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Abstract

Advanced studies of structures and dynamics of functional materials based on metal
organic frameworks (MOFs) showing exceptional stirgiven properties is of strong curten
interest for the design of negeneration smart materials, especially for sorphbased
applications such as gas storage, energy storage, controlled drug delivery, and molecular
sensing, to name but a few. Statethe-art diffraction and spectroscojry conjunction with
theoretical calculations are one of the most powerful approaches to achieve these detailed
analyses at a molecular level. This thesis aims to study mechanistic aspects of stimuli
responsive behaviours responsible for a distinctive ssepmmmoniaNHs) adsorption in the
defectrich Zr-based metabrganic frameworks (MOFs), namely WY and its isostructural
UiO-bpydc, both experimentally and computationally. In Chaptdrigresolution neutron
and synchrotron diffractions along witietveld refinement and density functional theory
(DFT) calculations have been used to charactdnisd@inding domains and the interactions of
NH3/NDz with defectrich UiO-67 and UiGbpydc containing biphenyl dicarboxylate and
bipyridine dicarboxylate likers, respectively. The results establish thatdramatic alteration
of stepwise adsorption processes is closely associated with hydrogen bonding network between
NH3/ND3z and the frameworks at the disordered/defective trigonal and lozenge pore windows
of the materialswithout significant change in pore volume and unit cell parameters
Specifically, UiGbpydc is possible to make stronger and more extensive hydrogen bonding
using pyridine sites of the linker than in U&J. These molecular controls leadstonulus
tailoring properties such as gatentrolled porosity by dynamic linker flipping, disorder, and
structural rigidity which are further confirmed bymperaturelependence of situ structural

analyses accompanied with guestuced rotational motits of the organic linkers studied by



DFT in Chapter 4. To get deeper insights into the interestingifhticed stepwise adsorption,
the dynamic features of the M@¥H3 systems have been further investigated by using
advanced inelastic neutron scatteringlg), quasielastic neutron scattering (QENS) in
conjunction with theoretical calculations. Guexluced linker stiffening reflected by the
suppression of lattice motions of the host frameworks upogsiddbsbrption is achieved, which
exhibits greater effean the UiObpydc case. More excitingly, analysis of INS difference
spectra reveals heterogeneous dynamics of the trappedéyidnding on MOF functionality
and gas loading. For the Ui€Y, the weHordered NH molecules primarily adsorbedsfOH
have moe feasibility to undergo progressive interactions with the incoming mMiblecules,
signifying its more accessible porous structure forsNidlusion due to the lack of guest
stimulated pore blocking conversely observed in the-bjp@dc. QENS study elucitks
negligible mobility of Nk in both MOFs at the lowest dosage, indicative of the similar
localised diffusion caused by strongly bound3Nitithee3-OH sites of the hosts. On the other
hand, the NH diffusivities in these frameworks become distinct at higheg Niptake where
the stepped adsorption occurs. This observation points toward the confineshdi#tules

experiencing a diversity of either rgoenvironments or hoguest interactions.
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Li st of Abbreviati ons

Abbreviation Definition

AA Acetic acid

BA Benzoic acid

bdc 1,4-benzenedicarboxyla

BET BrunauefEmmettTeller

bpdc biphenyt4,4Njlicarboxylate
bpydc 2,2Npipyridine-5,5Njlicarboxylate
btc 1,3,5benzenetricarboxylate
CHsCOO Acetate

CHsCOOH Aceticacid

DFA Difluoric acid

DFT Density funcional theory

DMF N,N-dimethylformamide

ELM Elastic layer material

FA Formic acid

FWHM Full width at half maximum
GCMC Grand canonical Monte Carlo
GGA Generalized gradient approximation
GOF Goodnesf-fit

HF Hydrofluoric acid

ICP-MS Inductively-coupled plasma mass spectroscopy
IFM Interference microscopy
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Abbreviation
INS

IP

IRM
IRMOF
MD
MOF
MOPS
NDs
NGA
NMR
NPD
NTE
NU

OoP
OPTZ
PAW
PBE
PCP
PFGNMR
PH
PSD
QENS

SBU

Definition

Inelastic neutron scattering

In plane

Infrared microscopy

Isoreticular metabrganic framework
Molecular dynamics

Metalorganic framework
Microporous organically pillared layered silicates
Fully-deuterated ammonia
Negative gas adsorption

Nuclear magnetic resonance
Neutron powder diffraction
Negative thermal expansion
Northwestern University

Out of gane
Phenothiaziné,5-dioxide
Projectoraugmented wave
PerdewBurke-Ernzerhof

Porous coordination polymer
Pulsedfield gradient nuclear magnetic resonance
Polyhedra

Pore size distribution

Quasielastic neutron scatterin

Secondary building unit



Abbreviation Definition

SPC Soft porous crystal

SXRD Synchrotron Xray diffraction

TFA Trifluoroacetic acid

TGA Thermogravimetric analysis

TOF Time-of-flight

TPD Temperaturgorogrammed desorption
TPDC 4 | -térplienyldicarboxylate

VASP Viennaab-initio simulationpackage
WPPF Whole powder pattern fittm

XRD X-ray diffraction

ZIF Zeolitic imidazole framework
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This thesis provides a brief introduction to the motivation, literature review related
to this thesis, and structure of the thesis. Details of the basic theories, experimental
procedures and relevant data analyses are presented in Chapenezare three results and
discussion chapters including Chapter 3, 4, and 5. Chapter 3 focuses on an understanding of
the NH loading dependent structural responses of defelct Zr-based metabrganic
frameworks (MOFs), namely Ui®7 and UiGbpydc ata molecular level. Effect of
temperature on the responsive behaviours of the aforementionedNe$ystem is further
explored in Chapter 4. The last result chapter (Chapter 5) reveals the comprehensive study
of dynamic properties (vibrational and diffusimotions) of NH molecules confined inside
the pores of UiGb7 type MOFs. A summary of the overall results obtained throughout this
thesis is given in Chapter 6 along with perspectives towards possible future directions of this

research field.

1.1) Motiv ation

The development of smart materials for stirmeponsive recognition, wherein a
complex form in a manner that is sensitive to, or can be governed by, externally applied
triggers such as light, temperature, pressure, magnetic or electric fieldchkatyrdeen
receiving a lot of attention. Molecular engineering, biometric and design approaches offer
an assortment of new chemistry and material design tools toward improving precision in
tailoring properties. For example, understanding and controllioggaular motions of
synthetic materials towards stimulus for their ordisiorder transformation, reorientational

and rotational motion associated with phase transitimagallow switching back and forth
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between hard or soft state, a breakthrough tha&rfan innovative solution to a long
standing challenge with synthetic materials by giving them both strength and shape

adaptability [1-3]

Metalorganic frameworks (MOF$4] also known as porous coordination polymers
(PCPs)[5] are highly topical @sses of porous crystalline solids, consisting of metal
ions/clusters, known as secondary building units (SBUs), coordinatively binding with
organic ligands that typically form crystalline frameworks with loagge periodicity. They
have attracted intengaterest due to large surface area, designable porosity, functional
diversity and structural flexibility, making them highly attractive for use in many
applications[6-8] The rational design of MOF materials for applications heavily relies on
a thoroughunderstanding of the heguest interactions of the frameworks with exterior
triggers. The nature of these interactions if controllable has been considered to primarily
manipulate the MOF structural properties such as disorder, flexibility, compressaiility
well as chemical reactivity3] Recently, different gas sorption phenomena in MOFs have
been recognized for efficient gas separation applicaft4] Sequential pore filling in
nonuniform MOF pores has also been attributeddifferential gas sqtion phenomena.
[9-10, 15] Flexible and dynamics motions of MOF linkers that undergo rotation or libration
have been elucidated to play a dramatic role in gudsiced gate opening phenomena in

many MOFs such as Zi8[16], DUT-98[17], and Cubased EPs[14].

The previously introduced structural transitions of MOFs, however, experience large
volume change both in the nanospace and in the bulk solids challenging the practical use of
these materials, especially in sorptis&ised applicationfl8] Thisvolume expansion in the
adsorbent solid is disadvantageous as it may damage the storage tank, decompose the

moldings, and also may result in slower diffusion of gases in the tank. Consequently, design

2
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of new porous Ori gi do wrptioreand dasbrgtiontwithespecifcta n s h
interaction(s) without significant volume change is highly desirable and technologically
important. For example, Kitagawa andworkers showed by SXRD and refinement of

their crystalline MOFs and porous coordinatiaslymer (PCP) that the polarised eBt

(also Cl and I) linker with C&@interaction can account for the additional &@pped uptake

without significant structural or volume changegure 1.)s.[18] Similarly, B*rwinkel and

co-workers demonstrated that additional capacity of adsorption foem@®realized by their

crystalline microporous organically pillared layered silicates (MOPS) from their SXRD and
refinement using the interaction of @@ith the organic cationic pillar based on electrostatic

interactions without any framework and macroscopic pore volume chdhggs.
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I n addition, studyi ng t Imkeer by guesk mdbeculei t y o
stimulus at variable temperature may provide hints about their molecular interaction. To our

understanding, flexible MOFs atharacterisedainly by changes in the pore structure. For
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exampl e, t he Akhowe t ocbuiinlphehylerebased ligana dydtemi4,

20-21] GonzalezNelsonet al [2] have recently reviewed the studies of rotational barriers

and dynamics of such ligand motives upon guest inclusion from the literature. However,
these works were set in contextm@aterials that exhibit large changes in unit cell and pore
volume upon guest inclusion and other stimuli. The framework flexibility in the context of
mainly | igand Aflippingod but without signi

unexplored.

Apart from modification of flexibility in MOFs, incorporation of defects arising from
either missing or dislocated atoms or ions can affect guest transport in the frameworks which
is crucial for sorptionand catalysibased applications. [22] For example;based MOF
UiO-66 [23] which is well known for its robust yet defedth structure[24-25]was
reported to show an exceptional £&alsorption via modulation of missing linker defects.

[26] An isostructural UiG67 with biphenyl linkers also exhibited immexd catalytic
performances when defects were introduced to the frameJy®rk28] These studies
indicate that the defect engineering in the MOF materials can play a key role on the
material sd6 properties, possi blhgpore strucauies h er
of the framework or controlling the pore accessibility. Engineering chemical functionality
into MOFs is a promising approach to finely tune fmstst interactions in the MOF pores.

[3, 29] For instance, flexible gatepening phenomenad. transition between a closed and
open structure) with improved framework stability towards external stimuli was reported,
giving rise to a development of future smart materials for nanotechnology applicg&ions.

14-19, 21, 30]

While several reportsrothe responsive adsorption properties of MOFs with non or

less polar guests such as hydrogey),(earbon dioxide (Cg), and hydrocarbon have been

4
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published[9-11, 3032] such adsorption studies in MOFs wittore polar molecules such
as water, alcoholssnd NHs, in which both hosguest and guegjuest interactions could
play an important role on their sorption properties are rather sqa&el7, 3334] In
addition, indepth study on stimulhduced structural responses of MOFs together with their

sorgion mechanisms at a molecular level is still in an early stage.

Recently, it is exciting to see that the combined used of advanced experimental
techniques such as synchrotron powdeadiffraction (SXRD), single crystal diffraction,
neutron powder difaction (NPD), inelastic neutron scattering (INS), and quasielastic
neutron scattering (QENS) in conjunction with theoretical calculations such as density
functional theory (DFT) and molecular dynamics (MD) have made significant achievements
in charactesing guestoaded MOF materials and their sorption mechanisms from both
crystallographic and dynamic standpoirfits.35-36] These microscopic methods shed light
on guestnduced structural and dynamic features of the MfDEst systems such as
preferable mding sites, nature of binding interactions, and diffusional motions of guests
inside the frameworks. Therefore, a comprehensive understanding of the structural and
dynamic properties of MOFs with guest molecules as external stimuli along with their
sorpton mechanisms will provide key insight into the design of future smart materials in

which stimultinduced responsive behaviours are precisely controlled.

1.2) Background literature

1.2.1)Definition of MOFs

MOFs [4] and also known as PCHS] are an emgjing class of crystalline

porousmaterialsforming 1-, 2- or 3D extended networks. They are constructed by the
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coordinative linkage between metal cations or clusters and organic ligah@keir metal
clusters are also known as secondary building uSIBUE). Their structural robustness
which are able to withstand vigorous perturbation from external stimuli making them
outstanding from traditional coordination polymers. One of the most distinctive
characteristics of MOFs is their tunable functionalifiesding to superior physical and
chemical properties over traditional porous materials, such as zeolites, in various

applications.
1.2.2)Zr -based MOFs

Zirconiumbased MOFs (Zbased MOFs) have emerged as a new subclass of highly
tunable MOF materials thdtstinguished themselves with outstanding thermal and chemical
stability.[23, 37] They are generally constructed from the highly connecteakdrclusters

and multitopic carboxylate linkers with a variety of symmetrical and geometrical features.

The first discovery of Zbased MOFs including UiB6, UiO-67, and UiG68 (UiO stands

for the University of Oslo) was reported in 2008 by Caskal [23], making a remarkable
step forward in MOF community. These MOFs exhibit unprecedented stability, especially
hydrothermal stability exceeding most reported MOFs. They have a reticular formula of
ZreOs(OH)s(L)s, wherel refers to 1,4benzenedicarboxylate (BBG, 4 ,-4 Nj
biphenyldicarboxylate (BPD¥), and4 , -térplienyldicarboxylate (TPF¥Q for UiO-66,
UiO-67, andUiO-68, respectively (se€igure 1.3. Their crystallographic structure is
created by coordinating each hexanucleas@£(OH)4]*?* cluster with twelve organic
linkers Figure 1.3. By varying types of organic linkers to connect to the
[Zre0a(OH)4]*?* clusters, a large family of Zvased MOFs featuring diverse geometries and

symmetries have been achievi8-42]
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1.2.3)Defect engineering in MOFs

Defect engineering in MOFs has attracted tremendous research attention in tuning
their propeties to specific functions and applications. Apart from attempts to manipulate
their periodic bulk structure, tailoring defects in MOFs has offers exciting opportunities for
modulating their porosity, catalytic active sites, electronic structures araaymoperties,
which are particular importance for separation, storage, catalysis, charge transport and

stimuli responseg$22, 4346]
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clusterc) demnebcaUisvDi(t h both missingd) Remkient ec d

wi t h pefrrmand giéadfn

Zr-based MOFs, especially UiGb6 type, is one of the most commonly stud@dFs
owing to its high thermal and chemical stability [23] with remarkable catalytic performance
strongly associated to the presence of deff@@&s4546]. As mentioned irSection 1.2.2
UiO-66 is a prototype of UiO family with a reticular formula 0§@s(OH)4(BDC)s, where
BDC refers to benzeng 4-dicarboxylate[23] Six coordinated Zr atoms are located at the
vertices of o0 cz0adh eadhrde-G atternativiedy cappingrthe gight faces
to form the ZsO4(OH)s cluster/node and each clusterc@nected to twelve BDC linkers
(12-connected nodes; fcu net) as showfimure 1.4a[46] As a result of its high degree of
linker connectivity, UiG66 exhibits higher tolerance to linker missing than other MOFs.
[26] The numbers of missing linkers ca as high as to 4.3 pereLtuster without causing
collapse of the framework structurg$/] This feature makes Avased MOFs unique among

MOF materials and is generating additional interest around them.

Two types of defects have been discovered inZtheased MOFs: missing linker
defects and missing cluster defects which refer to the absence of a number of linkers and
metal nodes from the perfect crystallographic structures, respectivgly s 1.4kL.40).

For the missing linker defects, assumingttbae negatively charged BBCinker is
removed from each £€mode, it will create two defect centres with four coordinatively
unsaturated Zr sitd26, 45, 48]These missing linker defects can be manipulated during or
after synthesis by allowing less BOfker to form a coordination bond to ¢Zmnodes or
removing/exchanging some BDC linkers that are already attachegnod&s[24, 26, 48

52] In the case of missing cluster defects firstly reported by @iffd. [25], the Zg cluster
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Is entirely remwed from the framework creating theo andscutopologies as displayed in

Figures 1.4c and 1.4cespectively[46]

TabllelEtampl es of the proposed thearsmeidn aMOhg

prepared by maddilmagd ovaridaws ng the synthesi s.

Zr-based MOF Modulator Terminating species Reference
UiO-66 HCI OH/H,O [53]
UiO-66 AA AA [26]
UiO-66 TFA + HCI TFA [54]
UiO-66 HCI CI [49]
UiO-66 HF = [55]
UiO-66 HCI; FA CI; FA [56]
UiO-66 BA BA [57]
UiO-66/Ui0-67 FA; AA; BA; TFA FA; AA; DFA; TFA [27]
UiO-66/Ui0-67 HCI OH/H,O [58]
MOF-808 FA FA [40]
NU-1000 BA BA [39]
DUT-51 BA BA [42]
DUT-53 AA AA [59]
DUT-84 AA AA [59]

There have been many metlsa@d engineer defects in ZWOFs including adjusting
the synthesis conditions (temperature, Zr/linker ratio and choice mfe£ursor), addition
of modulators during synthesis, thermal activation/dehydration, linker modification and
metal cation substitutior{f52] Among them, incorporation of modulators has offered a
precise control of defect density based on type of the mtmtulsed and its concentration.
[24,2627]The so called AModul atorso are defi necf

synthesis of MOFs to compete with organic linkers to form coordination bond with Zr

10
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clusters[38] Examples of modulators having beeported are monocarboxylic acids, e.g.
formic acid (FA), acetic acid (AA), difluoroacetic acid (DFA), trifluoroacetic acid (TFA),
and benzoic acid(BA) and other acids such as hydrochloric acid (HCI) and hydrofluoric acid
(HF). Similar to the organic lirde, these modulators can act as terminal ligands to coordinate
to Zrs clusters, and hence causing missing linker deféetsle 1.1provides an overview of
terminating species proposed on a basis of synthesis conditions and experimental
observations. A pmising study on using the modulator to finely tune degree of missing
linker defects in UiG66 was reported by Wu and -emrkers. [26] The researchers
employed acetic acid as the modulator and varied its concentrations during the synthesis and
observed thathe pore volume of the prepared frameworks was strongly dependent on the
guantity of acetic acids used. The presence of missing linker defects and the possibility of
acetate as the terminating species were also confirmed by usingebahtion neutron

diffraction and inelastic neutron scattering, respectively.

