifc phase may have limited connectivity or volume fraction.

These findings collectively highlight that molecular intercalation not only enables the induction of
superconductivityinnos uper conducting or weakly superconduc
provides a tunable route for manipulating superconductinggpties through control of molecular

geometry, polarity, and chirality.
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Chapter 5. In-situ synchro X-ray study on hydrothermal and

solvothermal TMC intercalations.

5.1 Introduction

Layeredstructured transition metal chalcogenides have displayed many interesting physical
properties including superconductivity, metallic conductivity, and magnetic properties, due to their
structural diversity. These materials are perfect candidatehfemical tuning to change their
properties because the layered structure bound through van der Waals forces could be intercalated
by a variety of guest chemicals. FeSe, for example, is superconducting itself with a transition
temperature of 8 K, which calibe raised to 43 Kirough liquid ammonia reactions to form phases
Ax(NH3)x(NH),FeSe. Molten slat flux is nowadays a common practice for the synthesis of many
guantum materials including transition metal chalcogenides. However, many intercalated species
are not stable at such a high temperature which melts the salts and then desofqotee
intercalation of these chemicals, hydrothermal and solvothanetilods ar@ milder alternative

which is usually conducted is a relatively lower temperature.

Hydrothermal and solvothermal syntheses have become indispensable methods in modern
materials chemistry for the preparation of complex crystalline solids. These methods, which rely
on conducting reactions in sealed vessels under elevated temperaturd¢ogeticas pressure,

offer access to metastable phases, unique morphologies, and intercalated structures that are often

inaccessible by conventional higgmperature solidtate methods. While hydrothermal synthesis
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uses water as the reaction medium, solvothermal synthesis broadens the scope by employing
organic solvents such as amines, alcohols, or mixed systems. These solvents not only alter dielectric
properties and solubility but can also serve as strudiveeing agents or intercalants. Their ability

to dissolve precursors and stabilize intermediate states provides critical control over nucleation,

growth, crystallinity, and ultimately the functional properties of the materials forb®&d.p9.

Nevertheless, these synthesis methods are often referred to as "black box" reactions, as the reactions
occur in opaque and inert autoclaves, and thus the actual sequence of phase transformations,
intermediate states, and crystallization dynamics remagellahidden. This lack of mechanistic

insight significantly hampers our ability to rationally design reaction conditions or target metastable
phases with desirable properties. Recent developments-situirsynchrotrorbased Xray

diffraction techniques,articularly energydispersive XRD (EDXRD) and angutdispersive XRD
(ADXRD), have transformed this landscape, enabling-tiged observation of phase evolution,
crystallization kinetics, and metastable intermediates during solvothermal or hydrothermal

processes]02-204.

Among the most prominent studies, Clarke et al. investigated the intercalation of liquid ammonia

and alkali metals into FeSe using timesolved irsitu XRD, revealing hidden ammonigch

intermediates and their reversible transformation into supercondgcti T h -§/pefr&ieworks

[206]. This approach has provided a clearer understanding of the reaction pathways and structural
flexibility of intercalated FeSe compounds under cryogenic and ambient tempendamatzidis

andceowor kers i ntroduced the concep-situsgyhichrétrgnanor ami c
PXRD to track the complete evolution of sefithte reactions in the Cs/Sn/P/Se system.
Remarkably, six new crystalline phases were discovered withingée reaction compositier

highlighting how many transient, possibly functional, phases are missed in conventiaital ex

work. This study emphasizes thatsitu diffraction provides not only structural snapshots but
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continuous temporal fingerprints of material evoluti®@/]. Similarly, Bensch et al. conducted in

situ EDXRD studies on manganese thioantimonates and demonstrated how subtle changes in
temperature shift the nucleation pathway, causing transitions frormofdst to diffusion
controlled crystallization mechanism3.heir work confirmed the presence of crystalline
intermediates that vanish in-siku sampling and underscored the need for kinetic modeling to
describe multistage reactior®B].l n t he real m of porous and | ayere
has provided some of the most comprehensivatinstudies on hydrothermal gallophosphates
(e.g., ULM5) [209], tin sulfides p10], and layered perovskite211]. Their findings revealed
competing reaction pathways dictated by pH, phosphorus source, and solventidemtigtimes

leading to two distinct intermediate phases, which then either undergesstilidransformations

or partial dissolutiosrecrystallizéion. These transformations could not be resolved without time
resolved XRD or complementary-#itu spectroscopieguilding upon these developments, we

aim to explore the usitu crystallization behavior of intercalated transition metal chalcogenides
(TMCs) synthesized via hydrothermal and solvothermal methods. Our prior work using- Teflon
lined stainlessteel autoclags successfully produced a range of Bad Cebased layered
chalcogenides. However, the inability to monitor reaction intermediates &dtdeur
understanding of how structural complexity, redox environment, or precursor solubility dictate
final product formation. To address this, we replaced the reaction vessel with quartz capillaries and
transferred our synthetic workflow to the-BM-B beamline at the Advanced Photon Source
(APS). By precisely reproducing temperatpressure conditions and continuously monitoring

diffraction patterns, we tracked crystallization behavior with both time and spatial resolution.

In this chapter, we present eight solvothermal and hydrothermal reaBeesFigure51),

categorized by transition metal species (Fe or Co), synthetic complexity (bhqgites topdown),

and sol vent ( H2 O, -damimogropane)eWe identify mred ,analgze redctjor2
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intermediates, determine induction times, and infer kinetic models through peak evolution and

phase transformations. Ultimately, our goal is to unravel the mechanistic underpinnings of

solvothermal crystallization in layered materials and to provide & lbasirational design of

metastable intercalates with desired electronic properties.

