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Abstract

The aim of this project is the synthesis and characterization of novel mixed
ligand coordination polymers and metatganic frameworks (MOFs) and their
further study as magnetic sensors for the adsorption ofeneironmental
friendly species. For the synthesis of the mikigend MOFs pyridyl oximes or
pyridyl alcoholshave been usedor the stabilization/formation of inorganic
secondary building urst(sbus), whereaddi-, tri- and tetra topic carboxylates
(1,4 benzendicarboxylic acid/terephthalate, 1,3/ enzendricarboxylic acd

or trimesic acid, 1,2,4;6enzenetetracarboxylic acid or pyromellitic adidyve
been employeds pillars The compounds were synthesized under solvothermal
conditions. The choice of linkers is crucial for the properties of the synthesized
materials. Pyidyl oximes and alcohols are broadly used in the field of Single
Molecule Magnets (SMMs) and have proved to stabilize small and high
nuclearity metal complexegith interesting magnetic propertigsowever, they
have not been systematically explored in filetd of MOFs Polycarboxylates
wereone of the first family of linkers used in the field of MOFs for the formation
of stable 2D and 3D networks. Combining these two categories of organic
linkers, we targeted the isolation of small or high nuclearity hegeondary
inorganic unitsand MOFswith interestingtopologies and magnetic properties.
The main drawback of investigating mixkgand systems is that there are more
than one product (gproducts) that can be isolated during this probe$srethe

final coordination polymer or MOF is precipitateds such, mixed ligand
systems are not generally high yieldingleermodynamially stable and for this
reason, an kepth understanding and investigatisrequired to understand the
conditionsupon whichthey precipitate/crystallize and to be able to isolate the
intermediate products in absence of the final coordination polymer &t. Wiids

can be achieved by modifying the synthetic conditioAl. synthesized
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compounds were characterized through shogyestal and powder Xray
crystallography infrared spectroscopy, thermogravimetric analysigth
magnetic studies obtained for reden productsThe capacity of representative
MOFs to encapsulate and detect environmentally hazardous species was also

investigated.

N ” R N7 HO N° OH
Ol OH
R = Me; mpkoH Hihmp Hzpdm

R= NH2, pyaOXHZ

HO_ O o o
HO 0
>/._©_/( HO OH
o OH HO OH O 0
0 0 OH  OH

H,bdc H;btc H,pma

Scheme 1Representation of thHegands which were used for the formation of
MOFs (top, left) pyridytoximes, (top, midle) 2pyridinemethanol (Hhmp),
(top, right) 2,6,pyridine-dimethanol (Hpdm), (bottom, left) benzenel,4-
dicarboxylic acid or terephthalic acid 4btlc); pottom,middle) benzend 3,5
tricarboxylic acid or trimesic acid @Htc) , (@ottom, right) 1,2,4,5

benzenetetracarboxylic acid or pyromellitic acidgia).

The investigation ofthe combination of pyrdin8-amidoxime (pyaoxk) with
1,4 benzendlicarboxylic acid (Hbtc) and 1,3,%enezendricarboxylic acid

(Hsbtc) led to isolation of ondimensional coordination polymers
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[Zn(bdc)(pyaoxH)(DMF)]n, {[Ni(bdc)(pyaoxHy)z2]-2DMF} n,
[Mn(bdc)(pyaoxH)2]-2DMF}n, [Ni(Hbtc)(pyaoxh)z]n and a mononuclear
complex [Ni(Hbtc)(pyaoxk)2]n]-2H20. This systenwas expanded furthevith

the employmenbf benzenel,3,5tricarboxylic acid and pyridin@-amidoxime
(pyaoxH) or 22methyt pyridyl ketoxime (mpkoH)n zZn'" and Cl chemistry

Five novel coordination polymers and MOHFsave been isolated and
characterized, nameljZn(Hzbtckh(pyaoxh)2]-2H20, [Zn(Hbtc)(pyaoxH)2]n,
[Cu(Hbtc)(pyaoxH)]n, [Cu(Hbtc)(mpKoH)j and
[Cuz(Hbtcy(mpkoHR(H20),]-4H>0. The Dc magnetic susceptibility of
[Cu(Hbtc)(pyaoxH)]» was carried out and revealed the presence of weak
exchange interactions between the metal centers; where the experimental data
were fitted with a theoretical model and fittings parameter bkmg.16(1) cm
1'andg = 2.085(1). The isotropic g value wasso confirmed by electronic
paramagnetic resonance (EPR) spectroscopy. Also, reactivity studies were

performed in presence of metal cations

Expanding further the exploration of this unique combination, by the use of a
tetratopic carboxylate, nine new wgwounds have been isolated and
characterized  Among them, [Znz(pma)(pyaoxH)2(H20)]n  and
[Cus(OH)(pma)(mpkoj]n are the first MOFs of this combinatievith the latter
displaying anovel 3,4,5,8 net topologyCoordination polymers were isolated
through this combination leading to [Zpma)(pyaoxH)z]n,
[Cuz(pma)(pyaoxH)2(DMF)2]n, and [Cu(pma)(mpkoH)(DMF)2]n. Discrete
metal complexes were also isolated through this synthetic investigation leading
to [Zn(Hzpma)(pyaoxH)(H20).], two isostructural dinuclear complexes
[M2(pma)(pyaoxH)2(H20)s]  where M! = Co, Mn and
[Zn2(pma)(mpkoH)(H20)4]-2H20. The [Cu(OH)(pma)(mpko)], is stable
under different chemical conditions and for this reason, it was fustheéied for
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the encapsulation of Feions. The encapsulation of iron wasvestigated
through a variety of techniguesamely,UV-vis, EDX, and magnetismstudies
The MOF itself andhe loaded MOF were studied magnetically anevais
revealedhat this could be a nice example for the further investigation of MOFs

as magnetic sensoras it selectively adsorbs ¥e

As the combination of pyridybximes and carboxylates was studied@pth, we
continued to investigate the behavior of an analogue family of small rigid
ligands, pyridine alcohols. The oximic groN{OH) of pyridyloximes was
replaced by the hydroxyl gup ¢OH) of pyridine alcohols. This combination
was introduced for the first time in the field of coordination polymers and MOFs.
The simultaneous use o2-pyridinemethanol (hmpH) with benzefgl
dicarboxylic acid (Hbdc) or 1,3,%enzenetricarboxylic @t (Hsbtc) led to the
isolation of five new coordination compounds AMbtcy(Hhmpy]-DMF
(M=Ca"; Ni'"), [Ni(bdc)(Hhmp}].-4H:0, [Zrp(bdc)(hmp)].-DMF  and
[Fes(bdck(Hhmp)]n. [Zno(bdc)(hmp)]n-DMF and [Fe(bdck(Hhmp)]n are the

first examples of metabrganic frameworkdearing hmpwhile the ZnMOF
exhibits an unprecedented 4,4¢4net with point symbol {310°.11}{32.10% ..
Regarding the F&OF, this is based on a trinuclear linear "Feecondary
building unit and possses a 3,4,6T2 topology with point symbol
{42.8%.10}5{43},{4°.8°.10°}. This compound was magnetically studied and
revealed the existence of antiferromagnetic coupling between theafiens

with a superexchange valueb¥f -8.46 cm'.

In order tainvestigate the impact of an additional hydroxyl group on the identity
of the isolated specigsthe pyridinemethanol was replaced by -2,6
pyridinedimethanolThe combination o,6-pyridinedimethanol (kpbdm) with
1,4benzene dicarboxylic acid ¢bdc), led t three new MOFs
[M3(bdc)k(Hpdm)y]n-DMF (where M' = Zn, Mn), [Mng(bdc)k(Hzpdmk]n, and
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[Mn3(bdck(DMF)4]n and amononuclear metal complex [Nigpdm)](bdc),

which forms a strong 3Dydrogen bonding network.

Overall, the initial combination of2-pyridyl oximes or alcohols with
polycarboxylates provided access to twelve novel MOFs adopting new
topologies, eight coordination polymeasd nine metal complexes. Also, it was
proved that th§Cus(OH)z(pma)(mpkoj]n is suitable for the sensing of Favith
sensing capacity 129.89 mg Fe/g MOF.
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Chapter 1. Introduction







1. Materials/Compounds for Environmental Applications

Technological developmentas indisputably provided essential benefits in
humanity in regards tiransportation, communication, energy, food industry, and
others. Unfortunately, such technological adwsments often have a negative
impact on the environmentfor instance toxic gases such as gGCO, NO,
CChF,, CHR;, Sk, NFs, etc, which are released from cars, factoréesl other
sources are responsible for the greenhouse effect. Also, chemical species like
heavy metals (e.g. Cd(ll), Hg(ll), Pb(ll), Cr(lll), Co(ll), Fe(lll)), dyes, toxic ions
(e.g. CrQ?%, As(lll), etc) pharmaceuticals and personal care products are
regponsible aquatic pollution.F{gure 1) Consequently, living organisms,
including humans, are severely affected.

One of the main concerns of the European Union (EU) and governments
worldwide is environmental pollution; the EU has planned to be climateal
with netzero greenhouse emissions by 2050 in order to preserve the planet for
future generations. As a consequence, interest has turned to renewable energy
and the elimination of released gas emissions from households, farming,
factories, and privat and public transportation. One efficient approicthis
direction is the development of appropriate fidterembranes, which will be able
to entrap CQ@ CO, or other gases and convert them to useful sources er non
toxic/pollutant alternatives such as methane, methamal formic acict. Such
membranesre based on the employment of porous matendlsthe capacity

to encapsulate a variety of different guesilecules into their pores.



THE GREENHOUSE EFFECT

5

Figure 1. Top: the air pollution due to toxic gases (00, CH;, N2O, CCbF,
CHR;, SG;, NR) is responsible for the gredrouse effect. Bottom: the water
pollution contributeso thepoisoning of living organisms and destruction of the

ecosystem.

Classical porous materials like silicates, metal oxides, activated carbon,
and zeolites have bestudied and have shovgood performance in a range of
applications Silicatesfind applications as microchips, quartz crystals, glass
manufacturing, and ceramics. Activated carbons heeenbroadly applied on
membranes for the removal of chlorine anceottrganic compounds from water.
Zeolites can be employedor catalyss, adsorption of gases, ion exchange
membranes, and waste treatment. However, the control or modification of the
pore size of the abowamentioned material€an be challenging hence, the
development of alternative materials/compounds with tuneable porissity
essential for the efficient encapsulation and detection of different types of guest
molecules’ To this endhybrid multifunctional materials have attracted intense
researh interest over the recent years. Such species combine two or more
physical properties (e.g. photoluminescence, magnetism, catalytic activity,
porosity,etc), whose synergy often enhances their performanagplications,



including sensing, catalysis, dg delivery, spintronics, photonics, adsorption of

a wide variety of guest molecules, gas storage, separation, electronics, etc. One
representative category of hybrid multifunctional mateésahe metalorganic
frameworks (MOFs), which will be describedmore detail in the next pages.

- Metal Cations or
Metal Clusters

ra— -
— k e\f\

Organic Linker(s)

Metal-Organic F
Acrop

Figure 2. Representation of the formation of MOFs.

2. Metal-Organic Frameworks (MOFs)

MetalOrganic Frameworks (MOFs) are hybrid porous crystalline materials,
which consistof inorganic and organic secondawyilding units (SBUs}.The
organic ligand is the pillar/linker, connex the inorganic SBUswhich can be
either a metal cation or a metal clugtégure 2). Thesetype of compoundgere
discoveredapproximately four decades ago aheve now been officially
recognized by IUPACOver thelast few decades many research grolnyase
beenworking in the field, includindRichard RobsorGérard Férey, Omar Yaghi,
Susumu Kitagawa, Michael Zaworotko, MatheRosseinsky, Mohamed
Eddaoudiand others.Rigure 3).
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Figure 3. Examples of wetknown MOFs and coordination polymers reported
in the literature (a) [Cw( 4 sbpy)(H20)4]n 5, (0)MOFR5 8, (c) [Co(NG)2(1,2-
bis(4-pyridy)ethanes]n 7, (d) {[Cu(PFs) ( 4bpyk(®eCN)]-PFs-2MeCN}n 8,
(e) ZIF-8°.

Due to their porosity, MOFs are excellent candidates for the
encapsulation of a variety of adsorbates such as gases QCOSQ, Xe, H,
N2, etc) and environmental pollutant$he framework can be modfi by the
addition of functional groups thdavor suitable intermolecular interactions
stabilizing guest molecules of different shape or size into their pores.
Furthermore, they often affect the structural conformation of the MOF resulting
in the pore expansion or contraction depending on the presence of a guest
molecule in the MOF pores. This phenomenon is known as the breathing effect

and is a unique property of MOFs. The first examples of MOFs show that the



nature ofthe linker influences he breathing effectand initially, it had been
suggested that they should bedkyl chainsthat provide flexibility into the
system Later on, it was proved that the linkers do not have to be fully flexible
but semirigid, in orderfor the materials todwe increased breathiagd stability
It is worth mentiong thatthere are materialwhose propertiese(g. porosity,
magnetism) change duedaternal stimuli such dgyht or temperaturand have
attractedthe interest of the scientific community. representativeexample of
MOFs, based on this special category is the-spssover MOFs, which are
temperature based and such an example are the Hoffman type'MOFs.
Another unique property of MOFs is interpenetratisjch improves
their structural flexdility and stability. Interpeetration or catenation is
expressed as polymeric analogs obcahes or rotaxanes, and the formation of
entanglement. This phenomenis significantlyobservedind reported in MOFs.
Interpenetratiomesults in the decrease thle pore volumevhile alsoaffecting
the surface area. Although interpenetration is merely based onasseihbly
process, one possible way to control it is by adjusting the bridging ligands. By
usingbulky ligands and addingihctional groups on the pillara is possible to
change the degree of interpenetratidiso, by modifying the reaction conditions
(such as solvent, temperature, the concentration of reagemgspossible to
influence the interpenetration efféét.
There is an increasing need for synthesizing and characterizing new MOFs with
enhanced stability and porosity for employing thiendifferent technological
and environmental applicationtn the lastfew decades awide variety of
coordination polymers andetalorganic frameworks has been characterized and
studied for potential applications or are promising candidates for future
applications such as drug delivery, gasifozation or separation, taysis (e.g.

conversionof CO or CQ to useful molecules), electrochemistry, separations



(e.g. chromatography), sensing, water splittiagd othersin regards to the

separation of species eitherthre liquid or gaseous phasthisis essential for

purity and their further use in absendether reagents.

For example, Planads group published in 20
of a waterstable Cu@MOF abbreviated as mCBIOF-1, (Figure 4) with

carboranditopic acidused as a ligandrhis molecule wagpreviouslyused in

biofuels for the separation of butanol from ethanol and acetone contaminants.

For the same application, zeolites had been tested and used in the past, but as

they are hydrophilic, theiperformance was podf. Another example is the

separation of ethanedn et hy |l ene. L i aicalciugp based MOl ev el oped
by the use of 1,2 4;tetrakis(4carboxyphenybbenzene). This MOF has a

preference to adsorb ethane over ethylene from mixtures that contain both

species. This separation is essential as ethylenadsywised for a variety of

industrial applications, including the production of polyethylEne.

Figure 4. Representation of theystal structure of theCB-MOF-1.12

The use of MOFs is also paramount for sensing applications, and in

particular, for the detection of species, which are harmful either foctisgstem



or the living speci es. For exampl e, Bi swasods gro
fluorescent MOF, by the use of quinokes-dicarboxylic acid for the
encapsulation and detection of dichromate in water. This molecule was able to
selectively adsorb dichromate even from mixtures with chromates, sulfonates,
acetates, bromides, nitrates, and other arltbRse cent | vy, Liaubs group
calciumbased MOF for the encapsulation of sulfur hexafluoride at low
concentrations; sulfur hexafluoride is also responsible for the greenhouse effect.
They were ableto detect and selectively encapsulated separatesulfur
hexafluoride from a mixture containing nitrogen!®> Another example, of
detection of biological importance, is ttezognition and sensirgf glutathione,
which is responsible for the damage of DN/
an electrochemical sensor based oAa@CuMOF. The CuMOF was loaded
with Au nanoparticles. Theylemonstratedhat the loaded MOF with Au
nanoparticles had higher sensitivity to the detection of glutathione (GSH). This
sensor device can be used for the detection of glutathione in vegetable and serum
samples$
Catalysis ad conversion of molecules to other useful sources is also a
big part of theworldwide economy and solutions have to be found in order to
reduce the energy cost and the industrial cost of production. Regarding the
reduction of CQ, Z h a n gdeselopgd bimetallic Ni(Il)/Ti(IV) bimetallic
MOFs for the photocatalytic reduction of @© CO, CH;, and B. The necessity
of growing new materials for the reduction of carbon dioxide is the use of milder
conditionsthan is currently availableThey proed that the mixed MOF had
better photocatalytic activity than the homometallic titanium analogue. As an
example, the 50%NiTMOF showsan increased yikel of CO and of course
increased CHlyield compared with the TMOF. The 75%NiTi was much more
efficient andthe conversion yieldvas further increased. This is due to the fact



that further increase of Ni, affects the charge transfer prétés$s. j i k at aod s
used known MOFs such as MI25NHz, UiO-66-NH;, HKUST-1, MIL-101,
Zn-MOF-74 and MIL:-121, andloaded them with Pt nanoparticles for the
conversion of acetic acid to ethanehile avoiding the production oéthyl
acetate as a reaction-pyoduct. They also proved that the MI25NH: has
better performancen this catalytic reactiothan the other I@F thathad been
testedt®

3. Synthetic Approaches Towards New MOFs

The wide range of technological, biomedical, and environmental applications of
MOFs have increased the need for the development of synthetic approaches for
the isolation of new such species with desirable stability and controlled porosity.
Overthe last thee decades, wide variety of techniques have been developed
and are briefly described beldw:

1. solvothermal synthesis: this is the most commdy employed synthetic
approach for the development of coordination polymers and MOFs. It does not
require speific equipment apart from an oven and a closed flask (tube, vial,
autoclave)Reagents are added either at once or in multiple steps. The system is
heateduntil the boiling point of the solvent or solvent mixture and the product is
isolated after a spedftime either asa powder semicrystalline form oras
crystals. It is the most common technique that is employed for the production of
MOFs on a gram scafé.

2. microwaveassisted synthesisin this casethe reaction takes place in a
microwave oven and the system is headead higher rate than the classical
solvothermal approach. It is useful for the production of MOF nanoparticles and

the material is more homogeneous in shape and morph&iogy.

10
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3. electrochemistry: this approach offerthe advantage of the production of
MOFs in a continuousanner Milder conditions are used and the reaction time

is decreased compared with solvothermal synthesis. The production of material
ranges fromminutes to dewhours. It is suitable for the development of materials

in film or coating form. There are four different types of electrochemical
synthesis of MOFsa) anodic dissolution, b) cathodic electrosynthesis, c)
galvanic displacementand d) electrophoretic gesition. In case of direct
electrosynthesis like (a) and (b), the MOFs are synthesized using
electrochemical reaction which occurs on the surface of the electrode. But in
methods, where the synthesis is indirect, the MOFs argyntbesized following
certain procedures and the electrochemical reaction is one of the intermediate
steps??

4. mechanochemical and sonochemical synthedisis is a greener and solvent

free approach for the production of MOFs. There are three different categories
of mechanochemical synthesis, a) neandjng, where the use of solvent is
avoided, b) liquidassisted grinding, where a catalytic amount of solvent is used
for the faster prduction of the material, as it increases the mobility of the
reagent, and c) iehquid assisted grinding, whegecatalytic amount of solvent

and salt additives are us€d.

5. postsynthetic modification (PSM): this entails the targeted modification of

a MOF after it has been synthesized. The aim of this techrscfoeaiter the
porosityand/or other physical propertie§the material, as well as the insertion

of functional groups in desirable positions in tlhamework, enhancings

encapsulation or sensiitgpacity’*

11



4. Synthetic parameters that affect the MOF synthesis

A variety of synthetic parameters in MOF synthesis (such as the nature of the
organic linker, solvents, temperature, the presence or absence of organic
polymers and surfactants, and the metal sowae)nfluence the identity and
crystallinity of the prodct.

1. Organic linkers: Until now, an extensively broad library of organic ligands
(such as carboxylates, pyridines, azoles, imidazqglate3havebeen used for

the synthesis of new metatganic frameworksHigure 5). One of the first
categories of hkers, which was broadly used for the synthesis of MOFs, are the
carboxylic acids (terephthalate, biphenytdicarboxylate, naphthalene
dicarboxylic acid, trimesic acid, and others). The size of the linkers was
increased, to increase the size of ploees of the synthesized compountke
aforementioned were introduced and extensively studied by G. Férey, O.Yaghi,
S. Kitagawa, and others and have given structurally interesting compounds,
including the MIL family MOFs, MOF5, IR-MOFs, and others.

12
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Figure 5. Organic ligands used in the literature for the synthesis of MOFs.
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2. Solvents: It is well known that the nature of the solvent is crucial for the
solubility of the reagentsaffects the crystallization and in some abe identity

of the product. Abroadrange of solvents a been used for the synthesis and
crystallization of new MOFgFigure 6). They can act as templates influencing

the crystal growth and the firatlorphology. The nature of the solvent is crucial

as it affects the nature of interactioesy( Van der Waal$;" stacking..) and the
hydrogen bonding, throughhich compounds are stabilized and, sometimes, the
change of the solvent leads to different reaction prodacts.

3. Metal cations: The influence of the metal is evident by changing the oxidation
statefrom +2 to +3. This change will affect parameters such as the coordination
number, specific surface area, the shape and the size of the cavities, the structural
geometry, the accessibility to the metal sites, the hydrophjlaniig the stability
leading b species with different structural features and properties

4. Temperature: The choice of the temperature is based on the boiling point of the
used solvent or mixture of solvents. There are cases, where in high temperatures
the solvents are decomposednitng other species and those are stabilizing
MOFs are coordinated. An exampleNd\-dimethylfamamide, in an autoclave
systemDMF can be hydrolyzed to formic acid atids can either coordinate or

its presence to be crucial for the stabilization of a pound by either
coordinating or acting as a modulator.
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Figure 6. Solvents for the synthesis of MOFs.

5. Organic polymers and surfactants:For the template synthesis of MOFs,
compounds such agganic polymers or surfactants have been uEkey give

the opportunity to presynthesize coordination polymers with regulbsizes,
shapes and theinfluence also crystal growth. Figures 7-8) For example,
Zhangods group u eayethydeseghgsal (PEG,ovhichnsgn t h e
inexpensive worldwide commercially availablend environmentally friendly
surfactant. Inhepresencef the surfactanthey were able to isolate eight metal
organic frameworks, but its absence oby its replacementvith an organic

solvent such as ethylene glycol or methanolNgk-dimethylformamide, no
crystals were precipitated. This surfactant was chosen based on its melting point,

charge and its ability to coordinate met&ls.

N O
H
oA o™
H { JPH n
poly(ethylene glygol) poly(vinylpyrrolidone)
(PEG-200, PEG-400, PEG-600, (PVP)

PEG-1500, PEG-10000}

Figure 7. Organic polymers for the template synthesis of MOFs.
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Figure 8. Surfactants for the template synthesis of MOFs.

5. Mixed-Ligand Approach for the Synthesis of New MOFs

In the last decade, the mixéidand approach for the development of MOtes
attracted considerablattention from the scientific community, for the
development ohew MOFs with enhanced properti@epresentative examples
of this syntheti@approach will be described beloin a separate stthapter, it
will be described a family of small rigid ligands (pyrieyptimes and pyridyl
alcohols) from the field of singlmolecule magnets (SMMs), which were used
as celigands for the formation of ne metalorganic frameworks in this

research thesis.
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a) Synthesis of novel MixeelLigand MOFs

Multivariant MOFs (M\MOFs) are classified as a category of
compoundsn whichmultiple organic groups or metal cations (variate units) are
usedfor the isolaton of frameworkswith the same topologythey lead to
heterogeneityand affect the properties(eg, porosity) of theproduct. This
synthetic approach iglsoknown asthe multicomponent isoreticulagipproach
and it was introduced by Yaghi andworkers.The ratio of the variate unigd
the synthetic conditions usexdnvary based orthe targeted properties of the
reaction productO. Yaghi introduced the multariant/multivariate MOFs
(MV-MOFs), and one of the first compounds that he studied was the MVs of
MOF-5. MOF5 is synthesized by the use of terephthalic ;azidorder to
synthesizéts MVs analoguesthey used derivatives of terephthalic atadfiavor
the isolation of productwith thesametopologyby addingfunctional group®n
1 and 4 positios(Figure 9). The compounds were characterized through powder
X-ray diffraction, NMR spectroscopy, sorption studies and a few of them through
single crystal Xray diffraction. They found ouhat the MV MOF with free
alkene groups in the peg had the maximum uptake 84% of hydrogen, but the
one with extra aromatic rings has 400% better selectivity for €@pared to
MOF-5.27 Later on, other scientists worked with mixed ligand systesmsh 3
different sizes of mukpyridine ligands, combinations of pyridines and
carboxylatesgtc. The combination of different ligands has led to MOFs with
unique topologies and also compounds with interesting properties. As each
organic compound has a specifiroperty, the combination of different kinds
could lead to inorganic compounds, which will combine these features leading

to a new class of hybrid materiafs.
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Figure 9. The ligands, which were used for the formation of the MVs of MOF
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Carboxylates, pyridindased linkersand azolates were the first class of
linkers, which were studied for the formation of MOERtl now, they are
extensively used, as thé&yrm stable compounds. Moreover, in order to increase
the ligation capability of the ligands and also introduce other properties to the
product, different scientific groups have employed a variety of other linkers,
including phosphonates, sulfydryls, alcohalstechols, Schifbase ligandsand
others?® For example, the group of K. Biradha developed an elongated Schiff
based pyridine linker and by combining it withtdio pi ¢ car b-oxyl at es
oxybisbenzoic acid (OBA) and benzebh@&-diacrylic acid (BDA)) they
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developed a class of novel MOFs based oh &al Cd metal cations for the
deployment of proton conductors, sensing of water vapamd dye sorptiof?

