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Abstract

Exploring RE-MOFswith spnTopology and their Stimuli-Responsive Structural Properties

Felix Saraci

The work described herein explores an emerging class of irmegahic frameworks
(MOFs) that are synthesized using raegth (RE) metals, known as REOFs. In this work, these
RE-MOFs are comprised of REexanuclear clusters and tritopic organic linkbeg give rise to a
framework withspn topology. This thesis explores the (i) design, synthesis, and characterization
of a yttrium (Y(lll)) hexanucleacluster based REIOF, known as Ck45 (CU = Concordia
University, experiment 45), (ii) the implementatiohneodymium oxide (NgDs) precursorsas
templating agentsand (iii) the design, synthesis, and characterization of terbium and europium
(Tb(1l) and Eu(lll)) MOFs with preliminary exploration of luminescence properties for potential
sensing applications.

Chapter 2 explores the synthesis, characterization, and stespbnsive structural
transformation of Ck45. CU45, an achiral MOF, is exposed to various external stimuli including
pressure, pH, temperature, and solvent, and in each case undergass @gstsformation to give
a chiral, REchain based MOF, known asMOF-76. The physical and chemical properties ofCU
45 and ¥MOF-76, as well as the underlying mechanism of the stimaslponsive structural
transformation is discussed.

Chapter 3 aims taddress and improve the stability of @8, first by exploring a
phenomenon known as lanthanide templating, which can facilitate the assembly and stabilization
of lanthanide clusters. By adding a 494 precursor template to the GAb synthetic mixture, a
phase pure MOF with improved crystallinity can be obtained. Furthermore, the effect of
incorporating other rarearth ions in C45, including Tb(lll} and mixedmetal Tb(lll)/Eu(lll)-

CU-45, on stability is examined.
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Chapter 1

Introduction

1.1. Brief History of Metali Organic Frameworks (MOFS)

The ability to construct coordination polymers using bridging carboxylic acid linkers of
varying configurations with metabns of differing vaéncy has been understood for many
decades'® In 1965, Tomic reported preliminary findings that showed the influence of fluctuating
metal valency (dj tri,- and tetra) on the thermal stability of resulting coordination polyniers.
These findings demonstrate early examples of coordination materials with structural versatility,
and variable stability.

Over 20 years after the initial work of Tomic was published, Hoskins and Robson explored
the structural and chemical nature of whatytbermed scaffoldindike materials. In the initial
findings by Hoskins and Robson, solid polymeric materials were produced by assembling metals
and ligands, constructing threéémensional (3D) frameworks with low densities and an array of
cavities. Hoskis and Robson presented the synthesis amdyXcrystal structure ofrainfinite
framework material constructed of tetrahedral centers linked together Hikeodnits. The
acetonitrile ligands in  Cu-(CHsCN),"  were substituted with  4,4i,4ii,4iii-
tetracyaotetraphenylmethane pyoduce amnfinite framework® They determined that framework
materials that can be deliberately designed and synthesized ideeAsitiitionally, assembling
these scaffoldindike materials for direetise applications such as terchange, molecular sieves,
and catalysis was propos&dhis work established some basic design rules for the synthesis of
infinite molecules with 3Eframework assembly and potential porosity.

Further exploration of these materials led to imperative contributions from ¥aghi,
Férey® and Kitagawa® In the 1990s, Yaghi presented the capability to construct ioegginic
porous frameworks hydrothermalflyYaghi and Kitagawa further explored MOFs and their
properties by investigating their ability to accommodate and bind with guest molet@e=sater
understandingdf the porosity, surface area, crystallinity, and stability of these matevesds
obtained" Férey explored the promising opportunitieatframework materials possess, providing

preliminar insightregardingthe synthesis and structuresmesoporous MOFandthe potential



application of these materials.Furthermore, in the 1990s these materials were namedimetal
organic frameworks (MOFs), and have become a pillar in the field of materials chemistry.