(LirxFe.OH)FeS

LiOH + H0

/,

,,,,,,,,,,,,,,,

jguanadme + H20
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o e )
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Co + thiourea + NH4Cl + diam,
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Co(diam)sClz
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Figure 5.1:(a) Bottomup hydrothermal/solvothermal synthesis with iron (b)-Oogvn hydrothermal synthesis with

iron and KFeChz (Ch=S, Se) (c) Bottorup solvothermal synthesis with cobalt.
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as the home experiments. Respectively, all t he s

the amount of the samples were al/l cut to 1/ 30
The solvent in each r eactthiroonu gva sa isnyjreicntgeed winttho at
The capillary filled with sample and solvent wa
beamline, where the capxis$arpbwhisc camdar bbéi gae¢do

adjust ment aonfd thhoer ivzeornttiaclalposi ti on across the be

of o gMs was applied to the capillary to simulat e
sol vot her mal synt heses and was. The temperature
gun under the capillary to reathbobhat®same pbente
duration for each synthesis was from ~800 min |

beamline time offered by APSf itnh ee ascyhsm cpyr ooptrr soanl . X
NHFeS and the three solvother mal syntheses was
position of the capillary was adjusted to the p
interl ayer between the solvenwouwlnd dchceurs.ol iDurliar
measurement washeraapgil lat @ady vertically with respe
mm up and down twice by the robotic arm for eve

or deorbttao n t he dat as oolfi dt hienteenrtliaryee rs,o lcvoennsti der i ng

ideally flat. The raw i mhbeanwetbehi egspoptedent
Rietveld and sequenti al refinemant si nftoronagh obBI F
required in the refinements were obtained eithe
the single crystal XRD in our home | aboratory e
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5. Bo2 tupgmhydr ot hermal / sol vothermal synthesis
Home | aboratory experiments

(LF®OH) FeS. For a typical preparation of the col
99. 5%), 12mmol ofAltdhre cthhi OWOr. &) ( Spnapdmndiled O- (ndmoglmao f
Aldrich, 99. 0%) were suspenanédTiehl|l 20 omupof Thies TE
was then sealed under ambseteae¢l| eavioohameatamwdtihe a
foh Jays. After coorabhgreowbhheoauvuboml aempwas op
precipitate was fOumndhrandhwasheéedi wugk. HThe prod
vacuum dri ed, anfdi Islted egll owmnemoxmiftorogfenrt her char
NHFeS. To prepare the compound, 10 mmol of Fe

the thiotvArlada i CBi,gmMaBO0O¥WmMoanadf 25 ree gAdadnriidcihne ba
99. 0%) wer e -mi xedf lionn acu4p7 fil |l eddwithén28eanlLedfi
autoclave in ambient environment.-sThel Tatitool au
and heated &t dh¥s. Afoer 3cooling down to room 't
autoclave was washedi me st haee tsturpiefrungaet da n+t 4watso cH e a
1, RabbeS. For the preparation of the compound, 1
10 mmol of th-Aldhiocbre89( 8WEmandi 3h&rmmeb . Nkb) we

in -emL4Tefl on cup fiddla@8i ghinddhi 20, MmO 900 %), 2nd t her

autoclave. The | oading of the aijtddleadveglwaebadlxs
then heated to 200 in a furnace and kept ther
was compl et e, we cooled the autoclave to room t

gl ovebox. The supermmdamndgd ad ogree d hec lrord.ucWe apou

90



5. Bod tupgmsol vot hermal synthesis with Co
Home | aboratory experiments
[ Co}] (CiaesSH To prepare the compound, 10 mmol of

10 mmol of theAltdhmiiclhr,ead 9( Di¥gsCda n @ Fi3s Be rmmo9d 9 .NoH»)

combinednLi nfed | 4 cup filled withAR®Or imth,0f9 ®.t k%)
The \ANH serves as the mineralizer. We then seal e
autoclave. The |l oading of samples and the seal.i
Nofilled glovebox. The ®&ut onl avd uwansacteheamdh &katpd d
days. We then recovered the contents in the gl c

autoclave was cooled down to room temperature.

supernatant whiehthppehredntorborange into a furt
filtered product was ewassheevde rvailt it iemehsy laennde d ied mi 1 &
We found the filtered mixture to conytalilnowa bl a

crystals. The bl ackel|r(y&Gasse isd ctolrer eyselolnaw t @or y sCtod |
produehCGi Co(

1, -Ra@oS. Similar preparation as described abov
(Al fa Aesar, 99.5%), 1A0 dwmoclh ,of9 9.h0e%)2 Iha (oduir3echa@ r( ndm
99. 5%) mLn Tefd4dn cup fiddli eadni wiotph-b@ S@A (ahf, i2dh ,2
99. 0%) . The Teflon cup was | ikewise sealed with
heated to 140 and kept there for 3 to 5 days.
cooled the autoclave ctoweredmthempgemadtenrnte amd trl

supernatant above the product appeared to be an

with the supernatant into a funnel I i neeap wi th fi
several times and left it to dry in the glovebox
' i ght orange powder s. ThePbBadktphewdeghtcor aagp
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to a side qmrgducWwe, cOou(lld, 2not get the-dePat cryst

yet due to the poorrayydthaftaoaitgn Thewpowdei mKI

(@)

f éRo((CoaeS) and thereforaeaPeSaweumd hhate &, 2i mi |

struct ureep] WiCtadsn [ Co (

5 RBeswalhtdssda ussi on
5. 3.1 -Bpo titnotne r  lad @OtHi) e So f

We chose the Fe/thiourea reaction system for o

exhibit richer chemistry in intercal aRiigowmr &€ hemi s
5.slhows, not only could Fe/thiourea system react
the basic el ement sources, but intercal ated FesS

ot her compounds under a hydryotsteaynametcaolndaon i oaor

oxide with waheredespenheewodot ht he chalcogen sourc

to a |imited synthesis route for only solvothern
using a similar route for the interSealfatmed yFaS.e
more appealing since FeSe has been wildly repor
higher stability in concentrated bases and coul

which are more hel pf sli cfadr almatl ly ss tsr. uZthwmualetandl i
(NF®OH) FeS could be made superconducting as wel

measur emenwisi cthargeircates higherT:ted etche omaxiompu m g

of 8 K in the FeS system, and the ratio change
wer e showni # hXrmay hd itfhfer acti on, which gives us a
hydr ot her mal reaction shoul d | aasst stup esrycna rhdeusdc tzoer
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Fe + (Li1 - xFexOH)FeS + Li,CO3
t = 1200 minutes, T = 120 °C, P = 7 bar
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Figure 5.2: In-situ synchrotron powder -Xay diffraction contour plot of the hydrothermal reaction between Fe and
thiourea in the presence of Hmin@éduration, the2r@actibndproeeedd to formb a r . Ov e
(Liis xFex OH) FeS adsuctth e anhaoinng sliadyeerLeid. CopO;0 as a crystalline by
product phase appear early and grow steadily in intensity, indicating continuous formation. Tdevelelbed peaks at

the final timepoint reflect high crystallinity of theté@rcalated product. No sharp phase transition or intermediate phase

is observed, suggesting a smooth and direct pathway from precursors to the final structure.

