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Abstract of the Dissertation
Synthesis and Structural Characterization of Carboylate-Based Metal-

Organic Frameworks and Coordination Networks
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Paul Calderone
Doctor of Philosophy
in
Chemistry

Stony Brook University

2012

Coordination networks (CNs) and metal-organic frameworks (MOFs)ca&alline
materials composed of metal ions linked by multifunctional orgaigandls. From these
connections, infinite arrays of one-, two-, or three-dimensionalvarks can be formed.
Exploratory synthesis and research of novel CNs and MOFs isrehtimterest because of their
many possible industrial applications including gas storage, catalysagnetism, and
luminescence.

A variety of metal centers and organic ligands can be usedtibesyze MOFs and CNs
under a range of reaction conditions, leading to extraordinary struadiraisity. The
characteristics of the metals and linkers, such as propertiesoandination preferences, play
the biggest role in determining the structure and properties otfudting network. Thus, the
choice of metal and linker is dictated by the desired traithetarget network. The pervasive
use of transition metal centers in MOF synthesis stems frain well-known coordination

behavior with carboxylate-based linkers, thus facilitating desrgitegies. Conversely, CNs and



MOFs based ors-block and lanthanide metals are less studied because each group presents
unique challenges to structure prediction. Lanthanide metals haablgaroordination spheres
capable of accommodating up to twelve atoms, while the bondisdplock metals takes on a
mainly ionic character. In spite of these obstacles, lanthandisedaslock CNs are worthwhile
synthetic targets because of their unique properties. Interestinglyphmtescent and sensing
materials can be developed using lanthanide metals, whereasolme aveights-block metals
may afford an advantage in gravimetric advantages for gas storageaapps.

The aim of this research was to expand the current understandoagboixylate-based
CN and MOF synthesis by varying the metals, solvents, and tatupes used. To this end,
magnesium-based CNs were examined using a variety of acoraahoxylate linkers, solvents,
and temperatures. Since the coordination chemistry &f igmsimilar to that of Mg, a zinc
metal center is a reasonable proxy for magnesium CN design. Solvent and temapeosted to
be the key factors in the synthesis as the topologies that fornpethdkel on the amount of
solvent incorporation and the temperature of the synthesis. Explosgtahesis of magnesium
CNs if often conducted with gas storage applications in mind, but thtelpminescence (PL)
properties are rarely investigated becausé*Ntga closed shell metal ion. However, since CN
linkers can also contribute to the PL emission of the network, an agiephoice in linker can
lead to the development of a lightweight PL or sensing mateRmlorescence studies on the
magnesium CNs illustrate that the PL activity of is not agpendent on the properties and
makeup of the linker, but the overall structure and solvent effects as well.

Carboxylate-based MOFs were further investigated with the udantfianide metal
centers. The variable coordination spheres of lanthanide neddisto a wide range structural

topologies not possible with more common metal centers. Additionally, the ndimkais used



can also double as antenna ligands that further sensitize thlecergers and produce interesting
photoluminescence (PL) properties. The photoactive ligand 2,5-thigfibarimoxylate was
used in this work to link four lanthanide MOFs using the metals Dy,Ngl, and Tb.
Fluorescence studies show that the thiophene linker is a very gasshardigand, as the Dy and
Tb frameworks exhibit their characteristic lanthanide emissions.

Finally, a series of transition metal formate MOFs wexpla@ed using ionothermal
synthesis, a synthetic method that employs an ionic liquid solvergicmg an anion and cation
to template the desired network. This method proved to be anotheetsymntlute to producing
transition metal MOFs with magnetic properties. Anionic fornmegvorks resulting from the
ionthermal syntheses possess topologies dictated by the catmmuess of the ionic liquid,
which is incorporated to provide charge balance. Magnetic stiaiealed that these transition
metal formate MOFs behave similarly to related formatepmmds in that they order as canted

antiferromagnets.
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Chapter 1

Overview of Metal-Organic Frameworks and CoordmatNetworks

Within the short time frame of a few decades, research fugusin the synthesis,
characterization, and properties of metal-organic frameworks=8)1@nd coordination networks
(CNs) has blossomed into a very important area of synthetic strgii MOFs and CNs,
subsets of hybrid inorganic-organic materials, are constructednkipng metal centers with
multifunctional organic ligands into extended arrays or netwdtk&xploitation of industrially
relevant properties such as gas storagejagnetisnt®** and photoluminescent&® is the
driving force behind much of the exploration for new network mageridlomenclature use is
often up to the preference of the researcher, but in general, ¥0led to describe main group
metal networks while “MOF” refers to other metal networkg.(nthanides, transitions). Both
terms will be used in this dissertation.

The discovery of novel and functional MOFs and CNs proceeds alongisenerrelated
lines of research. A wide range of metals, linkers, anchstintconditions can be employed to
construct networks, and the seemingly infinite number of possiblebinations makes
systematic searches a challenge. However, this saméyalse holds the prospect of directing
MOFs and CNs toward desired structure types, topologies, and pespef@ne-dimensional
chains, two-dimensional layers, or three-dimensional frameworkdedormed depending on
the behavior of the solvent, geometry of the linker, and the coordination preferencesetahe

A brief review of the rationale and tactics adopted for exploragmnghesis is presented
in the remainder of this introduction. Specifically emphasizedchés dose relation of the

structure and functions of MOFs and CNs to the properties of theipament parts and



synthetic designs. For instance, the combination of a linker wrdmaition metal often leads to
a network with magnetic properties. Likewise, lanthanide metalphotoactive linkers are
desired for potential photoluminescent networks and sensing mateddso discussed is the
role of synthetic conditions, such as solvent and temperature, plagniarkéormation. Metal-
coordinated solvent molecules may control the assembly of thetustruand temperature
changes can lead to variations in connectivity.

Yaghi et al stimulated the search for non-cyano Basei®Fs with the well-known
report of the porosity of MOF-8. In that compound, terephthalate linkers form a cage-like
structure based on tetrahedral,Zrarboxylate clusters. A large surface area measurenfent
2900 nf/g implied a high potential for other functional hybrid networkstu@ural analogs of
MOF-5 were subsequently produced with a change of metal centerganic linker. An
example is IRMOF-3? (IR=isoreticular) in which terephthalte was substituted out tfer
amino-functionalized 2-aminoterephthalate (Fig. 1.1). This concept etfcti®ar Chemistry*®
grew out of the synthesis of MOF-5 and led to a series afeklZn-based structures with
various dicarboxylate ligands. Throughout the series, the basic civarkeseen in MOF-5 is
maintained, but the length and sterics of the linker used dictatesizéhef the cage. Notably,
each successive change in component brought about a corresponding chahgsidal or
chemical properties. These discoveries allowed for the ratioegrdef MOFs and CNs and the

possibility for networks to be devised with specific structures and uses in mind.



Figure 1.1. Comparison of MOFleft) constructed using terephthalate linkers @sdeticular analog of
IRMOF-3"° (right) formed with 2-aminoterephthalate linkefBhe yellow spheres represent the pore sizes of the
respective structures.

Aromatic polycarboxylate ligands, such as the terephthalate lifduensl in MOF-5, are
commonly used linkers in the construction of MOFs and CNs. The yigitlihe ligand as well
as the strong bonding interactions between carboxylate oxygen atoms and rabgtmaeiffer a
high degree of structural stability. Transition metals arentbet common CN metal centers
paired with carboxylates in literature. This familiarityfoafls a high degree of synthetic
predictability for the transition metal-carboxylate bonding interaciwhallows various types of
carboxylate linkers to be chosen to fit the needs of the structure. MagneticdviOds example
of this targeted synthesis with transition metals. Linkers cansdlected based on their
efficiency in transferring charge between metal cerfers.Simple carboxylate ligands such as
formate could be a better option in order to utilize the stabilittheftransition metal-oxygen
interaction and take advantage of a short ligand bridge. Severdiesof magnetic transition
metal formate CNs have been described. Gao et al first rdpiesynthesis and magnetic

properties for a series of perovskite-related transition nietalates’”> The three-dimensional



anionic cage is charge balanced by a disordered hydrogen-bourttiydamsmonium cation and
exhibits weak antiferromagnetism. Gao followed with a relat@derromagnetic formate CNs
in which N,N-dimethylethylenediammonium serves as the charge balancing caamt&Wang
et al contributed two additional varieties of magnetic formais.C One series reports
antiferromagnetic networks charge balanced by an ammonium %atibite the related series
behaved as a permanently porous neutral netfvork.

Despite the disadvantage in predictability, there has been a recezdse in research
targeting polycarboxylate networks that are based on lanthanide-landk metal centers in
order to expand the area and access properties not availablérdrsition metal MOFs. In
lanthanide MOFs, the appropriate linker could function as an effectitenreza ligand and
sensitize the metal ion to create a useful photoluminescentiahdtet ikewise, a porous CN
based on as-block metal center with a low atomic weight could maxingeavimetric storage
capacity and be used as a potential gas storage material.ngball® the strategy of using less
studied metal centers can arise because of the distincteddfes in preferred coordination
spheres and electonegativify. This makes structure prediction for lanthanide aralock
networks much more complex compared to transition metals. In feeatdanthanide metal
ions, coordination spheres can be variable due to the lanthanide conteffetoonin which ionic
radius decreases across the series. The valence electraguiaidn ofs-block metals causes
their bonding to take on a more ionic character when coordinating.ressily, the orientation of
the linker in lanthanide anstblock CNs plays a much more profound role in the metal-linker
interaction than coordination preference.

Photoluminescence is a key property available from lanthanigehd®Fs and should a

network be microporous, it has the possibility for many uses includigig-emitting



applications and selective sensiig®?’ Generally, lanthinde ions are poor absorbers of light
and are often paired with organic antenna ligands in order to boostfittienefy of metal
sensitization. Provided the triplet energy level of the liganati or above the level of the
lanthanide metal, absorbed energy will be transferred and the phatekamence of the metal
will be enhanced. The advantage of MOFs based on Ln metals is the abiliblgécatig organic
linkers as antenna ligands (Fig 1.2). A notable example comes Smme et al who used
trimesate to facilitate ligand-to-metal charge transfeMIL-78, a mixed Y/Eu network®
Doping other metals such as Dy and Tb into the material produced noticeable optigaschan
Heterocyclic aromatic rings are also common ligands in photoactaterials because
the higher localization of electrons can lead to significanteBpanses. The heterocyclic 2,4,6-
pyridinetricarboxylate linker was used by Wang et al who coostd and tested a series of Ln
MOFs, noting that Er and Yb displayed additional emissions in theedn?® Oftentimes it is
beneficial to use a linker whose free acid state is known tarigsige as in the case of 2,5
thiophenedicarboxylate (TDC}:** The HTDC form is photoactive due to the large localization
of the S atom, and the “V” shape of the ligand offers a vadégoordination modes to build
topologies. Pore-occupying guests can also play the role afizerssas de Lill reported in
lanthanide MOFs of Tb and a Eu/Tb mixtd?en this case the network used a guest molecule of
4,4 -dipyridyl to sensitize the metal. While a characteri$ticemission was observed in the Tb
only network, curiously, the Tb emission Eu/Tb mixed metal netwa& guenched, and the

transferred energy enhanced the Eu emission.



Metal-based emission ¢ Charge transfer
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Linker-based emigsion” y

Figure 1.2. Schematic of different sensitizatiand emissions that are possible in luminescentlroeganic
frameworks and coordination networks.

As mentioned earliers-block metals present challenges in the design and discovery of
microporous CNs. Banerjee et al reported multiple lightweiginuin CNs and significantly
expanded the field, but the preferred tetrahedral coordination of lo l&teto the formation of
dense network¥3® Magnesium, however, is comparable to other more frequently usedl me
centers, such as zinc. Kignd Zrf* are similar in ionic radi! affinity for carboxylate ligands,
and octahedral coordination, making zinc an appealing proxy in targedévwgmagnesium
networks. Porous magnesium CNs are especially sought after becausengfitaions for gas
storage materials. Mg is a lightweight metal center andloeoretically store more gas per unit
weight of material than a similar structure constructed aitieavier transition metal. Long et al
introduced the first microporous CN based on Mg using 2,6-naphthalenedidatboas the
organic linker’® While a BET surface area of only 19G/gwas reported for the desolvated
compound, the magnesium network was a structural analog to Zn neeporked in the same
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work. This demonstrated the ability of Mg to substitute for Z&MNs. Dietzel and co-workers
took this idea further, and synthesized a porous magnesium CN(dhg(HO)]-8H,O
(Mg/DOBDC), based on 2,5-dihydroxoterephthaf&teJpon removal of guest water molecules,
the structure was found to retain porosity. The same compoundstiatked by Caskey, was
found to have a Langmuir surface area of 1905 m2/g andaiitéke of 35.2 weight percent at

1 atm of pressure (Fig 3.

Figure 1.3. Space filling figure showing the pooé$1g/DOBDC occupied by Cgmolecules (bluef’

While much of the exploration for new magnesium CNs is propellegdbgntial gas
storage applications, the photoluminescence properties of thesealsadegivirtually ignored in
the literature. Main group metal CNs in general share ttesath the exceptions being reports
of a few bismutf, lead®*® and indiuni* CNs. One reason for the lack of reports for
magnesium is that it a closed shell metal, and will contribute littlet-afl—to the photoactivity

of its networks. Yet other work has shown that the network linker can play a congdetabh



generating PL properties. Specifically, linkers that halieggh degree of conjugation or contain
aromatic rings can provide interesting results when subjectédot@$cence measurements, and
networks based on Zn and Cd have shown ligand-based photoluminescenceest Baregrorted

two zinc CNs based otnans-stilbenedicarboxylate and showed that incorporation of the linker
into the network increased linker emission over the free stilbembdicdic acid. Likewise,
trimesate linkers in a Cd-based CN were found by Fan et al to have a bésgoemihen used to

link the network® The same linker-based emission in magnesium CNs could lead to a
lightweight sensing material.

Zhang and coworkers were the first to examine the photoluminespenperties of a
magnesium CN based on the aromatic 1,2,4,5-benzenetetracarh&kyl&te work suggested
the possibility of ligand-to-metal charge transfer and tbheréscence was likely due to the
interaction of ring systems andstacking. Later, Jayaramulu et al. reported the permanently
porous network Mg(DHT)(DMF)2 (DHT = 2,5-dihydroxyterephthaldfe).The ligand-based
multicolor emission could be tuned by guest solvent molecules withipates of the network.

84 there are

Apart from other work that will be highlighted in later chaptafrshis dissertatior’
no other reports of PL magnesium CNs.

As previously alluded to, topology in a MOF or CN is highly dependent on the
coordination preference of the metal center and the geometiyedigand. Other synthetic
parameters affecting topology include the choice of solvent andetatnpe, which may have
drastic effects on the final product. For example, solvent me@gaukhy become part of the
network through metal coordination or guest inclusfothereby influencing the network by

hindering extra-dimensional connection. Solvent breakdown and subsequent incorpairat

the byproducts into the network often leads to unanticipated chesistiror example, the



perovskite-related series of transition metal formates repbgte@ud? is synthesized through
the breakdown of solvent DMF and incorporation of the resulting fernation and
dimethyammonium cation. Banerjee et al. varied synthetic solvenseries of magnesium 3,5-
pyridinedicarboxylate networks, finding that coordination of solvent mdscto the metal
centers dictated the topologies of the structlireTemperature is also a key determinant of
network dimensionality. Forster et al. noted that for a serielmdlt succinate networks, an
increase in temperature led to increased metal-oxygen connectind a decrease in
incorporated solvent (Fig. 1.23. Similarly, Gurunatha and coworkersnoted an increase in

temperature leads to an increase in network connectivity.

4 H, O
Co

2 H,0Co* 1 H,OiCo* Uy HyOlC ot Anhydrous

ve, #0.¥ & 98 ¥ 9
e wsoc  190°C( ISR
Temperature (°C)

Figure 1.4. The work of Forster et al. on a sesfesobalt succinates demonstrated the effectakising
temperature on network connectivity, dimensionakityd solvent inclusiorf.

Solvothermal and hydrothermal synthesis are indeed tried and true methods fomgroduc
MOFs and CNs, with nearly all reports citing some formhefhiydro-/solvothermal technique as
an experimental method. In contrast, ionothermal synthesis tastlygebeen recognized as a
potential MOF synthetic techniqdé. Where hydrothermal or solvothermal syntheses rely on

solvents such as water or DMF, the ionothermal method employsanliquid (IL) to act as



both the solvent and structural template (Fig. 1.5). This imphegscreased measure of control
and design since the solvent being used can also be a preferredratroomponent. Thus,
ionothermal synthesis can largely eliminate undesirable solvéette such as guest
incorporation and breakdown. Additionally, the need for autoclave vesselsaictions can be
eliminated due to reactions taking place at more ambient tetuapaSince ILs are essentially
salts in liquid form at or near room temperature, they have bagtivity and do not necessarily
require additional thermal activation energy. Jin et al regdhte first successful use of an IL to
produce a MOF. The use of the 1-butyl-3-methylimidazolium catidmoléts incorporation into
the Cu(bpp)BE[bpp = 1,3-bis(4-pyridyl)propane] network.

Morris reported the first use of a now very common IL, 1-etByhethylimidazolium
(EMI) bromide, in the synthesis of a series of aluminophosphate neticrhe relatively low
synthetic temperature was touted as a safer alternatihe tugh pressures and temperatures of
hydrothermal autoclave synthesis. The vast majority of iomjoids used in ionothermal
synthesis are commercially available and contain a bulky cakenEIMI and a halide anion
such as bromide. The synthesis of the trimesate network, [EdMBTC)], by Laio and
coworkers used the ENBr ionic liquid to template the structuté. lonothermal synthesis can
also provide access to structures not accessible by conventional heework of Hulvey et al
yielded two perflorinated nickel succinates using EMI thatewamable to be produced using

hydrothermal synthess.
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Figure 1.5. Representation of differences between hydro-/solvothermal method (a), in which a ealvis
required in reaction (}0), and the ionothermal method (b), in which theidoliquid serves as the solvent and
contains the framework componefits.

Control over IL components is key to ionothermal synthesis, as botingatnd anions
may assist in structure direction. Two important examples sirfiluence come from Lin et al.
who explored the effects of the anionic species. In a report ¢B¥&M) [Ni(TMA-H) 2(H20)]
network, the use of the chiral anion L-aspertate in the ionic liquddces chirality in the
structure?®  While the aspertate ion does not coordinate in the structure, st gidde the
production of a “single-handed” network. In another case, the use efdifferent counter ions
of EMI leads to a series of three Co MOFs with differentucttires and
polarity/hydrophobicity’® This control offers a unique opportunity to exploit a tailor-made ionic
liquid for synthetic use.

Hydrogen bonding also affects the structure as demonstragetiher report by Lin, in
which hydrogen bonding from ammonium species in a cobalt imidizokteetvork help bridge
the structure into a three-dimensional network (Fig. ®.6Jhe EMI cations of the ionic liquid

sit within the final structure. In later chapters of this dissé®n, this control and hydrogen
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bonding effects will be explored further as it relates to theh&gis of magnetic CNs. The
magnetic transition metal formates previously mentioned byaadd/Nong rely on the formate
anion and the charge balancing organic cation. The possibility of corgrald incorporating
both species into the structure through the use of an ionic liquid important concept in
design. This idea was the starting point for a formate-based liqaid series in which the

cation is varied to produce a variety of structifes.

xF
e

I1e
iy
s

Figure 1.6. The cobalt imidizolate network synthed by Lin et al. exhibits hydrogen-bonding efeétom the
imidizolate linkers to bridge the netwotk.EMI cations from the ionic liquid (blue) sit withthe nework

In the work described in this dissertation, the synthesis and pexpeftithree types of
carboxylate-based networks are explored. Specifically higkliglg how the choice of metal
center, linker, and synthetic conditions determine the structureraperties of the reported
compounds. First, solvothermal synthesis of an assortment of magresinomylate CNs and
their photoluminescent properties are described. Photolumineguepezties are also reported
for a series of of a series of lanthinde-based thiophenedicarbmxi&@Fs. Next, the

ionothermal synthesis and magnetic properties of a serigansitton metal formate MOFs is

12



examined. Finally, the synthesis of a magnesium-Ilithium heteatlimenetwork and novel
potassium CNs are discussed, along with the implications-fdock metal chemistry. All
structures of the reported compounds have been characterized uslegceystal X-ray, and
thermal properties were determined with thermogravimetric sisaghd differential scanning

calorimetry.
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Chapter 2

Experimental Methods

2.1. Synthesis of Coordination Networks and Metal-Organic Frameworks

Hydrothermal and solvothermal techniques are normally used in tileesis of metal-
organic frameworks (MOFs) and coordination networks (GR&)®* The distinction between
hydrothermal and solvothermal synthesis is simply whether veatanother organic solvent,
such as DMF or ethanol, is being used. In a typical procedureta salt, organic linker, and
solvent are sealed inside a Teflon-lined stainless steelAR&clave (Fig. 2.1) that is rated for
temperatures of up to 250° C and pressures of ~ 150 bars. The astoclestdbe sealed tightly
and able contain the autogenous pressure created during the reac#othsicrystallization of
desired products often require temperatures above the boiling pointswiveats. Crystals are
recovered upon cooling the assembly to room temperature. keis aflvantageous to stir the
reactants to the point of dissolution before heating to reduce kiblehdiod of recrystalized
reactants. Thus, a general knowledge of the solubility of the sa@taland organic ligand in the
solvent of choice is required. Often, metal nitrates or other hgghiiple metal salts provide the

source of the metal ions in solution.
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Figure 2.1. The Teflon liner (left) and Parr aldoe (right) in which the liner is sealed.

Varying the reaction temperature and solvent can be used to syatl@esiumber of
different topologies for a given combination of metal ion and ligand.hyldrothermal and
solvothermal syntheses, the normal temperature range used is A8 C, with the general
trend being an increase in network dimensionality with each incieasenperaturé® On the
other hand, solvent effects depend on factors such as solvent dielenstant and molar ratio
of solvent to reactants. Solvents are frequently found to play aote®in the assembly of the
structure through metal coordination or inclusion as a guest moRicules an example, all
magnesium-based CNs reported in this work that are synthesite®MF share the common
trait of metal-coordinated DMF molecules. Metal-coordinated solwveiécules also stabilize
the structure of the CN and attempts to remove them through thacthadtion often result in
the collapse of the network.

The work detailed in this dissertation used solvothermal syntla@ses the procedures
reported, the temperature does not exceed 180° C. Solutions we istia Teflon liner until

homogeneity of the solution was achieved. Both polar proti©(ldthanol) and polar aprotic
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(DMF) solvents were used in the synthesis. The liners wededsén Parr autoclaves for a
period of up to five days and after cooling, crystals were recdweard washed with DMF and
ethanol.

lonothermal synthesis can also be used as an alternative synthdicwhen product
crystallization occurs below 100° ®. In this method, an ionic liquid replaces the use of
conventional solvents and serves as both solvent and structural tenffdaténga high degree
of flexibility in design®®°%® The main advantage to the ionothermal method is the low reaction
temperature. As ionic liquids have negligible vapor pressures, ion@hegactions can take
place in capped glass vials rather than sealed autoclaves.ioAdlliyt since the ionic liquid
contains no molecular solvents, only cations and anions, its use abBsiimany undesired
solvent effect§® This allows for additional measures of control in the synthesiseofargeted
network.

For ionothermal synthesis, the ionic liquid must first be synthddizrough a reaction of
an organic acid and organic base. In the case of the transitiahforetates reported herein,
ionic liquids were produced in glass vials with the reaction ahioracid and a number of
amines (Fig. 2.2). Varying the amine led to a number of formatedbanic liquids which were
then used for synthesis of formate MOFs. The metal salt ddedao the ionic liquid, and the
vial was capped and heated to the desired temperature. Resuwystajscwere filtered and

washed with methanol.
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Figure 2.2. Typical ionic liquid used for the ighermal synthesis reported in this work.

2.2. Powder X-ray Diffraction

A crystalline sample contains a large number of microctystaparticles in random
orientation. When the orientation satisfies Bragg's kaw2dsirt, the diffraction condition is
met. Powder x-ray diffraction (XRD) data is collected asva-dimensional diffractrogram
where the intensity of diffraction () is plotted against the scatterigbp&h.

In this work, powder XRD was used to confirm crystallinity and phaséy for the
reported compounds. Data were collected with Gu(K= 1.5405 A) radiation using either a
Scintag PAD-X or a Rigaku® Ultima-IV diffractometer. Thearsiard collection parameters
were 5°< 20 < 40°, a counting time of 1s/step, and a stepsize of 0.02 degre€se powder
diffractometers use Bragg-Brentano parfocusing geometry, wiheiadident beam and take-off
geometry are fixed a/6 configuration. X-rays were generated at 40KV and 25 mA for the

Scintag and 40KV and 44mA for the Rigaku Ultima diffractomef@empunds were considered
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phase pure if the powder diffraction patterns that were experittyeoléained were a match for

the simulated powder diffraction patterns based on single-crystal data.

2.3. Single Crystal X-ray Diffraction

Due to the complex structural topologies of MOFs and CNs, powd& XRyenerally
not able to provide data of good resolution and accuracy for detractural information.
Thus, single crystal XRD is a crucial tool in structural cbm@zation. Good quality, single
crystals are essential for the straightforward determination of MOF ldretrGctures.