MOFs are a class of crystalline inorganiganic porous materials constructed by
coordination beveen metal node®(g.ions, chains, or clusterapdorganic linkers €.g.di-, tri-,
tetra, etc.) MOFs have been synthesized with metals ftoens,%1p-,1213d- 1416 and £block! "8
of the periodic tablewith varying coordination numbers, geometries, and oxidation stEbtes
organic linkers that are used #&ypically carboxylic ad or nitrogerbased aromatic compountfs.
The two main components shown in Figure 1.1, demonstrate the assembly of inorganic metal nodes
and organic linkers. These units come togeithaynthesis (See section 1.2.3) to form secondary
building units (SBUs), which are molecular building blgcktsat come together and assemble

framework materialsThe or gani ¢ | inkers behave as HAstrut
whichactsaéij oi nt so in the ramework architecture.
Z i e |
! 5 (& |
Metal lons, Chains, ala (5 w -I— = |
or Clusters fuy @ " —— -471
- ) it
Organic Linkers Stee g e
(di-, tri-, tetra, ¢ Z ;7 Z17
etc.)

Metal-Organic Frameworks (MOFs)

Figure 1.1. Schematic representation of assembling a ihetganic framework (MOF).

The seemingly endless variety of inorgamodes and organic linkers alongside the
foundation of reticular chemistrgjves rise talmost limitless possibilities for synthesizing MOFs.
On account of their abowaentioned properties, MOFs have established tremendous potential in
various applicatins that include but are not limited to gas adsorptiéh catalysis’* 26 water
treatment”?® drug delivery?®3! bioimagirg,3>3® and temperaturé and chemical sensirg:®
Currently, there are two commercial applications of MOFs developed by NuMat Technélogies,
and MOF Technologie®¥ which have demonstratethe potential of these materialSuMat
launched IONX, whichintegratesMOFs forthestorage and release of highly togasesutilizing
a lowpressure storage platforamdproviding a afety barrierfor the handlingof dangerous and
toxic gases. MOF Technologies released a product known as TruPick, which utilizes a MOF as an



adsorbent for the storage and release-wfethylcyclopropene (IMCP). 1-MCP is a competitive
inhibitor for a ripeing receptofound on some fruit anthus slows dowhe ripening process.

1.2. Fundamental Principles and Properties of MOFs

1.2.1. Reticular Chemistry

I ntroduced by Y4d%dticular zhedistryOié ke ®iUndation of MOF
synthesis, and is defined as the design and process of assembling rigid molecular building blocks
(MBBSs) into predetermined crystalline structures.etworks) that ar held together via strong
bonding®4! Reticular chemistry is considered as a logical approach to syzititgeain extensive
class of complex crystalline materials with high surface area, porosity, stability, and structural
tunability. Therefore, a strong understanding of coordination chemistry is needed when considering
the geometry and connectivity of the loing blocks required to generate ftesigned network
structures Additionally, understanding network topology is of utmost importance, as different
network topologies have their own arrangements of vertices and edges that can yield an endless
number of guctures* A topology is not affected by bond defortiems such as stretching,
bending, or squeezing, and is therefore ideal for describing MOF stru¢haefoundation of
reticular chemistry relies on there being numerous building blocks that can build the same network
structure, and which can be manipathto have the same, or similar, geometry and connectivity,
regardless of siz&.

1.2.2. Charateristics and Properties of MOFs
MOFs are a promising class of mudimensional crystalline materials with properties that
can include ultrahigh porosity to 90 % free volumej? high surface areaip to7800 nt/g),*
low density (down to 0.124 g/crfjstructural tunability, and stabilifif.As a consequence of these
properties, MOFs can be distinguished from related materials such as zeolites;Dand 1
coordination polymer® Currently, the exploration of MOFs assembled using-ear¢h (RE)
metal node&as garnered much interéf! RE elements include yttrium, scandium, and the series
of fifteen lanthanides. Thetermragear t ho i s used throughout this

elements since the work encompasses laidbarand yttrium.



1.3. RareEarth Metal i Organic Frameworks (RE-MOFs)

One subset of MOFs that are of interest from both a fundamental synthetic, and application
standpoint are those assembled using RE metal AddeRE-metals include the series of fifteen
lanthanides as well as yttrium and scandium (Figure 1.2). The coordination chemistrynet&&
is very diverse, with only small energetlifferences between different coordination numbers and
geometries, and where geometry is dictated primarily by ligand steric effects.

