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Preface to “Coordination Polymers and Metal-Organic
Frameworks: Structures and Applications—A
Themed Issue in Honor of Professor Christoph Janiak
on the Occasion of His 60th Birthday”

I consider the invitation by Professor Catherine Housecroft to write this preface as one of the
greatest moments in my professional life. The reason is simple: The book at hand is devoted
to Professor Christoph Janiak on the occasion of his 60th birthday! Professor Janiak is one of
the great scientific names in inorganic chemistry with excellent contributions to the fields of
metallosupramolecular chemistry, metal-organic frameworks (MOFs), inorganic materials from ionic
liquids and hybrid (inorganic/organic) materials. I have attended some of his lectures in international
conferences, but I never worked or discussed with him. However, I feel that I know him quite well
through his innovative research, which has influenced many inorganic chemistry groups around
the world.

The1950s were considered the renaissance of inorganic chemistry. Since then, the field has
grown rapidly in many new directions. It reaches into solid-state chemistry, supramolecular
chemistry, polymer chemistry, biochemistry, organic synthesis via organometallics, homogeneous
and heterogeneous catalysis, energy storage and energy-related technology, analytical, physical and
theoretical chemistry. The challenges that the world presents to inorganic chemists have never been
greater; nor have the contributions that inorganic chemists make been greater than at this time.
Professor Janiak has been one of the leaders responsible for this “transition”.

Following BSc and MSc Chemistry studies at the Technical University (TU) of Berlin and the
University of Oklahoma (USA), PhD research at the TU of Berlin, prestigious post-doctoral positions
at Cornell University (working with Nobel Laureate Roald Hoffman) and in industry, and habilitation
at TU, Professor Janiak was appointed to the Associate Professor level at the University of Freiburg
in 1996. Since 2010, he has been Full Professor in Bioinorganic Chemistry and Catalysis at the
Heinrich-Heine University of Diisseldorf. He has received many awards, including a Heisenberg
fellowship (1997), and he was visiting Professor at the Universities of Angers, France, during 2006
and Wuhan (China) in the period 2015-2018. He is currently a Guest Professor at the Hoffmann
Institute of Advanced Materials at Shenzhen Polytechnic in China. He is member of the Editorial
and Advisory Boards of several journals, including CrystEngComm (Royal Society of Chemistry) and
Inorganica Chimica Acta. Professor Janiak is co-author of three inorganic chemistry textbooks which
are very popular in German Universities. He is Fellow of the Royal Society of Chemistry(FRSC).

The research merits of Professor Janiak are dizzying to normal scientists! He has authored and
co-authored more than 550 research papers in peer-reviewed journals (~140 in the period 2019 up
to now), and his h-index is about 80. His research has received more than 27,000 heterocitations!
The research interests of Professor Janiak involve the synthesis and properties of MOFs and porous
organic polymers, mixed-matrix membranes, metal nanoparticles, ionic liquids and catalysis. Three
of his seminal reviews have influenced thousands of inorganic chemists working in the fields of
metallosupramolecular chemistry, crystal engineering and porous coordination networks. These
reviews have been cited close to 6700 times. The first review (J. Chem. Soc., Dalton Trans., 2000,
3885-3896) is the “Bible” of most inorganic chemists who use single-crystal X-ray crystallography
as a research tool. It gives a full geometrical analysis on -7t stacking in metal complexes with



aromatic nitrogen-containing ligands. The review was based on a Cambridge Structural Database
search and reveals that a face-to-face 7-7r alignment, where most of the ring-plane area overlaps,
is a rare phenomenon. The usual 7t interaction is an offset or slipped stacking, i.e., the rings
are parallel displaced. Such parallel structures also have contributions from 7-¢ attraction, which
increases with increasing offset. This work also clarifies the difference between 7-7 interactions
and C-H--7 attraction forces. The second review-perspective (Dalton Trans., 2003, 2781-2804) is
the main literature source of scientists who prepare and characterize coordination polymers. The
development in the field was assessed in terms of properties in the areas of catalysis, chirality,
conductivity, magnetism, spin-crossover behavior, luminescence, non-linear optics (NLO) and
porosity or zeolitic behavior; such properties are the basis for potential applications. An important
conclusion was the prediction that applications of coordination polymers do not necessarily include
structurally authenticated compounds but metal-ligand combinations that “work”, irrespective of
a known three-dimensional structure obtained through single-crystal X-ray crystallography. The
third review-perspective summarizes MOFs, Materials Institute Lavoisier (MILs), iso-reticular MOFs
(IR-MOFs), porous coordination networks, zeolitic MOFs and porous coordination polymers with
selected examples of concepts for linkers, syntheses, post-synthesis modifications, metal nanoparticle
formations in MOFs, porosity and zeolitic behavior. Most importantly, the potential applications of
such materials in gas storage (hydrogen, carbon dioxide, methane, etc.), catalysis, conductivity and
luminescence are outlined. I anticipate that another review of Professor Janiak, published almost one
year ago (Chem. Soc. Rev., 2020, 49, 2751-2798), will become another guide for scientists working in
MOF chemistry; it has already received more than 80 citations. This review describes MOFs which
contain open metal sites, coordinatively unsaturated sites or open coordination sites. It combines
for the first time all aspects of open metal sites in MOFs. The presence of open metal sites in MOFs
causes enhanced interactions with guest molecules because they are the primary adsorption sites for
hydrogen, carbon monoxide, carbon dioxide, nitrogen monoxide and acetylene (but not for methane
and possibly sulfur dioxide).

The contents of the above-mentioned reviews reflect many of the research activities in Janiak’s
group. However, he also works in other projects. I would need a whole chapter in this book
to briefly describe his additional activities. I confine myself to two exciting projects. The first
(see, for example, the paper in Pharmaceutics, 2021, 13, 295) describes the augmented therapeutic
potential of the glutaminase inhibitor CB839 in glioblastoma stem cells using gold nanoparticle
delivery. This is the first attempt to combine CB839 with gold nanotechnology, and scientists hope
to overcome delivery hurdles and increase bioavailability in target sites. The second (see, Inorg.
Chem., 2020, 59, 17028-17037) exploits the fluorescent-dye properties of uranyl complexes with
8-hydroxyquinoline and its derivatives as ligands to fabricate blue light-emitting diodes employing
solution processing methods.

I am sure that Professor Janiak will produce new exciting results and make innovations in
various aspects of inorganic and materials chemistry in the future. Since he has been a constant
inspiration to us, this book is a small tribute to him as a person and to his excellent science.
Together with his former and current students, his colleagues and the members of the whole
chemical community, I wish Professor Christoph Janiak good health, happiness and new scientific

achievements in the coming years!

Spyros P. Perlepes
University of Patras, Patras, Greece
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This themed issue of Chemistry is in honor of Professor Christoph Janiak on the oc-
casion of his 60th birthday, and celebrates his innovative contributions to the fields of
supramolecular chemistry, coordination polymers, networks and metal-organic frame-
works, inorganic/organic hybrid materials and inorganic materials from ionic liquids.

Professor Janiak currently holds a chair in Bioinorganic Chemistry and Catalysis at
the Heinrich Heine University of Diisseldorf and his research interests span metal-organic
frameworks (MOFs), coordination polymers, chirality, supramolecular interactions and
metal nanoparticles in ionic liquids. Two of his seminal reviews have influenced many of
us working in the fields of heterocyclic chemistry and coordination networks: “A critical
account on 7—7t stacking in metal complexes with aromatic nitrogen-containing ligands”
(Dalton Trans. 2000, 3885) and “Engineering coordination polymers towards applications”
(Dalton Trans. 2003, 2781), which have been cited close to 6000 times.

The issue begins with a preface written by Spyros Perlepes, which provides a person-
alized account of the achievements of Christoph Janiak. This sets the scene for many of the
topics covered in the eleven contributions described in this editorial.

Baca and Kogerler have contributed a review dealing with cluster-based coordination
polymers in which the clusters act as nodes in the assemblies. The focus is on recent
developments in architectures containing Mn/Fe-oxo pivalate and isobutyrate building
blocks, and on the synthetic strategies and the magnetic behavior of these coordination
polymers [1].

Carboxylate linkers are popular choices in the assembly of coordination polymers
and networks, and therefore it is not surprising that these donors feature in several of the
papers in this themed issue. The metal-organic framework UiO-66 is formed from ZrCly
and terephthalic acid, and is a highly stable assembly. Yang, Schréder and coworkers have
demonstrated the ability of a defective form of UiO-66 to take up I, and this investigation
is relevant to the uptake and storage of radioactive I [2]. Additionally related to adsorption
of toxic small molecules (in this case CS,), Li and coworkers have described the conju-
gate bases of 4’4" 4" 4" (ethene-1,1,2,2-tetrayl)tetrakis(([1,1’-biphenyl]-4-carboxylic
acid)), Hytcbpe, and a tetrafluoro-derivative, Hytcbpe-f, which act as tetratopic ligands to
assemble [Zr4(u3-0)4(OH)g(tcbpe)2 (H20)4] and [Zre(u3-O)4(OH)g(tcbpe-f)2(Hp0)4]; these
assemblies are strongly luminescent and have been applied as fluorescent sensors for the
detection of CS, [3]. Chhetri, Chen and coworkers have detailed a series of coordination
polymers constructed from copper(Il) or cadmium(Il) combined with semi-rigid N,N'-bis(3-
pyridyl)terephthalamide and dicarboxylic acids; the assemblies encompass 1D, 2D and
3D architectures [4]. The chelidonate ligand has the potential to offer several different
metal-binding modes. In their paper, Carballo et al. have combined chelidonic acid and
either 4,4'-bipyridine or 1,2-bis(4-pyridyl)ethane with zinc(IT) and copper(Il) to give a series
of coordination polymers in which the chelidonate dianion acts either as a non-coordinating
counterion, or as a bridging ligand [5].

Chemistry 2021, 3, 831-833. https:/ /doi.org/10.3390/chemistry3030060
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Linkers incorporating pyridine donors are also popular among coordination polymer
chemists. The work by Carballo et al. [5] introduced these donors, and this is complemented
by a report from Andruh, Avarvari and coworkers concerning the coordination behavior
of three bis(pyridine) ligands containing benzothiadiazole spacers. Both discrete and
polymeric assemblies are described with zinc(II) and silver(I) [6]. Two contributions
focus on terpyridines. Harrowfield and coworkers provide a detailed analysis of the
weak interactions in the single crystal structures of 33 metal(II) complexes incorporating
twelve 4'-functionalized 2,2":6/,2"'-terpyridine (tpy) ligands. The structural and packing
details that are revealed in this investigation should be valuable in the future design of
functional materials based on tpy [7]. While 2,2:6/,2"-terpyridine is the ubiquitous isomer
of terpyridine, 3,2":6',3"'-terpyridine has been far less studied. We have contributed to this
issue of Chemistry with an investigation of the effects of the conformational flexibility of
3,2":6/,3""-tpy (functionalized in the 4’-position with a biphenyl domain) on the structures
and crystal packing of 1D coordination polymers bearing Cu;(u-OAc)s paddle-wheel
units [8].

The final three contributions are focused either on the magnetic or electrochemi-
cal properties of arrays with different nuclearities or on organic donor-acceptor Sten-
house adducts, respectively. Cimpoesu, Ferbinteanu and coworkers describe a series of
pyrazolato-bridged, multinuclear copper(II) coordination compounds; the magnetic prop-
erties of these Cus, Cug and Cuy-containing species are dominated by the strong antiferro-
magnetism across the pyrazolate bridges [9]. Neville and coworkers have investigated the
use of the N-(pyridin-4-yl)benzamide ligand in {Fe(Il)Pd(II)} and {Fe(II)Pt(II)}-containing
2D Hofmann-type frameworks to facilitate spin crossover cooperativity through hydrogen
bonding involving the amide moiety [10]. A departure from the main theme of the issue
comes with an investigation of donor—acceptor Stenhouse adducts. These represent a class
of photoswitches that undergo light-initiated triene cyclization. However, D’ Alessandro
and coworkers have demonstrated that electrochemical oxidation is an effective alternative
stimulus [11].

I would like to take this opportuniy to thank all the teams of researchers who have
contributed to this issue, which is dedicated to Christoph Janiak. Together, we express our
sincere good wishes on the occasion of Christoph’s 60th birthday.
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Abstract: Polynuclear coordination clusters can be readily arranged in cluster-based coordina-
tion polymers (CCPs) by appropriate bridging linkers. This review provides an overview of our
recent developments in exploring structurally well-defined Mn/Fe-oxo pivalate and isobutyrate
building blocks in the formation of CCPs assemblies with an emphasis on synthetic strategies and
magnetic properties.

Keywords: cluster-based coordination polymer; carboxylate; iron(I1I); manganese(ILI1I)

1. Introduction

Cluster-based coordination polymers (CCPs) have received significant attention over
the past decade due to their promising potential as multifunctional materials for tech-
nological and industrial applications [1-6]. Typically, CCPs are constructed from metal
coordination clusters that are bridged by polytopic organic ligands forming multidimen-
sional systems such as one-dimensional (1D) chains, two-dimensional (2D) layers and
three-dimensional (3D) metal-organic frameworks (MOFs) [7]. Two synthetic pathways
have been explored by synthetic chemists for the fabrication of the CCPs. In formation reac-
tions, one can utilize simple salts or presynthesized well-defined polynuclear metal clusters,
following Robson’s classical node (typically consisting of a single metal ion) and spacer
(polytopic coordination ligand) approach [8] or Yaghi and O’Keeffe’s “secondary building
units” (SBUs, representing a rigid metal carboxylate cluster with external connectivity
that mimics triangle, square, tetrahedral, hexagonal or octahedral patterns) strategy [9,10].
Later, Zaworotko et al. developed a design strategy that exploits metal-organic polyhe-
dra as “supermolecular building blocks” (SBBs), which combine a greater range of scale
(nanometer scale) and high symmetry and, thus, can afford improved control over the
topology of the resulting coordination polymers [11].

To date, considerable efforts have been devoted to developing a range of CCPs by
using rigid carboxylate clusters of paramagnetic transition metals as building units that
contain multiple metal ions linked by multiple coordination ligands, especially for produc-
ing molecular magnetic arrays [12]. In comparison to other typically employed structural
building blocks, polynuclear carboxylate-based clusters offer distinct advantages for engi-
neering CCPs: (i) they can afford specific control over a CCPs’ topology through precise
adjusting the coordination environment of metal ions and thus providing the easy acces-
sibility of spacers to a vacant coordination site at the periphery of the cluster, to which
a separate cluster can be attached; (ii) ease in managing and fine-tuning their shape and
size via increasing or decreasing the nuclearity; (iii) and feasibility to vary their physical
properties since their physical characteristics (magnetic, spectroscopic and redox behavior)
can be determined and modified prior to network formation [4,5]. Furthermore, the car-
boxylate ligands can be partially substituted, e.g., by redox-active inorganic ligands such as

Chemistry 2021, 3, 314-326. https:/ /doi.org/10.3390/chemistry3010023
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magnetically functionalized polyoxoanions [13] or paramagnetic organic ligands [14-17];
thus, the final assemblies can reveal some additional properties and functions such as
charge-state switching of magnetic ground states and anisotropy. Such tailor-made multidi-
mensional CCPs can be applied in numerous important fields such as catalysis, gas storage,
pharmaceuticals, etc. [18].

Mn/Fe-oxo carboxylate clusters incorporating multiple spin centers exhibit fascinating
magnetic phenomena such as single-molecule magnet behavior (SMM) [19-21] and repre-
sent useful building blocks for the creation of Mn and Fe-based CCPs. In particular, Chris-
tou, Tasiopoulos et al. [22] prepared 3D CCPs with nanometer-sized channels that exhibit
SMM characteristics and are based on large polynuclear {Mn;9O1¢} acetate building units,
[Mn39NaO10(OH)4(ac)o(pd)e(H20)3]n and [Mn19NaO19(OH)4(ac)y(mpd)g(HrO)3]n (where
Hac = acetic acid), using 1,3-propanediol (Hpd) and 2-methyl-1,3-propanediol (Hympd).
Later, fascinating extended networks based on polynuclear {Mn;;Og} acetate building units
connected by N3~ or OCN ™ anions into 1D and 2D CCPs, namely [Mn;70g(ac)4(pd)10(py)s
(N3)5]n, [Mn170g(ac)4(mpd)10(py)s(N3)s]ln and [Mn;70s(ac)2(pd)10(py)s(OCN)7]n have
also been reported [23,24]. The use of such large polynuclear carboxylate building blocks
offers additional possibilities for crystal engineering of interesting new materials with
high porosity and could lead to attractive materials properties. This review provides an
overview of our recent developments in exploring Mn™-oxo0 and Fe-oxo pivalate and
isobutyrate building blocks with stable {M3(u3-O)}, {(M4(13-O)2} (M = Mn, Fe), {Mng(p4-
O)2} or {Feg(13-O)2} cores in the formation of CCPs assemblies with an emphasis on the
synthetic strategies and magnetic properties.

2. Oxo-Trinuclear Mn/Fe-Based CCPs

Trinuclear oxo-centered carboxylate coordination clusters of general composition
[M3(u3-0)(O2CR)6(L)3]*/0 (where L = a neutral terminal ligand) are the most frequently
used building blocks in the construction of CCPs. For assembling 1D oxo-trinuclear Mn/Fe
CCPs, several synthetic strategies have been explored, e.g., using simple soluble metal salts
or well-known pre-designed “basic carboxylate”, e.g., uz-oxo trinuclear Mn/Fe carboxylate
clusters. The combination of these starting materials with organic ligands, usually in “one-
pot” syntheses at temperatures starting from room temperature and up to solvothermal con-
ditions in different solvents, gave the expected CCPs. The first 1D CCP, [Mn3O(ac)y(Hac)]n,
which is composed of [Mnz(u3-O)(ac)s(Hac)] acetate clusters interlinked by acetate bridges,
was reported by Hessel and Romers in 1969 [25], whereas Rentschler and Albores synthe-
sized the first 1D CCP composed of [Fe3(u3-O)(piv)s(H2O)]pivalate clusters interlinked
by dicyanamide (dca) bridges in 2008, [Fe3O(piv)s(H20)(dca)]n (where Hpiv = pivalic
acid) [26].

Cronin, Kogerler et al. [27] suggested an effective route to assembling 1D CCPs
through metal building block linkers in 2006. A helical {[(Fe30(aa)s(H20))(MoOy)
(Fe3O(aa)s(H20)2)]-2(MeCN)-H,0}, CCP (where Haa = acrylic acid) has been synthe-
sized by linking the [Fe;O(aa)s(H20)3]* cations with [MoO4]?>~ dianions derived from
(BugN)»[MogO19]in MeCN. As an extension, Bu et al. [28] in 2015, introduced [M(H,0), (fa)4]*~
formate building block linkers for connecting pz-oxo trinuclear neutral [Fe3O(fa);] for-
mate clusters into {(NHy),[Fe3O(fa);],[M(H,0),(fa)4]}n CCPs (where Hfa = formic acid;
M = Fe; Mn; Mg) with the formation of anionic double-strained chains.

The family of 1D Mn and Fe pivalate or isobutyrate CCPs (Table 1) has been generated
by using simple metal carboxylates or employing pre-designed oxo-trinuclear building
blocks in reactions [29,30]. Thus, mixing a hot ethanol solution of hexamethylenetetramine
(hmta) with Mn! isobutyrate in tetrahydrofuran yields the chain coordination polymer
{[Mn30(is)s(hmta), ]-EtOH},, (where His = isobutyric acid) (1) [29]. This CCP comprises
neutral mixed-valent pz-oxo trinuclear [Mn"Mn!",O(is)¢] clusters bridged by hmta into a
linear 1D chain as shown in Figure 1. To model its magnetic behavior, an approximation
considered two trimers coupled through Mn'" and Mn'! ions (the Mn---Mn distances be-
tween clusters via hmta linkers are equal to 6.310 A). For 1, the authors reported significant
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antiferromagnetic intracluster interactions between Mn spin centers with 2J; = +32.5 K and
2], = —16.8 K, whereas the intercluster interactions through hmta spacers were found to be
weakly ferromagnetic.

Figure 1. A linear 1D chain in {{[Mn3O(is)s(hmta), ]-EtOH}, (1) CCP [29]. H atoms and solvent (EtOH) molecules are omitted
for clarity. Color codes: C, gray; N, blue; O red sticks. C atoms in carboxylates are shown as black sticks, and Mn atoms are
shown as magenta coordination polyhedra.

Combining the different pre-designed p3-oxo trinuclear pivalate complexes such as
[Fe30(piv)e(H20)3]piv-2(piv) and [MnzO(piv)s(hmta)s]-n-PrOH in one-pot reactions with
the same spacer (hmta) lead to the formation of heteronuclear Fe/Mn-oxo 1D CCPs [30].
The solvothermal reaction of these precursors in MeCN at 120 °C for 4 h gave a heterometal-
lic chain polymer {[Fe;MnO(piv)s(hmta);]-0.5(MeCN)},, (2), while refluxing in n-hexane
resulted in the solvated heterometallic chain polymer {[Fe;MnO(piv)s(hmta),]-Hpiv-n-
hexane},, (3). Magnetic studies of 2 and 3 indicated dominant antiferromagnetic interactions
between the metal centers with significant intercluster interaction through hmta spacer with
the following exchange parameters: Ivintpe™ = —17.4 em ! and Jp Mg = —43.7 em ™!
for 2; and [y Lpe™ = —23.8 em ™! and Jr g = —53.4 em™! for 3. All intercluster
exchange interactions were modeled using a molecular field model approximation to give
Amt = —0.219 mol em ™3 (2) and Ay = —0.096 mol cm~3 (3) [30].

In comparison to Baca and Kogerler’s approach, Kolotilov et al. [31-34] employed
already preformed oxo-centered heterometallic trinuclear [Fe;MO(piv)e(Hpiv)sz] MU = Co,
Ni) pivalates to isolate a series of heterometallic 1D CCPs formulated as
{[Fe2CoO(piv)s(bpe)]-0.5(bpe)in, [FeaNiO(piv)e(bpp)(dmf)ln, {[Fe2NiO(piv)s(pnp)(dmso)]
-2.5(dmso)}n, [FeaNiO(piv)e (pnp)(H20)]n, {[(FexNiO(piv)e)a(Et-4-ppp)s]-3(def) }n,
and [Fe;NiO(piv)s(bpt)i5]n (Where bpe = 1,2-bis(4-pyridyl)ethylene, bpp = 1,3-bis(4-
pyridyl)propane, pnp = 2,6-bis(4-pyridyl)-4-(1-naphtyl)pyridine, Et-4-ppp = 4-
(N,N-diethylamino)phenyl-bis-2,6-(4-pyridyl)pyridine, bpt = 3,6-bis(3-pyridyl)-1,
2,4 5-tetrazine).

The presence of three potential donor metal sites in the oxo-centered trinuclear car-
boxylate species makes this building block very attractive and useful for the construction
of 2D CCPs. The first homometallic 2D {[Fe3O(ac)s(H,0)3][Fe;O(ac)75]2-7(HoO) )y cluster-
based layer has been prepared by Long and coworkers [35] in 2007 from the reaction of
a trinuclear iron acetate, [Fe30(ac)s(H,0)3]Cl-6H,0, FeCl3-4H,0 and sodium acetate in
MeCN/water solution at room temperature in 4 months. The main feature of it is the for-
mation of the “star” anionic layer of acetate-bridged [FezO(ac)s]* clusters that contain in its
channels cationic guest-trimer [Fe3O(ac)s(H2O)3]* clusters. In 2009, Pavlishchuk et al. [36]
reacted simple salt precursors, namely iron(Ill) nitrate nonahydrate and manganese(II) ni-
trate hexahydrate, with formic acid under heating to isolate the first heterometallic 2D CCP



Chemistry 2021, 3

{[Fe30(fa)s[Mn(fa)s(H20)3]-3.5(Hfa)}n. This compound consists of trinuclear [FezO(fa)q]*
units linked by mononuclear [Mn(fa);(H,0)3]~ bridges into 2D honeycomb layers.

By refluxing the presynthesized pivalate complex compounds [MnzO(piv)s(hmta)s]-n-
PrOH and [Fe3O(piv)e(H2O)3]piv-2(Hpiv) in a hot toluene solution for 6 h, the new 2D
heterometallic coordination polymer {[Fe;MnO(piv)s(hmta); 5]-toluene}, (4) can be pre-
pared [30]. In contrast to the above-mentioned 1D CCPs (1-3), in 4 hmta ligands, connect
neighboring heterometallic {{[FeoMn(3-O)(piv)e] pivalate clusters into a 2D corrugated
layer as shown in Figure 2. The formed framework accommodates guest toluene molecules.
In 4, the exchange interactions between Mn!! and Fe! were found to be antiferromagnetic
(Unnpe™ = —13.3 em™; Jpe Mg = —35.4 cm ™), with significant intercluster interactions
through hmta (A = —0.051 mol cm™3). A series of 2D heterometallic pivalate CCPs built
from [Fe;MO(piv)s] (M = Co, Ni) clusters bridged by different polydentate polypyridyl-
type linkers has also been reported by other groups [31,36-38].

Figure 2. A heterometallic 2D layer in {[Fe;MnO(piv)s(hmta); 5]-toluene}, (4) CCP [30]. H atoms and solvent toluene
molecules are omitted for clarity. Color codes: C, gray; N, blue; O red sticks and Fe/Mn atoms are shown as brown/magenta

coordination polyhedra. C atoms in carboxylates are shown as black sticks.

In 2014, Baca and Kogerler et al. [39] reported the first 3D cluster-based coordination
polymers, {[Fe3O(piv)e(4,4’-bpy)1 5]1(OH)-0.75(dem)-8(H,0) I (5) and [Fe;CoO(piv)g(bpe)o.s
(pyz)ln (6). Relative to the 1D and 2D CCPs, 3D structures based on Mn/Fe trinuclear
oxo-clusters are rare: up to now, only three compounds were reported [39,40]. CCPs 5
and 6 consist of p3-oxo-centered cationic homometallic [Fe™3(u3-O)(piv)e]* or neutral
heterometallic [Fe™,Co(113-O)(piv)s] coordination clusters bridged by different N,N'-
donor ligands: 4,4-bipyridine (4,4’-bpy) in case of 5, and 1,2’-bis(4-pyridyl)ethylene (bpe)
and pyrazine (pyz) in case of 6. They were prepared in a “one-pot” solvothermal reac-
tion in dichloromethane from [FesO,(OH),(piv)i2] and organic spacers, and, additionally,
cobalt(I) pivalate was added in 6. It is worth noting that the mutual arrangement of
three-connected [M3(u3-O)(piv)e] nodes linked by a linear spacer determines the topology
of the final CCPs. Here, neighboring p13-oxo trinuclear clusters are mutually perpendicular,
and the pair of clusters may be regarded as a pseudo-tetrahedral four-connected binodal
building block, and as a result, 3D porous networks are formed. A 6-fold interpenetrated
network with rare (8.3)-c (etc) topology can be observed in 5, and a three-fold interpen-
etrated network with (10.3)-b (ths) topology in 6 (Figure 3). Magnetic studies of 5 and 6
point to both ferro- and antiferromagnetic intra- and intercluster exchange interactions
between the isotropic Fe'll and /or the strongly anisotropic (octahedrally coordinated) Co'!
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spin centers. In particular, the x,T value of 7.54 cm® Kmol 1 at290K, significantly smaller
than the expected spin-only value of 13.1 cm?® K mol~! for three isolated S = 5/2 centers
(iso = 2.0) for 5, indicates dominant antiferromagnetic exchange interactions mediated by
the central p3-O within {Fe3(u3-O)} unit (J; = —0.1 cm™" and ], = —27.0 cm™') and the 4,4'-
bpy bridges (Ag = —0.609 mol cm 3, the Fe---Fe distances via 4,4'-bpy are equal to 11.347
and 11.380 A). For 6, both contributions of the orbital momentum of Co! center in {Fe,Co}
unit and intracluster (ferromagnetic) and intercluster (ferromagnetic) coupling within
{Fe,Co} triangular unit and between them have been considered via the magnetochemical
computational framework CONDON [41,42]. The exchange interaction parameters are
Jeolpe™ = +55.0 ecm ™, JpeM_gM = —122.0 em ™! and Ay = +1.163 mol cm ™ (through
the pyz ligand the M---M distances are 7.096 and 7.142 A, and through the bpe spacer
these distances equal 13.603 A). Subsequently, a 3D CCP, {[NH4]2[FeqO3(ac)23(H2O0)]}n,
with triangular [Fes(p3-O)(ac)g]* cations and acetate as linkers between the units has been
reported by Bu et al. [40]. Its structure exhibits a 4-fold interpenetrating 3D network with a
rare eta-c4 net topology.

& (10.3)-b (ths)

Figure 3. 3D layers in {[Fe3O(piv)s(4,4’-bpy)1 51(OH)-0.75(dcm)-8(H,O)}n (5) and [Fe2CoO(piv)s(bpe)o 5(pyz)ln (6) CCPs [39].
H atoms and CMej3 groups are omitted for clarity. Color codes: Fe, brown; Co, green coordination polyhedra; C, gray sticks;

N, blue; O red spheres. C atoms in carboxylates are shown as black sticks.

3. Oxo-Tetranuclear Mn/Fe-Based CCPs

Oxo-tetranuclear Mn and Fe carboxylate complexes often called “butterfly” clusters,
possess a well-known {My(u3-O),} core. The core comprises an inner “body” metal atoms
doubly bridged by two p3-oxo atoms, connected outwards to the remaining “wing” metal
atoms. The core can also be considered as two edge-sharing {M3(u3-O)} triangular units.
Although the core can be considered as potential [M4O,(O,CR)x(L)y] nodes, only 1D

9
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CCPs from tetranuclear {Mny(p3-O),} and {Fe4(u3-O),} carboxylate oxo-clusters have been
reported thus far [29,43-45].

Christou and coworkers [44] first reported a 1D {Mn4O,}-based benzoate-bridged CCP
formulated as [MnsO,(ba)s(dbm),(4,4"-bpy)]n (Where Hba = benzoic acid; dbm = diben-
zoylmethane) in 1994. Since then, only a few more {Mn4O,}-CCPs were reported. A 1D CCP,
[MnyO5(is)s(bpm)(EtOH)4]n (7), composed of mixed-valence tetranuclear [Mnl,Mn! (13-
0),(is)s(EtOH)4] isobutyrate building blocks bridged by 2,2’-bipyrimidine (bpm) linkers
(Figure 4), has been identified in 2008 [29] (Table 1). The addition of an ethanol solution of
bpm to Mn(II) isobutyrate in tetrahydrofuran solution directly results in the formation of 7.
The temperature dependence of xT in 7 indicates dominant antiferromagnetic interactions
inside the {Mny} units with a value of 13.46 cm® K mol~! at 300 K that is close to the value
expected for an uncoupled {Mn",Mn!l,} system (xT = 14.75 cm® K mol " for ¢ = 2.00).

Figure 4. A linear 1D chain in [Mn4O5(is)s(bpm)(EtOH)4], (7) CCP [29]. H atoms are omitted for clarity. Color codes: C,
gray; O red sticks; N, blue spheres. C atoms in carboxylates are shown as black sticks, and Mn atoms are shown as magenta

coordination polyhedra.

The first tetranuclear {Fe4O,}-based coordination polymer [Fe O, (piv)s(hmta)], (8)
reported in 2011 by Baca and coworkers [43] was isolated from the reaction of the 13-oxo
trinuclear pivalate complex [FezO(piv)s(H20)3]piv-2(Hpiv) with hmta in MeCN. In 8,
tetranuclear [Fey(13-O)2(piv)g] clusters are bridged by hmta ligands forming zigzag chains
(Figure 5). Magnetochemical analysis of the {Fe4} butterfly-like CCP 8 indicates that the
interactions between body-body Fe!l ions were antiferromagnetic with a least-squares fit
yielding Jy, = —22 cm L.

Figure 5. A zigzag 1D chain in [Fe,O,(piv)g(hmta)], (8) CCP [43]. H atoms are omitted for clarity. Color codes: C, gray;
O red sticks; N, blue spheres. C atoms in carboxylates are shown as black sticks, and Fe atoms are shown as brown

coordination polyhedra.
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4. Oxo-Hexanuclear Mn/Fe CCPs

One of the fascinating Mn oxo-carboxylate clusters used as building blocks in the con-
struction of CCPs are hexanuclear clusters [MngO;(0O,CR)19(L)4] (Where L = neutral mon-
odentate ligand) with a central {MngO,} core. The central mixed-valence [Mn™;Mn™,(j1,-
0),]11%* core consists of six Mn centers, two Mn!! and four Mn!! ions, arranged as two
edge-sharing flattened Mny tetrahedra, with a pg-O%~ ion in the center of each tetrahedron.
Peripheral ligation is provided by bridging carboxylate groups. Within the core, two
central Mn atoms are in the formal oxidation state +3, and the four terminal Mn atoms
are in the lower oxidation state +2. Careful choice of appropriate exo-bidentate spacer
ligands with the selection of starting precursors and media solution allowed interlinking
the {Mng(114-O)2} oxo-clusters into 1D coordination polymeric chains, 2D layers or 3D
frameworks.

The first 1D coordination polymers [Mng Oz (piv)19(Hpiv)z(4,4'-bpy)]n based on {MnO5}
pivalate building blocks bridged by 4,4'-bipyridine (4,4'-bpy) were obtained by Yamashita
et al. in 2002 [46]. Assembling of {Mn¢O,} building clusters into coordination networks by
shorter linkers was executed later. In 2008, Chen’s group isolated the propionate-bridged
{{MngO,(O2CEt)19(H0)4]-2(EtCO,H)}, CCP [47] and Tasiopoulos’s group in 2010 reported
the acetato-bridged {[MngOx(ac)19(H20)4]-2.5(H,0)}n CCP [48].

A new series of 1D CCPs based on the {Mng(114-O),} pivalate and isobutyrate clusters,
namely {{[MngO;(piv)1o(Hpiv)(EtOH)(na)]- EtOH-H, O}, (9), [MngOs(piv)10(Hpiv)a(en)]n
(10), {[MngOx(is)10(pyz)3]-2(H20)}n (11), [MngOa(is)10(pyz)(MeOH),]n (12), and {[MnsO,
(i8)10(py2)1.5(H20)1-0.5(H0)}n (13), {{MneOx(is)10(His)(EtOH)(bpea)]-His}n (14), (where
na = nicotinamide, en = ethyl nicotinate, pyz = pyrazine, bpea = 1,2-bis(4-pyridyl)ethane)
have been reported [49,50] (Table 1). All CCPs, except 10, have been prepared by the
reaction of simple Mn!! pivalate or isobutyrate salts with the appropriate bridging ligand
in different solvents: MeCN solution in case of 9 and 13, MeCN/EtOH (1:1 v:v) solution
for 11, MeCN/MeOH (1:1 v:v) solution for 12, and thf/EtOH solution (1:1 v:v) for 14. CCP
10 was isolated from the reaction of [MngO,(O2CCMe3);o(thf)s] with ethyl nicotinate in
decane. The spacer length and spacer flexibility have an important effect on the complex
structures in these systems. The shorter pyz ligand connects neighboring {Mng(114-O),}
clusters to form 1D zigzag chains in 11 (intercluster Mn---Mn: 7.288 A), linear chains in
12 (intercluster Mn---Mn: 7.443 A), and ladder-like chains in 13 (intercluster Mn---Mn:
7.415 and 7.480 A). The na group links the {Mng(14-O),} clusters into linear chains in
10 (intercluster Mn---Mn: 8.690 A), and finally, bpea bridges the {Mng(114-O),} clusters
(intercluster Mn---Mn: 9.239 A) in a unique meander-type chain as shown in Figure 6
in 14. Magnetochemical analysis of 9, 11, and 14 finds significant intercluster antiferro-
magnetic interactions through the shorter pyz and na linkers (Ap¢ = —1.131 mol cm 3
(9), —1.508 mol cm—3 (11)), and the intercluster interaction via long bpea is negligible in
14. Within {Mng} fragments, the intracluster interactions are antiferromagnetic with the
best-fit parameters J; = —1.61 cm ™!, J, =J3 = —0.89 cm™ ! and J; = —1.23 cm~!. Here J;
is the exchange coupling constant describing the nearest-neighbor Mn'-.-Mn'" interac-
tions through two -O centers, ], = Js—for Mn!-...Mn!! interactions mediated by p4-O
and p3-O centers and a carboxylate (J) or a i4-O center and a carboxylate (J3), and J,—
for Mn'..-Mn!" interactions via a p4-O center and a carboxylate group. We note that
Ovcharenko et al. [51] linked the polynuclear {Mn¢} pivalate fragments by nitronyl nitrox-
ide radical (2,4,4,5,5-pentamethyl-4,5-dihydro-1H-imidazolyl-3-oxide-1-oxyl (NIT-Me) to
isolate 1D molecular magnet {[MngOx(piv)1o(thf),(NIT-Me)] [MngOx(piv)1o(thf)s(dem)(NIT-
Me)]}, with T, =3.5 K.
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Figure 6. 1D meander-like chain in {[MngO,(is);o(His)(EtOH)(bpea)]-His}, (14) CCP [49]. H atoms and solvate His are
omitted for clarity. Color codes: C, gray; O red sticks; N, blue spheres. C atoms in carboxylates are shown as black sticks,
and Mn atoms are shown as magenta coordination polyhedra.

In contrast to hexanuclear {Mng(u4-O),} building blocks, the use of hexanuclear
{Feg(3-O)z} building blocks in the design of CCPs is fairly scarce. Until now, only
two such compounds have been published [52]. 1D zigzag chain coordination poly-
mers [FegOn(0,CH,)(piv)12(diox)]n (15) (Figure 7) and [FegO2(O,CH,)(piv)12(4,4'-bpy)ln
(16) (where diox = 1,4-dioxane; 4,4'-bpy = 4,4'-bipyridine) have been prepared from
smaller pre-designed p3-oxo trinuclear [FezO(piv)s(H2O)s]piv-2(Hpiv) or hexanuclear
[FesO2(OH)x(piv)i2] species by slow diffusion of MeCN into its solution in 1,4-dioxane (15)
or heating starting [FesO2(OH),(piv)12] and 4,4"-bpy in CH,Cl, /MeCN (16). Although the
{Feg} building blocks in 15 and 16 show the general similarity (Fe:--Fe distances differ less
than 0.015 A from their averages), the observed magnetic low-field susceptibility displays
strong differences, mainly from inter-{Fes} cluster coupling mediated either by the diox
(closest Fe---Fe contact: 7.171 A) or the 4,4’-bpy (11.39 A) linkers. The magnetism of the
[FecO2(0,CH;)(piv)12] clusters was modeled assuming that the {Feg} cluster consists of
two identical isosceles Fe3(u3-O) triangles with three exchange energies (J1_3) between the
spin-only (S =5/2; 6Alg) Felll centers. CCPs 15 and 16 exhibit dominant antiferromagnetic
interactions among the Fel ions within the {Feg} clusters (J; and [, between Felll ions in
{Fe30O} triangles and J3—between the triangles) and possible antiferromagnetic intercluster
interaction (A,,) with the best-fit J; = —30.82cm ™!, [, = —1443cm™1, J3= —11.75cm ™~ and
Amt = —11.6 mol em =3 for 15,and J; = —32.77 cm™ !, J, = —14.11ecm ™, J3 = —=10.57 cm ™!
and A = —0.12 mol em 2 for 16.

Figure 7. A 1D chain in [FegO,(O,CH;)(piv)q2(diox)]n (15) [52]. H atoms are omitted for clarity. Color codes: C, gray; O red
sticks. C atoms in carboxylates are shown as black sticks, and Fe atoms are shown as brown coordination polyhedra.

Using isonicotinamide (ina), Ovcharenko and co-workers in 2013 [53] prepared the first
2D pivalate CCPs based on a {MngO,} carboxylate motif, {{MngOs(piv)io(ina),]-3(Me,CO)}n
and {[MngO,(piv)ig(ina);]-2(EtOAc)}n. Employing the same ina spacer, an anhydrous
[MngO,(piv)ip(ina)z]n (17) CCP was obtained from the simple manganese(II) pivalate and
ina in a mixture of MeCN/EtOH in 2014 [54] (Figure 8a). Similar to Ovcharenko’s CCPs,
{Mng¢} pivalate clusters are bridged via ina spacer ligands in a 2D polymeric (4,4) layer
with a Mn!l..-Mn!! distance of 9.279 and 9.357 A. Two other 2D CCPs {IMngO,(piv)qp(adt-
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4),]-2(thf)}, (18) and {[MngOs(is)1g(adt-4),]-thf-3(EtOH)}, (19) were prepared from the
reaction of a simple [Mn(piv),] salt (18) or a hexanuclear [Mng(is)12(His)] isobutyrate
cluster (19) and the bent, semi-rigid N,N’-donor aldrithiol (adt-4) spacer ligands in thf.
Interestingly, four semi-rigid aldrithiol ligands joint the adjacent {Mng} clusters in a differ-
ent way: if in 18, a 2D polymeric layer with grid topology is formed, in 19, an intriguing
bilayer framework occurs (Figure 8b). In 19, a pair of adt-4 ligands connect the neighboring
{Mng} isobutyrate clusters to form linear chains with a Mn!'...Mn! distance of 10.537 A
between neighboring {Mng} units. Another pair of adt-4 ligands double cross-link neigh-
boring {Mng} clusters from differently oriented chains (Mn'l..-Mn'!: 10.873 A) resulting
in a rare 2D bilayer (Figure 8b). Thus, the hexanuclear [MngO;(is)10] isobutyrate clus-
ters here serve as 3-connected T-shaped nodes and represent the first example of a CCP
with such bilayer topology. Magnetic susceptibility measurements for 17-19 indicate a
net of antiferromagnetic intracluster and intercluster exchange interactions, resulting in
singlet ground states. An intracluster coupling scheme defines four types of exchange ener-
gies in {Mng} clusters with the best-fit I o™ = =154 em ™, v = —1.9 em 1,
Iyt = —2.8 em ™1, and ]MnH—I\/I_nH,ext =+55cm 7, resulting in an overall S = 0 ground
state for each {Mng} cluster. The molecular field parameter results in A = —1.1 mol cm 3,
indicating antiferromagnetic intercluster coupling.

Table 1. Cluster-based coordination polymers (CCPs) built up from Fe/Mn-oxo pivalates and isobutyrates.

Code Formulae Oxo Building Block Linker!  Dimensionality Refs
1 {IMn30(is)s (hmta), |- EtOH},, Mn",Mn!'O} hmta 1D [29]
2 [[FeZMnO(piv)p(hmta)zl-O.5(M§CN)}n {(Fell, Mn'O} hmta 1D [30]
3 {[FezMnO(Plll‘gfa(r}:‘I:}Ita)z]-lev»n- (Fel,Mn'O} hmta 1D [30]
4 {[FeaMnO(piv)e(hmta); 5]-toluene}y {Fell,Mn!lO} hmta 2D [30]

{[Fe30(piv)s(4,4'- it /s
° bpy)151OH)-0.75(dem)-8(H20)n (Fe50) 4A4bpy 3P 139
6 [Fe;CoO(piv)s(bpe)os(pyz)ln (Felll,Col'O} bpe, pyz 3D [39]
7 [MnyO;(is)e (bpm)(EtOH)4 ] (Mn,Mn!,0,} bpm 1D [29]
8 [Fe4O,(piv)s(hmta)]n (Fell,O,} hmta 1D [43]
9 {[MngOs (piv)1o (Hpiv)(EtOH)(na)] EtOH-H,0},  (Mn,Mnl,0,) na 1D [49]
10 [Mng Oz (piv)10(Hpiv)z(en)]n Mn", M, 0,} en 1D [50]
1 {IMngOx(is)10(pyz)s]-2(H20)}n {Mnl,Mn!,0,} pyz 1D [49]
12 [MngO;(is)10(pyz)(MeOH)z ]n {Mn',Mn',O,} pyz 1D [50]
13 {IMng O (is)10(pyz)1.5(H20)]-0.5(H20)}n {Mn",Mn'!,0,} pyz 1D [50]
14 {[MngOx (is)19(His)(EtOH)(bpea)]-His}n (Mnl,Mn!1,O,} bpea 1D [49]
15 [FegO2(0,CH, ) (piv)12(diox)]n {Fel40,} diox 1D [52]
16 [FesO2(02CHy) (piv)12(4,4"-bpy)ln {FellcO,} 4,4"-bpy 1D [52]
17 [MngO,(piv)io(ina)z]n (Mn,Mn!1,0,} ina 2D [54]
18 {IMng O, (piv)1o(adt-4)2]-2(thf)}n {Mn,Mn!!,0,} adt-4 2D [54]
19 {IMngOs(is)1p(adt-4),]-thf-3(EtOH) }n (Mn,Mn,O,} adt-4 2D [54]

! hmta = hexamethylenetetramine; 4,4'-bpy = 4,4'-bipyridine; bpe = 1,2’-bis(4-pyridyl)ethylene; pyz = pyrazine; bpm = 2,2’-bipyrimidine;
na = nicotinamide; en = ethyl nicotinate; bpea = 1,2-bis(4-pyridiyl)ethane; diox = 1,4-dioxane; ina = isonicotinamide; adt-4 = aldrithiol.

13



Chemistry 2021, 3
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e e

Figure 8. (a) A 2D (4,4) layer in [MngOs(piv)jo(ina)z]n (17) CCP. (b) A rare T-shaped bilayer in {[MngO;(is)io(adt-

4),]-thf-3(EtOH)}, (19)

CCP [54]. H atoms and solvent molecules are omitted for clarity. Color codes: C, gray sticks;

Ored; N, blue; S, yellow spheres. Mn atoms are shown as magenta coordination polyhedra.
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The first example of 3D oxo-hexanuclear {Mng} pivalate CCP appeared in 2004 when
Ovcharenko et al. reported a honeycomb [MngO;(piv)1o(NIT-Me); ] motif [51]. The second
3D oxo-hexanuclear [MngO,(O,CCH,CsHs)10(pyz)2]n CCP was synthesized in 2012 by
Ghosh and coworkers who used pyrazine (pyz) linker to connect {Mng} phenyl acetate
clusters into a diamond-like framework with a (6,4) topology [55].

5. Conclusions

Polynuclear Mn™ /Fe-oxo pivalate and isobutyrate clusters recommend them-
selves as extremely versatile building blocks. Their ancillary coordinating ligands are
sufficiently flexible to allow for the formation of a wide variety of structurally diverse
and topologically interesting CCPs. Using metal-containing carboxylate building units
ranging from trinuclear {M30O} to hexanuclear {MzO,} cores, 1D, 2D and 3D CCPs have
successfully been isolated. We note that this robust and versatile materials platform, based
on oxo-carboxylate coordination cluster structures, is particularly attractive in the field of
“intelligent” multifunctional materials, including magnetic sensors and spintronic devices
since the targeted molecular systems allow for a combination of their intrinsic stability and
physical quantum characteristics with unique structural features. However, despite their
prominent role at the forefront of magnetic materials research, significant efforts remain
focused on developing and understanding their complex magnetic characteristics as well
as establishing magneto-structural correlations for these systems.
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Abstract: Radioactive I, (iodine) produced as a by-product of nuclear fission poses a risk to public
health if released into the environment, and it is thus vital to develop materials that can capture I,
vapour. Materials designed for the capture and storage of I, must have a high uptake capacity and
be stable for long-term storage due the long half-life of 2. UiO-66 is a highly stable and readily
tuneable metal-organic framework (MOF) into which defect sites can be introduced. Here, a defective
form of UiO-66 (UiO-66-FA) was synthesised and the presence of missing cluster moieties confirmed
using confocal fluorescence microscopy and gas sorption measurements. The uptake of I, vapour in
UiO-66-FA was measured using thermal gravimetric analysis coupled mass spectrometry (TGA-MS)
to be 2.25 g g1, almost twice that (1.17 g g~ 1) of the pristine UiO-66. This study will inspire the
design of new efficient I, stores based upon MOFs incorporating structural defects.

Keywords: metal organic frameworks; defect; iodine adsorption; UiO-66

1. Introduction

Nuclear power is responsible for approximately 21% of the UK’s energy production
as of 2020 [1]. The products produced as a result of the fission of uranium pose a danger to
the environment and public health, and so materials that can capture and store such fission
products are of significant interest. '>'T and 12T are volatile fission products with half-lives
of 8 days and 1.57 x 107 years, respectively [2]. 13T poses a serious risk to human health
as it has been linked to the occurrence of thyroid cancer [3]. 1291 is less hazardous due to
its low energy beta and gamma emissions, but poses a long-term environmental risk due
to bioaccumulation [4]. It is vital also to prevent I, escaping into the environment as it
can spread over a wide area due to its high solubility in water [5]. The capture of I has
been investigated using a wide variety of porous materials such as aerogels [6], zeolites [7],
porous organic polymers [8] and covalent-organic framework [9] materials. The main
drawbacks to using these materials are that they can be non-specific for I, have low
uptakes, or have amorphous structures that prevent determination of preferred binding
sites, thus restricting an understanding of the mechanism of action of the material.

Metal-organic framework (MOF) materials are often highly porous and crystalline
and are well-known for their tuneable structures, potential high chemical stability and high
surface areas [10]. The tunability of MOFs has allowed them to be used in a wide range of
applications including catalysis [11], molecular separations [12] and the capture of gases
such as CO; [13] and SO; [14]. The storage of I, by MOFs has been reported previously
with uptakes reaching as high as 7.35 g g~! in the case of the ionic liquid-doped material
PCN-333 [15]. Proof-of-concept studies have also shown that MOFs can be used for the
long-term storage of I, using glass sintering [16] and pressure-induced amorphization [17].
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Functionalisation of the MOF structure is a common route to increasing I, adsorption
and relies on the introduction of electron donating [18,19] or reactive groups [20] onto the
ligands. Doping MOFs with Ag [21] and Cu [22] ions can also improve the I, uptake of
the host MOF. Detailed studies into the adsorption mechanism of I, have also been carried
out and highlight the importance of the structure of the MOF [23,24] and of metal cluster
nodes for the efficient capture of I [25]. The introduction of structural defects has been
shown to increase the catalytic activity of MOFs [26,27] and increase the uptake of CO, by
UiO-66 [28]. However, the impact of such defects on the adsorption of I, has not been inves-
tigated previously and we were interested to determine whether this was an appropriate
methodology for improved I, adsorption (Figure S1, Supplementary Materials).

UiO-66 was chosen in this work due its high stability and the established synthesis and
routes to the preparation of defective derivatives. Coordination modulation by undertaking
the synthesis of UiO-66 in the presence of formic acid can introduce defects into UiO-66.
The competitor ligand formate binds to metal clusters in place of the bridging terephthalate
linker to produce missing linker defects. If there is sufficient missing linker, defects will
occur within the overall stable geometry with certain metal clusters absent (Figure 52) [29].
We have analysed the presence of missing cluster defects within a sample of defect UiO-
66, designated UiO-66-FA, using Brunauer—-Emmett-Teller (BET) surface area analysis,
thermal gravimetric analysis and confocal fluorescence microscopy. The uptake of I,
has been measured and confirmed using Raman spectroscopy and thermal gravimetric
analysis coupled with mass spectrometry. The presence of structural defects results in a
nearly 100% enhancement in the adsorption capacity of I, within UiO-66-FA compared to
pristine UiO-66.

2. Results and Discussion

UiO-66 was synthesised by dissolving ZrCly and terephthalic acid in DMF and heating
the solution to 120 °C for 24 h. UiO-66-FA was synthesised using the same general
procedure but using a mixture of DMF and formic acid as solvent. Powder X-ray diffraction
(PXRD) analysis of as-synthesised UiO-66 and UiO-66-FA (Figure 1) confirmed the phase
purity of both samples [30,31]. The PXRD pattern of UiO-66-FA shows two additional
Bragg peaks between 5 and 7° attributed to the presence of reo regions within the fcu
structure caused by missing cluster defects [29,32]. These Bragg peaks are also broad,
highlighting the disorder of these defect sites throughout the parent structure of UiO-66.