Two laboratory single crystal instruments were used for adlaction in this work, both
of which use a Mo X-ray tubé.& 0.71073 A). A Bruker four circle P4 diffractometer equipped
with a smart 1K CCD area detector was used to collect datoom temperature. X-rays were
generated at 50 KV and 30 mA. The raw intensity data werectadl@ising SMART softwar’.
The data were further integrated and corrected for Lorentz arariZ2dion effects using
SAINT.®® Single crystal data at both room and low temperature (<150 ) eodlected using a
four-circle kappa Oxford Gemini diffractometer equipped with ams\tdetector. X-rays were
generated at 50 KV and 40 mA. The raw intensity data wetectad and integrated using
CrysAlis PRO softwar&® Absorption corrections for data collected using either instrumerg
applied using SADABS?  Structure solution and least-squares refinements weredcanute
using direct methods and SHELXTY.Heavy atoms were located first and other atom positions
(C, N, O) were determined from the Fourier difference map, Mlithoa-hydrogen atoms being
refined anisotropically. Hydrogen atoms were placed in theoretical positions using

geometrical constraints.
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It is sometimes difficult to obtain the desired materialdienform of large, good quality
single crystals under applied synthetic conditions. If the aswsgized materials are
microcrystalline in nature (10-1Q6h in dimension), it is not possible to characterize the
structure using a laboratory diffractometer. In these particasses, X-ray diffraction setups at
different synchrotron light sources are used for structure detatiom purposes. The increased
brightness, tunability and low divergence of X-ray beams amnahsgtron source can provide
good quality data for crystals as small as #m5 Synchrotron radiation is ten orders of
magnitude brighter than standard laboratory instrument and has eakgesttibution of energy
in the range of 5-40Kev.

Single crystal data were collected at the 15-ID ChemMBRE beamline, Advanced
Photon Source, Argonne National Laboratory. The beamline is equippedavBtiuker D8
diffractometer with a Bruker APEXII detector. Monochromatiaay- radiation is achieved
using a diamond (111) crystal £€0.41328 A). Data collection was performed at 100K using a
N2 cryostat. Single crystal data were also collected allih@ 1 beamline at Advanced Light
Source, Lawrence Berkeley National Laboratory using a singigerimental setup but a
different X-ray wavelengthA(=0.7749 A). In both cases, data were integrated using APEXII
suite of softwar€ and processed using SHELX¥fLin the same manner as the laboratory-

collected data.

2.4. Thermogravimetric Analysis/Differential Scanning Calorimetry
Thermogravimetric analysis (TGA) and differential scannirgoimetry provide
valuable information about the thermal stability of the synthesimetpound, a property crucial

for many advanced applications. The shape of the TGA curve prowifbemation about the
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network interactions and losses of guest or coordinated solvent molecules arsb ¢cenuaed to
confirm the purity of the material by matching theoretical compbrhesses with observed
weight losses. TGA curves are also useful for determiningtab$eitemperature for activation,
or removal of coordinated solvent used in porosity and surface arsanmmeats. The thermal
data of the synthesized materials described herein was edllasing a Netzsch 449C Jupiter
instrument. The instrument is equipped with a SiC furnace wittmpesature range of RT to
1500°C and a microbalance with an accuracy of £ 0.01mg. In a typicairagpg a correction
curve with an empty alumina crucible is collected first. Foltayvihis step, the as-synthesized
sample (5-10 mg) was placed in an alumina crucible and heated between RT and 750G unde
atmosphere at a rate of 10°C/min. The materials with eitherdic@ded or free solvent
molecules show multistep weight-losses. The first weight lcasedue to the evacuation of the
solvent molecules and normally lead to the breakdown of the network.eVaeuation
temperature depends on multiple factors, including the nature osalent and network

topologies. The final weight-loss step corresponds to the pyrolysis of the digkerc

2.5. Magnetic Property Measurements

Magnetism as described in this work is defined as the respunseaterials when
subjected to an applied magnetic field. Common magnets arodadierromagnetic and have
a permanent magnetic field under normal conditions, but in the preskeaneapplied magnetic
field, most materials respond to some degree by entering aetafphase”. In some cases, a
material will be attracted to the magnetic field and amessified as paramagnetic, while
materials which are repulsed from the field are classifsedi@magnetic. The magnetic phase of

a material can vary under conditions such as temperature and eressaming that a given
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material can have multiple magnetic phases. Some matenealuding those highlighted in this
work, exhibit an antiferromagnetic response at low temperatures. b&havior will be explained
shortly.

The source of magnetism is the orbital angular motion and iictnmsgnetic moment of
the electrons and in ordinary cases, the magnetic moments ottitahedity” of the electrons in
these materials will be cancelled out by electron pairingoamting in random directions. For
some materials in the presence of an applied magnetic fieldhdgaetic moments align and a
magnetic field is produced. Because electron configuration is an important factor in magnet
behavior, atoms or ions with unfilled electron shells are negedssapbserve a response.
Transition metal ions that have one or more unpairetectrons normally have paramagnetic
behavior, but the magnetic state depends on other factors suthrgs, @lectron spin state, and
metal-coordination geometry. The transiton-metal based compoundsdshedes [7.1 — 7.5],
are all have octahedral metal center coordination and are anMH oxidation state
(M=Co,Ni,Mn). When certain materials are sufficiently cooldte thermal energy can be
suppressed enough to allow a transition other magnetic phaseseriantidgnetism is one such
phase that normally occurs at cooling and is characterized lejeatnon alignment in which
neighboring spins point in the opposite direction, resulting in zero aghetic moment. Below
the Néel temperatureyT paramagnetic materials become antiferromagnitic.

A Superconducting Quantum Interference Device (SQUID) is atsenmagnetometer
and is used to measure the magnetic fields that come fromiatsates a function of the applied
magnetic field at varying temperaturés® Two types of SQUID measurements, DC and AC,
are possible and discussed in this work. In DC measurements, ctlowat around a

semiconductor loop and electrons that tunnel through Josephson junctions dceialgdere.
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The magnetic field passing through the loop cause a phase difebetween the electrons
which affects the current through the loop. The potential diffesebetween currents flowing
through and around the loop are measured. For DC analysis, the temgieeatd magnetic
field H dependencies of the dc magnetizatibt{$,H) are measured. AC measurements, also
known as RF (radio frequency) measurements, use a radio freqasaitigting current to
measure the interactions between the superconducting ring and esinabxesonant circuit.
Temperature dependencies of the real (in-phgsa)d imaginary (out-of-phasg) parts of the
AC susceptibility x(T) are determined. AC measurements are useful in the case of
antiferromagnetic ordering since AC is more sensitive to clsamgkl(H). Slope, rather than
absolute value oM(H) is measured and this allows small magnetic shifts to bectddte
Antiferromagnetic phase transitions are distinguished by a petlle itemperature derivative of
the real part of the ac susceptibilifyat Ty.

AC susceptibility and DC magnetization measurements of eacplesgresented were
carried out using the Quantum Design Magnetic Property Measur&ystem (model XL-7).
The powdered sample was contained in a standard gelatin capsule sandraguced into the
magnetometer at room temperature. After subsequent coolihg im zero magnetic field, the
magnetization was measured as a function of applied madjedd in the range -50 to 50 kOe
at temperatures of 2, 30, 150 and 300 K, respectively. The temperaturedel@peic
magnetization was measured using standard zero—field cooled @teCfield—cooled (FC)
protocols in an applied field of 500 Oe in the temperature range 2 K.30Be temperature
dependence of the ac susceptibility was measured in a 17 tiddaavith a root mean square
amplitude of 4.17 Oe. The diamagnetic background of the gelatinleapas measured to be

~10° emu, and is only weakly temperature dependent. Since this amountsiethan 5% of
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the total measured sample+capsule magnetization in any satnghg temperature, we report
here the entire sample + capsule magnetization. The values AfCtlseisceptibilities and DC
magnetizations were normalized by the nominal masses of dment bearing atoms (i.e.

Co,Ni,Mn).

2.6. Photoluminescence Property Measurements

Photoluminescence (PL) occurs when a material absorbs photona founce and then
re-emits photons itseff. The process occurring in this transition is quantum mechanical in
nature and involves the promotion of electrons to an excited or highayyesiate and a
corresponding relaxation to a lower energy state, which is accoedply photon emission.
The two basic types of photoluminescence are fluorescence and phesphoee Fluorescence
refers to the emission of light between energy states of #pimed transitions and has typical
lifetimes last no more than 10 ns. Conversely, phosphorescemie-ferbidden transition and
has lifetimes that can be as long as several seconds. Allane forbidden transitions are
described as such because of quantum mechanical probabilitiestorbidalen transition, the
relaxation of electrons does not follow the path of the path of teastance (i.e., singlet-to-
singlet emission) and instead the electron is “trapped” in iplettistate before returning to the

singlet state (Fig. 2.3).
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Excitation of conjugated organic linkers usually occurs through tlmsvedl singlet—
singlet transition and most of the emission occurs from the loswesied singlet state, unless
there is an efficient non-radiative energy transfer to ldwiag triplet state. The difference in
between positions of the band maxima of the absorption and emissioraspkethre same
electronic transition is known as the Stokes Shift. When a molecudéom absorbs light, it
enters an excited electronic state. The Stokes shift occoasidee the molecule loses a small
amount of the absorbed energy before re-releasing the rest oinéngyeas fluorescence
depending on the time between the absorption and the re-emissions fRiokescence is the
reemission of longer wavelength (lower frequency) photons (enéngy molecule that has
absorbed photons of shorter wavelengths. Both absorption and radiationgyf areeunique
characteristics of a particular molecule or structure during the ficemes process.

Lanthanide (Ln) metals are commonly utilized for PL properties due to their small

molar absorption coefficients)( only small amounts of photons are actually absorbed b#fthe
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levels of the iorf® Thus the PL intensity is weak as well. To remedy thisiobs are often
paired with antenna molecules to increase the metal ion segsitiMie antenna effect was first
described by Crosby and WHanwho noted that coordinated organic molecules are more
efficient absorbers of light and are able to indirectly leadatdhanide excitation through
intersystem crossing energy transfer. In Ln MOFs and CNsinltexs of the network can also
behave as antenna liganids® However, in order for energy to transfer, the triplet stétthe

ligand must be at or above the triplet state of the m&fal.
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Figure 2.4. Top: Representation of the mechawitthe antenna effect. Bottom: General schenuwdténergy
levels of both ligands and lanthanide ions highiiithe possible routes to PL materi&ls.

The complementary methods of fluorescence and UV-Vis absorptigmesented in this

work. Where fluorescence deals with the transition from excibedround state, UV-Vis
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absorption measures the ground to excited state transition. Tveredif fluorescence
instruments were used to generate data for this work. In eaeh tb@ maximum excitation
wavelength was determined by measuring the linker in iesdogd state. This wavelength was
used for subsequent measurements of fluorescence emission for netwagpbunds. For
samples [3.1], [3.2], [5.1], and [5.2], powder samples were uniformtikgohinto the sample
holder of a Jobin Yvon Spex Fluorolog 3, and a 10 s integration time was used for analysis.
For samples [4.1 — 4.3] and [6.1 — 6.3], both fluorescence and UV-Vis analgses
done and a different sample preparation method was used. Solidesawgyle ground into
powder. Quartz slides of dimension 16mm x 60mm were first rinségdde-ionized water and
ethanol, dried, and then scotch (black) tape was applied to the lodef tred dried slide. The
tape was then removed to leave behind a small amount of adhesive, offit@wbittinuous thin
layer of sample was sprinkled. Excess sample was removeerily tapping the slide face
down. The effect of glass slide and adhesive was evaluated and tmumel negligible.
Fluorescence measurements for were done on a Varian Cary eEdipsrescence
spectrophotometer. UV-Vis measurements were done Shimadzu U$p¥rophotometer

equipped with an integrating sphere.
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Chapter 3
Synthesis, Characterization, and Luminescence Rrep®f Magnesium

Coordination Networks using a Thiophene-based Linke

3.1. Abstract

By varying the solvents and temperatures used in solvothermal sgnttves new
magnesium-based coordination networks were produced using 2,5-thiophdnediicde as a
linker.,  Mg(TDC)(DMF) ([3.1]; TDC=2,5 thiophenedicarboxylate; space gro&,/c,
a=17.747(4) A, b=9.805(2) A, ¢=21.359(4) f=103.13(3)°] is constructed from a combination
of magnesium polyhedral trimers, which are connected by the?TiDRers to form a 3-D
network. Coordinated DMF molecules are present within the chanhg§TDC)(H0), ([3.2];
space grouPnma, &7.296(4) A, b=17.760(4) A, ¢=6.6631(3) A] is formed by 1-D chains of
magnesium octahedra connected by the TliGker. Water molecules are coordinated at the
axial positions of the magnesium octahedra. Compound [8.fgrmed using DMF as the
synthesis solvent at 180°C, while compound [32formed using ethanol as the synthesis
solvent at 100°C. Both compounds show enhanced photoluminescence intensity wikdnaexc
397nm compared to the free TDC ligand, suggesting a charge transfer betwegsmiharid the
magnesium metal center. Portions of the work described irchhister, including the synthesis
protocols, structures, and characterization have been published: Calderan; Banerjee, D.;

Santulli, A. C.; Wong, S. S.; Parise, J.IBorg. Chim. Acte2011, 378 109.
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3.2. Introduction

Synthetic strategies aimed at constructing specific coordmatetworks possessing
desirable properties continue to evolve due to the diverse use of oeteers and
multifunctional organic ligands available to researcfiérsThe variety of structural topologies
that can result from the use of appropriate network components desesrch toward targeting
topologies for specific uses, leading to many coordination netweitkspotentially important
applications. For example, open frameworks with specific paressare sought for gas
storage/separatidfi®*®? structures with unsaturated metal sites for catalytic agjits>5*
and materials which take advantage of charge transfer betigaads and metals are desired for
luminescence properties’®

The properties of coordination networks necessarily depend on the metdination
geometry and the nature of the ligands apart from other synih@taometers like reaction
temperature and solvent. Rigid aromatic linkers can impaudctatal strength, and are
frequently chosen as building blocks for structures requiring highmtiestability. Indeed,
coordination networks that feature aromatic carboxylate ligandsdlibkefirst row 3d metals
such as MAA? Co2%%” and ZA®* continue to be the most prevalent in the literature, because of
the well understood bonding interaction between the metal and carboxylate oxygen atom

Choices of reaction conditions like solvErand temperaturéhave a fundamental effect
on the final product, as the extent of solvent involvement can impachsgembly of the
structure. Recently there has been an increase in reports featuring lightweigl coordination
network materials based on s-block metals such as litfiiA7?and magnesiurff:*®**** The
possible increase in gravimetric gas storage capacity impjiembnstructing a network using a

lightweight metal with high charge density, such &ds dliives much of this exploratory research.
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However, assembling networks based on the divalefit Mg offers a dual advantage of using a
lightweight metal and a metal ion that behaves similarly muraber of ways to well described
3d coordination networks of Zi Much like Zrf*, the Md " ion is commonly observed to adopt
octahedral coordination, has a comparable ionic size (0.72 pm fdr @4 pm for ZA"),*” and
has a similar affinity for rigid aromatic carboxylate linkers.

As a building block, the 2, 5-thiophenedicarboxylate ligand is an idealaimfmker
choice for assembling new coordination networks. The diverse cooodinabdes of the
carboxylate groups suggest a range of possible topologies, whirigithe of the ligand plays a
key role in the stability of the network. In addition, free 2, 5-thiogléecarboxylic acid is a
photoluminescent molecule because the large radius of the sulfur atanibwates to the
localization of the S electron pair within the heterocyclic thiogheng. Therefore, utilizing
TDC as a building block in coordination networks affords the possibilibpn@fue luminescence
properties. Some examples of this approach have been tried witinlzer of lanthanid®;
transition?>°” and post-transition® *® metals. This study reports the synthesis, characterization
and luminescence studies of two new magnesium-thiophenedicarboxylates, MAIMP and
Mg(TDC)(H.O),, produced using the solvents DMF and ethanol, respectively. Our current

findings suggest that linking magnesium with the photoluminescemtdiig@sb TDC facilitates

charge transfer with the metal and enhances the luminescence of the ligand.

3.3. Experimental
3.3.1. Synthesis
Compounds [3.1] and [3.2] were synthesized under solvothermal conditions using

Teflon®-lined 23-mL Parr stainless steel autoclaves. Magnesiumatenithexahydrate
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(Mg(NOs)2-6H,O Acros-organics, 99%), 2,5-thiophenedicarboxylic acigH©O,S, 2,5-TDC,
Sigma-Aldrich, 95%), ethanol (Fisher 95%), pyridine (Fluka 99%), and -N,N’
dimethylformamide (Sigma-Aldrich, 99%) were purchased and used as kceive
Synthesis of [3.1], Mg(TDC)(DMF)

In a 23 ml Teflon liner, 0.194g (0.75 mmol) Mg(A)6H0, and 0.147g (0.85 mmol)
2,5 TDC were dissolved in 8.83 g of DMF (ratio of metal salt: linkefvent=1:1:160). The
liner was transferred to a stainless steel autoclave anddhattl80°C for a period of 5 days.
After cooling to room temperature, the resulting crystalline prodwes vacuum filtered and
washed with DMF and ethanol. Elemental analysis for C, H, and N #W2@% C, 3.63% H,
4.99% N (calc. 40.40%C, 3.39% H, 5.23% N).
Synthesis of [3.2], Mg(TDC)(kD),

In a 23 ml Teflon liner, 0.065g (0.25 mmol) Mg(A@6H,0, 0.044g (0.25 mmol) 2,5
TDC, and 0.021g (0.25 mmol) pyridine, were dissolved in 4.00g of ethanol ¢fatietal salt:
linker: pyridine: solvent=1:1:1:34). The liner was transferred stamless steel autoclave and
heated at 100°C for a period of 5 days. After cooling to room temperahe resulting
crystalline product was vacuum filtered and washed with ethaneimdfital analysis for C, H,

and N found 31.50% C, 2.76% H, <0.5% N (calc. 31.26%C, 2.62% H, 0.00% N).

3.3.2. Structure Determination

Representative single crystals of each sample suitabknigle crystal x-ray diffraction
were selected under a polarizing light microscope from the lauiple. Data for compounds
[3.1] and [3.2] were collected at room temperature (298 K) on a BrBKerfour-circle

diffractometer equipped with a SMART 1K CCD detector using Mor&diation (\20.71073§)
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ande andw scans (Table 3.1). The raw intensity data were collectedréegrated with the
software packages SMARTand SAINT’® An empirical absorption correction was applied
using SADABS’® The crystal structures were solved using direct methods (888L Mg

and S atoms were located first, followed by the determinati@il other atom positions (O, C,

N) from the Fourier difference map. Displacement paraméberaon-hydrogen atoms were
refined anisotropically using SHELXT®. Methyl and aromatic hydrogen atoms were placed in
position using geometrical constraints. Powder X-ray diffracttRD) data to confirm phase
purity were collected using a Scintag Pad X diffractometeK({Q(1 = 1.5418 A) at a range of 5

< 20 <40°, with a 0.02 ° @-step size and a counting time of and 1.5 s/step. Powder diffraction

data is shown in Figures 3.1 and 3.2.
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Table 3.1. Crystallographic data table for [3.4d §3.2].

Empirical Formula
Formula Weight

Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c(A)

a (%)

()

v (°)

Volume (&%)

VA

Calculated Densitfg/cm’®)
Absorption Coefficient (mm)
F(000)

Crystal Size (mm)

0 range of data collection

Index range

Total reflections
Independent reflections
Goodness of fit

Refinement method

Data/Restraints/Parameter
R1 (onFy% 1 > 26(1))
WR2 (onF21 > 24(1))

3.1]
e7H27MQ3N3015S3
802.66

298
0.71073

P21/C

17.747(4)

9.805(2)

21.359(4)

90

103.13(3)

90

3619.5(14)

4

1.473

0.328

1656
0.15x 0.12 x 0.075

1.18 to 27.10
22<h<22
11<k<12
227<1<26

23671
7781 [R(int) = 0.0429]
1.030

Full-matrix least

squares on#

7770/0/460
0.042

0.1194

[3.2]
C@HeMgOGS
230.49
298
0.71073
Pnma
7.296(4)
17.760(4)
6.6631(3)
90
90
90
863.4(3)
4
1.773
0.447

472
0.18 x 0.15x 0.06
2.29 t0 26.37
-8<h<9
-22<k<22
-7<1<8
5125
908 [R(int) = 0.0419]
1.043
Full-matrix least
squares on ¥
906/0/ 67
0.0293

0.0844
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Figure 3.1. Calculated (bottom) and experimentad)(powder patterns of [3.1].
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Figure 3.2. Calculated (bottom) and experimeritgd)(powder patterns of [3.2].
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3.3.3. Thermal Data

Combined TGA-DSC data of [3.1] and [3.2] were collected using a STACA4Qpiter
Netzsch Instrument. Powder samples were placed in #D; Arucible for TGA-DSC and
analyzed using a range of 30-650°C and 5 degrees per minute yndend$phere. Thermal
data are shown in Figures 3.3 and 3.4.

The thermogravimetric analysis of [3.1] shows a gradual weagist throughout heating,
indicating the compound is thermally unstable. However, two majaghiviisses are observed
during heating with first occurring at 100°C, corresponding to avehof 2 coordinated DMF
molecules; 18.2 wt. % loss calculated compared with 18.0 wt. % oldseiMege second major
weight loss, which occurs at 420°C, can be matched to the loss adntlagning coordinated
DMF molecule (calculated 70.2 wt.%; observed 69.7 wt %). Degassqilesaof [3.1] at both
220° C and 320° C were checked for crystallinity by PXRD. CHystglis maintained after the
initial loss of DMF molecules but is subsequently destroyed #&igating to drive off the
remaining coordinated solvent. When immersed in DMF for two ithegs attempt to obtain the
original compound, neither of the samples showed any change after PXRDsanalys

Thermogravimetric analysis of [3.1] also reveals two distweight losses during
heating. The first major weight loss at 150°C corresponds to themloy of the compound;
15.6 wt. % calculated compared with 15.7 wt/. % observed. The second w&ght loss
occurs at 410°C and can be attributed to the elimination of half oTEl@ linkers in the

compound; 53.0 wt. % calculated compared to 53.1 wt. % observed.
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Figure 3.3. Combined TGA-DSC plot of compound [3.The blue line represents the TGA plot while tbd line
shows the associated DSC signal.
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shows the associated DSC signal.
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3.3.4. Photoluminescerite
Powder samples of compounds [3.1] and [3.2] and the free organic linkeamayzed
at room temperature on a FluoroLog-3 with a 10 s integration tisleg an excitation

wavelength of 397 nm.

3.4. Results and Discussion
3.4.1. Structure of [3.1], Mg(TDC)(DMF)

Three unique Mg ions grouped into a corner-sharing trimeric unit are observed i [3.1
(Figure 3.5). The polyhedral magnesium trimers form a secohddding unit, connected via a
TDC?* carboxylate bridge, creating one-dimensional chains (Figu)e 3Bese 1D chains are
further linked by the TDC ligand to six other chains to form theaBfay. The structure is built
around solvent DMF molecules which coordinate to two of the thre@mesagn centers. The
asymmetric unit of [3.1] includes three crystallographically unimegnesium centers, three
TDC? linkers and three coordinated DMF molecules. Sites Mgl and Mg®hmerved in
octahedral coordination environments, while site Mg3 is found in acteedinate square
pyramidal environment. The octahedral environments of Mgl and Mg2lifierent, as the
coordinating oxygen atoms come from different sources. Each of figemmatoms coordinating
to Mgl are from the TDE carboxylate oxygen atoms, with an average bond distance of 2.089A
(Table 3.2). The Mg1-O1 and Mg1-O6 bond distances are noticeabipéeegl to 2.238(1)A
and 2.147(1)A respectively, and the O1 site is coordinated to both MgIMg®dites. Site
Mg2 also adopts octahedral coordination, with five of its oxygemsatcoming from the
carboxylate group of TDC, while site O1M, contributed by a coordthdMF molecule,

completes the octahedron. Similar to what is observed for Mgdngihlening of the Mg-O

¥ Assistance provided by Dr. Alexander Santulli &rdStanislaus Wong
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distance is observed in the Mg2-O11 and Mg2-0O12 bonds to 2.262A and 2.156A, relspective
Site Ol11 also coordinates to both the Mg2 and Mgl sites in thetise. Bond valence
calculations for Mg3 reveal a sum of 2.04 v. u., supporting the observedofivdination of
magnesium. Two oxygen atoms, O2M and O3M, are contributed by coedlim¥1F
molecules. The interatomic distance between Mg3-O5 is notablyesbdrto 1.972(1)A.
Magnesium trimer units in which each Mg in the trimer groupcthedrally coordinated are
commonly observed. However, [3.1d unique in that one member of Mg trimer is five-
coordinate while the other metals adopt octahedral coordination. kle@dound that [3.1]a
structural analog of a previously reported IDC)s(DMF)s,°” hasa theoretical void space of
46.2% after removal of coordinated solvent, (1670°8 Aompound [3.1] was found to be non-

porous after BET analysis using bas.

o

Figure 3.5. View of compound [3.1] along [0 1 @jedttion showing the connectivity of the organiakier with the
magnesium metal center. Magnesium atoms are mgBzsas blue polyhedra, sulfur in gold, and cadsowire
bonds.
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Figure 3.6. Representation of the connectivitigg trimers along [0 0 1] direction of compound [3hlghlighting
the coordinating modes of the TDC carboxylate. Megium atoms are represented as blue polyhedrgenxg
red, and carbon in black.

