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Chapter

Introduction

Coordination polymers are a group of compounds characterized by their repetitive array of metal ions
and organic ligands linked via coordination bonds and the last quarter century has seen so much effort
devoted to their study. They typically display variety in their structures—from the 1D chains, to the 2D
nets and up to the 3D frameworks.! Often, due to the preorganized structure of the comprising ligands,
the result is the formation of rigid networks, which in the case of the 2- and 3D systems, can potentially
contain voids. In such instances where the cavities are permanent they are referred to as metal-organic
frameworks (MOFs).2

Coordination polymers (CPs) have come quite a long way and have emerged as a large, extensive
and growing group of compounds possessing extraordinarily high porosity and large internal surface
areas with some being reported to have over 7000 m? g~ ! as accessible surface area.> A major advantage
of these MOFs is their crystalline nature, which allows their structures to be easily determined by X-ray
diffraction. This enables the correlation of their structures with their properties as well as tunability of
the design so as to obtain certain desired properties.* An example of this has already been seen in CPs
with high adsorption capabilities whose architectures sprung out of conscious and rational design.®

CPs have shown greater flexibility and tunability especially when compared with their zeolite
cousins and in fact offer several advantages over them. The much larger surface area of the former
in addition to the milder synthetic conditions, which they require makes them more preferable to ze-
olites. Furthermore, the ease of ligand modification implies that functionalizing the linkers allows the
possibility of exerting greater control over the properties of the ensuing MOF.®

Overall, MOFs are a very desirable and much sought after class of compounds. It comes there-
fore as no surprise that there has been a huge surge in the number of publications on coordination

polymers particularly in the last decade. Many of these reported compounds have been applied in dif-

11-13 14-16

ferent areas, some of which include gas sorption and separation,’!? catalysis, ion exchange,

luminescence, 1’~% sensing,?!"* drug delivery,?*~?® and magnetism.?°~%3



1. Introduction

Growth in the areas of crystal engineering and in particular metallosupramolecular chemistry has
led to great strides being made in the advancement of coordination polymer research. The understand-
ing, advocated by crystal engineering, is that molecules have a certain self-organization principle and
this could be exploited by way of deliberate engineering in order to obtain new materials with certain
desired properties. This is made possible by the knowledge that material properties are controlled by
the molecules that constitute them. As such, a sum-up of this principle is that the self-organization or
assembly of molecules into networks such as coordination polymers are controlled by molecular forces,

which are of course brought about by tectons or building units.*

It was then proposed that infinite networks such as CPs could be obtained by linking metal centres
with either tetrahedral or octahedral array of valences by rod-like connecting units and that the frame-
work would generate a regular array of cavities.>> These metal centres can be regarded as the tectons
or synthons of the CPs and they come in the form of metal complexes but are commonly referred to
as secondary building units (SBUs). SBUs provide seemingly unlimited possibilities with respect to the
connectivities and direction and this singular fact can be regarded as one of the main attractions of
CPs.%® However, to truly obtain materials by design there is the need to identify the topological possi-
bilities these CPs might assume. This premise has been utilized in several examples, in which the MOFs
were created with specific targeted topologies with the aim of gaining greater porosity.3”-*® Combi-
nation of this strategy with computational analysis and simulation has led to even more success such
as NU-109 and 110, of which the latter currently has the highest surface area reported for any porous
solid (7140 m? g=1).3° This approach has also been applied in obtaining MOFs with an eye on optimizing
them for catalytic applications. Such systems sometimes involve the metal or metal cluster connecting
points being used to catalyze organic transformations or active catalytic sites being generated from the

functional groups within the MOF scaffold. *0~42

In synthesizing CPs, it is generally the practice to use well-soluble metal salts as the source for the
metal component with the organic components being mostly poly-carboxylic acids or amines or even
the occasional bifunctional ligand combining both groups. Polytopic carboxylate linkers have the ad-
vantage of conferring structural rigidity on the porous frameworks particularly when combined with
polynuclear clusters.**~* For the reaction media, polar organic solvents such as dimethylformamide or
diethylformamide are some of the most commonly used, while other solvents like ethanol and water
have been occasionally employed. In the case of dimethylformamide (DMF), it can undergo decar-
bonylation under solvothermal conditions, the consequent products of which can in turn template the

formation of anionic frameworks. 4

Judicious metal ion selection happens to be one of the ways in which control is exerted over the
structure. In this regard, the easily predictable coordination chemistry of most transition metal ions has

made them a frequent target for use.*” Furthermore, their tendency to have preferred SBUs, with the
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most popular being the iconic Zn-tetranuclear and the Cu(Il) paddle wheel SBUs, which can both act as

octahedral or square joints within the frameworks (see Fig. 1.1), makes them even more attractive.

Figure 1.1: Common Zny(i4-O) and Cuz(RCOO)4(L), SBUSs, respectively.

Being a typically metal-based property, magnetism is one of the well-known attributes of coor-
dination polymers and it has been implemented by incorporating magnetic moment carriers such as
paramagnetic metals within the framework along with organic ligands. The fact that the linkage is most
often via the diamagnetic linkers, which are in turn able to effectively mediate magnetic interactions,
has aroused considerable interest in them. The possibility of varying the mode of linkage along with
the size, geometry, chemical functionality, and various coordination modes of the linkers offers the
tantalizing prospect of controlling or even modulating the magnetic properties in these compounds. %’

Generally, porous magnetic materials fall into two broad classes—the porous organic frameworks
consisting of open-shelled ligands and the porous inorganic-organic hybrids. In the case of the former,
the spin bearing moieties are commonly organic radicals and their interactions occur via non-covalent
bonds. Furthermore, inclusion of suitable functional groups may allow formation of interactions, which
may in turn influence the solid state behaviour. However, supramolecular organic magnets suffer from
the disadvantage of their interactions being weak and generally hard to control.>® MOFs belonging
to the second group are more common due to the greater flexibility they tend to offer. They can also
be further divided into two groups—those incorporating radical ligands and those with regular dia-
magnetic ligands. In the case of the former, the radicals also act as additional paramagnetic centres
within the MOF in a strategy called the metal-radical approach with the basic idea being to combine
the magnetic characters of both the radical and the metal centre.’® The result is the formation of an
alternating network comprising both the metal ions and the radicals, in which there exists some form
of magnetic exchange between the centres with each possessing a distinct moment. A well-known case
is the triphenylmethyl radical that has been incorporated into frameworks containing Co(II) and Cu(II)
ions. %2754

The second class, which is the more widely spread group, consists of diamagnetic ligands and metal
centres. In this approach, the ligands act as linkers and often, additionally, as transmitters of magnetic

exchange along the framework. The actual paramagnetic centres, usually the SBUs, are more important
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in this regard. Therefore a very essential step during magnetic MOF design is the consideration of the
metal to be used as well as the common SBUs that should result from it. Quite a few examples are
also well known, among which is the HKUST-1 that had a paddle wheel Cu(Il) SBU. It was claimed
to demonstrate both intra- and inter-dimer interactions with antiferro- and ferromagnetic interactions
respectively.® In regards to magnetic CPs, a common metal ion often used is the Co(Il) ion due to
its large anisotropy, which has been known to give rise to single-molecular magnetism (SMM) and of
which several complexes are already quite well known. However, only relatively fewer CPs with Co(II)
have ever been reported to exhibit SMM behaviour. Furthermore, the cobalt(Il) ion typcially has no
particular preferential SBU and has been seen to adopt various arrangements, which can range from
the dinuclear paddle wheel to centres with even higher nuclearity.>®

As previously stated, the formation of polynuclear clusters is quite common, especially in the case
of carboxylate functionalized ligands. As the indvidual metal centres within these clusters are bridged
by the carboxylate groups, it is axiomatic that the nature of the bridging mode would influence any
magnetic properties, which may result.®’ According to the Goodenough and Kanamori rules, ideal fer-
romagnetic exchange generally occurs when the M-O-M bridging angle is closer to 90° and while for
antiferromagnetic exchange, it is 180°.°® In addition, the bridging mode of the carboxylate oxygen with
the transition metal within the polymer plays an important role in determining the type of magnetic
exchange. The most commonly observed bridging modes of the carboxylate oxygen in these structures
are syn-syn, syn-anti, and anti-anti arrangements (Fig. 1.2). Both the syn-syn and anti-anti conforma-
tions exhibit relatively stronger interactions when compared to the syn-anti mode and often result in
antiferromagnetic exchange. The syn-anti on the other hand has been commonly seen giving rise to

ferromagnetic behaviour. >

R R R
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(a) (b) (c)

Figure 1.2: Selected binding modes commonly found for metal(Il) carboxylates (a) syn-syn mode (b) syn-anti
mode (c) anti-anti mode.

In this context, Chapter 2 provides a look at the properties of one of the common basic building
blocks found in magnetic MOFs possessing the well-known paddle wheel motif. These are monomeric
complexes based on redox-active 4,4’-disubstituted monocarboxyltriphenylamine ligands and copper(II)
ions. The purpose is to utilise the SBU premise but without the continuous connection in order to ob-
tain isolated magnetic behaviour of these SBUs. By utilizing various substituents on the para positions,

the electronic effect on the magnetic behaviour of the complexes can be studied. This also presents

4
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the opportunity of investigating the electronic effect of the substituents on the ease of oxidizing the
central amine nitrogen. The oxidizability of the central nitrogen in the redox-active monocarboxyltriph-
enylamine offers the tantalizing prospect of creating radical cations in the complexes with interesting

magnetic consequences.

As already mentioned earlier, coordination polymers are mostly known for their porosity and of
all their properties, it has been the most studied and most exploited with an overwhelming number
of studies each year on porous coordination polymers (PCPs). The early 90s saw the resurgence of
study into porous coordination polymers but their lack of permanent porosity and tendency to undergo
structural collapse upon solvent removal was a challenge.®® However, the discovery of MOF-5, which
incorporated Zn?* ions and terephthalic acid linkers, which even at that time showed remarkably high
surface area of between 2500 to 3000 m?/g changed such perception.®! It was later shown to have
better gas storage capacity than materials available in that period along with its isoreticular cousin
IRMOF-6, which had high methane adsorption capacities.** A major development, which considerably
upped the stakes in this area was the report of the hydrogen adsorption capability of the previously
mentioned MOF-5, the first of many to come.®? This was important in itself because it came at a time
when attention was beginning to shift from fossil fuels due to the escalating pollution problems arising
from their exploration and consumption. Usage of hydrogen has been advocated as a viable alternative
due to the fact that the by-product of its combustion is water and also its energy output in terms of
gravimetric energy density far outstrips that of gasoline.®®> Additionally, hydrogen fuel cells have been
shown to have higher efficiency when compared with internal combustion engines. However, the major

obstacle to its use remains the lack of a safe, efficient, and economical storage system. %46

Because of their high adsorption capacities, it is only natural that MOFs would be touted as one of
the possible solutions to the problem of hydrogen storage. And while they have indeed shown potential
in this respect, it is still a challenge to obtain a material, which would be able to meet the US Department
of Energy requirements (7.5% H, or 70 g/L at 298 K).%® To attain such would require a material with
adsorption enthalpies between 15-20 kJ/mol and that is able to bind multiple H, molecules per metal

cation. Till now this remains a goal to be attained.

Tunability of porosity in CPs is mainly achieved by the selection of ligands, which can then help to
adjust the size of the ensuing pores. An example is seen in the isoreticular series where elongating the

ligands made it possible to obtain polymers with increased porosity (Fig. 1.3).4467:68

While this strategy has enjoyed substantial success it can sometimes backfire with additional net-
works being formed within the original network due to the resulting low densities. This is commonly
known as entanglement and often significantly diminishes the accessible pore surface in any frame-
work. % It has however been seen on occasion to reinforce the structure without the attendant loss in

porosity.’%7!
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IRMOF-1 IRMOF-16

Figure 1.3: Isoreticular MOF series IRMOF-1, 10, and 16 with increasing percentage free volumes 79.8, 87.0, and
91.1 % resulting from addition of spacer groups.

Another means to enable tunability of the porosity is through the use of charged frameworks. The
vast majority although have been anionic frameworks as these seem relatively easier to prepare than
their positively charged counterparts. The syntheses of these interesting compounds have been largely
achieved through templating methods using charged organic species such as dimethylammonium as

templating ion, which is a by-product of the hydrolysis of DMF.7%73

= @] o o[ [®]
] 0

Figure 1.4: Representation of guest cation exchange in MOFs. Pink balls: metal nodes, blue lines: linkers, ic™:

inorganic cations, oc™: organic cations.

The resulting cations are naturally encapsulated within the pores of the CPs and can be regarded
as extra-framework species. But their charged nature makes them impossible to remove by simple
evacuation and due to the large size of the organic cations, they often become hinderances to obtain-
ing materials with sufficient porosity. However, these cations have been successfully exchanged with
smaller inorganic cations such as Li*, which could offer a way to tune their porosity by exploiting the
size exclusion and pore partition effects.”*”7® Other uses of anionic CPs include as supports in cataly-
sis,”*8 sensitizing lanthanide cations®! and sensing. %2

Tuning of MOF structure can also be achieved by varying solvents or reactor vessels or even the
inclusion of structural templates or directors.®*"8> In the case of the templates, some of these have been
found to include metalloporphyrins, surfactants or organic acids.®*®” Their mechanism of action has

not been completely understood and tends to vary depending on the properties of the modulators and

could range from pH modulation to size control.?*%
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A major issue for most MOFs or CPs, is the occasional challenge to completely rid them of guests
without irreparably damaging the framework in order to gain complete access to the pores. While
in most cases conventional heating in vacuum has worked, there are many others, which result in
complete breakdown of the pore structure due to the surface tension generated as the solvent molecules
leave, leading to the structure being torn apart. The last few years has seen supercritical processing
gain ground as a mild alternative method for evacuating MOFs without causing any damage to the
framework. Usually, a solvent such as ethanol, which is miscible with liquid CO, is used to replace the
guests. The new occluded solvents are then exchanged with liquid CO,, after which the gas is brought to
supercritical conditions before being released.’ This has led to a greater retention of the pore structure
and greater access to the internal pores has become possible. %!

In light of this, Chapter 3 is focused on two anionic polymers, which are based on 4,4’4”-
tricarboxytriphenylamine with Co(Il) ions. These two polymers have been obtained using the same
ligand with the only difference being the size of the reactor vessels. By exchanging the organic cation
with different inorganic cations it has been possible to tune the adsorption behaviour as well as the
pore width. Chapter 4 presents a similarly anionic MOF with mixed ligands, synthesized using 4,4’,4”-
tricarboxytriphenylamine (Hsntb) in addition to terephthalic acid by applying the coordination copoly-
merization technique leading to a pillar-layered MOF. It also exhibits the ability to undergo cation ex-
change resulting in tunable sorption properties.

In Chapter 5 the use of templates in influencing MOFs is dealt with. In this, a neutral MOF realized
via isophthalic acid modulated synthesis is presented. The influence of the type of activation process
used on the sorption properties is likewise examined. The use of aluminum alkoxides as templates in

synthesizing high surface area aluminas have been explored as well and these are discussed in Chapter 6.






Chapter

Discrete dicopper(ll) carboxylate

complexes

Part of this chapter has been submitted for publication in P1: Oluseun Akintola, Michael B6hme, Man-
fred Rudolph, Axel Buchholz, Helmar Goérls, Winfried Plass, Chem-Eur. J. 2018 Submitted.

This chapter takes a look at the well-known paddle wheel SBU incorporated into monocarboxylate
substituted triphenylamine. For this purpose, 4,4’-disubstituted-monocarboxyltriphenylamines were
used to generate copper(Il) complexes, which possess this dinuclear unit. The effect of the different
substituents on the coupling as well as the electronic nature of the central amine nitrogen has been

explored and is here discussed.

Copper(ll) complexes of monocarboxyltriphenylamines

Triphenylamines are noted mainly for the ease in their oxidation, a fact which has been behind their
extensive applications in electroluminescent and associated devices.’*> When oxidized their radical
cations are known for their stability particularly when the para-positions are occupied.®® In instances
where any of the para-positions are vacant, triphenylamines will naturally undergo dimerization. This
occurs via oxidative coupling and has been exploited as a route to obtain tetraphenylbenzidines by
exploiting this behaviour.” However, it is their electrochemistry, which makes them most interesting as
there is a clear dependence on the nature of the substituents on these positions. Therefore, incorporating
carboxylate groups into these redox active compounds offers the chance to obtain metal(Il) complexes
whose behaviour may be possibly tuned or influenced by using various groups on the para-positions.

The dinuclear copper(Il) core has been combined with the triphenylamine system in order to study
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the ultimate effect of the electronic character of the substituents on the magnetic properties. For
this purpose, four different substituents were selected where R =H, methyl (Me), tert-butyl (¢Bu),
and methoxy (OMe). The ligands are denoted as 4-(diphenylamino)benzoic acid (Hdaba), R=H, 4-
(bis(4-tolylphenyl)amino)benzoic acid (Htaba), R =Me, 4-(bis(4-tert-butylphenyl)amino)benzoic acid
(Hteaba), R=tBu, and 4-(bis(4-methoxyphenyl)amino)benzoic acid (Hmaba), R=0OMe. The com-
plexes had the formulae [Cu,(daba)s(DMF);] (1), [Cuy(taba)s(DMF),] (2), [Cuy(teaba)s(DMF);] (3), and
[Cuy(maba),(DMF),] (4), respectively.

Figure 2.1: Molecular structure of 1 with solvent and hydrogen molecules hidden.

All four complexes 1-4, adopt the same paddle wheel structure (Fig. 2.1), in which the core is the
dinuclear Cu,01¢. A comparison of the main structural parameters within the dinuclear core shows no
significant differences between all four complexes. They also do not deviate much from reported values

found in literature.

However, due to the varying substituents at the para-positions of the free triphenylamine ligands,
slight variations in the overall structure and packing can be observed. This is reflected in two particular
ways—the twisting of the plane around the central nitrogen of the amine as well as the torsion between
the plane of the phenyl group directly attached to the carboxylate and the plane of the carboxylate itself.
These are depicted in Fig. 2.2 and summarized in Table 2.1.

It is clear that the methyl analogue 2 shows the smallest variation in its # when compared with
the other three complexes while the largest is seen in the methoxy 4 case with a variation between

9.3-29.2°. Furthermore, all the four central nitrogen atoms are in the same plane and can be considered

10



2. Discrete dicopper(ll) carboxylate complexes

(a) Depiction of angle (¢) between amine and phenyl planes in the com-
plexes represented by violet and grey planes, respectively.

(b) Depiction of angle (0) between carboxylate and phenyl planes in the
complexes represented by light blue and red planes, respectively.

Figure 2.2: Portrayal of structural variations for 1-4.

as the vertices of a rectangle with dimensions also presented in Table 2.1.

The voltammetric studies on both the ligands and complexes show the same behaviour. For the un-
substituted ligand Hdaba and its complex, its voltammogram can only be described in terms of an irre-

versible process due to the absence of any substituent on its free para-positions.’®*” As such it is appar-

11
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Table 2.1: Comparison of structural variations for 1-4

Compound ¢ () 0 (°) N---N separation = Diagonal separation
1 28.2-60.2 7.4 15.0 114 X 11.8A 16.4 A
2 31.8-465 6.3 8.6 11.0 X 123 A 16.4A
3 32.1-54.1 7.9 223 115 X 11.8A 16.4 A
4 21.7-65.4 9.3  29.2 109 X 12.4A 16.4 A

ent that the ensuing radical cation underwent quick dimerization to generate the tetraphenylbenzidine

(TBP) (Scheme 2.1).

‘ ) /@
e = \l\i oxidative coupling

TBP dication

\

X

Scheme 2.1: Dimerization mechanism of triphenylamine (TPA) to TPB dication.

The other three analogues, Htaba, Hteaba, and Hmaba all show reversible behaviour in their volta-
mogramms and from this it can be deduced that the presence of the substituents on the para-positions
of the free phenyl rings in both ligand and complexes enhanced the stability of the resultant radical
cations. The complexes show the same stability with the reversible voltamogramm. Infact, the oxida-
tion process can be described as a single electron process in spite of the presence of four oxidizable
centres in the case of the complexes. This should only occur theoretically if there are no interactions
between the four electrochemically active species, in addition to the process of charge transfer being
virtually reversible. 98.99 Furthermore, there is a clear trend in the diffusion coefficients obtained for the
compounds. The tert-butyl compound shows the slowest diffusion coefficient, which is the expected
trend followed by the methoxy and the methyl analogues. Additionally, the complexes exhibit slower
diffusion than the ligands along the same pattern, with the ¢Bu also being the slowest. Furthermore,
the values of the standard potentials match the expected electronic trend with the methoxy showing
the lowest while the ¢tBu had the highest.