Intensity

I

10 20 30 40 50 60
26 (°)

Figure 1. PXRD (powder X-ray diffraction) patterns for UiO-66 synthesised with (blue) and without
formic acid (red). Simulated PXRD for UiO-66 (black) [27].

Confocal fluorescence microscopy (CFM) can be used to visualise mesoporous defects
within electro-synthesised MOFs [27]. In these systems, Lewis acid sites found in defect
sites and boundaries catalyse the formation of a fluorescent oligomer from furfuryl alcohol,
the monomer of which is not fluorescent (Figure S3). On exposure of UiO-66 and UiO-
66-FA to furfuryl alcohol it was noted that the UiO-66-FA sample had a darker colour
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than the sample exposed to UiO-66 (Figure S4). This suggested that a more fluorescent
oligomer was being produced by UiO-66-FA as the oligomer has a dark brown colour
compared to the colourless furfuryl alcohol. This conclusion was supported by CFM
which showed a uniform spread of high intensity fluorescence throughout the sample of
UiO-66-FA exposed to furfuryl alcohol. The sample of UiO-66 exposed to furfuryl alcohol
shows weaker fluorescence which is not evenly distributed across the sample (Figure 2).
The relatively small amount of fluorescence and its location for the UiO-66 sample can
be explained by the presence of Lewis acid sites at the edges of the crystals, with the
high intensity fluorescence across the sample of UiO-66-FA confirming the presence of an
increased number of defects within the structure of UiO-66-FA compared to UiO-66.

b

Figure 2. CEM (confocal fluorescence microscopy) and micrograph images: (a) fluorescence micrograph of UiO-66;
(b) micrograph of UiO-66; (c) fluorescence micrograph of UiO-66-FA; (d) micrograph of UiO-66-FA. Scale bars are 10 um,
10 um, 5 um and 5 um, respectively.

UiO-66-FA shows a higher BET surface area than UiO-66, 1705 and 1170 m? gfl,
respectively, as determined from the N adsorption isotherm, consistent with the removal
of linkers and clusters to form defect sites in UiO-66-FA. The pore size distribution data
(Figure S5) confirm that larger pores are present in UiO-66-FA with significant peaks above
8 A radius attributed to the large pores created due to missing cluster moieties. In contrast,
UiO-66 only shows pores of less than 9 A radius [30]. The calculated micropore volume
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Weight (%)

also supports the formation of larger pores with 0.30 cm® g~! in UiO-66 and 0.73 cm3 g~
in UiO-66-FA. PXRD, CFM and BET results confirm the presence of defects in UiO-66-FA.

I, adsorption was carried out in a sealed flask by heating for 3 days the activated,
desolvated solid MOF sample with solid I, each inside an open glass vessel. The MOF
sample was then removed from the vessel for further analysis. TGA analysis of the I,-
loaded samples showed a drop in mass between 100 and 200 °C attributed to loss of I, as
monitored by mass spectrometry (Figure 3). The I, uptake over three repeat cycles gave an
average uptake for UiO-66 and UiO-66-FA of 1.17 and 2.25 g gfl, respectively, consistent
with the increased porosity due to defects in the structure of UiO-66-FA. The weight drop
observed at around 500 °C is linked to decomposition of the ligand and the percentage
drop for UiO-66-FA is less than that of UiO-66, reflecting fewer ligands present in the
UiO-66-FA. The Raman spectrum of solid I, shows a peak at 180 cm ™! assigned to the vI-I
stretching vibration. This peak is shifted in both I-loaded UiO-66 samples (Figure 4), and
the presence of this single peak rules out the presence of triiodide that would produce a
peak between 110 and 140 cm ! [33]. Other observable features in the complete Raman
spectra (Figure S6) include peaks at 1600 cm~!, 1150 cm~! and 850 cm ! assigned to the
C-C bonds in the aromatic ring of the ligand [34]. The overlapping peaks seen at 1400 cm !
are due to the COO stretching vibration of the linker overlapping with another aromatic
ring Raman peak. There is no change to these peaks upon I, adsorption in both UiO-66
and UiO-66-FA, confirming that the linker remains intact after I, adsorption. I has strong
interaction with unsaturated zirconium clusters and increased access to the framework of
UiO-66-FA results in a high I, uptake.
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Figure 3. (a) TGA for UiO-66 (black) and UiO-66-FA (red); dashed lines indicate I;-loaded samples. (b) TGA-MS results
(black line) for I-loaded UiO-66 (solid line) and Ip-loaded UiO-66-FA (dashed).

The cycling of I adsorption was carried out to show that even when clusters are
removed from UiO-66 the structure remains stable on the adsorption and desorption of
I, (Figure 5). The decrease in I, uptake observed after each cycle in derivatives of UiO-66
has been observed previously [25,35]. However, this drop in uptake appears to be less
for UiO-66-FA, which could be due to the openness of the structure reducing the impact
of I, removal. Samples of MOF were monitored by PXRD on removal of I, from loaded
material (Figures S7 and S8). The PXRD patterns show little change in the structure or
crystallinity throughout the cycling experiments, confirming that defects within UiO-66-FA
do not decrease its stability on I, loading.
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Figure 4. Raman spectra of solid I, (black), activated UiO-66 (blue), I-loaded UiO-66 (red), activated
UiO-66-FA (green) and I,-loaded UiO-66-FA (purple). The complete spectra are shown in Figure S5.
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Figure 5. I, uptakes compared to the first cycle for (a) UiO-66 and (b) UiO-66-FA. First cycle (blue), second cycle (red) and
third cycle (green). PXRD of samples after I, desorption are shown in Figures S7 and S8.

In summary, the impact of structural defects on I, uptake capacity has been studied in
UiO-66 and UiO-66-FA. The presence of defects in UiO-66-FA was verified by BET surface
area, TGA and CFM analysis. Defects caused by missing clusters within the structure of
UiO-66 results in an increase I, adsorption from 1.17 t0 2.25 g g*l for UiO-66 and UiO-66-
FA, respectively, and the overall increased porosity of the latter also contributes to higher
I, uptake. Cycling of I, loading in UiO-66-FA confirms that I, uptake can be increased
without compromising the stability of the MOF, an approach that can be applied potentially
to other capture systems.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ chemistry3020037/s1, Figure S1: Colour change observed in UiO-66-FA with loading of I,.
Figure S2: Structure of UiO-66 and of UiO-66-FA. Figure S3: Reaction scheme for the synthesis of the
fluorescent oligomer from furfuryl alcohol. Figure S4: Sample of UiO-66 and UiO-66-FA in furfuryl
alcohol after oligomerization reaction. Figure S5: N, adsorption isotherm and pore size distribution
of UiO-66 and UiO-66-FA. Figure S6: Raman spectra of I, UiO-66, I,-loaded UiO-66, UiO-66-FA, and
I,-loaded UiO-66-FA. Figure S7: PXRD of UiO-66 after removal of captured I,. Figure S8: PXRD of
UiO-66-FA after removal of captured I,.
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Abstract: Carbon disulfide (CS;) is a highly volatile neurotoxic species. It is known to cause atheroscle-
rosis and coronary artery disease and contributes significantly to sulfur-based pollutants. Therefore,
effective detection and capture of carbon disulfide represents an important aspect of research efforts
for the protection of human and environmental health. In this study, we report the synthesis and char-
acterization of two strongly luminescent and robust isoreticular metal organic frameworks (MOFs)
Zr6(13-0)4(OH)g(tcbpe), (Hy0)4 (here termed 1) and Zrg(13-O)4(OH)g(tcbpe-f),(H,0)4 (here termed
2) and their use as fluorescent sensors for the detection of carbon disulfide. Both MOFs demonstrate
a calorimetric bathochromic shift in the optical bandgap and strong luminescence quenching upon
exposure to carbon disulfide. The interactions between carbon disulfide and the frameworks are
analyzed by in-situ infrared spectroscopy and computational modelling by density functional theory.
These results reveal that both the Zr metal node and organic ligand act as the preferential binding
sites and interact strongly with carbon disulfide.

Keywords: metal organic frameworks (MOFs); coordination polymers (CP); luminescent sensing;
carbon disulfide

1. Introduction

Metal organic frameworks (MOFs) are an extremely versatile class of crystalline,
permanently porous inorganic-organic materials that have gained significant attention over
the past two decades. These materials are constructed from the self-assembly process of
metal ions or metal clusters and organic linkers to form coordinatively bonded extended
and porous network structures. The ability to control the nature of the metal ions and
linkers make MOFs a promising class of materials for applications in gas storage and
separation, catalysis, luminescent sensing, and other areas [1-9].

The incorporation of either luminescent metal nodes or organic linkers into frame-
works make it possible to design and construct luminescent MOFs (LMOFs). As a sub-
category of MOFs, LMOFs have been extensively studied for the luminescent detection
of chemical species, as LED phosphors, and so on [10-16]. As chemical sensors, they
serve as promising candidates for the detection of a wide range of molecules whereby
analyte interactions alter the optical properties of the LMOF. These changes in their optical
properties may manifest as either quenching or enhancement in luminescence intensity,
and/or shifts in emission energy. Such effects are governed by electron or energy transfer
processes that occur between the analyte and the framework [5,17]. LMOF-based sensors
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offer rapid and sensitive detection limits resulting in a promising and simple alternative
for current sensing technology that requires the use of expensive instrumentation.

Carbon disulfide (CS;) is a highly volatile neurotoxic species produced in the manu-
facturing of viscose rayon fibers, the production of agricultural pesticides, as a vulcanizing
accelerant, and as a chemical by-product of syngas produced from biomass [18-20]. CS, is
a nonpolar organic solvent that can dissolve a wide range of chemicals; however, it is also
known to cause atherosclerosis and coronary artery disease [21]. In addition to its detri-
mental effects on human health, environmentally, CS, is known to contribute significantly
to sulfur-based pollutants as it readily oxidizes into carbonyl sulphide and sulfur dioxide
that contribute to the formation of acid rain [22]. Despite the toxicity of CS, there has been
limited work on the luminescent detection of CS; and less for the capture of this chemical
using MOFs [23]. While MOFs have been reported previously for the luminescent sensing
of CS,, they are limited to magnesium, indium, calcium, and lead-based coordination
polymers which often suffer from framework instability [24-27]. In addition, the exact
interactions between the frameworks and CS, were not investigated in depth in these
studies. To the best of our knowledge, the current work represents the first example that
makes use of highly robust zirconium-based MOFs for the detection of CS,. Our study
is not only on the luminescent sensing performance of the two Zr-LMOFs but also on
the molecular interactions that occur in the MOF-analyte system with the help of in-situ
Fourier-transform infrared (FTIR) spectroscopic experiments and density functional theory
(DFT) calculations.

2. Materials and Methods
2.1. Materials

All reagents were used directly from commercially available sources without further
purification. Both ligands were synthesized according to previously published methods
with slight variations [28,29]. Their synthesis is outlined in Schemes 1 and 2, and detailed
in the Supporting Information.
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Scheme 2. Synthesis of Hy-tcbpe-F.
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2.2. Synthesis of 1 and 2

Zr6(u3-0)4(OH)g(tcbpe),(H,0)4 (here termed 1). A solution containing 35.7 mg of
ZrOCl,-xH,0 was suspended in 3 mL of DMA, to which 1.7 mL of formic acid was added
and sonicated for 10 min until fully dissolved. To this solution was added 16.7 mg of
Hytcbpe and it was sonicated for an additional 10 min. The suspension was then placed
in a pre-heated 120 °C oven for 48 h. Reactions were filtered to afford (20 mg 53.1% yield
based on the inorganic salt of) pale green needle-shaped crystals suitable for single crystal
X-ray diffraction.

Zr16(u3-0)4(OH)g(tcbpe-f), (H20)4 (here termed 2). Similarly, 35.7 mg of ZrOCl,-xH,0O,
3 mL of DMA, and 1.7 mL of formic acid were added into a 20 mL scintillation vial and
sonicated until dissolved. Upon full dissolution, 18.5 mg of Hytcbpe-F was added into the
vial and it was sonicated for 10 min. The cloudy suspension was placed into a preheated
oven at 120 °C for 48 h. Pale green needle-shaped single crystals were collected after
filtration (20 mg, 52% yield based on the inorganic salt).

2.3. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction measurements were taken at room temperature from 3-35°
(20) with a scan speed of 2° min~! using a copper k radiation source (A = 1.5406 A) from
a Rigaku Ultima-IV X-ray diffractometer (Billerica, MA, USA).

2.4. Thermogravimetric Analysis (TGA)

The thermal decomposition analysis was performed using a TA instruments Q5000IR
analyzer (TA Instruments, New Castle, DE, USA) under a flow of nitrogen and sample
purge rate at 10 mL/min and 12 mL/min, respectively. About 10 mg of sample was loaded
on the platinum pan and gradually increased from room temperature to 600 °C with a
heating rate of 10 °C min—".

2.5. Diffuse Reflectance Measurement(UV-VIS)

Absorption spectra at room temperature were collected with a Shimadzu UV-3600
(Kyoto, Japan) from 200-800 nm. Samples were prepared by evenly loading the powders
in between two quartz glass plates. The collected reflectance data were then converted
through the Kubelka-Munk function, ot/S = (1 — R)2 /2R (« is absorption coefficient, S is
scattering coefficient, and R is reflectance).

2.6. Photoluminescence Spectra (PL)

Photoluminescence data were recorded at room temperature using a Duetta fluores-
cence and absorbance spectrometer from Horiba scientific (Kyoto, Japan). Fluorescence
measurements of single crystals of 1 or 2 were collected at different states. Since 1 and 2
undergo mechanochromic shifts in emission that resemble those of outgassed samples, the
fluorescence spectra were collected in both the as-made and outgassed states. To collect
fluorescent measurements for as-made samples, reactions were filtered off, washed with
DMEF and immediately measured. Outgassed samples were dried prior to treatment with
the specified solvent exchanged measurements without grinding.

2.7. Internal Quantum Yield Measurements (QY)

Internal quantum yield measurements were measured on a C9920-02 absolute quan-
tum yield system from Hamamatsu Photonics (Shizuoka, Japan). The light source is a
150 W xenon monochromatic with a 3.3 inch integrating sphere. Either sodium salicylate
(360 nm excitation) or cerium-doped yttruim aluminum garnet (YAG:Ce, 450 nm excitation)
were used as standards for QY measurements with QY values of 60% and 95% at their
respective wavelengths.
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2.8. Chemical Stability Experiments

The chemical stability of 1 and 2 was explored: in brief, approximately 20 mg of 1 or
2 was immersed into 10 mL of different solutions of varying pH and allowed to set for
48 h. Samples were collected through vacuum filtration, washed with 3 aliquots of water
(20 mL) and 3 aliquots of N’,N’-Dimethylformamide (10 mL). After washing, samples were
collected and used to collect PXRD patterns.

2.9. Fluorescent Sensing Experiments

Fluorescent measurements for the detection of CS, were performed using 5 mg of 1and
2 previously ground in an agate mortar and pestle with 2 mL of DMF. The resulting slurry
was then pipetted into a cuvette. Grinding in DMF allows for the formation of fine powder
without affecting the luminescence profile of the as-made samples (mechanochromic
behavior if ground dry, Figure 519). The PL spectra of the outgassed samples may be
replicated after extensive grinding. Under continuous stirring, CS, was added in and
allowed to stir for 5 min in between sample measurements of increasing concentration
of CSZ

2.10. In-Situ Infrared Spectroscopy (FTIR)

In-situ IR measurements were performed on a Nicolet 6700 FTIR spectrometer (Waltham,
MA, USA) using a liquid Ny-cooled mercury cadmium telluride (MCT-A) detector. A vac-
uum cell is placed in the sample compartment of the infrared spectrometer with the sample
at the focal point of the beam. The samples (~5 mg) were gently pressed onto KBr pellets
and placed into a cell that was connected to a vacuum line for evacuation. The samples of
1 and 2 were activated by evacuation overnight at 150 °C, respectively, and then cooled
back to room temperature for CS, vapor exposure measurement.

2.11. Computational Methods

We explored the interactions of the CS, with the LMOFs by looking at the charge
rearrangement upon binding of the CS, by subtracting CS, and framework charge densities
from the CS; + framework charge density. This allowed us to see how the guest molecules
rearranged the charge density of the system. The charge densities were obtained by first
calculating the optimized structures in the Vienna Ab initio Simulation Package (VASP) [30,31]
at the DFT level with the vdW-DF exchange-correlation functional [32-34] in order to
capture the long range van der Waals interactions between the CS; and the framework.
Optimizations were performed until SCF loops reached an energy convergence of 1 x 10~
eV and forces were below 1 meV/A for each atom. Only the I-point was considered with a
plane-wave energy cutoff of 600 eV. Once the optimizations were completed, the charge
density images were created using the aforementioned methods.

3. Results and Discussion

Here, we report the synthesis of Zrg(u3-O)4(OH)g(tcbpe)2(H20)s (1) and Zrg(us-
0)4(OH)g(tcbpe-F)»(H,0)4 (2) through modified conditions [35] using ZrOCl,-xH,O,
Hytcbpe (or Hytcbpe-F), DMA (N,N’-dimethylacetamide) and formic acid at 120 °C for
48 h. Compound 1 crystallizes in an orthorhombic crystal system, space group Cmcm
with ZrgO4(OH)g(H,0)4 secondary-building units (SBUs) that are bridged together by
4-connected organic linkers. The overall structure is a two-fold interpenetrated network
with scu topology (Figure 1a—d). Single crystals for 2 were not solved but the PXRD patterns
of as-made 1, as-made 2, and the simulated diffraction pattern of 1 are in good agreement,
suggesting it is isoreticular to 1 (Figure 2a). Both compounds inherit flexibility from their
interpenetrated network where the nature of the solvent within the pores can alter the
structure slightly. Compound 1 was previously reported under packing with solvents such
as DMF, EtOH, Et,O, MeOH, and toluene; here we include the single crystal structure for
the altered packing with DMA molecules within the pores (CCDC: 2005129). The chemical
stability of 1 and 2 in water and acidic/basic aqueous solutions at room temperature was
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confirmed by PXRD analysis (Figure 2b and Figure S1, Electronic Supporting Information
(ESI)). The thermal stability of the two compounds was evaluated by thermogravimetric
(TG) analysis. Both compounds remained highly crystalline upon heating at 150 and 200
°C for 6 h, as confirmed by PXRD patterns (Figures S2 and S3).

Figure 1. Crystal structure of 1. (a) 8-connected zirconium SBU, (b) two-fold interpenetrated nets along the crystallographic
a-axis, (c) b-axis, and (d) c-axis.

As demonstrated in previous work, the incorporation of a strongly emissive ligand
with aggregation induced-emission (AIE) properties into a framework results in highly
emissive LMOFs [28,29,36-38]. The optical properties of 1 and 2 were analyzed by UV-Vis
and photoluminescence (PL) spectroscopy. Under the excitation of UV light (365 nm) 1
has an emission centered at 457 nm (blue color) with a relatively high internal quantum
yield (IQY) of 68%. Upon outgassing, 1 undergoes a bathochromic shift and emits at
532 nm (green color) under 455 nm excitation (Figure S4, ESI). An IQY value of 69% is
achieved. Similarly, the as-made sample of 2 exhibits an emission peak centered at 492 nm
under 365 nm excitation and an IQY value of 48.7%. Upon fully outgassing, 2 displays
an emission centered at 557 nm under 455 nm excitation with a significantly increased
IQY value of 73.6% (Figure S5, ESI). The emission profiles of the individual ligands used
in the assembly of 1 and 2 resemble the emission profiles of the outgassed versions of
both materials (Figure S6, ESI). The observed shift in emission of 1 and 2 corresponds
well with their optical band gap shifts from 2.72 eV to 2.44 eV (Figure S7, ESI) and from
2.53 eV to 2.42 eV (Figure S8, ESI) in the as-made and outgassed samples, respectively.
To outgas samples and retain permanent porosity we referred to a previously published
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technique that exploits the use of organic solvents with low dipole moments and surface
tension due to the structural sensitivity upon outgassing [39]. Briefly, samples were solvent
exchanged with dimethylformamide, dichloromethane and finally hexane without letting
samples dry in between steps. Small amounts of samples were removed and studied by
TGA to ensure complete removal of solvents in between solvent exchange steps (Figure
510, ESI). Using this solvent exchange strategy, N isotherms collected at 77 K indicate that
1 has a Brunauer-Emmett-Teller (BET) surface area of ~527 m?/g with a pore size of ~6 A
(Figure S11, ESI). The pore size distribution analysis suggests that 1 is microporous, with
a pore diameter of ~5.8 A. Furthermore, the flexible nature of the framework is seen as
the structure undergoes significant peak shifting upon outgassing, and this flexible nature
will be explained later (Figure S12, ESI). Both 1 and 2 are stable in either aqueous, acidic,
or high boiling point solvents which prompted us to study their sensing performance
under these solvent systems. Upon the addition of CS; to 1 and 2 we noted the following
changes: i) significant decrease in luminescence intensity; ii) large bathochromic shift in
the optical band gap; iii) slight structural alternations upon packing of CS, that manifest as
shift in peaks of their respective PXRD patterns. Subsequent photoluminescence studies
reveal that 1 and 2 are good sensors for the detection of CS;. The addition of CS, at
various concentrations to suspensions of 1 (Figure 2c) in DMA led to gradual decrease
in the overall luminescent intensity associated with a color change (Figure 2e,f). We then
tested the quenching efficiency of 1 and 2 in low concentrations of CS; (in the range of
0 to 350 uM, Figures 513 and S14, ESI). From this information we applied a Stern-Volmer
analysis (Figures 515 and 516, ESI), where we observed a linear decrease in luminescence
intensity with regards to the concentration of analyte. From the Stern—Volmer plots, we
calculated the limit of detection (LOD) for 1 and 2 (based on 30/m) to be 2.89 ppm and
2.58 ppm, respectively. As seen in Figure 2d and Figure S9, ESI, 1 and 2 exhibit a significant
reduction in optical bandgap associated with color change upon exposure to CS,. As-made
samples of 1 and 2 possess band gaps of 2.72 eV and 2.53 eV that shift to 2.38 eV and
2.36 eV, respectively. To understand the PL quenching mechanism, we investigated the
possibility of both energy transfer and electron transfer processes. The optical absorption
spectrum of CS, and the emission profiles of 1 and 2 show no spectral overlap (Figure 3a
and Figure S17, ESI), clearly suggesting that there is essentially no energy transfer [40].
The quenching is likely due to the electron transfer as described in detail in our previous
studies [40-43]. Previous work has demonstrated that the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of a
LMOF can be altered through the functionalization of the organic linker [44] which can
improve the efficiency of the electron transfer process. In this study, we selected fluorine for
the ligand functionalization as the process can be carried out by Suzuki cross coupling, and
as it is small enough not to cause a severe steric effect resulting in a different structure [45].
Indeed, the overall connectivity and topology of the resulting MOF was retained thus
generating an isoreticular structure. However, the results from our sensing experiments
suggest that fluorine functionalization did not provide a noticeable improvement to the
overall quenching performance. To demonstrate the selectivity of the MOF, we also tested
the change in luminescence of sample 1 when suspended in other common volatile organic
compounds (VOCs) including dichloromethane, ethyl acetate, acetone, methanol, benzene,
and toluene. In all cases, very little quenching was observed (Figure S520).
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washed and outgassed). (b) PXRD patterns of the as-made 1 and CS;-loaded 1 and 2. (c) The PXRD patterns of 1 after three
cycles of regeneration upon exposure to CS;, 1 M HCI, and DMF.

In addition, PXRD analysis on both 1 and 2 recovered after exposure to CS; indicates
structural changes related to the packing of the interpenetrated nets as the shifts in the
diffraction peaks correspond mainly to the (2 2 0) and (1 3 1) planes (Figure 3b). The
PXRD patterns of the as-made samples of 1 and 2 are nearly identical with no obvious
shifts in the peak positions, suggesting that, even with the addition of the fluorine atom
to the organic linker, the packing of the interpenetrated nets remains the same and that
the shifting between the two nets is a direct result from the loading of CS,. Exposing
CS;-loaded samples of 1 to dilute HCI reverts the structures to their original as-made
form with respect to both structural and luminescent profiles, and samples maintain their
crystallinity for up to three cycles (Figure 3c). To understand the analyte interactions that
occur within the framework at the molecular level and identify potential interaction sites
within the system we used in-situ IR spectroscopy to probe the interaction of 1 and 2 upon
exposure of CS, in the vapor phase. The IR measurements were conducted to monitor
changes in the vibrational modes of 1 or 2 before and after exposure to 3 Torr of CS,.
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The spectra were collected in-situ during the exposure to CS, and desorption under
evacuation of gas phase. Carbon dioxide, a close relative to CS;, is known to interact
strongly with Zr-MOFs through the Zr metal nodes. [46] The spectroscopic results here on
CS; also reveal that the molecule has a prominent interaction with bridged p3-OH bonds
from the Zrg SBU. In addition, it also interacts with the C-H bonds of the organic linkers in
both 1 and 2 (Figure 4a and Figure S18, ESI), as evidenced by following observations. First,
upon exposure to CSy, the vibrational bands of both 1 and 2 at 3674 cm?, corresponding to
stretching modes v(u3-OH) of the Zrg node [47], show an obvious red shift in the difference
spectra (Figure 4a). Furthermore, the in plane and out of plane C-H vibrational modes
of the organic linkers at 1200-600 cm ™" are significantly perturbed. In addition to these
changes in the vibrational bands of 1 and 2, the spectra of adsorbed CS; collected under
desorption also show notable differences with respect to those of free CS; (Figure 4a and
Figure S17, ESI). Specifically, the hot band (v; + v3) exhibits a much sharper peak centered
at 2164 cm ™! [48]. As seen in the desorption profiles, the application of a static vacuum is
capable of desorbing CS, from the framework, indicative of a relatively weak interaction.
Thus, the in-situ IR study not only confirms the interaction of CS, with the framework
but also reveals that the hydrogen atoms of the ligand may play a role in the binding
of CS,. To help elucidate the interactions between CS; and the MOF we also employed
DEFT calculations to analyze the electronic structure of CSy-loaded 1. Within the structure
of 1, there are two distinct types of “pockets” near the Zr-SBU where the interactions
between CS; and the framework may occur. As seen in Figure 4b, pocket I sits between
two of the coordinately saturated sites occupied by two organic ligands where Zr-O-C
bonds predominate, and pocket II sits between two Zr atoms and contains two hydroxyl
functional groups where Zr-O-H bonds predominate. The charge rearrangement diagram
shows a significant increase in electron density near the zirconium node (Figure 4c) at an
isolevel of 2 x 10~* eV /A, which indicates a weak bond. It reveals an electron density
contribution from CS; onto the Zr atom, the oxygen atoms directly bonded to Zr, and
the hydrogen atoms of the linker closest to that site. However, it is important to note
that the most preferential binding interaction of CS, and the framework occurs in pocket
IT where the Zr-O-C bonds predominate. While the in-situ IR measurements reveal that
there is a shift in the vibrational modes of the Zr-OH bond of pocket I, the computational
calculations find pocket II to be a more favorable binding site. The sulfur atom binds in a
head-on fashion and the zirconium node experiences a significant loss in electron density
with a calculated binding energy between 300-500 meV. However, it would be feasible
to assume that exposure to excess CS, will first occupy all the most preferential binding
sites and then occupy the remaining Zr-OH bonds of SBU within the framework, which
explains the observed IR shift.
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shown due to its prohibitively high intensity. (b) The two distinct pockets in the MOF structure that are surrounded by Zr-O
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4. Conclusions

In conclusion, we have synthesized and characterized two robust and isoreticular
Zr-based LMOFs with underlying scu topology and two-fold interpenetration. Both 1
and 2 are strongly emissive with high PL quantum yields of 68% (69%) and 49% (74%),
respectively in as-made (outgassed) form. Investigation of their use as fluorescent sensors
for the detection of CS, shows that both compounds exhibit a bathochromic shift in their
optical absorption spectra and significantly reduced emission intensity upon exposure
to CS,. Luminescent sensing experiments reveal that both are capable of sensing CS, in
solutions of DMA with detection limits of 2.89 ppm and 2.58 ppm, respectively. Upon
adsorption of CS,, subtle shifts in the PXRD patterns imply that the packing of the two
interpenetrated nets is altered. To confirm the molecular interactions occurring between
CS; and the framework, in-situ IR experiments were performed upon exposure to CS,.
These results confirm that CS, interacts with the OH- groups from the Zr-SBU and the C-H
groups from the organic linker. DFT calculations further corroborate this conclusion and
suggest that the preferential binding sites for CS, occur closest to the oxygen atoms from the
carboxylic acid group that coordinates directly to the Zr-SBU. This work provides another
example where luminescence-based sensing can be achieved via host-guest interactions
that occur between the analyte and Zr-based MOFs. Our work demonstrates a new host-
guest interaction that may be useful for the future development of highly sensitive MOF
materials capable of sensing CS, in the vapor phase.
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Abstract: Reactions of the semi-rigid N,N’-bis(3-pyridyl)terephthalamide (L) with divalent metal
salts in the presence of dicarboxylic acids afforded [Cd(L)5(1,2-BDC)(H,O)], (1,2-H,BDC = benzene-
1,2-dicarboxylic acid), 1, {[Cd(L); 5(1,3-BDC)(H,0)]-5H, 0}, (1,3-H,BDC = benzene-1,3-dicarboxylic
acid), 2a, {[Cd(1,3-BDC)(H,0)3]-2H,0}y, 2b, {[Cd(L)o 5(1,4-BDC)(H,0),]-Hy O}y, (1,4-HyBDC = benzene-
1,4-dicarboxylic acid), 3, and [Cu(L) 5(5-tert-IPA)], (5-tert-IPA = 5-tert-butylbenzene-1,3-dicarboxylic
acid), 4, which have been structurally characterized by single crystal X-ray diffraction. Complexes
1 and 3 are two-dimensional (2D) layers with the bey and the hcb topologies, and 2a and 2b are
one-dimensional (1D) ladder and zigzag chain, respectively, while 4 shows a 3-fold interpenetrated
three-dimensional (3D) net with the cds topology. The structures of these coordination polymers
containing the semi-rigid L ligands are subject to the donor atom positions and the identity of the
dicarboxylate ligands, which are in marked contrast to those obtained from the flexible bis-pyridyl-
bis-amide ligands that form self-catenated nets. The luminescence of 1 and 3 and thermal properties
of complexes 1, 3, and 4 are also discussed.

Keywords: coordination polymers; semi-rigid ligand; ligand isomerism; ligand flexibility

1. Introduction

Coordination polymers (CPs) constructed from metal salts and spacer ligands are
coordination compounds with repeating coordination entities extending in 1, 2, or 3 di-
mensions [1]. As a result of their interesting structures and properties, CPs have been
extensively studied by scientists during recent years [2,3]. Apart from metal ions, a wise
choice of the spacer ligands involving the neutral and the auxiliary polycarboxylate an-
ions are important in determining the structural types of CPs in a mixed ligand system,
which are also subject to counter ions, solvents, temperature, metal to ligand ratio, etc.

The chemistry of CPs containing flexible bis-pyridyl-bis-amide (bpba) ligands has
been investigated extensively during recent year [4]. The ligand-isomerism of the flex-
ible bpba as well as the auxiliary dicarboxylate ligands have been found important
in determining the structural diversity [5-8]. Cd(II) perchlorate CPs constructed from
the flexible and isomeric N,N’-di(2-pyridyl)adipoamide, N,N’-di(3-pyridyl)adipoamide
and N,N’-di(4-pyridyl)adipoamide exhibit a 1D zigzag chain, a 2D pleated sheet, and
a 3D entangled framework, respectively [5], while the Cd(II) CPs comprising N,N’-di(3-
pyridyl)adipoamide ligands are directed by the isomeric 1,2-, 1,3-, and 1,
4-benzenedicarboxylate ligands, resulting in a 1D ladder chain, a 2D layer with loops and
a 3D self-catenated net, respectively [6]. Reactions of the flexible N,N’-di(3-pyridyl)subero-
amide with Cu(II) salts in the presence of the isomeric 1,2-, 1,3-, and 1,4-phenylenediacetic
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acids afforded CPs showing a 3D net with the 3,5T1 topology, a 5-fold interpenetrated
3D net of cds topology, and a 1D self-catenated network [7], while reactions of N,N’-di(3-
pyridyl)suberoamide and Cd(II) salts with the isomeric phenylenediacetic acids afforded
a loop-like 1D chain, a self-catenated net with the (6°-8) topology and a 2D layer with
the sql topology, respectively [8]. Probably, the self-catenated CPs can be achieved by the
manipulation of the ligand-isomerism of the auxiliary polycarboxylate ligands.

We are investigating the CPs comprising the semi-rigid bpba and the dicarboxylate
ligands, in an attempt to elucidate the effect of the rigidity of the neutral spacer on the
structures of CPs supported by the dicarboxylate ligands [9]. In this report, N,N’-bis(3-
pyridyl)terephthalamide (L), Figure 1, and divalent metal salts were used to react with
the isomeric benzene-dicarboxylic acids as well as 5-tert-butylbenzene-1,3-dicarboxylic acid
to investigate the effect of the donor atom position and the identity of the polycarboxy-
late ligands on the structural diversity of CPs with semi-rigid spacer. The syntheses and
structures of [Cd(L)o5(1,2-BDC)(H2O)] (1,2-H,BDC = benzene-1,2-dicarboxylic acid), 1,
{[Cd(L); 5(1,3-BDC)(H20)]-5H,0}x (1,3-H,BDC = benzene-1,3-dicarboxylic acid), 2a, {{Cd(1,3-
BDC)(H;0)3]-2H,0},, 2b, {[Cd(L)y5(1,4-BDC)(H,0),]-H,0}, (1,4-H,BDC = benzene-1,4-
dicarboxylic acid), 3, and [Cu(L)os5(5-tert-IPA)], (5-tert-IPA = 5-tert-butylbenzene-1,
3-dicarboxylic acid), 4, form the subject of this report. Thermal and luminescent proper-
ties of the available complexes are also discussed.

Oyt -
L o oH

5-tert-H,IPA
HO 0o
HO:! (o] o OH
0 HG o OH
1,2-H,BDC 1,3-H,BDC 1,4-H,BDC

Figure 1. Structures of L, 5-tert-butylbenzene-1,3-dicarboxylic acid (5-tert-H,IPA), benzene-
1,2-dicarboxylic acid (1,2-H,BDC), benzene-1,3-dicarboxylic acid (1,3-H,BDC), and benzene-1,4-
dicarboxylic acid (1,4-H,BDC).

2. Materials and Methods
2.1. General Procedures

Elemental analyses were performed on a PE 2400 series II CHNS/O (PerkinElmer In-
struments, Shelton, CT, USA). Solid state IR spectra were measured on a JASCO FT/IR-460
plus spectrometer (JASCO, Easton, MD, USA). Powder X-ray diffraction (PXRD) patterns
were carried out on a Bruker D2 PHASER diffractometer (Bruker Corporation, Karlsruhe,
Germany). Solid state emission spectroscopy was done using a Hitachi F-4500 spectrometer
(Hitachi, Tokyo, Japan). TGA curves were obtained form an SII Nano Technology Inc.
TGA/DTA 6200 analyzer (Seiko Instruments Inc., Torrance, CA, USA) in 30-800 °C under
a nitrogen atmosphere.
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2.2. Materials

The reagent Cu(OAc),-H,O was purchased from SHOWA Co. (Saitama, Japan), 5-tert-
butylbenzene-1,3-dicarboxylic acid (5-tert-H,IPA) from Aldrich Co. (Wyoming, IL, USA),
benzene-1,2-dicarboxylic acid (1,2-H,BDC), benzene-1,3-dicarboxylic acid (1,3-H,BDC) and
benzene-1,4-dicarboxylic acid (1,4-H,BDC) from ACROS Co. (Pittsburgh, PA, USA), and
Cd(OAc),-2H,0 from Fisher Scientific Co.(Pittsburgh, PA, USA). N,N'-bis(3-pyridyl)tereph-
thalamide (L) was prepared according to published procedures [10].

2.3. Preparations
2.3.1. [Cd(L)y5(1,2-BDC)(H,0)]n, 1

A mixture of Cd(OAc),-HO (0.027 g, 0.10 mmol), L (0.032 g, 0.10 mmol), benzene-1,2-
dicarboxylic acid (1,2-H,BDC) (0.017 g, 0.10 mmol), and 10 mL of 0.01 M NaOH solution in
water was sealed in a 23 mL Teflon-lined stainless steel autoclave which was heated under
autogenous pressure to 120 °C for two days and then the reaction system was cooled to
room temperature at a rate of 2 °C per hour. Colorless crystals suitable for single-crystal
X-ray diffraction were obtained which were washed with water and dried under vacuum.
Yield: 0.022 g (49%). Anal. Calcd for C17H13CdN,Os (MW = 453.69): C, 45.00; H, 2.89; N,
6.17%. Found: C, 44.99; H, 3.05; N, 6.16%. FT-IR (cm~1): 3500(w), 3068(m), 1676(s), 1612(s),
1550(s), 1488(s), 1430(s), 1378(s), 1336(m), 1301(s), 1198(m), 1108(m), 800(m), 760(m), 731(m),
696(m).

2.3.2. {[Cd(L); 5(1,3-BDC)(H,0)]-5H,0},, 2a, and {[Cd(1,3-BDC)(H,0)3]-2H,0},,, 2b

Prepared by following the similar procedures for 1 except that 1,3- H,BDC was re-
acted at 90 °C. Different colorless crystals with poor crystallinity were obtained, which
were difficult to be separated manually. Careful test of the crystals showed that two com-
plexes {[Cd(L); 5(1,3-BDC)(H,0)]-5H,0}y, 2a, and {[Cd(1,3-BDC)(H,0)3]-2H,0},,, 2b, can
be found, which were structurally characterized by using single crystal X-ray crystallog-
raphy. Although the X-ray crystallography data of 2a are humble, its structure can be
clearly identified.

2.3.3. {[Cd(L)o5(1,4-BDC)(H,0),]-H,O}y, 3

Prepared by following the similar procedures for 1 except that benzene-1,4-dicarboxylic
acid (1,4-H,BDC) (0.017 g, 0.10 mmol) was used. Yield: 0.026 g (38%). Anal. Calcd
for C17H;5CdN,O7-H,O (MW = 489.74): C, 41.69; H, 3.50; N, 5.72%. Anal. Calcd for
C17H15CdN,O7 (without cocrystallized water molecule) (MW = 453.69): C, 45.00; H, 2.89;
N, 6.17%. Found: C, 44.25; H, 3.35; N, 6.85%. FT-IR (cm™'): 3677(w), 3303(m), 1673(m),
1608(m), 1552(s), 1488(s), 1386(s), 1332(s), 1295(s), 1203(m), 1120(m), 1012(w), 885(w), 838(s),
806(m), 746(m), 698(m), 646(m), 528(w).

2.3.4. [Cu(L)y5(5-tert-IPA)],, 4

Prepared as described for 1 except Cu(OAc),-H,O (0.020 g, 0.10 mmol), L (0.032 g,
0.10 mmol), 5-tert-HoIPA (0.021 g, 0.10 mmol) and 10 mL of 0.01 M NaOH solution in
water were used. Yield: 0.014 g (32%). Anal. Calcd for CyH1j9CuN,O5 (MW = 442.92):
C, 56.71; H, 4.31; N, 6.30%. Found: C, 56.08; H, 3.99; N, 6.46%. FT-IR (cm~!): 3271(m),
3203(m), 3118(m), 3066(m), 2970(m), 1680(s), 1625(s), 1583(s), 1543(s), 1479(m), 1444(s),
1421(s), 1378(s), 1331(s), 1305(m), 1279(s), 1238(m), 1189(m), 1112(m), 1053(w), 1016(w),
865(w), 806(m), 773(m), 748(m), 721(s), 692(s), 634(w).

The experimental powder X-ray patterns of 1, 3, and 4 match quite well with their
simulated ones, indicating the bulk purities, Figures S1-S3.

2.4. X-ray Crystallography

A Bruker AXS SMART APEX II CCD diffractometer (graphite-monochromated MoK
=0.71073 A) was used to collect the diffraction data of complexes 1-4 [11]. Data reduction
was performed by standard methods with use of well-established computational proce-
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dures, involving Lorentz and polarization corrections and empirical absorption correction
based on “multi-scan”. Heavier atom positions were located by the direct method and
the other atoms were found in alternating difference Fourier maps and least-square refine-
ments. The hydrogen atoms except those of the water molecules were added by using the
HADD command in SHELXTL 6.1012 [12]. Table 1 lists the crystal data for 1, 2b, 3, and 4,
while those of 2a are provided in the Supplementary Materials.

Table 1. Crystal data for complexes 1-4.

1 2b 3 4
Formula C17H13CdN206 Cg H14 Cd 09 C17H]7Cszog Cz] H19C11N205
Formula weight 453.69 366.59 489.72 44292
Crystal system Monoclinic Triclinic Triclinic Monoclinic
Space group P2y /c P1 P1 C2/c
a, A 14.6784(10) 10.2076(3) 6.34570(10) 21.600(3)
b, A 5.8992(3) 11.1103(3) 9.4314(2) 10.6511(15)
o A 19.8917(11) 12.6791(3) 16.7255(3) 17.041(2)
w,° 90 102.1594(10) 100.8415(12) 90
B,° 107.498(4) 102.2797(10) 95.6385(12) 100.715
v, ° 90 103.5718(10) 104.0750(11) 90
v, A3 1642.74(17) 1313.41(6) 942.66(3) 3852.2(9)
Z 4 4 2 8
Deate, Mg/m® 1.834 1.854 1.725 1.527
F(000) 900 728 490 1824
u(Mo Ky ), mm—1 1.368 1.697 1.206 1.170
Range(26) for data 201
. 91 to 52.00 3.42 to 56.63 4.70 to 56.63 3.84 to 56.52
collection, deg
3173 6502 4703 4756

Independent reflections [R(int) = 0.0794] [R(int) = 0.0306] [R(int) = 0.0344] [R(int) = 0.0847]

Data/restraints / parameters 3173/0/241 6502/0/348 4703/0/269 4756/492 /285
quality-of-fit indicator © 1.004 1.003 1.034 1.059

Final R indices R1 =10.0436, R1=10.0305, R1=0.0303, R1=10.0589,
[1>20(D)] *P wR2 = 0.0561 wR2 = 0.0965 wR2 = 0.0596 wR2 =0.1310

R indices (all data) R1 =10.0886, R1=10.0331, R1=0.0418, R1 =0.0950,
wR2=0.0638 wR2 = 0.0994 wR2=0.0633 wR2=0.1486

ARy = X||Fo | — 1 Ec[| /Z1Fo . P WRy = [Ey (Fo2—F2)2 /Ew(E 212, w = 1/[0(Fo2) + (ap)® + (bp)], p = [max(F,? or 0) + 2(F-2)1/3. a = 0.0195,
b = 0.0000 for 1; a = 0.0624, b = 1.6811 for 2b; a = 0.0276, b = 0.1920 for 3; a = 0.0634, b = 0.0000 for 4. © quality-of-fit = [Zy(| Fo2l —
‘ FCZ I )2/(Nobserved - Nparameters)]]/z'

3. Results
3.1. Structure of 1

A single-crystal X-ray diffraction analysis shows that 1 crystallizes in the monoclinic
space group P21/c. The asymmetric unit consists of one Cd(Il) cation, one half L ligand,
one 1,2-BDC?~ ligand, and one coordinated water molecule. Figure 2a depicts a drawing
showing the coordination environment of Cd(Il), which is seven-coordinated by six oxygen
atoms from three independent 1,2-BDC?~ ligands, one water molecule [Cd-O = 2.291(3)
— 2.524(3) A] and one pyridyl nitrogen atom from the L ligands [Cd-N = 2.273(4) A],
resulting in a distorted pentagonal bipyramidal geometry. The metal atoms are linked
by the 1,2-BDC?~ ligands to form 1D linear chains with various dinuclear units and the
distances between the two Cd(II) metal centers are 5.0180(2) and 3.9650(2) A for the large
and small rings, respectively, Figure 2b. The 1D chains are further linked together by the L
ligands to afford a 2D layer. If the Cd(II) cations are defined as 4-connected nodes and the
1,2-BDC?~ cations as 3-connected nodes, while the L ligands as linkers, the structure of
complex 1 can be regarded as a 3,4-connected 2D net with the (42.63,8)(42.6)—bey; 3,41.83
topology, Figure 2c, determined by using ToposPro program [13].
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Figure 2. Figure 2. (a) Coordination environment of Cd(Il) ion in 1. Symmetry transformations used
to generate equivalent atoms: (A)x, y+1,z(B) —x+1, -y +1,—z+1(C)x,y —1,z(D) —x +2, -y
+4, —z + 1. (b) A drawing showing the 1D chain linked by the 1,2-BDC?~ ligands. (c) A drawing
showing the 2D layer with the bey topology.

3.2. Structures of 2a and 2b

Crystals of 2a conform to the triclinic space group P1. The asymmetric unit consists
of one Cd(II) cation, one and a half L ligands, one 1,3-BDC%~ ligand, one coordinated
water molecule, and five cocrystallized water molecules. Figure 3a depicts a drawing
showing the coordination environment about Cd(II), which is six-coordinated by three
oxygen atoms from two 1,3-BDC?~ ligands [Cd-O = 2.017(6) — 2.220(6) A], one coordinated
water molecule [Cd-O = 2.074(6) A], and two pyridyl nitrogen atoms from the two L
ligands [Cd-N = 2.193(6) and 2.225(7) A], resulting in a distorted octahedral geometry. The
metal atoms are linked by the 1,3-BDC%~ ligands to form 1D ladder chains with bidentate
bridging L as rungs and monodentate L dangling on the two supporting sides, Figure 3b.
Interestingly, the 1D ladder chains are further reinforced by the L ligands through the m—
interactions (3.74, 3.86, and 3.73 A) to afford a 2D layer, Figure 3c.
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Figure 3. (a) Coordination environment of Cd(Il) ion in 2a. Symmetry transformations used to
generate equivalent atoms: (A) x + 1, y, z. (b) A drawing showing the 1D ladder chain with dangling
L ligands on the sides. (c) A drawing showing the 2D layer supported by the 7—m interactions
(purple dashed lines).

Crystals of 2b conform to the triclinic space group PT1 and each asymmetric unit
consists of two Cd(II) cations, two 1,3-BDC2~ ligands, six coordinated water, and four
lattice water molecules. Figure 4a depicts a drawing showing the coordination environment
of Cd(II), which is seven-coordinated by seven oxygen atoms from two 1,3-BDC?~ ligands,
three water molecules [Cd-O = 2.277(3) — 2.423(2) A], resulting in a distorted pentagonal
bipyramidal geometry. The Cd(II) cations are further linked together by 1,3-BDC?~ to
afford 1D chain, Figure 4b. It is noted that solvothermal reaction of Cd(CH3COO),-2H,O
with 1,3-H,BDC in DMF/H,O afforded a 3D framework in which the 1,3-BDC2~ ligand
bridge four Cd(Il) ions [14], while replacement of 1,3-H,BDC with 1,4-H,BDC gave a 1D
zigzag chain [14,15]. A comparison with the structure of 2b indicates that the structures of
the Cd(IT)-BDC?~-based complexes are subject to the donor atom positions of the BDC2~
ligands and the solvent system.
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Figure 4. (a) Coordination environment of Cd(II) ion in 2b. Symmetry transformations used to
generate equivalent atoms: (A)x,y+1,z—-1(B)x,y —1,z+1(C) —x+1, —y + 1, —z. (b) A drawing
showing the 1D chain.

3.3. Structure of 3

The structure of 3 was solved in the triclinic space group P1 and each asymmetric
unit consists of one Cd(II) cation, a half L ligand, two halves of a 1,4-BDC%~ ligand,
two coordinated water, and one lattice water molecules. Figure 5a depicts a drawing
showing the coordination environment of Cd(II), which is six-coordinated by five oxygen
atoms from two 1,4-BDC?~ ligands, two water molecules [Cd-O = 2.2306(18) — 2.3644(17)
Al and one pyridyl nitrogen atom from the L ligand [Cd-N = 2.3445(19) A], resulting in a
distorted octahedral geometry. The Cd(II) cations are further linked together by 1,4-BDC2~
to afford 1D chains, Figure 5b, which are further linked by the L ligands to form a 2D layer.
Considering the Cd(II) cations as 3-connected nodes and the organic ligands as linkers,
the structure of complex 3 can be simplified as a 3-connected net with the 63-hcb topology,
Figure 5¢, determined by using ToposPro program [12].

3.4. Structure of 4

X-ray diffraction analysis reveals that crystals of 4 conform to the monoclinic space
group C2/c with each asymmetric unit comprising one Cu(Il) cation, one 5-tert-IPA>~,
and one half L. The Cu(Il) metal center, Figure 6a, is five-coordinated by four oxygen
atoms from four independent 5-tert-TPA?~ ligands [Cu-O = 1.962(3) — 2.027(2) Al and
one pyridyl nitrogen atom from the L ligand [Cu-N = 2.190(3) A], resulting in a distorted
square pyramidal geometry (75 = 0.006). Dinuclear paddlewheel Cu(II) units are linked by
four 5-tert-IPA?~ ligands to form 1D looped chains, Figure 6b, with a distance of 2.7002(3)
A between the two Cu(ll) ions, which are further linked by the L ligands to form a 3D
framework. ToposPro program reveals that the structure of 4 can be regarded as a 4-
connected net with the (6°-8)-cds topology, Figure 6c, showing 3-fold interpenetration,
Figure 6d, if the dinuclear Cu(II) units are considered as 4-connected nodes.

The structural topology of 4 is the same as that of [Zn(L)q 5(5-tert-IPA)], [9], indicat-
ing that the metal identity has no effect on the structural diversity of CPs constructed
from the semi-rigid L and 5-tert-H,IPA, which is in marked contrast to those from the
flexible bpba ligands [6]. For example, reactions of Zn(Il) and Cd(Il) salts with N,N’-di(3-
pyridyl)adipoamide and 1,2-H,BDC afforded a 1D double-looped chain and a 2D layer,
while with 1,3-H,BDC gave a 3-fold interpenetrated hcb layers and a 1D ladder chain,
respectively [6]. The metal effect on the structural diversity of CPs is thus subject to the
flexibility of the bpba spacer ligands.

3.5. Ligand Conformation and Bonding Mode

The ligand conformation of L can be determined by considering the relative orientation
of the two C=0 groups, which forms cis and trans if the C=O groups appear in the same
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and the opposite direction, respectively [9]. On the other hand, the anti-anti, syn-anti, and
syn-syn designations, based on the relative positions of the pyridyl nitrogen and amide
oxygen atom, can also be shown [4,16]. The number of possible ligand conformations is
thus quite less than that of the flexible bpba ligands with methylene carbon atoms as the
spacer [4]. According to the descriptor for L, the ligand conformations of L in 1, 2a, and 3
are trans anti-anti, while that in 4 is trans syn-syn.

(b)

Figure 5. (a) Coordination environment of Cd(Il) ion in 3. Symmetry transformations used to
generate equivalent atoms: (A) —x, =y +2, —z+2(B) —x+2, -y +1, =z +2 (C) —x + 3, =y + 2,
—z + 1. (b) A drawing showing the 1D chain supported by the 1,4-BDC?~ ligands. (c) A drawing
showing the 2D layer with the hcb topology.
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(d)

Figure 6. (a) Coordination environment of Cu(II) ion in 4. Symmetry transformations used to generate
equivalent atoms: (A) —x+1, =y, —z+ 1; (B) —x+1,y, =z + 1/2; (C) X, —y, z + 1/2. (b) A drawing
showing the paddlewheel type dinuclear units linked by the 5-tert-IPA?~ ligands. (c) A drawing
showing the 3D net with the cds topology. (d) A drawing showing the 3-fold interpenetration.