I'n Fhbglwe could see the for @&t i DhCcQoliviplwot h i (elsi OF
could come from t‘hedeplE@tdri oma died.woecned ibtaiiondsy. fCO 1
the decomposition of thiourea at high temperatu

as wel &adabeCOonsumption of Fe powders and the f

sl ow at the initial point. A reasonabl " expl anat
witd Hs -lai ntiagdteed mgiodersisng ctohat t he met al was
environment . Anot her possi bQ@alrseoa scoonn siusmetdh aa pta
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t heahd sl owed down the rate of the (Li OH)FeS fo
(Li OH) FeS changed st é&éandinl yt of raornd'marrdo uwh@@t6hDed 2 0 0

reached a | imit. Then the reaction rates of F
concentration of the react amtxs shaod beeOHFr&a rulny
increased obviously déiri hgOHhdgmwhied@lBt wars. fWmoenn t
decomposition of thiourea atohmmglhayempetrrataalr enec
Fé'woul d not entirted yf aremcttlread FRvae $ Kl'vddSelrd . o cSconpey o f
the position of t he Li OH i nmF¢gmMHg Feé8yelMdadt stirsyc
superconmnmdruOolHFe $ Liis actually the intermediate pl
The doping phase was?*'al onveltya sd eacbrl eea spehda sdeu rainndg Fteh e
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Figure 5.3: Evolution of phase composition and lattice parameters during the hydrothermal reaction of Fe with
thiourea and Li O¢d) Weight dezeht of cystadlime ¢phaSes dbtaimed vatinRietveld refinement.
(Li. xFexOH)FeS forms steadily over the ful/l reaction winc
consumed. Li>COs; appear produc. Thepmoath mofilpssuggest a direct reactiongpathwayn or by
without pronounced intermediate phasfls. L at t i ce parameters of ( Li-resolveF e x OH) Fe S
refinements. The -axis shows a pronounced contraction during the—200 min interval (highlighted in blue),
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suggesting densification or structural rearrangement within the FeS layers. Following this stag&igheegins to rise
steadily, reflecting progressive intercalation and layer expansion. These trends together indicate a shift from initial
nucleation ® framework stabilization and ordering.

We could also observe a sl owdown -axics easev eériom

Fi gbrawhi ch could be explained by separating th

first part is the formation of | ayered structur e
is the interxcandatliioOH.ofRibmwd thiedaltliw,elFe small and
into the gap between the FeS | ayers, -awhisch | ea
Al t hough t hret emmecaanlwahtiiloen iof Li OH is sl ower, t he

phase thermodynamical |3 wandgnadcuail htyerrceap laad cald
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Figure 5.4: Kinetic analysis and proposed mechanism of Fe consumption during the hydrothermal synthesis of
(Lii1 x Fex OH) Fe S (aaTime 2wlatior’ o€noranalized Fe cdntent fitted using fiestd seconarder

kinetic models. The early stage (green regie200 min) shows slow consumption of Fe. Between ~200 min (gray
region), the Fe content follows firetder kinetics, suggestiratelimiting electron transfer or surface reaction. Beyond

400 min (pink region), the consumption trendhsiéions to secondrder behavior, likely controlled by coupled diffusion

and redox processés) Linearized kinetic fits of In[Fe] and 1/[Fe], used to extract apparent rate constants and activation

energies (Ea). The firgtr d er process shows a higher rate constant (1.

compared to the slower secealer reg me (k = 8. 36 x 10 7Tc) Qheinatic odel i &e = 47 . 72 |
oxidation and intercalation. Me t a h difiuses irfossolwiantrepordinatesb ot h r educ
with OH [/ Li , and inserts into the | ayered FeS framework t

solution interfacial redox and layby-layer assembly.
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To further elucidate the reaction mechanism, WwWEe
performed kinetbcHlmoldhed i mgatFiigrurgr of il e can be
stages. BL£Q eminn 25&s t heomrearct kiome tfiodd owas fevis
l'inearity of |In[Fe] wversus tilmemi tTihnigs isnu gtgheisst se at
|l i kely governed by the redox displacement react.i

Fer2 O Fé+2 OHrHy Qg (5.1)

As the react+#lmOprmineedg h(ed&®k0d neti c behavior tr:

1/ [ Fe] exhibits lIinear dependédncne tomgtisme.p Tmoive
met al di ssol imeidomttea arowhwmtoimenr hgnkFeMm, transport
and the formation of the final |l ayered product.

The extracted rate constants and activati on e

apparent activation energy -drndkeare arsegi ma otmo 347 .17

t he socercdoenrd r egi me, consi stendf wditfhf utshieo ng raonwdi nrgu
barriers in the | ater sdcagd.l | Asscaematithe mpdo]
progression: Fe di sswll wteison oicratl d ryf aact e ,t hgee meertaatli n
Fez2 species di bffpoe avbeat wabdt aimei gt ©Hnvi r on ment

(Li. xFexOH)FeS =stoltule omdvammnitng sol id

The combi naittiwnPXRDiaand kinetstepnamegbiasni smgges

surfcoaneroll ed dissolutiomrdofatked, gfowlt bwad dby ns e
absence of detectabl e inter nddinagt eas rienmpaltii evse | tyh ast
spatially resolved redox intercalation pathway.

The-sinuay di ffracti o4 OHxpreerSi menndti coaft e(sLit hat t he

reaction would not take a |l ong time to start an
required point. A Il onger duration of hydrother ma
we desire ffomes whihehr engqul t i n t he -dhaoymer elaachtoi roant o
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compareddaytheactdi on at the same temperature, t
reaction temperature was increased from 120 t C

the product transf ers upreornt ossudpreeritdoarn dauct or t o non

5. 3. ZdkeFRent ercal ati on with Li OH.