In contrast to eblock metals, REnetals have unique electronic properties due to their 4f
electron configuration® Given that the 4f orbitals are buried below the 5s and 5p orbitdls an
shielded from their external environment, Rtetals have distinct electronic and magnetic
properties that are not significantly altered by coordinating lig&thd#hile these properties can
lead to difficulty in predicting MOF structures, it also opens the door for the discovery of several
new and intricate structures, congad of diverse metalodes, and in some cases giving rise to
highly connected networks with the further capability to merge multiple network structures using
only one metat!>* By carefully tuning the REnetal node and organic linkeomponents, RE
MOFs can be assembled into fascinating structures with diverse and complex topologies,
presenting endless possibilities for the development of functional materials. Herein, a brief

overview of REMOFs is presented, classified by the identitghe REmetal node (ions chains

isc it
us | Y O O
) 1 % 1 & X N X
Y [ ] | T T T . .
/ Jrn ) f] S T T YO . .
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[ ‘r 6 62) 63
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Figure 1.2. Periodic table highlighting the rassarth (RE) elements.



1.3.1. REMetal lon Nodes

Amongst the plurality of structures that a MOF can present, twserised of metabn
nodes are among the simplest from the perspective of the inorganic structural unit. {mike s
and dblock metal ions,-block metal ions possess high coordination numbers as well as numerous
coordination modes, unlocking a vayi®f structures that are not accessible using the fottfér.

Although REMOFs with metalchain nodes (Section 1.3.2) and mefalkster nodes (Section 1.3.3)
are more prevalent in literature, there are several reported examples describing structures in which
metation nodes are observed.

Early on, Loelet al.reported the synthesof a series of RIMOFs (RE = Sm(lll), Eu(lll),
Gd¢rrr)y, Tb(l11r), Yb(IlT1l)) comprised of rotax
volume cage (10 000%albeit partially filled with an interpenetrating rféThe structure obtained
was found to depend on the identity of the RE(III), which adopts coordination number 7 (Yb(lll))
or 8 (Sm(lll) , Eu(lll), Gd(Il) and Tb(lll)). All MOFs in the series showed similar thermal stability
up to 240 °C, and PXRD patterfts the desolvated MOFs demonstrate retention of the structure,

t hough porosity was not experimentally measur
cages (UTSA 61), watalinelp’ourTtSeAd abhesops®ys MOFvétn

hey topology comprised of large octahedral cages (2.4 nm in diameter) and synthesized using a
dendritic hexacarboxylic acid linker (Figure 1.3). Despite having an exceptionally long linker, no

i nterpenetrati on These twhexanplesdighlightthe Wsd db lArgebsterically

bul ky I inkers to give RE MOFs comprised of RE

UTSA-61

Figure 13.St ructure of UTSA 61(Thb), highlighting t1l
linker. Th = pink, C = black, O = red. Hydrogen atoms omitted for clarity.



1.32. RE-Metal Chain Nodes

Rareearthoxo/hydroxo chain nodes, also called rétigure 1.4) have been found for
several REMOFs comprised of carboxylic acid linkéf¥%® The formation of dimeric and
polymeric REoxo/hydroxo chains tends to be favoured in the presence of bridging carboxylic acid
ligands’® particularly if the ligand does not contain ortho substituted directing groups that can act
to control hydrolysis of the REetal precursof! 3

)

MOF-75 MOF-76 MOF-80

Figure 14 Exampl e of rare earth oxo/ hydroxo chain
MOF 80. RE = pink, C = black, O = red.

In 1998, the first examples of open coordination networks comprised of carboxylic acid
l inkers and RE %RMichaelslessval.demonstratpda BD netdark comprised
of La(lll) and flexible ditopic adipic acid linkers, to give Aadipate)(H20)s] A £ While this
structure contains pores approximately 7 x 8 A in size, evacuation (or dehydration) of the network
resulted in a nonporous phase. In another example, E€adyreported a network comprised of
RE( 11 1) c hyafexible ditbpic glktaziciacid linker$ . The struct ur és, name
comprised of e(id>Q)epolyhddin,r andhigostrictEr@ derivatives were reported
using Nd(l11), Pr(I11), Sm(li1), Eu(lll), Gd(l11), Dy(ll1), Ho(ll1), and Y(lIl). Although the structure
of MIL 8 is open, wi ¥ hA, thdparosity ®f thesk imaterialswa® mots o f
experimentally demonstrated. Linkers with higher connectivity can also be used to create open
framewor ks with enhanced por etalirteyp.orRocerd ewamp/l

structure comprised of 1,3,5 benzenetricar box



(Figure 1.5°0O0wi ng to the helical SBU connected by t
open structure witmsx topology, and a Langmuir surface area of 33fgrafter activation at 200

°C under vacuum.