The spectroelectrochemical measurements of both complexes and ligands of the p-substituted com-
pounds display a four-fold increase in the extinction coefficient of the former, which is evidence that
the oxidation is a ligand centred process and does not involve the metal centres. Additionally the
maxima for the complexes only show slight shifts in as compared to the ligands. This behaviour was

also seen in the complexes generated by chemical oxidation with AgBF4. Sequential oxidation of the

12
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Table 2.2: Comparison of voltammetric parameters for 1-4 and their ligands

Compound Htaba Hteaba Hmaba 2 3 4

D (cm?s™')  85x1076 6.9%10~6 7.8%x10~6 4.75x10~ 3.2x10~6 4.0%x10~6
E° (V) 0.550 0.556 0.388 - - -
Ey (V)@ - - 0.555 0.562 0.389

@ Values obtained from fourth oxidation step in the case of the complexes.

methoxy complex was possible using increasing amounts of the oxidizing agent. This supports the low

accessible potential of the methoxy complex. However, the other two—tert-butyl and methyl—were

unable to undergo serial oxidation and required an excess of the same oxidant to generate their radical

cations. This was consistent with the comparatively higher potentials obtained from their voltammetric

measurements.

The presence of the radical cations was also confirmed by ESR spectroscopy. Both ligands and

complexes had expected isotropic signals with the methoxy and tert-butyl showing additional hyperfine

coupling as well. The g-factors in all six compounds were in the range expected for organic radicals

(about 2.0). The derived fitted parameters are given in Table 2.3.

Table 2.3: Fitted parameters obtained from fitting ESR-spectroscopic data for ligands and complexes 1-4

Htaba 2 Hteaba 3 Hmaba 4
g 2.0016 2.0026 2.0025 2.0026 2.0031 2.0032
A (MHz) 21.2 21.6 24.7 25.5 21.8 22.0
Line-width (mT) 0.192 0.169 0.069 0.046 0.038 0.043

Magnetic studies into all four complexes showed expected behaviour for copper(Il) complexes. In

fitting the obtained magnetic data, their experimental data were best reproduced with values of .J be-

tween —290-—330 cm™!. This confirmed that all four complexes exhibited the typically strong antifer-

romagnetic exchange expected in dinuclear complexes with coupling constants in this range.

Table 2.4: Values of parameters obtained from fit of magnetic data of 1-4

Complex J/em™ (g)
1 —321 (2.14)
2 295 (2.12)
3 330 (2.18)
4 321 (2.23)

From the structures of all four complexes, no significant variation was expected in the magnetic

behaviour as there are no major differences in the dinuclear core. Consequently, there is no correlation

of the strength of the exchange with the electronic character of the substituents. This lack of correlation

is thought to stem from the distance of the groups to the dinuclear core as greater proximity might be

13
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required in order to adequately influence the coupling between the two copper ions.

In summary, this study discusses four copper(Il) complexes of 4,4’-disubstitututed monocarboxylt-
riphenylamine and its derivatives, in which all had the paddle wheel core. The effect of the substituents
was quite clear on the electrochemical behaviour with the unsubstituted compounds displaying ox-
idative coupling as a result of the free para-positions on the triphenylamine ligands. The magnetic
behaviour was not so straight forward as all four complexes showed coupling within the usual range
expected for these types of compounds but with no correlation with the nature of the groups at the

para-positions.
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Chapter

2D and 3D anionic cobalt(ll)

coordination polymers

Part of this chapter has been submitted for publication in P2: Oluseun Akintola, David Hornig, Axel

Buchholz, Helmar Gorls, Winfried Plass, Dalton Trans. 2017, 46, 8037-8050.

This chapter deals with two anionic coordination polymers, which were synthesized from the same
4,4’ 4”-nitrilotribenzoic acid ligand but using differently sized vessels. This was used to highlight the
influence of synthetic conditions on the final structure adopted by coordination polymers. The anionic
nature of both polymers was also exploited by exchanging the organic cation with small inorganic

cations thus tuning their sorption properties.

Co(Il) anionic frameworks constructed from nitrilotribenzoic acid

Alterations in any of the synthetic conditions can have such strong effect on the eventual outcome of
MOF formation. Pressure, temperature, or solvent all play important roles in MOF synthesis. By altering
the size of the reaction vessel while maintaining the same amount of reactants, the two anionic MOFs 5
and 6 were obtained (3.1). Both polymers had the formulae {(Me,NH;),[Co(ntb)Cl], - nH,O - nDMF}
and {(Me,NH;),[Cos(ntb),(H,0)3(Me;NH)],, - 13 nDMF - 2 nH,0}, respectively. The negative charge on
both MOFs is counter balanced by the presence of dimethylammonium cations. The latter is an outcome
of the in situ decarbonylation of DMF under the solvothermal conditions during synthesis, which then
templates the formation of the anionic networks. 6

Both networks differ vastly in both structure and topology. Where 5 is a two-dimensional net made

up of pseudo-tetrahedral mononuclear Co(I) units, 6 consists of a mixture of dinuclear and trinuclear
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3. 2D and 3D anionic cobalt(ll) coordination polymers

Figure 3.1: Reactor vessels utilized in MOF syntheses: (left) 23 mL Parr acid digestion bomb for 5. (right) 110 mL
Perkin Elmer acid digestion bomb for 6.

Co(II) clusters all linked by the ligand within a three-dimensional network. The dinuclear cluster in 6
has the same paddle-wheel arrangement typically occurring in copper(Il) carboxylate complexes. Both
5 and 6 assume the hcb and 3,6T80 topologies, respectively (3.2). The network of 6 is quite fascinating

due to its adoption of a Kagome lattice with the alternating triangular and hexagonal channels.

The magnetic studies into both compounds do not reveal very significant properties. In 5, the
isolated nature of the mononuclear Co(Il) units implies that the magnetic behaviour should be simple
enough. It however displays minimal anisotropy with a zero-field splitting factor, D, estimated around
—16.4cm™! as obtained from its magnetization data. It also shows a slight peak in its in-phase and out-
of-phase AC susceptibility data, an evidence of single molecule magnetism. But this is only minimal as
the peak occurs below 2.5 K. In contrast, 6 shows complicated magnetic behaviour due to the mixture
of polynuclear clusters (di- and trinuclear) in addition to the occurrence of mixed geometries within
the clusters. These factors make it difficult to extract significant information from the magnetic data
as any attempt to do so only led to failure. This was thought to be a result of the coexistence of strong
spin-orbit coupling as well as the intracluster exchange interactions. However, theoretical calculations
of its magnetic properties showed existence of antiferromagnetic exchange within the clusters. This

was confirmed by the fit of the X1\_/[1 above 100K, which gave a Weiss constant of —47.3K.

The possibility of exchanging the organic cations in both frameworks was investigated by using
Eu(Ill) and Li cations. The former was selected due to its distinct fluorescence bands, which meant
the uptake of the Eu ions by the framework could be monitored via depletion of the intensities in the
fluorescence spectra. This was done using two different solvents—DMF and ethanol—to gain insight into
probable dependence of the exchange process on solvent used, which would imply some measure of

selectivity exists. DMF was selected due to it being the solvent used in the synthesis while ethanol was
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3. 2D and 3D anionic cobalt(ll) coordination polymers

Figure 3.2: Underlying topological nets in both MOFs 5 (above) and 6 (below). Left: Red balls and blue balls
represent Co(Il) units and central triphenylamine nitrogen, respectively. Right: Red and torqoiuse balls represent
Co(1I) units, blue balls represent central triphenylamine nitrogen.

chosen due to its intended use in supercritical CO, exchange to obtain the dried samples for sorption
measurements. From the fluorescence measurements, it is apparent that both MOFs show differing
levels of selectivity for the Eu(Ill) cation depending on the solvent used. 5 exhibits a strong preference
for DMF as solvent and shows complete exchange of its two counter-cations whereas in ethanol, it only
shows partial uptake. 6 on the other hand does not demonstrate any selectivity in neither ethanol nor
in DMF and shows only partial uptake in both solvents. The cation exchange was then extended to Li,
and from this it was found that 5 undergoes only partial exchange with the removal of just one of the
organic cations, irrespective of solvent used. For 6, ethanol is the preferred solvent for the exchange
process with only partial exchange being observed in DMF (see 3.1).

For the sorption investigations, the samples were selected based on the solvent, in which the best
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3. 2D and 3D anionic cobalt(ll) coordination polymers

Table 3.1: Solvent-selectivity of cation exchange process in 5 and 6

Sample Exchange Solvent

5(Li)E Partial  Ethanol
5(L)D  Partial  DMF
5(Eu)E Partial  Ethanol
5(Eu)D Complete  DMF

6(L)E  Complete Ethanol
6(L)D  Partial  DMF
6(Eu)E Partial  Ethanol
6(Eu)D Partial DMF

cation exchange was observed. Sorption properties were then studied by meauring the N; isotherms on
supercritical CO, dried samples of both the as-synthesized and the selected cation-exchanged samples
of the two MOFs. It is expected that the smaller size of the Li ion should ease entry of guests into
the pores. Eu(Ill) while not being a small cation in that sense, has a higher charge, which should give
an added advantage of decongesting the pores. It is expected that the higher charge, which would
result in a stoichiometry of three equivalents of the framework to one of the Eu(IIl) ion should have the
attendant effect of reducing the number of cation guests thus making the pores more accessible. Also,
since the MOFs had already been shown to demonstrate selectivity in their cation exchange behaviour,
the sorption measurements were expected to provide additional evidence of this. A correlation of the

obtained BET surface area for the ion-exchanged samples is given in ??.

Table 3.2: Sorption data from N; isotherms of samples based on 5 measured at 77K

Sample aBET (m%2g~!) Total pore volume (cm®g~!)

5 13 0.02
5(Li)D 24 0.05
5(Eu)D 216 0.27

For 5, the as-synthesized sample showed negligible BET surface area (13 m? g~!), which is an in-
dication of reduced access to the internal pores. This can be inferred to be a result of steric demand
being imposed by the organoammonium cations hence the low surface area. With the cation-exchanged
samples, there was a two-fold increase in the measured surface area when the organic cations were re-
placed with lithium ions (5(Li)D; 25 m? g~ !). The lack of significant increase despite cation exchange
can be attributed to the inability to completely exchange all the organoammonium cations. With the
europium-exchanged sample 5(Eu)D, there was a large increase in the sorption, which was reflected in
its aBET (16-fold) as well as a corresponding increase in its total pore volume (3.3). This conclusively
showed that access can be increased when the steric issue resulting from occupation by the dimethy-

lammonium cations is resolved by partial and complete replacement by the smaller inorganic cations.
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3. 2D and 3D anionic cobalt(ll) coordination polymers
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Figure 3.3: Comparison of N, isotherms for as-synthesized, lithium-, and europium-exchanged samples of 5
measured at 77 K.

The isotherm for 5(Eu)D can be described as a Type Il with an H2 hysteresis resulting from the presence

of cylindrical pores. 190:101
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Figure 3.4: Pore distribution data for 5 and 5(Li)D fitted using N at 77 K on carbon (slit pores, QSDFT equilibrium
model).

The pore distribution data obtained from fitting the isotherms using the Quenched solid density
functional theory (QSDFT) method implemented in kernels provided by Quantachrome Instruments. %2
are shown in ??. Accordingly, these show agreement with the observed increase in sorption with both
partial and total cation exchange. There is a clear increase in the population of accessible pores as soon

as the organoammonium cations are replaced. This is most prominent in 5(Eu)D, which shows the
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3. 2D and 3D anionic cobalt(ll) coordination polymers
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Figure 3.5: Pore distribution data for 5(Eu)D fitted using N, at 77K on carbon (slit/cylindrical pores, QSDFT
adsorption branch model).

largest increase in its sorption as well as a greater population of its micropores (< 2nm).

Table 3.3: Sorption data from N, isotherms of samples based on 6 measured at 77K

Sample aBET (m?g~!) Total pore volume (cm?g~!)

6 21 0.03
6(Li)E 380 0.29
6(Eu)E 194 0.14

The sorption behaviour for 6 showed the same trend seen in 5. Its as-synthesized sample also
shows poor BET surface area as well as low pore volume (21 m? g~! and 0.03 cm® g~!), an observation,
which was attributed to the guest dimethylammonium cations reducing access to the pores. This was
confirmed in 6(Eu)E, which demonstrated partial cation exchange and showed a slight improvement
in amount of gas adsorbed. The most drastic change was found in 6(Li)E where complete exchange of
the organoammonium ions occurred, where it displayed a corresponding 20-fold increase in the BET
surface area.

As with 5, the presence of the dimethylammonium cations in the the as-synthesized sample resulted
in the low surface area observed due to how they restricted access to the pores. This was corroborated
by the increased sorption seen in the partially-exchanged samples with an even more remarkable in-
crease in the surface area upon total exchange. This gradual increment in the surface areas following
progressive replacement of the organic cation can be easily attributed to the decreased steric demand
from the organic cations subsequently allowing better micropore access.

The pore distribution data obtained by fitting the isotherms using the QSDFT kernels show agree-

ment with the observed sorption behaviour. In all cases, there is the unmistakable increase in accessible
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Figure 3.7: Pore distribution data for 6, and 6(Eu)E fitted using N, at 77 K on carbon (slit pores, QSDFT equilib-

rium model).

pores upon replacement of the organic cations with the effect being most noticeable in 6(Li)E. It also
has the highest population of the micropores.

In conclusion, by altering the reactor size it became possible to influence the structure adopted by
the two anionic metal-organic frameworks. The charged nature of both compounds ensued from the
decomposition of the DMF solvent utilized for their reactions. The organoammonium cations in the
resulting anionic MOFs could be post-synthetically replaced with europium and lithium, which also

showed solvent dependent selectivity. The cation exchange leads to improved sorption properties for
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Figure 3.8: Pore distribution data for 6(Li)E fitted using N, at 77K on carbon (slit/cylindrical pores, QSDFT
adsorption branch model).

both compounds, which stems from the better access to the micropores ensuing from the removal of

the organic cations. This clearly demonstrates the possibility of tuning sorption behaviour via the size

of the cation and as such suitable choice of cation is necessary.
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Chapter

Robust pillared-layer cobalt(ll)
framework

Part of this chapter has been published in P3: Oluseun Akintola, Sven Ziegenbalg, Axel Buchholz,

Helmar Gorls, Winfried Plass, CrystEngComm 2017, 19, 2723-2732.

This chapter describes the combination of two well-known linkers into a single anionic framework
using the coordination copolymerization process. In this regard, terephthalic acid has been selected as
the second linker in combination with the redox-active 4,4’,4”-tricarboxytriphenylamine already used

in the previous chapter.

Mixed Ligand Co(ll) MOFs

The MOFs already described in the preceeding chapter could be considered as ‘binary’ networks with
regards to their being composed of just the ligand (with emphasis on aromatic-based ligands) and metal
ion. This category is where the majority of MOFs fall into, requiring merely a combination of the ligand
and the metal salt. With the goal of obtaining porous polymers, tuning has been frequently achieved by
extending the ligands by the use of spacer groups. This approach is called the isoreticular method and
with this, frameworks with even larger pores have been achieved (see 1.3). A drawback is that upon
reaching a certain limit, the frameworks can either become unstable and fragile followed by collapse.
In some other cases, the frameworks will undergo entanglement with the formation of extra networks,
which are then interlinked with each other. This is far from desired as the result is lack of access to the
pores of the MOF.

A further limiting factor is the design of the ligands themselves. Generally, for the purpose of

structure tunability, new ligand development is always an essential step. However, this can often be
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4. Robust pillared-layer cobalt(ll) framework

a cumbersome process from conception to execution and sometimes results in failure. Therefore, the
act of combining two already known ligands into one framework leading to a ‘ternary’ network with
three components offers a new level of functionality besides avoiding the stress of synthesizing new
linkers and at the same time maximize the use of already known linkers. Furthermore, functionalizing

the pillar linkers can present routes to new functionalities in the resulting complexes. %3

The major challenge of this approach would be competition between the two ligands, which could
result in the formation of two discrete frameworks rather than a single multicomponent network. The
key to overcoming this would be to experiment with the ligand ratios in order to obtain an optimal
proportion thereby optimizing the synthetic route. An example is the combination of a tritopic ligand
(with three possible binding pockets) and a ditopic linker. Kinetics would dictate that the tritopic ligand
would be consumed faster, as such a slight excess of the ditopic linker might be necessary to maintain
equilibrium in order to obtain the desired mixed ligand framework.

To this end, the 4,4’,4”-nitrilotribenzoic acid from the previous chapter has been employed as lig-
and in addition to terephthalic acid. The two ligands were used in the ratio of 6:4 and in combi-
nation with cobalt(Il) chloride resulted in a three-dimensional framework, 7, for which the formula

{((CH3);NHy); [Cos(ntb),(bdc)], - 4 nDMF - 2 nH,0} could be determined.

Figure 4.1: Linear trinuclear clusters in 7 with mixed T4-Op-T4 geometries.

7 is an anionic framework consisting of linear trinuclear clusters of cobalt atoms in a mixture of oc-
tahedral and tetrahedral coordination geometries 4.1. It is relatively rare to encounter mixed geometries
with the more common occurrence being when all three atoms exist solely in octahedral geometries.
The cluster is symmetric due to the central cobalt atom being on a centre of inversion. The anionic
charge of the framework is balanced by the presence of two dimethylammonium cations, which are a

by-product of the decarbonylation of DMF under the synthetic conditions.*®

The architecture of the MOF is one, by which the triphenylamines generate layered networks with
the cobalt ions. These layered nets are then connected to each other via the terephthalic acid ligands,
which then act as pillars (4.2). The resultant network 7 is called a pillar-layered framework due to
its unique architecture. Its underlying net was analysed and the topology was broken down to its
trinuclear clusters and amine nitrogen centre, that serve as nodes. The trinuclear clusters were found

to be eight-connected (six through the ntb®>~ ligands and two through the bdc®~ ligands) while the
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4. Robust pillared-layer cobalt(ll) framework

Figure 4.2: Network of 7 viewed along [010] direction showing 2D nets connected via terephthalic acid pillars
leading to overall 3D framework. Cobalt centres denoted by red polyhedra.

nitrogen amine offered a three-connected node. Analysis with TOPOS!** gave a 3,8-connected tfz-d
topology with point symbols (43)5(4°.618.8%).

The magnetic behaviour of 7 was assumed to be based on the individual trinuclear clusters, with
consideration of possible intercluster exchange through the terephthalate linkers. Unfortunately, due
to the mixture of octahedral and tetrahedral geometries within the clusters a simple approach was
required so as to avoid overparametrization. Therefore no successful fit of the susceptibility data was
obtained. Nonetheless due to the assumption of a spin effective S’ =1/2 for octahedral Co(Il) ions at
low temperatures, it was possible to create a simple interaction model (see 4.3) to fit the magnetization
data, which was obtained at sufficiently low temperatures (2-5XK). Since the effective spin S’ = 1/2
was considered for the octahedral cobalt ion therefore the ZFS parameter D was only assumed for the

tetrahedral ion. Fitting the magnetization data then led to the values below being obtained

Table 4.1: Fitted parameters obtained from magnetization data for 7

Parameter Value

g 2.75
J (cm™) —6.5
2J'¢ (em™) 0.06
DY(em™) 29

C .
connotes intercluster exchange.

drepresents zero field splitting parameter.

The fit of the data was consistent with antiferromagnetic interactions between the adjacent cobalt(II)
ions with the value being comparable with values for similar reported complexes. !° The small value of

the intercluster interactions z.J’ was also consistent with the idea of the clusters being isolated enough
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4. Robust pillared-layer cobalt(ll) framework

to allow little exchange through the ligands. The antiferromagnetic exchange was attributed to the
nature of the coordination modes in 7, which had the syn-syn-p; 3 and the p1 1 type bridges with the
former being well-known to result in antiferromagnetic coupling. The latter case leads to a Co-O-Co
bridge, of which the angle is a good indicator of what kind of coupling should result. Angles greater

than 100° are known to result in antiferromagnetic interactions.31:1%

e (e =

Figure 4.3: Model of exchange coupling in 7.

The possibility of exchanging the countercations in the framework of 7 was then attempted. Re-
placement of the organic cation with lithium ions by simply immersing the sample in saturated LiNO;
ethanolic solution was attempted and also found to be successful showing that the dimethylammonium
ions could be easily replaced. This was corroborated by elemental analysis indicating two Li ions to one
mole of the compound while powder diffraction confirmed the retention of the framework. Repeating
the exchange in DMF showed the same behaviour, which indicates no selectivity in its exchange with

lithium ions (see 4.2).

Table 4.2: Summary of solvent-selectivity of cation exchange process in 7

Sample Exchange Solvent

7(Li)E ~ Complete Ethanol
7(Li)D  Complete = DMF

Sorption studies into 7 before and after cation exchange show marked improvement in the porosity
with an increase in quantity adsorbed (4.4). Correspondingly, there is a three-fold increase in the mea-
sured BET surface area while the pore volume can be seen to undergo an almost two-fold increase (4.3).
From this it was deduced that the steric demands posed by the dimethylammonium cations were suffi-
cient to hinder access to the internal pores of the MOF. By performing post-synthetic cation exchange,
it becomes possible to overcome these hinderances and enable greater access as seen in the increment
in adsorption upon exchange. However, the isotherms show that the general nature of the pores were

consistent from the shape of the hysteresis observed in both materials.

Table 4.3: Sorption data from N; isotherms of samples based on 7 measured at 77K

Sample aBET (m?g~!) Total pore volume (cm?g—1!)

7 113 0.13
7(Li)E 335 0.22
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Figure 4.5: Pore distribution data for 7 and 7(Li) fitted using N, at 77 K on carbon (slit/cylindrical pores, QSDFT
adsorption branch model).