Figure 7 shows the coordination modes for the dicarboxylate ligands. The 1,2-HBTC2~
ligands of 1 adopt ji3-k20,0":x0”x?’0”0"", coordination mode I, and the 1,3-BDC?~ ligands
of 2a and 2b adopt j-x20,0":x0”, coordination mode II, and y»-x20,0":x>0" 0", coordi-
nation mode III, respectively, while the 1,4-BDC?~ ligands of 3 display y,-x20,0":x>0" 0",
coordination IV, and ji»-kO:xQ’, coordination V, and the 5-tert-IPA2~ ligands of 4 adopt
14-k0,xk0’:x0”xO", coordination mode VI.
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Figure 7. Coordination modes for the dicarboxylate ligands.

3.6. Ligand Flexibility and Isomeric Effect

Flexible bpba ligands containing different -(CH;),— backbones are susceptible to the
changes of the structural diversity because of the ability to adjust to the stereochemical
requirements [4]. It has been shown that by manipulating the isomeric polycarboxylic
acids, self-catenated CPs based on flexible bpba can be prepared [5-8]. In marked contrast,
while the structural diversity of the Cd(II) CPs based on the semi-rigid L can be directed
by the isomeric BDCZ~ ligands, only low-dimensional networks of 2D layers and 1D
ladder can be found, probably indicating the lack of the flexibility of L to adopt the proper
conformation for the formation of a self-catenated net. The isomeric effect on the structural
diversity of CPs in a mixed system thus relies on the flexibility of the neutral bpba ligands,
not to mention the size and geometry of the metal ions.

3.7. Thermal Properties

Thermal gravimetric analyses (TGA) were carried out to examine the thermal decom-
position of the compounds, Table 2. The samples were recorded from about 25 to 800 °C at
10 °C min~! under a N, atmosphere. As shown in Figure S4, the TGA curve of 1 shows the
gradual weight loss of one coordinated water molecule (calculated 3.97%, observed 4.76%)
in 100-280 °C. The weight loss of 81.83% in 280-800 °C corresponds to the decomposition
of half L and one 1,2-BDC?~ ligands (calculated 71.42%). TGA curve of 3, Figure S5, shows
the gradual weight loss of one cocrystallized water molecule (calculated 3.68%, observed
4.12%) in 40-95 °C. The weight loss of two coordinated water molecules (calculated 7.35%,
observed 8.21%) in 100-350 °C. The weight loss of 66.41% in 360-706 °C corresponds to the
decomposition of one and half L and one 1,4-BDC?~ ligands (calculated 66.19%). As shown
in Figure S6, the TGA curve of 4 shows the weight loss of 81.98% in 250-800 °C corresponds
to the decomposition of half L and one 5-tert-IPA%~ ligands (calculated 85.79%). It is noted
that the starting decomposition temperature of the organic ligands of 4 is significantly
lower than those of 1 and 3, probably indicating that the 2D layers of 1 and 3 are more
stable than the 3-fold interpenetrated net of 4.

Table 2. Thermal properties of 1, 3, and 4.

Weight Loss of Solvent, T, °C  Weight Loss of Ligand, T, °C

Complex (Observed/Calc),% (Observed/Calc),%
1 100-280 (4.76/3.97) 280-800 (81.83/71.42)
40-95 (4.12/3.68)
3 100-350(8.21/7.35) 360-706 (66.41/66.19)
4 250-800 (81.98/85.79)
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3.8. Luminescent Properties

Table 3 summarizes the luminescent properties of L, 1,2-H,BDC, 1,4-H,BDC, 1, and
3. Figures S7-S11 depict the corresponding excitation/emission spectra, which were
measured in the solid state at room temperature. The emissions of L, 1,2-H,BDC and
1,4-H,BDC appear in the range of 340-431 nm, which may be ascribed to the intraligand 7r*
— nor * — 7 transitions, while 1 and 3 in mixed systems show emissions at 416 and 434
nm upon excitations at 318 and 334 nm, respectively. Since oxidation or reduction of Cd(II)
ion is not possible, it is thus not probable that the emissions of 1 and 3 are due to ligand-to-
metal charge transfer (LMCT) or metal-to-ligand charge transfer (MLCT) [17]. Therefore,
these emissions may be attributed to ligand-to-ligand charge transfer (LLCT). The blue-
and red-shift of the emission wavelengths of 1 and 3 with respect to their corresponding
organic ligands may be ascribed to the different dicarboxylate ligands that result in different
structural types.

Table 3. The excitation and emission wavelengths of L,1,2-H,BDC, 1,4-H,BDC and complexes 1 and
3 in solid state.

Ligand. Aex (nm) Aem (nm) Complex Aex (nm) Aem (nm)
L 276 431 1 318 416
1,2-H,BDC 283 340 3 334 434
1,4-H,BDC 277/331 384

4. Conclusions

Divalent CPs constructed from the semi-rigid L, polycarboxylic acids, and metal salts
have been synthesized successfully under hydrothermal reactions. Complexes 1 and 3
are 2D layers with the bey topology and the hcb topology, and 2a and 2b form a 1D
ladder and a zigzag chain, respectively, while 4 is a 3-fold interpenetrated 3D nets with
the cds topology. The structures of 1-4 are subject to the changes of the polycarboxylate
ligands, indicating the effect of the ligand identity as well as the ligand isomerism on
the structural diversity. While the flexible bpba are more likely to form self-catenated
nets by the manipulation of the isomeric dicarboxylate ligands, the structural diversity is
limited for semi-rigid L, presumably due to the lack of the flexibility to adopt the proper
conformations for the formation of the entangled CPs.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2624-854
9/3/1/1/s1. Powder X-ray patterns (Figures S1-S3). TGA curves (Figures S4-S6). Emission Spectra
(Figures S7-S11). X-ray data for 2a (Tables S1-S3). Crystallographic data for 1, 2b, 3, and 4 have been
deposited with the Cambridge Crystallographic Data Centre, CCDC No. 2046035-2046038.
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Abstract: The biomolecule chelidonic acid (Hpchel, 4-oxo-4H-pyran-2,6-dicarboxylic acid) has been
used to build new coordination polymers with the bridging N,N’-ligands 4,4’-bipyridine (4,4-bipy)
and 1,2-bis(4-pyridyl)ethane (bpe). Four compounds have been obtained as single crystals: 1D
cationic coordination polymers [M(4,4-bipy)(OH,)4]?* with chelidonate anions and water molecules
in the second coordination sphere in !s[Zn(4,4-bipy)(H,0)4]chel-3H,0 (2) and in the two pseu-
dopolymorphic 1oo[Cu(4,4-bipy)(HZO)4]Chel~nH20 (n =3, 4a; n = 6, 4b), and the 2D neutral coordina-
tion polymers % [Zn(chel)(4,4-bipy)(H,0)]-2H,0 (1) and 2c[Zn(chel)(bpe)(H,0)]-H,O (3) where the
chelidonate anion acts as a bridging ligand. The effects of the hydrogen bonds on the crystal packing
were analyzed. The role of the water molecules hosted within the crystals lattices was also studied.
Keywords: zinc complexes; copper(ll) complexes; coordination polymers; chelidonic acid;
metallosupramolecular compounds; H-bonding pattern; X-ray diffraction

1. Introduction

Chelidonic acid (Hychel, 4-oxo-4H-pyran-2,6-dicarboxylic acid) is a biomolecule found
in several plants and is considered to be an active component of some medicinal herbs [1].
The compound exhibits some pharmacological effects such as mild analgesic, antimicrobial,
oncostatic and sedative [2] effects and its therapeutic potential in allergic disorders [1],
intestinal inflammation [2] and regulation of depression associated with inflammation [3]
have been investigated. From the point of view of coordination chemistry, Hychel after de-
protonation is an angular dicarboxylate that can act as a linker between metal ions to yield
coordination polymers. From the supramolecular point of view, chel>~ presents several
oxygen atoms that can act as hydrogen acceptors towards biologically important hydrogen
donors such as water molecules. In this way, the dianion chelidonate can be considered a
biologically and environmentally interesting building block for the construction of new
metallosupramolecular compounds. This kind of building blocks offers advantages such as
its natural availability, the presence of various metal-binding sites which allow the display
of different coordination modes and consequently a structural diversity and the possibility
of establishing different hydrogen bonds patterns in aqueous media.

Several structural studies on metal chelidonates that are coordination polymers of
different dimensionality can be found in the literature: 1D compounds with Zn(II) [4],
Cu(II) [5,6], Dy(III)-Ba(II) [7] or Lu(IIl) [8], 2D systems with several lanthanide cations [8]
and also with Cu(II) [9] and 3D polymers with Cd(II) [5], Cu(II) and Ag(I) [9], Pr(III), Nd(III),
Sm(III), Lu-Ba and Sm-Ba [7] and with Ba(II) [10]. In all these compounds the chelidonate
is the only ligand used. However, the structural information available on mixed ligand
chelidonate coordination polymers is scarce. To the best of our knowledge only a few
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examples have been reported: 1D coordination polymers with monodentate ligands such
as pyridine [11] or dmso [12] and with the bidentate chelating ligand 2,2’-bipyridine [13],
which also stabilised the 2D copper(Il) coordination polymer 2,[Cu(chel)(bipy)] [13]. In
all of these coordination polymers the chelidonate dianion behaves as a bridging ligand
between two, three or four metal centres with the coordination modes shown in Scheme 1.

»
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Scheme 1. Coordination modes of the chelidonate ligand in coordination polymers.

In view of these previous results on the role of the chelidonate anion in coordina-
tion polymers, we decided to study its coordinative possibilities and supramolecular
role in aqueous media in systems that contain the bridging N,N’-ligands 4,4-bipyridine
(4,4-bipy) and 1,2-bis(4-pyridyl)ethane (bpe), which can facilitate the extension of the
metal-ligand interaction in at least one direction. The aim of this work was to prepare
crystalline solids of coordination polymers formed with chelidonate anions to analyse their
coordinative behaviour, searching for new coordination modes, and to study their partici-
pation in the supramolecular arrangements, searching for new hydrogen bond patterns in
aqueous media.

We report here the diffusion solvent crystallization, structural characterisation and
supramolecular structures of the 2D neutral coordination polymers 20 [Zn(chel)(44-bipy)(H20)]-2H,O
(1) and zoo[Zn(chel)(bpe)(HZO)]-HZO (3), in which the chelidonate anion acts as a bridging
ligand. The cationic 1D coordination polymer 100[Zn(4,4—bipy)(HZO)4]che1-3HzO (2) and
its analogues 100[Cu(4,4—bipy)(HzO)4]chel-nHZO (n =3, 4a; n = 6, 4b), with the chelidonate
anion in the second coordination sphere, were also obtained and structurally characterised.

2. Results and Discussion
2.1. Preparation and Spectroscopic Characterisation of Complexes

The synthetic procedure for the preparation of the target compounds is shown in
Scheme 2. The slow diffusion at room temperature of aqueous solutions of the 1D
coordination polymer 1 o[Zn(chel)(H,0),] [4] and ethanolic solutions of the two N,N’
bridging ligands 4,4'-bipyridine (4,4-bipy) and 1,2-bis(4-pyridyl)ethane (bpe) led to the
formation of single crystals of the neutral 2D coordination polymers 2c[Zn(chel)(4,4-
bipy)(H0)]-2H,0 (1) and % [Zn(chel)(bpe)(H,0)]-H, O (3). After the separation of crystals
of 1 the remaining solution was left to evaporate at room temperature and single crys-
tals of the 1D cationic coordination polymer !o[Zn(4,4-bipy)(H,0)4]chel-3H,O (2), with
the uncoordinated chelidonate anion, were isolated. Polymer 2 contains the 100[Zn(4,4-
bipy)(H,0)4]?* cation, which was also found in several crystalline compounds with other
anions such as nitrate [14], biphenyldisulfonate [15], sulfobenzoate [16], sulfamoylben-
zoate [17], succinate [18], barbiturate [19] and perchlorate [20] in the second coordination
sphere. After a CSD search [21] it was verified that the formation of the polymeric species
1 o[M(4,4-bipy)(H,0)4]?* is observed for other metal centres in the presence of differ-
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ent anions in the outer coordination sphere. Some examples are Mn(II) or Co(II) with
4-aminobenzenesulfonate [22], Fe(II) or Co(II) with croconate [23], Co(II) with several poly-
carboxylates (furandicarboxylate, benzenetricarboxylate, benzenetetracarboxylate [24] and
3,3 4,4/ -biphenyltetracarboxylate [25]), Ni(II) with 1,2,4,5-benzenetetracarboxylate, Ni(II)
or Cu(Il) with 2,6-naphthalenedisulfonate [26], Co(II), Ni(II) or Cu(Il) with barbiturate [27]
and Cd(II) with 1,3-propanedisulfonate [28].

2_[Zn(chel)(4,4-bipy)(H,0)]-2H,0 (1)
+
1_.[Zn(4,4-bipy)(H,0),]chel-3H,0 (2) = *._[Cu(4,4-bipy)(H,0),]chel-nH,0
n=3(4a); n=6(4b)

Diffusion
H,0/EtOH

4,4’bipyridine Reflux
(4.4-bipy) H,0/MeOH
*_[zn(chel)(H,0),] ‘

1,2-Bis(4-pyridyl)ethane Cu(NO;), / 4,4-bipy
(bpe) Hochel / KOH

2_[Zn(chel)(bpe)(H,0)]-H,0 (3)

Scheme 2. Synthetic procedure for the preparation of the compounds.

The frequent formation of such polymeric cationic species with different anions that
can be considered as weakly coordinating suggests a remarkable stability for this cation.
It was decided to explore whether it was possible to obtain the !« [Cu(4,4-bipy)(H,O)4]**
species with the uncoordinated chelidonate anion. After unsuccessfully attempting dif-
fusion methods we carried out a reaction under reflux in HO/MeOH of a mixture of
Cu(NOs3);,/4,4-bipy and Hychel/KOH. This led to the isolation of single crystals of the
pseudopolymorphs ! «[Cu(4,4-bipy)(H,0)4]chel-nH,O (n = 3, 4a; n = 6, 4b).

The IR spectra of all of the compounds exhibit broad bands of medium intensity at
around 3400 cm™! corresponding to the OH stretching vibrations of the coordinated and
crystallisation water molecules. The strong IR bands between 1600 and 1640 cm™! can be
assigned to the va5ym(OCO) vibration mode and the medium intensity bands at around
1360 cm™ are attributable to the Vsym(OCO) vibration mode.

2.2. Structural Studies

All of the compounds described here were isolated as single crystals and their struc-
tures were elucidated by X-ray diffraction. The significant structural parameters for com-
pounds 14 are listed in Tables S1 and S2, and crystal structure and refinement data are
listed in Table S5.

Structural analysis revealed that all of the compounds are hydrates and that 2, 4a
and 4b are formed by cationic chains that are stabilised by chelidonate anions and water
molecules. When the chelidonate ligand is coordinated to the metal centre and forms part
of the structural backbone, the resulting compounds are 2D coordination polymers, as
revealed by X-ray analysis of 1 and 3.

2.3. Crystal Structures of the Cationic Polymers 2, 4a and 4b

The coordination environment of the metal ions and the 1D polymeric nature of
compounds 2, 4a and 4b are represented in Figure 1. A summary of the bond lengths and
angles in the first coordination sphere is provided in Table 1.
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6.32°

23.02°

— 1372

Figure 1. Cationic chains in coordination polymers 2, 4a and 4b showing in detail the coordination
environment and the disposition of the 4,4-bipy rings.

Table 1. Summary of bond lengths/ A and angles/° in the first coordination sphere of 2, 4a and 4b.

2 4a 4b
M-OH, 2.088(2)-2.105(2) 1.952(2)-2.417(2) 2.028(2)-2.291(2)
MN 2.174(2) 2.049(3) 2.093(3)
2.195(2) 2.031(3)
cis angles 87.15(9)-93.49(9) 87.30(7)-92.70(7) 88.26(9)-91.70(9)
trans angles 174.83(10)-178.58(8) 174.59(15)-180.0 177.21(9)-179.90(10)

The three structures are polymeric chains based on the cationic complexes [M(4,4-
bipy)(OH2)4]2+ (M = Cu(II) and Zn(II)), where the N-donor ligands act as a bridge between
the metal centres. The second coordination spheres are formed by dianionic chelidonate
anions and three or six water molecules. Complexes 4a and 4b crystallise in the orthorhom-
bic chiral P212;2 and triclinic P-1 space groups, respectively, and they can be considered
pseudopolymorphs [29] since they have the same crystalline form, albeit with different
numbers of water molecules trapped within the crystal networks.

All M metal centres are {N,Oy}-hexacoordinated through the nitrogen bipy atoms in
trans positions and four oxygen atoms belonging to four water molecules in the equatorial
plane. The copper atoms in 4a and 4b are in an elongated octahedral environment and they
exhibit the expected Jahn-Teller distortion, with four short metal-ligand bonds (Cu—Oyater
and Cu-N with distances of around 2 A) and two longer bonds with water molecules
(2.417(2) A in 4a, 2.291(2) and 2.173(3) A in 4b). Clearly the Jahn-Teller distortion is more
pronounced in compound 4a, where the pyridine rings of the 4,4/ -bipyridine ligand are
further from coplanarity, as shown in Figure 1.

In compound 2 the Zn-O and Zn-N distances are in the range 2.08-2.19 A (Table 1)
and the values for the orthogonal angles in the octahedral polyhedron are between 87.15
and 93.49°. Comparison of the orthogonality of the coordination octahedra in the three
compounds shows that the smallest deviation is observed in the copper(II) compound 4b,
with values between 88.26 and 91.70°.

The intermetallic distance through the 4,4-bipy bridging ligand is shorter in copper
polymers (11.176 A in 4a and 11.290 A in 4b) than in 2 (11.487 A). The aromatic rings in
4,4-bipy are not coplanar and the angles between the planes are 23.02° and 13.72° in 4a and
4b, respectively, and the disposition is closer to coplanarity in 2 (around 6°) (Figure 1).

In all structures the second coordination sphere plays a crucial role in the supramolec-
ular organisation. The cationic chains are connected by hydrogen bonds to the chelidonate
anions and different numbers of water molecules to form different arrangements in each
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structure. The main hydrogen-bonding interactions responsible for the 3D crystal packing
of compounds 2, 4a and 4b are listed in Table S3. In all cases, the resulting supramolec-
ular networks are formed and propagated through Ogpelidonate - Owater hydrogen bonds,
with the formation of different association patterns such as rings, discrete associations or
infinite layers.

In compound 2 the three uncoordinated water molecules are not associated with each
other, so the notation W; has been selected to describe their isolated participation in the
supramolecular organisation. One of the water molecules, O2w, and two chelidonate
anions form a discrete dimer through H-bonding interactions to yield a four-membered
ring, with O---O distances of 2.781 and 2.932 A (Figure 2, Table S3). Another crystallisation
water molecule, Olw, establishes H-bonding interactions with the two carboxylate groups
of a chelidonate to form an eight-membered ring and the third water molecule is H-bonded
with the ketonic oxygen of the chelidonate. In this way, all of the oxygen atoms of the
chelidonate are involved as acceptors in hydrogen-bonding interactions.

e

Figure 2. Supramolecular arrangement of 2 showing in detail the interactions established between

the crystallisation water molecules and chelidonate anions.

The cationic chains of 2 are anchored to these water-chelidonate dimers through
OWeoord ** Ocarboxy aNd OWeoord ** OWerystallisation interactions (Table S3). Cationic chains
and the anionic units are arranged in an alternating manner to form the final supramolecu-
lar organisation (Figure 2).

In the structures of 4a and 4b chelidonate anions and water molecules are associ-
ated through different H-bonding interactions to form different anionic arrangements
(Figures 3 and 4) that are extended in two dimensions, thus leading to anionic [(H>O)nchel]>
sheets. In this way, the layers act as the ‘glue” between the cationic units to form the final
metallosupramolecular arrangements [30]. This kind of 2D anion-water association has
been observed in other cases, such as [Ni(4,4-bipy)(H20)4]-0.5(btc)-H,O (Hybtc, 1,2,4,5-
benzenetetracarboxylic acid) [25].

In 4a the crystallisation water molecules are also not interconnected by hydrogen bonds
(W1 motif) and only one of them (O2w) is involved in the formation of the supramolecular
[(H>0)schel)]>~ layer (Figure 3), with O---O distances of 2.781(2) and 2.913(3) A. These
layers are parallel to one another and this arrangement produces columnar voids in which
the cationic chains are placed and stabilised by several hydrogen bonds involving as donors
the crystallisation and coordinated water molecules and as acceptors all of the oxygen
atoms of chelidonate (Table S3).
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2D: [(H,0)5chel]?- 3D

] ERER
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Figure 3. Supramolecular arrangement of 4a showing in detail the layers formed by the interaction
of crystallisation water molecules and chelidonate anions.

20: [(H 0)6cheI]2‘ 3D

o

Figure 4. Supramolecular arrangement of 4b showing in detail the layer formed by the interaction of
crystallisation water molecules and chelidonate anions.

In 4b the six water molecules of crystallisation have three different arrangements,
namely one isolated molecule (W1), a dimer (W2) and a trimer (W3) (Figure 4). The isolated
molecule, O13w, corresponds to the W1 motif that is also present in all three compounds (2,
4a and 4b) with the same structural behaviour; as a donor this water molecule is connected
with a chelidonate molecule by hydrogen bonds with two oxygen atoms from the two
carboxylate groups (O---O distances of 2.721(3) and 2.723(3) A in 4b) and as an acceptor
with one or two coordinated water molecules of the corresponding cations. The other five
water molecules are associated in a dimer (W2) with an O---O distance of 2.855(4) A and in
a trimer (W3) with shorter O---O distances (2.729(5) and 2.737(6) A). The hydrogen-bonding
interactions of these water molecule motifs with the chelidonate anions (Table S3) lead to
the organisation of the second coordination sphere being anionic [(HyO)gchel]?~ ladder-
shaped layers (Figure 4) that leave space to accommodate the cationic units anchored
through OWeoord Ocarboxy and Owcoord ** Owcrystallisation interactions.

In the coordination polymers 2, 4a and 4b the different collections of hydrogen bonds
modulate the association of the chains and result in a similar packing degree, as indicated
by the Kitaigorodskii indexes [31]; 70.1% in 4a, 70.6% in 4b and 72.1% in 2.

2.4. Crystal Structures of Neutral Polymers 1 and 3

The Zn(II) polymeric compounds 1 and 3 crystallise in the P-1 and P2;/c space groups,
respectively. The significant structural parameters are listed in Table S2 and a summary of
bond lengths/A and angles/° in the first coordination sphere is provided in Table 2. In
both compounds, the two carboxylate groups of the chelidonate ligand are coordinated
to the metal centre to produce monodimensional chains. These chains are bridged by the
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rigid 4,4-bipyridine or the more flexible 1,2-bis(4-pyridyl)ethane N-donor ligands to yield
the final 2D coordination compounds (Figures 5 and 6).

Table 2. Summary of bond lengths/A and angles/® in the first coordination sphere of [Zn(chel)(4,4-
bipy)(H20)]-2H,0 (1) and [Zn(chel)(bpe)(H,0)]-H,0 (3).

1 3
Zn-O(1W) 2.032(3) 2.158(2)
2.015(3) 1.978(2)
Zn-Ochel 2.539(3) 2.557(2)
2.130(3) 2.085(2)
~ 2.151(4) 2.147(2)
Zn-N 2.157(3) 2.084(2)
cis angles 82.27(12)-116.83(12)° 88.37(8)-97.42(8)
trans angles 149.06(11)-169.87(14)° 138.00(8)-169.69(9)°

3D

o S s S A T
Figure 5. View of the 2D layers of 200[Zn(chel)(4,4-bipy)(HZO)] -2H,0 (1) and the final 3D supramolec-
ular arrangement, showing the zinc atom environment and the corresponding labelling scheme.

Chelidonate acts in both structures as a bridging ligand in a pu-1x>0™,0V:2k0OV coor-
dination mode (Scheme 3), which has not been previously observed in other coordination
polymers with this ligand. Each N-donor ligand acts as a bis-monodentate system to bridge
zinc atoms with Zn---Zn distances of 11.346 A and 13.434 A in 1 and 3, respectively. Cheli-
donate ligands also connect two zinc metal centres to produce similar Zn---Zn distances of
9.928 A in1and 9.611 A in 3. In this way rhomboidal grid layer structures are formed.

Each metal centre is in a distorted octahedral geometry, with two nitrogen atoms
from N-donor molecules in a trans disposition in 1 and a cis arrangement in 3 (Zn-N
distances are in the range 2.084-2.157 A), three oxygen atoms from carboxylate groups of
a chelidonate ligand and one oxygen atom from a water molecule (Zn-Oyy distances are
2.082(3) A in 1 and 2.158(2) A in 3). One carboxylate group of the chelidonate ligand is
anisobidentate, with a bite angle of about 55°, one zinc metal has a short Zn-O distance
(2.130(3) A in 1 and 2.085(2) A in 3), the other has a longer distance of around 2.5 A and the
other carboxylate group is monodentate.
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Figure 6. Structure of [Zn(chel)(bpe)(H,O)]-H,O (3) showing the zinc atom environment and the
corrugated disposition of the layers.

M

Scheme 3. New coordination mode, p-1 k2OW OV:2kQV, of chelidonate in coordination polymers
1land 3.

Zinc-chelidonate chains and the bis-monodentate rigid 4,4-bipy bridging ligand form
a rhomboidal grid layer in 1 within an sql topology, with rhomboid window dimensions of
11.35 x 9.93 A and angles of 97° and 82° (defined by Zn---Zn distances and Zn---Zn---Zn
angles). Further expansion of the length of the bidentate bipyridine ligand to bpe leads
to the formation of a corrugated layer structure in 3 with rhomboidal void dimensions of
13.43 x 9.61 A and angles of 97° and 82°.

The aromatic rings in 4,4-bipy are not coplanar and show a deviation of 42° in 1, which
is clearly higher than the values observed in the polymeric chains of 4a and 4b. The bpe
linkers in 3 are twisted with respect to each other through an anticlinal torsion angle of
167.4° (through C-CH,—CH,-C) indicating an anti conformation.

The layers in 1 are stacked along the b axis to yield a final 3D arrangement with an
ABAB stacking mode (Figure 5). These layers are connected by means of hydrogen bonds
involving the coordinated water molecule and oxygen atoms from carboxylate groups of
neighbouring layers (d(OIW --- Ochel) = 2.699(4) and 2.772(5) A; Table S4, detail shown in
Figure 5). The two-crystallisation independent free water molecules (W1) are located in the
voids of the rhomboidal grids (Figure 5) and are weakly attached to the 2D layers.

The supramolecular arrangement in the corrugated layers of 3 is achieved by means
of the same supramolecular synthon described above for compound 1: hydrogen bonds
involving the coordinated water molecule and oxygen atoms from carboxylate groups
of neighbouring layers (d(O1W --- Ochel) = 2.762(3) and 2.825(3) A, Table S4 and detail
in Figure 7). As in compound 1, the only crystallisation water molecule (W1) is weakly
attached to the metal organic framework through a hydrogen-bonding interaction with the
ketonic group of a chelidonate ligand (d(Ow --- O) = 3.125(5) A).
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Figure 7. View of the 3D supramolecular arrangement in [Zn(chel)(bpe)(H,0)]-H,O (3) showing
details of the of Olw—H1w --- O hydrogen-bonding interactions.

In both structures the layers are packed efficiently, as evidenced by the Kitaigorod-
skii [31] packing indexes of 64.9% in 1 and 69.7% in 3.

3. Experimental
3.1. Materials and Physical Measurements

All reagents and solvents were obtained commercially and were used as supplied.
Elemental analysis (C, H, N) was carried out on a Fisons EA-1108 microanalyser. IR spectra
were recorded from KBr discs (4000-400 cm ™) with a Bruker IFS28FT spectrophotometer.

3.2. Synthesis of the Precursor L oo[Zn(chel)(H,0);]

1 o[Zn(chel)(H,0),] [4] was obtained by reaction of ZnCO3 and chelidonic acid (1:1
molar ratio) in methanol. The resulting suspension was heated under reflux for 2 h and
stirred at room temperature for 1 day. The colourless solid was filtered off, washed with
MeOH and vacuum dried.

3.3. Synthesis of the Complexes
3.3.1. 2 [Zn(chel)(4,4-bipy)(H,0)]-2H,0O (1)

Colourless single crystals of 1 were obtained by slow diffusion of a solution of
1 o[Zn(chel)(H,0),] (0.20 mmol) in water and a solution of 4,4’ -bipyridine (4,4-bipy, 0.20 mmol)
in ethanol.

Data. Anal. calc. for C17H1409N»Zn (457.7): C 44.7, H 3.5, N 6.1%; Found: C 44.5, H
3.4, N 5.7%. IR (KBr, cm‘l): 3446 m,b; 1640 vs; 1407 m; 1360 s.

3.3.2. 1,[Zn(4,4-bipy)(H,0)4]chel-3H,0 (2)

Compound 2 was obtained as colourless single crystals by slow evaporation of the
resulting solution after filtering off the crystals of 1.

Data. Anal. calc. for C17H,4013N,Zn (529.8): C 38.6, H 4.6, N 5.3%; Found: C 38.5, H
4.9,N 5.4%. IR (KBr, cm™1): 3444 m,b; 1641 vs; 1416 m; 1361 s.

3.3.3. 2 [Zn(chel)(bpe)(H,0)]- H2O (3)

Compound 3 was also obtained as colourless single crystals by slow diffusion of a solu-
tion of !«[Zn(chel)(H,0),] (0.20 mmol) in water and a solution of 1,2-bis(4-pyridyl)ethane
(bpe, 0.20 mmol) in ethanol.

Data. Anal. calc. for C19H150g3N»Zn (467.7): C 48.9, H 3.9, N 6.0%; Found: C 48.1, H
4.0, N 5.8%. IR (KBr, cm™): 3365 m,b; 1635 vs; 1425 m; 1355 s.
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3.3.4. 1 [Cu(4,4-bipy)(H,0)4]chel -3H, 0 (4a) and ! «[Cu(4,4-bipy)(H0)4]chel-6H,O (4b)

A solution of 4,4'-bipyridine (0.156 g, 1 mmol) in methanol (10 mL) was slowly added
to a solution of Cu(NOs3),-2.5H,0 (0.233 g, 1 mmol) in water (10 mL). The mixture was
heated under reflux for 1 h and was left to cool down to room temperature. A solution
of chelidonic acid (0.184 g, 1 mmol) and KOH (0.112 g, 2 mmol) in 2:1 MeOH/H,O was
added to the mixture, which was then heated under reflux for 1 h and was left to cool down
to room temperature. The blue precipitate was filtered off and dissolved in water. Blue
crystals of 4a were obtained by slow evaporation of the aqueous solution. After separation
of the crystals of 4a the slow evaporation of the remaining solution gave rise to some brown
crystals of 4b.

Data for 4a: Anal. calc. for C17H»4013N,Cu (527.9): C 38.7, H 4.6, N 5.3%; Found: C
39.1, H4.1, N 5.2%. IR (KBr, cm™): 3445 s,b; 1637 vs, 1404 m, 1358 m.

Data for 4b: Anal. calc. for C1yH30O14N>Cu (581.1): C 35.1, H 5.2, N 4.8%; Found: C
35.5, H 5.4, N 5.0%. IR (KBr, cm™): 3420 s,b; 1613 vs, 1403 m, 1354 s.

3.4. Crystallography

Crystallographic data were collected on a Bruker Smart 1000 CCD diffractometer using
graphite monochromated Mo-Ka radiation (A = 0.71073 A). All data were corrected for
Lorentz and polarisation effects. The frames were integrated with the Bruker Saint software
package [32] and the data were corrected for absorption using the program SADABS. [33]
The structures were solved by direct methods using the program SHELXS97 [34]. All
non-hydrogen atoms were refined with anisotropic thermal parameters by full-matrix
least-squares calculations on F2 using the programme SHELXL97 [34] or the programme
SHELXL [35] with OLEX2 [36]. Hydrogen atoms were inserted at calculated positions and
constrained with isotropic thermal parameters. The hydrogen atoms of the water molecules
were located from a difference Fourier map and refined with isotropic parameters but
the hydrogen atoms for the crystallisation water molecules in 1 could not be located.
Compound 4a crystallised in the chiral space group P2;2;2 and its absolute configuration
was confirmed by a value of 0.010(6) for the Flack parameter [37]. Drawings were produced
with MERCURY [38]. Crystal data and structure refinement parameters are reported
in Table S5.

4. Conclusions

The study described here concerned the crystalline species resulting from chelidonic
acid/4,4'-bipyridine or 1,2-bis(4-pyridyl)ethane/Zn(Il) or Cu(Il) systems in aqueous so-
lutions. The process led to the isolation of single crystals of two kinds of coordination
polymers; the 1D Zn(II) and Cu(II) cationic polymers (2, 4a and 4b) with the chelidonate
anion in the second coordination sphere and the 2D Zn(II) polymers (1 and 3) with the bridg-
ing chelidonate ligand showing a new coordination mode, p(k>?0™.O™V:kOV). The results
highlight the ability of chelidonate to stabilise different coordination compounds through
its participation in the first or second coordination sphere. This feature is evidenced by the
formation of 200[Zn(chel)(4,4—bipy)(HzO)]-ZHZO (1) and loo[Zn(4,4-bipy)(H20)4]chel~3HZO
(2) from the same reaction by diffusion. The crystallisation of three compounds containing
the 1D [M(4,4-bipy)(H,0)4]?>" (M = Zn, Cu) indicates the great stability of this cationic
polymer, which was confirmed by a CSD search as the one included in Section 2.1. of
this paper.

The five coordination polymers crystallise as hydrates but the crystallisation water
molecules play different roles in the neutral polymers and in the solids containing the
cationic polymers. In the neutral compounds the water molecules are weakly hydrogen
bonded to the metal-organic framework but in the compounds based on the cationic poly-
mers, the water molecules play a key role in the formation of the resulting supramolecular
networks. These latter compounds are hydrogen-bonded networks through the second
coordination sphere, which is organised in [(HyO)nchel]?~ (1 = 3 or 6) layers.
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The presence of non-associated water molecules (W1 motif) is common in the net-
works for all of the compounds reported here. Furthermore, in all compounds a recurrent
supramolecular synthon based on the interaction between a water molecule (coordinated
in the neutral compounds and free in the cationic species) and the two carboxylate groups
of a chelidonate anion (coordinated or not) is observed. This synthon leads to the formation
of an eight-membered ring in all cases.

From the point of view of crystal engineering the biological anion chelidonate, in
combination with N,N’ -bridging ligands, is an interesting tool to obtain coordination
polymers and/or hydrogen-bonded networks.
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Abstract: Three 2,1,3-benzothiadiazole-based ligands decorated with two pyridyl groups, 4,7-di(2-
pyridyl)-2,1,3-benzothiadiazol (2-PyBTD), 4,7-di(3-pyridyl)-2,1,3-benzothiadiazol (3-PyBTD) and
4,7-di(4-pyridyl)-2,1,3 benzothiadiazol (4-PyBTD), generate Zn'' and Ag' complexes with a rich
structural variety: [Zn(hfac),(2-PyBTD)] 1, [Zn;(hfac)4(2-PyBTD)] 2, [Ag(CF3503)(2-PyBTD)], 3,
[Ag(2-PyBTD)]»(SbF), 4, [Ag2(NO3),(2-PyBTD)(CH3CN)] 5, [Zn(hfac),(3-PyBTD)] 6, [Zn(hfac),(4-
PyBTD)] 7, [ZnCl,(4-PyBTD),] 8 and [ZnCl,(4-PyBTD)] 9 (hfac = hexafluoroacetylacetonato). The
nature of the resulting complexes (discrete species or coordination polymers) is influenced by the
relative position of the pyridyl nitrogen atoms, the nature of the starting metal precursors, as well
as by the synthetic conditions. Compounds 1 and 8 are mononuclear and 2, 3 and 4 are binuclear
species. Compounds 6, 7 and 9 are 1D coordination polymers, while compound 5 is a 2D coordination
polymer, the metal ions being bridged by 2-PyBTD and nitrato ligands. The solid-state architectures
are sustained by intermolecular 7—7t stacking interactions established between the pyridyl group and
the benzene ring from the benzothiadiazol moiety. Compounds 1, 2, 7-9 show luminescence in the
visible range. Density Functional Theory (DFT) and Time Dependent Density Functional Theory
(TD-DFT) calculations have been performed on the Zn!' complexes 1 and 2 in order to disclose the
nature of the electronic transitions and to have an insight on the modulation of the photophysical

properties upon complexation.

Keywords: benzothiadiazole; pyridine; nitrogen ligands; coordination polymers; crystal structure
determination; photophysical properties

1. Introduction

The 2,1,3-benzothiadiazole (BTD) unit is an electron acceptor fluorophore [1], which
has been extensively used in the structure of derivatives and materials for various ap-
plications such as organic field-effect transistors [2—4], light emitting diodes [5,6], photo-
voltaics [7-11], redox switchable donor-acceptor systems [12,13], fluorescent probes [14,15]
and so forth. In the solid state, the BTD fragment generally engages in a variety of
supramolecular interactions such as hydrogen bonding, chalcogen N---S bonding and 7—m
stacking interactions [14,16,17]. Moreover, the presence of two sp2 nitrogen atoms on the
thiadiazole ring confers coordinating properties to the BTD unit, which have been exploited,
for example, in several transition metal complexes where BTD acted as monotopic [18]
or ditopic ligand [19-23]. On the other hand, introduction of coordinating groups on the
benzene ring affords neutral or anionic ligands allowing the formation of luminescent
discrete complexes or coordination polymers in which the thiadiazole nitrogen atoms can
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take part, or not, to the coordination of metal centers [24]. In this respect, 4,7-substituted
BTD derivatives with carboxylate or carboxylate containing fragments have been used
as divergent anionic linkers towards various metal-organic frameworks (MOFs) which
showed, for example, luminescence sensing properties in the presence of water [25], organic
amines [26], organic dyes [27] or metal ions [28], while neutral 4,7-di(4-pyridyl-vinyl)-BTD
ligands, with vinyl spacers between the pyridine rings and the BTD unit, provided lu-
minescent zinc(I) coordination polymers in the presence of dicarboxylate linkers [29].
Particularly interesting is the direct connection of pyridines on the 4,7-positions of BTD, as
it allows the access to the series of ditopic ligands 4,7-di(2-pyridyl)-2,1,3-benzothiadiazol
(2-PyBTD), 4,7-di(3-pyridyl)-2,1,3-benzothiadiazol (3-PyBTD) and 4,7-di(4-pyridyl)-2,1,3-
benzothiadiazol (4-PyBTD) (Scheme 1), the first one having the possibility to act as ditopic
bis(chelating) ligand if the BTD nitrogen atoms are involved in coordination.

2-PyBTD 3-PyBTD 4-PyBTD
Scheme 1. 4,7-dipyridyl-BTD ligands used in the present study.

The synthesis of the three ligands is straightforward, consisting of the Stille coupling of
4,7-dibromo-2,1,3-benzothiadiazole with the series of 2-, 3- and 4-tributylstanyl-pyridines,
respectively [30]. The three ligands are highly fluorescent, with quantum yields in ace-
tonitrile solutions ranging between 68 and 90%. Rather surprisingly, when considering
their promising coordination abilities, only the 4-PyBTD ligand has been used so far to
prepare 3D coordination polymers of ZnlT, CdT, Co™! and Nill, also containing benzene-
dicarboxylate linkers, showing modulation of emission properties in the presence of metal
ions or picric acid [31,32].

We report herein a first combined coordination chemistry study of the three ditopic
ligands 2-PyBTD, 3-PyBTD and 4-PyBTD (Scheme 1) towards zinc(II) and silver(I) based
fragments with the objective to explore the topicity of the ligands and the dimensionality of
the resulting complexes, for which the crystal structures are described in detail, with a spe-
cial focus on the supramolecular interactions in the solid state. Moreover, the photophysical
properties of the Zn'! complexes are reported and compared to those of the ligands.

2. Materials and Methods

The reagents employed were purchased from commercial sources and used without
further purification.

2-PyBTD, 3-PyBTD and 4-PyBTD were synthesized according to the literature proce-
dure [30].

[Zn(hfac),(2-PyBTD)] 1: 0.0011 g (0.0038 mmol) 2-PyBTD in 4 mL CHCl3 and 2 mL
methanol were added to a solution of 0.0039 g (0.0075 mmol) of [Zn(hfac),(H,0),]-H,O
in 2 mL methanol and stirred for one hour. After filtration, the solution was left to
slowly evaporate. Yellow needle like single crystals were formed in a few days (0.0023 g,
yield 79%). Selected IR data (KBr, cm™1): 3066(w), 2955(m), 2921(m), 2851(m), 1655(s),
1617(m), 1573(m), 1553(m), 1528(m), 1486(m), 1465(m), 1348(w), 1260(s), 1203(s), 1143(vs),
1099(s), 1067(s), 909(m), 880(m), 842(m), 795(w), 779(w), 743(m), 666(m), 584(m) (Figure S1).
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Elemental analysis calcd for CosH12ZnF1,N404S: C, 40.56; H, 1.57; N, 7.28; S, 4.17%. Found:
C,40.51; H,1.26; N, 7.24; S, 4.11%.

[Zny(hfac)4(2-PyBTD)] 2: 0.0035 g (0.0067 mmol) of [Zn(hfac),(H,0),]-H,O and 0.001g
(0.0034 mmol) 2-PyBTD were solubilized in a mixture of 4 mL n-heptane and 2 mL CH,Cl,
and then heated to the n-heptane boiling point. Upon cooling to room temperature, 2 mL
of CH,Cl, were added and the solution was left to slowly evaporate. Yellow single crystals
were formed within a few days (0.0034 g, yield 81%). Selected IR data (KBr, cm™1): 3123(w),
3045(w), 1655(s), 1600(m), 1558(m), 1531(m), 1479(s), 1457(m), 1348(w), 1253(vs), 1216(vs),
1144(vs), 1097(m), 1064(m), 1020(w), 949(m), 907(m), 866(w), 796(m), 782(m), 741(m),
665(m), 585(m) (Figure S2). Elemental analysis calcd for C3cH14Zn,FpuN4OgS: C, 34.61; H,
1.13; N, 4.48; S, 2.57%. Found: C, 33.99; H, 0.94; N, 4.38; S, 2.49%.

[Ag(CF3S03)(2-PyBTD)], 3: An ethylacetate solution (2 mL) of AgCF3S05 (0.0021 g,
0.0081 mmol) was left to slowly diffuse through a 4 mL layer of ethylacetate and
dichloromethane (1:1 v/v) into a solution of 0.0012g (0.0041 mmol) 2-PyBTD solubilized
in 2 mL CH,Cl,. Yellow single crystals were formed within a few days (0.0013 g, yield
59%). Selected IR data (KBr, cm~1): 3313(w), 3053(w), 2920(w), 1720(w), 1582(m), 1549(m),
1462(m), 1434(m), 1384(m), 1262(vs), 1175(s), 1035(vs), 948(w), 890(w), 775(m), 737(m),
646(s), 578(w) (Figure S3). Elemental analysis caled for C17;H10AgF3N4O3S;: C, 37.31; H,
1.84; N, 10.24; S, 11.72%. Found: C, 37.22; H, 2.04; N, 9.86; S, 11.62%.

[Ag(2-PyBTD)]»(SbFg), 4: Crystalline 4 have been prepared in the same manner as 3,
except that an ethylacetate solution of AgSbF¢ (0.0026g, 0.0075 mmol) and dichloromethane
solution of 2-PyBTD (0.001g, 0.0034 mmol) were used. Yellow single crystals of 4 crystalized
in a week (0.0018 g, yield 84%). Selected IR data (KBr, cm™1): 3109(m), 3050(m), 2991(m),
2934(m), 1721(w), 1596(s), 1553(s), 1527(s), 1464(s), 1433(s), 1373(s), 1350(w), 1284(w),
1256(m), 1159(m), 1094(m), 1054(m), 1018(m), 994(m), 948(m), 892(w), 858(m), 772(s),
747(m), 657(vs), 550(m) (Figure S4). Elemental analysis calcd for C3pHygAgyF12NgS2Sby: C,
30.31; H, 1.59; N, 8.84; S, 5.06%. Found: C, 30.69; H, 1.72; N, 8.45; S, 4.77%.

[Ag2(NO3),(2-PyBTD) (CH3CN)] 5: A solution of AgNO;3 (0.005 g, 0.029 mmol) in
2 mL ethylacetate and 2 mL acetonitrile was left to slowly diffuse through a 4 mL layer
of ethylacetate and dichloromethane (1:1 v/v) into a dichloromethane solution (2 mL) of
2-PyBTD (0.0043 g, 0.014 mmol). Yellow single crystals appeared in three weeks (0.0014 g,
yield 15.5%).

[Zn(hfac),(3-PyBTD)] 6: A solution of 0.0041 mmol (0.0012g) 3-PyBTD in 4 mL CHCl3
is added to a solution containing 0.0081 mmol [Zn(hfac),(H,0),]-H>O (0.0042 g) in 2 mL of
methanol. The mixture is stirred for 2 h and then filtered. Yellow single crystals of 6 are
formed in few days by slow evaporation of the solvent (0.0013 g, yield 42%). Selected IR
data (KBr, cm~1): 3064(w), 2920(w), 1682(m), 1652(m), 1550(m), 1525(m), 1510(m), 1485(m),
1438(m), 1254(s), 1194(s), 1142(s), 1122(s), 1095(s), 847(w), 790(m), 746(m), 725(m), 694(m)
(Figure S5).

[Zn(hfac),(4-PyBTD)] 7: A solution of 0.0034 mmol (0.001 g) 4-PyBTD in a mixture
of 4 mL CHCl3 and 2 mL methanol was mixed with a solution containing 0.0067 mmol
[Zn(hfac), (H,0),]-H,O (0.0035 g) in 2 mL methanol and then stirred for 2 h. After filtration,
the solution was left to slowly evaporate. Yellow needle like single crystals were formed
in few days (0.0020 g, yield 77%). Selected IR data (KBr, cm~1): 1650(s), 1613(m), 1558(s),
1533(m), 1495(s), 1460(s), 1430(s), 1375(m), 1259(vs), 1219(vs), 1144(vs), 1019(m), 850(m),
821(m), 808(m), 727(w), 669(s) (Figure S6). Elemental analysis calcd for CogH12ZnF1,N404S:
C,40.56; H, 1.57; N, 7.28; S, 4.17%. Found: C, 40.13; H, 1.42; N, 6.96; S, 4.53%.

[ZnCl,(4-PyBTD),] 8: 0.0024g (0.0082 mmol) 4-PyBTD in 4 mL CH,Cl, and 2 mL
methanol were added to a solution of 0.0012 g (0.0088 mmol) of ZnCl, in 2 mL methanol
and stirred for 10 min, when the mixture became opaque. After adding 2 mL DMF and
heating at 60 °C for 30 min, the precipitate was solubilized and the light-yellow solution
was left to slowly evaporate. Dark-yellow single crystals were formed within a few days
(0.0025 g, yield 85%). Selected IR data (KBr, cm~1): 3460(m), 1638(s), 1616(s), 1594(m),
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1548(m), 1478(w), 1429(m), 1409(m), 1220(m), 1071(m), 1029(m), 883(w), 829(m), 815(m),
721(m), 629(w) (Figure S7).

[ZnCl,(4-PyBTD)] 9: Light yellow single crystals of 9 were synthesized in the same
manner as 8, except that the opaque solution was further stirred for one hour before 2 mL
DMEF were added, followed by two hours stirring at 60 °C (0.0019 g, yield 54%). Selected IR
data (KBr, cm~1): 3288(m), 2964(m), 2918(m), 1668(m), 1552(m), 1392(m), 1261(s), 1094(vs),
1027(vs), 805(vs), 700(w) (Figure S8).

IR spectra (KBr pellets) were recorded on a Bruker Tensor 37 spectrophotometer in 4000
to 400 cm ! frequencies range. Diffuse reflectance spectra were performed on a JASCO V-
670 spectrophotometer. Elemental analysis was carried out on a EuroEa Elemental Analyzer.
The fluorescence spectra were carried out on a JASCO FP-6500 spectrofluorimeter.

X-ray data for compounds 2-6 and 8 were collected on an Agilent Supernova diffrac-
tometer with CuKa (A = 1.54184 A) and for compounds 1, 7 and 9 on a Rigaku XtaLAB
Synergy, Single source at offset/far, HyPix diffractometer using a graphite-monochromated
Mo K radiation source (A = 0.71073 A). The structures were solved by direct methods
and refined by full-matrix least squares techniques based on F2. The non-H atoms were
refined with anisotropic displacement parameters. Calculations were performed using
SHELXT and SHELXL-2015 crystallographic software packages [33,34]. A summary of the
crystallographic data and the structure refinement for crystals 1-9 is given in Tables S1
and S2.

Crystallographic data for the nine structures have been deposited with the Cambridge
Crystallographic Data Centre, deposition numbers CCDC 2056006 (1), CCDC 2056007
(2), CCDC 2056008 (3), CCDC 2056009 (4), CCDC 2056010 (5), CCDC 2056011 (6), CCDC
2056012 (7), CCDC 2056013 (8), CCDC 2056014 (9). These data can be obtained free of charge
from CCDC, 12 Union road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk or
http:/ /www.ccdc.cam.ac.uk (accessed on 12 February 2021)).

DFT and TD-DFT calculations have been performed with the Gaussian 09 program [35]
using the DFT method with the PBE1PBE functional and the augmented and polarized
Abhlrichs triple-zeta basis set TZVP [36]. The full molecular reports, molecular orbitals, elec-
tron density differences pictures and calculated spectra have been automatically generated
by a homemade Python program, quchemreport [37], based on cclib [38].

3. Results and Discussion

The ligands 2-PyBTD, 3-PyBTD and 4-PyBTD (Scheme 1) have been synthesized
according to the literature procedure described by Yamashita et al. [30]. To compare their
coordination modes, the precursor {Zn(hfac),} (hfac = hexafluoroacetylacetonate) has been
used throughout the whole series, thus ensuring, in principle, the preparation of neutral
complexes and the coordination of two additional ligands in either cis or trans positions.
The coordination ability of the metal center is enhanced thanks to the electron withdrawing
effect of the fluorinated hfac ligands [39,40]. Furthermore, while the Znlion provides a
more rigid system upon coordination, it does not present any d-d transition which could
interfere with the ligand based emission. Then, the scope of the study has been extended
towards the use of ZnCly, as it provides tetrahedral ZnCl,L, complexes with pyridine based
ligands [41], at the difference with the {Zn(hfac),} fragment which favors the formation
of octahedral Zn(hfac),L, complexes. Finally, silver(I) precursors have been evaluated
in coordination with 2-PyBTD in order to take advantage of the propensity of this metal
center to adopt various coordination modes as a consequence of the interplay between
the coordination flexibility of the 2-PyBTD ligand, that is, chelating vs. divergent ditopic
and the coordination behavior of the anionic ligand of the Ag' precursor. In the following
discussion we describe in detail the crystal structures of the complexes obtained with each
of the three ligands, together with the photophysical properties of the zinc(II) complexes
with 2-PyBTD and 4-PyBTD.
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3.1. Discrete Complexes and Coordination Polymers with the 2-PyBTD Ligand
3.1.1. Mononuclear [Zn(hfac),(2-PyBTD)] 1 and Binuclear [Zn;(hfac)4(2-PyBTD)]
2 Complexes

The reaction between 2-PyBTD and the [Zn(hfac),(H,0O),]-H,O precursor in a ratio
of 1:2 afforded either the mononuclear complex 1 or the binuclear complex 2 depending
on the reaction solvent mixture, that is, methanol/chloroform and heptane/methylene
chloride, respectively. Complex 1 crystallized in the monoclinic space group P2;/c, with
one independent complex molecule in the asymmetric unit. The metal center shows
octahedral coordination stereochemistry, with the coordination sphere generated by four
oxygen atoms (O1-04) from the hfac™ anionic ligands and two nitrogen atoms from a
pyridine (N1) and the BTD unit (N2) (Figure 1a, Table 1 and Table S3).

a)

b)

Figure 1. (a) Crystal structure of [Zn(hfac),(2-PyBTD)] (1) with a focus on the coordination sphere
of zn!' and partial atom numbering scheme; (b) Supramolecular dimer built out of mononu-
clear units of opposite chirality (green—A configuration, violet—A configuration) through m—m
stacking interactions.