MOF-76(Th)

Figure 15. Structur e of MOF 76 (Thb) , highlighting
benzenetricarboyxlic acid linker. Tb = pink, C = black, O = red. Hydrogen atoms omitted for

clarity.

1.3.3 RE-Metal Cluster Nodes

Significant research effort has been devoted tosgmhesis and isolation of discrete,
polynucl ear RE d%?3dnatacasks, cortmllecthydiot/giseof ttse RE precursor
is required to ensure the synthesis of clusters as oppose&Etoc hai n s, oxi des, al
Controlled hydrolysis can be achieved using ligands, which can act as structure directing agents
(or modulators) but also as capping groups to stabilize the cluster. These same clusters can be
generated and stabilizeddung t he synthesis of RE MOFs, func
of structures. Currently, there are numerous reported examples -olu&Er MOFs that are
composed of djf17883 trj- 8490 tetra- 197 hexa,l’?198105 hepta,061%7and nonanucleérd 1l
clusters and beyond; however, the work encompassed in this thesis, focuses exclusively on MOFs

comprised of REhexanuclear clusters.



1.3.3.1 RE-Hexanuclear Cluster MOFs

The potential of RE(II1I1) hexanucl ear <cl ust
Yao et al.in 2008% In this example, the octahedral unit{Ee O ) ( @ g is repeated in one
direction to achieve a rod shaped structure,
cluster node (Figure 1.6a). Later, in a similar example published by Almeida Paz,dRatliae
hexanuclear cluster #rg Q() £ O klwas found to be interconnected to other clusters through a
single Pr(ll1l) ion, creating anothé&r nbhtybrid
examples discussed above, the | inkers used (
pyridinedicarboxylic acid) contain a/pdine nitrogen adjacent to the carboxylic acid, but no other
modulator was used to control the formation of the clu&ecognizing the similarities between
RE(I1l1l1) hexanuclear clusters and the Zr (1V) h
since 2008 (Figure 1.7¥?Eddaoudietal.r e port ed a seri es of ftusor et i

topology?’

Figure 16. St ructure of a) RE hpzc highlighting th
hydroxy pyoaylhe @cicdrbinker; b)) RE pydc highl
node and 2,5 pyridinedicarboxyl ic acid linker
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Figure 1.7. Comparison of Zr(I\V) hexanuclear cluster amE(l1l)-hexanuclear clusters. Zr = blue,
RE = pink.

Using their molecular building block (MBB)
comprised of linear fluorinated and nonfluorinated, homo and heterotopic linkers were reported
(Figure 1.8). Forexample,si ng 2 fluoro 4 (1H tetrazol 5 yl)
metal cluster [RE £ O K(®2C s(N4sC ¢]RE = Y(lll) and Tb(lll)) is generated and serves as a
12 connected node, | eadi n dcu tomlogy. Mee MOFsyr with RE (|
structures analogous to-Brased Ui O 66, and Ui O 67 display B

m2/g.

RE-fcu-MOF

Figure 18. St r uct ufrue MOF, RBEi ghl i ghting the hexanucl e
Y(111), and Tb(l11)) and 3, 3N} REEpink,cCr=black,p heny

O =red, F = lime green. Hydrogen atoamsitted for clarity.

Eddaoudietalhave since gone on to reportfcuot her

topology, comprised of RE(III) hexanuclear cl



Dy(I11), Ho(lll), Er(ll)) bridged by fumaricacidpr 1, 4 napht hal 2%¥4%hi car bo
al |l cases, 2 fluorobenzoic acid was wused as a
cluster node. Furtherone, Eddaoudet al, and later Hong, Let al. showed that through the use
guadrangul ar tetratopic |linkers, RE(IIlT1l) MOFs
cluster node but witlftw topology could be made with Y(III), Tb(lll) or Yb(lll), agaivith the
addition of 2!%%uorobenzoic acid.