The pore distribution data for both materials show an increase in the micropore content upon cation
exchange thus confirming the availability of previously inaccessible pores resulting from the guest
cation substitution. An additional point is how the porosity of anionic frameworks can be tuned by
careful selection of the replacement cation leading to increased access to these pores. This can be
seen in how the lithium-exchanged sample became more microporous as evidenced by the increased
quantity of micropores present when compared with its unexchanged counterpart (see 4.5).

In conclusion, by combining two different ligands via the coordination copolymerization route it
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4. Robust pillared-layer cobalt(ll) framework

was possible to obtain a pillared-layer framework, which as a result of DMF decomposition was anionic.
Its anionic nature was however exploited by exchanging the organic cation with inorganic cations
via post-synthetic treatment of the materials. The successful replacement was found to reflect in the
increased sorption capabilities of the MOF. Overall, the use of two well-known ligand systems offers
the possibility of creating new materials without having to go through the whole cumbersome process
of designing new ligands. Additionally, tunability of its sorption properties via cation size is possible

and only depends on judicious cation selection.
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Chapter

Isophthalic acid-modulated synthesis of
a neutral Co(ll) nitrilotribenzoic acid

framework

Part of this chapter is earmarked for publication in P4: Oluseun Akintola, Axel Buchholz, Helmar Gorls,
Winfried Plass, Eur. . Inorg. Chem. 2018.

This chapter details the use of a coordination modulator to influence the structure of a MOF. The role
of isophthalic acid as a structure director in the synthesis of a neutral framework containing the redox-

active 4,4’,4”-tricarboxytriphenylamine already used in the previous chapters.

3D neutral isophthalate templated framework

In the last two chapters, the effect of the dimethylammonium cations on the outcome of MOF syn-
thesis, especially their role in obtaining anionic polymers has been demonstrated. However, these
are merely side-products of the breakdown of the DMF solvent molecule. Beyond this, solvents oc-
cupy a very powerful position during MOF preparation and can strongly influence the eventual struc-
ture of the MOF.1%7"1%% In addition to solvents, other compounds exist that can template the forma-
tion of different polymers and quite a few of them are known. Here, isophthalic acid has been em-
ployed as structure modulator/template with the result being a neutral MOF, which had the formula
{[Coy(ntb)s(H20)12], - 6 n(H20) - 3 n(DMF) - nH,ip} as well as the same structural topology as already
seen in 6 (Chapter 3). The inclusion of the isophthalic acid is thought to have a two-fold effect. In the
first, it suppressed the formation of dimethylammonium ation, which could have led to the formation of
the anionic framework. As DMF decarbonylation generally depends on a basic pH, the presence of the

acid is suspected to have prevented this, thus hindering formation of the dimethylammonium cation.
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5. 3D neutral isophthalate templated framework

In its second role, it is believed to have templated the formation of the neutral framework. This was
seen from the evidence for the continued presence of isophthalic acid in the pores as obtained from the
elemental CHN and thermogravimetric analyses.

The importance of the isophthalic acid was further demonstrated by performing the synthesis at
the same temperature (130 °C) but excluding isophthalic acid and also at 150 °C but this time with its
inclusion (see Table 5.1). In both cases, no product could be seen, which confirmed the alternate out-
come to be a result of isophthalic acid. Also, the use of phthalic acid led to no crystalline product being

obtained.

Table 5.1: Influence of isophthalic acid and temperature on synthesis of 8

Temperature Template Result

130°C Isophthalic acid 8

130°C Phthalic acid ~ Noncrystalline product
130°C Absent No product
150°C Present No product

While the structure of 8 is quite similar to that of 6, there are a few key differences. One of these was
the occurrence of trinuclear cobalt clusters throughout the framework, which act as the metal-centred
nodes as compared with mixed dinuclear and trinuclear clusters in 6. Also, due to the neutral nature of
8 there are no dimethylammonium countercations. The clusters are likewise linear and consist of two
slightly different types, one of which is regular and symmetric due to its inversion centre and the other,
which is slightly irregular. Both clusters contain the same bridging coordination modes (syn-syn-i1 3)

and fu1,1.

Figure 5.1: Linear trinuclear clusters in 8 with irregular cluster (left) and regular cluster (right).

In terms of the appearance, the pseudo-hexagonal channels in 8 are large and slightly more rounded
in comparison with 6. These large channels, which extend along the (001) plane contain guest solvent
molecules as well as isophthalic acid. The existence of the latter could not be confirmed crystallo-
graphically but evidence of its presence was supported by elemental CHN and TG analyses. In terms
of the topology however, both 6 and 8 share the same topology, which was obtained from analysis
using TOPOS. % The trinuclear clusters were regarded as six-connected nodes while the central amine

nitrogen furnished the three-connected node. As such its net was 3,6-connected with the topological
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5. 3D neutral isophthalate templated framework

CI) - -~ ~ CI) O P ~ Cl)
Co Co Co
Syn-syn uq 3 11

Figure 5.2: Carboxylate bridging coordination modes occurring in 8.
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Figure 5.3: Temperature dependence of the magnetic susceptibility xyu7" (black squares) and X{dl (black circles)
per Cos unit in 8 measured at an applied field of 2 kOe. Lines represent best fit.

Its magnetic behaviour could be described on the basis of the trinuclear clusters present. Based
on this fact, a simple interaction model was used to fit the susceptibility data utilizing a single set of
parameters for all three cobalt(Il) ions (see Fig. 5.3). The fit of the data between 20-300 K then resulted

in the parameters given in Table 5.2.

Table 5.2: Fitted parameters obtained from susceptibility data for 8

Parameter  Value

g 2.48
J (cm™) —2.4
Dd(em) 744

drepresents zero field splitting parameter

From the obtained parameters, 8 clearly shows antiferromagnetic interactions within its trinuclear

clusters between the adjacent cobalt atoms. This was corroborated by the fit of its X}\_Al vs T" data, from
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5. 3D neutral isophthalate templated framework

which a Weiss constant of about —28.8 K was obtained (see Fig. 5.3). The nature of this exchange can
attributed to the nature of the coordination modes existing within the clusters. In carboxylate-bridged
clusters, the occurrence of the syn-syn type coordination is always an indication of the existence of
antiferromagnetic exchange. Also the Co-O-Co bridge arising from the 111 1 type coordination is about
109°, which is in the range expected for antiferromagnetic coupling. The magnitude of the bridging
angle can also be a good clue as to what sort of interactions will predominate in such clusters and
angles above 100° are generally known to give rise to antiferromagnetic coupling.3:1%

Sorption studies on 8 were carried out to show the effect of using two contrasting activation meth-
ods on the sorption behaviour. In the first case, activation was performed by exchanging the cocrys-
tallized DMF with dichloromethane followed by air-drying. The replacement of the high-boiling point
DMF found in the framework with a low boiling point solvent such as dichloromethane is expected to
ease pore evacuation without totally destroying the pore structure. The reasoning behind this is, by ap-
plying vacuum or heat or both, the surface tension generated by such high-boiling point solvents when
leaving the pores might lead to a degradation of the framework with the consequent collapse of the
pores. This could then render a normally porous material non-porous. However, the sample activated
by exchange with dichloromethane 8%, performed fairly with a BET surface area of just 213 m? g !
as well as a total pore volume of 0.12cm?® g~!. Activation using supercritical CO, is touted to be an
even milder method of treating porous samples. The basis of the method is the use of conditions, which
are above critical (30°C, 73 bar). Under these conditions there is negligible tension between the sur-
face of the MOFs and the supercritical CO,, as such removal would lead to a retention of most of the
pore structure. This premise was validated by the two-fold increase in the BET surface area seen in the
supercritical CO, dried sample, 8°°’. A corresponding increase could be seen in the pore volume as

well.Table 5.3

Table 5.3: Sorption data from N, isotherms of samples based on 8 measured at 77K

Sample aBET (m?g~') Total pore volume (cm®g~!)

gdem 213 0.12
gscd 383 0.22

Both isotherms can be classified as irreversible type I isotherms characteristic of the dominant
presence of micropores (Fig. 5.4). They also display H3 hysteresis loops, which would likewise imply
the presence of some mesopores as well in addition to slit-shaped pores. Pore distribution plots of
both samples showed a large concentration of the pores in both materials to be in the micropore area
(< 2nm). Comparing both however, there was a clear increase in the micropore population resulting
from supercritical CO; activation, which tallies with the observed increased surface area.Fig. 5.5

In summary, this study demonstrates how inclusion of modulators can be used to alter the pathway
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Figure 5.4: Comparison of N isotherms of both dichloromethane-exchanged (8%“™) and supercritical CO, dried
samples (8°¢9).
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Figure 5.5: QSDFT calculated pore distribution data for samples derived from 8, fitted using N, at 77 K on carbon
(slit/cylindrical pores, QSDFT adsorption).

of the synthetic route of a MOF. In this case, the isophthalic acid that had been earmarked as co-
ligand instead mediated the synthesis of a neutral MOF. The same reactants without the isophthalic
acid could only yield an anionic MOF with a similar topology to 8. Additionally, the beneficial effect
of supercritical CO; in the drying process was demonstrated by the higher surface area as well as
micropore population displayed by the supercritical-CO,-exchanged sample. This was in contrast to

employing solvent exchange with a low-boiling point solvent like dichloromethane.
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Chapter

Templated synthesis of high surface

area aluminas

Part of this chapter has already been published in P5 and P6: Gholamhossein Mohammadnezhad,

Oluseun Akintola, Winfried Plass, Felix H. Schacher, Frank Steiniger and Martin Westermann, RSC Adv.
2015, 5, 49493-49500; Gholamhossein Mohammadnezhad, Oluseun Akintola, Winfried Plass, Frank

Steiniger and Martin Westermann, Dalton Trans. 2016, 45, 6329-6334.

The action of structure directors in MOF synthesis has been described in the previous chapter, in
which isophthalic acid was shown to direct and template the synthesis of a neutral MOF. In a similar
scenario, structural directors in the guise of aluminum alkoxide precursors have been employed to ob-
tain highly stable aluminas with high surface areas. In the first section, aluminium alkoxide precursors
were used as templates with the inclusion of triblock copolymers to obtain highly stable aluminas with
moderate surface areas. For the second section, high surface area aluminum nanooxides were real-
ized but this time without any copolymers while retaining the use of aluminum alkoxide precursors as

templates.

6.1 Templated synthesis of highly thermally stable nanoporous
~v-aluminas

The synthesis of mesoporous aluminas has most often been achieved by the use of agents such as sur-

factants or even block copolymers. In the case of the latter, non-ionic triblock copolymers have served

as soft templates in the synthesis of the ordered aluminas.!” These are generally, easily available while

being low priced in addition to having the attractive feature of inducing formation of large and uni-
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form pore structures. However, they suffer from the disadvantage of having a complicated hydrolytic
behaviour as well as the necessity for strict control of the synthetic conditions. To this end, a combi-
nation of these triblock copolymers with aluminum precursors such as Al(O’Pr); and Al(O*Bu)s have
been successfully used in synthesizing highly ordered mesoporous aluminas by employing a simple
sol-gel process in ethanol.!!! From these, it has been found that the nature of the precursors plays a
significant role in defining the physicochemical properties of the resulting alumina. Generally, alu-
minum oxide precursors have enjoyed frequent use in combination with the triblock copolymers.!!?
Furthermore, the rate of hydrolysis as well as condensation of the aluminum alkoxides display a strong
dependence on the nature of the alkoxide groups in addition to the coordination environment of the

aluminum centres. 113

Four aluminum alkoxide precursors have been used as molecular precursors to obtain the aluminum
oxides. They were prepared by a simple evaporation-induced self-assembly with the inclusion of P123
triblock copolymer in the presence of nitric acid. As such four different functional groups were explored
in the precursors namely: isopropoxide, phenoxide, methoxyethoxide, and methoxyethoxyethoxide (for
Al-1, Al-2, Al-3, and Al-4, respectively). These were expected to present additional donor sites while
lowering the hydrolysis rates. The synthesis was followed by calcination at both 400 and 900 °C for 4 h.

SAXS (small angle X-ray scattering) measurements carried out on the samples calcined at 400 °C
showed occurrence of a strong reflection (100) around 0.6-0.7° in all of them, which was a clear-cut
indication of mesoporous structure (6.1). The intensity of the band was observed to vary in the order
of Al-1>Al-4>Al-3>Al-2 indicating that the alkyl and alkylether groups performed better in com-
parison to the phenoxyl group in Al-4. This is ascribed to the positive effect of the released organic
molecules after hydrolysis of the related alkoxide. Calcining the samples at 900 °C did not result in a loss
of the mesoporous structure as demonstrated by the retention of the (100) peak in the SAXS pattern.
Wide angle X-ray scattering of the samples calcined at 900 °C shows a conversion to y-alumina with

the exception of Al-2.

Studies into the porous properties of the samples calcined at 400 °C revealed all four samples ex-
hibited type IV isotherms with the exception of Al-2-400, which was a combination of type II and type
IV (see ??). The type IV isotherms are a firm indication of the mesoporous nature of the materials,
which was likewise confirmed from the type of hysteresis loops displayed. In the case of Al-2-400 its
isotherm showed the presence of micropores in addition to the significant population of mesopores
demonstrating the impact of the aryloxy precursor used.

For the samples calcined at 900 °C, two clear ranges could be identified as far as the pore distribution
is concerned (see 6.1). Both Al-1 and Al-2 showed mean pore widths around 9 nm whereas Al-3 and
Al-4 had their average pore widths in the region of 16-17 nm. This further supports the influential role
played by the alkoxy/aryloxy precursor. Upon closer inspection, it was revealed that both Al-3 and
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Figure 6.1: SAXS patterns for Al-1, above and Al-2-Al-4, below calcined at 400 °C.

Table 6.1: Sorption data from N isotherms of samples Al-1-Al-4 calcined at 400 and 900 °C measured at 77K

Sample  aBET (m?g~!) Total pore volume (cm®g~!) Average pore width (nm)

Al-1-400 312 0.57 7.3
Al-1-900 147 0.33 9.0
Al-2-400 480 0.29 24
Al-2-900 99 0.22 8.9
Al-3-400 366 0.58 6.4
Al-3-900 97 0.40 16.5
Al-4-400 269 0.63 9.3
Al-4-900 109 0.47 17.0
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Figure 6.2: Nitrogen adsorption-desorption isotherms of Al-1 and Al-2 calcined at 400 and 900 °C represented
with red and blue symbols, respectively.

Al-4 had higher surface areas as well as pore volumes. This fact could be linked to the extension of the
alkoxy chain with the extra donor groups of the ether moieties, which clearly had impact on the pore

structures of both samples.

In conclusion, the influence of the alkoxide precursors in the preparation of mesoporous aluminas
has been explored in this section. All synthesized aluminas demonstrated high thermal stability as well
as high mesoporosity. The type of the alkoxide used in the precursor clearly played a significant role in
the porosity of the ensuing aluminas. This can be seen in the variation of the surface areas/pore volumes
with the structure of the alkoxy/aryloxy moeity. Overall, it has been clearly shown that the physico-
chemical properties of aluminas can be significantly affected by the nature of the alkoxide templates

used in their synthesis.
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Figure 6.3: Nitrogen adsorption-desorption isotherms of Al-3 and Al-4 calcined at 400 and 900 °C represented
with red and blue symbols, respectively.

6.2 Surfactant-free synthesis of nano-boehmite with high surface area

The previous section showcased the use of triblock copolymers in the synthesis of aluminas with high
thermal stability. However, while the use of surfactants in alumina synthesis is advantageous due to
their propensity to influence the properties of the products, they are not without their own problems,
some of which include probable biocompatibility. This in addition to irreversible adsorption on the sur-
face of the nanoparticles can lead to unpredictable and undesirable impact on their properties, resulting
in the reduction of the accessible surface.!4-116

Generally, in surfactant-free synthesis of inorganic nanoparticles the commonly used media have
been aqueous or nonaqueous while employing hydrolytic or nonhydrolytic conditions. A few stand-out

traits of this approach typically include better yields, less impurities, usage of environmental-friendly
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solvents, simplicity, and higher surface area. This makes them appealing both from the scientific and
economic standpoint.!!7:118 This also comes with its own issues as the products tend to dislay certain
flaws, which include low or complete lack of crystallinity, need for strict control of synthetic condi-
tions, and complicated hydrolytic behaviour arising from the dual character of water as a solvent and
ligand. %

To bypass this issue, anhydrous alcohols with the same alkyl groups as the corresponding alu-
minum alkoxides precursors (aluminum 2-propoxide and aluminum 2-methoxyethoxide) were used in
the synthesis of nano-boehmite and y-alumina. Hydrolysis of solutions of the precursors in their parent
alcohols was carried out by adding acetic acid then refuxing the ensuing solutions followed by aging
for 24h. The reaction is such that the only by-products are the alcohols, which are simultaneously
the solvent as well as the organic acid. By exploiting the lower surface tension of the alcohols it was
possible to remove the alcohols under vacuum using an evaporator. This was followed by drying under
vacuum at mild temperatures (70 °C) to remove the acetic acid. The ensuing white powders are denoted
Al-1* and Al-2* (from 2-propoxide and 2-methoxyethoxide, respectively).

Wide-angle X-ray diffraction (WAXRD) studies show the presence of the boehmite phase in the
diffractograms of both samples. Due to the reflux temperature of Al-2* being higher (a consequence
of the boiling point of its corresponding alcohol, 125°C), it clearly displayed higher crystallinity as
compared with its propoxide analogue, Al-1*. These are displayed in 6.4.

Intensity / a.u.

10 20 30 40 50 60 70 80 90
20/°

Figure 6.4: WAXRD patterns for Al-1* and Al-2* dried at 70 °C.

Both Al-1* and Al-2* were then calcined at 600 and 800 °C, respectively. In the case of Al-1* there
was already formation of the y-alumina form at 600 °C that was not observed for Al-2*. However, both
samples clearly showed full conversion to the y-alumina form at 800 °C. Sorption investigations into

both as-synthesized as well as calcined materials are displayed in 6.5.
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Figure 6.5: Nitrogen adsorption-desorption isotherms of Al-1* and Al-2* calcined at 600 and 800 °C.

Accordingly, the isotherms of both as-synthesized and calcined samples of Al-1* show Type II
isotherms with respect to IUPAC classification. This was in addition to them displaying H3 type hys-
teresis loops. The shape of these loops can be correlated to the presence of non-rigid aggregates within
the plate-like framework giving rise to slit-shaped mesopores. For as-prepared Al-2* and its calcined
samples, these displayed Type IV isotherms as indicated by the plateau seen for all three samples at
higher relative pressures. The shape of the isotherm as well as Type H2 hysteresis loops, which they
exhibit implies the presence of a mixture of both micropores as well as mesopores. This fact was cor-
roborated by the t-plot analysis, which confirmed the presence of micropores. The differences in the
sorption behaviour of both samples demonstrates the role played by the precursors in influencing the

physical characteristics of the resultant aluminas.
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Table 6.2: Sorption data from N, isotherms of Al-1* and Al-2* calcined at 600 and 800 °C measured at 77 K

Sample aBET (m?g~!) Total pore volume (cm®g~!) Average pore width (nm)

Al-1* 802 2.35 11.7
Al-1%-600 343 2.07 24.1
Al-1*-800 242 1.77 29.2
Al-2* 420 0.30 2.9
Al-2*-600 239 0.40 6.7
Al-2*-800 149 0.37 9.9

The sorption parameters are summarized in 6.2. The 2-propoxide templated nano-boehmite (Al-1%)
clearly displayed the highest surface area in addition to the high pore volume as well. This contrasts
with examples of alumina typically obtained using aqueous-based preparative methods, in which the
surface areas generally tend to vary inversely with the pore volumes. This trend was likewise seen
in its calcined samples as well with the total pore volumes decreasing in like manner as the surface
areas. The 2-methoxyethoxide analogue (Al-2*) also showed the same trend with the exception of the
as-synthesized sample showing low pore volume.

The morphological changes resulting from calcination was likewise monitored through TEM. Both
as-synthesized Al-1* and Al-2* consisted of folded plates with different thicknesses with these also
showing aggregation. The calcined samples demonstrate a clear change in morphology with a resultant
conversion to more curved and partially rolled plates, which have nanotube-like consistency.

In conclusion, the surfactant-free synthetic approach is one that is evironmental friendly with the
avoidance of any non-green additives. This is in addition to the ease, with which the employed alcohols
can be recovered that can then be saved for further reuse. Furthermore, using very low amounts of
water as well as organic acid facilitated the removal of the alcohol under mild conditions leading to

retention of the structure while allowing isolation of highly pure samples.
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Summary

The study of coordination polymers/MOFs has, since the beginning of the 90s, seen so much effort in-
vested into it. Much of these have focused on their use in different ways, which generally range from
gas storage, ion exchange to magnetism. The inherent flexibility of MOF design, by which the even-
tual architecture is influenced by the preorganization priniciple has been often exploited and has led
to lots of success in MOF research. This is more fascinating when it is considered that simple selec-
tion of both components can result in targeted compounds. Generally, this principle is demonstrated
especially in magnetic MOFs where the incorporated metal centres often prefer particular cluster ar-
rangements (Secondary Building Units, SBUs). It thus becomes easy to combine the metal centres with
the desired ligand leading to an extended framework incorporating the desired metal. Even more inter-
esting is when a redox-active ligand with the ability to generate radicals by the use of external stimuli
for example guest molecules or irradiation or a combination of both, can be incorporated within the
framework. This creates the intriguing prospect of combining the created radical with the paramagnetic
metal centres, which can lead to propagation of magnetic order through-out the network.