Fi gbhrmper esensstuh®®XRD contour map for the hydrot
Li OH and Fe at 130 °C and 6 bar. At t = 0 min,
from the starting mat exii alt i K§ e peparkesdaudcrt ovep htatsee s
(Li, xFexOH)FeS. This suggests that the transfor
heating and pressurization stages, even before

uni dentified wefheastenbskmar ked al so observed,

crystall-iineedri sthermedi ate species.

As the reaction progresses, the KFe>S, peaks g
steadily grow in intensity, consistent with a t
mi nutes, a data gap is presempti dneatothe sypysched

Al t hough this break obscures the continuous tra
confirms that the tr-apmpbemabnonwhaés bpebghedaneas
remaining. Nof riemtpereme chinatee peaks was observed
t hat any metastable phase formed during the gap
The evolution of several broad peaks in the ea
the formation of a transient di sordered or part
peaks could not be confi derthley Iiimd @asxadtduoohsK R s ii (n
i n resolrwinge ohradretri ng or amorphous content. Fur

sharp inductidrkepairrnytstard | hueradti on suggests a slo
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pat hwaykely insbobhvengi §6busdon of cationS and | oc¢

framewor k, rat he+# etpreercilpultkatdiomnsol uti on
- Fe + (Li;—xFexOH)FeS
3 t = 1400 minutes, T = 130 °C, P = 6 bar
z
2
[V}
E
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Fe + (Li; —-xFexOH)FeS + KFe,S, +unknown
t =0 minutes, T = 130 °C, P = 6 bar
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Figure 5.5: Timeresolved imsitu synchrotron powder -Xay diffraction contour plot for the hydrothermal
transformation of KFe.S, into (Lii. xFexOH)FeS at 130 °C anc
at the beginning (t=0min)andend (t420 mi n) of the experiment, respectively.
ticks) and Fe (red ticks) decrease over ti me, whil e those
indicating a topochemical transformation pathway. Sevemastent and unidentified peaks (asterisks) appear in the early

stage and vanish later, likely corresponding to shwet intermediate phasellote: The gap between 900 and 1100

minutes reflects a temporary synchrotron outage during which no data were collected.

98



0.6 -
< 0.5
€ —o— F
Y 0.4 €
E o— LiOHFeS
- 1% KFe;S,;
50.3-
g 9 x
0.24¢
o
0.1 -
u
b R ey |
0.0 -
0 200 400 600 800 1000 1200 1400
Time (min)
Figure56:Evol uti on of the weight percentages of Fe (blue), (L

the hydrothermal transformation at 130 ° C-siufPX¥RD@atehar, obt ai
KFe>S., i s rapi defistlGS@mmirstaesnehite thepradinct phasetglows steadily throughout the reaction.

Fe remains largely unchanged during the intermediate stage but decreases sharply near the end, consistent with
accelerated product formatidhshould be no#thatas mal | apparent r esur¢glE¥fmirdataf KFe, S,

gap is attributed to refinement artifacts in adsignal regime and is not supported by the raw diffraction patterns.

The quantitative phase evolution é&xghg@ted fro
where the weight percentages of KFe. S, Fe, and
the hydrothermal reaction. KFe;S, is consumed r a
early deintercalation o(fList rukeaxu@Hl) Faedlil apasler. e &d
O and increases slightly during this period, whi
of early Fne oac cpuammutliaatli ooxi dati on prior to sustai
mi nut es, al | three phases remain repassivbly co1

rel ated to interfaci al di ffusi on or9 OHid | sat urt
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mi nutes due to synchrotron shutdown, a mar ked i
decline in Fe content are observed, confirming
unmonitored period. This dekaytbdebptedeocei otk &r
period followed by a rapid structural reorgani za
in |l ayerkd syswemsh noting that a slight apparen
KFe, S, swasedbafter the data gap (t > 1100 min)
deintercal ation and the absence of correspondi nc¢
anomaly is most l'i kely an artif acttoofr etsha uRIil etpw
overl ap or owvseirgnaltimeggiionn.a Tlhoew act ual di sappear

have occurred prior to this stage.

KFe:S:> Lattice Parameters (Lir-xFexOH)FeS Lattice Parameters
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Figure 5.7: Time-dependent evolution of the lattice parameters &f ( KF e . $) @bid, (x Fex OH) FeS du

hydrothermal transformation at 130 °C and 6 bar.

The | attice parameters of KFe, S» and (Lii1 x Fe
refinement, arsbe 7slhpoownin hienatHinggur eKFe, S, exhi bits a
and c axes during the first 150 mi nut es, consi
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structural <collapse. This is followed by a moder
parti al reorganization, before the materi al i s
(Lii1 xFexOH)FeS showxianupemigtihaB. 9hcAepasadi oati

intercal ation of Fa%i sandm®Hns |l agleatsi vd&lhy @onst

di mensi onal |l ayered growt h. Lattice fluctuati on:
due to pedbwopbrksapformction in the refinement, L
state transformation route involving | ayer di sy

di ssodt epi @eai pitation.

Thi s experiment exemplifies bot h-rtelseo |-svietdan qit h s
hydr ot her mal studies. While we were able to cap
final product formation, theapresesntGeanf phetli as
the most dynamic growth period |imit a more quan
support a -gt apduotvbnp cnounlvteir si on mechani sm, punct ua
and complicatmedthy -etxypmirdali nofi esompl ex <chal coge
chemistry under hydrot her mal conditions.

5. 3. dkeFHent ercal ati on with NaOH.

We further investigated the hydrother mal trans
of 130 °C and 4 bar, aiming to expowmecdhowemrms kamh

pat hway-si ThePXKRD conth@urr epMecal s( Fa guapei d structu

heating. At the initial time point (t = 0), ref
phasmeasmel y (Nai:i x FeweOHe FeelS eaanddy FperSesent, suggest.i
initiatedprikeat ngagntpbieng peri od. Several uni dentii
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asterisks) were also observed and remained near|
corresponding to stable side products or disor de
The early rd®ddt immudgteadsge i(sO characterized by a
intensity and a concurrent rapi d emergence of t
amounts of FesS. However, unl i ke wehde imo r-teh ec olnit @ Hh
based system, the PXRD intensities of both prodt
and showed minimal further evolution over the re

by quantitative Rib5)t9vewhi ah fd moews ntth gtFi(gNiad.e x Fex

wei ght fraction within the first hour , whil e KEF
experi ment . FeS remains a minor component ( ~8 %)
pat hway.