S \U €1
. Cc17
c18ii c16

Figure 3.7. ORTEP representation of [3.1]. Ellidsoare drawn at 50% probability. H atoms are teditfor
clarity. Symmetry transformations used to geneegpgivalent atoms: (i) x, 1+y, z ; (i) x, 5/2-%/2+z ; (iii) X,
3/2-y, -1/2+z ; (iv) -X, -1/2+y, 1/2-7 ; (V) -X, L-1-Z ; (Vi) X, 3/2-y, 1/2+z ; (vii) -1-X, -1/2+4\1/2-7
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Table 3.2. Selected bond lengths and angles fif [3

Mg(1)-O(4) 2.016(1) C(18)-0(8) 1.256(3)
Mg(1)-O(11) 2.021(1) 0(9)-C(18) 1.256(3)
Mg(1)-O(3) 2.043(1) O(10)-C(18) 1.259(3)
Mg(1)-O(7) 2.066(1) O(6)-C(6) 1.252(3)
Mg(1)-O(6) 2.147(1) O(1)-C(6) 1.277(3)
Mg(1)-O(1) 2.238(1) O(11)-C(13) 1.273(3)
Mg(2)-O(9) 1.990(1) 0O(12)-C(13) 1.247(3)
Mg(2)-0(2) 2.006(1) 0(3)-C(12) 1.254(3)
Mg(2)-O(8) 2.036(2) 0O(5)-C(12) 1.258(3)
Mg(2)-O(1M)! 2.109(2) C(12)-0(5)-Mg(3) 141.86(17)
Mg(2)-0(12) 2.155(1) C(6)-O(1)-Mg(3) 142.99(16)
Mg(2)-O(11) 2.261(1) C(1)-0(2)-Mg(2) 134.47(16)
Mg(3)-O(5) 1.972(1) C(18)0(9)-Mg(2) 150.74(17)
Mg(3)-O(10¥ 2.008(1) C(13)-0(12)-Mg(2) 92.30(14)
Mg(3)-O(2M) 2.031(2) C(13)-0(11)-Mg(1) 142.45(16)
Mg(3)-O(3M) 2.039(2) C(13)-0O(11)-Mg(2) 86.82(13)
Mg(3)-0O(1) 2.077(2) C(6)-O(1)-Mg(1) 86.19(14)
O(7)-C(1) 1.253(3) C(6)-O(1)-Mg(1) 86.19(14)
0(2)-C(1) 1.255(3) Mg(1)-O(11)-Mg(2) 111.45(8)
0O(8)-C(7) 1.258(3) Mg(3)-O(1)-Mg(1) 111.98(8)
O(4)-C(7) 1.260(3)

Symmetry transformations used to generate equivatems: -x,-y+1,-z+1;? x,-y+3/2,z-1/23 x,-y+3/2,z+12

3.4.2. Structure of [3.2], Mg(TDC){®D).

The structure of [3.2] can be described as one-dimensional cbaimsagnesium
ocatahedra connected by TBdigands to form the 3D coordination network (Figure 3.8).
Viewing along the [1 0 0] direction, the TZ¥@igands are positioned as rungs in a step-ladder-
like arrangement (Figure 3.9), with the rails of the laddengareated by the chains of
magnesium. The asymmetric unit includes a unique magnesium icnarzbordinated water

molecule, as well as a partial TBdinker. The partial TDE linker consists of a carboxylate
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group and an incomplete thiophene ring of a sulfur atom connected to riwam Gtoms. Site
Mgl is coordinated to four oxygen atoms from TD@nkers and two oxygen atoms from
coordinated water molecules. In the overall structure, the?TIdRer is associated with four
magnesium ions, as each carboxylate oxygen (O1 and O3) coesdioa metal independently.
An average Mg-O distance of 2.078A (Table 3.3) is observed in {@i?]the water molecule at
the O2 site coordinating at a distance of 2.080(3)A from thenasaigm center. Bond valence
calculations for the M ion revealed a value of 2.124 v. u. No void space was accessésle aft
solvent removal. @ Compound [3.2ls a structural analog of a previously reported

Mn(TDC)(H»0),.*%°

Figure 3.9. The connectivity of 2,5-TDC with mepalyhedra in compound [3.2]. Magnesium atoms are
represented as blue polyhedra, sulfur in gold,camdon as wire bonds.
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Figure 3.10. ORTEP representation of [3.2] illatrg the numbering scheme. Ellipsoids are drawibQfto
probability. H atoms are omitted for clarity. Symtry transformations used to generate equivatems (i) -
1/2+x, 1/2-y, 3/2-z ; (i) -1/12+X, y, 3/2-z ; (ii}/2-x, 1/2+y, 1/12+z ; (iv) -x, 1/2+y, 1-z ; (V)*,-1/2+y, 2-Z ; (vi) 1/2-
X, =y, 12+z ; (vii) X, 1/2-y, z ; (Viii) -X, -y1-z ; (iX) 1-x, -y, 2-z ; (X) 1/2-X, -y, -1/2+z xi} 1/2-x, 1/2+y, -1/2+z ;
(xii) 1/2+x, 1/2-y, 3/2-z

Table 3.3. Selected bond length (A) and bond afigyer compound [3.2]

Mg(1)-O(3)* 2.071(2)
Mg(1)-O(1) 2.079(2)
Mg(1)-O(2) 2.080(3)
0(1)-C(1) 1.273(2)
0(3)-C(1) 1.254(2)
C(1)-O(3)-Mg(1¥ 133.27(1)
C(1)-O(1)-Mg(1) 132.51(1)
0(3)-C(1)-0(1) 124.49(5)
0(3)-C(1)-C(2) 118.29(4)
0(1)-C(1)-C(2) 117.20(4)

Symmetry codes’ x+1/2,y,-z+3/27-x+1/2,-y,z-1/2
3.4.3. Discussion

By varying the synthetic conditions of reaction temperature andrdgplaad holding
constant the metal-to-linker ratio, two new magnesium coordinatibmories were produced
using 2,5 TDC as a linker. Reaction of magnesium salt and 2,5 ifQftre DMF forms
compound [3.1] while compound [3.2forms in a pyridine/ethanol mixture. Though [3.1]
includes solvent DMF in the structure, it is interesting to pouitthat the reaction producing
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[3.2] did not result in a coordination network that incorporated either gblteent components
of pyridine or ethanol. Rather, the magnesium coordination sphempanates water molecules
from the solution. Since the water content in the solvent ethanol amdtéies of crystallization
in the metal salt reactant are both present in sufficient qesntd hydrate the compound, the
source of water in the ethanol/pyridine system of [Z&@hnot be definitively determined.
However, we can conclude that solvation by water is more favorhhfe iy ethanol since
neither ethanol nor pyridine was included in the final structure.

A range of various solvent mixtures was used to conduct furtherierqres in order to
determine if other structure types were possible through changssvient system. Solvent
mixtures of DMF/methanol and DMF/methanol resulted in the formasfocompound [3.1]
demonstrating a higher coordination capability of DMF compared to @thad methanol. For
completeness, we extended our experiments further to check tineretairdination strength of
DMF and water as a solvent. To our surprise, the reaction in 1:1M2NHf solvent system
produces a previously determined magnesium-formate compounds){KEHMg(HCOO),***
due to the formation of formate anion via the hydrolysis of DMF nubéscin the presence of
water. Thus the relative coordination capability of DMF and watehis particular system
remains inconclusive.

Photoluminescence (PL) analysis of [3ahld [3.2] found that both compounds exhibit
similar responses when excited at a wavelength of 397 nm, as saerbén Figure 3.9. While
the responses are similar to those acquired for free 2,5 TD@dligacited at the same
wavelength, there are significant differences in the speciitae sharp peak centered on 436 nm

in the free ligand is broadened and appears at a much highertinianie measurement of

compounds [3.1and[3.2]. These peaks can be attributed tosthe> n transition of the TDC
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ligand®. In addition, the broad peak centered on 440 nm in the free ligaed shifted to 461
nm for [3.1] and shifted to 475 nm for [3.2Previous reports of PL in compounds containing
the 2,5 TDC ligand coordinated to a cobalt have attributed the peak nedios to a ligand-to-
metal charge transfer (LMCT) baftl. Other LMCT effects have been previously noted with
“closed shell” metal organic networks using zifit and cadmiun?®!®®* In an additional
example, enhancement of PL intensity in a zinc-carboxylated beetevork® was attributed to
the involvement of charge-transfer transitions from the oxygen awbithe carboxylate ligands

to the empty4s orbitals of the ZA" ions. We therefore suspect that the similar PL behavior
occurring in [3.1]and [3.2] may be due to the presence of charge transfer betwezb theC

ligand and th&sorbitals of the Mg.
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Figure 3.11. (A) Luminescence spectra comparigd8.d] and [3.2] with free 2,5- TDC ligand (B) aadom-in
image of free 2,5-TDC spectrum excited at 397 nm.
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3.5. Conclusion

Two new magnesium coordination networks were synthesized using2the
thiophenedicarboxylate ligand. Changing the solvent and temperatuhe oédction, while
holding constant the metal-to-linker ratio, led to the formation ehaadividual network.
Photoluminescence measurements reveal that, compared to that fodethEDC ligand, the
intensity of luminescence is enhanced when the TDC ligand is asséide building block of
these networks. Based on previously reported enhancements of luminasqenties after
incorporation of TDC in Co- and Zn- coordination networks, the observectase in
photoluminescence intensity is believed to be due to charge traotsferring between the
ligand and the Mg metal center. These findings may be furfipied to the development of

luminescent coordination networks using main group metals.
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Chapter 4
Temperature Dependent Structure Formation and Rimotoescence Studies of a

Series of Magnesium-based Coordination Networks

4.1. Abstract

A series of three magnesium trimesate coordination networlss symathesized from
identical reaction mixtures by varying synthetic temperatig(HBTC)(DMF), -[(CHs).NH]
([4.1]; BTC = trimesate; space groBps/m,a = 16.596(4) A, ¢ = 14.351(8) A) crystallizes at 65°
C, Mg(BTC)(HCOOX(DMF); ([4.2]; space grouf® -3, a = 13.928(2) A, ¢ = 8.025(6})
crystallizes at 100°C, and M@TC)(DMF), ([4.3]; space grouf2i/c, a = 17.490(4) A, b=
11.940(2) A, c= 18.460(4) A3 = 116.87(3)° ) crystallizes at a temperature of 180° C. Each
network contains metal-coordinated solvent DMF molecules, but thermotymamd solvent
hydrolysis play major roles in structure determination. Compounds §d][4.2] are two-
dimensional networks which incorporate hydrolysis byproducts. Compoundig4aBthree-
dimensional network and shows no inclusion of byproducts. The seriewddhe trend of
increased network connectivity resulting from increased testyoer The networks show weak
photoluminescence response in comparison to free linker, suggesingotirdinated solvent
molecules and interlayer species play a role in quenching photoksemee. Portions of this
work come from Calderone, P. J.; Banerjee, D.; Plonka, Anna M.; Kith; Barise, J. Bnorg.

Chim. Acta Submitted.
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4.2. Introduction

Functional hybrid materials, such as metal-organic framewk¥d¥-s) and coordination
networks (CNs), have promising applications in areas such astagage:® separations®
catalysis:® magnetisitf™** and sensing®?"*%" Accordingly, their potential uses stimulate
exploratory synthetic chemistry and have lead to the discoverg diverse collection of
structures and topologié§™® Attempts at tailoring MOFs or CNs for specific uses ifiitia
require consideration of the properties of their component parts, forpéausing a transition
metal in a prospective magnetic matéfiabr a fluorescent ligand for photoluminescence
properties-

Synthetic variables like solvent and temperature can influencepgbégy and structure
in a number of ways. For example, our group recently reported ies sef magnesium
pyridinedicarboxylate networks of diverse topologies using both pure axet rsolvents?
Other effects, like solvent breakdown, subsequent inclusion of breakdown graghatisolvent
coordination directly affect the assembly and properties of thep@oenu®® The hydrolysis of
dimethylformamide (DMF) when it is used as a solvent caanofead to the formation of
structures containing formate anion ligaffdsr charge balancing dimethylammonidtit?
Varying temperature can influence the formation of different topesognd control solvent
inclusion. This strategy for the selection of particular topokgias elegantly elaborated by
Cheetham and co-workers who reported a change in metal-oxygeindé€@aM) connectivity
as a function of temperatute Similarly, Gurunatha and coworkers used temperature to yield
one-, two-, and three-dimensional magnesium-based networks of vametgl-linker
connectivity>® noting that each increase in temperature led to a correspondimg@sacin

dimensionality.
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Networks based on tleblock metals are appealing targets for exploratory synthesis due
to several possible applications. For instance, in gas storageadiopls, networks that combine
lightweight metal centers like magnesium with carboxylagard$®*° have a gravimetric
advantage over heavier transition metal-containing networks. Theegalsaretain the potential
for high thermal stability due to the strong interactions-bliock metal centers with carboxylate
oxygen atonfS In contrast, the photoluminescence (PL) propertiessbfock CNs is
underexploreti #°1% perhaps because as closed shell metal centers, they are umdikely
contribute to luminescent activity of networks. However, work withedoshell metals such as
zinc and cadmium demonstrates that a sensible choice of the kdiwkar can often lead to
interesting PL properti€§”**> Common PL active linkers include ligands with benzene rings or
high degrees of conjugation, thereby allowing- = orn — n emissions to occur.

Our group recently began to expand on the area of magnesium network
photoluminescence by focusing on the importance of the ligand in luramtesctivity.
Continuing studies of magnesium CNs with PL activity could open thefdotre development
of lightweight photoluminescent or sensing materials. Our previeperts of magnesium
thiophenedicarboxylafg and magnesium isophthdftenetworks suggested that the makeup of
the linker’s conjugated ring plays a vital role in the PL responsieeofietwork. The ordering of
conjugated linkers into a network material can also leadstacking, a PL effect caused by the
interaction ofr electrons from multiple linker§** Trimesate (BTC) is one such PL active

Iinker109—lll,116

that has the potential fox stacking interactions to lead to networks with
luminescent activity.
Many MOFs and CNs, including magnesium-based networks, are basetnesate

because the three available carboxylate connection points lead uariety of stable
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topologies-*"*?* Our latest work, presented here, reports the synthesis andopértes of
three magnesium trimesate networks, Mg(HBTC)(DMF) -[(CH3)2NH] ,
Mgs(BTC)(HCOOX(DMF)3, and Mg(BTC),(DMF),. We highlight how from the same starting
solution, solvent effects and synthesis temperature changes lehtedostructurally unique
networks. We also examine how the construction of each of these magnesnesate

networks influences the ligand-based PL properties.

4.3. Experimental Details
4.3.1. Synthesls

Compounds [4.1 — 4.3] were synthesized under solvothermal conditions usiog® Fefl
lined 23-mL Parr stainless steel autoclaves. Magnesiumenti@tahydrate (Mg(N£y-6H,0
Acros organics, 99%), trimesic acid TC, Acros organics, 98%), and N,N’-

dimethylformamide (Sigma-Aldrich, 99%) were purchased and used as kceive

Synthesis of [4.1 —4. 3]

In a 23 ml Teflon liner, 0.256 g (1 mmol) Mg(NR6H,0, and 0.210 g (1 mmol)4BTC
were dissolved in 14 g of DMF (ratio of metal salt: linker: solvent:1:192). For [4.1]
Mg(HBTC)(DMF), -[(CHs).NH], the liner was transferred to a stainless steel autoclade a
heated at 65° C for a period of 5 days. After cooling to room temuperahe resulting
crystalline product was vacuum filtered and washed with DMF drathet. A similar procedure
is used for the 100° C synthesis of [4g3;(BTC)(HCOOX(DMF)3;, and the 180° C synthesis
of [4.3], Mg(BTC)(DMF)4. Note: To yield pure [4.2]100° C, two drops of concentrated HCI

was added to the reaction mixture.

X Some synthesis done by Debasis Banerjee
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4.3.2. Structure Determinatibn

Representative single crystals of samples [4.1 — 4.3] suitablsirigle crystal X-ray
diffraction were selected under a polarizing light microscopefthe bulk sample. Data for
[4.1] were collected at room temperature (298 K) on an Oxford Genffractometer equipped
with an Atlas detector, using Modkradiation £ = 0.71073 A) and 1.0& scans. Raw intensity
data were integrated using the CrysAlisPro software padRagPata for [4.2] were collected at
100 K using a three-circle Bruker D8 diffractometer equipped witiAREXIl detector X =
0.41328 A) using 0.5% scans at Advanced Photon Source ChemMatCars beamline. The raw
intensity data were integrated using the APEXiite of program&' Data for compound [4.3]
were collected at room temperature (298 K) on a Bruker P4 fatle-diffractometer equipped
with a SMART 1K CCD detector using MooKradiation L=O.71073§) and ¢ and® scans
(Table 1). Raw intensity data were integrated with the software peeiGART° and SAINT
0 Empirical absorption corrections for [4.1 — 4.3] were applied ushidABS.”® Structures
were solved using direct methods and refined using SHELXBlg atoms were located first,
followed by the determination of all other atom positions (O, Cirddh the Fourier difference
map. Most of the non-hydrogen atoms were refined with anisotrogptadement parameters,
while hydrogen atoms were placed in idealized positions usiogefeic constraints. Powder
X-ray diffraction (PXRD) data to confirm phase purity werelaxiked using a Rigaku
diffractometer (Cul§, 2 = 1.5418 A) at a range of 5 <9Xx40°, with a 0.02 ° @step size.

Crystallographic details can be found in Table 4.1. Powder XRD are shown in Figuret3.1

Y Assistance in structure determination given by &Rfonka
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Table 4.1. Crystallographic data for [4.1 — 4.3]

Empirical Formula
Formula Weight
Collection Temperature (K)
Wavelength (A)
Space Group
a(h)

b (A)

c(A)

a (°)

N Q)

v (©)

Volume (&)

Z
Calculated Density (g/cri)

Absorption Coefficient (mif)

F(000)

Crystal Size (mm)

0 range of data collection

Index range
Data/Restraints/Parameters

R1 (onF2,1 > 24(1))
WR2 (onF,1 > 24(1))

[4.1]
Ci15H1sMgN2Os
378.62
298
0.71073
P6s/m
16.596(4)
16.596(4)
14.351(8)
90
90
120
3422.9(3)
6
1.102
0.114
1188
0.3x0.2x0.1

3.751t0 25.35

-19<h< 19
-19<k<1¢

2169/6/167
0.0617
0.1834

[4.2]
C:HsMgNOs
211.46

100
0.41328
P-3
13.928(2)
13.928(2)
8.025(6)
90
90
120
1348.1(3)
6
1.563
0.061
660

0.065 x 0.034 x 0.01

0.98 to 15.75

-18<h< 18
-18< k<18

2093/2/133
0.0511
0.1724

[4.3]

CaoH34Mg3N4Os6

779.54
298
0.71073
P2/c
17.490(4)
11.940(2)
18.460(4)
90
116.87(3)
90
3438.9(5)
4
1.506
0.170
1624
0.2 x 0.08 x 0.05

1.31to 26.37

-21<h<20
14< k<14

7023/0/478
0.0428
0.1124

51



Intensity

Degrees 26

Figure 4.1. Calculated (blue) and experimental)(pwder XRD pattern of [4.1].

Intensity

Degrees 26

Figure 4.2. Calculated (blue) and experimental)(pwder XRD pattern of [4.2].
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Figure 4.3. Calculated (blue) and experimental)(powder XRD pattern of [4.3].

4.3.3. Thermal Data

Combined TGA-DSC data of [4.1 — 4.3] were collected using a STA 44ap@er
Netzsch Instrument. Powder samples were placed in #bs Arucible for TGA-DSC and
analyzed using a range of 30-800°C and 5 degrees per minute yndend$phere. Thermal
data are shown in Figures 4.4 — 4.6.

The thermogravimetric data of [4.1] show no well-defined plateaus, but does extabit t
gradual weight losses, the first beginning at approximately 15&idCaccounting for a loss of
dimethylamine and one DMF molecule (27.8% calculated; 27.1% observedpcohd DMF
molecule is lost from [4.1pver the course of two weight losses (calculated 44.9%; observed
42.1%), beginning at approximately 350° C. Pyrolysis of the ligand fellafter reaching a

temperature of 550° C.
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Thermogravimetric analysis of [4.2]so shows three gradual weight losses starting at
approximately 200° C. The first weight loss corresponds to a lasgoDMF molecules (23.1
% calculated; 23.8 % observed). The next weight loss occurs at apately 350° C and
accounts for the loss of the last DMF molecule and two formate gr@l§8 % calculated,;
47.5% observed). At approximately 550° C ligand pyrolysis occurs. Compoundsiibsk
two major weight losses that account for a loss of three DMFeculds (27.9% calculated,;
25.4% observed). After approximately 550° C, pyrolysis of the reteaiof the compound

occurs.
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Figure 4.4. Combined TGA (blue) and DSC (red) daitg4.1].
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Figure 4.5. Combined TGA (blue) and DSC (red) datd4.2].
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Figure 4.6. Combined TGA (blue) and DSC (red) dat44.3].
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4.3.4. Photoluminescence and UV-Vis absorption andlysis

The preparation of samples for fluorescence and UV-Vis anaf$s1 — 4.3] and free
BTC followed the procedure as described below. Solid samples greund into powder.
Quartz slides of dimension 16mm x 60mm were first rinsed witlodiged water and ethanol,
dried, and then scotch (black) tape was applied to the lower hai afried slide. The tape was
then removed to leave behind a small amount of adhesive, onto whochirguous thin layer of
sample was sprinkled. Excess sample was removed by gamping the slide face down. The
effect of glass slide and adhesive was evaluated and found to bgibteg The UV-Vis
absorption spectrum was measured for powdered solid samples of comphdndst.3]and
free BTC on a Shimadzu UV-Vis spectrophotometer equipped with egrating sphere. The
excitation and emission spectra of thin layers of free BTC[4id— 4.3]were measured on a
Varian Cary Eclipse fluorescence spectrophotometer. Theaggnitspectra were obtained by
varying excitation energy while fixing the emission wavelengths300 nm, the emission

maxima of free BTC.

Z Assistance provided by Zhichao Hu and Jing Li
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4.4. Results and Discussion
4.4.1. Structure of [4.1], Mg(HBTC)(DME)[(CHs)2NH]

The structure of [4.1is formed through the linking of individual magnesium octahedra
into a two-dimensional net with both HBTC and BTC linkers (Fig. 44 pidentate carboxylate
group and two monodentate carboxylate groups form the connecting pointa&i thehe four
equatorial positions of the magnesium octahedron. Disordered DMEutedecoordinate in the
two axial positions (Fig. 4.8) and extend in between each net. pEue Hetween the nets is
occupied by two disordered dimethylamine molecules, and their fbecthe diffraction data
were removed with the PLATON/SQUEEZE routiff& There are three unique linker positions
in the compound’s [4.1] structure, with the centroid of each located othtbe-fold axis;
consequently, the asymmetric unit contains one-third of each of the imiecules, one Mg
atom and a DMF molecule. The octahedral coordination environment bisMgas six oxygen
atoms. The BTC linkers are found in an exotridentefe-(®)—(x*)—us binding mode, while the
HBTC linkers are also tridentate, but adoptkd-{(x")—(c')—s binding mode. Two carboxyl
groups, each from a HBTC linker, contribute oxygen atoms O3 and O5 to equatorial pogtions
to one another. The remaining two equatorial positions areiglsm one another and occupied
by O1 and O2 from the bidentate carboxylate group. Axial positiorteeobctahedron are
occupied by a DMF oxygen atom (O1D) and its symmetry gesttrabunterpart. The
octahedron is slightly distorted and has an average Mg-O bomthlef 2.061 A. Each
magnesium octahedron is separated by a distance of 9.214(3) Atéromarest neighbor. A
topologically-related nickel structure of [4.INi(HBTC)(DMF),-(guest)] has been previously

reported-?*
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Figure 4.7. Network connectivity of the two-dimanmsl layers in [4.1], with Mg represented as lighie
polyhedra and BTC linkers represented as wire holMF molecules are omitted for clarity.