In an example highlighting the power of the MBB approach, Eddastudi. reported a
series of MOFs with novedph topology (Figure 1.9)* The topology was designed by merging
two known topologiesspn( 3, 6 connixgt & dg o n menadt e d) to give
3,6,12 connected rsmamabsplo gy het Basphi IOE® &uf boompr |
of 12 connected Tb(l11) hexanuclear cluster n

some cases tritopic lIlinkers that can pack to -

sph-MOF-2

Figure 19. Structure ofsph MOF 2, highlighting the hexanuc
benzotristhiophene carboxyl ate and 4, 4N}, 4n (b
linkers. Th = pink, C = black, O =red, S = yellddydrogen atoms omitted for clarify.

The sphbMOFs have two pores, a | ar2pdyand r unc a
smaller tetrahedral cages (2.9.5 A) with sizes corresponding to the size of the organic linkers
used to build the framework. Uportda i vat i sph, MQFse sThbowed BET sur
ranging from 1020 2170 nt/g as measured by Ar adsorption.
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1.4. Overview of Methods in MOF Synthesis

There are several synthetic techniques that produce MOFs, which include solvothermal,
hydrothermal;11617 electrochemical!®!'® sonochemical?® mechanochemicaf¥*?® and
microwave assisted synthesté.Additionally, if MOF thinfiims are required, laydby-layer
deposition, liquid phase epitaxial growth, or seed growth can be utifZzed.

The MOFs reported in this thesis, are synthesized predominantly using solvothermal
synthdic methods. Solvothermal synthesis uses high boiling point solvert<DMF, DEF, or
DMSO) alongside metedalt and organic linker precans mixed together in a scretap vial.
Typically, in this method, the reaction mixture is heated on-glat¢ or placed in an oven at high
temperature with reaction timeanging from hours to days. Challenges arise when performing
solvothermal synthesj as the smallest variance in reaction conditions can alter the quality of the
MOF produced; therefore, many parameters need to be considered and optimized, which may
include: (i) time, (i) temperature, (iii) reagent concentration, (iv) solvent poldxijysolvent
volume, (vi) pH, (vii) presence of stirring, and (viii) the general nature of materialsiséths
such, these parameters may not only affect the network structure and topology of the material but
also possibly change the particle size, morphology, and phase purity.

The conditions used for MOBynthesis must give rise to a dynamic process. Dynamic
bonds are essential for MOF synthesis, as they facilitate the assembly of crystalline and ordered
materials. The occurrence of any errors in bonding can cause disorder or structure termination. In
geneal, synthetic methods should be chosen to facilitate the organic linker and metal node to form
a bond, break a bond, and reform, driving structure propag&tiormany cases, when the bonds
between the metdinker are very strongnonstructural monotopic ligands are useide.(
modulators) that can be used to make the process dynamic, and thus prevent rapid precipitation of
amorphous materiaf”*?®These modulator®(g.,benzoic acid, acetic acid, hydrochloric acid, and
trifluoroacetic acid) can compete and form dynamic bonds with the metal precursor niaterial
facilitate a slower formation of structural bonds, through competition with the linkers for metal

coordination sites.
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1.4.1. Activation of MOFs

The final step in MOF synthesis is the process called activation, which is required for
harnessing the pmanent porosity of MOFs. Activation involves removing any guest molecules
(i.e. solvent or other nostructural molecules) from the MOF without compromising structural
integrity or porosity of the framework® The strategies for removing guest molecules include (i)
conventional heating and vacuum; (ii) solvemthange; (iii) supercritical GQscCQ) drying,

(iv) freeze drying, and (v) chemical treatment.

1.4.2. Conventional Activation

Conventional activation is the removal of guest molecules through the combination of
applying heat and vacuutf® Although this method has been extensively used, it demonstrates
minimal effectiveness for obtaining the full porosity for many M&2Due to capillary forces
and surface tension generated solvent molecules pagkrough the liquido-gas phase
boundary!?®12° framework collapse can occduring activation Therefore, more intricate and
efficient activation strategies are needed to circumvent these concerns and pehieaeent

porosities and high surface areas.