Also, A. Kumar and his team have published 4 Eased mixed ligand MOF, by

the use of a dcarlo x y | a t-(&,3pkedyledebis(methyleneoxu))dibenzoic

acid; pbd) and a common-ttipic N\d o n or | tbn kpeyrr i (ddpypded; 4, 46
the development of fluorescent sensors for the selective detection and
encapsulation of picric acit.A schematiaepresentation of the organic linkers
discussed above is shownFkigure 11.

o’l\o J\0 oj\o OJ\O o’l\o A A
/

0 0" "0 0" "0
| AV R VAR VAN IV ANNAYA
M MM MM M M M MMMMM y

(a) (b) (c) (d) (e) (f) (9)

Figure 10. The literature reported coordination modes of the carboxylate group

(@)d", (b)de2, (c)dhdlez, (d)d-d' (e)d"dez () dde2 (9) d:diea®
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Figure 11. (a) bispyridyl-trissami de | i gand; (b) the deproto
oxybisbenzoic acid (OBA); (c) the deprotonated fornbehzenel,3-diacrylic
acid (BDA), (d)4 , -@.,8phenylenebis(methylenepidibenzoic acid (pbd).

Azolates have praded access to a family of stable MOFs (ZIFs) and they

have been extensively studied for a plethora of applications; hence, many
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scientists have used a variety of combinafidris order to develop new
frameworks for sensing applications. Ferx a mp | e, Quds group rep:
synthesis and characterization of two coppesed MOFs namely
[Cus(Hbtcu(trz)2(H20)4](H20)2 and [Cu(btc)(trz)](H0)s) by the use of 1,2;4
triazole and 1,3 benzenetricarboxylic acid. The aesophageal cancer activit
of the MOFs was assessed and proved that Cu(ll) cation plays a crucial role in
the anticancer activity of human esophageal cancer cells EC109, EC8712, and
KYSE15034

Other mixtures of azolateased ligands havalso beenused for the
development of a new class of MMO F s . For example, Cuibs gr
the 1,4bis(imidazolel-1-ylmethyl)benzene ® or t he 4, 40
bis(imidazolyl)diphenyl ether in presence of captobenzoic acil fr the
formation of two CeMOFs ((a) [Co(Li)(bimb)-H:O-OH], and (b)
[Co(L2)(bidpe)}) and their further study for the photocatalytic dye degradation
of the methylene blue (MB). The band ga@)(E& 2.69 eV and 2.60 evwV
respectively and the equipotential point ggHis 4.47 and 4.48 Another
example by thalesign of multipodal linker and its combination with-thpic
carboxylates is from E. V. Alexandrovbs gr
N,O-donor tris[4-( 2 6 me t h y-yl)phemyl)presplare oxide linker and they
combined it with naphthalerg6-dic ar b o x y | i estibanedicdrborylic 4, 4 0
acid for the formation of two novel Cd(ll) MOFs{[Cd32,6
ndck(tmpo)]-8H-0-4DMF; [Cd(bpedc)(tmpa)-2NO3z-4H.O-2DMF, where
2,6Hondc = naphthaleng,6-dicarboxylic acid, Hbpedc = 4 ,-40
stibenedicarboxylic acid, tmpo = tris[4 2ntethylimidazolyl)phenyl]phosphine
oxide}, and their further photoluminescence studfes.

Recently Papaefstathioubs group targeted f

of MOFswhich act as singtenolecule magnets (SMMgshy the use o& small
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rigid ligand in the presence of petarboxylatesin particular, bhey introduced
di-2-pyridyl ketone in the field of MOFs by the simultaneous usa bfnary
mixture of benzenél,3,5triphosphonic acid trimesic acid, 5-hydroxy
isophthalic acid or pyromellitic acid for the formation of novel Cu(ll) mixed
ligand MOFs. In the first <case, a f£obased MOF
({[Cu4{(py) 2C(OH)O}z(btec) s(H20)3]-4H20}) was isolated; dc magnetic
susceptibility stdies revealed that the exchange interactions between the metal
centes are antiferromagnetic. The other ligand combinations provided access to
ferromagnetic Cudimerswith the formula{[Cu2{(py) 2C(OH)O}(btc)(H0)]n ;
[Cu{(py) 2C(OH)-O}(bdc).5(H20)]n; [Cu{(py) 2C(OH)O}5-HO-

bdc) 5(H20)]n}. %7

b) Small rigid ligands from the field of SingleMolecule Magnets

b1) Pyridyl-oximes

Coordination chemistry has been the most powerful tool for the construction of
molecular magnetic systems. Singf®lecule Magnets (SMMsare discrete
moleculesthat function as nanoscale magnetic particleelow a blocking
temperature They derivetheir properties from the combination of a large
groundstate spin$) and a magnetoanisotropy of the Isiyge (negative zero
field splitting parameter, D). Also, they display quantum tunneling of
magnetization (QTM) and quantum phase interference, prepeof the
microscale.The tem was first employed in 1996, but the first reported single
molecule magnewvasin 1991 a Mm> metal cluster [MmpO1(OAC)16(H20)4]
(Figure 12). Molecularbased magnets can find applications in information

storage devices, MRI agents, magnetic refrigeratimmong others. 1D
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coordination polymers of paramagnetic metal ions can display sthgia
magnetism (SCM) behavior, i.e. they can exhibibwsl relaxation of
magnetization stemming from strong intrachain exchange interactions between
high spin structural building units along the chd&hSCMs are excellent
candidates for applications in higlensity information storage, molecular
spintronics and quantum computation, ettOne dimensional polymers are also
studied as molecular ferromagnets, synthetic metallic conductordjnean
optical or ferroelectric materiaf§.

Figure 12. Representation dhe Mn2 metal cluster [MpO12(OAC)16(H20)a4].
Color: Mn, yellow; O, red; C, grey.

One family of ligands that Isaattracted considerable interest in the field of
SMMsis the 2- pyridyl-oximes. S. Perlepes and G. Christou introduced them in
the field of SingleMolecule Magnets and thelemonstratethat these types of
compounds are promising candidates for the formation of metal complexes and

coordination polymers, which displayteresting magnetic behavigFigure 13)
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R = H; paoH
| R = Me; mpkoH
N e R R = Ph; ppkoH
N R = 2-pyridyl; (py)pkoH
OH R =CN; pckoH
R =NH,; pyaoxH,

Figure 13. General representation of thggridyl oximes.

2-pyridyl oximes often combine more than one functional greupvhich can
link more than two or three metal catiorfSgures 14-15) at the samdime
leading to the formation of small or high nuclearity metal compl¢kagire

16). A close inspectionf the Cambridge Structural Database (QSBveals that
the vast majority of compounds reported with these ligands are discrete metal
clusters 41 An example of high nuclearity metal complexes, which present
magnetic properties are the iNiand Nis by the use of pyad.
[Ni12(pyaox}(pyaox)s(MeOH)Cl>]Cls-5MeOH and
[Ni1e(pyaoxp(pyaox)s(MeOHu](SOs)4-10H,0-26MeOH arerecentexamples

of Ni(ll) and pyridine2-amidoximedisplaying high nuclearities and present
ferromagnetic exchange between the Ni(ll) ions resultingspim ground state
S= 6 andS= 8 respectively(Figure 16) Also, it was the first time, where it was

obsened the fourthtypéd)l i gandods ¢ o dRigdré 4)dt i on mode

(o Cdem QC\QC\

r\ 0-—-[\1 M 0" M M |

M \
M M M

(a) (h) (c) (d)

Figure 14. The literature reported coordination modes of pyhoka) *: dd d ¢ ,
) “dddg@ “did: k@ tdd:frE?
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Figure 15. The literature reported coordination modes of Hmg&p. : dgl (o)
d: d 'd g43], and(c) :d: & g
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Figure 16, (@)  [Mn"gO(Et-sao}(O.CPh(Me})2(EtOH)]*,  (b)
[Mn"'30(0CR)%(py)s](CIOs) (R = Me, Et,  PHf, (c)
[Ni12(pyaox}(Hpyaox(MeOH)ClI2]Cls-5MeOH & (d)
[Ni16(pyaoxp(Hpyaoxs(MeOHu](SOs)s- 10H0-26MeOH*’,

b2) Pyridyl-alcohols

2-hydroxymethylpyridine (Hhmp) has provided access to approximately five
hundred compounds, the majority of which are discrete metal compléxes
hasalso beerextensively used in the field of Singldolecule Magnets (SMMs)

providing complexes with small or high nuclearitiéSigure 18) which have
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presentd interesting magnetic propertiéls.  For instance
[Mna(hmpg(OH)Mn(dcn)]-2MeCN-2THFis a coordination polymer, wheits
asymmetric unit is linked through dicyanamide molecules and the metal core is
formed and stabilizedia the hydroxymethylpyridine. The tetranuclear metal
cluster adopts a rhombic core. The oxidation state of the manganese cations
Mn(1), Mn(2) and Mn(3) can be assigned as divalent, trivalent and divalent
respectively. The compound is a 3D ferrimagrietH4.1 K) and consistof

SMM Mn4 building units § =9) and paramagnetic bridges M(S =5/2).
Among the reported compounds, there ar@ny complexes, which have terminal
acetate or benzoates linkers and analogues of them.

Until now, there are two examples in thieeraturefor thesimultaneous use of 2
pyridinemethanol withdi-topic linkers leading toonedimensional polymers.

The first example was by S. Onaha, where they used a fluortetgzhthalate
linker for the formation of thgolymer chain and the formula of the ene
dimensional polymer was Mn§H4-2-CH>OH)(CeFsCO;)2. The second
examplewas reportedby S. Gaobeing a twodimensional complexvith the
formula Cw(pmok(CaH404)2-H20; it has been synthesizéy theemployment

of succinatén the reaction systenthis compound was magnetically studied and

it was found that there are ferromagnetic couples between the copper(Il)
cations?® The crystallographically establishewordination modes of Hhmpare

presented ifrigure 17.
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Figure 17. The literature reported coordination modes of Hhmp in its neutral or

anionic form(hmp). (8 % d¢% () % dd £2 ©) o ¢

Figure 18 Coordination compounds by the use diihmp. (a)
[Cu(CHsCHBIrCQy)2(2-pyme)] 5% (b) [Co"a(hmpl( €AC)( £OAC)(H20).]
55 (c) [MNn4Ln202(OH)(hmp)(EtCO)3(MeCN)(NOs)s(H20)] (Ln" = La, Nd)®5;
(d) [Mna(hmpk(OH)2Mn(dcn)]-2MeCN-2THF’.

Recently Tas i op ohbab enspldyedgminoalcphols for the template
synthesis of carboxylate MOFs by the use of trimesic acjdt¢iHand zZn(ll) for
the formation of siMOFswith novel topologies. This family of compounds was
called MOAAF (metal organic aminalcohol frameworkand the memérs of
this family are the: a) (MOAAR) (teoaH)[Zn(btc) 33 where teaoH = amino
alcohol triethanolamine, b) (MOAAR) (NH.Me2)2(hmpipH)[Zns(btc)] where
hmpipH = 2(hydroxymethyl)piperidine, C) (MOAAR)
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(NH2Mey)(tbdmaH)[Zns(btc)s] where tbdmaH= Nte#butyl-dimethylamine, d)
(MOAAF-4)  (NH:Mez)(bheph)[Zns(btc)s] where bhepkl = 1,4bis(2
hydroxyethyl}piperazine, e) (MOAAF) (NH2Me2)[Zna(btcls(mdeoa)] where
mdeoaH = N-methyldiethanolamine, and f) (MOAAE)
(NH2Mep)[Zna(btc)s(hem)] where hemH =4-(2-hydroxyethyl)morpholiné&®
Employing the singkerystatto-single (SCSC) transformation  of
[Eux(CIP)(DMF)2(H20),], UCY-8 MOF. They were ableto replace the
coordinated solvents(g. pyridine, 2hydroxymethylphenol) with terminally
ligated organidigands including Hhmp5® Aiming at the isolation ofmixed
ligand MOFs by thesimultaneousise of two different pyridinalcohol based
derivatives in presence of pyridiu35-dicarboxylic acid, theymanagedthe
synthesis and characterizationof two twodimensional MOFs
([Zn(PDC)(3Hhmp)j-nDMF-0.5nH0, [Co(PDC)(3Hhmp)n-0.25nDMF), one
zeradimensional binuclear complex ([Zn(PDC)(Hhmap)2DMF) and a one
dimensional polymer chain ([Cu(PDC)(3Hhmip)0.5nDMF-1.5nHO) by the
simultaneous use of Hdc and ahydroxymethylpyridine (3hmpH) or -2
hydroxymethylpyridine (Hhmp). Through this studlyis revealedthata small
change at thposition of theco-ligandd kydroxyl group influences and leads to
the stabilization of molecules with completely different dimensionadity
revealedn thecase of Zn(ll).

So far almost one hundred nighty eight compounds have balemittedat the
CCDC database by the use of-pygidinedimethanol (kbdm). Many scientific
groups have reported small and high nuclearity metal complEigsé¢ 20) by
the simultaneous use ofaptim and carboxylates. The use of benzoate and
Hopdm with  3d metal cations led to the formationof
[M"(Hzpdm)][M "(Ph(COO)] (where M' = Co, Mn, Zn; Ph(COOH) = benzoate
acid). All the compoundswere studied as heterogeneous catalysts for the

28



conversion of epxides to cyclic carbonates in a solvéme environment?
Another rare example is the stabilization of twectgstallized metal clusters, a
trimer and tetramer, {{&(O.CMek(pdmp(MeOH)][Cus(OCMe)x(Hpdmky|}
(ClO4)2:4MeOH, which is the outcome othe reaction between the
[Cux(O2CMel(H20)] with pdmH, in presence of LiClI®@in MeOH. The two
metal complexes are stabilized through a strong hydrogen bond (D---A = 2.632
A, D-H-A = 156.6°). The magnetic susceptibility at rooemperaturdés 1.67

cm® K mol, whichis lower than the expected value for seven uncoupled spins
(2.625 cmi K mol! with g = 2.0).More literature reported compounds

synthesized by the use of carboxylates apgtrh are summarized Table 1.7°

S = = = =

HO ‘ N/ OH | N/ OH | N/ I N/ OH l N/
| O~ | O~ | SO0 O | O l 0.,
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Figure 19. The literature reported coordination modes epdin. (a) 4 (b)
d: &4 ) tdd ‘B d) *dd *%¢@ *dd :d B, hdl ‘%4(@ -d d
() %dd %8 (@) dd H &%) % HEELK Sd 2FA(0) dd
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Table 1.Examples of metal complexes, which have been synthesized by the use

of Hopdm and carboxylates.

Metal

Cation Carboxylate Compound Ref.

Mn(ll) acetate [Mn4(OCMe)(Hpdm)s](ClO4)2 61

Mn(ll) propanate [Mng(O2CEtha(pdm)(Hpdm)(L)2] 62

Zn(Il) R=Ph or Bu [Zns(OH)2(O2CR)s(Hopdm)] 63

Zn(Il) acetate [Zna(Hpdm)]-(OCMe), 64
[Zn(Hzpdm)(OCMe)]

Ni(Il) acetate [Nia(Hpdmu(OCMe)] 65
o Y T X@“{ % [Nis(Hpdm)(OCR})]

Ni(Il) dnbz = 3,&dinitrobenzoato [Ni(H2pdm)](dnbz) 66

Co(ll) dnbz = 3,&dinitrobenzoato [Co(HzpdmY](dnbz) 67

il acetate [Ni(diethylenetriamine)(Hbdm))] 68,

(PR;)(OOCMe)(HO) or (CIQy), 69

Cu(l acetate [Cus(OLMe)(Hpdm)][Cus(OCMek(pdmy(MeOH)] 70

30



Figure 20. Schematicrepresentation of the crystal structure of representative
metal clusters by the use ofxpdm. (a) [Er(Hzpydm)](NOs)s > (b)
[MNn4(O2CMe)(Hpdm)][ClO 42 s, ()
[Ln”'4(N03)2(pdmH)s(pdeg)z](N03)4 (Lnlll - EU”I, Gd“, Tb”l, DyIII’ HO'”,
Er'', Yb") 77 (d) [FersOs(OH)s(pdmo(pdmH)(H20)4](ClO4)10 78.

6. MOFs as sensors

MetalOrganic Frameworks are suitable to be used as sensors, as some of them
exhibit eitherphotoluminescence or magnetic propertigth a few combining
both The encapsulation of guest molecules into their pores has the potential to
affect thephysical properties of the MOF, which is desirable for the development
of sensorsOverthe last decade, extensikxesearctas taken place for the use
of coordination polymers as photoluminescence sensors for different
environmental pollutants. Throughotte studies, it is proven that the metal
organic frameworks can encapsulated detectheavy metal cations, anions,

personal care, and pharmaceutical prod(fcts.
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An example of | uminescent MOF for sensing
synthesized a teinuclear Zn(ll) MOF (denoted as N1U1S) by the wuse of 4
(2,2-diphenylethend-1,diyl)benzoic acid. This compound was used for the

encapsulation and further study as a fluorescent sensor for a variety of volatile

organic molecules such as benzene, toluenglene, pxylene, and mesitylene.

Through fluorescence, they proved the encapsulation of the species intaethe por

of the MOF and atheguest molecules enhance the fluoresegtiney developed

a turnon fluorescent sensor for organic volatiles. Galgsbf the MOF NUSL

were soaked in various VOCs by following photoluminescence tests, and in the

majority of the cases, the color difference was obvious with a naked eye upon

illumination of the samples with ultaolet light. ThePL comparison of the

samples was with a loadedUS-1wi t h p m+ 486 nm),end (they ka
highlighted that the ns8&80hpn)gavdtiedadyesd wi t h Dbe
red shift (18nm) and=45nmrteedamgesobfueshite mesi ty
(28nm). Theyhighlightedthattheseshifts possibly occur due to the conformation

change of the dangling phenyl rings of the N8Ud s | i nker wupon expos
analytes.

Another example of a fluorescent senisdrased on a ZBMOF with a dinuclear

sbu synthesizedising terephthalic acid and a 2¢(4-piridyl)thiazolo[5,4

d]thiazole This Zn@MOFpresers photoluminescent propertidsie toits ligand

andwas used for the detection of mercurize MOF itself has a major adsorption

band at 240nm which gradually decreswith the addition of mercury and at

the end of the additigra new absorption peak appeared at 210rme. thiazole

ligand has functional groups, which are suitable for the coordinative

encapsulation of mercury. Once the mercury was adsorbed, the MOFeshang

color and the rapid encapsulation (less than 3 miofviouswith the naked eye.

The removal capacity of Hg(ll) was 1428 mg/g, which is the highest observed
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until now. Also, the same MOF is suitable for the removal of Pb(Il) with a
capacity of 434 mig.. They had also obtained competitive studies in presence of
other metal cations ions (Cp, Cu, Cd) in oxidation state and the MOF was
showing a preference to the mercéfty.

Fluorescence is not alwaysiitable for the detection @hny kind of chemical
conmpound, as not all of them are photoluminescence active. For this reason, other
supplementary techniques like EDX, SEM, XPS, ICP, stogystat
transformation, and magnetism have been usé@ao witness tohe selective
encapsulation of theéesiredspeces®! Magnetism is also powerful toolthat can

be used for the identification of the guest molecule and to identify the kind of
interactions between the host atie guestmolecule Each compound has a
magnetic fingerprint being either paramagnetic or ferromagnetidhe
encapsulation of a @st molecule alterthe fingerprint a representative such
examplewas reported b u z u dedupvenere they developed a namagnetic

MOF, the UiG66(Zr) which was loaded with the femagnetic MgFgOs
nanoparticles and they used it as a magnetic sérsewing adsorption of CO

The release of C{after adsorption was 100% under 42 mT magnetic freld.
Through the abovenentioned approach by Suzuki for the development of
magnetic MOFs as sensors, the material is losing part of its porosity, evien if it
effective. To retain the porosity of the materials and at the same time to present
magnetic properties, another approach has been proposed where it is based on
the predesign synthesis of theo this endfwo different synthetic approaches
have beennmposed 1) a metal complex whicpresentsnagnetic behavior will

react with pillars for the formation of the framewpsdnd 2) the mixedigand
approachin whichsmall rigid ligands are able to coordinate and stabilize many
metal cations will benixed with linkers suitable to form the network acting as

pillars 83
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7. Aim of the Research Project

Pyridyl-oximes and pyridyklcohols have been extensively studied in the field
of metal complexes as SMMs, stabilizing henamd heteremetallic metal
complexes with small or high nuclearifié€Figure 21). Taking into account this
knowledge,and aiming at the expansion of the family of MOFs that possess
interesting magnetic properties, we decided to introduce this family of 8gand
into the field of MOFs and explore their potential to lead to new such species. To
this end, 2pyridyl oximes and alcohols were combingith carboxylate linkers
(Figure 22) that have been extensively used infielel of MOFs,and favouthe
formation of novel mixedigand / multivariant MOFswith novel structural

features and properties

X X
L R »
N | R*™ N
N. OH
OH
R = -NH,, H,pyaox R =-H, Hhmp
-CH;, HmpKo -CH,OH, H,pdm

Figure 21. Representation of the oximes (left) and pyridaheohols (right).

HO._ _O
0 0
HO 0
}—@—{ HO OH
0 OH HO OH O 0
0 0o OH OH

H,bde Hj;btc Hypma

Figure 22. Representation of the carboxylates, which were usedtte

formation of MOFs. (left) benzerk4-dicarboxylic acid or terephthalic acid
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(H2bdc); (middle) benzeng,3,5tricarboxylic acid or trimesic acid @Htc) |,
(right) 1,2,4,5benzenetetracarboxylic acid or pyromellitic acidgia).

From the synthetic point of view for the development of a secondary building
unit, there are two different synthetic approaches: a) thelgsign of the
inorganic secondary building unit as a metal complex and its further reaction
with a polytopic linkerfor the formation of the network and b) the straight
forward reaction of the organic ligands with the metal siéisthis project, both
synthetic approaches were thoroughly investigated withtteofie been proven

the most fruitful.

@) (?
[ @ .. 1

oaT/em’ mol”'K

(b)

T/ em’ mol”K

) 100 150 200 250 300
T/'K

Figure 23.Representation of experimental strategy for magnetic sensing. (a) the
formation of the MOF and its magnetic studies and (b) the encapsulation of
compound/chemical species and the magnetic studies of the MOF with the

encapsulated compound.

For the determination of the crystal structures of the MOFs and the

characterization of their physical properties, a variety of techniques was used,
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including singlecrystal Xray crystallography, powder-Kay crystallography,
infrared spectroscopy, thermogravimetric analysad magnetism. ifgle-
crystal Xray crystallographywas usedfor the determination of therystal
structures of the synthesized compoundswdrer Xray crystallographywas
usedfor the comparison dhe powdemdiffraction spectraf the bulk compounds
with the known crystal structurand also fothe assessment tfe stability of

the MOF after exposure to different chemical environmentmfrared
spectroscopy and thermogravimetric analygseused for the charéerization

of the synthesized compoundglagnetism studies were carried owtr fthe
compounds thatear more than one metal ion in their SBThe capacity of the
stable MOFs to encapsulate environmentally hazardous species will be
investigated through liquid state UVspectrometry infrared spectroscopy,
powder Xray diffraction,and thermogravimetric analysidMagnetism studies
have alsdeenperformedto investgate the impact of the presence of the guest

molecule on the magnetic properties of pinistine MOFE
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Abstract

The initial study of the ligand blend pyridieamidoxime (pyaoxk)/1,4-
benzenedicarboxylic (#dc) or 1,3,8benzenetricarboxylic acid @Htc)
provided access to four 1D coordination polymers, [Zn(bdc)(pyadRMF)],
(1),{[Ni(bdc)(pyaoxHb)z2]-2DMF} n(2:2DMF),  [Mn(bdc)(pyaoxH).]-2DMF}n
(3-2DMF) and [Ni(Hbtc)(pyaoxk)2]n (5), and the discrete (OD) compound
[Ni(H 2btck(pyaoxH)2]-2H20 (4-2H20), whose further polymerization yielded

5. These compounds are the first metal coordination polymers bearing pyaoxH
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and rare examples of such species with any type qiyai@yl oxime.The crystal
structures of the compounds have been determined by single crysagl X
crystallography, whereas their identity, purity and stability were confirmed by
pxrd studies. Thermal stability studies were performeti &2DMF, 4-2H20

and5. The pheoluminescence properties bhave been studied and revealed a
maximum emission peak at 440 nm and a visible shoulder at 467 nm, assigned

to the pyaoxHand bdé ligands, respectively.