Figure 4.8. Local environment of [4.1]. Mg is shoin light blue, C in black, O in red, and N inubl
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Figure 4.9. ORTEP representation of [4.1] witlipsibids drawn at 50% probability. Symmetry openadi used to
generate equivalent atoms: (i) -y, x-y, z ; (iixty, 1-x, z ; (i) -x+y, -x, z ; (iv) 1-y, X-y, 2 (V) X, Y, 3/2-z ; (vi) 1-
X+Y, X, Z; (i) -y, -1+x-y, z

Table 4.2. Selected bond lengths (A) and anglefo({4.1]

Mg(1)-0(1) 2.113(3)
Mg(1)-0(2) 2.121(3)
Mg(1)-O(3) 2.032(3)
Mg(1)-0(5) 2.018(3)
Mg(1)-O(1D) 2.041(4)
Mg(1)-O(1D) 2.041(4)
Mg(1)-O(1DY 2.041(4)
0(3)-Mg(1)-0(1) 158.26(11)
0(5)-Mg(1)-0(1) 97.37(11)
0(3)-Mg(1)-O(1D) 87.82(9)
0(5)-Mg(1)-0(3) 104.37(11)
0(5)-Mg(1)-O(1D) 88.96(14)
O(1DY-Mg(1)-O(1D) 174.5(2)

Symmetry transformations used to generate equivatems?x,y,-z+3/2
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4.4.2. Structure of [4.2], M@BTC)(HCOO}(DMF)3

Compound [4.2], consists of corner-shared magnesium octahedra linkeintersber
rings by bridging formate ligands to form a secondary buildinig) (Fig. 4.10). The rings of the
secondary building unit are further connected into a two-dimensiayail by BTC linkers (Fig.
4.11), with the space between each layer occupied by metal-coardidiF molecules. The
asymmetric unit is similar to [4.1], in that the centroid of tHeCBinker is located at the three-
fold axis, and therefore the asymmetric unit of [4.2], consistsefthird of the BTC linker, one
Mg atom, a formate group, and one coordinated DMF molecule. Edwbxgkate group of the
BTC linker is bidentate binuclear and the BTC linker adoptsxahexadentate binding mode of
(kD —(tH—(c-kY) s Formate groups connect in the coordination mode’afA—(k")—us.
The equatorial positions in the coordination environment of Mgl are occhpivocisrelated
oxygen atoms contributed by a BTC carboxylate (O2; O3), and aafergroup whose two
oxygen atoms are alsois to one another (O4; O5). The axial positions are occupied by
symmetry-generated O5 and a DMF oxygen atom, O1. The avergge bbnd distance is
2.063 A. Each magnesium atom is connected to its neighboring ceetar at a distance of
3.580(2) A. Centroids of the six-member Mg rings are separatbe iwb-dimensional net by a
distance of 13.927 A. The structure of [4.2], is previously repBntatbng with that of a cobalt

structural analog GBTC)(HCOOX(DMF)3.*%°
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Figure 4.10. Hexagonal secondary building unfgda?] illustrating metal-bridging formates, with Mgpresented
in light blue, C in black, O in red, and N in blue.

Figure 4.11. Layered network connectivity of the2]. Mg polyhedra are shown in light blue and BlirRers are
shown as wire bonds. DMF is omitted for clarity.
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Figure 4.12. ORTEP representation of [4.2] wilipebids drawn at 50% probability. Symmetry opienas used to
generate equivalent atoms: (i) 1+y, 1-x+y, 249 2(x, -y, 2-z; (i) 1-y, -1+x-y, z ; (V) 2-yx-y, z (V) X-y, -1+X,
2-z ; (Vi) 2-x+y, 2-X, Z

Table 4.3. Selected bond lengths (A) and ange®({4.2].

Mg(1)-O(1) 2.107(2)
Mg(1)-O(2) 2.044(2)
Mg(1)-O(3¥ 2.008(2)
Mg(1)-O(4) 2.072(2)
Mg(1)-O(5) 2.118(2)
Mg(1)-O(5Y 2.118(2)
O(1)-Mg(1)-O(5} 90.85(8)
0(2)-Mg(1)-O(5§ 89.59(8)
O(3-Mg(1)-O(1) 86.70(9)
O(3-Mg(1)-0(2) 88.75(8)
O(3)-Mg(1)-O(5Y 95.85(8)
O(3f-Mg(1)-O(5Y 89.37(8)
0(4)-Mg(1)-0(1) 84.53(8)
O(4)-Mg(1)-O(5§ 92.93(8)
O(5\°-Mg(1)-O(5¥ 89.57(10)

Symmetry transformations used to generate equivatems? x-y,x-1,-z+2;>y+1,x-y-1,z
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4.4.3. Structure of [4.3], MBTC),(DMF),

In compound [4.3], corner-shared triads of octahedral magnesium atomskae
together into infinite chains by BTC carboxylate groups (Fig. 4.1Bhe chains are further
linked into a three-dimensional network by a bridging BTC ligand. (Fi14). DMF molecules
coordinating to the magnesium metal center occupy the channels wh#ninetwork. The
asymmetric unit of [4.3]consists of three crystallographically unigue Mg atoms, two BTC
linkers, and four coordinated DMF molecules. The two BTC linkersh eadopt the
exohexadentate binding modg (k*«-p2)—(c*-k')—(k*-k)—us.  The coordination of Mgl
consists of six oxygen atoms, each of which comes from a BTkbxodate group. The
equatorial positions are occupied by O1, 02, O3, and O5, with the combinattioris O3 and
02; O5cis to one another. The axial positions are occupied by O8 and Ad&ir oxygen
atoms occupy the equatorial positions of Mg2; wm®oxygen atoms are contributed by BTC
linkers (02, O4), andis+elated oxygen atoms are contributed by DMF molecules (O1M, O3M).
The axial positions are contributed by BTC linkers as well (O8). O The coordination
environment of Mg3 is similar to Mg2 in that four oxygen atoms cam@ BTC linkers. The
equatorial positions are occupied by ttisrelated O8; O11 and O10; O12. The two axial
oxygen atoms come from coordinated DMF molecules (O2M, O4M).s $itgl and Mg2 are
separated by a distance of 3.553(1) A, while sites Mgl and kg8eparated by a distance of
3.836(3) A. The centroid of each triad is separated from its neseggibor at a distance of
9.797 A. Structural collapse occurs when [4s3jeated to remove coordinated DMF molecules.

A manganese structural analog of [4.3], BT C),(DMF)4, has been previously report&d.
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Figure 4.13. lllustration of the Mg triad chairlsserved in [4.3], with Mg representing in light ).C in black, O
in red, and N in blue.

Figure 4.14. lllustration of the connectivity imetthree dimensional network of [4.3], with Mg poddra
represented in blue and BTC linkers as wire boraldlF is removed for clarity.
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Figure 4.16. ORTEP representation of [4.3] wilipebids drawn at 50% probability. Symmetry opienas used to
generate equivalent atoms: (i) X, 1/2-y, -1/2¢D 1-x, 1/2+y, 1/2-z ; (iii) -Xx, -1/2+y, -1/2-z(iv) -X, 1-y, -z ;
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Table 4.4. Selected bond lengths (A) and anglefo({4.3]

Mg(1)-O(1) 1.9977(17) O(1)-Mg(1)-0(3) 109.14(8)
Mg(1)-0(2) 2.1537(16) O(1)-Mg(1)-0(13)  85.63(7)
Mg(1)-O(3) 2.0323(17) 0(3)-Mg(1)-0(13)  99.30(8)
Mg(1)-O(5) 2.1909(18) O(1)-Mg(1)-0(2) 151.75(7)
Mg(1)-O(8) 2.2161(18) 0(3)-Mg(1)-0(2) 99.07(7)
Mg(1)-O(13) 2.0657(18) O(13)-Mg(1)-0(2)  88.54(7)
Mg(2)-0(2) 2.0587(17) O(1)-Mg(1)-O(5) 92.47(7)
Mg(2)-O(4) 2.0050(19) 0(3)-Mg(1)-O(5) 156.44(7)
Mg(2)-O(6) 2.1090(18) O(13)-Mg(1)-0(5)  91.39(8)
Mg(2)-O(9) 2.0120(18) 0(2)-Mg(1)-O(5) 60.03(6)
Mg(2)-O(1M) 2.074(2) O(1)-Mg(1)-O(8) 94.64(7)
Mg(2)-O(3M) 2.079(2) 0(3)-Mg(1)-O(8) 83.47(7)
Mg(3)-O(8) 2.2690(17) 0(13)-Mg(1)-0(8)  176.97(8)
Mg(3)-O(10) 1.9898(18) 0(2)-Mg(1)-0O(8) 89.81(7)
Mg(3)-O(11) 2.0984(18) 0(5)-Mg(1)-O(8) 85.58(7)
Mg(3)-0(12) 2.0275(19)
Mg(3)-0(2M) 2.0819(19)
Mg(3)-O(4M) 2.102(2)
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4.4.4. Discussion

Reaction temperature was used as the principal variable in ol igading to the
synthesis of three different magnesium BTC networks from idensi@rting solutions. The
influence of the solvent DMF on the construction of the network changkesach change in

§9'43_44 and

temperature. Molecules of DMF are known to readily coordinate talmenter
indeed, each of the three networks reported here contains metal-eteddidMF molecules.
However, DMF also has a tendency to hydrolyze during reactions abgpheducts of formate
anions and dimethylammonium cations can be incorporated into the structhee clearest
example of this process is the formation of a class of trangitietal and magnesium formates
where charge is balanced by a dimethylammonium c&tithBreakdown of solvent DMF via
hydrolysis also plays a vital role in the formation of two of tdeenpounds presented in our
work. Compound [4.1] is a layered network and threakdown of DMF leads to the
incorporation of dimethylamine molecules between the layers.ila8lyn the formate linkers
between metal centers in the two-dimensional compound [4.2] are aised by DMF
breakdown. It is interesting to note that compound [4.3] is a threeagiomal network that
excludes both dimethylamine and formate.

Previous work in the synthesis of hybrid materials and coordinattworles shows that
increasing reaction temperature in a series of syntheseal®a bring about a corresponding
increase in network dimensionality?° Adding thermal energy to a system can drive a reaction
that prefers one- or two-dimensional connectivity at lower tenyres to produce a three-
dimensional structure. Similar effects are found in our workvasdimensional [4.1forms at
the lowest temperature of 65° C. Raising the temperature to 100Sulisren [4.2], a two

dimensional network of BTC linkers that connect rings corner-sharephesam octahedra.
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Changing the temperature to 180° C leads to [4.3], in which BTCréird@nnect corner-shared
triads of Mg octahedra into a three dimensional network. The ¢thmeeasional network and
exclusion of any DMF breakdown byproducts means that thermodyngrtags a more
important role in the formation of [4.3]Similarly, the observation of increased M-O-M
connectivity in the higher temperature phases also appears to be due to thermothatarsi

Recent work in our group has focused on exploring the photoactivity of esiagm
coordination networks and how photoluminescence properties change whenksetwer
constructed using different solvents or link&$’ The PL response of networks based on closed
shell metals like Mg is almost exclusively linker-based, mmegathat a judicious linker choice is
the key to developing photoluminescent magnesium network materialmeséate (BTC) is
known to be an emissive linker and will emit in closed shell Zn- ahba3ed networks. The
aromatic ring of BTC exhibits — n andr — = transitions, and this allows for the comparison
of ligand photoactivity when it is in the free acid state and whesnincorporated as a network
linker. It would also be expected that the arrangement of liganalsiructure can facilitate an
interaction between individual ring systems, leading to a more atBhsresponse for the
network compounds. We have shown in previous studies of magnesiunh&Nstéractions
between the ligands in the network materials can lead to shifteei PL spectrum or an
enhancement in luminescent intensity compared to the free Iif{kérs.

Curiously, in our current work, the PL response of compounds §®]4.3] show very
little PL activity over the free acid (Fig. 4.17). The twaimpeaks in each measurement can be
attributed to thet — n andr’ — ntransitions. The peak centered on 362 nm in the free linker
red shifts in the fluorescence spectra of [4a8f [4.3]to 363 nm with a slight increase in

intensity. Compound [4.dhows an even more diminished response, exhibiting no spectral shift
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and in fact falling below the emission of the free ligand. UkeVis absorption spectrum of the
free BTC ligand shows three broad absorbance peaks at 224, 266, and. 28émpound [4.2]
shows three broad peaks shifted to 221, 251, and 277 nm. Compound [4.3] absorbsghstst
of all network materials and the three peaks shift to 222, 257, and 282)¥irVis absorption
analysis of [4.1]exhibits a similar response to the free ligand, with broad bhsoe peaks at
221, 257, and 284 nm. We hypothesize that the lack of PL activityeimetwork materials
could be partly due to quenching effects of DMF and the C—-Hlatsts of the methyl groups
128 Additionally, the coordinated DMF molecules in each systembearausing an interruption
of potentialr system stackinglt is likely that the dimethylamine molecules within the Izyef

[4.1] further magnify the quenching effect leading to the reduced response observed.
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Figure 4.17. Fluorescence spectra of free BTGhtigand compounds [4.1 — 4.3], excited at 300 nm.
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Figure 4.18. UV-Vis absorbance spectra of the BE€ ligand and compounds [4.1 — 4.3].
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4.5. Conclusion

A series of three magnesium BTC coordination networks was Syngkefrom identical
starting solutions using temperature as the synthetic variahlefirdings conform to the trend
observed in previous studies in which network dimensionality and metaéoxygnnectivity
increase along with increases in synthesis temperature. flHuseof solvent hydrolysis and
thermodynamics both play important parts in the formation of theonks$ in this series. At
lower temperatures, the hydrolysis byproducts of DMF play thermales in determining the
network topologies, while thermodynamic factors dictate networkmdton at higher
temperatures and lead to increased M-O-M connectivity and hidimeensionality. An
examination of the photoluminescence properties of [4.1 — 4.3] revealfiasaa slight red shift
and weak PL response relative to that of the free BTC liganl,tie fluorescence intensity of
[4.1] falling below the free ligand. These findings suggest thamgtal-coordinated DMF and
interlayer species are quenching the photoluminescence intansitinhibiting the possible

system interactions of BTC ligands.
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Chapter 5
Synthesis, Characterization, and Luminescence Rrep®f Magnesium

Coordination Networks Synthesized Using an Isodhtkd.inker

5.1. Abstract
Two new magnesium-based isophthalate coordination networks resnltie variation

of solvent and temperature: MtPA)3(HCOO)(DMF), ([3.1]; IPA=isophthalate; space group

Fdd2, &22.480(5) A, b=38.210(8) A, ¢=8.8690(2)y=7618(3) K) is a three-dimensional
network of edge-shared magnesium octahedra connected by IPAlinkdéormate group forms
a bridge between the magnesium metal centers and a coordinatednDIiEule occupies the

space within the channels of compound [5.1]. Mg(IPA)(EtOH%.2]; space groupPbca,

a=14.1854(2) A, b=16.326(2) A, ¢=19.233(3) A=4404.73(2) /i) also forms a three-
dimensional network, which is constructed by connecting dimers gfiig chains with IPA
linkers. Two solvent ethanol molecules coordinate to one of magnesietal centers.
Compound [5.1]forms using DMF as a solvent while ethanol is used as a soleeiatrm
compound [5.2]. Topological analyses show that both structures can bibetkss trinodal
nets with point symbols #4%),(4™ -6°}(4'"-6"), for [5.1] and (£-6%)(4%6)(4*-6") for [5.2].
Photoluminescence measurements of [au2jl [5.2]reveal a red shift of the spectra of both
compounds compared to the free IPA ligand when an excitation waveleng®® ofm is used.
Portions of this work, including structure, characterization, and prepdrave been published:

Calderone, P. J.; Banerjee, D.; Nizami, Q.; LaDuca, R. L.; ParisePdlyedron2012 37, 42.
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5.2. Introduction

First row transitionmetals such as Mh? Co0****° and the post-transition metal

Zn 28993 continue to be widely used to form MOFs and CNs, since their bondiergétion
with carboxylate groups is so well-understood. More recently, th@esistof CNs constructed
with light s-block metals, such as lithidfit*****and magnesiufi****** has emerged as a
means of producing lightweight networks aimed at optimizingigretric advantages for gas
storage applications. Working with Kigis very advantageous because it offers the benefit of a
lightweight metal that behaves similarly to well-studRaimetal centers, such as zinc; g
(0.72 pm) has a similar ionic radius to?Z¢0.74 pm), both ions have comparable affinities for
carboxylate ligands, and they both tend to adopt an octahedral coordination in rfétiorks

The geometric conformation and functionality of the organic linkers playr roles in
determining the topology of the final netwdrR*®*" This concept is illustrated when comparing
magnesium CNs produced with similar ligands, as in the cas@eofromatic-carboxylate
linkers. For example, trimesate can coordinate from three cddbexgroups spaced 120° apart
from one another on the aromatic riffig? while terephthalate linkers utilize two carboxylate
groups in a 180° geometry to link metal centétd34138139 |sgphthalate (IPA) is similar to both
trimesate and terephthalate in that it also has two coordinanhgxylate groups, but spaced
120° apart on the aromatic ring. Networks constructed using IPA aslthénker are sparingly
reported in the literature. The limited number of networks regdariclude those constructed
using alkali**® and3d?*® metals. In fact, to date there are no reports of magnesiwmonhst
utilizing IPA as the sole linker. Furthermore, since IPA isaapmatic-carboxylate linker,
excitation transitions may arise as a result of the conjugatiaromatic ring>*® Theser — «

or 1 — n transitions make magnesium IPA networks good candidates faesiing
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luminescence properties. Photoluminescence properties in magregiwimation networks are
rarely reported®®***3and this area may be a fruitful avenue for exploration in ordeetter
understand the role the linker plays in their luminescent characteristics.

The solvent and temperature used in a reaction can be treatedlds uamebles, since
they are often identified as the factors that determine thetstes of the producfd®* Solvents
can coordinate to metal centers, reside as guests in theestruor creatén situ effects that alter
or influence the ligands that link the metal cent@rsror example, in recent work we have
observed magnesium networks based on the same linker can have vegntdgteuctures
depending on which solvent is used in the synth&st&® Taking advantage of this knowledge
and experience, we set out to explore the structural possibugieg different solvents and
temperature for magnesium-based networks linked by IPA. Sinedtsly, we have expanded
the sparse reporting of luminescent properties in magnesium-basedrks. Herein we report
the synthesis and photoluminescence properties of two magnesium-isaehtt@mpounds,
Mg4(IPA)3(HCOOL(DMF), (compound [5.1]) and Mg(IPA)(EtOH) (compound [5,2])

synthesized using the solvents DMF and ethanol, respectively.
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5.3. Experimental
5.3.1. Synthesis

Compounds were synthesized under solvothermal conditions using ®*Féfled 23 mL
Parr stainless steel autoclaves. Magnesium nitrate hexéhy(vig(NG;),-6H,0, Acros-
organics, 99%), isophthalic acid, (Sigma-Aldrich, 95%), ethanol and N,N&tytiormamide

(DMF, Sigma-Aldrich, 99%) were purchased and used as received.

Synthesis of [5.1], [MgIPA)3(HCOO)(DMF),]

In a 23 ml Teflon liner, 0.256g (1 mmol) Mg(N@ 6HO, and 0.166g (1 mmol) IPA
were dissolved in 14.21 g DMF (molar ratio of metal salt: linketvent=1:1:191). The liner
was transferred to a stainless steel autoclave and hedt8@°at for a period of 5 days. After
cooling to room temperature, the resulting crystalline productwaesum filtered and washed
with DMF and ethanol (yield: 70% based on Mg salt, 0.150 g).

Synthesis of [5.2], Mg(IPA)(EtOH)

In a 23 ml Teflon liner, 0.256g (1 mmol) Mg(N@ 6H0O, and 0.166g (1 mmol) IPA
were dissolved in 5.15 g EtOH (molar ratio of metal salt: linker: solvent=1:1:13@)linker was
transferred to a stainless steel autoclave and heated at G @driod of 5 days. The reaction
solution was cooled and left undisturbed for 1 day to allow timecifgstallization and then
treated in the same manner as [5.1]. Compound [5.2] crystallzeg with a small quantity of
an unidentified second phase, estimated to be roughly 14% of the bulk dzampte on the

heights of the most intense PXRD peaks in each phase and the TGA data obtained.

* Some synthesis done by Quddus Nizami
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5.3.2. Structure Determination

Representative single crystals of each sample suitabknigle crystal x-ray diffraction
were selected under a polarizing light microscope from the bulglsandata for [5.1hand [5.2]
were collected at room temperature (Table 1). Data for y#et¢ collected on a Bruker P4 four-
circle diffractometer equipped with a SMART 1K CCD detectomgisMo Ko radiation
(7;0.7107&&) ando ando scans. The raw intensity data were collected and inteignatie the
software packages SMARTand SAINT® Data for [5.2]were collected on an Oxford Gemini
diffractometer equipped with an Atlas detector, using Mor&diation £ = 0.71073 A) and 0.5°
® scans. Raw intensity data were collected and integrated usn@rysAlisPro software
package (Oxford Diffraction Ltd., Version 4, 2009). Empirical absorpt@mrections for [5.1]
and [5.2] were applied using SADABS. The crystal structures were solved using direct
methods (SHELXS). Mg atoms were located first, followed by the determinatiball other
atom positions (O, C, N) from the Fourier difference map. All ngiirdgen atoms were refined
with anisotropic displacement parameters, while hydrogen atome placed in idealized
positions using geometric constraints. One carbon atom (C20) ethilegroup in compound
[5.2] was found to be disordered and was modeled using the PART comm&ttELXS®
The site occupancy C20 was refined to 0.42(3) for component.1 and 0.58¢®nfponent 2.
Powder X-ray diffraction (PXRD) data were collected usin§antag Pad X diffractometer
(CuKy; A2 = 1.5418 A) at a range of 5 € Z40°, with a 0.02 ° @-step size and a counting time
of and 1.5 s/step. The calculated and observed patterns were compabtairtca measure of
phase purity and determine how well the single crystal dataseyesl the bulk sample from

which it was taken. Powder XRD data are shown in Figures 5.1 and 5.2.
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Table 5.1. Crystallographitatatable forCompound$5.1] and[5.2].

Empirical Formula
Formula Weight
Collection Temperature (K)
Wavelength (A)

Space Group

a(A)

b (A)

c(®)

a (%)

()

v (°)

Volume (&%)

VA

Calculated Densitfg/cm’®)

Absorption Coefficient (mm)
F(000)

Crystal Size (mm)

0 range of data collection (°)

Index range

Total reflections
Independent reflections
Goodness of fit

Refinement method

Data/Restraints/Parameter
R1 (onF 1 > 26(1))
WR2 (onFd2,1 > 26(1))

[5.1]
@sH14MgoNOg
412.90

298
0.71073

Fdd2

22.480(5)

38.210(8)

8.8690(2)

90

90

90

7618(3)

16

1.440

0.328
3408
0.40 x 0.20 x 0.15
2.10to 26.37
-26<=h<=28
-47<=k<=47
-11<=I<=10
12235
3551 [R(int) = 0.0620]
1.048
Full-matrix least

squares on#
3551/1/254

0.0490
0.1147

5.2]
Co0H18Mg2010
466.96
298
0.71073
Pbca
14.154(3)
16.251(4)
19.149(4)
90
90
90
4404.7(2)
8
1.408

0.163
1936
0.60 x 0.40 x 0.30
3.29to 25.02
-16<=h<=16
-18<=k<=19
-22<=I<=22
28112

3706 [R(int) = 0.0609]

1.029
Full-matrix least

squares on 4
3726 /0/ 299

0.0487
0.1236
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Figure 5.1. Simulated (blue) and experimental)(pivder diffraction pattern of [5.1]
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Figure 5.2. Simulated (blue) and experimental)(peivder diffraction pattern of [5.2].
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5.3.3. Thermal Data

TGA/DSC data of [5.1] and [5.2] were collected using a STA 449 Cielugetzsch
Instrument. A powder sample was placed in agOAlcrucible for TGA-DSC and analyzed
using a range of 30-650°C and 5 degrees per minute una@gmidsphere.

TGA analysis of compound [5.1] reveals two distinct weight losseteaating in N
atmosphere. The first loss occurs at 415°C and accounts for ghefldke solvent DMF
molecule and formate linker (28.8% calculated; 28.6% observed), followedskable plateau
until 500 °C. Pyrolysis of the ligand occurs after this point. Comp@u2dl also shows two
distinct weight losses, and is estimated to have an impurity of da€éd on comparing the
calculated and observed weight losses of the TGA. The firss Huss begins at 195 °C,
corresponding to the loss of coordinated ethanol molecules (19.7% cad¢c@at7% observed)
followed by a stable plateau until 475 °C where pyrolysis of tfentl occurs. Thermal data are

shown in Figures 5.3 and 5.4.