It is nonetheless intriguing to study the isolated behaviour of these SBUs as simple monomeric
complexes before incorporating them in these extended networks where additional cooperative effects
may come into play. Therefore, 4,4’-disubstituted monocarboxyltriphenylamines were combined with
copper(Il) ions and this led to the metal ions adopting their well-known paddle-wheel arrangement.
The four ligands used were the unsubstituted monocarboxyltriphenylamine, the methyl-, tert-butyl-
as well as the methoxy monocarboxyltriphenylamines (Hdaba 1, Htaba 2, Hteaba 3, and Hmaba 4,
respectively). All four corresponding complexes possess similar structural arrangements in spite of the
different substituents at their p-positions but with slight variations in their packing. This similarity at
the level of the dinuclear core meant that the complexes display no correlation between the electronic
nature of the substituents at the 4,4’-positions and the strength of the coupling between the Cu(Il) ions.
This was especially seen in the fitted value for the coupling constants in the range of —290 to —330 cm ™!
indicating strong antiferromagnetic exchange. On the other hand, due to the proximity of the groups to

the central amine nitrogen, the electrochemical behaviour of both ligands and complexes demonstrates
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Figure S1: Graphical summary of Chapters 2 to 5.

a direct correlation with the substituents. The ease of oxidation of the central amine nitrogen was
found to be independent of coordination of the metal ions. The generation of the radical cations on the

complex using a chemical oxidizing agent was shown to be successful.

Functionalizing all three p-positions on the triphenylamine ligand with carboxylate groups and then
combining them with cobalt(II) ions led to two different anionic coordination polymers, 5 and 6. This
was achieved by altering the reactor sizes whilst keeping the absolute amount of reactants constant.
This clearly demonstrated the influence of altering reaction conditions on the ultimate outcome of MOF
synthesis. The counter charge in both anionic networks is provided by dimethylammonium, which was
a by-product of the decarbonylation of DMF under solvothermal conditions. The organoammonium
cation was also considered to have acted as a template for obtaining both coordination polymers. 5 is a
2D framework made up of mononuclear Co(Il) SBUs while 6 is a 3D network with a mixture of dinuclear
and trinuclear Co(Il) clusters. The difference in the structures had implications for the topologies where
5 had a 2D hcb net while 6 was a 3D network with 3,6T80 topology. Magnetic studies showed 5 to
have SMM properties but this was insignificant due to the efficient quantum tunneling relaxation. 6
on the other hand was regarded as a simple paramagnet and the existence of the mixed clusters meant
little information could be gleaned from its magnetic behaviour. This was attributed to the presence of

both strong spin-orbit coupling as well as the intra-cluster exchange interactions. The two compounds
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are able to successfully undergo guest cation exchange whereby the organoammonium cations can be
easily replaced by inorganic cations. Depending on the solvent used (DMF or ethanol), partial or total
exchange of the organic cations could be achieved. This cation exchange ability had consequences for
the sorption properties of both compounds in the form of definite increases in the surface areas as well
as pore volumes. This was likewise correlated to the extent of the exchange with a gradual increase
in sorption from the non-porous as-synthesized compounds to the partly porous partially exchanged
materials. The culmination of this trend was seen in the completely exchanged materials, which both
showed large increases in their accessible surface areas. This opens up a vista of possibilities in tuning

the porosity of anionic networks by careful selection of the guest cation.

Addition of spacer groups to extend the ligands has been one of the ways, by which porosity of
porous coordination polymers can be enhanced. However, the large sizes of the pores and the resulting
low density of the framework bound by a single ligand can lead to a weak structure with attendant
collapse. The structure itself may attempt to resolve this by undergoing entanglement but with the
additional consequence of reduced porosity. One rational way to actualize this is the construction of
pillared-layer frameworks where the structure is reinforced by the inclusion of ditopic ligands. By
combining the tricarboxytriphenylamine with terephthalic acid while using the Co(II) ion, end-result
was the anionic pillared-layer network 7. This was achieved through the coordination copolymeriza-
tion route wherein the optimal reaction ratio of the reactants was used thereby avoiding formation of
two discrete networks. The anionic network also has its charge balanced by two dimethylammonium
cations resulting from in-situ decomposition of DMF. The network is structurally composed of linear
trinuclear Co(Il) clusters containing mixed 7y-Oy-Ty geometries. Each cluster is linked within the lay-
ers to each other via the tricarboxytriphenylamine ligand while the interlayer links were through the
terephthalates. Toplogical analysis of the network gave a 3,8-connected tfz-d topology. By implica-
tion, the Co(Il) centres display magnetic interactions between them, transmitted over the carboxylate
bridges just like in the copper paddle-wheel complexes. There was also propagation of magnetic ex-
change over the terephthalate groups but this was relatively low. Its countercation, stemming from
its anionic character, was also found to be replaceable with inorganic cations, which then led to the
internal pores opening up. This was seen in the improved sorption behaviour of the post-exchange
compound with a three-fold increase in its apparent surface area. The pores are also located mostly in
the micropore region with the lithium exchanged sample showing a dramatic increase in its ultrami-
cropore distribution. Overall, this was in corroboration of the behaviour already seen in the previous

anionic MOFs and also illustrates the prospect of tuning porosity by judicious choice of cationic guests.

Inclusion of coordination modulators during MOF synthesis has been shown to influence the fi-
nal structure the MOFs adopt without these playing any role in the overall structure assumed. By

combining isophthalic acid with the tricarboxytriphenylamine and cobalt salt, the result is a neutral
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coordination polymer 8, which does not contain the isophthalic acid as part of its structure but rather
as a framework guest. It was found to be identical to 6 in terms of its topology where the main differ-
ence was the charge of both frameworks. The isophthalic acid is believed to have lowered the pH thus
favouring less the decarbonylation of DMF that would have formed the dimethylammonium cation,
which is known to template anionic MOFs. Just like 7, 8 is also composed of trinuclear cobalt clusters
albeit with all the three centres having octahedral geometry. Magnetic investigations only revealed the
existence of antiferromagnetic interactions between the neighbouring cobalt centres. This was likewise
attributed to the nature of the bridging between the Co(Il) ions particularly the high Co—O—Co angle
(109°) as well as the syn-syn bridge. Sorption studies showed that it is a microporous compound with
pores in both the ultramicropore and supermicropore ranges respectively (<0.7 nm and 0.7-2 nm). The
effect of activation of the material via exchange with low boiling point solvents as well as supercritical
CO; drying on the sorption properties was likewise studied. From this supercritical CO, extraction
was conclusively demonstrated to be the more efficient method and showed a two-fold higher sur-
face area as well as greater pore volume than the sample activated by simple solvent exchange with

dichloromethane.
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Figure S2: Graphical summary of Chapter 6.

Still following the thread of templated synthesis, aluminum alkoxide precursors were combined
with triblock copolymers using a simple sol-gel route to obtain a series of aluminas. These were shown
to possess high thermal stability while undergoing conversion to the y-form at 900 °C. Of all four sub-
stituents used (isopropoxide (Al-1), phenoxide (Al-2), methoxyethoxide (Al-3) and methoxyethoxyethox-
ide (Al-4)), the phenoxy linker shows the highest surface area in addition to being both micro- and
mesoporous. The ether derivatives likewise had a clear effect on the pore structures of the samples,
such as an increase in the average pore widths as well as volumes. This was attributed to the extended
alkoxide chains in addition to the extra potential donor groups. Furthermore, due to the occasional
negative effect of the surfactants such as potential adsorption onto the nanostructures, surfactant-free
synthesis of nano-aluminas was also performed. This was carried out under non-aqueous conditions
using the alkoxides (2-propoxide, (Al-1*) and 2-methoxyethoxide, (Al-2%)) as templates with the cor-
responding alcohols as solvent. Through this approach, it was then possible to obtain the high surface

area nano-boehmites.

Overall, the use of the redox-active triphenylamine ligand was demonstrated to lead to different
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possibilities, which was achieved through the variable functionalization with carboxylate groups. By
monofunctionalization of the triphenylamine and combination with copper(Il) ions, a series of discrete
monomeric complexes were obtained. The redox property of the ensuing complexes were tunable by
adjusting the type of substituent on the 4,4’-positions. Trifunctionalization with the same carboxylate
group and combining with cobalt(Il) ions two different charged frameworks, which showed tunable
sorption properties via guest countercation selection were obtained. This would mark the first time, in
which two utterly different networks were obtained by using the same absolute amount of materials
but only changing the size of the reactors. Combining the trifunctionalized triphenylamine with a
terephthalic acid co-ligand would then result in a robust anionic 3D pillared-layer network, which
would also display countercation-dependent sorption behaviour. In both cases the demonstration of
the dependence of the sorption properties on the sort of countercation present offers the possibility
of tuning porosity simply by choice of the guest cations. Finally, by introduction of a coordination
modulator it was possible to alter the pathway of MOF formation from anionic framework to a neutral
network. This was done by the simple inclusion of isophthalic acid during the synthesis of the MOF. This
raises the prospect of changing the structural outcome of MOF synthesis through the use of structural
directors whilst still retaining the original reactants used.

Also, the use of different aluminum alkoxide precursors as templates have been demonstrated to
have strong influence on the physicochemical properties of the ensuing products. Variation of the
alkoxy and aryloxy groups in the aluminum alkoxides were clearly shown to affect the porosities of the
corresponding aluminas. Additionally, exclusion of surfactants in the synthesis of the aluminas led to

materials with high surface area as well as large pore volumes.
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Zusammenfassung

Die Forschung auf dem Gebiet der Koordinationspolymere/MOFs wird seit den 1990er Jahren sehr in-
tensiv betrieben. Hierbei lag der Fokus vor allem auf ihren vielseitigen Anwendungen, die von Gasspei-
cherung iiber Ionenaustausch bis hin zu Magnetismus reichen. Dafiir wurde vor allem die inhdrente
Flexibilitdt des MOF-Designs, bei der die Architektur vom Praorganisationsprinzip beeinflusst wird,
genutzt, was zu vielen Fortschritten in der MOF-Forschung fithrte. Dabei ist besonders der Aspekt fas-
zinierend, dass eine einfache Auswahl beider Komponenten gezielt zu Verbindungen fiithren kann. Im
Allgemeinen wird dieses Prinzip priméar bei magnetischen MOFs genutzt, bei denen die eingeschlossen
Metallzentren oft besondere Clusteranordnungen (Secondary Building Units, SBUs) bevorzugen. Da-
durch ist es einfach, die Metallzentren mit den entsprechenden Liganden zu kombinieren, was zu einem
erweiterten Molekiilgeriist fithrt, der das gewiinschte Metall enthalt. Zudem ist besonders die Integrati-
on von redoxaktiven Liganden in das Geriist interessant, da diese zu einer Radikalbildung aufgrund von
externer Stimuli fithren konnen. Als Beispiele seien hier die Bestrahlung, der Losungsmittelaustausch
von Gastmolekiilen oder die Kombination aus beiden genannt. Dies schafft die Moglichkeit das erzeugte
Radikal mit den paramagnetischen Metallzentren zu kombinieren, was zu einer Ausweitung der ma-
gnetischen Ordnung durch das Netzwerk fithren kann.

Auflerdem ist es von Interesse das isolierte Verhalten dieser SBUs als einfache monomere Komp-
lexe zu untersuchen bevor sie in diese erweiterten Netzwerke eingebunden werden, wo zusétzliche
kooperative Effekte ins Spiel kommen konnen. Deshalb wurden 4,4’-disubstituierte Monocarboxyl-
triphenylamine mit Kupfer(II)-lonen kombiniert, was dazu fiihrte, dass die Metallionen ihre literaturbe-
kannte ’Schaufelrad’-Anordnung einnahmen. Die verwendeten Liganden sind das unsubstituierte Mo-
nocarboxyltriphenylamin sowie Methyl-, tert-Butyl- und Methoxy-Monocarboxyltriphenylamin (Hda-
ba 1, Htaba 2, Hteaba 3 und Hmaba 4). Alle vier synthetisierten Komplexe besitzen trotz der verschiede-
nen Substituenten an ihren p-Positionen dhnliche strukturelle Anordnungen mit leichten Variationen
in ihrer Packung. Die Ahnlichkeit auf der Ebene des dinuklearen Kerns bedeutet, dass die Komple-
xe keine Korrelation zwischen der elektronischen Natur der Substituenten an den 4,4’-Positionen und

der Stiarke der Kopplung zwischen den Cu(Il)-Ionen zeigen. Dies wurde besonders in den gefitteten
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R =H, Me, t-Bu and OMe

Diskrete
Komplexe

Redoxaktiver
Ligand

boun/ L

Terephthalat

Isophthalat

Neutrales 3D

Saulenférmiges
Netzwerk

3D Netzwerk

#

Amdnische
N 2&3D

Abbildung Z1: Grafische Zusammenfassung der Kapitel 2 bis 5.

vier Kopplungkonstanten im Bereich von —290 bis —330 cm™!

, welche eine starke antiferromagneti-
sche Wechselwirkung anzeigen. Aufgrund der Nédhe der Substituenten zum zentralen Amin-Stickstoff
zeigt das elektrochemische Verhalten beider Liganden und Komplexe eine direkte Korrelation mit den
entsprechenden Substituenten. Die Moglichkeit der Oxidation am zentralen Amin-Stickstoff wurde un-
abhéngig von der Koordination der Metallionen festgestellt. Die Erzeugung der Radikalkationen mit

dem Komplex unter Verwendung eines chemischen Oxidationsmittels war ebenso erfolgreich.

Die Funktionalisierung aller drei p-Positionen am Triphenylaminliganden mit Carboxylatgruppen
und anschlieffender Kombination mit Cobalt(II)-Ionen fithrte zu den zwei verschiedenen anionischen
Koordinationspolymeren 5 und 6. Diese wurden lediglich durch eine Verdnderung der Reaktorgrof3en
erhalten, wihrend die absolute Menge an Reaktanten konstant gehalten wurde, was eindeutig den
Einfluss der Reaktionsbedingungen auf das endgiltige Ergebnis der MOF-Synthese zeigt. Zum La-
dungsausgleich wurden in beiden anionischen Netzwerken Dimethylammoniumionen bereitgestellt,
welche ein Nebenprodukt der Decarbonylierung von DMF unter solvothermen Bedingungen sind. Da-
bei wurden die Organoammoniumkationen auch als strukturgebender Modulator betrachtet, um bei-
de Koordinationspolymere zu erhalten. 5 zeigt ein 2D-Geriist aus mononuklearen Co(II) SBUs, 6 ein

3D-Netzwerk mit einer Mischung aus zwei- und dreikernigen Co(Il)-Clustern. Die Unterschiede in
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den Strukturen wirkten sich auch auf die Topologie aus, was bei 5 zu einem 2D hcb Netz und bei
6 zu einem 3D-Netzwerk mit 3,6T80 Topologie fithrte. Magnetische Studien an 5 zeigen dessen SMM-
Eigenschaften, welche jedoch durch signifikante Quantentunnelprozesse geprigt sind. 6 erwies sich
dagegen als einfacher Paramagnet. Die Existenz der gemischten Cluster fithrt zu starken Intracluster-
Wechselwirkungen, welche in Kombination mit der starken Spin-Bahn-Kopplung der Co(II)-Ionen da-
zu fithrte, dass wenige Informationen aus dem magnetischen Verhalten entnommen werden konnten.
Mit beiden Verbindungen konnte erfolgreich Gastkationenaustausch durchgefithrt werden, wobei die
Organoammoniumkationen leicht durch anorganische Kationen ersetzt werden konnten. Je nach ver-
wendetem Losungsmittel (DMF oder Ethanol) konnte ein teilweiser oder vollstindiger Austausch der
organischen Kationen erreicht werden. Diese Kationenaustauschfihigkeit wirkte sich auf die Sorptions-
eigenschaften beider Verbindungen in Form definierter Zunahmen der Oberflaichen und Porenvolumina
aus. Dies korreliert ebenfalls mit dem Ausmaf} des Austausches mit einer allmédhlichen Zunahme der
Sorption von den nicht pordsen frisch-synthetisierten Verbindungen zu den teilweise pordsen, teilweise
ausgetauschten Materialien. Das Maximum dieses Trends zeigt sich in den vollstdndig ausgetauschten
Materialien, welche bei beiden Verbindungen eine grofle Zunahme in ihren zugénglichen Oberflichen
zeigen. Dies er6ffnet die Moglichkeit die Porositét der anionischen Netzwerke durch sorgfiltige Wahl

des Gastkations zu optimieren.

Eine weitere Moglichkeit die Porositit der Koordinationspolymere zu erhdhen ist die Zugabe von
Liganden mit eingebauten Spacergruppen. Allerdings kdnnen erhebliche Porengréfien und die daraus
resultierende geringe Dichte zu einer schwachen Struktur mit begleitendem Kollaps fithren. Anstel-
le des Kollapses kann auch eine Verflechtung der Struktur in sich selbst erfolgen, was wiederum mit
der Abnahme der Porositit verbunden ist. Ein rationaler Weg dies zu verwirklichen ist die Konstruk-
tion von sdulenférmigen Schichtgeriisten, in denen die Struktur durch die Einbeziehung von ditopen
Liganden verstarkt wird. Die Kombination des Tricarboxyltriphenylamins mit Terephthalsdure unter
Verwendung von Co(Il)-Ionen fithrte zum anionische sdulenférmige Schichtnetzwerk (7). Dieses wurde
durch den Koordinationspolymerisationsweg unter Verwendung des optimalen Reaktionsverhéltnisses
der Reaktanten erreicht, wodurch die Bildung von zwei diskreten Netzwerken vermieden wurde. Das
anionische Netzwerk wird durch zwei Dimethylammoniumkationen ausgeglichen, die aus einer in
situ-Zersetzung von DMF resultierten. Das Netzwerk setzt sich strukturell aus linearen trinuklearen
Co(II)-Clustern zusammen, die gemischte 74-Oy-Tyy Geometrien besitzen. Jeder Cluster ist innerhalb
der Schicht iiber den Tricarboxyltriphenylaminliganden und zwischen den Schichten durch die Tereph-
thalate miteinander verkniipft. Die topologische Analyse des Netwerks ergab eine 3,8-verbundene tfz-d
Topologie. Die Co(Il)-Zentren zeigen dabei magnetische Wechselwirkungen, die wie bei den Cu(Il)-
Schaufelrad-Komplexen iiber Carboxylatbriicken vermittelt werden. Des Weiteren konnte eine relativ

geringe Vergroflerung der magnetischen Wechselwirkungen tiber die Terephthalatgruppen beobachtet
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werden. Das Gegenion des anionischen Netzwerks wurde ebenfalls mit anorganischen Kationen ersetzt,
welches zur Offnung der inneren Poren und zu einer dreifachen Erhohung der scheinbaren Oberfliche
fithrte. Die Grof8e der Poren ist meist in der Mikroporenregion angeordnet. Die Lithiumausgetauschten
Probe zeigte sogar eine drastische Zunahme der Ultramikroporenverteilung verbunden. Insgesamt ist
dies eine Bestatigung des Verhaltens, das bereits in den bisherigen anionischen MOFs gefunden wurde
und zeigt die Moglichkeit die Porositdt durch die Wahl der kationischen Géste zu manipulieren auf.
Die Einbeziehung von Koordinationsmodulatoren wahrend der MOF-Synthese hat gezeigt, dass
sie die endgiiltige MOF-Struktur beeinflussen, ohne jedoch in der Gesamtstruktur eine Rolle spielen.
Durch die Kombination von Isophthalsdure mit dem Tricarboxyltriphenylamin und einem Cobaltsalz
war das Ergebnis ein neutrales Koordinationspolymer (8), welches die Isophthalsdure nicht als Teil
ihrer Struktur, sondern als Gastmolekiil im Geriist enthielt. Es wurde festgestellt, dass es mit 6 in Be-
zug auf seine Topologie identisch ist. Der Hauptunterschied liegt bei der Ladung der beiden Geriiste.
Durch die Verwendung der Isophthalsiaure wurde der pH-Wert gesenkt, in Folge dessen war die De-
carbonylierung von DMF, welche in den anderen anionischen MOFs das Dimethylammoniumkation
gebildet hat, weniger bevorzugt. Dies verhinderte die Bildung von Dimethylammoniumionen als Gege-
nionen eines anionischen Netzwerkes. Genau wie 7 besteht 8 aus dreikernigen Cobaltclustern, jedoch
weisen alle drei Zentren eine oktaedrische Geometrie auf. Magnetische Untersuchungen zeigten das
Auftreten von antiferromagnetischer Wechselwirkungen zwischen den benachbarten Cobaltzentren.
Dies wird ebenfalls der Art der Verbriickung zwischen den Co(II)-Ionen zugeschrieben, insbesondere
dem hohen Co—O—Co-Winkel (109°) sowie der syn-syn Verbriickung. Sorptionsstudien ergaben, dass
es sich um eine mikropordse Verbindung mit Poren im Ultramikroporen- und Supermikroporenbe-
reich handelt (< 0,7 nm beziehungsweise 0,7-2 nm). Ebenfalls untersucht wurde der Einfluss der Art
der Materialaktivierung auf die Sorptionseigenschaften, welche beispielsweise durch Austausch mit ei-
nem niedrigsiedenden Losungsmittel oder durch die tiberkritische CO,-Abscheidung erreicht wurde.
Dabei hat sich gezeigt, dass die Behandlung mit iiberkritischem CO; die effizienter Methode ist, da ei-
ne zweifach grofiere Oberfliche sowie grofiere Porenvolumina als bei der Probe, die durch einfachen

Losungsmittelaustausch mit Dichlormethan aktiviert wurde, erhalten werden konnte.

e tensidenthaltene e tensidefreie
Synthese Aluminumalkoxid- Synthese

e thermalstabiles prakursoren e gréBe Oberflache
y-aluminumoxid Nano-Bdhmite

Abbildung Z2: Grafische Zusammensfassung des 6. Kapitels.