11
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The most prominent outcome arising from incorporation of defects -ibaged

MOFs is an increase in their pore volume and surface area. This result offers great

opportunities to enhance adsorption ability in MOFs as higher amoiugis molecules can

occupy the poreg$26] In addition, defects can significantly affect a chemical environment

inside the framework, and hence changing adsorption behaviours of the MOFs upon the

guest inclusion. Liang and amorkers[56] demonstrated #t defect engineering by using

12
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HCl and FA as modulators could systematically control the @@ HO adsorption
behaviours of UiG66. The uptake of COdecreased as a function of defect density,
indicating the weaker CCaffinity in the larger pore createby defectsKigure 1.5 The
COrisostericheats of adsorptiof@st), in turn, exhilbed a different trend as OH>Cl >
perfect >T OOCH (igure 1.5h. This observation was in excellent agreement with the
binding energies of C£adsorbed over the modulatcapped Zicluster models studied by
DFT calculations.[60] Unlike the CQ adsorptim, H:O adsorption increased upon
increasing of defect quantities regardless of types of the modulatorsfigack (1.59,

likely due to the removal of hydrophobic BDC linkers from the frameworks.

From the above literature, it is anticipated that defecE-based MOFs can play a
significant role on tailoring MOF properties for practical applications, especially gas
separation, gas storage, and molecular sensing in which changes of pore size and pore
structure are critical. How these defects and thetraghstribution in the MOF frameworks

affect their sorption ability is one of the most exciting topics to intensively explore.
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1.2.4)Flexibility in MOFs

A - Breathing

D - Subnetwork displacement
Catenated MOFs

U |

Interdigitated Layer
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One of the most unique features of MOFs beyond other porous solids, is structural
flexibility as a response to external stimuli, such as guest molecules, electromagnetic
irradiation, temperature or hydrostatic press{8e.61-63]I n gener al , the te
MOF g6dJor fAsoft por o[623 meansyasnateribl sah alter BHdins dasily
according to the situation without breaking. One widely accepted antb-date
classification of flexibility in MOFs was presented by Bousaieal.and Couderet
al. (Figure 1.9. [61, 6465] There are four main types of flexibility: breathing, swelling,
linker rotation, and subnetwork displaceme®reathing, swelling and subnetwork
displacement generally undergo change in unit cell volifge (1t), while such change in

linker rotation is negligible and the crystal system remains unchanged duringittieratr
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transformation. Framework flexibility or responsivity is usually triggered by external stimuli
such as guest molecules, temperature, mechanical stress, light, etc. But sometimes it can

take place without any external triggers or sorption involved.
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Since MOFs was first discovered in the late 1990s, two research groups were
independently reported MOFs exhibiting unusual hystereses in physisorption isotherms
dissimilar to capillary condensation typically occurring in mesoporous solids. Li and
Kaneko synthesised Glbiased coordination polymer with a composition of Cu(}{By)-

(bpy: 4,4¥pipyridine) and also known as ELML(ELM states for elastic layer material).
[67] It was found that physisorption isotherms of EX1¥ in nitrogen (N, 77 K), argon (Ar,
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87 K), and carbon dioxidgC O, 273 K) displayed fAngaame pr ess

time, Kitagawa and &workers also reported similar phenomena in methanol sorption
profiles of Cu(ll}pased coordination polymer (€pzdc)(dpyg), where pzdc: pyrazigg3Z
dicarboxylate; dpyg: 1Ai(44yridyl)Zlycol). [68] Later, reversible contraon, further
denotes as fdbr eat hhand BO adsogpison af & 3IDMOF feachework, C O
called MIL-53(Cr). [69] Physisorption isotherms and their associated phase transitions in
MOFs MILA3(Al), Co(bdp), ELMZL1, and Dresden University of Techngyo(DUT)ZB(Ni)

are illustrated irFigure 1.7

The flexibility in MOFs mentioned above, however, undergo breathing process
which results in large volume change undesirable for the practical use of these materials,
especially in sorptiofbased applicationfl8] This volume expansion and contraction in the
adsorbent solid may damage the storage tank, decompose the moldings, and also may result
in sl ower diffusion of gases in the tank.
materials that can show gui@sisorption and desorption with specific interaction(s) without
significant volume change is highly desirable and technologically important. Recalling
various types of MOF flexibility irFigure 1.6 it is obvious to see that the local flexibility
generatd by linker rotation could be the most promising choice to develop the responsive

yet rigid materials.
1.2.5)Rotational dynamics in MOFs with flexible linkers

Design of novel MOF materials possessing flexibility while maintaining their pore
volume is esantially attractive for their practical applications. To achieve this goal,
molecular dynamics in MOFs caused by linker motions should be taken into account. These

unique features largely depend on the nature of the organic linkers used to construct the
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frameworks. Specifically, the organic linkers containing mobile fragments can create
dynamic motions in their respective MOF framework via rotation or libration under
particular conditions. Although the whole porous structure remains unchanged, the linker
dynamics have a dramatic effect on controlling physical and chemical properties of the
frameworks.[70] Thus, understanding and control of the dynamic phenomena in flexible

MOFs is essential for development of future materials with desired dynamic praperties

[2n,0(bdc)s], [2n,0(2-Br-bdc)s], [Zn,(1,4-ndc),(dapco)],  [(CdNa(2stp)(pyz)os(H20)],
MOF-5 IRMOF-2 Zn-JAST-4 Cd-2stp-pyz
FiguBpadl. Il lustrations of mobil e groups ar

compounds, wi tlpr pefurcders sti loen wet  &®f] Hor i ke

Tabl2Dét ails of activati anueaer gynd moaegu erf

motion for the f oRirgwraangdlo.oathder shewort ad MOF

Activation )
Frequency  Temperature  Rotational
energy
) (MH2) (K) mode
(kcal mol't)
MOF-5[68, 71] 11.3+2, _
0.001 300 “ flip
14116
IRMOF-2 [70] 7.3 - - -
Zn-JAST-4[72] 12.7 50 223 4 sites flip
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Activation .
Frequency Temperature  Rotational
energy
) (MH2z) (K) mode
(kcal mol'1)
Cd-2stppyz[72] 1.8 0.1 293 4 sites flip
MIL -53(Cr)[73] 41 1.26 x 10 333453 “ flip
MIL -53(Al) [74] 371 0.6 x 14 359492 “ flip
UiO-66(Zr) [75] 0.5+0.8 x .
302 213403 “ flip
10°
DMOF [76] 32136 0.3110 x 10 253 359 “ flip
MFM-180[77] 1.6 x 10, o
26, 28 223503 4-site flip
3x10
CdNa(2
stp)(pyzp.s(H=0) 1.7 2.40 x 16 193293 4-site flip
[70]
Zn(1,4 L
53 - 193293 4-site flip
ndcp(DABCO) [78]
UTSA-76[79] 8.2 - - “ flip

Examples of framework structures having dynamic linkers and corresponding
activation energies are presentedrigure 1.8andTable 1.2 respectively. For exampl2;
broma1,4-benzenedicarboxylate rings in the linker of IRMQFan rotate freglin the
squaregrid porous latticéargely due to the welbrdered orientation of these molecular
rotors in the frameworkHigure 1.80. [70] The estimated rotational energy barrier of 7.3
kcal molt can be associated to the dipole moment of the rotatiagp. Using bulkier
rotational group in ZRAST-4 led to a higher rotational energy barrier of 12.7 kcal‘mol
(Figure 1.8¢. [72] Similar to MOFs with aromatic linkers, the dynamic behaviour from alkyl
groups in the framework can also take place. Fanple, Cdbased PCP (MAR)
consisting of pendent ethyl groups in the linkers underwent thermal linker flipping allowing

effective pore opening for gas adsorptifgQ]
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In some cases, although the lattice parameter of MOFs and PCPs is not affected by
the linker dynamic motions, the pore structure does change significantly. For example, a Cu
based PCP with &-azidoisophthalate linker was reported dbow a seHaccelerating
adsorption process allowing excellent selective adsorption of carbon monoxide (CO) over
N2 (Figure 1.9% [81] This unprecedented adsorption feature was induced by weak
interactions between CO molecules and thé"Gites in the famework causing a global
structural change that consequently creates extra space for further uptake of CO.
[81] Recently, Giet al designed a thermally responsive-kased PCP with a butterftype

linker phenothiazin®,5-dioxide (OPTZ) Figure 1.90. [14] This linker is located at the
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channel wall that intercepts the guest diffusion path. A significant enlargement of the pore
window dianeter arising from thermal flipping of the OPTZ unit facilitates the adsorption

of gas molecules at high temperatures but impedes them at low temperatures. By finely
controlling the gas adsorption temperature, high separationgAf &d GH4/CoHe can be

attained.

1.2.6)Relationship of guestinduced structural dynamics and

adsorption properties

It is commonly known that adsorption behaviour is dominated by-falil and
fluid-fluid interactions. These interactions indeed depend on both the surfatierfalies
and pore structures of the host and types of the guest mold8likesormation on the pore
properties such as specific surface area (SSA), pore size distribution (PSD), and pore
geometry, can be achieved experimentally by characterisatiatisofption isotherms. To
date, the adsorption isotherms defined by IUPAC are categorised into eight types based on
specific hostguest interactions between the adsorbent and the adsorbate sf83jies.
Standard methods for assessmenS88A and PSD suchsahe BrunaueEmmettTeller
(BET) and the BarretioynerHalenda (BJH) theories, respectively, assume a rigid
adsorbent without guestduced deformationAs a result, applying these methods to the
nonrigid adsorbents, especially, flexible MOFs, mayrmaufficient to link their surface and
pore features to the respective adsorption phenomena. The classification of isotherms in
flexible MOFs (also known as SPCs) and the more realistic characterisation models are still

under development.
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Based on types of guestducedstructural transitions classified by Krausteal [3],
expansion (Hype) and contraction (@§/pe) isotherms are considered as fundamental
adsorption behaviours for flexible MOFs or SPEsjure 1.10illustrates the correlation
between guegtesponsive adsption isotherms and energy diagrams for four different
systems:a)arigidged open pore framework, b) a non ga
SPC, and d) a breathing SPC. To undergo-gaeming ¢o) transition leading to an-Eype
isotherm, a deformation energlqé) of the SPC host, defined as the energy difference
betweencp and op structures without guest molecules and gugstst and hosguest
interactions, is required to switch the SPC structure from a closedgppte &n open pore
(op) form. Unless an interaction enerdsin(), representing the guésiost and guesguest
interactions, is larger thdyer, N0 phase transition occurs and the SPC possesses adsorption
isotherm related to thep form (Figure 1.10h When theEincexceedEqer, then a total energy
(Exot) Of the system becomes negative causing a sudden secineagas uptake with a
sigmoidal isothermKigure 1.10)x. On the other hand, a low pressure region of the SPC
having a Gtype isotherm is governed by the adsorption feaguthe op phase Figure
1.109. This type of SPC undergoes structural contracttantarmediate pressures where
Eint(cp) Eint(op) > Eder Which are close to the intersection between dpeand thecp
isotherms. At this adsorption stage, the isotherm ofjiipdnase generally becomes a plateau
as a result of the highly occupied pore. Upon an increasing presstpapastructural
transformation can occur when a sumBadrandEini(0p) is less tharEin(cp). This energy
landscape analysis was adopted to investigate the role Bfdtoa regulating gueshduced
adsorption behaviours in a typical interpenetrated PCP(4dap(bipy)] where bdc and
bipy refer tol,4-benzenedicarbozylate add, -Bigyridine, respectively[83] The results

revealed that structural transformation of such flexible PCP from-freestontracted phase
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to guestioaded open phase was achieved Pgteanatic modulation of thgerwhich

strongly links to intefframework interactions.

While the above guesesponsive behaviours of flexible MOFs generally undergo
phase transitions propagating through the lattice of the materials, local dynamiad in rig
frameworks can serve as another type of flexibility that can modulate the adsorption
transitions without large change in pore volume as previously discus&estiion 1.2.5
For example, pyrazine, pasabstituted phenylenes, and substituted naphtbstsased
linkers in MOFs showed remarkable thermafiguced rotation which can manipulate the
dynamic pore accessibility and hence altering the adsorption properties toward guest
molecules.[2] This strongly benefits the use of these materials in sorpgiated
applications where achieving dynamic behaviours without having major volume change is
preferable. Thus, understanding how the linker dynamics influence guest diffusion and

adsorption andice versas of increasing attraction.

One of the most weknown adsorption phenomena attributed to the interactions
between a flexible linker and the guest molecules isthead | e pBgang ef f ec
Such effect often occurs in the form of an inflection point, a step, or hysteresis in an
adsorption isothen, as a result of a structural transformation with a change in rotational
dynamics of the linkerd84] For instance, ZIFB containing a rotating imidazolate linker,
was able to adsorb molecules seemingly larger than its pore window based on
crystallograpic data. This is arisen from the guesiuced librational motion of the
imidazolate leading to enlargement of the pore opening and thus allowing the diffusion of

large adsorbates through the p¢85-87]
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Another type of responsive adsorption transsian flexible linkerincorporated
MOFs can happen through the hgsest interactions in such a way that the conformation
of the dynamic linker affords a better packing of the guest molecules or a more favourable
adsorbate/adsorbent binding contadis, 85, 8889] This effect is particularly more
pronounced in the case of small adsorbates at low temperature where their kinetic energy is
suppressed. For example, BFexhibits stepped gas adsorption for Nr, O, and CO at
low temperature. This stepwideansition occurred when a more favourable packing
arrangement of the adsorbates become possible at a particular conformation of the linkers
and found to be governed by the polarizability and molecular size and shape of the guest

molecules[85, 88]

Basedon these findings, it strikes the fact that linker dynamics can potentially
modulate the guesesponsive properties of the MOFs which lead to interesting adsorption
phenomena, depending on the specific interplay between the MOF porosity, flexibility, and

the guest molecules.

1.2.7)Advanced methods for studying structural and dynamic

behaviours in MOFs

Neutron powder diffraction (NPD) has made an excellent impact on elucidating
structural properties of MOFs and preferred locations of guest molecutes thie¢ MOF
cavities.[6, 36] Unlike commonly used-xay and electron diffraction, the NPD can detect
light elements and even distinguish isotopes of each element as a result of neutron scattering
lengths and crossections randomly distributed over aipdic table[90] For example, the

coherent neutron scattering lengths of hydrogelh énd deuteriumPd or D) are 1 3.

24



Chapter 1 | Intrduction

6.67 fm, respectivelysge Table 2.1 in Chaptefdt further details)[90] This unique feature
makes the NPD very suitable for studying the light elemieht MOF-guest system. In
addition, neutron spectroscopy including inelas@atron scattering (INS) and quasielastic
neutron scattering (QENS) is one of the most powerful methods to study dynamics of MOF
guest system in both molecular motion and diffusion aspects at a microscopic view.
Compared to widely used infrared (IR) and Rawrspectroscopic methods, the unique
strengths of INS and QENS are the lack of selection rules, the excellent sensitivity to light
elements, especially to hydrogen, and the ability to examine the full Brillouin zone. Details
of the basic theories of sucliting-edge neutron techniques are givenCinapter 2 A
comprehensive review of using these sophisticated techniques to analyse guest and substrate
binding in MOFs was well written by Easwst al [6] On the other hand, modern
computational calculation atuding density functional theory (DFT) and molecular
dynamics (MD) have become an invaluable tool to support and verify experimental
observationg.35] A combination of these experimental and computational methods enables
a thorough understanding of theiggi host responsive behaviours occurring in MOF
frameworks. Thus, this section will primarily focus on recent studies involving using
neutron diffraction and spectroscopy in conjunction with theoretical calculation for analysis
of structural and dynamicatsponses of MOFs toward external stimuli, which initiate the

motivation of this thesis.
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In 2006, Petersoet al were a pioneer group who employedsitu NPD to study
the adsorption structures of a paddlewheel HKUS{ICw(BTC),, where BTC= 1,35
benzenetricarboxylate) as a function of deuteriurp) @sing.[91] The obtained NPD
patterns of HKUST1 with different D loadings are displayed iffigure 1.11 After
analysing the NPD data by Rietveld refinement, nine crystallographically independent
binding sites of Dwere observed and the primary sites were located at the coordinatively
unsaturated Cu(ll) node. The Bdorption inside this paddlewheel framework associated
to a complex pore filling mechanism originated from the optimisation betwe&n Bnd
D2-host interactions. Since then, similar methodology with and without the aid of
computational modelling was rapydéxtended to unveil the relationship of the structural
features and the respective adsorption mechanism in othergu€dt systemq92-95]
Recently, Krauseet al. performedin situ NPD experiments in conjunction with grand
canonical Monte Carlo (GCMC)raulations to analyse structural details of the mesoporous
DUT-49 and its isostructural derivatives upon methanes@ptake [21] They observed a
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counterintuitive phenomenon, called fAnegat:i
to be due to the porilling mechanism in these MOFs having trimodal pore structures
(Figure 1.13. Indeed, the aforementioned studies emphasise a great impact of using the joint
NPD and theoretical modelling to achieve structural details of precise locations of the

trapping pecies in the MOF cavities allowing a clarification of the adsorption mechanism.
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As previously stated, dynamical observation especially by using spectroscopic
techniques is critical to establish the nature of {gosist interactions. In 2006, Zhou and
Yildirim first performed INS experiments along with DFT calculationanalyse the lattice
dynamics in a welknown MOF5 (ZnO(bdck, where bdc=l,4-benzenedicarboxylate).