Table 1. Selected bond lengths (A) for compounds 1 and 2.

1 2
Zn1-N1 2.105(6) Zn1-N1 2.104(2)
Zn1-N2 2.101(7) Zn1-N2 2.171(2)
Zn1-01 2.092(5) Zn1-01 2.115(2)
Zn1-02 2.092(6) Zn1-02 2.111(2)
Zn1-03 2.135(6) Zn1-03 2.088(2)
Zn1-0O4 2.087(6) Zn1-0O4 2.064(2)

The pyridine units of the ligand are cis-trans oriented and are slightly twisted with re-
spect to the BTD plane, with values of 14.1° (PyN1) and 15.3° (PyN4) for the corresponding
dihedral angles. The mononuclear units arrange in supramolecular dimers, with opposite
chiralities A and A of the octahedral configuration of Zn'l, thanks to 7 stacking interactions
between the uncoordinated pyridine and BTD phenyl rings (Figure 1b).

The binuclear complex 2 crystallized in the monoclinic space group C2/c with half
a molecule of complex in the asymmetric unit, the other half being generated by the C,
axis crossing the BTD unit through the S atom located on a special position (Table 1 and
Figure 2). Zn-O and Zn-N bond lengths are comparable in the two complexes. However,
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the Py rings in 2, having now a cis-cis arrangement due to the bis-chelation, are more
strongly twisted when compared to 1, as attested by the value of +26.9° for the Py-BTD
dihedral angle.

b)

Figure 2. (a) Crystal structure of [Zn,(hfac)4(2-PyBTD)] (2) with a partial atom numbering scheme;
(b) View of the packing diagram illustrating the opposite chirality of the metal centers from neighbor-
ing binuclear complexes (green—A configuration, violet—A configuration) (CF3 groups have been
omitted for clarity).

Whereas both metal centers of the binuclear unit show the same A or A configuration,
the complexes form supramolecular chains through offset m—7 stacking interactions be-
tween the pyridyl rings (centroid—centroid distances = 3.64 A), with an alternation of A
and A configurations (Figure 2b).

3.1.2. Binuclear [Ag(CF3503)(2-PyBTD)], 3 and [Ag(2-PyBTD)]»(SbFe), 4 Complexes

Reaction of 2-PyBTD with the silver(I) salts AgCF3S0O3 and AgSbFg provided the yel-
low crystalline binuclear complexes [Ag(CF3SO3)(2-PyBTD)]; 3 and [Ag(2-PyBTD)]»(SbFe)2
4, respectively. The isostructural compounds crystallized in the monoclinic space group
P2, /c with one centrosymmetric dimeric complex in the unit cell (Figure 3). In the ligand
2-PyBTD the pyridine rings are in cis-cis configuration to allow chelation of silver(I), yet
the twist between Py and BTD rings is much larger than in complex 2, with dihedral
angles of 39.0° (PyN1) and 38.9° (PyN4) in complex 3 and 44.1° (PyN1) and 31.1° (PyN4)
in complex 4. As a consequence, while the pyridine nitrogen lone pairs point towards
the metal center, the coordination with the BTD nitrogen atoms seems reminiscent to
Ag(I)-rtinteractions [42]. In complex 3 the silver ions are pentacoordinated within a slightly
distorted square pyramid, with the basal plane formed by three nitrogen atoms from two
molecules of BTD (Ag1-N1 = 2.274(3), Ag1-N2 = 2.361(3), Agl-N4* =2.216(3) A, 2 =1 — x,
1 — 1,1 — z) and an oxygen atom from a triflate anion (Agl-O1 = 2.658(3) A), while in the
apical position a semi-coordinated nitrogen atom of a thiadiazole ring (Ag1-N3? = 2.770 A,
2=1-x,1—-y,1—z)islocated (Figure 3a, Table 4 and Table S4). The value of 75 parameter
defined as [(6—¢)/60] [43], estimating the degree of trigonal distortion from the square
pyramid geometry, amounts to 0.08 in complex 3. In complex 4, the SbF ™~ anion is not coor-
dinated to the metal center, therefore the coordination stereochemistry can be described as
see-saw, according to the value of T4 parameter [44] (T4ag1 = 0.58), with four nitrogen atoms
from pyridine and thiadiazole rings of two ligands (Ag1-N1 = 2.192(5), Ag1-N2 = 2.287(5),
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Agl-N3? = 2.415(5) Ag1-N4? = 2.221(5) Aa=1-x, —y, 1 — z) (Figure 3b, Table 2 and
Table S4).

Figure 3. (a) Crystal structure of complex [Ag(CF3S03)(2-PyBTD)], 3. Symmetry operation ® =1 — x,
1 —y, 1 — z; (b) Crystal structure of complex 4. Symmetry operation® =1 — x, — y, 1 — z; (c) View
of a one-dimensional assembly in compound 3 highlighting the 7—7 stacking interactions between

neighboring binuclear species.

Table 2. Selected bond lengths (A) for compounds 3 and 4.

3 4
Agl-N1 2.274(3) Agl-N1 2.192(5)
Agl-N2 2.361(3) Agl-N2 2.587(5)
Agl-N32 2.770(3) Agl-N3? 2.415(5)
Agl-N42 2.216(3) Agl-N42 2.221(5)
Agl-O1 2.657(3) ]
1l-x1-y1-z A=1-x1-y1-z

The intermolecular Ag---Ag distances are 5.91 A in 3 and 5.95 A in 4, thus precluding
the existence of any argentophilic interaction. The packing diagram reveals the formation
of one-dimensional stair-like supramolecular motifs upon m—7t stacking offset interac-
tions between pyridine (centroid—-centroid distance 3.59 A (3)and 3.72 A (4)) and phenyl
(centroid—centroid distance 3.62 A (3) and 3.66 A (4)) rings belonging to neighboring
binuclear species (Figure 3c and Figure S9).

3.1.3. Coordination Polymer [Agy(NO3),(2-PyBTD)(CH3CN)] 5

Reaction between 2-PyBTD and AgNOj3 provided a 2D coordination polymer with
a 2:1 metal to ligand ratio. The compound crystallized in the monoclinic space group
P24 /c, with one ligand, two silver(I), two nitrate ions and one acetonitrile molecule in the
asymmetric unit. The structure of the coordination polymer can be described as follows:
the nitrate anions link the silver(I) ions in double chains (Figure 4a) and 2-PyBTD acts as
tridentate ligand, thus connecting the inorganic chains in bidimensional layers (Figure 4b).
The two metal centers are crystallographically inequivalent and present different coor-
dination geometry. Accordingly, Agl ions are hexacoordinated and their coordination
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stereochemistry can be at best described as pentagonal pyramid following the SHAPE anal-
ysis [45,46] (Table S5). Five oxygen atoms, with three shorter distances (Agl-O1 = 2.471(5),
Agl-O4 =2.575(3), Agl-06® = 2.441(3) A) and two longer ones Ag1-O3 = 2.795(3), Agl-
052 =2.768(3) Aa=1—2x05+ y, 0.5 — z), indicative of semi-coordination, together with
a pyridine nitrogen atom (Ag1-N1 = 2.304(3) A) form the coordination environment of
Agl (Table 3 and Table S6). Ag2 ions are pentacoordinated and adopt a distorted square
pyramid stereochemistry, with T5ag> = 0.49. The basal plane is formed by one pyridine
nitrogen atom (Ag2—N4b =2.370(5) AbP=1—-x1- ¥, 1 — z), one thiadiazole nitrogen
atom (Ag2-N2 = 2.299(4) A), one acetonitrile nitrogen atom (Ag1-N7 = 2.264(6) A) and one
semi-coordinated nitrato oxygen atom (Agl1-O6 = 2.737(3) A), while the apical position
is occupied by a semi-coordinated nitrato oxygen atom (Ag2-O5° = 2.653(2) Ac=1—x,
—0.5+y,0.5 — z). The BTD ligand adopts a cis-trans conformation and shows a tridentate
coordination mode, connecting two metal centers of the same double chain through a pyri-
dine (N1) and a thiadiazolyl (N2) nitrogen atom and a third silver ion from a neighboring
chain through the second pyridine nitrogen atom (N4) (Figure 4c). The two nitrate anions
adopt as well different coordination modes, with N5 being bidentate chelate to Agl and N6
linking four metal centers. Within a chain 7—m stacking contacts establish between pyridine
rings (centroid—centroid distance of 3.54 A) and also short Ag:---Ag distances of 3.55 A for
Agl---Ag?2 are observed.

C) —>\° Ag2

Figure 4. (a) Structural detail of a double chain formed by Ag(I) and nitrate ions in the crystal
structure of compound 5. Symmetry operations ® =1 — x, 0.5 +y, 0.5 — z; b-1_x1-— y,1-2z
€=1-x,—-05+y, 0.5 — z; (b) 2D layer resulting from the cross-linking of double chains with
2-PyBTD ligands; (c) Tridentate coordination mode adopted by 2-PyBTD in 5.
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Table 3. Selected bond lengths (A) for compound 5.

5
Agl-NI 2.302(6) Ag2-N2 2.294(4)
Agl-O1 24740) Ag2-N4b 2.374(6)
Agl-03 2.793(6) Ag2-N7 2.275(6)
Agl-O4 2.571(6) N 2736(6)
Agl-05 2.767(5) A g2—05° 2.654(5)
Agl-06? 2.436(5) & :

a:17x,0‘5+y,0‘57z;b:17x,17y,172;“:17x,70.5+y,0.57z

3.2. Coordination Polymer with the 3-PyBTD Ligand

Reaction between 3-Py-BTD and [Zn(hfac),(H,0),]-2H,0 afforded yellow crystals
of the coordination polymer formulated as [Zn(hfac),(3-PyBTD)] (6). The compound
crystallized in the monoclinic space group P2;/n with one ligand and one Zn(hfac),
fragment in the asymmetric unit. The ligand adopts a ditopic coordination mode through
the pyridine nitrogen atoms, connecting the Zn(hfac), nodes to form wavy chains in spite
of the cis arrangement of the pyridine ligands in the coordination sphere of Zn(II) (Figure 5).
The coordination geometry of the metal ions is octahedral, with four hfac oxygen atoms
(Zn1-01 = 2.120(3), Zn1-02 = 2.124(3), Zn1-03 = 2.112(3) A, Zn1-04 = 2.119(3) A) and
two pyridine nitrogen atoms from two different 3-PyBTD ligands (Zn1-N1 = 2.124(4) A,
Zn1-N4° = 2.120(4) A, 2 = =05+ x, 1.5 — y, —0.5 + z) (Table 4 and Table S7), disposed,
as already mentioned, in a cis configuration. The two pyridine rings of the ligand are
arranged in trans-trans with respect to the BTD unit, with dihedral angles of 40.5° (N1) and
39.9° (N4).

Figure 5. (a) Structural detail of a chain built from Zn(hfac), nodes and 3-PyBTD spacers in the crystalline structure

of compound 6 illustrating the opposite chirality of the alternated metal centers (green—A configuration, violet—A

configuration). Symmetry operations * = —0.5 + x, 1.5 — y, —0.5 + z; (b) View along the a direction of the 2D layers

assembled through -7 stacking between adjacent chains (CF3 groups have been omitted for clarity).
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Table 4. Selected bond lengths (A) for compound 6.

6
Zn1-01 2.120(3)
Zn1-02 2.124(3)
Zn1-03 2.112(3)
Zn1-O4 2.119(3)
Zn1-N1 2.124(4)
Zn1-N42 2.120(4)

=-05+x15-y, —05+z

The metal nodes within the chains show opposite alternated chirality and the chains
are associated in supramolecular layers thanks to m-m stacking between the pyridine
(3.50 A) and benzene (3.69 A) rings (Figure 5b and Figure S10).

3.3. Discrete Complexes and Coordination Polymers with the 4-PyBTD Ligand
3.3.1. Coordination Polymer [Zn(hfac),(4-PyBTD)] 7

Compound 7 has been obtained as yellow crystals in a similar manner as compound
6. It crystallized in the triclinic space group P-1, with one independent ligand 4-PyBTD
in general position, two Zn(II) ions located on inversion centers and one hfac ligand on
each metal center, the other hfac ligands being generated through the inversion centers.
At the difference with complex 6, in 7 the pyridine ligands are located in trans positions
(Figure 6). As expected, the coordination geometry around the metal centers is octahedral,
with the equatorial positions occupied by four hfac oxygen atoms (Zn1-O1 = 2.041(3),
Zn1-02 = 2.035(3), Zn1-03 = 2.057(3) A, Zn1-04 = 2.053(3) A) and the axial ones by two
pyridine nitrogen atoms (Zn1-N1 = 2.084(3) A, Zn1-N2 = 2.042(3) A) (Table 5 and Table S8).
Again, the pyridine rings are twisted with respect to the BTD unit, the corresponding
dihedral angles amounting at 39.0° (N1) and 41.6° (N4), values which are slightly superior
to those observed in the free ligand (36.8°) [30].

t \ -
/%u:m—{\
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Figure 6. Linear chain in the crystal structure of compound 7. Symmetry operation® = — x,2 —y,2 —z,° =2 —x, — v,

11—z

Table 5. Selected bond lengths (A) for compound 7.

7
Zn1-01 2.076(3)
Zn1-02 2.075(2)
Zn1-N1 2.161(2)
Zn2-03 2.073(2)
Zn2-04 2.096(2)
Zn2-N4 2.136(2)

3.3.2. Coordination Complexes of 4-PyBTD with ZnCl,

The reaction of 4-PyBTD with ZnCl, afforded either the mononuclear complex [ZnCl,(4-
PyBTD);] 8 or the coordination polymer [ZnCl,(4-PyBTD)] 9 by slightly varying the ex-
perimental conditions. The former crystallized in the monoclinic space group P2;/c with
one complex in general position in the asymmetric unit, while the latter crystallized in the
non-centrosymmetric orthorhombic space group P21212;, with one 4-PyBTD ligand and
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one ZnCl, fragment in the asymmetric unit. In both complexes the coordination geometry
around the metal center is tetrahedral, with values of the bond lengths Zn—-Cl and Zn-N in
the usual range (Table 6 and Table S9).

Table 6. Selected bond lengths (A) for compounds 8 and 9.

8 9

Zn1-N1 2.049(2) Zn1-N12 2.064(5)
Zn1-N5 2.060(2) Zn1-N4 2.068(5)
Zn1-Cl1 2.217(2) Zn1-Cl1 2.202(2)
Zn1-CI2 2.214(1) Zn1-CI2 2.232(2)

2=15-x1—-y,05+z

The pyridine rings of the two 4-PyBTD ligands show large distortions with respect to
the BTD units in complex 8, with dihedral angles of 46.3° (N1), 39.4° (N4), 38.6° (N5) and
39.8° (N8) (Figure Sl1la), and, comparable, much weaker distortions in the coordination
polymer 9 (23.2° (N1) and 16.9° (N4)) (Figure 7). In the structure of 8 a 2D network is
established thanks to 7—m stacking interactions between pyridine rings, with centroid—
centroid distances of 3.79 and 3.78 A (Figure S11b). In the coordination polymer 9, the
bidentate tecton connects the metal ions in zig-zag chains (Figure 7a).
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Figure 7. (a) Structural detail of a zig-zag chain in compound 9; (b) Supramolecular layer from m—7t
stacking interactions. Symmetry operation® =15 —x,1 —y, 0.5 + z.
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The chains arrange in layers upon m—m stacking interactions between pyridine and
benzene rings, with an interplanar distance of 3.89 A (Figure 7b).

The purity of the different complexes have been checked, when the amounts were suf-
ficient, by elemental analysis and powder X-ray diffraction (PXRD) analysis, by comparing
the experimental PXRD diffractograms with those simulated from the single crystal X-ray
data (Figures 512-516).

3.4. Photophysical Properties

As mentioned in the Introduction, the Py-BTD ligands are luminescent. Their coordi-
nation to metal ions with d'° configurations such as Zn(II) should provide luminescent
complexes with, in principle, an increase of the emission efficiency as a consequence of a
more rigid structure [47-50]. Moreover, emission wavelength could vary because of the
different dihedral angles between the pyridine and BTD units, influencing the extension of
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the m-conjugated system. We have therefore investigated the photophysical properties of
the Zn(II) complexes of ligands 2-PyBTD and 4-Py-BTD and compared them with those
of the ligands, previously reported [30]. In order to have reliable comparisons between
ligands, molecular complexes and coordination polymers, all the measurements have been
performed in the solid state.

3.4.1. Complexes 1 and 2

The ligand 2-PyBTD presents in the UV-Vis absorption spectrum a very broad in-
tense band with a maximum at 420 nm and another distinct weaker band at 258 nm
encompassing several m—mt* transitions [30] (Figure 517). Upon excitation at Aex = 400 nm,
an intense emission band centered at Aem = 523 nm is observed, which, interestingly, is
strongly bathochromically shifted when compared to the value Aem, =469 nm (Aex = 299 nm)
measured in acetonitrile solutions [30] (see Figure S18 for spectra measured in CH,Cl,
solutions). Clearly, packing effects have a strong influence on the absorption and emission
wavelengths. However, a direct comparison between the photophysical properties of
2-Py-BTD and its zinc(II) complexes 1 and 2 is not straightforward since in the former the
pyridine rings adopt a trans-trans conformation [30], while in the complexes the respective
conformations are cis-trans and cis-cis.

The Zn(II) ion does not possess any d-d transition, therefore, following its coordination
to 2-PyBTD, ligand based 7—r* transitions centered at 247, 343 and 440 nm are observed in
the UV-Vis spectrum of complex 1 (Figure 8). In its emission spectrum, the band observed
at Aem = 526 nm upon excitation at Aex = 440 nm is much more intense than the one of the
free ligand.
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Figure 8. Solid state UV-Vis absorption (solid lines) and emission (dashed lines) spectra of complexes
1 (red) and 2 (blue).

Coordination of two Zn(hfac), fragments induces massive changes in the photophys-
ical properties of complex 2 compared to the free ligand and complex 1. In the diffused
reflexion UV-Vis absorption spectrum of 2, three bands at 379, 313 and 226 nm are observed,
while the emission spectrum shows an intense band centered at Aemy = 495 nm upon ex-
citation at A¢x = 380 nm (Figure 8). The blue-shift of the absorption and emission bands
of complex 2 compared to complex 1 can be tentatively explained, on the one hand, by
the different conformations adopted by the pyridine rings, that is, cis-cis in 2 and cis-trans
in 1 and also by the decrease of planarity in the former system upon coordination of
2-PyBTD to two metal centers. Indeed, in complex 2 the twist between the two pyridine
rings amounts to 52.9° compared to 7.3° in 1 and the distortion with respect to the BTD
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chromophore are 26.9° in 2 and 14.1° and 15.3° in 1 (see Figures 1 and 2). On the other
hand, photophysical properties measured in the solid state can be strongly influenced by
the intermolecular interactions in the packing. As discussed above, in complex 1 there
is formation of supramolecular dimers through 7—m stacking interactions between the
uncoordinated pyridine and BTD, while in 2 the complexes form supramolecular chains
through 7—7t stacking between the pyridine units (vide supra). The influence of all these
factors on the absorption/emission properties is difficult to be disclosed.

In order to have an insight on the nature of the electronic transitions involved in the
absorption and emission bands, we have performed DFT and TD-DFT calculations on both
complexes 1 and 2 (see the details in the SI). The optimized geometries are in agreement
with the experimental ones obtained by X-ray structure analysis. The simulated UV-Vis
absorption spectra of complexes 1 and 2 are shown in Figure 9.
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Figure 9. Calculated UV-Vis absorption (solid lines) and emission (dashed line) spectra of complexes
1 (red) and 2 (blue) with a gaussian broadening (FWHM = 3000 cm~1); TD-DFT/PBE1PBE/TZVP.

The first calculated allowed transition in complex 1, occurring at 413 nm (SI), cor-
responds to a HOMO — LUMO excitation of m—7t* type (Figure 10 left), HOMO being
based mainly on the pyridine and benzene rings, while LUMO is mainly delocalized
on the BTD unit, with a large participation of the thiadiazole ring. The corresponding
calculated emission wavelength values amounts to 478 nm, hence blue-shifted compared
to the experimental value measured in the solid state but in agreement with the value of
467 nm for the emission in CH,Cl, solution (Figure S19). One can thus hypothesize that the
red-shift for the absorption/emission bands observed in the solid state is the consequence
of intermolecular 7— stacking interactions, all the more since HOMO and LUMO are
localized on the 7 system involved in the corresponding electronic transition. In complex
2 the highest four occupied orbitals, that is, from HOMO-3 to HOMO, are in-phase and
out-of-phase combinations of hfac based orbitals, while the LUMO has a similar distribu-
tion as in complex 1, namely on the BTD unit, with a large participation of the thiadiazole
ring. Consequently, the first four singlet excited states, which are HOMO-n — LUMO
excitations (n = 0-3), present very weak oscillator strengths. The first intense absorption
band is described by a HOMO-4 — LUMO excitation, as shown by the electron density
difference (EDD) between the 5th excited state and the ground state (Figure 10 right) and
corresponds, as the 51-Sy transition in complex 1, to a charge transfer from the benzene-
dipyridine skeleton to thiadiazole. The calculated wavelength value for this absorption
is 397 nm, thus slightly blue-shifted compared to 1, yet remaining consistent with the
experimental absorption band measured in CH,Cl, solution occurring at Amax = 387 nm
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(Figure 520). Unfortunately, the optimization of the excited emissive state for complex 2
could not be carried out due to interstate mixing. It should be emphasized once again,
that it is not straightforward to directly compare the absorption/emission wavelengths
values between ligand 2-PyBTD, complex 1 and complex 2, as they show the three possible
conformations trans-trans, cis-trans and cis-cis, respectively. However, as stated above, the
blue-shift observed in the solid state for the absorption/emission bands of 2 compared to
those of 1 is very likely due to the different 77t stacking interactions involving the aromatic
rings responsible for the corresponding electronic transitions.

Figure 10. Representation of the Electron Density Differences (EDD) for the S1-Sy transition of
complex 1 (left) and the S5-Sy transition of complex 2 (right). The excited electron and hole regions
are indicated by, respectively, blue and white surfaces.

3.4.2. Complexes 7-9

The UV-Vis spectrum of 4-PyBTD ligand, which provided complexes 7-9, shows the
presence of one very broad band with a maximum at 397 nm and an additional weaker
band at 260 nm. In the emission spectrum an intense band centered at Aem = 472 nm
(Aex = 370 nm) is observed (Figure S21), in agreement with a previous report [31]. At the
difference with ligand 2-PyBTD (vide supra), a much weaker bathochromic shift is observed
now for the solid state emission of 4-PyBTD compared to the emission band in acetonitrile
solution occurring at Aem = 448 nm (Aex =299 nm) [30].

Coordination of Zn(hfac), fragments to provide the coordination polymer 7 is accom-
panied by a strong bathochromic shift of the luminescence, as witnessed by the emission
band centered at 527 nm (Aex = 460 nm) and an increase of the emission intensity compared
to the free ligand (Figure 11). A similar bathochromic shift has been observed for a mixed
coordination polymer of Zn(II), 4-PyBTD and isophthalic acid [31].
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Figure 11. Solid state UV-Vis absorption and emission spectra of complex 7.
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Complexes 8 and 9, containing ZnCl, fragments instead of Zn(hfac),, show strong blue
luminescence at emission wavelengths of Aem = 476 nm (Aex = 410 nm) and Aem = 471 nm
(Aex =400 nm) (Figure 12, see Figure S22 for the absorption spectra), respectively, compara-
ble to the emission wavelength of the free ligand (vide supra). The excitation spectra of both
complexes overlap with the corresponding wavelength regions of the absorption spectra.
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Figure 12. Emission (dotted curves, Aex = 410 nm for 8 and Aex = 400 nm for 9) and excitation (solid
curves, Aem = 475 nm for 8 and Aem = 470 nm for 9) for complexes 8 (blue) and 9 (green).

The absence of bathochromic shift of the luminescence in the case of complexes 8
and 9 when compared to complex 7, might have its origin, besides the different molecular
packing in the solid state, in the difference of molecular orbital levels involved in the
emission, as a consequence of the strong electron withdrawing effect exerted by the hfac
ligands with respect to the chloride ligands which have a -donating effect.

4. Conclusions

4,7-dipyridyl-2,1,3-benzothiadiazol ligands 2-PyBTD, 3-PyBTD and 4-PyBTD have
been used to prepare coordination complexes with d” transition metals group in order
to take advantage of their flexible topicity and luminescence properties. Compounds
1-5 with 2-PyBTD and 6 with 3-PyBTD represent the first reported complexes based on
these ligands. While ligand 2-PyBTD showed chelating behavior towards zinc(Il) and
silver(I) ions, involving coordination by the pyridine and thiadiazole nitrogen atoms, in the
zinc(II) complexes based on 3-PyBTD and 4-PyBTD the ligands act as bridges through the
pyridine nitrogen atoms to provide the coordination polymers 6, 7 and 9. Moreover, the
mononuclear complex [ZnCl,(4-PyBTD);] 8 has been prepared as well, as a brick model
for the coordination polymer 9. In the crystal structures of all the complexes the occurrence
of supramolecular interactions directing the overall architecture has been thoroughly
discussed. A very peculiar coordination behavior of 2-PyBTD has been revealed in the
coordination polymer 5 with silver nitrate, where the ligand shows a tridentate coordination
mode leading to the formation of an original 2D structure. A striking difference has been
observed between 3-PyBTD and 4-PyBTD towards the Zn(hfac), fragments in complexes 6
and 7, since in the former the pyridine nitrogen atoms are in cis configuration, while in the
latter they coordinate the metal ion in axial positions. Solid state photophysical properties
of the zinc(IT) complexes of ligands 2-PyBTD and 4-PyBTD indicate an enhancement of the
emission intensity when compared to the free ligands. The emission wavelength shows
modulation with the nuclearity of the complexes, that is, blue-shift in 2 compared to 1
very likely because of the different intermolecular -7t stacking interactions, and with the
coordinated fragment, that is, red-shift in 7 compared to 8 and 9. DFT calculations on
complexes 1 and 2 shed light on the nature of the electronic transitions involved in the low
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energy absorption band responsible for the emissive properties. This first coordination
chemistry study of PyBTD with d!0 metals clearly highlight the interest of these ligands
for the access to multifunctional ligands and open the way towards the preparation of
whole series of complexes. Particularly attractive, for example, is the use of 2-PyBTD
ligand as bridge between paramagnetic metal centers where the magnetic interaction can
be mediated by the oxidation state of the ligand [51], when considering the possibility to
reduce the BTD unit into radical anion species. These directions are currently explored in
our groups.
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parameter for the Agl ion in compound 5 for hexacoordination. Table Sé. Selected bond angles (°) for
compound 5. Table S7. Selected bond angles (°) for compound 6. Table S8. Selected bond angles (°)
for compound 7. Table S9 Selected bond angles (°) for compounds 8 and 9. Figure S1. IR spectrum of
compound 1. Figure S2. IR spectrum of compound 2. Figure S3. IR spectrum of compound 3. Figure
54. IR spectrum of compound 4. Figure S5. IR Spectrum of compound 6. Figure S6. IR spectrum of
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interactions in crystalline coordination complexes.

Abstract: Analysis of the weak interactions within the crystal structures of 33 complexes of various
4’-aromatic derivatives of 2,2":6' 2”-terpyridine (tpy) shows that interactions that exceed dispersion
are dominated, as expected, by cation- - - anion contacts but are associated with both ligand-ligand
and ligand-solvent contacts, sometimes multicentred, in generally complicated arrays, probably
largely determined by dispersion interactions between stacked aromatic units. With V(V) as the
coordinating cation, there is evidence that the polarisation of the ligand results in an interaction
exceeding dispersion at a carbon bound to nitrogen with oxygen or fluorine, an interaction unseen
in the structures of M(II) (M = Fe, Co, Ni, Cu, Zn, Ru and Cd) complexes, except when 1,2,3-
trimethoxyphenyl substituents are present in the 4’-tpy.

Keywords: terpyridines; metal complexes; crystal structures; Hirshfeld surfaces; weak interactions

1. Introduction

Ligands based on the 2,2":6/,2"-terpyridine (tpy) substructure have been employed in an
extraordinary variety of studies concerning their metal-ion coordination chemistry [1-7]. Much
of this chemistry has concerned condensed phases—crystals, liquid crystals, monolayers on
surfaces, intercalation complexes, and films—where interactions between complex ion units
and between them and their environment can be particularly important, as is well-known
for 2,2:6,2"-terpyridine itself [8]. The postulate of the “terpyridine embrace” [9-12] as a
means of rationalising the forms of the lattices of many crystalline terpyridine complexes
provides a long-known example of the recognition of this fact. This form of supposed
aromatic—aromatic interaction, however, is known not to be universally operative for
such complexes [11,13,14], and more importantly, it is well recognised that terms, such as
“m-stacking” and “m— interactions” (as well as “OFF” = offset face-to-face and “EF” = edge-
to-face aromatic interactions), widely applied to the description of putative interactions
between aromatic entities [15-17] can be rather eclectically interpreted and that there may
be infrequent reason to attribute special significance to the association of small aromatic
systems beyond the recognition of dispersion interactions [18-24]. An even broader issue
is that of whether intermolecular interactions should be considered parallel to molecular

85

Chemistry 2021, 3, 199-227. https:/ /doi.org/10.3390/chemistry3010016

https://www.mdpi.com/journal/chemistry



Chemistry 2021, 3

bonding in being the result of the combination of proximal two-centre interactions [25-27].
Thus, the dissection of a crystal lattice in terms of atom—-atom “contacts”, which may or
may not be indicative of attractive, labile interactions, is not a straightforward task [25-32],
so in the work now reported, we crystallographically characterised a series of complexes
of related 4’ derivatives of 2,2":6',2"-terpyridine (Figure 1) in the hope that systematic
structural variations might facilitate the identification of major interactions. To assess the
interactions within the lattices, we employed the calculation of Hirshfeld surfaces [29]
using the program CrystalExplorer [30]. This work is a complement to other structural
studies of functionalised terpyridines and their complexes that we have reported [14,33-37]
and provides results to be integrated with the present and with the extant literature in
general. The ultimate objective, in general, is, of course, to use such information in the
design and synthesis of functional materials [38].

pybptpy patpy tmpatpy pfpatpy papatpy

Figure 1. 4-substituted derivatives of 2,2:6/,2"-terpyridine studied in the present work.

2. Experimental Section
2.1. General

Dichloromethane and acetonitrile (spectrophotometric grade) for the measurement of
electronic absorption and emission spectra were purchased from Merck (Seoul, S. Korea).
Other organic solvents were purchased from Aldrich (Basel, Switzerland). Reagents were
purchased from Wako (Osaka, Japan) (pyridin-4-yl-4-boronic acid and 4-(ethoxycarbonyl)
phenylboronic acid), Tokyo Chemical Industry (Tokyo, Japan) (benzylbromide, 2,2':6',2"-
terpyridine (tpy), 1-bromo-4-iodobenzene, Pd(PPhz)4 and 1,2,3,4,5-pentafluoro-6- iodoben-
zene), Alfa Aesar (Sulzbach, Germany) ((trimethylsilyl)acetylene and 1-ethynylbenzene)
and Aldrich (Basel, Switzerland) (diisopropylamine, Cul, ZnCl,, CdCl,, RuCl;-xH,O,
CO(BF4)2'6H20, Fe(ClO4)2~H20, Ni(ClO4)2'6H20, Cu(ClO4)2~6H20, Zn(ClO4)2'6H20,
Cd(ClO4)2-HyO and K,COs3) and used without further purification. Elemental analy-
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ses (C, H and N) were carried out at the Instrumental Analysis Centre of Kumamoto
University, Japan. 'H-NMR spectra were recorded with JEOL 500-ECX (500 MHz) and
Bruker 300 AM spectrometers (300.13 MHz) in deuterated solvents using TMS as an internal
reference. Electronic absorption spectra were recorded on SCINCO S5-2100 and Varian Cary
100 spectrophotometers. Fluorescence spectra were recorded on Perkin Elmer LS55 and
HORIBA FluoroMax-4P instruments. 1-bromo-4-(2-phenylethynyl)benzene [39], 2,2":6/,2"-
terpyridine-4’-ol [40], 2,6-bis(pyridin-2-yl)pyridin-4-yl trifluoromethanesulfonate [41], 2-
(4-ethynyl-6-(pyridin-2-yl)pyridin-2-yl)pyridine (4'-ethynyl-2,2":6,2"-terpyridine) [42], 4'-
(biphenyl-4-y1)-2,2":6/,2"-terpyridine (bptpy) [43], 4-(tolyl)-2,2":6' 2"-terpyridine (ttpy) [44],
4'-(3,4,5-trimethoxy-phenyl)-2,2":6/,2"-terpyridine (tmptpy) [45], 2-(4-(2-phenylethynyl)-
6-(pyridin-2-yl)pyridin-2-yl)pyridine (patpy) [46-48], 4'-((ethoxycarbonyl)biphenyl-4-yl)-
2,2":6/,2"-terpyridine (ebptpy) [49], 4'-((ethoxycarbonyl)terphenyl-4-y1)-2,2":6/,2-terpyridine
(etptpyb) [33], 4'-(benzyloxy)-2,2":6' 2"-terpyridine, (bzOtpy) [33], 4’-(pentafluorophenyl)-
2,2":6/ 2" -terpyridine (pfpatpy) [33], 4'-terphenyl-2,2:6',2"-terpyridine (tptpy) [34], 4'-(4'-
pyridin-4-yl-biphenyl-4-yl)-2,2":6/,2"-terpyridine (pybptpy) [35], 4'-(4-bromobiphenyl-4-
y1)-2,2":6,2"-terpyridine (Brbptpy) [36], 2-(4-(2-(3,4 5-trimethoxyphenyl)ethynyl)-6-(pyridin-
2-yl)pyridin-2-yl)pyridine (tmpatpy) [37] and [Ru(tpy)Cls] [50] were prepared by literature
methods. The synthesis of the ligand 4'-(4”'-(ethynylphenyl)phenylethynyl)-2,2":6/,2"-
terpyridine (papatpy) is described below along with that of its complexes.

2.2. Synthesis

CAUTION! Most of the complexes described were isolated as perchlorate salts and
are thus potential explosives. Although no difficulties were encountered, such materials
should always be prepared in the minimum possible quantities.

2.2.1. Vanadium(V) Complex of 4’-(Biphenyl)-2,2":6/ 2" -terpyridine, Bptpy

(1) [VO2(bptpy)IC104: Bptpy (120 mg, 0.3 mmol) was dissolved in CHCl;/CH3;0OH
(20 mL, 1:1, v/v) and VOSO4-3H,0 (65 mg, 0.3 mmol) in methanol (10 mL), added with
stirring. Under exposure to a normal atmosphere, the initially blue solution slowly changed
colour to yellow—green over several hours, after which NaClOy (0.4 g) was dissolved in it,
and the solution was allowed to slowly evaporate under ambient temperature to produce
yellow crystals suitable for an X-ray diffraction study (yield: 90 mg, 53%). Anal. calc. for
CoyH9CIN3O4V: C, 57.11; H, 3.37; N, 7.40. Found: C, 56.88; H, 3.50; N, 7.26%. CCDC
number, 2055133.

2.2.2. Complexes of 4’-Terphenyl-2,2":6/ 2" -terpyridine, Tptpy (and Mixed Complexes with
2,2":6',2"-Terpyridine)

(2) [Fe(tptpy)21(C104),- CH3OH: Fe(ClO4),-6H,0 (9.0 mg, 0.025 mmol) in DMF (5 mL)
was added to a solution of tptpy (30 mg, 0.065 mmol) in hot DMF (5 mL). After stirring
the solution for 2 h at 100 °C, the solvent was removed under reduced pressure. The
deep purple residue was washed with methanol and chloroform, and dried at ambient
temperature (yield: 25 mg, quantitative). Anal. calc. for C4;H49Cl,NgFeOq: C, 66.57; H,
4.09; N, 6.95. Found: C, 66.52; H, 4.07; N, 6.98%. 'H-NMR (300 MHz) in CD3CN: 5 9.26
(s, 4H), 8.66 (d, ] = 8.0 Hz, 4H), 8.46 (d, | = 8.0 Hz, 4H), 8.17 (d, | = 8.0 Hz, 4H), 7.99 (d,
J=8.0Hz, 4H), 7.94 (t, ] =8.5 Hz, 4H), 7.88 (d, ] = 8.0 Hz, 4H), 7.78 (d, ] = 7.5 Hz, 4H), 7.55
(t,] =75Hz,4H),7.45 (t,] =7.5Hz, 2H),7.22 (d, ] = 5.5 Hz, 4H), 7.11 (t, ] = 7.0 Hz, 4H). The
vapour diffusion of methanol into a solution of the complex in a minimum volume of DMF
produced purple crystals suitable for X-ray diffraction studies. CCDC number, 2055134.

(3) [Ni(tptpy)21(C104),-CH30H: Ni(ClOy4),-6H,0 (8.0 mg, 0.022 mmol) in methanol
(5 mL) was added to a solution of tptpy (20 mg, 0.043 mmol) in CHCl3/CH30H (6 mL, 1:1,
v/v). After stirring the solution for 1 h at 60 °C, the solvent was removed under reduced
pressure. The yellow residue was washed with methanol and chloroform, and then dried
at ambient temperature (yield: 20 mg, 91%). Anal. calc. for C4yH49Cl,NgNiOg: C, 66.41; H,
4.08; N, 6.94. Found: C, 66.50; H, 4.02; N, 7.01%. The vapour diffusion of methanol into a
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solution of the complex in a minimum volume of DMF produced yellow crystals suitable
for X-ray diffraction studies. CCDC number, 2055135.

@) [Ru(tptpy)2](PFe)2-3CH3CN: A mixture of tptpy (100 mg, 0.22 mmol) and RuCl;-xH,O
(50 mg, 0.22 mmol) in ethanol (30 mL) was heated at 70 °C for 6 h to produce a turbid,
reddish solution. After cooling to ambient temperature, the brown precipitate formed
was collected by filtration, washed with cold ethanol and then dried under vacuum. The
elemental analyses were consistent with its formulation as [Ru(tptpy)Cls] (yield: 80 mg).
[Ru(tptpy)Cl3] (30 mg, 0.045 mmol), tptpy (30 mg, 0.065 mmol) and N-ethylmorpholine
(five drops) were added to methanol/chloroform (30 mL, 1:1, v/v), and the mixture was
heated at 70 °C for 2 h. The resulting deep red solution was filtered through Celite to remove
a small amount of purple precipitate. The filtrate was loaded on a short silica column, and
the column eluted with acetonitrile/saturated aqueous KNO3/water at 7:1:0.5, v/v. The
major red component was collected, and methanolic NH4PFs was added to the eluate to
produce a red powder within 1 h. This was collected by filtration, washed with methanol
and then dried under vacuum (yield: 30 mg, 50%). Anal. calc. for C7,Hs5F12NgPyRu: C,
60.17; H, 3.86; N, 8.77. Found: C, 60.22; H, 3.83; N, 8.80%. Electronic absorption spectrum
(in CH3CN): Amax (Emax/M ™1 em™1) = 285 nm (58,900), 312 nm (75,500), 330 nm (72,300),
494 nm (32,100). "H-NMR (500 MHz) in CD3CN: 6 9.08 (s, 4H), 8.69 (d, ] = 7.5 Hz, 4H), 8.35
(d, ] =8.0Hz, 4H), 8.13 (d, ] = 8.0 Hz, 4H), 7.98 (m, 8H), 7.87 (d, ] = 7.5 Hz, 4H), 7.54 (t,
] =8.0 Hz, 4H), 7.46 (m, 6H), 7.21 (t, ] = 6.5 Hz, 4H). The slow evaporation of an acetonitrile
solution of the complex at ambient temperature produced red crystals suitable for X-ray
structure determination. CCDC number, 2055219.

(5) [Ru(tptpy) (tpy)1(PFs)2-2DMEF: Tptpy (60 mg, 0.13 mmol), [Ru(tpy)Cls] (50 mg,
0.11 mmol) and N-ethylmorpholine (five drops) were added to methanol/chloroform
(30 mL, 1:1, v/v), and the mixture was heated at 70 °C for 2 h. The resulting deep red
solution was filtered through Celite to remove a small amount of brown precipitate, and
the filtrate was subjected to chromatography on silica using acetonitrile/saturated aqueous
KNO;/water at 7:1:0.5, v/v, as the eluant. The major red component was collected, and
methanolic NH4PFs was added to the eluate to produce a red precipitate, which was
filtered and washed with methanol, and then dried in a vacuum (yield: 23 mg, 20%). Anal.
calc. for Cs4HygF12NgO,PoRu: C, 52.64; H, 3.93; N, 9.10. Found: C, 52.55; H, 3.85; N, 9.05%.
IR spectrum (KBr disc, cm™~1): 3106, 3038, 3030 (Ar C—H), 863 (PF). Electronic absorption
spectrum (in CH3CN): Amax (Emax, M~! em™1) = 275 nm (43,700), 282 nm (43,900), 309 nm
(73,900), 485 nm (24,800). "H-NMR (500 MHz) in CD3CN: § 9.06 (s, 2H), 8.75 (d, ] = 8.0 Hz,
2H), 8.67 (d, ] = 8.0 Hz, 2H), 8.50 (d, ] = 8.5 Hz, 2H), 8.42 (t, ] = 8.5 Hz, 1H), 8.33 (d, ] = 8.0 Hz,
2H), 8.12 (d, ] = 8.0 Hz, 2H), 7.96 (m, 7H), 7.86 (d, ] = 8.0 Hz, 2H), 7.77 (d, ] = 7.5 Hz, 2H),
7.54 (t,] =7.5Hz,2H),7.44 (d,] = 5.0 Hz, 2H), 7.35 (d, ] = 5.5 Hz, 2H), 7.18 (m, 4H). Upon
dissolving the complex in hot DMF and then allowing the solution to stand for one week at
ambient temperature, red crystals suitable for X-ray structure determination were obtained.
CCDC number, 2055220.

(6) [Ru(tptpy)(tpy)1(C104),-2DMF: [Ru(tptpy)(tpy)l(PFe)2 (20 mg, 0.018 mmol) was
dissolved in DMF (3 mL), and LiClO4 (0.01 g) was added. The slow deposition of red
crystals suitable for X-ray structure determination occurred upon leaving the solution to
stand at ambient temperature. Anal. calc. for C54HygCloNgOoRu: C, 56.84; H, 4.24; N, 9.82.
Found: C, 56.78; H, 4.27; N, 9.78%. Electronic absorption spectrum in CH3CN: Amax (Emax,
M~ em™1) = 274 nm (44,000), 281 nm (43,300), 308 nm (71,400), 484 nm (23,600). "H-NMR
(500 MHz) in CD3CN: 4 9.06 (s, 2H), 8.75 (d, ] = 8.5 Hz, 2H), 8.67 (d, ] = 8.0 Hz, 2H), 8.50
(d, ] =8.0Hz, 2H), 8.42 (t,] = 8.0 Hz, 1H), 8.33 (d, ] = 8.5 Hz, 2H), 8.12 (d, ] = 8.0 Hz, 2H),
7.96 (m, 7H), 7.86 (d, ] = 8.0 Hz, 2H), 7.77 (d, ] = 8.5 Hz, 2H), 7.54 (t, ] = 7.5 Hz, 2H), 7.44 (d,
J=6.0Hz,2H), 7.35 (d, ] = 5.0 Hz, 2H), 7.18 (m, 4H). CCDC number, 2055221.

2.2.3. Zinc(II) Complex of 2-(4-(2-Phenylethynyl)-6-(pyridin-2-yl)yyridin-2-yl)
pyridine, Patpy

(7) [Zn(patpy)21(ClO4)2 (YK758): Zn(ClOy4);-6H,0 (30 mg, 0.08 mmol) and patpy
(50 mg, 0.15 mmol) were dissolved in acetonitrile (10 mL) and heated at 70 °C for 2 h. After
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cooling to ambient temperature, the solvent was removed by evaporation under reduced
pressure. The colourless residue was washed with methanol and dichloromethane and
dried at ambient temperature (yield: 39 mg, 53%). Anal. calc. for C46H39Cl,NgZnOg: C,
59.34; H, 3.25; N, 9.03. Found: C, 59.41; H, 3.32; N, 9.20%. 'H-NMR (300 MHz) in CD3CN:
6890 (s,4H), 8.61 (d, ] =8.0 Hz, 4H), 8.22 (td, ] = 7.9, 1.6 Hz, 4H), 7.86 (m, 8H), 7.62 (m,
6H),7.46 (dd, ] = 5.1, 0.9 Hz, 2H), 7.43 (dd, | = 5.1, 0.9 Hz, 2H). The slow evaporation of an
acetonitrile solution of the complex at ambient temperature provided colourless crystals
suitable for X-ray diffraction studies. CCDC number, 2055222.

2.2.4. Complexes of 4'-(4”’-(Ethynylphenyl)phenylethynyl)-2,2":6',2"-terpyridine, Papatpy

(8) papatpy: 2-(4-ethynyl-6-(pyridin-2-yl)pyridin-2-yl)pyridine (0.25 g, 0.97 mmol),
1-bromo-4-(2-phenylethynyl)benzene (0.30 g, 1.12 mmol), Pd(PPhs), (0.10 g, 0.086 mmol)
and Cul (0.020 g, 0.11 mmol) were placed into a three-necked round-bottom flask un-
der a nitrogen atmosphere. Degassed i-ProNH/THF (30 mL, 1:1, v/v) was added to the
mixture and heated under reflux for 12 h under nitrogen. The resultant dark brown,
turbid solution was filtered, and the filter was washed with THEF. The filtrate and wash
solution were evaporated to dryness under reduced pressure, and then dissolved in a
minimum volume of dichloromethane. Adsorption on a short silica column and elution
with ethylacetate/CH,Cl, at 1:4, v/v, produced a colourless eluate, which was evaporated
under reduced pressure to produce a white powder (yield: 0.20 g). "H-NMR (300 MHz) in
CDCly: 6 8.78 (dq, ] = 4.1,0.8 Hz, 2H), 8.69 (d, ] = 8.0 Hz, 2H), 8.12 (s, 2H), 7.96 (td, ] = 7.8,
1.8 Hz, 2H), 7.59 (m, 6H), 7.43 (m, 5H). Anal. calc. for C31H19N3-0.5H,O: C, 84.14; H, 4.56;
N, 9.50. Found: C, 83.70; H, 4.48; N, 9.33%.

(9) [Co(papatpy)21(BF4)3-:2CH3CN: Co(BF,),-6H,O (0.0080 g, 0.023 mmol) in DMF
(5 mL) was mixed with papatpy (20 mg, 0.046 mmol) in DMF (10 mL). After heating this
solution for 2 h at 100 °C, the solvent was removed under reduced pressure to produce
a brown residue, which was washed with methanol and chloroform, and then dried at
ambient temperature (yield: 20 mg, 69%). Anal. calc. for C¢HyyB3CoF1oNg: C, 62.49; H,
3.50; N, 8.83. Found: C, 62.55; H, 3.42; N, 8.90%. The vapour diffusion of diethyl ether into
an acetonitrile solution of the complex provided yellow, rod-like crystals suitable for X-ray
diffraction studies. The structure determination and colour of the complex showed that the
oxidation of Co(II) to Co(III) had occurred during the synthesis. CCDC number, 2055223.

(10) [Ni(papatpy)21(ClO4)2-3DMF: Ni(ClOy),-6H,0 (9.0 mg, 0.025 mmol) in DMF
(5 mL) was mixed with papatpy (20 mg, 0.046 mmol) in DMF (10 mL). After heating this
solution for 2 h at 100 °C, the solvent was removed under reduced pressure to produce
a yellow residue, which was washed with methanol and chloroform, and then dried at
ambient temperature (yield: 20 mg, 63%). Anal. calc. for Cy;H59Cl,N9gNiO4;: C, 63.45; H,
4.43; N, 9.38. Found: C, 63.56; H, 4.42; N, 9.42%. The slow evaporation of a DMF solution
of the complex at ambient temperature led to the deposition of yellow, rod-like crystals
suitable for X-ray diffraction studies. CCDC number, 2055137.

(11) [Cu(papatpy)2](ClO4)2-2CH3CN-0.5H,0: Cu(ClO4),-6H,0 (9.0 mg, 0.024 mmol)
in DMF (5 mL) was mixed with papatpy (20 mg, 0.046 mmol) in DMF (10 mL). After
heating this solution for 2 h at 100 °C, the solvent was removed under reduced pressure.
The green residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 19 mg, 66%). Anal. calc. for C3,HgpCl4CusN;6047: C, 64.95; H, 3.72;
N, 9.18. Found: C, 65.06; H, 3.52; N, 9.22%. The slow evaporation of an acetonitrile solution
of the complex at ambient temperature led to the deposition of green, block-like crystals
suitable for X-ray diffraction studies. CCDC number, 2055138.

(12) [Zn(papatpy)2]1(C1O4)2-3DMEF: Zn(ClOy4),-6H,0 (9.0 mg, 0.023 mmol) in DMF
(5 mL) was mixed with papatpy (20 mg, 0.046 mmol) in DMF (10 mL). After heating this
solution for 2 h at 100 °C, the solvent was removed under reduced pressure to produce a
colourless residue, which was washed with methanol and chloroform, and then dried at
ambient temperature (yield: 21 mg, 68%). Anal. calc. for C7;H59Cl)N9ZnO1;: C, 63.14; H,
4.40; N, 9.33. Found: C, 63.10; H, 4.45; N, 9.30%. 'H-NMR (300 MHz; CD3CN): § = 8.90 (s,
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4H), 8.60 (d, ] = 9.0 Hz, 4H), 8.23 (td, ] = 7.8, 1.5 Hz, 4H), 7.86 (m, 8H), 7.76 (d, | = 8.5 Hz,
4H), 7.65 (m, 4H), 7.50 (m, 6H), 7.47 (dd, | = 5.1, 0.9 Hz, 2H), 7.43 (dd, ] = 5.1, 1.0 Hz, 2H).
The slow evaporation of a DMF solution of the complex at ambient temperature led to
the deposition of colourless, rod-like crystals suitable for X-ray diffraction studies. CCDC
number, 2055139.