The rapid onset and subsequent stagnation of t

fast initial breakdown of the precursor struct
transformation. This contar adtosw wihtam gteh es t leipOH r oy
~850 wmisn f oll owed by a sharp increase in produc

therefore possible that the MNaQH es ytsrtaenns fhoardnantoito

the-m80h@te reaction window.

Unfortunately, due to time slot constraints at
extend the measurement beyond 800 minutes. As s
pl ateau in the NaOH systemfrfeifclieecntts sat rturcuteu rkail n em
intercal ati on, or simply a delayed transfor mat.i

proceed.
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—~ | (Naj - x\FeyOH)FeS + FeS+ KFe>S,+ unknown
- t = 775 minutes, T = 130 °C, P = 4 bar
>
3 . 5
8 -
C
- L L O L o L iy gy g 30
700
2.4
600
500
< 1.8
£ 400
[}
€
[ 300 1.2
200
0.6
100
0 0.0
~ (Nai - xFexOH)FeS + FeS+ KFe;S,+ unknown
3 i t = 0 minutes, T = 130 °C, P = 4 bar
>
2 *
9 A *
= < II | | llll 1m II'III LI !IIIIIIIIII I|IIIIIIIIIIIIIIIIIIIIIIIII llll.lll!ll
2 4 6 8 10 12 14
26 (deg.)

Figureb.8:In-situ synchrotron PXRD contour plot of the hydrothermal reaction between Fe powder, NaOH, and thiourea,

at 130 °C and 4 bar. The initial (bott=ormM) mimd7amsdnmil n,(t op)
respectively. The formation of (Na: xFexOH)FeS (red), FesS
additional unidentified reflections (purple asterisks). Th

the layered hydroxide Fe phase, tvipersistent unidentified peaks suggesting a possible intermediate or minor impurity

phase. Tick marks below each pattern denote reference reflections for the identified phases.
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Figure5.9: Evolution of the relative weight percentages of crystalline phases during the hydrothermal reaction of Fe
powder, NaOH, and thiourea at 130 °C and 4 bar, as deter mir
is (Na: xFexOH¢leBon(ms angp)d!l whand stabilizes early in the

(green) and FeS (blue), both of which appear at early stages and persist throughout the experiment at relatively low

concentrations.

I f the reaction is indeed fundamentally stalle
| arger i onic radius and weaker hydration of Na

t he-blkhes®d | ayered fr amewar ki,ntpeatmerdti iagdlel ystdaisctt aulrie

compl ete | aylenr ardedaibta@hb by .hi gher basicity may pt
breakdown of KFe.S, without allowing sufficient

I't shoul d atl suonlbiek enottheed ptrheavi ous reaction system
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t hbeegi nmi nheKFdBaOWHst emit €d avai,eabhértfyrom Fe8uff

oxidation of metallic Fe omalyaclonetraedohxydyoki
growth, | eading to incomplidihesenfactalratsaggest
NaOH initiates transformation quickly, it |l acks

ful {dotwomp conversion under these conditions

5. 3. SekEent ercal ation with Li OH

Threeacitni 6thhee; Se. anspemOeéleds t hrough -dar igvreand u a l |
pat hway that partialfyameawvpekvedJhibBepragxesedphe
observed in the sulfide anal ogue, KFe, S, , but €
features associated with the | arger -measolmoe@d pol
PXRD cphtoodu® FILOQutrlree i nitial conversion is rapid:

significantly within the first few hundred min

concurrentl y. Tawog luenirdefnlta dtiieadn sl @epnpeeragre wirtahnisni etn
first 300 minutes, suggleistedgdither demrved viemteant me d
partially deintercalated phase or solvated compl

Thequenefahemertab that the formation of (Lii:i xF

The product increases gradually from ~30% at t =
phase transition or crystallization r rewarcge.onl n ¢
temporarily stagnates before sharply accelerati
shows no distinct inflection point, indicating
precursor KFead $g. ciommsamleyd fgarlt7i% remains), and Fe
stage before decreasing, suggesting competition

phase assembl y.
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—~ Fe + (Li; - xFexOH)FeSe+ KFe,Se, + unknown
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Figure5.10: In-situ synchrotron powder-Xay diffraction contour plot showing the timnesolved structural evolution of

the KFe,Se, + LiOH system under hydrothermal conditions (1.
over 2500 minutes. Reflectoisr om t he precur sor KFe, Se. gradually di minis
intercal ated phase (Lii:1 x Fex OH )ahge Seflectigns ¢marked hy astenisks ars i t y . T wc
observed in the early stage and disappear af800 minutes, likely associated with sHoréd intermediates. A small

amount of Fe and an unknown phase persist throughout the reaction, while the transformation progresses gradually

without a sharp phase transition.

Lattice par ameter evolution pr ov.i)de sKFHeurSeher

undergoes a sligaxicoanhdaatisobt-dxi £khkpawhlisconmamn
attributed to partial deintercalation of K and
or OH bet ween t he | atyhearts .t hTeh esster ucchtaunrgee si ss ungogte sfi
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experiences interlayer di sruption that facilita
contraction in both axes, possibly due to stre:

intercal ated product
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Figure5.11: Summary of structural evolution during the hydrotherreattionro f KFe, Se. i n Li OH at 130
(a) Weight percent of major crystalline phases as a function of reaction time, obtained-§itursaguentiaRietveld
refinement. The (Li,. xFexOH)FeSe phase gradually increases
an intermediate, and metallic Fe accumulates early and remains largely unrébgtéchttice parameters of

(Lii1 xFex OH) FeSe s howi naxisadascontnaodsyexpansiontinrtteads; indeativeiofin t he a
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plane ordering and progressive intercalat{hLattice parameters of FeSe show slight contraction in both axes, possibly
due to stress relaxation or competition with the intercalated phatg. KFe . Se. s hows -axisanthal | decr e
a subtle increase in theaxis, consistent with partial deintercalation and temporary interlayer perturbation without full

structural collapse.