[97] With a good agreement between the experimental and theoretical INS spectra, many

interesting vibrational modes such as the softest twisting of then linkers were

28



Chapter 1 | Intrduction

assigned. After that, an unusual qufase rotational motion for methyl (G groups in
zeolitic imidazolate framewotR (ZIF-8, Zn(MelM), where MelM =2-methylimidazolate)

by using QENS was discovered by Zhetual [98] An activationenergy for the 3old
rotation of each CEkgroup estimated by QENS w&8 meV, suggesting a very low GH
rotational barrier ofD7 meV compared to most methylated seitdte compounds.
Surprisingly, Fairerlimenez and caorkers revealed an unexpecteda@son behaviour

in ZIF-8 with gas molecules larger than the pore window of the frameyi8kWith a
combination of experimental results and molecular simulations, they found that e ZIF
exhibited a gat®pening mechanism due to a swing effect ofitidazolate linkers induced

by gas inclusion. This work highlighted an existence of structural flexibility in theBZIF
framework. Later, Rydegt al observed similar gatepening phenomena in a series of ZIF
materials including ZIH , ZIF-7, and ZIF8 studied by combined use of INS, synchrotron
far-infrared (IR) spectroscopy, and DFJ99] Pore breathing as another type of adsorption
mechanisms and sheiaduced destabilisation were also reported. Such dynamic behaviours
were proposed to correlate to tballective vibrational modes at a low frequency region.
The same group also extended their dynamic studies-tma€ed MOF (HKUST1) [100]

and Zrbased MOF (MIL140A) [96] by using combined INS, synchrotron IR, and DFT.
They observed a trampolifi&e lattice vibration that linked to an interesting mechanical
feature called negative thermal expansion (N[QBYL] (Figure 1.13. They also noted that
the lowenergy shearing modes found in M14OA could be a source of framework

destabilisation[96]
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The above discoveries encouraged further analysis of dynamical propemMi@s-of
toward external stimuli such as guest molecules, temperature, and pressj#el @s105]
For example, Cascet al. performed INS experiments to detect-gatuced adsorption
behaviours of ZIF8 with Nz, Ar, O,, and COJ103] It was found that Nand CO having
strong quadrupole moments were able to induce the linker swinging and the framework
expansion of ZIF8 possibly due to the quadrupalgole interaction. On the other hand,
those symmetric molecules (Ar and)©Only caused the framework sliieg at relative high
pressure without the linker rotation. Besides, Zhao andvarbers demonstrated a
sequential pore filling in a neaniform pore structure of ZK# as an alternative adsorption
mechanism by means of synchrotron XRD, QENS, and GCM@laimon. Such a distinct
phenomenon could be explained by-gatuced gate opening between individual pores with
different geometries. Recentli{usaka and cevorkers proposed the relationship of full
width at halfmaximum (FWHM) of the Raman spectrum pgand the corresponding
libration modes of the phenylementaining MOFs with confined guest moleculEgy(re
1.14). [102] Without gas loading, the libration mode of the framework undergoes a uniform

harmonic motiongcenario A in Figure 1.)40nce gas wiecules start occupying the MOF
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pores, the libration mode becomes heterogeneous due to a partial suppression of the linker
motion, and hence causing an increased peak broadesuega(io B in Figure 1.)4
Eventually, at the full gas dosage, the libmatimode is totally inhibited together with an
absence of the relevant Raman pealde(ario C in Figure 1.)AThis work gives a strong
evidence of using the spectroscopic technique to monitor how the rotational motions in

flexible MOFs changes as a functiohgas adsorption.
1.2.8)Diffusion in MOFs

Diffusive properties are essential functions of MOFs because they are required for
most associated applications, such as gas storage, the separation of gases, sensors, and
catalysis. In these applications, timeraction of guest molecules in the pores with the
framework is crucial. Therefore, it is important to understand and quantify the transport of
the guest molecules through their nanoscopic channels. In particular, the selectivity of the
guest adsorptiogéparation is important, and is achieved by the differing transport rates of
the chemical species through the pores. One use of such kinetic separations is practiced
commercially for the WO, separation from air using a pressswng adsorption process.

[14]

Several techniques are available for the experimental quantification of guest mobility
in MOFs and other porous materials, such as eglastic neutron scattering (QENQD6],
pulsedfield gradient nuclear magnetic resonance (RMA@R) [107], interference
microscopy (IFM), and infrared microscopy (IRNM)08-109]. Among these, QENS has
proved to be a very powerful tool to give detailed moleelg@ael information on the
diffusion of various guest molecules deep within nanoporous charj88ls110] For

example, QENS was employed to investigate the loading effect of small molecules such as
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H2, NH;, C;and hydrocarbon on the self Ond t
106, 111113] and zeolite§114-116]. Theoretical methodologies, in particulaolecular

simulations, are also valuable in interpreting QENS experiments and elucidating the
diffusion mechanism at the microscopic scale, especially where multiple dynamical

processes are couplddb, 1131112, 114119]

In light of the above discoverigbe use of both neutron diffraction and spectroscopy
in conjunction with theoretical calculations has shed light on the stregonsive features
of MOFs on both structural and dynamical aspects at a molecular level. Diffraction
experiments give staticrystallographic information, especially specific binding sites of
guests confined in the MOF pores. On the other hand, spectroscopic observations provide
insights into not only the dynamics of MOFs toward external triggers, but also the diffusive
behavious of the trapped molecules in the host frameworks, hence revealing nature of the
hostguest interactions. Computational methodologies including DFT calculations and MD
simulations are also the powerful tools to support the experimental data, speaifitsitys
of visualisation of molecular motions and diffusion in the pofgerall, these studies
explicitly instigate the motivation dhis thesis First, the structural responses of Lb@
type MOFs toward Nkladsorption and temperature will be compredieely analysed by
NPD. Secondly, the loadirgependent dynamical motions of UBJ-type MOFs in
response to Nkladsorption will be investigated by using a combination of INS and DFT.
Finally, the diffusivity and kinetics of the trapped Nid these UiG67-type pores will be

preliminarily evaluated by QENS and GCMC approaches.
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1.3) Aims and objectives

As discussed in the previous section of the introductienin-depth study of stimui
induced responsive behaviours of MOFs along with their sorptiochanisms at a
molecular level has been considered as a key area of research beneficial for a design of next
generation smart materials, especially for sorpbiased applicationsuch as gas storage,
energy storage, controlled drug delivery, and moleculasisgnT herefore, his thesis aims
to comprehensivelynvestigatestructural and dynamipropertiesof defectrich Zr-based
MOFstoward NH adsorption and temperatusg using sateof-the-art neutron diffraction

and spectroscopy conmed with theoreticalaculations

The first experimental chapter, Chapter f8¢cuses on the study of structural
responses of defecich Zr-based MOFsiponNH3 adsorption as fundamentalinkageto
their adsorption mechanism®efective UiO-67 and its bipyridindunctionalisel
isostructural UiGbpydc have been rationally chosen to explore the sffettlinker
functionality, flexibility, and defect®n the NH adsorption profilesBy performingNPD
experiments combined with Rietveld refinement dPET calculations,the correléion
betweerthe preferred binding sites of the Blriolecules insidéhe MOFframeworksand

their distinct stepwise Ni-hdsorption isothermisave been elucidated at a molecular level

Chapter 4also targets the responsive featureshefdefectiveUiO-67 and UiG
bpydc upon NH inclusion but at different temperature€xperimentalmethodologies
similar to Chapter Biave been appliedo determine the NHHMOF adsorption structures at
cryogenic and room temperatures, WhiDFT calculations have been used stireate the
rotational energy barriers of the studid®F linkers It is anticipated that the Ui®pydc

linker will interact with NH moleculesmore strongly viehydrogen bonding. This hest
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guest interaction will make thgiO-bpydc linker more rigid and hece suppressing the

linker rotation at the elevated temperature.

Finally, the aim of Chapter 5 is to investigdneth the dynamics of the defective
UiO-67 and UiGbpydcupon NH adsorption and the diffusive motions of the trapped.NH
Advanced neutron sttaring experiments in conjunction with theoretical calculations have
been carried ouBpecifically,the combineduse ofINS and DFTmethods harevealed the
characteristiozibrational modes of thaostframeworks and the adsorbed Nwhich are
strongly elated to thie hostguest binding interactiorsnd adsorption behavioutQENS
studies accompanied by GCMC simulations have demonstrated the loaahdg

functionality-dependent diffusion of the NHonfined in the MOF frameworks.

1.4) Structure of the thesis

This thesis is divided into six chapters. In addition to a general introduction and
literature review presented in this chapter, different components of my study on the

structural and dynamic properties oflZased MOFs are given in the following phers:

Chapter 2 is dedicated to the theoretical background of the major instrumental
techniques used in this thesis and experimental procedures used for sample preparation and
characterisation. Specific data analyses and collaborative computationahtoahsulised

throughout the thesis are also discussed.

Chapter 3 reveals the structural responses of defectivesWi@nd its derivatives
upon the inclusion diiHz by using highresolutionin situNPD in conjunction with Rietveld
refinement and DFT calculans. The result demonstrates that different pore openings

(windows) induced by missing linkers can introduce stepped and hystékess®rption in
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UiO-type MOFsH-bonding networks can be formed between the bipyridine linker in UiO
bpydc and the adsorbddHs, offering a steric hindrance to modify the NBEdsorption
behaviourdisorder, and structural flexibility of the framewaskthout large structural or
pore volume change. This reshighlights the importance of hegtest interactions on
controlling the responsive behaviours of the MOFs with the trapped iNélecules as

external triggers

Chapter 4 extends the usamituNPD, Rietveld refinement, and DFT calculations

to elucidate the thermahduced linker flipping of defected Ui®7 and UiGbpydcwith and

without ND;s loading. While dramatic alteration in the NPD patterns of the-t&pped
UiO-67 upon thermal stimulus is observed, the NPD patterns of tharijpped UiGbpydc
surprisingly remain unchanged. This result can be accounted févelgetic H-bonding
networks between the bipyridine linkers and the adsorbediNDiO-bpydc making the
adsorption structures more rigid and hence suppressing the linker rotation over the studied
temperature rangdhe results establish the importance of halrlinker flipping induced

by the specific hosgjuest interactions on controlling the responsive adsorption behaviours

in these MOFs, consistent with the diffraction study presented in Chapter 3.

Chapter 5 demonstrates the use of neutron spectroscopyopees (INS and QENS)
combined with theoretical calculations to preliminarily investigate the loadipgndent
dynamics properties of the defective U@ type MOFs with trapped Ntth a microscopic
region. The first part focuses on identification of retwderistic vibrational modes of both
MOF linkers and adsorbed NHnolecules at various NHdosing by INS and lattice
dynamics DFT calculations, whereas the second part is concerned with the primary study of
the diffusivity-loading relationship of the Ndtonfined in the MOF pores by using QENS

and GCMC simulations. The correlation of the dynamical behaviours as a functiors of NH
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adsorption highlights the importance of linker flexibility, pore structure (induced by
defects), and specific heguest interaebns on controlling the responsive dynamic
properties in the MOF materials. This Chapter also correlates the dynamic behaviours of the
MOF linkers and the confined NHo their respective structural responses studied by NPD

in Chapter 3 and 4 and hence goging the proposed unusual dledsorption mechanism

by whichstimuli-tailoring properties such as gatentrolled porosity can be modulated by

dynamic linker flipping, disorder, and structural rigidity.

Finally, Chapter 6 summarises the key findings ftbeentire series of the studies
together with a perspective for future study of this research field. Supplementary information
consisting of additional characterisation results, details of the refined parameters of the
studied MOF materials derived froRietveld refinement and detailed description of the
vibrational modes from vibrational frequency calculations by DFT are given in the

Appendices section.

1.5) Chapter summary

This chapter has provided an overview of the introduction, motivation, background
literature, as well as the structure of the thesis. For the background literature, it contains basic
knowledge of MOFs and recent studies on how their functionality, porosity, and flexibility can
be finely tuned to exhibit responsive behaviours towardraat stimuli. The use of advanced
in situ diffraction and spectroscopic techniques for monitoring stimmaluced responsive
behaviours in flexible MOFs at a molecular level has been also emphasised as a central focus of
this thesis to develop a betterdemstanding of structural and dynamic processes in these porous

materials for future applications.
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Chapter 2
Experi mental and Theoretical

Details of relevant basic theories, experimental procedures, characterisation
techniques, and data analysis used in this thesis are givkis ichapter. Information on

collaborative theoretical studies are also described in brief.

2.1) Background theories

2.1.1)Powder diffraction

Powder diffraction is one of the most powerful characterisation techniques,
providing a wealth of information athe atomic structure and microstructural properties of
materials. This technique is concerned with samples being polycrystalline or consisting of
different crystals that large majorities of materials such as metal oxides, zeolites, and metal
organic framevorks (MOFs) exist. This is also a key strength of this technique to study the
samples where a singteystal form is not readily available and does not represent bulk
materials under the measurement conditions such as high temperature, high pressage and g
loading. InChapter 3 and ,4two types of powder diffractions:-Kay powder diffraction
(XRD) and neutron powder diffraction (NPD) categorised by the type of scattering source,
are intensely used to study structural responsive behaviours of MOFs texéedsal
stimuli. The fundamental scattering processes of XRD and NPD are intrinsically different.
While X-rays interact with electron clouds in an atom of a sample, neutrons interact with an
atomic nuclei. This difference serves to make the two techsicpplementary. The basic

concept of the NPD will be discussed together with other neutron technicpession 2.1.3
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as they are strongly related to each other whereas that of thestadlished XRD technique

is briefly presented here.

k; k,

Figufigll2.ustration of a b&®amawh@Qtwisantedi sf i e

‘. representpl aher i spacing, t he i ncident V e (

respectivel y.

The first discovery of the structural information in powder diffraction is developed
via the wellk n o wn Br g1 glick dekribes the interference pattern ofrXys
scattered by electrons of atoms in lattice planes. The lattice planes are crystallographic
planes, characterised by the indé®gthe sec al | ed Mi | | er indices. T
law, the wavelengtl-is equvalent to the atomic or molecular distances, i.e. iptanar
spacingQ . An interference occurs when the path length difference associated with

reflections from adjacent lattice planes is equivalent to the wavelesgtie Figure 2)1
¢CQ i Q¢ & _ Equation 2.1
whereQ s the interplanar distance of lattice plaf@Qx

dis the scattering angle,
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nis an integer, and
ads the wavelength of the incidentrdy.

The Braggbdbs equation is applied to othe
principle, the distinction between XRD and NPD originates from their characteristic atomic
form factors that contributes to the observed diffraction interj&ity:-he atomic érm factor
of X-rays is proportional to the atomic hum#eand reduces monotonically with increasing
dand decreasing . As a result, XRD is more
at higherd angles will generally exhibit a lower intensity compared to those at Idwer
angles. On the other hand, the atomic form factor of neutrons tendsriddpendent of
andd, and the associated neutron scattering lenghstion 2.1.3.2do not simply vary
with Z, permitting NPD to detect light elements (e.g. H, D, C, and O) with a wide range of
data collection. Comparison of therdy and neutron amic form factors of # with
increasing momentum transf#r 1 O EJ_(Section 2.1.3)ican be seen as an example

in Figure 2.2

Form factor

0 T T
0 5 10
Q (A?)
Figu2|€omhpari somayfandene&utron a#asnia ffwomam if

of the momenftt uimOBWH anwWhTehteer Xy form factor,
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maxi mum value compar aZrbe dteoc atyhse taot ozteilreo nwint

side( bl ue Il ine), the neutrodie(fdot mé¢dhadt omre)i s

The details of how and why neutrons scatter differently frenays will be given in

section 2.1.3Here, it is sufficient to have a short summary as follows:

I) Unlike XRD, the intensity of NPD depends on the neutron scatteringlengss section
(section 2.1.3.% not atomic numbetdependent. Thus, light elements (e.g. H, Li, C, and O)

are more visible and adjacent elements in the periodic table are often readily distinguished.

II) Isotopes have different neutron scattering lengtieking contrast observation in random

structures and allowing detection of different isotope behaviours such as H and D.

[II) Neutron scattering is weak with a typically low absorption. This property can have
positive and negative effects. On the positside, neutrons can penetrate deeply into the
sample of interest, allowing the study of bulk properties of the sample. On the negative side,
neutron experiments require a greater quantity of sample (typicdllg) and a relatively

long time for data ct#ction compared to Xay experiments.

IV) No atomic form factor is applied in NPD, thus permitting a data collection over a large

range of interplanar spacindgi.e. Q range).

V) Neutrons also interact with unpaired electrons via magnetic dipole itierachich is

beneficial for study of magnetic structure.

Although the powder Xay and neutron diffraction techniques have different
scattering characteristics, they both intrinsically suffer in peak overlapping that obstructs the
accuracy of structure fiaement. To achieve a better peak separation, it is thus essential to
perform the powder diffraction experiments by using high resolution diffractometers

especially whose Xays and neutrons are generated by synchrotron anelbigheutron
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sourcesln Chapter 3 and 4 will discuss on the use of the higlsolution NPD supported
by the highresolution synchrotron Xay diffraction (SXRD) for analysis of the structural

changes in Ui@7 type MOFs under external stimuli.
2.1.2)Structure determination from powder diffraction data

2.1.2.1)Rietveld method

The most commonly used procedure for structure refinement from the powder
diffraction data is the Rietveld method, developed Hygo M. Rietveld [4]. The
fundamental idea behind this method is¢bne wserselected parameters to minimize the
weighted differences between an experimental pattern and a model (calculated) pattern
based on the postulated crystal structure and instrumental parameters by means of a non
linear least square regression. The Rietneethodcircumvents a peak overlapping problem
and allows an entire observed pattern to be used effectivedy be used to refine structural
parameters of crystalline solids such as cell parameters, atomic coordinates, site
occupancies, and thermalisplacements.According to the no#inear least squares
algorithm, the square sum of differences betweenitlobserved and calculated step

step intensities is subjected to minimisation:
B U w g 0 5 ©070Q¢ Equation 22

where 0 is the weight usually estimated from statistics oa tibservedon as0
prw ;.
The calculated intensityy j consists of mostly nefinear analytic functions and
is defined as
W 5 B YBy O i 4wi0 ¢ i 6 QQ Equation 2.3.
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For the above equatioB, refers to the crystalline phase of the sample. Hence, the outer sum
covers all the phases p involved in the diffraction pattern. The inner sum operates over all
Bragg rdlections’I= (hkl) of abphase, which corresponds to the posittenthe diffraction
pattern.’Y is the scaling factorelated to the weight fraction of pha3and thus contributing

to the intensity of each phas@ p;; is called the sticture factor of which the squared
complex is proportional to the intensity of a Bragg reflectoiihis function is the vector
sum of atomic form factors (for-¥ay diffraction) or coherent scattering lengths (for neutron
diffraction). The profile funton & ¢ represents the profile poiffwith respect to the
positioni sw ¢ O-EF of the Bragg peal¥for the phas®. 6 ¢ iy} is the correction
factor that need to be applied to the reflection intensities. This factor iragacohtributions

from various correction factors such @lltiplicity, Lorentzpolarisation factor, preferred
orientation, etc.The final term is the observed backgrouhd= Gat position"Qin the

diffraction profile.

This approach requires a reasonatdeting model for the entire powder pattern, i.e.
all the starting parameters need to be sensibly valued. To simplify and hence maximise the
success rate of the Rietveld refinement, it can be useful to separate the above complex
function into several sgpoups of parameters depending on their relationship to the
diffraction pattern[5]: 1) peak positioni (simply referred to as—or ‘Q spacing) is
geometrically determined by the crystal lattice, spgroeip symmetry and instrumental
profile; Il) integrated peak intensitfO 0 € i 1 is determined by the crystal structure
and geometrical factors; Ill) peak profile® ¢, is originated from the contributions of

instrument and sample microstructure; 1V) backgrodnd'Gs affected by both the
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instrument and the sample, namiilgrmal diffuse scattering, incohersotttering, inelastic

scattering, sample environment and so on.
2.1.2.2)Judging quality of Rietveld refinement

Before assessing the quality of a Rietveld refinement, one should first visually check
how well the calculated diffraction pattern fits the ebved pattern. This is to verify any
gross errors in the structural model used for the refinement. For ditteell diffraction
pattern, the difference between the observed and the calculated diffraction profiles should
be as low as possible without anyoply-fitted peaks. If any significant peak difference is

observed, it may reflect an unsuitability of the proposed model.