(13) [Ru(papatpy)21(PFe)2: A mixture of papatpy (40 mg, 0.092 mmol) and RuCl;-xH,O
(0.020 g) in ethanol (30 mL) was heated at 70 °C for 5 h to produce a turbid, reddish-
purple solution. The precipitate formed after cooling to ambient temperature was col-
lected and washed on a filter with cold ethanol to produce a brown powder, taken to be
[Ru(papatpy)Cl3]. [Ru(papatpy)Cl3] (25 mg, 0.039 mmol), papatpy (20 mg, 0.046 mmol)
and N-ethylmorpholine (five drops) in CH;OH/CHCI;3 (40 mL, 3:1, v/v) were heated at
70 °C for 4 h. The resultant deep red solution was filtered through Celite to remove
some insoluble purple material, and the solvent was evaporated off under reduced pres-
sure. The dark red residue was dissolved in a minimum volume of acetonitrile and
subjected to chromatography on a short silica column using acetonitrile /saturated aqueous
KNOj3/water at 7:1:0.5, v/v, as the eluent. The major red component was collected, and
methanolic NH4PFg was added to this eluate. After 1 h, the red precipitate was filtered off,
washed with methanol and then dried under vacuum (yield: 23 mg, 47%). Anal. calc. for
CerHssF12NgPoRu: C, 59.19; H, 3.04; N, 6.68. Found: C, 59.10; H, 3.12; N, 6.72%. 'H-NMR
(300 MHz) in CD3CN: ¢ 8.92 (s, 4H), 8.55 (dq, ] = 8.1, 0.4 Hz, 4H), 8.01 (td, ] = 7.8, 1.5 Hz,
4H), 7.85 (d, ] = 8.6 Hz, 4H), 7.76 (d, ] = 8.6 Hz, 4H), 7.66 (m, 4H), 7.50 (m, 6H), 7.45 (dq,
J=5.5,0.6 Hz, 4H), 7.25 (dd, ] = 5.6, 1.3 Hz, 2H), 7.22 (dd, ] = 5.6, 1.3 Hz, 2H). The slow
evaporation of a solution of the complex in CH3CN at ambient temperature produced red
crystals suitable for X-ray structure determination. CCDC number, 2055140.

(14) [Ru(papatpy)(tpy)1(PFe)2-3CH3CN: [Ru(tpy)Cls] (50 mg, 0.11 mmol) and pap-
atpy (60 mg, 0.14 mmol) were dissolved in methanol/chloroform (30 mL, 1:1, v/v), and
N-ethylmorpholine (five drops) was added. The mixture was heated under reflux for 2 h
and filtered through Celite to remove a small amount of brown precipitate. The deep
red filtrate was chromatographed with a short silica-gel column using a mixed eluent
(acetonitrile/saturated aqueous KNOj3/water at 7:1:0.5, v/v). The major red band was
collected, and excess methanolic NH4PFs was added. The red precipitate obtained was
filtered, washed with methanol and dried under vacuum (yield: 28 mg, 22%). The product
was dissolved in CH3CN and left for one week at room temperature to afford red crystals
suitable for X-ray diffraction studies. Anal. calc. for CspHz9F12NgP>Ru: C, 52.89; H, 3.33;
N, 10.67. Found: C, 52.95; H, 3.20; N, 10.81%. "H-NMR (300 MHz, CD;CN): § = 8.90 (s, 2H),
8.78 (d, ] = 8.2 Hz, 2H), 8.54-8.50 (m, 4H), 8.45 (t, ] = 8.2 Hz, 1H), 7.94 (qd, ] = 7.9, 1.5 Hz,
4H),7.83 (d, ] = 8.0 Hz, 2H), 7.74 (d, ] = 8.5 Hz, 2H), 7.65-7.62 (m, 2H), 7.50-7.47 (m, 3H),
7.42-7.37 (m, 4H), 7.24-7.16 (m, 4H). CCDC number, 2055141.

(15) [Cd(papatpy)2]1(C104),-2CH3CN-H,0: Cd(ClO4),-H,O (8.0 mg, 0.026 mmol) in
DMEF (5 mL) was mixed with papatpy (20 mg, 0.046 mmol) in DMF (10 mL). After heating
this solution for 2 h at 100 °C, the solvent was removed under reduced pressure. The
colourless residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 18 mg, 55%). Anal. calc. for CesHysCloNgCdOg: C, 62.01; H, 3.63; N,
8.76. Found: C, 61.97; H, 3.55; N, 8.82%. 'H-NMR (300 MHz) in CD3CN: J 8.85 (s, 4H), 8.64
(d, ] =8.1Hz, 4H),8.26 (td, ] = 7.8, 1.6 Hz, 4H), 8.13 (s, 4H), 7.82 (d, ] = 8.4 Hz, 4H), 7.75 (d,
] =8.4 Hz, 4H), 7.65 (m, 4H), 7.56 (d, ] = 5.1 Hz, 2H), 7.53 (d, ] = 5.1 Hz, 2H), 7.49 (m, 6H).
The vapour diffusion of diethyl ether into an acetonitrile solution of the complex provided
colourless, rod-like crystals suitable for X-ray diffraction studies. CCDC number, 2055142.

(16) [Cd(papatpy)Cl,]-CH,Cl,: CdCl; (13 mg, 0.071 mmol) in CH3CN/CHCl;3 (10 mL,
1:1, v/v) was mixed with papatpy (30 mg, 0.069 mmol) in chloroform (5 mL). After heating
this solution at 70 °C for 2 h, the solvent was removed under reduced pressure. The
colourless residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 32 mg, 64%). Anal. calc. for C3pH;Cl4N3Cd: C, 54.77; H, 3.02; N, 5.99.
Found: C, 54.67; H, 3.11; N, 5.88%. 'H-NMR (300 MHz) in DMSO-dg: 6 8.79 (d, ] = 4.3 Hz,

90



Chemistry 2021, 3

4H),7.78 (d, ] = 8.1 Hz, 4H), 7.73 (d, | = 8.4 Hz, 4H), 7.62 (m, 3H), 7.48 (m, 4H). The slow
evaporation of a solution of the complex in CH3CN/CH,Cl; (1:1, v/v) produced colourless,
rod-like crystals suitable for X-ray diffraction studies. CCDC number, 2055224.

2.2.5. Iron(Il) Complex of 4'-(Pentafluorophenylethynyl)-2,2":6',2"-terpyridine, pfpatpy

(17) [Fe(pfpatpy)2]1(ClO4),-CH3CN-H;0: Fe(ClO4),-6H,0 (9.0 mg, 0.025 mmol) in
DMF (5 mL) was added to a solution of pfpatpy (30 mg, 0.065 mmol) in hot DMF (5 mL).
After stirring for 2 h at 100 °C, the solvent was removed under reduced pressure, and
the deep purple residue was washed with CH3;OH and CHCI3, and then dried at room
temperature (yield: 25 mg, 89%). It was dissolved in DMF, and CH3CN vapour was
diffused in to produce purple crystals suitable for X-ray diffraction studies. Anal. calc. for
Cyu6H2oClyF19FeNgOs-0.5CH3CN-H,0: C, 49.56; H, 2.08; N, 7.99. Found: C, 49.98; H, 1.91;
N, 7.70%. (There was a partial loss of CH3CN by comparison with the crystal.) CCDC
number, 2055225.

2.2.6. Complexes of 4'-(4'-Pyridin-4-yl-biphenyl-4-y1)-2,2":6/ 2" -terpyridine, pybptpy

(18) [Ni(pybptpy),1(C104),-2DMF-H,0: Ni(ClOy),-6H,0 (20 mg, 0.055 mmol) in
DMEF (5 mL) was added to pybptpy (50 mg, 0.11 mmol) in DMF (10 mL). After stirring
the solution for 2 h at 100 °C, the solvent was removed under reduced pressure, and the
yellow residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 54 mg, 82%). Anal. calc. for C7oHgoClaN19NiOy1: C, 62.42; H, 4.49; N,
10.40. Found: C, 62.4; H, 4.45; N, 10.21%. The vapour diffusion of methanol into a DMF
solution of the complex produced yellow crystals suitable for X-ray diffraction studies.
CCDC number, 2055226.

(19) [Cu(pybptpy)2]1(Cl04)2-3DMF-H;0: Cu(ClOy),-6H,0 (20 mg, 0.055 mmol) in
DMEF (5 mL) was added to pybptpy (50 mg, 0.11 mmol) in DMF (10 mL). After stirring
the solution for 2 h at 100 °C, the solvent was removed under reduced pressure, and the
green residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 58 mg, 74%). Anal. calc. for C73Hg;Cl,CuN11Oq: C, 61.54; H, 4.74;
N, 10.81. Found: C, 61.33; H, 4.82; N, 10.88%. The vapour diffusion of methanol into a
DMEF solution of the complex produced green crystals suitable for X-ray diffraction studies.
CCDC number, 2055227.

(20) [Zn(pybptpy)21(C104)2-:2DMF-H0: Zn(ClO4),-6H,O (20 mg, 0.055 mmol) in
DMEF (5 mL) was added to pybptpy (50 mg, 0.11 mmol) in DMF (10 mL), and the solution
was stirred for 2 h at 100 °C before the solvent was removed under reduced pressure.
The white residue was washed with methanol and chloroform, and then dried at ambient
temperature (yield: 49 mg, 63%). Anal. calc. for CyoHeyClaN;19O11Zn: C, 62.11; H, 4.47; N,
10.35. Found: C, 62.07; H, 4.55; N, 10.51%. 'H-NMR (300 MHz) in DMSO-ds: J 9.50 (s, 4H),
9.23(d, ] =8.2Hz,4H),8.73 (d,] = 5.6 Hz, 4H), 8.63 (d, ] = 7.8 Hz, 4H), 8.35 (t, ] = 7.6 Hz,
4H), 8.22 (d, ] = 8.2 Hz, 4H), 8.12 (d, ] = 8.3 Hz, 4H), 8.05 (m, 8H), 7.86 (d, ] =5.8 Hz,
4H), 7.56 (t, ] = 6.5 Hz, 4H). The vapour diffusion of methanol into a DMF solution of
the complex produced colourless crystals suitable for X-ray diffraction studies. CCDC
number, 2055228.

2.2.7. Complexes of 4'-(4-Bromobiphenyl-4-y1)-2,2:6/,2"-terpyridine, Brbptpy

(21) [Co(Brbptpy)21(BF4)2-2CH3CN: Co(BF,);-6H,0 (20 mg, 0.060 mmol) in dimethyl-
formamide (DMF; 5 mL) was added to a solution of Brbptpy (50 mg, 0.11 mmol) in hot
DMEF (10 mL). After stirring for 2 h at 100 °C, the solvent was removed under reduced
pressure. The brown residue was washed with methanol and dried at ambient temperature
(yield: 0.048 g, 71%). Anal. calc. for CsgHgpByBryCoFgNg: C, 56.03; H, 3.40; N, 9.0. Found:
C, 56.18; H, 3.36; N, 8.95%. The vapour diffusion of diethyl ether into a solution of the
complex in a minimum volume of acetonitrile produced brown crystals suitable for X-ray
diffraction studies. CCDC number, 2055148.
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(22) [Ni(Brbptpy)21(C104)2-DMEF-H,O: Ni(ClO4),-6H,O (40 mg, 0.12 mmol) in methanol
(10 mL) was added to a solution of Brbptpy (100 mg, 0.22 mmol) in CHCl3 /CH3OH (10 mL,
1:1, v/v). After stirring the solution for 1 h at 60 °C, the solvent was removed under reduced
pressure, and the yellow residue was washed with cold methanol and chloroform, and
then dried at ambient temperature (yield: 100 mg, 68%). Anal. calc. for Cjq1Hy9Bry
C1uN13NipOq5: C, 54.16; H, 3.2; N, 7.40. Found: C, 54.32; H, 3.30; N, 7.45%. The vapour
diffusion of methanol into a solution of the complex in a minimum volume of DMF
produced yellow crystals suitable for X-ray diffraction studies. CCDC number, 2055149.

(23) [Cu(Brbptpy)21(C104);-2CH30H: Cu(ClOy),-6H,0 (45 mg, 0.12 mmol) in methanol
(10 mL) was added to a solution of Brbptpy (100 mg, 0.22 mmol) in CHCl3 /CH30OH (10 mL,
1:1, v/v). After stirring the solution for 1 h at 60 °C, the solvent was removed under reduced
pressure, and the green residue was washed with cold methanol and chloroform, and then
dried at ambient temperature (yield: 110 mg, 75%). Anal. calc. for Cs55Hy3BryCl,CuNgO1g:
C, 53.63; H, 3.46; N, 6.70. Found: C, 56.28; H, 3.38; N, 6.75%. The complex was dissolved in
boiling methanol, and the solution was allowed to evaporate slowly at ambient temperature
to provide brown crystals suitable for X-ray diffraction studies. CCDC number, 2055150.

(24) [Ru(Brbptpy)21(PFs)2-3CH3CN: With the substitution of Brbptpy for tptpy, the
same procedure as used with complex 4 provided red crystals (with a 51% yield) of the
complex suitable for structure determination. Anal. calc. for CeoHysBroF1oNoPyRu: C,
49.95; H, 3.14; N, 8.74. Found: C, 49.35; H, 3.30; N, 8.82%. Due to the loss of the sample, an
NMR spectrum was not obtained. CCDC number, 2055151.

2.2.8. Complexes of 4-((Ethoxycarbonyl)biphenyl-4-y1)-2,2":6' 2"-terpyridine, Ebptpy

(25) [Ni(ebptpy)2]1(Cl04)2-:3DMEF: Ni(ClO4),-6H,O (8.0 mg, 0.022 mmol) in DMF
(5 mL) was added to ebptpy (20 mg, 0.044 mmol) in DMF (10 mL). The resulting solution
was heated for 2 h at 100 °C before the solvent was removed under reduced pressure. The
yellow residue was washed with methanol and chloroform and then dried at ambient
temperature (yield: 21 mg, 69%). Anal. calc. for CeoHg7ClN9gNiO;5: C, 59.54; H, 4.85; N,
9.06. Found: C, 59.60; H, 4.53; N, 9.21%. The vapour diffusion of methanol into a DMF
solution of the complex produced yellow, rod-like crystals suitable for X-ray diffraction
studies. CCDC number, 2055152.

(26) [Cu(ebptpy)21(C104)2-CH3CN: Cu(ClOy),-6H,0 (8.1 mg, 0.022 mmol) in DMF
(5 mL) was added to ebptpy (20 mg, 0.044 mmol) in DMF (10 mL). The resulting solution
was heated for 2 h at 100 °C before the solvent was removed under reduced pressure.
The green residue was washed with methanol and chloroform, and dried at ambient
temperature (yield: 0.018 g, 67%). Anal. calc. for CeHy9ClN;CuOqy: C, 61.11; H, 4.05;
N, 8.05. Found: C, 60.99; H, 4.02; N, 8.10%. The vapour diffusion of diethyl ether into an
acetonitrile solution of the complex provided green, rod-like crystals suitable for X-ray
diffraction studies. CCDC number, 2055153.

2.2.9. Zinc(Il) Complex of 4-((Ethoxycarbonyl)terphenyl-4-y1)-2,2:6,2"-terpyridine, etptpy

(27) [Zn(etptpy)21(C104)2-2DMEF-H,0: Zn(ClOy4), -6H,0 (7.0 mg, 0.016 mmol) in DMF
(5 mL) was added to etptpy (20 mg, 0.037 mmol) in DMF (10 mL). After stirring the result-
ing solution for 2 h at 100 °C, the solvent was removed under reduced pressure. The white
residue was washed with methanol and chloroform and then dried at ambient temperature
(yield: 19 mg, 84%). Anal. calc. for C75Hg; CIoN7O13Zn: C, 64.13; H, 4.38; N, 6.98. Found: C,
64.08; H, 4.52; N, 6.70%. "H-NMR (300 MHz) in DMSO-dg:  9.50 (s, 4H), 9.23 (d, ] = 7.5 Hz,
4H), 8.62 (d, ] = 7.5 Hz, 4H), 8.33 (t, ] = 6.8 Hz, 4H), 8.21 (d, ] = 7.7 Hz, 4H), 8.13 (t, ] = 8.0 Hz,
8H), 7.99 (m, 12H), 7.55 (t, ] = 5.5 Hz, 4H), 4.41 (q, ] = 6.7 Hz, 4H,~CH,-), 1.40 (t, ] = 7.2 Hz,
6H, —CHj3). The vapour diffusion of methanol into a DMF solution of the complex produced
pale-yellow, rod-like crystals suitable for X-ray diffraction studies. CCDC number, 2055154.
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2.2.10. Complexes of 4'-(Benzyloxy)-2,2":6/ 2" -terpyridine, bzOtpy

(28) [Fe(bzOtpy)21(Cl04)2: A mixture of Fe(ClO4),-6H,0O (12 mg, 0.033 mmol) and
bzOtpy (30 mg, 0.088 mmol) in CH,Cl,/CH3O0H (20 mL, 1:1, v/v) was heated under reflux
for 2 h. Upon cooling, the solvent was evaporated off under reduced pressure. The purple
residue was washed with methanol and dichloromethane and dried at ambient temperature
(yield: 30 mg, 97%). Anal. calc. for C44H34Cl,NeFeOqg: C, 56.61; H, 3.67; N, 9.00. Found: C,
56.48; H, 3.89; N, 9.11%. 'H-NMR (300 MHz) in CD3CN: 5 8.60 (s, 4H), 8.47 (d, ] = 7.8 Hz,
4H),7.92 (t, ] =7.7 Hz, 4H), 7.77 (d, ] = 7.5 Hz, 4H), 7.64 (m, 6H), 7.20 (d, ] = 5.4 Hz, 4H), 7.13
(t, ] = 6.4 Hz, 4H), 5.72 (s, 4H, -CH,-). The slow evaporation of an acetonitrile solution of
the complex at ambient temperature produced purple crystals suitable for X-ray diffraction
studies. CCDC number, 2055155.

(29) [Ni(bzOtpy)21(C104)2: Ni(ClOy4),-6H,0 (17 mg, 0.047 mmol) and bzOtpy (30 mg,
0.088 mmol) were dissolved in CH,Cl, /CH3OH (20 mL, 1:1, v/v) and heated under reflux
for 2 h. Upon cooling, the solvent was evaporated off under reduced pressure. The
yellow residue was washed with methanol and dichloromethane and then dried at ambient
temperature (yield: 36 mg, 82%). Anal. calc. for C44H34Cl,NgNiOqg: C, 56.44; H, 3.66; N,
8.98. Found: C, 56.70; H, 3.74; N, 9.08%. The slow evaporation of an acetonitrile solution of
the complex at ambient temperature produced purple crystals suitable for X-ray diffraction
studies. CCDC number, 2055156.

2.2.11. 4-(3,4,5-Trimethoxy-phenyl)-2,2":6,2"-terpyridine, tmptpy, and its Zn(II) Complex

(30) Tmptpy [34] in its diprotonated form as the perchlorate salt, hemi-tetrahydrofuran
solvate, [Hytmptpy](ClO4),-0.5THF: tmptpy (100 mg) was dissolved in THF (30 mL), and
1 mL of 1 M HCIO,4 was added with stirring over 30 min, after which the solution was
allowed to slowly evaporate under ambient temperature to produce colourless crystals
suitable for structure determination. Anal. calc. for C5,Hs4CI4NgOo3: C, 49.07; H, 4.28; N,
6.60; Found: C, 48.54; H, 4.31; N, 6.48%. CCDC number, 2055157.

(31) [Zn(tmptpy)2]1(C1O4)2-CH3CN: Zn(ClOy);-6H0 (7.0 mg, 0.016 mmol) in DMF
(5 mL) was added to tmptpy (20 mg, 0.037 mmol) in DMF (10 mL). The solvent was
removed under reduced pressure after stirring the solution for 2 h at 100 °C. The white
residue was washed with methanol and chloroform and then dried at ambient temperature
(yield: 19 mg, quantitative). Anal. calc. for C5pHys5CIoN7O14Zn: C, 54.39; H, 4.11; N, 8.88.
Found: C, 54.44; H, 4.08; N, 8.96%. 'H-NMR (300 MHz) in CD3CN: 6 9.00 (s, 4H), 8.82
(dt, ] =8.1,0.8 Hz, 4H), 8.23 (td, ] = 7.8, 1.7 Hz, 4H), 7.87 (dq, ] = 5.1, 0.6 Hz, 4H), 7.46 (dd,
J=5.1,1.0 Hz, 2H), 7.44 (s, 4H), 7.43 (dd, ] = 5.1, 1.0 Hz, 2H), 4.10 (s, 12H, -CH3), 3.92 (s, 6H,
—CHj3). The vapour diffusion of methanol into a DMF solution of the complex produced
pale-yellow, rod-like crystals suitable for X-ray diffraction studies. CCDC number, 2055158.

2.2.12. Complexes of 2-(4-(2-(3,4,5-Trimethoxyphenyl)ethynyl)-6-(pyridin-2-yl)
pyridin-2-yl)pyridine, tmpatpy

(32) [Ni(tmpatpy)>21(ClO4),-CH3CN-H,O: Ni(ClOy4),-6H0 (9.0 mg, 0.025 mmol) in
acetonitrile (5 mL) was added to tmpatpy (20 mg, 0.047 mmol) in CH;CN/CHCl; (10 mL,
1:1, v/v). After stirring the resulting solution for 1 h at 60 °C, the solvent was removed under
reduced pressure. The yellow residue was washed with methanol and chloroform and then
dried at ambient temperature (yield: 21 mg, 57%). Anal. calc. for C;06HggCl4N13029Niy:
C, 56.13; H, 3.96; N, 8.03. Found: C, 56.22; H, 3.98; N, 8.11%. The slow evaporation of
an acetonitrile solution of the complex at ambient temperature provided yellow, rod-like
crystals suitable for X-ray diffraction studies. CCDC number, 2055159.

(33) [Zn(tmpatpy)21(C104),-CH3CN-3H,0: Zn(ClO4);-6H,0 (9.0 mg, 0.024 mmol) in
acetonitrile (5 mL) was added to tmpatpy (20 mg, 0.047 mmol) in CH3CN/CHCl; (10 mL,
1:1, v/v). After stirring the resulting solution for 1 h at 60 °C, the solvent was removed
under reduced pressure, and the bright yellow residue was washed with methanol and
chloroform, and then dried at ambient temperature (yield: 22 mg, 76%). Anal. calc. for
Cs4Hs51CLN;017Zn: C,53.77; H, 4.26; N, 8.13. Found: C, 53.57; H, 4.20; N, 8.18%. 'H-NMR
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(300 MHz) in CD3CN: ¢ 8.86 (s, 4H), 8.60 (dt, ] = 8.1, 0.8 Hz, 4H), 8.22 (td, ] =7.7, 1.6 Hz,
4H), 7.86 (dq, ] = 5.1,0.8 Hz, 4H), 7.46 (dd, ] = 5.1, 1.0 Hz, 2H), 7.43 (dd, ] = 5.1, 0.9 Hz, 2H),
7.10 (s, 4H), 3.95 (s, 12H, -CH3), 3.85 (s, 6H, -CH3). The slow evaporation of an acetonitrile
solution of the complex at ambient temperature provided pale yellow, rod-like crystals
suitable for X-ray diffraction studies. CCDC number, 2055160.

(34) [Ru(tmpatpy);1(PFg)2-1.5DMF: A mixture of tmpatpy (50 mg, 0.12 mmol) and
RuCl3-xH,O (25 mg) in ethanol (30 mL) was heated at 70 °C for 4 h to produce a turbid,
reddish-purple solution. This was cooled to ambience to produce a precipitate of a brown
powder, washed on the filter with ethanol, which was assumed to be [Ru(tmpatpy)Cls].
[Ru(tmpatpy)Clz] (40 mg, 0.063 mmol), tmpatpy (30 mg, 0.071 mmol) and N-ethylmorpholine
(five drops) were dissolved in CH3;OH/CHCI; (40 mL, 3:1, v/v) and heated at 70 °C for
2 h. The resultant deep red solution was filtered through Celite to remove some insoluble
purple material, and the solvent was evaporated under reduced pressure. The dark red
residue was dissolved in a minimum volume of acetonitrile and loaded on a short silica
column, and the column was eluted with acetonitrile/saturated aqueous KNO3/water
(7:1:0.5, v/v). The major red component was collected, methanolic NH4PF; was added,
and 1 h was allowed for the precipitation of a red powder, which was then collected,
washed on the filter with methanol and dried under vacuum (yield: 35 mg, 41%). Anal.
calc. for Cy13H105F24N15015P4Ru,: C, 50.36; H, 3.93; N, 7.80. Found: C, 50.41; H, 3.80; N,
7.78%. "H-NMR (300 MHz) in CD3;CN: ¢ 8.88 (s, 4H), 8.54 (dq, ] = 8.2, 0.8 Hz, 4H), 8.01
(td, J=7.7,1.5Hz, 4H), 7.45 (dq, ] = 5.5, 0.6 Hz, 4H), 7.24 (dd, ] =5.6, 1.3 Hz, 2H), 7.22
(dd, ] =5.6,1.3 Hz, 2H), 7.09 (s, 4H), 3.96 (s, 12H, -CH3), 3.85 (s, 6H, —-CH3). The slow
evaporation of an acetonitrile solution of the complex provided red crystals suitable for
X-ray structure determination. CCDC number, 2055161.

3. Crystallography

Diffraction data for crystals of complexes 1-3, 7-18, 20, 21, 23-28 and 30-33 were
obtained at 100(2) K using an ADSC Quantum 210 detector at 2D SMC with a silicon
(111) double crystal monochromator (DCM) for various synchrotron wavelengths between
0.62988 and 0.75000 A at the Pohang Accelerator Laboratory, Pohang, South Korea. The
ADSC Q210 ADX program [51] was used for data collection (detector distance, 63 mm;
omega scan; Aw = 1°; exposure time, 1 s per frame), and HKL3000sm (Ver. 703r) [52]
was used for cell refinement, reduction and absorption correction. The structures were
solved by direct methods and refined by full-matrix least-squares fitting on F? using
SHELXL-2014 [53]. All the non-hydrogen atoms were refined with anisotropic displacement
parameters. The carbon-bound hydrogen atoms were introduced at calculated positions,
and all the hydrogen atoms were treated as riding atoms with an isotropic displacement
parameter equal to 1.2 times that of the parent atom.

Diffraction data for complexes 4-6, 19, 22, 29 and 34 were obtained on a RIGAKU
Saturn CCD diffractometer with a confocal mirror, using graphite-monochromated Mo K,
radiation (A = 0.71073 A) or, for 19 only, Cu K, radiation (A = 1.54187 A). The structures
were solved by direct methods and refined on F? by full-matrix least-squares treatment [53].

For complexes 7, 9, 13, 14, 18, 20, 28, 29, 32 and 34, the SQUEEZE option of PLA-
TON [54] was used to take into account the contribution of disordered solvents during
refinement. The results (the size of the voids, number of electrons present in the voids and
possible solvent molecules present) are summarized in Table S1.

Full details of all the structure determinations have been deposited as cifs in the
Cambridge Crystallographic Data Collection under CCDC deposition numbers 2055133-
2055135, 2055137-2055142, 2055148-2055161 and 2055219-2055228. Note that for structures
7 and 9, the solutions were unsatisfactory in that the residual (R; factor) exceeded 0.10, but
they have been included for comparative purposes.

The nature of the atoms involved in the interactions exceeding dispersion was estab-
lished using CrystalExplorer [30], and their specific identities (atom numbers and locations)
were established using CrystalMaker [55], which was then used to prepare figures with

94



Chemistry 2021, 3

the interactions shown as dashed lines. In the case of the complexes for which SQUEEZE
was applied during the structure refinement (see above), the Hirshfeld surfaces calculated
with CrystalExplorer may lack indications of some interactions since not all the solvent
molecules present were included in the calculation.

4. Results and Discussion

Most of the ligands used in the present work are well-known species for which the
coordination chemistry is well-established. We have described in detail, elsewhere [33],
the syntheses of three new ligands (bzOtpy, etptpy and pfatpy) and, here, that of papatpy
(Figure 1), closely based on methods established for related compounds, as were the
syntheses of their metal-ion complexes, so a detailed discussion of these aspects of the
present work is not warranted. With the exception of the kinetically inert Ru(IIl) ions, the
metal ions used herein are all labile species, so the synthesis of their complexes is trivial.
The crystallisation of the complexes in a form suitable for X-ray diffraction measurements
was not necessarily trivial and generally involved the exploration of several methods,
although only in the case of complexes of pfpatpy were real difficulties encountered, these
being such that only a single complex of this ligand was structurally characterised. In
regard to the coordination spheres of the metal ions and the stacking tendency of the
cations in the 33 compounds structurally characterised, nothing setting them apart from
their extensive context is apparent, and our focus was on just the solid-state interactions
discernible from analysis of the Hirshfeld surfaces.

As a background to the analysis of the crystal structures of complexes of 4’-substituted
2,2":6' 2"-terpyridine, it is useful to consider the structures of free ligands that are available,
although these are relatively limited in number, and this we have done in a separate
work [37]. All free terpyridines show non-chelating, bis-transoid arrays of the three N-
donor atoms, except in the case of the 4'-hydroxy derivative, which exists as a 1:1 mixture of
the hydroxypyridine and pyridone tautomers in the solid state [56-58], where the pyridone
tautomer adopts a bis-cisoid array, while the hydroxypyridine form has a bis-transoid
form. Significantly, although the stacking of the terpyridine units is a common feature
of free ligand structures, this appears in most instances other than those where large,
polar substituents are present, to be associated simply by dispersion interactions between
terpyridine units, and only the pyridone tautomer of 4’-hydroxy-2,2":6',2"-terpyridine is
clearly involved in additional, specific C- - - C interactions between facing aromatic planes,
with interactions of the peripheral H-atoms being the dominant form of interactions,
exceeding dispersion in all cases.

While much of the interest in 2,2":6/ 2”-terpyridine chemistry has been focused on metal-
ion complexes in low oxidation states [1-7], complexes of high-oxidation-state metal ions
are also known, with vanadium(V) [59] and uranium(VI) (as the uranyl ion, UO,%*) [60-63]
providing examples of extremes. In that the formation of a coordinate bond is formally a
process where the metal ion gains electrons and the ligand loses them, such extreme cases
might be expected to be associated with charge redistribution favouring the appreciable
interaction of the bound ligand with nucleophiles, akin to the addition to an imine bond. In
the case of crystalline [VO,(bptpy)]IClOy, 1, the Hirshfeld surfaces of the two inequivalent
cations provide evidence for exactly this, with the most marked region of interaction
exceeding dispersion, that being due to the contact of vanadyl-O (O1) with one of the
carbon atoms (C10) adjacent to the central N-atom of the ligand (Figure 2a). Reciprocal,
remarkably short contacts (O1- - - C10' = O1!- - - C10, 2.81(1) Ai=1-x1- Y, 2 — z) of this
type result in the presence of pairs of the two inequivalent cations, where the slightly bowed
terpyridine units lie close to parallel, with a separation of ~3.5 A, and where there are only
barely perceptible indications of other interactions beyond the dispersion of the C and H
atoms of ligand units lying both close to parallel and nearly perpendicular to the ligand
of the cation considered (Figure S1). Multiple interactions involving peripheral aromatic
H-atoms and vanadyl- or perchlorate-O atoms serve to link the whole structure together,
but none involve unusually short contacts, and as is seen in the examples discussed later,

95



Chemistry 2021, 3

they appear to be a common feature of structures regardless of the metal ion present.
However, as some interactions involve the 4/-biphenyl substituent on the terpyridine
unit, it is unsurprising that there are significant differences in the structure of the “parent”
species [VO,(tpy)]ClO4 [59] when compared to that of 1 (Figure 2b). Here, the most obvious
interaction beyond the dispersion of a given cation again involves the contact of a O-atom
with a C adjacent to a N, but the O-atom is from perchlorate, and two adjacent C atoms,
one from the central and one from an outer pyridine unit (O4- - - C6, 3.09(1) A; O4---C5,
3.162(8) A), are involved. Vanadyl-O- - - C contacts are still apparent and are associated
with the maintenance of a stacked arrangement of (equivalent-) cation pairs but involve
C-atoms separated by another from N (O1---C4’,3.162(8) A;' =1 — x,1 — y, 2 — z). Note
that while in 1, the nearer phenyl ring of the biphenyl substituent is close to coplanar with
the terpyridine unit, indicating, possibly, a degree of delocalisation as an influence upon
the electronic properties of the whole, this is also seen in some M(II) complexes of the
ligand [43] and appears to be a consequence of CH interactions with counteranions.

@)

Figure 2. Cont.
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c4'

(b)

Figure 2. Interactions beyond dispersion, shown as dashed lines, of the cations present in (a) [VO,(bptpy)]ClOy, 1 and
(b) [VO,(tpy)IClO4 [44]. O atoms are identified by showing the atoms to which they are attached. Colour coding: C = grey,

N = dark blue, O =red, Cl = green, and V = light blue, except for carbon atoms from adjacent cations, which are shown in

yellow. H-atoms are shown as small, colourless spheres of arbitrary 0.2 A radius.

In known structures of uranyl-ion complexes of 2,2:6',2"-terpyridine [60-63] (and,
in some cases [60,61], of 4’-chloro-2,2":6,2"-terpyridine), the close contact of at least one
O-atom with one or two C-atoms bound to the N of another complex forming a stacked
array is common but not universal. In [UO,(tpy)(tdc)], (tdc = thiophene-1,4-dicarboxylate)
and its chloroterpyridine analogue [45], there are such contacts with C6- - - O2/(uranyl)
3.039(5) A and Cé6- - - 04’ (carboxylate) 2.947(8) A, respectively, although much more ob-
vious in the former are reciprocal uranyl-O2- - - N2’ contacts of 2.783(4) A (Figure S2a).
In [(UO,)2(OH)(tpy)(dcb)s] (dcb = 3,5-dichlorobenzoate) and its chloroterpyridine ana-
logue [61], there are contacts with C15- - - 02 (uranyl) 3.014(7) A and C15- - - 02 (uranyl)
2.915(6) A, respectively, while in [(UO;)2(OH),(tpy)21(ClOy), [62], where there are two
inequivalent dimers within the structure, the C- - - O contacts C5- - - O8'(uranyl) 2.949(6) A,
C6- - - O8'(uranyl) 2.959(7) A and C41- - - O2/(uranyl) 2.953(6) A are apparent (Figure S2b).
In [UO,(tpy)(bpdc)] (bpdc = 2,2"-bipyridine-3,3’-dicarboxylate) [63], there is a similarly
short contact of C5- - - O1'(uranyl) 2.937(3) A, butin the four complexes [UO, (tpy)(tph)] and
[UOs(tpy)(npdc)] (tph = terephthalate {benzene-1,4-dicarboxylate}; npdc = naphthalene-
1,4-dicarboxylate) and their chloroterpyridine analogues, such interactions are not evident.
Here, extended stacking arrays of the aromatic units appear to block the access of other
species to C-atoms bound to N in the ligand. This is a timely reminder that any weak
interactions beyond dispersion evident in a Hirshfeld surface representation are exactly
that, weak, and that the balance between any number of such interactions may be extremely
sensitive to compositional differences.

If a positive charge on a bound metal does produce charge depletion on the ligand in
the region of the donor atoms, then any effect should diminish with a decreasing charge,
and the smallest positive charge is that carried by the proton, H*. The diprotonation of a
terpyridine is required to produce the di-cisoid configuration found in metal-ion complexes
such as 1, and the structure of compound 30, [Hytmptpy](ClOy),-0.5THF, adds to several
known for such species. (A summary of relevant literature is given in [33].) Here, as is
broadly true [33], there is no evidence on the Hirshfeld surface, except for an indication that
the interaction of one perchlorate-O (O17) may be better considered as involving the C25-
H25 bond rather than H25 alone, for interactions of nucleophiles with C-atoms attached to
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any of the N-donor atoms, and this is consistent with what is seen in complex 1 and several
other species discussed above, being evidence for the significant polarising effects of highly
charged cations. Peripheral CH- - - O interactions of aromatic CH with perchlorate-O,
however, are numerous, and the cations lie in infinite stacks largely involving dispersion
interactions only, except for barely discernible C- - - C interactions between alternate pairs
of the two inequivalent cations of the structure, with C11- - - C4413.31(4) A and C18- - - C29
3.34(4) A (i=x+05, y + 0.5, z) (Figure 3). While the atoms C11 and C29 are adjacent to N in
the terpyridine unit, C18 and C44 are C-atoms of the substituent to which methoxy groups
are attached, showing that purely dispersive stacking of the terpyridine units as seen in
unfunctionalised ligand salts such as [Hptpy]Cl,-HO [64] can be disrupted by substituents.

Figure 3. Views perpendicular (left) and at 30° (right) to the mean plane of one of the stacked pairs of inequivalent cations
found in the structure of [Hytmptpy](ClO4),-0.5THE, 30, showing (dashed lines) the interactions exceeding dispersion of the
cations. Carbon atoms of one cation are shown in black; of the other, in grey. C- - - C interactions are visible in the 30° view.

The vast majority of the structural studies of complexes of 2,2":6/ 2" -terpyridine and its
derivatives concern metal(II) and metal(III) species, and the present work largely comple-
ments such investigations, which range, for Co(II), for example, from early determinations
on a single compound for which H-atom coordinates are not available, e.g., [65], to those
of several complexes of various derivatives with full coordinates, e.g., [66], such variations
reflecting, in part, major advances in the ease of the synthesis of the ligands [1-7] and
in crystallographic equipment. The complexes 2-6 of the tptpy ligand add Fe(II), Ni(II)
and Ru(Il) to the series, with Co(II), Cu(II), Zn(Il) and Cd(II) studied earlier [34,37], and
form part of a rather large family of structurally characterised complexes of 4’ derivatives
of 2,2:6/,2"-terpyridine, where the substituent is an apolar aromatic unit. An obvious
question to ask in relation to the nine structures of 4'-terphenyl-2,2":6',2-terpyridine we
studied is whether or not the changes in the electron configurations of the exclusively
M(II) cations involved have an effect detectable in the form of the Hirshfeld surfaces of
the complexes in the solid state. The answer is that none is clearly evident. A feature of
all the structures is that the terphenyl tail is significantly twisted, both within its chain
and relative to the terpyridine unit, indicating that there is no extended delocalisation
within the whole ligand and, thus, that the addition of the terphenyl tail does not pro-
duce a larger, planar aromatic unit that might engage in stronger stacking interactions
than in simple 2,2/ 6/ ,2-terpyridine complexes. It is certainly possible to discern aromatic
and aza-aromatic entities that form arrays of “face-to-face” and “edge-to-face” types, and
these are associated with various C- - - C and CH- - - C (CH- - - mt) interactions that exceed
dispersion and are thus evident on the Hirshfeld surfaces. In the totality of the interactions
exceeding dispersion (Figure 4), there is no evidence for nucleophile addition to C-atoms
adjacent to N, so it can be said at this point that M(II) cations seem to be distinguishable
from M(V) and M(VI) cations in this respect. Interactions of the cations with the coun-
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teranions and lattice solvents occur along with aromatic-aromatic interactions, and even in
only the eight cases considered, there are variations in both the counteranions and lattice
solvents as well as in the space groups, so it is unsurprising that there are differences in
the exact patterns of interactions across the eight, but in every one, there are C- - - C and
CH- - - C interactions beyond dispersion with both the tpy head groups and at least one
of the phenyl groups of the tails. A comparison of the mixed-ligand complexes 5 and 6
shows that aromatic- - - aromatic interactions beyond dispersion are little affected by the
difference in anion, indicating that aromatic- - - aromatic interactions in general, including
dispersion, may be the dominant factor influencing the array of cations in the crystal.
Analysis (Figure S3) of the structures reported [43] for a family of complexes of the ligand
4'-biphenyl-2,2:6/,2"-terpyridine (bptpy) confirms the observation that for a similar range
of M(II) species (M = Co, Ni, Cu, Zn, Cd and Ru), none provides evidence of significant
weak interaction with C-atoms bound to N, though perhaps because of the differences
in temperature for the present and these earlier determinations, the C---Cand CH: --C
interactions beyond dispersion between aromatic/aza-aromatic units are generally less
numerous for the bptpy derivatives. The known structures for the Co(II) [37] and Zn(II) [35]
complexes of the very long-tailed 4'-quaterphenyl-2,2":6/,2"-terpyridine (qptpy) ligand
provide no exceptions to the observation of a lack of any enhanced electrophilicity of
C-atoms bound to coordinated N, just like the very numerous structures of complexes of
2,2":6' 2"-terpyridine itself and its 4’-phenyl and 4-methylphenyl (tolyl) derivatives, where,
however, there are examples of M(III) complexes where the generalisation appears to be
valid M = Co, Rh) [67,68] and at least one (M = Cr) [69] where it is not. It is, of course,
well-known [70] that the synthesis of functionalised aza-aromatic ligands can be based on
nucleophilic attack on precisely the C-atoms adjacent to N.

(b) [Co(tptpy)21(BF1)2CH3OH (Co = pink; B = brown) [37].

Figure 4. Cont.
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€ N
(f) [Ru(tptpy)2l(PFe)2 (Ru = mauve), 4.

Figure 4. Cont.
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(i) [Cd(tptpy)21(C104)22DMF-0.5H20 (Cd = dark green) [34].

Figure 4. Interactions exceeding dispersion (dashed lines) of cations complexed by 4'-terphenyl-2,2":6 2" -terpyridine. As
in Figure 1, C-atoms of ligands not directly bound to the one metal ion involved are shown in yellow. Different O-atoms
involved are identified by their attached atoms (e.g., Cl for perchlorate-O).
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A different means of extending an apolar 4’ tail on 2,2":6/,2"-terpyridine is seen in
complexes 7-16, where ethynyl units serve to link phenyl rings. Although initially envis-
aged as sites of polarisable electron density that might give rise to significant interactions
beyond dispersion, the ethynyl units have, at most, a limited role of this type in any of the
10 complexes characterised (as well as in the complexes 32-34 of the further-functionalised
phenylethynyl ligands—see below). Thus, as shown in Figure 5, in the Co(IIl) complex 9 of
papatpy, one outer ethynyl group is involved in C- - - C interactions, and the other, in one
CH- - - C interaction (with both C-atoms), while in the Ni(II) complex 10, one inner unit is
involved in a C- - - HC interaction (again with both C-atoms to one H), but in the Cu(II)
complex 11 and the Zn(II) complex 12, there are no interactions beyond dispersion with any
ethynyl unit, as is the case for the Zn(II) complex 7 of patpy. In the Ru(Il) complex 13, there
are C- - - C interactions with one outer ethynyl unit, but in the mixed-ligand papatpy-tpy
Ru(Il) complex 14, there are no interactions, as is the case in the 1:2 and 1:1 complexes 15
and 16, respectively, of papatpy with Cd(II) and also in the complex 17 of pfpatpy with
Fe(II). All the structures 7-16 were determined at 100(2) K, so temperature, for which there
is some evidence of influence in the determination of the visibility of weak interactions
(see ahead), cannot be considered as a factor determining these observed variations in
ethynyl group interactions. What, of course, should be noted is that the multiple prominent
interactions apparent in all the cases are those with anion atoms (O, F or Cl), and while
these tend to be concentrated close to the formal positive site of the metal ion, they also
occur with the extremities of the complexes, again consistent with the notion that both
dispersive interactions and those that exceed them are involved in a delicate balance that
may vary with changes such as that of the anion or uncoordinated solvent but also minor
factors such as bond length changes and stereochemical preferences (for example, where
the Jahn-Teller effect renders the coordination sphere of Cu(II) somewhat more irregular
than that for other metal ions). Thus, the pattern of interactions exceeding dispersion is
different in every complex and shows no obvious correlation with electron configurations,
though the Ni(II) complex 10 does provide an example where there are (perchlorate)O- - - C
interactions involving C-atoms bound to N-donors. This is an unusual example where a
single O-atom is in interaction with four C-atoms, two of which are directly bound to N
and two of which are not, so each individual interaction may be reinforced by the other
three. A clearer situation of nucleophile interaction with C bound to an N-donor, however,
is found in complex 17 (Figure 6), where an aryl-F atom bridges C-atoms adjacent to N
on separate ligand units. In fact, the F-atom substituents of the pfpatpy ligand are also
involved in multiple interactions beyond dispersion that link different cations together,
providing the first example in the present study of a marked effect of ligand substituents
on secondary interactions.
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(c) [Ru(papatpy)2l(PFe)z, 13.

Figure 5. Interactions beyond dispersion involving the ethynyl subunits in complexes of phenylethynyl derivatives of
2,2":6,2""-terpyridine. Colour coding as in Figure 1.
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Figure 6. Organofluorine interactions exceeding dispersion in [Fe(pfpatpy),](ClO4),-CH3CN-H,O, 17.

More subtle consequences of the introduction of a polar substituent in the ligand are
seen in the interactions observed in the complexes 18-20 of pybptpy. These structures
augment those of our earlier work [14] on related Zn(II)/pyptpy and Cd(II)/pybptpy
complexes, although that of the Cu(II) complex 19 is significantly disordered, and its weak
interactions cannot be fully analysed. All add to the family of complexes of (4-pyridyl)-
substituted 2,2":6,2"-terpyridine complexes [71,72], for which a thorough study [72] of
complexes of the “parent” ligand 4'-(4-pyridyl)-2,2":6/,2"'-terpyridine, pytpy, has shown
not only that the bound ligand may both twist and bow (as observed here) but that the H-
bonding capacity of the pyridyl unit has a major influence upon the crystal structure, to the
point that it may exclude stacking interactions. In the structures of the extended-ligand com-
plexes [Zn(pyptpy)21(ClO4),-2CH30H-CHCl3 and [Cd(pybptpy)21(ClO4),-DMF-2.8H,0 [14],
various units with aromatic stacking are apparent, as they are in complexes 18-20. As
is usual with such arrays, any interactions appear to be largely dispersive in nature, but
examination of the interactions exceeding dispersion reveals some interesting changes in
the pyridine-N interactions as a function of the substituent chain length as it passes from 4-
pyridyl through 4-pyridyl-phenyl to 4-pyridyl-biphenyl. Thus, in the bis(ligand) complexes
of Fe(II), Ni(II) and Ru(II) with pytpy [72], one pyridine-N forms a “classical” H-bond with
methanol, and the other, a “non-classical” bond with HC from a separate complex unit,
while in [Zn(pyptpy),]-2CH3;OH-CHCl; [14], both pyridine-N atoms form H-bonds with
methanol, but one also forms a bond with HC, and in [Cd(pybptpy).](ClO4),-DMFE-2.8H,0 [14]
and complexes 18-20, both pyridine-N atoms form N- - - HC bonds only. In the polymeric
chains involving the stacking of the 4’ substituents in the pybptpy complexes, these double
interactions result in the 4-pyridylbiphenyl units being much closer to planar and lying
closer to parallel with their pair than is the case in the otherwise rather similar structures
of complexes of the tptpy and papatpy ligands (Figure 7).

An alternative means of introducing polarity in the same sense as that induced by the
pyridine-N of pybptpy complexes is seen in the complexes 21-24 of Brbptpy with Co(1I),
Ni(II), Cu(Il) and Ru(II). Their structures add to those of Zn(II) and Cd(II) previously de-
scribed [35], creating another small family of M(I) complexes of the one 2,2":6/,2’ ¢ -terpyridine
derivative. The presence of a bromo-substituent raises the prospect of “halogen bonding” [73],
but only in the structures of the Ni(II) and Ru(II) complexes is there any evidence for such
interactions, and regardless of their nature, interactions of the bromine atoms do not result in
any obvious restriction of the twisting of the biphenyl tails. There does appear to be a differ-

104



Chemistry 2021, 3

ence in the interactions beyond dispersion when the first-row transition metal complexes
are compared with those of the second-row, with C- - -C and CH- - - C interactions being
much more prominent for the former and CH- - - O interactions (involving the counteranions)
being almost completely dominant in [Cd(Brbptpy),](ClO4),-CH3CN, though of course, the
number of examples available for comparison is rather small (Figure 8). In no case here is
there evidence of nucleophile interaction with C-atoms bound to N.

(¢) [Zn(pybptpy)21(C104)222DMF-H:0, 20.

Figure 7. Interactions exceeding dispersion in complexes of pybptpy, showing, (a) in the Ni(II) complex as an example,
a partial view of the stacking, which appears to be reinforced by N- - - HC interactions, and (b—c) the full range of cation
interactions in the Ni(II) and Zn(II) complexes.
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Adding an ethoxycarbonyl group as the terminus of a 4’-polyphenyl tail introduces
an entity with more than one interaction site and possibly capable of directional inter-
actions. Interactions beyond dispersion of the ethoxycarbonyl groups in the complexes
[Ni(ebptpy);1(CIO4),-3DME (25), [Cu(ebptpy)2](ClO4),-CH3CN (26) and [Zn(etptpy),]
(ClO4),-2DME-H,O0 (27) are not, however, unusually prominent compared to others such
as those involving the counteranions, and the more significant aspect of the structures
is the evidence they provide for the importance of dispersive interactions in the arrays
adopted by the terpyridine substituents. All three structures are layered, and within the
layers, the full interactions are complicated, but in each, it is possible to identify pairs of
cations where the substituent tails are in close proximity. In the ebptpy complexes, the tails
are twisted such that the phenyl rings of adjacent cations are in arrays closer to edge to
face rather than face to face, but in the etptpy complex, the greater extent of the aromatic
tail is reflected in arrays where there is relatively slight twisting, and the three rings of
each cation tail are in close-to-parallel (face-to-face) alignment with three of an adjacent
cation (Figure 9). There is, nonetheless, only one C- - - C interaction (C28- - -C541:i=15+1x,
1.5 — y,1 + 2, 3.313(3) A) exceeding dispersion occurring between the three pairs of rings,
meaning that dispersion alone is clearly the dominant factor.

(b) [Ru(Brbptpy)21(PFe)-3CH;CN, 24.

Figure 8. Cont.
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(c) [Cd(Brbptpy)21(C104)-CHECN [35].

Figure 8. A comparison of interactions beyond dispersion in complexes of first- and second-row transition metal(Il) ion
complexes of Brbptpy.

()

Figure 9. Effect of polyphenyl chain length on stacking arrays in complexes of ethoxycarbonylphenyl-substituted ter-
pyridine complexes. Orthogonal views of proximal arms in (a) [Cu(ebptpy)](ClO4),-CH3CN, 26, and (b) [Zn(etptpy):]
(ClO4)>-2DMF-H;0, 27.

The complexes 28-34 all contain alkoxy-functionalised terpyridine ligands, [Fe(bzOtpy);]
(ClOy); (28) and [Ni(bzOtpy)2](ClO4), (29) being additions to the fairly numerous known
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family [36,64,74], where the alkoxo group is attached directly to the 4’ position of 2,2:6/,2"-
terpyridine. The Hirshfeld surfaces (Figure S4) obtained for the structures of 28 and 29 show
marked differences in the number of interactions beyond dispersion, with, in particular,
a complete absence of apparent C- - - C interactions in 29. Such loss can be explained
as arising from the nearly 200 K difference in the temperatures (28, 100 K; 29, 296 K) at
which the structures were determined, with the enhanced vibrational motion at the higher
temperature leading to some washing out of the difference between dispersion and other
weak interactions. Similar differences have been observed for Co(Il) complexes studied
in their low-spin and high-spin forms, necessarily at quite different temperatures [37],
and the Hirshfeld surface for the cation present in the structure of the Zn(II) complex of
the homologous ligand 4’-(4-benzoyloxyphenyl)-2,2":6/ 2" -terpyridine determined at 291
K [75] also shows little evidence of interactions exceeding dispersion. In 28, interactions
beyond the dispersion of the cation are multiple and various, and CH---C or C---C
interactions are not limited to only one close pair. Even a cursory inspection of the Hirshfeld
surfaces (Figure S5; all for low-temperature determinations) of 28 and the Co(II) and
Cu(Il) complexes of the triply methoxylated ligand 4'-(1,2,3-trimethoxy-5-phenyl)-2,2:6,2"'-
terpyridine, tmbzOtpy [36], shows that the introduction of the methoxyl substituents
quite dramatically modifies all interactions beyond the dispersion of the cations, further
supporting the contention that these interactions are generally a reflection of equilibria
involving multivariate influences.