1. Introduction

The synthesis and characterization of metairdination polymers has attracted

a significant amount of increasing attention the last decades because of their
applications in gas storageatalysi$, sensing, drug delivery, etc. Such species

are comprised of linked repeating structural units fivah 1D chains, 2D nets

or 3D frameworks and often display interesting molecular topologies and
architectures. They also provide valuable opportunities for the discovery of
intriguing phenomena, including the interpenetration of netwptlke breathing
effect® and the single chain magnetism (SCM) behaviothe first two are
phenomena that are encountered in metghanic frameworks, one category of
coordination polymers, which are described as crystalline porous materials built
from inorganic structuralunits, connected through organic linkerghe
interpenetration refers to more than one polymeric networks catenated with each
otheP, and the breathing effect, also known as-gatening effect, is relevant to

the enlargement or shrinkageofth@ r e s 6 di amet er wupon the i n:¢
mol ecul e into t h 8othNtkeRonéna flominatective shapes
and/or sizes of the pores of the MOF and, as such, play a crucial role in the
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isolation of species suitable for gas adsorption and drugyesi applications.

On the other hand, SCMs are 1D polymeric chains that exhibit slow relaxation
of magnetisation stemming from strong intrachain exchange interactions
between high spin structural building units along the ¢h&@Ms are excellent
candichtes for applications in higtlensity information storage, molecular
spintronics and quantum computation, ®t€he structural features and physical
properties of the coordination polymers are mainly affected by the size and
coordination ability of the granic ligand and the nature of the metal ion; weaker
interactions (hydrogen bondingi = stacking, etc.) play also a crucial role as
they dictate the packing of polymeric chains, hence affecting the architecture of
the overall framework. There is a widenge of ligands that can bridge metal
ions, leading to the formation of a coordination polytigihese can be classified

as: (i) monoatomic anions, e.d>8r, 0>, &, etc, (i) small molecules (anionic

or neutral, inorganic or organic) witlignifycantpolymerization capability, i.e.,
SQ%, PO, acetate, formateCN, NCO, SCN, oxalate, tetracyanoethylene,
azides, pyrazinepentant arm polyols et&:!7'2 and (iii) N and Gdonor
polytopic ligands, which act as linkers, connecting metal ions or metal clusters.
The latter type of ligands, such as polycarboxylateslyimidazolates,
polypyridyls, etc., are rigid and have the ability to lead to robust

multidimensional systenf§1315
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. R =H; pacH
| R = Me; mpkoH 0 0
Z~~-R R = Ph; ppkoH
N C - ppxo
IQ] R = 2-pyridyl; (py)pkoH HO OH 0 OH
"OH R =CN; pckoH OH hs)

R = NH,; pyaoxH,

Scheme 1.The ligands discussed in this papepy2idyl oximes (left), 1,4
benzenedicarboxylic acid gbidc, middle) and 1,3;benzenetricarboxylic acid
(Habtc, right).

The intense research efforts of several research groups around the world have
resulted in an enormous library of coordination polymers. Nevertheless, the
isolation of new such species remains a hot research field not only for bringing
them closer to thetechnological applications, but also for the discovery of new
phenomena, as described above. A key factor towards this direction is the
development of new synthetic strategies with the investigation of new reaction
systems and unexplored ligands often feanpromising route. One family of
ligands that have been extensively employed in coordination chemistry are the
oximes; oximates have the ability to bridge a large number of metal ions
favouring also ferromagnetic interactions between the paramagnetal met
centres®. One broad family of oximic ligands are th@gridyl oximes Gcheme
DIt is noteworthy that, although such
several areas of singtaolecule and singtehain magnetisfi, they have not
beensystematically investigated in the field of coordination polymers. Note that
the enormous work of Prof. Perlepes, to whom this paper is dedicated, has
significantly contributed to the development of the coordinatioemistry of 2

pyridyl oximes!” Among tese ligands, pyridin2-amidoxime (pyaoxk) has

received substantially less attention in comparison with the other members of this
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family. Recently we employed pyaoxHor the synthesis of polynuclear 'Ni
clusters with interesting magnetic properfi¢gExpandingthis work, we then
studied the ligand blend pyaoxH,4-benzenedicarboxyli¢H-bdc) or 1,3,5
benzenetricarboxylic acid @Htc) as a means to isolate coordination polymers
bearing pyaoxH or its anions4!°> The presence of the amino functionalisy
expected to improve the hoguest interactions of the resulting polymers due to
its coordination capability, potential for deprotonation and hydrogen bonding
effects, hence the isolation of such species is strongly desirable. Herein, we
describe the ygthesis and characterization of the first metal coordination
polymers containing pyaoxtor its anions, namely [Zn(bdc)(pyaoXDMF)]n

(2), {[Ni(bdc)(pyaoxtb)z2]-2DMF} s (2:2DMF), {{Mn(bdc)(pyaoxH)2]-2DMF}
(3:2DMF) and {[Ni(Hbtc)(pyaoxH)2}n (5). The discrete (OD) compound
[Ni(H 2btck(pyaoxhb)2]-2H20 (4-2H20) has been also isolated, which was then
polymerized leading tdb. The crystal structures and physical properties
(photoluminescence properties fdr, thermal stability studies) of these

compounds i@ discussed below.

2. Experimental

2.1. General and physical measurements

All manipulations were performed under aerobic conditioagig materials
(reagent grade) and solvents as received. pyaodd prepared as described
elsewheré® WARNING: Perchloratesalts are potentially explosive; such
compounds should be used in small quantities, and treated with utmost care at all

times.
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Elemental analyses (C, H, N) were performed by thieoinse facilities of the
National University of Irelad Galway, School of Chemistry. IR spectra (4000

400 cm') were recorded on a Perkifimer Spectrum 400 FIR spectrometer.
Powder Xray diffraction data (pxrd) were collected using an Inex Equinox 6000
diffractometer. The photoluminescence spectrurh wis acquired at ambient
temperature on a Perkin Elmer LS 55 fluorimeter equipped with a red sensitive
Hamamatsu R928 photomultiplier tube. The spectrum was corrected using the
correction function provided in the
were peformed on a STA625 thermal analyzer from Rheome®agentific
(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and
all runs were carried out between 20 and 600 °C. The measurements were made
in open aluminum crucibles, nitrogemas purged in ambient mode, and

calibration was performed using an indium standard.

2.2. Compounds preparation

2.2.1. [Zn(bdc)(pyaoKDMF)]} (1)

Zn(ClOq)2:6H20 (0.037 g, 0.10 mmol) and pyaoxH2 (0.027 g, 0.20 mmol) were
added to a viatontaining Hbdc (0.017 g, 0.20 mmol) in DMF (5 ml). The re
sultant solution was put in the oven and heated at 100 °C for 24 h, after which
X-ray quality colorless crystals @&fwere formed. The crystals were collected by
filtration, washed with cold MeCNR ml) and E4O (2 x 5 ml), and dried iair.

Yield 35%. Anal. Calc. fol-2H.O: C, 42.92; H, 4.66; N, 11.78 Found: C, 43.05;

H, 4.95; N, 12.01%. IR data:(cm?) = 1649m, 1567m, 1502m, 436w, 1369s,
1255w, 1103m, 1064w, 1034w, 1018m, 887w, 842m, 7453n665
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2.2.2. {[Ni(bdc)(pyaoxk)2]-2DMF}, (2:2DMF)

Ni(NO3)2:6H-0 (0.058 g, 0.20 mmol), pyaoxHK0.027 g, 0.20 mmol) and &t

(56¢l, 0.40 mmol) were added to a vial containingpéic (0.017 g, 0.10 mmol)

in DMF (10 ml). The brown solution was put in the oven and heated .00

for 24 h, after which Xay quality blue needles &2DMF were formed. The
crystals were collected by filtration, washed with cold MeCN (2 ml) apd &

x 5 ml) and dried in air; yield 40%. Anal. Calc. @2DMF: C, 48.54; H, 5.01;

N, 17.42 Found: C, 48.63; H, 4.96 N, 17.87%. IR datam) = 3610w, 3356w,
3319w, 3069w, 1654m, 1572m, 1499m, 1372s, 1304w, 1263w, 1130m, 1016m,
812s, 789m, 749€92w, 659w.

2.2.3. {[Mn(bdc)(pyaoxk)z] -2DMF}n (3:2DMF)

This complex was prepared in the same manner as coi4@BMF but using
Mn(NO3)2-6H20 (0.025 g, 0.10 mmol) instead Ni(NOs)2-6H.0. Small poly

hedral crystals were formed and colledwgdiltration, washed with colleCN
(2 ml) and E4O (2x 5 ml) and dried in air; yield 63%. Anal. Calc. 18:22DMF:

C,44.73; HA.62; N, 16.05 Found: C, 44.50; H, 4.84; N, 16.39%. IR detamn

1y = 3610w, 3384w, 3315w, 3066w, 1650m, 1594m, 1492186%, 1304w,
1260w, 1130m, 1016m, 803s, 792m, 749s, 690m, 659w.

2.2.4. [Ni(Hbtck(pyaoxh)2]-2H20 (4-2H0)

Ni(ClO4)2-6H20 (0.037 g, 0.10 mmol) and pyaoxt0.027 g, 0.20 mmol) were
added to a vial containingsbitc (0.021 g, 0.10 mmol) in4® (10 ml). The pale
pink solution was put in the oven (100 °C) and heated for 24 h, after which X
ray quality greenish crystals 4f2H,O were formed. The crystals wer@lected

by filtration, washed with cold MeCN (2 ml) anc@t(2x 5 ml) and dried in air;
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yield 60%. Anal. Calc. fod-2H.O: C, 45.77; H, 3.58; N, 10.67 Found: C, 44.52;
H, 3.86; N, 11.09%. IR data: m (chh= 3414w, 3314w, 1726w, 1697m, 1670m,
1600s, 1572w, 1543s, 1499w, 1438w, 1408w, 1368s, 1327w, 1281w, 1247w,
1255w, 1176m, 1153w, 1097m, 1026m, 921w, 845w, 789m, 745s, 692m, 662m.

2.2.5. {[Ni(Hbtc)(pyaoxt)2}n (5)

Method A Ni(ClO4)2-6H20 (0.073 g, 0.20 mmol), pyaoxkD.027g, 0.20 mmol)

and GH3ONa (0.011, 0.2 mmol) were added to a vial containisigf¢i(0.021 g,
0.10 mmol) in HO (15 ml). The cloudy browgellow solution was put in the
oven (100 °C) and heated for 24 h, after whicha}{ quality blue crystals &

were formed. The crystals wecollected by filtration, washed with cold MeCN

(2 ml) and E£O (2 x 5 ml) and dried in air; yield 75%. Anal. Calc.%oC, 46.61,;

H, 3.35; N, 15.53 Found: C, 46.80; H, 3.28; N, 15.11%. IR datam?) =
3469w, 3349w, 3305w, 3182w, 2565w, 1721682m, 1606s, 1530m, 1430w,
1408w, 1363s, 1303w, 1408w, 1227m, 1166m, 1110w, 1098m, 1025s, 1014m,

937w, 896w, 875m, 812w, 788s, 757m, 747m, 714s, 688w, 664m.

Method B 4 (0.08 g, 0.1 mmol) was added in a vial containing a solution of
CHsONa 0.016 g, 0.3 mat) in DMF (10 ml). The solution was heated at 100 °C
for one day, after which crystals®fvere formed, collected by filtration, washed
with MeCN (2 x 5mL), and dried under vacuum. Yield: 20%. The product was

identifiedas5 by IR spectral comparison witauthentic material.

2.2.6. Singlecrystal Xray crystallography
Single crystal diffraction data df 2-2DMF, 4-2H>0, and5 werecollected using
an Oxford Diffraction Xcalibur CCD diffractometerusing graphite

monochromated Mo Ka radiation (k = 0.71073 A) at room temperature. The
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structures were solved using SHELXT embedded in the OSCAIL softwaie
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were in
calculated positins. Graphics were produced with DIAMOND An initial
search for reciprocal space revealed monoclinic cell 3&DMF with
dimensions identical with the correspondinge2DMF; however, the crystals
were small and diffracted poorly, and despite our effartgrow bigger crystals,

full solution of their crystal structures was not feasible.

Crystallographic data can be foundTiable 1 CIF files can be obtained free of
charge atvwwCCDC.CAM.AC.UK/CONTSRETRIEVINGHTML or from the Cambridge
Crystallographic Data Centre, Cambridge, UK with the REF codes 1882944
1832947 forl, 2:2DMF, 4-2H,0, and5, respectively.

Table 1 Crystallographic data for complex&s2A 2 D MRH-0, and5.

Complex 1 2A 2 DMF 4.2H,0 5
Empirical formula  Ci17H18N4OsZn C26H32NsNiOsg CsoH24NeNiO1s  C21H18NeNiOsg
Formula weight 439.72 643.30 783.26 541.12
Crystal system Triclinic Monoclinic Monoclinic Orthorhombic
Space group P-1 P2i/c P2i/n P21212;
a(A) 8.4118(6) 16.9280(5) 16.0203(6) 8.9093(2)
b (A) 9.2489(6) 9.8151(3) 26.0789(8) 14.4089(3)
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3. Results and discussion

3.1. Synthesis

Our group has bednvestigating the use of pyridifeamidoxime, pyaoxk] in

Ni" cluster chemistry as a method for the isolation of new metal clusters with
interesting structural features and magnetic properties. These studies led to the
isolation of two ferromagnetic migle-decker Nfi> and Ni'is clusters
consisting of parallel Milayers'® These promising results prompted us to further
explore the coordination chemistry of this ligand with other 3d metal ions and
also employ polycarboxylic acids, such as ib€nzendicarboxylic (Hbdc) or
1,3,5benzenetricarboxylic acid @dtc) as a means to isolate coordination
polymers; it is noteworthy that such carboxylates have not been previously
investigated in combination with any type of @yidyl oxime, whereas they
havebeen a fruitful source of coordination polymé&t$°As such, it was enatter

of interest to study the ligand blend pyaeitbbdc or Hbtc in 3d metal
chemistry; thus, a variety of experiments were performed towards this direction,

studying how the different synthetic parameters (presence/absence or kind of
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base, metal ratio of the reactants, metal source$,aétect the identity of ta

isolated product.

The reaction mixture of Zn(Cl-6H-0O/pyaoxH/Hzbdc (1:2:1) in DMF gave a
colorless solution from which crystals of [Zn(bdc)(pyaeXBMF)]» (1) were
subsequently isolated. The stoichiometric equation of the reaction that lead to the

formation ofl is presented in Eql).

c1#1/1 a1 DPUAIT @( AAAS - &u
- TAADUAT &(- & ¢ c#l l (/1 p

In order to favour the deprotonation of the pyapkbland in1, we added base

into the reaction mixture; many experiments were performed using different
bases and reaction conditions, and in all cases we isolated a polycrystalline
material that could not be further characterized. By following a similar synthetic
procedure in Ni and Mrd' chemistry, we were able to isolate two new-1D
coordination polymers, namely {{[M(bdc)(pyaoxkl-2DMF}, (M = Ni, 2; Mn,

3). The formation o and3 is summarized in the stoichiometric EB). (

- .l Al c¢cbPUAI g( AAA
- AABDUAT @( ¢( «¢. 1 @1 ¢
- . En ih
As a next step, we employed H3btc in thé/pyaoxH and in the absence of

base we were able to isolate the mononuclear compound

[Ni(H 2btck(pyaoxH)2]-2H20 (4-2H20), whereas in the presence of excess of
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CHsONa, we isolated and characterized the new 1D polymer
[Ni(Hbtc)(pyaoxH)2]n (5). It is noteworthy thab can be also formed by the
reaction of4-2H,O and CHONa in a 1:3 M ratio in DMF. The stoichiometric
equations of the reactions that lead to the syrglw#gl and5 are shown in the

Egs. @) and ).

Bt/ o/ ¢cPUAI @¢c( AOA
. H AOAPUAT @( ¢( ¢#l/ o(/ o

B 11 a1 ¢cPUAI @¢c( AOA
HAOBDUAT @( c( ¢#l 1 o( /1 T

3.2. Description of structures

Representations of the molecular structures and supramolecular netwarks of
2:-DMF, 4-2H20 andb are shown irFigures 1i 4. Selected interatomic distances

and angles are listed irables 2 5.

Compoundl crystallizes in the triclinic space grouplPIts that one of the free

O atoms (02) of the bddigand is in close proximity to the metal ion (Z1©12

= 2.59(2) A); althoughhis is beyond the bonding distance range, the formation
of a pseuddond could be considered. This is not the case for the second

uncoordinated O atom (04) in Bdtigand, whose distance from the metal ion is
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3.48(2) A. Zn1 is Eoordinate adopting a tagonal pyramidal geometry (s =
0.3) with the O3, N1, O1, N2 atoms occupying the basal plane vertices and the
06 atom the apical positich

The wavyshaped chains ifh are lying on parallel planes, which are vertical to
the a axis. The distance betweem tn atoms of neighboring chains and of the
same wave phase is 8.4 A. The shortest Zn---Zn distance is 7.6 A, being among
two Zn atoms of neighboring chains and of an opposite wave phase. It is
noteworthy that the shortest interchain metal---metal dissaf@cé A and 7.5 A)

are shorter than the intrachain ones (10.9 A and 11.2 A). The packing of the 1D
chains lead to the formation of a 2D network (Fig. S1 in the Supplementary
Material). Intrachain hydrogen bonds stabilize the crystal structdreluése are
formed betweenhie oximic group (O5), which is the donor, and the carboxylic
group of the bk ion (O4), which acts as the acceptor (O5---04 = 2.58(2) A,
H1(05)---04 = 1.884(2) A, OBI1(05)---04 = 169.89(8)°). Furthermore,
interchain hydrogen bonds are formed betweephtl{@ amino N atom of the
pyaoxh ligand (N3) and the O atom belonging to a DMF molecule (O6) from a
neighbouring chain (N3---06 = 3.14(2) A, H1(N3)---06 = 2.461(2) A- N3
H1(N3)---O6 = 139.8°), and (2) the N3 atom and the carboxylate O atom (02)
from a diferent neighbouring chain, (N3---02 = 3.14(2) A, H2(N3)2 = 2.359

(2) A, N3-H2(N3)---02 = 157.4), stabilizing the supramolecular networklin
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Ay
Figure 1. Representations of the repeating unit (top) and a part of the 1D chain
of 1 (bottom). Colour code: Znorange; N, blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

Table 2 Selected interatomic distances (A) and andglefof 1.

Bonds

Zn1l-03 2.0229 Zn1l-01 2.0280(16)
Zn1-N2 2.0528(19) Zn1-06 2.0989(17)
Zn1-N1 2.1944(18)

Angles

03-Zn1-01 90.06(7) 03-Zn1-N2 99.18(7)




01-Zn1-N2 153.24(8) 03Zn1-06 94.34(7)

N2-Zn1-06 107.48(7) 03Zn1-N1 171.75(8)
01-Zn1-N1 92.96(7) N2-Zn1-N1 75.09(7)
06-Zn1-N1 92.11(7)

2:2DMF crystallizes in the monoclinic space groua/@. Its structure consists

of [Ni(bdc)(pyaoxh)2] repeating units, which result in the formation of a 1D
chain, and DMF solvate molecules. Tbeordination sphere of the metal is
compl et ed by -bidentatenckelating pyhoxHigantiséand two
carboxylates. Nil is six coordinated with an octahedral coordination geometry.
The coordination environment around thé"Nn can be symbolizeais{ N4O},
consisting of four N atoms coming from two different pyaekblands and two

O atoms from two different carboxylates. The two O atoms, as well as the two
pyridyl N atoms are displayed in a cis arrangement, while the two imine N atoms
are placedn trans positions. The amino N and the oximic O atoms of each
pyaoxh ligand remain uncoordinated. The dicarboxylic ligand links two
neighboring Ni* ions adopting a syn, sym*:d*: & bridging fashion.1 and
2-:2DMF possess similar structural featureghviheir main difference being the
replacement of the coordinated DMF moleculeliby a chelating pyaoxH
ligand in2-2DMF. This also results in the increase of the coordination number
(cn) of the metal ion by ond,(cn = 5;2, cn = 6). The chains i8-2DMF are
arranged in a parallel fashion along c axis, stabilized by two different
intramolecular hydrogen bonding interactions: (1) The oximic group (02, donor)
of one of the pyaoxkligands is strongly hydrogen bonded to onet@ra(O4,

69



acceptor) from the bddigand (02---04 = 2.619(2) A, H2(02)---04 = 1.802(2)

A, 02-H2(02)---04 = 174.87(7)°), and (2) N5 of the Ngtoup of one of the
pyaoxh ligands acts as the donor atom forming a hydrogen bond with the O8
atom of a lattice MF molecule (N5---08 = 2.926(2) A, HL(N5)- --O8 = 2.139(2)

A, N5-H1(N5)---0O8 = 173.42(7)°). Similar tb, the packing of the 1D chains in
2:2DMF lead to the formation of a 2D netwofki@ure S2in the Supplementary
Material); in this case, all the metabais are located in the same plane with the
shortest interchain metaimetal distance being 8.9 A.

Figure 2. Representations of the repeating unit (top) and a part of the 1D chain
of 2 (bottom). Colour code: Nj green; N, blue; O, red; C, grey. The hydrogen

atoms and solvent molecules are omitted for clarity.
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Table 3Selected interatomic distances (A) and asd) for 2.2

Bonds

Ni1-O3

Ni1-O66

Nil-N4

Angles

O3-Nil-N6

N6-Ni1-O66

N6-Ni1-N3

O3-Nil-N4

O6GNi1l-N4

O3-Nil-N1

O66Ni1-N1

N4-Ni1-N1

2.0332(13)

2.0432(13)

2.0962(16)

101.72(6)

87.55(6)

166.91(7)

176.10(6)

85.92(6)

89.24(6)

179.03(6)

94.57(7)

Nil-N6

Nil-N3

Nil-N1

O3-Ni1-060

B 3Nil1-N3

O63Ni1-N3

N6-Nil-N4

N3-Nil-N4

N6-Ni1-N1

N3-Nil-N1

2.0380(16)

2.0492(16)

2.1084(16)

90.28(6)

87.30(6)

102.02(6)

77.25(6)

94.36(6)

93.37(7)

77.11(6)

aSymmetry=x

oy Btz ( Nj)
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4.2H,0 crystallizes in the monoclinic space gro@y/Rand its structure consists

of two crystallographically independent mononuclear complexes with the
formula [Ni(Hzbtc)(pyaoxH)z] and two lattice HO molecules. Each Niatom

is linked to two neutral N,8lbidentate chelating pyaoxtnd two monodentate
Hobtc ions. The metal atom is six coordinated displaying an octahedral
coordination geometry. The coordination spherd obnsists of four N donor
atoms coming from twoifferent chelating pyaoxtligands and two carboxylic

O atoms belonging to two different tricarboxylic ligands. The two pyridyl N as
well as the two O atoms adopt a cis arrangement, while the two imine N atoms

of the oximic group are located on trans posi.

There is an amount of intramolecular and intermolecular hydrogen bonding that
stabilize the crystal structure 42H,0, involving the neutral carboxylic groups
(011 and 0O19) of the 4dtc ions, the free NkEgroups (N3 and N12) of the
pyaoxh ligands and the O atoms of the oximic groups (02, 015, O14a)

as donors, and O atoms (028, 08, 05, 025, 04, 024, O10&8dcoming

from different Hbtc ions as acceptors. The metric parameters of the
crystallogrghically established, independent hydrogen bonds are listed in Table

S1 in the Supplementary Material.

72



Figure 3. Representation of the molecular structured&@H20. Colour code:
Ni'', green; N, blue; O, red; C, grey. The hydrogen atomsalvdte molecules

are omitted for clarity.

Table 4 Selected interatomic distances (A) and andlefo( 4-2H-0.

Bonds
Ni2-N11 2.051(2) Ni2-N8 2.055(3)
Ni2-017 2.064(2) Ni2-N10 2.068(3)
Ni2-N7 2.069(3) Ni2-023 2.100(2)
Ni1-N2 2.044(3) Ni1-N5 2.045(3)
Nil-N4 2.068(3) Ni1-03 2.073(2)
Ni1-N1 2.078(3) Ni1-09 2.100(2)

Angles
N11-Ni2-N8 173.69(12) N11-Ni2-017 98.45(9)
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N8-Ni2-017 85.44(10) N11-Ni2-N10 77.69(10)
N8-Ni2-N10 98.52(11) 017-Ni2-N10 175.95(10)
N11-Ni2-N7 97.39(11) N8-Ni2-N7 77.84(10)
O17-Ni2-N7 86.17(10) N10-Ni2-023 87.25(10)
N7-Ni2-023 175.30(9) N2-Ni1-N5 173.76(12)
N2-Ni1-N4 98.41(11) N5-Ni1-N4 77.74(10)
N2-Ni1-03 85.97(10) N5-Ni1-O3 97.98(10)
N4-Ni1-03 175.53(10) N2-Ni1-N1 77.57(10)
N5-Ni1-N1 97.78(11) N4-Ni1-N1 95.33(11)
O3-Ni1-N1 86.44(10) N2-Ni1-09 98.35(9)
N5-Ni1-09 86.42(10) N4-Ni1-09 87.07(10)
O3-Ni1-09 91.44(9) N1-Ni1-09 175.51(10)
N1-Ni1-09 175.51(10)

5 crystallizes in the orthorhombic space grodp22;. Its structure consists of
[Ni(Hbtc)(pyaoxhb)2] repeating units, which result in the formation of a 1D
chain. The coordination sphere of the metal ion is completed by two ngytrél 6

bidentate chelating pyaoxtgands and two carboxylates. The repeating unit in
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5is similar to the discrete compoudd®H.O with the only difference being that
the carboxylate ion i® is doubly deprotonated, instead of singly deprotonated
in 4-2H20, linking the neighboring units. Ni is six coordinated with an octahedral
coordination geometry. The coordination spherghef metal ion in5 can be
symbolized as {MO.}; the arrangement of the donor atoms is similar to that in
2. The tricarboxylic ligand links two Ki ions, adopting a syn, ardt: d’: €
bridging fashion. The two coordinated carboxylic groups are locatedeta
positions, while the third carboxylic group, which is protonated, remains

uncoordinated.