1.4.3. SolventExchange Activation

To circumvent challenges arising from reactsoivent surface tension and strong capillary
forces, solvenexchange can be us&4:?°Solventexchange involves exchangithe high boiling
point and high surface tension reaction solveést DMF, water), with solvents that have lower
surface tension and higher volatilitye( chloroform or acetone). Solvent exchange is typically
followed by conventional activation meth®éhvolving heat and vacuum treatment. The use of
lower boiling point solvents is an effective strategy, as milder temperatures can then be used during
the conventional activation stage. Solvents with lower surface tension are also required to minimize
theseverity of capillary forces acting on the MOF pores during solvent removal. Although, solvent
exchange is the preferred method of activation in many cases, there are instances when MOFs
activated using this method demonstrate lower than anticipatedt@srasid surface are&¥.In

these cases, alternative methods of activation should be implem&nted.
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1.4.4. Supercritical CO2 (scCQy) Activation
In some instances, supercritical 08cCQ) is employed for activating MOF$132scCQ
isnont oxi ¢ and considered more fAgreeno, i s cos
alternative to activating MOF3he benefit to using supercritical fluid is that the solvent exchange
is much more mild, as it avoids the liquith gas phase trasformation, and directly goes to the
supercritical phase avoidingsues withsurface tension and capillary forces.
Similar to solveniexchange, scCLQIrying involves multiple solvergéxchange steps. First,
the MOF undergoes a conventional solvent ergkeawith a solvent that is miscible with liquid
CO: (i.e. ethanol) and soaked overnight. Then, the MOF is placed in the>st'§¢€ and cooled
(ca. 2-10 C), where several solvent exchanges with liquid.G®@cur Following the final
exchange, the MOF is hted to the supercritical temperature and pressure of&€@31 C and
73 atm), andupercriticalCOis slowly releasedi.e.bl eedi ngo) from t he MOF.
MOF should be placed under vacuum and moderate temperatures to remove any résitaal C

the activation procedure.

1.5. Characterization of MOFs

Due to their diverse structural and chemical properties, several characterization techniques
are used to understand the features of a MOF. The characterization techniques uséuesishis
include: (i) powder Xray diffraction (PXRD) to establish phase purity and crystallinity of a MOF;
(ii) single crystal Xray diffraction 6cXRD) to obtain the absolute structure; (ii) nitrogern)(N
adsorption and desorption isotherms to measurasdrea and porosity; (iii) thermogravimetric
analysis (TGA) to study thermal stability and determine chemical formula; (iv) scanning electron
microscopy (SEM) to obtain particle size and morphology; (vi) NMR spectroscopy to determine
bulk purity and linler-to-linker or linkerto-modulator ratios; (vii) diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) to measure the presence or absencactdR
functional groups in the framework, and; (viii) circular dichroism (CD) spectroscopydy the
chiral character of a MOF sample. Each technique, in the context of MOF characterization, is

discussed below.
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1.5.1 Powder X-ray Diffraction (PXRD)

PXRD is a powerful technique used to obtain information about crystalline structure and
crystdlite characteristics. As one of the most important fundamental techniques used for MOF
characterization, PXRD is used to determine bulk crystallinity and topology. If a MOF is deemed
crystalline, further information may then be extracted frtra PXRD paternl26:133.134 For
instance, structural topology, and phase purity can be discerned by comparison to simulated
patterns generated from single crystal ddttained experimentally, am-silico.

Typicaly, a PXRD experiment involves loading a powdered sample onto a sample holder
that contains a plate of material.g.plate = plastic, glass, or aluminum), and samples are either
dry loaded or transferred using volatile solvents ot¥NMVhen preparing crystate samples for
analysis, it is important to remember that depositing powders on a flat substrate may result in
crystallites packing in a preferred orientation. As a result, different PXRD patterns may be
generated based on the calculation that assuratesritstallites are in random order. Additionally,
reflection intensities malye different in experimental versus simulated patterns.