Like other curve/peak fitting techniques, various statistical agreermRentaCtors
can be used for determination of the qualityadRietveld refinement. The most common
one is the saalled profile R-factor, which is a measure of the difference between the

observed and the calculated profiles:

Equation 24

where®  is the observed Bragg peak intensity atithstep,
W f is the calculated Bragoeak intensity at thié step,

This simple sum of all differences relative to the sum of all observed values has
several problems. First, it tends to overemphasise the strong reflections and it does not take
experimental uncertainties into account. Botlobtems are overcome by applying a

weighting scheme, where every data point get a weiglis&eé below):

Y h___*& Equation 25
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Wherel is the weight coefficient at th# step.
This R-factor is directly related tde Rietveld objective function of eq. 2.2.

The next problem is related to the influence of the background. If the peak to
background ration is low, the profil®value can be dominated by the wigted
background points and relatively insensitive togtractural model. To avoid this problem,
it is useful to subtract the background from the observed step scan intensities in the

denominator:

Equation 26

and

Y 5 h___f Equation 2.7

Despite these corrections, profiRvalues of different refinements can only be
compared for identical statistical conditions. Thecatled expectedR-factor, which is

mainly determined by counting statistics, give a measure of the best profile fit:
Y —_— Equation 28

and

Y - Equation 29

with the number of observed data poiNtand the number of paramet&sOn an absolute
basis, the ratio. between the weightegrofile R-value and the expect&dvalue (also called

goodness of fj GOF) is another good measure on the quality of the Rietveld refinement:
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5 i i Equation 210

There have been mauwyitical discussions on the fitting values to be accepted. For a
general powder diffraction pattern, a whited Rietveld refinement should haveYa
value below 12% and @OF value should reach unifg]. However, a lowY value can
be more dficult to obtain for a lower symmetric (more complex) crystal structure whose
Bragg peaks are more obseryéf As a result, acceptabl¥ values for crystal structures
with low symmetry (e.g. monoclinic and triclinic) could be up to 15%. All thadile R-
factors may be depreciated by a podatbfined peak shape, even though a correct
crystallographic model is used. On the other hand, the fitting values may look satisfactory
even we use a wrong crystallographic model because the backgroundiitedd¢8]. When
a diffraction profile is derived from a higesolution synchrotron or neutron sourcey, a
factor gets drastically reduced as the number of observdlidesiuch higher than that of a
laboratory Xray source, as a consequence of better detector resolution and longer counting
time. In this circumstance, thé  value is much lower #in theY  one and hence renders
a large... [3]. This indicates a less reliability of. when dealing with a high quality data
from the synchrotron and neutron facilities. Thus, more meaningful factors st¢h as
should be used alternagily since it tells us directly how well the calculated pattern matches
with the observed one. Finally, knowledge of crystallography is indeed a key factor to
achieve a successful refinement. Without a sensible crystal structure, a refinement result will

become meaningless even all the measures of fit are tremendously low.
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2.1.2.3)Le Bail extraction

To facilitate a successful structure determination by the Rietveld métHod. (), it
is helpful to have sensible starting parameters such as lattice paismspace group, peak
shape function factors, and background. The best way to achieve these parameters is to
perform a structurendependent whole powder pattern fitting (WPPF) prior to the Rietveld
refinement. Then, the obtained parameters can be gfoaigardly transferred to the
Rietveld analysis. The most frequently used WPPF methods are the Pawley (Pawley 1981)
and the Le Bail (Le Bailet al, 1988; Le Bail, 2005) methods. Both methods are based on
the use of nottinear least squares minimisationtthow they extract the integrated peak
intensities are different. As these methods refine over an entire powder ,paxtsnrthe
overlapped peaks can be calculated during¢fieement, despite in a purely convoluted
way. In this thesis, all the diffrion patterns of the MOF samples were primarily refined

by the Le Bail approach.

Comparing to the regular Rietveld refinement, the Le Bail method follows the same
least squares procedure to refine all parameters but exclude structural parameters: atomic
coordinates, site occupancies, and thermal displacements. If we consider a diffraction pattern

with a single phase, the Rietveld expressioBdnation 2.Zan be reduced to
W 5 By O i ay0éigi 6@ Equation 211

Without information on the structural parameters, the structure faQ@ory is initially

treated as an arbitrary value, e.g. 1.0.
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O v p8L Equation 212

During the iteration process, th® y is freely refined like a virtual structure model to

get a new value as

O v i h LALE S Equation 213
The obtained™O is subsequently used as a starting value for the next cycle of
iteration until the convergence is done:
O iy O w . Equation 214
2.1.3)Basic concepts of Neutron Scattering

While an Xray electromagnetically interacts with electron clouds in a sample, a
neutron interacts with atomic nuclei via the very shange strong nuclear forcecéording
to the de Broglie hypothesis, a neutron exhibits both paitikdeand wavdike behaviours:
it is a subatomic particle having zero charge, a spin ¥2, a mass close to that of a proton, and

a wavelength &. The neutedeBrogheaelaohshimagt h i s

— Equation 215

where Qi s P anc ko is thermeuirentnemsp® x w1 v 1 kg), andU is its

velocity.

The associated wave vecfijis givenby

— Equation 216

This allows the neutron momentuyto be written as
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Equation 217

where k is the reduced Planck constant.

Then, the neutron ener@yis

O -av "B Equation 2.18.

For a thermal neutron corresponding to a moderator temperature of ca. 300 K, its
energy is comparable to that of interatomic/intermolecular forces and its wave vector similar

to interplanarmd-spacings. This enables the study of structural and dynamical properties of

materials.
a) Elastic scattering (ks = k;) b) Inelastic scattering (ks # k;)
&e{\(\fa/ k; < k; : Energyloss -
C)C:éj'/ 1(5\.,\00 Phs -
,’6\(6 /’/
kg Q kg 0
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“direction k; ki
,/” kg > k; : Energy gain e
kg Q
- )26
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|Q|? = |k;|®+ |ks|* — 2k;kgcos26
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Q = 2ksinf = 7
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the scattéehengcptecasd, di r ecltiisondeotfe rtnhien esdc a
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When a neutron collides with a scattering atom in matter, the total momentum and

energy are preservetiie energy loss from the scattered neutron is gained by the sample.
The energy transfern is then written as

O 9 ol 1 Equation 219
wherg and are, respectively, the incident and thettsrad angular frequencies.
The momentum transfer is also given by

Equation 220

and so,

Equation 221

where'Q andQare the incident and the scattered wave vector, respectivelyk Th§

is known as the scattering vector and the relationship between these parameters can be

described by using the salled scattering triangles as depictedripure 2.1
2.1.3.1)Elastic and inelastic scattering

There are two types of scattering: 1) elastic and Il) inelastic. The former occurs when
there is no change in the energy of the incident neutron during the interaction; or in terms of
t he neut r on the directon & the veacetvector,changes but not its magnitude

soo] T seeFigure 2.3% The magnitude of- then depends only on the

scattering anglegc— between the incident and the scattered wave vectors. By using

trigonometry,|% of an elastic scattering is written as

Equation 222
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On the other hand, an inelastic scattering happens once a neutron exchanges energy and
momentum with a scattered atom, causing both the direction and the magnitude of the

neutronods wayv eFigure 2.3).0oThis evemt resuitsaim egtieer aq energy loss

) of the scattered neutron. The scattering vefte
hence dependent on both the scattering aggleand the energy transfen and its

magnitude can be derived from

o ECi— Equation 223

slrs
2.1.3.2)Scattering cross section

A scattering cross sectign can be used to determine how strongly an incident
neutron interacts with a target nucleus; the larger the cross sdutiomore likely an
interaction. It is measured in a unit of barn (1 barn = 01T m?) which represents an
effective area presentdumy a nucleus to a passimgeutron.In most neutron scattering

experiments, scientists measure the dodiiferential scattering cross section defined as

——. This parameter is equivalent to the number of neutrons scattered into the solid angle

A O EJAA%with the energy range @O (see Figure 2)4 The total cross section of

each scattering atora derived by integration of overall solid angles and energies:
, .Q — 000 — 10 Equation 224

where®is the scattering length which varies irregularly from one atom to anotheven

from one isotope to another.
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Z axis

Figu4l&edmetry of the neutron scattering ex

Squirs 1978).
2.1.3.3)Coherent and incoherent scattering

As atoms of the same element usuallyehdiferent isotopes and nuclear spin states,
it is helpful to decompose the total cross sectiomto two contributions; coherent and
incoherent scatterings ( and, , respectively) An example of the decomposition is
simply displayed ifrigure 2.5 The coherent part corresponds to an average over all isotopes

and spin states:

, ™ a0 Equation 225
B(x) (B(x)) AB(x)
‘ = +
HH‘ o LHHE T,
[T 1 [T 1 | | | ‘ | I | |
Coherent (scattering from the Incoherent (scattering from
average): b, = (b} fluctuations): b7, = (b*) — (b)?

FiguB|lél Rustration <ddfi mensemomynadsi mpxlaenpbd e of h «
can be decomposed into téheQ s wandsodt amf arvaemr

fluct wl(t{@lons,
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While the incoherent part is defined by the difference between the total and the

coherent crossections:
] ™ WO o Equation 226

The neutron scatteringngths and crossections of the elements involved in MOF

synthesis which is a central of this thesis are showralrie 2.1

TabllgN@Qutron scatx eandgctepgobhedthicors ement s

usedynohesi[d®] MOF s

Element by (fm) 1 @m) i (bam) G i(Bam) Gyt «(har)

H -3.74 25.27 1.76 80.27 82.03
D 6.67 4.04 5.59 2.05 7.64
C 6.65 - 5.55 0 5.55
N 9.36 - 11.01 0.50 11.51
O 5.80 - 4.23 0 4.23
Al 3.45 0.26 1.49 0.01 1.50
Cl 11.65 - 1706 4.76 21.82
Vv -0.38 - 0.02 5.08 5.10
Zr 7.16 - 6.44 0.02 6.46

Notes: is the bound coherent scattering lengoh; is thebound incoherent scattering
length; is thecoherent scattering cross 8en;,  is theincoherent scattering cross

section;,, is the total bound scattering crodsparn = 100 frie 102 m? Al has a
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minimum neutron scattering cresection so it is commonly used as a sample holder; V has a small
scattering cressection with almost incoherent contribution (i.e. nearly zero coherent contribution)

making it suitable for standard calibration.

Similarly, the measured intensity can be also divided into coherent and incoherent

parts.
_ g_ ., Y B, Y | Equation 227
YA Y A Y |Eh Equation 228
where"Y |Fh  is the scattering fustion or dynamical structure factor.

The scattering function is the fedimensional Fourier transform of the van Hove

correlation functionO »d and is given by
Y [kh —. Q0 QoY 0MQoifir"OMd  Equation 229
It is useful to correlate the scattering function to the intermediate scattering function,
"O|-ho hwhich is described as
O | »Qoigi» O Equation 2.30
And so
"Y [kh —. Qo Qo ®HD Equation 231
The inversion of Fourier transform can provide another expressié|§b :
O | Q1 Qdm W [h Equation 232

The coherent and incoherent scattering functions are associated with trengair

self correlation functions:
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Y |kh — QO Qufy OPQOIET»O MW Equation 2.33
Y | — QO Qut O BQGIT»O MW Equation 234

The paircorrelation functionO »d corresponds to the possibility of finding any particle

at a pogion »at timeo, giving information on spatial correlations and collective motions of
overall scattering particle in the sample. In contrast, thecsel&lation functioiO
represents the possibility of finding a particle at a posiantime, if the same particle was

at the origin at time zero; i.e. the interaction of an incident neutron with the same atom but
at different positions and different time). This, as a result, tells us about the behaviour of
individual scattering particlén the sample such as diffusion, rotation, and incoherent

vibration.
2.1.4)Neutron powder diffraction (NPD)

Neutron powder diffraction (NPD) is an elastic scattering technique that measures
the differential cross sectior;, which corresponds to the number of neutrons scattered
through anglec—per second into the solid angle (Figure 2.3. Hence, this technique

provides an information on static structural properties of materials.

Similar to the welknown Xray and el ectron diffraction

(cQ OEJ & hEquation 2.) is also applied to describe the interference pattern of

neutrons scattered by atoms in a sample. As NPD is el and] =0), a

combination of=Equation 2.land 2.2Iwheren =1 is given by

- Q — Equation 235

65



Chapter 2 | Experimental and Theoretical Methodologies

A correlation between a scattering wave vecﬂidm real space and a reciprocal lattice vector

7  can also written as

— 6—B 1 |F 7 SO [|s Equation 236

where the unitell structure factoiO |k is given by
o [ B fafgq Equation2. 37

andw is called the Deby&Valler factor associated to thermal motions of atoms and hence
peak broadening. To reduce the effect of the peak broadening, ones should collect the NPD

data at cryogenic temperature.

Sample
White pulsed ,
neutron beam 2
v/"\\ Fixed 260
¢
— \
L=1L+ L : L,~1—2m
AZZdhleing \
\
Detector bank ¢
Fgur é6|SZ.hematic il lusftaghon(dOF) henst mamen
for NPD measurement. A broad spectrum of n
from a pulsed source ,i § axepartatte dh gby htei mes acs

i nterpl anratdias tfainxceeds ¢s=cattering angl e

At a neutron pulsed source such as ISIS, neutrons are generated ‘@yérgi

protons, primarily accelerated in a proton synchrotron, strike into a metaf target (e.g.

66



Chapter 2 | Experimental and Theoretical Methodologies

Ta, W, or PbJ11]. The concept of timef flight “Yis universally applied to determineover
a known total flight pattd of the scattered neutron from the sour®eq) to the samplé

and subsequently over the scattering path to the defects shown irFigure 2.5 Based
on the de Broglie relationship iBquation 2.14o0gether with the measuratiiand0 of the

neutron, we can calculate its wavelengthy
—. Equation 2.38

where_isinA,”Yi s i nligism.and

CombiningEquati on 2. 38 wi Edouatidn2.@we Bbtagngagetatsonshipw i n

between'YandQ as

(o J— Equation 239

2.1.5)Inelastic neutron scattering (INS)

INS is a spectroscopic tetigue that uses neutrons to probe atomic and molecular
motions in solids[12]. In direct comparison to conventional infrared and Raman
spectroscopies whose spectra depend on eleptio interactions, INS has tremendous

advantages over them:
[) INS specta are readily and accurately modelled.

Observed INS intensities are directly related to the atomic displacements of the
scattering atom without any complications from eleciptic parameters. Moreover, the
vibrational frequencies and intensities of mostleoular systems can be accurately
simulated by means of evolvingb-initio calculations, providing us an invaluable

information on the dynamics of molecular structures.
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II) INS spectra are sensitive to hydrogen atom vibrations.

Owing to the very large mgron incoherent scattering cross section of H atom, this

allows about ten times higher contrast of H signal to be observed over other elements.
[I1) Unlike optical spectroscopic techniques, no selection rules are applied to INS spectra.

All vibrations areactive in INS and principally measureable simply because an
incident neutron (ca. 1 atomic mass unit) transfer momentum to a scattering atom.
Measurement of INS is not limited to the Brillouin zone centre, contrast to the optical
methods. The observed INStensity is therefore proportional to concentration of each

element in a sample.
IV) Neutrons are highly penetrating and so can probe bulk properties of the sample.

Neutrons can penetrate into a typical solid sample with the order of millimetres iradepth
pass readily through the walls of the sample container, allowing the observation of bulk

properties rather than a molecule adsorbed on a sample surface.
V) INS spectrometers cover a wide range of molecular vibrations.

An INS spectral region of 26000 cm? is closely associated to both intramolecular
and lattice vibrationsHigure 2.J. The lower energy transfer below 400 tmvhere key
information on the lattice dynamics and translational/rotational motions of adsorbed gas
molecules is increasinglipund, is readily accessible. Moreover, modern INS instruments
also provide a quality of spectra that mostly equivalent to that of IR and Raman analogue

under the same system and conditions.
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2.1.5.1)INS experiments

INS experiments aim to determine the scattgrirtensity™Y |Ifﬁ as a function of
} and] . Thus, the knowledge of energy transfer and momentum transfer previously
expressed ifcquation 2.122.14is required. The INS experiments throughout this thesis
were performed on TOSCA instrumeijil3], an indirect gemetry timeof-flight
spectrometer at the ISIS pulsed spallation neutron source at the Rutherford Appleton
Laboratory. TOSCA is optimised for higksolution vibrational spectroscopy in the

energytransfer range i3t000 cm?! (0 - 500 meV) with the best relsi below 2000cm?,

69



Chapter 2 | Experimental and Theoretical Methodologies

(250 meV). Details of the experiments using TOSCA is giveher?.2.3Characterisation
techniques an@hapter 5In this stage, | will mainly focus on how the instrument works

and how to acquire the data from it.

White neutron ! -I
beam .

Sample

Analyser —

Be-Cd Filter/
Detector/
FiguBpESch.emati c diagram of t he-of OSQGAt I 1f diOF

spectrometer.

As mentioned earlier in the NPD section, The INS experiment on TOSCA is also
based on measuring the neutron energies/wavelengths by discriminatinigrtbeif arrival
at the detectofl4]. The TOSCA has an indirect geometry of which the final energy of
neutron scattered from a sample is fixed by &J8€ilter and a pyrolytic graphitic analyser
before travelling to the detectdrifure 2.§. For elast scattering, the energy transferred to

the sample is defined as
0O o ©O Equation 240

whereO andO are the incident and scattered energies, respectively. Thus, the relationship

between the time of flighittand the energy transfer can be written as

Y 0O 0 - - = — Equation 241
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Since the values of the scattered enddgythe mass of a neutron m, path length from the
neutron sarce to the samplé , and path length from the sample to the detdctare all
fixed and known, the measurement of the time of fligiallows the calculation of the

associated® and hence the energy transfer at the saiple .