The structures of the complexes 31-34 provide additions to those related examples
also concerning terpyridines with trimethoxyphenyl (gallate) substituents previously con-
sidered [36] in relation to their possible use as precursors to mesogenic species. While in
the protonated tmtpy ligand (structure 30), all the interactions beyond dispersion with the
perchlorate anions are of the CH- - - O type, in the Zn(II) complex 31 (Figure 10a), there
are two methoxyl-O- - - C contacts (C12- - - 02! 3.20(6) A; C13---O1' 3.19(6); i = x + 0.5,
2 — vy, 3 — z), perhaps indicative of the greater nucleophilicity of methoxyl-O compared
to perchlorate-O, although neither C12 nor C13 is bound directly to coordinated N. In
all the three complexes 32-34 (Figure 10b—d), however, there are methoxyl-O contacts
with C bound to N, and an explanation for this unexpectedly great activity of methoxyl-O
may be that it is induced by a multiplicity of other interactions exceeding the dispersion
of the 1,2,3-trimethoxyphenyl units. As noted for the earlier examples, these structures
display clear stacking arrays of the trimethoxyphenyl rings with terpyridine units, but the
interactions beyond dispersion within the stacked assemblies are of CH---O or C---O
types only, not C- - - C.

(a) [Zn(tmptpy)2](ClO4)>-CH3CN, 31.

Figure 10. Cont.
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(d) [Ru(tmpatpy)z](PFs)2- 1. 5DMF, 34.

Figure 10. Interactions beyond dispersion of complex cations incorporating trimethoxyphenyl-
substituted 2,2":6',2"-terpyridine ligands.

5. Conclusions

Given that the structures reported herein, even with the addition of various known
relatives in the literature, represent only a small fraction of the total number known (5200 for
terpyridines generally and 1798 for complexes of 4’-substituted terpyridines in the Cambridge
Structural Database [76]), it would be unwise to draw general conclusions from what has been
seen in the Hirshfeld surface analysis conducted. Ideally, comparisons might be better made
of isostructural species with common counteranions for structures determined at the same low
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temperature, but given the vagaries of growing crystals suitable for structure determination,
this is probably not a feasible task, at least as the basis of an extensive investigation. What
can be said from the present observations is that a consideration of the interactions exceeding
dispersion alone in the crystals of terpyridine complexes offers a rather complicated descrip-
tion of any structure that is not readily related, in an experimental sense, to the dispersive
interactions, which may be dominant in stacked arrays of aromatic units. It is, of course, unre-
markable that cation- - - anion interactions appear as major influences exceeding dispersion,
but they are clearly in competition with other interactions, resulting in balance points that
vary considerably, even for closely related species. The possibility that weak interactions
exceeding dispersion may reflect ligand polarisation due to coordination—specifically, that
with coordinated poly(aza-aromatic) ligands, carbon bound to nitrogen becomes significantly
more electrophilic than in the free ligand—has some support in what is seen with highly
charged (V(V) and U(VI)) cations but needs further investigation, perhaps through efforts
to crystallise the complexes as simple hydroxide or fluoride salts. In relation, generally, to
how the properties of any given complex might be influenced by its supramolecular (weak)
interactions, it must be noted that the structures studied reveal the importance of, for ex-
ample, non-classical CH interactions but show little involvement of ethynyl units, perhaps
only because of the limited natures of other species (anions and solvents) present within the
structures, making this an issue also needing further study.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2624-8
549/3/1/16/s1. Figure S1: One cation of the structure of [VO,(bptpy)]ClOy, 1, showing its envi-
ronment of other cations involved in C- - - C and CH- - - C interactions beyond dispersion with that
cation. For clarity, only the ligand units of the surrounding cations involved in the interactions are
shown (in yellow) and no H-atoms other than those involved in interactions are shown.; Figure S2:
O- - - C contacts indicative of interactions beyond dispersion in stacked uranyl ion complexes. For
clarity, stick representations are used and H-atoms are not shown.; Figure S3: Interactions beyond
dispersion for cations in complexes of 4’-biphenyl-2,2":6/ 2" -terpyridine (bptpy). Structures reported
in reference [63]. Colour coding as for Figure 1; Figure S4: Hirshfeld surfaces, dj,or; representa-
tions in non-transparent mode to render more obvious the red regions indicative of interactions
beyond dispersion, for (a) [Fe(bzOtpy),](ClO4);, 28, and (b) [Ni(bzOtpy),](ClOy4);, 29, along with
representations of the full interactions of the cations; Figure S5: Hirshfeld surface diagrams, dyorm
representations, transparent mode, as obtained with CrystalExplorer for complexes of benzyloxy-
substituted terpyridine ligands with or without methoxyl functionalisation; Table S1: Volume of
voids per unit cell, number of electrons per void, and possible solvent molecules occupying the voids,
as deduced from SQUEEZE results.
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Abstract: We report the preparation and characterization of 4'-([1,1"-biphenyl]-4-y1)-3,2":6/ 3"-terpyridine
(1), 4/-(4'-fluoro-[1,1'-biphenyl]-4-y1)-3,2":6 3"-terpyridine (2), 4'-(4'-chloro-[1,1"-biphenyl]-4-y1)-3,2":6' 3"'-
terpyridine (3), 4/-(4’-bromo-[1,1'-biphenyl]-4-y1)-3,2":6',3"-terpyridine (4), and 4’-(4'-methyl-[1,1"-biphenyl]-
4-y1)-3,2":6/ 3"-terpyridine (5), and their reactions with copper(Il) acetate. Single-crystal structures of
the [Cuy(u-OAc)4L],; 1D-coordination polymers with L = 1-5 have been determined, and powder
X-ray diffraction confirms that the single crystal structures are representative of the bulk samples.
[Cup(u-OAc)4(1)], and [Cup(u-OAc)4(2)], are isostructural, and zigzag polymer chains are present
which engage in 7-stacking interactions between [1,1’-biphenyl]pyridine units. 1D-chains nest into
one another to give 2D-sheets; replacing the peripheral H in 1 by an F substituent in 2 has no effect
on the solid-state structure, indicating that bifurcated contacts (H...H for 1 or H...F for 2) are only
secondary packing interactions. Upon going from [Cuy(u-OAc)4(1)]; and [Cuy(pn-OAc)4(2)], to
[Cuz(n-OAC)4(3)]1, [Cup(pn-OAc)4(4)],, and [Cuy(n-OAc)4(5)],,-nMeOH, the increased steric demands
of the Cl, Br, or Me substituent induces a switch in the conformation of the 3,2":6',3”-tpy metal-binding
domain, and a concomitant change in dominant packing interactions to py-py and py-biphenyl
face-to-face m-stacking. The study underlines how the 3,2’:6/,3"-tpy domain can adapt to different
steric demands of substituents through its conformational flexibility.

Keywords: 3,2:6/,3"-terpyridine; coordination polymer; copper(Il) acetate; paddle-wheel building
block; X-ray diffraction

1. Introduction

For many chemists, the word “terpyridine” is synonymous with 2,2":6' 2"-terpyridine
(tpy), the coordination chemistry and applications of which are exceptionally well de-
veloped [1-5]. However, from the perspective of assembling coordination polymers and
networks, the bis-chelating nature of tpy tends to restrict its use to {M(tpy),} units bear-
ing peripheral functionalities that can act as metal-binding domains or polytopic lig-
ands containing multiple tpy metal-binding domains. Such “expanded ligands” with
the {M(tpy)2} unit on the “inside” of the metalloligand have gained significant atten-
tion [6]. Ditopic bis(tpy) ligands designed to assemble metallomacrocycles with prede-
termined internal angles feature in the innovative work of Newkome and coworkers [7].
However, while retaining a terpyridine building block, the most efficient way to access 1D-
coordination polymers and 2D- and 3D-coordination networks is to turn to other isomers
of terpyridine [8]. The 4,2:6/,4"- and 3,2":6',3"-isomers are synthetically accessible using
either Krshnke methodology [9] or the one-pot approach of Wang and Hanan [10]. Over the
last decade, the coordination chemistry of 4,2":6/,4”'-terpyridines (4,2:6' 4”-tpy (I), Scheme 1)
has gained in popularity [8]. Functionalization in the 4’-position with coordinatively non-
innocent substituents increases the connectivity of the building block, taking it from a
V-shaped linker to a 3- (or higher) connecting node. It is noteworthy that the introduction
of a 4'~(pyridin-4-yl) unit (II, Scheme 1) produces a 3-connecting building block analogous
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to 2,4,6-tris(pyridyl)-1,3,5-triazine (III, Scheme 1) employed by Fujita and coworkers for
the assembly of molecular capsules [11]. Like the nitrogen atoms of the triazine ring,
the N-atom of the central pyridine in 4,2 :6/,4”-tpy does not bind a metal ion. The same is
true in 3,2":6',3"-terpyridine (3,2":6',3"-tpy).

] |
|

N“ "N

|
l\ N ‘\

Scheme 1. 4,2":6/,4”-Terpyridine as a ditopic ligand (I), and 4'-(pyridin-4-y1)-4,2’:6/,4”-terpyridine (II) as a 3-connecting
building block compared to 2,4,6-tris(pyridyl)-1,3,5-triazine (III).

The coordination chemistry of 3,2":6,3"-tpy has received less attention than that of
the 4,2:6',4”-isomer [8]. One aspect of 3,2":6',3"-tpy that makes predictive crystal en-
gineering difficult is that rotation about the inter-ring C-C bonds (Scheme 2) leads to
different ligand conformations and, therefore, to variable vectorial properties of the di-
topic ligand. Scheme 2 illustrates the three possible planar conformations of 3,2":6',3"-tpy.
We have recently demonstrated conformational switching in free 4'-(4-n-alkyloxyphenyl)-
3,2":6/ 3"-terpyridines [12], and in [Cuy(pu-OAc)4L], 1D-chains [13] and [Co(NCS),L,],
2D-networks where L is a 4'-(4-n-alkyloxyphenyl)-3,2":6/,3"-tpy [14,15] as a function of
the alkyloxy chain length. In these structures, the 3,2’:6/,3"-tpy domain adopts either con-
formation I or II (Scheme 2). Although conformation III is suited to the formation of dis-
crete molecular architectures [16-20], it also appears in several infinite assemblies [21-24].
In one 3D-assembly, the 3,2":6/,3"-tpy domain is locked into conformation III by virtue of a
bridging cyano ligand between the coordinated metal centres of a single 3,2':6',3"-tpy unit,
and propagation of the coordination network into 3-dimensions relies on the presence of a
4/-pyridin-4-yl substituent [25].

Scheme 2. Rotation about the inter-ring C—-C bonds in 3,2':6/,3"-tpy leads to three planar conformations I-III.

In the [Cuy(u-OAc)4{4’-(4-n-alkyloxyphenyl)-3,2":6,3"-tpy}], 1D-polymers with alky-
loxy groups being methoxy, butyloxy, pentyloxy, hexyloxy, or heptyloxy [13,26], the con-
formational variation is more complex than a switch from I to II [13]. With the ligand
in conformation II, the arrangement in the two axial sites of the {Cuy(u-OAc)s} paddle-
wheel [27] can follow one of three assembly algorithms as shown in Scheme 3. The labels
in and out refer to the orientation of the lone pair of each coordinating N atom with respect
to the central N atom of the 3,2":6/,3"-tpy unit. Both in/out/in/out... and out/out/in/in...
sequences are observed in [Cuy(p-OAc)4{4'-(4-n-alkyloxyphenyl)-3,2:6/,3"-tpy}], chains,
and we have proposed that this is related to the growing importance of inter-chain van
der Waals forces as the length of the alkyloxy chain increases. These interactions comple-
ment 7-stacking interactions between phenyl/pyridine and pyridine/pyridine rings [13].
Following from these results, we were interested in exploring the effects of replacing
the alkyloxy tails by substituents in which m-stacking interactions would be dominant.
We chose to focus on the 3,2":6/,3"-tpy ligands featuring 1,1’-biphenyl units, and selected
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ligands 1-5 (Scheme 4). We have previously observed that m-stacking between pairs of
1,1 -biphenyl units in the solid state structures of 1D-coordination polymers involving
4’-([1,1'-biphenyl]-4-y1)-4,2":6/ 4" -tpy ligands is a dominant packing interaction, even when
the peripheral phenyl ring is perfluorinated [28,29].

N in out — out
N—Cu==Cu—N
RN

N —N
/7\ N/

Cu===Cu represents {Cu,(1-OAc),}

Scheme 3. In conformation II, there are three arrangements of the 3,2":6/,3"-tpy units in the axial sites of the {Cup(n-OAc)4}
unit if the two ligands are coplanar.

1 X=H
X=F
X=Cl
X =Br

a B~ W N

X =Me

Scheme 4. Structures of ligands 1-5.

2. Materials and Methods
2.1. General

1H, 13C{'H}, F{'H}, and 2D NMR spectra were recorded on a Bruker Avance 111-500
spectrometer equipped with a BBFO probehead (Bruker BioSpin AG, Fallanden, Switzerland)
at 298 K. The 'H and ¥C NMR chemical shifts were referenced with respect to residual
solvent peaks (6 TMS = 0). A Shimadzu LCMS-2020 instrument (Shimadzu Schweiz GmbH,
Roemerstr., Switzerland) was used to record electrospray ionization (ESI) mass spectra.
A PerkinElmer UATR Two instrument (Perkin Elmer, 8603 Schwerzenbach, Switzerland)
was used to record FT-infrared (IR) spectra, and a Shimadzu UV2600 (Shimadzu Schweiz
GmbH, 4153 Reinach, Switzerland) spectrophotometer was used to record absorption
spectra. 3-Acetylpyridine and [1,1’-biphenyl]-4-carbaldehyde were purchased from Acros
Organics (Fisher Scientific AG, 4153 Reinach, Switzerland), 4'-chloro-[1,1 -biphenyl]-4-
carbaldehyde and 4'-methyl-[1,1’-biphenyl]-4-carbaldehyde from Fluorochem (Chemie
Brunschwig AG, 4052 Basel, Switzerland), 4'-fluoro-[1,1"-biphenyl]-4-carbaldehyde from
Combi-Blocks (Chemie Brunschwig AG, 4052 Basel, Switzerland), and 4’-bromo-[1,1'-
biphenyl]-4-carbaldehyde from Apollo (Chemie Brunschwig AG, 4052 Basel, Switzerland).
Copper(ll) acetate monohydrate was bought from Fluka (Fluka Chemie GmbH, 9471 Buchs,
Switzerland). All chemicals were used as received.

All single-crystal growth experiments were carried out under ambient conditions
using identical crystallization tubes (i.d. = 13.6 mm, 24 mL).
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2.2. Compound 1

[1,1"-Biphenyl]-4-carbaldehyde (1.84 g, 10.0 mmol) was dissolved in EtOH (50 mL),
and then 3-acetylpyridine (2.42 g, 2.20 mL, 20.0 mmol) and crushed KOH (1.12 g, 20.0 mmol)
were added to the solution. Aqueous NHj (32%, 38.5 mL) was slowly added to the reac-
tion mixture. This was stirred at room temperature (ca. 22 °C) overnight. The solid that
formed was collected by filtration, washed with H,O (3 x 10 mL) and EtOH (3 x 10 mL),
recrystallized from MeOH, and dried in vacuo. Compound 1 was isolated as a colorless
solid (1.54 g, 4.00 mmol, 40.0%). M.p. = 218 °C. 'H NMR (500 MHz, CDCl3): §/ppm
9.40 (d, ] = 2.2 Hz, 2H, HA2), 8.72 (dd, | = 4.7, 1.7 Hz, 2H, HA®), 853 (dt, | = 7.9, 2.2 Hz, 2H,
HA%), 8.01 (s, 2H, HP%), 7.85 (d, ] = 8.4 Hz, 2H, H<?),7.79 (d, ] = 8.4 Hz, 2H, HS3), 7.68 (m, 2H,
HP2), 7.50 (m, 2H, HP3), 7.47 (m, 2H, HA%), 7.42 (m, 1H, HP%). 13C{!H} NMR (126 MHz,
CDCly): §/ppm 155.6 (CA%), 150.6 (C B4), 150.4 (CA0), 148.6 (CA?), 142.6 (CT%), 140.3 (CP),
137.1 (CCY), 134.8 (CB2), 134.7 (CA%), 129.1 (CP?), 128.2 (C3), 128.0 (CP4), 127.7 (C?),
127.3 (CP2), 123.8 (CA%), 117.7 (CB3). UV-VIS (MeCN, 2.0 x 10~5 mol dm~3) A/nm
228 (¢/dm3 mol ! em~! 28,400), 265 sh (34,600), 284 (41,100). ESI-MS m/z 386.13 [M + HJ*
(calc. 386.17). Found C 83.91, H 4.81, N 11.04; required for CoyH9N3 C 84.13, H 4.97,
N 10.90.

2.3. Compound 2

4'-Fluoro-[1,1-biphenyl]-4-carbaldehyde (2.00 g, 10.0 mmol) was dissolved in EtOH
(50 mL). 3-Acetylpyridine (2.42 g, 2.20 mL, 20.0 mmol) and crushed KOH (1.12 g, 20.0 mmol)
were added, followed by the slow addition of aqueous NHj3 (32%, 38.5 mL). The reaction
mixture was stirred at room temperature overnight, and the solid that formed was col-
lected by filtration, washed with H,O (3 x 10 mL) and EtOH (3 x 10 mL). The product
was recrystallized from MeOH, and dried in vacuo. Compound 2 was isolated as a col-
orless solid (1.62 g, 4.03 mmol, 40.3%). M.p. = 215 °C. '"H NMR (500 MHz, CDCls):
5/ppm 9.39 (d, ] = 2.2 Hz, 2H, HA?), 8.71 (dd, ] = 4.7, 1.5 Hz, 2H, HA%), 8.53 (dt, ] = 8.0,
2.2 Hz, 2H, HA%), 8.00 (s, 2H, HB3), 7.84 (m, 2H, H®?), 7.74 (m, 2H, H), 7.63 (m, 2H,
HP2),7.48 (ddd, ] = 8.0, 4.7,0.9 Hz, 2H, HA5), 7.18 (m, 2H, H3). 13C{1H} NMR (126 MHz,
CDCl3): 6/ppm 162.9 (d, Jcr = 239 Hz, CP%), 155.6 (CA3), 150.5 (CB4), 150.3 (CA9), 1485 (CA2),
141.6 (C%),137.1 (C1), 136.4 (d, Jcr = 2.5 Hz, CP), 134.85 (CB?), 134.8 (CA%), 1289 (d, Jcr = 7.6 Hz,
CP2), 128.0 (C3), 127.8 (CT2), 123.8 (CA%), 117.7 (CB3), 116.1 (d, Jcr = 22.5 Hz, C3).
F{'H} NMR (470 MHz, CDCl3): 6/ppm —114.6. UV-VIS (MeCN, 2.0 x 10~° mol dm~3)
A/nm 227 (¢/dm® mol~! em~1 28,200), 264 sh (33,100), 284 (38,800). ESI-MS m1/z 404.12
[M + HJ* (calc. 404.16). Found C 79.08, H 4.59, N 10.42; required for Cp;H;gFN3 C 80.38,
H 4.50, N 10.42.

2.4. Compound 3

4'-Chloro-[1,1'-biphenyl]-4-carbaldehyde (2.17 g, 10.0 mmol) was dissolved in EtOH
(50 mL), and then 3-acetylpyridine (2.42 g, 2.20 mL, 20.0 mmol) and crushed KOH (1.12 g,
20.0 mmol) were added to the solution. Aqueous NHj3 (32%, 38.5 mL) was slowly
added to the reaction mixture, which was then stirred at room temperature overnight.
The solid that formed was collected by filtration, washed with H,O (3 x 10 mL) and EtOH
(8 x 10 mL), recrystallized from EtOH, and dried in vacuo. Compound 3 was isolated as
a colorless solid (1.43 g, 3.40 mmol, 34.0%). M.p. = 240 °C. 'H NMR (500 MHz, CDCl3):
3/ppm 9.40 (dd, ] =2.2,0.9 Hz, 2H, HA2), 8.72 (dd, ] = 4.8, 1.6 Hz, 2H, HA®), 8.54 (dt, ] = 8.1,
2.2 Hz, 2H, HA%), 8.00 (s, 2H, HP?), 7.84 (m, 2H, H?), 7.75 (m, 2H, H®), 7.60 (m, 2H, HP?),
7.50-7.44 (overlapping m, 4H, HASD3) 13C{TH} NMR (126 MHz, CDCl3): 6/ ppm 155.6
(CA3),150.4 (CB4), 150.3 (CA0), 148.5 (CA2), 141.3 (C4), 138.7 (CP*), 137.5 (CT1), 134.84 (CB2),
134.8 (CA%), 134.2 (CP1), 129.3 (CP?), 128.5 (CP2), 128.0 (C3), 127.8 (C2), 123.8 (CAY),
117.7 (CB3). UV-VIS (MeCN, 2.0 x 107> mol dm~—3) A/nm 228 (¢/dm> mol~! cm~ 29,000),
264 sh (35,800), 288 (45,900). ESI-MS m/z 420.09 [M + H]* (calc. 420.13). Found C 76.58,
H 4.12, N 9.87; required for C7H;3CIN3 C 77.23, H 4.32, N 10.01.
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2.5. Compound 4

4’-Bromo-[1,1’-biphenyl]-4-carboxaldehyde (0.809 g, 3.1 mmol) was dissolved in EtOH
(50 mL), then 3-acetylpyridine (0.751 g, 0.683 mL, 6.2 mmol) and crushed KOH (0.348 g,
6.2 mmol) were added. Aqueous NHj (32%, 11.9 mL) was slowly added to the reaction
mixture, and this was stirred at room temperature overnight. The solid product was
collected by filtration, washed with H,O (3 x 10 mL) and EtOH (3 x 10 mL), and dried
in vacuo. Compound 4 was isolated as a colorless solid (0.645 g, 1.39 mmol, 44.8%).
M.p. = 248 °C. 'H NMR (500 MHz, CDCl3): 6/ppm 9.40 (dd, ] = 2.3, 0.9 Hz, 2H, HA?),
8.72 (dd, | = 4.8, 1.7 Hz, 2H, HA®), 8.54 (dt, | = 8.0, 2.3 Hz, 2H, HA%), 8.00 (s, 2H, HF?),
7.84 (m, 2H, H?), 7.75 (m, 2H, H®), 7.62 (m, 2H, HP?), 7.54 (m, 2H, HP2), 7.44 (m, 2H,
HA%). BBC{!H} NMR (126 MHz, CDCl3): 6/ppm 155.6 (C*%), 150.4 (CB%), 150.3 (CA9),
148.5 (CA2), 141.3 (C*), 139.2 (CPY), 137.5 (CC1), 134.83 (CB2), 134.81 (CA%), 132.3 (CP3),
128.9 (CP2), 128.0 (C3), 127.9 (C2), 123.9 (CA%), 122.4 (CP*), 117.7 (CB3). UV-VIS (MeCN,
2.0 x 107° mol dm~3) A/nm 228 (¢/dm? mol~! em~1 29,000), 264 sh (35,800), 292 (47,000).
ESI-MS m/z 464.05 [M + H]* (calc. 464.08). Found C 69.55, H 3.76, N 8.89; required for
CyyHig BrN3 C 69.84, H3.91, N 9.05.

2.6. Compound 5

4’-Methyl-[1,1’-biphenyl]-4-carbaldehyde (1.00 g, 5.09 mmol) was dissolved in EtOH
(50 mL), and 3-acetylpyridine (1.23 g, 1.12 mL, 10.2 mmol) was added, followed by crushed
KOH (0.571 g, 10.2 mmol). Aqueous NHj3 (32%, 19.6 mL) was added slowly to the reaction
mixture, which was then stirred at room temperature overnight. The solid product was
collected by filtration, washed with HO (3 x 10 mL) and EtOH (3 x 10 mL), recrystallized
from EtOH, and dried in vacuo. Compound 5 was isolated as a colorless solid (0.670 g,
1.68 mmol, 32.9%). M.p. = 191 °C. 'TH NMR (500 MHz, CDCl3): 6 /ppm 9.40 (d, ] = 0.9 Hz,
2H, HA?),8.72 (dd, ] = 4.8, 1.7 Hz, 2H, HA®), 8.53 (dt, ] = 8.0, 2.0 Hz, 2H, HA%), 8.01 (s, 2H,
HB3),7.83 (d, ] = 8.2 Hz, 2H, H?), 7.78 (d, | = 8.2 Hz, 2H, H1®3), 758 (d, | = 8.0 Hz, 2H, HP?),
7.48 (m, 2H, HA%), 7.31 (d, ] = 8.0 Hz, 2H, H™3), 2.43 (s, 3H, HMe). 13C{'H} NMR (126 MHz,
CDCl3): §/ppm 155.6 (CA3), 150.7 (CB4), 150.3 (CA%), 148.5 (CA2), 142.5 (C*), 138.0 (CP*),
137.3 (CP1), 136.8 (CC1), 134.9 (CB?), 134.8 (CA%), 129.8 (CP?3), 127.9 (C3), 127.7 (C?),
127.1 (CP2), 123.8 (CA), 117.7 (CB3), 21.3 (CMe). UV-VIS (MeCN, 2.0 x 10~° mol dm3)
A/nm 230 (¢/dm® mol~! em~1 30,500), 261 sh (31,100), 295 (38,000). ESI-MS m/z 400.16
[M + HJ* (calc. 400.18). Found C 83.89, H 5.30, N 10.39; required for CpgH»1 N3 C 84.18,
H 5.30, N 10.52.

2.7. Crystal Growth of [Cup(u-OAc)4(1)], and Preparative Scale Reaction

A solution of Cuy(OAc)s-2H,0 (12.0 mg, 0.030 mmol) in MeOH (5 mL) was layered
over a CHCl; solution (4 mL) of 1 (11.6 mg, 0.030 mmol). Blue block-like crystals grew after
11 days. A single crystal was selected for X-ray diffraction, and the remaining crystals were
washed with MeOH and CHCls, dried under vacuum, and analyzed by powder X-ray
diffraction (PXRD) and FI-IR spectroscopy.

A blue solution of Cuy(OAc)s-2H,0 (79.9 mg, 0.200 mmol) in MeOH (30 mL) was
added to a colorless CHClj solution (10 mL) of 1 (77.1 mg, 0.200 mmol) in a round-bottomed
flask. The blue solution was stirred at room temperature and after 1 h, a fine light-green
suspension had formed. After 2 h, the suspension was centrifuged, and the solid was
collected and dried in vacuo until it was a constant weight (6 h). [Cux(u-OAc)4(1)]; (24 mg,
0.032 mmol, 16%) was isolated as a light green powder. Found C 56.11, H 4.17, N 5.28;
required for C35H3;CupN3Og: C 56.15, H 4.17, N 5.61. PXRD analysis was performed
(see text).

2.8. Crystal Growth of [Cuy(u-OAc)4(2)],, and Preparative Scale Reaction

A solution of Cuy(OAc)4-2H,0 (12.0 mg, 0.030 mmol) in MeOH (5 mL) was layered
over a CHClj solution (4 mL) of 2 (12.1 mg, 0.030 mmol), and after 20 days, blue blocks of
X-ray quality had grown. A single crystal was selected for X-ray diffraction, and the rest of

119



Chemistry 2021, 3

the crystals were washed with MeOH and CHCl3, dried in vacuo, and were analyzed by
PXRD and FT-IR spectroscopy.

A blue solution of Cuy(OAc)4-2H,0 (79.9 mg, 0.200 mmol) in MeOH (30 mL) was
added to a colorless CHClj solution (15 mL) of 2 (80.7 mg, 0.200 mmol) in a round-bottomed
flask. The blue solution was stirred at room temperature, and after 1 h, a fine light green
suspension had formed. After 2 h, the solid was collected using a centrifuge and was
dried in vacuo until a constant weight was achieved (6 h). [Cuy(u-OAc)4(2)]; (101 mg,
0.132 mmol, 66.0%) was isolated as a light-green solid. Found C 54.43, H 3.86, N 5.43;
required for C35sH39CupFN3Og: C 54.83, H 3.94, N 5.48. See text for PXRD.

2.9. Crystal Growth of [Cuy(u-OAc)4(3)], and Preparative Scale Reaction

A MeOH (4 mL) solution of Cuy(OAc)4-2H,0 (12.0 mg, 0.030 mmol) was layered over
a CHCIj; solution (4 mL) of 3 (12.6 mg, 0.030 mmol). After eight days, X-ray quality green
plate-like crystals had grown. One crystal was selected for single-crystal X-ray diffraction,
and the remaining crystals were washed with MeOH and CHCl3, dried under vacuum,
and analyzed by PXRD and FI-IR spectroscopy.

A solution of Cuy(OAc)4-2H0 (79.9 mg, 0.200 mmol) in MeOH (30 mL) was added
to a solution of 3 (84.0 mg, 0.200 mmol) in CHCl3 (15 mL) in a round-bottomed flask.
The blue solution was stirred at room temperature, and after about 5 min, a fine light green
suspension had formed. After 2 h, the suspension was centrifuged, and the solid was
dried in vacuo until it was a constant weight (6 h). [Cuy(1-OAc)4(3)]; (126 mg, 0.161 mmol,
80.5%) was isolated as a light green powder. Found C 53.13, H 3.74, N 5.30; required for
C35H30Cu,CIN3Og: C 53.68, H 3.86, N 5.37. See text for PXRD.

2.10. Crystal Growth of [Cuy(u-OAc)4(4)], and Preparative Scale Reaction

Cuy(OAc)4-2H,0 (12.0 mg, 0.030 mmol) was dissolved in MeOH (4 mL), and the solu-
tion was layered over a CHClj solution (4 mL) of 4 (13.9 mg, 0.030 mmol). Green plate-like
crystals had grown after 20 days, and a single crystal was selected for X-ray diffraction.
The remaining crystals were washed with MeOH and CHCl3, dried under vacuum, and an-
alyzed by PXRD and FT-IR spectroscopy.

A solution of Cuy(OAc)4-2H,0 (79.9 mg, 0.200 mmol) in MeOH (30 mL) was added to
a CHCl; solution (15 mL) of 4 (92.9 mg, 0.200 mmol) in a round-bottomed flask. The blue
solution was stirred at room temperature, and a light-green suspension was observed after
about 5 min. After 2 h, the suspension was centrifuged, and the solid was dried in vacuo
to a constant weight (6 h). [Cuy(u-OAc)4(4)]n (132 mg, 0.0797 mmol, 79.7%) was isolated
as a light green powder. Found C 49.87, H 3.51, N 4.94; required for C7oHgoCusBryNgOj:
C50.79, H 3.65, N 5.08. See text for PXRD.

2.11. Crystal Growth of [Cuy(u-OAc)4(5)],,-nMeOH and Preparative Scale Reaction

Cuy(OAc)4-2H,0 (12.0 mg, 0.030 mmol) was dissolved in MeOH (4 mL), and the
solution was layered over a CHClj solution (4 mL) of 5 (11.9 mg, 0.030 mmol). After 25 days,
X-ray quality green plates had grown, and a single crystal was selected for X-ray diffraction.
The rest of the crystals were washed with MeOH and CHCl3, dried in vacuo, and analyzed
by PXRD and FT-IR spectroscopy.

A solution of Cuy(OAc)4-2H,0 (79.9 mg, 0.200 mmol) in MeOH (30 mL) was added to
a CHCl; solution (10 mL) of 5 (79.9 mg, 0.200 mmol) in a round-bottomed flask. The blue
solution was stirred at room temperature, and a light-green suspension was observed after
about 10 min. After 2 h, the suspension was centrifuged, and the solid was dried under
vacuum until the weight was constant (6 h). [Cuy(u-OAc)4(5)], (108 mg, 0.0708 mmol,
70.8%) was isolated as a light green powder. Found C 56.30, H 4.27, N 5.50; required for
C7HggCuyNgOq4. C 56.69, H 4.36, N 5.51. See text for PXRD.
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2.12. Crystallography

Single crystal data were collected on a Bruker APEX-II diffractometer (CuK« radiation)
with data reduction, solution, and refinement using the programs APEX [30], ShelXT [31],
Olex2 [32], and ShelXL v. 2014/7 [33], or using a STOE StadiVari diffractometer equipped
with a Pilatus300K detector and with a Metaljet D2 source (GaKa radiation) and solving the
structure using Superflip [34,35] and Olex2 [32]. See Sections 2.13-2.17 for the radiation type
(Cu or Ga). The model was refined with ShelXL v. 2014 /7 [33]. Structure analysis including the
ORTEP-type representations used CSD Mercury 2020.1 [36]. In [Cuy(u-OAc)4(5)],,-nMeOH,
the MeOH solvent molecule was disordered over two orientations and was modelled with
75% and 25% occupancy of the sites.

Powder X-Ray diffraction (PXRD) patterns were collected at room temperature in
transmission mode using a Stoe Stadi P diffractometer equipped with a Cu K«1 radiation
(Ge(111) monochromator) and a DECTRIS MYTHEN 1K detector. Whole-pattern decompo-
sition (profile matching) analysis [37-39] of the diffraction patterns was performed with
the package FULLPROF SUITE [39,40] (version July-2019) using a previously determined
instrument resolution function based on a NIST640d standard. The structural models
were taken from the single crystal X-Ray diffraction refinements. Refined parameters in
Rietveld were scale factor, zero shift, lattice parameters, Cu and halogen atomic positions,
background points, and peaks shapes as a Thompson-Cox-Hastings pseudo-Voigt func-
tion. Preferred orientations as a March—Dollase multi-axial phenomenological model were
incorporated into the analysis.

2.13. [Cuz(}l-OACM(l)]n

Cs5H31CupN3Og, M, = 748.71, blue block, monoclinic, space group C2/c,a = 27.7823(14),
b = 15.4445(11), ¢ = 7.9423(4) A, B =102.301(4)°, V = 3329.7(3) A3, D, = 1.494 gcm3,
T=150K, Z = 4, w(GaKa) = 7.203 mm . Total 20,589 reflections, 3485 unique (R;,; = 0.0693).
Refinement of 2756 reflections (222 parameters) with I > 20(I) converged at final R; = 0.0656
(Rq all data = 0.0979), wR;, = 0.1287 (wR2 all data = 0.1526), gof = 1.212. CCDC 2042171.

2.14. [Cuz(y—OAc)4(2)]n

Cs5H30CupFN3Og, M, = 766.70, blue block, monoclinic, space group C2/c, a = 27.6940(16),
b = 15.9902(7), ¢ = 7.8753(6) A, B = 102.343(5)°, V = 3406.8(4) A3, D. = 1.495 g cm3,
T =150K, Z = 4, w(GaKa) = 7.077 mm ™. Total 26,608 reflections, 3531 unique (R;,; = 0.0845).
Refinement of 2854 reflections (227 parameters) with I > 20(I) converged at final Ry = 0.0907
(Rq all data = 0.1116), wRy = 0.2310 (wR2 all data = 0. 2590), gof = 1.151. CCDC 2042172.

2.15. [Cup(u-OAc)4(3)]y

C35H30CuyCIN3Og, M, = 783.15, green plate, triclinic, space group P-1, a = 8.0001(3),
b =9.3586(3), c = 23.7240(7) A, a = 99.3320(10), B =96.370(2), v = 98.442(2), V = 1717.11(10)
A3, D.=1515gem ™3, T=150K, Z =2, Z/ = 1, p(CuKa) = 2.714 mm . Total 20,409
reflections, 6355 unique (R;;; = 0.0293). Refinement of 5729 reflections (446 parameters)
with I > 20(I) converged at final Ry = 0.0457 (R; all data = 0.0502), wR, = 0.1286 (wR2 all
data = 0.1340), gof = 1.054. CCDC 2042175.

2.16. [Cuz(]/l—OAC)4(4)]n

CroHgoCuyBroNgOq6, M, = 1655.22, green plate, triclinic, space group P-1, a =7.9898(5),
b =9.3656(5), c = 23.6072(13) A, a = 98.626(2), B = 96.301(2), 7 = 97.555(2)°, V = 1716.19(17)
A3, Dc=1.602gcm 3, T=150K, Z = 1, u(CuKa) = 3.363 mm . Total 27,701 reflections,
6338 unique (R;,;; = 0.0236). Refinement of 6120 reflections (446 parameters) with I > 2c(I)
converged at final Ry = 0.0482 (R; all data = 0.0493), wR; = 0.1317 (wR2 all data = 0.1328),
gof = 1.072. CCDC 2042174.
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2.17. [Cuy(n-OAc)4(5)],-nMeOH

C74H74CuyNgO1g, M, = 1589.55, green plate, triclinic, space group P-1, a = 8.0240(4),
b=9.4295(5), c =23.8856(11) A, & = 100.7670(10), B = 95.673(2), v = 97.244(2)°, V = 1747.30(15)
A3, Dc=1511gem 3, T=150K, Z = 1, w(CuKa) = 2.008 mm . Total 21,488 reflections,
6397 unique (R;,;; = 0.0280). Refinement of 6197 reflections (477 parameters) with I > 2c(I)
converged at final Ry = 0.0366 (R; all data = 0.0374), wR, = 0.1030 (wR2 all data = 0.1038),
gof = 1.053. CCDC 2042173.

2.18. Density Functional Theory (DFT) Calculations

DFT calculations on ligands 2—4 were carried out using Spartan’18 [41] with a B3LYP
6-31G* basis set with geometry optimization first carried out at the semi-empirical PM3
level.

3. Results and Discussion
3.1. Ligand Synthesis and Characterization

Compounds 1-5 were prepared using the one-pot method of Hanan [10] as shown
in Scheme 5. The products precipitated from the reaction mixtures and were isolated in
yields varying from 32.9% (for 5) to 44.8% (for 4). No attempts were made to optimize the
reaction conditions. In the electrospray mass spectrum of each compound, the base peak
arose from the [M + H]* ion (Figures S1-S5 in the Supporting Material) with characteristic
isotope patterns observed for compounds 3 (chloro derivative) and 4 (bromo substituent).

The 'H and 3C{'H} NMR spectra of compounds 1-5 were assigned with the aid of
COSY, NOESY, HMQC, and HMBC techniques, and "H NMR, NOESY, HMQC, and HMBC
spectra are shown in Figures S6-525 in the Supporting Material. Figure 1 displays a
comparison of the 'H NMR spectra of 1-5. The signals arising from the protons in rings A,
B, and C (see Scheme 5 for ring labels) are unaffected by the change in the substituent in ring
D. Assignments of the signals for HP? and HP? (Figure 1) were confirmed from the NOESY
cross peaks between H® and HP?, protons H? and H®® being first distinguished using
the NOESY HP3 /H®? crosspeaks (compare Figures S7, S11, S15, 519 and S23). The change
from X = Hin 1 (Scheme 5) to the halogen substituents in 2, 3, and 4 and Me group in 5 has
the most significant effect on HP3, consistent with expectations [42]. The IR spectra of the
new ligands are shown in Figures S26-5S30.

X

1X=H; 2 X=F; 3 X=Cl; 4 X=Br; 5 X=Me

Scheme 5. Synthetic route to compounds 1-5. Conditions: (i) KOH, EtOH; NH3 (aqueous), room tem-
perature, ca. 15 h. Atom numbering for the NMR spectroscopic assignments is given.

122



Chemistry 2021, 3

(a) B3
A2 A6 A4 C2C3 py pans
J D4
(b)
A2
(c) B3
A2 A6 A4 C2C3 D2 A5y |
_A A M
(d) B3 X
C2 C3 D3 D2
A2 A6 A4 -
| M M
(e) B3

A2 A6 A4 C2C3 D2A5 D3|

94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 7574 73 7.2

Figure 1. 'H NMR spectra (aromatic region) for compounds (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5 (500 MHz, CDCl3, 298 K).
* = residual CHCl;.
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The absorption spectra of acetonitrile solutions of compounds 1-5 are shown inFigure 2a.
Each spectrum is dominated by a broad and intense band arising principally from 7t*<«7
transitions. For the three halogen-substituted compounds, the value of Amax shifts from
284 nm (F) to 288 nm (Cl) to 292 nm (Br), consistent with a stabilization of the highest-
occupied molecular orbital(s) for the more electron-withdrawing substituent. DFT calcula-
tions on ligands 2, 3, and 4 revealed that the highest occupied molecular orbital (HOMO)
of each complex is localized on the 4’-halo-[1,1’-biphenyl] domain, while the lowest unoc-
cupied molecular orbital (LUMO) manifold is largely localized on the 3,2":6/,3"-tpy unit
(Figure 2b). The HOMO-1 is, in each case, localized on the 3,2":6/,3"-tpy.
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Figure 2. (a) Solution absorption spectra (MeCN, 2.0 x 10~° mol dm~3) of compounds 1-5. (b) Highest occupied and
lowest unoccupied molecular orbital compositions in compound 3; similar compositions are seen in 2 and 4.

3.2. Reactions of Copper(1l) Acetate and Ligands 1-5

Ligands 1-5 were allowed to react with copper(II) acetate under ambient conditions
by layering a methanol solution of Cuy(OAc)4-2H,O over a chloroform solution of the
appropriate ligand. Single crystals grew within days or several weeks, and after selection
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of crystals for single crystal X-ray analysis, the remaining crystals were washed with
MeOH and CHCl3, dried, and analyzed by PXRD to confirm that the single crystals were
representative of the bulk sample (see Section 3.4). The solid-state IR spectra of the bulk
materials are all similar and are presented in Figures S31-535 in the Supporting Material.
Yields of the products from the single-crystal growth experiments were not optimized,
and were in the range 20-30% if crystal growth was allowed to continue for a month.

The reactions were also carried out on a preparative scale by combining a methanol
solution of Cuy(OAc)4-2H,O with a chloroform solution of the respective ligand. The precip-
itate that formed was separated by centrifugation, dried, and analyzed by elemental analysis
and PXRD. Elemental analytical data were in accord with the compositions [Cuy(1-OAc)4(L)],
with L = 1-5. The PXRD data are discussed in Section 3.4.

3.3. Single Crystal Structures

The single-crystal structures of the five copper(Il) complexes confirmed the assembly
of one-dimensional coordination polymers containing the ubiquitous {Cuy(OAc),} paddle-
wheel motif. The polymers [Cuy(u-OAc)4(1)]; and [Cup(pu-OAc)4(2)], crystallize in the
monoclinic space group C2/c with similar cell dimensions (see Sections 2.13 and 2.14). In
contrast, the [Cuy(u-OAc)4(3)],, [Cuz(n-OAc)s(4)],, and [Cup(pn-OAc)4(5)]:-nMeOH crys-
tallize in the triclinic space group P-1, again with similar cell dimensions for the series of
compounds. Only the coordination compound containing ligand 5 contains lattice solvent.
ORTEP-type diagrams of the repeating units in each coordination polymer are displayed
in Figures 3 and 4, and selected bond lengths are given in Table 1. The bond parameters
for the {Cuy(n-OAc),} units are unexceptional, and the Cu-N bond distances are typi-
cal with the exception of Cul-N1 in [Cuy(u-OAc)4(5)],,-nMeOH. This bond is somewhat
elongated (2.1813(19) A), and this appears to be associated with the presence of a MeOH
molecule, which is hydrogen-bonded to one acetato bridge (Figure 5) and resides in a
pocket close to one Cu-N bond. The five coordination polymers fall into two structural
classes, which differ in the conformation of the 3,2":6',3"-tpy unit. In [Cuy(u-OAc)4(1)], and
[Cup(n-OAc)4(2)],, the asymmetric unit contains half of a ligand molecule 1 or 2, and the
3,2:6/,3"-tpy unit adopts conformation I (Scheme 2). In the compounds containing ligands
3,4, and 5, the 3,2":6/,3"-tpy domain is in conformation II. The angles between the planes
of pairs of adjacent aromatic rings are compiled in Table 2, and the data reveal that the
3,2":6/,3"-tpy unit is closer to being planar in [Cuy(u-OAc)s(3)]n, [Cun(u-OAc)s(4)]n,
and [Cuy(1-OAc)4(5)];-nMeOH than in [Cuy(1-OAc)4(1)], and [Cup(n-OAc)4(2)],. In addi-
tion, the angles between the planes of adjacent rings in the central three-arene ring unit are
greater in coordinated ligands 1 and 2 than in 3-5. An inspection of the dominant packing
interactions provides an insight into these differences.
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Figure 3. The repeat units (with symmetry generated atoms) in (a) [Cuy(u-OAc)4(2)],; (ellipsoids plotted at 50% probability level;
symmetry codes: i=1—1x,y,%/y —zii=3/y —x, 1/ —y, 1 —ziii=— 1/, +x,1/2 —y,1/2 + 2) and (b) [Cus(-OA)4(2)],
(ellipsoids plotted at 40% probability level; symmetry codes: i=1 — x, y, 1/ ) —zii= 1/ 2 — X, 3/ 22—y 1 —ziii= 1/ 2+ X, 3/ 22—
— 1/ +2). H atoms are omitted for clarity.
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All ellipsoids are plotted at 40% probability level, and H atoms are omitted for clarity.

Table 1. Selected bond lengths in the copper(Il) coordination polymers.

Cu-O/A

Cu-N/A

Cu... CwWA

[Cuz(u-OAC)4(1)]n

1.954(4), 1.975(4),

2.157(4)

2.6051(13)

[Cuz(1-OAC)4(2)]

),
1.990(4), 1.961(4)
)

1.953(5), 1.994(5),
1.979(5), 1.959(5)

2.168(5)

2.6149(17)

[Cuz(u-OAC)4(3)]n

1.9760(18), 1.9894(18),
1.9759(18), 1.9789(18),
1.979(3), 1.970(2),
1.966(3), 1.971(3)

2.167(2), 2.151(2)

2.6292(8), 2.6319(7)

[Cuz (u-OAC)4(4)]n

1.973(2), 1.983(2),
1.976(2), 1.979(2),
1.981(3), 1.971(2),
1.972(3), 1.974(3)

2.153(2), 2.158(3)

2.6352(8), 2.6235(9)

[Cus(pn-OAc)4(5)],-nMeOH

1.9885(15), 1.9787(15),
1.9773(15), 1.9756(15),
1.9887(18), 1.9700(18),
1.9809(19), 1.9644(19)

2.1510(18),
2.1813(19)

2.6551(6), 2.6331(6)
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Figure 5. Hydrogen-bonded MeOH molecule in [Cuy(u-OAc)4(5)],-nMeOH, which resides in a
pocket close to the Cul-N1 bond. Symmetry code:i=1—x,2 —y,2 — z.

Table 2. Angles between ring-planes in the copper(Il) coordination polymers.

py-py/° pynz2-Phenylene/°  Phenylene-phenyl/®
[Cuy(u-OAc)4(1)]n 25.1 38.3 41.7
[Cup (1-OAc)4(2)]1 21.1 39.8 38.5
[Cuy(u-OAc)4(3)]n 8.0,4.5 24.0 27.2
[Cup(-OAc)4(4)]n 8.1,4.0 229 26.5
[Cup(-OAC)4(5)],-nMeOH 6.5,4.0 27.8 28.1

In [Cup(n-OAc)4(1)], and [Cun(pn-OAc)4(2)],, ligand conformation Ileads to a zigzag
profile for each 1D-polymer chain, and adjacent chains are arranged with the biphenyl unit
directed into the V-shaped cavity of a neighboring 3,2":6,2”-tpy unit (Figure 6). This leads
to the assembly of 2D-sheets. Interestingly, the arrangement shown in Figure 6 results in
short repulsive H...H contacts in [Cuy(n-OAc)4(1)],;, while these are replaced by attrac-
tive H...F contacts in [Cuy(u-OAc)4(2)],. This observation suggests that these contacts
are not important in supporting the assembly, and this is reminiscent of the isostructural
nature of [Cuy(n-OAc)4(6)],; and [Cup(n-OAc)4(7)],, in which 6 is 4'-([1,1"-biphenyl]-4-y1)-
4,2:6' 4"-terpyridine and 7 is 4'-(2/,3/ 4',5' ,6'-pentafluoro [1,1’-biphenyl]-4-y1)-4,2":6' 4"'-
terpyridine [29]. The X...C separations for the X...H-C contacts in the bifurcated interactions
in Figure 6 are 3.11 A for X = H and 3.16 A for X = F. The dominant packing forces in
[Cuz(u-OAc)4(1)]; and [Cup(p-OAc)4(2)], are the head-to-tail m-stacking between pairs of
[1,1"-biphenyl]pyridine units displayed in Figure 7. Each pair of arene rings adopts an
offset arrangement, which is optimal for a 7—7t interaction [43]. For the pyridine...phenyl
interaction in [Cuy(1-OAc)4(1)],, the centroid...centroid distance is 3.97 A and the an-
gle between the ring planes is 3.4°; the corresponding parameters in [Cuy(u-OAc)4(2)],
are 3.97 A and 1.4°. For the centrosymmetric pair of phenylene rings, the distances be-
tween the ring planes and between their centroids are 3.75 A and 3.97 A, respectively,
in [Cuy(u-OAc)4(1)],, are 3.71 A, and 3.96 A in [Cuy(1-OAc)4(2)],. The cavities in each
sheet visible in Figure 7 are occupied by {Cuy(1-OAc)4} carboxylate groups from an adjacent
layer, which protrude above and below each sheet.
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(a) (b)

Figure 6. Packing of two adjacent polymer chains in (a) [Cup(u-OAc)4(1)],; and (b) [Cuy(n-OAc)4(2)] within one 2D-sheet
(see text). The hashed red lines highlight short H...H contacts in [Cup(u-OAc)4(1)], and complementary short H...F contacts

in [Cup (1-OA0)4(2)]n-

Figure 7. Head-to-tail 7-stacking between pairs of [1,1’-biphenyl]pyridine units in adjacent sheets in
[Cup(p-OAc)4(1)],. The same motif is present in [Cup(n-OAc)4(2)],,. H atoms are omitted.

In each of [Cuy(u-OAc)4(3)]n, [Cuz(p-OAc)4(4)],, and [Cun(u-OAc)4(5)],-nMeOH,
the 3,2":6',3"-tpy adopts conformation II (Scheme 2), and the coordination arrangement at
the paddle-wheel units (defined in Scheme 3) is in/in/out/out... Figure 8a illustrates part
of one coordination polymer chain in [Cuy(pn-OAc)4(3)], and this structure is replicated
in [Cup(pu-OAc)4(4)], and [Cuy(n-OAc)4(5)],-nMeOH, as are the packing motifs described
below. Figure 8b illustrates the interdigitation of 1D-polymer chains to produce 2D-sheets.
The profile of the chain in Figure 8a contrasts with the zigzag nature of the polymers
in Figure 7, and packing interactions are necessarily different. The near planarity of the
3,2":6/,3"-tpy unit (Table 2) reflects the involvement of this domain in crystal packing.
Centrosymmetric pairs of pyridine rings containing N3 (N3 and N3, symmetry code
iii=1—-x1—y, 1 — z) stack with an interplane distance of 3.34 A and inter-centroid
separation of 3.68 A. The pyridine ring with N1 engages in a face-to-face contact with the
phenyl ring containing C22lv (symmetry code iv =1 + x, 1 + y, z) with a centroid...centroid
distance of 3.94 A and an angle between the ring planes of 11.1°. In addition, the pyridine
ring containing N1 also sits over a biphenyl unit, thereby extending the stack of arene rings.
The projection shown in Figure 8c illustrates how the layers comprise domains of m-stacked
arene rings and columns of {Cuy(u-OAc)s} paddle-wheel units (see also Figure S36 in the
Supporting Material).

127



Chemistry 2021, 3

Figure 8. (a) Part of one polymer chain in [Cuy(u-OAc)4(3)],, (b) interdigitation of chains generates a 2D-sheet, and (c) stacking
of three adjacent sheets involves both pyridine and biphenyl rings.
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3.4. Characterization by PXRD

To ensure that the single crystal structures were representative of the bulk materials,
powder X-ray diffraction patterns were determined for crystals remaining in the crystal-
lization tubes after single crystals had been selected. The refinements (Figures S37-541)
confirmed that the bulk materials of all the compounds were representative of the analyzed
single crystals. Each peak in the experimental plots has a corresponding peak in the fitted
spectra, and the differences in the intensities can be rationalized in terms of differences in
the preferred orientations. Only [Cuy(u-OAc)4(2)], (Figure S38) shows minor impurities
(ca. 10%). A comparison of Figure S38 with PXRD patterns for the precursors 2 and
Cuy(OAc)4-2H,0 did not reveal matching peaks.