I n contrast, (Li. xFexOH)FeSe shows a distinct
i ntercal-akiende®heaaes steapli aygye ondecbbgngi t mpn

| ayer s, -axhiisl ee xtphaendcs f r otmi m&. 1Bhit® OxBAndi omeref |

incorporation of Li and OH species into the
crystallinity and stabilization of the final I ay
The metallic Fe added to the system accumul at e
suggesting that only a portion of the Fe is oxid

parti al consumpt i o#fs ud dntdreahsstyss tvEiet, i st hmeorlei OHuI |y

time. The | ower degree of Fe wutilization in the
force for redox cycling or a kinetic |imitation
Il n summary, the hydrother mal transformation of
pat hway to its sulfide counterpart but proceeds
measured timeframe. The selermrinde hondt-dowbwwvegr ¢ &
conversion, highlighting the i mpact of <chalcoge
kinetics, and r edaedx ibvaelna nhcyed riont hienrtnearl c arleaatcitoinon s .
5.3.5 -Bpotanmoni a intercalation into FeS

The hydrother mal reaction of el emental Fe with

to the formation of t ha&nopr gvotioewrsclayl arteepdo rltaeyde ranim

(Ho. s NHs)Fe.S.,, as[6épsmablhiesiwed kby gZlaouwdemnealser ve
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Figure 5.12: In-situ synchrotron powder -Xay diffraction contour plot showing the hydrothermal formation of
(Ho.sNHsz)Fe>S, from Fe, thiourea, and guanidine at 150 °C
involving a transient intermediate phasehv4/nmm symmetry that exhibits fluctuating Bragg reflections during the

first half of the reaction. The final product adopts an 14/mmm structure, with stable reflections corresponding to the

layered intercalated compound. Two short periods of missingbéateeen 288300 min and 488550 min result from

temporary beamline interruptions. The persistent presence of unreacted Fe and gradual product peak growth reflect the

slow redox kinetics and limited intercalation yield under these weakly reducing;fneetalonditions.

free base (pKa = 13.6) that facilitates Fe di
decomposition above 150 °C. These ammonia mol ec
as the sole iAwndemacmdtartatnign gs pteltaad s nceaittihoerrs anl okral e
oxidants are required to stabilize the | ayered i
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Figure5.13: Timed ependent phase composition during the hydrother mal
extracted via irsitu Rietveld refinement of synchrotron PXRD data. The product phase (red), corresponding to the
[4mmmstructur ed ( &buallysifdtieas@sHrewelght fractign, reaching ~25% after 1000 minutes. A

crystalline intermediate phase with P4/nmm symmetry (green) appears early but remains minor (<8%) and disappears

over time. Metallic Fe (blue) remains the dominant phiasrighout the experiment, decreasing only slightly in the first

300 minutes before plateauing, indicating slow Fe oxidat

consistent with the weak redox environment provided by thiourea and guad&tinmposition.

I n our -sutwuwvemtynchrotron XRD study, the for mat
observed over 1100 minutes. The transformation
P4/ nmm symmetry, which exhi bitisvef lodctau anteitnags tladbtl
partially ordered phase. This intermediate exi s
composition. The final product adopt yptehdolddg/ mmn
centered tetragonalepotrit eatxi e $p-rddaiid dglc conf i r ms
i ncorporation of ammoni a and protons, i kely

chal cogenide | ayer s.
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Figureb5.14: Lattice parameter evolution of the intermediadeand productk) phases during the hydrothermal reaction

of Fe, thiourea, and guanidine at 150 ° C Péd/mmin exhibitsa r . The it
substantial fluctuations in both and c axes during the early reaction stage, reflecting structural instability or poor

crystallinity. After ~500 minutes, the lattice constants stabilize as the intermediate transitions to the final product. The

product phase, indexed ld/mmm displays sharp and stable lattice parameters from its initial appearance, with

3.73 c¢& dmbd1 A, consistent with previously reported |l ayered

Quantitat iRieetsveegude nanallysi s shows ,trlkatai Ré nigs o
above 60 wt % t hr—eungdhiocuatt itnlge ar esalcutgigoinsh oxi dati or
conversion. The reaction | acks the sts#4#gmp® chemi
reducing agent s. This isarFrefjfewt Bdofnthbepgodda
reaches ~25 wt % after near |l y 1000 mi nut es, and
reducing environmentanmr otvhiidoeudr elay dguwamipadisneé i on
insufficient to fully convert HFwo perFed#ds, of hemr e

di ffraction d3a0t0a nbient WBab®Oh mMREBO® resul ted from temp

interruptions. No abrupt changes in | attice par
suggesting that keymisstsreudc.t ur al events were not
This slow and parti al topochemical transfor mat
proton/ ammoni a availability, redox chemistry,

111



(Ho. s NHsz;)Fe>S, benefits from enhanced ther mal S t
hydrogen bonding between NHz;/ H and S2 |l ayer s,
and DSC studies. However, noos ssi ubpl eyr cdouned utcot iFvei tsyi t\
and el eetorpamgqoveéroth of which are knolwansetdo supp

chal cogeni des.

5.3.6 -B®odlt wotihnetremmaclal ati on of ethyl enedi ami n:¢
The for mat)izoo o ft hGooluegnh t he reaction of Co met a
observed diséctcubhyY contder i pl ot even before the
precipitation at room temperature. Upamgleéeéating
| ayered producdit h€oéahn) 81 (EComISdarsr ewk tdd) daksempal®h apt €
to emerge at 2p®r o inmatees!l yand00Ocontinued to grow
experiment -CoASl tihso utghhe ednerstiiraeld Rihatswel & erqaifei ne men
Co(en)sCl ., was the dominant product by weight dt
rapidly than the | ayered phase.

