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Kurzfassung

In der vorliegenden Arbeit werden bifunktionelle Liganden sowie deren Komplexe
mit Metallionen vorgestellt, welche einen Beitrag zu den Metall-organischen
Gerustverbindungen (engl. MOFs, Metal-organic frameworks) leisten. Jene MOFs,
welche aus Metallionen (-zentren) als Verknupfungspunkte bestehen, die durch
polyfunktionelle, verbrickende Liganden dreidimensionale Netzwerke ausbilden,
haben aufgrund Ilhrer Struktur vielfaltige interessante Eigenschaften. Eine
intrinsische Porositat, hervorgerufen durch Poren und Kanale innerhalb der MOFs,
fuhrt zu teilweise hoher spezifischer Oberflache, wodurch MOFs fur viele potentielle
Anwendungen in Frage kommen, zu denen Katalyse, Gasspeicherung und —
trennung und weitere gehoren. Durch die Einbringung von Funktionen wie Pyrazol-
als auch Phosphonsauregruppen in Liganden konnten in der vorliegenden Arbeit
Metallkomplexe synthetisiert werden, welche Uuber hohe thermische sowie
hydrolytische Stabilitat verfugen. Mit dem Liganden 3,5-Dimethylpyrazol-4-
carbonsaure sowie 3,5-Dimethyl-(pyrazol-4-yl)-benzoesaure konnten mit Co, Cu
und Zn MOFs hergestellt werden. Diese besitzen Oberflachen (BET), welche von
100-1500 m?/g variieren. Des weiteren wurden mit der 4-Phosphono-biphenyl-4’-
carbonsaure Koordinationspolymere und  Wasserstoffbriicken-verbundene
Netzwerke mit [Co(NHs)s]**, NH,4*, Zn, Cd, Hg und Co erhalten. Die vorgestellten
Metallkomplexe sowie die organischen Liganden werden eingehend charakterisiert

und deren Erscheinen als Publikationen in wissenschaftlichen Journalen vorgestelit.
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Abstract

In this work bifunctional ligands and their complexes with metals are presented that
contribute to the area of Metal-organic frameworks (MOFs). MOFs, which consist of
metal centres or nodes that are connected by bridging, polyfunctional ligands to
form three-dimensional networks, have certain properties of interest related to their
structure. An intrinsic porosity, caused by channels and voids inside the MOF, leads
to a high specific surface area, allowing the use of MOFs in several potential
applications, like catalysis, gas storage and separation and others. By incorporation
of pyrazole or phosphonic acid groups in the ligand, new metal complexes were
synthesized, which are thermally and hydrolytically stable. With the ligands 3,5-
dimethylpyrazol-4-carboxylic acid and 3,5-dimethyl-(pyrazol-4-yl)-benzoic acid
MOFs were synthesized with Co, Cu und Zn MOF. Those have surface areas (BET)
ranging from 100-1500 m?g. With 4-phosphono-biphenyl-4’-carboxylic acid as
ligand new coordination polymers and hydrogen-bonded networks with
[Co(NH3)s]**, NH,4*, Zn, Cd, Hg and Co were obtained, which have luminescent
properties. The herein introduced new metal complexes and organic ligands are
characterized in detail and their properties and appearance as publications in

scientific journals is presented.
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1 Introduction

In chemistry and related disciplines the design of and search for so-called
'functional’ or ‘advanced’ materials became a steadily rising and important task in
recent years.' Those materials may combine several properties of interest, which
are catalytic activity, 2 porosity, ® sensing, **° luminescence, ® magnetism’ and
others.??'° To challenge actual and future demands on functional materials for
industrial use or to cope with environmental issues, it is a common aim to combine
desired functions and properties and introduce them into new molecules or
compounds.'! This quest led to intense research in different areas, in inorganic
chemistry it is especially in the area of Metal-Organic Frameworks (MOFs) and
coordination polymers (CPs).""™ |n the year 1990 Hoskins and Robson published
a new polymeric, three-dimensional framework,® and later, in 1999, Yaghi defined
the term MOF,® publishing the structure of the now well known and intensively
investigated MOF-5, a zinc terephthalate complex, that has an estimated surface
area (BET) of 2,900 m?g™". The number of MOF structures listed in crystal structure
databases grew almost exponentially since then. The imminent property of a MOF
is its porosity due to cavities, pores or channels within a three-dimensional network,
resulting in a significantly higher surface area than observed in other highly porous
materials. Zeolites, well porous materials, show surface areas up to 1,000 m?g™"."”
They have been used in gas separation, catalysis and molecular storage
applications for decades already. Activated carbons and silica gels also exhibit high
surface areas, which range from 600 m?g™ for silica gels to 3,000 m?g™ for activated
carbons, respectively. Those materials have already been proven to be very useful
in industrial applications, for medicinal purposes and life science in general, as
those could be used for drug delivery as well."

Zeolitic imidazolate frameworks (ZIFs) are porous materials, in which the linker
is imidazole or imidazolate, respectively, which bridges metal ions to form networks.
ZIFs have a higher stability than common, carboxylate based MOFs due to the
stronger binding of N donor ligands towards metal ions. ZIF-8, a zinc methyl-
imidazolate, is one example of a very well investigated compound of this
C|aSS.19'20'21

The design of new MOFs, with even higher surface areas and improved
stability, could be better understood due to knowledge of rational design concepts
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and reticular synthesis. A broad spectrum of organic linkers and building units,
metal centres or nodes, is known so far.?? Typical coordination behaviour of metal
ions in different oxidation states, bond strengths and binding modes of different
functional groups give rise to a widespread pool of possible coordination
polymers.??* The synthesis of new organic or mixed inorganic-organic ligands,
which might act as linkers, is therefore imminent for accomplishing that aim. With
surface areas progressively increasing in MOFs, the possible applications, in which
MOFs could be used, are rising. The efforts, which are made to synthesize new
MOFs demonstrate and underline the importance that those metal-organic hybrids

have.

1.1 Reticular Synthesis

Reticular synthesis, creation of netlike structures, allows certain predictions
about structures by incorporating known design motives and applying them in
syntheses of metal complexes. It is therefore possible to increase the pore size in a
3D network by elongating a linker and by keeping its rigidity. That has been shown
before, when the group of Yaghi successfully synthesized several MOF-5
analogues by isoreticular synthesis.?® The aforementioned MOF-5, which consists
of Zn4O clusters or secondary building units (SBUs), wherein two Zn atoms are
bridged by one carboxylate group of a terephthalate and each of them surrounded
by four oxygen atoms, is the prototypical MOF. Its surface area of 2,900 m?g™" has
been further increased in a series of iso-reticular MOFs by enlargement of the bdc
as linker by elongation with additional phenyl rings or other rigid groups as spacers
to give extended structures with larger voids successively.

Rigidity of the linkers is important to maintain certain surface characteristics. If
flexible linkers are used, it is often observed, that surface areas are low and
networks collapse upon activation. The term of crystal engineering has to be
mentioned here, a discipline that allows topologically predictions and syntheses
over rational design.® It is a powerful tool in the MOF area to deliver highly
crystalline materials with predictable and tuneable void size and porosity.

In general, the knowledge of SBUs and coordination motives generates a
catalogue with which properties can be tailored and structures being adjusted to
certain applicational demands.?” With linker size increased, new possibilities for

modification of the molecule arise. Other functions or groups can added, to name -



OH, -NH;, -OCHgs, to achieve a change or creation of a certain characteristic in the

MOF, which could be a change in polarity and others.

1.2 Breathing structures

Breathing structures or breathing MOFs have gained interest over the last
years.?293031 Those are structures, which adapt structural changes, 'breathe’, by
changing cell parameters upon guest removal or exchange and upon external
stimuli such as pressure or electric field. The investigation on crystal transitions or
transformations is useful for understanding the processes that take place when
adsorption appears in MOFs or other porous structures.

The definition of breathing structures refers to the fact that a variety of crystal

32,33 \which allows the structure to deform in terms

structures have a certain flexibility,
of changing cell dimensions and angles upon stimuli. Those stimuli can be external,
like pressure induced, temperature induced or the breathing can be triggered by an
internal stimulus like solvent removal or substitution.

The effect of breathing in a MOF might find use in applications like sensing,
storage and others. Flexible structures might also show less damage caused by

mechanical force to the material.

1.3 Coordination polymers based on carboxylates, pyrazolates or
phosphonates as linker

1.3.1 Carboxylates

Coordination polymers with linkers bearing at least two carboxylic acid
functions are well investigated and there are many structures published of
carboxylate complexes that show permanent porosity and high surface areas.'**
Some basic di- and tricarboxylic acids, which have been applied in MOF synthesis

are shown in the following scheme (Scheme 1).
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Scheme 1 A selection of carboxylic acid bearing ligands, which have been used for
construction of various CPs and MOFs: terephthalic acid (bdc, 1), trimesic acid (btc,

2), oxalic acid (3) and fumaric acid (4).

The basically facile synthesis and availability of carboxylate linkers and good
crystallization of most metal ions with carboxylates are reasons for their wide
applicability. The MOF compounds MOF-210 and NU-100 have surface areas
(BET) that reach up to 6,000 m?g™.%>*® The carboxylate, derived from deprotonated
carboxylic acid function, as coordinating group has basically three modes of
coordination towards metal ions amongst other, rare examples. Bridging, chelating
and monodentate modes are observed, to be found in complexes and depending on
metal ion size and charge.® The aforementioned terephthalic acid (BDC) as simple
aromatic bifunctional carboxylate has been employed in syntheses with a large
number of metal ions to form a pool of porous coordination polymers (PCPs) of
different stabilities and surface areas.®® As carboxylate PCPs show a, in general,
high thermal stability and robustness they are used in multiple applications. The
several complexes of the MOF, MIL (Matériaux de linstitute Lavoisier) and UiO
(Universitetet i Oslo) family are well known for their exceptional high surface areas.
The MOF series contains several PCPs derived from poly-functional carboxylates
with different linker sizes and conformations.

The largest pore aperture reported for a carboxylate based MOF has an
estimated size of 32 A.*° As ligand size and nucleation influence the surface areas

by enlargement of the voids, the charge and size of metal ions determine the overall
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stability significantly. The MIL series, wherein three-valent metal ions like Fe** and
Cr’* and A** are incorporated, shows thermal stabilities up to 275 °C and surface
areas up to 5,900 m?g™.*° Their stability in air, moisture and water is far beyond the
stabilities reported for the zinc and copper based MOF analogues with carboxylic
acids.”’

2

The term ‘waterproof, as used by Férey,* is one aspect that plays an

important role when MOFs are considered as materials for applications.*> As MOF-

4 zirconium

5 undergoes rapid hydrolysis in aqueous environment already, *
terephthalate complexes can be regarded as highly waterproof. The reason for that
difference can be explained with an increasing strength in coordination, starting with
zinc as +2 cation, via +3 cations, AP’* and Cr*, to +4 cations Zr** and Ti*". The
higher the charge that is located on the metal ion, the less energy is stored in the
bonds and therefore the complexes with +4 cations and carboxylic acids are
significantly more stable. UiO-66, ([ZrsO4(p3-OH)s(bdc)s], could be seen as one of
the most stable MOFs, with decomposition at 400 °C and stability even in boiling
water and alkaline solutions. Linkers, that bear more than two -COO" functions, tend
to give even more stable complexes, taking into account that linking of more than
two SBUs by one linker forms a denser, more rigid network. The HKUST-1 is one
example for that behaviour,* noting that btc is the used ligand whereas bdc and
Cu?* does not give a compound with comparable stability and properties.

With fumaric acid, an aluminium based MOF, Al-fumarate A520, has been
synthesized and its structure published recently.*® This compound exhibits a very

high stability and has a surface area (BET) of 1000 m?g™".

1.3.2 Pyrazoles and pyrazolates

The 1H-pyrazole (Hpz, Scheme 2) is one molecule in the group of five-
membered nitrogen containing heterocycles, *” which are belongs to the azoles.
Trofimenko et al. first introduced it as a ligand in coordination chemistry in 1972.4
They are important ligands and building blocks in medicine, biology and
coordination chemistry.*® More important than the 1H-pyrazole, which coordinates
via the N2 nitrogen in monohapto- mode, is the pyrazolate (pz’), wherein the 1H-
pyrazole is deprotonated at the N1. Its affinity towards metal ions is much stronger

than that of carboxylate, explained by its higher basicity.
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Scheme 2 The 1H-pyrazole (R = H, 1) and the pyrazolate anion (2). The group -R

in 4-position can be any rest for suitable poly-functional ligands.

The coordination modes of pyrazolates range from bridging via N1 and N2 to
chelating. It has therefore the ability to mimic the carboxylate, when coordinating to
metal ions, which is very similar to coordination modes of 1,2,3-triazole and 1H-
tetrazole.*® Because of stronger bonds between pyrazolate and metal ion, in
general, the derived complexes are more stable than their carboxylate analogues,
concerning thermal stability and water stability. A variety of pyrazolate based PCPs
has been published so far, that all exhibit interesting features and the
aforementioned stability features.

Knowing the main coordination modes, pyrazolate ligand design can be
adjusted to obtain PCPs with desired properties. From +1 coin metal ions chainlike
structures or trigonal SBUs are predicted and observed.®' Several structures
include 3d transition metals, with which porous systems were synthesized.’*°%>*
Tetrahedral environment with MNsmoieties is dominant in those 3D networks. The
imitation of the -COO" function by the -pz” is of importance here, allowing rational
design concepts for pyrazolate metal complexes, which has been demonstrated by
the author.>®

As 3-D coordination compounds are derived from pyrazolate ligands, like the
[Co(bpz)] network, their enhanced stability combined with high porosity is an
important feature for applications.

It has been shown, that crystallinity of pyrazolate complexes is harder to
achieve, when ligands are elongated following the isoreticular approach.
Furthermore, the chance of interpenetration of networks rises.®°” Nonetheless,
pyrazolates embody very important linkers in MOF chemistry because of the strong
coordination behaviour.

The design of highly stable compounds with MOFs consisting of pyrazolate

linkers is possible and leads to complexes, which are even suitable for water
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sorption.®® A naphthalenediimide based pyrazolate functionalized linker by Dinca et
al. has to be mentioned here, with which a Zn-MOF was synthesized that showed

exceptional water uptake for a pyrazolate-based MOF.>®

1.3.3 Phosphonates

The phosphonate group, -PO(0),* (Scheme 3), derived from the phosphonic
acid which has been twice deprotonated, allows a variety of coordination modes
with several metal ions when embedded in ligands or linkers .®° One of the first
examples of metal phosphonates came from Alberti et al. in 1978,°" when a
zirconium phosphonate was presented, which has been synthesized by reaction of
Zr** source with phosphonic acid. Since then, a variety of phosphonate complexes
with other metal ions and also phosphonate MOFs were published.%? Basically,
because of the three oxygens that can coordinate towards a metal centre, many
different chelating and bridging modes are known.® The higher acidity of the
phosphonic acid (pKs4 ~ 2.0, pKs, ~ 6.5) compared to 1H-pyrazole (pKs ~ 2.5) and
carboxylic acid (aromatic, pKs ~ 4.0) leads to strong bonds in its complexes,
stronger than those in pyrazolates or carboxylates. Together with the enhanced
stability due to chelating, metal phosphonates are, in general, more stable than their
carboxylate or pyrazolate analogues. Therefore, increased water stability, often a
complete resistance to hydrolysis, and high thermal stability are observed in

phosphonate complexes.®

(u) -HY o 9 -H" © 9 ©
HO—FI’-OH " O-IID-OH A O-IID-O

R +H R +H R

1 2 3

Scheme 3 The organic phosphonate function (H2Phos, 1), wherein —R is a rest, the

mono-deprotonated form (2) and the phosphonate group (3).

The derived porous complexes feature interesting and novel properties related
to the phosphonate linkers. A barium monoester-phosphonate PCP, CALF-25 |,
shows a moderate surface area of 385 m?g™”,%® and does not show any structural
change even after 24 h at 90% relative humidity and elevated temperature of 353

K.66



From the group of Clearfield a biphenyl bisphosphonate has been used in order
to synthesize a series of aluminium complexes with the ability to adsorb hydrogen in
quantities up to 1.8 wt%.%” Small amounts of H3POs were incorporated within the
complexes to enhance the H; adsorption by the factor two.

With 1,3,5-benzene triphosphonic acid very stable complexes with titanium (1V)
were realised, having a surface areas (BET) of up to 250 m?g™" and are thermally
stable > 200 °C.®® Pramanik et al. were the authors of that work from 2013, in which
a structure could not be determined due to the microcrystallinity of the titanium
compound.

The incorporation of phosphonates into ligand or linker design is a proper tool
to enhance the complex stability. As mentioned in many related publications, there
are difficulties to obtain porous compounds with phosphonate linkers or to have
quality crystals for structure determination.

It has to be mentioned that the main structural motif of phosphonate complexes
is a layered form, therefore two-dimensional structures are often obtained.®® Rather
uncommon are three-dimensional networks that would, together with the high
stability, be of great interest in terms of possible applications. In general, research
on porous phosphonate based complexes is rather few and the area only poorly
investigated.

Not representing a polymeric structure, but important because of the
coordination of phosphonate groups toward copper (llI), is the complex
Cu(CsH10(OH)PO3)(H20), by Yao ,” in which copper ions are coordinated by
phosphonates and water molecules. The compound, which consists of layers, is
stable up to 200 °C and shows interesting magnetic behaviour.

The combination of pyrazolate and carboxylate as functions in a linker is used
to increase stability of the derived complexes while maintaining high crystallinity and
surface areas. Bi- or polyfunctional linker design has the advantage of incorporation
of both functions in a complex, whereas the synthesis with two different linkers, one
having carboxylate and the other pyrazolate function, does not necessarily lead to
compounds with enhanced stability. Examples for mixed-functional complexes have
been studied and are part of the authors’ own work as well.>®> Gao et al. have
demonstrated recently that an isophthal-pyrazolate based complex with copper (II)
did not only show significant stability in water, but also a high surface area of 2,100

m?g".”" The complex, which has rht topology, is porous and shows a significant



CO, uptake over methane. A trigonal Cus cluster is formed by Cu®" and bridging
pyrazoles, and the copper ions coordinated in a square-planar mode by two water
molecules.

With the smallest bifunctional pyrazolate-carboxylate, the 3,5-dimethyl pyrazole
4-carboxylic acid, the group of Navarro have published a zinc complex in 2010,
which was used to capture toxic gases. It was demonstrated, that porosity is given
and could be used to separate harmful gases from air.

Mixed carboxylate-phosphonate ligands in coordination polymers allow to
enhance the overall stability of those because of their aforementioned properties .
The disadvantage is mainly the poor crystallization of complexes with pure
phosphonate ligands. To avoid that problematic the use of bifunctional mixed
carboxylate-phosphonate ligands is one solution to improve crystal growth and
quality. The possible applications of CPs constructed from carboxy-phosphonates
range from gas separation, recognition, proton conduction, luminescence,
magnetism and others.”

The zinc carboxyphosphonate framework, {[Zns(pbdc),] 2H30}n (Hspbdc = 5-
phosphonobenzene-1,3-dicarboxylic acid) shows high CO, adsorption and a
remarkable CO, selection over N, at the same time.” Although the surface area
detected by N, sorption was not significantly high, CO, could be adsorbed
nonetheless.

It is a common observation in the area of porous metal phosphonates and
carboxy-phosphonates, that surface areas are rather low compared to the
corresponding carboxylates.”

With a piperidine based carboxylate-phosphonate linker,
H20O3PCH2(NCsHg)COOH, Zhang presented a cadmium (II) based 3D-network in
2009.”° The complex has an open-framework structure and a thermal stability up to
320 °C.

Rueff et al. published a europium complex with luminescence properties and
high thermal stability in 2009.”” The prototypical carboxylate-phosphonate linker,
the rigid 4-phosphono benzoic acid, was used by the group to synthesize the rare-
earth metal complex. An ultra-high stability of 510 °C was established, which cannot
be competed by carboxylate or pyrazolate linkers alone. The group proved, that a
mixed-functional carboxylate-phosphonate linker allows to obtain a very stable

complex, that has interesting properties, which was luminescence in that example.



An often observed phenomenon is that metal phosphonates crystallize as
layered structures, which also occurs with bifunctional carboxylate-phosphonate
linkers. In 2002 Clearfield et al. presented two structures with N-
(phosphonomethyl)iminodiacetic acid as linkers, with which layered structures with
cobalt and zinc were formed.”® Because of the flexibility of this linker, it might not be
possible to allow general predictions for other mixed carboxylate-phosphonate
linkers. The two networks show strong intermolecular hydrogen-bond interactions.
Hydrogen-bonded networks are a common motif for carboxylate-phosphonate and
phosphinates, which was demonstrated by other groups in the past.”®*

With presentation of this thesis no bifunctional phosphonate-pyrazolate linker,
complex or molecule, that incorporates both functions, has been synthesized yet.

How such a linker could look like is presented in the following scheme (Scheme 4).

O
HO -P-0OH 9
HO -P -OH
0 I
HO -P -OH

4 / d / 4 /
HN —N HN —N HN —N

a) b) C)

Scheme 4 Rigid pyrazole and phosphonic acid containing linkers, which incorporate
both functions in 180° orientation: 1H-pyrazole-4-phosphonic acid (a), 4-

(4’phosphonophenyl)-1H-pyrazole (b) and 4-posphonoethinyl-1H-pyrazole.

Complexes with both, pyrazole and phosphonate ligands are known, but rare.
One example was published by Sheikh et al. in 2013,%' an octadecanuclear copper
(I) complex with bridging pyrazoles and phosphonate and pyridine ligands. A
bifunctional ligand, which combines both groups, would give the chance to
synthesize metal complexes that could be extremely stable, while being potentially

porous due to rigid linker design.
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With triazole and phosphonate, a bifunctional ligand has been published by
Zhei et al. also in 2013,%* which has shown a high stability in a complex with nickel
in boiling water and furthermore at pH = 1 for seven days. It was also demonstrated,
that CO, could be adsorbed in a significant amounts. The surface area was
determined to be 430 m?g™”" (BET).

While 1,2,4-triazole is a neutral group, the pyrazolate function as anionic donor
is stronger in its coordination towards metals and together with the phosphonate
function, having a charge of -3, would possibly allow to obtain three-dimensional
complexes. The expected stability of such a complex is expected to be higher than
the one of the triazole-phosphonate. Therefore, the combination of pz and -

PO(OH); in one linker could be the next step in design of ultra-stable MOFs.

1.3.4 Hydrogen bonded networks and Inclusion complexes

The formation of three-dimensional networks, in which hydrogen bonds are
the dominating intermolecular interactions instead of covalent or coordinative
bonds, has been investigated in recent studies.®*® Several properties are of
interest, when hydrogen bonded networks are discussed, like proton conduction,
sensors and catalysis. Also porous compounds are available, which has been
demonstrated by Wuest and co-workers in 1997.2° In 1996 Yaghi et al. synthesized
metal-carboxylates from hydrogen-bonded metal complexes of btc.2® The weaker H-
bonds, compared to coordinative bonds, allow a somewhat simpler approach for the
construction of metal-organic polymers, as the H-bond formation is reversible and to
obtain at lower temperatures.

A variety of mixed salts and inclusion complexes with hexamine cobalt,
[Co(NH3)s]** , are published so far, sharing the Co(lll) centred, octahedrally
ammonia coordinated cation with different, mostly aromatic anions, which bear
preferably sulfonate and carboxylate groups.®” Most of those complexes are
insoluble, thermally stable compounds in which solvent or guest molecules are
embedded between layers alternating charge. Because of the high charges of +3
for the Co cation complex and -3 for the anions, those complexes can be seen
metal salts in which weak Coulomb interactions exist. The dominant force behind
the formation of a three-dimensional motif is existence of hydrogen bonds.
Published by Sevov et al. in 2007,%® a series of inclusion complexes with different

guest molecules has been synthesized with 4,4'-biphenyldisulfonate as anion. They
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are similar to the guanidinium sulfonate complex, in which hydrogen bonds play an
important role for stability.® Those pillar-layered structures could possibly be
tailored to obtain flexible hydrogen-bonded complexes for certain applications.

Reddy has also demonstrated the potential of [Co(NH3)s]** based sulfonate
complexes as supramolecular host compounds, which do not only exhibit porosity,
but are suitable for guest embedment or guest exchange as well.*

Nickel (I) complexes with inclusion properties are under investigation because
of hydrogen-bonded coordination networks, wherein guest molecules can also be
incorporated withn the cavities of such a structure. Published by Sekiya and
Nishikiori in 2011, ' nickel (II) hydrogen-bonded networks of the formula
[Ni(SCN)2(pppeH)2)x(guest) were synthesized, sharing different linkers and guest
molecules . The authors could show that the guest molecule itself has a cavity size
determining role, therefore being a templating agent. The three-dimensional
network is built by hydrogen bonding between the acid functions of the ligands.

It can be assumed that not only MOF structures, but also hydrogen-bonded
networks could find use as porous compounds in potential applications in the same
way as it is expected for MOFs.

1.4 Scope of this work

The construction of new highly stable CPs and MOFs is the aim and scope of
this work. Therefore strongly coordinating ligands, which combine carboxylate and
pyrazolate or carboxylate and phosphonate as functional groups, shall be used to
synthesize metal-organic compounds, which have certain desired properties, like an
enhanced thermal stability, resistance against hydrolysis and which also have a
high porosity for possible applications, which were listed in the introduction. The
new compounds shall then be characterized in detail with standard and latest

techniques and investigated with focus on their potential in applications.
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2 Published work

This chapter contains the authors’ publications as first author in chronological
order, starting with the first publication of the author. The publications are presented
as they appeared in the scientific, peer-reviewed journal, as full publications with
their own reference lists and order for each. Figures, schemes and tables do not
follow the numbering of the main text, but the numbering of the publication itself.
Each publication is introduced by a short profile that contains the name of the
journal, its impact factor, the authors’ contribution to the work (%) and that of co-

authors and an abstract.

The yet unpublished results are presented in chapter 3, unpublished work.
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2.1 Bifunctional pyrazolate-carboxylate ligands for isoreticular cobalt and

zinc MOF-5 analogs with magnetic analysis of the {Co4(u4-O)} node

Christian Heering, Ishtvan Boldog, Vera Vasylyeva, Joaquin Sanchiz and Christoph

Janiak

CrystEngComm, Impact factor: 4.034; 70%; 1% author; syntheses, measurements ,

manuscript writing; cited 36 times (June, 13, 2016)

Abstract:

The ditopic ligands 3,5-dimethyl-pyrazolate-4-carboxylate, "Me,pzCO", and 4-(3,5-
dimethyl-1H-pyrazol-4-yl)benzoate, "MeypzCe¢HsCO", combine a pyrazolate and
carboxylate functionality in axial orientation and lead to porous cobalt or zinc
azolate—carboxylate frameworks that have the same cubic pcu-a topology and {M4
(M4-O)} nodes (M = Co, Zn) as MOF-5 and other IRMOFs. The microporous
networks [Ma4(u4-O)(Me2pzCOy)s3] (M = Co, Zn) with the short linker exhibit a solvent-
induced gate effect, evidenced by gas desorption hysteresis due to small pore
apertures of 2.8 A diameter together with small amounts of high-boiling solvent
remaining in the activated samples. For [Co4(ps-O)(Me2pzCO3)s3], the low-pressure
H2 storage capacity (1.7 wt%, 1 bar, 77 K) is higher than for MOF-5, and the CO,
uptake of 20.8 wt% puts it among the top MOFs for low-pressure CO, sorption even
though the BET surface is less than 1000 m?g”. The analysis of the magnetic
properties of [Co4(us-O)(MezpzCOy);] takes into account the distribution of
tetrahedra resulting from the disorder of the pyrazolate—carboxylate linker. An
antiferromagnetic coupling observed for [Cos(us-O)(MeypzCOy);3] arises from the
interactions of the cobalt(ll) ions through the combined u4-O + syn—syn carboxylate

and p,-O + pyrazolate bridges.
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Bifunctional pyrazolate-carboxylate ligands for
isoreticular cobalt and zinc MOF-5 analogs with
magnetic analysis of the {Co4(j14-0)} nodefi

Christian Heering,? Ishtvan Boldog,? Vera Vasylyeva,? Joaquin Sanchiz*?
and Christoph Janiak*@

The ditopic ligands 3,5-dimethyl-pyrazolate-4-carboxylate, ~"Me,pzCO,, and 4-(3,5-dimethyl-1H-pyrazol-4-
ylbenzoate, "Me,pzCsH4CO, , combine a pyrazolate and carboxylate functionality in axial orientation and lead to
porous cobalt or zinc azolate-carboxylate frameworks that have the same cubic pcu-a topology and {M4(p4-0)}
nodes (M = Co, Zn) as MOF-5 and other IRMOFs. The microporous networks [M,(u4-0)(Me,pzCO,)s] (M = Co, Zn)
with the short linker exhibit a solvent-induced gate effect, evidenced by gas desorption hysteresis due to small
pore apertures of 2.8 A diameter together with small amounts of high-boiling solvent remaining in the activated
samples. For [Co,(us-O)(Me,pzCO,)5], the low-pressure H, storage capacity (1.7 wt%, 1 bar , 77 K) is higher
than for MOF-5, and the CO, uptake of 20.8 wt% puts it among the top MOFs for low-pressure CO, sorption
even though the BET surface is less than 1000 m? g™'. The analysis of the magnetic properties of
[Coa(ns4-O)(Me,pzCO,)5] takes into account the distribution of tetrahedra resulting from the disorder of the
pyrazolate-carboxylate linker. An antiferromagnetic coupling observed for [Co4(ps-0)(Me,pzCO,)s] arises from the
interactions of the cobalt(i) ions through the combined p1,-O + syn-syn carboxylate and p4-O + pyrazolate bridges.

Introduction

Metal-organic frameworks (MOFs) receive continuous atten-
tion"” due to their high porosity that promises applications
such as gas storage,™ gas™® and liquid” separation processes,
drug delivery,® heterogeneous catalysis,” heat transforma-
tion, ' etc.

Isoreticular (IR) MOFs with linear dicarboxylate linkers
(CO,C-R-CO,") and the {Zn,O0(0O,CR)s} secondary building
unit are attractive in their predictable design of the same pcu-a
primitive cubic network featuring high surface areas and
wide 3-D channel porosity.'>'* MOF-5, [Zn,O(BDC);] (BDC =
benzene-1,4-dicarboxylate, terephthalate), is one of the best
known MOFs," has a high surface area (3000 m> g™') and has
high thermal stability (up to 400 °C)'? but low water stability.'*'®
Many MOFs cannot withstand prolonged contact with water
or moisture at room temperature.'® This is due to the
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hydrolysis of coordination bonds and often limits the practi-
cal use of these materials. Only a few MOFs have had their
moisture/water stability proven with retention of poros-
ity."®'”'® The development of hydrolytically stable MOFs is
one important goal to advance MOFs to the application
stage.”” One of the most hydrolytically stable MOFs is ZIF-8,
[Zn(2-methylimidazolate),],'®'® which is stable in boiling
water over a broad pH range, excluding only strongly alkaline
conditions, and exceeds MIL-101*° and UiO-66.>' The hydro-
Iytic stability of ZIF-8 can be associated with the greater basicity
of the imidazolate linker, leading to higher covalency of the
metal-to-azolate bonds® compared to carboxylates and with
higher hydrophobicity of the ZIF-8 framework. Recent advances
in pyrazolate MOFs> by Masciocchi, Navarro, Bordiga,*
Long,*” and Volkmer (MFU-1,2)** prove the high hydrolytic
stability of novel hydrophobic bis-pyrazolate MOFs.>®

There are few but pro mising reports on the utilization of
bifunctional pyrazolate-carboxylate linkers. The 4-pyrazolate—
carboxylate linker "pzCO,” has been employed in the synthe-
sis of MOF-325 with {Cu,(0,C),} paddle wheel and trinuclear
pyramidal {Cus(n;-O)(pz)s} units as nodes.”” A related
4-triazolate-carboxylate linker "tzCO, gave the double-walled
metal triazolate framework, MTAF-1, material with penta-
nuclear zinc clusters {Zn;(115-0)(tz)5(0,C)s}.>* A porous metal
azolate framework MAF-X8 has been reported with the
4-(3,5-dimethyl-pyrazolate)benzoate linker with one-dimensional

CrysttngComm, 2013, 15, 9757-9768 | 9757



channels and Zn(u-0,C)(u-pz) chains.*® The 1,2,4-triazol-4-yl-
isophthalate linker contains a neutral azole but also yields
multinuclear copper and cobalt nodes in microporous MOFs.*
A MOF-5 analog has been reported with the 3,5-dimethyl-
pyrazolate-4-carboxylate linker "Me,pzCO,” (Scheme 1) crystal
and shown to exhibit remarkable hydrolytic, thermal, mechani-
cal, and chemical stability.*”> The hydrolytic stability of the
[Zn4(n4-0)(Me,pzCO,);] framework was traced to its hydrophobic
nature. The ligands "pzCO, and "pzC¢H,CO, (cf the ligands in
Scheme 1 without the methyl groups) yielded isoreticular
[Nig(OH)4(H,0),(L)s] frameworks.>®

Here we utilize the two rigid linear ligands "Me,pzCO,"
and "Me,pzCe¢H,CO,  with combined but differently spaced
azolate and carboxylate functionality to assess the isoreticular
principle for the synthesis of microporous Metal-Azolate-
Carboxylate (MAC) frameworks with cobalt and zinc (Scheme 1).

Results and discussion

Solvothermal reaction of cobalt or zinc nitrate with 3,5-dimethyl-
1H-pyrazole-4-carboxylic acid (HMe,pzCO,H) or 4-(3,5-dimethyl-
1H-pyrazol-4-yl)benzoic acid (HMe,pzC¢H,CO,H) yields small
blue-violet (Co) or yellowish (Zn) crystals of cubic shape
(Scheme 1, Fig. 1) (see ESI{ for full syntheses details).
Previously, [Zn,(p,-0)(Me,pzCO0,);] (2) was prepared in
a basic ethanol medium as a microcrystalline material

DO (HY
0 - \%
%’ Y

N—N"(H") N—N=(H"
(H')Me;pzCOOTHY)  (H") MepzCqH,COO(H)
Co(NO3)z 6H;0,
NO3)s4H20
Co: DMSO/DMF/MeCH
Zn. DEF

o N N
Scheme 1 Bifunctional pyrazolate-carboxylate ligands and derived cubic metal-
azolate-carboxylate frameworks (extension into the third dimension is not shown
for clarity, cf. Fig. 1). Note that the edges of the tetrahedral {M,(u4-O)} nodes will be
statistically bridged by both carboxylate or pyrazolate groups as indicated in the
lower half of the sketched framework (cf. Fig. 9).
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Fig. 1 Scanning electron micrographs of (a) 1, (b) 2, (c) 3 and (d) 4. The cubic
morphology of 1 and 2 (cubic space group F43m) is identical to MOF-5 (cubic space
group Fm3m)."" For color photographs of crystals and additional SEM pictures,
see ESLf

from which the structure was obtained by Rietveld refine-
ment.>' Here we used a solvent mixture (DMSO, DMF, and
MeOH) for the Co analog 1 or DEF alone for 2 to obtain
[M4(p4-O)(Me,pzCO,);] (M = Co, Zn) as single crystals, which
were also susceptible to single-crystal X-ray diffraction
analysis.