To circumvent this, the sample, should be continuously rotated throughout the duration of
the experiment. By variableotation, the crystallite orientation will become nearly random in
relation to the incoming Xays and the detector. PXRD is crucial when designing and assembling
novel MOFs. For instance, as shown in Figure 1.10, PXRD can be used to determine-4itat CU
(CU = Concordia University; 45 = Experiment 45) is isoreticular (isostructural) to the Avéis6d
MOF-808.

Although challenging, full crystal structure determination of unknown materials can be
extracted from powder diffraction data. This method can beletivinto three main stages: (i)
indexing (unit cell determination) and spag®up assignment (symmetry determination); (ii)
solving the structureand (iii) structure refinement® These three main stages use peaitioms

and diffraction maxima intensities to adequately solve the desired crystal structure.
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Figure 1.10. PXRD pattern of Ct45 synthesizede novoand simulated MOB08.

1.5.2 Single Crystal X-ray Diffraction (scXRD)

In comparison to PXRD which probes the bulk, scXRD is used to determine the absolute
structure of a MOF single crystal. However, it is very challenging to obtain a single crystal of the
appropriate crystal size 60 nm) and quality. To overcome these challenges, reaction parameters
and conditions for MOF synthesis need to be adjusief@cilitate the formation of crystals.
Additionally, when a crystal of adequate quality and size is obtained, it is importpetféom
other characterization techniques to ensure the single crystal sample matches the bulk MOF
material.

Differences between higher and lower temperatures may prodacation in the
diffraction datacollectedfor a MOF.Depending on theemperature, solvent molecules may freely
move (highly disordered) and may not contribute much to diffraction géageme challenges
arise due to the structural features a MOF entails, irtclwBymmetry mismatches may occur

between the lattice of the nodes and the lattice of the organic linkers. This is due to differences in
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the amount of symmetry in the respective lattice regiéhas a result, single crystal XRD for

MOFs may be very challenginglthough, tremendously rewarding.

1.5.3. Nitrogen (N) Adsorption and Desorption Isotherms

To determine the pore size, pore volume, and surface area of a MOFgadqdiption
and desorption isotherms can be used. Prior to performing gas adsorgtd@sarption isotherms,
it is necessary for MOFs to be thoroughly activasee Section 1.4.1) to obtain sufficient data. N
adsorption isotherms for nonreactive gases at cryogenic temperateur&3 ) canbe used to
determine pore volume, pore size distribution, and surfaceobedOF. Nitrogen gas at 77 K is
the standard addmatefor surface area and pore size anialys® and has a permanent quadrupole
moment, meaning thability to form welldefined monolayers on most surfaces.

Gas adsorptiomnalysisis based on physisorption, which is when an absorbableegas (
N2) is brought in contact with the surface of the solid (the adsorkzerd) forms weak
interactionst®%13’ Pore sizes are classified as: (i) micropores (less than 2 nm); (ii) mesopores
(between 2 and 50 nmand (iii) macropores (greater than 50 nm). Isotherms provide valuable
information based on their shape (Figurel),. tiassified as?’ (i) Type Ii given by microporous
solids, which is further subcategorized Bgoe I(a), givenby materials with mainly narrow
micropores @ss than hm), andType I(b) given by materials witharger micropores or small
mesopores(ii) Type Il T givenby materialswith macropore®r those which ar@onporous(iii)
Type 1l i presents no identifiable monolayer formatiaiye to weak adsorbetradsorbate
interactions which are typically found on the surface afnmporous or nonporous materiglis)
Type IV T given by mesoporous materialgith capillary condensation, which is further
subcategorized abype IV(a), givenby materials with cylindrical pores greater than 4 nm, and
Type IV(b) for mesoporegess than 4 nm(v) Type Vi similar to type lll,howeverpore filling
occurs at higher relative pressupg) Type VIT is given by nonporous materials that hanmdorm

layerby-layer adsorption.
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Figure 1.11. General representation of known examples for physisorption isotherms. Figure
obtained from Thommest al3’

In order to adequately calculate the surface arég)frof a MOF from a gas adsorption
isotherm, it is besto useBET theory. In general, BET theory predicts the number of molecules
required to be adsorbed on a surface to form a monolayer, even though a monolayer may never
form during the gas adsorptiongetiment:®In contrast to BET theory, Langmuir theory assumes
perfect adsorption and forti@n of a monolayer before multilayer adsorption occurs, and can
therefore only be used to fitype | isotherms'® Similar to surface area calculations, @aize
distribution and pore volume of MOFs can be extracted from thesdtherm data. There are
various models that can be applied to determine these properties of MOFs, which include the non
local density functional theory (NLDFT) meth&t¥ BarrettJoynerHalenda (BJH) methotf! and
others. For MOFs, the NLDFT method is the most widely used and accepdedl asat can be

used to accuralefit isotherm data corresponding to mesopores and micropores.