The |l attice paramet eaxian-&hbfgsex hsbowed thathartrbpe
~0.1 A upon its initial crystallization, stabil

Thi ssstomg expansion of theati-GoBrtdagsernepatonm iU

synthetic intercalation of [Co(en)s]? cations
support a synchronous growth mechani sm, where t
assembl e coopceryasttiavieliyz aduiroinnng Thi s is consistent

space group struct uarey sdteabe r ¥ni fnferda dtrioam ,siinmg | vehi ct

the [Co(en) 3] 2 cations breaks the fmetmfold symr

112



——ob:
00s. Ca+ an 4 thiouraa + [Co(en )| 00S ] 4 Calan:Cly
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Figure5.15: In-situ synchrotron powder-Xay diffraction contour plot showing the solvothermal reaction of Co metal,
thiourea, and ethylenedi amine at 140 °C and 12 bar. Ref | ec
consistent with its precipitath at room temperature. At ~2@M0 minutes, diffraction peaks corresponding to the

layered product [Co(en)3](CoS)12etegin to emerge and steadily increase in intensity. The two phases grow

concurrently throughout the reaction, reflecting parallel coatitin and redox pathways. Metallic Co remains detectable,

indicating incomplete consumption within the experimental window. The slow and anisotropic crystallization behavior

is characteristic of solvothermal synthesis in viscous organic solvents.

Ti meesol ved phase quantdofS caantdi oCo (sehno)wsClt.h aetv oblovte
rather than via sequenti al conver sdooSn .s ulghgee sp asr a
that multiple coordinationtédred nrad d @x vp atomweynd .c d
readily forms through the oxidation of Co i n

indicated by the continuous gasskevolwueaoni ¢preslu
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[ Co(en) ]2 then either precipitates with CI a

framework with CoS and ethylenediamine.

+« Co
e Coen
*  Colen)iClz
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Figure5.16:Phase evolution during the solvother mal synt hesis of
frominsi tu Rietveld refinement. Co(en)szsCl, forms rapidly and
reaction, suggesting fast coordimathn of [ Co( en) 3] 2 -CaBiplhabe b&gins to forr &t €240 nényitesr e d e n
and steadily increases in weight fraction, ultimately reaching ~30% at the end of the experiment. Metallic Co is gradually
consumed but remains present, intdigg incomplete oxidation. The concurrent formation of both products implies

parallel reaction pathways rather than a sequential transformation.

The early precipitation and stability of Co(en
seeding rofCeS duor mgt ieonn . However-CoSsiarces tGoad (lenz)e
simultaneously and independent ley,i ttihoeni rb eftomeneant il c
compl exation and sul fur incorporation pathways.

rel ated sol vot herremal als.ystemsrt ekdontwvhe early anprf
di sappearance ofsiFelf sa)yp Ohe [iFre(temgis] si( ke 4 Sez )
case the starting Fe?2 salt and high d2o0ubility

Il n our case, the persistence of met al-Ca Co an
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throughout the entire ~1800 min experiment sugge

within the allotted beamtime. This is consisteni
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Figure 5.17: Time evolution of the lattice parameters of [Co(en)3](CoS)12en obtained from sequential Rietveld
refinements during the solvothermal reaction of Co, thiourea, and ethylenediéa)iréhe c-axis exhibits a rapid
increase to ~20.36 A around 240 minutes, followed by a gradual stabilization, indicating the onset and completion of en
CoS layer growth(b). The a- and b-axes also stabilize after an initial fluctuation, reflecting the anisotropic growth
behavior and structural ordering during the formatiothefpolar orthorhombic phase (space grBep2 1 Brror bars

represent refinement uncertainties. The shaded regions highlightieslfluctuations associated with nucleation.

5.3.7 -uB®aolt wonti hnetremaclal-dit amnnopr dpa@ane into CoS.
To further understand ¢t he role of di amine str

reactions, weitwmpry £t dlhlei-Gam3 i amd,-Xag& vwWbr | ef benh

115



reactions i

|l ayered

Figures.18: In-situ synchrotron powder -Xay diffraction contour plot showing the solvothermal reaction of Co metal,

thiourea, and 1;Bliaminopropane (1;8 a p )
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incomplete oxidation and low conversion. Comparettiécenbased system, the peak intensities for-@d=dap remain

weak and broad, suggesting poor crystallinity and slower reaction kinetics. This contour plot highlights the impact of

ligand structure and solvent viscosity on product formation and digatadn behavior in solvothermal synthesis.
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Figure5.19: Timeresolved evolution of crystalline parameters during the solvothermal synthesis-ff,Zd&p.(a).
Quantitative phase analysis showing the weight percent evolution of metallic Gel,&d8p, and [Co(12 ap ) s ] Cl » .
The consumption of Co and slow accumulation of the product highlight the sluggish reaction Kimettoslution of

the c-axis lattice parameter of Ce$,2-dap, which gradually decreases from ~21.8 A to ~21.2 A, likely due to slow
solvent loss or framework contractidie). Evolution of thea- andb-axis parameters of Ce$,2-dap, showing initial

anisotropic changes that stabilize ptiene, indicating structural relaxation and improved ordering.
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Figure5.20: In-situ synchrotron powder-Xay diffraction contour plot of the solvothermal reaction between Fe, thiourea,
and 1,2diaminopropane (1;8 ap) at 200 °C and ~12-dap)gradualyRemérpeeaftet +4@0ns fr om F
minutes and slowly intensify, imthting sluggish crystallization. No intermediate phases such as e@ ) s C| , ar e
observed throughout the reaction. Top and bottom panels show Rietveld refinements of the final and initial patterns,

respectively, with tick marks corresponding to Fe épland FeS(1;8ap) (green).
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Figure5.21: Time-resolved structural evolution during the solvothermal synthesis of Fed®fh)Zrom Fe, thiourea, and
12di ami nopropane at(a)Rhase weéigbt peraetages df Fe (ved)r FeR{ap (blue), and their
evolution over time, showing gradual Fe consumption and product form@tjocraxis lattice parameter of FeS(4,2
dap), exhibiting a rapid initial contraction followed by a plateau at ~14(6)& and baxis parameters of FeS(igap),

which stabilize after an initial fetuation, indicative of structural ordering during crystal growth.
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Chapter6: Conclusion and future work

6.1 Introduction

In this dissertation, we systematically investigated how molecular intercalation can be used
to engineer symmetry breakirgparticularly polar and chiral asymmetain (TMCs), leading to
emergent quantum properties such as ferromagnetism and superconductivity. Across several
chapters, we demonstrated that both structural polarity and molecular chirality can be rationally
introduced into layered or tetrahedral framewaditik®ugh the incorporation of designed amine

species.