Solid-state structural studies

Compounds of Co (1) and Zn (2) with the short pyrazolate-
carboxylate linker are isostructural (¢f Table 2) and of the
same cubic topology and have the same tetrahedral
{M,(114-0)(pz/0,C)3} node (M = Co, Zn) as in MOF-5 (Fig. 2,
Fig. S23 in ESIf). The previous Rietveld refinement of com-
pound 2 gave the cubic space group Fm3m.*" The six edges of
the oxido-metal tetrahedron {M,(1,-O)} are bridged by either
the carboxylate or the pyrazolate group of the ligand. Each 3,5-
dimethyl-pyrazolate-4-carboxylate ligand bridges between two
{M,(p4-O)} clusters, just like the terephthalate ligand in MOF-5.

The pyrazolate-carboxylate ligand is disordered (Fig. 2a),
and each {M,(p,-O)} cluster has a mixed pyrazolate/carboxyl-
ate coordination environment (cf. Fig. 9). The fixed alternat-
ing canting of the dimethylpyrazolate ring plane (Fig. 2a)
leads to alternating small (van der Waals diameter, @ ~6 A)
and large pores (@ ~11 A) connected by small channels or
pore apertures (@ ~2.8 A) (Fig. 2¢).

Frameworks of Co (3) and Zn (4) with the long pyrazolate-
benzoate ligand are also isostructural to each other (by X-ray
powder diffraction, c¢f. Fig. S261) and again of near cubic
topology and with the tetrahedral {M,(j1,-O)(pz/O,C);} node
(M = Co, Zn) as in carboxylate IRMOFs'> (Fig. 3). Thus,
elongation of rigid bifunctional pyrazolate-carboxylate linkers
appears to follow the isoreticular priniciple.'*

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Building unit (a) and framework (b) in [Ma4(n4-O)(Me,pzCO0)s] (M = Co, 1;
Zn, 2) as MOF-5-analogs with the pyrazolate-carboxylate ligand (cf. Scheme 1).
The central ligand in (a) illustrates the ligand disorder. For graphic simplicity, an ide-
alized pyrazolate-only and carboxylate-only coordination for alternating {M,O} clus-
ters in the framework (b) is depicted with all-oxygen coordination as red and
all-nitrogen coordination as blue tetrahedra; methyl groups and hydrogen atoms
are not shown in (b). A space-filling plot in () shows the alternating small (trans-
parent orange sphere, diameter, @ = 6 A) and large (yellow sphere, @ = 11 A) cavi-
ties due to the alternating pyrazolate plane orientation with pore apertures (green
spheres, @ = 2.8 A) in between.

We note that numerous crystallization experiments to
obtain single crystals of 3 of suitable large size gave at best
crystals of about 0.01 x 0.01 x 0.01 mm, which were at the
manageable limit for an X-ray diffractometer even when
equipped with a microfocus source. Still, a representative X-ray
data set could be obtained for 3, even though the small crystal
size and high absorption coefficient of Co atoms limited the
26 angle to 80° for Cu-Ka radiation and the data set quality.

Porosity and gas sorption

According to the X-ray structure (c¢f Fig. 2, Fig. S24}), the pore
openings in the isostructural compounds 1 and 2 are very nar-
row. Thus, the traditional solvent exchange procedure, through
soaking in a low-boiling solvent (like MeOH, CH,Cl,), was
regarded ineffective. Hence, activation of 1 and 2 was carried
out by direct high-temperature degassing. The thermogravi-
metric (TG) analyses of 1 and 2 (Fig. S13 and S16,f respectively)
revealed that complete loss of solvent guest molecules should
be finished at temperatures of ~300-350 °C at atmospheric
pressure. Samples of 1 were degassed at different temperatures
in ~10® bar vacuum, and H, adsorption was measured in order
to determine the optimum degassing conditions for both 1 and

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) Framework in [M4(ps-0)(Me;pzCsHaCO2)s] (M = Co, 3; Zn, 4) as IRMOF
analogs with the pyrazolate-benzoate ligand (cf. Scheme 1). The ligands are
crystallographically disordered by a C, symmetry operation, which is detailed in
Fig. S25. An idealized pyrazolate-only (blue) and carboxylate-only (red tetrahedra)
coordination for {M,O} clusters is depicted. (b) Space-filling plot for 3 showing the
large cavity (yellow transparent sphere, @ = 14 A) and one of the pore apertures
(green transparent sphere, @ = 10 A).

2. For 1 degassed at 190 °C, an H, adsorption of 145 cm® g™ at
STP (standard temperature and pressure) was found; at 220 °C,
an H, adsorption of 188 cm® g~' was observed; and at 250 °C,
an H, adsorption of 193 cm® ¢™' was obtained (¢f Fig. 5).
TG analysis of a sample degassed at a temperature of 250 °C
confirmed the complete removal of guest molecules, and this
degassing condition was used for subsequent gas sorption
measurements for both 1 and 2. Still, N, is not adsorbed even
on these optimally degassed samples of 1 and 2 at 77 K. This is
presumably due to activated diffusion effects associated with
the low thermal energy of N, relative to the high barrier for
diffusion through the small 2.8 A diameter pore apertures
(¢f: Fig. 2¢). In other words, at slow thermal motion at 77 K, the
N, molecule will statistically only seldom approach the small

CrysttngComm, 2013, 15, 9757-9768 | 9759



pore aperture with the correct orientation for penetration, that
is, at right angle with its molecule axis. It is a frequently
encountered phenomenon of kinetic hindrance of small pores
or pore aperture windows (¢f Fig. S24f) that N, adsorption
(kinetic diameter, 3.64 A) at 77 K does not occur, while H, at
77 K or CO, at 273 K is adsorbed (see below).** Therefore,
argon sorption experiments at 87 K were carried out for an
experimental surface area determination of 1 (Ar diameter,
3.4 A) (Fig. 4). The start of the argon adsorption branch for 1 is
very steep and follows a type I isotherm with most of the argon
adsorbed below 0.05 P/P, (Fig. 4a). The adsorption at higher
relative pressure is irreversible due to small pore openings,
which gives rise to an open-loop hysteresis because of a gate
effect (see below). BET and Langmuir surface areas were found
to be 760 and 840 m” g*, respectively (from 0.02 < P/P, < 0.1),
with 0.32 em® g™ pore volume (at P/P, = 0.95). A DFT calcula-
tion gave a narrow pore diameter distribution with the maxi-
mum at ~12 A (Fig. 4b) in good agreement with the cavity
diameter of ~11 A from the structural data (Fig. $247).

For the microcrystalline zinc compound 2, which was pre-
viously synthesized in basic ethanol, a BET surface area of
840 m” g together with a micropore volume of 0.45 cm® per
em?® of 2 had been reported from an N, adsorption isotherm
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Fig. 4 (a) Argon sorption isotherms and (b) pore size distribution curve from DFT
calculation (Ar on carbon, slit based model) based on argon adsorption isotherm
for 1.
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Fig. 5 (a) Hydrogen sorption isotherms for 1 (Co) and 2 (Zn) at 77 K. The samples

were degassed at 250 °C for 10 h (Co) and 220 °C for 15 h (Zn) until the pressure
rise rate was approximately 3 pTorr min”". No significant additional weight loss was
registered. (b) Hydrogen sorption isotherms for 1 at 77 K and 87 K. Note the
hysteresis due to hindered desorption. A similar type of broad desorption hysteresis
was observed in NOTT-200.%® The maximum amount of adsorbed H, at ~1.1 bar of
200 cm® 971 corresponds to 1.75 wt%.

at 77 K.** The similar surface area for 1 and 2 suggests an
optimal degassing of 1. We considered a different N, adsorp-
tion behavior at 77 K for the larger crystallite size of 1 and 2
from the solvothermal synthesis conditions of our samples.
In the larger crystals, the thermodynamic adsorption equilib-
rium may take a longer time to be reached because of the
small pore apertures (@ = 2.8 A, ¢f. Fig. 2). We note that the
sorption isotherms can deviate from ideal equilibrium experi-
ments as pronounced kinetic effects occur because of the
small channel size. Such effects were even seen in the case of
H, sorption (kinetic diameter, 2.9 A), depending on the sam-
ple preparation. We already stated that sorption studies with
H, indicated that a larger amount of gas was adsorbed as
degassing temperatures were increased, and therefore, a
larger pore volume became accessible for guest molecules.
Furthermore, samples used for H, sorption after long (10-15 h)
degassing time did not display a hysteresis (Fig. 5a), while sam-
ples with shorter degassing time (2 h) featured a desorption
hysteresis (Fig. 5b) even though the maximum amount of
adsorbed H, at ~1.1 bar is identical (200 cm® g™* or 1.75 wt%).
We trace this to channel blocking by residual solvent molecules
as a solvent guest-induced gate effect. Normally, a gate effect is
associated with structural flexibility in a MOF, with the guest

This journal is © The Royal Society of Chemistry 2013



Table 1 H,, CO, and CH, uptake of 1 and 2 at 1 bar

Y / co;’ cH,
Compd wt% em’ g Y/mmol g gg W% em’ g Y/mmol g g g W%
1 1.70 134.4/5.5 0.26/20.8 41.1/1.8 0.03/2.9
2 1.35 84.4/3.46 0.16/14.3 26.0/1.1 0.02/1.9

@ H, uptake at 77 K. ” Gas uptake at 273 K.

causing the closed-open structural transformation.** Also, flexi-
ble side groups on the linker can act as molecular gates for
guest molecules in MOFs.*®

The gravimetric H, storage capacity of 1.7 wt% in 1 and
1.35 wt% in 2 at 1 bar (Table 1) is higher than or equal to
values in many reports for MOF-5 (1.15-1.35 wt% at 1 bar, 77 K,
BET surface area of 2885-3362 m” g ') and other higher sur-
face area MOFs.*” From two adsorption isotherms acquired at
different temperatures (Fig. 5b), the differential heat of
adsorption AH,gsqigr in 1 is determined to be 5-6 kJ mol*
(see ESIT). AH,qs gifr for H, in 1 is higher than for MOF-5 (3.8-
4.8 kJ mol ™) and ZIF-8 (4.5 kJ mol *),*” which is traced to the
small pore and channel size in 1. While N, is not adsorbed at
77 K, CO, and CH, are adsorbed at 273 K (Table 1, Fig. S30%).
The CO, adsorption capacity of 20.8 wt% puts 1 among the
top MOFs for low pressure CO, sorption, exceeding the values
for most Zn-carboxylate MOFs.>**”

We suggest that the passage of CO, and CH, guest mole-
cules (kinetic diameters, 3.3 and 3.8 A, respectively) in and
out of the cavities through the pore apertures of ~2.8 A diame-
ter proceeds by a temporary expansion of the window size.***°
The selectivity for CO, over CH, (Table S21) can be ascribed to
the combined effects of the size of the pore apertures and the
strong quadrupolar interactions of CO, with nitrogen atoms
present on the pore surface. The quadrupole moment of CO,
(COy: 14.3 x 107" em?, N,: 4.65 x 10*° em?, CH,: none)*
leads to a stronger electrostatic interaction with the frame-
work and can have a distinct effect on framework flexibility in
that it induces a dynamic window-widening process through a
concerted ligand tilt to allow gas molecules to pass.>® The
cobalt framework 1 consistently exhibits a higher gas uptake
than the zinc framework 2 (Table 1, Fig. 5, and Fig. S30%).
Both frameworks are isostructural with essentially identical
estimated pore volumes and apertures from the X-ray struc-
ture. We have to assign the higher sorption capacity of 1 to its
easier and better activation in line with the thermogravimetic
analyses (see Fig. S13 and S16 in ESIY).

The MAC frameworks 3 and 4 with the longer pyrazolate-
benzoate were able to adsorb N, at 77 K with a type I iso-
therm for microporous materials (Fig. 6, Fig. S31f). From
these, the BET surfaces were calculated to be 1072 m” g™* for
the cobalt compound 3 and 980 m”> g™' for the zinc com-
pound 4 (Table S1+).

Water stability

Water and chemical stability of compound 2 was investigated
in the work by Montoro et al. because of the sought practical
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applications.>" Stabilities were tested by suspending 2 in
water at room temperature and in boiling benzene or MeOH
for 24 h. No changes were noticed when comparing the pow-
der X-ray diffractograms to the as-synthesized sample of 2.
Also, thermodiffractometric measurements in air indicated
thermal robustness of 2, with decomposition beginning only
at 773 K.** Montoro et al. also found that H,O adsorption in
2 at 298 K takes place only at very high relative pressures (P/P, >
0.7), which is indicative of a highly hydrophobic nature of the
material to which they assign the overall water stability.>

Cychosz and Matzger argued convincingly that it is impor-
tant to assess water stability in the liquid phase explicitly."”
Previous studies on MOF water stability have focused on
exposure to water in the gas phase. Yet, it has been shown in
the literature that gas phase adsorption is not a good predic-
tor for liquid phase behavior.”** Cychosz and Matzger tested
the effect of water concentration for a series of MOFs. Powder
X-ray diffraction (PXRD) was used to determine if the struc-
ture remains untransformed with increasing water concentra-
tion or at what water concentration the structure began to
change. In a typical experiment, the as-synthesized MCP was
placed in fresh DMF and defined aliquots of deionized water
were added to the solution sequentially. Between aliquots,
the mixture was agitated at room temperature on a shaker
for 1 h.'” We decided to follow this protocol to test the water
stability of 1-4 (Fig. 7).

A water stability test'” of the zinc complexes 2 and 4 in com-
parison to MOF-5 revealed a higher stability for the pyrazolate—
carboxylate frameworks. Immersing crystals in a different
mixture of water-DMF for 1 h did not show any structural
changes by powder X-ray diffraction (Fig. 7), while for MOF-5, a
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Fig. 6 N, sorption isotherms for 3.
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Magnetic properties of 1

The magnetic properties of MOFs and coordination poly-
mers are of continuous interest.>**™** The ground state of
Co(u) ions (d’) in a tetrahedral environment is ‘A,, for
which the orbital angular momentum contribution is a
second-order effect, and so, the spin-only model can be
used to describe the magnetic behaviour of compound
1.*> Fig. 8 shows the temperature dependence of the yyT
product for 1. At room temperature, the y,7 product has
a value of almost 5.0 cm® mol™* K, which is lower than
expected for four isolated spin quartets, and it continuously
decreases on lowering temperature, reaching a value of
0.50 cm® mol " K at 2.0 K (the value expected at room tem-
perature in the spin-only model for four cobalt(u) ions is
4 x (NB*¢*/3kT)S(S + 1) = 9.075 cm® mol ™ K with g = 2.2
and S = 3/2). The behavior shown is indicative of a domi-
nant antiferromagnetic interaction in compound 1.
According to the tetrahedral structure of the {Co,(u,-O)}
clusters, as a first approach, the magnetic properties are
investigated by means of an isotropic Heisenberg-Dirac-Van
Vleck Hamiltonian formalism, in which J is the exchange
coupling constant and S, the spin operator of the centre i

(eqn (1)
EHDVV:_J(§I§2+§|§3+§|§4+§2§}+§2§4+§3§4) (1)

In this model, all the tetrahedra are considered to be
equivalents, and so the coupling through the pyrazolate and
through the syn-syn carboxylate groups is assumed to be
identical (which is a rough approximation). The Eigenvalues
for such a system can be obtained with the following cou-
pling scheme in which Sy = S; + S5, Sp =83 + S4, S = Sa + Sy
and S; = S, = S3 = S, = 3/2 (eqn (2)).

E:—%[S(S+1)-§S[(S[+l)} (2)

The splitting of the energy levels, the degeneracy and the
corresponding spin are shown in Fig. 8b, and the equation
(eqn (3)) for the susceptibility is then

54¢//%T 4 3303/ 1 840e%/FT 4 10806/ 4 990e!3//KT 4 546¢>1)/KT

x = (Np*g*/(3kT))

ratio of 1:<4 (water-DMF) already induced hydrolysis
(Fig. 7¢)."” In comparison, the same hydrophobic network with
cobalt in compound 1 showed pronounced decomposition
after 1 h in a 1:1 water-DMF mixture (Fig. S27 in ESIf). This
indicates that the hydrophobic nature of the framework alone
will not prevent hydrolysis if the metal-ligand bonds are suffi-
ciently labile. Thermogravimetric analysis shows that frame-
work decomposition starts only above 350-400 °C (Fig. S13,
$16, S19 and S22 in ESIY).
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4+ 27e//KT 4 55¢3] /KT - 708] /KT 4 54¢10J/KT 4 33¢15]/KT 4 13¢211/KT

®3)

The best-fit parameters to this model are J = -14.70 cm ™",
g =184, and R = 1.22 x 102, and it can be seen that the
theoretical plot does not match very well with the experi-
mental values, and the value of g is lower than expected.*®
The reason for the deviation is evidently the fact that the
pyrazolate and syn-syn carboxylate bridges mediate, in a dif-
ferent way, the magnetic interaction in addition to the
ps-oxo group, and so the model is oversimplified. Moreover,
for this model, it can be observed that the ground state in
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Fig. 8 Temperature dependence of the yT product for complex 1, blue circles.
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corresponds to the theoretical model for a single tetrahedron with two different
magnetic coupling constants. (b) Energy diagram for the spin states of the regular
tetrahedron of spin quartets.

the case of antiferromagnetic interactions is S = 0, which
exhibits a four-fold degeneracy. This means that on lowering
the temperature, the magnetic moments of the cobalt(u) ions
would cancel each other and the yyT product should tend to
zero. But the experimental magnetic susceptibility values
do not tend to zero on lowering temperature, which is an
additional deviation of the model.

A better approximation to the problem would consider
magnetic interactions through the carboxylate and pyrazolate
bridges, but without disorder in the pyrazolate-carboxylate
linker. Therefore, 50% of the tetrahedra would be {M,(j1,-0)(pz)s},
and the other 50% would be {M,(u;-0)(0,C)s}. This way,
we would have two different kinds of tetrahedra, each with
a different magnetic coupling constant J; and J,. The expression
for the magnetic susceptibility can be easily derived from
eqn (3). The best-fit parameters for this model are J; =
-13.29 cm ™" and J,

=-7124cm ', g=2.18and R=1.2 x 10",
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This model gives a much better match for the theoretical
plot, and the values of g and J; and J, seem reasonable. How-
ever, the theoretical curve deviates again at low temperatures
since for this model, the ground state, and the only one pop-
ulated at low temperatures, is again S = 0.

There are many magneto-structural studies which involve
separately p-oxo, syn-syn carboxylate and pyrazolate brid-
ges.*>*” When they occur separately, syn-syn carboxylate and
pyrazolate bridges mediate moderate antiferromagnetic cou-
pling, and the p-oxo bridges also mediate antiferromagnetic
interactions for angles larger than 97° (we have 109.6° in 1).**
However, there is a lack of magneto-structural studies in com-
bined p,-oxo + syn-syn carboxylate and p,-oxo + pyrazolate
bridges with Co(u) ions in tetrahedral surroundings, and just
a few studies can be found for other cations such as
Cu(u),*”*° Ni(u)** or Co(n)** in octahedral surrounding. In
those studies, antiferromagnetic interactions are found for
large M-O-M angles,*>*" which is the case of compound 1.
(Although ferromagnetic coupling is found for octahedral
Co(n) ions with p,-oxo + syn-syn carboxylate, the environment
of the Co(u) ion is critical since the ground term for an octa-
hedron is “T,, and that of a tetrahedron is *A,. This implies a
different location of the unpaired electrons and very different
orbital angular momentum contribution.)’>>* Moreover, anti-
ferromagnetic interactions have been observed in other Co(u)
compounds with very similar p,-oxo + syn-syn carboxylate
bridges, so antiferromagnetic interactions are expected.’®”®
However, we cannot assign unambiguously the values of
J1 and J, to any of the bridges.

The definitive model to study the magnetic properties of
compound 1 should consider the disorder in the pyrazolate—
carboxylate linker. This disorder causes the six edges of the
metal tetrahedron to be randomly bridged by either the car-
boxylate or the pyrazolate groups, which leads to the occur-
rence of tetrahedra having, from six to zero and from zero to
six, syn-syn carboxylate and pyrazolate bridges, respectively.
The probability of each kind of tetrahedron is shown in
Fig. 9. Of course, such a study is not feasible: we would need
to solve separately the Hamiltonian (by diagonalizing the
256 x 256 matrix) for each tetrahedron (15 in total), calculate
the numerical expression for the susceptibility for each one
and include them with their correct weight in a full expres-
sion to calculate J; and J, simultaneously. This full study is
beyond our purpose, and probably, there are other com-
pounds more simple to investigate the magnetic properties
of cobalt(u) ions bridged by combined p,-O and syn-syn
carboxylate and pyrazolate bridges. Nevertheless, this analy-
sis of the topology of the tetrahedra will allow us to under-
stand why the yuT product does not tend to zero at low
temperatures, and we will explain it focusing on one of the
{C04(14-0)(pz)3(0,C)3} tetrahedra.

One of those {Co,(ps-O)(pz);(0,C);} tetrahedra has one
cobalt(u) ion with three syn-syn carboxylate bridges connecting
this cobalt(u) ion with its three nearest neighbors (encircled in
Fig. 9a). Let us assume that the coupling through this syn-syn
carboxylate bridge is the strongest one with J;

=-71.24 cm .
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Fig. 9 Statistic distribution of the randomly bridged {Co4(ps-0)(pz/O,C)e}
tetrahedra. Blue edges correspond to pyrazolate bridges and red ones to syn-syn
carboxylate. (b) The ground state S = 3 is expected for the selected tetrahedron on
the basis of the stronger antiferromagnetic coupling through the syn-syn
carboxylate with respect to the pyrazolate bridge (which is frustrated). Other
tetrahedra may also exhibit S # 0 ground states or at least S # O populated states
at low temperatures.

As the coupling through this bridge is stronger than the
coupling through the pyrazolate bridge, the former predom-
inates, whereas the latter is frustrated, and the resulting
situation leads to a § = 3 ground state. As we have four vertices
in a tetrahedron, 4/64 of the total of tetrahedra will have
this arrangement, and so at least 6.25% of the clusters will not
have a § = 0 as ground state, and therefore, at low tem-
peratures, the experimental yy7T product would not tend to
zero. We can simulate the y\7T product for other tetrahedra,
and we can see that only the two with all six magnetic coupling
identical have a yuT product which tends to zero; all the
rest tend to positive values, so the positive value of the yuT
product at low temperatures is a consequence of the disorder
in the linker. On the other hand, compounds with similar
structure and with just one kind of bridge have experimental
mT plots which tend to zero.>

Conclusions

In summary, we have presented here four isoreticular Metal-
Azolate-Carboxylate (MAC) frameworks based on {M,(n4-O)}
nodes (M = Co, Zn) with ligands combining a pyrazolate and
carboxylate functionality at two different lengths. The four
MACs feature the cubic pcu-a topology as in MOF-5 and
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analogous IRMOFs. The Zn frameworks are stable in water—
DMF mixtures for at least one hour. Small pore apertures
and inner BET surface areas <1000 m” g™ in the MACs with
the short 3,5-dimethyl-pyrazolate-4-carboxylate ligand still
yield a H, and CO, uptake, higher than MOF-5 with three
times BET surface area. The compounds are thermally stable
up to 350-400 °C. The antiferromagnetic coupling observed
for 1 arises from the interactions of the cobalt(u) ions
through the combined p,-O + syn-syn carboxylate and p,-O +
pyrazolate bridges.

Experimental section

Synthesis and spectroscopic analysis details of the ligands
and compounds 1-4 are given in the ESL}

Powder X-ray diffraction (PXRD) measurements

Powder X-ray diffraction (PXRD) measurements were carried
out on samples at ambient temperature with a Bruker D2
Phaser using a flat silicon, low background sample holder
and Cu-K,, radiation (1 = 1.54184 A) at 30 kv and 0.04° s *.
Simulated PXRD patterns were calculated from single-crystal
data using the MERCURY 3.0.1 software suite from CCDC.

Gas sorption measurements

Sorption isotherms were measured using a Micromeritics
ASAP 2020 automatic gas sorption analyzer equipped with
oil-free vacuum pumps (ultimate vacaum <10™® mbar) and
valves, which guaranteed contamination-free measurements.

For the sorption measurements, 30 to 100 mg of freshly
synthesized samples were subjected to a solvent-removal
procedure and were processed immediately afterwards. After
filtration and washing with small amounts of the same sol-
vent as used for synthesis, the samples were pre-dried at a
vacuum of 10~ Torr and stored under nitrogen.

The dried samples were transferred to nitrogen-filled and
pre-weighed sample tubes capped with a septum. The tube
was immediately purged with nitrogen after the transfer and
the solvent removed with a syringe and through drying in
vacuum (~10 Torr), which was followed by a control weighing.
Then the sample was connected to the preparation port of
the sorption analyzer and degassed under vacuum until the
outgassing rate, i.e., the rate of pressure rise in the temporar-
ily closed manifold with the connected sample tube was less
than 2 pTorr min~" at the specified temperature (70-250 °C).
Typically, the samples were degassed for over 24 h in a vac-
uum of 10~ to 10°° bar and 200 °C. No solvent exchange pro-
cess was carried out before degassing (see below). After their
synthesis, the samples were only washed with DMF or DEF.

According to the X-ray structural data (cf Fig. 2), the pore
openings in the isostructural compounds 1 and 2 are very
narrow. Therefore, the traditional solvent exchange proce-
dure, through soaking in a low-boiling solvent (like MeOH,
CH,Cl,), was regarded ineffective. Hence, activation of 1 and
2 was carried out by direct high-temperature degassing (see
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above). Thermogravimetric analyses of 1 and 2 (Fig. S13 and
S16,+ respectively) revealed that complete loss of solvent guest
molecules should be finished at temperatures of ~300-
350°C at atmospheric pressure. Samples of 1 were degassed
at different temperatures in ~10° bar vacuum, and the H,
adsorption was measured in order to determine the optimum
degassing conditions for both 1 and 2. For 1 degassed at 190
°C, an adsorption of 145 cm® H, at STP (standard temperature
and pressure) was found, at 220 °C, an H, adsorption of 188
em?® and at 250 °C of 193 cm® was obtained. TG analysis of a
sample degassed at a temperature of 250 °C confirmed the
complete removal of guest molecules, and this degassing con-
dition was used for subsequent gas sorption measurements for
both 1 and 2.

After weighing, the sample tube was then transferred to
the analysis port of the sorption analyzer. All used gases
(Hy, Ar, N, CO,, CH,) were of ultra high purity (UHP, grade
5.0, 99.999%), and the STP volumes are given according to
the NIST standards (293.15 K, 101.325 kPa). Helium gas was
used for the determination of the cold and warm free space
of the sample tubes. H, and N, sorption isotherms were
measured at 77 K (liquid nitrogen bath), whereas CO, and
CH, sorption isotherms were measured at 293 + 1 K (passive
thermostating) and 273.15 K (ice/deionized water bath). The
determination of the heat of adsorption values using the
Clausius-Clapeyron equation and the DFT calculations (‘N, DFT
slit pore’ model) were done using the ASAP 2020 v3.05 software.

Table 2 Crystal data and structure refinement

Some of the secondary measurements, specified in the
description, were performed using a Quantachrome iQ MP
or NOVA automatic sorption analyzer. The DFT calculations,
e.g., for the pore size distribution curves were carried out
using the native ASiQWin 1.2 software employing the N, at
77 K on carbon, slit pore, NLDFT equilibrium model.*”~>°

Water stability tests

The water stability test performed here followed the procedure
by Cychosz and Matzger."”” Sample preparation was done
using the same parameters and equipment as used in the lit-
erature procedure. For direct comparison, MOF-5 was synthe-
sized by us'* to assess its water stability in direct comparison.
In the literature, the PXRD patterns of MOF-5 already indicate
decomposition at a (v:v) water-DMF ratio of 1:2."7

X-ray crystallography
Suitable single crystals were carefully selected under a polar-
izing microscope.

Data collection. Compound 1 and 2: Super Nova A from
Agilent Technologies with microfocus tube, Cu-Ko radiation
(% =1.54178 A), 293 + 2 K; w-scans, mirror system. Data collec-
tion, cell refinement and data reduction with CrysAlisPro,
experimental absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.*®
Compound 3: Bruker Kappa APEX2 CCD diffractometer with

Compound 1 2 3
Empirical formula C15H;5C04N0,“ C13H1gNsO,Zn,” C36H30C04N6O,°
Mg mol ™ 666.11 691.87 884.30
Crystal size/mm 0.13 x 0.11 x 0.11 0.12 X 0.12 X 0.12 0.01 x 0.01 x 0.01
26 range/° 8.8-132.72 8.82-132.52 6.18-80.16
I k; I; range -8,23; -4,16; -23,21 -15,11; -15,23; -21,16 +11, +11, -10,11
Crystal system Cubic Cubic Orthorhombic
Space group Fi3m (no. 216) Fi3m (no. 216) P222 (no. 16)
alA 20.1090(7) 20.071(3) 14.242(3)
b/A 20.1090(7) 20.071(3) 14.278(3)
c/A 20.1090(7) 20.071(3) 14.2332(4)
VIA® 8131.5(5) 8085.4(18) 2914.5(12)
z 8 8 1

Deare/g em ™ 1.088 1.137 0.504

(000] 2656 2752 442
/l/mm 12.829 2.964 4.529
Max/min transmission 0.307/0.196 1.000/0.816 0.748/0.458
Reflection collected (Rip) 1559 (0.0354) 1275 (0.0425) 6548 (0.0890)
Data completeness/% 99.0 99.3 95.3
Independent reflections 641 604 1690
Parameters refined 54 54 130
Max/min Ap? /e A~ 1.341/-0.668 0.47/-0.50 0.230/-0.159

0.0723/0.2078
0.0814/0.2203
1.157

0.1464/0.0000

Ry/wR, [I > 20(D)]°

Ry/wR, (all reﬂectlonj)
Goodness-of-fit on F?
Weighting scheme w, a/b*

0.0376/0.0937
0.0491/0.0998
1.001

0.0450/0.0000

0.0691/0.1453
0.1120/0.1574
0.923
0.0914/0.000

“ For 1, a total of 860 electrons per 3100 A’ was squeezed, Wthh corresponds to ~107 electrons ger Cy3H;3C04NgO, formula unit (Z = 8).

PLATON6 calculates a total potential solvent area volume of 3182 A” per unit cell volume of 8131.5 A® (39.1%). *

For 2, a total of 812 electrons

per 3688 A® was squeezed, Wthh corresponds to ~101 electrons per C,BH";N607Zn4 formula unit (Z = 8). PLATON®* calculates a total potential

solvent area volume of 3736 8 A’ per unit cell volume of 8085.0 A® (46.2%). ©
calculates a total potential solvent area volume of 2088.6 A’ per unit cell volume of 2914.5 A® (71.7%). ¢
EE(IFol - E D1 FolTs wRo = [Zw(Fo™Fe’) Y E[w(F,

was squeezed. PLATON®*
difference peakand hole. R, =
+(aP)* +bP], where P=(max(F,” 0r0)+2F %)/3.
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For 3, total of 749 electrons per 2107 A’ and formula umt (z=1)
Largest

Fo’YT1". Goodness-of-fit = [S[w(Fy~F.)}/(n-p)]'*.€ w=1/[c"(F,")
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microfocus tube. Cu-Ka radiation (2 = 1.54178 A), 95 + 2 K,
multi-layer mirror system, w- and #-scan. Data collection with
APEX2,%" cell refinement and data reduction with SAINT,*
experimental absorption correction with SADABS.®> Several
crystallization experiments were performed both at room
and low temperature to obtain single crystals of 3 of suitable
large size. However, from these numerous attempts, only
small-size crystals of about 0.01 x 0.01 x 0.01 mm could be
obtained. Because of this small size of about 0.01 x 0.01 x
0.01 mm and the high absorption coefficient of Co atoms,
the crystals did not diffract over a 20 angle of 75°. For this
reason, the 20 angle was limited to 80° for the given mea-
surement, which however caused Alert level A (value of
sine(theta_max)/wavelength is less than 0.550; maximum
shift/error of 0.27) and Alert level B (low theta full of 0.953).
The low diffracting power originates from the crystal size,
guest molecules in the MOF cavities and disorder in the crys-
tal. Generally, a combination of weak high-angle data and
pores in the crystal is the reason for low X-ray data quality in
MOF structures.

Structure analysis and refinement. Using Olex2®* for 1 and
2, all three structures were solved by direct methods using
SHELXS-97; refinement was done by full-matrix least squares
on F* using the SHELXL-97 program suite.** The crystal sol-
vent in the voids of 1-3 was found to be highly disordered
and could not be properly defined. Hence, the option
SQUEEZE in PLATON for Windows®® was used to refine the
framework structure without the disordered electron density
in the voids. All non-hydrogen positions in 1 and 2 were
refined with anisotropic displacement parameters. Hydrogen
atoms for CH- or CH; were positioned geometrically (C-H =
1.00 A for aliphatic CH, C-H = 0.99 A for CH,, C-H = 0.98 A
for CH;) and refined using riding models (AFIX 83 for OH,
AFIX 43 for NH, AFIX 13 for aliphatic CH, AFIX 23 for CH,,
AFIX 33 or 137 for CHj) with Ujse(H) = 1.2 Ueq(CH, CH,) and
Uiso(H) = 1.5 Ueq(CHs).

For 3, only cobalt, oxygen and one of the nitrogen atoms
(N1) were refined with anisotropic displacement parameters.
Carbon atoms and nitrogen atoms N2 and N3 remained
isotropic. One aromatic hydrogen atom CH- and all hydrogen
atoms of the CH;—groups were positioned geometrically and
refined using a riding model with the same prerequisites
as above.

All three crystal structures were found to be disordered on
several positions. Disordered atoms were refined using the
PART command.

Structures 1 and 3 were refined as near racemic twins with
batch scale factors (BASF) of 0.42(7) for 1 and 0.459(6) for 3.

Graphics were obtained with DIAMOND.®® Crystal data and
details on the structure refinement are given in Table 2. The
structural data have been deposited with the Cambridge
Crystallographic Data Center (CCDC numbers 937761-937763).

Magnetic measurements. Magnetic susceptibility measurements
on polycrystalline samples were carried out in the temperature
range 1.9-300 K by means of a Quantum Design SQUID
magnetometer operating at 10 000 Oe. Diamagnetic corrections
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of the constituent atoms were estimated from Pascal's
constants. Experimental susceptibilities were also corrected for
the magnetization of the sample holder.
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Experimental Section
Materials
1 H-Pyrazole-4-carboxylic acid was purchased in 97 % grade from Carbolution.

Solvents were p.a. grade.