At TOSCA, itis designed in such a way that there is only single value of momentum
transfer for each energy transfer, p (ﬂ= . This relation originates from the fact that
a mass of neutron is largely close to that of hydrogen (H). Therefoireglastic scattering
undergoes a significant transfer of momentum and energy. The correlation of the energy

transfer and the intensity of tith molecular vibrational transitioncan be written as:
Y [Fh o FYQon|FTY o, Equation 242

where"Y is the amplitude of vibration of the atoms involved in the vibrational mode. The
exponential term irEquation 2.3@s referred to the Deby@aller factor;”Y  is themean

square displacement of the molecule whose magnitude is related to the thermal motion. This
equation emphasises scientists to perform INS experiments at cryogenic temperature (typically
below 50 K) to reduce the value o  and hence increagbe observed intensity of the
molecular vibrationO The final parametey is the neutron scattering cressction of all the

atoms involved in the vibrational mode. Thevaries from one atom/isotope to another and is
independent of the chemicah@mnment. The detail of is formerly discussed i8.1.4.2and

Table 2.1 1t is worth noting that the neutron scattering cresstion for H is~80 barns, about

ten times larger than all other elements. This indicates that any vibrational modes itkelved
displacement of H atoms will prominently direct the overall spectrum. This H dependency is
indeed a key strength of INS to probe molecular motions of hydroegematerials which will

be presented i@hapter 5
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2.1.6)Quasielastic neutron scattering QENS)

2.1.6.1)Fundamentals and type of information provided

QENS has made many important contributions to the atomistic elucidation of
diffusive motions in porous materials. It is a galanch of INS that is principally used to
monitor an exchange of emgrfrom the neutron to the sample. Unlike regular INS whose
energy exchanges involve excitations of molecular vibrations, smaller energy traksfers (

i 0 & neV or egeV) in QENS is related to d
broadenings) of the a&tic peak (seEigure 2.7. Diffusive motions are not quantised and

hence the energy transfer can be extremely small. Owing to a large incoheresectioss

of H (~80 barns), QENS is one of the most powerful tools to study diffusions in hydrogenous
matrials. The diffusion process can be measured on atomic scales of space and time
simultaneously, making QENS unique from other conventional methods suchagsaXd

Raman spectroscopy. The most valuable feature of QENS is its ability to elucidate atomic

diffusions and rotation mechanism which is a core information for a wide range of science

areas.
a b
Figue9lgwd. types of diffusional motions of a

(grey @®pheraen)s!l abndbaadodatdtifoasal diffCQHBi on su
group.
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Diffusional motions can be categorised into two main subgroups: translational
diffusion and rotational diffusion/{gure 2.9 [15]. The former refers to the movement
where the centre of mass moves within the crystalline lattice of the obseatedal. On
the other hand, the latter involves rotation/reorientation of a molecule or part of a molecule
with its centre of mass remaining static in space. These modes of diffusions can occur
simultaneously with different time scales. The relation le¢ energy resolution of a
spectromete’YO and the time scale of the diffusive motidncan be described by the

Heisenburg uncertainty principle:
YOoor —. Equation 243

From Equation 2.43, we can see that the slower the diffusive motion to be
observablgthe better energy resolution is requirédble 2.2provides information on the
time scale of diffusive motions, th0 required to detect the motion and the instrumental

technique to attain thi¥O.

Tabl2¢Ti2Zme smead @y resolution and spectroscopi

Time scaleWsec) Energy resolutiony T Instrumental technique
(eeV)

101t 10-100 Directgeometry timeof-flight

10° 0.320 Backscattering crystal analyser

107 0.0051 Spinecho

Momertum transfer|} Is another key factor to consider before acquiring a QENS

experiment. It can give information on diffusional jump distances and on the geometry of
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these jumps. Frontquation 2.22where |If — — OE} the cold neutronsQ@

VAQA i_ TV typically used in a modern QENS instrument givi eange from 0.05
to 2.5A. This range is associated to the distances from 1 tA10there the atomic or

microscopic diffusion takes place
2.1.6.2)QENS experiments

QENS experimentsvere conducted on OSIRIS instrument at the ISIS pulsed
spallation neutron source at the Rutherford Appleton Laborft@ly The OSIRIS is an
invertedgeometry and timef-flight spectrometer. It measures the incident neutron energy
by a timeof-flight technique over known neutron path length and selects the single scattered
neutron energy by using a single crystal analyser (in the case of this work, a pyrolytic
graphite). The resolution can be derived

¢ Q0 E¥to give

— ¢(— ¢ W& AQp— — : Equation 244

The— valuefor commonlyused single crystals is as low as*#hd hence negligible. The

A T—Os—term then dorimates the overall resolution. When the Bragg scattering angle
approaches 90 the A I—@ends to reach zero and consequently gives the extremely high
energy resolution. Therefore, the invergebmetry spectrometer is often referred to as a
backscatterig spectrometer. In addition to being used as a spectrometer, the OSIRIS can
be operated as a loiwpvelength diffractometer simultaneously with the QENS
measurement. This enables a direct comparison of the data obtained from be#iastiasi

and elastic neutron scatterings. Details of the OSIRIS specification and sample

environments are given section 2.2.Lharacterisation techniquaadChapter 5
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2.1.6.3)Information derived from QENS data

For an atom diffusing in a certain volume, the incohererttesgag lawY  |-h
in the elastic region can be commonly separated into two components: purely elastic

scattering and quasiastic scattering centrediat T1[17]. The law is ascribed as

~

Yo |kh o 11 0 FO7 Equation 245

Where| 7 and 0] are the delta and the Lorentzian functions, respectively. This
convoluted equation is fitted with the measured QENS data to achieve diffusive behaviours
of the systemThe delta function provides information on a geometrical structure (static
atoms) and the Lorentzian term gives details of the diffusiontrayeanalysing the shape

of its haltwidth at the hakimaximum (HWHM) at a giverf- or scattering angle— Fora

simple translational diffusion, the relation betweeand |- can give information on a

diffusion coefficientO:
t o0 Equation 246

This type of diffusion is isotropic and lowrgnge (i.e. smal|'f) obeyingtle Fi ckbds sec:¢
law of diffusion[18]. However, such simple motion is hot commonly the case, especially

for a molecular diffusion in porous materials where a staotje diffusion (a Iargﬁc value)

usually occurs. The diffusion process in this system abyrdisplays a strong dependency

on |||= and gives a unique shape of the HWIHIM]. The diffusion can be regulated by several

factors such as confined spaces, binding interactions, or concentration gradients of the
adsorbates. This shemdnge diffusion carbe described by the smalled jump diffusion

models. These models view the diffusion as sequential jumps and contain dynamical
parameters such as the diffusion coeffici@ntthe residence tim&, and the meajump

lengthi. For example, the model proged by Chudley and Elliott (CH20] expresses
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discrete jumps between the atoms oscillating around a point with a fixed jump length. The

model is expressed as:

9 r

O =p T Equation 247

wheret refers to the time each of the atoms spends at any position before jumping to another

position. ThenO can be calculated from:

o - Equation 248

Hall and Ross (HR[21] proposed another model based on a Ganssistribution of jump

lengths and written &5 i —= X2 7 . The mearsquaredisplacement (msdi &
isdefinedag O _ 1 "1 A al .The peak broadening is then given by
o 2p QfF 7 Equation 249

The model proposed bwingwi and Sjolander (SS)22] considers an exponential

distribution of jump lengths: i — 0 7 . Thus, the HWHM of Lorentzian functids

achieved by

o -

Equation 250

with a given msd value @@ O @i .

It is worth noting that the diffusion models expressdedgnation 2.47, 2.49 and 2.50
become d&ickian motion (se&quation 2.4pat the smaII|'f limit which corresponds to a
long-range diffusion. Comparison of the different diffusion models are demonstrated in

Figure 2.10
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In addition to the translational diffusion, localised diffusions such as rotations and
molecular reorientations can be observed in a time scale of QEMSIMents. The
rotational motion features [gindependent HWHM of any fitted Lorentzian functions. This
type of diffusion can be further analysedthg elastic incoherent structure factor (EISF)

introduced by R. Lechner in 19]24] The EISF is defing .as:

L
00vYo— Equation 251

where’O } andO } represent thentegrated elastic intensity and the integrated

guasielastic intensity, respectively. The EISF is a very important factor to analyse the QENS

1



Chapter 2 | Experimental and Theoretical Methodologies

data since its precise shape as a functidprefiers to the geometry of the diffusion pathway

and is sensitivéo the model in the certaifx region[15].
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Several models are proposed and compared to the experimental EISF to describe the
geometry of rotational motions. For instance, isotropic rotation around a sphere, rotational
diffusion on a circle, diffusion within a sphere, and urabximp rotation over a circl¢l7]

An example of the fitted @ependent EISF profiles that follow the uniaxial rotation model
with different( sites equally spaced on a circle is depictedigure 2.11 For the jump
between two equivalent sited (= 2) such as a water molecule bound to a surftuee,

corresponding EISF is written by

ooYep Equation 252
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where’Qandi are thed spherical Bessel function and the jump distance, réispsc In
the case of the rotation among three sites on a circle with a igdiug a methyl (CHs)

group, the EISF is ascribed as
0'0Ye p ¢Q Vo Equation 253

The two site and three sitfumpingmodels give rise to a single Lorentzian function of the
quasielastic component of the scattering l&guation 2.4pand lead to a consequep

independency of the HWHM.

For the complex systems where multiple dynamical processes are coupled, the
interpréation of QENS data may be substantially supported by the use of molecular
dynamics simulations (MD). This is the key strength of QENS over other dyrpmigsg
techniques since its dynamics length and timescale match well with those of the MD
simulatiors. The modern MD simulations can enable not only qualitative verification of the
diffusion behaviours observed from the QENS experiments, but also quantitative analysis
and reproduction of the QENS data [19]. In Chapter 5, analysis of the QENS data will be
presented to get insight into the NH3 diffusion in WyPe MOFs with a brief introduction

of the supportive simulations which are currently under investigation.

2.2) Experimental procedures

2.2.1)Chemicals

All chemicals and solvents in this work werergoercially availabl¢Sigma

Aldrich and Fluorochem), with 98 % purity or above, and used as received.
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2.2.2)Sample preparation

UiO-67 was prepared according to a procedure reported by J. F. €aakavith
some modification§25]. 8 mL of N,N-dimethylformamide (DMF) was added into a glass
vial containing 49 mg of zirconium tetrachloride (Z)CB78 mg of glacial acetic acid, and
52 mg of bipheny#,dNjlicarboxylic acid (HBPDC). The mixture was homogenised via
sonication for 10 min, followed by solvothermal treatment at 393 K for 24 h. The solid
product was washed with DMF three times, methanol three times, followed by methanol
exchange for three day®uring this period, methanol was exchanged daily. The final
product was collected by centrifugation and activated at 423 K under vacuum for 12 h before
storing in a desiccatoAnal. Calcd for ZgO32H4sCs4 (i.€. ZreO4(OH)s(bpdck.x(acetatek

wherex= 20): C/Zr, 1.40. Found: C/Zr, 1.410.5

UiO-bpydc was prepared by using the procedure similar te@FiGexcept 52 mg of
2 ,-ldppiidine5 |, -dicliboxylic acid (HBPYDC) was used instead of-BPDC. Anal.
Calcd for Z8O32H40Cs0Ng (i.€. ZrsOs(OH)a(bpydckx(acetate wherex= 1.5): C/Zr, 1.32.

Found: C/Zr, 1.32 0.5

Healed UiG67 and UiGbpydc were synthesised accordinghe procedure published by

O. V. Gutovet al with some modificationf26]. 100 mg of each sample and 60 mg of its
corresponding linker were dispersed in a vial containing 10 ml DMF solution. The mixture
vial was sealed securely and sonicated for 15 mirngfse placing in an oven at 393 K for

48 h. The precipitate was separated from the suspension by centrifugation and intensively
washed five times with hot DMF and four times with methanol, followed by methanol
exchange for three days. The final produaswevacuated with gradual heating to 423 K for

12 h and kept in a desiccatoAnal. Calcd for healed Ui®7 ZrsO32Hs52Css (i.€.
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ZreO4(OH)s(bpdck.x(acetate) wherex= 0.0: C/Zr, 1.84. Found: C/Zr, 1.830.5 Anal.
Calcd for healed Uiehpydc Z8032H40Ces.6N10.4(i.€. ZreOs(OH)a(bpydc) «(acetatexwhere

x=0.8): C/Zr, 1.44. Found: C/Zr, 143.5
2.2.3)Characterisation techniques

2.2.3.1)X-ray powder diffraction (XRD)

Laboratory XRD was performed by using a Bruker D8 Advanceay
diffractometer operatd at 40 kV and 40 mA with Cu KU1
the 2 range of 5 to 70. Prior to the measurement, a powder samplelBLthg) was finely
ground, spread onto a poly(metimyethacrylate) sample holder, and flattened to obtain a

smooth surdce.
2.2.3.2)Thermogravimetric analysis (TGA)

TGA was performed on a TA Instruments TGA Q600 under an airflow of 100
ml/min. A sample with an exact amount {15 mg) was added into an alumina pan and
heated from room temperature to 1173 K using thatihg rate of 10 K/min. A

corresponding TGA curve together with its first derivative was collected simultaneously.
2.2.3.3)Elemental analysis

C H N elemental analysis was acquiredeohECO brand CHNS32 Analyzer.
Quantity of Zr in an acktligested samp was confirmedy inductively coupled plasma

mass spectrometry (ICMS) with an Agilent 7800 ICRMS instrument
2.2.3.4}H Nuclear magnetic resonance (NMR) of digested samples

Prior to the'H NMR measurement, sample digestion was conducted as follows:

mL of 0.1 M NaOH in DO was placed into a glass vial containing 10 mg of a MOF sample.
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The mixture was sonicated for 5 min and left overnight to allow complete decomposition of
the MOF framework, i.e. Zr oxoclusters are precipitated out as zirconiwdaofdrQ) and

the other components such as organic linkers and capping species are entirely dissolved in
the basic solution. NMR spectra of the digested MOF solution were recorded on a Bruker

AVIIIHD 400 nanobay NMR spectrometer.
2.2.3.5)N2 physisorption

N2 adsorption isotherm (at 77 K) up to 1 bar was analysed using a Micromeritics
Tristar instrument. All sorption isothermsere obtained using ultrahigh purity gases
(99.999%). Before the sorption analysis, a
and subjected to a vacuum of 1@a at 423 K for 12 h. Nadsorption data with an initial
slope (0.01 to 0.P/Po) permited calculation of the apparent surface areas based on the

Brunauer Emmett Teller (BET) equations.
2.2.3.6)NH3s temperature-programmed desorption (NH-TPD)

NHsz-TPD spectrum was measured with a Micromeritics AutoChem 1l 2910
apparatus. Detection of debed molecules was done by a thermal conductivity detector.
About 100 mg of sample was degassed in a quartz cell at 573 K for 1 h, expose¢l to NH
which was used as a probe molecule at 373 K for 30 min, and then evacuated at 373 K for
15 min by purging witiHe gas. TPD measurement was done from room temperature to 593
K with a heating rate of 10 K/min and with He as carrier gas having a flow rate of 40

cme/min.
2.2.3.7)Volumetric analysis of NHs sorption isotherms

NH3 sorption isotherms of the samples weagried out by using a gas adsorption
analyser (Quantachrome Autosorb-@pemi). Each sample was placed in a chamber and
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outgassed under vacuum at 423 K for 24 h before testing. 99.2%gd¢Hvas loaded into

the sample chamber at 298 K with a loading ofrB/ttme from 0 up to 1100 mbar.
2.2.3.8)Gravimetric analysis of NHs sorption isotherms

The Intelligent Gravimetric Analyser (IGB01, Hiden) was employed to measure
the cycling stability of MOF samples upon Bliiptake. The Nklgas used is 99.999% purity,
CK Gas Company. Prior to the measurement, a sample in a vessel of IGA was degassed
under 1¢ Pa at 423 K for 8 h. A buiin water bath was used to keep the temperature
isothermally at 298 K. Nkwas dosed to the sample at a maximum rate from O to 600 mba
Then, the sample was evacuated at 298 K for 1 h and heated at 423 K until the sample weight
stabilized. The sample was cooled down to 298 K again before repeating the cycle test for

three times.
2.2.3.9)Synchrotron powder X-ray diffraction (SXRD):

SXRD data were collected on Beamline [27], Diamond Light Source, UK. The
energy of the incident Xay flux was set at 15 keV. The wavelength and the&to point
were refined using a diffraction pattern obtained from a -bigdlity silicon powder
(SRM640c). For the gaisee samples, each sample powder was ground and loaded in a 0.5
mm borosilicate glass capillary and then activated under vacuum & #22 h. For the
NHs-loaded samples, each sample was degassed at 473 K for 3 h under reduced pressure
using a Schlenk line. The sample was then naturally cooled down to the room temperature
and exposed to an NH/apour for 30 min. The sample was loadatbia quartzype
capillary with a diameter of 0.5 mm and sealed perfectly by using a flamerésighution

SXRD data of all samples were achieved by using the famdtlyser crystals (MAC)
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detectors in the @range of 0150 ° with 0.001 ° data binning. Each MAC pattern was

collected for an hour to get satisfying statistics.

2.2.3.10)in situ synchrotron powder X-ray diffraction ( In situ SXRD) for NHs

desorption study:

In situ SXRD pattern of the Nflloaded UiO-bpydc (NH@UIO-bpydc) was
collected at Beamline BL02B2, Spring 8, Japan. The energy of the incie@aytflux was
set at 37 keV. The wavelength and tliez2ro point were refined using a diffraction pattern
obtained from a Si (1 1 1) doubteystal mamochromator. Highiesolution SXRD data of
all samples were achieved by using the posisensitive detectors (PSDs) in thé¢range
of 2-80 ° with 0.001 ° data binning. The capillary was mounted to a sample holder and heated
up from room temperature t@3 K with a ramping rate of 5 K/min. Each PSD pattern was
collected every 2 K of increasing temperature with a scanning time of 2 s. At 373, 473, 573,
673 and 773 K, The diffraction patterns were scanned by using a time per step of 120 s for

good statistis.

2.2.3.11)In situ neutron powder diffraction (In situ NPD) for ammonia

adsorption analysis:

An in situNPD at WISH instrumefi28] was used to study the binding sites of fully
deuterated ammonia (N9 %) and the structural change of thebZdsed MOBE as a
function of increased N¥loading. This structural information was achieved by the use of
Rietveld refinement. Prior to the measurement, a sample was loaded into an 11 mm diameter
vanadium can with quartz wool on top. The sample was degassed igidea¢uum at 373
K (5 K/min heating rate) for 24 h to remove any guest molecules and then naturally cooled

down to room temperature. The sample holder was transferred to a vacuum chamber
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connected to a gas handling system. An NPD pattern of the desobeetgde was first
collected at 300 K for 20 min. After that, a He cryostat was used to cool down the sample
can to 7 K, where the thermal motion of the MOF sample and adsorbeshdl€cules can

be significantly reduced. Higresolution NPD of this sampleas carried out for 1 hour to

get good statistics. After the measurement, the sample was gently heated up to 300 K before
dosing with N3 gas by using a calibrated volume. Each of the loading steps required half
an hour to enable the homogenous disperdidiDa moleculesnside the crystalline sample.

NPD patterns after each N@ading were measured at 300 K and 7 K for 20 min and 1 h,
respectively. Prior to the lotemperature data collection at 7 K, the system was cooled
down to 7 K slowly over 3 h in der to eliminate the gas condensation outside the sample.

The gas handling system and sample environment at WISH are demonstrabeddr?.12

v [
2 < 500 mL 1000 mbar
Buffer Barometer
vacuum [ AL >« b4 a
pump [ pqb
Cryostat
P4 =valve @) @)
pq €
\
% Neutrons
Detector @*——— £
a
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Figul2Sc2chematic diagram of the neuwmter,on SdiSf. f

Volume calibration along with NPdosing was performed at 298 K by using the
procedure adopted from the literaty&9]. Helium (He) was used as a calibration gas.