In Chapter 3, we reported the solvothermal synthesis of ethylenedibasrd CoS
hybrids, where polar distortions were induced by directional hydrogen bonding between chiral
Co(en) 3?2 complexes and the CoS holekedtbthet t i c e . T
emergence of ferromagnetic order in a metallic state, constituting a rare example of a polar

ferromagnetic metal derived from molectdelid interactions.

In Chapter 4, we extended our focustoRH S e , a van der Waals | aye
centrosymmetric bulk symmetry. Through intercalation of both achiral (ethylenediamine) and
¢ h i r -akthylbereylamine, MBA) amines, we investigated how molecular symmet
particularly chirality—can modulate the superconducting properties of the host lattice.
Ethylenediamine intercalation increased the superconducting transition temperature (Tc) from
bel ow 1 K to ~5. 2 K. N o-t amd SNMBA, assisted byi traceer cal at i
ethylenediamine, |l ed to a further Tc enhancement
flexibility of MBA. Spectroscopic evidence from circular dichroism and thermal analysis
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confirmed the successful intercalation of optically active, chiral molecules, marking a critical step

toward realizing structurally chiral superconductors.

In Chapter 5, we employed in situ synchrotron diffraction to track the evolution of
hydroxide andamine intercalatedTMC hybrids during solvothermal reaction¥he insitu
experiments unveiled smallpart d the entire pictureft he hydr ot her mal reactio
offering the first glimpses into the hidden intermediates, structural reorganizations, and temporal
evolution that govern the formation of complex molectgalid architectureshese timeresolved
experiments revealedthe dynamic role of ame coordination, protonation, and symmetry
reduction in directing phase selection and structural development, offering insights into how non

centrosymmetric intermediates form and stabilize under hydrothermal conditions.

In summary this work highlights the effectiveness of molecular symmetry design
particularly through polar and chiral amireas a tool to break spatial inversion symmetry in
guantum materials. These intercalation strategies open pathways for exploring unconventional
superconductivity, polar metals, and potentially topologically nontrivial states ksyownetry

hybrid systems.

6.2 Future Directions

6.2.1 Chiral nlogically relevant moleculatercalation

While this study has primarily focused on small diamines like ethylenediamine and 1,2
dap and MBA,many biologically relevant molecules offer inherent chirality, functional groups
capable of hydrogen bonding or metal coordination, mag havethe potential to act as both
structuredirecting agents and reactive ligandshis direction involves the incorporation of
naturally occurring chiral moleculesuch as amino acids, peptides, or alkaldite solvothermal

and hydrothermal synthesis to construct mgves of hybrid layered materials. Incorporating such
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molecules may not only facilitate the formation of chiral or noncentrosymmetric frameworks but

could also lead to materials with novel optical, piezoelectric, or prmtaducting properties.

Amino acids in particular represent a versatile family of chiral building blocks. Their zwitterionic
nature under solvothermal conditions may promote ion exchange, act as pH buffers, or stabilize
metastable intermediates. Moreover, the asymmetric envimnmhey provide could drive
symmetry breaking in the growing crystal lattice, opening access to polar or even enantioselective
intercalation structures. This concept aligns with recent developments in biomimetic crystallization
and chirality transfer in rganic framewor212, 213, where organic molecules not only

template structure but influence crystallization pathways through stereochemical steering.

Future work could explore the interaction between selected amino acids and layered metal
chalcogenide hosts under controlled solvothermal conditions, evaluating their role in directing layer
stacking, interlayer ordering, and inducing chirality in otheevzgisntrosymmetric frameworks. The

use of amino acid derivatives or peptigsed ligands may further enhance structural diversity and
lead to tunable functionalities relevant to catalysis, sensing, or bioelectronics. In the long term,
bridging the syntheti chemistry of soft templates with the structural complexity of biological
molecules could unlock a new class of environmentally adaptive, molecularly engineered layered

materials.

6.2.2 Caintercalation

Another promising avenue for future research is the deliberate design and control of co
intercalation systems, where two or more distinct species are simultaneously incorporated into a
layered host. In this study, we have observed evidence of spontandpigscalation, foinstance,

the presence of both ethylenediamine and MBA in RMBA S e ,  sanyd<o(eyii somplex
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together witrenin enCoS.Such coexistence, whether cooperative or competitive, can significantly

affect structural symmetry, interlayer spacing, and even electronic properties.

Purposefully tuning céntercalation conditionsuch as combining an inorganic ion (e.qg.,
Li , NH. Na ) wit h a —cohldlead fo enoergenpstructaral maiifs g ani ¢
inaccessible via singleomponent intercalation. This may be especially powerful when the two
intercalants differ irffunction: for example, one contributing charge (redotive cation) and the

other chirality or polarizability (e.g., amino acids, alkylamines).

And this rise tcarnother very interestingpopic. Can tloseco-intercalating particles react
with each otherBeyond the ceansertion of multiple guest species, a compelling direction is to
explore whether chemical reactions or supramolecular interactions can occur between intercalants
within the confined interlayer space. While most intercalation studies teeatdtrted species as
nortinteracting or weakly ordered, the restricted geometry and dynamic solvation environment of
layered hosts can in fact pnote close proximity and directional bonding between guest molecules.
This opens the door to layeonfined chemical coupling, such as hydrogen bonding networks,

acid-base interactions, or even covalent or coordination bond formation.

Such layerconfined reactions may occur betweenimtgerted amines, acids, or small
organics, especially under solvothermal conditions where thermal activation and partial solvation
can drive reactivity. In principle, one could imagine in situ formatioaupframolecular dimers,
Zwitterionic pairs, or ligandnetal complexes inside the interlayer gap, effectively turning the host
lattice into a 2D reaction vessel. This approach would not only influence the spacing and symmetry
of the host lattice but couldsam generate emergent properties such as polar ordering, proton

conductivity, or chiral domain formation
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