Methods

Melting point measurement was performed in an open capillary using a Biichi-B450
apparatus. FT-IR measurements were carried out on a Bruker TENSOR 37 IR spectrometer
at ambient temperature in the range of 4000 to 500 cm ' either in a KBr pellett or with an
ATR unit (Platinum ATR-QL, Diamond). 'H and "C spectra were recorded on Bruker
Avance DRX-200 Bruker Avance DRX-500 instruments respectively. High resolution mass
spectra (ESI) were collected with a UHR-QTOF maXis 4G from Bruker Daltonics.
Elemental (CHN) analyses were carried out on a Perkin Elmer CHN 2400.

Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209 F3 at 10 °C/min

heating rate using corundum sample holders and nitrogen as carrier gas.
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Synthesis of ligands

3,5-Dimethyl-1H-pyrazole-4-carboxylic acid (HMe,;pzCO,H)

This compound has been synthesized according to literature procedures, following those of
Knorr and Rosenberg (Fig. S1)." Diacetyl ethylcacetate (I) was obtained in 45% vyield in a
first step by the method of Spassow.” Intermediate I with hydrazine monohydrate gave the
ethyl ester of HMe,pzCO,H, II in 80% yield in water. As the final step the ester was
hydrolyzed to give the product in 90% yield. FTIR (ATR): 3007, 2919, 1700, 1542, 1505,
1477, 1420, 1391, 1368, 1309, 1171, 997, 950, 816, 803, 745, 712, 671, 617 cm ' (Fig. S2)
'H-NMR (CDCls, 500 MHz): 8/ppm = 1.88 (s, 6H, CH3), 12.8 (s, COOH) (Fig. S3).
BC-NMR (CDCls, 500 MHz): 8/ppm = 40.0 (s, CH3), 129.0 135.5 143.5 (pyrazole C's)

167.8 (s, COOH) (Fig. S4).

o)
OEt )J\ Mg
\ﬂ/\ﬂ/ " cl ; OEt
o o o
’ o O
N,H, - H,0
H,0
Yield ~80%
COOH ; : Hg(l)(Ha é;ﬂq), 2mol/L, reflux, 6 h COOE
-
N - N
\ Yield ~90% \
N—NH N—NH
HMengC02H 1]

Fig. S1. Synthesis for 3,5-dimethyl-1H-pyrazole-4-carboxylic acid (HMe,pzCO,H).

"' G. D. Rosengarten, Justus Liebigs Annalen der Chemie 1894, 279, 237-243.
% A. Spassow, Organic Syntheses 1955, 3, 390.
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Fig. S2. FTIR (ATR) of 3,5-dimethyl-1H-pyrazole-4-carboxylic acid (HMe,pzCO,H).
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Fig. S3. "H NMR (in CDCls) of 3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(HMeszCOZH).
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Fig. S4. °C NMR (in CDCls) of 3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(HMe,pzCO,H).

3,5-Dimethyl-4-(4-carboxyphenyl)-1H-pyrazole, 4-(3,5-dimethyl-1H-pyrazol-4-
yl)benzoic acid (HMe,pzCsH4CO,H) (see Fig. S5)

a) 3-(4-Carboxyphenyl)-2,4-pentanedione

In a first step 3-(4-carboxyphenyl)-2,4-pentanedione (III) was synthesized in a copper-
catalyzed reaction with L-proline.* In a 0.5 L round-bottom flask 12 g (48 mmol) of 4-
iodobenzoic acid and 14 g (threefold excess, 144 mmol) of 2,4 pentanedione were dissolved
in 250 mL of dimethylsulfoxide (DMSO). After addition of 1.8 g (9.5 mmol) Cul and 2.2 g
(19 mmol) L-proline the solution turned from yellow to bluish-green and 32.2 g (0.24 mol)
of K,COs3 was added as a base. Under constant stirring under nitrogen atmosphere the
reaction mixture was heated to 90 °C and kept at this temperature for 24 h. After cooling
down to room temperature the dark solution was poured into 250 mL water and acidified
with aqueous 12 mol/L HCI to pH 3. The solution became yellow again and was then
extracted three times by 25 mL portions of ethyl acetate. The separated organic phase was
treated with 15 mL of brine (saturated solution), separated again and dried over Na,SOj.

After evaporation of the solvent the brown and oilish residue was poured into water,

’Y. Jiang, N. Wu, H. Wu, M. He, ChemlInform 2006, 37.
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yielding 4.2 g of a brown solid compound (40 % based on 4-iodobenzoic acid).

mp = 95 °C (lit. value unknown)

FTIR (ATR): 2832, 2724, 2667, 2547, 1928, 1803, 1672, 1582, 1482, 1422, 1391, 1317,
1292, 1271, 1178, 1124, 1107, 1052, 1003, 929, 847, 807, 750, 682, 655, 625, 563 cm ™"
(Fig. S6)

"H-NMR (DMSO-ds, 500 MHz): 8/ppm = 1.88 (s, 6H, CH3CO), 5.5 (s, 1H, acidic H -CO-
CH-CO-), 7.43,7.98 (2xd, 4H, CsHa), 13.0 (s, COOH) (Fig. S7).

BC-NMR (DMSO-ds, 500 MHz): 8/ppm = 40.0 (s, CH3), 101.6 (s, -CO-CH-CO-), 130-137
(aromatic C's), 167.3 (C=0).

COOH 1, L-Proline NoHg-H,0
DMSO, 90 °C, 24 h H,0
O - —
o o , o .

Yield 40% Yield > 90%

[ L

o o N—NH
1] HMe,pzCgH4COLH

Fig. SS5. Synthesis of 3,5-dimethyl-4-(4-carboxyphenyl)-1H-pyrazole, 4-(3,5-dimethyl-1H-
pyrazol-4-yl)benzoic acid (HMe,pzCsH4CO,H).
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Fig. S6. FTIR (ATR) of 3-(4-carboxyphenyl)-2,4-pentanedione (III).
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Fig. S7. "H NMR (in DMSO-ds) of 3-(4-carboxyphenyl)-2,4-pentanedione (III).

b) 3,5-Dimethyl-4-(4-carboxyphenyl)-1H-pyrazole, 4-(3,5-dimethyl-1H-pyrazol-4-
yl)benzoic acid (HMe;pzCsH4CO,H)
The pentanedione III was suspended in 20 mL of water in a 50 mL round-bottom flask.
Under constant stirring 75 mg (1.5 mmol) of hydrazine monohydrate dissolved in 5 mL of
water was added dropwise to the flask. After one hour the clear solution was treated with
concentrated HCI (12 mol/L) to bring the mixture to a pH value of 3. The white precipitate
was separated by filtration, dried under vacuum and washed with 15 mL of aceton to give
0.28 g of pure product (> 90 % based on III).
mp > 295 °C (decomp.). Calcd. for C;2H2N20; (216.24 g/mol) C 66.65, H 5.59, N 12.96;
found C 65.91, H 5.71, N 12.64%.
FTIR (ATR): 3276, 2988, 2933, 2438, 1942, 1677, 1607, 1412, 1254, 1174 cm™" (see Fig.
S8).
'H-NMR (DMSO-ds, 500 MHz): 8/ppm = 2.25 (s, 6H, CH3), 7.42 (d, 2H), 7.98 (d, 2H), 13
(s, br, COOH) (Fig. S9).
BC-NMR (DMSO-ds, 500 MHz): 8/ppm = 11.87 (s, CH3), 124-130 (aromatic C's), 139.27
(s, C-N), 167.85 (s, COOH) (Fig. S10).
ESI-MS (neg.) 215.08234 [M-H'T, calcd. '>C1oH;1N,0,: 215.08260 (100%).
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Fig. S8. FTIR (ATR) of 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid HMe,pzCsH4sCO,H.
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Synthesis of complexes

{[Co4(n4-O)(Me,pzCO»)s3] -~3 DMSO}, (1)

In a screw-capped Pyrex tube 20.6 mg (7.0 - 102 mmol) of Co(NOs), - 6 H,O and 10.0 mg
(7.0 - 10 mmol) of HMe,pzCO,H were dissolved in 1.5 mL of a mixture of
DMSO/DMF/MeOH (10:4:1). The solution was heated to 110 °C and then up to 120 °C
within three days. The clear, deep-violet cubic crystals (Fig. S11) were filtered and washed
three times with 10 mL of DMF. They were dried under a vacuum of 10~ Torr and stored

under inert atmosphere.

Yield: 40 mg (60 % based on ligand)

FTIR (ATR): 3216, 3010, 2920, 2340, 1706, 1543, 1507, 1477, 1421, 1393, 1369, 1289,
1172, 1107, 1069, 997, 950, 815, 803, 745, 712, 670, 617 cm ' (see Fig. S12).

We note that meaningful elemental analyses of MOFs are difficult to obtain due to solvent

loss and different sample states (different states of dryness vs. not dried).

A total of 860 electrons per 3100 A® (compare with total potential solvent area volume of
3182 A’ caled. by PLATON VOID) was squeezed by PLATON in the structure refinement
of 1 which corresponds to ~107 electrons per C;sH;3C04NsO7 formula unit (Z = 8). One
DMSO molecule provides 42 electrons.

In TG/DTA (see Fig. S13) the dried compound shows a first weight loss of 27.7% in a
temperature range from 200 °C to 300 °C. This weight loss can be assiged to the loss of
about 3 DMSO solvent molecules (theor. 26%). In the range from ~450 °C to 500 °C a
second weight loss of ~39% takes place which is due to decomposition of the ligand.

For the cobalt complex a removal of solvent is easier than for the zinc complex with the
same ligand because of the smaller DMSO molecule in {[Cos4(uts-O)(MepzCO»)3] ~3
DMSO}, compared with the diethylformamide, DEF molecule in {[Zns(ps-O)(Me;pzCO,)s]
-~2 DEF}, (see. Fig. S16).
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Fig. S11. Crystals of {[Co4(ps-O)(Me,pzCOs);] - 3 DMSO}, (1) by optical photography and
scanning electron microscopy. The cubic shape of the crystals already hints at the cubic

crystal system with space group F-43m.
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Fig. S12. FTIR (ATR) of compound {[Co4(ns-O)(Me,pzCO;)3] -~3 DMSO}, 1.
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Fig. S13. TG/DTG of {[Cos(1t4-O)(MezpzCO»)s] -~3 DMSO}, (1)
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{{Zn4(ng-0O)(Me2pzCO3)3] -~2 DEF}, (2)

In a screw-capped Pyrex tube 1.13 g (0.28 mmol) of Zn(NOs), - 4 H,O and 0.3 g (0.14
mmol) of HMe,;pzCO,H were dissolved in 30 mL of DEF. The clear solution was heated to
140 °C within two days and kept for another two days at this temperature. The clear
yellowish cubic crystals (Fig. S14) were decanted and seperated from impurities by density
difference using a mixture of bromoforme and methanol. After centrifugation the product
was washed three times with 10 mL of DEF, dried under a vacuum of 102 Torr and stored

under inert atmosphere.

Yield: 310 mg (22 % based on ligand)

FTIR (ATR): 2971, 2927, 1675, 1567, 1516, 1490, 1428, 1405, 1377, 1307, 1259, 1216,
1182, 1106, 1071, 1041, 994, 941, 820, 803, 667, 642, 620 cm ' cm™' (see Fig. S15).

We note that meaningful elemental analyses of MOFs are difficult to obtain due to solvent
loss and different sample states (different states of dryness vs. not dried).

A total of 812 electrons per 3688 A’ (compare to total potential solvent area volume of 3737
A’ caled. by PLATON VOID) was squeezed by PLATON in the structure refinement of 2
which corresponds to ~101 electrons per CisH;sN¢O7Zns formula unit (Z = 8). One DEF
molecule provides 56 electrons.

In TG/DTA (see Fig. S16) the dried compound shows a small and continuous weight loss
starting at 200 °C and which becomes more visible at 300 °C. This weight loss is assigned to
high-boiling/low-volatile DEF crystal solvent molecules which have to escape through the
narrow pores. The solvent weight loss continues into the ligand decomposition between 400

and 500 °C (cf. Fig. S13 for the ligand decomposition at the Co compound 1).
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Fig. S14. Crystals of {[Zns(ns-O)(MepzCO,)s] -~2 DEF}, (2) by optical photography and

scanning electron microscopy. The cubic shape of the crystals already hints at the cubic

crystal system with space group F-43m.
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Fig. S15. FTIR (ATR) of compound {[Zn4(ns-O)(Me,pzCO,);] -~2 DEF}, (2).
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{{Co4(ng-0)(Me,pzCsH4CO»);] -~6 DMSO ‘~6 H,0O ‘~2 DMF}, (3)

In a screw-capped Pyrex tube 20.2 mg (0.07 mmol) of Co(NOs),* 6 H,O and 10.0 mg (0.046
mmol) of 3,5-dimethyl-4-(4-carboxyphenyl)-1H-pyrazole (HMepzCsH4sCO,H) were
dissolved in 1.5 mL of a mixture of DMSO/DMF/MeOH (10:4:1). The solution was then
heated from 115 °C to 130 within three days and kept for another two day at this
temperature. Deep-violet cubic crystals (Fig. S17) were formed which were filtered and
washed three times with 5 mL portions of DMF. They were dried under a vacuum of 10~

Torr and stored under inert atmosphere.

Yield: 50 mg (70 % based on ligand).

FTIR (ATR): 3326, 2933, 2829, 1586, 1545, 1400, 1303, 1178, 1103, 1030, 1015, 867, 789,
716, 665, 634, 607 cm ! (see Fig. S18).

We note that meaningful elemental analyses of MOFs are difficult to obtain due to solvent

loss and different sample states (different states of dryness vs. not dried).

A total of 749 electrons per 2107 A’ was squeezed by PLATON in the structure refinement
of 3 which corresponds to an appropriate number of solvent molecules per unit cell (Z = 1).
There is one formula unit [C04(},L4-O)(MeszC6H4COZ)3], C36H30C04N607 per unit cell (Z =

1). The possible solvent molecules provide the following number of electrons:

molecule number of electrons
DMSO, (CH3),SO 42
H,0 10
DMF, (CH;),NCHO | 40
MeOH, CH;0H 18

TG/DTA (see Fig. S19) shows two weight losses of 9.32 and 12.0 wt% up to 300 °C.
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Fig. S17. Crystals of {[Co4(ps-O)(MepzCsH4CO»)s] -solvent}, (3) by optical photography
and scanning electron microscopy. The cubic shape of the crystals already hints at a near
cubic crystal system with the orthorhombic space group P222 and nearly identical cell
constants a = 14.242(3), b = 14.278(3), ¢ = 14.332(4) A (see Table 2).
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Fig. S18. FTIR (ATR) of compound {[Co4(p4-O)(Me,pzCsH4CO)3] -solvent}, (3).

A TGA of the dried compound shows a series of steady weight losses from the very
beginning and up to over 500 °C with only narrow plateaus in between (Fig. S19). The first
immediate mass loss of ~9% ends at ~100 °C where the second mass loss of ~12% starts
which continous to about 300 °C or perhaps even 400 °C. These two differentiated weight
loss ranges can be assigned to at least two different types of crystal solvent because of the
three (four) different solvents DMSO, DMF, MeOH (and water) present in the
crystallization process. Up to 100 °C methanol and water molecules may leave the
compound. The weight loss from over 100 °C to ~400 °C indicates the removal of higher
boiling/less volatile DMSO and DMF molecules.

Around 400 °C a steeper mass loss of ~14% starts, immediately followed by another steep
mass loss of ~19.5%. These two mass losses are attributed to ligand decomposition (Fig.

S19).
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Fig. S19. TG/DTG of {[Co4(ps-O)(Me pzCsHsCO3)s3] -solvent}, (3)
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{{Zn4(ng-0O)(Me2pzCsH4CO»);] -~3 DEF}, (4)

In a screw-capped Pyrex tube 18.0 mg (0.07 mmol) Zn(NO3), - 4 H,O and 10.0 mg (0.046
mmol) 3,5-dimethyl-4-(4-carboxyphenyl)-1H-pyrazole (HMe,pzCsH4CO,H) were dissolved
in 1.5 mL DEF. The solution was then heated to 140 °C within three days and kept for
another two day at this temperature. Clear cubic crystals (Fig. S20) were formed which were
filtered and washed three times with 5 mL portions of DEF. They were dried under a
vacuum of 10 Torr and stored under inert atmosphere.Yield: 11.7 mg (60 % based on
ligand).

FTIR (ATR): 2972, 2931, 2869, 1671, 1608, 1583, 1534, 1491, 1410, 1335, 1307, 1286,
1261, 1216, 1183, 1107, 1030, 1013, 941, 870, 850, 806, 784, 717, 699, 664, 637, 606, 588,
560 cm ' (see Fig. S21).

We note that meaningful elemental analyses of MOFs are difficult to obtain due to solvent

loss and different sample states (different states of dryness vs. not dried).
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Fig. S20. Crystals of {[Zn4(ps-O)(Me,pzCsH4COs)3] -~3 DEF}, (4) by optical photography
and scanning electron microscopy. The cubic shape of the crystals already hints at a near

cubic crystal system most likely with the same orthorhombic space group P222 and nearly

identical cell constants as for 3.
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Fig. S21. FTIR (ATR) of compound {[Zn4(pns-O)(Me,pzCcH4CO3);] -~3 DEF}, (4).

A TGA of the complex shows a weight loss of ~28% from the very beginning up to 200 °C
(Fig. S22). This immediate weight loss can be correlated to about three DEF molecules
(theor. 25%). From 200 °C to ~450 °C the framework appears thermally stable. Over 450 °C
the ligand decomposes with a weight loss of ~40%.
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Additional figures of building blocks and packing diagrams

[ZNn4(p4-O)(02C-CeHy-CO2)3], MOF-5:

P

[M4(M4-O)(MeopzCO,);] as MOF-5-analog:

Fig. S23. Building blocks and cubic pcu-a frameworks in MOF-5 and 1 (M = Co) or 2 (M =
Zn) to illustrate the analogy. Colors: oxygen atoms red, nitrogen atoms blue, metal atoms
cyan, carbon atoms grey, hydrogen atoms (in MOF-5) light grey.

The fixed alternating canting of the dimethylpyrazolate ring plane (cf. Fig. S24a) leads to
alternating small (van der Waals diameter, @ ~6 A) and large pores (@ ~11 A) connected by
small channels or pore apertures (@ ~2.8 A) (Fig. 24b). Failure of N, adsorption in 1 and 2 is
presumably due to activated diffusion effects associated with the low thermal energy of N»
relative to the high barrier for diffusion through the small 2.8-diameter pore apertures (cf.
Fig. S24b). In other words, at slow thermal motion at 77 K the N, molecule will statistically
only seldom approach the small pore aperture with the correct orientation for penetration,

that is, at right angle with its molecule axis.
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Fig. S24. Building units (a) in [Ma(14-O)(MeypzCO»)s] (M = Co, 1; Zn, 2).

Space-filling plots for M = Co and Zn in (b) show the alternating small (transparent orange
sphere, diameter, @ = 6 A) and large (yellow sphere, @ = 11 A) cavities due to the
alternating pyrazolate plane orientation with pore apertures (green spheres, @ = 2.8 A) in
between.
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Fig. S25. Schematic presentation of the idealized crystallographically induced ligand
disorder in 3 by showing two of the three symmetry-independent pyrazolate-benzoate
ligands. As a visual aid one of the symmetry-related disordered orientations is shown
transparent. The crystallographically-induced disorder is due to C2-axes passing through the
white atom at the ligand center and running parallel to the unit-cell axes. Hydrogen atoms
are not shown.

Zn compound HHU-4
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Fig. S26. Powder X-ray diffractograms of [M4(s-O)(MepzCsH4CO»)3] (M = Co, 3; Zn, 4).
Diffractograms were obtained on flat layer sample holders where at low angle the beam spot
is strongly broadened so that only a fraction of the reflected radiation reaches the detector
which leads to the low relative intensities measured at 26 < 10°.
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Co compound HHU-1
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Fig. S27. Powder X-ray diffractograms of [Co4(ps-O)(Me pzCO3)3] (1) before (as
synthesized) and after the water stability test in water/DMF (1:1 volumetric mixture). The
simulated diffractogram is based on the X-ray data refinement.

Diffractograms were obtained on flat layer sample holders where at low angle the beam spot
is strongly broadened so that only a fraction of the reflected radiation reaches the detector
which leads to the low relative intensities measured at 26 < 10°. Diffractograms for Co
compounds often have a high background because of Co-based X-ray fluorescence (see
Daugherty, K. E.; Robinson, R. J.; Mueller, J. I. Analytical Chemistry 1964, 36, 1869—
1870.)
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Fig. S28a. Pore size distribution curve of {[Co4(1s-O)(MezpzCO,)3]}n (activated 1) from
DFT calculation (Ar on carbon, slit based model) based on argon adorption isotherm (cf.

Fig. 4).
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Fig. S28b. Differential surface area curve of {[Cos(ls-O)(MepzCcHsCO3)3]}n (activated 3)
from DFT calculation (N; at 77 K on carbon, slit pore, NLDFT equilibrium model) based on
N, adorption isotherm (cf. Fig. 6).
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Hydrogen, carbon dioxide and methane gas sorption studies

From two adsorption isotherms acquired at different temperatures 7 and 7, (Fig. 5b), the
differential heat of adsorption AH,4s 47 can be calculated for any amount of adsorbed
substance after determining the required relative pressures p; and p,. A modified form of the
Clausius-Clapeyron equation is used (eq (1)).* AH 45,4y Was calculated over the whole

adsorption range from the 77 K and 87 K isotherms for H, in 1 (Fig. 5b).

MHogsairr = —Rin () (1)

P1
The heat of adsorption for H» in 1 is determined to 5-6 kJ/mol. The increase with coverage is

T,
T,-T1

explained by the sequential filling of the large cavities, small cavities and eventually the

channel volume with increasing adsorbate—surface interactions.

5B
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Fig. S29. Heat of adsorption for H, in 1 at 77-87 K.

* F. Rougquerol, J. Rouquerol and K. Sing, Adsorption by powders and porous solids, (F.
Rouquerol, J. Rouquerol, K. Sing, Eds.), Academic Press, San Diego, 1999, vol. 11.
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Fig. S32. (a) H, and (b) CO; sorption isotherms for 3 (Co).

Table S1 Porosity data for 3 and 4 from N, isotherms at 77 K.

Compd  Sger®  Stang Viot
(m%/g) (m’/g) (cm’/g)

3 1072 1195 0.44

4 980 1063 0.41

*Calculated BET surface area over the pressure range 0.01-0.05 P/P,; ® total pore volume at

P/Py=0.95.
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Gas selectivity

The ratio of the initial slopes in the Henry region of the adsorption isotherms (Fig. S33, Fig.
S34)*° determines the selectivities exhibited by 1 and 2 for adsorption of CO, over CHy. 1
shows a selectivity ratio for CO,:CHy of 4:1 at 273 K. The selectivity does not only depend
on the size of the gas components (kinetic diameter: CO, 3.3 A, CH,4 3.8) but also on the
polarizability of the surface and of the gas components.

Selectivities were estimated from the ratio of the initial slopes in the Henry region of the

adsorption isotherms (Table S2).

Table S2 Initial slopes of adsorption isotherms and selectivities for CO,:N; and CO,:CHj, at

273.
initial slopes for gas adsorption isotherms
Compounds CO, CH,4
1 (Co) 0.2465 0.06146
2 (Zn) 0.1398 | | 0.03913
gas selectivities
CO,:CH; selectivity
at273 K
1 (Co) ~4:1
2 (Zn) ~3.5:1

> V. Abetz, T. Brinkmann, M. Dijkstra, K. Ebert, D. Fritsch, K. Ohlrogge, D. Paul, K. V.
Peinemann, S. Pereira-Nunes, N. Scharnagl and M. Schossig, AIChE J., 2006, 8, 328-

358.

6Y.-S. Bae, O. K. Farha, A. M. Spokoyny, C. A. Mirkin, J. T. Hupp and R. Q. Snurr, Chem.

Commun., 2008, 4135-4137.
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Fig. S34. The initial slope in the Henry region of the sorption isotherms of CH4 of 1 and 2 at

273 K.
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2.2 Charge-Assisted Hydrogen-Bonded Networks of NH; and
[Co(NH)6)]**with the New Linker Anion of 4-Phosphono-Biphenyl-4’-
Carboxylic Acid

Christian Heering, Bahareh Nateghi and Christoph Janiak

Crystals; impact factor: 2.075; 90%; 1% author; syntheses, measurements,

manuscript writing

Abstract:

The new linker molecule 4-phosphono-biphenyl-4’-carboxylic acid (H203P-(CsHs)2-
COOH, H3BPPA) has been structurally elucidated in hydrogen-bonded networks
with the ammonium  cation  NH4(H.BPPA)(H;BPPA) (1) and the
hexaamminecobalt(lll) cation [Co(NH3)s](BPPA) - 4H,0 (2). The protic O-H and N-H
hydrogen atoms were found and refined in the low-temperature single-crystal X-ray
structures. The hydrogen bonds in both structures are so-called charge-assisted;
that is, the H-bond donor and/or acceptor carry positive and/or negative ionic

charges, respectively. The H-bonded network in 1 consists of one formally mono-

deprotonated 4-phosphonato-biphenyl-4’-carboxylic acid group; that is, a HzBPPA’
anion and a neutral H;BPPA molecule, which together form a 3D hydrogen-bonded
network. However, an almost symmetric resonance-assisted hydrogen bond
(RAHB) bond [O---H = 1.17(3) and 1.26(3) A, O---H---O = 180(3)°] signals charge
delocalization between the formal H,BPPA™ anion and the formally neutral H;BPPA
molecule. Hence, the anion in 1 is better formulated as [H.BPPA---H---H,BPPAJ. In
the H-bonded network of 2 the 4-phosphonato-biphenyl-4’-carboxylic acid is triply
deprotonated, BPPA*. The [Co(NHs)s]**cation is embedded between H-bond

acceptor groups, —-COO and —POs;?*and H,O molecules. The incorporation of

sixteen H2O molecules per unit cell makes 2 an analogue of the well-studied

guanidinium sulfonate frameworks.
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Abstract: The new linker molecule 4-phosphono-biphenyl-4’-carboxylic acid (H,O3P-(CsHy),-COOH,
H3BPPA) has been structurally elucidated in hydrogen-bonded networks with the ammonium
cation NHy4(H;BPPA)(H3BPPA) (1) and the hexaamminecobalt(IIT) cation [Co(NH3)¢](BPPA)- 4H,O
(2). The protic O-H and N-H hydrogen atoms were found and refined in the low-temperature
single-crystal X-ray structures. The hydrogen bonds in both structures are so-called charge-assisted;
that is, the H-bond donor and/or acceptor carry positive and/or negative ionic charges,
respectively.  The H-bonded network in 1 consists of one formally mono-deprotonated
4-phosphonato-biphenyl-4’-carboxylic acid group; that is, a H,BPPA™ anion and a neutral
H3BPPA molecule, which together form a 3D hydrogen-bonded network. However, an
almost symmetric resonance-assisted hydrogen bond (RAHB) bond [O---H = 1.17 (3) and 1.26
(3) A,0---H---0=180 (3)°] signals charge delocalization between the formal H,BPPA™ anion
and the formally neutral H3BPPA molecule. Hence, the anion in 1 is better formulated as
[H,BPPA. - - H- - - H,BPPA] ™. In the H-bonded network of 2 the 4-phosphonato-biphenyl-4’-carboxylic
acid is triply deprotonated, BPPA3~. The [Co(NH3)s]* cation is embedded between H-bond acceptor
groups, -COO™ and -PO3; ™~ and HO molecules. The incorporation of sixteen H,O molecules per
unit cell makes 2 an analogue of the well-studied guanidinium sulfonate frameworks.

Keywords: hydrogen-bonded network; phosphonate-carboxylate; symmetric hydrogen bond; crystal
engineering; charge-assisted H-bonds

1. Introduction

The organophosphonic acid function, which has a pK,; of 2.0 for the first and a pK,, of
6.59 for the second proton, is capable of forming strong metal-to-ligand coordinative bonds in
thermodynamically stable complexes with high stability constants [1]. Metal organophosphonate
compounds are multifunctional organic-inorganic hybrid materials and as open frameworks can
be regarded in between zeolite-like [1,2] and metal-organic framework materials [3,4], whereas
phosphonate metal-organic frameworks (MOFs) are considerably rarer than MOFs with carboxylate
linkers, with phosphonates forming stronger bonds to metals than carboxylate groups [3]. Metal
organophosphonates are stable in water or aqueous environment [5]. The use of metal phosphonates in
catalysis, luminescence [6], ion or proton exchange or conductivity [7,8] and in separation is discussed
and investigated [9]. Further, cobalt and iron organophosphonates are investigated for their magnetic
properties [10-13]. Metal phosphonates are also promising porous materials [14,15], and can be
reversibly hydrated and dehydrated [16].
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Organophosphonates can contain additional functional groups such as carboxylate, hydroxyl or
amino in the organo-moiety which presents a tunable functionality with a wide variety of structural
motifs and properties [1,3,17]. Carboxy-phosphonates (Scheme 1) can be seen as intermediates
between pure carboxylates and pure phosphonates, sharing synergies of both ligand classes.
Carboxy-phosphonates can form porous or 3D metal-ligand networks [18-20]. Weng ef al. described a
3D zinc carboxy-phosphonate, ZnPC-2, as a material for CO, adsorption [21].

HO F;O.,OH

HOL P/?,OH ‘

(e} OH
4-phosphono- o7 "OH
benzoic acid 4-phosphono-biphenyl-
H;PPA 4'-carboxylic acid

H3BPPA

Scheme 1. Examples of phosphono-carboxylic acids.

Various metal complexes have been synthesized with a ligand from deprotonated
4-phosphono-benzoic acid, including the metals barium [22], cobalt [23], copper [23], europium [24],
lead [20], lithium [25], silver [26], strontium [27], thorium [28], titanium [29], uranium [28] and
zinc [30,31]. However, the extended biphenyl-based variant 4-phosphono-biphenyl-4’-carboxylic acid
(H3BPPA) was unknown so far (Scheme 1).

Herein, we present the new linker 4-phosphono-biphenyl-4’-carboxylic acid, H3BPPA, and its
deprotonated structure in hydrogen-bonded networks with NH;* and [Co(NH3)6]3* cations.

2. Results and Discussion

4-Phosphono-biphenyl-4’-carboxylic acid H3BPPA has been synthesized, following a known
procedure by Merkushev et al. from 4-biphenyl carboxylic acid through the intermediates
4’-iodo-biphenyl-4-carboxylic acid [32] and its methyl ester, followed by the nickel(II)-catalyzed
conversion to a phosphonate ester, which after hydrolysis gave H3BPPA (Scheme 2).

| |
bis(trifluoro- S: MeOH,
acetoxy)- H,80,,
iodobenzene 100°C,4h
[— —_—
S:CClg, t, 24 h, reflux,
Yield: 82 % Yield: 95 %
COOH COOH COOMe
PO(OH), PO(OEt),
O 37% HCI in H,0, O NiBry, P(OEt);,
reflux, 20 h, S: mesitylene,
-
Yield: 93 % reflux
O O Yield: 85 %
COOH COOH

HyBPPA

Scheme 2. Reaction sequence for the synthesis of H3BPPA from 4-biphenyl carboxylic acid.
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Neutralization of H3BPPA with one equivalent of ammonium acetate yielded colorless
crystals of formula NH4(HO3P-(CgHy),-COOH)(HyO3P-CoHy-CoHy-COOH) (1). The ammonium
monohydrogenphosphonato-biphenyl-carboxylic acid crystallized with one molecule of the free
H;3BPPA acid. The best results were obtained using a 1:1 ratio, though less ammonium acetate
also led to product formation of lower quality. When the neutralization of H3BPPA was carried out
with excess conc. aqueous NHj instead of stoichiometric ammonium acetate, the same product, 1, was
formed, albeit of lower purity. Importantly, no complete or even twofold deprotonation of H3BPPA
was achieved in that way.

The asymmetric unit of 1 consists of the ammonium-cation, and formally a HyBPPA™ anion
and a neutral H3BPPA molecule (see below) (Figure la). The H;BPPA™ anion is derived by
mono-deprotonation of the phosphonic acid group. The protic O-H and N-H hydrogen atoms
were found and refined with Ueq = 1.5 Ueq(O,N). The three building blocks form a three-dimensional
(3D) hydrogen bonded network.

The carboxylic acid groups are oriented towards each other with the typical tail-to-tail
arrangement, also known as R3(8)-motif in the Etter-notation (Figure 1b) [33].

The biphenyl systems of the BPPA molecules are in nearly planar geometry with 0.31 (14)
and 2.79 (14)° for the dihedral angles between the aryl ring planes, and 1.7 (2)° and 3.3 (2)° for the
dihedral angle between —COOH and its aryl ring in the P1 and P2 molecule, respectively. The shape of
the thermal ellipsoids of the carboxyl oxygen atoms O1, 02, 06, and O7 is indicative of some rotational
movement (vibration) around the (carboxyl)C-C(aryl) bond (yet, no split refinement was suggested by
SHELX from the principal mean square atomic displacements). Despite the presence of the biphenyl
m-systems in 1, there are no 7-7 interactions [34] and only few intermolecular C-H- - - 7t [35] are evident.
The angle is 57° for the plane formed by one biphenyl system to its neighbor.

The ammonium cation engages all of its four (found and refined) N-H bonds in the hydrogen
network to four different phosphono groups. The ammonium cations and phosphono groups form
hydrogen-bonded layers parallel to the ab-plane, separated by the biphenyl-carboxylic acid parts
(Figure 1c). Ammonium benzenephosphonate, NH,(HO3PC¢Hs) [36], consists of a layered structure
due to hydrogen bonds, with a similar motif to that of 1.

- H1B
. . c o N1
y H‘IW
W N cu H1D
Ccos  “Ci15 H1C

Figure 1. Cont.
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. H1D
H1B pqgvi
o

H1A N1
- -

(c)

Figure 1. (a) Asymmetric unit of 1 (50% thermal ellipsoids); (b) unit-cell packing diagram with
tail-to-tail arrangement of the carboxylic acid groups (showing only the carboxyl and the 09-H-O5
H bonds for clarity); and (c) full hydrogen-bonding arrangement around the NH,* cation and the
phosphonate and phosphonic acid groups. Details of the H-bonding interactions (orange dashed lines)
are given in Table 1, selected non-hydrogen bonds and angles in Table 2. Symmetry transformations:
i=-1-x-yl-zil=—x1-yl-zii=1l+xyziv=x -1+yzv=1+x1+yzvi=2-X,
22—y —zvi=1-x,2~-y ~z

Table 1. Details of the hydrogen bonding interactions in 1?.