Um eine Reihe von Aluminiumoxiden zu erhalten wurden die Aluminiumalkoxidprakursoren eben-
falls auf dem Weg der Templatsynthese unter Verwendung einer einfachen Sol-Gel-Route mit Triblock-

Copolymeren kombiniert. Diese zeigen eine hohe thermische Stabilitét, da sie sich erst bei 900 °C in
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die y-Form umwandeln. Von allen vier verwendeten Substituenten (Isopropoxid (Al-1), Phenoxid (Al-
2), Methoxyethoxid (Al-3) und Methoxyethoxyethoxid (Al-4)) hat der Phenoxy-Linker neben Mikro-
und Mesoporositit die grofite Oberflache. Die Etherderivate hatten durch eine Erhéhung der mitt-
leren Porenbreiten sowie -volumina ebenfalls einen deutlichen Einfluss auf die Porenstrukturen der
Proben. Dies wird neben den zuséitzlichen potentiellen Donorgruppen den erweiterten Alkoxidket-
ten zugeschrieben. Aufgrund der gelegentlichen negativen Wirkung der Tenside, wie der potentiellen
Adsorption an die Nanostrukturen, wurde auch eine tensidfreie Synthese von Nanoaluminumoxiden
durchgefiihrt. Diese wurde unter nicht-wissrigen Bedingungen und unter Verwendung der Alkoxide
(2-Propoxid (Al-1%) und 2-Methoxyethoxid (Al-2*)) als Matrizen mit den entsprechenden Alkoholen
als Losungsmittel durchgefithrt. Durch diesen Ansatz war es moglich Nano-Bohmite mit grof3en Ober-

flachen zu erhalten.

Zusammenfassend wurde gezeigt, dass der Einsatz des redoxaktiven Triphenylaminliganden zu
unterschiedlichen Ergebnissen fithrt, welche durch die variable Funktionalisierung mit Carboxylat-
gruppen erreicht wurden. Mittels Monofunktionalisierung des Triphenylamins und der Kombinati-
on mit Kupfer(II)-Ionen wurde eine Reihe von diskreten monomeren Komplexen erhalten. Die Re-
doxeigenschaften der Komplexe ist durch Variation der Substituenten an den 4,4’-Positionen be-
stimmbar. Auflerdem durch Trifunktionalisierung mit der gleichen Carboxylatgruppe und Kombina-
tion mit Cobalt(Il)-Ionen wurden zwei verschiedene anionische Geriiste erhalten, die durch Gast-
Gegenkation-Auswahl abstimmbare Sorptionseigenschaften zeigen. Somit wurden erstmalig zwei vollig
unterschiedliche Netzwerke erhalten, obwohl die gleiche Absolutemenge an Materialien verwendet
und lediglich die Grofle der Reaktoren gedndert wurde. Die Kombination des trifunktionalisierten
Triphenylamins mit einem Terephthalsdure-Coliganden fithrte zu einem robusten anionischen 3D-
sdulenférmiges Schichtnetzwerk, das auch ein kontraktionsabhingiges Sorptionsverhalten aufweist.
In beiden Féllen bietet die Abhédngigkeit der Sorptionseigenschaften von der Art der Gegenkation die
Méglichkeit, die Porositat durch die Wahl der Gegenionen abzustimmen. Schliellich war es durch die
Einfiihrung eines Koordinationsmodulators méglich den Weg der MOF-Bildung vom anionischen Rah-
men zu einem neutralen Netzwerk zu verandern. Das geschah durch die einfache Einbeziehung von Iso-
phthalsdure wihrend der Synthese des MOF. Dies eroffnet die Moglichkeit das strukturelle Ergebnis der
MOF-Synthese durch den Einsatz von Strukturvermittlern zu verdndern, wihrend die urspriinglichen

Reaktanten weiterhin beibehalten werden.

Auch die Verwendung verschiedener Aluminiumalkoxidprakursoren als Vorlagen hat gezeigt, dass
sie einen starken Einfluss auf die physikochemischen Eigenschaften der nachfolgenden Produkte ha-
ben. Eine Variation der Alkoxy- und Aryloxygruppen in den Aluminiumalkoxiden zeigt eine eindeutig
Auswirkung auf die Porositat der entsprechenden Aluminiumoxide. Dariiber hinaus fiihrt der Aus-

schluss von Tensiden bei der Synthese der Aluminiumoxide zu Materialien mit hoher Oberfliche sowie
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grof3en Porenvolumina.
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tBu tert-butyl

BET Brunauer-Emmet-Teller

CPs Coordination polymers

DMF  dimethylformamide

Hdaba 4-(diphenylamino)benzoic acid

Hmaba 4-(bis(4-methoxyphenyl)amino)benzoic acid
Htaba 4-(bis(4-tolylphenyl)amino)benzoic acid
Hteaba 4-(bis(4-tert-butylphenyl)amino)benzoic acid
MOFs metal-organic frameworks

PCPs  porous coordination polymers

QSDFT Quenched solid density functional theory
SBUs  secondary building units

SMM  single-molecular magnetism

TBP tetraphenylbenzidine
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Abstract: Four new triphenylamine ligands with different substituents in para-position and the corre-
sponding copper(ll) complexes are reported. This includes their structural, spectroscopic, magnetic, and
electrochemical properties. The complexes posses a dinuclear copper(ll) paddle-wheel core, a building
unit also common in metal-organic frameworks (MOFs). Electrochemical measurements demonstrate
that the triphenylamine ligands and the corresponding complexes are susceptible to oxidation resulting
in the formation of stable radical cations. The square-wave voltammograms observed for the complexes
are similar to those of the ligands, except for a slight shift in potential. Square-wave voltammetry data
shows that in the complexes these oxidations can be described as individual one-electron processes
centered on the coordinated ligands. Spectroelectrochemistry reveals that during the oxidation of the
complexes no difference can be detected for the spectra of successively oxidized species. For the ab-
sorption bands of the oxidized species of the ligands and complexes only a slight shift is observed. ESR
spectra for the chemically oxidized complexes indicate ligand centered radicals. The copper ions of the
paddle-wheel core are strongly antiferromagnetic coupled. DFT calculations for the fully oxidized com-
plexes indicate a very weak ferromagnetic coupling between the copper ions and the ligand radicals,
whereas a very weak antiferromagnetic coupling is found among the ligand radicals.



Introduction

Triphenylamine-based molecules and their derivatives are a class of compounds widely studied due to
their importance for the design of electronic materials, ™ which is particularly related to their pronounced
hole-transport ability. [ This fact coupled with the relatively low ionization potentials of triarylamines has
led to their extensive application in electroluminescent devices as well as in photovoltaic materials. !
Triarylamines typically undergo oxidation with ease resulting in the formation of a stable triarylammo-
nium radical cation, the stability of which depends on whether a para substitution at the aromatic rings
is present or not. For the cases of triphenylamines with an unsubstituted para position, these radi-
cals are known to undergo dimerization to give tetraphenylbenzidines in a well-known oxidative coupling
process. However, for the substituted derivatives a reversible redox behavior is observed, which can be
tuned by varying the substituents attached to the aromatic rings in particularly at the para positions. %!
Moreover, the molecular framework of triarylamines is also known to possess structural flexibility, which
when coupled together with bulky substituents can lead to distortion or rotation within its structure. [l

The unique electronic character of the triphenylamine moiety has led to its incorporated into ligand
frameworks. This allows for interesting combinations of electronic and photophysical properties leading
to new materials with appealing characteristics.! In particular, transition metal complexes with triph-
enylamine based ligands have been used to investigate the charge transfer properties of mixed valance
systems. 8 |n the latter cases, the well-known dinuclear paddle-wheel motif M,(RCO0), was used in com-
bination with carboxylate functionalized triphenylamine ligands. Moreover, this paddle-wheel motif is a
common building unit for microporous coordination polymers the so-called metal-organic frameworks
(MOFs). ! In particular, the dinuclear paddle-wheel fragment found in copper(ll) acetate, [ which can be
regarded as an archetype for such building units, has been extensively utilized in MOFs since the semi-
nal report on HKUST-1."l Such copper-based MOF systems are attracting significant interest and have
been intensively investigated towards their electronic structure and other properties as well as potential
applications. 2 On the other hand, 4,4’,4"-nitrilotribenzoic acid (Hsntb), a carboxylate derivative of triph-
enylamine, has found extensive use as linker in the construction of MOFs.["®l The molecular properties
of the ntb®~ linker result in characteristic redox- and photo-active behavior of the corresponding MOFs
which has led to specific applications such as sensing, catalysis, and generation of nanoparticles for
hydrogen storage. ¥~ |n fact, MOFs containing redox-active linkers of different type have been recently
addressed toward their electrochemical behavior["”! and it could be shown that this can be used to con-
trol the properties of the corresponding frameworks. 8l Moreover, the combination of ntb®~ with ditopic
linkers has been employed in the coordination copolymerization approach leading to multicomponent
MOFs with interesting architectures including pillared-layer frameworks. " In this context, it should also
be mentioned that extended triphenylamine-based linkers with two nitrogen centers have been utilized
in the construction of MOFs with unusual architectures and properties.[29-22 |n addition, also the gen-
eration of MOFs based on a branched triphenylamine-based linker with even four nitrogen centers has
been described. 23l

In this contribution, we present molecular model systems for the interaction of the copper paddle-
wheel moiety with triphenylamine-based ligands. For this purpose, the synthesis and characterization of



four complexes of the general formula [Cu,(L)4(dmf),] with ligands derived from 4-(diphenylamino)benzoic
acid is reported. Of particular interest here is the redox behavior of the triphenylamine moiety and its in-
teraction with the dinuclear core. This is investigated in view of the electronic and steric variation of the
substituent at the para positions of the phenyl groups of the 4-(diphenylamino)benzoic acid ligand (R =
H, Me, t-Bu, and OMe). To this end, electrochemical, structural, and magnetic properties are reported and

complemented by theoretical calculations.

Results and Discussion

Synthesis and characterization

The ligand 4-(diphenylamino)benzoic acid (Haba, 1) was obtained in a two-step synthetic route. In the
first step, the formylation of triphenylamine was performed through the Vilsmeier-Haack reaction using
phosphoryl chloride in dimethylformamide.[?4l The resulting aldehyde was subsequently oxidized with
KMnO4 under alkaline conditions followed by acidification of the resultant potassium salt using concen-
trated aqueous HCl according to a modified published procedure for the 4,4’-(phenylazanediyl)dibenzoic

D
ORCEROR®

Haba (1)

acid (see Scheme 1).[25

COzH

Scheme 1. Synthesis of 4-(diphenylamino)benzoic acid (Haba, 1): (a) POCl3, dmf, 0 °C; (b) reflux under N, for 22 h;
(c) K2C03, KMnOy4, acetone, reflux, 12 h; (d) HCI.

On the other hand, the ligands with substituents at the para position of the two phenyl rings, namely
4-(bis(4-methylphenyl)amino)benzoic acid (Haba-Me, 2), 4-(bis(4-tert-butylphenyl)amino)benzoic acid
(Haba-tBu, 3), and 4-(bis(4-methoxyphenyl)amino)benzoic acid (Haba-OMe, 4) were obtained via a
Buchwald—Hartwig palladium catalyzed coupling reaction. For each ligand its bromophenyl precur-
sor (4-bromotoluene, 4-tert-butylbromobenzene, and 4-bromoanisole for 2, 3, and 4, respectively) was
combined with methyl 4-aminobenzoate while using Cs,CO3 as base. The resultant ester was subse-
quently subjected to alkaline hydrolysis followed by acidification with concentrated aqueous HCI (see
Scheme 2).126]

The synthesis of the copper complex [Cuz(aba),(dmf),] (5) was performed by a solvothermal pro-
cess in dmf using copper(ll) nitrate. The use of acetonitrile was avoided due to its reported tendency
to aid oxidation of triphenylamines in the presence of copper(ll) ions, which in turn leads to the forma-
tion of the benzidine derivative.2”l An alternative route to synthesize 5 is given by reacting the ligand
and copper(ll) nitrate in ethanol. By layering the resultant solution with dmf it was possible to obtain
green crystals of 5 within a period of 2—3 weeks. Both routes led to good quality crystals suitable for
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Scheme 2. Preparation scheme for 2-4; (a) Pd/P(t-Bu)s, Cs2COs3, toluene, 110 °C, 5-7d; (b) KOH, MeOH, reflux; (c)
HCI.

X-ray crystallographic studies. Similarly also the complex [Cu,(aba-Me)4(dmf),] (6) was prepared via the
solvothermal route, which yielded a light green solution. To reduce the solubility of the product methanol
was slowly layered on top of the obtained solution, which was allowed to stand for a few hours, upon
which a light green precipitate formed. Additional material as green block crystals was obtained from the
filtrate after it was left standing for slow evaporation. An alternative route to 6 was established by heat-
ing a solution of both the ligand and copper(ll) nitrate in dmf at 110 °C for 30 min. Subsequent cooling of
the reaction solution and allowing it to stand for a few days resulted in the formation of micro-crystalline
product, which was unfortunately not suitable for X-ray crystallography. This latter route of simply reflux-
ing a mixture of the metal salt and ligand in dmf was successfully used in the synthesis of the complex
[Cu, (aba-tBu)4(dmf),] (7), yielding crystalline material also suitable for X-ray structure determination. For
the complex [Cuz(aba-OMe)4(dmf),] (8) again the solvothermal route similarly to 5 and 6 was employed
for the synthesis. However, this only led to the formation of dark green micro crystals which were not
suitable for single crystal X-ray studies. Nevertheless, crystals suitable for X-ray studies were obtained
by stirring both ligand and metal salt in dmf for about 20 min followed by slowly layering methanol on
top of this solution. Both solvents were then allowed to slowly evaporate over 4 weeks to yield green
crystals of 8.

The composition of the obtained bulk material for compounds 5-8 was analyzed by elemental
and thermogravimetric analysis, which revealed the presence of varying amounts of different solvent
molecules of crystallization. The corresponding data is given in Figure S1 and Table S1.

X-ray crystal structures

The crystallographic characterization reveals that all four complexes 6-8 crystallize in the triclinic space
group P71 (see Table S2 for details). The molecular structure of 5 depicted in Figure 1is representative of
the other isostructural complexes 6—8 and shows that a dimeric paddle-wheel arrangement is adopted.
As the center of the paddle-wheel dimers, for the crystal structures of all complexes, is situated on a
crystallographic inversion center, only half of the complex molecules are within the asymmetric units. A
comparison of the selected bond lengths in all four complexes is summarized in Table S3 and additional
representations of the molecular structures of 6-8 including full labeling are given in Figures S2-S5.
The molecular structure consists of four bridging carboxylate ligands and two axial coordinated dmf
ligands at the two copper(ll) ions as shown in Figure 1. Each copper ion is coordinated by four oxygen
atoms from different carboxylate groups in the equatorial plane with distances at around 196 pm. The



Figure 1. Molecular structure of 5 with hydrogen atoms omitted for clarity.

carboxylate C—0 bond lengths are close to 126 pm, while the Cu- - - Cu distances are at about 260 pm.
Together with the oxygen donor of the coordinating dmf molecule in the axial position at a distance of
about 216 pm (Cu1-01D, see Table S3) this leads to a square pyramidal coordination geometry. For all
complexes the copper centers are displaced by about 18 pm from the basal [04] plane towards the dmf
oxygen donor atom.

The phenyl rings of the triphenylamine moieties in the complexes are twisted out of the plane of the
central nitrogen atom (cf. Figure S6). This is enforced by repulsion between the phenyl rings and packing
effects, leading to corresponding angles ¢ within the range form 21to 65° (see Table S4). Moreover, also
the planarity at the central nitrogen atom varies considerably (average distance of the nitrogen atom from
the plane: 3.4,5.9,7.1, and 13.9 pm for 5, 6, 7, and 8, respectively; cf. Table S4), which is most likely also
indicative for electronic effects of the substituents at the para position. In contrast, the dihedral angle be-
tween the carboxylate group coordinating the central paddle-wheel unit and the connected phenyl group
(see Figure S7) shows a considerably smaller variation within the range from 5.2 to 27.8°, consistent with
an overall reduced influence of the above mentioned effects. As expected the four nitrogen centers of
the triphenylamine moieties show an almost rectangular planar arrangement with N- - - N distances of
about 1160 pm along the edges with the largest variation observed for 8 (1088.0 and 1234.6 pm), while
the diagonal distances are approximately 1647 pm (see Figure S8 and Table S5). (28l

The powder diffraction measurements carried out on bulk material for all four complexes displayed
agreement with the simulated patterns obtained from the single crystal X-ray measurements (see Figure
S9).
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Figure 2. Temperature dependence of the magnetic susceptibility xmT for complex 5 measured at an applied field
of 2kOe. The solid red line represents the best fit.

Table 1. Parameters obtained from fitting the magnetic susceptibility data of 5-8 with corresponding data obtained
from theoretical calculations (vide infra).

g Jexp /cm™ Jealed / cm™!
5 214 -321 _345
6 212 -—295 —351
7 218 -—-330 —336, —346(@)
8 223 -320 —345

(@ The single-crystal structure of 7 contains a disorder for the dmf co-ligands at the copper(ll) centers.

Magnetic properties

The magnetic susceptibility data for the complexes 5-8 were obtained in the temperature range from
4 to 300K. Figure 2 shows the representative data for complex 5 as temperature-dependent plot of
xmT (for data of 6-8 see Figure S10). The ywT values at 300K for the four complexes 5-8 are about
0.46 cm® Kmol™, which is only slightly above half the spin-only value of 0.75cm?® Kmol™ expected for
two independent copper(ll) ions.?° Upon lowering the temperature the T value decreases to very
small values in all cases at a temperature of about 70 K indicating a diamagnetic ground state. Overall,
this behavior is consistent with antiferromagnetic exchange coupling between the copper(ll) centers of
the paddle-wheel moeity.’3% The experimental data were fitted using the program PHIB" applying the
Heisenberg Hamiltonian # = —JS;S,. The best fit is obtained for the parameters given in Table 1.
The resulting exchange coupling constants of the four complexes are virtually invariant with respect to
the type of substituent present at the para positions of the phenyl groups of the triphenylamine ligand
moieties.

To corroborate the experimental data and to gain further insight with respect to the coupling con-
stants we have performed broken-symmetry DFT (BS-DFT) calculations for the complexes 5-8. The



corresponding results are included in Table 1 (for detailed data see Table S6). The BS-DFT calculations
confirm the strong antiferromagnetic coupling between the copper centers of the paddle-wheel unit ob-
tained by simulating the experimental data. This strong antiferromagnetic exchange interactions are a
result of the congruent alignment of the square planar coordination environment of the two copper(ll)
centers in the complexes which are bridged by four aryl carboxylates. Nevertheless, the calculated cou-
pling constants slightly overestimate the experimental values, where the largest deviation is found for 6
(Jexp = —295cm™; Jeaieg = —35Tcm™"). Moreover, only a small variation within the calculated coupling
constants can be found (|| = 336—351cm™) indicating a negligible electronic effect of the different
substituents present in the ligand backbone. In fact, the observed variation based on the structural dis-
order of the dmf co-ligands in 7 is with 10cm™ (7(A): —336; 7(B): —346 cm™) in the same range as the
observed variation overall complexes 5-8. Spin density plots for the high-spin and broken-symmetry
state of the complexes 5-8 (see Figures S11-S14) show that the spin density in all complexes is pri-
marily localized on the paddle-wheel core, i.e. in the d,._,. magnetic orbitals of the copper(ll) ions. This
further supports the idea of negligible electronic effects of the para substituents at the triphenylamine
moiety.

To further investigate the effect of the triphenylamine moieties and their attached para substituents
on the exchange coupling within the dicopper core unit two additional structurally reduced models have
been used for BS-DFT calculations. In the medium model (5—-8M) the para substituted phenyl groups at
the bridging aminobenzoates have been replaced by methyl groups, whereas in the small model (5%-8%)
the amine substituent at the bridging benzoates have been completely removed and replaced by hydro-
gen atoms. For both reduced models the structural parameters are based on the crystal structures of
the complexes 5—-8. The corresponding results summarized in Tables S7 and S8 show that both reduced
models can reproduce the strong antiferromagnetic coupling obtained form the calculations for the full
complexes. Interestingly, the results from both reduced models differ with a mean value less than 3cm™
from the values obtained for the calculations based on the original structure of the complexes 5-8, with
two slightly larger deviations observed for 6% (6 cm™) and 8% (4cm™). This further indicates that nei-
ther the substitution pattern at the triphenylamine moieties nor the amino groups as such at the bridging
benzoate groups have a significant effect on the exchange coupling between the copper(ll) centers of
the paddle-wheel unit.