According toFigure 2.12 a certain pressure of HBs] was loaded into a known kone
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(Va) of a 500 mL buffer while keeping the other parts evacuated. An actual volume of the
system excluding the sample stick and the sample\Geli the valve b) was then calculated
by using a final pressure of Heyj after closing a vacuum valva@opening a buffer valve

to reach thé&/, volume. From the ideal gas law, we can achieve the valug of
w0 — Equation 254

The same procedure wasa@lapplied to determine an actual volume of the whole
system including the sample stick and the sample\¢égllAssuming that the He adsorption
capacity of UiG67 and UiGbpydc is negligible at 298 K30] V. is then the total volume
of the system. Aftethe volume calibration, the sample together with the rest of the gas
handling system was evacuated to> Ra for 1 h to completely remove the He gas. The
valve b was closed prior to dosing the Njas into the system with a set pressurie:ofr he

initial amount of NI in the systemr) can be derived from the following equation:
P2Vb = n2RT Equation 255
whereR andT are the ideal gas constant and theferature, respectively.

When the valve b is open to allow NBAdsorption into the sample, the final ND

pressure will stabilize d@s. Then we can get the amount of residuakMéit in the system
(na):

PsVc = n3RT Equation 256
The actual amount of Nadsorbedn) by the sample is then calculated:

nN=ml n3 Equation 257

The precise dosing amount of Bl a unt of mmol/g can be obtained since we know the
weight of the sample used.
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In the temperaturdependent study by situ NPD, it is essential to keep the same
ND3 quantity in the internal pores of the powder sample as close as possible. As shown in
the setup above (based on the similar BET/Chemisorption equipment and procedure), the
sample was first placed in the sample tube with repeated flushing and evacuation. We then
loaded pure NBstepwise through opening the valves b and c. Notice that the dosumgevo
(deliver volume up to valve b) and the volume in the sample tube with the sample (between
valve b to the sample bottom) were carefully-paéibrated with inert gas. As a result, the
total desired gas loading to the sample can be precisely workeflooutthe pressure
transducers (pressure differences) before dosage and after equilibration for the subsequent
dosing at different pressures before saturation. Given the high surface area of the powder
MOF sample (at high loading) compared to the smalbgepvolume and the closure of the
valve b, the data collection at room temperature (298 K) was first collected. Following on
this, the cooling process was taken slowly until reaching 7 K with the valve b remained

closed.
2.2.4)Inelastic neutron scattering (INS) at TOSCA

TOSCA[13] instrument, an INS spectrometer with an indirect tofiiflight (TOF)
geometry at the ISIS Pulsed Neutron and Muon Source, Rutherford Appleton Laboratory,
was used to study the dynamic interactions between stored(9&D%) andthe host
structures of Ui@7 and UiGbpydc, as a function of increased NlHading. The TOSCA
has a wide energy transfer range 04000 cm'* (0- 500 meV) and a high resolution of 1.5%

@ E /WEh the best results below 2000 ¢if250 meV). A pulsed polychromatic beam of
neutrons hit a sample at a certain flight path of 17 m from the source. The neutrons

inelastically scattered by the sample were then reflected by a pyrolytic grépbie
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analyser combined with a cooled Be filter to give a unique final energy of ~32Time

fixed energy neutrons finally travelled towards ten detector banks each having tfiteeen
tubes. Five banks are located in forward scattering and the other ligekward scattering
geometries with scattered angles of 45 ° and 135 °, respectively. Thanks to the low final
energy, a relationship between energy trangfer ¢nt*) and momentum transfe®( A1)

are directly translated tBr & Q?6The TOF data were converted to energy transfer and

spectral intensity, i.e5Q, ¥), by using the Mantid software developed at ISIS fadidty).

Prior to the measurement, a sample-IL® g) was loaded into a 11 mm diameter
vanadium can with uprtz wool on top and sealed with an Indium wire. The sample was
degassed under high vacuum at 373 K (5 K/min heating rate) for 24 h to remove any guest
molecules and then naturally cooled down to room temperature. The sample can was
mounted at the end tie stick and connected to a gas handling and a temperature control
system. Leak check was done before cooling down the sample can to beto@. 11L&
within a closed cycle refrigerator (CCR) cryostat, where the thermal motion of the MOF
sample and adsorbéNHs molecules can be significantly reduced. An INS spectrum of the
desolvated sample was carried out for at least 4 hours for a good statistics. After the
measurement, the sample was gently heated up to 300 K before dosing wighd\i the
desired amont by using a calibrated volume. Each of the loading step required half an hour
to enable homogenous dispersion of\hblecules inside the crystalline sample. The INS
spectrum of each ammoniated sample was measured below 10 K similar to its pristine
sampe. Since we used the hydrogech samples featuring strongly neutron scattering, the
effect of the background from the instrument and the vanadium sample holder could be

neglected; i.e. data collection of the empty holder was skipped. The gas harstiemg agpd
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sample environment at TOSCA are similar to one at WISH beamline, except gaseous ND

was replaced by N

Calculation of area under INS curve:The I ntegrate Gadget in

o]

perform the numerical |1 nermgirmaé¢ itome oar ¢ & eun d

of specific vibrational modes. The range

vi brational mo d e saxifs i md etrlkees th a wesliinme .t he
2.2.5)Quastelastic neutron scattering (QENS) at OSIRIS

QENS experirants were performed on the OSIRIBS] instrument, a higiilux
backscattering, timef-flight (TOF) spectrometer with an inverted geometry at the ISIS
Pulsed Neutron and Muon Source, Rutherford Appleton Laboratory. QENS technique was
used to study the ammia kinetics in the host structures of U8J and UiGbpydc, as a
function of increased N#oading. A white beam of neutrons first illuminated the sample.
After scattering, the neutrons were Bragg reflected by the crystal analys@0®)elane
of pyrditic graphite) to define a single final energy (1.845 meV). The scattered neutrons
with fixed energy then travelled towards the-el@mentHe detectors. The scattered

neutrons were detected over an angular rangd ®f12- 155 °. The instrumental resolution

o

X

and detector efficiencies were calibrated by fitting the spectrum of a vanadium standard. The

el astic energy resol uti on Ewangewasd.4 6.4 ree¥ V.
and the momentum transfe)range was 0.181.8 A'. The OSIRIS was also used as a
long-wavelength diffractometer. Thibrange was 0-83 5 |  eifd betlveergdx 18 and

6x 10°. All the TOF data were analysed by using the Mantid soft{&ire

Sample environment set up at the OISlistrument was similar to that at the WISH

one, except Nklwas used instead of NDA sample (~2.2 g) was loaded into a thin walled
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aluminium can of annular geometry. To prevent a sample spillage, quartz wool was placed
on top of the can before sealimgth an Indium wire. The sample can was degassed under
high vacuum at 373 K (5 K/min heating rate) for 24 h to remove any guest molecules and
then naturally cooled down to room temperature. The sample can was mounted at the end of
the stick and connected & gas handling and a temperature control system. During data
collection, the temperature of the sample was controlled by a He cryostat and thermocouples.
Leak check was done before cooling down the sample can to below 10 K, where the Debye
Waller factorresulting from thermal motion of the MOF sample can be significantly
reduced. A QENS spectrum of the desolvated sample was carried out at least 4 hours to get
an accumulated proton current®f0 0 far & good statistics. After the measurement at
cryogenic temperature, the sample was gently heated up to 298 K and equilibrated for half
an hour before collecting the data again for 4 hours. Next, a precise amount wofaklH
loaded into the sampley using a calibrated volume. Each of the loading step required half

an hour to enable homogenous dispersion o Midlecules inside the crystalline sample.

The QENS spectrum of each ammoniated sample was measured at 298 K with a total proton
current aboved 0 0 . Medtron diffraction measurement was performed simultaneously

during the QENS data collection.
2.2.6)Data analysis

2.2.6.1)For XRD and NPD experiments

Rietveld refinement of gafree samples:
TOPASacademic 5 softwarf82], containing Rietveld fenement methods, was

used to analyse the structural information of the diffraction patterns. For structural
refinement, the initial MOF models were based on crystallographic data e &3], and

UiO-bpydc[34]. The diffraction patterns were refined bgtimisation of the scale factor
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and lattice parameters§he background was described by a shifted Chebyschev function. A
backto-back exponential convoluted with pseudwmgt peakshape function was used to
describe the peak asymmetry in the tafdlight (tof) data. Bothbiphenyt4,4Nj
dicarboxylate(bpdc) and2, 2Npipyridine-5,5Njlicarboxylate (bpydc) linkersere treated as

rigid bodies using Cartesian coordinates to reduce the number of variables. Dummy atoms
were added to define the origins of thgidibodies. The refined structural parameters for

all atoms of each pattern were the coordinates (X, y, z) and isotropic displacement factors
(Beg). The quality of the Rietveld refinements of diffraction data was confirmed by low
values of goodnessf-fit (GOF,...) andR factors Rup, R, Rexp and a well fitted pattern

with acceptabldBeq within experimental errordAll the errors of the atoiratom distances

were calculated using the following equation:

fer Fol%er ), , VF(Zer VolrTmeasure EqQuation 258

wherereroris the error of the measured afcsom distanCexerror, Yerror, Zerror are the errors
of the fractional coordinates(y, z) respectively,rmeasureiS the measured ataratom

distance.

Rietveld refinement of NBloaded samples:
For the ammoniated samples, the possible locations afmiidecules inside the

MOF cavities were determined by using a Fourier difference map, generated in the-TOPAS
5 software. The structures of tgaestfree UiO-67 and UiGbpydc were used as starting
models with constant occupancies and isotropic displacement factors. Thanks to the porous
structure and chemical properties of the MOFs, interactingrN@ecules with a dynamic

size of 2.5 A were exped to adsorb inside the pore, on the basal planes of linkers, and

close to metal nodeEach NI molecule was treated as a rigid body described-ma#ix
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with Ni H bond distance andi#li H bond angle constrained in the range of 117 A
and 106.0107.0°, respectively. The NPmolecule was added into the MOF structure one
by one. Coordinates and site occupancy of the MbDlecule were freely refined. Fitting
parameters includin@OF andR factors, were used to prove the quality of the refinement.

The lowver values of these factors, the more accurate refinement close to the real structure.

Neutron diffraction: Rietveld refinement was performed over the diffraction data recorded

on the averaged?= 58.3 detector bank.

Synchrotron diffraction: Rietveld réinement was performed over the whole data range

(2d= 5740

CCDC 2047200, 2047201, 2047202, 2047203, 2047204, and 2047205 contain the
supplementary crystallographic data for this paper. The data can be obtained free of charge
from The Cambridge Crydtagraphic Data Centre via www.ccdc.cam.ac.uk/structures. A
list of the crystal structures obtained from the Rietveld refinements of the NPD data at 300

K and their corresponding CCDC Deposition numbers is given below;
CCDC 2047200: Uias7 with the first ND3 loading

CCDC 2047201: Uia7 with the third N loading

CCDC 2047202: Uicbpydc with the first N@loading

CCDC 2047203: Uicbpydc with the second NDoading

CCDC 2047204: Uicbpydc with the third NRloading

CCDC 2047205: Uias7 with the second Nfloading
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2.2.6.2)For INS and QENS experiments

TOF datasets were converted to the dynamic structure f&@r, ¥ and rebinned
in energy transfer using the Mantid data analysis suite developed dB813IPetails of

data analysis will be presentedGhager 5

2.3) Theoretical calculations

The computational calculations were performed in collaboration with Dr. Xin Ping from
East China University of Science and Technology, P.R. QfamdFT) and Dr. Nakukt
al. from University of Cambridge, UKfor GCMC). The details of these calculations are

briefly presented.
2.3.1)Density Functional Theory (DFT) calculations

2.3.1.1)Optimisation of NH3-MOF structures

The valencecore interactions were described by using the projeaigmented
wave (PAW) methof35] at a kinetic energy cutoff of 500 eV. The2x2 k-point mesh was
used for Brillouin zone integrations. For geometry opmations, we used a

Hel |l manit Feynman force criterion of 0.02 eV/

Binding energy per Nklmolecule O ) of a MOFRNNH3 system was calculated as

follows:
O -000L0eg¢Q@O ©OVOLULEUL O, Equation 259

where¢ is the number of Nkimolecules in the MO#NH3 system andD- / &O. ( ,
andO- / &&. ( are the DFT calculated energies of the bare MOR; idblecule, and

MOF-nNH3s system, respectively.
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Due to the large size of the MOF systems, we were not able to include dispersion
corrections (e.g., the DFID3 schemd36] of Grimme) in our DFT calculationsecause
dispersiorcorrected DFT calculations require much larger memory in computations than
normal DFT calculations. Although the binding energies obtained from normal DFT
calculations are underestimated, the differences of binding energies from noffal D

calculations are expected to be similar to that from dispecsicected DFT calculations.
2.3.1.2)Calculations of rotational energy barriers

The rotational energy barriers of Mffee and NH-loaded UiG67 and UiGbpydc
were estimated by calculations cluster models using M&&X [37] functional with the
def2TZVP [38-39] basis set. Specifically, we considered four cases, namely thefppeest
UiO-67, UiO-67-1NH3, guestfree UiO-bpydc, and UiGbpydc1NHz; the corresponding
cluster models are protarapped bpdc, bpdtNHs, bpydc, and bpyd&éNHs which were
cut from the optimised periodic structures. The rotational groups (dihedral anglé-O2-
C3,see Figure 4.7 in Chaptey were rotated between(i.e., the dihedral angle G21-C2-
C3 of the most stde configuration) and+180° (half a period) with 10° increments to scan
the potential energy surfaces. During the scan, only the dihedral angle and the COO groups
were fixed. The rotation energy barriers were computed as the energy difference between
themost unstable and the most stable configuratiéablé 4.3 in Chapter)4These cluster

calculations were carried out with t@&aussian 1program[40].

2.3.1.3) Calculations of vibrational (phonon) frequencies of NH-MOF

structures

Model s forl ctuHheatDlBhscaere buil't based on

from neutron Adicfofr da aitgi drmo datea.cr ys s-MOF ogr ap
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The energy conv-eongenseemorel éaest sseehtif°ct \r ed ea x &
and the force convergence was set to be 0.
di spersion interactions in our DFT <calcul at
the data storage compar edattiod huss.i mal ctuhlea t setde
spectra and their corresponding v[Bb8hatdi onal
Jmdldad4pftware, respectively. The thedfetica
order. The scaling f atchteorc alfc WIl. POt8ebd wWaNS aspppd ¢

frequency correction.
2.3.2)Grand cononical Monte Carlo (GCMC) simulations:

| & h a p ftheadsdrption isotherms oblt 77 Kand NHat298Ki n def ect i v

Ui 067 t yp everdlsinfulated using the grand caimah Monte Carlo method as
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implemented in the RASPA simulation packapgk] Mo d e | s -607f alhi6Cp Y d O

wi t h mi ssing l'i nker defects were buil't b a
diffraction data. A 2x2x2 supercell was constructed to represatt of the MOF models.
Framework atoms were kept fixed at the crystallographic positions thereby ignoring the
skeleton stretching and bending vibration as these materials did not show significant volume
changeMonte Carlo moves consisted of insertioaladion, rotation and translation moves,

each with equal probabilities. For all the pressure points, 20,000 cycles for equilibration and
another 10,000 cycles to average the properties were applied. A cycle was defined as the
maximum of 20 steps or the nber of molecules in the system. A step was when any one

of the randomly selected Monte Carlo moves was attempted on any one molecule of the
system. This implied that on an average a Monte Carlo move had been attempted on all the
molecules during each cycléntermolecular interactions were modeled using the Lennard
Jones (LJ) potential with a cutoff of 12.8 A. Lorentz Berthelot mixing rules were used for
all the crossnteraction terms. Electrostatic interactions were modeled using the coulombic
potentialand were computed using the Ewald summation method with the precision set to
10°. N2 and NH; were modeled using parameters taken from the TraPPE force[4ig]d.

The framework atoms were modeled using LJ parameters taken from the DREIDING force
field. [47] For metals in the framework not described in the DREIDING force field, their

LJ parameters were taken from the UFF force figé] All the frameworks were modeled

as rigid structures with periodic boundary conditions applied in all directions. Thieenu

of unit cells in the simulation box was computed individually for each of the frameworks to
make sure the simulation box was large enough to ensure that a distance of at least twice the

cutoff radius was maintained between the periodic images. Thgeshfor the framework
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were computed using the EQeq proto¢dB] The geometric properties were calculated

using Poreblazd60].

2.4) Chapter summary

I nf or mat fundamerdats arid lureque features of the major techniques used
in this thesis (e.g. méron diffraction and neutron spectroscopy) are presented. The
experimental procedures, characterisation techniques, data analysis, as well as collaborative

theoretical studies are also included.
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Chapter 3
Responsi ve behRiviahBadsre doMeDaf e
Organic Fr amewgfArdiso rtpdawarnd NH

Understanding structural responses of metghnic frameworks (MOFs) to external
stimuli sich as the inclusion of guest molecules, temperature/pressure has gained increasing
attention in many applications, for example, manipulation and manifesto smart materials for
gas storage, energy storage, controlled drug delivery, tunable mechanicaligsppad
molecular sensing, to name but a few. This chapter presents the use-tddaigiionin
situ neutron and synchrotron diffractions combined with Rietveld refinement and density
functional theory (DFT) calculations to investigate structural resgsat a molecular level
of defective Ztbased MOFsipon progressive adsorption of ammonia gN&t an external
stimulus. UiG67 and UiGbpydc containing biphenyl dicarboxylate and bipyridine
dicarboxylate linkers, respectively, were selected due to linglir thermal and chemical
stability. The results establish the paramount influence of functional linkers of the MOFs on
their NHs affinity, which leads to stimulutailoring properties such as gatentrolled
porosity by dynamic linker flipping, disordemd structural rigidity. Despite their structural
similarities, we show for the first time the dramatic alteration ot ésorption profiles
when the phenyl groups are replaced by the bipyridine in the organic linker. These molecular
controls stem from aurolling the degree of Hhonding networks/distortions between the
bipyridine scaffold and the adsorbed NWithout significant change in pore volume and
unit cell parametersThis strikes the delicate control in material properties at a molecular

level. Dr. Pu Zhao from our research group contributed equally to this study. The DFT
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calculations in this work were acquired in collaboration with Dr.-Ring Wu atKey
Laboratory for Advanced Materials, Center for Computational Chemistry and Research
Institute of Industrial Catalysis, East China University of Science and TechnoR.&y
CHINA. The results in this Chapter have bgaublished inJournal of the American

Chemical SocietyDOI: 10.1021/jacs.0c12483)

3.1) Introduction

The development of smart magds for stimuliresponsive recognition, wherein a
complex form in a manner that is sensitive to, or can be governed by, externally applied
triggers such as light, temperature, pressure, magnetic or electric field has recently been
receiving a lot of atterdn. Molecular engineering, biometric and design approaches offer
an assortment of new chemistry and material design tools toward improving precision in
tailoring properties. For example, understanding and controlling molecular motions of
synthetic materia towards stimulus for their ord€lisorder transformation, reorientational
and rotational motion associated with phase transitimagallow switching back and forth
between hard or soft state, a breakthrough that offers an innovative solution to a long
standing challenge with synthetic materials by giving them both strength and shape

adaptability [1-3]

Metalorganic frameworks (MOFs]4] or porous coordination polymers (PCPs)
[5] are highly topical classes of porous crystalline solids, constrbgtetetal ions/clusters
coordinated to functional organic linkers that are suitably under exploration in this area.
They possess large surface area, high porosity, functional diversity and structural flexibility,

which tremendously excites their use in mapplications.[6-8] The rational design of
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MOF materials for applications heavily relies on a thorough understanding of thgulesst
interactions of the frameworks with exterior triggers. The nature of these interactions if
controllable has been considd to primarily manipulate the MOF structural properties such

as disorder, flexibility, compressibility as well as chemical reactif8fyRecently, different

gas sorption phenomena in MOFs have been recognized for efficient gas separation
application. [9-14] Sequential pore filling in nonniform MOF pores has also been
attributed fodifferential gas sorption phenomeni@-10, 15] Flexible and dynamics
motions of MOF linkers that undergo rotation or libration have been elucidated to play a
dramatic ole in guesinduced gate opening phenomena in many MOFs such a8[Z 6,

DUT-98[17], and Cubased PCPd.4].