D-H---A D-H [A] H - A[A] D---A[A] D-H---A[°] Symmetry Transformations
N1-H1A. -- 08 0.94 (3) 1.90 (3) 2.840 (3) 177 (3)
N1-H1B--- 010 v 0.86 (3) 2.25 (3) 2.945 (3) 138 (3) vi=2-x2-y,—z
N1-H1C--- 03V 0.84 (3) 2.00 (3) 2.817 (3) 165 (3) v=l+x,1+y,z
N1-H1D- .. Q9 Vit 0.95 (3) 1.92 (3) 2.845 (3) 164 (2) vii=1-x,2-y,—z
02-H2.--01' 0.94 (5) 1.71 (5) 2.623 (3) 164 (4) i=—1-x,-y1-z
O4-H4---08 0.78 (3) 1.78 (3) 2.563 (2) 175 (3) iv=x,—~1+y,z
O7-H7---06 1 0.99 (5) 1.66 (5) 2.642 (3) 172 (4) ii=—x1-y1l-2z
09-H9. -- 05 1.17 (3) 1.26 (3) 2428 (2) 180 (3)
010-H10- - - O3 fif 0.83 (3) 1.72 (3) 2.537 (2) 170 (3) iii=1+x7y,2

Notes: * D = donor, A = acceptor.

64



Crystals 2016, 6, 22 50f 14

Table 2. Selected bond lengths [A]and angles [°]in 1.

P1-03 1.4975 (18) P2-08 1.5045 (18)
P1-05 1.5174 (18) P2-09 1.5190 (18)
P1-0O4 1.5583 (19) P2-010 1.5553 (19)
P1-C10 1.787 (3) P2-C23 1.796 (3)
C13-01 1.235 (4) C26-06 1.230 (4)
C13-02 1.283 (4) C26-07 1.275 (4)

03-P1-05 115.63 (11) 08-P2-09 112.38 (11)

03-P1-O4 107.83 (10) 08-P2-010 109.16 (10)

05-P1-O4 108.78 (11) 09-P2-010 110.04 (10)

03-P1-C10 109.35 (11) 08-P2-C23 109.32 (11)

05-P1-C10 107.54 (11) 09-P2-C23 108.76 (11)

04-P1-C10 107.44 (11) 010-P2-C23 107.04 (11)

Noteworthy, the H-bond O9-H9- - - O5 refined to an almost symmetric O9- - - H9- - - O5 hydrogen
bridge with very similar distances of the H atom to both oxygen neighbors (1.17 (3) and 1.26 (3) A) and
a 180 (3)° O-H: - - O bond angle. This symmetric resonance-assisted hydrogen bond (RAHB) [37—-41]
O---H--- O signals charge delocalization between the formal H,BPPA™ anion (of P2) and the formally
neutral H3BPPA molecule (of P1). Hence, the anion is better formulated as [H,BPPA. - - H- - - H,BPPA] .

The interpretation of delocalized anion charge over the two phosphono groups is in agreement
with the P-O bond lengths (Scheme 2). In each phosphonato group, there is a longer P-O bond
of ~1.56 A and two shorter P-O bonds between 1.50-1.52 A. The P-O(H) bonds are 1.5583 (19) A and
1.5553 (19) A. One cannot clearly distinguish between a formally P=O double bond and a formally
deprotonated P-O~ bond. The P-O bond lengths of the symmetric O9- - - H9- - - O5 hydrogen bridge are
only slightly longer (~1.52 A) then what should be P=O double bonds (~1.50 A). The negative charge
is delocalized over the P-O~ and P=O bonds, giving both of them a partial double bond character
with P-O bond lengths between 1.50-1.52 A (Scheme 3).

& 20

I [

HO—P=0--H--0=F—OH
c &

Scheme 3. Lewis valence structure for the bond order and charge-delocalization in the phosphonate
groups in 1.

Thermogravimetric analysis (TGA) of 1 shows a first a mass loss of ~4% up to 240 °C (Figure 2),
which can be assigned to one molecule of ammonia (~3%), which is in agreement with literature
values [42]. In a second step decarboxylation of one mol CO; (44 g/mol) leads to a mass loss of ~8%.
With a third step of ~24% rapid dephosphonation of one mol PO(OH); and final decarboxylation of
another mol CO, takes place, which is followed by steady decomposition up to 700 °C.

The hydrated salt [Co(NH3)e](O3P-(CgHy)2-COO)- 4H,0, 2 could be crystallized from an aqueous
ammonia solution 4-phosphono-biphenyl-4’-carboxylic acid. In a similar approach, 4-phosphono
benzoic acid was crystallized with hexaaquacobalt(Il) [43], and sulfonate ligands were crystallized
with [Co(NH3)6]** cations, resulting in hydrogen-bonded networks [44].

In the asymmetric unit of 2 there is one trivalent hexaamminecobalt cation, one completely
deprotonated BPPA3~ trianion and four water molecules (Figure 3a). The coordination sphere of
Co®* with six crystallographically different ammine ligands results in the well-known [Co(NH3)6]*
octahedron [45]. Despite its high symmetry, the Co(NHj3)]** octahedron does not reside on a special
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position. The Co-N distances (Table 3) are comparable with that of [Co(NH3)]?* in related complexes
(Co-N =1.951 (2) — 1.976 (2) A, av. 1.956 (2) A) [43,44,46].

TG 1%
Mass Change: -3.97 %
100 = e

~Mass Change: -11.76 %
90

80 ~Mass Change: -23.50 %
70

60

50

100 200 300 400 500 600
Temperature /°C

Figure 2. Thermogravimetric analysis (TGA) of 1 in the temperature range 20-700 °C.

Again, the hydrophilic groups, [Co(NH3)s]**, -COO~, and —PO3%~, and the crystal water
molecules are arranged in slabs (parallel to the ac plane) with slabs of the hydrophobic biphenyl
part in-between (Figure 3b,c). Such a separation of hydrophilic and hydrophobic parts of molecules is
a common packing motif [47-49]. Here the hydrophilic region is organized by hydrogen bonding, the
biphenyl rings are arranged by singular N-H. - - r, O-H. - - t, C-H- - - 7t or van-der-Waals interactions
(see Supplementary Information). The dihedral angles within the biphenyl-carboxylate are 26.8 (4)°
(ring to ring) and 42.0 (4)° (-CCOO~ to aryl ring).

Figure 3. (a) Asymmetric unit of 2; and (b,c) projections of the unit-cell packing on different planes.
The [Co(NHj3)s]* cations are illustrated as octahedra; hydrogen bonds are not shown in (a—c) for
clarity. Selected bond distances and angles are given in Table 3.

66



Crystals 2016, 6, 22 7 of 14

Table 3. Selected bond lengths and angles (A, °)in2.

Col-N1 1.957 (2) P1-0O1 1.5235 (18)

Col-N2 1.965 (2) P1-02 1.5283 (18)

Col-N3 1.951 (2) P1-03 1.5247 (18)

Col-N4 1.959 (2) P1-C1 1.820 (2)

Col-N5 1.976 (2)

Col-N6 1.961 (2)
N5-Col-N1 87.17 (9) N3-Col-N4 89.51 (9)
N4-Col-N1 91.46 (9) N3-Col-N2 90.46 (9)
N4-Col-N5 90.01 (9) N6-Col-N1 91.82 (9)
N2-Col-N1 88.66 (9) N6-Col1-N5 178.81 (9)
N2-Col-N5 92.53 (9) N6-Col-N2 88.07 (9)
N2-Col-N4 177.47 (9) N6-Col-N3 90.31 (9)
N3-Col-N1 177.66 (9) N6-Col-N4 89.40 (9)
N3-Col-N5 90.71 (9)

The BPPA3~ anions and the [Co(NH3)] octahedra are connected to each other by hydrogen
bonding (Table 4, Figure 4). The fully deprotonated phosphonate-carboxylate is solely an H-acceptor
for the N-H and water O-H bonds. The carboxylate group is acceptor to O-H from water molecules.
The four water molecules are held by hydrogen bonding from N-H and O-H-donors and -COO™~ and
—P(0),0*~ acceptors.

Table 4. Details of the hydrogen bonding interactions in 2 2.

D-H---A D-H [A] H - A[A] D---A[A] D-H---A[°] Symmetry Transformations

N1-H1A---08'1 0.84 (5) 2.71 (4) 3.327 (3) 132 (4) i=x,yz—1

N1-H1B- -- 02 0.84 (4) 2.14 (4) 2.976 (3) 173 (3)

NI1-HIC...- 081 0.87 (4) 2.15 (4) 2.971 (3) 156 (3) ii=—x+1,-y —z+1

N2-H2A.-- 04 Vi 0.86 (4) 2.28 (4) 3.086 (3) 157 (3) vi=x+1/2,—y+1/2,z—1/2
N2-H2B- -- 06 0.86 (4) 2.07 (4) 2.909 (4) 163 (3)
N2-H2C---O1 0.89 (3) 2.00 (3) 2.864 (3) 165 (3)

N3-H3A. -- 06 0.82 (5) 2.60 (5) 3.177 (4) 129 (4)

N3-H3B- - - 02 il 0.90 (4) 1.90 (4) 2.791 (3) 174 (3) iii=x+1,yz
N3-H3C. - - O5 Vi 0.69 (5) 2.56 (4) 3.048 (3) 130 (4) vili=x+3/2, -y +1/2,z—-1/2
N3-H3C. - - O4 Vil 0.69 (5) 2.56 (4) 3.180 (3) 152 (4) vili=x+3/2, —y+1/2,z—1/2
N4-H4A---O9 v 0.90 (4) 2.05 (4) 2.937 (3) 171 (3) iv=x+1yz—1
N4-H4B---07 ¥ 0.83 (4) 2.77 (3) 3.270 (4) 120 (3) v=—x+1-y —z
N4-H4C.- .. Q7 1t 0.86 (4) 2.00 (4) 2.852 (3) 171 (3) ili=x+1,yz
N5-H5A---08 0.90 (4) 2.19 (4) 3.035 (3) 157 (3) ii=—x+1,-y,-z+1
N5-H5B-. - - 02 i 0.88 (4) 2.63 (4) 3.437 (3) 153 (3) iii=x+1,y2

N5-H5C- - - O1 0.83 (4) 2.13 (4) 2.939 (3) 162 (3)

N6-H6A--- 03 0.82 (4) 2.09 (5) 2.904 (3) 175 (3) i=x,yz—1
N6-H6B- - - O5 Vil 0.93 (4) 2.26 (4) 3.170 (3) 167 (3) viii = x +3/2, —y +1/2
N6-H6C- - - 04 Vi 0.85 (4) 2.13 (4) 2.948 (3) 160 (3) vi=x+1/2,—y+1/2,2—-1/2
O6-H6E- - - O5 Vil 0.87 1.82 (1) 2.657 (4) 161 (4) viii =x+3/2, —y+1/2,z —1/2
O7-H7A.--03 1 0.62 (5) 2.12 (5) 2.740 (3) 171 (6) ii=—x+1,-y —z+1

QO7-H7B. -- 02 0.85 (4) 1.89 (5) 2.690 (3) 156 (4)

O8-HBA. -- 09 0.82 (5) 1.99 (5) 2.802 (3) 175 (4)

O8-H8B- -- 03 0.73 (5) 1.97 (5) 2.693 (3) 175 (5)
09-H9A. .. 01 Vil 0.74 (4) 1.96 (4) 2.704 (3) 176 (4) vi=x—1,y,z
09-HIB. - - 04 X 0.78 (4) 1.95 (4) 2.728 (3) 173 (4) ix=x+1/2,-y+1/2,z+1/2

Notes: D = donor, A = acceptor.

Finally, we note that in both structures, 1 and 2, the H-bonds to the phosphonato groups
are so-called charge-assisted hydrogen bonds. The hydrogen bond donor and/or acceptor carry
positive and negative ionic charges, respectively, hence are usually stronger and shorter than
neutral H-bonds [12,46,47,50-54]. In 1 these are bonds NH,®- .- (-)O-P and NH,®- .- (H)O-P,
-P-OH: - - (O-P (Figure 1c). In 2 these are bonds Co-NH;3™). ... (-)O-P and HOH- - - (5)O-P (Figure 4).

67



Crystals 2016, 6, 22 8 of 14

Figure 4. Most relevant H-bonding interactions (orange dashed lines) around a [Co(NH3)g]** cation
in the structure of 2. Details of the H-bond distances and angles are listed in Table 4. Symmetry
transformations: i =x,y,z — L;ii= —x+1, -y, —z+ Liii=x+1,y,ziv=x+1,y,z - 1, v=—x+1,
-y, —z;vi=x+1/2, -y +1/2,z—1/2;vii=x—1,y,z;vili=x+3/2, -y +1/2,z - 1/2;ix=x+1/2,
-y+1/2,z+1/2.

The large number of hydrogen-bonds in 2 results in a thermal stability that is higher than that of
other supramolecular complexes of [Co(NH3)¢]** [55,56]. The thermal stability of BPPA3~ is reflected
by the TGA measurement (Figure 5). The mass loss in 2 up to (~17%) is due to the evaporation of
the four water molecules together with one ammine ligand (17.5%). The next five ammine ligands
are removed along with decarboxylation of BPPA in the range from 220 °C to 500 °C, followed by
decomposition of the biphenyl system (~42% in total). The remaining mass of ~40% can be assigned
to cobalt phosphonate species (~35%). It has been observed that metal phosphonates are stable up
to 650 °C and higher [57].

TG /%

100
920
80
70
60
50
40

» Mass Change: -17.08 %

Mass Change: -41.98 %

100 200 300 400 500 600
Temperature /°C

Figure 5. TGA of 2 in the temperature range 20-700 °C.

Comparison of the experimental powder X-ray diffractogram for 2 with the simulation from the
single-crystal X-ray dataset (Figure 6) shows that the investigated single crystal was representative of
the bulk amount when one takes into account the preferential orientation of the column- or rod-shaped
crystals of 2 (Figure S1 in Supplementary Material) on the flat sample holder. Due to the preferred
orientation of the rod-shaped crystals on the flat sample holder during the powder X-ray diffraction
(PXRD) measurement, and their small quantity, some reflections were not present in the experimental
diffraction pattern or their intensity was strongly changed. Such a behavior is discussed in detail in
the literature [58-60].
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4
06.0

—— experimental —— sim

— simulated with preferred
orientation h k| = 1,0,1
o

0,162

1,401

Intensity (a.u.)

2Theta/*®

Figure 6. Comparison of the experimental PXRD pattern of 2 (black) with the unconstrained simulated
pattern from the X-ray data (red) and simulated patterns with the preferred orientation of i, k, 1 =1,
0, 1 and March-Dollase parameter = 4 (green) and = 10 (blue). The latter simulations try to take into
account the rod-shaped crystal morphology of 2 with their non-random orientation on the flat sample
holder. The Miller indices have been assigned to the reflections. Simulations were carried out with
Mercury [61].

3. Materials and Methods

The chemicals used were obtained from commercial sources. No further purification has
been carried out. The ligand has been synthesized starting from 4-biphenyl carboxylic acid in
a four-step-synthesis. CHN analysis was performed with a Perkin Elmer CHN 2400. IR-spectra
were recorded on a Bruker Tensor 37 IR spectrometer with ATR unit. Thermogravimetric analysis
(TGA) was done with a Netzsch TG 209 F3 Tarsus in the range from 20 to 700 °C, equipped with
Al-crucible and applying a heating rate of 10 K- min~!. The melting point was determined using
a Biichi Melting Point apparatus B540. For powder X-ray diffraction patterns (PXRD), a Bruker
D2 Phaser powder diffractometer was used with a flat silicon, low background sample holder, at
30 kV, 10 mA for Cu-Ka radiation (A = 1.5418 A), with a scan speed of 0.2 s/step and a step size
of 0.02° (20). Diffractograms were obtained on flat layer sample holders with a beam scattering
protection blade installed, which led to the low relative intensities measured at 26 < 7°. Details of the
synthesis of 4-phosphono-biphenyl-4’-carboxylic acid (HyO3P-(C¢Ha),-COOH, H3BPPA) will be given
elsewhere [62].

NHy(HO3P-(CgHy)2-COOH)(H,O3P-(CgHy)2-COOH): In a Teflon-lined stainless steel reactor
30 mg (0.108 mmol) of H3BPPA and 8.3 mg (0.108 mmol) of ammonium acetate, NH4(CH3COO),
were suspended in 2 mL of doubly de-ionized water. Heating at 180 °C for 24 h and cooling to
room temperature within 12 h led to formation of colorless crystals (Figure Sla in Supplementary
Information). Yield: 29 mg (91% based on BPPA). Mp > 350 °C. Calc. for CyHpsNO1oP;
(573.43 g-mol~1): C, 54.46; H, 4.39; N, 2.44%. Found: C, 53.93; H, 4.36; N, 2.02%. FT-IR (ATR)
v/em~! =3810 (w), 3196 (w, b) 2999 (w, b), 2859 (w, b), 1672 (m), 1605 (m), 1569 (w), 1446 (m),
1248 (m), 1126 (vs), 1029 (vs), 921 (vs), 824 (vs), 763 (vs), 704 (m), 576 (s), 560 (s) (Figure S2 in
Supplementary Material).

[Co(NH3)61(O3P-(C¢Hyg)2-COO)- 4H,O: In a glass vial 9.6 mg (0.036 mmol) of [Co(NH3)]Cl3
and 10 mg (0.036 mmol) of 4-phosphono-biphenyl-4'-carboxylic acid were dissolved in 1.5 mL of
25% aqueous ammonia. The vial was sealed and the crystals were allowed to grow for a period
of days at room temperature. After several days deep orange column-shaped crystals had grown
(Figure S1b in Supplementary Material). Yield: 17 mg (91%). Mp > 350 °C. Calc. for C;3H33CoNgOgP
(507.34 g-mol™!): C, 30.78; H, 6.56; N, 16.57%. Found: C, 30.92; H, 6.33; N, 17.12%. FT-IR
(ATR) v/cm™! = 3466 (w, b), 3132 (m, b), 3051 (m, b), 2852 (w, b), 1586 (m), 1554 (m), 1528 (m),
1388 (s), 1228 (w), 1138 (m), 1100 (s), 873 (vs), 835 (m), 786 (m), 701 (m), 579 (vs) (Figure S3 in
Supplementary Material).
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Single Crystal X-ray Structures

Suitable crystals were carefully selected under a polarizing microscope, covered in protective oil
and mounted on a 0.05 mm cryo loop. Data collection. Bruker Kappa APEX2 CCD X-ray diffractometer
with microfocus tube, Mo-K« radiation (A = 0.71073 A), multi-layer mirror system, w- and 8-scans; data
collection with APEX2, cell refinement and data reduction with SAINT [63], experimental absorption
correction with SADABS [64]. Structure analysis and refinement: All structures were solved by direct
methods using SHELXL2014; refinement of 1 was done by full-matrix least squares on F2 using the
SHELX-97 program suite [65], of 2 with OLEX 2 [66,67]. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were positioned geometrically (C-H = 0.95 A)
and refined using riding models (AFIX 43 for aromatic CH with C-H = 0.93 A and Ujso(H) = 1.2Ueq(C).
In 1 the protic hydrogen atoms (O-H, N-H) were found and freely refined with Ujso(H) = 1.5Ueq (NH
and OH).

In 2, NH3 hydrogen atoms were found and freely refined. Water hydrogen atoms were also found
and refined, except for 06, where they were positioned geometrically (O-H = 0.870 A) and refined
using a riding model (AFIX 6) with Ujso(H) = 1.5Ueq(O).

Crystal data and details on the structure refinement are given in Table 5. Graphics were
drawn with DIAMOND [68]. Analyses on the supramolecular C-H- - - O, C-H- - - m and 7t-7t-stacking
interactions were done with PLATON for Windows [69]. CCDC 1450889 and 1450890 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
http:/ /www.ccde.cam.ac.uk/conts/retrieving. html.

Table 5. Crystal data and refinement details.

1 2
Chemical formula CasHa1O1P2- HiN Ci13HsOsP- CoHisNg- 4(H20)
Mr 573.41 508.36
Crystal system, space group Triclinic, P71 Monoclinic, P2; /n
Temperature (K) 150 173
a(A) 5.9358(5) 7.0193(5)
b(A) 7.5309(5) 35.454(3)
c(A) 27.781(2) 9.2797(7)
« (%) 95.413(4) 90
B () 90.768(5) 111.921(4)
Y (°) 92.816(5) 90
V (A% 1234.65(16) 21424 (3)
z 2 4
p (mm~—) 0.24 0.93

Crystal size (mm)

0.20 x 0.15 x 0.01

0.33 x 0.3 x 0.15

Absorption correction

Multi-scan, wR2(int) was 0.0937 before and
0.0571 after correction. The Ratio of
minimum to maximum transmission is
0.9165. The 1/2 correction factor is 0.0000.

Multi-scan, wR2(int) was 0.1520 before and
0.0844 after correction. The Ratio of
minimum to maximum transmission is
0.6784. The 1/2 correction factor is 0.0015.

Tmins Tmax

0.683, 0.746

0.507, 0.748

No. of measured, independent and
observed reflections

20157, 4937, 3104 [T > 20(1)]

89006, 4214, 4150 [T > 20(1)]

Rint 0.066 0.073
(sin 8/A)max (A1) 0.617 0.617
R[F? > 20 (F?)], wR(F?), S 0.049, 0.121, 1.02 0.038, 0.100, 1.04
No. of reflections 4937 4214
No. of parameters 379 374
APmaxs APmin (- A73) 0.30, -0.34 1.10,-0.85
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4. Conclusions

We investigated the hydrogen-bonding potential of the new organo-phosphonate linker, H;BPPA,
in its (partially) deprotonated forms H,BPPA~ and BPPA3~. As expected, the protonated phosphonic
acid and deprotonated phosphonate group enters into H-bonds with all of its P-O-H donors and
P-O~ acceptors. Remarkably and unexpectedly, an almost symmetric resonance-assisted hydrogen
bond (RAHB) bond was found between the formal HyBPPA™ anion and the formally neutral H3BPPA
molecule in 1 to give the overall anion [H,BPPA. - - H. - - H,BPPA] ™.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4352/6/3/22/s001.
Figure S1: Photographs of crystals of (a) NHy(HO3P-(C¢Hy)p-COOH)(H,O3P-(CeHy)p-COOH), 1 and
(b) [Co(NH3)s](O3P-(CcHy)2-COO)-4H,O, 2 taken with a light microscope; Figure S2: FT-IR (ATR)
spectrum of NH4(HO3P-(CHy),-COOH)(H,O3P-(CHy)o-COOH), 1; Figure S3: FI-IR (ATR) spectrum of
[Co(NH3)6](O3P-(CgHy)»-COO)- 4H,0, 2. Figure S4: Comparison of the experimental PXRD pattern of 1 (black)
with the simulated pattern from the X-ray data (red). Packing analyses.
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Supplementary Materials: Charge-assisted hydrogen-
bonded networks of NH+* and [Co(NH3s)e]** with the
new linker anion of 4-phosphono-biphenyl-4'-
carboxylic acid

Christian Heering, Bahareh Nateghi and Christoph Janiak

(b)
Figure S1. Photographs of crystals of (a) NH4y(HOsP-(CsHa):-COOH)(H205P-(CsH1)2-COOH), 1 and
(b) [Co(NH3)s](OsP-(CsHa)2-COO)-4H20, 2 taken with a light microscope.
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Figure S2. FT-IR (ATR) spectrum of NHi(HOsP-(CsHa)-COOH)(H20sP-(CsHa)>-COOH), 1.
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Figure S3. FT-IR (ATR) spectrum of [Co(NHs)s](OsP-(CsHa)-COO)-4H:O, 2.
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Figure S4. Comparison of the experimental PXRD pattern of 1 (black) with the simulated pattern
from the X-ray data (red). An additional comparison of the experimental powder pattern with the
experimental pattern of the linker 4-phosphono-biphenyl-4’-carboxylic acid, BPPA shows, that there
is a contribution of the linker in the measured pattern.

Packing Analyses

Packing Analysis by PLATON ((a) A. Spek, Acta Crystallographica Section D, 2009, 65, 148-155;
(b) A.L. Spek PLATON—A multipurpose crystallographic tool, Utrecht University: Utrecht, The
Netherlands, 2005.)

Despite the presence of biphenyl m-systems in compounds 1 and 2, there are no m—m
interactions [1] and only few intermolecular C-H--mt [2-5] evident.

The supramolecular packing analyses of the biphenyl rings are tabulated below (Tables S1 and S2).

The listed “Analysis of Short Ring-Interactions” for possible m-stacking interactions yielded
rather rather long centroid-centroid distances (>4.0 A) together with non-parallel ring planes (alpha
>>0°) and large slip angles (3, y > 30°).

In comparison, significant 7t-stackings show rather short centroid-centroid contacts (<3.8 A),
near parallel ring planes (alpha < 10° to ~0° or even exactly 0° by symmetry), small slip angles
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(B, Y <25°) and vertical displacements (slippage < 1.5 A) which translate into a sizable overlap of the
aryl-plane areas [1,6-11].

Significant intermolecular C-H-7t contacts start around 2.7 A for the (C-)H:+ring centroid
distances with H-perp also starting at 2.6-2.7 A and C-H--Cg > 145° [2-5,12-16].

Scheme S1. Graphical presentation of the parameters used for the description of CH-r interactions.

Packing Analysis for compound NHi(HOsP—(CeHa)>—~COOH)(H205P-(CeHa)>-COOH), 1 for possible

CH-mt interactions (see Scheme S1 for explanation):

Analysis of X-H..Cg(n-Ring) Interactions (H..Cg < 3.0 Ang. - Gamma < 30.0 Deg)

-Cg(J) = Center of gravity of ring J (Plane number above)

-H-Perp = Perpendicular distance of H to ring plane J

-Gamma = Angle between Cg-H vector and ring ] normal

-X-H..Cg = X-H-Cg angle (degrees)

-X..Cg = Distance of X to Cg (Angstrom)

-X-H, = Angle of the X-H bond with the m-plane (i.e., Perpendicular = 90 degrees, Parallel = 0 degrees)

X--H(I) Res(I) Cg()) [ARU())] H.Cg H-Perp Gamma C-H.Cg C.Cg X-H,m
C(2)-H(2A) 1 >Cg(5) [1445.01] 2.94 2,91 7.42 137 3.684(3) 50
C(9)-H(9A) [1] ->Cg(6) [1555.01] 291 -2.88 7.85 135 3.638(3) 48
C(15)-H(15) [1] ->Cg(3) [1565.01] 291 -2.83 13.23 126 3.551(3) 49

Min or Max ~ 2.910 —-2.880 7.42 137.00 3.551 50

[1445]=-1+X,-1+Y, Z

[1555]=X,Y, Z

[1565]=X,1+Y,Z

The Cg(I) refer to the Ring Centre-of-Gravity numbers given in
Ring 3: C1-C2-C3-C4-C5-Co6

Ring 5: C14-C15-C16-C17-C18-C19

Ring 6: C20-C21-C22-C23-C24-C25

Packing Analysis for compound [Co(NHs)e](OsP—-(CeHs)—COO)-4H:20, 2 for possible N-H--mt, O-H-m,

CH-mt interactions (see Scheme S1 for explanation):

Analysis of X-H...Cg(Pi-Ring) Interactions (H..Cg < 3.0 Ang. - Gamma < 30.0 Deg)
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-Cg(J) = Center of gravity of ring J (Plane number above)

-H-Perp = Perpendicular distance of H to ring plane J

-Gamma = Angle between Cg-H vector and ring ] normal

-X-H..Cg = X-H-Cg angle (degrees)

-X..Cg = Distance of X to Cg (Angstrom)

-X-H, = Angle of the X-H bond with the n-plane (i.e., Perpendicular = 90 degrees, Parallel = 0 degrees)

X--H(1) Re)S(I Cg() [ARUJ))  H.Cg H-Perp Gamma CH.Cg C.Cg XHn
NG)HGA)  [2]  ~>Cgl)  [165501]  294(5)  -2.78 18.99 1514)  36720) 44
O@)H®6D) [3] >Cg2)  [455401]  2.69(5)  2.51 2096 139@4)  3395(4) 43
C1-HA1)  [1]  >Cgl)  [445401]  2766(3)  2.73 9.36 1375@) 3525(3) 38

Min or Max 2.690 -2.780 9.36 151.00 3.395 44

[1655]=1+X,Y, Z

[4554]=1/2+X,1/2-Y,~1/2+Z

[4454] =12+ X,1/2 - Y,-1/2+ Z

The Cg(I) refer to the Ring Centre-of-Gravity numbers given in
Ring 1: C1-C2-C3-C4-C5-C6

Ring 2: C7-C8-C9-C10-C11-C12
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Abstract:

The new phosphonate-carboxylate ligand from 4-phosphono-biphenyl-4'-carboxylic
acid (H203P—(CsH4)2—CO2H, H3BPPA) is based on the rigid biphenyl system and is
studied toward the coordination behavior of group 12 elements zinc, cadmium and
mercury. The crystalline products from hydrothermal syntheses highlight the
versatile and different coordination modes with the (partially) deprotonated H;BPPA
ligand to give coordination polymeric 3D-[Zns(u3-OH)4(us-O3P—(CsH4)2—CO2-H2)2]n
(5), 2D-[Zn(pe-O3P—(CsH4)o— CO2H)]n (6), 3D-[Cds(ps-O3P—(CeHa)2—CO2-2)(Ms-
O2P—(CeH4)2—CO2-p3)]n (7) and 2D-[Hg(p3-HO3P—(CsH4)2—CO2H)]n (8). The cobalt
complex, 2D-[Co(ps-O3P—(CsHs)—CO2H)]n (9) is isostructural to 6. Through
additional classic strong carbonyl O—H---O hydrogen bonding the dimensionality of
the 2D coordination networks increases to 3D supramolecular frameworks. The
carboxy-phosphonate ligand shows five differ- ent coordination modes which can be
described as p4-O3P—CO2-p2 (5), He-O3P— (6), Ys5-O3P—CO2-p2, ps- O3P—-CO2-us (7),
and u3-OsP— (8), that is, the ligand bridges altogether between 3 to 8 metal atoms
with the phosphonate group alone connecting already 3 to 6 metal atoms. Layers of
metal—-oxygen polyhedra are interconnected via the biphenyl linker, which either
coordinates metal atoms with both donor groups or the —-COOH end forms tail-to-tail
hydrogen bonds to create 3D or 2D coordination networks, respec- tively. In the flat
{MOy} layers in 6 and 7 the Zn and Cd metal nodes represent a honeycomb and an
mcm net, respectively. The coordination polyhedra of the Cd atoms in compound 7

were analyzed towards a trigonal-prismatic coordination environment. The
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complexes are hydrolytically very stable due to their hy- drothermal preparation
from aqueous solution at 180-200 °C. The compounds could be stored in water or
air for months without apparent decomposition. Compounds 5 and 7, where the
ligand is fully deprotonated, start to decompose at ~400 °C. The fluorescence
emission spectrum of the ligand, 4, shows an intense peak at 365 nm (Aex = 316
nm). The fluorescence emission of the metal complexes 5, 7 and 9 is shifted
towards larger wavelengths with values of 417 nm, 415 nm and 410 nm,
respectively (Aex = 354 nm for 5, Aex = 350 nm for 7, Aex = 400 nm for 8, Aex = 360 Nnm
for 9). In addition, the crystal structures of the H3BPPA ligand precursors 4-iodo-4'-
biphenylcarboxylic acid methyl ester, and 4-diethylphosphono-4'-biphenylcarboxylic

acid methyl ester are described here for the first time.
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The new phosphonate-carboxylate ligand from 4-phosphono-biphenyl-4'-carboxylic acid (H,OzP-(Cg-
Ha)o-CO,H, H3BPPA) is based on the rigid biphenyl system and is studied toward the coordination behavior
of group 12 elements zinc, cadmium and mercury. The crystalline products from hydrothermal syntheses
highlight the versatile and different coordination modes with the (partially) deprotonated HsBPPA ligand to
give coordination polymeric 3D-[Zns(us-OH)alpa-O3P-(CeHa)o-CO2-po)al, (5), 2D-[Zn(ug-OsP-(CeHa)o—
COZH)l, (6), 3D-[Cds(ps-O3P~(CeHa)o~CO2-po) (us-O3P~(CeHa)o-CO2-p3)l, (7) and 2D-[Hg(us-HOzP-(Ce-
Ha),-CO,H)l,, (8). The cobalt complex, 2D-[Colus-O3P-(CgHa),-CO,H)I, (9) is isostructural to 6. Through
additional classic strong carbonyl O-H---O hydrogen bonding the dimensionality of the 2D coordination
networks increases to 3D supramolecular frameworks. The carboxy-phosphonate ligand shows five differ-
ent coordination modes which can be described as ps-O3P-CO,-p; (5), pg-OsP- (6), ps-OzP-COs-po, ps-
OzP-CO5-psz (7), and nz-OsP- (8), that is, the ligand bridges altogether between 3 to 8 metal atoms with
the phosphonate group alone connecting already 3 to 6 metal atoms. Layers of metal-oxygen polyhedra
are interconnected via the biphenyl linker, which either coordinates metal atoms with both donor groups
or the -COOH end forms tail-to-tail hydrogen bonds to create 3D or 2D coordination networks, respec-
tively. In the flat {MO,} layers in 6 and 7 the Zn and Cd metal nodes represent a honeycomb and an mecm
net, respectively. The coordination polyhedra of the Cd atoms in compound 7 were analyzed towards a
trigonal-prismatic coordination environment. The complexes are hydrolytically very stable due to their hy-
drothermal preparation from aqueous solution at 180-200 °C. The compounds could be stored in water or
air for months without apparent decomposition. Compounds 5 and 7, where the ligand is fully
deprotonated, start to decompose at ~400 °C. The fluorescence emission spectrum of the ligand, 4,
shows an intense peak at 365 nm (fex = 316 nm). The fluorescence emission of the metal complexes 5, 7
and 9 is shifted towards larger wavelengths with values of 417 nm, 415 nm and 410 nm, respectively (lex =
354 nm for 5, ex = 350 nm for 7, Jex = 400 nm for 8, Jex = 360 nm for 9). In addition, the crystal structures
of the HzBPPA ligand precursors 4-iodo-4'-biphenylcarboxylic acid methyl ester, and 4-diethylphosphono-
4'-biphenylcarboxylic acid methyl ester are described here for the first time.
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Metal-organic frameworks, MOFs, and coordination polymers
became a rapidly growing research area in recent years, be-
cause of possible applications,"* for example in catalysis,*
sensing by fluorescence changes,"” gas storage®’ and separa-
tion.*® However, the water or moisture stability of such net-
works is often low."

One approach to increase hydrothermal stability is the use
of three- or four-valent, highly charged metal ions such as
cr’t, AP, Fe*', Ti*' or zr*" in MIL-MOF compounds''™*

019, India.

This journal is © The Royal Society of Chemistry 2016

82

(MIL = Materials of Institute Lavoisier) or UiO-MOFs"® (UiO

CrysttngComm



licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 May 2016. Downloaded on 12/06/2016 18:19:13.
This articl

(D]

Paper

University of Oslo)."®™"® Carboxylate linkers were also re-
placed by azolates with improved stability of analogous or
isoreticular compounds.'®?® Yet, the focus has seldom been
set on very strongly coordinating (organo)phosphonate
groups,”"** which could significantly raise the stability of
such metal-ligand coordination compounds.