There are strong intramolecular and intermolecular hydrogen bonding
interactions irb with the former including neutral and deprotonated O atoms (O8
and O5) of tw different Hbté ions, that act as donors and acceptors,
respectively. The intermolecular hydrogen bonds are formed between oximic
(02) and free NKH (N2) groups of the pyaoxHigand and the O atom (04,
acceptor) of a Hbfcion from a neighboring chain. The metric paréeng of the
hydrogen bonds are listed ifable S2in the Supplementary Material. The
supramolecular 2D network Bis similar to that ir2-2DMF (Figure S1J).
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Figure 4. Representations of the repeating unit (top) and a part of the 1D chain
of 5 (bottom). Colour code: Nj green; N, blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

Table 5Selected interatomic distances (A) and andlefof 5.

Bonds

Ni1-N6 2.039(3) Ni1-O3 2.042(2)
Ni1-N3 2.055(3) Ni1-N4 2.088(3)
Ni1-O6 2.096(2) Ni1-N1 2.128(3)
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Angles

N6-Ni1-O3 94.88(10) N6-Ni1-N3 166.70(11)
O3Ni1-N3 90.63(11) N6-Ni1-N4 77.48(12)
O3-Ni1-N4 172.28(12) N3-Ni1-N4 97.07(13)
N6-Ni1-06 89.56(10) O3-Ni1-06 87.17(9)
N3-Ni1-06 102.81(10) N4-Ni1-O6 91.57(9)
N6-Ni1-N1 89.49(10) N3-Ni1-N1 76.46(11)
N3-Ni1-N1 76.46(11) N4-Ni1-N1 91.84(10)
06-Ni1-N1 176.57(10)

Compounddi 3and5 are the first metal coordination polymers bearing pyaoxH
and rare examples of such species with any type-giaidlyl oxime in general®

The identity, purity and stability of these compounds has been also studied by
pxrd studiesKigures S3 S6in theSupplementary Material).

3.3. Photoluminescence studies

The solid state emission spectralofvas recorded at room temperature. Upon
excitation at 325 nn, shows a maximum emission peak at 440 nm and a visible
shoulder at 467 nmF{gure 5), which can be assigned to the coordinated
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pyaoxH and bdé ligands, respectivel{?*2> Note that the free #dc and
pyaoxh ligands are nofuminescentThe origin of the photoluminescencelof

is likely coming from an intrdigand "7 *Uor n-" ttransition40-25

The photoluminescence propertied.afre in good agreemewith the literature.

In particular, twomononuclear Zff complexeshave been reported bearing a
chelate pyaoxklligand and two terminatarboxylates (acetate and benzoate);
these compounds have been found to exhibit photoluminescence at 406 nm upon
excitation at 345 ni® The peak at 440 nm ihis redshifted compared to that

of the mononuclear complexes, which could be attributed to the more rigid
coordination environment of the metal in the polymeric chain. Furthermore, a
three dimensional ZA coordination polymer, containing the Bddigand

displays emission at 452 nm upon excitation at 3334im

————— Excitation
— Emission

Normalized Intensity (a.u)

T T T T T T 1
300 400 500 600
Wavelength / nm

Figure 5. Excitation¢--) and PL emi ssilon (é) spectrum o
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3.4. Thermal stability studies

The thermal stability properties bf 2-2DMF, 4-2H,0, and5 have been studied
by using thehermogravimetric analysis (TGAgchnique in temperature range
20i 600°C and heating rate 1€ min®. The TGA curves for these compounds
are shown in th&upplementary MateriaF{gures S7 S10.

The TGA plot forl shows a gradual weight loss of 19.6%nfra0 °C to 355°C,
which corresponds to the loss of twe@Hmoleculesand the terminally ligated
DMF molecule; the former cape assigned to solvate molecules that have not
been crystallographicallpcated, or humidity. The following weigbecreasef
53% (between 355C and 522°C) is associated with the loss @fie bdé and

one pyaoxH ligands, leading to the full deterioratiohthe polymeric chain. In
the case oR, a plateau is observed the temperature range 2Q to 157°C,
followed by a weight lossf 16% up to 229C, which corresponds to the removal
of the twoDMF lattice molecules. A second mass loss of 68% (Z9&82°C)
reveals the thermal decomposition of the polymer; this correspoias loss of

the two bdé and two pyoxH: ligands.

The latter occurs in two steps as revealed by the two diffslepés in Fig. S8.
The first one lies in the range of 29C to 340°C and corresponds to a mass
decrease of 30%, indicative of trmmoval of the chelating pyaoxtgand; the
second step is associatetith the decomposition of the 1D chain (mass loss:
38%). 5 displays a thermal stability from 2T to 341°C followed by the
decomposition of the compound. The absence of the lattice sahadetules in
5is in agreeent with the elemental analysis and tmgstal structure of the

compound.

0D compoundt loses two HO lattice molecules between 1adad 171°C (mass
loss: 4.4%). Then, there is a plateau from 1Z1to 281 °C followed by the

79



destruction of the complex ap theremoval of the organic ligands. The
temperature range from 12C to 171°C, in which the removal of the two.8
moleculesoccurs, is an indication of the strong hydrogen bonding interactions
between the FD molecules and the polymeric chainglirit is noteworthy that

the mononuclear complekis the least thermally stable compared to the one
dimensional coordination polymefs 2-2DMF, and5; this is a proof of the
enhanced stability and rigidity an infinite polymeric chain or network can
provide

4. Conclusions

The study of the ligand blend pyaoxH:bdc or Hbtc has afforded the
mononuclear compound [NigHtcy(pyaoxH)2]-2H20 (4-2H-0), as well as four

1D coordination polymers [Zn(bdc)(pyaoXDMF)]n (2),
{[Ni(bdc)(pyaoxHy)2]-2DMF}»  (2:2DMF), [Mn(bdc)(pyaoxH)2]-2DMF},
(3:2DMF) and {[Ni(Hbtc)(pyaoxH)2}n (5). The coordination chemistry of 2
pyridyl oximes with polycarboxylic acids is rather unexplored and, as such the
reported compounds are unusuamyples of metal coordination polymers with
any type of this family of oximic ligands and the first examples of such species
with pyaoxH or its aniong® The polymerization of4-2H,O has been also
achieved through its reaction with an excess of base, whiciided access &

The repeating units ifir 3 and5 are held together through bridging carboxylates
(bd& in 1, 2-:2DMF and3-2DMF; Hbtc¢ in 5), whereas the pyaoxHigand is
neutral adopting a N,N&bidentate chelating mode in all cases.
Thermogravimetric and pxrd studiesnfirmed the stability and purity of the
compounds. Photoluminescence studies were performg&dwhich showed a
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maximum emission peak at 440 nm and a visible shoulder at 467 nm, assigned
to the pyaoxHand bdé ligands, respectively**25The isolation of compounds

1i5 demonstrates the potential of the essentially unexplored coordination
chemistry of the yridyl oximes in combination with polycarboxylic acids to
become a fruitful source of new coordination polymers. Further studies towards
the synthesis of coordinatigpolymers with higher dimensionality (2D, 3D) are

currently in progress and wile reported in due course.
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Appendix A. Supplementary data

CCDC 18329411832947 contains the supplementary crystallographic data for
1, 2.2DMF, 4-2H20, and5, respectively. These data can be obtained free of
charge viaHTTP.//WWWCCDC.CAM.AC.UK/CONTSRETRIEVINGHTML, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44)1223336:033; or email: DEPOSIT@CCDC.CAM.AC.UK.
Supplementary data associated with thigclar can be found, in the online
version, aHTTPS//DOI.ORG10.10164.POLY.2018.05.027
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Supplementary Material

Table S1.Metric parameters of the hydrogen bonding interactiods2hl,O.

D-H---A D--ARA  H-A@R) DHLLLA
N12-H2(NA)---025 3.036 2.261 158.80
01-H1(01)---010 2.604 1.790 171.49
02-H1(02)---04 2.595 1.782 170.90
015H15 024 2.601 1.785 172.86
016-H16(A) 018 2.593 1.780 171.79
011-H11(0) 028 2.621 1.825 163.19
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019H19 O8 2.624 1.841 159.64

Table S2.Metric parameters of the hydrogen bonding interactios in

D-H---A D---A (A) H---A (A) D-HLLL A
02-H1(02)---04 2.622 1.751 170.93
N2-H2(N2)---04 2.896 2.040 170.42
08-H1(08)---05 2.634 1.865 155.62

Figure S1.Representation of the two dimensional network.in
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Figure S2.Different views of the 2D network in2DMF.

MWMMWMvMW

30 40 50
25(9)

JMWWM
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2.2 Brief description of the paper
In this article are representéite synthetic approach of using 1D coordination
polymer for the formation of MOFs, the synthesis of novel MOFs and the use of

a Cu4MOF as a magnetic sensor for the selective encapsulation of Fe(lll).
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Abstract

The synthesis and characterization of coordination polymers and orgtatic
frameworks (MOFs) has attracted a significant interest over the last decades due
to theirfascinating physical properties, as well as their use in a wide range of
technological, environmental, and biomedical applications. The initial use of 2
pyridyl oximic ligands such as pyridisfzamidoxime (pyaox2) and 2methyl
pyridyl ketoxime (mpkél) in combination with 1,2,4 henzene tetracarboxylic
acid (pyromellitic acid), lpma, provided access to nine new compounds whose
structures and properties are discussed in detail. Among them,
[Zn2(pma)(pyaok2)2(H20)2]n (3) and [Cu(OH)(pma)(mpkoy]. (9) are the first
MOFs based on a-pyridyl oxime with 9 possessing a novel 3,4,58net
topology. [Zr(pma)(pyaok2)z2]n (2), [Cu(pma)(pyaok2)2(DMF)2]. (6), and
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[Cuz(pma)(mpkdd)2(DMF)2]n (8) join a small family of coordination polymers
containing an oximic ligand® exhibits selectivity for F& ions adsorption, as

was demonstrated by a variety of techniques includingvidy EDX, and
magnetism. DC magnetic susceptibility studieDireveded the presence of
strong antiferromagnetic interactions between the metal centers, which lead to a
diamagnetic ground state; it was also found that the magnetic propefiaseof
affected by the amount of the encapsulatet! iBas, which is a very daable
property for the development of magnetibased sensors.

Keywords: coordination polymers; meiarganic frameworks (MOFs);
carboxylates; pyridyl oximes; mixddyand; detection; encapsulation; iron(lll);

magnetism

1. Introduction

Thesynthesis and characterization of metal coordination polymers has attracted
an intense research interest over the recent years due to their applications in a
variety of fields, including catalysis, drug delivery sensingl'étéfhe structure

of such spdes is based on mononuclear or low nuclearity inorganic units that
are held together through organic ligands forming multidimensional networks
whose properties are strongdjfectedby the nature of the metal ions and the
organic linkers. For example, 1@ardination polymers of paramagnetic metal
ions can display single chain magnetism (SCM) behavior, i.e., they can exhibit
slow relaxation of magnetization stemming from strong intrachain exchange
interactions between high spin structural building units)glthe chair¥'14
SCMs are excellent candidates for applications in -dighsity information
storage, molecular spintronics, quantum computation,'®@tc. As the

dimensionality of the network increases, the induced porosity can be combined
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with magnetisnand/or another physical property (e.g., photoluminescence, etc.),
leading to the development of hybrid multifunctional materials. The synergistic
effectbetween two different properties often enhances the performance of such
species in a variety of sigirehnt applications including sensing, catalysis, drug

delivery, spintronics, photonics, and others.

One growing family of multifunctional materials is the one of mi@taanic
frameworks (MOFsY?24 MOFs are crystalline porous materials built from
inorganic secondary building units (SBUs) that are connected through polytopic
organic linkers. They display a range of appealing structural features such as
large surface area, high porosity, flexible structure, an amphiphilic internal
microenvironment, and thgossibility of introducing functional groups in the
pores and frameworks in a spatially controlled way. The unique properties of
MOFs and their structural tuneabilif?2° make these materials especially
suitable for encapsulating a large variety of gumeslecules, and hence they are
promising candidates for a plethora of environmental and biomedical
applications’® 3> Restricting further discussion to the ability of MOFs to capture
and remove toxic compounds from the environment, MOFs display all the
desirable features in terms of water stability, porosity, and surface area, and can
be used as alternate adsorbents for the adsorption and removal of toxic. species
3647 In addition to their capturing capacity, MOFs often have sensing properties,
which are based on the change to the physical properties caused by the
encapsulated metal id&*° Although there are a few reports that take advantage
of the impact of the guest species on the color, electrochemical, and other
properties for the development of sers, the vast majority of them display
luminescencédased sensing, which happens due to the change of the emission
and/or lifetime after the toxic chemical capture. One recent such example is the
FJ-C8 MOF, which exhibits a high sensitivity for ¥evith the detection limit
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being 0.0233 mM“8 it contains a’-conjugated aromatic ligand with
free/uncoordinated N and QGatoms, which interact strongly with the
encapsulated Féions dfecting the emission spectrum of the anionic-EB
MOF. Other luminescerdactive MOFs have also been studied as metal ion

sensors, including examples of RUn-MOFs, etc>%54,

The wide range of applications of MOFs and coordination polymmnstitute

an increasing need for the development of new such species with suitable
porosity, high stability, and fineuning propertie$¥63 A large number of
organic linkers have now been employed in MOFs synthesis including
imidazolates, pyridine, caolylates, etc¥ 74, with the latter being one of the
most commonly used, resulting in MOFs with a wide range of pores sizes and
shapes. The decoration of the ligands with free<gaordinated) groups provide
valuable opportunity for the insertion of atimhal functionalities to the
framework, which can be useful for environmental and biomedical applications;
for example, the presence of pendent sulfonates enhances the MOF ability for
the adsorption and removal of heavy metals from agueous systemsasvtiere
presence of -electronrich N-donor groups enhances the sensing performance

towards electrowleficient nitroaromatic explosives’®

Although the impact of the ligand combination on the framework topology and

porosity has been well investigatedistis not the case for the nuclearity and

properties of the SBU itself’® In fact, the SBUs significanthaffect the

properties of the overall framework; it has been shown that the presence of an

heterometal has a positive impact on the breathifegtewhereas the increase

of the met al nuclearity is possible to en|
area’¥81 Thus, it is essential that ligands with high bridging capability that have

the potential to lead to species with unprecedented metal topotogiés high

nuclearity SBUs be introduced into this field; to this purpose, we decided to use
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2-pyridyl oximes for the isolation and characterization of new MOFs and
coordination polymers.-Byridyl oximes is a family of ligands that have been
extensivelyused in metal cluster chemistry due to their ability to bridge a large
number of metal ions and, often, promote ferromagnetic interactions between the
metal center8° Although the use of such ligands has led to significant
breakthroughs in the areas of singielecule and singtehain magnetism, they

have never been employed for MOF synth&4?s

Herein, we report on the synthesis, structural characterization, aysicah
properties of nine new coordination polymers, including the first oxiased
MOFs, by the use of ayridyl oxime (pyridine2 amidoxime, pyadA., and 2
methyl pyridyl ketoxime, mpkd) in combination with 1,2,4;%5enzene
tetracarboxylic acid (pyroailitic acid), Hypma (Scheme 1); the latter has been
employed in the field of MOFs [96.04], but its combination with an oximic
ligand is unexplored. The 3D MOF [@OH)x(pma)(mpko)](9) displays
selectivity for F&" adsorption.

X 0] (0]
| = R HO OH
N 0 OH
N “OH
OH (0]
R =-NH,; pyaoxH, H,pma

R =-Me; mpkoH

Scheme 1Schematic representation of theyridyl oximes [eft) and the ligand

Hspma (right) discussed in this work.
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2. Materials and Methods

2.1. Materials, Physical, and Spectroscopic Measurements

All the manipulations were performed under aeraainditions using materials
(reagent grade) and solvents as received. M pyaokl> was prepared as
described elsewhet€>1% WARNING: Perchlorate salts are potentially
explosive; such compounds should be used in small quantities and treated with

utmost care at all times.

Elemental analysis (C, H, N) were performed by thdwoose facilities of
National University of Ireland Galway, School of Chemistry. IR spectra {4000
400 cm?) were recorded on a PerkinElmer Spectrum 40dAEEpectrometer.
Powder xray diffraction data (pxrd) were collected using an Inex Equinoz 6000
diffractometer. Soliestate, variabléemperature, and variabfeeld magnetic

data were collected on powdered samples using an MPMS5 Quantum Design
magnetometer merating at 0.03 T in the 300 to 2.0 K range. Diamagnetic
corrections were applied to the observed s
TGA experiments were performed on a STA625 thermal analyzer from
Rheometric Scientific (Piscataway, New Jerseye Theating rate was kept
constant at 10C/min, and all runs were carried out betweein6®® °C. The
measurements were made in open aluminum crucibles, nitrogen was purged in

ambient mode, and calibration was performed using an indium standard.
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2.2. Conpound Synthesis

2.2.1. Synthesis of [Zngbdma)(pyaoki2)(H20)2] (1)

Zn(ClOs)2:6H20 (0.149 g, 0.4 mmol) and pyddx (0.027 g, 0.20 mmol) were
dissolved in HO (20 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Then, solidspima (0.025 g, 0.1 mmol) was added, the solution
was stirred for 15 min, and the vial was left at R.T. for 24 h, after whiciyX
quality colorless crystal needles bivere formed. The crystals were collected
by filtration, washed with cold MeCN (2 mlgnd EtO (2x 5 mL), and dried in

air. Yield 80%. Anal. Calcfor 1: C, 39.16; H, 3.08; N, 8.56. Found: C, 39.47;

H, 3.29; N, 8.17%. IR data; (cm?) = 3504m, 3403m3123w, 1725s, 1669m,
1609m, 1583s, 1497s, 1414m, 1376s, 1321m, 1295w, 1267w, 1218s, 1168s
1118s,1087m, 1062w, 1029s, 1015m, 944m, 916m, 858b, 816w, 794s, 761m,
744m, 725w, 701w, 679w, 667w, 651w.

2.2.2. Synthesis of [Z2fpma)(pyaoki2)2]n (2)

Zn(ClOy)2:6H20 (0.149 g, 0.4 mmol) and pyadx (0.027 g, 0.20 mmol) were
dissolved in HO (10 mL). The resultant solution was put in the oven and heated
at 100°C for 1 h. Solid Hpma (0.025 g0.1 mmol) was then added and the vial
was placed into the oven for 24 h, after whichiay quality colorlesscrystal
needles of were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2 x 5 mL), and dried in air. Yield 39%. Anal. Calc.
for 2: C, 40.33; H, 2.46; N, 12.83. Found: C, 40.56; H, 2.49; N, 13.09%. IR data:
v (cmt) = 3399w, 3215w, 2931w, 1603s, 1402m, 1369s, 1322w, 1253w, 1138w,
1103m, 1061w, 1039m, 915w, 865m, 813m, 783w, 762w, 739w, 683m, 664w.
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2.2.3. Synthesis of [Z2fpma)(pyadl2)2(H20)z2]n (3)

Zn(ClOy)2:6H20 (0.149 g, 0.4 mmol) and pyadx (0.027 g, 0.20 mmol) were
dissolved in HO (20 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. Solid pma (0.025 g, 0.1 mmol) was then added and the vial
was placed into the oven for 2 h, after whicliay quality colorlesgolyhedral
crystals of3 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2 x 5 mL), and dried in air. Yield 50%. Anal. Calc.
for 3: C, 38.23; H, 2.92; N, 12.16. Found: C, 37.91; H, 2.63; N, 11.93%. IR data:
v(cmt) = 3423w, 3316w, 3202w, 2786w, 1675m, 1648w, 1619w, 1575w, 1548s,
1494s, 1415w, 1372s, 1324m, 1292w, 1267w, 1178w, 1158w, 1138m, 1097w,
1040s, 980w, 942m, 874m, 850w, 813m, 786s, 747s, 690m, 651w.

2.2.4. Synthesis of [Gma)(pyaoki2)2(H20)e] (4)

Co(CIQy)2:6H20 (0.146 g, 0.4 mmol) and pyadx (0.027 g, 0.2 mol) were
dissolved in DMF/HO (10/10 mL). The resultant solution was put in the oven
and heated at 100 °C for 1 h. SoliapiFha (0.025 g, 0.1 mmol) was then added
and the vial was placed into the oven for 24 h, after whichyXquality orange
crystals of4 were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2 x 5 mL), and dried in ai¥ield 45%. Anal. Calc.
for4: C, 35.22; H, 3.76; N, 11.20. Found: C, 35.17; H, 3.68; N, 11.19%. IR data:
v (cmt) = 3421w, 3308w, 3202w, 2780w, 1667w, 1648w, 1618w, 1573w, 1552s,
1493m, 1412m, 1368s, 1324m, 1293w, 1157w, 1137m, 1096m, 1096w, 1034s,
981m,942m, 872m, 829w, 812m, 784s, 748m, 689m, 665w.
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2.2.5. Synthesis of [Mpma)(pyaoki2)2(H20)s] (5)

Mn(ClO4)2-6H20 (0.102 g, 0.4 mmol) and pyadx(0.0549 g, 0.4 mmol) were
dissolved in HO (10 mL). The resultant yellow solution was put in the oven and
heated at 100 °C for 1 h. Then, soligbkha (0.025 g, 0.1 mmol) was added and
the vial was placed into the oven for 24 h, after whiechax quality colorless
needles ob were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL)and E$O (2 x 5 mL), and dried in air. Yield 50%. Anal. Cal.
for 5: C, 35.59; H, 3.80; N, 11.32. Found: C, 35.72; H, 4,06; N, 11.23%. IR data:
v (cml) = 3358w, 3280w, 2814w, 2229w, 1859m, 1667m, 1649m, 1602m,
1571w, 1545s, 1476s, 1440m, 1418s, 1368s, 431259m, 1193w, 1175w,
1165m, 1141s, 1101m, 1071w, 1042s, 968w, 923m, 896w, 853m, 837w, 811w,
792m, 774s, 745s, 689s, 669m, 660w, 651w.

2.2.6. Synthesis of [G{pma)(pyaoki2)2(DMF)2] » (6)

Cu(CIQy)2:6H20 (0.149 g, 0.4 mmol) anglyaoxH2 (0.027 g, 0.20 mmol) were
dissolved inrDMF/H20 (7/7 mL). The resultant solution was put in the oven and
heated at 100C for 1 h. Then, solid fbma (0.025 g, 0.1 mmol) was added and
the vial was placed into the oven for 24 h, after whieta)Xquality gren crystal
needless of were formed. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2x 5 mL), and dried in air. Yield 39%. Anal. Calc.
for6: C, 42.16; H, 3.79; N, 14.05. Found: C, 41.87; H, 3.64; N, 13.83%. IR data:
v (cml) = 3355w, 3226w, 1647s, 1605m, 1483w, 1437w, 1407w, 1363m,
1322w, 1300w, 1245m, 1211m, 1142w, 1098s, 1063w, 1041m, 945w, 928w,
893w, 860w, 844w, 811w, 784m.
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2.2.7. Synthesis of [Zfpma)(mpkél)2(H20)4]-2H20 (7-2H0)

Zn(ClOq)2:6H0 (0.149 g, 0.4nmol) and mpkbl (0.027 g, 0.20 mmol) were
dissolved in DMF/HO (7/7 mL). The resultant solution was put in the oven and
heated at 100 C for 1 h. Solidygna (0.025 g, 0.1 mmol) was then added and
the vial was placed into the oven for 24 h, after whiechax quality colorless
crystal needles of were formed. The crystals were collected by filtration,
washed with cold MeCN (2 mL) and2Et (2 x 5 mL), and ded in air. Yield
40%. Anal. Calc. foi7: C, 37.87; H, 3.97; N, 7.36. Found: C, 38.10; H, 3.93; N,
7.91%. IR datav (cmt) = 3102w, 1661m, 1619w, 1548s, 1490m, 1428m, 1375s,
1326s, 1259w, 1187w, 1140m, 1102w, 1046m, 1024w, 969w, 919w, 871m,
827m, 814m, 78w, 762w, 745w, 689m, 664w, 651w.