Electrochemical properties

The cyclic voltammogram of ligand 1is indicative for an irreversible process with a single peak in the an-
odic scan, corresponding to the oxidation of monomeric species to radical cations, which subsequently
dimerize to from a tetraphenylbenzidine (TPB) dication. 32 In the following cathodic scan two reduction
peaks were observed, which can be attributed to the reduction of the TPB dication to the monocation and
then further to the neutral dimer (see Figure S15).33 The same behavior was likewise seen for complex
5 and is consistent with reported triphenylamine systems that have an attached para substituent only
at one of the phenyl rings.®4 The observed tendency to dimerize unfortunately hampered any further
detailed studies on these systems.



For the analogous para substituted ligands 2—4 square-wave voltammetry measurements were car-
ried out. The absence of the oxidative coupling reaction due to the occupied para positions allows for
the observation of more detailed features related to the electron transfer process in these cases. The
oxidation of the ligands 2-4 can be described in terms of single quasi-reversible one-electron oxidation
steps. The underlying mechanism for the simulation of the recorded square-wave voltammetric data is
given in Equations (1) and (2), where E° is the standard potential, ks the heterogeneous rate constant,
« the charge-transfer parameter, D the diffusion coefficient, and ks the rate constant for the subsequent

chemical reaction.

HLT + e~ = HL (E°, ks, c, D) (1
HLT — P (ke) 2)

The data obtained from simulation are summarized in Table 2. The reported standard potentials
E° are assigned to the half-wave potentials derived form square-wave voltammetry. This assignment
is justified by approximately equal diffusion coefficients of the oxidized and reduced species, % which
was confirmed by cyclic voltammetric studies at a platinum disk electrode (z = 10 um). Moreover, the
charge-transfer parameter was assumed to be o = 0.5, since varying this parameter over the range
0.45 < a < 0.55 has only a negligible small effect on the standard deviation between simulated and
experimental curves. It should be noted that the k¢ values reported in Table 2 are not only minimizing the
difference between experimental and simulated square-wave voltammograms, but also the difference
between experimental and simulated thin-layer cyclic voltammograms measured in the course of the
spectroelectrochemical experiments (vide infra). A thorough analysis of the electrochemical data for
the ligand systems 2-4 (see Figure S16) reveals that an error of TmV in the standard potential E° has
approximately the same effect on the standard deviation as errors of about 0.3 x 107 cm?s™ in the
diffusion coefficient D and about 0.05cms™ in the heterogeneous rate constant ks, respectively. In
fact, with respect to the estimated errors the heterogeneous rate constant is essentially the same for all
ligands, i.e. ks ~ 0.15+ 0.05cms™.

A comparison of the diffusion coefficients of the ligands 2-4 shows the expected trend with the
bulky tert-butyl substituted ligand exhibiting the slowest diffusion followed by the methoxy and methyl
analogues in that order. Similarly, the values of the standard potentials match the expected electronic

Table 2. Experimental parameters from simulating square wave voltammograms of the ligands 2-4.

R Me tBu OMe

D(10°cm?s™") 85 6.9 7.8

E° (mV) 550 556 388
ke (cms™) 013 016 014
ke (1074s77) a2 ~ ~
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Figure 3. Square-wave voltammograms of the ligand 4 (¢ = 1.95 mM) in dichloromethane solution at square-wave
frequencies of 25, 50, 100, 200, 400, 600, and 750 Hz. Open circles represent simulated and lines experimental data.

trend given by the para substituents at the triphenylamine moiety.[36! The representative square-wave
voltammograms of ligand 4 are displayed in Figure 3 and show good agreement between simulated and
experimental data (for 2 and 3 see Figure S17).

The square-wave voltammograms recorded for the complexes 6-8 show a rather similar behavior as
those observed for their corresponding ligands. In Figure 4 the square-wave voltammograms of 8 are
depicted as a representative example (for 6 and 7 see Figure S18). The oxidation of the complexes 6—8
can be described according the underlying mechanism given in Equations (3) to (6), where E} are the
standard potentials for the individual one-electron steps.

[Cup(aba-R),]" + e~ = [Cu,(aba-R),] (ED) 3)
[Cuz(aba-R),]?* + e~ = [Cup(aba-R),]*  (E3) 4
[Cuz(aba-R),]** + e~ = [Cuy(aba-R),|*"  (E3) (5)
[Cup(aba-R),J* + e~ = [Cuy(aba-R),]**  (E}) (6)

Consistent with the data presented for the ligands also for the complexes the charge-transfer param-
eter o was supposed to be 0.5 for all four charge-transfer reactions. Moreover, it was further assumed
that the diffusion coefficient D and the heterogeneous rate constant ks are related to the particular com-
plex system and are independent of the charge of the individual species. The parameters obtained from
simulation of the experimental square-wave voltammograms are presented in Table 3.

Qualitatively the diffusion coefficients of the complexes are following the same trend as observed for
the related ligands. Nevertheless, the absolute values are as expected smaller than those of the corre-
sponding ligands. Moreover, the voltammograms are only dependent on the ligand present, rather than
being indicative of a metal ion centered process. The standard potentials observed for the complexes
6-8 show a slight shift which corresponds to the substitution pattern of the related ligand. The individual
oxidation steps given in Equations (3) to (6) can be described as single one-electron processes despite
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Figure 4. Square-wave voltammograms of the complex 8 (c = 1.18 mM) in dichloromethane solution at square-wave
frequencies of 25, 50, 100, 200, 400, 600, and 750 Hz. Open circles represent simulated and lines experimental data.

the presence of four oxidizable centers. Such a behavior is theoretically expected if the interactions
between the electrochemically active centers are negligibly small and the charge transfer process is vir-
tually reversible.®”] Simulation of the experimental data allowed to determine the separation between
the standard potential of the four oxidation steps which are summarized in Table 4 and compared to the
corresponding values expected for a simple entropy effect with AEg. 38l

An important observation to note is that experimental square-wave voltammograms are distinctly
broader than expected from the pure entropy effect for a system containing four chemically identical
oxidizable ligands. Moreover, this discrepancy also holds for the differences between the individual stan-
dard potentials of the four oxidation steps, for which significantly larger values are observed than those
estimated from the presence of a solely entropy effect of four chemically equivalent oxidizable fragments
in the system. Remarkably, the standard potential of the fourth oxidation step (Equation (6)) is close to
the potential observed for the corresponding ligand (see Tables 2 and 3).

Table 3. Experimental parameters obtained from simulating square-wave voltammograms of complexes 6-8.

R Me t-Bu OMe

D(107%cm?s™) 4.8 32 40

ES (mV) 451 467 283
ES (mV) 497 503 329
ES (mV) 521 527 35
ES (mV) 558 562 389
ks (cms™) 0170 0.110 0.150

1



Table 4. Separations between the standard potential of individual one electron processes for complexes 6-8 as
compared with value expected from a solely entropy related effect, AEs.

6 7 8 AEg

R Me tBu OMe

E;-E(mV) 46 36 46 25
ES-E3(mV) 24 24 22 21
ES-E3(mV) 37 35 38 25

Spectroelectrochemistry

To further explore the electrochemical oxidation of the complexes 6—8 and to probe the electronic prop-
erties of oxidized species spectroelectrochemical investigations have been performed. In order to ad-
dress this point we first performed spectroelectrochemical measurement for the corresponding ligands
to examine their properties as a basis for the understanding of the related complexes. It has to be noted
here that a general assumption is required for simulating electrochemical data recorded with an optically
transparent thin-layer electrochemical (OTTLE) cell as used in our experiments. Generally, the theoret-
ical model to simulate thin-layer cyclic voltammograms assumes a cell geometry for which one of the
boundaries is a smooth optically transparent electrode, while the other being an optically transparent in-
sulator. However, the experimental thin-layer cell consists of two optically transparent insulators having
a platinum net electrode in between. Consequently, unlike in the case of the simulated cyclic voltam-
mograms, the shape of the experimental ones does not only depend on diffusion processes occurring
perpendicular to the electrode, but also on processes occurring within the meshes of the platinum net.

In Figure 5 the experimental and simulated thin-layer cyclic voltammograms for ligand 3 and com-
plex 7 are depicted as representative examples (for ligands 2 and 4 as well as complexes 6 and 8 see
Figure S19), indicating a suitable agreement and proving the validity of the assumption made to sim-
ulate the data (also cf. Table 2). In fact, it is obvious that the differences between both data sets are
smaller for lower scan rates. This is consistent with the limiting condition that the shape of the thin-layer
cyclic voltammograms becomes independent of the diffusion processes, if the scan rate and/or the cell
thickness tends toward zero.

The UV/vis absorption spectra recorded for ligand 3 during the electrochemical forward and back-
ward scan are depicted as a representative example in Figure 6 (for 2 and 4 see Figure S20). A factor
analysis of the spectra obtained for the three ligands during thin-layer cyclic voltammetry experiments
revealed that only a single optically active species is produced in the forward scan, while in the backward
scan this species is completely consumed, which is consistent with the observed quasi-reversible one-
electron oxidation steps for the ligands in the square-wave voltammetry measurements. Consequently,
it was possible to determine the UV/vis absorption spectra of the corresponding oxidized ligands which
are depicted in Figure 7. The values of the molar extinction coefficients are based on the assumption
that the optical path length of the thin-layer cell is exactly 0.2 mm. However, the uncertainty estimated
for the absolute value is about 10%, despite the fact, that the reproducibility of the individual species
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Figure 5. Thin-layer cyclic voltammograms of ligand 3 (top, ¢ = 2.40 mM) and complex 7 (bottom, ¢ = 0.59 mM) in
dichloromethane solutions using scan rates of 1.25, 2.5, and 5mVs™". Open circles represent simulated and lines
experimental data.

spectra was distinctly better in a series of independent experiments.

The maxima in the observed UV/vis spectra of the oxidized ligands were found at 697, 709, and
774nm for 2, 3, and 4, respectively. This shows a clear trend for the ligands that the lowest energy ab-
sorption is shifted toward higher wavelengths within the series of methyl (2), tert-butyl (3), and methoxy
(4) substitution, which is consistent with the variation of the electronic properties of para substituents
and also reflects the trend observed for the standard potentials (cf. Table 2). Moreover, the observed
trend is also consistent with the values reported for the corresponding symmetrically substituted triph-
enylamines. 349 |nterestingly, the extinction coefficient of the absorption maximum for the methoxy
substitute ligand 4 is significantly larger than those observed for ligands 2 and 3.

Spectroelectrochemical investigations were also performed for the complexes 6—8 by recording
UV/vis absorption spectra during the electrochemical forward and backward scan, which are shown
for 7 as a representative example in Figure 8 (for 6 and 8 see Figure S21). As in the case of the ligands
factor analysis of the spectra of the copper complexes reveals that only a single optically active species
is produced in the forward scan of each thin-layer cyclic voltammetry experiment, which is consumed
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Figure 6. UV/vis spectra recorded during the electrochemical forward (top, blue to red line) and backward (bottom,
red to blue line) scan for ligand 3 (c = 2.40 mM). The difference in potential between successive spectra is 20 mV.
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Figure 7. UV/vis spectra of the oxidized species for ligands 2 (black line), 3 (red line), and 4 (blue line) determined

from spectroelectrochemical experiments.

during the following backward scan. Therefore, the absorption spectra of the oxidized copper complexes
can be extracted from the data, again assuming an idealized optical path length as in the ligand case.
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Figure 8. UV/vis spectra recorded during the electrochemical forward (top, blue to red line) and backward (bottom,
red to blue line) scan for complex 7 (c = 0.59 mM). The difference in potential between successive spectra is 20 mV.

The obtained spectra of the complexes 6-8 are depicted in Figure 9.

For the absorption maxima of the complexes a similar basic trend as in the case of the corresponding
ligands is observed, where again the highest wavelength is found for the methoxy derivative 8. However,
comparing the absorption maxima of the ligands and complexes a slight shift to lower wavelengths is
observed for the complexes with about 5, 6, and 10 nm for 6, 7, and 8, respectively (cf. Figures 7 and 9),
indicative for only minor contributions of the copper paddle-wheel unit on the optical properties of the
oxidized ligand moieties in the complexes. As in the case of the ligands the methoxy derivative shows
the largest extinction coefficient for the absorption maximum. A comparison of the spectra obtained
for the ligands and complexes reveals an approximately four-fold increase in the extinction coefficient
(see Figure S22). Therefore, it is tempting to assume that the complex spectra can be viewed as a
simple sum of four individual ligand spectra. This view is consistent with the fact that only one optically
active species is generated during the oxidation of the complexes 6—8. In fact, there is no indication
for any difference in the spectra of the oxidized species obtained by successive oxidations steps, which
means that all oxidized species [Cu,(aba-R),]™" independent of their charge have the same spectra only
related to the variation of the para substituents. This is further evidenced by the comparison of UV/vis
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Figure 9. UV/vis spectra for the oxidized species of the complexes 6 (black line), 7 (red line), and 8 (blue line)
determined from spectroelectrochemical experiments.

spectra recorded at different potentials during the spectroelectrochemical oxidation, which are related
to different molar fractions of the possible charged species. The latter can be concluded from the fact
that the difference in standard potentials of the four oxidation processes can not solely be related to
the pure entropy term (cf. Table 4). Indeed, applying an appropriate scaling factor the spectra obtained
for intermediate potentials can be superimposed with the spectrum of the fully oxidized complex cation
(see Figure S23 for complex 6 as a representative case).

Chemical oxidation of ligands and complexes

Chemical oxidation of the ligands and complexes was carried out with silver tetrafluoroborate as an oxi-
dantin dichloromethane solution. It was observed that the methoxy derivatives 4 and 8 showed greatest
ease in oxidation, for which it was possible to obtain the oxidized species upon addition of stoichiomet-
ric amounts of oxidant. This is consistent with the appreciably lower standard potential observed for
4 and 8 with respect to the other derivatives (see Tables 2 and 3). The corresponding UV/vis absorp-
tion spectra recorded for the chemically oxidized species of the ligand 4 and complex 8 are depicted in
Figure 10. However, due to their higher standard potentials, the methyl (2 and 6) and tert-butyl (3 and
7) counterparts required an excess of oxidant to obtain the radical species. The corresponding UV/vis
spectra of their chemically oxidized species depicted in Figure S24 are in full agreement with the data
obtained from the spectroelectrochemical experiments (vide supra). It is interesting to note here that the
oxidized species of all ligands and complexes did generally show a remarkable stability, as their spec-
tra did not change appreciably over time for at least several days, particularly when care was taken to
prevent solvent evaporation. This even holds for samples which were appropriately stored in contact to
ambient atmosphere.

To further characterize the oxidized species derived from the ligands 2—-4 and complexes 6—8 room
temperature X-band ESR spectra were recorded. The radicals were obtained by treating solutions of the
ligands and complexes in dichloromethane with an excess of silver tetrafluoroborate, upon which the
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Figure 10. UV/vis spectra for the chemically oxidized species of ligand 4 (top) and complex 8 (bottom: different
stoichiometric ratios of oxidant) measured in dichloromethane.

solutions turned deep blue-violet to give the corresponding radicals. The ESR spectra recorded for the
chemically oxidized species of the ligand 4 and complex 8 are depicted in Figure 11 (for ESR spectra of
2,3, 6, and 7 see Figure S25).

The observed g factor for all compounds is close to the expected value for the free electron at about
2.003 as expected for triarylamine radicals. The ESR spectra for the oxidized radical species of the
methoxy substituted ligand 4 and complex 8 show a well-resolved hyperfine coupling of the electron spin
to the nuclear spin of the nitrogen atom (*N: I = 1) of the triphenylamine moiety of 22 MHz (0.79 mT).
This is well within the expected range usually reported for triarylamine radicals.*3%4" A similar behavior
is observed for the compounds with tert-butyl substitution (3 and 7) for which the hyperfine coupling
is found to be 25MHz (0.89 mT). For the methyl derivatives the hyperfine coupling is not resolved in
the spectra (cf. Figure S25). Therefore, the hyperfine coupling can only be estimated to about 22 MHz
(0.79 mT). The observed values for the hyperfine coupling constants are consistent with a nearly planar
geometry at the nitrogen atom of the triphenylamine moiety as observed in the crystal structures.0
Moreover, all radicals exhibit an isotropic signal with g values typical for triarylamine radicals. Comparing
the ESR spectra and the fit parameters obtained from simulation it is obvious that there is very little

variation between the ligands and their corresponding complexes, indicative for an only minor influence
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Figure 11. X-band ESR spectra for the oxidized ligand 4 (top) and complex 8 (bottom) measured in dichloromethane

solution at room temperature (¢ = 0.223 mM for 4 and 8; ¢ ~ 1 mM for the oxidant).

of the central dicopper unit on the coordinated triphenylamine radicals.

To further elucidate the character of possible interactions between the oxidized ligand backbone and
the central paddle-wheel core, BS-DFT calculations for the corresponding radical cations of the com-
plexes [Cuy(aba-R)4(dmf),]*" with fully oxidized triphenylamine moieties have been performed based on
the molecular structures of the neutral complexes 5—8 derived from crystallography. The results of these
BS-DFT calculations are summarized in Table S9 and the corresponding spin density distributions of the
cationic radical species 5*"-8*" are depicted in Figures S26—-S29. The data confirms that the unpaired
spin density of the radicals is mainly localized at the central nitrogen atoms of the triphenylamine lig-
and moieties, which is in agreement with the observed hyperfine coupling in the ESR experiments. The
BS-DFT calculations reveal a rather small ferromagnetic exchange coupling between the organic radi-
cals and the copper(ll) ions of the core unit in the order of 2-3 cm™. This again is consistent with the
observed ESR spectra indicative of independent nitrogen-centered radicals. It should be noted that the
exchange coupling between the two copper(ll) ions within the paddle-wheel core is two orders of mag-
nitude larger than their coupling with the coordinated radical cations, a situation which has also been
observed for dinuclear copper paddle-wheel complexes with coordinated radical ligands on the basis
of magnetic susceptibility measurements.? This consequently leads to a situation where the radical
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species can be regarded as virtually independent, which is consistent with the observations from ESR
spectroscopy as well as electrochemistry.

Additional theoretical calculations to investigate the possible magnetic exchange between the
organic radicals in the fully oxidized species have been performed utilizing the model systems
[Zn,(aba-R)4(dmf),]**, where the copper ions have been replaced by zinc(ll) ions. Generally, due to the
arrangement of the four aryl carboxylates at the paddle-wheel core, two different magnetic couplings
between the organic radicals are possible based on their relative position which can be cis or trans (Jgs
and Jians). The detailed results are summarized in Table S10 and the corresponding spin density distri-
butions are depicted in Figures S30—S34. The BS-DFT calculations revealed an almost negligible antifer-
romagnetic coupling between the organic radicals for both possible type of interactions (Jss = —0.09
t0 —0.22cm™; Jyrans = 0 to —0.09 cm™).

Conclusions

In summary, we have reported on four new monocarboxyl triphenylamine based ligands Haba-R (1-4)
with varying substitution at the remaining para postilions of the phenyl rings and the corresponding
dinuclear cooper(ll) complexes (5-8). All complexes adopt the common paddle-wheel arrangement for
the dinuclear core, where the remaining axial coordination site at the copper(ll) ions is occupied by a
dmf molecule. The four complexes 5-8 have been fully characterized toward their structural and mag-
netic properties. A strong antiferromagnetic coupling between the copper(ll) ions of the paddle-wheel
core was observed and could be confirmed by BS-DFT calculations. Moreover, the variation of the sub-
stitution at the triphenylamine moieties did not show a significant influence on the observed magnetic
exchange. Although triphenylamine derivatives have been widely studied due to their electrical conduc-
tivity, electroluminescence, and hole-transport properties, reports on their redox behavior and the inter-
actions of their corresponding radical species within metal bonded systems are scarce. In the present
work detailed electrochemical and spectroelectrochemical investigations of the triphenylamine-based
ligands and complexes have been performed. For the para substituted ligands (2-4) and complexes
(6-8) electrochemistry demonstrates the expected behavior leading to highly stable oxidized species
for both ligands and complexes. Spectroelectrochemical experiments allowed us to characterize the
properties of these oxidized radical species and to elucidate their interactions with the central dicopper
core. It was found that the UV/vis and ESR spectroscopic properties do not significantly vary between
the oxidized radical species derived from the ligands and the complexes, indicating that only small inter-
actions between the radical species and the copper(ll) ions can be present. This was further confirmed
by BS-DFT calculations which show that the exchange interactions of the coordinated radicals with the
copper(ll) ions of the core unit are weak ferromagnetically coupled, but about two orders of magnitude
smaller than the magnetic coupling within the dinuclear paddle-wheel core. Moreover, BS-DFT calcula-
tions for the fully oxidized complexes further indicate a very weak antiferromagnetic coupling among the
ligand radicals. In the case of the presented complexes this leads to the observation of virtually inde-
1+

pendent radical species in the full oxidized complex species [Cuz(aba-R)4(dmf),]*". As a consequence,
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triphenylamine derivatives as linkers can be regarded as promising candidates for obtaining new coordi-
nations polymers and MOFs that can lead to new magnetic materials via oxidation of the amine nitrogen
leading to the generation of extra spin centers within the frameworks, which in turn can allow to transmit
and trigger the magnetic exchange interactions between the paramagnetic metal ions of corresponding
frameworks. However, this will preferentially require frameworks that contain metal ion building units,
which are either based on mononuclear paramagnetic metal ions or exhibit magnetic interactions within

the metal clusters that are in the same order of magnitude as those with the bridging linkers.