5.3.4. Photoluminescence

Compounds [5.1], [5.2], and free isophthalic acid were analyzed at mupetature on
a Jobin Yvon Spex Fluorolog 3 with a 10 s integration time using atagec wavelength of
385 nm. Samples were ground into powder and then uniformly packed into thengrst

sample holder.
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Figure 5.3. Combined TGA-DSC plot of compound [5.The blue line represents the TGA plot while tbd line
shows the associated DSC signal.
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Figure 5.4. Combined TGA-DSC plot of compound J5.2he blue line represents the TGA plot while tbd line
shows the associated DSC signal.
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5.4. Results and Discussion
5.4.1. Structure of [5.1], M¢IPA)3(HCOO)(DMF),

In compound [5.1], edge-shared dimers of magnesium octahedra connect inra corne
sharing manner to form pseudo-helical infinite chains (Figure 5.5) hvdrie further connected
into a 3-D network by two exotetradentate IPA linkers (Figufg. A formate linker and two
carboxylate groups from IPA linkers bridge the Mg polyhedra. alyenmetric unit consists of
two crystallographically unique Mg centers, two IPA ligands, a singtedte group, and a DMF
molecule coordinated to Mgl (Figure 5.7). Sites Mgl and Mg2 are btathenfrally coordinated
and separated by a distance of 3.275A. Each dimer connet¢snigighbor in the chain at a
distance of 3.622A. One IPA linker bridges the Mg chains in"aj-(*-k")-ps coordination
while the other IPA linker adopts ac®(k™-po)-(k™-k)-ps coordination (Figure 5.8). The
coordination environment of site Mgl consists of six oxygen atoms.cltBoxylate groups
contribute three of those oxygen atoms, one occupying the axiabpg$§X3) and the other two
(06, O7)trans to one another in the equitoral positions. A formate group contribwies t
oxygen atoms which occupy the equatorial (O1) and axial (O5j)igmsi An oxygen atom
contributed by a DMF molecule (O1M) coordinates equatoriallgdmplete the octahedron.
Site Mg2 also has six-fold oxygen coordination. The axial positiocn®ecupied by two IPA
carboxylate oxygen atoms (02, O3). Equatorial positions are occhpiédo IPA oxygen
atomscis to one another (04, O8) and two formate oxygen atoms (O1, O5). eselsmhd
lengths and angles for [5.&fe shown in Table 5.2. The octahedral coordination of both Mgl
and Mgz2 is supported by bond valence sums of 2.06 v. u. and 1.99 v. u., resp&¢tBEY.

analysis using Pgas showed that [5.1] is non-porous after solvent removal. To deeetime

81



topology of the network an Mgcluster and IPA linkers were defined as nodes, revealing the

overall network to be a novel trinodal net with point symbdl6b(4°-6°}(41-6').,.

']
'y

[5.2]

g
u

Figure 5.5. View of compounds [5.1] and [5.2] aldhe of the helical chains formed by Mtjmers.
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Figure 5.6. View of compound [5.1] along the [@]Gaxis showing the overall structure (above) antpéfied
network connectivity (below). Mg polyhedra and aleflusters are represented in blue. IPA linkeesrapresented
as wire bonds and nodes represented in cyan aed.gre

Figure 5.7. ORTEP representation of [5.1] illusitrg the numbering scheme. Ellipsoids are draws0&b
probability. Hydrogen atoms are omitted for chariSymmetry transformations used to generate edpriv atoms:
(i) 1/2-x, -y, -1/2+z; (i) 1/4-X, 1/4+y, 1/4+zZ;iij -, -y, Z ; (V) -1/4+X, 1/4-y, -1/4+z
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Figure 5.8. Binding modes of IPA linkers in [5dtd [5.2].

Table 5.2. Selected bond lengths (A) and anghef®({5.1]

Mg(1)-O(1) | 2.153(3) Mg(2)-0(2) 2.004(3)
Mg(1)-O(3) | 2.103(3) Mg(2)-O(3) 2.164(3)
Mg(1)-O(5) | 2.201(3) Mg(2)-O(4) 2.144(3)
Mg(1)-O(6) | 2.007(3) Mg(2)-0O(8) 2.102(3)

Mg(1)-O(7) | 2.026(3)] Mg(1)-O(1)-Mg(?) | 97.28(1)
Mg(1)-O(1M) | 2.072(3)| Mg(1)-O(3)-Mg(2) | 116.18(13
Mg(2)-O(1) | 2.211(3)| Mg(2)-0O(5)-Mg(1)| 99.12(1)

Symmetry transformations used to generate equitatems:
Lx+1/2,-y,z-1/2
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5.4.2. Structure of [5.2Mg(IPA)(EtOH)

Compound [5.2] is formed by corner-shared dimers of magnesium polyhedra which for
a pseudo-helical chain (Figure 5.5). The chains are further dednbg two exotetradentate
IPA linkers to form the 3-D network (Figure 5.9). The asymmimetinit consists of two
magnesium centers, two IPA linkers and two coordinating ethanotuotete(Figure 5.10). The
two Mg centers are separated by a distance of 3.690A, withdémen connected to its neighbor
at a distance of 4.173A. The IPA coordination modes are similar tbisveaen in [5.1], as one
IPA linker bridges the Mg chains in &*«")-(*-k")-u4 coordination, while the other IPA linker
coordinates via axf-k-uy)-(k*-k')-us mode. Mgl is found in an octahedral coordination
consisting of six oxygen atoms. An IPA carboxylate oxygen (OS5)danates to one equatorial
position while two other IPA oxygen atoms occupy positicisgO2) andtrans (O3) to it. The
octahedron is completed by two oxygen atoms contributed by ethanolutesiétat coordinate
in the remaining equatorial (O4) and axial (O6) positions. Md@ursd in a distorted trigonal-
bipyramidal coordination. The two Mg metal centers are joinget@r by carboxylate bridges,
with O1 coordinating to both Mgl and Mg2. The trigonal-bipyramadedrdination of Mg2 is
formed by five carboxylate oxygen atoms of the IPA linker. @kial postions are occupied by
O1 and 0O10. One equatorial position is occupied by O7, witlkci®8@nd O9trans to O7.
Selected bond lengths and angles for [5aB¢ shown in Table 3. Bond valence calculations for
VIMg1 andYMg2 result in valence sums of 2.12 v. u., and 1.99 v. u, respectively; thikasat
well with the theoretical value of +2% The main structural feature of compouds a
rectangular shaped channel along the [100] direction, formed by thelgsskain type

connectivity of carboxylate groups in the 010 and 001 directions. Coordinated ethanol molecules
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are present within the channel. When an Mgster and IPA linkers are defined as nodes, the
network can be described as a novel trinodal net with point synfbé&l)(4°-6)(4*6%)

The five coordination of Mg2 was further detailed by calculating the tau pteag),
defined by Addison and R&G to measure the degree of trigonality between trigonal bipyramidal
and square pyramidal coordination. Generally (3 — a)/60, wherefy anda are the two largest
angles created in the metal coordination environment. A valuéhat is close to 1 indicates
trigonal bipyramidal geometry, while a value close to 0 indicates squamio\al geometry. In
the case of Mg2, the angles@©@§10)-Mg(2)-O(1) andD(9)-Mg(2)-O(7) are defined gsanda,
respectively. Thus, our value of 0.583indicates the Mg2 coordination has a slight trigonal

bipyramidal character.

Figure 5.9. View of compound [5.2] along [1 0 &]sashowing the overall structure (left) and sirfiptl network
connectivity (right). Mg polyhedra and metal ckrstare represented in blue. IPA linkers are ssmted as wire
bonds and nodes represented in cyan and green.
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Figure 5.10. ORTEP representation of compound jButrating the numbering scheme. Ellipsoids drawn at
50% probability. Hydrogen atoms are omitted farity. Symmetry transformations used to generqtevalent
atoms: (i) 1/2-x, 1/2+y, z; (i) X, 1/2-y, -1/2+@ii) -1/2+X, y, 3/2-z

Table 5.3. Selected bond lengths (A) and anghe®{Compound [5.2].

Mg(1)-O(1) | 2.125(2) Mg(2)-O(7) 1.984(2)
Mg(1)-O(2¥ | 2.060(2) Mg(2)-O(8Y’ 2.012(2)
Mg(1)-O(3)' | 2.024(2) Mg(2)-O(9) 1.960(2)

Mg(1)-O(4) | 2.118(2 Mg(2)-O(10} 1.923(2)
Mg(1)-O(5) | 2.041(2) Mg(1)>-O(1)-Mg(2y | 108.06(7)
Mg(1)-O(6) | 2.086(2) 0O(9)-Mg(2)-O(7) 125.35(9
Mg(2)-O(1) | 2.429(2)| O(10f-Mg(2)-O(1)’ | 160.38(9)
Symmetry transformations used to generate equivatems:
,-y+1/2,2-1/22%+1/2,-y+1/2,-z+1 3-x+1/2,y+1/2,2%x-1/2,y,-z+3/2>-x+1/2,y-1/2 2
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5.4.3. Discussion

Our current work provides the first examples of magnesium-basednks constructed
using isophthalate as the linker. Topological analysis showswbandvel trinodal nets were
produced using solvent and temperature as synthetic parametersisesTbEDMF as a solvent
leads to compound [5.1], in which two different effects of solvent DMFaddrserved. First,
DMF molecules are found to coordinate to metal centers. Addityorelbreakdown of the
DMF solvent to the formate anion occumssity, leading to the coordination of a formate bridge
between the two metal centers. The breakdown of solvent DMFhiattotmate anion and the
dimethylammonium cation is a well known effect, and is responsdléhie formation of a
number of transition metal formate framewdfRsand a magnesium formate framewdtk.
Compound [5.2] forms in EtOH and is similar to [5.1] in that it als®iteasolvent molecules of
EtOH coordinating to the metal center. Further, it is eggng to note that one of the metal
centers is 5-coordinate. The calculationtof 0.583indicates that the coordination can be
classified as a distorted trigonal-bipyramidal geometry. ive-fnember coordination is
uncommon for magnesium in coordination networks, as Mg shows prefdoerare octahedral
environment in CNs.

In an attempt to gain a more complete understanding of the magné&#uoompounds
that were possible when different solvents were used in regcti@angus solvent mixtures were
tested at a synthesis temperature of 180°C. Solvent mixtul@MbBfEtOH and DMF/MeOH
resulted in compound [5.1]. This shows that DMF is the more activergadh these systems,
demonstrating a higher coordination capability compared to EtOHMa@H. Compound [5.1]
dissolved completely in pure water and in all solvent mixturesitichkided water. However,

[5.1] was insoluble in EtOH as well as a DMF/EtOH mixture.
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Photoluminescence studies of magnesium coordination networks can prouvrde
insight into the nature of the metal-linker interaction. When the spectrum oftpeesium CNs
is compared with the spectrum of the free linker, we are abé&xamine how linker behavior
changes when incorporated into a network material. Previous waslrigroup, reporting new
magnesium thiophenedicarboxylate networks, noted that the observeddoemoe spectra for
the networks was both red-shifted, and of much higher intensity of thaof tthe free linkef:*®
A similar effect was noted by Li et al. in a zinc coordimatnetwork using pyridine-2,4,6-
tricarboxylate linkers?® where it was suggested that the rigid arrangement in theafiam of
the network led to both the enhancement and red shift. HowevergFahgexamined another
zinc network linked by trimesate, noting only a red shift and not mifis@nt increase in
luminescence intensify® While the presence of a heteroatom in the aromatic ring cottliebe
reason for the enhanced the luminescence property reported in LKssumoh a physical effect
also depends on a number of parameters including crystal packing adohabon environment
of metal centers.

The magnesium IPA networks in our current work were examingteisame manner as
our previous experiments in the hopes of better understanding thecéffexdter choice on the
luminescence properties of CNs. The free IPA ligand as welbmpounds [5.14nd[5.2] show
similar behavior when excited at 385 nm (Figure 5.11). While the lpeakl centered on 438
nm in free IPA is red shifted to 480 nm in compound [24d455 nmin compound [5.2], no
significant difference in intensity is noted when comparing ftee ligand to the network
compounds In compound [5.2], it is expected that the small sample imphasya negligible
effect on the observed luminescence properties. The presemeep®aks in all spectra may be

attributed to ther — n orz — n transitions of the ligand aromatic ring, while the observed shift
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of the broad peaks in [5.Hnd[5.2] likely occurs due to the coordination of the IPA ligand to
the Mg metal center. In comparison to our previous work with 2,5 thiophenedicarbtXyate

418148 the lack of an increase in intensity observed when using thdigBAd

to other result
indeed suggests that heterocyclic aromatic ring based linkerbenayetter choice to construct

magnesium coordination networks for photoluminescence applications.

Intensity (au)

Free IPA
ligand

T T T T T 1
400 450 500 550 600 650 700
Wavelength (nm)

Figure 5.11. Photoluminescence spectra highlightie red shift of compounds [5.1] (1) and [5.2] (2

compared to that of free IPA ligand (excitation wingth at 385nm). Compound [5.2] contained alsmal
percentage of impurity, which was unlikely to atféfee photoluminescence behavior.
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5.5. Conclusion

Two novel magnesium isophthalate networks were synthesized usiigadienetal-to-
linker ratios. Topological analyses shows that [Ssl]a trinodal net with point symbol
(4°.69),(41°-6°)(4*"-6'), while [5.2]is a trinodal net with point symbol ¥4%)(4%-6)(4%.6')). The
differences in the network topologies arise when either DMEtloanol are used a reaction
solvent. Photoluminescence measurements reveal that the predomadam fiee spectra of
compounds [5.1] and [5.2&re red-shifted relative to the free IPA linker, likely duehte ligand
coordination to the metal center. In contrast with our recentlgorted Mg-
thiophenedicarboxylate network€ no significant increase in photoluminescence intensity is
noted for either network compound compared to the free ligand. Thesegénoffer a better
understanding of how linker choice can affect luminescence pregpeftresulting coordination

networks
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Chapter 6

Lanthanide Metal-Organic Frameworks based on apft@anedicarboxylate

Linker: Characterization and Luminescence Progerti

6.1. Abstract

Three topologically-related lanthanide thiophenedicarboyxlate (TD@}al-organic
frameworks  were  synthesized using an identical metallinkeesol ratio.
Nd(TDC)(EtOH)(H20)-H,0 ([6.1] space groufCc, a = 24.035(2) A, b = 10.063(1) A, ¢ =
18.998(1) A,p = 132.41(1)° ) contains the same metal-TDC coordination modes astteo

compounds which have the isostructural formula Ln(T{EPDH)(H.0)-HO; Ln = Tb ([6.2];
space groufPl, a = 12.807(9) A, b = 14.557(1) A, ¢ = 19.128(1) A=106.66(2)°, p =

105.62(2)°y = 93.691(2)°), Dy ([6.3]; space gro®i, ,a = 12.793(8) A, b = 14.682(1) A, ¢ =
19.077(1) Ao = 107.12(1)°, B = 105.54(1)°y = 93.518(2)°). An equimolar solvent mixture of
water and ethanol causes both types of solvent molecules coordittatimgtal centers. The
fluorescence spectra of compounds [6.2] #8] show characteristic bands related to their
respective metal ions, but Dy-based [63)very weak compared to Tb-based [6.2], indicating
coordinating solvent molecules may be quenching Dy fluorescencetiorBoof this work,
including structure, characterization, and properties come frdaef@ae, P. J.; Plonka, Anna

M.; Banerjee, D.; Nizami, Quddus A.; Parise, JSBlid State ScBubmitted.
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6.2. Introduction

Microporous MOFs are potentially selective sorbers of g&s85M°*! Further, the
metal centers used to form frameworks can have variable coordination nurhirslepend on
metal-coordinated solvents and ligand geometry. This varianegtsathe species which can be
incorporated within the pore volumes of these solids. Combining thatabter gas sorption
with the characteristic luminescent properties of MOFs migatl to the discovery of gas-
selective sensors. MOFs constructed with photoluminescent linkersnatadls such as the
lanthanides, have properties that can be tuned since their photoattptyds dependent on the
combination and interaction of the metal and lineP.

Lanthanide luminescence occurs with the excitation and subsequeaxaticn of f
electrons?? resulting in very specific color emissions unique to each ni@tal However, the
low molar absorbtivity of the lanthanide ions leads to weak emisBmm direct metal
excitation. One way around this is the use of coordinated or gwegsinic antenna
ligands®3*7®1%2 Through the “antenna effect”, the ligands, often with high degodes
conjugation, further sensitize the metal excitation and enhandentifeescence intensity of the
complex. When constructing lanthanide MOFs, the linkers serving as connectiragobibcks
for the structure can also function as antennae for the fiétat>°

Networks based on lanthanide metals offer the possibilitywftapologies not normally
accessible when using other metals'®® Lanthanide metal ions have variable coordination
environments depending on the ligand used and can adopt larger coordinaties gpdremore
common metal centers, such as 3deseries. Additionally, the lanthanide contraction effect—a
decrease in atomic radius with increasing atomic number—canno#éugow linkers coordinate

and allows for additional degrees of freedom across the lanthamies®$€®* This makes the
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coordination geometry and preferences of the ligand important factolanthanide MOF
design. Carboxylate-based linkers are a good choice when constrlastthgnide networks
because the ¥fiions are hard acceptors, making coordination with the hard carbogytates
more favorable. To this end, the 2,5-thiophenedicarboxyd&€) has been used previously as
a linker in lanthanide MOFs because its multiple coordination modek tte a number of
different topologieg 16116

Our synthetic approach builds on previous reports of lanthanide-TDC Mp#&sing the
alternative solvents and synthetic conditions. It has been shown tlyaigvéhe solvent or
temperature in a given synthetic system can cause chandestopblogy and properties of the
product®*%%1%7 solvent activity can dictate how the molecules will coordinateétal centers
or occupy pore space, thus directing the assembly of the ovenatuse™ Our work sought to
apply this knowledge using an equimolar water/ethanol mixture asvansand explore its
effects on structure and properties in the resulting lanthanieerikst Herein, we report the
synthesis and structural characterization, of a series of tetated lanthanide-TDC MOFs,
Nd(TDC)(EtOH)(H20), and Ln(TDCYEtOH)(H.0)-2H0 (Ln = Th, Dy). Additionally, the

luminescence properties and structural origin of these compounds are examinextasskdi

6.3. Experimental Details
6.3.1. Synthesfs

Compounds [6.1 — 6.3] were synthesized under solvothermal conditions usiog Fefl
lined Parr stainless steel autoclaves. Starting materiatsuding neodymium nitrate
pentahydrate (Nd(N£s.5H,0, 99.9%, Alfa Products), terbium nitrate pentahydrate

(Tb(NGs3)3.5H:0, 99.9%, Aldrich), dysprosium nitrate pentahydrate (Dy{N6H,0, 99.99%,

* Some synthesis done by Quddus Nizami.
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Reaction), 2,5-thophenedicarboxylic acid (2,5-TDGH£D,S, 97%, Sigma-Aldrich), ethanol
(CoHsOH, 99%, Sigma-Aldrich) and distilled water fB)), were used without any further

purification.

Synthesis of [6.1] Nd (TDGJEtOH);(H.0)-HO

In a 23 ml Teflon liner, 1 mmol (0.435g) of Nd(N@5H,0 and 1 mmol (0.172g) of 2,5-
TDC were dissolved in 8.52 grams of EtOH and 3.33 grams of digti€dand stirred for 3
hours to achieve homogeneity (molar ratio of metal salt:ligandhetheater = 1:1: 185: 185].
The Teflon liner was transferred to stainless steel autoeiagéhe heated for a period of three
days at 100°C. After cooling to room temperature, the product wasgered by filtration and
subsequently washed with ethanol and water. Elemental analy€is iH, and N found 29.70%

C, 1.96% H, <0.5% N (calc. 30.21%C, 2.53% H, 0.00% N).

Synthesis of [6.2] Tb(TDGJEtOH);(H-0)-HO
The synthesis was the same as [6.1], except that the metalesosed was
Tb(NOs)3-5HO Elemental analysis for C, H, and N found 27.80% C, 2.39% H, <0.58alt\ (

28.57%C, 2.53% H, 0.00% N).

Synthesis of [6.3] Dy(TDGJEtOH)s;(H.0)-H,0O
The synthesis was the same as [6.1], except that the metalesosed was
Dy(NOs)3-5H,0 Elemental analysis for C, H, and N found 27.72% C, 2.19% H, <0.5%d\ (ca

28.56 C, 2.50% H, 0.00% N).
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6.3.2. X-ray CrystallograpHy

Suitable crystal of compounds [6.1 — 6vBdre selected from the bulk samples and were
mounted on a glass fiber using epoxy. Reflections were collectedeanMatCars (Sector 15)
at the Advanced Photon Source using a three-circle Bruker D8 dffratér equipped with an
APEXII detector at 100 K using synchrotron X-ray radiatibr=(0.41328A) and 0.5% scans.
The raw intensity data were analyzed using the APEXII sifisoftware’” Raw intensity data
were integrated with the software packages SMARAnd SAINT® Empirical absorption
corrections for [6.1 — 6.3] were applied using SADABSStructures were solved using direct
methods and refined using SHELXS. Mg atoms were located first, followed by the
determination of all other atom positions (O, C, N) from the Fodifégrence map. Most of the
non-hydrogen atoms were refined with anisotropic displacement pta@nwhile hydrogen
atoms were placed in idealized positions using geometric contstrBulk sample identification
and phase purity were determined using powder X-ray diffraction. The data wecéecdolising
a Scintag Pad-X diffractometer equipped with Gu(K = 1.5405 A) radiation within a range of
5° < 20 < 40° (step size: 0.02°, counting time: 1s/step). Powder diffractionag@tahown in

Figures 6.1 — 6.3.

Y Some crystallographic structure solution done bpa#Plonka
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Table 6.1. Crystallographic data for [6.1 — 6.3]

[6.1]
Empirical Formula GaH 25N 01753
Formula Weight 970.13
Collection Temperature (K) 100
Wavelength (A) 0.41328
Space Group Cc
a (A 24.0351(2)
b (A) 10.0634(1)
c (A 18.9982(1)
a (°) 90
B (°) 132.414(1)
v (°) 90
Volume (&) 3392.58(7)
Z 4
Calculated Density (g/cm-3) 1.899
Absorption Coefficient 0771
(mm-1)
F(000) 1892
Crystal Size (mm) 0.08 x 0.04 x 0.01
0 range of data collection 2.23t014.41
-28<h<28
Index range -12<k<12
-22<1<22
Data/Restraints/Parameters 5868/341/353
R1 (on Fo2,1 > &(l)) 0.0542
wR2 (on Fo2,I > &(l)) 0.1386

[6.2]

CagHs0TbsO34S6

1994.99
100
0.41328
P-1
12.807(9)
14.557(1)
19.128(1)
106.66(2)
105.62(2)
93.691(2)
3251.2(4)
2
2.038

1.083

1924

0.10 x 0.05x 0.02

2.2110 15.99

-17<h<16
-19<k<19
-21<1<25

15333/0/812

0.0423

0.1011

[6.3]

CugHs50DY4034S6

2013.24
100
0.41328
P-1
12.793(8)
14.682(1)
19.077(1)
107.12(1)
105.54(1)
93.518(2)
3261.1(4)
2
2.047

0.170

1936.8

0.08 x 0.05 x 0.02

2.20to 14.97

-15<h<15
-18<k<18
-22<1<23

12779/0/778

0.0430
0.1005
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Figure 6.7. Calculated (red) and experimentalgppowder XRD pattern of [6.1].
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Figure 6.2. Calculated (red) and experimentalgppowder XRD pattern of [6.2].
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Figure 6.3. Calculated (red) and experimentalgppowder XRD pattern of [6.3].

6.3.3. Thermal Data

Combined TGA-DSC data of [6.1 — 6.3] were collected using a STA 49 ier Netzch
instrument. Powder samples were placed in a@Adrucible for TGA-DSC and analyzed using
a range of 30-650 °C and 5 degrees per minute temperature ynatendéphere. Theremal data
are shown in Figures 6.4 — 6.6.

The thermogravimetric data of [6.1] shows two weight losses twéHirst beginning at

approximately 235° C and accounting for a loss of two ethanol molecAlés. a plateau, the
second weight loss begins at 415° C and accounts for the remorexhaining coordinating

solvent and pyrolysis of the ligand.
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Thermogravimetric data of [6.2nd[6.3] show no well defined weight losses before the
first plateaus, beginning at approximately 210° C and 200° C, respgciivélaccount for the
loss of two ethanol molecules. The second major weight losse 2prgnd[6.3] occurat 420°
C and 445° C, respectively and account for the loss of remaining cdedlisalvent and

pyrolisis of the ligands.
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Figure 6.4. Combined TGA (blue) and DSC (red) datd6.1].
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6.3.4. Photoluminescence

The preparation of samples for fluorescence analysis of [6.1 —a6d®]free TDC
followed the procedure as described below. Solid samples waesadyinto powder. Quartz
slides of dimension 16mm x 60mm were first rinsed with de-ionizeérvaand ethanol, dried,
and then scotch (black) tape was applied to the lower half of i slrde. The tape was then
removed to leave behind a small amount of adhesive, onto which a contihuousyéer of
sample was sprinkled. Excess sample was removed by gamping the slide face down. The

effect of glass slide and adhesive was evaluated and found to be negligible.
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6.4. Results and Discussion
6.4.1. Structure of [6.1], Nd(TDEEtOH)3(H»0)-H,0O

The structure of [6.1¢onsists of chains of individual 8-coordinate Nd polyhedra linked
together with TDC caboxylate groups. The chains are connected VWiDC linker into a
diamond-like three-dimensional network (Fig 6.7). Both EtOH molecesHO molecules
coordinate to the metal centers. The asymmetric unit of §@rigists of two unique Nd atoms,
three TDC linkers, three metal-coordinated EtOH molecules, rar&al-coordinated D
molecule, and one guest® molecule. Two of the TDC linkers adopt thé){(c*-«")—s
coordination mode, while the other TDC linker coordinates in ithe'j—(k*-x")—u mode (Fig.
6.8). The coordination environment of Nd1 consists of eight oxygen ataansaaterage Nd-O
distance of 2.444 A (Table 6.2); two oxygen atoms come from a bidéFiaEecarboxylate
group (O3, 04), four from monodentate carboxylate groups (02, O8, 010, Ol12yafom
coordinated ethanol molecules (O2E, O3E). Eight oxygen atoms alsoumake coordination
environment of Nd2 coordinating at an average distance of 2.455 A; tygemxatoms come
from a bidentate TDC carboxylate group (O5, O6), four from monoderdabeg/late groups
(01, O7, O7, O11), one from a coordinated ethanol molecule (O1E) and one tmondinated
water molecule (O1W). A guest,8 molecule (O2W) is also present. To determine the
topology of the network, an Naluster was defined as an 11-connected node and the three TDC
linkers were defined as 3-, 4-, and 4-connected nodes respectivelgicudation using TOPOS
softwaré® was done, revealing a tetranodal net with a point symbol of

(42-6)(£*.6°.8)(4.6°)(4*.6°). Crystallographic details are shown in Table 6.1.
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Figure 6.7. The network of [6.1] as viewed in @€l 0] (top) and [0 0 1] (bottom) directions. #ndar network
connectivity is observed in the networks of [6.8846.3].
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Figure 6.8. Coordination modes &f)}-(k'-k%)—p; (a) and §*«k')—(k*-«k")—u4 (b) for TDC (left) and the metal
carboxylate chain (right) observed in [6.1 — 6.3].