2.2.8. Synthesis of [Cu(pmalmpkdd)(DMF)]x (8)

Cu(Cly)2:6H20 (0.148 g, 0.4 mmol) was added to a solution of ripi@027

g, 0.2 mmol) in DMF/HO (10/10 mL). The vial was placed into the oven (100
°C) and, after h, Hspma (0.025 g, 0.1 mmol) was added. The vial was then left
in the oven for a further 1 h, after whichray quality green crystals &fwere
observed. The crystals were collected by filtration, washed with cold MeCN (2
mL) and E2O (2 x 5 mL), and drigtin air. Yield 45%. Anal. Calc. f@: C, 45.28;

H, 4.05; N, 10.56. Found: C, 45.41; H, 4.06; N, 10.64%. IR data: ¥)(em
3073w, 2342w, 2202w, 2168w, 2068w, 2018w, 1990w, 1623s, 1603w, 1572s,
1480m, 1438w, 1421w, 1399w, 1358bs, 1329w, 130A&87w, 1273w, 1250w,
1170m, 1145m, 1101s, 1064s, 1047m, 1034w, 971w, 925s, 860s, 820w, 811s,
788s, 760s, 715m, 685s, 664s.
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2.2.9. Synthesis of [Cu4(OHipma)(mpka)n (9)

Method A 9 was prepared in the same manne, dmit was left in the oven for

4 h, instead of 1 h iB. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2 x 5 mL), and dried in air. Yield 80%. Anal. Calc.

for 9: C, 35.65; H, 2.24; N, 6.93. Found: C, 35.73; H, 2.52;.B3%. IR datav

(cm?) = 3339b,1651w, 1616w, 1602w, 1567w, 1547w, 1481s, 1440m, 1416s,
1360s, 1316s, 1270w, 1165s, 1140m, 1102w, 1090m, 1046w, 1023w, 969D,
918m, 899w, 861m, 808s, 773s, 757m, 747m, 707s, 688m, 666w.

Method B 9 (0.0760 g, ~0.1 mmol) in DMFA® (10/10 mL) was placed into
the oven (100 °C) for 4 h, after which time green crystatsvedére formed; the
crystals were collected by filtration washed with MeCN (2 x 5 mL) and dried
under vacuum. Yield: 80%. The prodweas characterized by PXRD and IR

comparison with the authentic material.

2.3. SingleCrystal Xray Crystallography

Singlecrystal diffraction data fot, 5, 6, and8 were collected in an Oxford Di
fraction XcaliburCCD diffractometer, whereas crystallographic dataifyr7,
and 9 were collected in an OxforDiffraction SuperNova A
diffractometerMo Ka radiation &= 0.71073 A) was used fdr, 3, 5, 6, and8,
and Cu Karadiation 6= 1.54184 A) was used f& 4, 7, and9. The structures
were solved using SHELXY??, embedded in the OSCAIL software [108]. The
nonH atoms were treated anisotropically, whereashydrogen atoms were
placed in calculated, ideal positions and refinedriding on their respective
carbon atoms. Molecular graphics were produced with DIAMOND [108it

cell data and structure refinement detailsHfio® are listed in Table 1. CIF files
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can be obtainefilee of charge from the Cambridge Crystallographic Qatatre,
Cambridge, UK with the REF cod26224032022411 forli 9, respectively.

Table 1.Crystallographic data for complex&<®.

Complex 1 2 3

Empirical formula Ci6H1sN3011Zn C11HsN30sZn C11H10N3Os Zn
Formula weight 490.68 327.57 346.60
Crystal system Triclinic Triclinic Monoclinic
Space group PO Po P2/n

a(h) 8.1151(3) 6.9864(7) 11.4913(8)
b (R) 9.8550(4) 8.9530(8) 6.6261(5)
c(A) 11.8506(5) 10.4524(9) 16.1381(12)
U 93.283(3) 83.697(7)° 90

b (9 105.135(3) 94.887(2) 104.335(8)°
2(° 92.769(3) 71.582(9)° 90

V (A3) 911.40(6) 612.98(10) 1190.54(16)
C 2 2 4
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}calc(g cm®) 1.788 1.775 1.934
Radiation,a(A) 0.71073 1.54184 0.71073

e (hHhm 1.420 3.042 2.099
Temperature (K) 297.9(6) 100(2) 100(2)
Measd/independent 4250 /3667 3860/ 2400 4714/2088
refins Rn) (0.0439) (0.0451) (0.0371)
Parameters refined 316 197 197

GoF (onF?) 1.059 1.078 1.055

Ra2 (1 > 20(B) 0.0352 0.0517 0.0353

WR: (I > 20(b) 0.0834 0.1377 0.0879

(0P Jman{ (0P Imin 0.572/0.504 2.839/-0.831 0.573 /0.632
(e A3)

Complex 4 5 6

Empirical formula C22H28C:N6O16 C22H28 Mn2 NeO16 C14H15CuNsOs
Formula weight 750.36 742.38 398.84
Crystal system Monoclinic Monoclinic Triclinic



Space group
a(A)

b (A)

c(A)

a(’)

b ()

29 (

V (A3)

z

Jeale(g CnT)
Radiation,a(A)
e (Hhm
Temperature (K)

Measd/independent
reflns Riny)

Parametersefined

P 21/ n

10.9732(9)

11.7514(8)

11.6014(13)

90

107.619(10)

90

1425.8(2)

1.748

1.54184

9.917

100(2)

5285/2830

(0.0324)

212

P21/ n

11.1773(8)

12.2116(8)

11.5293(9)

90

106.542(7)

90

1508.5(2)

1.634

0.71073

0.921

298.0(2)

3603/2795

(0.0680)

244

6.5039(4)

10.0104(9)

12.7604(9)

96.743(6)

91.660(5)

108.375(7)

781.05(11)

1.696

0.71073

1.440

299.0(1)

3616/2040

(0.1137)

240



GoF (onF?) 1.112 1.047 0.873

Ra2 (1 > 20(B) 0.0547 0.0479 0.0526
WR: (I > 20(B) 0.1500 0.1076 0.0868

(90 Ima{ (0P Ymin 0.586-0.602 0.825/0.399 0.823/0.678
(e A9

Complex 7A 2,0l 8 9

Empirical formula C24H34N4O18Z0; CsoH32CWNeO12 C12H9CwN206
Formula weight 797.29 795.69 404.29
Crystal system Triclinic Monoclinic Monoclinic
Space group PO P2i/c 12/a

a(h) 7.1623(7) 6.4617(3) 16.3272(7)
b (A) 8.3966(8) 25.5232(9) 10.4575(4)
c(A) 13.4476(10) 10.1083(5) 15.0472(7)
aC 106.056(8) 90 90

b (9 104.078(8) 106.321(5) 102.188(5)
29 ( 90.547(8) 90 90



V (A3)

z

} cae(g €M)
Radiation,a(A)

e (Hm
Temperature (K)

Measd/independent
refins Rin)

Parameters refined

GoF (onF?)

Ri? (1 > 20(H)

WRP (1> 20i(H)

(90 Ima{ (0P Ymin
(e A3)

751.27(12)

1.762

1.54184

2.785

100(2)

4859 /2943

(0.0323)

225

1.087

0.0638

0.1890

0.957/1.077

1599.91(13)

1.652

0.71073

1.404

299.0(2)

3877/2762

(0.0754)

233

0.954

0.0433

0.0978

0.450£0.496

2511.27(19)

2.139

1.54184

4522

100(2)

4290/2480

(0.0297)

204

1.097

0.0501

0.1471

1.587/1.066

"R1 = -EEE¢FPIE(| Fol) .

bWRs =

{ B[R R / BFIMA Fo



2.4. Metal lon and 2nethyluracil Adsorption Kinetic and Thermodynamic
Studies

The metal adsorption capacity®Was investigated as described below: a salt of

a metal ion (0.027 g, 0.1 mmol for Fed.040 g, 0.1 mmol for Fe(N§R) was
added to a glass vial containing distilleedCH(10 mL) and stirred until all solid

is dissolved. Soli® (0.242 g) was then added and the mixture was left stirring
at room temperature. For the kinetic study, small volumes of aliquots were taken
at designated time intervals, centrifuged, and the roetdaént in the supernatant
solution was determined by spectroscopic {WS) techniques. For the
thermodynamic study, the same procedure was repeated with varyimetal
ratios; the mixture was stirred for 20 min, filtered, and the filtrate was analyzed
for its metal content. The metal encapsulation was also confirmed by magnetism
studies. The 2nethyluracil adsorption capacity 8fwas investigated following

the same method used for the metal adsorption studies.

3. Results and Discussion

3.1. Synthett Discussion

We have developed an intense interest over the last years in the synthesis of metal
clusters and SMMs by the use opgridyl oximes as bridging ligands. These
research efforts have resulted in a large number of new-+tamddeterometallic

new species with interesting structural featuresraagnetic properties, e.g.,d\i

Nii2, Niis, NizLnz, NigLns, NizMnz, Mng, etc. %8, We recently decided to
explore the ability of such ligands to favor the formation of MOFs, when
combined with di and tricarboxylic ligands, such as hénzenedicarboxylic
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and 1,3,%0enzenetricarboxylic acitt® This study yielded a new family of 1D
chans and prompted us to expand this work using a tetracarboxylic ligand with
higher bridging capability, in order to further increase the potential of the
reaction system to provide access to new MOFs. The ligand that was chosen, and
discussed herein, isd@tpyromellitic acid, Homa. A variety of experiments were
performed, studying how the different synthetic parameters (presence/absence or
kind of base, molar ratio of the reactants, metal sources, etc.) affect the identity
of the isolated product. In pagtilar, the use of other metal sources instead of
perchlorates (e.g., chlorides, nitrates, acetates, etc.) led to the precipitation of

amorphous materials that could not be further characterized.

In order to ensure the coordination of both the oxime arbgsglic ligand in

the metal center, the solution containing the metal salt and the oxime was left
under stirring for at least one hour before the addition of thamid. It is
noteworthy that the appropriate ratio of oximgdhha, which is able to yield
binary species, was found to be 2:1; a 1:1 ratio results in known compounds that
contain only the teracarboxylic ligand, whereas a high excess of oxime leads to
the formation of oximato metal complexes, preventing the coordination of the

ligand H4pma either iits neutral or anionic form.

The reaction mixture of Zn(CI-6H.O/pyaot/Hspma (4:2:1) in HO gave a
colorless solution from which crystals of [Znftna)(pyaok2)(H20)2] (1) were
subsequently isolated. Following a similar reaction buhbgeasing the reaction
temperature from R.T. to 100 °C, compoundsz{@ma)(pyaok2)2]» (2) and
[Zn2(pma)(pyaoxd2)2(H20)2]n (3) were isolated, depending on tleaction time;

2 is an 1D polymer and is formed after 24 h, whefesa 2D MOF, which is
formed after 2 h of reaction. The stoichiometric equation of the reactions that

lead to the formation dfi 3 is represented in Equatiorngi((3).
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After the determination of the crystal structure&i@, which revealed that small
modification in the reaction conditions affect tltktmensionality of the
compound (1, 0D; 2, 1D; 3, 2D), we decided to investigate the impact of the kind
of the metal ion on the identity of the isolated products. Thus, compounds
[Coz(pma)(pyaokiz)2(H20)e] (4), [Mnz(pma)(pyaoklz)2(H20)] (5), and
[Cuz(pma)pyaoxt?2)2(DMF)2]n (6) were isolated in good yield by a similar
reaction to the one that provided acceskaod2 (Equations (4) and (5)% and

5 are discrete complexes (0D), wheréas a 1D double chain.

112



R I
¢- #1 /1 3p( / ¢BbUAI I( Bl Auwuuy

- Pl ADUAI @( / o( I T1( T#I1 /1

- #1hnp1h

. o 7
c# ¢l / Op( / ¢PDUAI @( Bl Ac¢S$ - &uuu

#Obl ADUAI 9% - & oq /I 1 T#1 /v

Series of experiments were alserformed in order to investigate the influence
of the electronic properties of the oximic ligand on the identity and structural
properties of the isolated products; to this endne2hyl pyridyl ketoxime
(mpkaH) was used instead of-plyaox. The reactionfdVl(ClO4)2-6H.0O (M =

Zn, Cu), Hmpko and gpma in a 4:2:1 molar ratio in DMFA9 provided access

to [Zno(pma) (mpkd)2(H20)4]-2H20 (7-2H20) and [Cu(pma)(
mpkaoH)2(DMF)2]n (8), according to the stoichiometric Equations (6) and (7).

SN ] I
¢: #1717 3p(/ cl BDEI ( B Auuu

1Dl AIPET (/1 (/1 (/1 t( t#ll/l9

x( /

o s L c T
¢# C#1 [/ Op(/ ¢l BEI ( Bl Ac$ - &uu

#O0Obi Al PET ($- & oq / t( t#1I/¥X

113



Following that, we investigated all the synthetic parameters that could lead to a
different product and the deprotonation of the oximic ligand, i.e., the molar ratio
of reactants, presence/kind of base, reactioditons, metal source, etc. Indeed,

by following the same experimental procedure, but by increasing the time from
h to 4h, green crystals of [(®H)(pma)(mpkoj]n (9) were isolated. The
formation of9 is summarized in the stoichiometric Equation @an be also
produced in good yield by reactirgjand Cu(ClQ)2:6H.O in a 1:2 ratio,
according to the stoichiometric Equatio®).(Note that the OHions in the

structure oB come fromthe dissociation foH.O molecules.

- L P
t#CGH1/ 2p(/ ¢l BEI ( B Auuu

#0O/ ( PI Al PET c¢dq /I W# 1 /Y

#0O/ ( bl Al PETOOO c#™#I 1 2p( /! (DI A

#0/ ( PI Al PET ¢$-&prt/ 1( 1#l/w

3.2. Description of Structures

Representations of the molecular structurel 8fare shown in Figures Z and
Figures S1 S5(Supplementary Information). Selected interatomic distances and

angles are listed ihables S1 S9
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lcrystallizes in the triclinic space (groucg
mononuclear [Zn(Epma)(pyaok2)(H20)2] species. The coordination spheie

the metal centre is completed by one termihal Riflgntate chelating pyad*.

ligand, two terminal water molecules, and one double deprotonateHzpma

ligand. Zn1 is fivecoordinate adopting a distorted trigonal bipyramidal geometry

(U = 0.8) with 02 and MNB occupying the axi

Figure 1. Representation of the mononuclear complexColor code: Zn,

turquoise; N, navy blue; O, red; @rey.

A network of intermolecular hydrogen bonding interactions stabilizes the crystal
structure ofi; this involves the protonated carboxylic groups (04, O9), the amino
group (N2), and the terminal .B molecules (010, O11) as donors, and
carboxylic groups from neighboring compounds (O3, O5, O6,a0d,08) as
acceptors. Details of the metric parameters of the crystallographically established

hydrogenbonds inl are listed inTable S10
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2crystallizes i n the triclinic space

double chain formed ke connection of [Zn(pme&3(pyaoxH2)] repeating units
through the4-80; 80§ a0 0g0&® p rigadd. The coordination sphere of the
metal ion iscompleted by two terminally ligated carboxylgt®@ups from two di
erent pmadligands, and one neutrBl,N&-bidentate chelating pyabix ligand.

Zr?* adopts a tetrahedral coordination geometry. Both hydrogen atoms from the
NH2 group participaten hydrogen bonding interactions in which carboxylate
groups from neighboring chains act as acceftd8s--O3 = 2.959 A, HIN--O3
=2.091 A, N3H1IN---O3 = 168.57; N3---O4 = 3.046 A, H2N--04 = 2.292 A,
N3-H1N---O4 = 150.68). The extensive hydrogen bondingeractions in2

result in the formation of 8D network Figure S1in Supplementary Materials).

A
/ }f\/

Figure 2. Representation of the repeating unit (left) and a part of the 1D double

chain of2 (right). Color code: Zn, cyan; N, navy blue; O, red; C, grey. The
hydrogen atoms are omitted for clarity.

3 crystallizes in the monoclinic space groupi/R and is a 2Dcoordination
polymer based on the secondary building unit [Zn(pripyaox2)(H20)]
(Figure 3).The latter possesses a similar formula to that of the repeating unit in
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2 with the main difference being the ligation of a termingDHinolecule. Similar

to 2, the two oximic ligands are neutral adopting Bn, Midentate chelating
coordination mode. The prhdigands bridge four neighboring SBUs with two
of the carboxylate groups adopting a chelatagrdinationmode, whereas the
other two being terminally ligated. It is noteworthy that the different coordination
mode of the pnfaligand in comparison to that &) in addition tothe presence

of H2O molecule in the coordination sphere of the metal centre, reghk Zn
being sixcoordinated with a distorted octahedral coordination geometry. Note
that the coordination geometry of the metal iof isitetrahedral. This difference

in the coordination geometry of the metal ioniand 3 leads to a different
orientation of the ligands around the metal ion, favouring the formation of-a two

dimensional framework iB.

S

Figure 3. Representation of the repeating unit (top) and a part of the 2D chain of
3 (bottom). Color code: 24, turquoise; N, navy blue; O, red; C, grey. The

hydrogen atoms are omitted for clarity.
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A network of hydrogen bonding interactions provide stability in the framework
in 3; these are formed between the oximic group (O1, donor) and an oxygen atom
(02, accetor) from a carboxylate group (O1---02 =2.610 A, H1A---02 = 1.816
A, O1-H1A---02 = 162.55°), as well as between the terminally ligate® H
molecule (O6, donor) and a different carboxylate oxygen atom (O4, acceptor;
04---06 =2.726 A, H6B---04 = 2.032 &6-H6B---04 = 137.01°).

Compoundgt and5 display related structures with their main difference being

the type of the 3d metal iod,(C&*; 5, Mn?*). Thus, only the structure dfwill

be discussed in detail. Compou#sdrystallize in the monoclinic space group

P2/n and its structure consists of the dinuclear complex
[Cozx(pma)(Hpyaoxy(H20)e] (Figure 4). The dinuclear molecules lie on a

crystallographic inversion centerwith€at oms bei ng -b©®©j da@Kjd by ¢t}
pmé 'ligand. The coordination sphere of each metal ion is neNtiiddentate

chelating Hpyaox, and three terminal water molecules. The metal ion is six

coordinated displaying a slightly distorted octahedral gegnasta result of the

relatively small bite angle of the chelating ligand {8Ia1-N2 = 75.1(2)°).

Figure 4. Representation of the molecular structure of the dinuclear complex
Color code: C&', purple; N, navy blue; O, red; C, grey. The hydrogen atoms are
omitted for clarity.
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The crystal structure of is stabilized by a strong intramolecular H bonding
interaction between the oximic oxygen atom (O1) as a donor and an oxygen atom
(06) from thepmé "ligand as aracceptor (O1---06 = 2.533 A, H1---06 1.716

A, O1-H1.--06 172.26°).A network of intermolecular hydrogen bonding
interactions is formed between the terminaDHmolecules (02, O3, 0O4) as
donors and carboxylic groups from neighboring moles as acceptors. The
metric parameters of the crystallographically established, intermolecular
hydrogen bonds fot are listed inTable S11in the Supplementary Material.

6crystallizes i n the triFglureShishasedgmnace gr oup
the connection of [Cu(pm&y(pyaoxH2)(DMF)] repeating units that result in the

formation of a 1D double chain coordination polymer. The priigdnd bridges

four neighboring rsegp@Ea@md® uhi gati adombdedg
The cooréhation sphere of the metal ion is completed by two terminally ligated

carboxylate groups from two different pfritigands, one neutrd,NNpidentate

chelating Hpyaox ligand, and one terminal DMF molecule.?Cis five-
coordinate with a squaggy r a mi d a | coordination geometry
from the DMF molecule occupying the axial positidhBoth hydrogen atoms

from the NH group form hydrogen bonds with oxygen atoms of carboxylate

groups from neighboring chains (N2---03 =2.813 A, H2NQ3-= 1.937 A, N2

H2N2---O3 = 176.69° N2:--04 = 2.873 A, HIN2:--:O4 = 2.065 A,-N2

HIN2---O4 = 150.10°). Furthermore, an intrachain hydrogen bond between the

oximic group (O1) and an oxygen atom of a carboxylate group (O4) provide

additional stability to therystal structure (O1---O4 = 2.701 A, H101.--04 =

1.921 A, O1H101---04 = 146.29°).
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Figure 5. Representation of the repeating unit (left) and a part of the double 1D
chain of6 (right). Color codeCu, green; N, navy blue; O, red; C, grey. The

hydrogens are omitted for clarity.

Compound7-:2HO crystallizes in thaeaalstructurel i ni ¢ gr o
is related to that of 4, with the main di
erences being: 1) the type of the 3d metal {HrCE; 7, Zr'?), 2) the type of

the oximic ligand 4, pyaoz; 7, mpkdd), and 3) the presence of two solvate
H20 molecules in therystal structure of. The coordination sphere of the metal
ions and the coordination modes of tflgands in both compounds is similar
(Figure S3. The crystal structure afis stabilized by two stronigitramolecular

H bonding interactions, whicimvolve: 1) the oximic oxygen atom (O1l1) as a
donorand an oxygen atom (O6) from the ghimand as an acceptor (0106
=2.656 A, H1--06 = 1.846 AO1-H1.--06 = 170.36), and 2) the solvate @
molecule (09, donor) and a carboxylic oxygen atom @a6gtor), O9--06 =
2.815 A, H9B--06 = 1.965 A, OH9B---06 = 176.96. A network of
intermolecularhydrogen bonding interactions is formed between the terminal
H>Omolecules (02, O3, O4; donors) asatboxylic groups (07, O8; acceptors)

or the solvate kD molecule (O9) from neighboring moleculéEhe metric
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parameters of the intermolecular hydrogen bonding interactionsdm listed

in Table S12n the Supplementary Material.

Compound8 crystallizes in the monoclinic space grou@i/B. Its structure
conssts of [Cu(pmap.s(mpkaH)(DMF)]n repeating units that are held together
to form a 1Ddouble chain(Figure 6) The coordination sphere of the?Catom

is completed by ond , Midentate chelatinghpkaH ligand, one terminal DMF
molecule, and two O atoms (O3 and O6) that come frondifferentpmé- ions;

the symmetry equivalent atom of O6 (O60) links the neighboring building units
forming a onedimensional chain, whereas O30 bridges two Cu atoms fram tw

parallel chains, forming 1D-double chain

Figure 6. Representation of the repeating unit (left) and a part of the 1D double
chain of8 (right). Color code: Clj green; N, navy blue; O, red; C, grey. The

hydrogens are omitted for clarity.
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Culisfivecoor di nate adopting a tetragonal
03, 06, N1, and N2 occupying the basal plane vertices and O2 the apical position
[111]. There & strong intrachain hydrogen bonding interactions that stabilize
the crystal structure & these are formed between the oximic group (O1, donor),
and the carboxylic group of the pfriaon (O5), which acts as the acceptor
(O1---0O5 = 2.669 A, H101---05 %£.912A, O1H101-.-O5 = 155.10°)The
shortest Cu---Cu distance (6.5 A) is between atoms of the same chain, whereas
the shortest interchain metal---metal distance is 7.7 A; it is noteworthy that the
latter is shorter than the intrachain distance betweeal mtetms that belong to
different chains of the 1iflouble chain (8.8 A) i8.

9 crystallizes in the monoclinic space group. lits crystal structure contains a
threedimensional network based on a foH)(pma)(mpkoj] repeating unit

pyra

(Figure 7). Thel att er possesses abuctenetrufdesyyomnjeGur i ¢

B¢)S*core with a Cué4 rsiOblnobsdies0.8410fpabdved g vy ;
and below the plane formed by the four metal ions. Alternatively, the core of the
SBU in 9 can be described as two ésharing defective cubanes, i.e., with a
metal atom missing from one vertex of each cubane; this motif is relatively

common in metal cluster chemistry.
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Figure 7. Representation of the repeating unit (left) 9nand its [Cu

(e3OHY]®** Abutterflydo shaped dJ,agreen; N mavyght ) .
blue; O, red; C, grey. The hydrogen atoms are omitted for clarity, except from

the hydrogens from the hydrogerfgtee hydroxyl groups, which are cyan.

The coordination sphere of the metal atom® is completed by two doubly
bridging anionianpko ligands and four doubly bridging carboxylate groups; the
mpkoa d o pt s Ot h & Noordiadian mode. The pmizgands link the
neighboring SBUSs, resulting in the formation of the ri3work, with each one

bridging four Cuy units. All metal atoms i@ are fivecoordinate with &tragonal

Col

pyrami dal geometry (U = 0.28, Cul, CulN;

its symmetryequivalent) and O3 (for Cu2 and its symmetry equivalent) occupy
the apical positions of thepyramids!!! The structure oB is stabilized by an
intramolecular hydrogen bond involving thgdroxo group (02, donor) and one
of the carboxylate groups (04, acceptor) of the pima(02---04 = 2.722A,
H2..-04 =2.113 A, OH2-.-04 = 133.52°)Figure S4

The original framework i® can be simplified to its underlying net following two
different, approaches, the-salled standard and cluster representattéfhs4
Applying the first one, each Cu atom and the center of the mass of the organic
ligands are the nodes, which leads to a 3,45/&t with point symbol
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(3.42)2(3.43.52)2(3.44.53.62)2(412.1018)*4. This topology Figure S5 has

not been observed in tipast, thus9 exhibits a network with an unprecedented
architecture. On the other hand, following the cluster representation, in which the
Cu atoms with the organic ligands are considered as a singledordinated

node (ZA, ZB), a unimodal-4 net is brmed with Ivt topologyKigure S6 and

a (42)(84) point symbol.