1.5.4. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
Thermogravimetric analysis (TGA) is a technique that can be used tomadasthermal
stability of a MOF, determine the weight percent loss of guest molecules and linkers, measure

solventaccessible volume, and assist in determining the molecular formula of a MOF. In general,
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TGA measures the change in sample weight as ddwmnaf increasing temperature under a carrier

gas é.g.air, N2, or ). Depending on the carrier gas used, different decomposition pathways can
be observed for MOF$? In some instances, a TGA apparatus may be equipped with a differential
scanning calorimetry (DSC) device, which measurehéat requiredo increase the temperature

of a sample, as a function of heat and tiGenerally, one can use both a TGA/DSC technique to
measure the thermal stability and how physical properties of a material change as a function of

temperature and timé?

1.5.5. Scanning ElectrorMicroscopy (SEM)

Scanning electron microscopy (SEM) is a powerful technique that can be used to measure
MOF particle size and crystal morpholodost MOFs are insulating materials, which can lead to
image artifacts such as charging effects that arise #twang electrorinteractions witin the
MOF 144 Additionally, the acceleration voltage of the electron bei&itoo high,can dramatically
change the MOF sample, damaging or potentially breaking the crystals. Generally, the most
common methd usedto circumvent these issues is to coat the MOF sampleangtinducting
material (.e. gold), thathelps todecrease the charge build impthe MOFfrom the electron gun.
Since MOF samples are most likely found as poedmaterials, the samples doaded oto an
SEM sample holdeusing doublesided carbon tape In addition to observing the physical
characteristics of the crystallites, information regarding the elemental compaoattitye obtained,

particularly when coupled with aanergydispersie X-ray spectroscopy (EDSletector.

1.56. NMR Spectroscopy

1.56.1. Solution-State NMR Spectroscopy

Due to their insolubility, MOFs cannot not be characterized by traditional NMR
spectroscopy methods. In genearformingNMR spectroscopy analysisn a MOF requires
digestion, which is most commonly achieved by adding deuterated sulfuric aSidsj[¥ca. 810
drops) to a MOF sample (ca2Img)1*° The mixture is sonicated for a few minutes until the MOF
is fully dispersed. Afterwards, deuterated dimethyl sulfoxide (DMizs addedo the solution
to dissolve the components of the digested mixture (metals, linkers, modulators, solvent, etc).
Valuable information can be extracted that includes information on MOF purity, linker ratios, and

the presence of modulator, guest molecuded remaining solvent molecules. Demonstrated in
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Figure 1.121H-NMR spectroscopy can be used to analyze a MOF sample containing benzoic acid
capping ligands.

Figure 1.12. *H-NMR spectum of CU-45with benzoic acid cappinigands.

1.56.2. Solid-State NMR (SSNMR) Spectroscopy

To circumvent the insolubility of MOF samples, sedithte NMR (SSNMR) spectroscopy
can be used. SSMR is a powerful technique, as it probes the local structure surrounding the
nucleus ofinterest wih shortrange ordering, and is widely used in exploring the local structure of
various materials which include MOE¥ 4° SSNMR can provide further valuable structural
information on the framework, linker composition, and guest molecules in MOFEIMES
possesses the ability to detect dynamic effects and structural parameteiss gietifying the
presence and interactions of guest molecubeg. hostguest interactions).” 148 In addition to
characterizing organic linkers within a MOF usitlg and*C SSNMR, with the appropriate

probe, SSNMR canbe used tinvestigate the inorganic SBUise( metal chains or cluster$)’

1.57. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a type of infrared

spectroscopy technique that is generally used for powder samples. In MOFs, DRIFTS is a useful
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