The previously introduced structural transitions of MOFs, however, experience large
volume change both in the nanospace and in the bulk sbladienging the practical use of
these materials, especially in sorptisaised applicationfl8] This volume expansion in the
adsorbent solid is disadvantageous as it may damage the storage tank, decompose the
moldings, and also may result in slower diéiion of gases in the tank. Consequently, design
of new porous o6rigidd materials that can sh
interaction(s) without significant volume change is highly desirable and technologically
important. For example, ihgawa and cavorkers showed by SXRD and refinement of
their crystalline MOFs and porous coordination polymer (PCP) that the polarisst CH
(also Cl and I) linker with C@interaction can account for the additional &@&pped uptake
without significantstructural or volume changd48] Similarly, BA*rwinkel and ceworkers
demonstrate that additional capacity of adsorption for W& realized by their crystalline

microporous organically pillared layered silicates (MOPS) from their SXRD and refinement
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using the interaction of COwith the organic cationic pillar based on electrostatic

interactions without any framework and macroscopic pore volume chdhggs.

I n addition, studying the flexibility o
stimulus at variable temperature may provideshatiout their molecular interaction. To our
understanding, flexible MOFs atharacterisedhainly by changes in the pore structure. For
exampl e, t he fAkhowe te ocbur ih phenyléneased ligana dydtemd.4,

20-21] GonzalezNelsonet al [2] have recently reviewed the studies of rotational barriers

and dynamics of such ligand motives upon guest inclusion from the literature. However,
these works were set in context to materials that exhibit large changes in unit cell and pore
volume upon gest inclusion and other stimuli. The framework flexibility in the context of
mainly | igand #Aflippingo but without signi

unexplored.

Zr-based MOFs Uid6 and UiQ67 [22] are well known for their robust yet et
rich structureg23-24] The effect of defects on the G@dsorption behavig of UiO-66 has
been demonstrated previous[25] Thus, the tailoring the framework to accommodate
controllable missing linkers as demonstrated can have a strong impdctteon tmat er i al
properties, both by changing the characteristics of the pore windows of the MOF and by
controlling the access to internal sites in pore cavities. Further incorporation of hydrogen
bond functionality directly into MOF for gas uptake and md@cwecognition is also
thought to be important for the firantrol. [3, 26] As a result, new properties such as
flexible gateopening behaviour (transition between a closed and open form) with higher
resistance to structural collapse can be anticipatesliide range of future nanotechnology

applications[3, 1419, 21, 27]
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Here, defective Ui@h7 with its organic linkers is selected to demonstrate how its
norrmonodisperse pore structure created by missing linker defiéets itsNH3 adsorption
behaviour. Sequential pore filling induced by different pore openings created by ligand
defects leads to a twatepNHsz adsorption isotherm in UikB7. While responsive behaviours
of MOFs to weakly interacting molecules such fagdrogen, carbon dioxide, and
hydrocarbon have been widely explor§atl1, 2729] only a few report$ocused on more
polar coordinating gases such as water, alcohols,N&hd [12, 17, 3031] In addition,
although unusual adsorption behaviours for potasrdinating gasesave been obseed
[12, 17, 30, 32]in-depth study on sorption mechanisms and structural responses of MOFs
is rarely explored at the molecular level. In this studysitu high-resolution neutron and
synchrotron powder diffractions (NPD and SXRD) combined with defigiistional theory
(DFT) calculations were used to study the precise binding domains and the structural
interactions of NH with UiO-67 framework. Although NPD has been used to study NH
adsorption in UiG67 [33], detailed investigation of heguest inteactions in this material
has not been reported before. To further engineer defects W Ui®@create a polar surface
porous structure for controlled NHdsorption, we synthesid defective UiGbpydc by
replacing the phenyl groups of biphesyl, -dicjloxylate (bpdc) linkers in Uid7 with
pyridine groupg34-35] Thus a UiG67 isostructure with different pore surface polarity is
designed to fingune its NH adsorption profile. Here, we show thatbidnding networks
can be formed between the bipyridin@féold and the adsorbed NHThey offer a steric
hindrance to modify the Nd-hidsorption behavioudisorder, and structural flexibility of the
frameworkwithout major structural or pore volume changelicating the importance of
hostguest interactions onontrolling the responsive behaviours of the MOFs with the

trapped molecules upon external triggefhis work provides anicroscopic picture of
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porosity tailoring, disorder, and flexibility of MOFs with designated functional linkers by

tunableNHz adsorpion.

biphenyl-4,4’- 2,2’-bipyridine-5,5"-
dicarboxylate dicarboxylate
(bpdc?) (bpydc?)

[110] [110]
Non-defective Defective, Defective,
1.5 missing linkers 2 missing linkers

FigutjeviZIwuali sat i-6o/n toyfp etahM@R$snOonhent s i ncl ud
' i nker 8Os &Okidhod e s b)andr y(st al structure with

Z&Os OK)l i sxk @mi) oni ¢ cappeavhg x preefiersyg to the n
l' inkers per Sfoeerymehltad.ed( sur f-de e anaipwse odn dn oche
structure®#tghet MOERWI Wi % hmi(ssing | inkers per
(e 2.0 missing linmkarsTherraetusubardJther pr
equi vatlheenta ptpor adxeirmaWaea | s r andoil uesd udden .da mr eNHe n t

primitive triangular and | ozenge windows ¢
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The structurbkeys wmgieng Ilpgalsythreadreadl and stick m
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3.2) Results and Discussion

UiO-67 [22] and UiGbpydc [34-35] are isostructural MOFs consisted ofe Zr
oxoclusters coordinatively bound with bipherydNjlicarboxylate (bpdc) and,2Nj
bipyridine-5,5Njlicarboxylate (bpydc) linkers, respectively. Thanks to the high connectivity
of Zrs oxoclusters, UiG67 and UiGbpydc can retain their crystal structures even with the
occurrence of missing linkers. The degref defects induced by missing linker can be
manipulated during the synthesis procedure by using various capping molecules (e.qg.
acetate). The chemical formula of the W@ and the UiCbpydc are written as
Zrs04(OH)a(bpdck-x(anionic capping speciespnd Zi04(OH)s(bpydckx (anionic capping
speciesk where x refers to the number of the missing linkers per formula8diénd UiQ
bpydc exhibit the same crystal structures with space graupm. Their crystal structures
with fcu topology are depicted iRigure 3.1 Without defects, the structures consist of
uniform trigonal windows with the diameter of 11 A that lead to interconnected tetrahedral
and octahedral pores inside the structuresufe 3.13. For the tetrahedral and octahedral
pores, their par size is defined as the diameter of the biggest sphere that can be fitted into
the specific pore12 and 16 A) In the presence of missing linker defects, the trigonal
windows surrounding the defects are merged into lozenge windows with a dynamic size
larger than 14 AKigure 3.1d and 3.)eFor clarity, Ui0G67 and UiGbpydc with defects
wi | | be ref-6roednblpydle ®itUhiOoughout the pape

otherwise specified.
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In this study, UiG67 and UiGbpydc were solvothermally grared by using acetic
acid (CHCOOH) as a modulatoiZrCls, glacial CHsCOOH, and a linker of choices
(H2BPDC or BBPYDC for UiO-67 and UiGbpydc, respectively) were mixed well in DMF
solvent. The mixture was then kept at 393 K for 24 h. After the solvotid¢reatment, the
white precipitate was washed thoroughly with DMF three times, MeOH three times,
followed by MeOH exchange for three days to remove any unreacted species and non
volatile DMF from the products. The final product was collected by cendtitog and
activated at 423 K under vacuum for 12 h before storing in a desiccator. Detailed synthesis

of the MOF samples are given$ection 2.2 of Chapter. 2

TabllégSa@Bmpl e 1 nf or mias ii NORID uesxepde riinmetnhtes .

Sample Uio-67 UiO-bpydc
Reticular formula | ZreOs(OH)s(bpdckx(acetate) | ZreOs(OH)a(bpdckx(acetate)
Actual reticular

ZrsO4(OH)s(bpdch(acetate) | ZreOs(OH)s(bpydc) s(acetate)
formula

Loading amount o
ND3 (mmol/g)

0.00| 1.23| 4.63| 7.60| 0.00| 4.15| 4.27| 6.06

Loading amount o
NDz (molecule/unitt 0.00f 9.65| 36.3| 59.6| 0.00| 32.6| 33.6| 47.6

cell)

Loading

300 300
temperature (K)
Measurement

300 300

temperature (K)

2Based on the IGIMS data in the Appendices 6hapter 3

XRD, elemental analyses, TG, aNd sorption analyses were employed to verify
structural properties and compositions of the prepared MOF samjlesgs A3.1A3.8).
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These values suggest a significant degree of missing linker (defects), which generally agree
well with the previous repotthat used monocarboxylic acid as the moduld&] The
analysis results of the defective MOFs after healing prd8&§salso reveal the repairing

some of the linker density for the Ui& and the UiGbpydc samplesThe posthealing
process gives narr@w pore size distributions which can be clearly observegi(es A3.7

and A3.9. There is @harp increase of the pores centred at around 11 A along with a general
reduction of larger pores after the defect healing process. These observations confirm that
the missing linker defects indeed pervasively exist and potentially affect the pore structure.
After the healing processje did not observe any significant change in the pore volume as
similar to that of the previous worK4d.8-19] Although it is known hat defects could affect

pore volumethe observed change in the pore size distribution is more likely to reflect the

change in the quantities of the windows rather than the interior pores.
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3.2.1)NH3 adsorption in defective UiG67

UiO-67
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desorption in a complete cycle.

All the NHs sorption experiments were performed collaboratively by Dr. James
Taylor at the ISIS facilities. Information on the sample properties involved in the NH
adsorption analyses and the NPD experiments are summarizedla 3.1 NHz sorption
isotherms measured at 2B&nd up to 1100 mbar of NHbressure are shown lingure 3.2
First, the profile of -laidiceorghd mpead cwietalr | tywd i
Such behaviar in MOFs is mainly caused by a gaipening phenomenon: the interaction

between gest molecules and pore walls, or a pore filling process, in particular for a polar
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fluid such as water and NHvith nonpolar walls, whereas the change in framework size
plays a minor role[18-19] At the beginning of adsorption, there is a rapid and dbrup
increase of over 1.70 mmolHs uptake at an Nklpressure lower than 30 mbar (Position

). This result indicates the presence of strong adsorption sites inside the framework, likely
due to the readily binding of NHwith eitheres-OH in Zrs oxoclusters or missing linker
defects. According to def ects:OH bfoUiOBGhiso met ry
estimated to be 1.91 mmol/g, which is comparable to the amount efalsbrbed.
Therefore, we assign the majority of the inigalsorptiontothe NgHi nt er ac ts-si on wi
OH. The uptake suddenly increased from 2.40 to 4.40 mrablg NH pressure of 250

mbar (Position Il) and 5.60 to 8.40 mmadtgan NH pressure of 650 mbar (Position 1l1) as

the two transition points. These réisusuggest two strong but discrete changes in the
interaction(s) of the MOMH3z system upon increasing Nhpartial pressure. In the
desorption isotherms, large opened hysteresis loops were found, implying that the strongly
bound NH molecules resistivelyemain inside the framework, defying the adsorption
desorption reversibility. However, these boundsNhblecules can be fully desorbed by
treating the samples at 423 K for 1 h under dynamic vactionre A3.9. NHs stability of

UiO-67 was investigated hgsting NH sorption for three cycles and exposing the materials

to NHs vapor for one week. In contrast with previous wg83] no significant change of
structures was found in XRD patterns of NHaded MOFsKigure A3.10 and no shift of

IR spectra in arbonyl region indicating the same binding mode of carboxylate linkers upon
NHzs incorporation Eigure A3.1). These results confirm the high stability of the materials

for the NH; uptake experiments.
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3.2.2)Elucidation of ND3 adsorption sites inside defette UiO-67 by

in situ powder diffraction

To understand the origin of the interesting stepwise NNPE interactions at the
molecular level,in situ high-resolution neutron powder diffraction (NPD) experiments
supported by synchrotron-day powder diffractia (SXPD) were carried out at WISH
beamline, ISIS Neutron, and Muon Source, and Diamond of the UK STFC facilities,
respectivelyThis analysis, particularly the NPD, is a powerful tool to study MOF materials
that contains both heavy and light elements. kénK-ray diffraction, neutron diffraction is
sensitive to both organlmkers and metal clusters because the coherent neutron scattering
crosssectionsfc) are independentofZ wher e Z i s ancvaluepahdr,c numb
O,C,N,and D are 6.44,23, 5.55, 11.01, and 5.59 bamespectively[37] Fully deuterated
ammonia (NB) was used in these NPD experiments to minimize the incoherent scattering
from H. This allows for a high diffraction contrast between the-MR2ded and the guest
free mateals. The use of SXPD allowed complementary analgsis (n the Appendices of

Chapter 3
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were normalized from differdefht A&)¢HU8eABi(pr ban

90AG)(, 121, 6am8f)l.ABgfers to the diommmlg/ g.apac.i

The NPD data of Uigh7 at different dosing amount of Ni¥ere measured at 300
K to correlate the refined adsorption structures to the observed adsorption profiles at 298 K
The corresponding strtiral information, including atomic coordinates, orientations, and
occupancies, were thoroughly analysed by using Rietveld refinement mi@Bjpdh
TOPASAcademic 5 softwarf89]. Details of data analysis are availablé&ction 2.2.4 of

Chapter 2

A series of NPD patterns for the adsorption ofsNM UiO-67 is shown irFigure
3.3.The diffraction patterns were plotted at different detector banks in order to compare data
sensitivity and resolution. Some new Bragg peaks were clearly observed wgttifiaagit
increase of peak intensity at the increasing quantity of ddiSing. In contrast, the relative
intensities of original peaks became reduced and their peak ratios significantly altered. These
results can be caused by a structural modificatiohed@MOF structure induced by both the
orderly binding of the NPmoleculeg33] and the dynamic motions of the MOF linkers.
One might attribute the pronounced changes in diffraction patterns to the subtle deformation
of the framework. However, Rietveld neiment confirms that there is no apparent change
of the unit cell parameters upon the NBclusion over the range of NHbressure used in
this study Figure A3.13. This observation suggests that peak intensities and positions can

also be altered by gudstding without any change in structure.

Crystal structure refinement based on the Hggolution NPD data can directly
reveal the existence of missing linker defe¢®®] If the missing linker defects occur

randomly in the MOF structure, the linker apancies in the lattice points should be lower
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than unity in the refinement. We, therefore, investigated this hypothesis by refining the
structures of guedtee UiO-67 using the hydroxylated structure models reported in the
literature. [34, 40] All atoms of the organic linkers were freely refined. The initial
refinements revealed that the linker occupancies of the@Ji®ample were clearly much
less than 100 %. The muamproved values of fitting for bare Ui®7 with negligible
residual nuclear density weeachieved when we freely refined the occupancies of the central
part of its corresponding linker ([€HsC2]), but left Zr fully coordinated by carboxylate O.
The obtained occupancy of the UBTF linker was determined to be 48.38 % wWRhk/ Ry

Rexd GOFvalues of 1.77 %/ 1.32 %/ 0.47 %/ 3.7&le 3.3. These values are in an
agreement with the elemental analysis within experimental error, which confirms the

presence of missing linker defects in these samplasi¢ A3.1 and A3

Tabl2CBystall ographic x@di-@7 asdmpllee aizhs wovar

dosi ng.
Loading amount of NDz (mmol/g)

0.00 1.23 4.63 7.60
Reticular formula ZreO4(OH)a(bpdc)h(acetatey
Crystal system Cubic
Space group Fm-3m
Molar mass of

_ 7505.56

MOFs (g/unit celB)
NDs per unit cell 0.00 9.65 36.3 59.6
(moleculey
Detector pixellated®He tube
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Loading amount of NDs (mmol/g)
0.00 1.23 4.63 7.60
Measurement
temperature (K)/ 300/20 300/20 300/20 300/20
Counting time
(minutes)
Refinement method Rietveld
Average 2 for the
58.3
refinement(®)
a=b=c (A) 26.88(4) 26.83(5) 26.83(7) 26.82(16)
V(A3) 19426(8) 19310(10) 19317(15) 19299(3)
Rwp/ Ry/ Rexp (%) 1.77/1.32/0.47 2.18/1.84/0.38 1.87/1.46/0.50 1.39/1.09/0.49
GOF (.. 3.79 5.68 3.63 2.85

a@Based on the Ui®7 structure with m&ng linkers obtained from IGRIS results.

During the refinement, as previously stated, there is consistently lower occupancy of
organic linker than carboxylate O atoms which implies that sorg©terminal groups
still bind to unoccupied Zr nodes in thessing linker defects even after activation at 423 K
for 24 hours under dynamic vacuum. We ruled out watgDjHds the defeatapping group
since there were no significant nuclear residues at a position that was reported to be a site of
the bound watemnolecule[41] This sounds sensible because the activation condition should
be sufficient to completely remove the trapped water from the samples. We then considered
hydroxyl ( OH) and acetaté OQOCCH), as possible candidates. The latter was more likely
to us since the best fitting values were gained when the Zr nodes were fully coordinated by
carboxylate O atoms as mentioned above. Site occupancies of the carboxylate Qpaad the

C of the aromatic rings are also 11.79% higher than those of the remiaikergatoms,
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suggesting that additional carboxylate molecules could possibly locate at the defect sites,
yet in a disorderly binding configuration. The occurrence of acetates as the terminating
groups is further confirmed by thid NMR spectrum of theidested UiG67 andJiO-bpydc
samplesKigures A3.3 and A3)4We thus used these refined structures as initial models for

refinement of the NBloaded samples.
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uni ndexed extra peaks watsercnl ewahrilcyh fiosu nddu ei nt

o f t heFmBmuMOFRe structure by et akbofmhogéilye au
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gr ey, H: pale pink. Only tetragonadi spores
di sregarded for <clarity. The o) hade aB2 ah@y(
55.20(1) A, amy @Bdb6aé¢ppchi fery. The number
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circles; desorption: open circles).