CZE

Figure 6.9. ORTEP representation of [6.1] withpslbids drawn at 50% probability.
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Table 6.2. Selected bond lengths (A) and anghefoK{6.1].

Nd(1)-O(2f 2.387(18) O(2Nd(1)-0(3) 74.5(7)
Nd(1)-O(3) 2.453(17) O(16Nd(1)-(12) 89.8(7)
Nd(1)-O(2E) 2.488(17) 0O(3)-Nd(1)-O(4) 53.3(5)
Nd(1)-O(3E) 2.464(15) O(2Nd(1)-O(8) 111.5(5)
Nd(1)-O(4) 2.595(16) O(1ONd(1)-0(2f  92.2(7)
Nd(1)-O(8) 2.431(15) O(8)-Nd(1)-0(4) 74.1(6)
Nd(1)-O(10§ 2.320(2) 0(12)-Nd(1)-0(2)  157.8(5)
Nd(1)-O(12) 2.325(19) O(1BNd(1)-O(8)  140.2(6)
Nd(2)-0(1} 2.459(16) 0O(12)-Nd(1)-0(8) 79.9(5)
Nd(2)-O(1E) 2.489(17) O(1BNd(1)-O(4)  66.3(7)
Nd(2)-O(1W) 2.488(16) O(11)-Nd(2)-0() 115.7(5)
Nd(2)-O(5¥ 2.547(16) O(B)Nd(2)-O(5F  49.6(5)
Nd(2)-O(6¥ 2.522(14) O(11)-Nd(2)-0(1) 73.2(5)
Nd(2)-O(12§ 2.368(17) O(FHNd(2)-O(1f  142.3(5)
Nd(2)-O(9F 2.396(13) O(ANd(2)-0(9F  79.4(5)
Nd(2)-O(11) 2.365(12) O(11)-Nd(2)-0f6) 127.9(5)
O(7f-Nd(2)-0(6f  78.5(6)
O(9f-Nd(2)-O(5f  72.1(6)
0(11)-Nd(2)-O(7  150.8(5)
O(7f-Nd(2)-0(1f  111.0(5)

Symmetry transformations used to generate equivatems?x,y-1,z ;’x+1/2,-y-1/2,z+1/2 %x,-y,z-1/2 ;°

X+1/2,y+1/2,z &+1/2,y-1/2,z
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6.4.2. Structures of [6.2nd[6.3], Ln(TDC)(EtOH);(H2.0)-H,O, Ln = Th, Dy

The structures of [6.2nd [6.3]are isostructural and topologically similar to the overall
structure and net described in [6.1], with the main differenaegliie packing arrangement of
connecting TDC ligands (Fig. 6.10). The asymmetric units of [&n2] [6.3]consists of four
unique Ln atoms, six TDC linkers, six metal-coordinated EtOH molscul@o metal-
coordinated KO molecules, and two guest® molecules. The coordination modes of TDC
observed in [6.1] are alfound in [6.2]and [6.3]as four TDC linkers coordinate in &)—(x*-
k')—uzmode and two TDC linkers adopt thé-&')—(k*-k*)—u4 coordination mode.

Each Ln metal center in [6.2] and [6.3] is 8-coordinate, consistingygen atoms from
TDC carboxylate groups, ethanol molecules and water molecules. Intf@2Znvironment of
Tb1 is a bidentate TDC carboxylate group (O5, O6), four monodecdadbexylates (O1, 012,
014, 022) and two coordinated ethanol molecules (O1lE, O2E). Tbh2 alsdhltentate TDC
carboxylate group (015, O16) and four monodentate carboxylates 0212, 020), but only
one coordinated EtOH molecule (O3E) is observed as the finalgpositoccupied by a water
molecule (O3W). Tb3 is similar to Th1l with a bidentate TD@aaylate group (023, 024),
four monodentate carboxylates (O3, O7, 09, O19) and two coordinated rat(@dules (O4E,
O5E). Likewise, Tbh4 is similar to Tbh2 with a bidentate TDC carboxylatem(017, O18), four
monodentate carboxylates (04, 013, 010, 0O21), one coordinated EtOH (O6E), and one
coordinated KO molecule (O4W). Two guest,8 molecules (O1W, O2W) are also present.
Selected bond lengths and angles for [Ga& shown in Table 6.3.

In [6.3], the environment of Dyl consists of a bidentate TDC carboxylate {(2p,
024), four monodentate carboxylates (04, 06, 010, 020) and two coordinated ethanol

molecules (O1lE, O2E). Dy2 has a bidentate TDC carboxylatapg(®13, 0O14), four
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monodentate carboxylates (O3, O5, O11, O21), one coordinated EtOH mof@8kle &nd one
H,O molecule (O1W). Dy3 has a bidentate TDC carboxylate group (&)1 f@r monodentate
carboxylates (09, 015, 019, 022), one coordinated EtOH molecule (O4E), and.,One
molecule (O2W). Tb4 has a bidentate TDC carboxylate group (O7, f@8) monodentate
carboxylates (012, 016, 017, 0O21), and two coordinated EtOH moleclb&s (WBE). The
network also includes two guest® molecules (O3W, O4W). Selected bond lengths and angles

for 3 are shown in Table 6.4.

Figure 6.10. Difference in ligand packing betwéss network of [6.1] (a) and the networks of [6ap [6.3] (b).
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Figure 6.81. Network of [6.2] and [6.3] as viewsmvn the [1.2 0 1.2] direction. Metal polyhedra agpresented
in green, C as wire bonds, and S as yellow spheres.

O1

C1
O11

Figure 6.12. ORTEP representation of [6.2] wilipebids drawn at 50% probability.
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o10

09

Figure 6.13. ORTEP representation of [6.3] witipebids drawn at 50% probability
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Table 6.3. Selected bond lengths (A) and anghef®({6.2].

Tb(1)-01 2.273(4) O(8)Th(1)-O(6}
Tb(1)-O(5} 2.432(4) O(1)-Th(1)-O(19)
Th(1)-O(6} 2.564(5) 0O(22)Th(1)-O(6}
Tb(1)-O(12Y 2.292(5) 0(12Tb(1)-O(5}
Th(1)-O(14J 2.350(4) O(14)Tb(1)-O(5}
Tb(1)-0(22} 2.292(5) 0(13)-Th(4)-O(18)
Tb(2)-0(2) 2.332(5) O(18)Tb(2)-O(15§
Th(2)-O(8f 2.272(4) O(8%Th(2)-0(20}
Th(2)-O(11Y 2.236(4) O(1P®Th(2)-O(8f
Tb(2)-O(15§ 2.511(5) 0(2)-Th(2)-O(15)
Th(2)-O(16¥ 2.420(4) O(8YTh(2)-0(2)
Th(2)-O(20§ 2.372(4) O(8}Th(2)-O(16
Th(3)-O(3) 2.312(4) O(28)Th(3)-0(24f
Th(3)-0(9) 2.269(5) 0(9)-Th(3)-0(3)
Th(3)-0(7) 2.381(4) 0(9)-Th(3)-0(2%)
Tb(3)-0(19) 2.262(4) O(7)-Th(3)-0(2%)
Tb(3-0(23) 2.424(4) O(7)-Th(3)-0(2%)
Tb(3Y-0(24) 2.536(5) O(3)-Th(3)-0(2%)
Th(4)-O(4) 2.234(5) O(4)-Th(4)-O(21)
Tb(4)-O(10) 2.340(4) 0(13)-Th(4)-O(10)
Tb(4)-O(13) 2.278(4) 0(13)-Th(4)-O(18)
Tb(4)-0O(17) 2.530(5) 0(18)-Th(4)-O(17)
Tb(4)-O(18) 2.418(4) 0(10)-Th(4)-O(21)
Tb(4)-0(21) 2.377(4) 0(13)-Th(4)-O(17)

51.86(15)
104.48(18)
125.55(16)
128.70(18)
73.19(16)
78.70(16)
52.81(14)
109.67(15)
156.75(17)
72.06(17)
80.60(17)
77.88(15)
52.28(14)
104.44(17)
70.20(18)
71.90(16)
72.49(16)
81.39(16)
81.12(17)
79.55(16)
78.70(16)
52.56(15)
143.26(18)
126.95(16)

Symmetry transformations used to generate equivatems®x-1,y,z ;’x+1,y,z ;*-x+2,-y+1,-z F-x+2,-y+2,-z ; -

X+2,-y+2,-z+1 f-x+1,-y+1,-z %%-1,y,2-1 ;"x,y,z-1
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Table 6.4. Selected bond lengths (A) and anghef®K{6.3].

Dy(1)-O(4) 2.248(6) O(26)Dy(1)-O(10f  103.4(2)
Dy(1)-O(6) 2.359(5) O(26)Dy(1)-0(24f  80.6(2)
Dy(1)-O(10¥ 2.300(6) O(1®)Dy(1)-0(23f  80.8(2)
Dy(1)-O(20} 2.267(6) O(4)-Dy(1)-O(6) 108.8(2)
Dy(1)-O(23} 2.509(6) O(4)-Dy(1)-0(23) 124.6(2)
Dy(1)-O(24¥ 2.423(5) O(26}Dy(1)-O(6) 142.4(2)
Dy(2)-O(3) 2.365(5) 0(5)-Dy(2)-0(3) 108.14(19)
Dy(2)-O(5) 2.261(5) O(18Dy(2)-0(11) 105.6(2)
Dy(2)-O(11J 2.325(6) O(18)Dy(2)-0(14f  125.5(2)
Dy(2)-O(13} 2.486(6) 0(5)-Dy(2)-0(19) 127.19(18)
Dy(2)-O(14} 2.415(5) 0(14Dy(2)-0(13f  53.05(18)
Dy(2)-O(18 2.221(5) O(18)Dy(2)-0(13f  75.7(2)
Dy(3)-O(1)f 2.418(5) 0(15)-Dy(3)-0(22) 108.7(2)
Dy(3)-O(2f 2.494(6) O(9)Dy(3)-0(19} 104.3(2)
Dy(3)-O(9f 2.217(6) 0(15)-Dy(3)-0(2) 127.01(19)
Dy(3)-O(15) 2.253(5) O(8)Dy(3)-0(22) 81.6(2)
Dy(3)-0(19} 2.332(6) O(9HDy(3)-0(2f 75.1(2)
Dy(3)-0(22) 2.359(6) O(15)-Dy(3)-O(1)  78.04(19)
Dy(4)-O(7) 2.536(6) 0(21)-Dy(4)-O(16) 110.2(2)
Dy(4)-O(8) 2.420(5) 0(12)-Dy(4)-0(21) 86.9(2)
Dy(4)-0(12) 2.255(6) 0(21)-Dy(4)-0O(7) 126.0(2)
Dy(4)-O(16) 2.339(5) 0(17)-Dy(4)-0(8) 129.4(2)
Dy(4)-0(17) 2.285(6) O(17)-Dy(4)-0O(7) 80.4(2)
Dy(4)-0(21) 2.264(6) 0(12)-Dy(4)-0(16) 142.1(2)

Symmetry transformations used to generate equivatems?®x,y,z+1 ;’x-1,y,z ;°-x+2,-y,-z+2 ;% -x+1,-y,-z+1 ;
o%,y-1,2-1 ;f-x+2,-y+1,-2+42 S-x+1,-y+1,-z+2 Mx+1,y,z
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6.4.3. Discussion

Compounds [6.1 — 6.3] were synthesized using the lanthanide metal ¢¢ahtdrs, and
Dy, while holding constant solvent and reactant ratios. The lanthdmd® networks that
resulted are all topologically related with the structural fdenlLn(TDCy(EtOH)(H20). The
TDC linker in [6.1 — 6.3] adopts the same coordination mode in each of the three compounds, but
is arranged slightly different in compounds [6.2] and [6.3], which sostiuctural. Though in
both cases the metals are eight-coordinated, it is likelythleaanthanide contraction affects the
way the linkers are able to coordinate to the metal. Eight-cmielNd* has an effective ionic
radius of 1.11 A, whereas eight-coordinateTand Dy* are smaller and much similar to one
another, having ionic radii of 1.04 A and 1.03 A, respectively. Further ewddfmcthe
lanthanide contraction effect comes from an unreported Er-basedust synthesized in the
same way as [6.1 — 6.3].The Er network has the same genera(TE2C); formula and ligand
coordination modes. However, rather than each metal beingoeigidinated as in [6.1 — 6.3],
both six- and eight-coordination (Fig. 6.14) are observed and a compuléfetent topology is
formed (Fig. 6.15). We can conclude that the differences in ionicaecbunt for the observed
differences in the structures.

Previous studies in the synthesis of lanthanide TDC networks haveausadety of
solvents and solvent mixtures, including DMSO/DMEDMF/H,0,** and HO/EtOH*® We set
out to explore the possible topological differences in this famitit a 1:1 molar EtOH/LD
solvent mixture. Similar work by Wang and coworkers used /E{OH mixture comprised
of mostly HO and found that EtOH is not incorporated into the stru€tui@uriously, we found

that our use of an equimolar mixture of EtOhiIHed to coordination of both EtOH and®ito

2 Structural formula B(TDC);; Space groupbam,a = 20.9871(5)A, b = 17.1421(2)A, ¢ = 19.2962(4yA
6942.0(9)R. Structure refinement is not crystallographicaltxeptable due to crystal twinning, but we are
confident general formula is correct.
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the metal centers in each of the compounds, with the empirical raing three coordinated
EtOH molecules to one coordinated@d Previous work done in our group showed that
mixtures of solvents have a unique character compared to pure solvenea@nd different
topologies for a given metal/ligand combinaffbrSince EtOH coordinates preferentially, we
can conclude it is a more active solvent tha® dnder these synthetic conditions.

The fluorescence spectra of [6.1 — 6v@re analyzed based on the maximum ligand
excitation wavelength, which was determined to be 300nm. Each comsbuanes the
characteristiec’ — n andr’ — = transitions of the TDC linker, with a broad peak centered at 362
nm (Fig. 6.16). Compound [6.8hows the characteristic Tb emission with lines corresponding
to the®Ds~ "Fs (492 nm),’ D4~ "F5 (539 nm and 551 nmjP.~ 'F4 (585 nm), andD,~ 'F5 (621
nm) transitions (Fig. 6.17). When irradiated with a UV lamp on a bepclp.2] emits bright
green light (Fig. 6.18). The spectrum of [6i8]comparatively weaker arghows an emission
line at 479 nm that is characteristic of g, ®His;2transition and another emission line at 575
nm corresponding to th&, " °Hisp» transition (Fig. 6.17). Other reported compounds have
shown strong Dy emission using the TDC linker, but the weakness afiemises in the Dy
compounds reported in our work may be related to non-emissive luminesgamzhing of the

coordinated solvent molecules EtOH angDH
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Figure 6.14. Coordination environment of metahagdn Er-based compoufid.

Figure 6.15. Different B(TDC); topology observed in Er-based compoéind.
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Figure 6.16. Fluorescence spectra of [6.1 — Gd8]feee HTDC acid showing emission of the TDC linkers.
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Figure 6.17. Photoluminescence emission specttarapounds [6.2] and [6.3] obtained using an efioita
wavelength of 300 nm
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Figure 6.18. The response of compound [6.2] urisdsle light (left) and under UV light (right).
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6.5. Conclusion

Three structurally-related lanthanide TDC coordination networke synthesized using
Nd, Tb, and Dy metal centers, with each reaction using the sataklimieer:solvent ratio. Each
network shares the formula Ln(TD{{EtOH);(H-0)-HO and the same TDC linker coordination
modes are observed. However, a difference in TDC linker packing oddleetlanthanide
contraction effect causes the topology of [@dl.Hiffer slightly from the isostructures [6.2hd
[6.3]. Both water and ethanol solvent molecules were found to coordintte toetal center
when using a 1:1 mixture, but the ratio of three coordinated EtOH tblgidenolecule suggests
a preference for EtOH under these conditions. Fluorescenceasplow the characteristic Ln
transitions in [6.2]and [6.3], but the emission in Dy-based [6.3] is considerably weaker

indicating that the coordinating solvent molecules may be quenching the luemoesc
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Chapter 7
lonothermal Synthesis, Characterization, and Magigttidies of Novel Metal-

Formate Frameworks

7.1. Abstract

Five novel two-dimensional frameworks containing formate-bridgeetal-centered
octahedra are synthesized ionothermally from two ionic liquids preyiomsised as solvents in
hybrid synthesis, 2-hydroxyethylammonium (HEA) formate angdrdxy, 3-proplyammonium
(HPA) formate. Templating effects of the cation from eachcitiquid drive the formation of
different structures. [NC,H4OH])[M(CHOy)4 (M=Co, [7.1]; Ni,[7.2]) exhibit the same
stoichiometry and connectivity as their manganese analog (M=Mn,,[b#])the manganese
form exhibits a different topology from [7.1] and [7.2]. [BE4HsOH][M(CHO,)3(H20)]
(M=Co, [7.4]; Mn,[7.5]) were synthesized using the HPA formate ionic liquid witmetal-
formate connectivity related to those of [7.1]-[7.3]. Canted antifexgm@tic ordering occurs at
low temperatures ([7.1]:N= 7.5 K, [7.2]: ZW=2.2 K, [7.3]: W=8.1 K, [7.4]: W=6.9 K, [7.5]:
Tn = 9.5 K), similar to the magnetic properties previously reported for othetal-formate
hybrid materials. Portions of the work described in this chaptehidimg the synthesis
protocols, characterization, and property measurement have been publGakldrone, P. J.;
Forster, P. M.; Borkowski, L. A.; Teat, S. J.; Feygenson, M.; Aronson,.M&ise, J. Binorg.

Chem 2011 50, 2159.
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7.2. Introduction

Many of the important behaviors associated with transition nwetales, such as
electronic conductivity and magnetic orderffigare now known to occur in MOFs as walt"®
171 Magnetic properties of transition metal MOFs offer greaeml for exploration and of
paramount importance is choosing short ligand bridges to effectinelyetiiciently transfer
magnetic coupling between metal atoths.Following this principle, examples of formate-
bridged 3l transition metal systems utilizing short HCQO®@etal connections have emerged as a
means to construct new molecular maghgfs!’?*’® Cheetham and coworkers’ recent
discovery of a series of multiferroic MOFs based on transitietalfiormates has created an
even greater interest in the prospective uses of new MOFiaistét Multiferroic materials
exhibit both magnetic and ferroelectric ordering, and the occurrehbeth properties in the
same compound is especially interesting in MOFs because onlyalh mmmber of purely
inorganic materials had previously been recognized as multiféffdic.

Given the success that reticular chemistry has achieved ai@mrng and subsequently
synthesizing new MOFs topologies, multiferroicity presentsayeither property that can be
considered in the targeting of new structures. In metal-for&Qé€s, for example, the final
structure and properties are often determined by the tempé&dtegs of organocations that are
incorporated into the framework. This is well-documented in the tedin@sed transition metal
multiferroics described by Cheetham which adopt an AB&tovskite-type topology. In these
compounds, multiferroic behavior occurs due to a ferroelectricr-diderder transition
involving the ammonium cation (located at the A-site in the strectand magnetic ordering
between octahedral metal atoms (B-sité%)This cation order-disorder transition was further

investigated by Sanchez-Andujar et al., finding that hydrogen-bonditigeafharge-balancing
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ammonium cation was a direct contributor to a low-temperaturet@taliphase transition and
the ferroelectric orderintf® A similar ferroelectric behavior has also been observed in the
[NH4][Zn(HCOO);] system by Xu and coworket§’ Clearly, in order to better elucidate the
nature of metal-formate framework systems, the effectsaitgatreated when the properties of
ammonium cations are varied within a series must be studied. ¥eN@us attempts have
explored variations of alkylammonium caticfi$’ a more complete study can be carried out by
varying the cation through changing alkyl chain length or adflingtional groups, leading to
the synthesis of related structure types.

We have chosen to explore the synthesis of hydroxyammonium metatéMOFs
utilizing two ionic liquids of hydroxyammonium cations and the fornat®n, both of which
can be easily produced in any laboratory. The two ionic liquids instds work are derived
from the inexpensive, readily available reagents formic acid, hedamino alcohols, 2-
aminoethanol and 3-amino, 1-propanol. A previous report has characteriz@d a
hydroxyethylammonium formate ionic liquid derived from formicdaand 2-aminoethandf®
Here, we use related ionic liquids to synthesize formate-bridgedatiad//OFs based on Co, Ni
and Mn, finding that these ionic liquids offer the potential to acsaeent, organocation
template source, and ligand source. We also compare the new frameworks demenatéonic
liquids to existing perovskite metal formates, finding that in ¢hse of hydroxyammonium
cations, templating effects and additional hydrogen bonding interactiame structural
dimensionality changes and lead to ordered structures with no potéstidérroelectric

transitions.
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7.3. Experimental
7.3.1. Syntheses

lonic liquid constituents consist of formic acid (Acros) and either 2-aminoetfaos)
or 3-amino-1-propanol (Acros). Metal sources were cobalt (IDrictd hexahydrate (Aldrich),
nickel (I) chloride hexahydrate (Acros), manganese (Ibtae tetrahydrate (Alfa), and cobalt
(1) sulfate heptahydrate (Acros). Metal chlorides were dedited in an oven at 120°C for three
hours prior to use.

Synthesis of ionic liquids

The preparation of the ionic liquid 2-hydroxyethylammonium (HEAjmate was
modified from the procedure described in the literatufe.prepare HEA formate, 0.50g formic
acid (11 mmol) was added dropwise to 0.66g 2-aminoethanol (11 mmol) aram (3.70 ml)
vial. The resulting liquid was stirred and allowed to cool to roemperature before adding
metal source. The procedure to produce 1-hydroxy, 3-proplyammoHiB#) formate was the
same except that 3-amino-1-propanol (0.82g, 11 mmol) was used in place of 2-aamaobet
Synthesis 0f7.1], [NH;CoH,OH],[Co(CHG,),)

Cobalt (1) chloride (0.156¢, 1.16 mmol) was added to a vial containingE#eformate
liquid. The vial was capped and placed in a 100 °C oven for 4 hourgdnesfetred to a 50 °C
oven for 1 day. The resulting pink plate crystals showed suscettilbiseakdown in common
solvents and in air after extended periods. For this reason, proderetstored in the mother
liquor.

Synthesis of [72], [NbC2H4OH]2[NI(CH02)4]
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The process was similar to the preparation of [7.1] except theadlr{it) chloride (0.153
g, 1.15 mmol) was the metal source used. Green plates resulteceentteated in the same
manner as [7.1].

Synthesis of [7.3], [NEC2H4sOH]2[Mn(CHO,)4]

The process was similar to the preparation of [7.1] exceptnihaganese (Il) acetate
tetrahydrate (0.29g, 1.1 mmol) was the metal source used. Palplgiek resulted and were
treated in the same manner as [7.1].

Synthesis of [7.4], [NEC3HsOH][Co(CHG;)3(H20)]

The process was similar to the preparation of [7.1] excepthbdiquid used was HPA
formate, and the metal source was cobalt (Il) sulfate heptatey@@.31g, 1.1 mmol). A molar
ratio of 1 Co: 10 HPA formate was used. Pink plates resulted ared treated in the same
manner as [7.1].

Synthesis of [7.5], [NEC3HsOH][Mn(CHO,)3(H20)]

The process was similar to the preparation of [7.1] exceptnihaganese (Il) acetate

tetrahydrate (0.29g, 1.1 mmol) was used as a metal source.piflalaths resulted and were

treated in the same manner as [7.1].