1i 9 are a new family of oximic metal compounds, coordination polymers and
MOFs that display unprecedented structural features. Among ghand9 are

the first MOFs based on a@ridyl oxime with9 possessing a novel framework
topology.2, 6, and8 join a small family of coordination polymers containing an
oximic ligand*'® The purity and stability of these compounds has been verified
by pxrd studies.

3.3. Adsorption Studies

Thermalstability studies Kigure S17 in 9 indicated a promising adsorption
potential (ca 30% mass loss below 100 °C corresponding to adsorbed solvent),
which prompted us to assess its metal adsorption capacity in detail. The metal
encapsulation studies f& were carried out by soaking MOF crystals into
agueous solutions of Fe(Nf@9H.O. The MOF crystals were activated prior to

the Fé*encapsulation in order to reduce the amount of solvent present; this was
carried out by stirring the crystals atetondor several hours and exchanging

this solvent with volatile acetone, which is easily removed at 80 °C. The metal
encapsulation was initially investigated by batch studies usingvigV
spectroscopy. The maximum loading capacity obtained f&tiRehe case of
Fe(NOs)3-9H,0 as a metal source is 104 mg Fe®+{f.50 mol F&/mol 9). The
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Fe** adsorption by9 exhibits fast kinetics; there is a smooth increase in the
adsorption capacity over time, which after 5 min reaches a plaftégurd 3,

left). No metal adsorpin is observed after 5 min. In order to get a better insight
into the adsorption mechanism, the experimental kinetic data were fitted to a
theoretical model; pseueast order and pseudsecond order kinetic models

were used according to Equatiod§)(and (11), respectively¥ 117

2l o
m
| )
le o
(@}
O
o)

where Kk and k are the rate constants for the pseficsi and pseudsecond
kinetic models, respectively. A good fit was obtained for the pseadond
kinetic model Figure 8, right), which is indicative of a chemisorption
mechanism, i.e., the formation osfong interaction between the encapsulated
Fe** and9. The corresponding fitting parameters ape=R.9968, g= 107.83 g
Fe**/g 9, which is in very good agreement with the experimental data.
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Figure 8. Left: metal adsorption capacity (mggversus time (h) plotight:
simulation of the experimental data to the pseudo order kinetic model. The solid
lines represent the fitting of the data.

The impact of the Fé source, and in particular the impadt the kind of
counterion, on the kinetic and/or thermodynamic properties of the metal
encapsulation b was also studied by using Fe@istead of Fe(Ng)s. It was
found that the maximum loading capacity is 105 mtj/§& (1.52 mol Fé&"/mol

9) and is reached after 7 min stirring. The metal adsorption equilibrium data are
plotted inFigure 9. The best fitting of the data is provided by the Langmuir
mode|*'811° considering a monolayer adsorption with a finite number of

homogeneous and equivatective sites Equatiori):

- — — p¢

where @ (mg/g) is the amount of metal ion per gram9oét the equilibrium
concentration €(ppm of metal ion remaining in solution) ig the maximum
adsorption capacity &, and K is the Langmuir constant; the fitting parameters
are = 129.87 mg Fe/§, KL = 5 x 102 (L mof) and R = 0.9996. The
corresponding kinetic plot is shown in Figure S8. Hence, the nature of the

counterion ofhe F€* source does not affect the metal encapsulation capacity of
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9. Other metal ions were also tested, including*Cli**, Mn?*, and C?*;
however, no adsorption was observed even after one day stirring, indicating that
9 exhibits high selectivity foFe**.

g, imggt)

Cola, gLt

€, [ppm) € tpem)
« [Rm

Figure 9. Left: Equilibrium data for the metal adsorption ®ycontact line: 20

min); right: fitting of the metal adsorption data to the Langmuir model.

The Fé* adsorption capacity o® was further investigated by EDX studies.
Figure 10 shows the EDX spectra®andFe@9 Cu, C, and O are detected in
both samples, with the second sample displaying one additional peak
corresponding to the Fdon that has been adsorbed, hence confirrtiiegnetal
uptake. It is noteworthy th8tcan be easily regenerated fré@@9by treatment

with a 0.2M EDTA solution. The activated MOF displays an identical sorption
capacity with that of the origina®, which is retained for three cycles of
regeneratiofteuse experiment&igure S9. Thus,9is reusable, a [rp[erty which

is paramount for practical applications.
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Figure 10.EDX spectra o (left) and Fe@ (right).

The good F& adsorption capacity & prompted us to evaluate its encapsulation
performance for other species:nethyluracil is a compound for which the
development of new sorbents or sensors is of great importance; it is a key
component of many drugs, including aunlter agents, radiatioprotective
agents, and immunological adjuvants which help enhance immune responses, but
on the other hand, it can also be encountered as a toxic byproduct in the synthesis
of biologically important DNA adducts. If small impurities of such byproducts
are nad identified and removed, it could have devastating consequences for the
corresponding biological assays and medical treatments. Thus, the development
of efficient carriers/sorbents for the delivery or removal of these species would
provide new insight it drug manufacturing. Considering also the fact that
MOFs have not yet been used for drug purification, this would expand the range
of potential applications of MOFs. With the above in mind, and following a
similar process to the one used for metal adgorpthe 6methylyracil capacity

of 9 was investigated. This is an ongoing project, but preliminary results (Figure
S10) indicate tha® possess a good performance iméthyluracil adsorption;

the maximum uptake capacity is 167 mgnéthyluracil/g9 for a 1:1 ratio 6
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methyluracil9 in an aqueous solution. It exhibits fast kinetics with the maximum
encapsulation being reached after 6 min stirring. It is noteworthy, though, that
the regeneration of the MOF after then@thyluracil adsorption is not feasible.
These initial results show the potential9%fand MOFs in general, to be used in
purification processes during drug manufacturing. Investigations are now in
progress to assess the selectivity of 9 femethyluracil and other toxic

byproducts, which is eequirement for the use of MOFs in such applications.

3.4. Magnetism Studies

Solid state DC magnetic susceptibility measurements were performed on a
polycrystalline sample d in an applied field 0.03 T and temperature ranige 2
300 K. The obtained data are shown adTavs. T plot inFigure 11 TheMT

value at 300 K is 0.075 chmol? K, appreciably lower than thepin-only (g =

2) value of 1.5 crhmol! K expected for four nointeracting Cé" centres (S =

1/2), revealing strong antiferromagnetic coupling within the framework SBU.
This is further supportebly the overalprofile of the plot, which is indicative of

strong antiferromagnetic interactions andiamagnetic ground state fr
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Figure 11. x; ¢ vs. T plot for 9 (circles) Fe@-1 (triangles) and Fe@2

(squares). Solid line represents the best fir for 9. Inset: the exchange interactions
in 9.

The isotropic Heisenberg spin Hamiltonian for 9 is given by Equation (13),
whereJii s associated with the CullLLLCu2d i nt
oximato goup; Jz is associated with the Cul:--Cu2 interaction through one

monoatomic carboxyl ate bridge; and J3 des
through a&3-OH group Figure 11).

The fitting of the experimental data to the Hamiltonian was performed using the
PHI software!?® and is shown with a solid line ifigure 10; the fitting

parametersardi= 1T 508k =< nmi 1.'4%=cm8.'¥ and g+2.07.
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Ji1 is significantly stronger thad andJs; this high value of antiferromagnetic
coupling is common in complexes containing oximes and Cu ions; such
complexes often exhibit diamagnetic beha¥al, andJs; are too small to take
them as rikable values because at the temperature they start to operate, the

complex is diamagnetic due to the extremely high valuk. of

An initial investigation of the potential of magnetism to be used for the
development of novel MOBased sensors was performiegl exploring the
impact of the encapsulated metal ion on then magnetic propert@slofthis

end, DC magnetic susceptibility studies were performed on the polycrystalline
samples of Fe@1 and Fe@-2, where Fe@-1 is the Fe@ aggregate after 1
min stirring, during which9 is expected to have reached ca. its half metal
encapsulation capacity, and F8@ is the aggregate at its maximum metal
adsorption capacity. A closer inspectionFigure 11 shows that, although the
overall pofile of the three plots is similar, the increase of the paramagnetic
component in the MOF pores have an effect on the obseiedalue at room
temperature; the latter increases from 0.073.gml'! K (for 9) to 0.115
cm®-mol' 1 K (for Fe@9-1) and 0.13%m*-mol ! K (for Fe@®-2), indicating that

the magnetic properties of the FB@ggregate are affected by the amount of

metal encapsulated in the MOF pores.

4. Conclusions

The initial employment of a-pyridyl oxime (pyridine2 amidoxime, pyad>;
2-methyl pyridyl ketoxime, mpkél) in combination with 1,2,4;6enzene
tetracarboxylic acid (pyromellitic acid}jspma, provided access to nine new
compounds with interesting structural features, paving the teaythe

development of an alternative synthetioute towards new MOFs and
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coordination polymers.  [Znz(pma)(pyaok2)2(H20)z]n (3) and
[Cus(OH)2(pma)(mpkoj]n (9) are the first examples of MOHsased on a-2
pyridyl oxime, whereas [Zfpma)(pyaok2)]n (2), [Cuw(pma)(pyaox
H2)2(DMF)2]n (6), and [Cu(pma)(mpkdd)2(DMF)2]n (8) are new members of a
small family of coordination polymerkearing this type of ligand9.has a novel
3,4,5,8c net topology and is based on a buttestyaped CuSBU. DC magnetic
susceptibility studies revealed that there are strong antiferromagnetic interactions
between the metal centers9nwhich lead to a diamagnetic ground state.

The metal encapsulation capacity 8f was tested for a variety of fdi

ferent méal ions and showed that it exhibits selectivity fof‘Fasorption. It is
noteworthy that the magnetic properties@tlepend on the amount of ¥e
present in to the MOF pores, revealing that magnetism can be an alternative
technique for the detection efivironmentally hazardous chemicals, and this can

be especially useful for  species that do not affect
the photoluminescence properties or the color of a compound, hence they cannot
be detected by the commonly used sensors. Treatment of the degeeaga

with a 0.2 M EDTA solution leads to the removal of the metal ions from the MOF
pores and the regeneration of the laeetains its metal adsorption capacity for

three cycles of regeneration/reuse experiments.

Supplementary Materials The following ae available online at
HTTP.//WwwWMDPI.COM/19961944/13/18/4084il, Figure S1 Representation of
the 3D network formed through hydrogen bonding interactio@skigure S2

Representation of the molecular structure of the dinuclear corbdfégure S3
Representation of the molecular structure of the dinuclear comgtegure S4

Representation of the intramolecular hydrogen bonding interacti@&igure
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S5 Represent#on of the underlying 3,4,5;8oordinated net in the standard
representation if. Figure S6 The underlying net in the cluster representation
with the Ivt topology with Point Symbol (42)(84) 41 Figure S7. Comparison
of the theoretical and experimentatrd pattern for9. Figure S8 Left: metal
adsorption capacity (mg* versus time (h) plot for the encapsulation of keCl
by 9; right: simulation of the experimental data to the psexstmnd order
kinetic model. The solid lines represent the fittinghef data. The corresponding
fitting parameters are R= 0.9937, ge = 103.09 mg ¥& 9, in very good
agreement with the experimental dafagure S9 Comparison of the pxrd
pattern of the initiaP with that of the regenerated materigigure S1Q UV
studies of the @nethyluracil adsorption bg; (a) 0.05 mmol 9/0.1 mmol-6
methyluracil and (b) 0.1 mm®&/0.1 mmol 6methyluracil (in 10 mL of water).
Tables S1S9 Selected interatomic distances (A) and anglesiforTable S10
Hydrogen bonding details for Table S1t Intermolecular hydrogen bonding
details for4. Table S12 Intermolecular hydrogen bonding details Tor
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Supplementary Material

Table S1.Selected interatomic distances (A) and angle4.for

Bonds

Zn1-N1 2.059(2) Zn1-011 1.987(2)
Zn1-N3 2.139(2) Zn1l-02 2.049(2)
Zn1-010 1.995(2)

Angles

010Zn1-02 91.54(8) 02-Zn1-N3 172.22(7)
010Zn1-011 121.30(8) 02-Zn1-N1 95.54(7)
010Zn1-N3 91.78(8) 011-Zn1-N3 90.93(8)
010Zn1-N1 111.61(8) 011-Zn1-N1 125.97(8)
02-Zn1-011 93.34(7) N1-Zn1-N3 76.69(8)

Table S2.Selected interatomic distances (A) and angleg.for

Bonds

Zn1-02 1.954(3) Zn1-N2 2.031(4)
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Zn1-N1 2.019(3) Zn1-05 1.966(4)
Angles
02-Zn1-05 98.2(1) N1-Zn1-O5 113.4(1)
02-Zn1-N1 127.9(1) N1-Zn1-N2 80.1(1)
02-Zn1-N2 108.6(1) N2-Zn1-O5 126.1(1)
Table S3.Selected interatomic distances (A) and angle8.for
Bonds
Zn1-06 2.056(3) Zn1-N2 2.058(3)
Zn1-05 2.228(2) Zn1-N1 2.198(2)
Zn1-04 2.292(2) Zn1-03 2.027(2)
Angles
05-Zn1-03 88.44(9) 06-Zn1-03 82.62(1)
03-Zn1-N2 108.1(1) 06-Zn1-N2 96.88(1)
N2-Zn1-N1 75.4(1) 04-Zn1-N2 97.76(9)
N1-Zn1-O5 88.99(9) 04-Zn1-N1 84.47(9)
06-Zn1-N1 95.33(1) 04-Zn1-05 58.28(8)
06-Zn1-05 106.54(9) 04-Zn1-03 96.64(9)
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Table S4.Selected interatomic distances (A) and angled.for

Bonds
Col1-N2 2.100 Co1-03 2.132
Co1-02 2.110 Col-04 2.070
Co1-05 2.089 Col-N1 2.162
Angles
N1-Co1-02 89.92(1) N2-Col-04 93.9(1)
02-Co1-05 83.74(9) N2-Co1-N1 75.1(1)
05-Co01-04 94.8(1) 03-Co01-04 83.7(1)
04-Co1-N1 92.2(1) 03-Co1-N1 95.8(1)
N2-C01-02 97.6(1) 03-C01-02 84.78(9)
N2-Co1-05 101.9(1) 03-Co1-05 87.5(9)
Table S5.Selected interatomic distances (A) and angle$.for
Bonds
Mn1-O6 2.149(3) Mn1-O2 2.136(2)
Mn1-N1 2.304(3) Mn1-N3 2.244(2)
Mn1-O8 2.170(2) Mn1-O7 2.191(2)
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Angles

N3-Mn1-02 97.69(8) 07-Mn1-06 82.3(1)
N3Mn1-08 99.04(8) O7-Mn1-N1 94.45(9)
N3-Mn1-N1 70.46(8) 06-Mn1-02 95.4(1)
N3-Mn1-06 94.7(1) 06-Mn1-N1 92.0(1)
07-Mn1-08 83.63(9) 02-Mn1-08 85.79(8)
07-Mn1-02 97.66(8) 08Mn1-N1 89.74(8)

Table S6.Selected interatomic distances (A) and angle$.for
Bonds
Cul-06 2.307(3) Cul-N1 1.992(4)
Cul-02 1.926(3) Cul-N3 1.970(4)
Cul-05 1.961(3)
Angles

0O5-Cul-02 90.9(1) 06-Cul-02 88.0(1)
02-Cul-N3 93.5(1) 06-Cul-N3 101.8(1)
N3-Cul-N1 79.2(2) 06-Cul-N1 90.2(1)
N1-Cul-O5 97.0(1) 06-Cul-05 95.1(1)
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Table S7.Selected interatomic distances (A) and angleg.for

Bonds
Zn1l-04 2.062(3) Znl-N1 2.056(4)
Zn1-02 2.100(3) Zn1-05 2.019(4)
Zn1-N2 2.041(4) Zn1-03 2.100(3)
Angles
04-Zn1-N2 91.1(1) 02-Zn1-05 85.0(1)
04-Zn1-N1 91.1(1) 02-Zn1-03 89.7(1)
04-Zn1-05 91.9(1) N2-Zn1-05 103.8(1)
04-Zn1-03 92.2(1) 05Zn1-03 83.0(1)
02-Zn1-N2 87.4(1) 03Zn1-N1 94.5(1)
02-Zn1-N1 92.0(1) N1-Zn1-N2 78.5(1)

Table S8.Selected interatomic distances (A) and angles.for

Bonds
Cul-N1 1.972(3) Cul-03 1.903(3)
Cul-N2 2.032(3) Cul-06 1.965(2)
Cul-02 2.269(2)
Angles
02-Cul-N1 88.6(1) N2-Cul-03 93.2(1)
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02-Cul-N2 100.7(1) 03-Cul-06 91.75(9)
02-Cul-03 88.63(9) 06-Cul-N1 97.2(1)

02-Cul-06 99.58(8) N2-Cul-N1 78.8(1)

Table S9.Selected interatomic distances (A) and angle$.for

Bonds
Cul-01 1.943(3) Cu2-02 1.906(3)
Cul-02 1.920(3) Cu2-03 2.410(3)
Cul-02 2.334(3) Cu2-06 1.960(3)
Cul-03 1.958(3) Cu2N2 1.984(4)
Cul-05 1.961(3) Cu2N1 1.988(4)
Angles
N2-Cu2-02 87.2(1) 02-Cu2-03 82.4(1)
N2-Cu2-03 90.4(1) Cu2-02-Cul 94.2(1)
N2-Cu2-06 174.3(2) Cu2-03-Cul 90.5(1)
N2-Cu2-N1 80.4(2) 03-Cul-05 89.6(1)
01-Cul-02 92.0(1) 03-Cul-02 83.3(1)
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Table S10.Hydrogen bonding details fdr.

DiH é A D ¢ H é DHA Symmetry operator
(A) (A) ©) of A
OL)iH(1040(8)é 2693  1.839 165.12 X, -14y,
N2iH( 2N2Q()¢é  3.069 2.399 135.16 X-1+y, 1+z
O(10)iH( 10A) é 2729 1.870  170.65 X, y,-1+2
O@QiH(109) ¢é 2577 1713 166.14 1-x, 1-y, 1-z
O(11)iH( 11B) é 2673 1.831  161.60 1-x, 1-y, 2-z

& A=acceptor, D=donor

Table S11.Hydrogen bonding details fd#f.

DiH é A D é /H é /DHA Symmetry operator
(A) (R) ©) of A

O(2)i H( 2 BP(7)é 2.643 1.804 162.64 -1+X,Y, z

O(3)i H( 3 B D(6)é 2.711 1.667 166.11 -1+x,vy, z

ORiH(2A) é Of( 2936 2.326 126.06 -1/2+x, Yy, Yotz

O@)iH(4B) ¢é O( 2656  1.646 15562 -1/2+x, Yoy, Yotz

& A=acceptor, D=donor
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Table S12 Hydrogen bonding details fa?.

DiH é A D é /H ¢é /DHA Symmetry operator
(A) (A) ©) of A

O@3)i H( 3 BP(7)é 2759  1.909  166.16 -1+x,-1+y,zZ

O(2)i H( 2 AD(8E 2.602  1.739  178.63 -1+X, -1+y, z

O@R)iH(2B) é O( 2876 2066 15129 x,-1+y,z

O4)iH(4B) é O(2674 1860  157.81 -1/2+x, Yy, Yotz

aA=acceptor, D=donor

Figure S1.Representation of the 3D network formed through hydrogen bonding
interactions ir2. Colour code: Zn, turquoise; N, navy blue; O, red; C, grey.
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Figure S2.Representation of the molecular structure of the dinuclear complex
5. Colour code: Mh, yellow; N, navy blue; O, red; C, grey. The hydrogen

atoms are omitted for clarity.

\
\

Figure S3.Representation of the molecular structure of the dinuclear complex
7. Colour code: Zh cyan; N, navy blue; O, red; C, grey. The hydrogen atoms

are omitted for clarity.
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Figure S4.Representation of the intramolecular hydrogen bonding interactions

in 9.

Figure S5. Representation of the underlying 3,4;6@rdinated net in the

standard representation9n
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Figure S6.The underlying net in the cluster representation with the Ivt topology
with Point Symbol (8)(8% in 9.
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2.3 Brief description of the paper

In this article are represented Zn(Il) and Cu(ll) coordination polymers and MOFs
by thesimultaneous use ofyridyl oximes and trimesic acid. The Cu(MOF

was magnetically studied and its reactivity studies with Fe(lll) metal salts were

exploredthrough IR spectroscopy andray crystallography.
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Abstract:

The simultaneous use of@ridyl oximes (pyridine2 amidoxime, Hpyaox; 2
methyl pyridyl ketoxime, mpkd) and 1,3,%enzenetricarboxylic acid @Htc)
provided access to five new compounds, namely [Znidb(pyaoxHs)2]-2H20
(1-2H20),  [Zn(Hbtc)(pyaox2)2n  (2), [Cu(Hbtc)(pyaoX2)]n (3),
[Cu(Hbtc)(mpKdH)]n (4) and [Cu(Hbtcy(mpkaH)2(H20),]-4H20 (5-4H20).
Among them,3 is the first example of a metalganic framework (MOF)
containing Hpyaox. Its framework can be described ascau@inodal net of hcb

topology with the layers being parallel to the (1,0,1) plane. Further@m¢he
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third reported MOF based on apgridyl oxime in general2 and 4 are new
members of a small family of oadination polymers containing an oximic
ligand. 11 5 form 3D networks through strong intermolecular interactions. Dc
magnetic susceptibility studies were carried out in a crystalline samplanaf
revealed the presence of weak exchange interactionsdretive metal centres;
the experimental data were fitted to a theoretical model with the fitting
parameters beind = -0.16(1) cmtand g = 2.085(1). The isotropic g value was
also confirmed by electronic paramagnetic resonance (EPR) spectroscopy.
Reactivily studies were performed f8in the presence of metal ions; the reaction
progress was studied and discussed for FeN®Oy the use of several
characterization techniques, including single crystahy crystallography and

IR spectroscopy.

Keywords: coordination polymers; metakrganic frameworks (MOFs);

carboxylates; pyridyl oximes; zinc; copper.

1. Introduction

The synthesis and characterization of metal coordination polymers and metal
organic frameworks (MOFs) have attracted a considerable research interest
worldwide over the last decades, which stems from their technological,
environmental and biomedical apgtons in sensing, catalysis, imaging, drug
delivery, etc.19 Such species consist of mononuclear or low nuclearity
inorganic units, which are linked through organic linkers with the nature of the
metal ions and the organic linkers affecting their $tmg& having also the
potential to introduce additional functionalities and physical properties in to the
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framework, e.g., photoluminescence, magnetism. For example, some 1D
coordination polymers exhibit single chain magnetism (SCM) behaviour, and are
promising candidates for applications in quantum computing, -tdegtsity
information storage, eté¥?4 As the dimensionality of the framework increases,
the induced porosity is combined in a synergistic way with its other physical
properties, leading to thiermation of hybrid multifunctional materialsyith
enhanced performance in a variety of applications (spintronics, photonics,
catalysis and others).

Restricting further discussion to MOPSI, they display a wide range of
desirable structural featuresjch as large surface area, high porosity, flexible
structure, stability and the possibility of controlled and targeted introduction of
functional groups into the framework. Furthermore, some MOFs possess
phenomena that affect their porosity and stabihiggnely the interpenetration

and the breathing effe¢t 2° The former refers to the cases where more than one
networks are catenated with each otff#, which potentially results in the
increase of the surface area and stability of the MOF, and itettrease of its

pore diameter. The breathing effect is related to the change of the MOF pore
dimensions upon encapsulation of a guest molecule as a result of the change of
the intermolecular interactiod8?® The unique properties of MOFs and their
strucural tunability make these materials especially suitable for encapsulating a

plethora of different guest molecules.

The wide range of applications of MOFs and coordination polymers constitute
an increasing need for the development of efficient synthgbimaphes towards

new species with enhanced porosity and stability. The vast majority of MOFs has
been synthesized using solvothermal techniques, while other approaches have
been developed in recent years, based ongyoshetic, isoreticular, microwave

assisted, mechanochemical and sonochemical syntfeSisEach of these
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synthetic approaches often leads to different species, whose properties are merely
dictated by the organic ligands that link the neighbouring SBUs, and by the
nuclearity and type of thmetal ion that is present in the structure. The organic
linkers possess suitable coordination sites for the formation of the framework,
providing the desirable flexibility and stability. The hydrogen bondirig,
stacking, and other intermolecular intdrans also affect the architecture of the
overall framework and the MOF selectivity towards specific guest molecules. A
large number of organic linkers has now been employed in MOFs synthesis
including imidazolates, pyridine, carboxylates, etc., with et being one of

the most commonly used, resulting in MOFs with a wide range of pores sizes and
shapes¥4° The combination of two different linkers has been also employed for
the synthesis of new MOFs; in this case, one of the ligands often playdethe r

of the pillar that link parallel layers leading to the formation of pibgered

MOFs with increased dimensionality and novel topolagfié

Although the impact of the ligand properties on the MOF topology and porosity
has been well investigatedhid is not the case for the nuclearity and properties
of the SBU itself. To this end, we recently decided to introduce for the first time
into the field of MOFs the-pyridyl oximes Gcheme 1}, a family of ligands with

high bridging capability, that havee potential to lead to high nuclearity species
with unprecedented metal topologiespy&idyl oximes have been extensively
investigated in metal cluster chemistry and led to a plethora of metal clusters with
interesting magnetic properties, including $e&golecule and singtehain

magnetism behavioli? 65

168



HO__O

X
|N/ c®
Il 0 0]
N. H
OH
OH (0]
R = Me; mpkoH Hbte

R = NH,; pyaoxH,

Scheme 1Schematic representation of theyridyl oximes [eft) and the ligand
Habtc (ight) discussed in this work.