For the Rietveld refinement of the Mbaded UiQ67, as previously stated, small
but unindexed extra peaks was clearly found in the NPD patterns of the samples with 4.63
and 7.60 mol/g NDsloadings Figure 3.4c and 3.34dThis observation can be ascribed to
the distortion of the cubiEm-3m MOF structure by the inhomogeneous Niptake[42]
(only a small quantity). Thus, in addition to using the single perfect MOF model (i.e. the
model based on published crystal data and the occupancy number of linker with the
assumption that the missing linker occurs randomly, the second MOF model with lowering
the symmetry to cubic primitive celP&-3 space group) to represent a sragtorted ase
was applied to achieve the best fit of the refinement. The weight percentage of each phase
was freely refined to give the final phase composition of 78. Fa#%3m) and 21.84%Fa-
3) with all the diffraction peaks well fitted-(gures 3.4c and 3.4d ardble A3.3. The
refined crystal structures of the Mbaded samples are available to download with free of
charge from The Cambridge Crystallographic Data Cestre the Appendices Gfhapter

3 for details of these crystal structuyes

Figure 3.5ac demonstrates the refined structures of 48iDat different N3 dosing
derived from the NPD data at 300 K. All Mbaded samples retain tRe-3m space group

but have crystallographic independent N\#ihding sites resolved in each case. ForsND
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loaded UiG67 with the lowest uptake before any pore filliigolure 3.5, there are two
sites for N binding to the frameworks; site | (occupancy 0.02) and site 1l (occupancy 0.01).
At site |, ND; molecule primarily adsorbs close to theOH wi t h | dista@aof N
1.96(1) A (O N, = 2.80(1) A), as we previously discussed. This result indicates the
formation of Hbonding interaction between the-OH and NI, comparable to the recent
report from Godfreet al [43] Interestingly, N@R molecules at site 1l locatl near the walls

of the trigonal windows indicative of some degree of interactions with the MOF organic
linkers (Hinker Ni=2.58(1) and 2.68 (14). Notice that the nonpolar phenyl rings of the
biphenyt4,4Njlicarboxylate (bpdc) linker may have fordhea very weak dipolenduced
dipole with each NBPmolecule under this low adsorption quantity. Upon increasing the ND
dosing to 4.63 mmol/g or 36.3 NIholecules/unit cellFigure 3.5}, the site | occupancy
clearly increase, indicating that more NInolecules are adsorbed near tpheOH.
Apparently, further N molecules can be undoubtedly identified near the tetragonal pore
by the structural refinement (site Il and site V). At site Ill, thesNiolecule filled the
shallow pore positions with /N Ny bond distances among these d¢ides are in the range

of 2.33(1) and 2.57(1) A, indicating a-bbnd network of these NDOmolecules[44]
spreading towards the filling of tetragonal pores from the Bl I, presumably through

the trigonal windowsSimilarly, the inner pore site IV and a deep octahedral pore site V are
also found occupied with NDpresumably through the growth of thebdnding network.

The progressive staepise filling of the tetragonal pore is clearly shown due to the larger
intemal volume of the pore compared to the surface linker sites in the first transition step.
When further dosing NPbeyond the second transition stepigire 3.53, higher
occupancies of all the readily adsorbed sites are clearly observed. Accordingetiinggt r

structure, site V with interior filling of octahedral pores were observed along with an
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increase in its occupancy. Again, the NNy bond distances of Nfat site V from site Il

are in the range @.67(2) and 4.20(24, indicating the growth of Fbonding network in

filling the octahedral pores presumably through the lozenge windows. The larger second
transition step than the first one in the adsorption isotherm is in line with the expectation of
the larger volume of octahedral pore and the higiaetial pressure is required to fill the

larger pore window.

10

o] —e— Ui0-67 ads —o— Ui0-67 des
24 # —o—h-Ui0-67 ads —o— h-Ui0-67 des

—e— UiO-bpydcads —o— UiO-bpydc des
*— h-UiO-bpydc ads —o— h-UiO-bpydc des

NH; quantity adsorbed (mmol/g)

0 200 400 600 80 1000
NH, Pressure (mbar)

FiguB|&p3ake daads dropt iNoth of MOF sampl es bef
process. The i sotherms wer e Jperaessusredde flirtom
showing the similar Kioguyrtd ToBhe phreodli d ce ss aamp Ise:
wi t h h sal pthadrepti on and desorption branch
respecti veélFysampt eUJi Ohe two stepp8ddOumbackes:s
can also be seen, however, due to the diffe
sample (~1 missing-MB)nilsenal bat efep dlyanCds
di fferent pressures. Noti ceedarhead ftrhoem stehceo n

Ui 067, which was due to the total-MSgpaiOn of
122



Chapter 3 | Responsive Behaviours of Defeich Zr-Based MOFs toward NH
Adsorption

the other sthh@mtnalk e t dife thhdey dhce a Inecd elhis@d from 8.
with no cshamgdiacfant he Tthriasn sriegs wlnt pooewslsdiriee
i ncreasghki mdi N¢H sites due to more bipyridin
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In parallel with the trigonal windows in defeftee structure, the larger lozenge
windows in our synthesed sample with the second transition (position llIHmure 3.5
bottom left) are thought to be generated by the missing linker defects, resulting in two
distinctive stepwise adsorptionghe differences in pore shapes (tetragonal and octahedral)
are not casidered in the explanation of steppedsNidsorption. This is because multilayer
adsorption is not reflected in the adsorption isotherm of microporous materials and
monolayer adsorption is hardly effected by pore shgg8sComparison of Nkladsorption
isotherms of unhealed (defective) and healed-8f&amples also supports this explanation
(Figure 3.9. The adsorption step of the healed t@at higher NHrelative pressure was
found almost disappeared. This undoubtedly reflects the relationshipeofotienge
windows with the second transition step of \tdsorption The relative site occupancies of
the material under exposure to N&t different loadings with sufficient equilibration time
may be more related to their adsorption affinity of the linkghe adsorbate rather than the

molecular pathway for filling, which have not yet been studied in dgt&H19]
3.2.3)NHs-induced linker flipping in defective UiO-bpydc

To further engineer defective Ui67 for controlled NHadsorption, weynthesised
defective UiGbpydc by replacing the phenyl groups of biphey|l-diciboxylate (bpdc)
linkers in UiO-67 with bipyridine groups[34-35] It is anticipated that Uibpydc will have
stronger Hbonding interactions with N&d NHs-TPD data Eigure A3.14 can demonstrate
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the above point. Three different desorption terapees at approximately 140, 200, and 230
°C were observed for UB7 and these desorption temperatures are assigned to that of
reversed filling from weaker binding to stronger binding (higher site number to lower site
number). Notice that the desorptioegks of UiGbpydc are shifted to higher temperatures,

indicating that UiGbpydc has stronger interactions with Nidolecules.

UiO-bpydc
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According to the NH adsorption isotherm ifigure 3.7 UiO-bpydc exhibits NH
uptake as high as 8.4 mmol/g at 298 K and 1108rrabpure NH gas, which is comparable

to that of UiG67 with similar unit cell parameters and pore sizes. However, unlikes@jO

124



Chapter 3 | Responsive Behaviours of Defeich Zr-Based MOFs toward NH
Adsorption

UO-bpydc only has one | arge and sidadsorptienr tr an
isotherm. The transition prage P of 400 mbar is in between of those two (250 and 650
mbar) in the NH adsorption isotherm of UiB7. To further understand the origin of the
interactions between N-and UiGbpydc,in situ NPD experiments were also carried out.
NHs gas was replaced ByDs to get a better scattering signal. Diffraction patterns of the
bare and NR-adsorbed UiCbpydc are shown irrigure 3.8 Upon NI dosing, peak
intensities that correspond to the framework structure became weaker while small extra
peaks with increasinigtensities were observed. The positions of the extra peaks differ from
ones observed in Ui®7 samples. This implies different binding domains of thes ND
molecules inside the structure of filled UiO-bpydc. The existence of missing linker
defects was lao confirmed by Rietveld refinements of the NPD res(ltsble A3.10

A3.12), giving the quantification of defects comparable to the elemental analyses and TG

data (Table A3.1 and A3
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Adsorption

Tabl3dCBystall ographi c :@Uathep yadncd sdaertpd ielss adf

dosi ng.
Loading amount of NI (mmol/g)

0.00 4.15 4.27 6.06
Reticular formula ZrgO4(OH)4(bpydc) s(acetate)
Crystal system Cubic
Space group Fm-3m
Molar_ mass of MOFs 7785.36
(g/unit cell?
ND; per unit cell 0.00 32,6 33.6 47.6
(molecule}
Detector pixellated*He tube
Measurement
temperature (K)/
Counting time 300/20
(minutes)
Refinement method Rietveld
Average 2 for the
refinement (°) 58.3
a=b=c (A) 26.62(7) 26.57(7) 26.58(7) 26.57 (12)
V(A3) 18869(14) 18768(16) 18771(15) 18764(3)
Rup/ Ry/ Rexp (%) 2.56/1.82/0.77| 1.99/1.66/0.75| 1.66/1.41/0.61 | 1.55/1.30/0.53
GOF(... 2.80 2.66 2.74 2.94

2Based on the W@-bpydc structure with missing linkers obtained from 1B results.
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: & 12.03(2)

;: 10.0- UiO-bpydc :

E 8.0 5 ND; Loading amount of ND;
3 ! :| adsorption (molecules/unit cell)
£ 60l : e e | 33e e
] i Site I 0.08 0.07 0.10
Z 4.0 Site Il ® 0.02 0.03 0.08
5 / Site lll” ® 0.01 0.01 0.01
7, At ——adsorbed Site IV ® - 0.01 0.03
z 0o R Site V! ® - - 0.04

0 200 400 600 800 1000 1200
NH, pressure (mbar)

FiguX@(NDr.esponsiwe béhahi edpeyfReed ti ingmb dNiDOi on s

of

t hbep yud cO st r sidcotsuirapg 4ddbf1l BHD @cy , 6 a O 6

mmol / g
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from NPD dathd cdat a3 @0 elQui val entzmtod e@21 @€s P&
unit ceflth&ashructures is shown in top and
model s with differsenotl eesadiaftfse rreenpgr ebsigndti nNyD
yel |l owgblsuiet,ed0lSlilglet 1bibgeeenidbpenk® Vhe host s
are illustrated by using polyhedral and st
pal e pink.naOnlpyrteest raago depi ctziesl ainslr ¢edpaer de
clarity. Units of bond THdshadcak angl e ae

pyridime aregbk9.(95(1) A, 16,07 7@BYr Aspaoati 1€

The number in round brackets are referred
associated NH3 sorption isotherm at the bot
mkar ofprEHdsure; adsorption: closed circl es;

The fitted NPD data of Ui@®7 as a function of NPadsorption obtained from the
Rietveld refinement and their corresponding crystallographic data are presertgdrin
3.9 andTable 3.3 respectively. These excellent fits with the low value® ddctors and
GOF reflect the high reliability of the fittingFigure 3.10ec demonstrates the refined
structures of UiGbpydc at different NPdosings. First, we have considered the psmts
just below the transition step in the Bladsorption. The Uiébpydc displays much higher
ND3 loadings of 4.15 mmol/g (32.6 Nnolecules/unit celliFigure 3.10pand 4.27 mmol/g
(33.6 NI» molecules/unit cellFigure 3.10p as compared to ~2.5 mmglbf prestep
adsorption value in the case of the LB®. In the first prestep point, we again observed two
independent binding sites of NIying close to theizk-OH moi ety (site 106)
l inkers (site |1 6, buyrespdctivelysbeforetheextensivefdlingpi pyr

of the pores. This indicates that the adsorption of ié@dily takes place, particularly at site
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I 1 6, giving higher occup arbangdistancenis 210@).A, For
which is comparable tilnat found in the isostructural Ui®7 samples. This similarity of the

OH dist&hce in both Uigs7 and UiGbpydc are indicative of identical primary strongest

binding sites which result in the initial adsorption at the lowest partial pressuresafasD

( posi t Figure 3.10dottormleft). However, the three Nt si t e-bdydcd of L
resides closer to each of the three organic linkers in the trigonal window wigh N | &

and Hinker 1 1l@Ngths of 2.28(2) and 2.66(2) A, respectivélis observation shown in

Figure 3.10aeveals that the Nbbipyridine linker interaction is even stronger than theND

biphenyl linker interaction with longer distancesifld 1= 2468(1), 3.19(1) and.20(1))

A, Figures 3.5a, 3.5b, and 3.5c¢, respigety). Surprisingly, an extra binding of Nt site

I 116 was also observed in the shalohdnge tetr
network with the adsorbed three dlbholecules on each of the pyridine linkers of the

trigonal window to give six dund NI in total in this region. Thus, in Ui®pydc, the
measuredN; s i 1a@dN |1 HEbondi ng di stances between si
built from adsorbed NBon the Ncontaining linker around the trigonal window are 1.74(2)

and 1.90(2) A, respectively. This NDBonfiguration clearly depicts a-bbndingnetwork of

six NDs molecules with the three bipyridine linkers around the trigonal window. Further

dosing of NI molecules to the frameworks in the secondgiep point results in a surface
closer sitéolndd paltkyv ex ga oH a\ery loveocdupadey (8.010 | | | ¢
(Figure 3.10l. Interestingly, almost no filling of any sites locating inside the tetragonal pore

in this bipyridine linker which is significantly different from that of site Il (0.@&nd site

IV (0.02) of UiO-67 at comparakl NDs pressureKigure 3.5). The Hbonding network of

ammonia appears to have blocked up furtheg NiDlecules to gain access to the interior

pores through the trigonal window as that of the 8iOFigure 3.10).
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Uio-67 UiO-bpydc
Two-step adsorption One-step adsorption

Fi gul@BPro.posedspoinsiwastibéhaei ecrt itwe eUIMDF s .
structures of the MOFs are illustrateal by u
O: red, Bwuegr ¢y, pMdil e pi nk. H atomg.i wWwet hewl
and orange areas refer to tetragonal and oc

orange dashed | ines represent trigonal and

It is interesting to see the drastic increase in the IN&ding to 6.06 mmol/gr 47.6
ND3 molecules/unit cell at the pestep point Figure 3.10), approaching to the status that
all pores are filled up by the NDnolecules (site occupancies are high). Before saturation,
we also anticipate that a similarlbdnding network betweedD3s molecules with remaining
organic linkers in defective MOF structure can be built up to modify the lozenge windows
under intermediate Nfpressures. Dissimilar to the closing up of the trigonal windows by

the imperative Fbonding network with the six Ndmolecules, the larger lozenge windows
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created by missing and perhaps less ordered linkers may likely be modified to become new
but smaller windows with the average size between the trigonal and lozenge windows
(Figure 3.1). This can account for the mamng of the two transition steps in Ui@7 to one

in UiO-bpydc at the NElpressure intermediate to those two gtepssures observed in the

NH3z adsorption isotherm of Uidpydc. This hypothesis is supported by realization of the
correlation between the degr of missing linker defects and BlBdsorption behavigs

using the defeehealed samples$-{gure 3.9. For the healed Ui®7 sample, the total uptake

did not change but the second transition step almost disappeared.-Bv Uikke second
transition stejis believed to strongly relate to the larger lozenge windows created by missing
linker defects. According to the crystal structure of Wigydc obtained at a Nfdoading of

47.6 NIy molecules/unit cellKigure 3.10), a ND; molecule can be readily locateatside

the octahedral pore (si tneodifledléz¢éngepmnéowusmeaeb |y
the trigonal windows are blocked up. Because the adsorption transition pressure is lower
than the second transition pressure in48ilattributed to adsorptidhrough noAmodified
lozenge windows, lozenge windows in Uipydc at high NRloadings should have smaller
diameters than the nanodified ones in Ui@7. This indeed indicates that the lozenge
window is partially blocked by adsorbed BIDrhus, we show #h gateopening/closing
behaviar via linker flipping of UiGbpydc upon NBadsorption for potential applications

that heavily involve the dynamics of the linkers and kinetieatigtrolled processes such as

gas separation, molecular sieving, and mole@gdasingFigure 3.1).
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3.2.4)Analyses of the MOFNHz3 interactions by DFT calculations

DFT calculations were performed to investigate the role of the bipyridine linkers of
UiO-bpydc in forming the Fbonding network with NEImolecules, in comparison withé
biphenyl ones of Uid7. The structures of Ui®7 and UiGbpydc from Rietveld
refinements with slight modifications were used as initial models for geometry sgitimi
Since we focused on whether the extensive imperatibendling network could forrat the
trigonal windows of the two MOFs, we used the Hu@fiective MOF structures for DFT
calculations. Theptimised configurations of the Nkholecules at th&igonal windows of
UiO-67 and the corresponding binding energies are showime 3.12 The optimised
desolvated structure of U#©7 without NH shows that the two phenyl rings with a freely
rotated single CiC bond in the Iinkers pref
(9) of 31.27°: this matches well with the literature val{#0] The calculated binding energy
of 0.05 eV indicatethe very weak interaction withHz molecule, which may be overcome
at elevated temperature, giving no specific site bindigufe 3.12n Nevertheless, even
in the absence of H bonding with the biphenyl linker of 48i) the NH molecule at 0 K is
still located near to the ned containing linker due to dipoleduced dipole interaction.
The binding energy is slightly enhanced to 0.06 eV peg MHdlecule Figure 3.12 by
further adding two more Ndmolecules to the two remaining linkers of the trigamisdow
as similar to the refined structurefigure 3.5adepicting the consistent weak interactions.
No further gain in binding energy (per NHkholecule) if NH molecules were further added

up to six.
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Figudée C8mpani ®f HHEHeilhit@ractions by DFT ca
optimised sdrietctb6FewdlE@Mbdbecul es at the tri
an= 1 bpmnd3. The corresponding binding energ
i mage.t 3hefunhe H bond | éatgdrh sdiasntdan hes spree

(i). The di hedral angles betoween two ar omat

FigutgCad8mpari sonbpyNMKihret edriaOct i ons by DBFHT c a

opti mi sed s tdeafcaatrieweg dotdn Bilomb| ecul es at t he
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