Experimental Section

Materials

All starting chemicals are commercially available and were used without further purification. The methyl
4-aminobenzoate was prepared as reported in literature. 3! Also the Buchwald—Hartwig coupling proce-
dure utilized in the syntheses of the ligands 2, 3, and 4 was adapted from literature. 26! The syntheses of
the complexes 5, 6, and 8 were carried out in Teflon-lined acid digestion vessels from Parr Instruments.

Physical measurements

'H and 'C NMR spectra were recorded with Bruker Avance 400 and 600 MHz spectrometers. '"H NMR
assignments and comparison of the data for 1-4 are presented in Figure S35 and Table S11. Thermo-
gravimetric analysis (TGA) on powdered samples was performed using a Netzsch STA409PC Luxx ap-
paratus under constant flow of air ranging from room temperature up to 1000 °C with a heating rate of
5°Cmin~'. Mass spectra were measured on a Bruker MAT SSQ 710 spectrometer. Elemental analyses
were determined on a Leco CHNS/932 and a VARIO EL Ill elemental analyzer. The FT-IR spectra were
measured using the Specac Diamond ATR optional accessory on an VERTEX70 spectrometer by Bruker
Optics. The UV/vis spectra were obtained on a Varian Cary5000 UV/vis/NIR spectrometer, while the
fluorescence spectra were measured on a JASCO FP-6300 spectrofluorometer.

Syntheses

4-(diphenylamino)benzaldehyde: ¥ Triphenylamine (3.0 g, 12.2 mmol) was dissolved in dmf (150 mL)
under stirring at 0 °C. The stirring was continued for 10 min and subsequently POCI; (1.2 mL) was added
dropwise. After complete addition, the mixture was refluxed under N, atmosphere for 22 h. The dark
mixture was then allowed to cool to room temperature and added into ice water (100 mL). The mixture
was then neutralized with aqueous NaOH and extracted with CH,Cl, (3 x 100 mL). The combined organic
layers were washed with water (2 x 100 mL) and dried with anhydrous sodium sulphate. The product
was then purified using flash column chromatography (hexane/ethyl acetate 5:1). Yield: 2.4g, 72%; H
NMR (400 MHz, CDCl3, 25 °C): 6 =9.81 (s, TH, CHO), 7.68 (d, J = 8.7 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.15-
7.19 (m, 6H), 7.02 ppm (d, J = 8.7 Hz, 2H); *C NMR (101 MHz, CDCls, 25 °C): 6 =190.6, 153.5, 146.3, 131.5,
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129.9, 129.3 126.5, 125.3, 119.5 ppm; IR (ATR, cm™"): & =3063 (w), 1675 (s), 1581 (s), 1564 (m), 1487 (s),
1328 (s), 1285 (vs), 1218 (s), 1155 (m).

4-(diphenylamino)benzoic acid (Haba, 1): To a solution of 4-(diphenylamino)benzaldehyde (2.0g,
7.3mmol) in acetone (60 mL) was added dropwise an aqueous solution (80 mL) containing K,CO3 (0.7 g,
5.1mmol) and KMnOQy4 (4.56 g, 29.2 mmol). The mixture was refluxed for 12 h overnight and subsequently
filtered over a celite pad while still hot. The filtrate was then acidified using concentrated aqueous HCI,
upon which the solution turned cloudy. The light yellow precipitate obtained was then filtered off, washed
and dried overnight in an oven at 80 °C. Yield: 1.56 g, 76 %; 'H NMR (600 MHz, dmso-dg, 25 °C): § =12.48
(s, TH, COOH), 7.79 (d, J = 8.8 Hz, 2H), 7.39 (t, J=7.9 Hz, 4H), 7.18 (t, J=7.4Hz, 2H), 7.13 (d, J=7.6 Hz,
4H), 6.88 ppm (d, J = 8.8 Hz, 2H); BC NMR (151 MHz, dmso-dg, 25 °C): 6 =166.9, 151.3,146.1,130.8, 129.9,
125.7,124.7,122.4, 119.1 ppm; IR (ATR, cm™): 7 =3063 (w), 1665 (s), 1608 (m), 1583 (s), 1510 (m), 1488
(s), 1430 (m), 1415 (m), 1316 (s), 1271 (vs), 1177 (s), 1074 (m), 1028 (w), 949 (m); UV/vis spectra see Fig-
ure S36; EI-MS: m/z (%): 289 (100) [M]*; elemental analysis calcd (%) for C1gH15NO, (289.33 gmol™): C
78.87,H 5.23, N 4.84; found: C 78.64, H 5.11, N 4.89.

4-(bis(4-tolylphenyl)amino)benzoic acid (Haba-Me, 2): To a solution of Pd(OAc), (36 mg, 0.16 mmol) in
degassed toluene (20 mL) P(t-Bu)s (0.19 mL, 0.48 mmol, 0.5 gmL™" in hexane) was added, which was
then stirred for 15 min at room temperature. Subsequently 4-bromotoluene (1.57 g, 9.6 mmol), methyl
4-aminobenzoate (0.48 g, 3.2 mmol), and Cs,C03(2.6 g, 8.0 mmol) were added to this solution. The re-
sulting mixture was refluxed for 5 days. After this period the reaction mixture was allowed to cool to
room temperature and poured into dichloromethane (60 mL). After filtration over a celite pad the filtrate
was loaded onto silica gel by adding the silica (about 10 g) to the filtrate and evaporating all volatiles from
the mixture. The loaded silica gel was used for flash column chromatography (chloroform/hexane 2:1)
from which a yellow oil was obtained. A mixture of aqueous KOH solution (30 mL, 30 %) and methanol
(30 mL) was added and the reaction mixture refluxed overnight. Subsequently, the resulting mixture was
filtered over a celite pad while still hot. The filtrate was acidified with concentrated aqueous HCI to give
a colorless precipitate, which was filtered off, washed, and dried overnight in an oven at 80 °C. Yield:
0.654, 64 %; '"H NMR (400 MHz, dmso-ds, 25 °C): § =7.73 (d, J=8.9 Hz, 2H), 7.18 (d, J = 8.2 Hz, 4H), 7.02
(t, J=8.3Hz, 4H), 6.77 (d, J=8.3Hz, 2H), 2.28 ppm (s, 6H, Me); *C NMR (100 MHz, dmso-dg, 25°C):
§=167.04,151.67,143.53,134.21,130.42, 126.04, 121.44, 117.75, 20.51 ppm; IR (ATR, cm™"): &7 = 3024 (w),
1667 (s), 1594 (s), 1505 (s), 1416 (m), 1315 (s), 1280 (vs), 1175 (s), 949 (w); UV/vis spectra see Figure S37;
EI-MS: m/z (%): 317 (100) [M]*; elemental analysis calcd (%) for Co1H1gNO, (317.38 gmol™"): C 79.47, H
6.03, N 4.47; found: C 79.53, H 5.99, N 4.43.

4-(bis(4-tert-butylphenyl)amino)benzoic acid (Haba-tBu, 3): The procedure described for 2 was
adopted for the coupling of 4-tert-butylbromobenzene (1.7 mL g, 9.9 mmol) utilizing the similar reac-
tion conditions and compounds (Pd(OAc),: 37 mg, 0.177 mmol; P(t-Bu)s: 0.20 mL, 0.5 mmol; methyl 4-
aminobenzoate: 0.50 g, 3.3 mmol; Cs,CO03: 2.7 g, 8.3 mmol) as well as solvent (toluene: 20 mL). The final
reaction mixture was allowed to cool to room temperature and poured into dichloromethane (60 mL).
After filtration over a celite pad the filtrate was loaded onto silica gel by adding the silica (about 10 g) to
the filtrate and evaporating all volatiles from the mixture. The loaded silica gel was used for flash column
chromatography (chloroform/hexane 2:1) from which a brown solid was obtained. A mixture of aqueous
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KOH solution (30 mL, 30 %) and methanol (60 mL) was added and the mixture refluxed overnight. The
reaction mixture was then filtered hot over a celite pad and subsequently acidified with concentrated
aqueous HCI to give a colorless precipitate, which was filtered off, washed, and dried overnight in an
oven at 80 °C. Yield: 0.97g, 91%; 'H NMR (400 MHz, dmso-dg, 25°C) 6 =7.74 (d, J=8.9Hz, 2H), 7.38
(d, J=8.2Hz, 4H), 7.05 (d, J=8.3Hz, 4H), 6.78 (d, J=8.3 Hz, 2H), 1.27 ppm (s, 18H, CMes); °C NMR
(100 MHz, dmso-dg, 25°C) 6 =167.5, 152.0, 147.7, 143.8, 131.3, 127.1, 125.1, 122.0, 118.3, 34.7, 31.6 ppm;
IR (ATR, cm™"): o = 3024 (w), 1667 (s), 1594 (s), 1505 (s), 1416 (m), 1315 (s), 1280 (vs), 1175 (s), 949 (w);
UV/vis spectra see Figure S38; EI-MS: m/z (%): 401 (85) [M]*; elemental analysis calcd (%) for Co7H31NO,
(401.54gmol™"): C 80.76, H 7.78, N 3.49; found: C 80.96, H 7.89, N 3.50.
4-(bis(4-methoxyphenyl)amino)benzoic acid (Haba-OMe, 4): The procedure described for 2 was
adopted for the coupling of 4-bromoanisole (3 mL, 23.7 mmol) utilizing the similar reaction conditions
and compounds (Pd(OAc),: 88 mg, 0.4 mmol; P(t-Bu)z: 0.48 mL, 1.2 mmol; methyl 4-aminobenzoate:
1.2g,7.9 mmol; Cs,CO3: 6.6 g, 19.8 mmol) as well as solvent (toluene: 20 mL). The reaction mixture was
allowed to cool to room temperature and poured into dichloromethane (150 mL). After filtration over a
celite pad the filtrate was loaded onto silica gel by adding the silica (about 10 g) to the filtrate and evap-
orating all volatiles from the mixture. The loaded silica gel was used for flash column chromatography
(chloroform/hexane 2:1) from which a colorless oil was obtained. A mixture of aqueous KOH solution
(30mL, 30 %) and methanol (30 mL) was added and the mixture refluxed overnight. The resulting mix-
ture was filtered hot over a celite pad followed by acidification with concentrated aqueous HCI to give
a light brown precipitate, which was filtered off, washed, and dried overnight in an oven at 80 °C. Yield:
1.22 g, 46 %; "H NMR (400 MHz, CDCls, 25°C) 6 = 7.84 (d, J=8.9 Hz, 2H), 7.12 (t, J = 8.9 Hz, 4H), 6.88 (d,
J=8.9Hz, 4H), 6.81(d, J = 8.9 Hz, 2H), 3.81ppm (s, 6H, OMe); *C NMR (100 MHz, CDCls, 25°C) 6 =171.1,
157.0, 153.4,139.3, 131.6, 127.9, 119.0, 116.8, 115.0, 55.3 ppm; IR (ATR, cm™): & = 3394 (w), 1666 (s), 1594
(m), 1502 (m), 1462 (m), 1317 (s), 1280 (vs), 1174 (s), 1126 (w), 1033 (w), 930 (w); UV/vis spectra see
Figure S39; EI-MS: m/z (%): 349 (100) [M]*; elemental analysis calcd (%) for C21H19NO, (349.38 gmol™):
C72.19,H 5.48, N 4.07; found: C 72.02, H 5.38, N 4.09.

[Cuz(aba)s(dmf),] (5): A mixture of the ligand Haba (1, 0.05 g, 0.1773 mmol) and Cu(NO3),-3H,0 (0.08 g,
0.34 mmol) in dmf (4 mL) was stirred for 1h. The resulting green solution was transferred into a 23 mL
Teflon-walled Parr acid digestion bomb. The reaction container was placed in an oven and heated at
110 °C for 24 h under autogenous pressure followed by cooling at a constant rate of 0.2 °C min~". Allowing
the resulting reaction solution to stand for a few hours at room temperature led to the formation of green
crystals from the brown mother liquor. The crystals were filtered off, washed with dmf until the wash fluid
was no longer colored and dried in vacuo. Yield: 48 mg, 66 %; IR (ATR, cm™): & =1667 (m), 1608 (s), 1587
(s), 1558 (w), 1488 (m), 1391 (vs), 1317 (m), 1274 (s), 1176 (m), 1100 (w), 1090 (w); UV/vis spectra see
Figure S36; elemental analysis calcd (%) for 5- 4 dmf, Co4HogCusN1gO14 (1718.93 gmol™"): C 65.68, H
5.75,N 8.15; found: C 66.10, H 5.74, N 8.05.

[Cuz(aba-Me)4(dmf),] (6): The ligand Haba-Me (2, 0.15g, 0.476 mmol) and Cu(NO3),-3H,0 (0.23 g,
0.952 mmol) were dissolved in dmf (4 mL) and stirred overnight. The resulting green solution was then
transferred into a 23 mL Teflon-walled Parr acid digestion bomb. The reaction vessel was placed in an
oven to heat at 110 °C for 24 h under autogenous pressure followed by cooling at a constant rate of
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0.2°Cmin~". The insoluble products were separated by centrifugation leading to a clear supernatant,
which was separated and carefully layered by methanol (1mL) on top. However, the solvent layer separa-
tion disappeared within about 15 min leading to a clear solution from which a light green precipitate was
formed after a few hours. The precipitate was filtered off and washed with methanol. Additional product
could be isolated from the filtrate as green block crystals after allowing it to stand for a few days. The
combined product was dried in vacuo. Yield: 126 mg, 68 %; IR (ATR, cm™): #=1667 (m), 1608 (s), 1599
(s), 1504 (s), 1394 (vs), 1316 (s), 1267 (s), 1169 (s); UV/vis spectra see Figure S37; elemental analysis
calcd (%) for 6 1.5H50, CogHgoCuaNgO115 (1565.79 gmol™) C 69.04, H 5.73, N 5.37 found: C 68.73, H
5.46,N 5.43.

[Cuz(aba-tBu)4(dmf),] (7): A mixture of the ligand Haba-tBu (3, 0.05 g, 0.124 mmol) and Cu(NO3),-3H,0
(0.03g, 0.124 mmol) in dmf (2mL) was stirred for 1h followed by heating at 110 °C for 30 min. The
resulting green solution was allowed to stand leading to green crystals being formed after a few days.
The crystalline material was separated, washed with dmf, and dried in vacuo for 4 h to obtain the dried
material. Yield: 39 mg, 16 %; IR (ATR, cm™): & =2962 (m), 1671 (s), 1699 (s), 1506 (s), 1485 (s) 1397 (vs),
1321 (s), 1267 (m), 1176 (s), 1146 (w), 1063 (m); UV/vis spectra see Figure S38; elemental analysis calcd
(%) for 7 - dmf-H,0, Ci17H143Cu2N7012 (1966.51g mol™): C 71.46, H 7.33, N 4.99; found: C 71.52, H 7.11,
N 4.95.

[Cu,(aba-OMe),(dmf),] (8): Solutions of the ligand Haba-OMe (4, 0.04 g, 0.114 mmol) in dmf (1.5mL)
and Cu(NO3)2-3H,0 (0.014 g, 0.057 mmol) in dmf (1.5 mL) were mixed in a 23 mL Teflon-walled Parr acid
digestion bomb and stirred for 1h at room temperature. Subsequently, the mixture was heated under
autogenous pressure at 110 °C for 24 h followed by cooling at a constant rate of 0.2 °Cmin™". From the
mother liquor which was allowed to stand undisturbed dark green micro-crystals were obtained. The
micro-crystalline material was filtered off, washed with dmf until the wash fluid was no longer colored,
and dried for Th in vacuo. Crystals suitable for X-ray studies were obtained by stirring a mixture of ligand
and metal salt in dmf for about 20 min followed by slowly layering methanol on top of the mixture. Both
solvents were allowed to slowly evaporate over 4 weeks to yield green crystals of 8, which were dried in
vacuo. Yield: 61mg, 32 %; IR (ATR, cm™): #=1660 (m), 1600 (s), 1557 (s), 1391 (vs), 1319 (s), 1274 (M),
1239 (vs), 1182 (s), 1144 (w), 1088 (m); UV/vis spectra see Figure S39; elemental analysis calcd (%) for
CgoHgsCu2NgO1g (1666.77 gmol™): C 64.85, H 5.20, N 5.04; found: C 64.95,H 5.16, N 5.37.

Synthesis of radical cations

Excess of silver tetrafluoroborate (2mM in CH,Cl,) was added into dilute solutions of the compounds
in dichloromethane (=~ 10~ M) leading to deep blue-violet solutions which were centrifuged. The clear
supernatant was decanted off and used for collection of ESR as well as UV/vis spectroscopic data. The
obtained solutions of the oxidized radical cations were observed to be stable for several days, as no
spectral changes could be detected within this period.
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Voltammetry

CV measurements: Cyclic Voltammetry measurements were carried out at room temperature using a
Reference 600 potentiostat (GAMRY Instruments). For the measurements of the ligand Haba (1) and its
copper complex 5 in dichloromethane solution a Pt electrode was employed with 0.1 M tetrabutylammo-
niumperchlorate (TBAP) as co-electrolyte. A scan rate of 1 Vs~ was used and the reference electrode
was a Ag/AgCl electrode.

Square-wave measurements: Square-wave voltammetric measurements were conducted on the substi-
tuted ligand analogues 2—-4 and their copper complexes 6—8, utilizing a three-electrode technique using
the same potentiostat as above. The instrument was controlled by the DigiElch 8 software (available from
GAMRY). This program provides not only routines for the digital simulation of electrochemical experi-
ments but also those for performing the measurements in a consistent way making use of the GAMRY
Electrochemical Toolkit library. The square-wave voltammograms were measured in dichloromethane
(containing 0.25M tetra-n-hexylammoniumperchlorate) under a blanket of solvent-saturated nitrogen
gas using a square-wave signal with an amplitude of 25mV and potential steps of 5mV in all exper-
iments. The ohmic resistance, which had to be compensated for, was determined by measuring the
impedance of the system at potentials where the faradaic current was negligibly small. Background
correction was accomplished by subtracting the current curves of the blank electrolyte (containing the
same concentration of supporting electrolyte) from the experimental square-wave voltammograms. The
working electrode was an 1.6 mm carbon disk electrode (ALS Japan). A Ag/AgCl electrode in acetonitrile
containing 0.25 M tetra-n-butylammonium chloride served as reference electrode. All potentials reported
in this paper refer to the ferrocenium/ferrocene couple, which was always measured at the end of a series

of experiments.

Spectroelectrochemisty

Spectroelectrochemical experiments were performed using the Reference 600 potentiostat in combina-
tion with an AvaSpec 2048 spectrometer and an Avalight-DHc light-source (both from Avantes, Apel-
doorn, The Netherlands). The synchronization between potentiostat and spectrometer as well as the si-
multaneous recording of spectra and current curve was accomplished by the SPELCH software module
included in DigiElch 8. A commercially available optically transparent thin-layer electrochemical (OTTLE)
cell (University of Reading) with an optical path length of about 0.2 mm was used in all experiments. The
cell consists of two platinum net electrodes serving as working and counter electrode. The (pseudo-)
reference electrode is a silver wire. All spectra are difference spectra with respect to the spectrum of the
starting material, which was taken as reference spectrum.

Magnetic measurements and ESR spectroscopy

The magnetic susceptibility was measured on bulk vacuum dried materials in the 4-300K tempera-
ture range with a Quantum Design MPMS-5 superconducting SQUID magnetometer. The measured data
were corrected for diamagnetism of the capsules used and the intrinsic diamagnetism of the constituent
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atoms using Pascal constants. The ESR spectra were recorded at room temperature using an X-Band
ELEXSYS E500 spectrometer from Bruker equipped with a SHQE resonator. The simulation of the exper-
imental data was performed with EasySpin. 44

X-ray Diffraction

The single crystal X-ray data for the compounds 5-8 were collected on a Nonius KappaCCD diffractome-
ter, using graphite-monochromated Mo-K,, radiation (A = 71.073 pm). Data were corrected for Lorentz
and polarization effects, absorption was taken into account on a semi-empirical basis using multiple-
scans. % The structures were solved by direct methods (SHELXS!6!) and refined by full-matrix least-
squares techniques against F,2 (SHELXL-2014[461) All hydrogen atoms were included at calculated po-
sitions with fixed thermal parameters. All non-disordered, non-hydrogen atoms were refined anisotropi-
cally.1l The crystals of 5 and 7 contain large voids, filled with disordered solvent molecules, with a size
of 821 x 10° pmS3/unit cell and 554 x 10® pm®/unit cell for 5 and 7, respectively. Their contribution to the
structure factors were secured by back-Fourier transformation using the SQUEEZE routine of the pro-
gram PLATON ¥ resulting in 376 electrons/unit cell, respectively. Crystallographic data as well as struc-
ture solution and refinement details are summarized in Table S2. Diamond 4.2.2,148] Olex 1.2.9,14%! and
ORTEP-350 were used for structure representations. CCDC 1521017-1521020 contain the supplemen-
tary crystallographic data for complexes 5—8. These data are provided free of charge by the Cambridge
Crystallographic Data Centre (http://www.ccdc.cam.ac.uk). The powder measurements were performed
on a Stoe Powder Diffractometer with a Mythen 1K detector at room temperature. Measurements were
done using capillary tubes while the Debye—Scherrer Scan Mode was applied with a 26 scan type. The
X-ray tube was a Cu-long fine focus tube. The measurement was carried out between 2 and 50° with
steps of 2.1° per 20 seconds.