Organophosphonic acids, which have a pK,; of 2.0 for the
first and a pK,, of 6.59 for the second proton, are more acidic
ligands than pyrazoles (pK, = 2.49). Organophosphonates
generate strong metal-ligand coordinative bonds in thermo-
dynamically stable complexes with high stability constants.
Metal organophosphonate compounds are organic-inorganic
hybrid materials,”® can be porous networks,*™” and as such
be placed in between zeolite-like®®*® and metal-organic
framework materials.’ Metal organophosphonates are stable
in water or aqueous environment®! and can be reversibly hy-
drated and dehydrated.””?*>° The wuse of metal
phosphonates in catalysis, luminescence,”” ion or proton ex-
change or conductivity’®* and in separation is discussed
and investigated.”® Cobalt and iron organophosphonates ex-
hibit magnetic properties.”’™*®

Organophosphonates can contain additional functional
groups such as carboxylate, hydroxyl or amino in the organo-
moiety which presents a tunable functionality with a wide va-
riety of structural motifs and properties.*’

The  controlled growth of crystalline metal-
organophosphonate complexes is not a straightforward pro-
cedure.”® This is probably due to the strong metal-ligand
bond, which is formed with little reversibility to correct for
crystal defects. Therefore, we started to investigate carboxyl-
phosphonate ligands,” which can be seen as intermediates
between pure carboxylates and pure phosphonates, and share
synergies of both ligand classes. Metal complexes with
mixed-functional ~ 4-phosphono-benzoic  acid  (H;PPA)
(Scheme 1 and S1 in ESIt) with barium,”" cobalt,”* copper,>
europium,®® lead,”* lithium,> silver,”® strontium,”” tho-
rium,*® titanium,’® uranium®® and zinc®®*®®* are known.
Carboxy-phosphonates can form porous or 3D metal-ligand
networks.®”** Weng et al. described a 3D zinc carboxy-
phosphonate, ZnPC-2, as a material for CO, adsorption.®® As
in MOFs, di- or tri-substituted rigid phosphonato-aryl-
carboxylate linkers are a rational choice for rigid networks.

Here we present the synthesis of the new mixed-functional
linker 4-phosphono-4-biphenylcarboxylic acid, H;BPPA (4)
(Schemes 1 and 2) and four crystal structures of coordination
networks with the group 12 metal ions zinc, cadmium and
mercury.

The concept of a mixed-functional rigid linker with car-
boxylate and phosphonate coordinating groups was used to

HO\ OH HO\ OH
O:P‘C>_< O=P

/ /
HO ¢} HO o

HiPPA HiBPPA, 4

Scheme 1 4-Phosphono-benzoic acid (H3PPA) and 4-phosphono-4'-
biphenylcarboxylic acid (HsBPPA, 4).
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obtain hydrothermally stable coordination networks. Up to
now, no carboxy-phosphonate complexes with mercury have
been known or published to the best of our knowledge.

Results and discussion
Linker synthesis

The linker H;BPPA has been synthesized for the first time
here (Scheme 2), following a known procedure by Merkushev
et al. to synthesize 4-iodo-biphenyl-4-carboxylic acid (1)
through the iodination of 4-biphenyl carboxylic acid.®® Com-
pound 1 was transformed into the carboxy methyl ester 2,
followed by the nickel(n) catalyzed conversion to a
phosphonate ester (3), which after hydrolysis gave H;BPPA
(4).

Crystals of the 4-iodo-4"-biphenylcarboxylic acid methyl es-
ter (2) were obtained by slow evaporation of a chloroform so-
lution. The crystal structure of compound 2 shows a nearly
in-plane conformation of both aryl rings and the carboxy
methyl ester group (Fig. 1a). The dihedral angle between both
aryl rings is 1.4(3)° and between the plane of the -COOMe

| |
bis(trifluoro- S: MeOH,
acetoxy)- H,S0,,
iodobenzene 100°C,4 h
—_— —_—
S: CCly, rt, 24 h, reflux,
Yield: 82% Yield: 99%
COOH COOH COOMe
1 2
PO(OH), PO(OE),

37% HCl in H,0,

NiBr,, P(OEt),

O reflux, 20 h, O S: mesitylene,
-
Yield: 93% reflux
O O Yield: 85%
COOH COOH
4 3

Scheme 2 Reaction sequence for the synthesis of HsBPPA (4) from
4-biphenyl carboxylic acid.

[ ]]
YALE L e LI 8
O N P R TIE CNE v

b) ¢
Fig. 1 (a) Asymmetric unit (50% thermal ellipsoids) and (b) projection
of the unit cell packing of 2. Selected distances (A) and angles (°): C1-
11 2.082(9), C13-01 1.202(13), C13-02 1.303(12), O1-C13-C10 123.4(9),
01-C13-02 123.6(10).

This journal is © The Royal Society of Chemistry 2016
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group and its aryl ring it is 8.1(6)°. In 4-biphenyl carboxylic
acid the dihedral angle between the -COOH group and the
aryl ring is 29.05° and the dihedral angle between both aryl
rings is 2.89°.°7 This implies a better m-conjugation in the
4-iodo-derivative 2. Compound 2 crystallizes in the non-
centrosymmetric orthorhombic space group Pca2,. The non-
centrosymmetric packing (Flack parameter 0.080(17))°® origi-
nates from the identical orientation of the iodo or carboxyl
groups, respectively, along the crystallographic ¢ axis at an
angle of +21.7(8)° (Fig. 1b).

Crystals of 4-diethylphosphono-4'-biphenylcarboxylic acid
methyl ester (3) were derived from mesitylene solution. In
the crystal structure of compound 3 (Fig. 2) the carboxy
methyl ester and aryl ring form a dihedral angle of 13.7(2)°,
the two aryl rings a dihedral angle of 35.8(2)°.

The thermal stability of the phosphono-carboxylic acid 4
(mp > 350 °C, decomp. > 400 °C, see TGA in Fig. S18 in
ESIT) is higher than that of biphenyl-4,4-dicarboxylic acid,
which has a melting point of 310 °C.*°

Metal compound syntheses and structures

Due to poor solubility of the phosphono-carboxylic acid in
most common solvents, the reactions between ligand and
metal salts were carried out under hydrothermal conditions
at high temperatures (up to 180 °C) in water. All five metal
complexes 5-9 share the common coordination motif of
layers of metal ions, bridged by either carboxylate and
phosphonate or the phosphonate group only (Scheme 3).

The zinc compound [Zn;(pi5-OH),(14-O3P~(CeHa)o~CO,t12), ]
(5) was obtained from a 3:2 molar ratio of Zn(OAc), and
H;BPPA in water in the presence of oxalic acid. Oxalic acid
was added as a buffer to give stable pH values. There was lit-
tle effect on the yield or product composition when the reac-
tant stoichiometry was adjusted to the ratio found in the
X-ray structure in subsequent repeated reactions.

b)
Fig. 2 (a) Asymmetric unit (50% thermal ellipsoids) and (b) crystal
packing in 3. Selected distances (A) and angles (°): P1-O1 1.560(2), P1-
02 1.462(2), P1-O3 1.567(2), C13-05 1.195(3), C13-O4 1.341(3), O1-P1-
02 116.11(13), O2-P1-03 113.98(13), O1-P1-03 102.44(13).

This journal is © The Royal Society of Chemistry 2016
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|
o P 0 0 P 0 P o =0,
| M M l
n. 7
M= Hg] (M=2Zn,Ca) (M =Zﬂ) M=Cdq)

Scheme 3 Coordination modes of the BPPA ligand in the structures
of 5-9. The metal atom (M) can be Zn, Cd, Hg or Co.

The structure of 5 consists of Zn(u) ions that are coordi-
nated by hydroxide ions and either carboxylate (-COO") or
phosphonate groups (-PO;>"). The asymmetric unit contains
three crystallographically different zinc atoms (one of them,
Zn3 is half occupied on the special position of a C, rotation
axis, bisecting the 01-Zn-O1" angle, Fig. 3a), two triply
bridging (u;) hydroxide ligands and one fully deprotonated
BPPA’” ligand. Thereby, a {Zn20,} tetrahedron, a {Zn10;} tri-
gonal bipyramid and a {Zn30Os} octahedron are formed
(Fig. 3 and Fig. S27 in ESIf). For the five-coordinated Zn1
atom the difference between the two largest angles yields 7 =
(172.9 - 128.6)°/60° = 0.74, which is closer to the value for a
trigonal bipyramid (z = 1) than for a square pyramid (z = 0).”°
The two oxygens from the -COO™ group bridge two Zn ions
and the -PO;>” group is coordinated to four Zn ions (Fig. 3a).
Overall the BPPA®” ligand bridges between six Zn atoms. The
{ZnO,} polyhedra are edge- and corner-sharing (Fig. 3¢ and
S28 in ESIt). The {ZnO,} (x = 4-6) polyhedra with their
bridging p;-OH, 11,-PO;>” and 1,-COO™ groups are arranged
in layers (parallel to the bc plane) (Fig. 3b and c) and these
layers are connected by the biphenyl part of the ligand to a
3D network (Fig. 3d).

The phosphorus atom in 5 has four different substituents,
thus, is asymmetric and R-configured in the investigated sin-
gle crystal. Only P atoms of the same handedness are assem-
bled in the layers of 5 giving the non-centrosymmetric point
group C, (Flack parameter 0.030(3)).°® Circular dichroism
(CD) spectra of 5 performed with KBr pellets (0.05 wt% of 5
according to a previously published protocol for solid state
CD)”" (Fig. S33 in ESIT) do not contain any significant spec-
tral features that would indicate enantiomeric excess of either
one of the two possible enantiomers of 5. Therefore, as previ-
ously observed for other cases of spontaneous resolution,””*
the overall crystal ensemble is racemic.

Zn  compounds with  4-phosphonate-biphenyl-3',5'-
dicarboxylate as a linker and templating amine bases are
known”® but do not show the same layer motif. A zinc com-
plex with the shorter 4-phosphonate-benzoate ligand PPA®~
has a zeolite-like structure, in which zigzag chains exist and
{Zn,O} tetrahedra are coordinated by PPA*".”°

CrysttngComm
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Fig. 3 (a) Expanded asymmetric unit of 5 (70% thermal ellipsoids,
except for C with 50% and H with arbitrary radii) and (b, c) layers of
zinc ions, bridged by hydroxido, carboxylate and phosphonate groups,
{Zns(uz-OH)4(us-O3PC-)5(-COz-12);}  with  the {ZnO,} polyhedra
presented as such. (d) Projection of the three-dimensional packing on
the ac plane. Symmetry transformations: i = x, y, 1 + z;ii=x, 1 + y, z;
iii=xy -1+ziv=x-1+y,z,v=-XYy -z vi=-Xxy 1-zvii=-x 1
+y. 1-zvii=-x-1+y,1-zix=12-x1/2+y. 1-z,x=1/2-x,
124y, 1-zxi=12-x12+y,2-z xi=12-x,-1/2+y, 2 -z
Further figures also showing the O-H-:-O H-bonds are given in ESI} as
Fig. S27-S29. Selected distances and angles are given in Table 1.

The zinc compound [Zn(pe-O3P-(CH,),~CO,H)] (6) was
obtained from a 1:1 molar ratio of Zn(NOs),-4H,O and
H;BPPA in water without any modifier. No deprotonating or
buffer agent was added. The structure of 6 consists of Zn(u)
ions that are coordinated by the HBPPA®" ligand with only
the phosphono group deprotonated (-PO;>") and the carboxyl
group still protonated (-COOH). The asymmetric unit con-
tains a unique zinc atom and the ligand HBPPA>~ on special
positions with half-occupancy. This leads to a crystallographi-
cally induced disorder of the ligand over two split-positions
(Fig. 4a).

In the cobalt structure with the shorter 4-phosphono
benzoic acid ligand,” which is analogous to compound 9
(see below), the same disorder of the phenyl ring and of the
—-COOH was observed. The Zn atom is coordinated by six oxy-
gen atoms in a distorted octahedron with four shorter bonds
in the equatorial plane and two longer axial bonds. The oxy-
gen atoms of 11-PO;>” coordinate to six zinc ions with each O
atom bridging two zinc ions (Fig. 4a). The distorted {ZnOs}
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Fig. 4 (a) Expanded asymmetric unit of the zinc compound 6
(isostructural with the cobalt compound 9) (50% thermal ellipsoids)
and (b, c) layers of zinc ions, bridged by phosphonate groups, {Zn(ue-
0O3PC-)} with the {ZnOg} octahedra shown as polyhedra. (d) Section of
the three-dimensional supramolecular packing through the tail-to-tail
hydrogen-bonding arrangement (orange dashed lines) of the carbox-
ylic acid groups. Symmetry transformations: i = -x + 1, y, -z + 1; i = —x
+3/2, -y +3/2,-z+ Liii=x-12y+1/2,ziv=-x+1/2, -y + 3/2,
z+Lv=-x+1-y+1 -z+Lvi=x -y+1zvi=x+1/2,y-1/2,
zvii=-1+xy,z ix=1-xy,1-z;x=-1/2+x,-1/2 +y, z; xi = -1/2
+x,3/2-y, z xi=1/2 + x, 3/12 -y, z; xiii =2 - x, 1 - y, -z. Selected dis-
tances and angles are given in Table 2.

octahedra are edge-sharing and form a flat honeycomb layer
parallel to the ab plane (Fig. 4b and c¢). The 2D-{Zn(pe
0,PC-)} layers are connected by the biphenyl-carboxylic acid
part of the ligand to a supramolecular 3D network through
the carboxylic acid groups which are oriented towards each
other with the typical tail-to-tail arrangement, also known as
Rj3(8)-motif in the Etter-notation (Fig. 4d and Table S5
in ESIt).”

Similarly compound [Co(ue-O3P-(CeH,),~CO,H)] (9) was
prepared from an equimolar ratio of CoCl, and H;BPPA in
water. The single-crystal data set of 9 was not of sufficient
quality to present a publishable structure determination. Yet,
the isostructural nature of 6 and 9 could be established and
also confirmed by comparison of the powder X-ray
diffractograms (see Fig. S24 in ESIT).

The cadmium compound [Cd;(pe-O3P-(CeHa)z~COs-1t)(He-
0;3P—(C6H,4),~CO,-113)] (7) was obtained from a 3:2 molar ratio

This journal is © The Royal Society of Chemistry 2016
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Table 1 Selected distances (A) and angles (°) in 5°

Zn1-03 1.940(4) Zn2-04* 1.909(5)
Zn1-05" 2.010(5) Zn2-06' 1.970(4)
Zn1-06 2.007(4) Zn2-07" 1.974(4)
Zn1-06" 2.256(5) Zn3-01 2.133(4)
Zn1-07 2.014(5) Zn3-02" 2.013(5)
Zn2-01 1.991(4) Zn3-07" 2.264(4)
03-Zn1-06" 110.82(18) 04%-Zn2-01 103.41(19)
03-Zn1-05* 96.31(18) 06'-Zn2-01 104.64(19)
06-Zn1-05* 99.97(18) 07""-Zn2-01 89.09(18)
03-Zn1-07 116.73(18) 02"-Zn3-02"" 97.0(3)
06-Zn1-07 128.57(19) 02"-7n3-01 86.30(16)
05*-Zn1-07 93.40(19) 02""-Zn3-01 175.21(18)
03-Zn1-06" 90.79(17) 01"'-Zn3-01 90.6(2)
06-Zn1-06" 77.4(2) 02"'-Zn3-07" 98.01(16)
05-Zn1-06" 172.90(17) 02"-zn3-07"" 90.37(16)
07-Zn1-06" 83.34(17) 01-Zn3-07" 92.64(16)
04"-Zn2-06' 110.3(2) 01"-zn3-07" 78.43(15)
04"-zn2-07" 126.2(2) 02"-Zn3-07"" 90.37(16)
06'-Zn2-07"" 116.62(19) 02""-zn3-07"" 98.01(16)

01-Zn3-07"" 78.32(15)
Zn1-06-Zn2" 127.5(2) 01"-Zn3-07"" 92.64(16)
Zn2-01-Zn3, 97.19(17) 07'-zn-07"" 167.4(2)
Zn1-07-Zn3" 110.38(19)

“ Symmetry transformations: i = x,y, 1 +z;ii=x, 1 +y, z; iii = x, y, -1
tzyiv=x, -1+y,z;v=-x,y, -z vi=-x,),1-zvii=-x,1+y,1-2
vili =-x, -1+y,1-2zix=12-x,12+y,1-z;x=1/2-x,-1/2 +Y,
1-2z;xi=1/2-x,1/2+y,2-zxii=12-x,-1/2+y,2 -z

Table 2 Selected distances (A) and angles (°) in 6*

Zn-01 1.931(4) Zn-01" 2.620(4)
Zn-02'1 1.973(6)

01-Zn-01" 93.2(3) 01"-Zn-01*" 171.1(3)
01-Zn-02 162.8(3) 01-Zn-01% 82.8(4)
01-zn-02" 93.7(2) Zn-01-Zn" 76.6(2)
02"-Zn-02" 84.2(4) Zn"-02-Zn"" 95.8(4)
01'-Zn-01" 103.4(3)

“ Symmetry transformations: i = —x + 1, y, ~z + 1; ii = —x + 3/2, -y +
3/2, ~z + 1; iii = x - 1/2, y + 1/2, 23 iv = —=x + 1/2, =y + 3/2, =z + 1;
vil=x+1/2,y-1/2,z;xii =1/2 + x, 3/2 - y, z.

of Cd(OAc), and H3BPPA in water in the presence of oxalic
acid (added to allow stable pH values).

In the crystal structure of 7, the asymmetric unit consists
of three different Cd atoms and two fully deprotonated
BPPA’” ligands. The Cd atoms are coordinated by six oxygen
atoms from both p,- and p;-COO™ and ps-PO;>  groups
(Fig. 5a).

Significant distortion from classical octahedral towards
trigonal-prismatic (TP) geometry around Cd is clearly re-
vealed in the structure of 7 (see Cd-polyhedra in Table S12 in
ESIt). An idealized octahedron has two exactly parallel, stag-
gered equilateral triangles and all edges of side s (Scheme 4).
Consideration of the angular parameters 6, p and o
(Scheme 5) in the comparison between octahedral and trigo-
nal prismatic limiting structures’”’® indicates that the Cd

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Octahedron and trigonal prism with enhanced triangular
faces and relevant parameters for the assessment of their relationship.
¢ is the twist angle between the enhanced triangles around the Cs axis.

polyhedra in compound 7 can be regarded as distorted trigo-
nal prisms (see average values in Scheme 5 from the data in
Table S12 in ESIT).

The -PO;>” oxygens bridge between five Cd atoms, while
the -COO™ groups bridge either two or three Cd atoms
(Fig. 5a, Scheme 3 and Fig. S31 in ESI{). Overall, the BPPA*
ligand bridges seven or eight Cd atoms. The edge- and vertex-
sharing {CdOg} trigonal prisms with their bridging ps-PO;>"
and p,/u;-COO™ groups are arranged in flat layers (parallel to

Fig. 5 (a) Expanded asymmetric unit of the cadmium compound 7 (Cd
and P 70%, C and O 50% thermal ellipsoids) and (b, c) layers of
cadmium ions, bridged by phosphonate and carboxylate groups,
{Cds(us-O3PC-),(-CO,-pp/us)z}  with the {CdOg} trigonal prisms
depicted as polyhedra. (d) Projection of the three-dimensional packing
on the ac plane. Symmetry transformations: i = 1/2 - x, y, 1/2 + z; ii =
12-xy. 12+ ziii=-x,2-y,1/2+z,iv=-x2-y,-1/2+z;v=-1/2 +
X, 1-y,zZzvi=12+x,1-y, z;vii=x,-1+y,zix=12+x,2-y, z; x =
12+ x,2-y,z; xi=-x1-y, -1/2 + z; xii = —x, 1 -y, 1/2 + z; xiii = 1/2 -
X, -1+y,-1/2 +z; xiv=1/2-x,1+y, 1/2 + z. Selected distances are given
in Table 3. Angles are listed in Table S6 in ESL}
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octahedron trigonal prism (TP) compound 7
KA Cd171.9° (av)
Cd277.3° (av)
ideal 0 =54.7° ideal 6 = 90° €d379.1° (av)
A.
K‘ A Cd1 151.9° (av)
- Cd2 141.0° (av)
ideal p = 180° ideal p=135.4°  Cd3144.4° (av)
Cd1 110.5° (av)
€d2 116.5° (av)
ideal o = 180° ideal = 120° Cd3116.7° (av)

Scheme 5 Angular parameters involved in the comparison between
the octahedral and trigonal-prismatic limiting structures. ¢ = angle be-
tween the mean plane of the two Os triangles and the chelate planes
defined by the metal and each pair of near eclipsed O vertices. p = an-
gle between the metal and trans O-donor sites. = angle between the
triangular faces defined by the metal and near eclipsed O atoms. The
angle for Cdi is the average of three angles, which are listed in Table
S12 in ESLi

Table 3 Selected distances (A) in 7°

Cd1-01 2.370(7) Cd2-08" 2.273(8)
cd1-02 2.294(7) Cd2-09* 2.387(9)
Cd1-03* 2.359(8) Cd2-010"" 2.458(9)
cd1-o04™ 2.177(9) Cd3-03 2.328(8)
cd1-o7"1 2.263(7) cd3-05' 2.132(9)
Cd1-09"" 2.406(9) Cd3-06 2.324(8)
cd2-01* 2.286(8) cd3-o7" 2.201(7)
Cd2-02 2.226(7) Cd3-08 2.328(8)
Cd2-06 2.289(8) Cd3-010' 2.541(10)

“ For angles see Table S6 in ESI. Symmetry transformations: i = 1/2 -
Xy, 12+zii=12-x,y, -1/2 +ziii=-x,2-y,1/2+2z;v=-1/2 + x,
1-y,z;vi=12+x,1-y,zvii=x,-1+),2;ix=1/2+x,2-y,z,x=
“12+4x,2-y,xii=-x,1-y,12+zxiii=12-x,-1+y,-1/2 +z
Xiv=1/2-x,1+y,1/2+z

the ab plane) (Fig. 5b and c) and these layers are connected
by the biphenyl part of the ligand to a 3D network (Fig. 5d).

Compound 7 crystallizes in the non-centrosymmetric or-
thorhombic space group Pca2;. The non-centrosymmetric
packing (Flack parameter 0.007(9))°® originates from the
identical orientation of the phosphonato ends (or the
carboxylato ends, respectively) of the > 0O;P-(CeH,),-CO,~
linkers along the crystallographic ¢ axis (Fig. 5d).

Five edge- and vertex-sharing {CdOs} polyhedra form a
pentagon, which assembles into a 2D mem-net (Fig. 6a).”° In
its regular form this pentagon tiling consists of two kinds of
vertices (5° and 5, connecting 3 or 4 pentagons, respectively),
two kinds of edges and one kind of face.

The mercury(l) compound with the sum formula [Hg(ps-
HO;P-(C¢H,4),~CO,H)] (8) was obtained from an equimolar ra-
tio of mercury(n) acetate, Hg(OAc),, and H;BPPA in water in
the presence of oxalic acid to allow stable pH values. In 8,
the mercury oxidation state assignment depends on the pres-
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Fig. 6 Left: Layer of {CdOg} polyhedra in 7 with the Cd atoms
connected by black lines to illustrate the pentagonal mem tiling. Right:
mcm net from http://rcsr.net/layers/mcm.”®

ence or absence of the calculated proton on the phosphonato
group, HO;P.

The phosphonate group of the ligand remains singly pro-
tonated (or is only singly deprotonated), that is, -POs;H with
the O3 atom carrying the H atom. The carboxyl group re-
mains protonated as is clearly evidenced by the tail-to-tail
hydrogen-bonding arrangement. The H3 atom on O3 of
-PO;H  could be found and refined with Ug(H) =
1.5U.4(0) and the DFIX restraint 0.90 + 0.05 A.

Bond valence sum calculations®*”®' done on the Hg atom
of 8 gave a value of 0.83 when assuming a valence of 1 and a
value of 1.00 when assuming a valence of 2. The calculated
values support the valence of 1.

In the structure of 8, two mercury ions form a handle with
Cy-symmetry-related Hg atoms at a Hg-Hg distance of
2.5116(14) A, presumably the well-known dinuclear Hg,*"
dication. A possible Hg,*" cation is rare. The di-mercury(i)
complex bis(p-P,N-1-benzyl-2-imidazolyl-diphenylphosphine)(u-
0,0'-diperchloratedimercury(n) diperchlorate (CyH3gN,O;6P2-
ClHg,) is one example,® but the Hg-Hg distance with
3.071(1) A is longer than in 8. The short Hg-Hg distance of
~2.5 A falls in the distance range of 2.46-2.60 A observed for
a Hg(1),”" cation.®®

Hence, we assume a Hg(1) oxidation state with single-
deprotonated H;BPPA ligand. The asymmetric unit contains
one unique Hg atom and one H,BPPA™ ligand. Each Hg atom
is coordinated by three oxygens from three different "HO;P-
groups (Fig. 7a) with a severely distorted tripodal HgO; coor-
dination, which is tilted with respect to the Hg-Hg bond
(Fig. 7b and Fig. S32, ESIT). There is one short Hg1-O1 con-
tact of 2.118(13) A and two considerably longer contacts Hg1-
02/ = 2,566(16) A and Hg1-03" = 2.729(15) A (Table 4 and
Fig. 7a). This coordination environment agrees with a classi-
cal L-Hg(1)-Hg(1)-L species. For Hg(u), a higher coordination
number of four to eight is expected, whereas a coordination
number of three for H(u) is very rare.** More importantly, no
direct Hg-Hg bonds are found in coordination polymers of
mercury(n).** For Hg,”", there are several examples of com-
plexes in the Cambridge Structure Database in which the
overall coordination number of a Hg(1) atom is four.*® Fur-
thermore, an in situ reduction of Hg*" to Hg,>" was also ob-
served by Su et al.®*

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Expanded asymmetric unit of 8 (Hg and P 70%, C and O 50%
thermal ellipsoids; H bonds are orange dashed lines) and (b, c) layers
of Hg,?* handles, bridged by phosphonate groups, {Hg,(us-HOsPC-),}
with the {HgOs}/{Hg,O¢} depicted as polyhedra. (d) Section of the
supramolecular three-dimensional packing through the tail-to-tail
hydrogen-bonding arrangement (orange dashed lines) of the carbox-
ylic acid groups. Symmetry transformations: i = 1 - x, y, 1/2 - z; ii = x,
v 12+ziii=x-y.-12+ziv=x1-y, -12+zv=1-x,-y.1-z
Vi=x,1+y,zvi=1-x1+y,1/2-zvii=1-x,1-y,1-2z ix=1-
X, -1+y,32-z;x=x,2-y,-12+z;xi=x,-1+y, z;xii=1-x,2-y,
1 - z. Selected distances and angles are given in Table 4; hydrogen
bonding interactions in Table S8 in ESI{

Table 4 Selected bond distances (A) and angles (°) in 8%

Hg1-01 2.118(13) Hg1-03" 2.729(15)
Hg1-02'" 2.566(16) Hg1-Hgl' 2.5116(14)
O1-Hg1-Hg!' 171.7(4) P1-01-Hgl 133.6(9)
01-Hg1-02" 78.3(5) P1-O2-Hg1" 120.1(8)
Hg1'-Hg1-02" 108.9(3) 03"-Hg1-Hgt' 101.3(3)
03"-Hg1-02" 97.0(5)

“ Symmetry transformations: i = 1 - x, y, 1/2 - z; ii = x, -y, 1/2 + %
iii =x, -y, -1/2+ziv=x,1-y,-1/2 + z.

The phosphonate groups of six ligands (three on each Hg)
are bridging the Hg-Hg handles to a flat 2D-{Hg,(;-HO,;P-)}
layer (Fig. 7b and c). These 2D-layers are connected by the
biphenyl-carboxylic acid part of the ligand to a supramolecu-
lar 3D network through the carboxylic acid groups which are
oriented towards each other in the tail-to-tail arrangement
(R3(8)-motif in the Etter-notation)’® (Fig. 7d and S32, Table
S8, ESIY).

This journal is © The Royal Society of Chemistry 2016
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A mixed-valent mercury complex with r-alanine, [Hg;,(L-
ala)g(NO;)g)-2H,O showed a coordination environment for Hg
similar to the one found for 8.*® A compound of mercury
with a phosphono-carboxylate linker has been unknown.

There are seven entries in the Cambridge Structure Data-
base, CSD, with a -P-O-Hg coordination, from which only
two (AFIWES®” and SARSAF®®) contain phosphonates coordi-
nated to Hg(u) and of which none has Hg-Hg handles.

All metal-linker compound 5-9 share the layer motif for
the {MO,} polyhedra. The driving force appears to be the sep-
aration of polar and nonpolar parts of molecules, which is a
common packing motif.**~*!

CH-n contacts between neighbouring biphenyl systems in
5-8 are listed in Tables S9-S11 in ESIt with angles and dis-
tances of significant interactions.

A listing of the dihedral angles in the BPPA linker in com-
plexes 5-8 is given in Table S13 in the ESL} With dihedral an-
gles ranging from 0.1(6)° (5) to 2.0(2)° (8), the aryl systems
are nearly co-planar (0°) to each other, favouring the
n-electron delocalisation. The aryl-COO(H) angles vary from
2.0(2)° (6, 7) to 16.3(9)° (5), which is explained by the differ-
ent state of protonation and coordination of the -COO group.
Still, a close to planar geometry of the ligand is observed in
all complexes.

Hydrothermal stability

The noteworthy water stability of the complexes 5-9 has been
investigated by long-time exposure of the complexes in water.
IR and powder X-ray diffraction, PXRD, did not indicate any
structural changes within months. Furthermore, the hydro-
thermal synthesis conditions (water at 180-200 °C) would not
allow the formation of water-unstable structures.

The thermogravimetric behavior in Fig. 8 (detailed Fig.
$19-S23 in ESIt) reveals a high thermal stability for 5 and 7.
The thermally stable ligand (m.p. >350 °C) contributes to the
overall stability of the compounds through the strong metal-
phosphonate coordination. The mass loss of ~5% in 4 (see
Fig. S18 in ESIf) can be explained by a dehydration (-1H,0,

100+

804

= 604
o

= a0

20+

T T T
] 200 400 600
Temperature / °C

Fig. 8 Thermogravimetric analysis (TGA) curves of compounds 4-9.
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18 g mol™, 6%) through the condensation of phosphonic
acid groups to give anhydrides.””

Compounds 5 and 7, where the ligand is fully
deprotonated without a remaining ~-COOH group, start to de-
compose at ~400 °C. The isostructural compounds 6 and 9,
where only the phosphono group is deprotonated (-PO;>")
and the carboxyl group still protonated (-COOH), show a
steady weight loss starting at ~150-200 °C, presumably first
by a condensation (-1H,O, 18 g mol™": 5.3% in 6 and 9)
followed by a decarboxylation (-1CO,, 44 g mol™: 13% in 6;
13.5% in 9). The mercury compound 8 undergoes a rapid
mass loss, starting already at ~100 °C, which can also be ob-
served in other Hg complexes.”® A decarboxylation is ob-
served in the temperature range from 120 to 180 °C (-1CO,,
45 g mol !, 9.5%). Hg complexes vaporize completely because
of the high volatility of elemental Hg above 500 °C. Elemental
Hg is formed by decomposition of intermediate HgO to its
elements.

Luminescence

Many organic molecules are only fluorescent in solution be-
cause in their solid-state they are subject to self-quenching
with concomitant low quantum yield of their luminescence.”*
Immobilization/rigidification of organic molecules as linkers
or as guest molecules in a solid framework like a coordina-
tion polymer® or MOF with d'° metal ions such as Zn** and
Cd*" will reduce non-radiative relaxation caused by free rota-
tion and vibration and, therefore, lead to stronger
emissions.”>%”

The emission spectrum of 4 (Fig. 9) shows a broad band
with a maximum at around 365 nm when excited at 316 nm.
The spectrum is comparable to that of dihydroxybiphenyls,
such as 4,4-dihydroxybiphenyl (/m.x = 354 nm) and 2,2-di-

o= 365 nm

Do = 417 M

Ay =410 nm

gy =400 1im

b =4150M

Intensity (a.u.)

T T T T T T

350 400 450 500 550 600 650
Wavelength / nm

Fig. 9 Solid-state luminescence spectra of complexes 5 (lex = 354

nm), 7 (lex = 350 nm), 8 (lex = 345 nm) and 9 (iex = 360 nm) in

comparison with the spectrum of the ligand, 4 (lex = 316 nm). The

spikes in the emission spectra are probably due to the lamp

fluctuations or random pickup by the photomultiplier.
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hydroxybiphenyl (/m.x = 356 nm) and many other previously
reported substituted biphenyl systems (Zmax = 318-420 nm).”®

It is well documented that the luminescence observed in
MOFs or coordination polymers of transition metal ions with-
out unpaired electrons (such as Cd** and Zn*") are typically
ligand centered.””'” The emission spectra of the Zn com-
pound 5 (Jex = 354 nm), the Cd compound 7 (lex = 350 nm),
the Hg compound 8 (Zex = 345 nm) and the Co compound 9
(4ex = 360 nm) also exhibit broad emission bands in the visi-
ble range at 410-420 nm suggesting that the luminescence in
all compounds originate from the electronic transitions of
the ligand. The emission spectra of the complexes are red
shifted compared to that of the ligand, 4, due to the different
coordination and crystal packing interactions. The positions
of the emission bands may be explained by different dihedral
angles of the aromatic rings in the ligand and the complexes.
Smaller dihedral angles result in enhanced n electron interac-
tions, which in turn shift the emission bands to lower ener-
gies.'" Although the dihedral angle in the ligand 4 is not
known, in the metal compounds it is consistently very close
to 0°: 0.1(6)° (5), 1.5(1)° (6), 0.5(2)° (7) and 2.0(2)° (8). Even
though the dihedral angles in the excited states cannot be de-
termined, it may be assumed that due to the crystal in rigid
structures the conformations do not change significantly.
To the best of our knowledge, no luminescent phosphonate-
carboxylate compounds with Zn**, Hg,** and Cd** ions have
been reported so far.

Conclusions

We have presented the crystal structures of five complexes
with the new BPPA’" or HBPPA>™ ligand. The new mixed-
functional linker assumes (five) different metal-
oxygen(ligand) coordination modes depending on the metal.
Yet, all metal-linker compounds 5-9 share the common motif
of {MO,} polyhedra arranged in a mostly flat layer, which are
connected by the biphenyl part, either directly or through
tail-to-tail carboxyl groups. This way, polar and nonpolar
parts of the molecules are separated, which is a common
packing motif. In the flat {MO,} layers in 6 and 7 the Zn and
Cd metal nodes represent a honeycomb and an mem net, re-
spectively. Between the biphenyl groups, CH-n contacts are
present (see ESIt). The coordination polyhedra of the Cd
atoms in compound 7 were analyzed towards a trigonal-
prismatic coordination environment. When the linker is fully
deprotonated to BPPA’” the metal-ligand networks feature a
high thermal stability of ~400 °C. When the carboxyl group
is still protonated (-COOH in HBPPA®>") a decarboxylation
starts at ~150-200 °C, yet further decomposition only occurs
above 400 °C. All compounds are very resistant against hydro-
lysis as they were synthesized in water at up to 200 °C and
were stored in either water or air. The fluorescence emission
of the H;BPPA ligand is red shifted by about 50 nm upon de-
protonation and metal complexation. It was our aim to dem-
onstrate, that the combination of the phosphonato, ~PO;>"

This journal is © The Royal Society of Chemistry 2016
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and carboxylato, -COO™ function leads to hydrothermally sta-
ble network compounds.