The initial combination of Dyridyl oximes with a variety of €l tri- and tetra
carboxylic acids led to the first-@yridyl oxime based MOFs, and other
coordination polymers as weéf®’It is worth to mention that among the MOFs
that we isolated with these ligands, jGDH)(pma)(mpko)],, where pmé is
the tetraanion of 1,2,4,%enzenetetracarboxylic acid (pyromellitic acid) and
mpko- is the anionic form of 2nethyl pyridyl ketoxime, is based on a
tetranuclear, butterfighaped SBU and possesses a novel 3;4,66 topology
86|t also exhibits dectivity for F€* adsorption with its magnetic properties being

strongly related to the amount of metal ion present into the MOF.ffores

The promising preliminary results of the employment-plyAdyl oximes in the

field of MOFs prompted us to explorarther this synthetic approach and we,
herein, report the synthesis and characterization of five new compounds, by the
use of a 2oyridyl oxime (pyridine2 amidoxime, pyadAd> and 2methyl pyridyl
ketoxime, mpkél) in combination with 1,3/enzenetricarboxic acid, Hbtc
(Scheme L. Amongst the reported compounds, [Cu(Hbtc)(py&dk (3) is the

first MOF  bearing Hpyaox. [Zn(Hbtc)(pyaoM2)2]n (2) and

[Cu(Hbtc)(mpKdH)]n (4) are rare examples of coordination polymers containing
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a 2pyridyl oxime either in its neutral or anionic form. Note thabtd has been
employed in the field of MOFs and has led to the synthesis and characterization
of many such species, including the FOHKUST, MIL-100, etc.,39436877

however its combination with an oximic ligand is essentially unexplored.

2. Results and Discussion

2.1. Synthetic Discussion

Our group has developed an intense interest over the last years in the synthesis
of coordination polymers and MOFs by the use gdyBidyl oximes and a
polycarboxylic ligand, such as 21benzenedicarboxylic, 1,2,4[%enzene
tetracarboxylic acid, etct®%” These research efforts have resulted in new
species, some of which display new framework topologies and promising sensing
properties. It is worth to mention that the initial employment of 1,3,5
benzenetricarboxylic acid @dtc) in Ni' chemistry in the sence of an oximic
ligand has led to the isolation of a 1D coordination polyth&his prompted us

to further study this reaction system by the use of different metal ions and
investigate its potential to favour the formation of higher dimensionality
coordination polymers and/or MOFs. A wide range of experiments was carried
out in order to study the impact of the different synthetic parameters
(presence/absence or kind of base, metal ratio of the reactants, metal sources,

etc.) on the identity and crydtaity of the isolated product.

The reaction mixture of Zn(ClKk-6H-O/pyaox/Hsbtc (1:2:1) in HO at 100
°C gave a colourless solution from  which crystals of
[Zn(H2btck(pyaoXH2)2]-2H20 (1-2H20) were subsequently isolated. Following

a similarreaction but using a different Zsource (Zn(@CMe)-6H:0 instead
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of Zn(ClQy)2:6H20) and in the presence of NEthe 1D coordination polymer
[Zn(Hbtc)(pyao2)2]n (2) was isolated in good vyield. The stoichiometric
equation of the reactions that leadtie formation ofl and2 is represented in
Equations I) and @). Note that the kind of base does not have any impact on the

identity of the isolated compound, but it affects its crystallinity.

#1717 a1 ¢bUAI @¢( AOA

T AOBUAT @ xx(/ t(/ c(#I1¢p

T/ #- A2 1 c¢PUAI @( AOA. %Oy

T(AOBUAT @ t(/ c¢(.%0c¢c-A#/¢

As a next step, we decided to investigate the impact of the metahidhne
identity of the isolated product; thus, by the use of CugzleH.O and
following a similar synthetic approach to the one that provided accésgreen
crystals of the 2D coordination polymer [Cu(Hbtc)(pyidain. (3) were isolated

in good yield.lt is noteworthy that the electronic properties of the oximic ligand
influence the dimensionality of the reaction product. In particular, by the
employment of mpkid instead of pyadd. and by following the same reaction
that yielded 3, blue crystals of the 1D coordination polymer
[Cu(Hbtc)(mpKdH)]a (4) were formed, whereas the use of a differert €wrce
(Cu(NG3)2:2.5H0 instead of Cu(ClQ2-6H20) provided access to the
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compound [Ce(Hbtck(mpkadH)2(H20),]-4H20 (5-4H:0), according to the

stoichiometric Equations3Ji (5):
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2.2. Description of Structures

Representations of the molecular structuredi&f are shown irFigures 15,
Figures S1landS2(Supplementary Information). Selected interatomic distances

and angles are listed irables S1 S5

Compoundl crystallizes in the triclinic space gro&pl'. Bsstructure Figure 1)

consists of the mononuclear complex [Zpftt):(pyaoxH2),] and two lattice
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H2>0 molecules. The coordination sphere of the metal ion is completed by two
neutralN , Midentate chelating pyabb ligands and two monodentate single
deprotonated bbtc ions. Zd' is six coordinated displaying a slightly distorted
octahedral geometry de the relatively small bite angle of the chelating ligand
(N1-Zn1-N2 = 75.1(2) and NZn1-N5 = 76.0(2)).

There are strong intermolecular hydrogen bonding interactiahthet stabilize

its structure and result in the formation of a thdeeensional nevork (Figure

1, right). In particular, there are three different types of hydrogen bontis in
which involve: (1) the oxygen atoms of the oximic groups (O1 and O2), which
are the donors, and the carboxylate groups of thcH ligands (04, 010),
which act as the acceptors (02---0O4 = 2.623 A, H2A---04 = 1.857 A, O2
H2A---04 = 154.81° 01-010 = 2.606 A, H1---010 = 1.791 A, @11---010

= 172.25°); (2) the oxygen atoms of the neutral carboxylic groups ofthte™H
ligand (011,07; donors) and the deprotonated carboxylate groups (05, 012;
acceptors) of neighbouring species (011---O5 = 2.645 A, H11---O5 = 1.86 A,
O11-H11---O5 = 160.15°% O7---012 = 2.705 A, H7---012 = 1.942 A- O7
H7.--012 = 154.42°) and (3) the amino group of tkenic ligand (N3; donor)

and the carboxylate (O8; acceptor) group from a neighbouring complex (N3---O8
= 3.022 A, H3B---08 = 2.433 A, NBI3B---08 = 126.27°). Furthermore, the
lattice HO molecules (015, 016) form hydrogen bonds with the carboxylic (O3,
06,013 and 0O4) and the oximic (O1) groups; the-fomation of the lattice KO

hydrogen atoms precludes a detailed description of the latter.
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Figure 1. Representation of the molecular structure of compd.(teft) and the
3D network that is formed through intermolecular interactions along c axis

(right). Colour code: Zh cyan; N, navy blue; O, red; C, grey.

2 crystallizes in the chiral orthorhombic ese groupP2:2:21; its structure
contains a ondimensional chain based on the repeating unit
[Zn(Hbtc)(pyao2)2]. The metal centre is linked to two neuthbl MNidentate
chelating Hpyaox ligands, and two terminally ligated carboxylate groups
coming from two different Hbfcions; the latter bridges two neighbouring
repeating units adopting ait:d%:e coordination mode. Znis sixcoordinate
adopting an octahedral geometry. The repeating ugitdrsimilar to compound

1, with the only diffeence being the protonation level and, hence, the bridging
capability of the carboxylate ligandl,( single deprotonated?2, double
deprotonated carboxylate). The 1D chains 2ninteract strongly through
hydrogen bonds, which result in the formation of an@Bwork Eigure 2, right).

The hydrogen bonds involve the oximic, amino and carboxylic groups as donors

and the deprotonated carboxylate groups of the®Higands as acceptors. The
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metric parameters of the crystallographically establisineiépendent hydrogen

bonds are listed in Table S6 in the Supplementary Material.

O\ N
O LA
> 3
il O ey
X 2 N
e ® % e <

Figure 2. Representation of a part of the 1D chaig {feft) and the 3D network
that is formed through intermolecular interactions (right). Color codg:Zan;

N, naw blue; O, red; C, grey.

Compound3 crystallizes in the monoclinic space groug/R. Its structure
consists of a twalimensional network based on the dinuclear centrosymmetric
repeating unit [Cy(Hbtck(pyaoxH.).] (Figure 3). The two metal ionwithin the
repeating unit are held together through the two bridgisy&bx ligands, and
their distance was 4.397 A. The coordination sphere 6fv@s completed by
two Hbtc ions, which also linked the neighbouring SBUs resulting in the
formation of a2D framework. The metal ions were pestzordinated and
adopted a square pyramidal geomety 0.05) with O7 from the oximic group

occupying the apical position [78].

Intrachain hydrogen bonds stabilized the crystal structu8gtbése weréormed

between: (1) the oximic group (O7), which is the donor, and the carboxylic group
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of the Hbt& ion (02), which acts as the acceptor (O7---02 = 2.525 A,
H1(07)---02 = 1.664 A, OH1(07)---02 = 173.62°), and (2) the amino group
(N2), which is the dorng and the carboxylic group of the Hbtmn (06), which

acts as the acceptor (N2---06 = 2.958 A, H2(N2)---06 = 2.202 A, N2
H2(06)---06 = 147.30°). Furthermore, interchain hydrogen bonds are formed
between the oxygen atoms of neighbouring carboxylic grofithe Hbt& ions;

(O4) acts as a donor and (O6) acts as an acceptor (O4---06 = 2.64 A,
H1(04)---06=1.81 A, O4H1(04)---06 = 159.27°), forming a three dimensional
network (Figure S1).

The framework ir8 forms a 3c uninodal net® 8! of hcb topology Figure 4, left)

with the layers being parallel to the (1,0,1) pl&h& Taking also into account

the intermolecular interactions between the Kbligands, the resulted 3D
framework exhibited a utp topological typ€&idure 4, right).258 Thermal
stability studies in3 revealed that it remains stable until 320 Ey(re S2. In
particular, there is a small mass loss (<5%) between room temperature and 320
°C; a sharp mass loss (ca. 60%) is then observed, and the decomposition of the
compound continued a steady rate with a further mass decrease of 12%
between 320 and 600 °C.
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Figure 3. Representation of the repeating unit (left) and a part of the 2D network
of 3 (right). Colour code: Cl green; N, navy blue; O, red; C, grey. The
hydrogens are omitted for clarity.

Figure 4. Left: representation of the underlyingchet withhcb topology in3.
Right: representation of the 3D network wiitp topology, which is formed
when the interm@cular interactions between the carboxylate ligands are
considered. The unit cell is shown with a blue line. Colour codé; green;
Hbtc>, brown.
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4 crystallized in the orthorhombic space groBpa2;; it is a zigzag chain
(Figure 5, left), formed by the connection of the [Cu(Hbtc)(mpRdrepeating

units through the':d:e Hbtc> ligands. The coordination sphere of''Ouas
completed by one neutrtl, #identate chelating mpkbligand. Clf was the
tetracoordinate with a square planar gesiry (N:Cul-O2 = 173.56°). A strong
intramolecular hydrogen bonding interaction was formed between the neutral
oximic group (O1, donor) and a carboxylate group (O3, acceptor) from th& Hbtc
ligand (O1---03 =2.516 A, H101---03 = 1.7 A, ®lLO1---03 = 13.11°).

Figure 5. Left representation of a part of the zgg chain in4. Right:
representation of the molecular structur&.ofolour code: Ctj green; N, navy

blue; O, red; C, grey. The hydrogens are omitted for clarity.

Compound5-4H,O crystallized in the triclinic space groupl. &s structure
consisted of centrosymmetric dinuclear jCEibtcy(mpkaH)2(H20)2] species
(Figure 5, right) and HO lattice molecules. The two metal centres were held
together through thg':d':e Hbtc* ions. The coordination sphere of each'Cu

was completed by aN , Midentate chelating mpkbligand and one terminal
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H>0 molecule. Each cation was pewgtaordinatedadopting a distorted square
pyramidal geometry({= 0.30) with the O2 fronthe terminally ligated kD to
occupy the axial positioff Therewas a strong network of hydrogen bonding
interactions that stabilized the structuréafH.O and result in the formation of

a threedimensional frameworkRigure S3. These involve the lattice 2.8
molecules (09 and 010), which act as both donors and tacsgthe oximic
group (O1, donor), the terminally ligated®(O2, donor), the neutral carboxylic
group (08, donor) and the carboxylate groups from the?Higtands (04, O5)

that act as acceptors. The metric parameters of the crystallographically
estabished, independent hydrogen bonds are listedTable S7 in the
Supplementary Material. The aromatic rings of the oximic and carboxylic ligands
of neighbouring dimers i6-4H.0 interact further through strorig ~ stacking

interactions, with the distancetiaeen the centroids being 3.8 Bigure S4).

1i 5 belong to a new family of oximic metal compounds, coordination polymers
and MOFs with 3 being the first MOF based epy2idyl amidoxime and 1,3;5
benzenetricarboxylic acid; furthermore, it is only thed example of a MOF
based on a -pyridyl oxime, in generdl® 2 and 4 join a small family of
coordination polymers containing an oximic lig€fd’ The structures of all the
reported compounds are stabilized through strong intermolecular interaction,
forming three dimensional networks. The purity and stabilit§i&f has been
verified by pxrd studiesHigures S5andS6).

2.3. Magnetism Studies

Dc magnetic susceptibility measurements were carried out on a powdered and
pressed sample @&fin the 2 300 Ktemperature range and under a field of 0.03

T and plotted asuT vs.T plot. (Figure 6). TheeuT for 3 was almost constant
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with a room temperature value of 0.8%Kmol* in good agreement with two
nonvinteracting Cu(ll) cations (0.375 éikmol™) with an overall g greater than
2.00.
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Figure 6. Representation of treu T as a function of T foB. Solid line represents

the best fit. Inset, EPR spectrum measured-baixd fequency.

The fitting of the experimental data was performed by using theosiyn
HamiltonianO c0 ¢ O and PHI softwaré® and resulted in almost nen
interacting Cu(ll) ions with 8 =-0.16(1) cm‘ and a global g value of 2.085(1).
This almost irrelevant value of the suygxchange couplingis expected due to

the relative arrangement of the Cu(ll) cations, which determines the overlap
along the long bond distance involving the fmagnetic dzorbital and also due

the position of the oximes ligands, where the CtQHN-Cu(ll) torsion angle

was 86.8 close to orthogonality. The almost isotropic value of g was confirmed

by electronic paramagnetic resonance (Esfiectroscopy at ¥and frequency,
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which provides the low temperatuggandgVWaluesof 2.16 and 2.08Higure 6

inset), being in total agreement with the dc measurements.

2.4. Reactivity Studies

The existence of free (nesoordinated) Nk groups in the crystal structure ®f
prompted us to study the ability of this MOF to adsorb or react with metal ions
in theaqueous environment. The reactivity studies were carried out by soaking
crystals of 3 into solutions of 0.100.30 mmol of metal salts (Fe(NJ3,
Ni(NO3)2, Co(NQ)2 and GCls3) in H:O (10 mL). The MOF crystals were
activated prior to the metal ion encapsulatiorremove the amount of solvent
present; this was carried out by stirring the crystalcetoneor several hours

and then exchanging this solvent with acetonechvis easilyremoved at 80C.

The metal encapsulation was initially investigated by batch studiag UM

vis spectroscopyHigures S7andS8). The U\tvis studies for Fe(Ng)s revealed

a substantial decrease of the concentration of the metal itthve isolution over

the first 4 minwhich was then followed by the appearance of an additional peak
at 290 nm Figure S5); the latter can be potentially attributed to?Ciens in the
solution [89], which indicatethat a chemical change takes place instiecture

of 3 upon reaction with other metans. The progress of the reaction was
investigated in the case of Fe(B)oby means of TIR and singlecrystal Xray
crystallography. During the reaction, the green crystal3 ltdd been replaced

by a brown pecipitate Figure S9 and the initial yellow colour of theolution

had turned to pale green. The solution was then filtered and left in a closed vial
at room temperature for one day, after which a few goyan crystals were
formed; thdatter were chacterized with IR spectroscopy and single crystal X

ray diffraction (unit cellcomparison) and were found to be the mononuclear
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complex [Cu(Hpyca)(H20)]-(NOz)2, where Hpyca = pyridine2-carboxamide

9 H,pyca is the product of the hydrolysistéfpyaox, which is a reaction often
encountered in oximeéd° Concerning the brownprecipitate, this was
amorphous, which prevented from its further; it is worth to mentirmugh, that

the IR spectrumKigure S1Q of the brown precipitate indicates thhistcould
correspond to the previously reported 1D coordination polymer
[Fes(H20)12(btc)]n.”® The absence of bands in the range 17800 cm! reveals

the complete deprotonation of the organic ligand in the product of the reaction.

3. Materials and Methods

3.1. Materials, Physical and Spectroscopic Measurements

All the manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. Hmpko goyhblx were prepared as
described elsewhefé?® Warning: Perchlorate salts are potentially explosive;
such compounds should be used in small quantities and treated with utmost care

at all times.

Elemental analysis (C, H and N) was performed by thieoimse facilities of
National University of Ireland Galway, Sobl of Chemistry. IR spectra (4000

400 cm') were recorded on a Perkifimer Spectrum 400 FIR spectrometer.
Powder Xray diffraction data (pxrd) were collected using an Inex Equinoz 6000
diffractometer. Solid TGA experiments were performed on a STA625 thermal
analyser from Rheometric ScientifiPiscataway, NJ, USA). The heating rate
was kept constant at 10°C/min, and all runs were carried out between 20 and 600

°C. The measurements were made in open aluminium crucibles, nitrogen was
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purged in ambient mode and calibration was performed usingn@iom
standard. Soligtate, variablkeemperature and variabfeeld magnetic data were
collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in theT300 K range for the magnetic
susceptibility and at 2.0 K in th€5 T range for the magnetization
measurements. Diamagnetic corrections were applied to the observed

susceptibilities using Pascal 6s constants.

Bruker 300 spectrometer with an-b@nd frequency measured at room

temperature

3.2. Compound Synthesis

3.2.1. Synthesis of [Zngbtck(pyaot?)z]-2H20 (1-2H0)

Zn(Cl0Oy)2:6H20 (0.037 g, 0.10 mmol) and pyadx(0.027g, 0.20 mmol) were
dissolved in HO (10 mL). The resultant solution was put in the oven and heated
at 100 °C for 1. Then, Hbtc (0.021 g, 0.1 mmol) was added and the vial was
placed into the oven for 24 h, after whickra§ quality colourless crystal needles

of 1.2H.O were formed. Therystals were collected by filtration, washed with
cold MeCN (2 mL) and EO (2x 5mL) and dried in air. Yield 55 %. Anal. Calc.

for 1.2H.0: C, 45.38; H, 3.55; N, 10.58. Found:45.87; H, 3.71; N, 10.09 %.

IR data:3 (cm) = 3484 m, 3406 m, 3310 m, 2982 m, 27572664 m, 2364 w,
1943 w, 1724 m, 1698 m, 1670 m, 1598 s, 1574543 s, 1497 m, 1406 m,
1369 m, 1281 m, 1247 m, 1224 s, 1177 s, 1153 m, 1096 m, 1022 s, 907 m, 844
m, 790 s, 745 €91 s, 665 m.
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3.2.2. Synthesis of [Zn(Hbtc)(pyady2]n (2)

Zn(O.CMe)-6H20 (0.022 g, 0.10 mmol), pyabls (0.027 g, 0.20 mmol) and
EtN (56 €L, 0.4 mmol) were dissolved in2B (10 mL). The resultant solution
was put in the@ven and heated at 10C for 1h. Rbtc (0.021 g, 0.10 mmol) was
added and the viavas placed into the oven for 24 h, after whichaX quality
colourless needless @fwereformed. The crystals were collected by filtration,
washed with cold MeCN (2 mL) and2x (2 x 5 mL), and dried in air. Yield
70%. Anal. Calc. fol: C, 46.05; H, 3.8; N, 15.34. FoundC, 45.55; H, 3.63;
N, 15.18%. IR datar (cm1) = 3474 m, 3357 m, 3307 m, 3187 m, 2982 #R2

s, 1678 s, 1604 s, 1575 m, 1528 s, 1434 m, 1406 m, 1368 s, 1302 m, 1229 m,
1169 s, 1097 m1020 s, 1007 m, 1020 s, 937 m, 896 m, 855 m, 81790 s,
756 m, 714 s, 687 m, 668 s.

3.2.3. Synthesis of [Cu(Hbtc)(pyad]n (3)

Cu(CIQy)2:6H20 (0.037 g, 0.10 mmol) and pyadx(0.027 g, 0.20 mmol) were
dissolvedn H2O (10 mL). The resultant solution was put in the oven and heated
at 100 °C for1 h. The colour of the solution turned cyan anttei(0.021 g, 0.1
mmol) was then addethe vial was placed into the oven for 24 h, after whieh X
ray quality green crystalsf @ were formed. The crystals were collected by
filtration, washed with cold MeCN (2 mL) and2Ex(2 x 5 mL), and dried in air.
Yield 85%. Anal. Calc. for 3: C, 44.07; H, 2.71; N, 10.28. Found: C, 44.32; H,
3.07; N, 10.21 %. IR data:(cm?) = 3443 w, 334 w, 1726 m, 1682 m, 1612 s,
1579w, 1544 s, 1492 w, 1437 w, 1421 w, 1364 m, 1296 w, 1274 w, 1242m, 1238
m, 1179 m, 1157 w, 1095 m, 1036 s, 951 m, 928 w, 895 w, 836 m, 805 w, 786 s,
743 s, 720 s, 689 w, 669 m.
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3.2.4. Synthesis ¢C€u(Hbtc)(mpKdi)]n (4)

Cu(CIy)2:6H20(0.037 g, 0.10 mmol) and mpKo(0.014 g, 0.10 mmol) were
dissolved in HO (5 mL). The resultant solution was put in the oven and heated
at 100 °C for 1 h. kbtc (0.021 g, 0.1 mmol) was then added and the vial was
placal into the oven for 24 h, after which-tdy quality blue crystals & were
formed. The crystals were collected by filtration, washed with cold MeCN (2
mL) and E3O (2 x 5 mL), and dried in air. Yield 73%. Anal. Calc.4oC, 47.12;

H, 2.97; N, 6.87. Foud: C, 46.81; H, 3.14; N, 7.01 %. IR datgcm?) = 2247

w, 2167 w, 1813 m, 1720 m, 1606 m, 1549 s, 1482 w, 1424 m, 1360 s, 1299 w,
1266 w, 1244 s, 1177 s, 1160 s, 1149 w, 1100 w, 1085 m, 1053 w, 1027 w, 978
w, 957 m, 923 m, 803w, 770 m, 749 s, 718%) m, 673 s.

3.2.5. Synthesis of [G{Hbtc)(mpkd)2(H20)2]-4H20 (5-4H0)

Cu(NGs)2:2.5H0 (0.093 g, 0.40 mmol) and mpKd0.014 g, 0.10 mmol) were
dissolved in in HO (10 mL). The resultant solution was put in the oven and
heated at 100 °C for 1 fithen, Hbtc (0.021 g, 0.1 mmol) was added and the
vial was placed into the oven for 24 h, after whicha} quality cyan crystals of
5-4H,0 were formed. The crystals were collected by filtration, washed with cold
MeCN (2ml) and EO (2x 5 mL), and driedn air. Yield 40%. Anal. Calc. for
5-4H,0: C, 41.61; H, 3.93; N, 6.07. Found: C, 41.29; H, 4.09; N, 6.34 %. IR
data:3 (cm) = 3393 w, 3032 w, 1714 m, 1606 s, 1548 s, 1435 s, 1363 s, 1335
w, 1249 m, 1235 m, 1189 m, 1144 m, 1103 m, 1074 m, 1028 w, 98651y,
803w, 778 s, 744 s, 714 s, 677 s.
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3.3. SingleCrystal Xray Crystallography

Single crystal diffraction data fdii 5 were collected in an Oxford Diffraction
Xcalibur CCD diffractometer using graphibteonochromatic Mo Ka radiatiom

= 0.71073 A)at room temperature. The structures were solved using SHELXT
9% embedded in the OSCAIL softwate The nonH atoms were treated
anisotropically, whereas the hydrogen atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon atoms. The hydrogen
atoms on water molecules cannot be calculated accurately and doeaiest in
difference maps and then refined. In the case of compb@itO, it was not

possible to locate the water H atoms in difference maps. Molecular graphics were
produced with DIAMOND?®

Unit cell data and structure refinement details are listd@bie 1 CIF files can
be obtained free of chargevatvwcCcDC.CAMACUK/RETRIEVINGHTML or from the
Cambridge Crystallographic Data Cent@ambridge, UK with the REF codes
2,054,5092,054,513 forli 5.