7.3.2. X-ray Diffraction and Structure Solution

Representative single crystals of each sample suitabknigle crystal x-ray diffraction
were pulled directly from the bulk. The crystals were mountdtereon a glass fiber using
epoxy ([7.1], [7.2]) or a cryoloop using oil ([7.3 — 7.5]). Data for sampled and [7.2] were
collected at room temperature on a Bruker P4 four-circle diffmaeter equipped with a

SMART CCD detector, using Mo &radiation § = 0.71073 A) and 0.3% scans and were

" Some single crystal XRD and structure solutionkadwsne by Lauren Borkowski and Simon Teat
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integrated using SMART/SAINT software packagés.Data for [7.3], [7.4], and [7.5] were
collected at 100, 150, and 90K, respectively at the Advanced Light Sstatme 11.3.14 = O.
7749 A) equipped with an Bruker AXS diffractometer, APEX2 CCD deteand APEX2
software’ The data were integrated using the SAINT softéteough APEX2. Corrections
for absorption in [7.1] were done via PsiSCansile [7.2 — 7.5] was corrected by SADABS
2008/1 for Bruker AXS area detectdrsStructure [7.1]was solved with SIR92,[7.2] with
SIR2004? while structures for [7.3]}7.4], and [7.5] were solved using SHELX%.All non-
hydrogen atoms were refined anisotropically using SHELXWithin the WINGX suite of
software and the hydrogen atoms on the formate groups were |lot#tedFourier map and the
C - H distances were constrained. The remaining hydrogen atomplaegd in their calculated
positions. A summary of crystallographic information can be foundbiel7.1. Powder X-ray
diffraction data to determine phase purity (Fig 7.1 — 7.5) wereatelll using a Scintag Pad X

diffractometer (Culg, 5-40° @, 0.02 °step, 1.5 s/step).

Table 7.5. Crystallographic data table for [7.%}7.

[7.1] [7.2] [7.3] [7.4] [7.5]
chemical formula eHxCo N, Oy Cs Hyp Ni N, Og Cs Hyo Mn N, Oy CsHisCoNGQG CiHisMn NG
formula weight 363.19 362.97 359.20 288.12 284.13
crystal system monoclinic monoclinic monoclinic hemthombic orthorhombic
Space group P2y/n P2/n P2/c Pbca Pbca
a(A) 6.866(1) 6.879(4) 8.925(9) 8.130(8) 8.270(7)
b (&) 22.354(3) 22.363(1) 8.702(9) 16.131(1) 16.293(1)
c(A) 9.582(1) 9.522(5) 9.230(1) 16.780(1) 17.015(2)
a (deg) 90 90 90 90 90
f (deg) 90.272(4) 90.362(1) 98.405(2) 90 90
v (deg) 90 90 90 90 90
V(A3 1470.7(4) 1464.7(1) 709.1(1) 2200.7(4) 2292.8(3)
z 4 4 2 8 8
A 0.71073 0.71073 0.77490 0.77490 0.77490
Deac(gem?) 1.640 1.646 1.682 1.739 1.646
i (mmit) 1.218 1.376 1.835 2.000 1.485
temp (K) 298 298 100 150 90
R1 (onF3 1 > 26(1)) 0.0491 0.0311 0.0204 0.0262 0.0263
WR2 (onF 2,1 > 26(1)) 0.0785 0.0783 0.0557 0.0720 0.0715
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Figure 7.1. Calculated (bottom) and experimeritgd)(powder patterns of [7.1].
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Figure 7.2. Calculated (bottom) and experimeritgd)(powder patterns of [7.2].
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Figure 7.3. Calculated (bottom) and experimefttad) powder patterns of [7.3].
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Figure 7.4. Calculated (bottom) and experimeritgd)(powder patterns of [7.4].
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Figure 7.5. Calculated (bottom) and experimeritgd)(powder patterns of [7.5].

7.3.3. Magnetization Measureméhts

AC susceptibility and dc magnetization measurements of eacplesavere carried out
using the Quantum Design Magnetic Property Measurement SyStedel XL-7). The
powdered sample was contained in a standard gelatin capsule andtnedsced into the
magnetometer at room temperature. After subsequent coolihg im zero magnetic field, the
magnetization was measured as a function of applied madjedd in the range -50 to 50 kOe
at temperatures of 2, 30, 150 and 300 K, respectively. The temperaturedel@peic
magnetization was measured using standard zero—field cooled @teCfield—cooled (FC)
protocols in an applied field of 500 Oe in the temperature range 2 K.30Be temperature
dependence of the ac susceptibility was measured in a 17 tiddaavith a root mean square
amplitude of 4.17 Oe. The diamagnetic background of the gelatinleapas measured to be
~10° emu, and is only weakly temperature dependent. Since this amountsiathan 5% of

the total measured sample+capsule magnetization in any satnghg temperature, we report

P Magnetic susceptibility measurements completeMtkhail Feygenson in the lab of Meigan Aronson.
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here the entire sample + capsule magnetization. The valug® @fc susceptibilities and dc
magnetizations were normalized by the nominal masses of aheent bearing atoms (i.e. Co,
Ni, Mn).
7.3.4. Thermal Analysis

Thermal data for all samples were collected with using a 8%8 C Jupiter from
Netzsch Instruments at a range of 30-600°C and 5 degrees pere mimdegr air/nitrogen

atmosphere. Thermal data are shown in Figures 7.6 — 7.10.
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Figure 7.6. TGA curve of [7.1].
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Figure 7.7. TGA curve of [7.2].
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Figure 7.8. TGA curve of [7.3].
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Figure 7.9. TGA curve of [7.4].
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Figure 7.10. TGA curve of [7.5].
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7.4. Results and Discussion
7.4.1. Structure Description

Where the multiferroic formates reported by the Cheetham groupecdascribed based
on the perovskite structure, compounds 1-5 resemble n=1 Ruddlesden-Popper‘®phases
Compounds [7.1 — 7.3[NH3CH4OH][M(CHO)4 (M= Co, Ni, Mn, respectively), consist of
two-dimensional metal-formate nets created by formates bgdgim the equatorial positions
of the metal octahedra (Figure 7.11). Two non-linking formates cadedin the axial positions
of the metal octahedra and the terminal oxygen atoms extend inebetieslayers. Two HEA
cations sit in between the anionic layers to serve as chatgacba(Figures 7.12, 7.13).
Compoundqd7.1] and [7.2]are isostructural with each other but [7.3], which shares the same
stoichiometry and connectivity, exhibits a distinct structure aas e seen by comparison of
Figures 7.12 and 7.13. Compounds [7.4] and [7.5],3B¢HsOH][M(CHO,)3(H-0)] (M = Co
and Mn, respectively), are two-dimensional networks exhibitinghdas overall connectivity to
that seen in [7.1 — 7.3Fig. 7.11). However, only one non-linking formate group occupies an
axial position of the octahedron rather than two as for [7.1 — 7.3]. Tenmg axial position is
occupied by a bound water molecule while one HPA cation, requiredhBmge balance,
occupies the space between the layers (Fig. 7.14). For compounds [7.1 — 7.5], hydrogen-bondin
interactions are observed between the non-linking formate oxygen trendprotonated
ammonium group, as summarized in Table 7.3. These hydrogen-bondingtiotsrare more
numerous, and presumably lead to greater stabilization, than observ&D fperovskite
formates due both to the presence of additional groups on the catiotdecapdnydrogen

bonding as well as the presence of uncoordinated formate oxygen atoms.
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Figure 7.11 . A view of illustrating the differetwo-dimensional metal-formate-metal nets see7ih-f.2] (a),
[7.3] (b), and [7.4 -7.5] (c). The networks ar@wh as metal octahedra bridged by wire bond formaléetwork
(a) is viewed in the [010] direction, (b) in thed[] direction, and (c) in the [010] direction.
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Figure 7.12.4 lllustration looking into the metakfate network layers in [7.1] and [7.2] as vievirethe [100]

direction. Non-linking formate groups extend fréime axial positions to interact with HEA cationgveeen the

layers. Metal atoms are shown in green. C atamielack. O atoms are shown in red. N atorasshown in
blue.

Figure 7.13. lllustration of [7.3] in the [010]rdction looking into Mn-formate network layers. mNtnking
formates extend from axial positions of the octadd interact with HEA cations in the layers. &homs are
shown in pink. C atoms are shown in black. O atane in red. N atoms are in blue.
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Figure 7.14. View of [100] direction looking intbe distorted metal-formate layers of [7.4] and].7. Non-linking
formate groups coordinated to an axial positioeratt with HPA cations in the layers while a bowader
molecule occupies the other axial position. Mataims are shown in violet. C atoms are shownankbl O atoms

are inred. N atoms are in blue. Water molecatesepresented in aqua.
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Figure 7.15. ORTEP representation of [7.1] illasirg the numbering scheme. Ellipsoids are dravs08
probability. Hydrogen atoms are included on thetgmated ammonium N1A1 and N2A2 for distinctionll gther
H atoms are omitted for clarity. Symmetry cod@$1i2+x, 1/2-y, 1/2+z), ii) (1/2+Xx, 1/2-y, -1/2+32)i) (-1/2+X,

1/2-y, 1/12+z) or iv) (-1/2+x, 1/2-y, -1/2+2).
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Figure 7.16. ORTEP representation of [7.2] illasirg the numbering scheme. Ellipsoids are dravs08
probability. Hydrogen atoms are included on thetgmated ammonium N1A1 and N2A2 for distinctionll gther
H atoms are omitted for clarity. Symmetry cod@$:1/2+x, 1/2-y, -1/2+2), ii) (-1/2+x, 1/2-y, 1/2}, iii) (1/2+X,

1/2-y, -1/2+z), iv) (1/2+x, 1/2-y, 1/2+2).
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Figure 7.17. ORTEP representation of [7.3] illasirg the numbering scheme. Ellipsoids are dravs08
probability. Hydrogen atoms are included on thetgmated ammonium N1A for distinction. All otheradtbms are
omitted for clarity. Symmetry codes: i) (-x, -1824/2-2), ii) (1-x, -1/2+y, 1/2-z) iii) (1-X, -1y, -1/2-2), iV) (X,
1/2-y, -1/2+2), v) (1-x, 1-y, -2), Vi) (1-X, 1/2+§/2-2) vii) (X, 3/2-y, -1/2+Z).

136



Figure 7.18. ORTEP representation of [7.4]. Ebids are drawn at 50% probability. Hydrogen atqaug of the
bound water molecule and protonated ammonium N®Arenluded for distinction. Symmetry codes: i)/2-x,
1/2-y, 1-2), i) (-1/2+X, y, 3/2-2), iii) (1/2+x,/2-y, 1-Z).
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Figure 7.19. ORTEP representation of [7.5]. Ebids are drawn at 50% probability. Hydrogen atqaug of the
bound water molecule and protonated ammonium N®Aradluded for distinction. Symmetry codes: /2+x,
1/2-y, 1-2), i) (-1/2+x, y, 3/2-z) iii) (1/2+x, 2ty, 1-2).
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Table 7.2. Selected bond lengthsr [7.1-7.5]

Structure Length (A)  Structure Length (A)
[71] Co(1)-0(6) 20594)  [7.3]  Mn(1)-0(3)  2.1658(7
Co(1)-0(5) 2.062(4) Mn(1)-0(2)  2.1849(7)
Co(1)-0(4) 2.079(4) N(1A)-C(3A)  1.4951(1)
Co(1)-0(3) 2084(4)  [74]  Co(1)-0(1)  2.1278(1)
Co(1)-0(1) 2.138(4) Co(1)-0(2)  2.0557(1)
Co(1)-0(2) 2.142(4) Co(1)-0(3)  2.0868(9)
N(1A1)-C(1A1)  1.495(9) Co(1)-0(4)  2.1097(9)
N(2A2)-C(1A2)  1.487(8) Co(1)-O(b)  2.1000(9)
[7.2] Ni(D)-0(3) _ 2.0381(2) Co(1)-0(%) 2.1146(9)
Ni(1)-O(4) 2.043(2) N(1A)-C(4A)  1.4865(2)
Ni(1)-0(2)  2.0543(2)  [7.5]  Mn(1)-0(1)  2.2431(9)
Ni()-O(1)  2.0692(2) Mn(1)-0(2)  2.1392(9)
Ni(1)-O(6) 2.097(2) Mn(1)-0(3)  2.1591(8)
Ni(1)-O(5) 2.112(2) Mn(1)-O(4)  2.1888(9)
N(1A1)-C(1A1)  1.488(5) Mn(1)-0(8) 2.1789(9)
N(2A2)-C(4A2)  1.481(4) Mn(1)-O(?)  2.1858(9)
[7.3] Mn(1)-O(1) __ 2.1930(7) N(1A)-C(4A)  1.4888(2)

"Symmetry transformations used to generate equivatems: '(x-1/2,-y+1/2,-z+1)%(x-1/2,y,-z+3/2),

3(x+1/2,-y+1/2,

-z+1)

Table 7.3. Selected hydrogen bonding data[7.1-7.5] (A and deg).

d(D-H) d(H..A) d{D..A) <(DHA)
Structure D-H...A A A (A (deg)
[7.1] N(IAD-H(3AL)..O(7J  0.92(2) 2.32(5) 2.971(7) 127(5)
N(2A2)-H(1A2)..0(8§  0.93(2) 1.96(3) 2.851(8) 159(6)
[7.2] N(IAL-H(1A1)..O(7]  0.86(2) 2.393) 2.973(4) 126(3)
N(2A2)-H(2A2)..0(8)  0.86(3) 1.99(3) 2.843(3) 168(4)
[7.3] N(IA)-H(3A)...O(4] 0.90(1) 2.00(1) 2.870(1) 163(1)
[7.4] N(IA)-H(3A)...O(5§ 090(2) 1.88(2) 2.762(2) 167(2)
[7.5] N(1A)-H(2A)...0(5) 0.90(1) 1.89(2) 2.776(1) 612)

"Symmetry transformations used to generate equivatems: (x-1,y,z),(x+1/2,-
y+1/2,z+1/2) 3(x-1,y,2), ((x+1/2,-y+1/2,z-1/2) 3(-x,-y+1,-2), 5 (x+1/2,-y+1/2,-z+1).
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7.4.2. Discussion

In this work, we present an alternative route to the synthesisaghetic metal-formate
MOFs through the use of formate-based ionic liquids, allowing us ter etestigate the role of
hydroxyammonium cations on the resulting formate structures. Tokmoowledge, these
formate-bridged MOFs are the first examples where structweeproduced from an ionic liquid
providing both the bridging ligand as well as the extra-framewatikrca All of the reported
structures obtained in our experiments are two-dimensional, layemagpoands which is
contrary to the three-dimensional frameworks produced when the temgpleffect of
alkylammonium cations was investigated. When alkylammoniumrsaivere used, the now
well-established three-dimensional metal-formate connectivaylted based on both the size
and limited hydrogen bonding character of the extra-framewatibrs®42*1"? However, this
study utilizing hydroxyammonium cations and ionothermal synthesis fowoeldimensional
metal-formate layers formed with extensive hydrogen bonding degtwthe non-bridging
formates and the hydroxyammonium ions. This is unlikely to be dudsaitt@ of size or chain
length, as both alkylammonium and hydroxyammonium cations are gfazable size. Instead,
increased framework-cation hydrogen-bonding interactions stabilize theuiuse.

To further test this hypothesis, we prepared two additional forbzested ionic liquids
with the amines ethylenediamine (EN) and 1,3-diaminopropane (DA®)ain, the ammonium
species templated each of the formate network types, butdimeasional connectivity was
observed. The reaction of the ethylenediamine IL gave the net&dik[M(HCOQ);] (M=

MnP, Nic®, Cd"), in which ethylenediammoium cations sit in the cavities of’&6{4net (Figs.

& Synthesis followed the same procedure as compd@nbiS.5], except that the ILs were formed witk tieaction
of two equivalents of formic acid to one equivalehamine.

P [EN] [Mn(HCOO)]; space grouf3,a = 8.1916(2) A, c= 7.7027(4) A, v=447.62(3) A

¢ [EN] [Ni(HCOO);]; space grou3,a = 8.0170(4) A, c= 7.2744(2) A, V=404.91(2) A
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7.20, 7.21). Likewise, the 1,3-diaminopropane IL was used in a simdanen, and the

(4*2.6°)(4°-6°) net of 2[DAP] [My(HCOO)]-H,O (M=Mn®, Cd) was formed (Figs. 7.22, 7.23).
In each case, the charge balancing cations influence the forrodtibeir respective networks.

From the observations and comparision to the two-dimensional networlsnw@nclude that

the formation of a two- or three-dimensional net appears to hesmgied by the presence or
absence of the hydroxyl group.

In comparison to the 3D formates discussed and cited abbtree 2D formates also
follow a 2.11anti-anti linking mode (Fig. 7.11). The principle difference between the two
structure types arises from the non-bridging formates, prexe8D connectivity (Fig. 7.12-
7.14). As a result, the hydroxyammonium cations of each compound do msidst pores, as
in the three-dimensional structure, but instead occupy space betwealimensional formate
nets. The size of the ionic liquid cation also influences the topoldglogical assumption for
the HPA cation, with an additional Glroup compared to HEA, would lead to an increase the
inter-layer spacing. However, the increased size appeadediabilize the structure type
observed in [7.1 — 7.3] in favor of one where half of the terminal foran@tens are replaced by
neutral water molecules. Consequently, only half as many HRénsaare needed to balance
charge, leading to a smaller interlayer spacing and artiest of the 2-D nets to accommodate
the cation (Fig. 7.14). It is also notable that when similatticeecwere attempted with formate
liquids derived from still larger amino alcohols, 4-amino, 1-butanol aachio, 1-pentanol, the
products obtained the well-known metal formate dihydrate structpes 8% implying that

these cations were too large to allow organocation-containing structucemtatfall.

4[EN] [Co(HCOOY}]; single crystals were not obtained, but powdératition matching the Mn and Ni phases
suggests the same network formula and similampastimeters.

¢ 2[DAP] [Mn,(HCOOY)]-H,0; space group-3lc,a = 8.4798(5) A, c= 28.978(2) A, V= 1804.6(2) A

" 2[DAP] [Co(HCOO)]-H,0; space group-31c,a = 8.3738(1) A, c= 27.793(3) A, V= 1687.7(3) A
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In contrast with a three-dimensional connectivity, where theatitsbond lengths of the
octahedra are inherently constrained, two-dimensional connectilotysafor more structural
freedom. A comparison of the isostructures produced with the HEAaternj7.1 — 7.3],
demonstrates larger structural variability between differeatalmatoms compared to the 3D
structures. Differences can be seen clearly when the Oc@a@ections between neighboring
metal octahedra are approximated as linear bonds and torsios defled by the O-M-M-O
connections measured. The average torsion angle between octahgdid and [7.2] is 54.7°
and 54.9°, respectively, while [7.3] has an average torsion angle of 29.%&ebdWn octahedra.
The positioning of the non-linking formates is then directly aféfiéan each structure, as an
increase in octahedral torsion angles leads to an increase in distananb@tatems of the non-
linking formates. Furthermore, the orientation of ammonium cationshtsibgen-bond to the
non-linking formates affects interlayer stacking. The resgeatter-layer distances of [7.&hd
[7.2] (12.42 A and 12.44 A) are significantly larger than the inter-layer distancesetdser7.3]
(8.925 A).

Adjustments in the framework can also be made through distortionseoimetal
octahedra. As shown in Table 7.2, the metal-oxygen bonds for [7.1] andH@w2]asgreater
distortion along their respective axial planes—the location of thelinking formates—than
those of [7.3]. The extent of distortion also has an effect on howefipective structures fit
together. A different pattern of octahedral tilting is observed.B], causing the void spaces in
the two-dimensional net to alternate orientation (Fig 7.11). Thetiseen in [7.1] and [7.2], as
the void spaces are ordered uniformly throughout that network. Thig ef6o gives rise to an

increased metal to metal distance in [7.3] of 6.343 A, nearly 0.5 A more than [7.1] and [7.2].
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Figure 7.20. The #46°) topology observed in the [EN] [M(HCO@network.

Figure 7.21. Structural view of trigonally distedtethylenediammonium cations within the cavitieEN]
[M(HCOOQ)3].
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Figure 7.22. The (4-6°)(4°-6) topology observed in the 2[DAP] Pj{HCOO)]-H,O network.

¥

Figure 7.23. A view of the overall connectivity2fDAP] [M,(HCOO)]-H,O. The triginally distorted 1,3-
propanediammonium as well as a water molecule shé cavities of the formate bridges.
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7.4.3. Magnetic Properties

The temperature T and magnetic field H dependencies of thegicetizations M(T,H)
and the temperature dependence of theyemhd imaginaryy” parts of the ac susceptibility
x(T) were measured for each of the five samples. The termpemrd¢pendencies of the FC and
ZFC dc magnetizations are depicted in Fig. 7.2M(T) generally appears to increase
monotonically with decreasing temperature, however the insetBigf 7.24 suggest that
magnetic order occurs in each of the samples at low temperaBagaration of the FC and ZFC
magnetizations is one indication of magnetic order, and thiste#fgarticularly pronounced in
samples [7.1] and [7.5], where the magnetic ordering temperatuees & and 9.2 K,
respectively. The separation is less dramatic in samples, [[7.3], and [7.4] where the
separation of the FC/ZFC magnetizations occurs at 4.6 K, 8 K, and 7 K. Thesaengents of
Ty are summarized in Table 7.2.

The separation of the FC and ZFC magnetizations only revealgréisence of a net
uncompensated moment in the ordered phase, and cannot unambiguously dtierentia
ferromagnetic ordering from a complex form of antiferrom#égnerder, such as the canted
antiferromagnetism that was previously reported in this clfssompoundg?2373172182
Antiferromagnetic phase transitions are distinguished by a pethle itemperature derivative of
the real part of the ac susceptibilifyat the Néel temperatureyTwhere an accompanying peak
in the imaginary part of the susceptibility reflects the enhanced dissipation associated with the
phase transition. We will determing, Trom the maximum iny”’(T). Measurements of the
temperature dependenciesybindy” for [7.1 — 7.5] are shown in Fig. 7.25. In Co-based [7.1],
we observe a strong peakynand a very weak peak ¥ at 7.3+0.1 K (Fig. 7.25a), close to the

temperature where the FC and ZFC magnetizations separate, reuatd@dditional peaks
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andy” at 5.1+0.1 K, where weak features are also found in the FC andv&¢Detizations (Fig.
5a, inset). Qualitatively similar observations are made in [7.4} (F25d), which is also Co-
based. It is possible the initial magnetic structure thataappat 7 K in [7.1] and [7.4] is
unstable, and transforms into a second structure at 5.2 K, and indeathasgoond transition
was previously reported by Wang et?avho proposed that this behavior corresponds to a net
rotation of the uncompensated moment. Samples [7.2] and [7.5] show swagjeetic
transitions, where the peaksyf(T \) occur very near the same temperatures where the FC and
ZFC magnetizations separate in [7.5], while we take the pegkT n) to be a more accurate
determination of the onset of order than the separation of the FGfi&g@etizations in [7.2].
No peak iny” is found in 3, but there is a broad peakymat 8.0+0.15 K that agrees with the
ordering temperature taken from the FC/ZFC magnetizationsgdb@ agreement between the
magnetic ordering temperatures determined from the ac suskgptand FC/ZFC M(T)
measurements is summarized for all five samples in Table 7.4.

The temperature dependence of the dc susceptigilidy=M(T)/H, measured in a dc field
H of 500 Oe, increases monotonically with decreasing temperatanels for temperatures
between 10 K and 300 K is well described by the Curie-WeissyawC / (T —0). We have
plotted 1j as a function of temperature in Fig. 7.26, allowing us to deteriéen€rie constant
C and the Weiss constafitas parameters of straight line fits to these data. \oeletéd the
effective paramagnetic momeudy = (8-CY? of each metal ion using the measured values of C
for each sample, and the results are compared to the previousliedepalues ofie for Co™,
Ni?* and Mrf* in Table 7.4, showing good agreement. We find that the Weiss cofistant
negative for [7.1 — 7.5], indicating that the mean field for the flustgathoments is overall

antiferromagnetic, supporting the conclusions of the ac susceptibility asgatsove.
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The field dependence of the dc magnetization is different above and hk&ow
antiferromagnetic phase transition. Below, Tthe magnetization is almost linear at high
magnetic fields (Fig. 7.27), while at lower fields it is teystic with small coercive fields H
(insets, Fig. 7.27). No hysteresis was detected abgve The values of Hfor all samples are
summarized in Table 7.4. At the lowest temperature (2 K) and highpked field (50 kOe), the
saturation magnetization dper metal ion is much smaller than the value calculatedhi®r t
corresponding isolated metal ionsM glis, where g is a Landé factor and J is a total angular
momentum (Table 7.4).

In summary, we have determined from measurements of the alcausceptibility that
all five metal formate samples are moment bearing, and ardiéerromagnetically below 10 K.
The antiferromagnetic order is not simple, since the ordereel displays hysteresis between
field cooled and zero field cooled magnetizations, as well @®m@ounced coercive field. Our
observations are consistent with earlier measurements that cahthadethe ordered state of

metal-formate hybrids can best be described as a canted antiferromagnet.

Table 7.4. Summary of magnetic properties of semfd.1 — 7.5]. \{ is the magnetic ordering temperature defined
from the separation of the FC and ZFC measurenoéiite dc magnetization T is the ordering temperature
defined from ac susceptibility measuremefiis, the Weiss constante, is the effective paramagnetic moment per
metal atom, angy, is the calculated theoretical valuewqf, . Ms is the saturation magnetization at 2 K at 50 kOe,
M<™ is the calculated saturation magnetizatiogjdthe coercive field at 2 K.