Experimental section
Materials and methods

All reactants were commercially available and used without
further purification. Doubly de-ionized (DI) water was used.

Elemental (CHN) analyses were performed on a Perkin
Elmer CHN 2400. 'H, ’C and *'P NMR spectra were mea-
sured with a Bruker Avance DRX-200, Bruker Avance DRX-500
or Bruker Avance DRX-600. High-resolution electron-spray
ionization mass spectra (HR-ESI-MS) were collected with a
UHR-QTOF maXis 4G from Bruker Daltonics. Electron impact
(EI) mass spectra were collected on a TSQ 7000 by Finnigan
MAT. FT-IR spectra were recorded in ATR mode (Platinum
ATR-QL, Diamond) on a Bruker TENSOR 37 IR spectrometer
in the range of 4000-500 cm™". The absorbance bands have
been described by the following terms: strong (s), medium
(m), weak (w) and broad (br). Solid-state fluorescence spectra
(2D) were obtained with a FluoroMax spectrometer from
Horiba at room temperature. The samples were ground to a
powder and pressed to fit securely in the sample holder (the
mercury compound 8 has not been measured because of its
toxicity). The reflection angle was set to be 60°. For
thermogravimetric analysis (TGA) a Netzsch TG 209 F3 Tarsus
was used, equipped with Al-crucible and a measurement
range from 20 to 700 °C with a heating rate of 10 K min™' un-
der inert atmosphere (N,). Programmable ovens with heating
and cooling ramps were from Memmert.

Melting points were determined using a Biichi Melting
Point B540. For powder X-ray diffraction patterns (PXRD) a
Bruker D2 Phaser powder diffractometer was used with flat
panel low background sample holder, CuKa radiation (1 =
1.5418 A) at 30 kV, 10 mA, a scan speed of 0.2 s per step and
a step size of 0.02° (26).

Circular dichroism (CD) spectra of 5 were recorded on a
]-810 spectropolarimeter (JASCO) with KBr pellets (0.05 wt%
of 5). To correct for linear anisotropy artifacts the KBr pellets
were rotated during a measurement by the use of a motor-
driven sample holder (20 rpm). The detector integration time
was set to 16 s (scan rate: 20 nm min ). Each pellet was mea-
sured on the front and the reverse side. The resulting spectra
(see Fig. S33 in ESIT) were averaged.

Single crystal X-ray diffractometry

Suitable crystals were carefully selected under a polarizing
microscope, covered in protective oil and mounted on a 0.05
mm cryoloop. Data collection. Bruker Kappa APEX2 CCD
X-ray diffractometer with microfocus tube, Mo-Ko radiation
(* = 0.71073 A), multi-layer mirror system, o- and ¢-scans.
Data collection with APEX IL,'%* cell refinement with SMART,
data reduction with SAINT'® and experimental absorption
correction with SADABS.'** Structure analysis and refinement:
The structures were solved by direct methods, SHELXS-97, re-
finement was done by full-matrix least squares on F* using
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the SHELX-97 program suite.'”” Non-hydrogen atoms were re-
fined with anisotropic displacement parameters. Hydrogen
atoms were positioned geometrically and refined using riding
models [AFIX 43 for aromatic CH with C-H = 0.93 A, AFIX 23
for CH, with C-H = 0.97 and Ujso(H) = 1.2U.4(C), AFIX 137 for
CH; with C-H = 0.96 A and Ujs(H) = 1.5U.(C); AFIX 83 for
-COOH and Ujso(H) = 1.5Ueq(O)]. Hydrogen atoms H1 and H7
on the OH groups in 5 have been freely refined in position
and Ujg,. Crystals of 5-9 were of very small size. It is known
that very small crystals diffract weaker than larger crystals,'’®
resulting in lower data quality and subsequent problems dur-
ing refinement. Some of the checkcif alerts are due to the
small crystal size, e.g., poor data/parameter ratio (6, 7). In 6
the disorder of the biphenyl moiety (treated with the PART
command in SHELX) and -COOH group, which can have two
different orientations, is causing level B alerts. The large re-
sidual electron density near the Hg atoms in 8 gave level A
and B alerts. Nine of the 13 largest peaks of the residual
electron density (including the three largest) are within 2 A of
the Hg atom in 8. Crystal data and details on the structure re-
finement are given in Tables 5 and 6. Graphics were drawn
with DIAMOND.'%” Analyses on the supramolecular C-H:-O-,
C-H'-'n- and n-n-stacking interactions were done with
PLATON for Windows.'® The crystallographic data have been
deposited with the Cambridge Crystallographic Data Center
(CCDC-numbers 1465329-1465334 for 3, 6, 8, 5, 2, 7,
respectively).

Syntheses

4-Todo-4'-biphenylcarboxylic acid (1). According to a
method of Merkushev and Yudina,*® 10.0 g (0.05 mol) of
4-biphenylcarboxylic ~ acid, 21.7 g (0.05 mol) of
bis(trifluoroacetoxy)iodobenzene and 12.7 g (0.05 mol) of
freshly ground iodine were placed in a 50 mL flask together
with 20 mL of CCl,. The deep-violet suspension was stirred
for two hours at room temperature. The solid was filtered
and washed with 3 x 10 mL of CCl,. The resulting white pow-
der was dried in vacuum (10" mbar) to afford 13.3 g of pure
product (82% yield). Mp = 310 °C (lit: 312 °C).'*® FT-IR (ATR)
vlem™ = 2976 (w, br), 2820 (w, br), 2668 (W), 2546 (w), 1827
(vs), 1677 (m), 1605 (m), 1572 (m), 1549 (m), 1514 (m), 1474
(m), 1424 (m), 1386 (m), 1321 (m), 1298 (m), 1280 (m), 1196
(s), 1177(m), 1123 (m), 1104 (m), 1062 (m), 1019 (m), 1010
(m), 996 (m), 954 (m), 871 (m), 818 (m), 767 (m), 744 (vs),
710 (m), 698 (m), 661 (m), 623 (m). 'H-NMR (200 MHz;
DMSO0-de) 6/ppm = 7.53 (d, 2H, J = 8.0 Hz), 7.79 (d, 2H, J = 8.0
Hz), 7.84 (d, 2H, J = 8.0 Hz), 8.01 (d, 2H, J = 8.0 Hz). Spectra
are given in Fig. S1 and S2 in the ESL}

4-Iodo-4'-biphenylcarboxylic acid methyl ester (2). In a 50
mL glass flask 5.0 g (15.4 mmol) of 1 were suspended in 10
mL of a mixture of CCl, and N,N-dimethylformamide (v:v =
1:1). Then 6.2 g (45.0 mmol) of K,CO; were added to the sus-
pension under stirring. A portion of 6.4 g (45.0 mmol) of
methyliodide was added dropwise over one hour resulting in
the formation of a yellowish, oily layer. The layers were

CrysttngComm
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Table 5 Crystal data and structure refinement for 2 and 3

Compound 2 3
Chemical formula Cy4H 410, C,3H,,05P
M, 338.13 348.32
Crystal system Orthorhombic Triclinic
Space group Pca2, Pi
Temperature (K) 150 296

a(A) 6.0355 (4) 8.094(2)

b (A) 7.2980(4) 8.186(2)
c(A) 27.8833(18) 13.626(4)
a(°) 90 104.044(15)
£ 90 92.510(15)
7(9) 90 99.071(14)
V(A% 1228.18(13) 861.7(4)

z 4 2

4 (mm™) 2.593 0.18

Crystal size (mm)

Tiny Timax

No. measured, indep. and obs. [I > 24(I)] reflect.
Rint

(510 02 (A7)

Ry [F? > 20(F%)], wR, (F?),” 5°

No. of reflect./restraints/parameters

Weight. scheme w; a/b?

Max./min. Ap (e A7)*

Absolute structure (Flack) parameter®

“ Largest difference peak and hole. ” Ry= [S(||F,| = |Fl)/S|Fol]; WRs = [S[W(Fo? = F2PYS[W(E)?]]M2. © Goodness-of-fit, S = [

0.10 x 0.10 x 0.05
0.724, 0.745
10290, 2382, 2325

0.90 x 0.20 x 0.20
0.620, 0.744
11291, 3248, 2650

0.049 0.053

0.624 0.613

0.030, 0.099, 1.24 0.060, 0.175, 1.07
2382/1/155 3248/0/220
0.050/0.6335 0.0925/0.6193
0.81, —0.82 0.53, —0.47
0.080(17) —

-2 4w =1/[c*(F,?) + (aP)* + bP] where P = (max(F,” or 0) + 2F.?)/3. © Ref. 68.

Table 6 Crystal data and structure refinement for 5-8

Sw(E? - F2Y(n

Compound 5 6 7 8

Chemical formula Cu6H,0014P2Zn5 C,3HgO5sPZn Cy6H16Cd3040P, Cy3H;oHgOsP

M, 945.31 341.54 887.53 477.77

Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic
Space group c2 C2/m Pca2, C2/c
Temperature (K) 173 173 173 173

a(A) 32.8388(12) 5.2848(12) 9.3961(7) 59.003(11)

b (A) 5.3763(19) 8.1031(18) 9.5450(7) 5.4907(9)

c(A) 7.913(3) 27.371(6) 27.3230(19) 7.8375(12)

£(©) 103.531(11) 91.766(12) 90 93.644(9)

V(A% 1358.2(9) 1171.6(5) 2450.5(3) 2534.0(7)

z 2 4 4 8

4 (mm™) 4.55 2.25 2.77 12.29

Crystal size (mm) 0.10 x 0.01 x 0.01 0.03 x 0.03 x 0.03 0.10 x 0.07 x 0.05 0.01 x 0.01 x 0.01
Trminy Trmax 0.502, 0.748 0.724, 0.745 0.685, 0.747 0.515, 0.746

No. measured, indep. and obs. [I > 24(I)] reflect. 8001, 3360, 2930 5207, 1106, 912 48627, 4301, 4281 11056, 2121, 1633
Rine 0.060 0.054 0.043 0.089

(Sin /2)max (A™) 0.703 0.594 0.595 0.594

Ry [F* > 20(F?)], wR, (F?),” 5° 0.041, 0.085, 1.01 0.068, 0.163, 1.05 0.032, 0.077, 1.13 0.070, 0.176, 1.03
No. of reflections/restraints/parameters 3360/1/220 1106/0/129 4301/1/310 2121/0/155
Weight. scheme w; a/b? 0.0302/0 0.0504/40.479198 0.008/37.947201 0.0831/363.958771
Max./min. Ap (e A=)* 1.67, -1.09 3.63, -1.72 1.73,-2.15 8.07, -3.81
Absolute structure (Flack) parameter® 0.030(3) — 0.007(9) —

“ Largest difference peak and hole. ” Ry = [ (||Fs| = |Fll)/S|Foll; WR, = [S[W(F,? = F2)PY/S [W(F,2)*]]"2. © Goodness-of-it, S =[S [w(F,> - F2)*]/(n
-2 7w = 1/[o%(F,2) + (aP)? + bP] where P = (max(F,> or 0) + 2F.%)/3. ° Ref. 68.

separated, the upper DMF layer was discarded, the solvent
from the yellowish CCl, was removed in vacuum affording an
off-white powder (5.0 g; 98% yield). Alternatively: In a 250 mL
flask 2.5 g (7.9 mmol) of 1 were suspended in 100 mL of dry
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methanol. Conc. sulphuric acid (5 mL) was added and the
suspension heated to reflux for 4 h. The solid was filtered
and washed with plenty of water (>100 mL) to remove the
acid and methanol. The product was dried to afford 2.4 g

This journal is © The Royal Society of Chemistry 2016
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(90%) of an off-white powder. Mp = 188 °C (lit.: 189 °C).'"°
FT-IR (ATR) v/em™* = 3399 (w, br), 2998 (w), 2944 (w), 2842
(W), 1936 (m), 1902 (m), 1781 (m), 1708 (s), 1602 (m), 1576
(m), 1474 (m), 1453 (m), 1431 (m), 1387 (m), 1330 (m), 1287
(m), 1269 (s), 1209 (m), 1186 (m), 1136 (m), 1110 (s), 1066
(m), 1018 (m), 995 (m), 949 (m), 860, 819 (s), 764 (vs), 697
(m), 662 (m), 622 (m), 588 (m). *H-NMR (200 MHz, CDCl;) ¢/
ppm = 3.92 (s, 3H), 7.34 (d, 2H, J = 8.6 Hz), 7.59 (d, 2H, J =
8.6 Hz), 7.77 (d, 2H, J = 8.6 Hz), 7.08 (d, 2H, J = 8.6 Hz). Spec-
tra are given in Fig. S3 and S4 in ESL}

4-Diethylphosphono-4"-biphenylcarboxylic acid methyl es-
ter (3). In a two necked 50 mL flask 5.0 g (14.8 mmol) of 2
and 0.33 g (1.47 mmol) of anhydrous NiBr, were suspended
in 10 mL of mesitylene. The suspension was placed under ni-
trogen and heated to 180 °C with constant stirring and
refluxing. After one hour 3.5 g (22.3 mmol) of triethyl-
phosphite were added drop-wise over 2 hours at 180 °C with
the suspension changing its colour from greenish yellow to
red and back again with each drop of triethylphosphite
added. After refluxing another two hours for completion of
the reaction the light green suspension was allowed to cool
to room temperature. The excess of triethylphosphite and sol-
vent was removed under reduced pressure. The resulting
solid was washed with water and dried to afford 4.4 g (85%
yield) of pure product. Mp = 77-79 °C. FT-IR (ATR) ¥/cm "' =
3785 (W), 2969 (W), 2911 (W), 1637 (W), 1593 (W), 1521 (W),
1428 (m), 1329 (m), 1250 (s), 1198 (m), 1091 (m), 1032 (m),
1010 (m), 962 (m), 824 (w), 768 (m), 686 (m), 611 (vs). 'H-
NMR (500 MHz, DMSO-ds) 6/ppm = 1.22 (t, 6H), 3.87 (s, 3H),
4.01 (q, 4H), 7.33-8.35 (m, 8H). *C-NMR (125.7 MHz, DMSO-
ds) o/ppm = 16.5 (-CH3), 39.8 (-CH,-), 52.5 (O-CHj3), 62.1 (O-
CH3), 127.6 (d), 130.1 (d), 132.1 (d), 142.5, 143.3 (aromatic C),
176.5 (-COOH). *'P{H}-NMR (121.5 MHz, DMSO-d;;) d/ppm =
17.53. Spectra are given in Fig. S5-S8 in ESL{ EI-MS(+) at 100
°C (M = Cy3H,, O5P (348.11) m/z (%) 348 (15) [M], 320 (28) [M-
C,H,]", 292 (41) [M-C,H;-C,H,]", 261 (22) [M-C,H,-C,H;0,]",
152 (65) [M-PO5(C,H;5),-CO,CH; = Cj,Hg|'. Caled. for
C15H,,05P-H,0 (366.35 g mol™): C 59.01, H 6.33%. Found C
58.79, H 5.99%.

4-Phosphonato-4'-biphenylcarboxylic acid (4), H;BPPA. In
a 100 mL glass flask 1.0 g (2.87 mmol) of 3 were suspended
in 15 mL of 37% hydrochloric acid and refluxed for 20 h. The
off-white product was filtered and washed with plenty of wa-
ter to remove any residual hydrochloric acid from the prod-
uct. The product was dried to give 0.74 g (93%) of 4. Mp >
350 °C (decomp.). FT-IR (ATR) v/em™' = 3324 (w, b), 2955 (w,
br), 2849 (w, br), 2677 (m), 2557 (m), 2166 (m), 1935 (m),
1808 (m), 1677 (vs), 1605 (m), 1574 (w), 1550 (w), 1429 (m),
1391 (m), 1302 (m), 1214 (m), 1179 (m), 1145 (m), 1102 (m),
1002 (vs), 946 (m), 868 (m), 831 (m), 799 (m), 771 (m), 755
(m), 722 (m), 689 (m), 577 (vs). '"H-NMR (200 MHz, DMSO-d,)
&/ppm = 7.70-7.90 (m, 6H), 8.04 (d, 2H, J = 7.70 Hz), 8.2-9.0
(broad signal, P-OH) "*C-NMR (125.7 MHz, DMSO-ds) ¢/ppm
=127.1, 127.2, 127.5, 127.6, 129.5, 130.5, 131.7, 133.6, 134.8,
138.3, 141.7, 143.9 (aromatic C), 167.5 (-COOH). *'P-NMR
(121.5 MHz, DMSO-d;) d/ppm = 10.91. Spectra are given in

= =
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Fig. S9-S12 in ESLt EI-MS(+) at 260 °C, M = C;3H,,0;P, (278):
mfz (%) 278 (100) [M], 198 (22) [M-PO,H]", 152 (40) [M-
PO;H,-CO,H = Cy,Hy]". Caled. for C;3H;;05P (278.2 ¢ mol )
C 56.13, H 3.99%. Found C 56.17, H 4.10%.

[Zn5(pt5-OH)4(14-03P~(CeHa)o-COx-5);] (5)- In a Teflon-
lined stainless-steel autoclave portions of 9.9 mg (0.054
mmol) of anhydrous zinc acetate (Zn(OAc),), 10.0 mg (0.036
mmol) of H;BPPA and 2.4 mg (0.03 mmol) of oxalic acid
dihydrate (C,H,0,-2H,0) were mixed in 1 mL of doubly de-
ionized water and heated to 190 °C for 72 h. After cooling to
ambient temperature within 24 h colorless, needle-shaped
crystals were obtained. Crystal yield 17.0 mg (51%); adjust-
ment of the reactant stoichiometry to the ratio found in the
X-ray structure of the product does have little effect on the
yield. The synthesis of 5 also led to the formation of plate-
like, colorless crystals, which were found at the bottom of the
reaction vessel. It was shown through the independent syn-
thesis of 6 that those were crystals of 6, which had been
formed as by-product to 5 (Fig. S25 and S26 in ESIT). Mp >
300 °C. FT-IR (ATR) v/cm™ = 3460 (w), 3069 (w), 1691 (w),
1586 (w), 1553 (w), 1519 (w), 1423 (m), 1167 (m), 1143 (m),
1073 (vs), 962 (vs), 925 (s), 869 (m), 830 (s), 775 (vs), 728 (m),
700 (m), 595 (vs) (Fig. S13, ESI}). Calc. for C,sH,0014P,Zn5
(94529 g molfl): C 33.04, H 2.13%. Found C 33.71, H 2.39%.

[Zn(pe-O5P-(C6H,),—CO,H)] (6). In a Teflon-lined stainless-
steel autoclave 18.8 mg (0.072 mmol) of Zn(NO;),-4H,0 and
20.0 mg (0.072 mmol) of H;BPPA combined with 2 mL of DI
water. The suspension was stirred briefly and then kept in a
programmable oven at 200 °C for 48 h and then cooled to
ambient temperature within 24 h. An off-white crystalline
powder was obtained, which was washed with portions of DI
water (3 x 5 mL) and dried in air. Crystal yield 13.0 mg
(54%). Mp > 300 °C. FT-IR (ATR) v/em " = 2988 (w, br), 2875
(w, br), 2669 (w, b), 2543 (w, br), 1681 (m), 1606 (w), 1427
(w), 1275 (w), 1179 (m), 1146 (s), 1059 (vs), 958 (vs), 828 (m),
756 (m), 691 (w), 599 (vs), 562 (s) (Fig. S14, ESI}). Calc. for
Cy13HoO5PZn (341.56 ¢ mol™): C 45.71, H 2.66%. Found C
45.69, H 2.54%.

[Cd;(1503P~(CoHa)2-CO) (5-03P~(CsHa)o-COxp3)] (7).
Portions of 14.0 mg (0.053 mmol) of Cd(OAc),-2H,0, 10.0 mg
(0.036 mmol) of H;BPPA, 3.6 mg (0.029 mmol) of oxalic acid
dihydrate (C,H,0,-2H,0) and 3 mL of DI water were placed
in a Teflon-lined stainless-steel autoclave, which was heated
to 190 °C within six hours, kept at this temperature for 48 h
and then cooled to room temperature over 24 h. The product
was filtered, washed with water (3 x 10 mL) and dried in air
to obtain a white powder. Yield 15.0 mg (94%). Mp > 300 °C.
FT-IR (ATR) #/cm" = 3402 (m, b), 3284 (m), 2855 (w, b), 2546
(w), 1684 (vs), 1604 (m), 1425 (s), 1126 (m), 1089 (s), 1031
(m), 948 (s), 823 (s), 765 (s), 719 (s), 687 (m), 578 (s) (Fig. S15,
ESIt). Cale. for CpsH;6Cd;040P, (887.59 g mol™): C 35.18, H
1.82%. Found C, 35.26, H 2.0%.

[Hg(13-HO3P-(CsH,4),~CO,H)] (8). Caution: Elemental mer-
cury and its compounds are highly toxic and should be handled
under adequate safety conditions, wearing gloves, dust mask
and using fumehoods!

CrysttngComm
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Inside a Teflon-lined stainless-steel autoclave 11.0 mg
(0.034 mmol) of Hg(OAc), and 3.6 mg (0.029 mmol) of oxalic
acid dihydrate were weighed and dissolved in 4 mL of DI wa-
ter. A portion of 10.0 mg (0.036 mmol) of H;BPPA was added
and the suspension stirred to homogeneity. The reactor was
heated to 120 °C within 24 h and kept at this temperature for
72 h. After cooling to room temperature within 24 h the
solids were filtered and washed with water (3 x 10 mL). Col-
orless block-shaped crystals of very small size (0.01 x 0.01 x
0.01 mm) were isolated, which were used for X-ray structure
determination. Crystal yield 8.0 mg (50%). Mp > 300 °C. FT-
IR (ATR) v/em™ = 2969 (m, br) 2849 (m, br), 2674 (w), 2547
(w), 2323 (w), 1807 (w), 1682 (vs), 1604 (m), 1573 (w), 1426
(m), 1392 (m), 1280 (m), 1139 (m), 1070 (m), 824 (s), 765 (s),
752 (m), 720 (m), 582 (s) (Fig. S16, ESIf). Calc. for
C13H,0HgOsP (477.78 g mol '): C 32.68, H 2.11%. Found C
30.84, H 1.91%.

[Co(p6-03P-(CsHy4),~CO,H)] (9). In a Teflon-lined stainless-
steel autoclave 9.32 mg (0.036 mmol) of anhydrous CoCl,
and 10.0 mg (0.036 mmol) of H;BPPA were suspended in 2
mL DI water and heated at 220 °C for 48 h. After cooling to
ambient temperature over 24 h very thin pink-colored hexago-
nal plate-shaped crystals were formed with dimensions of
0.01 x 0.01 x 0.001 mm. Crystal yield 16.0 mg (61%). Mp =
>300 °C. FT-IR (ATR) v/em ™ = 3445 (w, b), 2961 (w, br), 2777
(w, br), 1681 (m), 1602 (w), 1419 (m), 1390 (m), 1138 (m), 944
(vs), 828 (s), 768 (s), 753 (m), 723 (m), 579 (m) (Fig. S17,
ESIf). Cale. for Cy3HoCoOsP (335.12 g mol™): C 46.59, H
2.71%. Found: C 46.16, H 3.24%.
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Fig. S1 FT-IR (ATR) spectrum of 4-iodo-4’-biphenylcarboxylic acid, 1.
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Fig. S2 "H-NMR spectrum of 4-iodo-4’-biphenylcarboxylic acid, 1 at 200 MHz in DMSO-dk.
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Fig. 83 FT-IR (ATR) spectrum of 4-iodo-4’-biphenylcarboxylic acid methyl ester, 2.
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Fig. S4 "H-NMR spectrum of 4-iodo-4’-biphenylcarboxylic acid methyl ester, 2 at 200 MHz
in CDCls.
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Fig. S5 FT-IR (ATR) spectrum of 4-diethylphosphono-4’-biphenylcarboxylic acid methyl
ester, 3.
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at 200 MHz in DMSO-ds.
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Fig. 89 FT-IR (ATR) spectrum of 4-phosphonato-4’-biphenylcarboxylic acid, 4.
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Fig. S16 FT-IR (ATR) spectrum of [Hg(us-HO3P-(CgH4).-CO,H)], 8.
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Fig. S17 FT-IR (ATR) spectrum of [Co(us-O3P-(CeH4)2-CO2H)], 9.
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Thermogravimetric measurements
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Fig. $18 TGA curve of 4-phosphonato-4’-biphenylcarboxylic acid, 4.

TG %

Mass Change: -6.41 %

100 —

a0
&0
70
&0

B0 100 200 00 400 500 BOD

Temperature “C
Flg S$19 TGA curve of [Zn5(u3-OH)4(M4-O3P-(C5H4)2-002-M2)2], 5.
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Fig. $21 TGA curve of [Cd3(ue-O3P-(CeH1)2-CO2-u2)(ue-O3P-(CeHs)2-CO2-u3)], 7.
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Powder X-ray diffraction

as.9

Intensity (a.u.)

sim from 6

10 20 30 40 50

2Theta/°
Fig. S24 PXRD comparison of 6 (red, simulated from single-crystal X-ray data set, SCXRD)
and 9 (black, as synthesized, a.s.) for demonstration of isostructural relation. The strong

background for the a.s. sample is due to the fluorescence of Co(ll) ions towards CuKa

radiation.%.
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Fig. $25 PXRD comparison of 5 and 6. The pattern of "5§" obtained after synthesis (black)
with the simulated patterns of 5 and 6 (red and blue, respectively, from SCXRD). The green

pattern is the experimental pattern of the crystalline powder of the H;BPPA ligand 4.
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Fig. S26 PXRD comparison of 5 and 6. The pattern of "5" obtained after synthesis (black)
with the simulated patterns of 5 and 6 (red and blue, respectively, from SCXRD) and the

experimental pattern of 6 (purple, as synthesized, a.s.).
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Additional structure graphics

Fig. $27 Coordination sphere around the crystallographic different Zn atoms 1, 2 and 3 in
5. Hydrogen bonds from OH are depicted in Fig. S29.

Symmetriy transformations: i = x, y, 1+z; ii = x, 1+y, z; iii = X, y, -1+z; iv = X, -1+y, z; v = =X,
Y, -Z; Vi = =X, y, 1-z; vii = -x, 1+y, 1-z; viii = -x, -1+y, 1-z; ix = 0.5-x, 0.5+y, 1-z; x = 0.5-x, -

0.5+y, 1-z; xi = 0.5-x, 0.5+y, 2-z; xii = 0.5-x, -0.5+y, 2-z.
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Fig. S28 Ball-and-stick drawing of the ZnO-layer along a-axis (a) and with ZnOy polyhedra
(b) of complex 5.

Fig. S29 Hydrogen bonds from OH™ to
phosphonato group in 5. For details of the H-
bonds see Table S5. Symmetry
transformations i = x, 1+y, z; iii = -x, 1+y, 1-z;

iv = 0.5-x, 0.5+y, 1-z; v = 0.5+x, 0.5+y, 1+z;

vi = 0.5-x, 1.5+y, 1-z; vii = x, y-1, z.
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Fig. S30 Expanded asymmetric unit of 6 with {ZnOg} octahedra. Symmetry transformations

i 1-x, 'y, 1-z, v: 3/2-x, 1/2+y, 1-z, xii: 1-x, 1+y, 1-z, xiii: 1-x, 2-y, 1-z, xxii: -x, 1-y, 1-z.

Fig. S31 Expanded asymmetric unit of 7 with drawing of ball-and-stick model and CdOy
polyhedra highlighted(left). Coordination sphere around the crystallographic different Cd
atoms 1, 2 and 3 in 7 (right). Symmetry transformations i: 1/2-x, y, 1/2+z, ii: 1/2-x, y, -1/2+z,
iii -x, 2-y, 1/2+z, v: -1/2+x, 1-y, z, vi: 1/2+x, 1-y, z, vii: X, -1+y, z, ix: 1/2+x, 2-y, z, x: -1/2+X,
2-y, z, xii: -x, 1-y, 1/2+z, xiii: 1/12-x, -1+y, -1/2+z, xiv: 1/2-x, 1+y, 1/2+z.
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Fig. S32 Top: Expanded asymmetric unit of 8 with drawing of ball-and-stick model and

Hg.O3 polyhedra highlighted. Bottom: Projection of the packing diagram on the ab plane.
Symmetry transformations ii: +x, 1-y, -1/2+z, iii: 1-x, +y, 1/2-z, v: +X, -y, -1/2+z, vi: 1-x, 1-y,

1-z, xv: 1-x, -y, 1-z.
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Structure Tables

Tables were created with pubICIF.%

Table S1 Bond lengths and angles (A, °) for 2.

11—C1 2.082(9) Cc8—C9
C1—C2 1.383(12) c8—C7

C1—C6 1.400(13) C13—C10

01—C13 1.202(13) C10—C11

Cc2—C3 1.379(15) C10—C9

02—C13 1.303(12) C11—C12

02—C14 1.440(18) C12—C7

C3—C4 1.397(13) C5—C4

C5—C6 1.376(12) Cc4—C7

C2—C1—C6 118.4(8) C9—C8—C7
c2—C1—I1 121.2(7) C11—C10—C9
C6—C1—I1 120.4(6) C11—C10—C13
C3—C2—C1 120.3(8) C9—C10—C13
C13—02—C14 117.9(10) C2—C3—C4
C5—C4—C3 116.7(8) C6—C5—C4
C5—C4—C7 121.2(7) 01—C13—02
C3—C4—C7 122.1(7) 01—C13—C10
C5—C6—C1 120.6(7) 02—C13—C10
C8—C9—C10 120.7(8) C11—C12—C7
C12—C11—C10 120.8(7) C8—C7—C12
C6—C1—C2—C3 1.5(12) C8—C7—C4
11—C1—C2—C3 -179.3(7) C12—C7—C4
C1—C2—C3—C4 -0.5(14) C12—C7—C4
C6—C5—C4—C3 0.6(11) 02—C13—C10—C9
C6—C5—C4—C7 -178.2(7) C7—C8—C9—C10
C2—C3—C4—C5 -0.6(12) C11—C10—C9—C8
C2—C3—C4—C7 178.3(8) C13—C10—C9—C8
C4—C5—C6—CH1 0.4(13) C9—C10—C11—C12
C2—C1—C6—C5 -1.4(12) C13—C10—C11—C12
11—C1—C6—C5 179.3(6) C10—C11—C12—C7

116

1.375(12)
1.405(11)
1.490(13)
1.395(12)
1.398(12)
1.377(12)
1.409(11)
1.390(10)
1.484(12)

122.5(8)
118.1(8)
119.0(8)
122.9(8)
122.2(7)
121.7(8)
123.6(10)
123.4(9)
112.9(8)
122.3(6)
115.7(8)
122.2(7)
122.1(7)
122.1(7)
-6.7(10)
-0.4(11)
0.0(11)
178.8(7)
0.5(12)
-178.4(7)
-0.5(12)



C14—02—C13—01
C14—02—C13—C10
01—C13—C10—C11
02—C13—C10—C11
01—C13—C10—C9
C3—C4—C7—C8

2.2(14)
-175.8(8)
-5.9(12)
172.2(7)
175.3(9)
0.9(10)

C9—C8—C7—C12
C9—C8—C7—C4
C11—C12—C7—C8
C11—C12—C7—C4
C5—C4—C7—C8

Table S2 Bond lengths and angles (A, °) for 3.

P1—02
P1—0O1
P1—03
P1—CA1
01—C15
04—C13
04—C14
C1—C2
C3—C4
03—C17
C4—C5
C4—C7
C16—C15
C18—C17
02—P1—01
02—P1—03
01—P1—03
02—P1—C1
01—P1—C1
03—P1—C1
C15—01—P1
C13—04—C14
C2—C1—C6
C2—C1—P1
C6—C1—P1
C3—C2—C1

1.462(2)
1.560(2)
1.567(2)
1.788(3)
1.446(4)
1.341(3)
1.449(3)
1.387(4)
1.403(3)
1.437(5)
1.397(4)
1.481(4)
1.486(4)
1.338(7)
116.11(1
113.98(1

(
(
102.44(1
(
(
(

w W W w

113.48(1
101.48(11
108.04(11
121.6(2)

115.3(2)
118.4(2)
118.48(18)
123.1(
121.3(

)
)
)
)
)
)

2)
2)

C5—C6
05—C13
C7—C12
C7—C8
C8—C9
C1—C6
C2—C3
C9—C10
C10—C11
C10—C13
C11—C12
C6—C5—C4
C5—C6—C1
C12—C7—C8
C12—C7—C4
C8—C7—C4
C9—C8—C7
C8—C9—C10
C11—C10—C9
C11—C10—C13
C9—C10—C13
05—C13—04
05—C13—C10
04—C13—C10
C10—C11—C12
C11—C12—C7

117

179.7(7)

1.384(4
1.195(3
1.394(3
1.397(4
1.380(4
1.400(3
1.378(4)
1.395(4)
1.388(4)
1.494(4)
1.389(4)
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)
)
)
)
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C2—C3—C4
C17—03—P1
C5—C4—C3
C5—C4—C7
C3—C4—C7
01—C15—C16
02—P1—01—C15
03—P1—01—C15
C1—P1—01—C15
02—P1—C1—C2
01—P1—C1—C2
03—P1—C1—C2
02—P1—C1—C6
01—P1—C1—C6
03—P1—C1—C6
C6—C1—C2—C3
P1—C1—C2—C3
C1—C2—C3—C4
02—P1—03—C17
01—P1—03—C17
C1—P1—03—C17
C2—C3—C4—C5
C2—C3—C4—C7
P1—01—C15—C16
C3—C4—C5—C6
C7—C4—C5—C6

-46.8(3)
78.1(3)
-170.3(3)
-23.6(3)
101.7(2)
-151.0(2)
156.8(2)
-77.9(2)
29.4(2)
1.2(4)
-178.4(2)
-1.6(4)
-37.5(3)
-163.7(3)
89.7(3)
1.0(4)
-179.4(2)
160.8(2)
-0.1(4)
-179.6(2)

C18—C17—03
P1—C1—C6—C5
C5—C4—C7—C12
C3—C4—C7—C12
C5—C4—C7—C8
C3—C4—C7—C8
C12—C7—C8—C9
C4—C7—C8—C9
C7—C8—C9—C10
C8—C9—C10—C11
C8—C9—C10—C13
C14—04—C13—05
C14—04—C13—C10
C11—C10—C13—05
C9—C10—C13—05
C11—C10—C13—04
C9—C10—C13—04
C9—C10—C11—C12
C13—C10—C11—C12
C10—C11—C12—C7
C8—C7—C12—C11
C4—C7—C12—C11
P1—03—C17—C18
C4—C5—C6—C1
C2—C1—C6—C5

Table S3. Hydrogen-bond geometry (A, °) for 3.