Table 1.Crystallographic data for complexgs.

Complex 12H,0 2 3
Empirical formula CsoH23NeO16ZN C21H18NeOsZn C15H11CuNsO7
Formula weight 788.91 547.78 408.81
Crystal system Triclinic Orthorhombic Monaoclinic
Space group PO P212:12; P2i/n
a(h) 10.4432(8) 8.9165(2) 13.6020(5)
b (A) 11.0391(10) 14.3950(4) 7.8643(3)
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c(A) 16.1331(10) 18.0662(4) 14.5936(6)
VIQ)! 70.263(7) 90 90
b (°) 71.936(6) 90 106.629(4)
2(°) 74.980(7) 90 90
V (A3 1639.4(2) 2318.85(10) 1495.79(10)
z 2 4 4
Jcaic(g cmd) 1.598 1.569 1.815
e (Hhm 0.837 1.120 1.510
Measd/independen 12784 /7550 19382/ 5593 10552/3386
reflns Rin)) (0.0634) (0.0303) (0.0279)
Parameters refined 484 350 251
GoF (onF?) 0.972 1.043 1.069
R (I > 20(B) 0.0948 0.0340 0.0379
WR (1 > 20(B) 0.2333 0.0763 0.1025
(AP Jmas/ (0P Ymin
2.739/0.619 0.879 /-0.338 0.539/0.683
(e A9
Complex 4 54H,0
Empiricalformula C21H11CuNO7 C16H18CUN:O19
Formula weight 466.86 461.86
Crystal system Orthorhombic Triclinic
Space group Pna2 PQ
a(A) 14.4904(8) 8.5820(6)
b (A) 14.2054(6) 10.7135(8)
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c(A)
a(’)
b ()
29 (
V (A3)
z
} caic(g C°)
e (Hhm
Measd/independent
reflns Rin)

Parameters refined
GoF (onF?)
R (I > 24(B)
WRL (1 > 20(D)

(AP Jmas/ (0P Ymin
(e A9)

7.4068(5)
90
90
90
2.034
4
2.034
1.494
12706/3688
(0.0784)
237
0.974
0.0544

0.0869

0.420 £0.405

11.0721(8)
64.108(7)
86.688(6)
83.015(6)

909.01(12)

2
1.687
1.263

8056/4204

(0.0377)
286
0.963
0.0417

0.0935

0.496 /0.489

4. Conclusions

The employment of -pyridyl oximes (pyridine2 amidoxime, pyadA,; 2-

methyl pyridyl

ketoxime and mpkd)

in combination with 1,36

benzenetricarboxylic acid @Htc) provided access to five new compounds,

including discrete clusters, coordination polymers and MOFs. Among them,



[Cu(Hbtc)(pyao¥?2)]n (3) was based on a@duninodal net of hcb topology being
the first reported MOF bearing pyabl;, it was also the third MOF example
based on a -pyridyl oxime in general. [Zn(Hbtc)(pyabk)2]n (2) and

[Cu(Hbtc)(mpKdH)]n (4) joined a small family of coordination polymers
containing an oximic ligandli 5 formed a 3D spramolecular network through

strong hydrogen bonding interactions.

The exchange interactions between the metal centr@ware investigated
through dc magnetic susceptibility measurements and were found to be very
weak antiferromagneticJ(= -0.16(1) cm?). Finally, reactivity studies were
performed for3 in the presence of metal ions; in the case of FefhGhe
reaction products were [Cu(pyeg2(H20)]-(NOz3)2, (pycaH> = pyridine2-
carboxamide, coming from the hydrolysis of the oximic ligand) and
[Fes(H20)12(btck]n. The reaction products were characterized by single crystal

X-ray crystallography and IR spectroscopic techniques.

Supplementary Materials

The following are available onlineFigure S1 Representation of the 3D
network formed through hydrogen bonding interactions3jnFigure S2
Representation of the 3D network formed through hydrogen bonding interactions
in 5-4H,0, Figure S3 Comparison of the pxrd patterns fd(theoretical, red,
experimental: green; Cil2, navy blue; EtOH, grey; ¥D, magenta; M££O,
cyan; MeOH, pink,Figure S4 Comparison of the pxrd patterns #4HO
(theoretical, red; experimental, blu€)gure S5 UV-vis plot for the adsorption
of iron(lll) nitrate nonahydrat by 3 in H20, Figure S6 Photo of crystals o8
(left) before the reaction and the formed brown compound (rigigure S7:
The infrared spectra of the isolated brown precipitaleahle S1 Selected
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interatomic distances (A) and angles fe2H,0, Table S2 Selected interatomic
distances (A) and angles @rTable S3 Selected interatomic distances (A) and
angles foB, Table S4 Selected interatomic distances (A) and angles,fdable

S5 Selectedinteratomic distances (A) and angles ®#H,0, Table S6
Hydrogen bonding details f@ Table S7: Hydrogen bonding details 5o4H:0.
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Supplementary Material

Table S1.Selected interatomic distances (A) and angles (°).for

Bonds
Znl-N5  2.110(8) Zn1-N2 2.134(7)
Zn1-N4  2.151(5) Zn1-03 2.118(4)
Zn1-00  2.102(4) Zn1-N1 2.144(6)
Angles
N5-Zn1-N4  76.0(2) N1-Zn1-03 87.4(2)
N4-Zn1-N2  97.2(2) N1-Zn1-N5 99.6(2)
N2-Zn1-O3 88.7(2) 04-Zn1-N4 86.2(2)
03-Zn1-N5 98.4(2) 04-Zn1-N2 96.7(2)
N1-Znl-N4  96.3(2) 04-Zn1-N5 88.7(2)
N1-Zn1-N2  75.1(2) 04-Zn1-03 90.9(2)

Table S2.Selected interatomic distances (A) and angles (°3.for

Bonds
Zn1-N6 2.091(3) Zn1-03 2.055(3)
Zn1-N4 2.282(3) Zn1-N3 2.111(3)
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Znl-N1  2.172(3) Zn1-06  2.084(2)

Angles

N4-Zn1-N1  89.7(1) N6-Zn1-06  104.0(1)
N1-Zn1-06  92.2(1) N6-Zn1-03  94.1(1)
06-Zn1-03  88.6(1) N3-Zn1-N4  87.3(1)

03Zn1-N4  90.1(1) N3-Zn1-03  92.8(1)
N6-Zn1-N1  97.1(1) N3-Zn1-06  95.6(1)
N6-Zn1-N4  73.3(1) N3-Zzn1-N1  75.0(1)

Table S3.Selected interatomic distances (A) and angles (°3.for

Bonds
Cul-N1 2.006(2) Cul-N3 1.977(3)
Cul-05  1.942(2) Cul-01  1.918(2)

Cul07  2.629(2)

Angles

N3-Cul-O5 170.69 N1-Cul-N3 79.61
O5Cul-07 97.62 O1-Cul-O5 87.79
O7-Cul-N3 83.43 O1-Cul-O7 88.51
N1-Cul-O5  91.09 O1-Cul:N3 1015

N1-Cul-O7 97.68
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Table S4.Selected interatomic distances (A) and angles (°3.for

Bonds
Cul-02

Cul-N2

Angles
02-Cul-N2

N2-Cul-N1

1.924(5)

1.982(4)

101.8(2)

79.8(2)

Cul-05

CulN1

N1-Cul-O5

05-Cul-02

1.934(4)

2.001(6)

90.8(2)

88.6(2)

Table S5.Selected interatomic distances (A) and angles (%-#ir20.

Bonds
Cul-N2
Cul-N1

Cul-03

Angles

O3-Cul-N1
N1-Cul-02
02-Cul-03
N2-Cul-N1
N2-Cul-02

N1-Cul-03

2.025(2)
2.004(3)

1.948(2)

174.64(8
89.09(8)
85.60(8)
78.72(9)

101.49(9)

174.64(8)

Cul-02

Cul-O6

N2-Cul-03

06-Cul-N1

06-Cul-02

06-Cul-03

N2-Cul-O6

2.260(2)

1.951(2)

101.57(9)
91.78(8)
99.72(8)
89.88(8)

156.55(9)
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Table S6.Hydrogen bonding details f@?.

D---A H---A Symmetry operator of
D-H---A DHA (°)
(A) (A) A
01-H101.--04 2.648 1.789 165.91 X, Y, Z

N5-HIN5.--O4 2.894 2.147 163.53 1-x, -1/2+y, 1.5z

O5H105---08 2.655 1.876 145.31 -X, -1/2+y, 1/2z

aA = acceptor, D = donor

Table S7.Hydrogen bonding details for 5-46¢2.

D-H. A DA (&) (A)A DHA () Symmetry:perator of
02-H202---09  2.743 1907 170.95 X, Y, Z
O8H108---010 2.560 1.69 174.02 X, Y, Z
O1-H101---04 2510 1.616 174.08 X, Y,Z
02-H202---07 2.776 2.061 169.55 X, Y,-1+z

& A = acceptor, D = donor
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Figure S1.Representation of the 3D network formed through hydrogen

bonding interactions if.
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Figure S2.The TGA plot for3.

Figure S3.Representation of the 3D network formed through hydrogen

bonding interactions iB-4H.0.
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Figure S4.Representation of the intermolecular stacking interactions in
5:4H,0. The centroids of the interacting aromatic rings are represented with

spheres.
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Figure S9.Photo of crystals a3 (left) before the reaction and the formed brown

compound (right).
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2.4 Brief description of the paper

In this articleis describedhesynthesis and characterizationmdéw coordination
polymers and MOFs by the simulrtaneous use of tpgrZlinemethanol and
terephthalic or trimesic acid. Also, the-MEOF was magnetically studied and

the ZnMOF was photoluminescence characterized.

S|

Synthesis and characterization of new coordination ) Chock for update
compounds by the use of 2-pyridinemethanol and di-
or tricarboxylic acids+

Abstract

Aut hordés contribution:

I. Mylonas-Margaritis: All the synthetic work, preparation of first draft, tables,
figures.

K. Skordi, Prof. A. J. Tasiopoulos, Prof. Patrick McArdle: Collection and
analysis of the crystallographic data.

Dr. J. Mayans; A. Escuer. Magnetic Studies
Dr. W. Tong; Dr. P. Farras: Photoluminescence studies.

Dr. Constantina Papatriantafyllopoulou: Managed the proje@nd reviewed

the manuscripbefore the submission and during the revision process
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by the Use of 2Pyridinemethanol and Dt or Tricarboxylic Acids
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Albert Escuef Patrick McArdle2 and Constantina Papatriantafyllopouléu

aSchool of Chemistry, College &ciecne and Engineering, National University
of Ireland Galway, Galway, Ireland

E-mail: constantina.papatriantafyllopo@nuigalwayTlel: +353 91 493462
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Abstract
The develoment of synthetic approaches towards new coordination polymers
has attracted a significant interest due to their fascinating physical properties, as

well as their use in a wide range of technological, environmental and biomedical

applications. Herein, thaitial combination of 2pyridinemethanolfimp) with
1,4-benzenedicarboxylic acid gbidc) or 1,3,5benzenetricarboxylic acid @dtc)

has been proven a fruitful source of new such species providing access to five
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new coordination compounds, namely JMbtck(Hhmp)]-DMF (M=Co",
1.DMF; Ni", 2-DMF), [Ni(bdc)(Hhmp}]n-4Hz0 (3.4H0), [Zre(bdc)(hmp)]s

-DMF (4-DMF) and [Fe(bdck(Hhmp)]n (5). 4-DMF and5 are the first metal
organic frameworks (MOFs) based on Hhmp wigxhibiting an unprecedented
4,4,4c net with point symbol {310°.11}{32.10% .. The framework ir5 is based

on a linear F& SBU and possesses3#,6T2 topology with point symbol
{42.8%.10}5{43}2{4°.8°.10°}. Dc magnetic susceptibility measurements were
carried out irb and revealed the existence of antiferromagnetic coupling between

the Fé cations with a superexchange vabfel= -8.46 cm'.

1. Introduction

Metalorganic frameworks (MOF5¥ are porous materials that have attracted an
intense research interest over the last decades due to their aesthetically pleasing
structures and their potential to address contemporary challenges in industrial,
biomedical and environmental applicaticftsMOFs possess alethora of
attractive properties such as enhanced stability, large surface area,
biocompatibility, inexpensive larggcale synthesis, depending on the metal ion
and ligand present in their structure, and selective adsorption due toithiétyeas

of targeted introduction of additional functional groups into the framework.
Furthermore, they display tuneable and often high porosity, which is also
affected by the breathing effeft].e., the property of MOFs to change their pore
dimensions pon encapsulation of a guest molecule. The unique properties of
MOFs and their structural tuneability make these materials suitable for

applications in sensing, catalysis, imaging, drug delivery?*étc.
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The vast range of MO F s ncreasing heedcfar the o n s
isolation of new materials with enhanced porosity, selectivity, and stability,
constitute a demand for the development of efficient synthetic approaches
towards new such species. Many approaches have now been reported, with some
of them (isoreticular synthesis, post synthetic modification) favouring the
targeted synthesis of MOFs with desirable propetfiésThe latter are affected

by the type of the metal ion that is present in the secondary building unit (SBU),
and the type othe organic ligand that links the neighbouring SBUs. A large
variety of organic linkers or a combination of them has been used for the
synthesis of new MOFs, including imidazolates, pyridine, carboxylates, and

others2>3%

With the above in mind, we recéntnitiated the exploration of the ligand blend
2-pyridyl oxime/polycarboxylic acids for the synthesis of new M8, 2-
pyridyl oximes were chosen because of their high bridging capability and their
potential to introduce interesting magnetic propsrtie the syster#? Many
oximic ligands, such as pyridieamidoxime and 2nethyl pyridyl ketoxime,
were investigated with the simultaneous use of a polycarboxylate (bebZene
dicarboxylic acid, benzerg3,5tricarboxylic acid, benzenrg,2,4,5
tetracarlbxylic acid) and yielded the first-Ryridyl oxime based MOFs, and
several coordination polymers. Some of the MOFs display unprecedented metal
topologies and good metal ion adsorption capacity. For example,
[Cua(OH)2(pma)(mpko)]n,3” where pmé is the tetraanion of 1,2,4,%enzene
tetracarboxylic acid (pyromellitic acid) and mpkis the anionic form of 2
methyl pyridyl ketoxime, exhibits a good 'fFeadsorption capacity with its
magnetic properties being affected by the amount of the enctgubuteetal

ions3’
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Scheme 1 Schematic representation of theyidinemethanol (Hhmp, left),
terephthalic acid (kbdc, middle) and trimesic acid gbtc, right).

Expanding the above described approach for the synthesis of new MOFs, we
were prompted toeplace the oximes by alkoyxgontaining ligands and explore
their impact on the structures and physical properties of the isolated compounds.

To this end, we decided to employpgridinemethanol (HhmpScheme ],

which, similarly to oximes, often favours ferromagnetic coupling between the
metal centers, and have yielded several polynuclear 3d metal clusters with large
Svalues?!®* Although Hhmp has been extensively investigated in metal cluster
chemistry, it emains essentially unexplored as a source of new MOFs. It is worth
to mention that aminoalcohols have been proven to act as templates for the

synthesis of new MOFs and coordination polyntéf&:4”

Herein, we report on the synthesis, structural charaetesn and physical
properties of five new species by the use of Hhmp in combination with
terephthalic acid (bbdc) or trimesic acid (gbtc). Among them,
[Zn2(bdc)(hmp)]n-DMF (4-DMF) and [Fe(bdck(Hhmpy]n (5) are the first
MOFs bearing Hhmp with the fiorer displaying an unprecedented structural

topology. Note that both trimesic and terephthalic acid have been extensively
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employed for the synthesis of new MOFs, however their combination with 2

pyridinemethanol remains unexplored.

2. Experimental

All manipulations were performed under aerobic conditions using materials
(reagent grade) and solvents as received. WARNING: Perchlorate salts are
potentially explosive; such compounds should be used in small quantities and

treated with the utmost care at all #m

Elemental analysis (C, H, N) were performed by the inhouse facilities of the
National University of Ireland Galway, School of Chemistry. IR spectra (4000
400 cml) were recorded on a Perkitimer Spectrum 400 FIR spectrometer.

TGA experiments were plermed on an STA625 thermal analyzer from
Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept
constant at 10°C/min, and all runs were carried out betwee&0DQ@TC. The
measurements were made in open aluminum crucibles, nitrogenuvggesipn

ambient mode, and calibration was performed using an indium standard.

Solid-state, variabléemperature, and variabfeld magnetic data were

collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in thei200 K range for the magnetic

susceptibility and at 2.0 K in thei® T range for the magnetization
measurements. Diamagnetic corrections were applied to the observed
susceptibilities using Pascal 0s constant
measured using aAgilent Eclipes Fluorospectrophotometer with a powder

sample holder at room temperature.
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2.1.Synthesis of [CgHbtch(Hhmp)]-DMF (1-DMF)

Co(CIy)2:6H20 (0.073g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in DMF (5 ml) into a glass viaith plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. The solution turned puiyte; H
(0.021 g, 0.1 mmol) was then added and the vial was placed into the oven for
24hours, after which Xay quality purple crystals dfwere formed. The crystals
were collected by filtration, washed with cold MeCN (2ml) angDER x 5 ml),

and dried in air. Yield 73%. Anal. Calcd (Found) febMF: C, 51.79 (51.87);

H, 4.15 (3.99); N, %=1710m, (66348089, ®/5m| R dat a:
1555m, 1482w, 1431w, 1411w, 1374s, 1272m, 1239m, 1191w, 1173w, 1159w,
1096m, 1058m, 1042s, 1024w, 967w, 943w, 898w, 819w, 772s, 758s, 709s,
690m, 671m, 659m.

2.2.Synthesis of [Ni(Hbtc(Hhmp)]-DMF (2-DMF)

Ni(ClO4)2:6H20 (0.073g, 0.2mmoland Hhmp (0.05 ml, 0.53 mmol) were
dissolved in 5 ml of DMF into a glass vial with plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. The solution turned into green.
H3btc (0.021 g, 0.1 mmol) was added and the vial wasg@laxto the oven for
further 24hours, after which the solution was turned cloudy green amay X
quality blue crystals o2 were formed. The crystals were collected by filtration,
washed with cold MeCN (2ml) andZx (2 x 5 ml), and dried in air. Yield 80%

Anal. Calc. (Found) for 2.DMF: C, 51.81 (51.90); H, 4.15 (4.32); N, 6.71 (6.80)
%. IR data:3 (cn?) = 2930w, 1716w, 1656s, 1603m, 1576w, 1549m, 1483w,
1437m, 1411w, 1376s, 1289w, 1228m, 1193w, 1173w, 1159w, 1092s, 1058m,
1042s, 1028w, 971m, 909861m, 813m, 797w, 773s, 757m, 717s, 631w, 671w,
659m.
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2.3.Synthesis of [Ni(bdc)(Hhmp)-4H20 (3-4H.0)

Ni(ClO4)2:6H>0 (0.073g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in HO/DMF (5/5 ml) into a glass vial with plastic lid. Thesultant
solution was put in the oven and heated at 130°C for 1h. ThiesicH0.017 g,

0.1 mmol) was added and the vial was placed into the oven for a further 24hours,
after which Xray green crystals & were formed. The crystals were collected

by filtration, washed with cold MeCN (2ml) and:@t(2 x 5 ml), and dried in

air. Yield 60%. Anal. Calc. (Found) f84H.0: C, 46.82 (47.06); H, 5.11 (5.36);

N, 5.46 (5.27) %. IR dat& (cm™) = 1658w, 1609w, 1576w, 1548m, 1488w,
1438w, 1381s, 1361s, 1296m, 12361156w, 1108w, 1062w, 1038s, 1014w,
991w, 891w, 811ls, 750s, 730Wm~=1283MQw, 630w,
1649m, 1591m, 1377s, 1253m, 1154w, 1096m, 1062w. 1018m, 888m, 824w
747s. 662m.

Table 1Crystallographic data for complexisb.

Complex 1DMF 2DMF 34H0 4DMF 5

Empirical formula CagHagCNegO1g C48H48Ni2N6013 ConzsNiNzOlo Co3H2oN307Zn; CsgHzgFesN2014

Formula weight 1114.78 1080.2 513.13 583.22 932.28
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic Monoclinic
Space group Crmca Crmca I 2/m Pna2 P.1/n
a (A) 20.5149(8) 20.5127(6) 11.3588(7) 17.0340(5) 10.4617(10)
b (A) 16.0901(12) 16.0761(5) 30.0046(12) 11.4043(3) 14.6431(10)
c (A) 15.5524(5) 15.2569(5) 11.3550(87) 12.6992(3) 12.7995(9)
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b 9 ( 90 90 117.507(9) 90 97.576(7)

V (A3 5133.6(5) 5031.2(3) 3713.9(5) 2466.96(11) 1943.7(3)
z 4 4 8 4 2
} caic (g €Mi3) 1.442 1.426 1.172 1.570 1.593
e (‘hm 0.725 0.826 0.815 1.992 1.175

Measd/independen 17757/328GRin«  19871/3257 15917/3567 19183/5937 16449/4673

reflns (R = 0.0682] [Rint= 0.0316] [Rint=0.0362] [Rint=0.0290] [Rini=0.1128]
Parameters refinec 188 176 208 347 270
GoF (on P 1.000 0.990 0.996 0.852 0.875
R2(l > )21 0.0598 0.0746 0.0671 0.0309 0.0745
WRP (I > )21 0.1331 0.1995 0.2170 0.0790 0.1098

(py ) max/ (

A% 0.65440.388 0.803/0.521  1.910/-0.679  0.391/0.263 0.745/0.669

"Ri= Bl d )l FolE "WRe = [EW(Fo?- F)? | B

2.4.Synthesis of [Zs(bdc)(hmp}]»-DMF (4-DMF)

Zn(ClOg4)2:6H0 (0.074g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were
dissolved in DMF (5 ml) into a glass vial with plastic lid. The resultant solution
was put in the oven and heated at 100°C for 1h. Thbdd{0.016 g, 0.1 mmol)

was added and the vial was placed into the oven for a further 24hours, after which
X-ray quality colorless crystals dfwere formed. The crystals were collected by
filtration, washed with cold MeCN (2ml) and2Ex (2 x 5 ml), and ded in air.

Yield 40%. Anal. Calc. (Found) fer-DMF: C, 47.29 (47.51); H, 3.97 (4.19); N,
7.19 (7.14) %. IR data (cmt) = 1672s, 16080w, 1571s, 367s, 1287m, 1106w,
1087s, 1045s, 1018m, 820s, 746s.

216



2.5.Synthesis of [F£€bdck(Hhmp)] s (5)

FeCk-6H.0 (0.054g, 0.2mmol) and Hhmp (0.05 ml, 0.53 mmol) were dissolved
DMF (10 ml) into a glass vial with plastic lid. The resultant solution was put in
the oven and heated at 100°C for 1h. The solution turned into cloudy brown and
Hobdc (0.017 g, 0.1 mmol) was del; the vial was placed into the oven for a
further 72hours, after which the solution was turned into dark red aray X
guality orange cubes &fwere formed. The crystals were collected by filtration,
washed with cold MeCN (2ml) andZx (2 x 5 ml), andliried in air. Yield 15%.

Anal. Calc. (Found) fob: C, 49.24 (49.14); H, 2.98 (2.93); N, 3.19 (3.11) %.

3. Results and Discussion

3.1.Synthesis

Several experiments were performed and the effect of the synthetic parameters
(presence/absence or kind of base, metal ratio of the reactants, metal sources, etc)
were thoroughly studied.

The reaction between a metal salt (Co(4®H20, 1; Ni(ClO4)2:-6H20, 2)
Hhmp and Hbtc (2:5:1) in DMF at 100°C vyielded -crystals of
[M2(Hbtc(Hhmp)].DMF (M=Co", 1-DMF; Ni", 2.DMF) in good yield. The
stoichiometric equation of the reaction that led to the formation of 1.DMF and
2:-DMF is represented in EgL), The presence of further excess of Hhmp leads
to the formation of previouslyreported compounds that do not bear

polycarboxylic ligands.
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Figure 1: Representation of the molecular structuré-@MF. Color code: Cl
purple; N, navy blue; O, red; C, grey. The hydrogen atoms and the solvate

molecules are omitted fatarity.

Following a similar synthetic approach to the one that yielded compounds
1-DMF and2:DMF, but by using kbdc instead of kbtc, [Ni(bdc)(Hhmp)]n
‘4H0O (3:4H20), [Zme(bdc)(hmp)]n-DMF (4-DMF), [Fes(bdck(Hhmp)]n (5)

were isolated as shown in E¢8)-(4):

B - o T
. B ap( / c¢( EI B( AA A

A e

AXKEI D (/1 c(#l c(/ G
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