PXRD was also carried out on the materials obtained from the preparative scale reac-
tions. The powder patterns matched those of the materials obtained from the single-crystal
growth experiments. Figure 9 displays the data for [Cuy(1u-OAc)4(1)]; as a representa-
tive example, and the superimpositions of the powder patterns for the remaining four
coordination polymers are shown in Figures 542-545 in the Supporting Materials.

—Single crystal growth

—Stoichiometric

JMA el PO e A

10 20 30 40 50 60 70 80

20

Figure 9. Superimposition of the PXRD pattern for [Cuy(pu-OAc)4(1)], obtained from a preparative scale reaction (blue) and
from the single-crystal growth experiment (red).
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4. Conclusions

We have prepared and characterized compounds 1-5, which feature [1,1"-biphenyl],
4'-fluoro-[1,1’-biphenyl], 4’-chloro-[1,1’-biphenyl], 4’-bromo-[1,1’-biphenyl] and 4'-methyl-
[1,1-biphenyl] attached to the 4’-position of a 3,2":6/,3"-tpy metal-binding domain.
Single-crystal structures of the [Cuy(u-OAc)4L],;, 1D-coordination polymers with L = 1-5 have
been determined. The assembly common to both [Cuy(u-OAc)4(1)], and [Cup(u-OAc)4(2)],
in which ligands 1 and 2 adopt conformation I (Scheme 2) is directed by 7-stacking interac-
tions between centrosymmetric pairs of [1,1’-biphenyl]pyridine units. Although bifurcated
contacts (H...H for 1 or H...F for 2) are secondary, the two sets of interactions are interdepen-
dent, and are also dependent upon the 3,2":6/,3"-tpy adopting conformation I. Increasing
the steric demands of the 4'-substituent in the 1,1/-biphenyl group would force the chains
(in a sheet) further apart, and if the m-stacking between pairs of [1,1’-biphenyl] pyridine
units were to be retained, channels would be introduced into the lattice, reducing the
packing efficiency. This hypothesis is consistent with the observed switch in ligand con-
formation to IT (Scheme 2) on going from [Cuy(1-OAc)4(1)], and [Cup(u-OAc)4(2)]; to the
analogous complexes containing 3, 4, and 5. The switch in ligand conformation leads to the
dominant packing interactions involving py—py and py-biphenyl face-to-face m-stacking
interactions. We are currently exploring both the coordination behavior of ligands 1-5 with
other metal salts and the effects of varying the 4’-arene functionalities.

Supplementary Materials: The following are available online at https://www.mdpi.com/2624-854
9/3/1/15/s1: Figures S1-S5: mass spectra of 1-5; Figures 56-525: NMR spectra of 1-5; Figures 526—
535: IR spectra of ligands and coordination polymers; Figure S36: Packing diagram for [Cup(u-
OAC)4(3)]. Figures S37-545: PXRD figures.
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Abstract: We present a series of pyrazolato-bridged copper complexes with interesting structures that
can be considered prototypic patterns for tri-, hexa- and hepta- nuclear systems. The trinuclear shows
an almost regular triangle with a y13-OH central group. The hexanuclear has identical monomer units,
the Cug system forming a regular hexagon. The heptanuclear can be described as two trinuclear
moieties sandwiching a central copper ion via carboxylate bridges. In the heptanuclear system, the
pyrazolate bridges are consolidating the triangular faces, which are sketching an elongated trigonal
antiprism. The magnetic properties of these systems, dominated by the strong antiferromagnetism
along the pyrazolate bridges, were described transparently, outlining the energy levels formulas in
terms of Heisenberg exchange parameters ], within the specific topologies. We succeeded in finding a
simple Kambe-type resolution of the Heisenberg spin Hamiltonian for the rather complex case of the
heptanuclear. In a similar manner, the weak intermolecular coupling of two trimer units (aside from
the strong exchange inside triangles) was resolved by closed energy formulas. The hexanuclear can
be legitimately proposed as a case of coordination-based aromaticity, since the phenomenology of
the six-spins problem resembles the bonding in benzene. The Broken-Symmetry Density Functional
Theory (BS-DFT) calculations are non-trivial results, being intrinsically difficult at high nuclearities.

Keywords: trinuclear complex; hexamer metallacycle; heptanuclear complex; pyrazolato-bridged
ligand systems; spin Hamiltonian; spin models; Kambe-type energy formulas; Broken-Symmetry
Density Functional Theory calculations

1. Introduction

This work is built on the frame of our deals in structural chemistry [1], putting on
equal footing the interest for experimental data from new syntheses (followed by X-ray
characterization) and theoretical approaches (phenomenological or computational). We
will present a suite of copper complexes having prototypical structural patterns, rising and
solving important aspects of their molecular magnetism. The common feature of all the
presented systems is the presence of pyrazolato-bridges in their polynuclear edifices.

The coordination chemistry of the pyrazole-based ligands provides a variety of com-
pounds with a large spectrum of molecular geometries, nuclearities and interesting prop-
erties [2]. Pyrazole and its derivatives proved to be versatile ligands, exhibiting several
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coordination modes [3], the bridging functionality allowing to form polynuclear struc-
tures [4]. Polynuclear copper complexes attracted special attention due to their magnetic
properties and for their relevance to the biomimetics of the copper proteins (e.g., ascorbate
oxidase, laccase, ceruloplasmin, methane monooxygenase) [5]. Among them, the triangular
trinuclear copper complexes were highlighted for their physical and chemical properties
related with blue multicopper oxidases [6-8].

From the magnetic point of view, the cyclic trinuclear copper systems were regarded
as geometrically frustrated antiferromagnetic compounds, offering the possibility to test
the exchange coupling models [9,10]. In the last decades, density functional theory (DFT)
methods and especially the broken-symmetry approach were raised as instruments of
choice to evaluate the magnetic coupling parameters for such systems [11]. There are
several electronic structure calculations on a cyclic trinuclear copper system, done on model
systems [12,13] or on experimental molecules [14,15]. In this work we will corroborate the
magnetic measurements with computational quests, performing and discussing non-trivial
numeric experiments.

The patterns of the discussed compounds are shown in Scheme 1, the labeling of
frames corresponding to those of the presented structures. While there are several known
trinuclear [16-18] and hexa-nuclear [19-23] analogs of the reported compounds, the hepta-
nuclear congeners are rare [24,25]. The insight offered by the phenomenological and
computational analyses is rather unprecedented, fixing landmarks on account of the
discussed systems, considering that each compound is a representative of their given
structural pattern.

cu Cu \c/ Cu/ \u
AN 750 W /f N

=\ 1 / \N_| A = EN/\"/ _/
LN_CM_N@ @ Cu\N/ \/Cu—N; o \ \

Scheme 1. Structural patterns of compounds 1, 2 and 3.

The triangular copper complexes with a hydroxy- or oxo-trinuclear bridge were
obtained usually by the pyrazole deprotonation in the presence of a base [16-18], while
in the case of using carboxylates copper salts, the pyrazole deprotonation is favored by
the presence of carboxylate ions. Our compound 1 parallels literature results in terms of
synthetic procedures and outcomes [26,27].

Concretely, we used the reaction of copper (II) acetate with 3,5-dimethyl-4-nitro-
pyrazole (dmnpz) in protic solvents to obtain a new triangular trinuclear copper complex,
[Cus(p3-OH)(p-dmnpz)3(OCOCH3),(H20)3]-H,O-EtOH (1). The oxo-trinuclear complex
contains two carboxylates coordinated to two Cu(Il) ions. It must be pointed out that
among the known compounds that have structure 1 from Scheme 1, there are no studies
with pyrazole derivatives dressed with different substituents in the 3, 4 and 5 positions, as
we approached here. The compounds of type 1 are interesting for the relative simplicity in
the interpretation of magnetic properties, the pyrazolate and y3-OH bridges determining
strong antiferromagnetism [28-30].

Performing the reaction with the same starting materials, but changing the solvent
with a more basic one, pyridine, the [Cug(-OH)s(u-dmnpz)s(Py)s]-6Py-2EtOH (2) com-
pound was obtained. The neutral complex belongs to the class of six-membered metal-
lacycles, several known analogs being: ([{Cu(y-OH)(u-R1,Ro-pz)}s], Ry = Ry = H [19,20],
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Rl = CH3, R2 =H [21], R1 = CH3, Py, R2 =H [22], R] = CF3, R2 =H [23,24]. The six-
membered rings with unsubstituted pyrazole ligands adopt a crown structure, with a cis
arrangement, where the six hydroxyl groups of the metallacycle are pointing towards a
focal point on an approximate symmetry axis, while the pyrazoles towards the periphery,
the ensemble with, consequently, hydrophilic and hydrophobic domains. For substituted
pyrazole, or for higher nuclearities of the metallacycles, the crown structures are sketching
a trans arrangement with half of the OH groups and half of the pyrazolato ligands oriented
on the same side, with respect to the mean plane of the metal-ions ring, while the other
subsets of these ligands are placed on the opposite hemispace.

The triangular fragment is remarkably stable and can be used as a secondary building
unit (SBU) in the construction of several coordination polymers [31,32]. We succeed
in connecting two SBU via six carboxylate anions to a central copper ion to obtain a
heptanuclear compound [Cuy(y-OH), (y-dmnpz)s (1-OCOCH3)s(MeOH)g] (3), in the shape
of an hourglass. Enlarging, by future syntheses and analyses, the list of the heptanuclears
belonging to the structural type 3 (see Scheme 1) can be proposed as a challenging task.

Our attention was focused on the reaction of copper(Il) carboxylates with pyrazole
derivatives, 3,5-dimethyl-4-nitro-pyrazole (dmnpz), observing that different nuclearities
and topologies depend on the employed solvent. The pyrazole (dmnpz) was synthesized
according to Scheme 2 [33-35].

H3C CH; HsC CH3 HiC CH3 HiC
H,N-NH, HN03
—_—
o] N
\NH2

—NH
O CH;OH H 2S04

Scheme 2. Synthesis of the used pyrazole ligand.

2. Materials and Methods
2.1. Materials and Physical Measurements

All reagents were of analytical grade, being used without further purification. 3,5-
dimethyl-4-nitro-pyrazole (dmnpz) was synthesized according to literature procedures [33-35].
The content in carbon, hydrogen and nitrogen was determined by elemental analysis using
a Perkin Elmer PE 2400 analyzer (Perkin Elmer, Boston, MA, USA). The IR spectra were
performed by a JASCO 4200 spectrometer with Pike ATR unit in the 400-4000 cm ! range
(JASCO, Tokyo, Japan). The magnetic data were collected in the range of 2-300 K at an
applied field of 0.1 T on a MPMS-5S SQUID magnetometer (Quantum Design, San Diego,
CA, USA). The diamagnetism was corrected by Pascal constants [36].

2.2. Synthesis
2.2.1. [Cuz(p3-OH)(y-dmnpz)3(OCOCH3), (H,0)3]-H,O-EtOH (1)

A solution of copper acetate monohydrate Cu(CH3COO);-H,O (0.4 g, 2 mmol) in
ethanol/water (5 mL/5mL) was added drop wise, under continuous stirring, to a solution
of dmnpz (0.282 g, 2 mmol) in ethanol (5 mL). The resulting blue-greenish mixture was
stirred at room temperature for 24 h and then filtered. A blue microcrystalline precipitate
formed, and was subsequently filtered, washed with EtOH and dried under vacuum. It
was recrystallized from EtOH, yielding in few days dark greenish-blue crystals for (1),
suitable for X-ray crystal structure determination and for all measurements. Yield (based
on Cu?*): 73%. Elemental Analysis: calc. for Cy1Hz9CuzNgOq (Mr = 864.22): C, 29.19; H,
4.55; N, 14.59; Found: C, 28.78; H, 4.42; N, 14.01%. FT-IR (cm™1): 3517(w), 3446(w), 2916(w),
1673(m), 1538(s), 1474(s), 1404(s), 1354 (vs), 1312 (sh), 1171 (s), 1093 (w), 1008 (sh), 980(m),
952(sh), 832(s), 754(m), 599 (w), 486(w), 457(m), 408(w).
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2.2.2. [Cug(u-OH)g(u-dmnpz)s(Py)s]-6Py-2EtOH (2)

A solution of copper acetate monohydrate Cu(CH3COO),-H,O (0.4 g, 2 mmol) in
ethanol (5 mL) was added drop wise, under continuous stirring, to the dmnpz solution
(0.282 g, 2 mmol) in ethanol (5 mL). The resulting green mixture was stirred at room
temperature for 24 h and then filtered. The filtered clear solution was removed and the
separated green solid was recrystallized from pyridine. The blue pyridine solution was
slowly evaporated in a cooler. Suitable greenish-blue crystals for (2), which appeared in
six months, were used for all the measurements. Yield (based on Cu®*): 54%. Elemental
Analysis: calc. for Co4Hj14CugN30O00 (Mr = 2365.38): C, 47.73; H, 4.86; N, 17.76. Found:
C, 46.63; H,4.77; N, 16.02%. FT-IR (cm~1): 3382(w), 3177(m), 1595(w), 1538(m), 1474(m),
1439(sh), 1418(s), 1376 (m), 1348 (vs), 1171 (m), 1100 (w), 1029 (w), 987(m), 902(w), 839(m),
768(w), 690 (m), 606 (w), 535(w), 479(w).

2.2.3. [Cuy(j-OH)(-dmnpz)s(j-OCOCH3)5(MeOH)e] (3)

A solution of copper acetate monohydrate Cu(CH3COO),-H,O (0.4 g, 2 mmol) in
methanol (5 mL) was added slowly, under stirring, to a dmnpz solution (0.282 g, 2 mmol)
and Et3N (0.202 g, 0.28mL, 2 mmol) in methanol (15 mL). The resulting green solution was
stirred at room temperature for 24h and then filtered. The clear dark green solution was
slowly evaporated at room temperature. Suitable green crystals for (3), appeared in few
days, and were used for all the instrumental measurements. Yield (based on Cu?*): 89%.
Elemental Analysis: calc. for C4gHgyCuyN1gO3; (Mr = 1866.07): C, 30.89; H, 4.32; N, 13.76.
Found: C, 30.47; H, 4.38; N, 13.14%. FT-IR (cm™'): 3586 (m), 3446(m), 2980(w), 1683(w),
1658(m), 1542(vs), 1521(m), 1472(s), 1457(sh), 1416(vs), 1379 (s), 1357 (vs), 1176 (s), 1108 (w),
1029 (w), 990(m), 835(m), 763(w), 690(m), 606(w), 530(w), 484(w), 419(w).

2.3. X-ray Crystallography

A Rigaku Rapid II R-Axis diffractometer (MoKa (A = 0.71075A), was used to collect
the diffraction data of complexes 1-3. All calculations were performed using the Crystal-
Structure [37] crystallographic software package. The refinement was performed using
the Olex1.2 [38] program. The structure was solved by direct methods and refined in a
routine manner (SHELXL) [39]. Non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were refined using the riding model. Molecular graphics were generated
by MERCURY 3.9 [40] and POV-Ray [41] software. The details of the X-ray crystal data
and the structure solutions, as well as the refinements, are given in Table S1. A summary
of selected bond lengths (A) and angles (in degrees °) is outlined in Tables 52-54 (see
Supplementary Materials). The Crystallographic data for the structures reported in this
paper have been deposited in the Cambridge Crystallographic Data Centre with CCDC
reference numbers 2059160 for compound 1, 2059163 for 2 and 2059182 for 3.

2.4. Computational Methods

The calculations were realized on the experimental geometries of the complex com-
pounds, obtained from the X-ray diffraction analysis, in the frame of Density Functional
Theory (DFT) [42], using the B3LYP [43] functional and 6-31G* basis on copper, nitrogen
and oxygen, while 6-31G for the carbon and hydrogen atoms [44]. The calculations were
done with the GAMESS [45] suite.

3. Results and Discussions
3.1. Structural Analysis from Crystallographic Data
3.1.1. Structure of Compound 1

The asymmetric unit of complex 1 contains two molecular complexes with slight
mutual differences and disordered solvent molecules, which affect the final refinement
parameters. In Figure 1 we present only one molecular species, the couple of closely
similar structures being shown in Supplementary Materials (Figure S1). Each molecule
(see Figure 1), [Cuz(p3-OH)(u-dmnpz)3(OCOCH3),(H20)3], reveals a triangular trinuclear
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neutral core. The copper ions are connected via a trihapto oxygen from a central hydroxyl
group and three bridging pyrazolate ligands. Two acetate ions are coordinated, each to
Cul and Cu3 sites. Two water molecules are linked to the Cu2 center and another one to
Cul. The structure of compound 1 is special for containing, simultaneously, three distinct
stereochemistries of copper ions, which can be quantified by the help of so-called 5 [46]
and 14 [47] indices. The idealized margins are: 15 = 0 for a square-pyramidal complex,
while 15 = 1 for a trigonal bipyramidal frame; 14 = 0 for a square planar unit, while 14 = 1
for a tetrahedral case. The sites in compound 1 can be characterized as square pyramid for
Cul (with 15 = 0.227), trigonal bipyramid for Cu2 (with 15 = 0.567) and square planar for
Cu3 (14 = 0.098).

Figure 1. Asymmetric unit of compound 1 with partial atom labeling scheme. Hydrogen atoms are
omitted for clarity.

The triangular frame is not symmetric, having different Cu-Cu distances. There are
slightly different bond lengths formed by copper and central oxygen (Cul-O1 1.974(8) A,
Cu2-01 2.039(8) A, Cu3-01 1.985(8) A), larger than those reported for systems with the
same core [48]. The capping p3-O(1)H group is out of the plane formed by copper ions,
displaced by about 0.752(2) A. Two of the Cu-O(H)-Cu angles are very close to each other
(Cul-O1-Cu3 and Cul-01-Cu2, 105.7(4)° and 105.0(4)°, respectively), quite different
in comparison with the third one (Cu2-O1-Cu3 109.3(4)°). Only one pyrazolate ring
bearing N4-NJ5 is coplanar with the copper ions moiety, since the other two pyrazolate
rings (N1-N2 and N7-N8) are displaced out of the {Cus} plane, conferring to the overall
structure a flattened bowl-shape. The Cu-N(bridged) distances are all in the range of
1.939(13)-1.984(12) A. The Cu-N-N(bridged) angles are in the 115.1(9)-119.2(9)° interval.

The triangular bowl-shaped molecules are stacked along the a axis (Figure 2) within a
columnar arrangement established through hydrogen bonds, the most interesting being the
hydrogen bond between the carboxylate group coordinated to Cul and the O(1)H group
from the next molecule (01'-011 = 2.738(4) A). The distance between the copper ion planes
in this packing is slightly alternating, by 7.086 and 7.100 A. The packing details for 1 are
presented in Figures S2-54 from the Supplementary Materials.
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7.086 A 7.100 A 7.086 A

Figure 2. Packing diagram for compound 1 along a axis (top) and packing detail along c axis, showing
the supramolecular column arrangement stabilized by hydrogen bonds (bottom).

The structural parameters for compound 1 are very poor, due to a sever disorder
of two solvent molecules and the poor quality of crystals. Therefore, we consider it as a
structural model for the further discussions. However, the reduced resolution, does not
imply doubts about the molecular structures themselves. Since compound 1 is important
in the red line of this work as preamble to compound 3, a system with a high degree of
novelty, we carry on the discussion, retaining this slight caveat.

3.1.2. Structure of Compound 2

The compound 2 crystalized in a triclinic system, R-3 space group. As seen in Figure 3,
the molecular unit of 2 consists in a six membered metallacycle copper (II) pyrazolate,
where the copper atoms are in a hexagonal planar geometry, with a Cu—Cu distance of
3.32 A. The neutral cyclic complex [Cug(u-OH)g(u-dmnpz)s(Py)s] contain six distorted
square-pyramidal Cu ions with 15 = 0.44 stereochemical index [46]. The square pyramide
basis plane is formed by two nitrogen atoms from two dmnpz ligands arranged in trans
(Cul-N1 =2.018(4) A and Cul-N2 = 2.003(4) A) and two oxygen atoms from the OH (Cul-
O1 = 1.943(4) A, Cul-O1 = 1.947(4) A) bridging groups. The apical position of each site is
occupied by pyridine (Cul-N4 = 2.359(5) A). The pyridine molecules are coordinated in the
plane of the copper ring, while the dmnpz and OH groups are forming two bowl-shaped
cavities. Such cavities can accommodate guest molecules, and in our case, two disordered
ethanol molecules are involved. The compound 2 shows a hexagonal tubular structure,
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on the packing along c axis, which can be interesting for further debate on the porosity
properties. The packings for 2 are presented in Supplementary Materials Figures S6-S8.

Figure 3. Asymmetric unit of compound 2 with atom numbering scheme (left side). Side-view (right half). Hydrogen
atoms and solvent molecules are omitted for clarity.

3.1.3. Structure of Compound 3

The compound 3 has a surprising symmetry, crystallizing in the trigonal system, R-3c
space group. The structure (Figure 4) shows an “hourglass” pattern with two trinuclear
triangular copper complexes at the ends, connected to a central octahedral copper ion via
carboxylate anions coordinated in chelating and bridging fashion. The compound can be
viewed like consisting of two oxo-trinuclear units, which act here like SBUs.

Figure 4. Asymmetric unit of compound 3 with atom numbering scheme (left). Side-view (right). Hydrogen atoms are
omitted for clarity.

The three-fold axis is oriented along O3, O3A and the central Cul atom. The copper
ions from the trinuclear SBU have an elongated octahedral geometry, along the O1-Cu2-06
direction with 2.462(4) and 2.506 A bond lengths, respectively. The current literature knows
two similar compounds, one with the same ligand, reported by Lang and Zhu [24], follow-
ing a single crystal-to-single-crystal transformation, where ligated-EtOH molecules were
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replaced with MeOH. The mentioned authors did not carry further investigations, while the
interesting pattern deserves detailed attention, as we devoted in the following. According
to the Cambridge Structural Database, there is a second compound with the same pattern
(CCDC 853959, refcod XEMYIZ), including a different pyrazole derivative, respective
3,5-bis-(trifluoromethyl)-pyrazole [25]. This last study includes only the structural analysis.

A synopsis of the discussed structures, highlighting for view and measurements the
copper atoms, is given in Figure 5. As advocated previously and proved by the following
analyses, the considered structural patterns have prototypic virtues. The conclusions
extracted from specific structural analyses show generalized relevance for all the previous
and future members of each class. The next section, devoted to the formal spin coupling
models, comprises useful methodological advances, extracting new closed formulas, usable
for the simulation of the magnetic properties of the considered prototypes.

Figure 5. The structural patterns and Cu—-Cu distances of the compounds 1 (left side), 2 (center) and 3 (right side).

3.2. Spin Hamiltonians and Magnetic Data
3.2.1. Spin Hamiltonian and Magnetic Susceptibility Equations

In the following, we will rely on the Heisenberg-Dirac-van Vleck (HDvV) Spin Hamil-

tonian [49,50],
Hupov = =2 J;; 5i - 5 1)

j<i

for accounting for the magnetic properties of the discussed systems. The general treatment
of large or non-symmetric systems demands the full numeric approach, namely construct-
ing and resolving Hamiltonian matrices having the dimension of the total number of spin
states, taken as the product of local spin multiplicities on the constituent ions. In the case
of copper homo-metallic systems with nuclearity N, the total number of states (including
the 25 + 1 spin degeneracies) is 2V. In the absence of further spin-type interactions (like
Zeeman, dipolar, spin-orbit or zero-field-splitting), the whole matrices are factorized in
blocks corresponding to total spin projections, S,, and furthermore by total spin quantum
numbers, S, provided that the corresponding basis transformations are made. Solving the
Hamiltonian as eigenvectors Ej, associated to total spin quantum numbers Sj, the product
between magnetic susceptibility and temperature is given by the van Vleck equation [36]:

NAﬁz . Zlg% ’ 51(51 + 1)(25[ +1) . Exp(kaB—’T)

- ) @
HDVV = T3p Z,(ZS,Jrl)‘ExP(’kETIT)

where N and kg are Avogadro and Boltzmann constants, f is the Bohr magneton and g;
are gyromagnetic factors of each state, algebraically formed from g; parameters of each
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paramagnetic center. Often, a global unique g2 factor is taken, which is literally true in the
case of equivalent isotropic sites. Sometimes, the practice imposes adding certain empirical
correction terms, such as the linear add-on,

xT = (XT)gpyy + PIM+TIP-T 3)

with a constant off-set having the meaning of paramagnetic impurity (PIM) and the slope
known as temperature independent paramagnetism (TIP) [36]. The paramagnetic impurity
can come literally from inherent sample conditions, or can cumulate extended lattice
interactions, not accounted by the assumed molecular model. The TIP can result from first
order expansion of non-HDVV interactions, such as spin-orbit or dipolar terms, being then
a surrogate avoiding higher, possibly unreachable, complexity of the case.

The general procedure for numerical handling of the HDvV Hamiltonian in its matrix
representation can be tedious and have a black box nature. Fortunately, the discussed
systems can be presented in a transparent fashion, as it follows. Thus, we will draw explicit
formulas for the counted E; states of the systems, as a function of involved HDvV coupling
parameters and the defining spin quantum numbers.

3.2.2. The Magnetism of the Trinuclear Complex

The trinuclear compound has three pyrazoles as bridges, having the appearance of
an almost isosceles triangle. The slightly different coordination sites make the exchange
couplings on the Cu-Cu edges inequivalent, while yet comparable. The case of a general
triangle (scalene), with all edges inequivalent, is tractable by closed energy formulas.
Putting the lowest spin doublet in the energy origin, we have the following relative spin
state energies for the two spin-doublet states and quartet:

1
E(S:§>1:O 4
1

E<5 = 5) = 2\/]122 + 25+ I3 = Ji2J1s — J1i2J2s — Ji3)s (@)
2

E (5 = %) =—Ju—Ji—Js+ \/]122 + 25+ 3 = Ji2J1s — Ji2Jos — Ji3)s (6)

However, on the existing data, the general model cannot safely discriminate three
different couplings. As the calculations described in the following indicate, the different
coupling values are comparable, so that one may go on the simplified hypothesis of equal
parameters: | = J12 = 13 = J»3. In this case, one may benefit from the simplified formula, as
a function of the total spin quantum number:

E(S) = —JS(s+1) @)

One may easily verify that shifting the E(S = 1/2) from Equation (7) to zero, the
equilateral triangle is obtained as a particular situation of the above ascribed (4-5) formulas
for a scalene topology. The above result is very well-known, belonging to the class of
so-called Kambe formulas [51,52]. However, for the sake of completeness, let us recall here
the derivation. The spin Hamiltonian of the equilateral triangle is:

Ay, = —2](51-$5+ 8183+ 5-S3) (8)
Then, observe that the operator can be rewritten as follows:

2(§1- A2+SA1-5A3+SA2-SA3)I(SA1+§2+SA3)27§%7§%*§§=
=S

(S+1)—51(S14+1) —S2(S2+1) —S3(S3+1) ©)
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The last equality involves the regularity that the sum of local spin operators yields
the total spin operator, $, and the $2 quantum square is S(S + 1), in all instances of total
or local spins. Since the sum comprising the square of the three local spin operators is a
constant shift, it can be eliminated, arriving at Equation (9). In the regular triangle, the two

=1/2 levels are degenerate, in a multiplet with “e” orbital label in the D3, symmetry.
Then this is a case of the Jahn-Teller effect [53, 54] namely experiencing the trend to
remove the degeneracy by distorting the molecular frame. Probably this is the reason for
which the compound forms itself with slightly inequivalent coordination sites. Considering
that the rather rigid pyrazole bridges would not easily allow a sensible distortion of the
triangle itself, for example, to an isosceles, the formation of different coordination sites is
the alternative, instead of distorting a system having identical coordination sites.

A reasoning succeeding to extract analytic energy formulas from the spin Hamiltonian,
linear in all the coupling parameters, is possible in a limited number of cases, with high
formal symmetries. Fortunately, one may further exploit such a strategy aiming to describe
long the long-range lattice interaction between two equilateral trimers, needed to better
account for the magnetism of compound 1. In this view, we are going to enforce the
assumption that all the centers of a trimer are coupled by the same parameter, j, with all the
nodes of the other triangle. This is not the realistic situation, but it allows, in the Gordian
knot-alike strategy, to tackle the problem in a yet acceptable semiquantitative manner. The
idea is that, in this way, one may account for a sort of global interaction between molecular
units, as monolithic spin carriers. Then, the Hamiltonian for a dimer of trimers is ascribed
as follows:

HM3 M3—*2](51 52+51 53+52 53)*2](54 55+54 56+55 56)
—2](51 54+51 55+51 56""52 54+52 55+52 56+S3 S4+S3 55+S3 56)

(10)
Let us define the spin operators on molecular moieties:
S123 = 51+ 5+ 53 1)
S456 = 54+ S5 + S (12)
The total spin is, obviously:
5 = 5123 + 5456 (13)

Let us observe that the parenthesis factored by the long-range —2j interaction is
actually S103 - 8345, the scalar product of the spins on individual triangles:

HM37M3 = 72](§1 . §2 + él . §3 + éz . §3 + §4 . §5 + .§4 . §6 + .§5 . gé) - 2j§123 . §345 (14)

Then, using the trick exemplified previously, we can rewrite the Hamiltonian
2 a2 82 J 62 - (o2 a2 62
Hyy M, = _]<5123 + 5456) DI (S —Sip— 5456) (15)
i=1

Dropping the middle constant term (from the summation on local spins and converting
the squared operators to their quantum expectation value), one may arrive to a nice simple
formula, as a function of the total spin and of spin states on the triangular moieties:

E(S,5123,5456) = —(J — j)(S123(S123 + 1) + S456(Sas6 +1)) — jS(S +1) (16)

Then, to concretely apply these formulas, the triads of (S, S123, Sas6) quantum numbers
must be counted properly. For instance, let us exemplify the arising of five global singlet
states expected in a system with six 1/2 local spins. Thus, we have three S = 0 states
originating from the interaction of each spin state on a trimer with its mirror image on the
other one. In addition, two more singlets must be added coming from the cross-coupling
of the first singlet at one triangle with the second singlet on the companion, and vice-versa.
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The groundstate of the ensemble is expected to formally originate from antiferromag-
netic coupling of the lowest doublets on each triangular moiety. Since the first and second
doublets are degenerate in the case of the imposed equilateral triangle, the groundstate
has a fourfold degeneracy. This is an artificial situation, determined by the rather strong
idealization assumed at the beginning. However, in spite of limitations, the transparency
enabled by this treatment is quite precious. To the best of our knowledge, such a rational-
ization was not presented before. The magnetism of stacked trinuclear copper complexes
resembling the discussed system is a problem with a certain degree of generality, given the
many similar known complexes [10,28,29,55-61], so that the here proposed model acquires
a quite relevant meaning.

The dimer of trimers is needed to account for, in an effective manner, the sudden
drop of the xT at low temperature, observed in Figure 6. The slow increase of xT in the
high temperature domain, without reaching the paramagnetic plateau, is the signature
of strong antiferromagnetic coupling. Indeed, we fitted the value ] = —110 cm ™, for the
averaged coupling inside the trimer units, altogether with a ¢ = 2.1 Landé factor. The global
intermolecular parameter was found slightly antiferromagnetic, j = —3 cm~!. We avoided
introducing a TIP correction, although it may seem necessary, considering that, without this,
a small plateau trend may appear at intermediate temperatures, till the on-set of a molecular
effective magnetic moment, after reaching the saturation of the intermolecular coupling.
However, a paramagnetic impurity correction seemed necessary to describe why the xT
does not drop nearby zero at the lowest T point, taking then PIM = 0.1 cm® mol ! K1, as
an empiric adjustment. The HDvV part was equated with the energies from Equation (16),
introduced in the van Vleck master formula (Equation (2)). The resulted (xT)upyv for the
model hexanuclear was divided into a half, to consider the molecular susceptibility of
the trimer itself. The concrete enumeration of states and expressions of energy levels are
shown in Table S5 of the Supplementary Materials.
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Figure 6. The xT vs. T curve for the trinuclear compound 1: experimental data (open circles) and fit to
model (continuous line). The model is made for the hexanuclear formed as dimer of trimers (shown as
sketched inset), in order to account long-range interaction by the unique j coupling parameter, while
the xT is taken as a half from the hexamer amount, in order to effectively describe the trimer only.

3.2.3. The Magnetism of the Hexanuclear Complex

The hexamer has a {CusOg} ring resembling the chain conformation of the cyclohexane,
with the hydroxo-bridges at vertices and the copper ions in the middle of the almost linear
O-Cu-O edges. Then, the {Cug} subsystem forms a regular planar hexagon. With this
note, one may properly say that, from the perspective of exchange coupling effects, the
hexanuclear is absolutely similar to the benzene, treated in the frame of a valence bond
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theory [62], to which the HDVV effective Hamiltonian is explicitly adequate [63]. From
this perspective, one may also speculate that the regular shape of the whole system, with
identical coordination spheres of the monomeric units and regular {Cug} frame, is a direct
consequence of the aromatic-alike stabilization ensured by the exchange interaction in such
a topology.

The associated spin Hamiltonian, considering the idealized D¢}, symmetry, is obvious:

HM6<D6h) = —2](§1 . §2+§2 . §3+§3 . §4+§4 . §5+§5 . §6+§1 . §6) 17)

The hexagonal hexanuclear does not benefit from a simplified Kambe-like tractability.
However, taking as a single significant parameter the coupling | along the proximal copper
sites, via hydroxo and pyrazolate bridges, the energy levels can be defined explicitly in
a numeric manner, as illustrated in Table S6 from the Supplementary Materials. The
neglecting of distant interaction within the ring, between copper ions mutually placed in
meta and para is reasonable, considering the very strong antiferromagnetic coupling along
the edges (i.e., between ortho-type neighbors).

The fit (see Figure 7) demands empirical adjustment with paramagnetic impurity,
since the xT values are not dropping to zero at low temperatures, as expected from the anti-
ferromagnetic six-spins system and also a TIP term, to account for a slope in the interval to
about 100K, instead of the plateau expected due to large absolute value of the coupling. As
will be debated later on, the large coupling is expected from computational hints and also
from precedent reported data on comparable systems [64]. We obtained the following fit pa-
rameters: ¢ =2.1, [ = =310 ecm ™1, PIM = 0.08 cm3 mol =1 K~1, TIP = 0.00011 cm3 mol 1 K—2.
The above cited work obtained an even larger antiferromagnetic coupling, ] = 650 cm™1.
The larger absolute value can be correlated with shorter Cu—Cu distance in the previously
reported system, about 3.07 A, in comparison with our spacing, at 3.32 A. Probably, the
positive sign reported by cited authors is a printing error, since according to their data
and discussion, the system is recognized as antiferromagnetic, while using the same spin
Hamiltonian as in Equation (17). The mentioned work [64] used the Magpack code for
fit [65]. Since here we are making explicit the energy levels (see Supplementary Materials,
Table S6), we bring further insight to the particularities of hexagonal six-spins systems.

Let us come back to aromaticity-like spin coupling effects [66,67]. Within the HDvV
spin Hamiltonian, the resonance energy is Ey,s = 1.1055 1] | [68,69]. Then, with the above
fitted coupling value, one obtains E,.s = 342.7 cm !, i.e., about 26.7 kcal/mol. This is an
amount that may count in the balance of deciding the stereochemistry of coordination
ensembles. Looking at the larger picture, one may conclude the virtues of the HDvV spin
Hamiltonian. It can answer to bonding regime problems (see Reference [1] pp. 325-331 and
411-423), being more valuable than a tool for interpreting the magnetism, as is perceived by
its intensive use in magnetochemistry. It can account for other chemical species as well, for
instance, the aromatic hydrocarbons with spin [70]. On the other hand, as proven here, it
can describe certain bonding aspects in coordination compounds, not only their magnetism.

3.2.4. The Magnetism of the Heptanuclear Complex

The heptanuclear compound can be described as a trigonal antiprism having in center
another metal ion. The coordination of the central ion is a trigonally distorted octahedron,
while the caps of the embedding antiprism resemble the above-discussed trinuclears,
having the same {Cuz(pyrazole)s} bridged sub-structure.
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Figure 7. The xT vs. T curve for the hexanuclear compound 2: experimental data (open circles) and
fit to model (continuous line). The model follows the hexagonal pattern, with a | coupling parameter

0

along edges, as illustrated in the inset.

A convenient fact is that the heptamer can be described, in idealized mode, by ana-
lytical formulas of the spin of Hamiltonian, provided that the hexamer moiety is taken
in a topology as those previously stated and the coupling from the central atom toward
all the others is assumed equal, say by the unique parameter J'. Thus, with the M’ as the
seventh paramagnetic site, having the spin S;, while S1_¢ denotes the quantum number
of the hexamer unit, the spin Hamiltonian of the heptamer is defined by the following
addition to the hexamer formula:

Anty My = Fnig—ny —2J181-6 - 57 (18)

Then, with the total spin S running from 1514 — Sy | to S1_¢ + Sy, by transformations
resembling the previous ones, one arrives at the following formula of the energy levels:

E(S,S1-6,5123,S156) = — (] — j)(S123(S123 + 1) + Sa56(Sas6 + 1)) (19)
—(j—=J)S1-6(S1-6 +1) = J'S(S+1),

indexed with the intermediate spins S1_g, S123 and Sase.

The magnetic data are shown in Figure 8. Although formally kept, inherited from
previous derivation, the j parameter will be ignored, to avoid overcharging the fit. Then, the
result is: ¢ = 2.0, = —130 cm~!, PIM = 0.05 cm® mol~! K~1, TIP = 0.0001 cm?® mol~! K~2.
To the best of our knowledge, there are no other literature data on similar compounds to be
compared with.

The Supplementary Materials contains in Table S7 details on the spin states in the
copper heptanuclear.
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Figure 8. The xT vs. T curve for the heptanuclear compound 3: experimental data (open circles) and
fit to model (continuous line). The model consists of merging the above-defined dimer of trimers,
based on J, j couplings with a central node having equivalent parameters, J' towards the vertices
of the hexamer. At the end, the j parameter is neglected, imposing j = 0 in the actual fit. The inset
annotates the considered | and ]’ interactions.

3.3. Broken Symmetry (BS) Calculations
3.3.1. Realization and Interpretation of BS Calculations

The so-called Broken Symmetry (BS) approach [71-74] represents the strategy usable
to obtain estimations of exchange coupling parameters in the frame of Density Functional
Theory. The BS-DFT calculations in compounds with many metal centers are laborious,
since they are implying the obtaining of single-determinants with unrestricted localized
orbitals, having a controlled spin polarization distribution on specific centers. Namely,
they must drive the convergence toward defined maps, switching, by proper educated
guesses, the local spin population on coordination sites between « or 3 preponderance. In
this view, we proceeded by the following steps: (i) first, do the unrestricted calculation of
the system with highest spin multiplicity (HS); (ii) collect the natural orbitals, emulating in
this way a restricted-type result; (iii) perform an orbital localization, focusing on functions
having singly-occupied nature; (iv) duplicate the sequences of restricted-type localized
orbitals, as the initial guess for both « and (3 unrestricted subsets; (v) initiate the desired
number of BS calculations operating the corresponding permutations in oc and 3 orbital
lists, in order to achieve the intended spin-flip scheme. The following Schemes 3-5 should
be regarded as a roadmap for the desired sequence of HS and BS calculations, customized
by the described algorithm, while the subsequent Figures 8-14, with spin density maps,
can be seen as a confirmation for achieving the targeted patterns.
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Scheme 3. The qualitative patterns of spin polarization (e in purple, $ in green) and corresponding model energies for

Broken Symmetry (BS) configurations in a trinuclear system.
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Scheme 4. The qualitative spin polarization patterns (« in purple, 3 in green) and model energies for symmetry-independent

position isomers of BS configurations in a regular hexagon.
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Scheme 5. The spin polarization patterns (« in purple, 3 in green) and model energies for symmetry-independent position
isomers of BS states compound 3. The S, = 1/2 states are omitted.

Figure 9. The spin density maps of the unrestricted density functional theory (DFT) calculations for
the highest spin (HS) and BS configurations for the trinuclear unit of compound 1, drawn at 0.05 e/ A3
isosurfaces. The violet and green colors are representing the o and 3 spin densities, respectively.
Note that the spin swap occurs on the aimed centers, as sketched in green in Scheme 3.
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Figure 10. The spin density maps for the BS calculations attempting the description of the intermolecular spin coupling.
The couple of dimers is taken as an excerpt from the crystal structure. The qualitative schemes are shown as insets.
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Figure 11. The spin density maps for the HS (upper half) and BS1 (lower half) for the copper hexamer.
The isosurfaces are drawn at the 0.05 e/A3 threshold. The violet and green colors represent the o
and (3 spin densities, respectively.

BS14

BS135

Figure 12. The spin density maps for the BS configurations with S, = 1 (upper half) and S; = 0
(lower half) for the copper hexamer. The isosurface coloring and drawing threshold is the same as in
Figure 9. Note that the green zones are matching the patterns planed in Scheme 4.
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Figure 13. The spin density maps for the S; = 7/2 (HS) and S, = 5/2 (BS1, BS2) configurations of the heptanuclear complex,
drawn at 0.01 e/ A3 isosurfaces. The upper-left corner shows a magpnification from the HS spin density map, emphasizing the

/

d-type profiles on the metal ions labeled 1, 2 and 4. A part of the structure components (metal center #3 and certain ligand
fragments) were erased to ease the visibility to the portions suggesting the mutual orientation of the magnetic orbitals.
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Figure 14. The spin density maps for the S; = 5/2 (BS12, BS23, BS25 and BS26) configurations of
the heptanuclear complex, drawn at 0.01 e/ A3 isosurfaces. Molecular frames are slightly rotated,
mutually, in order to ensure better visibility of the sites with 3 spin density (green surfaces). A part
of the half-coordinated methanol molecules was removed to clear the visibility of density surfaces.

The interpretation of BS calculations is straightforward in binuclear systems, the
case of higher polynuclears being debated by Shoji et al. [75]. We also outlined a general
procedure, exposed in Reference [1] pp. 629-633. Other methodological considerations for
equating BS in polynuclears were advanced by Ruiz [76].

The easiest way for interpretation is to directly rely on the so-called Ising spin Hamil-
tonian, to which the BS calculations are conceptually related. For the sake of clarity, we
will try to reformulate now, in a simple way, the handling of BS data in polynuclears, given
the chance of the panoply of systems presented here as a quite interesting application. The
Ising form takes simple numeric products of spin projections instead of scalar products of
true spin operators, met in Equation (1):

Hlsing = _2EI1‘]‘ S?S]z' (20)

j<i

By convention, the above formula can be taken without the —2 factor in the front of
the summation. The Ising Hamiltonian is invoked in certain dedicated physical problems
where pseudospins are adopted as the conventional description of certain site proper-
ties [77,78], but actually is of little use in the molecular magnetism itself. The Ising-type
expression is nothing else than the form of the diagonal elements in the matrix formulation
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of the full HDvV Hamiltonian. Therefore, the Ising energies are not directly usable in a
physical problem, but it happens that these are parallel to the meaning of energy in BS
configurations [76].

The BS treatments imply achieving calculations that reverse the local spin site from
projection 57 = +5; to S7 = —§;, starting from the reference with all spins up. Note that
the whole spin population of a given site should undergo the transmutation from « to 3
local density, intermediate projections not being admitted as of BS nature. In the case of
sites with one unpaired electron, i.e., S; = 1/2, as are our copper polynuclears, the only
possibilities are, of course, 57 = +£1/2.

In a practical sense, we shall rely on the BS energies relative to those of the highest
spin. The high spin (HS) configuration has the following Ising energy:

Ens = —2)_Jij S;S; (21)
j<i

A BS configuration, labeled w, can be ascribed as consisting in a sequence of spin-flip
factors, ojj = *1,as follows:

EBS(w) = *220’,']'((4))],']' SZS] (22)

j<i

Obviously, we have ¢;; = 1 for projections with the same sign, (57 > 0 and S]Z- > 0)

or (§f < 0and S]? < 0), and 0;; = —1 in the case of opposite projections. Let us take the
difference between a given BS state, w, and the HS reference:
AEBS(w) = EBS(w) — EHS =-2 Z(U,](w) - 1) ],] 5751 (23)
j<i

In a simplified recipe, the summation on pairs, j < i, retains only the terms with
oij = —1,i.e,, the situations where a relative spin flip occurs at the given i-j contact. The
Ising-like interpretation results can be saliently applied (using the DFT computed energies
of the different BS(w) configurations) as long as the corresponding computed expectation
values of the squared spin, (S(S + 1)) o, are well retrieving the following regularity:

AS(S+ 1)) = (S(S+1)) = (S(S+D)pys = =2} _(e3i(w) —1)S;S;  (24)
Jj<t

All the computations presented in the following are obeying this demand. Note that,
while Equation (23) can omit the ij couples for which J; is assumed negligible, the summa-
tion in Equation (24) should include all the possible pairs. For details, see Reference [1]
pp. 629-633.

3.3.2. The BS Calculations of the Trinuclear Complex

The BS treatment of a triangle with inequivalent edges implies one HS configuration
with S, = 3/2 total spin projection and three configurations with S, = 1/2, labeled BSi, ac-
cording to the address of the i center lodging the 3 spin. These are qualitatively represented
in Scheme 3, according to the explicit AE(BSi) general formulas. The computed BS energies
of states, relative to the HS, are —287.6, —259.2 and —257.0 cm ™1, at the reversal of the spin
on the respective coordination sites labeled 1, 2 and 3. With the model equations ascribed in
Scheme 3, one may deduce the following distinct coupling parameters, J1 = —144.9 cm™!,
Jiz=—1427cm ' and Jo3 = —1143 cm™ 1.

As initially guessed from qualitative structural considerations, these parameters are
mutually comparable, indebting the approximate treatment as equilateral. In the regular
triangle, the energy of each BS state is 2], the computed average being | = —134.0 cm 1.
This result is in good relation with the above-reported fit value (see Section 3.2.4). The
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differences in spin-squared expectation values, A(S(S + 1)) ys—A(S(S + 1))ps are, in all three
cases, about 2.03, i.e., close to the ideal quantity, namely 2.

The spin density maps of HS and BS configurations are revealing the shapes of the
magnetic orbitals carried by each site (see Figure 9). Obviously, the sign information
associated to the wave-function lobes is lost in such representations, having only the orbital
contours. Thus, one may observe the “four leaf clover” shapes corresponding to the d-type
orbitals and mushroom-like profiles of the lone pairs from pyrazole and acetate ligands.
The central oxygen has a donut shape in the HS map, being affected by spin polarization in
the BS cases, when it forms asymmetric lobes. One observes that the BS spin reversal is
spreading also on the neighboring ligands, which are also colored in green around the 3
d-type orbital. The four-lobe d-type orbitals are oriented almost in the Cu(pyrazole) local
frames, certifying that the N-Cu-N axes are those undergoing the strongest ligand field.
Slight tilts out of the {Cus} plane seem to be determined by the pyramidalization of the
coordinated central hydroxo group above the copper triangle fragment. If we define the
local coordination axes with x along the N-Cu-N average directions and y along the Cu-O
linkages toward the central group, then the magnetic orbitals of each coordination site can
be named qualitatively as x> —y2. Details on the BS-DFT data of the presented system are
in Table S8 from the Supplementary Materials.

Subsequently, we tried to investigate in the BS methodology the intermolecular inter-
action, roughly described by the j parameter in the model from Section 3.2.2. As discussed,
the j factorizes the interaction between the whole trimer moieties. We considered a pair
of molecules as a model which, in crystal are related almost by an inversion center (cor-
responding to Figure S1 in Supplementary Materials). The BS treatment can be simply
realized taking one trimer moiety in the HS configuration, while another one has the
same appearance, reverted in 3 spin density, as illustrated in Figure 10. Although the BS
intermolecular spin coupling regime is achieved, as certified by the obtained spin density
maps (see Figure 10), the energy difference between the HS and BS forms is practically
null. In turn, the fit discussed in Section 3.2.2 found a small, yet sizeable, intermolecular
antiferromagnetism. There may be multiple reasons for the computational failure. First of
all, one may suspect the intrinsic drawbacks of current density functionals in describing
long-range effects [79,80]. We refrained from introducing any of the many possible em-
pirical long-range corrections [81-84], since none of these were calibrated for such subtle
goals. Another possibility stays in the limitation of the “dimer of trimers” model. In the
crystal, such supramolecular contacts are continued as chains and sheets. Then, a very
small coupling at a dimeric sequence can be amplified, in the band structure interaction
regime, to a sizeable coupling effect. Thus, the fitted j, formally assigned to a dimer, actu-
ally describes effects from extended systems. Since the failures are also a part of the fair
scientific inquires, we mentioned the case here.

3.3.3. The BS Calculations of the Hexanuclear Complex

The BS calculations on the hexagonal complex are challenging, facing the situation
of many position isomers in terms of mutual placement of the « and {3 sites. Since only
one coupling parameter must be found, J, a single BS configuration will suffice. However,
treating the whole set implies a challenging technical virtuosity, and besides, retrieving the
same ] value will certify the validity of the BS approach itself.

Scheme 4 outlines in a qualitative manner the distinct symmetry BS states possible
in a regular hexagon. The labeling by BSi, BSij and BSijk denotes the i, j or k sites taking
the f3 spin in the respective situations when one, two or three spin swaps are made with
respect to the HS state (with S, = 3 spin projection). There is only one distinct isomer with
S, =2 projection, marked as BS1 (equivalent with one spin reversed on any center). The
S, =1 has the three possibilities of ortho-, meta- and para- BS isomers, labeled BS12, BS13
and BS14, respectively. Finally, the S, = 0 has the B5123, BS124 and BS135 cases. Their
energies, relative to the HS are printed in Scheme 4. There is a simple recipe to retrieve
the BS formulas: the cofactor of a given type of | is the count of edges carrying circles of
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different colors, in the drawn insets of Scheme 4. Details on the BS-DFT data of the hexamer
are in given Table S9 from the Supplementary Materials.

In order to extract information about the shape of magnetic orbitals, Figure 11 shows
the HS and BS1 configurations, each, in two orientations. One view is perpendicular to
the mean plane of the metal ions ring, aiming to verify the obtaining, from computation,
of the spin polarization pattern charted in Scheme 4. The views presented on the left side
of Figure 11 are allowing to view the sites labeled 1 and 4 particularly. Thus, one may
observe the four-lobed orbitals oriented perpendicularly to the Cug plane. The lone pairs
due to pyrazole ligands have mushroom shapes. The spin delocalized over a hydroxo
bridge takes the hearth-like shapes in the HS maps and in the points bridging ions with
the same spin. As a bridge between different local spin projections, the OH groups are
polarized in two-lobe profiles, with different colors. Interestingly, as a bridge between
two spin projections, the pyrazoles get one lone pair colored in purple and one in green,
certifying the inner spin polarization. Figure 12 shows the top view of the other computed
BS spin density maps.

The relative BS energies for the {BS1, BS12, BS13, BS123, BS124, BS135} sequence are,
correspondingly, {—480.6, —482.0, —960.2, —961.0, —481.9, —961.5 and —1439.0} (values
in em™1). Dividing these quantities by coefficients of | ascribed in Scheme 4 as analytic
BS energies, the following estimations for the | parameters are, respectively, obtained:
{—240.3, —241.0, —240.1, —240.3, —241.0, —240.4 and —239.8} (all values in cm ). Thus,
all the estimations from the different BS calculations are very close to the ] = —240 cm ™!,
the whole treatment being validated. The value is reasonably close, in semiquantitative
respects, to the | resulted from fit, in Section 3.2.3.