D—H:-A
C17—H17A---02
C17—H17B:--05'

D—H
0.97
0.97

Symmetry code: i = x-1, y, z-1.

3.039(5)
3.507(7)
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115.5(5)
179.36(19)
-36.2(3)
144.3(2)
144.6(2)
-34.9(3)
0.1(4)
179.4(2)
0.0(4)
-0.3(4)
179.8(2)
-0.7(4)
178.8(2)
-166.8(2)
13.1(4)
13.8(3)
-166.3(2)
0.5(4)
-179.6(2)
-0.4(4)
0.1(3)
179.1(2)
-104.0(6)
-0.3(4)
-0.2(4)

D—H-A
111
164



Table S4 Hydrogen-bond geometry (A, °) for 5.

D—H:--A D—H H---A D---A D—H:---A
06—H1---02" | 0.76 (11) 2.17 (11) 2.860 (6) 150 (12)
06—H1---:07"  0.76(11) 2.34 (12) 2.845 (7) 125 (11)
O7—H7---03"" | 0.79 (8) 2.03 (7) 144 (7) 144 (7)

Symmetry codes: ii = x, 1+y, z; ; viii = -x, -1+y, 1-z;; xi = 0.5-x, 0.5+y, 2-z.

Table S5 Hydrogen-bond geometry (A, °) for 6.
D—H---A D—H H---A D---A D—H---A
O3—H3A---04"" | 0.83(1) 1.77(1) 2.61(2) 170.90(8)

Symmetry transformation: xiii = 2-x, 1-y, -z.

119



)
04" —Ccd1— o7" 108.8(4) 02—Cd2—08" 157.5(3)
04" —Cd1—02 106.6(4) 02—Cd2—01* 92.7(3)
07""—Cd1—02 139.4(3) 08"—Cd2— 01* 88.1(3)
04" —Cd1—03* 89.7(3) 02—Cd2—06 83.2(3)
07""—Cd1—03* 71.0(3) 08"—Cd2—06 82.9(3)
02—Cd1—03* 90.3(3) 01*—Cd2—06 143.7(3)
04" —Ccd1—01 158.0(3) 02—Cd2— 09" 107.1(3)
07"—Cd1—01 88.3(3) 05—Cd3—07" 117.0(4)
02—Cd1—01 63.9(3) 05'—Cd3—06 102.6(4)
03*—Cd1—01 109.5(3) 07'—Cd3—06 134.4(3)
04" —Cd1—09*" 91.5(3) 05—Cd3—03 89.3(3)
o7""'—Cd1—09™" 88.3(3) 07'—Cd3—03 72.6(3)
02—Cd1—09*" 110.0(3) 06—Cd3—03 86.9(3)
03*—Cd1—09*" 158.4(3) 05'—Cd3—08 144.2(3)
01—Cd1—09™" 74.7(3) 07'—Cd3—08 92.3(3)
08"—Cd2—09" 94.9(3) 06—Cd3—08 63.5(3)
01*—Cd2—09* 76.6(3) 03—Cd3—08 120.6(3)
06—Cd2—09* 139.0(3) 05'—Cd3—010' 85.5(4)
02—Cd2—010™ 119.3(3) 07'—Cd3—010' 87.7(3)
08" —Cd2—010"" | 77.2(3) 06—Cd3—010' 118.5(3)
01*—Cd2—010* 126.4(3) 03—Cd3—010' 154.6(3)

06—Cd2—010™ 85.7(3) 08—Cd3—010' 74.9(3)
09 —Cd2—010" | 54.3(3)

Cd2"—010—Cd3" | 95.5(3)
Cd2"—09—Cd1*" | 97.8(3)
Cd3'—07—Cd1" 92.3(3)

Cd2—06—Cd3 119.0(3)

Cd2—02—Cd1 126.7(3)
Cd3—03—Cd1"* 86.8(3)
Cd2"—08—Cd3 106.5(3)
Symmetry transformations: i =1/2-x,y, 1/2+z;ii = 1/2-x,y, -1/2+z; iii = -x, 2-y, 1/2+%;
v=-1/2+x,1-y,z; vi=1/2+x, 1-y, z; vii =X, -1+y, z; ix = 1 /2+X, 2-y, 2; x = -1/2+X, 2-y, Z;
xi =-%,1-y,-1/2+z; xii = -x, 1-y, 1/2+7z; xiii = 1/2-%, -1+y, -1/2+z; xiv = 1/2-X, 1+y,
1/2+z.

Table S7 Hydrogen-bond geometry (A, °) for 7.

D—HA D—H H-A DA D—HA
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C15—H15---08" 0.95 2.61 3.262(17) 126

Symmetry transformation: vi = 1/2+x, 1-y, z
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Table S8 Hydrogen-bond geometry (A, °) for 8.

D—H:--A D—H H-A D---A D—H:---A
03—H10---:02" | 0.84 1.69 2.516(18) 168
04—H4:--05"" | 0.84 1.78 2.619(19) 174
C2—H2:--:01" 1 0.95 2.49 3.37(2) 154

Symmetry codes:iii = X, -y, -z+1/2; iv = x, 1-y, -1/2+z; xiii = -x+1/2, -y+1/2, -z+2.
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Supramolecular Packing Analyses

Packing Analysis by PLATON((a) A. Spek, Acta Crystallographica Section D, 2009, 65,
148-155;(b) A. L. Spek PLATON — A multipurpose crystallographic tool, Utrecht University:
Utrecht, The Netherlands, 2005.)

Despite the presence of biphenyl 1T-systems in compounds 1 and 2, there are no -1
interactions [94] and only few intermolecular C-H---11 [95] evident.
The supramolecular packing analyses of the biphenyl rings are tabulated below(Tables S12

— S14).

The listed "Analysis of Short Ring-Interactions" for possible n-stacking interactions yielded
rather long centroid-centroid distances(>4.0 A) together with non-parallel ring planes(o. >>
0°) and large slip angles(f, y > 30°).

In comparison, significant Tr-stacking shows rather short centroid-centroid contacts(<3.8 A),
near parallel ring planes(alpha < 10° to ~0° or even exactly 0° by symmetry), small slip
angles(B, y < 25°) and vertical displacements(slippage < 1.5 A) which translate into a

sizable overlap of the aryl-plane areas [95,96].

Significant intermolecular C-H---1r contacts start around 2.7 A for the(C-)H---ring centroid

distances with H-Perp also starting at 2.6-2.7 A and C-H:-Cg > 145° [95,%,98].

Cg

v
\

N~
. C B [CH---Cg]

d[H-Cg]
<~ d[HB]

d[C---Cg] — |+

—
Cg

Scheme S1 Graphical presentation of the parameters used for the description of CH-xt

interactions.
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Packing Analysis for possible CH-1T interactions (see Scheme S1 for explanation):

- Cg(J) = Center of gravity of ring J(Plane number above)

- H-Perp = Perpendicular distance of H to ring plane J

- Gamma = Angle between Cg-H vector and ring J normal

- X-H..Cg = X-H-Cg angle(degrees)

- X..Cg = Distance of X to Cg(Angstrom)

- X-H, 1T = Angle of the X-H bond with the 1-plane(i.e.' Perpendicular = 90 degrees, Parallel = 0
degrees)

Table S9 Analysis of X-H...Cg(1 -Ring) Interactions in 5.

X--H(I) Cg(J) [ARU(J)] H.Cg H-Perp Gamma C-H.Cg C..Cg X-H,m

C(9)-H(9) ->Cg(8) [4547.01] 2.95 2.89 12.05 140 3.734(7) 53

C(11)-H(11)  ->Cg(8) [4556.01] 2.95 -2.91 9.17 138 3.709(8) 54
Min. or max. 2.950 -2.907 9.2 140 3.709 54.0

[4547] = 1/2-X,-1/2+Y,2-Z
[4556] = 1/2-X,1/2+Y,1-Z
Ring8: C1-C2-C3-C4-C5-C6

Table S10 Analysis of X-H...Cg(1T -Ring) Interactions in 7.

X--H(1) Cg(J) [ARU(J)] H.Cg H-Perp Gamma C-H.Cg C..Cg X-H,w
C(2)-H(2) >Cg(1)  [1555.01] 269 265 9.1 101 3.023(17) 3
C(6)-H(6) >Cg(15)  [4565.01] 3.00 296  9.13 138 3.758(16) 57
C(12)-H(12)  ->Cg(16)  [4565.01] 291  -2.83 13.87 142 3.707(18) 59

Min. ormax. 2.690 -2.959 9.1 142.0 3.023 59.0
[1555] = X,Y,Z

[4565] = 1/2+X,1-Y,Z

Ring1: C1-C2-C3-C4-C5-C6

Ring15: C14-C15-C16-C17-C18-C19
Ring16: C20-C21-C22-C23-C24-C25

Table S11 Analysis of X-H...Cg(1 -Ring) Interactions in 8.

X--H(l) Cg(J) [ARU(J)] H..Cg H-Perp Gamma C-H..Cg C..Cg X-H,m
C(6)-H(6) ->Cg(1) [4564.01] 2.88 2.73 18.77 123 3.49(2) 51
C(9)-H(9) ->Cg(2) [4555.01] 2.86 -2.80 12.04 133 3.57(3) 51
C(12)-H(12) ->Cg(2) [4564.01] 2.87 2.84 8.02 139 3.64(2) 54
Min. or max. 2.860 -2.801 8.0 139 3490 54.0

[4564] = X,1-Y,-1/2+Z

[4555] = X,-Y,1/2+Z

Ring1: C1-C2-C3-C4-C5-C6
Ring2: C7-C8-C9-C10-C11-C12
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Table S12 Angles (°) for comparison of octahedral and trigonal prismatic geometry in 7.
Angles between planes of atoms are denoted with plane through atoms / plane through
atoms.

Cd-polyhedra with atom numbers (symmetry labels not given)

7 010
o O a9 ©8 06  og
Cd1 cd2 Cd3
03 08 o 03
02 04 O1 02 05

octahedron trigonal prism geometric relation angle averaged
Ougear: 54.7  Oigoar: 90 01 07" 09"/ 04" Cd1 09  63.2
01 07" 09"/ 01 Cd1 02 86.1 71.9
01 07" 09"/ 03*Cd1 07"  66.3
= 06 08" 010"/ 09" Cd2 010" 68.2
K y ; 06 08" 010%/02Cd2 06  75.4 77.3
ideal & = 54.7° ideal & = 90° 06 08" 010"/ 01*Cd2 08"  88.4
6 = angle between the mean | O3 O5' 06 / 05 Cd3 010’ 69.1
B ihe chorate planss dafied | O3 08 06 /03 Cd3 07" 79.0 79.1
by the metal and each pair of 03 05 09/ 06 Cd3 08 89.2
near eclipsed O vertices _
Pidear: 180 Pidear: 135.4 03" Cd1 09" 158.4(3)
04" Cd1 O1 158.0(3)  151.9
07" Ccd1 02 139.4(3)
S — 02 pdz 08" " 157.5(3)
Ly E 017 Cd2 010 126.4(3)  141.0
ideal & = 180° ideal & = 135.4° 06 Cd2 09 139.0(3)
p = angle between the | 03 Cd3 010' 154.6(3)
g';tsa,l and trans O-donor 05 Cd3 08 144.2(3) 144.4
07" Cd3 06 134.4(3)
Oigea: 180 Wigear: 120 01 02 Cd1 /04" 09" Cd1 115.8
01 02 Cd1/03* 07" Cd1 107.2 110.5
04" 09" Cd 1/03*07"" Cd1  108.6
02 06 Cd2 / 01* 08" Cd2 139.0
@ 02 06 Cd2 / 099 010" Cd2 119.9 116.5
ideal & = 180° ideal B = 120° 01 08" Cd2 /09" 010" Cd2 90.8
®w = angle between the | 06 08 Cd3 /07" 03 Cd3 114.6
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triangular faces defined by | 03 07" Cd3 /05 010' Cd3 115.7 116.7

the metal and near eclipsed 06 08 Cd3 / 05 010' Cd3 119.9
O atoms.

Symmetry transformations: i = 1/2-x,y, 1/2+z; ii = 1/2-x,y, -1/2+z; iii = -x, 2-y, 1/2+z;

iv=v=-1/2+x, 1-y,z; vi= 1/2+x, 1-y, +z; vii = X, -1+y, z; ix = 1/2+X, 2-y, ; x = -1/2+%,
2-y,z; xii = -x, 1-y, 1/2+z; xiii = 1/2-x, -1+y, -1/2+z; xiv = 1/2-x, 1+y, 1/2+z.

Table S13 Dihedral angles between aryl rings in the biphenyl system and between —

COO(H) group and ary rings in 5-8.

5 6 7 8
Biphenyl, dihedral 0.1(6) 1.5(1) 0.5(2) 2.0(2)
-COO(H) group to benzyl, dihedral 16.3(9) 2(2) 2.0(2) 5.0(4)
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L ||
Fig. $33. CD-spectra of 5.

* averaged front- and reverse-side spectra (0.05% w/w of BPPA in KBr pellet)
**in light and dark red depicted the difference spectra (KBr subtracted from BPPA)
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3 Unpublished work

The following work is formatted for submission as a publication to an ACS journal.
The figures, schemes and tables within are not following the numbering of those of
the main thesis text and shall be considered as separated from the main text. Apart

form that, the references are following the order of the main text.

3.1 Single crystal-to-single crystal transformations upon solvent
exchange and guest removal in a flexible water-stable copper MOF

with a mixed-functional pyrazole-carboxylate linker.

Christian Heering, Ishtvan Boldog, Birger Dittrich and Christoph Janiak*

Institut fiir Anorganische Chemie und Strukturchemie, Heinrich-Heine Universitit

Diisseldorf, Universitétsstrale 1, D-40225 Diisseldorf, Germany.

KEYWORDS: Metal-organic frameworks; crystal-to-crystal transformation; ‘breathing’

structures, solvent guest exchange; mixed-functional linker; copper

Abstract

The solvent exchange in the new flexible metal-organic framework [Cu(HL),] nSolv (1 -
nSolv; Solv = DMF, MeOH, EtOH, n-hexane, water) is followed by single crystal-to-single
crystal transformations [Cu(HL),] is based on the heteroditopic, mixed- or bifunctional 4-
(3,5-dimethylpyrazol-4-yl)phenylcarboxylate (HL") linker and consists of a three-fold
interpenetrated 3D framework with Ivt topology. The copper(Il) carboxylate MOF is stable
in MeOH and in water. Compound 1 is thermally stable up to 240 °C and demonstrates
single crystal-to-single crystal transformations as a ‘breathing” MOF upon solvent
substitution from a parent crystal, [Cu(HL),] - 1.25DMF, by methanol to [Cu(HL),] - 5H,O -

IMeOH and by water to [Cu(HL),] - 9H,O or even degassing to [Cu(HL),] - H,O. The
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framework adapts to the change in solvent guest molecules and even upon desolvating with
retention of crystallinity as confirmed by single crystal and powder X-ray diffraction
studies. The maximum shrinkage in unit cell volume from 6532.5(9) A’ for 1 - 1.25DMF to
4951.2(11) A® for 1 - H,O caused by the ‘breathing’ effect reaches ~25 % for the desolvated
sample [Cu(HL),] - H,O, which is accompanied by H-bond switching from NH--"OOC to

and formation of Cu-O,,, bonds, regarded as one of the driving forces of the

Solv solv

process. Solvent exchange from 1 - 1.25DMF with n-hexane yields the n-hexane exchanged
crystals, [Cu(EtOH)(HL),Cu(HL),] - 1.4n-hexane (2 - 1EtOH - 1.4n-hexane). Different from
the 1 - nSolv structures, 2 - 1EtOH - 1.4n-hexane has two crystallographically different Cu
centers of which one had undergone a transformation from distorted octahedral (in 1) to
square-pyramidal geometry. Unlike the notable solvent uptake of up to 46 wt% (for
methanol), for 1 - H,0 the N, sorption is low (Sgz; = 157 m*/g) due to small pore openings
of the structure in its desolvated state. Consequently the sorption of the smaller H, (0.8 wt%,
77 K) and CO, molecules (0.7 wt% at 760 Torr, 273 K) is higher and in accordance with the

crystallographically found porosity of the desolvated form.

Introduction
Porous coordination polymers (PCPs),” alternatively known as metal organic frameworks

(MOFs)'” are a competitively investigated class of porous materials having potential

102,,103 104,105,106

applications'”' such as gas storage, gas and liquid'”’ separation, selective drug

delivery,'”'” heterogeneous catalysis,''” magnetism''' and recently water sorption for heat
transformation.''>"">!"*

Many of the classical PCPs, like zinc carboxylates such as MOF-5 and the IRMOF-series

cannot withstand prolonged contact with water or moisture even at room temperature.'”
112,115

HKUST-1 (Cuy(BTC),) is intermediate in water stability but eventually decomposes.

MIL-type compounds, including MIL-100(Fe),"* ""® MIL-101(Cr),"* """ ""* NH,-MIL-

130



101(Cr)'" as well as Al-fumarate,™"*' CAU-10-H,"**'* ZIF-8'** and in part UiQ-66'>>">*"*
exhibit higher water stability.'"”*'* Their modification and extension within the isoreticular
approach is a significant part of research activities in the field.

One of the most hydrolytically stable PCPs, which can withstand boiling in water at a
broad pH range except for strongly alkaline conditions, is ZIF-8, [Zn(2-

methylimidazolate),],"**

which owes its stability to its hydrophobicity but also to more
covalent, M-N coordination bonds between the 3d metal ion and imidazolate. The same
stability is expected with the more versatile pyrazolate PCPs, which are less well
investigated, except for the MFU-1 material,"” an isostructural pyrazolate analogue of
MOF-5.

In our recent report, dedicated to complexes of bi- or mixed-functional pyrazolate-

carboxylate ligands""'**

we and other demonstrated the increased water stability of zinc
MOFs with mixed-functional 3,5-dimethyl-pyrazolate-4-carboxylate, "Me,pzCO, and 4-
(3,5-dimethylpyrazolate)phenylcarboxylate, Me,pzC,H,CO,  linkers compared to the
isostructural zinc-benzene-1 4-dicarboxylate MOF-5.

Inspired by these results we also probed the synthesis of copper complexes of these novel
bifunctional or mixed pyrazolate-carboxylate ligands to elaborate the possible synergism of
the two different donor groups. The apparently water-stable porous copper complex of the
short 3,5-dimethylpyrazolate-4-carboxylate linker and its capability to capture small
hydrophobic molecules like mustard gas derivatives was described recently."”*"** The longer,
fully deprotonated 4-(3,5-dimethylpyrazolate)phenylcarboxylate linker (L*", Scheme 1) is
known in MOF-5 isoreticular structures with Zn** and Co™,"”' the mono-deprotonated 4-
(3,5-dimethylpyrazol-4-yl)phenylcarboxylate (HL™, Scheme 1) in a hydrogen bonded
network with Co®, in interpenetrated 3D-coordination networks with Zn** and Co**, 2D
coordination networks with Cd** and Cu**, and in a triply polycatenated 2D Ivt coordination

network of Cu**.'*
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HL- L%

Scheme 1. 4-(3,5-dimethylpyrazol-4-yl)phenylcarboxylic acid, H,L. and its mono- and bis-
deprotonated linkers. The ¢ angle is the dihedral angle between the pyrazolyl and phenylene

ring.

The flexibility of some MOFs and their response to solvent exchange or removal is part of
the investigation of breathing structures."*® For example: [Ln,(bpydc),(H,0);] - nDMF (Ln =
Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Er), underwent single-crystal-to-single crystal (SC-SC)
transformation upon guest removal with a remarkable change of the unit cell volume of
24%."7 In the diamondoid network, {[Zn(pyeb),](DMF)(H,0)}, - solvent the solvent
molecules DMF, acetone and MeCN replace each other within the voids of the structure.'
In [Mn(pybimc),] - 2H,0O - G (G = toluene, THF, pybimc = 2-(2'-pyridyl)-benzimidazole-5-
carboxylate) an irreversible SC-SC transformation is triggered by solvent guest exchange.'”
[Cu,(L),(SO,)(Br),] - H,O (L=44’-(14-(trans-2-butene)diyl)bis(1,2 4-triazole) is a
‘breathing’ structure upon reversible dehydration.'*’ The structure of [Zn,O(CPMA);] -
6DMF showed solvent-induced reversible SC-SC transformation upon guest exchange of
DMF with benzene, n-hexane and methanol."' The 3D networks {[Ni,(u,-btc),(u,-btre),(u-
H,0),]-~22H,0} and {[Zn;(u,-btc),(u,-btre)(H,0),]-:2H,0} can be dehydrated to {[Ni;(y,-
btc),(u-btre),(u-H,0),(H,0),] - 4H,0} and {[Zn;(u4-btc),(u-btre),] - ~0.67H,O} in SC-SC
transitions (btre = 1,2-bis(1,2 4-triazol-4-yl)ethane) with the unit cell of the Ni compound

reduced to 60%.'*
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In this contribution we report the synthesis, the reversible solvent removal and solvent

exchange of the PCP [Cu(HL),], and its gas-sorption properties.

Experimental Section

Materials: Cu(NO,), - 2.5H,0 (99%-+, Alfa Aesar), DMF (ACS grade, VWR), anhydrous
EtOH, anhydrous MeOH, n-hexane (all ACS grade, VWR) were used as received. Water
was de-ionized (DI water). The synthesis of 4-(3,5-dimethylpyrazol-4-yl)phenylcarboxylic
acid, also named 4-carboxyphenyl-3,5-dimethylpyrazole (H,L), was done according to our
earliear report."'

Methods: FT-IR measurements were carried out on a Bruker TENSOR 37 IR
spectrometer at ambient temperature in the range of 500 to 4000 cm™ using an ATR unit
(Platinum ATR-QL, diamond window) (abbreviations used: s — strong, m — medium, w —
weak, br — broad, sh — shoulder, v- ‘very’ prefix). Solid state fluorescence spectra were
recorded with a Horiba Fluoromax4 with slit openings of 3 nm for both, excitation and
emission windows, with an increment of 0.5 nm. Elemental analyses were obtained on a
Perkin Elmer CHN 2400 instrument. Thermogravimetric analyses were done under nitrogen
on a Netzsch TG 209 F3 Tarsus at 10 K/min heating rate using corundum sample holders.
Powder X-ray diffraction (PXRD) measurements were carried out on samples at ambient
temperature with a Bruker D2 Phaser using a low-background silicon sample holder and Cu-
K, radiation (A = 1.54184 A) at 30 kV of source voltage and 0.04 °/s scan rate. Simulated
powder X-ray diffractograms were obtained from single-crystal data using MERCURY
3.5.1 software.'” Gas sorption measurements were carried out on an ASAP 2020 automatic
sorption analyser (Micromeritics). The freshly synthesized and also the solvent exchanged
sample (both yielded the desolvated 1 - H,O, see details for solvent exchange under
syntheses of 1 - xSolv and 2 - 1EtOH - 1.4n-hexane, respectively; in detail: up to 10 mg of 1

- 1.25DMF were suspended in at least 10 mL of solvent, with which the solvent exchanged
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took place. Stirring at low frequency (1/s) with a magnetic stirring bar for 7 days and
replacement with fresh solvent once a day led to the solvent exchanged products) were pre-
dried at 10~ Torr at 120 °C for at least 24 h, and then dried at a vacuum of 10~ mbar at 120
°C for 24 h. The gas sorption measurements were performed on 30 mg sample (in activated
form). H, and N, sorption measurements were carried out at 77 K, CO, sorption studies at

273 K through cooling with an ice/water mixture.

Synthesis of [Cu(HL),] - DMF - EtOH - 6H,0, 1 - DMF - EtOH - 6H,0. A solution of 20
mg (0.092 mmol) of H,LL and 11 mg (0.047 mmol) of Cu(NO,), - 2.5H,0 in 1.5 mL of
absolute ethanol, 0.15 ml of deionized water and 0.15 ml N,N'-dimethylformamide (DMF)
was sealed in a glass vial with screw cap and heated to 40 °C. Deep blue columnar crystals
with sizes up to 0.2x0.2x0.8 mm formed after three days (Fig. 1). Yield: 12.0 mg (21 %).
FT-IR (ATR), ¥, cm™: 3667 (m, br), 2928 (m, br), 1611 (s), 1587 (s), 1530 (m), 1397 (vs),
1398 (vs), 1371 (vs), 1267 (m), 1180 (w), 1059 (w), 1012 (m), 855 (m), 799 (w), 775 (s),
719 (vs), 638 (w), 605 (w), 574 (w) (Fig. S1). Elemental analysis for 1 - 1.25DMF
(C,;775H4 75CuN; 5505 ,5,583.36 g/mol) caled C 55.42, H 5.15, N 10.57%; found C 55.25, H

4.24,N 10.83%.

Syntheses of 1 - 5H,O - 1MeOH, 1 - 9H,0, desolvated 1 - H,O and 2 - 1EtOH - 1.4n-
hexane. The general solvent exchange procedure, which is similar to the one published by
Kitagawa et al. in 2012,'** (Scheme 3) was carried out as follows: 1 - 1.25DMF (10.0 mg)
was dried in air at 40 °C for 24 h and then gently stirred in 5 mL of solvent S (S = MeOH,
H,O or n-hexane) for seven days, being replaced with fresh solvent every 24 hours. The
color of the crystals changed from deep blue to purple, yielding 9.0 mg 1 - SH,O - 1MeOH
(from S = MeOH, Fig. 1B), 8.4 mg 1 - 9H,0O (from S = H,0) (Fig. 1) and 9.0 mg 2 - 1EtOH -

1.4n-hexane (from S = n-hexane, Fig. 1). The crystals were stored in the substituted solvent.
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Desolvation of 20 mg of 1 - 1.25DMF was performed by heating to 100 °C with evacuating
for 48 h at 10 mbar yielding 1 - H,O. The crystals turned from purple to greenish turquoise
(Fig. 1). The larger crystals fragmented to pieces or cracked several times, but the single-
crystal integrity of the smaller crystal fragments was retained (Fig. 1). This behaviour was
also described by Bryant et al. upon desolvating [Cu(HL),] - 4MeOH - H,0."” The crystals
were stored under inert gas in case of the desolvated sample. For single-crystal analysis,
suitable crystals were selected. 1 - 5H,0 - 1IMeOH: FT-IR (ATR), ¥, cm™: 3342 (m, br),
2940(m, br), 2829 (m), 1588 (s), 1528 (s), 1383 (vs), 1311 (w), 1263 (w), 1180 (m), 1104
(w), 1027 (vs), 852 (m), 798 (m), 771 (m), 719 (m), 609 (w), 578 (w) (Fig. S2). 1 - 9H,0:
FT-IR (ATR), ¥, cm™: 3353 (vs, vb), 1608 (s), 1525 (s) 1374 (vs), 1265 (m), 1179 (m), 1056
(w), 1011 (m), 865 (br, m), 841 (vs), 794 (vs), 771 (m), 604 (v) (Fig. S3). 1 - H,O: FT-IR
(ATR), ¥, cm™: 3203 (vbr, sh, w), 2927 (br, w), 1589 (s), 1524 (s), 1372 (vs), 1264 (m),
1177 (s), 1100 (w), 1054 (w), 1011 (s), 867 (w), 843 (m), 795,771 (s), 716 (s), 607 (w) (Fig.
S4). 2 - n-hexane: FT-IR (ATR), ¥, cm™: 2956 (m), 2926(m), 2871 (w), 1609 (s), 1530 (s),
1372 (vs), 1169 (s), 1212 (s), 1180 (m), 1104 (w), 1027 (vs), 857 (s), 771 (m), 719 (vs), 604
(w) (Fig. S5).

For the elemental analyses we note that meaningful elemental analyses of MOFs are
difficult to obtain due to solvent loss and different sample states (different states of dryness
vs. not dried). We have rationally combined all methods, IR, SQUEEZE data and CHN
results to give the most likely solvent content for CHN calculation: 1 - 5H,0 - IMeOH
(CsH;CuN,0,,,632.13 gmol ™) calcd: C 47.50, H 5.74, N 8.86; found: C 47.30, H 4.90, N
7.92%.

1-9H,0 (C,,H,,CuN,0,;,656.14 gmol™") calcd: C 43.93; H 6.14; N 8.54; found: C 44.02, H
6.37,N 10.13%.

1 - 1H,0 (desolvated) (C,,H,,CuN,O;,513.03 gmol") caled: caled: C 54.39, H 4.94, N,
10.57; found: C 53.70, H 4.89, N 10.44%.

2 - 1EtOH - 1.4n-hexane (Csg,Hgs (Cu,N;Oy, MW = 1041.09 gmol™) calcd: C 60.87, H 5.88,
N 9.72; found: C 61.0,H 4.57, N 11.09%.
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Single crystal X-ray structure determination: Suitable crystals (Fig. 1) were chosen with
a polarized light microscope and mounted in a perfluorinated oil drop. The diffraction data
was collected using a Bruker Kappa APEX2 CCD diffractometer with microfocus source of
Cu—Ko radiation (A = 1.54178 A) or Mo—Ka radiation (A = 0.71073 A) and multi-layer
monochromator. The data were collected with a nitrogen gas-stream cooling device at 173 +
2 K using the APEX2 software'® for unit-cell determination and data collection. Data
reduction was performed by SAINT 8.34A (integration) and SADABS (empirical absorption
correction)."* The structures were solved by dual-space direct methods using SHELXT.'"
Full-matrix least squares refinements on F* were carried out with SHELXL-2014/6.""

Solvent molecules in the voids of the 1 - nSolv compounds and 2 - n-hexane are disordered
and it was not possible to locate them precisely. However, the type of solvent could be
determined by the found and refined carbon/oxygen/nitrogen atoms and their relative
positioning. The most probable solvent localization became evident. In parallel the option
SQUEEZE in PLATON'* was used to better refine the framework structure without the
disordered solvent atoms in the voids. Also, SQUEEZE provided a total electron count in
the voids by also including non-refined Q-peaks. This total electron count was compared
with the number of located solvent molecules (Table 1). In the 1 - nSolv structures only a
hydrogen-bonded water oxygen atom remained within the refinement. All non-hydrogen
atoms in the 1 - nSolv structures were refined anisotropically. The structure of 2 - n-hexane
showed twinning by inversion with a batch scale factor of 0.519(6)).

The quality of the structure of 1 - H,O is low compared with the other structures presented
here. Due to removal of solvate molecules the unit-cell volume is reduced and visible cracks
on the crystal surface and interior appear (see Figure 1). The structure of 1 - H,O reveals a
solvent-filled and void volume which is much lower than in the other 1 - nSolv structures.
Pronounced disorder, especially affecting the pyrazole, is also observed in the structure of 1
- H,O leading to a high number of alerts in PLATON Checkcif. The PXRD patterns of
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structure of 1 - H,O were influenced by the aforementioned problems as well, which can be
seen in Figure 6. A similar observation was made by Bryant et al. when desolvating crystals
of [Cu(HL),] - 4MeOH - H,O to [Cu(HL),] - H,0O. From the latter they could obtain a low
resolution structure model in monoclinic space group 12/a with synchrotron radiation.'” The
problem of poor quality data from desolvated crystals is a known issue and has been
described in the literature. In all structures the hydrogen atoms of the CH- or CH, groups
were positioned geometrically and refined in a riding model (AFIX 43 for NH, AFIX 33 or
137 for CH;) with U, (H) = 1.2U.(CH, CH,) and U, (H) = 1.5U,(CH;). Graphical material
has been prepared using DIAMOND.'* Crystal structure and refinement details are given in

Table 1. The structural data has been deposited with the Cambridge Crystallographic Data

Center (CCDC-numbers 1059795-1059798, 1485358).

Table 1. Crystal data and structure refinement for 1 - nSolv, desolvated 1 - H,O and 2 -

1EtOH - 1.4n-hexane (all squeezed data).

1 - S5HO - 2 - 1EtOH
Compound 1- 1.25DMF 1-9H,0 1-H,0

1MeOH 14CH,,
Empirical

C,,H,,CuN,O;* C,,Hy,CuN,O4 " C,,H,,CuN,O,* C,,H,,CuN, O, CsoHs5oCu,NyOg

formula
CCDC no. 1059798 1059795 1059796 1485358 1059797
M, /g mol™ 525.99 525.99 493.99 530.03 1034.06
T/K 173(2) 173(2) 173(2) 173(2) 173(2)
Wavelength / A 1.54178 0.71073 0.71073 0.71073 0.71073
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group 14,/a 14,/a 14,/a 14,/a P4
alA 23.5135(15) 22.9623(15) 23.2432(12) 19.2917(19) 23.0848(10)
b/A 23.5135(15) 22.9623 (15) 23.2432(12) 19.2917(19) 23.0848(10)
c/A 11.8153(8) 12.0329(8) 11.9130(7) 13.3035(14) 11.9672(6)
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V/A? 6532.5(9) 6344.5(9) 6436.0(8) 4951.2(11) 6377.4(6)
Z 8 8 8 8 4
Calc. density /g

1.074 1.101 1.02 1.422 1.077
cm'3
w/mm’! 1.24 0.72 0.71 0.93 0.72
F(000) 2184 2168 2040 2200 2144
Reflections

23952 (0.034) 31771 (0.027) 48055 (0.0123) 16041 (0.0680) 66346 (0.036)
collected (R;,,)
Independent

2805 8924 3300 969 29767
reflections
Max. and min.

0.752/0.378 0.748/0.640 0.745/0.623 0.649/0.744 0.747/0.577
transmission
Data / restraints /

2805/ 1/ 166 8927/0/162 3300/0/153 969 /221/212 29767 /0/ 633
parameters
Largest diff. peak

0.43/-0.31 0.74 /-0.36 0.37/-0.39 040/-0.39¢ 1.20/-0.47
and hole, eA™
R/wR, [I>20(D)]

0.0390/0.1212 0.0371/0.1008 0.0388/0.1032 0.1510/0.3196 0.0394/0.0916
b
Ri/WR, (all data) *  0.0400/0.1221 0.0532/0.1092 0.0414/0.1047 0.1785/0.3362 0.0530/0.0960
Goodness-of-fit

1.075 1.022 1.061 1.082 0.994
on F*¢
Squeezed e A2¢ 395 453 720 - 550

* Largest difference peak and hole. "R, = [2(IIF,| — IFI)/ZIFI]; wR, = [2[W(F,* — F»)?]/X
[W(F,»’1]"*. © Goodness-of-fit = [X[w(F, — F>)’/(n — p)]". ¢ Void electron count is
matched to potential solvent molecules (with consideration of IR and CHN analysis, see
above) according to Z x 2i(solvent molecule i electron count x number of solvent molecules
i in formula unit). The sum (i) is formed over the possible different solvent molecules i.
Electron count for solvent molecules i: DMF (C;H,NO) 40 e, EtOH 26 e, MeOH 18 ¢, H,0O
10, n-hexane (C¢H,,) 50 e.