Sample  T(K) Tn (K) 0(K) per (ug/atom) pm(ue/atom) Mg(us) Ms™(us) Hc (Oe)

. 7.3+0.1

[7.1] C& 70 Uioq 46 4.1 4.8 1.5 3 400

[7.2]Ni** 4.6 1.9+0.1  -33 3.3 3.2 0.3 2 700

[7.3]Mn* 8.0  8.0+0.15 -10 6.1 5.9 1.9 5 20
. 6.7+0.15,

[7.4] CP? 70 o0 30 5.1 4.8 0.9 3 300

[7.5] Mn?* 9.2 9.6+0.1 -14 6.1 5.9 1.6 5 100
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7.5. Conclusion

The five magnetic metal-formate frameworks presented heeee wsynthesized
ionothermally by utilizing two different ionic liquid solvents, hydretyylammonium (HEA)
formate and 1-hydroxy, 3-proplyammonium (HPA) formate. The us$¢E# formate in [7.1 —
7.3] yielded a metal-formate network with two non-linking formateugs in the axial positions,
while using HPA formate in [7.4] and [7.pfoduced a 2-D metal-formate framework with the
axial Co(ll) coordination sites occupied by one formate anion awdtar molecule. In each
compound, the ionic liquid cation is incorporated into the resulting struasira charge
balancing species, demonstrating that the choice of ionic licatidn can greatly affect the
resulting metal-organic framework. It was found that all sasnpdn be classified as canted
antiferromagnets, a magnetic behavior consistent with other previeymiyted magnetic metal
formate hybrids. Minor reaction modifications, such as a changeial center or ammonium
cation, produced each compound described in this work, demonstrating that noabthe
synthesis of formate-based ionic liquids is a simple, yet®ffemeans for the discovery of new
varieties of magnetic metal-formate frameworks. Futurekwaill continue to utilize

ionothermal methods in this system, targeting new multiferroic materials
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Chapter 8

Synthesis and Structural Characterizatios-bfock Coordination Networks

8.1. Abstract

A three-dimensional magnesium-lithium coordination network IMBTC) (HBTC)(DMF),
[8.1] (BTC=1,3,5-benzenetricarboxylate; DMF=N,N-dimethylformamideg first example of a
mixed-metal Mg-Li coordination network, was synthesized using dwdvotal techniques.
Structural characterization was completed using single crystay techniques while thermal
properties and surface area measurements were conducted by themegic and BET
analysis, respectively. Three potassium-based coordination netti@asiese also synthesized.
The structures of KNDC)-xH,O [8.2] (NDC=1,4-naphthalenedicarboxylate);(KDC) [8.3]
(TDC=2,5-thiophenedicarboxylate), and(BDB)-(guest) [8.4](SDB=4,4-sufonyldibenzoate)
are dependent on the coordination and geometry of the linker, as chantaséium are the
predominant network features. The structure and characterizdt{8nl] has been published:
Calderone, P. J.; Banerjee, D.; Borkowski, L. A.; Parise, lhdg. Chem. Commur2011, 14,

741.
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8.2. Introduction

Transition and otheBd metal centers such as MhCo2® and ZA® continue to be used
most frequently in CN synthesis since their chemistry and bondielgavior with
polycarboxylate linkers is well known. In contrast, the syntheticilptises of CNs based os
block metal centers remain relatively underexpldfédiside from their relative abundance in
nature, the other rationale for usirsgblock metals in CNs is that their variety of metal
coordination environments results in a high degree of structweisity?® However, the ionic
bonding character of the metal centers makes structure predigtalitl synthetic control a
challenge. Moreover, the small number of reportsldbck metal CNs in the literature provides
only limited guidance for future work. To remedy this, our redegroup is further exploring+
block metal chemistry in CNs, specifically those based on theweght metals potassium,
lithium, and magnesium.

Lightweight metal-CNs possess gravimetric advantage over momr@@or@Ns based on
heavier, 3d metals and are desired for materials intended for stomageequestration
applications. Potassium-based networks are sparsely reptit@thut the use of an appropriate
linker has led to compounds thought to be the basis for new redox-ausiteials®® and
possible alternatives to sequester radioactive alkali cationssipemt nuclear fuéf®> Also, the
connectivity of potassium CNs depends largely on the choice of ligamdodthe preference of
the K coordination sphere. Potassium CNs tend to form chains where ratedtioxygen
atoms are shared between metal centers. Consequently, a preddeatie in many potassium
carboxylates CNs is increased metal connectivity no matter tiwbdinker used. Therefore, the

geometry of the ligand is the determining factor in the network topology.
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Magnesium- and lithium-based CNs are more common targets ainctliemistries are
better understood is-block CN research. Work specifically targeting magnesiuns Qs
grown significantly?®939413118919% 14 our group has previously synthesized a series of lithium
CNs that utilize a number of multifunctional organic ligaftf€®* However, lithium metal
centers favor tetrahedral coordination with carboxylate oxygen,résiscting the topological
possibilities. The incorporation of another metal center in additiohthmm allows new
degrees of freedom for topological variation. Taking this into accanhave begun to explore
the advantages of mixed metal/lithium coordination networks (CNs).

Many mixed metal coordination networks have fascinating coordmanvironments

H241% and s-

and building units, and examples of combinations of transifioir> rare eart
block 31919 metals are known. However, heterometallic coordination networlsemirex
synthetic challenge not encountered in homometallic synthesis inthidathemistry of two
different metal centers must be considered. It is difficulini a balance in reaction conditions
that favor incorporation of two metals into the structure, primabacause the coordination
preferences of both metals must be accommodated. Additionally, tartpeted material were
intended to minimize the gravimetric contributions of metal centerthe overall compound,
frameworks that include heavier transition and rare earth metasd be poor targets for
exploratory synthesis. However, extended networks combining the lightweblock metals
magnesium and lithium could be used to construct lightweight MOHs méw, interesting
structures.

Hybrid inorganic-organic materials combining lithium and magmesare known in a
few organometallic complexé&>?®* Yet, to date, extended lithium-magnesium coordination

networks have not been reported. Considering the lack of examplesiomitagnesium
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networks and the prospects of further expansion on lightweight s-block metal MMDEsy, we
decided to explore the possibility of mixed lithium-magnesium MOHR#$is has resulted in
Mg,Li(BTC)(HBTC)(DMF),, [8.1], the first example of a lithium-magnesium heterometallic
coordination network. Simultaneously, we also expand on the limited tenudirgy of the
chemistry in potassium CNs with the synthesis of three néwonles, KNDC-xHO [8.2], K-

,TDC [8.3], and K(SDB)-(guest) [8.4].

8.3. Experimental Section
8.3.1. Synthesis of Mgi(HBTC),(DMF), [8.1], K;.NDC-xH,O [8.2], K, TDC [8.3], and
K2(SDB)-(guest) [8.4]

All compounds were synthesized under solvothermal condition using Tefled |
stainless steel Parr autoclaves. Starting materiate werchased and used as received and
include: Magnesium nitrate hexahydrate (Acros-organics, 99%iyrit nitrate (Acros-organics,
99%), lithium hydroxide (Alfa-Aesar, 98%), potassium nitrate (A@wganics, 99%) trimesic
acid (Sigma-Aldrich, 95%), 1,4-naphthalenedicarboxyic acid (J.K. Baker ),96%&-
thiophenedicarboxylic acid (Acros 97%), 4gulfonyldicarboxylic acid (Acros 95%) and N,N’-
dimethylformamide (Sigma-Aldrich, 99%).

The synthesis procedures were similar for all four compounds [8.]1. -Bo4 [8.1] 1.25
mmol (0.323 g) of Mg(NG),-6H,O, 2.5 mmol (0.173 mmol) LiN§) 0.5 mmol (0.023 g) LiOH,

5 mmol (1.051 g) trimesic acid, were mechanically stirred fooudrs in 14.15 g DMF. For [8.2],
1 mmol (0.101 g) K(N@ and 0.5 mmol (0.108 g) 1,4-naphthalenedicarboxylic acid was
dissolved in 10.10 g DMF. For [8.3], 2 mmol (0.202 g) Kgi@nd 1 mmol (0.172 g) 2,5-

thiophenedicarboxylic acid were dissolved in 14.20 g DMF. Finally{8fdi, 2 mmol (0.202 g)
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K(NO3) and 1 mmol (0.306 g) 44ufonyldibenzoic acid were dissolved in 14.05 g DMF. The
mixtures were reacted in autoclaves at 180°C for three days, andhthemsultant white
crystalline products, were washed with DMF and ethanol.
8.3.2. X-ray Diffraction and Structure Solution

A representative single crystal of [S’fl(lMgzLi(HBTC)z(DMF)Z) suitable for single
crystal x-ray diffraction was pulled directly from the bulkThe crystal was mounted on a
cryoloop using oil and data were collected at 100K on an Oxford Gedfifinactometer
equipped with an Atlas detector, using Ma #adiation £ = 0.71073 A) and 0.5& scans. Raw
intensity data were collected and integrated using the Cryaalisoftware package (Oxford
Diffraction Ltd., Version 1.171.33.41, 2009). An empirical absorption correctianapplied
using SADABS’® The crystal structure for [8.1] was solved via direct meth&HE(XS)/°
Mg atoms were located first, followed by the determinatioallofther atom positions (O, C, N,
Li) from the Fourier difference map. Non-hydrogen atoms wefi@ed anisotropically using
SHELXTL® within the WINGX® suite of software. Methyl group and aromatic hydrogen
atoms were placed in calculated positions. The hydrogen atone gndtonated carboxyl group
was located in the Fourier difference map Powder X-rayadiffvn data (Fig. 8.1) were
collected on a Scintag Pad X diffractometer (GuK = 1.5418 A) at a range of 5-409,20.02
°step, 1.5 s/step).

A similar procedure was used for the partial structure detetioinaf [8.2F, [8.3], and

[8.4]°. Crystallographically acceptable structure refinementse wet possible due to crystal

" Some structure solution work completed by DebBaiserjee and Lauren Borkowski. )

* Crystal data for [4.1]: Space groGg/c, M,=618.00,a=17.1200(7}, b=8.8749(4}\, c=17.1186(8A,
$=95.728(4)°V=2588.0(2}% Formula= GsH»,LiMg,N,014, Z=4,ps= 1.586mg/m, T=100(2) K,R1[I>25(1)]=
0.0553, viR,= 0.1631, GOF= 1.106.
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merohedral twinning in each sample. However, we are confidemteirsttuctural formulas,

space groups and cell parameters reported here.

8.3.3. Thermal Analysis
Thermal TG/DSC data for [8.1] (Fig 8.2) were collected with usir®TrA 449 C Jupiter

Netzsch Instrument at a range of 30-700°C and 5 degrees per minute padi@oBphere using

an ALbOs crucible for TGA-DSC analysis.

Intensity

AMAA ‘-LAMM

5 10 15 20 25 30 35 40
Degrees 26

Figure 8.1. Experimental (top) and simulated @it powder XRD pattern comparison for [8.1].
8.3.3. Thermal Analysis and Surface Area Measurement

2 Space group2,/c, a= 11.6576(58, b= 27.7194(2A, c= 16.4248(7)A, = 110.279(2)°V= 4978.6(4)A°
® Space group2.am a= 3.9320(8)A, b= 18.743(4)A, c= 5.6915(2), V= 419.45(154° ,
° Space group2./n, a= 13.6526(8)A, b= 6.0026(8)A, c= 22.367(3)A, f=105.776(3)°V=1764.0(4)A°
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Fig 8.2. Thermal data curves of [8.1] showing thegravimetric analysis (blue) and correspondinggditial
scanning calorimetry (red, mW/mg) up to 800 °C.
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8.4. Results and Discussion
8.4.1 Structural description of [8.1], Mg(BTC)(HBTC)(DMF),

Compound [8.1] consists of dimeric units of distorted, 5-coordinated magnesium
trigonal-bipyramids linked by irregular corner-shared Li tetdra to form Mg-Li-Mg triads
arranged in one-dimensional chains running along the [010] direction (Big &l¥se one-
dimensional chains are set in a diamond-shaped array and connegtedtimée-dimensional
network by both a BTC ligand and a protonated HBTC ligand. We aredennfthat the
unbound carboxylate oxygen is protonated due to the lengthening of -beb@hd in
comparision to others. These two linkers produce one-dimensional chalumgjstiee [001]
direction (Fig. 8.4). The HBTC ligand contains three carboxylaiepy each found in different
coordination environments: tridentate-trinuclear, bidentate-binucleamanddentate (Fig 8.5).
The tridentate-trinuclear carboxylate group is bound to two magnesnghone lithium center
and connects the triads into an extended network. The bidentate-birgrdeparis bound to
both a magnesium and a lithium center whereas the monodentate gtooyndsto only one
magnesium center. The second oxygen atom of the monodentate groupsneronated. The
coordination environment of the magnesium centers is completed bynbd€ules in the axial

positions that extend into the channels (Fig 8.4).
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Figure 8.3. View of [8.1] down the [010] axis shiagthe coordination of the HBTC ligand and the MgMg
triads. Mg polyhedra a represented in red, Li petira in green, and HBTC ligands are representadrasonds.
Coordinated DMF molecules and hydrogen atoms arehmown for clarity.

Figure 8.4. View of the diamond-shaped 1D chanine]8.1] formed by the arrangement of Mg-Li-Mg aieaas

viewed down the [001] direction. A coordinated DMielecule extends into the channels. Mg polyhedra

represented in red, Li polyhedra in green, and HEig&hds and DMF molecules are represented asheines.
Hydrogen atoms removed for simplicity.
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S

Figure 8.5. Coordination environment of HBTC ligan [8.1]. Mg polyhedra a represented in redpdlyhedra in
green, and HBTC ligands are represented as wirdsboHydrogen atoms removed for simplicity.

\
T

Figure 8.6. ORTEP representation of [8.1]. Themfigpsoids are drawn at 50% probability. Hydraggoms are
omitted for clarity except for the protonated catfigroup. Symmetry codes used to generate equivatoms:
Symmetry-generated atoms labeled with i or ii dreyenmetry positions (x+1, y+1, z+1), or (-x, y#+142),
respectively while atoms labeled with iii or iv aaesymmetry positions (x+1/2, y+1/2, -z+1/2), oeH1/2, y+1/2, -
z+1/2), respectively.
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Table 8.1. Selected bond distances (A) and arfdksy) for 1

Mg(1)-0(2)
Mg(1)-0(7)
Mg(1)-0(1)
Mg(1)-0(3)
Mg(1)-O(4)
O(6)-Li(1)
Li(1)-0(3)
O(5)-C(8)
O(4)-C(8)#1
O(B)-H®)
0(2)-Mg(1)-O(7)
0(2)-Mg(1)-0(1)
O(7)-Mg(1)-O0(1)
0(2)-Mg(1)-0(3)
O(7)-Mg(1)-0(3)
0O(1)-Mg(1)-0(3)
0O(2)-Mg(1)-O(4)
O(7)-Mg(1)-O(4)
O(1)-Mg(1)-O(4)
O(3)-Mg(1)-O(4)
O(6)-Li(1)-O(6)#2
O(6)-Li(1)-O(3)#3
O(6)-Li(1)-O(3)#4

O(3)#3-Li(1)-O(3)#4

1.977(2)
1.977(2)
2.040(2)
2.045(2)
2.094(2)
1.853(4)
2.054(4)
1.277(3)
1.240(3)
0.82
111.26(10)
91.90(10)
88.62(10)
130.87(9)
117.75(10)
86.18(9)
91.79(9)
89.42(9)
176.25(10)
91.90(8)
125.1(4)
99.27(11)
109.75(9)
114.5(3)

"Symmetry transformations used to generate equivatems:
#1 -x+1)y,-z+1/2  #2 -x+2y,-z+1/2
#3 x+1/2,y+1/2,z #4 -x+3/2,y+1/2,-z+1/2



8.4.2. Structural description of [8.2](NDC)-xH,O

The structure of [8.2] consists of potassium chains that are lingether by carboxylate
groups. In turn, the chains are connected into a three dimensionabrineby 1,4-
naphthalenedicarboxylate linkers (Fig 8.7, 8.8). The naphthalene ftegsate orientation in
the [1 O Q] direction which creates an interpenetrated networlestGvater molecules are also
found in the structure. Due to incomplete structure refinemengxet number of guest water

molecules could not be determined.

Figure 8.7. View down the [1 0 O] direction ofZBshowing the interpenetrated network of created d-
napthalenedicarboxylate linkers.

Figure 8.8. View of [8.2] in the [0 0 1] directidlfustrating the one-dimensional potassium chains.
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8.4.3. Structural description of [8.3],DC)

Compound [8.3] is an overall dense structure created by laypatasfsium layers linked
together by TDC ligands (Fig 8.9, 8.10). The alternating potasandnTDC creates a “step
ladder’-like structure, with the TDC linkers representing “stegsd the potassium layers

representing as “rungs”. No incorporated solvent is observed in [8.3].

1@1
y

Figure 8.9. Network of [8.3] illustrating the “gtéadder”-like arrangement of TDC linkers connedbgdrungs” of
potassium.

' I
X

Figure 8.10. Alternating layers of potassium layand TDC in [8.3].
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8.4.4. Structural description of [8.4]46DB)-(guest)

In [8.4], chains of potassium are linked by carboxylate groupeeoSDB ligand. The
SDB linker forms a three-dimensional network by connecting to thifesrent potassium chains
with three connection points; oxygen atoms of both carboxylate groupsllaas the sulfonyl
group oxygen atoms coordinate to potassium metal centers (Fig 8.11, &u2st molecules
(likely dimethylamine resulting from the breakdown of DMF)vgithin the openings created by
the “V” shape of the SDB linkers. Due to crystal twinning, &ifucture refinement was not

possible.

Figure 8.11. The network observed in [8.4] viewedvn [0 1 0] illustrating the topology created I t'V”-shape
of the 4,4-sulfonyldibenzoate linkers.
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Figure 8.92. The potassium chains in [8.4] asvetdown [1 0 O].
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8.4.5. Discussion

Coordinated DMF molecules were removed after heating to a tetuged 340°C, at
which point the crystallinity is destroyed. Elemental analg$ithis heated sample shows that
only trace amounts of DMF remain when heating to this temperg®® and the framework
components remain despite no long-range order being present. &ahedtgntial solvent
accessible volume after DMF removal was calculated with RMTo be 793.7A° (30.7% unit
cell volume), and a successive surface area measuremeniedesesurface area of 13%y,
indicating a collapse of the framework upon solvent removal.

All potassium coordination networks reported here share the commoroftrdénse
potassium chains or layers. Ultimately, the structure of ttveonks is dictated by the geometry
of the ligand. In [8.2], the naphthalene ring forces the potassium d¢bamcsommodate for the
increased size and an interpenetrated network is formed. Compounds[8i8jilar in that
potassium forms dense layers which are connected by TDC linRetsissium chains are also
observed in the network of [8.4], and “V” shape geometry of the Seidi allows it to connect
to three different chains. This forms an open network which is oatupye a guest

dimethylamine molecule.
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8.5. Conclusion

The new mixed  s-block heterometallic coordination network,
Mg,Li(BTC)(HBTC)(DMF),, is the first such compound to employ both lithium and magnesium
as metal centers. Mg-Li-Mg triads constructed of magnesiiganal bipyrimids and lithium
tetrahedra are arranged into one-dimensional chains, which areninaminected by BTC and
HBTC ligands to form a three-dimensional array. One-dimensioaalahd-shaped channels
formed along the [001] direction are occupied by DMF moleculedouaied to the magnesium
ion. Three potassium coordination networks are also studied. ChainfdioKn in each
compound, leaving the topology of the network to be determined by the geahtie linker.
The naphthalene ring of the NDC linker in thg{IMDC) network generates an interpenetrated
network. The network of KIDC forms a dense network of alternating K-O and TDC layers.
The “V” shape of the SDB linker creates channels in the network®DR. This work provides
an insight into the chemistry efblock metalsystems that are not well-studied, and determining
trends in these systems will help establish a starting pointhéorfuture targeting o$-block

networks and their properties.
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Chapter 9

Conclusion

This project sought to expand the knowledge and elucidate the synitestits of
carboxylate-based metal-organic frameworks (MOFs) and coordinatamrks (CNs). Various
metal centers, ligands, and synthetic conditions were used awtus#fproperty relationships
were examined. All compounds herein were characterized usiglg-sirystal X-ray diffraction.
Magnetic susceptibilities were determined using a SQUIRgmatometer. Standard
measurements were done to determine photoluminescence propertidsnqeiolid-state UV-
Vis absorption and fluorescence analyses.

Carboxylate networks based on lightweigtilock metals centers were explored in order
to improve upon our limited understanding of their chemistry in fogn€©Ns. Based on the
solvents, temperatures, and components used, a series of networks with t@yologies and
properties was formed. The use of temperature as a synthaableagenerally leads to a
correlation between increased temperature and increased networktoatyneSolvent variance
in s-block metal synthesis had even more of an effect on the resuttungfuse. Metal-
coordinated solvents influence the construction of the network and ulyra#fiect the physical
properties.

Magnesium-based CNs were studied using different ligands, sqlestsemperatures.
Two series of magnesium CNs based on 2,5 thiopehendicarboxylate and 1,3-
benzenedicarboxylate were synthesized by using solvent as the privanijdle and holding
constant the metal:linker ratio. The resulting networks weerwily influenced by the solvent

used, with the coordination of solvent molecules to metal centersi¢emdcompletely different
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topologies. Similarly, the examination of a series of magnesCNs based on 1,3,5-
benzenetricarboxylate found that temperature had had a high degr&tuende on network
formation as well. Network dimensionality and metal-oxygen conngctiireased along with
the temperature, as a competition between the effects of sdiveskdown byproducts and
thermodynamic effects was noted. The photoluminescence studiestobethese networks
expanded an underexplored area that could one day lead to the developrigimiveight
sensing materials. As the photoactivity in magnesium CNs asdidpased, the fluorescence
response was studied using a number of linkers. While the two linkrdromocyclic rings
showed a relatively insignificant response, the heterocyclic thmgpheng of 2,5-
thiophenedicarboxylate enhanced the photoluminescence properties of thekaetwe ton-
stacking interactions between rings and increased electron localizatiordahe large S atom.
The 2,5-thiophenedicarboxylate linker was also used to construciea e€lanthanide
MOFs based on eight-coordinate Nd, Tb, and Dy metal centers undesanhe synthetic
conditions. Using an equimolar mixture of ethanol and water, thiesgtally-related networks
were produced. Ethanol preferentially coordinates to the metarseaatta ratio of three EtOH
to one HO. While each of the networks has the same topological forrmdaligand
coordination modes, slight differences in ligand packing are obselwedio the lanthanide
contraction effect. This effect is further noted in the synth&fsa Er-based compound where
lanthanide contraction causes the structure to form with a comlmnatisix- and eight-
coordinate metal centers. To test the activity of the thiopheswdxixylate ligand as an antenna,
photoluminescence measurements were done. Observations show thatbteed network is

effectively sensitized, and a bright green emission was oles&rven put under UV light. On
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the other hand, the emission of Dy is weak in this system grabsibly due to the quenching of
metal-coordinated solvent molecules.

Transition metal formate MOFs were constructed using formatecbenic liquids as
synthetic solvents in ionothermal syntheses. Formate anions, whchnkametal centers
together with short three atom bridges, are also a judicious clwbiee constructing magnetic
metal-organic frameworks because the charge is moreieffigaransferred between metal ions.
Furthermore, the use of ionothermal synthesis to produce MOFRsageh approach that opens
the possibility of synthesizing magnetic materials at los@erperatures and with more synthetic
control. In this work, formate-based ionic liquids were used to prodacsition metal formate
MOFs based on M#, C&*, and Nf*. Charge is balanced in the networks by the cationic
ammonium species of the ionic liquids. The metal-formate topaatgpended on the presence
or absence of hydroxyl functional group on the cation. Two-dimensiohabrkes crystallized
when using hydroxyammonium cations, while a change to diammonium cérie three-
dimensional networks. From the observation of non-linking formate gioupe structure, it is
evident that the hydrogen bonding of hydroxyl group influences the covibeofithe network.
Magnetic susceptibilities of the two-dimensional networks showleat they ordered
antiferromagnetically.

Alkali and alkaline earth metal-carboxylate networks, spedi§icilose based on the
lightweight metals magnesium, lithium, and potassium, are thoodd® tdeal starting points for
the development of gas storage materials. Since reports of Céib drashese metals are small
compared to more common metal centers, exploratory synthesiseissaey in order to better
understand the chemistry and enable future progress in this apethis Bnd, the first lithium-

magnesium heterometallic coordination network was synthesizedah&dtally-coordinated Li
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metal centers were used as an additional degree of freedom, atidgoblbcks of Mg-Li-Mg
triads were linked by 1,3,5-benzenetricarboxylate. In addition, tlpessium-based
coordination networks linked with 1,4-naphthalenedicarboxylate, 2,5-thiopehdrukgkate,
and 4,4-sufonyldibenzoate, respectively, were highlighted. In each caseethmetry and
coordination of the ligand dictated the structure of the network, asefal centers prefer to
form dense one-dimensional chains in carboxylate CNs.

In contrast to the seemingly routine chemistry and structurdicpicn touted in the
solvothermal synthesis of transition metal @dicoordination networks, research employing
other metals, ligands, and synthetic conditions lags behind. The rdastimnis discrepancy lie
not only with the differences in chemistry, but the comparative déditerature and experience
in this area. In order to unlock the potential from the methods ananketypes described in
this thesis, more systematic exploratory syntheses, coupled with thesttdiak, are necessary

to reveal important trends.
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