3.3.4. The BS Calculations of the Heptanuclear Complex

The heptamer presents a very large number of BS position isomers, whether the
whole set is aimed. We will limit ourselves to the configurations with the following
definitions: S, = 7/2 (HS), S; = 5/2 (BS1 and BS2, as symmetry distinct species) and
S, =3/2 (BS12, BS23, BS25 and BS26). Thus, we eluded the case of smallest projection,
S, =1/2, with a large number of positional mutations. The full BS-DFT data are posted in
Table S10 from Supplementary Materials. The considered set of six configurations offers
sufficient information to extract the three parameters assumed by the model presented in
Section 3.2.4, namely | for coupling inside the triangular caps of the structure, ], for all the
contacts between these faces and the central atom, and j for the presumably weak effects
between triangular faces. The BS configurations and their model energies are presented in
Scheme 5. One may observe again the simple recipe for the BS formulas, by summing all the
coupling parameters picked from edges encountering centers of opposed spin polarity. This
simple rule, based on Ising interpretation is valid if the check assumed by Equation (24) is
approximately passed. Thus, the ideal values for the (S(S + 1))s—(S(S + 1)) ps differences
are 6 and 10 for the respective S, =5/2 and S, = 3/2 subsets. The computational details
given in Table S7 from Supplementary Materials are illustrating that this regularity is held
with reasonable accuracy, within the second decimal digit.

The relative energies for the (BS1, BS2, BS12, BS23, BS25 and BS26) sequences are {27.7,
—313.9, —294.3, —312.0, —631.8 and —643.8}, respectively (all values in cmfl). The least
square solutions of the BS equations are: ] = —162.3cm ™!, J' = +4.9 cm ™!, j = +0.75 cm 1.
One may remark that the | coupling corresponds to a strong antiferromagnetism, while
the J” is weakly ferromagnetic, in line with the experimental data. The magnitudes of
the computed parameters are matching the range of the experimental ones. Somewhat
intriguingly, the computed j coupling results as ferromagnetic, too. This parameter was
not the object of the fit and is difficult to charge the problem with too many parameters,
because of the inherent uncertainties, given the rather large parametric list.

A further detailing of the issue can be reached associated to the BS fit, complicating
the model a bit. Thus, relaxing the constraint of a unique coupling parameter inside the
hexanuclear subunit, one may propose two sorts of long-range interactions: a j., corre-

155



Chemistry 2021, 3

sponding to the sites placed mutually in cis, inside the trigonally distorted octahedron and
a ji, for the trans couples. With this detailing, the BS25 and BS26 become inequivalent, the
4j term becoming 4 j. and 2j. + 2j;, respectively. Within the new BS model fit, the following
values are found | = —163.0 cm 1, J' =+5.0 cmfl,jc =+28cm ! and jir=-—27 cm L

Aside from verifying the success of BS attempts, by retrieving in the computed spin
density maps the patterns envisaged at the beginning of calculations, according to the
chart form Scheme 5, Figures 13 and 14 are offering information about implied magnetic
orbitals. Particularly, it is relevant to observe the magnified excerpt from the upper-left
corner of Figure 13, showing the d-type profiles for the central atom (#1) and for two atoms
from the upper triangle (#2 and #4). One notes that the four-lobe profile of the atom #1 is
tilted by about 45° with respect to the planes of the two Cus moieties. Inside the trimeric
fragments, the four-lobe shapes are approximately perpendicular to the axes formally
connecting the given sites to the central atom, being therefore tilted with about 30° from
their Cugz planes. Looking along the dashed line drawn between #1 and #2 copper sites
(see the upper-left corner of Figure 13) one may say that, if this is taken as the z axis in a
local coordinate frame, then the corresponding magnetic orbitals look like a x2—? and a xy
couple. Then, falling in a sort of orthogonality relationship (null overlap), one may guess
that this coupling is prone to ferromagnetic nature, according to the basic paradigms of
magneto-structural correlations [85-88]. Also, an almost-orthogonality can be proposed
for the contact along the #1—#4 line, having the situation of the first site with one lobe
approximately aligned to this axis (behaving then as able for o-type bonding), while the
other metal-based orbital has the lobes roughly perpendicular to the intercentrum direction
(as if ready for o-type overlap). The orbital interaction along the #1-—#3 line follows a
similar situation. By symmetry, the interaction between the central magnetic orbital and
those of the other face undergo a mirroring of mutual overlap relations. Then, the orbital
quasi-orthogonality reasons are explaining the ferromagnetic coupling between the central
atom and the embedding cluster, obtained from fit and computational simulations.

4. Conclusions

The work deals with the structural chemistry of a series of newly synthesized coordi-
nation polynuclear compounds, seen from multiple perspectives, experimental, theoretical
and in correlation with the magnetic properties. The common feature of the presented
systems is the functionality of pyrazolate bridges as reinforcement of molecular edifices.

The clusters sketched by the Cu(II) centers show remarkable patterns: almost equilat-
eral triangles, regular hexagon and centered trigonal antiprism, for the respective tri-, hexa-
and heptanuclears. Remarkably, the last two systems span high space group symmetries,
R-3 and R-3c. The opportunity of meeting iconic patterns allows naming the compounds 1,
2 and 3 as representative for the described distinct topologies. In this way, the methods
and outcomes related to their structural analyses show general relevance, extended upon
past and future relatives falling in the 1, 2 or 3 classes.

Whether the actual literature knows many analogs of 1 and several congeners of 2,
compound 3 has only two previously reported relatives, lacking detailed insight. The fact
that compound 3 uses the 1-type subsystems as a starting base affords the prediction that
this class can be further grown by systematic synthetic attempts.

The presented compounds occasioned new Kambe-type systematization of energy
levels, namely having analytical formulas, linear in terms of existing coupling parameters.
Whether the equilateral triangle is a well-known Kambe case, we extended this treatment
for two interacting trimers, the model being usable for the effective account of long-range
effects in the class of compound 1. We also found Kambe-like formulas for system 3. The
hexagon from case 2 does not admit Kambe rationalization, but we considered explicit
numeric expression for the energy levels, making its treatment transparent. Remarkably,
system 2 can be legitimately presented as a case of coordination polynuclear aromaticity.
To the best of our knowledge, such developments related with the spin Hamiltonian
methodologies were not presented previously.
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The excurse is concluded with the simulation of exchange coupling parameters trough
BS-DFT calculations (Broken Symmetry). The BS approach consists of numeric experiments
aiming at the controlled swap of spin polarization on designated centers. At relatively high
nuclearities (as 6 or 7), the BS approach is non-trivial, in the technical respect, demanding
proper educated guesses of the orbitals used to initiate the calculations.

The interpretation of BS computational results is somewhat challenging, outlining
here clear and simple recipes. The presented systems show, as a distinct signature, the
strong antiferromagnetic coupling along the pyrazolate bridges. The spin density maps of
various BS position isomers (different symmetry-distinct ways to switch from « to {3 the site
spin, at one or many centers) are certifying the success of the attempted BS configurations.
The spin density maps are enabling the view of site-specific magnetic orbitals.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2624-8
549/3/1/31/s1, Figure S1: X-ray molecular structure of compound 1 with atoms coloring scheme,
Figures 52-S4: Packing along a, b and c axes for compound 1, Figure S5: X-ray molecular structure of
compound 2 with atoms coloring scheme, Figures S6-S8: Packing along 4, b and c axes for compound
2, Figure S9: X-ray molecular structure of compound 3 with atoms coloring scheme, Figures S10 and
S11: Packing along a, b and c axes for compound 3, Table S1: Crystal data for complexes 1-3, Table S2:
Selected bond lengths [A]and angles [°] for 1, Table S3: Selected bond lengths [A]and angles [°] for
2, Table S4: Selected bond lengths [A] and angles [°] for 3, Table S5; The count and energies of spin
states (including total and intermediate spin quantum numbers) in a copper hexanuclear system,
constituted as dimer of trimers, with the topology discussed in the main text, Table S6: Numeric
energies in a hexanuclear system with local 1/2 spin centers and hexagonal topology (having unique
exchange coupling parameter | along the edges), Table S7: The count and energies of spin states in a
copper heptanuclear system, constituted as a central atom interacting equivalently with two trimers,
Tables 58-510: The high spin (HS) and broken symmetry (BS) energies calculated for compounds 1-3.
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Abstract: Two analogous 2-D Hofmann-type frameworks, which incorporate the novel ligand N-
(pyridin-4-yl)benzamide (benpy) [Fe' (benpy),M(CN)4]-2H,O (M = Pd (Pd(benpy)) and Pt (Pt(benpy)))
are reported. The benpy ligand was explored to facilitate spin-crossover (SCO) cooperativity via
amide group hydrogen bonding. Structural analyses of the 2-D Hofmann frameworks revealed benpy-
guest hydrogen bonding and benpy-benpy aromatic contacts. Both analogues exhibited single-step
hysteretic spin-crossover (SCO) transitions, with the metal-cyanide linker (M = Pd or Pt) impacting
the SCO spin-state transition temperature and hysteresis loop width (Pd(benpy): T 1 11:201, 218 K,
AT: 17 K and Pt(benpy): T 1 111206, 226 K, AT: 20 K). The parallel structural and SCO changes over
the high-spin to low-spin transition were investigated using variable-temperature, single-crystal,
and powder X-ray diffraction, Raman spectroscopy, and differential scanning calorimetry. These
studies indicated that the ligand-guest interactions facilitated by the amide group acted to support
the cooperative spin-state transitions displayed by these two Hofmann-type frameworks, providing
further insight into cooperativity and structure-property relationships.

Keywords: spin crossover; Hofmann framework; hydrogen bonding

1. Introduction

SCO can occur in d* to d” transition metals, whereby a reversible transition between
low-spin (LS) and high-spin (HS) states occurs with the application of external stimuli (e.g.,
magnetic field, light irradiation, temperature, pressure) [1-6]. Of these, Fell complexes are
the most widely reported as they exhibit versatile SCO behaviors, including abrupt and
hysteretic transitions and multi-stepped pathways [7-10]. Solid-state cooperativity, defined
as the effectiveness of the propagation of SCO effects throughout the material, arises in Fell
complexes as there is a strong coupling of spin-state switching to the lattice due the large
volume change between HS and LS states (5-12%). [10-13] As cooperativity is dependent
on the strength of communication between metal centers, the direct bridging of switching
metal ions in extended networks (i.e., coordination polymers (CPs) and metal-organic
frameworks (MOFs)) is an effective approach [9,14-22], as well as via supramolecular inter-
actions, such as hydrogen bonds and aromatic contacts [10]. One of the most intensively
explored SCO CP families is Hofmann frameworks, which are typically characterized by
Fell sites bridged by square planar [M(CN)4]? groups (M = Pd, Pt, or Ni) and connected
(3-D) or spaced (2-D) into frameworks by N-donor aromatic organic ligands [9,14-22].
Effective SCO communication in these materials comes from the metallocyanide groups
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and can be modulated by the organic ligand and encapsulated guest molecules. Hence, the
choice of organic ligand incorporated into Hofmann frameworks has a significant effect on
the SCO properties observed, and, thus, substantial focus has been directed at structure-
function studies with various ligand functional groups and lengths. For example, in the 2-D
Hofmann framework [Fe!l (pyridine)yM(CN)4] (M = Pd or Pt) a thermally induced, single-
step hysteretic SCO transition was observed (T 1 11:208,213 K; AT =5 and T% 11: 208, 216
K; AT =8, for the Pd and Pt analogues, respectively) [15]. When pyrazine was used in place
of pyridine to form the 3-D Hofmann analogue [Fe'(pyrazine)Pd(CN)4], a higher transition
temperature and a wider hysteresis loop (T 1 311220, 240 K; AT = 20 K) was observed [15].
However, framework dimensionality alone is not the only possible influencing factor on
SCO cooperativity. For example, pyridine functionalization in the 2-D framework [Fel (4-
phenylpyridine), Pd(CN)4] resulted in an increased transition temperature compared to the
pyridine analogue and an impressive hysteresis loop width of 40 K [23]. Structural studies
on this analogue highlight that, alongside the framework connectivity, aromatic contacts
play a large role in enhancing the SCO communication. Likewise, the use of the ligand
3-aminopyridine in the 2-D Hofmann framework [Fe(3-aminopyridine),M(CN)4] (M = Nj,
Pd or Pt) emphasizes the significance of hydrogen bonds on cooperativity enhancement.
High transition temperatures and wide (>20 K) thermal hysteresis loops were observed
for both the Pt and Pd analogues (Pd: T 1 11169, 206 K; AT = 37 K and Pt: T% 3710 183,
213 K; AT = 30) [24]. Hence, the concept of targeting increased SCO cooperativity by both
incorporating SCO sites into CPs and also including functionalized ligands with hydrogen
bonding and/or aromatic interaction capacity serves as the basis for the materials prepared
in this report. We utilized the ligand N-(pyridin-4-yl)benzamide (benpy; Figure 1) [25] to
facilitate SCO cooperativity via both hydrogen bonding from the amide functional group
and aromatic contacts via the aromatic rings (Figure 1). Amide-functionalized ligands
were successfully applied to a range of SCO framework previously, resulting in a range
of interesting structures and SCO features [26-30] based on interaction with the amide
group. Here, we report the structure and SCO properties of the 2-D Hofmann frameworks’
analogues [Fell (benpy)2(M(CN)y)] (M = Pd and Pt) with an interest in the impact of amide
group contacts on the structure and cooperativity of the spin-state transition.

0O
N/\ NH

Figure 1. N-(pyridin-4-yl)benzamide (benpy) with metal coordination site (red), potential hydrogen
bonding (blue), and aromatic (black) interaction sites indicated.

2. Materials and Methods

Reagents were purchased commercially from Sigma-Aldrich or Merck and not further
purified before use. Care was taken, handling Fe(ClO4),-6H,O only in small amounts to
avoid any potential explosions.

2.1. Synthesis of N-(pyridin-4-yl)benzamide (benpy)

The 4-aminopyridine (1.69 g, 18.0 mmol) and triethylamine (2.28 g, 22.5 mmol) were
dissolved in CH,Cl, (30 mL). This solution was placed in an ice bath, wherein benzoyl
chloride (2.11 g, 15.0 mmol) was added with continuous stirring once the temperature
reached 0 °C. The mixture was then allowed to return to room temperature while stirring
for 1 h. The translucent, needle-like precipitate was collected via filtration and washed
with excess CH,Cl,. The crude product was recrystallized using 1:1 EtOH:H20 (1.63 g,
8.22 mmol, 54.8%). The 'H NMR (d¢-DMSO, 300 MHz): 6 = 7.53-7.66 (m, Juu = 15.22 Hz,
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3H), 7.78 (d, Jyu = 1.46 Hz, 2H), 7.96 (d, 7' = 6.90 Hz, 2H), 8.47 (d, Jyy = 6.27 Hz, 2H), and
10.59 (s, 1H). The '3C NMR (ds-DMSO, 75 MHz): § = 114.0, 127.9, 128.6, 132.1, 145.9, 150.5,
and 166.5. ESI-MS (ESI*, m/z) calculated [M + H]* for C;,H19N,O: 198.08 found 199.08.
IR (solid, v/ecm™1): 3241.3 (w), 3158.6 (w), 1673.5 (vs), 1586.3 (vs), 1503.1 (vs), 1414.7 (m),
1327.4 (s), 1292.0 (s), 1262.4 (w), 1207.5 (s), 1109.8 (w), 1090.8 (w), 1074.4 (w), 1027.4 (m),
991.1 (m), 932.4 (w), 892.9 (m), 822.6 (vs). Elemental analysis (%) calculated C 72.71, H 5.09,
N 14.13 and found C 72.02, H 4.64, N 14.03.

2.2. Synthesis of [Fe''(benpy), PA(CN)]-2H,O (Pd(benpy))

Vial-in-vial slow diffusion methods were used to prepare a bulk crystalline sample.
Solid Fe(ClO4),-6H,0O (15.0 mg, 0.059 mmol) was weighed into a small vial and K,Pd(CN)y
(17.0 mg, 0.059 mmol) and benpy (23.4 mg, 0.118 mmol) were weighed into a larger vial.
The small vial was placed within the larger vial before 1:1 EtOH:H,0O (~20 mL) solvent was
added slowly to fill both vials to the top. Yellow crystals with square-plate morphology
formed over six weeks. IR (solid, v/cm™~1): 3533.4 (m), 2170.8 (s), 1594.5 (vs), 1523.2 (s),
1422.3 (s), 1337.8 (s), 1299.5 (s), 1263.1 (m), 1210.8 (s), 1097.0 (w), 1069.3 (w), 1015.7 (m),
997.7 (w), 929.9 (w), 892.8 (w), 830.4 (s), 707.1 (vs), 682.8 (s). Elemental analysis (air-dried
sample) calculated (%) C 50.74 H 3.04 N 16.91 and found (%) C 50.57 H 3.28 N 17.01.

2.3. Synthesis of [Fe' (benpy), PH(CN)4]-2H, O (Pt(benpy))

Vial-in-vial slow diffusion methods were used to prepare a bulk crystalline sample.
Solid Fe(ClO4),-6H,0 (15.0 mg, 0.059 mmol) was weighed into a small vial and K;Pt(CN)4
(22.3 mg, 0.059 mmol) and benpy (23.4 mg, 0.118 mmol) were weighed into a larger vial.
The small vial was placed within the larger vial before 1:1 EtOH:H2O (~20 mL) solvent was
added slowly to fill both vials to the top. Yellow crystals with square-plate morphology
formed over six weeks (100% yield). IR (solid, v/cm™): 3544.0 (b), 2168.0 (s), 1594.4 (br),
1524.0 (br), 1422.1 (m), 1337.6 (m), 1299.3 (m), 1262.3 (w), 1210.8 (m), 1096.3 (w), 1069.1 (aw),
1015.5 (w), 967.9 (w), 928.5 (w), 892.3 (w), 830.4 (s), 732.9 (w), 706.5 (s), 666.2 (w). Elemental
analysis (air-dried sample) calculated (%) C 44.71 H 2.88 N 14.56 and found (%) C 43.97 H
2.98 N 14.75.

2.4. Thermogravimetric Analysis (TGA)

Crystalline samples were loaded onto a platinum pan and measured on a TA Instru-
ments Discovery TGA Analyzer at a ramp rate of 1 °C min~! (RT-500 °C) under a dry N,
gas environment (20 mL min ).

2.5. Variable-Temperature, Single-Crystal X-ray Diffraction Analysis (VT-SCXRD)

Data were collected at the Australian Synchrotron macromolecular crystallography
(MX1) beamline radiation source [31]. Data were collected using a Dectris Eiger 9M
detector and Si<111> monochromated synchrotron radiation (A = 0.71073 A). The data were
collected using the Bluelce software [32] and were processed using the XDS software [33].
All structures were solved using SHELXT [34] and refined using SHELXL [35] within the
OLEX2 graphical user interface [36]. Hydrogen atoms were placed at idealized positions
and refined using the riding model. Details of the crystallographic data collection and
refinement parameters are summarized in Table 1 and selected parameters are presented in
Table S2. The data have been deposited in the Cambridge Crystallographic Data Centre
(CCDC) and are freely available at CCDC: 2049372-2049375.
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Table 1. Representative structural details for Pd(benpy) and Pt(benpy) in the LS and HS states.

Fe'l(benpy),Pd(CN);-2H,0 Fe'l(benpy), Pt(CN)4-2H,0

Spin state LS HS LS HS

Temperature (K) 100 250 100 250

Average Fe-N=C 1.9976 2.1411 1.926 2.125

Average Fe-N(py) 1.93775 2.2042 1.997 2.216

Average Fe-N (A) 1.9577 2.1621 1.950 2.155
O-water (A) 2.767(2) 2.846(2) 2.730(2) 2.805(2)
water-N(H) (A) 2.852(4) 2.904(2) 2.895(2) 2.915(3)

% (Fe) (°) 13.20 8.160 12.82 12.40

Ligand torsion (°) 24.3 355 13.8 40.3

2.6. Variable-Temperature, Powder X-ray Diffraction Analysis (VT-PXRD)

Data were collected at the Powder Diffraction beamline BL-10 (20.0 keV, 0.589062
A) at the Australian Synchrotron [37]. A polycrystalline sample was loaded into 0.7-mm-
diameter borosilicate glass capillary and mounted onto the powder diffraction beamline.
The capillaries were rotated at ~1 Hz during data collection to assist in powder averaging.
The beamline was set up with a nominal wavelength of 1.0 A; the wavelength was deter-
mined accurately using NIST SRM660b LaBy standard. Temperature-dependent data were
then collected continuously over the range 175-250 K. Data were collected using a Mythen
microstrip detector [38] from 1.5° to 75° in 26. To cover the gaps between detector modules,
two data sets, each of 60 s in duration, were collected with the detector set 5° apart and
they were then merged to give a single data set using PDViper [39]. A slit size of 2 mm
was used to ensure that the fraction of the capillary illuminated by the X-ray beam was
the same as the isothermal zone on the cryostream. Le Bail analysis and peak fitting were
performed using the TOPAS software package [40].

2.7. Variable-Temperature Magnetic Susceptibility

Variable-temperature magnetic susceptibility data were obtained using a Quantum
Design VersaLab magnetometer with a Vibrating Sample Magnetometer (VSM) accessory
attached. Measurements were taken continuously over the range 150-300 K under a 0.3 T
magnetic field with sweep rates of 0.5, 1, 2, and 4 K min~!. The crystalline samples were
loaded into polypropylene holders (Formolene 4100 N) and clipped into a brass half-tube
for analysis.

2.8. Differential Scanning Calorimetry (DSC)

Measurements were taken at 10 K min~! (294-190 K) using a Netzsch DSC 204 F1
Phoenix with a liquid nitrogen cooling cryostat. The crystals were placed into a 40-uL alu-
minum crucible and sealed. Instrument calibrations were made using sapphire standards
with the sample holder kept dry and under a constant, dry N, flow (20 mL min~1). The
Netzsch Proteus Analysis 2019 software was used to process the data.

2.9. Calculation of the Magnetic Susceptibility

The magnetic susceptibility was calculated from the Slichter-Drickamer model [41,42],
which predicts that the HS fraction, yys, is given by

1

vus(T) = , M
1 +eXP[AH+F(1E%7HS(T)) _ &]

where AH and AS are, respectively, the enthalpy and entropy differences between the HS
and LS states, R is the gas constant, and I' parameterizes the interactions between metal
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centers. We neglected magnetic interactions between metals in the HS state, whence one
finds that the magnetic susceptibility is given by

X(T) = [1 = yus(T)]xrs + YHsXHSs/ )

where xrs (xms) is the susceptibility in the LS (HS) state. For both Pd(benpy) and
Pd(benpy) we obtained the best fits on constraining ;s = 0 and xgsT = 3.6 cm® K mol 1.
No closed form solution was known for the transcendental Equation (1), so a numerical
solution was obtained self-consistently for a range of parameters (AH, AS, and I'), with
the best fit taken as the parameters with the lowest root-mean-square error relative to the
measured susceptibility. We swept through parameters three times, each time narrowing
the range but moving through finer steps, to obtain accurate solutions in a reasonable time.

The Slichter—Drickamer model is equivalent to a mean field treatment of the Ising—
Wajnflasz—Pick model [42,43]. Like all mean field theories, it is more accurate in higher
dimensions. So long as the interlayer elastic interactions are not too small (compared to
kgT), Pd(benpy) and Pd(benpy) are three-dimensional materials and mean field theory
should be reasonable. The anisotropy between the intra- and interlayer elastic interactions
is only captured on average but does not affect the applicability of the theory. If the
interlayer elastic interactions are small compared to kg T, then Pd(benpy) and Pd(benpy)
are two-dimensional materials. As we did not discuss critical behavior below a mean field,
approximation is reasonable in either case.

2.10. Variable-Temperature Raman Spectroscopy

Raman spectra were collected on a Renishaw inVia-Qontor upright microscope. The
excitation wavelength of 785 nm (20 mW at 10% laser power, L x50 objective) was used
to acquire the Raman spectra in the range 150-2300 cm ! with a 10-s exposure time. The
samples were loaded into 0.7-mm-diameter glass capillaries and mounted on a Linkam-
FTIR 600 variable temperature stage. Liquid nitrogen was continuously flowed onto the
Linkam stage with a temperature programmer and cooling pump connected. Data were
collected over the range 170-250 K at 10-K steps.

3. Results and Discussion
3.1. Synthesis and Characterization

The two materials Pd(benpy) and Pt(benpy) were successfully synthesized as bulk
crystalline solids via slow diffusion methods. Their purity was confirmed via elemental
analysis (CHN), IR spectroscopy, Le Bail analysis of the PXRD data (Figures S4 and S5) and
TGA measurements. The TGA data (Figure S1) showed an initial mass loss below ~50 °C
(Pd(benpy): 4.90% and Pt(benpy): 4.33%) corresponding to a theoretical loss of two solvent
water molecules per Fe!l site (calculated for Pd(benpy): 4.58% and Pt(benpy): 4.07%).
There was no further mass loss until ~300 °C, when framework decomposition occurred.

3.2. Spin-Crossover Properties
3.2.1. Variable-Temperature Magnetic Susceptibility

A color change from yellow to red was observed when the crystals of Pd(benpy)
and Pt(benpy) were cooled with liquid N, indicative of a HS to LS transition (Figure
S2). Variable-temperature magnetic susceptibility measurements (300-150 K) revealed
hysteretic, single-step SCO transitions (Figure 2a,b). The xjT values remained constant
at ~3.50 cm® Kmol~! from 300 to 196 K for Pd(benpy) and 300-203 K for Pt(benpy),
corresponding to HS Fell sites (S = 2) [10]. Below this, a rapid decrease in xjT values
occurred, to ~0.1 cm®Kmol !, indicative of a complete HS to LS (S = 0) transition of the
Fe!l sites. The scan rate dependence of the SCO transition was explored (rates: 0.5, 1, 2,
and 4 K min~!; Figure 2a,b. Extrapolation of the scan rate versus transition temperature
(Figure S3) revealed zero-scan rate transition temperatures of T% J1: 201, 218 K (AT: 17

K) for Pd(benpy) and T% 111 206, 226 K (AT: 20 K) for Pt(benpy). The higher transition
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temperature observed in the Pt analogue compared to the Pd analogue was consistent
with other Hofmann-type frameworks [9,14-22]. The abrupt transition character and
approximate transition temperatures and hysteresis loop width were consistent with other

2-D Hofmann frameworks [44].
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Figure 2. xyT (and HS fraction) versus temperature for (a) Pd(benpy) and (b) Pt(benpy), variable scan rate data are shown.
Differential scanning calorimetry data for (c) Pd(benpy) and (d) Pt(benpy).

3.2.2. Differential Scanning Calorimetry

DSC measurements (Figure 2¢,d) show an endothermic peak on cooling and an exother-
mic peak on heating for both Pd(benpy) and Pt(benpy). The peak maxima, Pd(benpy):
196, 222 K and Pt(benpy): 204, 226 K, were consistent with the T ] values recorded by mag-
netic susceptibility (The DSC data were collected at 10 Kmin~" thus a slight difference was
anticipated compared to the magnetic susceptibility data). The thermodynamic parameters
from these data were Pd(benpy): AH,yg = 15.7 & 2 k] mol 1, ASyyg =75.3 5] K~1 mol !
and Pt(benpy): AH,vg = 17.9 & 2 k] mol ! and AS,yg = 83.3 & 4] K~ mol~?, obtained
from an average of the cooling and heating peaks. Enthalpy and entropy values of 10-20 k]
mol ! and 35-90 ] K~! mol~! values are typical for Fell SCO [45], in particular, Hofmann

frameworks [9,14-22].

3.2.3. Magnetic Susceptibility Calculation

The spin transition curves were calculated from the Slichter-Drickamer model (Fig-
ures S4 and S5) [41,42]. The parameters extracted from the fits for Pd(benpy) were
AH =145k mol~!, AS =689 K mol~!, and T = 5.38 k] K~ mol~! and for Pt(benpy)
were AH =20.8 k] mol~!, AS=96.1J K~ mol~!, and T = 5.90 k] mol~!. The AH and AS
values agreed well with the DSC data.

There were three contributions to the entropy difference between the HS and LS states, AS =
ASgpin + ASery + ASyip. For Fell the spin contribution was ASgpin = R In5~13.4JK 1 mol~!
and the orbital contribution was AS,y, = RIn3 ~ 9.1 ] K~! mol~, thus the vibrational
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contribution was AS, = 46.4 ] K~ mol~! for Pd(benpy) and AS,;, = 73.6 ] K~! mol~!
Pt(benpy), based on the fits to the Slichter-Drickamer model. (Using the calorimetry
values of AS yielded AS.y, = 52.8 ] K™ mol~! for Pd(benpy) and AS,, = 60.8 ] K1
mol~! Pt(benpy)).

It can be shown [43] that the Slichter—Drickamer model is equivalent to the mean-field
solution of the long-range Ising-Wajnflasz-Pick model and, thence, that

Ir= ZZ]n,mr (3

where J;, ;, is the coupling between metal centers n unit cells apart in the crystallographic
a-direction and m unit cells apart in the crystallographic b-direction. Thus, I measures the
sum of the microscopic interactions, J;; », which, in turn, can be related to the underlying
elastic interactions in the material [43]. Thus, the large positive values of I' (37% of AH in
Pd(benpy) and 28% of AH in Pt(benpy)) showed that the sum of the elastic interactions
in both materials was significant and ferroelastic. Overall, the modeling showed that the
spin-state transitions in both Pd(benpy) and Pt(benpy) were strongly cooperative.

3.3. Variable-Temperature Structural Analysis
3.3.1. Variable-Temperature Powder X-ray Diffraction

Data were collected to monitor the structure variation over the SCO transition (250-175 K).
Figure 3a and Figure S8a show the evolution of a selected Bragg peak (26 = 6.5-6.8°, IkI:
011) for Pd(benpy) and Pt(benpy), respectively, over the HS to LS to HS transition. These
data are also presented as peak position versus temperature (Figures S8b and S9), showing
SCO character and transition temperatures consistent with magnetic susceptibility data.
All of the data over the temperature range 250-175-250 K were fitted by Le Bail refinement.
These data: (1) confirmed the bulk purity of the samples (Figures S6 and S7), (2) confirmed
the symmetry and space group, and (3) allowed the temperature dependence of the unit
cell parameters to be assessed. Figure 3b and Figure S11d show the unit cell volume
evolution for Pd(benpy) and Pt(benpy), respectively, confirming the abrupt single-step
volumetric change over the reversible spin-state transition and an overall volume change
of ~5.5%, consistent with a complete HS to LS transition. The evolution of the unit cell
lengths for Pd(benpy) and Pt(benpy) are shown in Figures S10 and S11, respectively. The
transition temperatures from VT-PXRD data were ca. 5 K lower than that observed by
magnetic susceptibility. This is not uncommon due to the differences in experimental
conditions. Here, the ramp rate for data collection was much faster for VI-PXRD than
magnetic susceptibility.
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Figure 3. VT-PXRD data for Pd(benpy) showing (a) the evolution of a single Bragg peak (011) versus
temperature (250-175-250 K) and (b) the temperature dependence of the unit cell volume extracted
from Le Bail analysis of the individual PXRD patterns.
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(a)

3.3.2. Variable-Temperature Raman Spectroscopy

VT-Raman spectra were collected (150-2300 em™~1; 250-150 K) to monitor vibrational
transitions that occur with spin-state change. Figure 4a and Figure S12 show representative
HS and LS patterns for Pd(benpy) and Pt(benpy), respectively. The largest frequency
shifts between spin states were the bands corresponding to the Fe-N and C=N stretching,
in agreement with the literature on Hofmann frameworks [44]. The characteristic Fe-N
stretching peaks (<250 cm~!) and C=N bands (~2200 cm~!) were upshifted from the
HS to the LS state (Figure 4b and Figures S13 and S14). The C=N bands also increased
in intensity over the HS to LS transition (Figure 4b and Figure S14b, Pd(benpy) and
Pt(benpy), respectively).

(b)
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Figure 4. VI-Raman data for Pd(benpy) showing (a) representative HS (red) and LS (blue) spectra; the Fe-N and C=N
stretching regions are indicated by pink and green dotted lines, respectively. (b) The temperature dependence of the

C=N vibration.

3.3.3. Variable-Temperature, Single-Crystal X-ray Diffraction
Overall Structural Description

Powder diffraction analyses at 250 K confirmed that Pd(benpy) crystallizes in the
primitive monoclinic space group: P2;/n and Pt(benpy) in the monoclinic C-centered
space group C2/m (Figures S6 and S7). SCXRD data collected on each agreed with this
symmetry and space group assignment (Table 1). The asymmetric unit (ASU; Figure S15)
of Pd(benpy) contained one Fe'l site, a half of a [Pd(CN)4)]>~ group, one benpy ligand, and
one water molecule. The ASU (Figure S16) of Pt(benpy) contained one Fe'' site, a quarter
of a [Pd(CN)4)]>~ group, one benpy ligand, and one water molecule. The main distinction
between the two is that the benpy ligands showed a long-range, ordered, torsional twist
around the amide bond in Pd(benpy) (Figure 5a). In Pt(benpy), the benzyl ring of the
ligand showed two-fold disorder (Figure 5b). Hence, the same ligand torsional ligand
was observed but with short-range order, thus accounting for the space group difference
between the analogues. The water molecule in Pt(benpy) was also disordered over two
positions across the mirror plane.

Aside from the difference in symmetry, the overall formula for both was [Fe'l(benpy),
M(CN)4]-2H;,0, where M = Pd or Pt, and the Hofmann framework structures were similar.
For each, the Fel' sites were arranged in a distorted octahedral environment with an overall
[FeNg] coordination, with the equatorial sites occupied by [M(CN)4]>~ groups, bound via
the N atoms, and the axial sites occupied by benpy ligands, coordinated via a pyridyl N
atom. The bridging of each Fe! site by four [M(CN)4]?~ units, which, in turn, acted as four
coordinating linkages, resulted in the formation of a 2-D layered-grid structure of the type
[Fe'(M(CN)y)], as shown in Figure 6. The benpy ligands extended above and below the
[Fe(M(CN)4)] layers (Figure 6b,c). Neighboring benpy ligands along the a-direction were
oriented in the same direction (Figure S17a), i.e., within each ligand the oxygen and amide
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groups pointed in opposite directions and were oriented in the same direction compared
to adjacent ligands. The trans-benpy ligands, i.e., those coordinated to the same Fe'l site,
were related by inversion symmetry and, thus, the amide functional groups were facing in
opposite directions (Figure S17b). Additionally, the [Fell(M(CN))] layers undulated along
the ab-plane, as illustrated in Figure 6c.

(b)
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Figure 5. SCXRD thermal ellipsoid representation (50%) of the ASU of (a) Pd(benpy) and
(b) Pt(benpy) at 100 K. Two-fold disorder in Pt(benpy) is shown.

(a)

b «—

Figure 6. SCXRD structural representation of Pd(benpy) showing (a) the 2-D, grid-like Hofmann layers of the type
[Fe'l(PA(CN),)], (b) the interdigitation of benpy ligands on adjacent 2-D layers, and (c) the head-to-tail overlap of interdigi-
tated benpy ligand. The water molecules are located in the interlayer spacing and form hydrogen-bonding interactions with
the benpy ligands (green).
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Neighboring 2-D [Fel(M(CN)y)(benpy),] layers were stacked along the c-axis, with
efficient packing provided by ligand interdigitation from neighboring layers (Figure 6b,c).
The ligands of adjacent layers stacked in a head-to-tail fashion (Figure 6¢) with near overlap.
The nearly eclipsed overlap of the interdigitated ligands and close packing along the b-axis
allowed for weak offset 7-stacking, evidenced by the centroid-centroid distances between
benpy ligands of ~3.5 A (Figure 7). Two water molecules per Fe!l site were located in
the interlayer spacing. These water molecules were engaged in a range of host-guest
hydrogen-bonding interactions with the amide group of the benpy ligands (Figure 7).
Similar arrays of host-guest interactions involving amide functional groups have been
observed in other SCO frameworks [26-30].

Figure 7. SCXRD structural representation of Pd(benpy) showing the position of the water molecules in the interlayer
spacing, (a) the hydrogen-bonding interactions with the benpy ligands, and (b) the aromatic contacts.

Variable-Temperature Data

VT-SCXRD data were collected at 10-K intervals over the range of 250-100 K (HS
to LS, cooling) for Pd(benpy) and 100-250 K (LS to HS, warming) for Pt(benpy). Plots
of the unit cell parameters (a-, b-, and c-axes) and unit cell volume versus temperature
(Figures 518 and S19) matched the transition temperature anticipated from magnetic sus-
ceptibility. An overall 5.0% volume change was observed for both analogues over the HS
to LS transition, consistent with a complete spin-state conversion. Notably, the evolution
of the unit cell parameters was different for Pd(benpy) for Pt(benpy). In particular, both
the interlayer spacing (i.e., the c-axis) and the B angle increased over the HS to LS tran-
sition for Pd(benpy) but decreased for Pt(benpy). The reason for this difference was not
entirely clear but may have arisen from the relative structural support provided by the
long- versus short-range order of the ligand torsion and water molecules for Pd(benpy)
for Pt(benpy), respectively.

Detailed structural analyses for Pd(benpy) for Pt(benpy) were conducted at 250 and
100 K to assess the structure changes over the HS to LS transition. Relevant parameters
are summarized in Table S2. The overall variation to average Fe-N bond length for both
was ~0.2 A, which was consistent with a complete spin-state transition [10]. The octahedral
distortion parameter (X), defined as the sum of the deviation from 90° of the 12 cis-N-Fe-N
angles, is also a useful indicator of spin-state change. Typically, it is more regular in the LS
state compared to the HS state [10]. However, for Pd(benpy) the degree of distortion was
seen to increase over the HS to LS transition (HS = 8.16° and LS = 13.20°) and for Pt(benpy)
there was no substantial change over the SCO transition. This is often an indicator of
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elastic frustration [46-50], which arises from a competition between interactions and the
volumetric change over the spin-state transition. In most cases, this results in multi-stepped
SCO transitions, but here the cooperative one-step transition suggests that there was a
degree of elastic frustration. However, it was not great enough to overcome the preferred
energetics of the bulk material to attain spin-state homogeneity. Other minor changes to
the structures included a contraction in host-guest hydrogen bonds and ligand-ligand
aromatic contacts, as well as a more planar Hofmann layer in the LS state, as evidenced
by change in Fe-N=C angles toward 180°. Furthermore, the benpy torsional twist for
both analogues decreased substantially with HS to LS transition. A notable distinction
between Pd(benpy) and Pt(benpy) was that the guest-accessible void space was larger in
Pt(benpy), but for both analogues the void volume decreased with HS to LS transition
(Pd(benpy): 5% (73 A3) to 3% (37 A%) and Pt(benpy): 13% (195 A3) to 6% (94 A3)). This
distinction may underlie the difference in long-range and short-range ordering of the
ligand torsional twist in Pd(benpy) and Pt(benpy). Indeed, on closer inspection, the
ligand-water contacts were slightly longer in Pt(benpy) compared to Pd(benpy) in the HS
state (O1-water: 2.137(2) and 2.006(2) A for Pt and Pd, respectively). These contacts may
play a role in the ligand ordering.

4. Conclusions

Two isostructural 2-D Hofmann-like framework materials, [Fell(benpy),M(CN),
1-2H,0 (M = Pd, Pd), were prepared with a novel amide-functionalized ligand (benpy).
Variation of M (Pd or Pt) resulted in subtle changes to structure and SCO properties, which
we comprehensively assessed by variable temperature magnetic susceptibility, DSC, PXRD,
Raman spectroscopy, and SCXRD analyses, and validated by calculation of the magnetic
susceptibility data. The main change to the structure between the Pd and Pt analogues
was the long- or short-range ordering of a torsional twist in the benpy ligand around
the amide group. Structural analyses suggested this difference arose due to the relative
steric bulk of Pd versus Pt and, hence, the packing efficiency and contacts that can be
achieved. Both the Pd and Pt analogues showed abrupt and hysteretic one-step SCO
transitions, with the Pt transition occurring at a slightly higher temperature. This difference
was ascribed to a subtle variation HS stability arising from a combination of the greater
electron density and size of Pt compared to Pd. Comparison of the HS and LS structures
for both analogues revealed a degree of elastic frustration due to the increase in distortion
over the HS to LS transition, opposed to the normal decrease, in particular, for the Pd
analogue. Although, rather than a multi-step SCO transition, which can arise in such cases,
a cooperative one-step character prevailed, indicating that the frustration effects were not
large enough to overcome the preferential energetics of spin-state homogeneity. Consistent
with this theory, we found that the net interactions were ferroelastic and that the transi-
tion was strongly cooperative. Overall, the inclusion of an amide-functionalized ligand
into these SCO Hofmann frameworks successfully led to a range of through-bond (i.e.,
coordination bridges) and through-space (i.e., supramolecular contacts) pathways. Rather
than functioning antagonistically, these functioned collectively to produce cooperative
spin-state switching properties. This study supports the role of various structural modes of
elastic coupling propagation in SCO materials.

Supplementary Materials: Additional synthetics, structural, and characterization data are available
online at https:/ /www.mdpi.com/2624-8549/3/1/26/s1.
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Abstract: Donor-acceptor Stenhouse adducts (DASAs) are a photo-switch class that undergoes triene
cyclisation in response to visible light. Herein, electrochemical oxidation is demonstrated as an

effective alternative stimulus for the triene cyclisation commonly associated with photo-switching.

Keywords: photoswitching; electrochemistry; stimuli responsive

Organic photo-switches have gained significant attention due to the contrasting prop-
erties of their initial and metastable states [1]. Accessing these states via controlled light
irradiation allows efficient modulation of their properties which are relevant to applications
including chemical sensing [2,3], drug delivery [2,3], heterogenous catalysis [4], molecular
machines [5,6], and data storage [7].

Donor-acceptor Stenhouse adducts (DASAs) [8-12] are a class of photo-switches that
are visible light-responsive, thus minimising photochemical degradation [13]. DASAs are
comprised of donor (provided by the nucleophile used during synthesis) and acceptor
(provided by a carbon acid, usually Meldrum’s or 1,3-dimethyl barbituric acids) compo-
nents linked by a central triene chain (Figure 1c-h) [8-10]. Typically, excitation with white
light results in triene chain’s cyclisation to yield a cyclopentenone zwitterionic species
(Figure 2d) [8-10]. Further appeal for this photo-switch class is based on the relatively
simple two-step synthetic procedure [10]. Syntheses detailed in the literature involve the
preparation of an activated furan precursor through Knoevenagel condensation between
a carbon acid and furan [8-10]. The respective DASA is completed through nucleophilic
addition of the respective donor component [8-10]. In addition to the aforementioned ap-
plications [14-16], DASAs have also been used in preparing orthogonal photo-switches [17]
and photolithography [18,19].
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Figure 1. First-generation DASA compounds were prepared from precursors P1 and P2 (a,b, respec-
tively). DASAs subject to voltammetry and UV-vis SEC analyses are designated as 1-6 (c-h).
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Figure 2. CV recorded at 20-300 mV /s scan rates (a); UV-vis SEC spectra from 400-700 nm (14,250-25,750 cm 1) (b); UV-vis
spectra following SEC indicating recovery of the linear isomer in the same range (arrow shows the direction of change) (c);

and proposed quasi-reversible cyclisation in response to an anodic redox potential (d) for compound 1. Electrochemical
experiments were conducted in 0.1 M TBAPFg in MeCN.
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While most DASA studies have focused on photo-switching behaviour, acidic and
basic conditions have been shown to stabilise the metastable state [15,20]. Furthermore,
other organic photo-switch classes have responded to alternative stimuli such as heat-
ing [21,22], pH [21,22], and redox potential [21-26]. In particular, select azobenzene [25,26],
chromene [23,24,27,28], and diarylethene [29,30] photo-switches can undergo their photo-
switching behaviour in response to an applied redox potential.

Herein, a series of first-generation DASA compounds (denoted 1-6 in Figure 1) were
subjected to voltammetric and UV-vis spectroelectrochemical (UV-vis SEC) studies to eluci-
date their redox activity and establish the potential for electrochemical switching. These
inquiries were expected to demonstrate a link with photo-controlled DASA cyclisation.
DASAs included structures prepared from P1 and P2 precursors, as shown in Figure 1.

DASA compounds and their precursors were prepared in accordance with procedures
from the literature [8,9]. Successful syntheses were confirmed using "H NMR (ESI, Figures
51-58), ESI-MS (ESI, Figures S9-516), and ATR-FTIR (ESI, Figures S17-524) spectroscopies.
UV-vis spectra (ESI, Figures 525-530) in MeCN indicated a transition in the visible region
for 1-6. This signal was consistent with the S5p-S; transition associated with the respective
DASASs’ triene chain [8-10]. Amax Was considerably higher for compounds prepared from
1,3-dimethyl barbituric acid instead of Meldrum’s acid (1: 524 nm, 2: 526 nm, and 3:
523 nm, compared to 4: 549 nm, 5: 552 nm, and 6: 548 nm). As expected, the peak
intensity decreased following irradiation with white LEDs (4 Watts) as a result of expected
photo-switching behaviour [8-10]. Compound 2 was the only DASA that exhibited near
quantitative conversion in MeCN, based on the 5y)—S5; transition intensity reducing by ca.
98%. Other DASA species underwent incomplete photo-switching in MeCN (ca. 68-87%)
based on the partial disappearance of the Sy—S; band. Spectral changes following photo-
irradiation in MeCN were irreversible.

Cyclic and square wave voltammetry (CV and SQW, respectively) for 1-6 (Figure 2a
and ESI, Figures S31-536) indicated two quasi-reversible oxidation processes of inter-
est. These were designated as Ox1 and Ox2 with average E; , values of ca. 0.117 and
0.680 V (ESI, Table S1), respectively. Oxidation processes were consistent with the 47
eletrocyclisation step where the alcohol functional group was oxidised as part of the
photo-switching mechanism [31]. It is expected that the electrolyte would stabilise the
zwitterionic state as observed in redox active spiropyran functional groups [24]. E; /, values
for Ox1 and Ox2 were higher in DASAs 1-3 compared to 4-6. This was attributed to the
carbon acid (either Meldrum’s or 1,3-dimethylbarbituric acid), where a reduced electron
withdrawing effect in 4-6 promoted electron transfer [8,10,32]. The exceptions were com-
pounds 3 and 6, where the latter had a higher E; /, compared to the former. Additionally,
E;/, values for Ox1 varied based on the amine derivative used. Potentials increased for
DASAs derived from piperidine (3: 0.118, 6: 0.0355 V), pyrrolidine (2: 0.166 V, 5: 0.0840 V),
and Et;NH (1: 0.190 V, 4: 0.111 V) nucleophiles. The electron-donating effects of the donor
component of 1-6 was expected to reduce E; /, based on documented nucleophile effects
on DASA photo-switching wavelengths [8,10,32]. Scan rate dependence plots for Ox1 and
Ox2 indicated that these processes were affected by diffusion (ESI, Figures S39-544). Red2
in 1-6 was consistent with redox processes associated with P1 and P2 precursors (ESI,
Figures S37-S38 and Table S1) and were not attributed to the triene cyclisation.

UV-vis SEC measurements linked electrochemical oxidation processes to the triene
cyclisation. Applying an anodic potential resulted in a decrease in the Sy-S; band intensity
in all DASA compounds, with representative data for 1 provided in Figure 2b (see also
ESI, Figures S45a—549a). The trends in E; /; values calculated for 1-6 from voltammetric
experiments were consistent with the potentials required for electrochemical oxidation
during SEC experiments (ESI, Table S2).

The spectral behaviour noted during UV-vis SEC experiments indicated complete
conversion to the cyclised state following application of a potential, compared to typically
incomplete switching under photo-irradiation. The reduction in Sg—-S; band intensity in
response to an anodic potential also indicated that it was a more effective stimulus than
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photo-irradiation. Most DASA compounds studied herein showed a more substantial
decrease in band intensity during SEC experiments. Photo-switching was likely, in part,
hindered by the DASA concentration, as outlined by Lui et al. [33] for DASAs in chloroform
and toluene solvents. This would be compounded by MeCN being a polar solvent that
has inhibited switching behaviour in past studies [11]. In this respect, an anodic potential
was able to overcome these impediments, as both switching experiments in the current
work were conducted at approximately the same concentration. Additionally, the charge
carrier effect of the electrolyte likely further enhances the efficiency of DASA cyclisation via
electrochemical oxidation. The main exception was compound 6, where photo-irradiation
(ca. 87% conversion) was more effective than electrochemical oxidation (ca. 77% conversion)
at inducing cyclisation. Additionally, for compound 2, both stimuli resulted in nearly
quantitative yield of the cyclised state. It is likely that this is in part attributable to the
electron donating nature of the respective nucleophile [34], although this will require
further investigation for confirmation.

Removing the potential resulted in a partial return of the Sy—S; band (Figure 2c and
ESI, Figure S45b-Figure S549b), in keeping with quasi-reversible behaviour observed in
CV data. The reappearance of the Sp-S; band also suggests that the Red1 peak detected in
CV data for 1-6 (Figure 1a and ESI, Figures S31-536) was associated with a reduction in
the linear isomer. Note the discrepancy between voltammetry and SEC voltages is due to
the Fc/Fc* internal reference in CV experiments. Recovery ranged from 4-47% recovery
(ESI, Table S2) across the series, with 4 and 3 representing the lower and upper limits,
respectively. It was further noted that the nucleophile appeared to affect recovery, where
Et,NH < pyrrolidine < piperidine (ESI, Table S2). Trends in recovery were also attributed
to the electron withdrawing effect of the carbon acid as noted previously [8,10,32]. It
was expected that the electron withdrawing behaviour of the acceptor component would
adversely affect reversibility. Additionally, the diminished fatigue resistance compared
to that observed in photo-switching studies [9] is also attributable to the harsh nature
associated with an electrochemical potential.

The SEC data confirmed that application of an anodic potential resulted in the con-
version of the linear isomer to the cyclised zwitterion (Figure 2d). Similar behaviour
has also been observed in spiropyran-based materials where the electrolyte stabilises the
zwitterionic merocyanine species [24]. The immediate decrease in Sp—S; band intensity
confirmed that the Ox1 processes in 1-6 were associated with the 4m-electrocyclisation
step, precluding a multistep process as observed during photo-switching [31,35]. The
initial conversion demonstrated an alternative stimulus for DASA switching. The poor
recovery of the linear configuration following electrochemical oxidation indicates exposure
to this stimulus would impede long-term switching function during practical applications.
Therefore, compounds and materials with improved fatigue resistance are necessary to
exploit this switching behaviour in a functional context.

In summary, selected first-generation DASAs exhibited the cyclisation traditionally
associated with their photo-switching behaviour in response to an anodic potential. Fur-
thermore, electrochemical oxidation was demonstrated to be more effective than photo-
irradiation for cyclising most of the DASAs studied in the current work. Despite this, the
alternative stimulus was only partially effective, with poor recovery of the linear triene iso-
mer. This work points to the potential for electrochemical switching of DASA-incorporated
systems of interest for electrochemical sensing, electrocatalysis, and electrochemically
driven molecular machines. These studies are currently underway in our laboratory.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/chemistry3030051/s1, Figures S1-58: NMR data, Figures 59-516: ESI-MS data, Figures S17-524:
ATR-FTIR data, Figures S25-S30: UV-Vis spectra from 400-700 nm, Figures S31-S38: CV data, Figures
539-544: Scan rate dependence data, Figures S45-549: Spectroelectrochemical data, Tables S1 and S2:
Redox processes for DASAs and precursors.
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