For the structures of 1 - 1.25DMF and 1 - 5H,0 - IMeOH one crystal water molecules per
formula unit were found and refined, hence, its electron contribution is not included in the
void count of electrons.

For the structure of 2 - n-hexane one copper-coordinated ethanol molecule is part of the
formula unit.
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Results and Discussion

The ligand 4-(3,5-dimethylpyrazol-4-yl)phenylcarboxylic acid, H,LL (Scheme 1), was
synthesized through Cu(I) catalysed coupling of 4-iodobenzoic acid and acetyl-acetone with
subsequent conversion to the substituted pyrazole by treatment with aqueous hydrazine
monohydrate solution.”' The H,L ligand is fluorescent in the solid state under excitation

with A, = 250 nm with an emission maximum of A_,, = 370 nm in the UV region (Fig. S7).

This in accordance with other substituted benzene derivatives and benzoic acids, which have
emission maxima in the region from 290 to 365 nm (in solution)."” The red shift to 370 nm
for H,L from 330-340 nm for benzoic acid"' can be assigned to the HMe,pz- group, which
has an electron donating character causing the red shift. In solution H,L. showed no
fluorescence presumably due to the non-radiative relaxation caused by free rotation and
vibration. Immobilization/rigidification of organic molecules as linkers in a coordination
polymer"** with d'’ metal ions such as Zn** and Cd** can reduce such non-radiative processes
and, therefore, lead to emission."””"** In the copper compounds 1 - nSolv and 2 - 1EtOH -
1.4n-hexane the emission was quenched due to coordination to a metal ion with unpaired
electrons.

Heating of a solution of an excess of copper(Il) nitrate and the H,L ligand in an optimized
10:1:1 solvent mixture of EtOH/DMF/H,O at 40 °C in a closed vessel afforded deep-blue
columnar crystals of 1 - 1.25DMF (Fig. 1). Bryant et al. synthesized an analogous complex,
[Cu(HL),] - 4MeOH - H,0, from CuSO, - 5H,O by using methanol as solvent. The isolated
complex with the copper-ligand formula of [Cu(HL),] contained non-deprotonated pyrazole
(see below), as the temperature of synthesis was apparently too low to cause formation of a
pyrazolate complex. Our attempt to prepare a [CulL] compound resulted in isolation of
[Cu(HL),] - nSolv compounds, in which only the carboxylate group is deprotonated.
Pyrazole complexes are much weaker coordinated compared to the charge-assisted
pyrazolates, but, surprisingly, the isolated 1 - nSolv compounds demonstrated significant
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hydrolytic stability as became evident by stirring in water for 7 days for the solvent-to-water
exchange and by water vapour sorption measurements (see below). The involvement of NH-
pyrazoles is interesting in the context of increased hydrophilicity of otherwise quite
hydrophobic PCPs with 3 4-dimethylpyrazolate groups. On the other hand higher synthesis
temperatures up to 90 °C did not yield any products in monocrystalline form suitable for

single crystal XRD structure determination.
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Figure 1. Schematic explanation of the solvent exchange process starting from 1 -
1.25DMF and light microscopy images of crystals of 1 - 1.25DMF, 1 - 5H,O - IMeOH, 1 -
9H,O, 2 - 1EtOH - 1.4n-hexane and 1 - H,0O (desolvated) with zoom (red square) on a
selected crystal with visible cracks. The solvent exchange process involved drying of 1 -
1.25DMF at 40 °C in air for 24 h. The crystals were then gently stirred in 5 mL of chosen

solvent for seven days, with the solvent replaced every 24 h.

140



The crystal solvent in the 1 - nSolv compounds can be exchanged with retention of the
crystal host structure. Specifically, the exchange of the DMF in 1 - 1.25DMF was carried out
at room temperature over 7 days by gently stirring the crystals in the chosen new solvent and
replacing the solution with fresh solvent every 24 hours. By this procedure the compounds 1
- 5H,0 - IMeOH (from stirring in MeOH), 1 - 9H,O (from stirring in H,0O) and 2 - 1EtOH -
1 .4n-hexane (from stirring n n-hexane) could be obtained (see crystal images in Fig. 1).
Also, from 1 - H,O the structures 1 - SH,0 - IMeOH, 1 - 9H,0 and 2 - 1EtOH - 1.4n-hexane
were obtained from stirring in the corresponding solvents. Successful solvent exchange to
the given stoichiometry in 1 - nSolv and 2 - 1EtOH - 1.4n-hexane was supported by the
electron count of the squeezed electron density (see Table S4 in Supp. Info.), by CHN and
IR analyses. The solvent formulation of 1 - 1.25DMF the other 1 - nSolv compounds, of
desolvated 1 - H,O and 2 - 1EtOH - 1.4n-hexane was done by combining the evidence from
all available measurements, (single crystal X-ray, CHN, TGA and IR), noting that an exact
formula cannot be derived by using one method alone. The stated solvent content nSolv in 1
is therefore our most rational proposal that is supported by all techniques that were used to
determine the right solvent content. A still missing method is thermogravimetric analysis
with mass spectrometric coupling. From IR spectra analyses we found that the solvent
exchange took place, as we could prove with an overlay of solvent specific IR-spectra
measured by us.

Substitution of solvent takes place in a single crystal-to-single crystal transformation.
From continuous observation of the stirred crystals we have no evidence for dissolution and
re-crystallization. Storage of minimal amounts (<1 mg) of sample in large volumes of
solvent (>20 mL) for weeks did not result in dissolution or re-crystallization of the sample
from visual inspection. Furthermore, in freshly synthesized samples the crystals had formed
on the glass wall of the reaction vessel, and even after solvent exchange had not moved or

appeared dislocated.
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In the following structure discussion the term 1 - nSolv includes 1 - 1.25DMF, 1 - 5H,0 -
1IMeOH, 1 - 9H,0 and also [Cu(HL),] - 4MeOH - H,0" but excludes desolvated 1 - H,O.
The 1 - nSolv structures with polar guest solvents crystallize in the centrosymmetric
tetragonal space group I 4,/a. The crystallographically unique Cu(Il) ion in 1 - 1.25DMF and
in the other 1 - nSolv structures has a centrosymmetric trans-{CuN,O,} environment of a
Jahn-Teller distorted octahedron (Fig. 2a, b). Two carboxylate groups participate in one
short (1.936 A) and one long (2.765 A) Cu-O bond each, along with two pyrazole groups for
the Cu-N (1.996 A) coordination bonds (Table 2). This gives rise to an essentially square-
planar {CuN,0O,} node. The NH-donor of the pyrazole function in the 1 - nSolv structures
does not participate in the typical formation of an H-bond with the adjacent carboxylate
group of the copper atom, but is bound to an oxygen atom of a water molecule (N-H - O,,;

2.82 A). While the dihedral phenylene-pyrazolyl angle ¢ (Scheme 1) of 40.2° in the ligand

is seen as the torsion energy minimum of H,L,"'

the dihedral angle ¢ for HL™ in 1 - nSolv
structures is between 45-47° (44° in 2 - 1EtOH - 1.4n-hexane) (Table S4) which is still close

to this energy minimum (energy maxima are estimated at 0° and 90° for ¢).
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Figure 2. (a) Extended asymmetric unit showing the Cu coordination sphere (50% thermal
ellipsoids, H atoms at arbitrary radii) in the structure of 1 - 1.25DMF (identical to the other 1
- nSolv structures). The symmetry-generated parts are shown with 50% transparency. The
hydrogen bond to the crystal water oxygen atom is given as dashed orange line. Symmetry
transformation i = y+1/4, -x+3/4, -z+3/4; ii: -y+3/4, x+1/4, z-3/4; iii: -x+1, -y+1, -z; iv: 3/4-
y, -1/4+x, 3/4-z. (b) Bridging action of the pyrazolyl-carboxylate ligands between the four-

connected Cu atoms. Selected distances and angles are given in Table 2.

In 2 - 1EtOH - 1.4n-hexane a slightly changed structure is observed, though not visible by
Jjudging the crystal morphology and violet colour (Fig. 1), which does not change during the
solvent-exchange procedure. Yet, a tetragonal primitive P4 symmetry is observed in 2 -
1EtOH - 1.4n-hexane. The crystal transformation from 1 - 1.25DMF to 2 - 1EtOH - 1.4n-
hexane is accompanied by rearrangement of the environment around every second Cu centre
(Fig. 3) giving two crystallographically different Cu ions. In 2 - 1EtOH - 1.4n-hexane, an
ethanol molecule coordinates to the apical position of a square-pyramidal environment in
what now becomes Cul. The previous elongated Cu---O contacts to the second carboxylate
oxygen atoms become even longer. Cu2 retains the same square-planar geometry as seen in
the 1 - nSolv structures. The -C,H; tails from the coordinated ethanol molecules point into
the cavity, forming a dominantly hydrophobic area (Fig. S15). This adjustment in ethanol

coordination to Cu must be seen as a synergistic effect to the incorporation of non-polar n-
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hexane, which fills the now non-polar voids as guest molecule. Still, for the Cu nodal
topology in the extended network both Cul and Cu2 in 2 - 1EtOH - 1.4n-hexane have an

essentially square-planar configuration.

Figure 3. Extended asymmetric unit of 2 - 1EtOH - 1.4n-hexane (50% thermal ellipsoids, H
atoms at arbitrary radii). Symmetry transformations: i = -x, y, 3-z; ii = 1-x, -y, z; iii = x, 1-y,
-z; v = 1-X, y, -z; v = 1-x, -y, z; Vi = X, -y, 3-z. Detailed view of the square-pyramidal
coordination environment of Cul in Fig. S15 in Supp. Info. Selected distances and angles

are given in Table 2 and in Table S2 in Supp. Info.
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Table 1. Selected bond lengths (A) and angles (°) for 1 -

1.4n-hexane.?

nSolv, 1 - H,O and 2 - 1EtOH -

Compound | 1-125DMF 1-5H,0-IMecOH | 1-9H,0 1-HO0 f @_ﬁf}:gﬂf N
Cul-N2 1.9964(16) 1.9809(7) 19858(17) | 1.93(2) 1.9897(16)°
Cul-Ol 1.9356(13) 19391(6) 19417(14) | 1.938(15) 19445(14)"
Cul-02 2.765 2743 2727 2.140(18) 19477(14)"
Cu-O(EtOH) - 2.398(1)
NCH-OF | 28233) 2.7944(14) a 2.80(30) 3.040(2)
N2-Cul-O1" | 88.48(6) 88.6303) 8840(7) | 90.79) 89.46(6)
OI-Cul-N2 | 91.53(6) 9137(3) 91.60(7) 89.609) 90.28(6)
N2-Cul-N2" | 180 180 180(6) 14130) 166 81(7)
0-Cu-0° 180(6) 180(3) 180(7) 160.8(9) 17829(7)

* Symmetry transformations: (1 - nSolv) i: y+1/4, -x+3/4, -z+3/4; ii: -y+3/4, x+1/4, z-3/4;
iii: -x+1, -y+1,-z. (1 - H,0) ii: y+3/4, -x+5/4, -z+1/4; iii: -y+5/4, x-1/4, z+3/4.

b For 2 - 1EtOH - 1.4n-hexane average distances are given here in view of the two
crystallographically different Cu atoms and four crystallograpically different linkers
with a larger number of individual Cu-N and Cu-O contacts. The individual contacts are
listed in Table S2 in Supp. Info.

° N1-H--03, O1'-Cul-O1" in 1 - nSolv, except for N1A--O1", O1°-Cul-02" in 1 - H,0;
see Table S1 in Supp. Info. for further details on hydrogen bonding interaction to the refined
crystal water molecule.

¢ water O atom was not refined but is included in the squeezed electron density.

According to the effectively square-planar coordination environment of the copper atom, the
extended framework structures of 1 - nSolv (including [Cu(HL),] - 4MeOH - H,0)" and of
2 - 1EtOH - 1.4n-hexane represent one of the expected topologies for this case, the Ivt net

topology "> (Fig. 3a-c; point symbol: 4°.8%, extended point symbol: 4.4.8,.8,.8,.8;).""” The
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d158,159

overall structures of 1 - nSolv and 2 - n-hexane consist of three interpenetrate and

symmetry-related Ivt frameworks (Fig. 3d).

(d)

Figure 3. (a) The Cu-Cu-node connected Ivt net in 1 - nSolv, with the inclined horizontal
and near vertical sql rhombic planes. (b) The corrugated vt net 2 - n-hexane. (c) Each
topological Cu-Cu-connection (Cu-Cu = 12.15 A) is spanned by an HL™ ligand. W is the
acute angle between the sets of tilted rhombic nets crossing each other at their Cu nodes. (d)
Triple interpenetration of the lvt nets. The drawing of the blue-violet net is enhanced for

better visibility.

The Ivt net in 1 - nSolv can be conceptualized as two sets of symmetry related rhombic
nets (sql, Fig. 3a,b), which are inclined and intersect each other in the middle of the

respective edges. In 2 - 1EtOH - 1.4n-hexane the individual rhombic sql nets are corrugated
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concomittant to the symmetry lowering. The acute angle W between the rhombic net planes

(Fig. 3c) lies between 64-67° for 1 - nSolv, except for 1 - H,O (68.99°) and 2 - n-hexane
(59°) (Table S4).The Ivt framework is rather porous (pore openings tend to be ~1.7 times
larger compared to pores of a square planar, sql net; when taking in account the pore sizes
the ratio increases even more), which explains the interpenetration observed in Ivt nets'®
and also in the 1 - nSolv structures.

For a zinc(Il) coordination polymer with HL, [Zn(HL),] - nSolv'®' a fourfold
interpenetrated dia net is formed instead of a lvt net seen in 1 - nSolv. The reason for this
difference is that in [Zn(HL),] - nSolv a tetrahedral [ZnN,O,] node exists, whereas the
square-planar [CuN,0O,] node is found in 1 - nSolv.

Despite the threefold interpenetration of the lvt nets, there is still substantial solvent
accessible inter-framework space (31-39% in the squeezed structures of 1 - nSolv, 35% in 2 -
n-hexane as calculated by PLATON SQUEEZE, VOID or SOLV, Table S4), which is filled
with the determined disordered solvent molecules. Only for the desolvated and contracted
structure of 1 - H,O no solvent accessible void was found anymore. The change in crystal
solvent is accompanied by only small adjustment of the unit cell volume, the solvent

accessible voids as well as slight changes in the geometry of the copper coordination

environment (Table 1 and 2, Table S4, Fig. S14 for comparison of simulated PXRD).

Desolvation of 1 - nSolv to 1 - H,O leads to pronounced structural changes. However, the
crystal space-group symmetry (/4,/a) and the structure organization (Fig. S16 and S17 in
Supp. Info.) principally remain the same. Obvious mechanical stress caused by the
desolvating procedure influenced the morphology of the crystals with formation of cracks
(Fig. 1). In desolvated 1 - H,O the structure refinement indicates disorder of the Cu atom and
the pyrazole ring over two positions (Fig. S18 in Supp. Info.). Still, structure refinement

allowed to discuss the following features: Significant contraction of the long axial Cul-O2
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contacts from 2.766(2) A to 2.14(2) A occurs and, hence, the color changes from bluish
violet to greenish turquoise (Fig. 1), concomitant with a change of the ligand ¢ angle

between the pyrazole and phenylene ring from ~46° to 64° (Scheme 1, Table 3).

The unit-cell volume decreases from ~6340-6530 A*for 1 - nSolv to 4951 A® for 1 - H,O
(Fig. 4, Table 1 and Table S4 in Supp. Info.), which is in direct relation to edge to edge
distance (d) across the diagonal of the rhombic openings in the nets. Along the ¢ axis this
edge to edge diagonal is reduced from 36.2-35.6 A in 1 - nSolv to 13.6 A in 1 - H,O (Table

S5 in Supp. Info.).

b
cod

Y
S

N

Figure 4. Breathing illustrated by the adjustment in the network between 1 - nSolv (violet
blue net) and 1 - H,O (desolvated, turquoise net) projected on the bc and ac plane. The
reduction of the unit-cell volume in 1 - H,O is traced to the reduction in the diagonal edge-
to-edge distance (red and black arrows) along the ¢ axis leading to a contraction of the
channels parallel to the a- and b-axes. (View on unchanged ab-plane, channel along c axis is
given in Fig. S15 and edge-to-edge distances for 1 - SH,O - 1IMeOH, 1 - 9H,0 and 2 - hexane
in Table S5 in Supp. Info)

Heating compound 1 - 1.25DMF up to ~200 °C in a thermogravimetric analysis leads to
removal of DMF, 10.45% (1.25 DMF, 73.09 g/mol = 9%; see Fig. S6 in Supp. Info.). Rapid
mass loss of 50% follows in the range from 200 to 400 °C, wherein the complex

disintegrates and is finally carbonized.

148



Intersty (awu.)

Intensity (a.u.)

Figure 6. a) Experimental powder diffraction patterns of 1 - H,O (cyan), re-immersed with
solvent, after use in sorption experiments and after two weeks storage in water. b)
Experimental powder diffraction patterns of 1 -

(violet), 1 - 9H,O (pink), 2 -

1-HO
\ . | / N H. O for 2 weaks
1 | .. i P B A oY -
I
| ‘| J |I|I in H;::I far 1 week
L|| (| I afer SOrptan procesises
-
a5
110 III:I 30 40 B0
2Thata / *
.
| H Il desolvated
hexane
ﬂ H,O
DMF
| T T T
2Theta /°

1EtOH -

149

1.25DMF (dark blue) to 1 - 5H,0 - 1MeOH

1.4n-hexane and desolvated 1 - H,O (cyan). The



differences in the experimental diffractograms are due to the different solvent contributions.
The simulated diffractograms for the 1 - nSolv structures (except 1 - H,O) are very similar
and reflect the rather unchanged network upon solvent exchange (Fig. S14 in Supp. Info.).
(Additional diffractograms and comparison between experimental and simulated pattern in

Fig. S9-13 in Supp. Info.)

A reversible uptake of solvent starting with 1 - H,O in order to ‘reload’ the desolvated
sample was successful. However, because of the mechanical stress during desolvation (see
above and Fig. 1), it was not possible to obtain even microcrystals of adequate quality to
prove the isostructural nature to other 1 - nSolv samples by means of PXRD and other
techniques. We were only able to select a few crystals, which showed similar unit cell
dimensions as the ‘mother’ crystals after the solvent uptake procedure that is immersion of 1
- H,O into the solvent. Therefore, we can assume that a reversible solvent uptake process is

indeed possible..

The sorption properties of the activated compound 1 - 1.25DMF (activation was carried
out by drying 1 - 1.25DMF for 48h at 100 °C and at 10 bar using the degassing port of a
Quantachrome NOVA sorption apparatus) against gases were investigated for N, (Fig. 8),
H,, CO, and water vapors (Fig. S6-8 in Supp. Info.). Small pore openings (Fig. 7) and the
possibly flexible threefold interpenetration in 1 do not allow effective N, sorption (~55 cm’
N,(STP), P/P,~0.95, 77 K), which corresponds to the observed surface area (BET) of 157
m®/g. At cryogenic temperature of 77 K diffusion of N, molecules into small micropores is
very slow. Diffusion limitations at this temperature influence adsorption in ultramicropores
(pores smaller than 7 A diameter). Such materials then require time-consuming N,
adsorption measurements and may still have under-equilibration of measured adsorption

isotherms, which will give lower than real surface areas. Such errors can be avoided by
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using CO, adsorption analysis at 273 K. The saturation pressure of CO, at 0 °C is very high
(~26141 Torr), so that low relative pressure measurements for the micropore analysis are
achieved in the range of moderate absolute pressures (1-760 Torr). At 273 K CO, molecules
can more easily access ultramicropores than N, at 77 K. The kinetic diameter of CO, (3.3 A)
is also slightly smaller than for N, (3.64 A). Thus micropore analysis by CO, sorption at 273
K is advantageous over N, analysis at 77 K because (i) faster analysis and (ii) better
adsorption point equilibration (both due to higher diffusion rates) and (iii) extension of the

pore analysis to smaller sizes that are accessible to CO, molecules but not to N,.'**

Figure 7. Projections of the packing diagrams in space-filling mode on the three different
planes for the full, three-fold interpenetrated network of 1 - 1.25DMF to illustrate the small

channel cross-sections of ~2.5 A x 4 A along b and ¢ and of 3.7 A x 3.7 A along c.
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H,, having a smaller kinetic diameter (2.9 A), as well as CO,, with its higher mobility at
273 K could enter in the pores. The uptake of H, (~90 cm’/g, or 0.8 wt% at 77 K) and CO,
(~80 cm’/g, 0.7 wt% or 3.6 mmol/g, 273.15 K) at 1 bar corresponds to the expectation from
the potential void volume in 1 - nSolv.

It is interesting to note that desolvated 1 - H,O represents a densely packed structure (Fig.
S19 in Supp. Info) for which no gas sorption would be expected. The low N, sorption
supports the formation dense structure of 1 - H,O. The significant uptake values for
hydrogen and CO, than reflect flexibility or breathing of the framework. The weak N-

H-O,C,,,,, interactions might contribute to the CO, uptake.
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Figure 8. Nitrogen sorption isotherms for [Cu(HL),], 1, at 77 K.
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Conclusions

The hydrolytic and thermal stability of the reported copper(Il) compound [Cu(HL),] with
the mixed- or bifunctional 4-(3,5-dimethylpyrazol-4-yl)phenylcarboxylate (HL") linker
demonstrates the somewhat underestimated potential of this mixed-functinonal pyrazolyl-
carboxylate linkers. While the initial goal to isolate a pyrazolate-carboxylate compound
failed, the presence of an NH group on the non-deprotonated pyrazole endows the complex
with increased hydrophilicity. Compound [Cu(HL),] crystallizes as a 3D triply-
interpenetrated network of lvt topology. The incorporated solvent molecules (DMF and
H,0) can be exchanged with methanol, water and hexane or removed almost completely
(desolvated) under retention of the single crystallinity and network topology. The observed
reversible single-to-single crystal transformation, during which the cell volume remains
rather constant during exchange but decreases from ~6340-6532 A®to 4951 A’ upon
desolvation is due to a framework flexibility or breathing property., Similar long pyrazolyl-
carboxylate ligands could also be efficient in the context of induced framework flexibility of
porous solids, which are of increasing interest.'” The adoption of a different coordination
environment due to guest exchange was shown in the case of n-hexane as solvent, where a

response of the network from polar towards non-polar guests was observed and discussed.

Associated content

IR spectra, thermogravimetric and gas sorption data. Single crystal X-ray data has been
deposited as CCDC deposition numbers 1059795-1059798 and 1485358 with the
Cambridge Crystallographic Data Centre from which it can be obtained upon request at

www.ccdc. cam.ac.uk/data_request/cif.
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Elemental analyses data

We note, that meaningful elemental analyses of porous compounds with
exceptional large voids are difficult to obtain due to solvent loss and different
sample states (different volatilities of the used solvents, partial solvent loss, i.e.,
partial dryness during sample preparation before weighing for elemental analysis).
Even a total removal or replacement of guest molecules could not be reached
because of physical limits. Therefore, we give the detailed analysis data for all
compounds and the measured EA. A reasonable proposed composition is given, in
accordance with structural data.

1 (theoretical structure without solvents) C24H220CuN4QO4, 494.01 g/mol) calcd: C
58.35; H 4.49; N 11.34%

1 - 1.25DMF (Cz7.75H30.75CUN5 2506 25, 583.36 g/mol) calcd: C 55.42, H 5.15, N
10.57; found: C 55.25, H 4.24, N 10.83%.

1 - 5H,0 - 1MeOH (C25H3sCuN4O+1, 634.14 gmol™) calcd: C 47.35, H 6.04, N 8.84;
found: C 47.30, H 4.90, N 7.92%.

1 - 9H,0 (C24H40CuUN4O13, 656.14 gmol™) calcd: C 43.93; H 6.14; N 8.54; found: C
44.02, H 6.37, N 10.13%.

1 - H,O (desolvated) (C24H24CuN4Os, 513.03 gmol™) calcd: C 54.39, H 4.94, N,
10.57; found: C 53.70, H 4.89, N 10.44%.

2 - 1EtOH - 1.4n-hexane (Csg.4Hes 6CU2NgOo, MW = 1041.09 gmol™) calcd: C 60.87,
H 5.88, N 9.72; found: C 61.0, H 4.57, N 11.09%.

IR spectra

—
-

W mmm o P -

Figure S0 IR-spectrum (ATR) of HaL.
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Figure S2. IR spectrum (ATR) of 1 - 5H,0 - 1MeOH.
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Figure S3. IR spectrum (ATR) of 1 - 9H,0.
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Figure S4. IR spectrum (ATR) of desolvated 1 - 1H,0.
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Figure S5. IR spectrum of 2 - 1EtOH - 1.4n-hexane.
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Figure S6. TG/DTG of 1 - 1.25DMF. (10.45% correspond to 1.25 DMF; MW =
73.09, 9%)
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Figure S7. Fluorescence emission spectrum of HaL at Aex = 250 nm.
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Sorption measurements
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Figure S8.1. Hydrogen adsorption isotherms for 1 - H,O at 77 K.
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Figure $8.2. Carbon dioxide adsorption isotherms for 1 - H,O at 273 K.
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Figure S8.3. Water vapor adsorption isotherms for 1 - H,O at 293 K.

Powder X-ray diffraction
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Figure S9. Experimental powder patterns for desolvated 1 - H,O (black) and
simulated pattern from SCXRD measurement (red).
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Figure S10. Experimental powder patterns for 1 - 9H,0 (as synthesized, black) and
simulated pattern from SCXRD measurement (red). Note that the simulation is
based on the refined network where the solvent contribution was removed by

PLATON SQUEEZE, hence, a deviation between the experimental (with solvent)
and simulated (without solvent) pattern is expected.
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Figure S11. Experimental powder patterns for 1 - 5H,0 - 1MeOH (black) and
simulated pattern from SCXRD measurement (red). Note that the simulation is
based on the refined network where the solvent contribution was removed by
PLATON SQUEEZE, hence, a deviation between the experimental (with solvent)
and simulated (without solvent) pattern is expected.
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Figure S12. Experimental powder patterns for 1 - 1.25DMF (black) and simulated
pattern from SCXRD measurement (red). Note that the simulation is based on the
refined network where the solvent contribution was removed by PLATON
SQUEEZE, hence, a deviation between the experimental (with solvent) and
simulated (without solvent) pattern is expected.
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Figure S13. Experimental powder patterns for 2 - 1EtOH - 1.4n-hexane (black) and
simulated pattern from SCXRD measurement (red). Note that the simulation is
based on the refined network where the solvent contribution was removed by
PLATON SQUEEZE, hence, a deviation between the experimental (with solvent)
and simulated (without solvent) pattern is expected.
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Figure S14. Overlay of the simulated patterns from the SCXRD measurements.
The similarity of the simulated patterns for the 1 - nSolv structures (except 1 - H,0)
reflects the rather unchanged network upon solvent exchange.

Structure refinement details

The structures could not be fully refined, regarding all highly disordered solvent
molecules inside the voids.

In the special case of the desolvated or "fully" degassed sample 1 (1H2O remains),
where exceptional high disorder was observed, even the structure solution itself
was of poor quality. The "desolvated structure 1 is presented for comparison and for
showing that it is possible to determine and refine the structure of a
desolvated/degassed PCP.

In all other cases of the 1-nSolv structures and for 2 Q-peaks inside the voids were
removed by SQUEEZE in PLATON.

PLATON was used with the CALC SQUEEZE option to determine the electron
count within the voids (see Table 3).
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Table S1. Hydrogen-bond geometry (A, °)

for1 - 1.25DMF.

D—H---A D—H H---A DA D—H--A
N1—H1---03 0.88(2) 1.95(2) 2.823(3) 168(3)

for1 - 5H,O - 1MeOH
D—H---A D—H H---A D---A D—H---A
N1---H1...03 0.88 11.99 2.7944(14) 1152.1°

for 2 - 1EtOH - 1.4n-hexane.

De—H-A D—H H-A DA De—H---A
N1—H1:--O6' 0.88 2.28 3.040(2) 144
C2—H2C--06 0.98 2.58 3.298(4) 130
C7—H7C---N3" 0.98 2.68 3.329(3) 124
C7—H7C-06' 0.98 2.49 3.117(3) 122
C18—H18A---09" 0.98 2.51 3.412(3) 153
Symmetry transformations: i =y, -x, -z+2; ii = x, y, z-1; iii = y, -x, -z+3.

Figure S15. Square-pyramidal environment around Cu1 in the structure of 2 -
1EtOH - 1.4n-hexane (left). Visualization of the proximity of the ethanol molecules,
which coordinate to Cu1 each (right). Symmetry transformation: iv = 1-x, y, -z.

Table S2. Selected bond lengths (A) and angles (°) for 2 - 1EtOH - 1.4n-hexane.

Cu1—03 1.9444(14) Cu2—02" 1.9393(13)
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Cu1—05 1.9477(14) Cu2—N6 1.9866(15)

Cu1—N4" 1.9900(16) Cu2—N8 1.9913(16)
Cu1—N2 2.0021(16) 08—Cu2" 1.9295(13)
Cu1—09 2.3975(18) Cu2—o8' 1.9295(13)
N4—Cu1' 1.9899(16) 02—Cu2' 1.9393(13)
03—Cu1—05 178.28(7) N4'—Cu1—09 99.74(7)
03—Cu1—N4' 90.63(6) N2—Cu1—09 93.45(7)
05—Cu1—N4" 89.49(6) 08'—Cu2—02" 179.84(7)
03—Cu1—N2 89.23(6) 08"—Cu2—N6 88.22(6)
05—Cu1—N2 90.26(6) 02'—Cu2—N6 91.77(6)
N4"—Cu1—N2 166.80(7) 08"—Cu2—N8 91.25(6)
03—Cu1—09 92.04(7) 02'—Cu2—N8 88.75(6)
05—Cu1—09 89.63(6) N6—Cu2—N8 177.85(7)
Symmetry transformations: i = -x, y, 3-z; ii = 1-x, -y, z; iii = x, 1-y, -z; iv = 1-x, y, -z; v = 1-X, -y, Z; Vi = X, -y, 3-Z.
1-1.25DMF 1 - H2O (desolvated)
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Figure S16. The structures of 1 - 1.25DMF and 1 - H,O (desolvated) in comparison
(wires and sticks modelling). View along a- (line A), b- (line B) and c-axis (line C).

b

L.a

Figure S17. Visualization of one Cu-Cu-node connected network (from triple
interpenetration) in 1 - 1.25DMF (dark blue net) and 1 - H,O (desolvated, turquoise
net) with view along c-axis (perpendicular to ab-plane)
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Figure S18. Connectivity of the mononuclear copper node in the network of 1 - H,O
to its four neighbours. Note the disorder of Cu atom and the pyrazole function of HL
over two positions. This gives the wrong appearance of a dinuclear Cu-paddle-
wheel unit.

Figure S19 Projections of the packing diagrams in space-filling mode on the three

different planes for the full, three-fold interpenetrated network of 1 - H20 to illustrate

the dense packing.
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Table S4. Cell volume, solvent occupied / accessible voids, void electron count and
¢ and 1 geometric parameters for 1 - nSolv, 2 - 1EtOH - 1.4n-hexane and
desolvated 1 - HO.

Void count
Unit cell vol Void vol. in electrons 2 in Geometr
Sample /A3 : unit cell total void vol. Y
1 A% % (matched) ® e
/e A
1-1.25 DMF 395
(Z=8) 6532 2033; 31 (400) 45.2, 67.1
11“/?35% | 453 47.1,66.4
6344 2037; 32 (544) s
(Z=8)
1-9H,0 .
(Z=8) 6436 2536; 39 (;gg) 46.1, 64.6
2-14n- 550
hexane 6377 2209;35 560 43.8, 58.7
(2=4) (560)
1-H,O ;
(desolvated) 4951 - - 64°, 68.99

@ - Total solvent accessible void volume in unit cell and void count of electrons
calculated by PLATON SQUEEZE routine.
® _ Void electron count is matched to potential solvent molecules (with consideration

of IR and CHN analysis, see above) according to Z x Zi(solvent molecule i electron
count x number of solvent molecules i in formula unit). The sum (Z/) is formed over
the possible different solvent molecules i. Electron count for solvent molecules:
DMF (C3H;NO) 40 e, EtOH 26 e, MeOH 18 e, H,O 10, hexane (CgH14) 50 e.

For the structures of 1 - 1.25DMF and 1 - 5H,O - 1MeOH one crystal water
molecule per formula unit was found and refined, hence, its electron contribution is
not included in the void count of electrons.

For the structure of 2 - n-hexane one copper-coordinated ethanol molecule is part of
the formula unit.

¢ — no solvent accessible void was found and estimated with V = 0 by SQUEEZE
(PLATON).

4_ Because of the disorder of the pyrazole group in 1 - H,O (degassed), two ¢

angles, 55.6° and 72.5°, can be determined, of which the average was calculated.
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Table S5. Edge to edge distances (A) (see explanation in main text).

Edge-to- 1-1.25 1-5H,0 - 1-9H,0 2 - 1EtOH - 1-HO
edge DMF 1MeOH 1.4 n-hexane (desolvated)
distance
along
axis
a 23.6 23.0 23.3 23.0 19.7
b 23.7 23.1 23.1 23.2 19.4
c 35.4 35.9 35.9 36.1 13.3
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4 Conclusions

In this work it was demonstrated that bifunctional ligands with the strongly
coordinating groups pyrazolate or phosphonate and carboxylate could be used to
synthesize coordination polymers that exhibit high water and thermal stabilitiy. With
the herein for the first time presented 4-phosphono-biphenyl-4’-carboxylic acid and
with 3,5-dimethyl-(pyrazol-4-yl)-benzoic acid various complexes were synthesized
with different metals, which all show interesting properties apart from the mentioned
stabilities. The group 12 elements Zn, Cd and Hg gave luminescent coordination
polymers with 4-phosphono-biphenyl-4’-carboxylic acid, Zn and Co gave MOF-5
analogues with 3,5-dimethyl-(pyrazol-4-yl)-benzoic acid, which are porous
compounds with high surface areas (BET) up to 1,600 m%g (Co). With Cu and 3,5-
dimethyl-(pyrazol-4-yl)-benzoic acid single-crystal to single-crystal transformations
were investigated and a ‘breathing’ effect was described with this flexible network.
Charge assisted hydrogen-bonded networks with NH;" and [Co(NHas)]** in
complexes with  4-phosphono-biphenyl-4’-carboxylic acid were presented and
inclusion properties and hydrogen bonding were investigated. In conclusion, the
mixed-functional ligand approach as a tool for highly stable CPs and PCPs was
proven successful and important new insights were contributed to the area of Metal-

organic frameworks.
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