Computational details

The structures used for calculations are based on the single-crystal structure data of 5-8 as all atomic
positions of non-hydrogen atoms are concerned. The positions of all hydrogen atoms were optimized in
the high-spin state (S = 1) at RI-DFT®"/PBE52/def2-SVP53! |evel of theory utilizing the TURBOMOLE
6.6 package of programs.[54 For broken-symmetry DFT (BS-DFT) calculations the PBEO hybrid func-
tional 5255 was employed in combination with highly polarized triple-¢ def2-TZVPP basis sets. %3 The
coupling constants were obtained by Yamaguchi's approach (Equation (7)) for an isotropic Heisenberg
Hamiltonian (H = —J$;S,). 50!

2 (Egs — Ens)

= 5% — (S2s)

)
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1 Thermogravimetric analysis
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Figure S1: Thermogravimetric data for complexes 5 (top left), 6 (top right), 7 (bottom left), and
8 (bottom right).
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2 Additional structural data

Figure S2: Molecular structure and numbering scheme of 5. The ellipsoids are drawn at the
40% probability level. Hydrogen atoms are omitted for clarity. Individual phenyl rings of the
triphenylamine fragments are labeled by numbers encased in ovals.



oo DMI (4 —

2 AON = °N)/[5(;°4 = ;MK = s [9]
‘¢/(;°4)xeN + ,°42] = d pue dq + ,(ge) +
2 oM G = 2ym pue o] K/ (I1P4] = [°4ID KX =y [q]

"S9|NO3|OW JUSA|OS PAISPIOSIP B JO UOIINGLIIUOD dY) UIBIUOD 10U Op Ssiaiaweled paals( [e]

(;°4)72 = | _mMyum

9Y/°0/€€9°0 9%/°0/€89°0 9Y/°0/¥€9°0 9¥/'0/6G9°0  X®W[/“W| suoioa1100 uondiosqy
ueods-inwi ueos-nnw ueos-njnw ueas-ijnw poylawl CO:.Q\_Omn_<
G9E'0—/2LS0 29L°0—/LVL'L  ¥S9°0—/LSL°0 6S€°0—/€25°0 (gwd 40L) Aususp uouoae [enpissy
Ll £90°L 090°L 090°L 0] S

02500 6L80°0 LLEO0 ELY00 (o <1) 'y
L60L°0 92€2°0 86800 9600 [q(B¥ep |[B) cym
(8€20°0)9€06 (8€€0°0)9LLLL (8€L0°0)08S6 (L0Z0°0)L90L (*'y) erep anbiun
L06. 9Z1L6 9/68 0£56 (1)9Z < |yum eleq

6ETEL 8/56L 969€L ov6iL elep painsea|y

0S°/¢ GE'GT 6v°LC 0S°/¢ (o) **%p

£0°9 El6'€ 89°G 1667 (g—wo) 77

v8eL 9001 0LT'L [/€00°L (g-wo6b)d

L L L L z

(L)¥¥ 0002 (LLYL9zLE (9)06°£0L2 (6)2529¢€T (gwd 40L) A
(1)2s.'89 (2)18£89 (1)sLz'S6 (LgzeelL (o) &
(L¥¥9°6L (L)e8L'68 (L)zeoLL (L)285°L6 ()9
(1)569'99 (2)8eL 9L (L)/S6°ZLL (L)L80'L6 (o)
(€)6°5TSL (9)¥5°506L (e)vevssL (€)86°ZLYL (wd)o
(e)zg9etL (¥)80°L6YL (£)9s ovel (e)ev'LovL (wd) q
(Q)vLL90L (¥)go9LzL (£)99'802L (e)LL822L (wd) e

Ld Ld Ld Ld dno.b aoeds

o1uIoL} oIuIoL} o1UIoL} o1UIoL} walsAs [e1sA1D
(2)ovL- (@)ovL- (@)ovL- (@)ovL- (0.) aimesadwa]
€/°999L []9€€68L Z8'119L (€25 9Tyl y61em ejnwio
8LH9NZND98H 06 _m_:oozuzoomfi_o LLOLNZNEOHEB Eo_oostoomeo ejnwioy [eouidwy
8 L 9 S soxa|dwo)

'8—G soxa|dwod 1o} sisleweled Juswaulyal ainjoniis pue elep olydeibojeisAi) :Zs a|qel



\.C18
- C17
c19
& > 2 20 c15 CO
(¥ \ cs » O
c4 N1\ @ c1ideh 14
B = ® o
) \, C13 &7
‘lv@« C12
c2p—%,
{1
) 02
I
C22\ 03 WWD
p— c28.-0C23 C2D
of » 9 C24
B~ C27% @

g 3 N “ Y9C25
- C20% c37
O~ N1 :

7
% ©C30 C N2
KW C31 ¥

& % B =C33

C35 &C”

Figure S3: Molecular structure and numbering scheme of 6. The ellipsoids are drawn at the
40% probability level. Hydrogen atoms are omitted for clarity. Individual phenyl rings of the
triphenylamine fragments are labeled by numbers encased in ovals.
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Figure S4: Molecular structure and numbering scheme of 7. The ellipsoids are drawn at the
40% probability level. Hydrogen atoms are omitted for clarity. The dmf molecule coordinated
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triphenylamine fragments are labeled by numbers encased in ovals.
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Figure S5: Molecular structure and numbering scheme of 8. The ellipsoids are drawn at the
40% probability level. Hydrogen atoms are omitted for clarity. Individual phenyl rings of the
triphenylamine fragments are labeled by numbers encased in ovals.
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Table S3: Selected bond lengths and distances (in pm) for the Cu(ll) ions in 5—8 compared with

average values obtained from the CSD database.

5 6 7 8 CSDay
Cu1-01 196.10(12)  195.67(12) 195.1(3)  195.26(18)
Cul-02A  196.22(12) 197.42(12) 196.6(3)  196.91(17) 49)
Cul-03A  196.87(13) 196.32(12) 196.2(3)  196.53(18) '
Cul-04 195.40(12) 195.93(12) 195.5(3)  196.20(17)

C1-01 126.5(2)  126.3(2)  125.7(5) 126.6(3)

C1-02 126.6(2)  126.2(2)  126.7(5) 126.4(3) 126.1(8)
C20-03 126.5(2)  126.3(2)  126.8(5) 125.8(3) '
C20-04 126.3(2)  126.6(2)  125.3(5) 126.6(3)

Culi--CulA 260.77(4) 258.97(4) 262.14(9) 260.84(6) 262.6(12)
Cu-01Dll  214.77(12) 215.77(12) 216.5(3)  218.66(18) 214.5(18)
Cui--[0,]®T  18.0(1) 17.2(1) 19.0(1) 18.2(1) 19.6(7)

[a] Oxygen donor of the apical dmf molecule.
[b] Displacement of the Cu(ll) ions from the basal [0,] plane.
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Figure S6: Representation of the dihedral angles ¢ between the plane given by the three carbon
atoms at the amine nitrogen (violet) and phenyl rings (grey) in the complexes. See Table S4 for
more details.

Figure S7: Representation of the dihedral angles 6 between the plane given by the carboxylate
group (blue) and the attached phenyl ring of the triphenylamine moiety (red) in the complexes.
See Table S5 for more details.
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Figure S8: Representation of the N- - - N separations between the triphenylamine moieties within
the complexes 5—8. See Table S5 for more details.
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Table S4: Dihedral angles ¢ (in °) between individual phenyl rings (for numbering see Figs. S2—
S5) and the amine planes given by the mean plane defined by the three carbon atoms bound to
the amine nitrogen for complexes 5-8 (see Fig. S6) as well as the displacement (in pm) of the
nitrogen atom from the latter mean plane.

R o) 62 ¢B) NI--[Cl¥  ¢(4)  ¢(5) ¢(6) N2---[C5]?

Ph—CO, Ph—R Ph-R Ph—CO, Ph—R Ph-R
5 H 41.9 412 36.3 5.5 28.2 60.2 38.9 1.3
6 Me 317 371 461 4.9 34.3 46.5 454 6.8
7 tBu 541 32.0 411 9.9 34.6 46.8 45.0 4.2
8 OMe 211 63.9 40.2 12.4 21.7 58.7 654 154

[a] Deviation of the nitrogen atom from the mean plane of the bonded carbon atoms.

Table S5: Dihedral angles 4 (in °) between individual planes given by the mean plane defined by
the carboxylate group and its attached phenyl ring of the triphenylamine moiety (see Fig. S7) as
well as the distances (in pm) between the nitrogen atoms of the triphenylamine moieties (see
Fig. S8) of complexes 5-8.

R 0(1)  0(4)  0a I A d
5 H 150 6.7 10.9 11418 1184.7 16448
6 Me 52 9.0 7.1 1100.0 1226.1 1646.0
7 tBu 74 208 14.1 1145.4 1179.6 1645.7
8 OMe 88 278 18.3 1088.0 1234.6 1649.6

14



3 Powder diffraction data
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Figure S9: Powder diffraction data for the complexes 5 (top left), 6 (top right), 7 (bottom left),
and 8 (bottom right).
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4 Magnetic properties
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Figure S10: Temperature dependence of the magnetic susceptibility ypmT for 6 (top), 7 (bottom
left), and 8 (bottom right) at an applied field of 2 kOe. The solid red lines represent the best fit.
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5 BS-DFT investigations on the complexes

Table S6: Detailed BS-DFT results for the complexes 5-8 (for further details see the computa-
tional details in the experimental section of the manuscript).

state 2S5 +1 Eejec /au <Sz> Jealeq / €M1

5 HS 3 —7525.09675 2.00444 —345
BS 1 —7525.09754 0.99636

6 HS 3 —8087.67964 2.00449 —351
BS 1 —8087.68045 0.99613

7(A) HS 3 —8781.93088 2.00438 —336
BS 1 —8781.93165 0.99655

7(B)® HS 3 —8781.92449 2.00442 —346
BS 1 —8781.92528 0.99622

8 HS 3 —8440.64954 2.00445 —345
BS 1 —8440.65033 0.99622

@ The structure of 7 contains a disorder of the dmf co-ligands on two positions (ratio 1:1).
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Figure S11: Spin-density isosurfaces (0.01 au; turquoise: net o« density; orange: net 3 density)
for the high-spin (left) and broken-symmetry (right) state of 5 obtained with DFT/PBEQ/def2-
TZVPP. Hydrogen atoms are omitted for clarity.

Figure S12: Spin-density isosurfaces (0.01 au; turquoise: net o density; orange: net § density)
for the high-spin (left) and broken-symmetry (right) state of 6 obtained with DFT/PBEQ/def2-
TZVPP. Hydrogen atoms are omitted for clarity.
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Figure S13: Spin-density isosurfaces (0.01 au; turquoise: net o density; orange: net 5 density)
for the high-spin (left column) and broken-symmetry (right column) state of 7(A) (top row) and
7(B) (bottom row) obtained with DFT/PBEQ/def2-TZVPP. Hydrogen atoms are omitted for clar-

ity.
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Figure S14: Spin-density isosurfaces (0.01 au; turquoise: net o density; orange: net 5 density)
for the high-spin (left) and broken-symmetry (right) state of 8 obtained with DFT/PBE0/def2-
TZVPP. Hydrogen atoms are omitted for clarity.
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Table S7: Detailed BS-DFT results for the reduced structural models 5M-8™ where the phenyl
groups at the aminobenzoates have been replaced by methyl groups. Structural parameters are
taken from the crystal structures of the complexes 5-8.

state 25 +1 Eglec /aU <SZ> Jealed /ML

5M HS 3 —5992.43785 2.00396 —348
BS 1 —5992.43866 0.99607

6M HS 3 —5992.43508 2.00445 —353
BS 1 —5992.43588 0.99625

7™M(A)® HS 3 —5992.39500 2.00439 —339
BS 1 —5992.39578 0.99644

7M(B)® HS 3 —5992.38876 2.00443 —349
BS 1 —5992.38956 0.99611

g\ HS 3 —5992.45512 2.00446 —346
BS 1 —5992.45592 0.99619

@ The structure of 7 contains a disorder of the dmf co-ligands on two positions (ratio 1:1).

Table S8: Detailed BS-DFT results for the reduced structural models 55-8° where the amino
substituent at the bridging benzoates have been replaced by hydrogen atoms. Structural pa-
rameters are taken from the crystal structures of the complexes 5-8.

state 2S +1 Ecjec / U <Sz> Jealeq / €M1

58 HS 3 —5457.02275 2.00443 —-344
BS 1 —5457.02354 0.99643

6° HS 3 —5457.01968 2.00448 —345
BS 1 —5457.02047 0.99637

75(A) HS 3 —5456.98681 2.00442 335
BS 1 —5456.98760 0.99629

75(B)” HS 3 —5456.99333 2.00438 —344
BS 1 —5456.99410 0.99662

8s HS 3 —5457.01951 2.00443 —341
BS 1 —5457.02029 0.99642

@ The structure of 7 contains a disorder of the dmf co-ligands on two positions (ratio 1:1).
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6 Electrochemical properties

100
80—-
60—-

< %

3 ]
= 20

0
201

_40 -

00 02 04 06 08 10 12
(E-E.)IV

Figure S15: Cyclic voltammetry data for ligand 1 and complex 5 represented by red and blue
lines, respectively.
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Figure S16: Error estimation for the parameters used for the simulation of the square-wave
voltammograms of ligand 2 (see Figure S17): Effect of the variation of the standard potential
(bottom) and the diffusion coefficient D as well as the heterogeneous rate constant ks (top)
on the overall standard deviation between experimental and simulated square-wave voltammo-
grams. Similar results are obtained for the ligands 3 and 4.
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Figure S17: Square-wave voltammograms of the ligands 2 (c = 2.00 mm) and 3 (c = 1.97 mm)
in dichloromethane solutions at square-wave frequencies of 25, 50, 100, 200, 400, and 600 Hz.
Open circles represent simulated data, while lines represent experimental data.
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Figure S18: Square-wave voltammograms of the complexes 6 (c=1.01mMm) and 7
(c =1.05 mMm) in dichloromethane solutions at square-wave frequencies of 25, 50, 100, 200,
400, 600, and 750 Hz. Open circles represent simulated data, while lines represent experimen-

tal data.
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7 Spectroelectrochemistry
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Figure S19: Thin-layer cyclic voltammograms in dichloromethane solutions.
(Top left): Ligand 2 (c = 2.40 mM) using a scan rate of 2.5mVs™.

(Top right): Ligand 4 (c = 2.40 mm) using scan rates of 1.25,2.5,and 5mVs™".
(Bottom left): Complex 6 (c = 0.59 mm) using scan rates of 2.5 and 5mVs™.
(Bottom right): Complex 8 (¢ = 0.61 mmM) using scan rates of 2.5 and 5mVs™.
Open circles represent simulated and lines experimental data.
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Figure S20: UV/vis spectra recorded during the forward (top row, blue to red line) and backward
(bottom row, red to blue line) scans of the ligands 2 (left column) and 4 (right column). The
difference in potential between successive spectra is 20 mV.
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Figure S21: UV/vis spectra recorded during the forward (top row, blue to red line) and backward
(bottom row, red to blue line) scans of the complexes 6 (left column) and 8 (right column). The
difference in potential between successive spectra is 20 mV.
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Figure S22: Comparison of the UV/vis spectra of the oxidized species of ligands and their cor-
responding complexes as determined from spectroelectrochemical experiments. (Top left):
Methyl substitution, ligand 2 and complex 6. (Top right): tert-Butyl substituent, ligand 3 and
complex 7. (Bottom): Methoxy substituent, ligand 4 and complex 8.
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Figure S23: Superposition of scaled UV/vis spectra (top) for the oxidation of complex 6 mea-
sured at different potentials during the forward scan (bottom).
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8 UV/vis spectra of chemically oxidized compounds
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Figure S24: UV/vis spectra recorded after oxidation of the ligands 2 (top left) and 3 (top right)

as well as the complexes 6 (bottom left) and 7 (bottom right) with an excess of AgBF, in
dichloromethane solutions.
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9 ESR spectra of chemically oxidized compounds
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Figure S25: ESR spectra recorded at room temperature for the chemically oxidized ligands 2
(top left) and 3 (top right) as well as complexes 6 (bottom left) and 7 (bottom right) with an
excess of AgBF, in dichloromethane solutions.
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10 Theoretical investigations of chemically oxidized compounds

Table S9: Detailed BS-DFT results for the radical cations 54 -8%; J/_; refers to the individual
coupling between a nitrogen-based organic radical and a copper(ll) ion given as J;,; = Jraq/ 8.

state  2S5+1 Eelec /AU <Sz> Jag/cm™t J,/em™!

54+ HS 7 —7523.88142 12.11291 22.6 2.8
BS 3 —7523.88101 410727

6%t HS 7 —8086.50078 12.09917 22.9 2.9
BS 3 —8086.50037 4.09465

74+(A)a HS 7 —8780.76716 12.09346 13.9 1.7
BS 3 —8780.76690 4.08907

74t (B)e HS 7 —8780.76081 12.09343 13.8 1.7
BS 3 —8780.76055 4.08897

84+ HS 7 —8439.47561 12.07713 14.4 1.8
BS 3 —8439.47534 4.06909

@ The structure of 7 contains a disorder of the dmf co-ligands on two positions (ratio 1:1).

Figure S26: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3 density)
for the high-spin (left) and broken-symmetry (right) states of 5** obtained with DFT/PBEQ/def2-
TZVPP. Hydrogen atoms are omitted for clarity.
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Figure S27: Spin-density isosurfaces (0.02 au; turquoise: net a density; orange: net 3 density)
for the high-spin (left) and broken-symmetry (right) states of 6** obtained with DFT/PBEQ/def2-
TZVPP. Hydrogen atoms are omitted for clarity.
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Figure S28: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3
density) for the high-spin (left) and broken-symmetry (right) states of 74+ (A) obtained with
DFT/PBEO/def2-TZVPP. Hydrogen atoms are omitted for clarity.
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Figure S29: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3 density)
for the high-spin (left) and broken-symmetry (right) states of 8 obtained with DFT/PBEQ/def2-
TZVPP. Hydrogen atoms are omitted for clarity.
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Table $10: Detailed BS-DFT results for the zinc(ll) replaced models [Zn,(aba-R) ,(dmf),]** 52—
8%; (AE7 and AE; are determined according to Yamaguchi’s approach and are based on the
broken-symmetry states BS1 and BS2, respectively; the radical-radical coupling constants are
defined as: Jeis = AE1/4; Jirans = (AE3 — 2J¢is) /2).

state 2S+1 Eelec <sz> AE;  AE, Jos  Juans
/au /em™t /em™! /em™!  /em™!
5%; HS —7801.664942 6.10649 —-0.87 —0.51 -0.22 -0.04
BS1 —7801.664950 2.10622
BS2 —7801.664947 2.10627
6;; HS —8364.282992 6.09306 -0.78 -0.39 -0.20 0.00
BS1 —8364.282999  2.09288

BS2
744 (A"  HS

n

—8364.282996  2.09297

5

1

1

5

1

1

5 —9058.552066 6.08787 —-0.35 -0.20 -0.09 -0.01
BS1 1 —9058.552069 2.08780

1

5

1

1

5

1

1

BS2 —9058.552068 2.08783

734(B)*  HS —9058.543800 6.08783 —-0.36 —-0.20 -0.09 -0.01
BS1 —9058.543803 2.08773
BS2 —9058.543802 2.08777

85" HS —8717.258269 6.07142 -0.72 -0.53 -0.18 —0.09
BS1 —8717.258276  2.07128

BS2 —8717.258274  2.07132

@ The structure of 7 contains a disorder of the dmf co-ligands on two positions (ratio 1:1).
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Figure S30: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3 density)
for the high-spin (top) and the two broken-symmetry states BS1 (bottom left) and BS2 (bottom
right) of 53*. Hydrogen atoms are omitted for clarity.
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Figure S31: Spin-density isosurfaces (0.02 au; turquoise: net « density; orange: net $ density)
for the high-spin (top) and the two broken-symmetry states BS1 (bottom left) and BS2 (bottom
right) of 63*. Hydrogen atoms are omitted for clarity.

39



Figure S32: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3 density)
for the high-spin (top) and the two broken-symmetry states BS1 (bottom left) and BS2 (bottom
right) of 74%(A). Hydrogen atoms are omitted for clarity.

40



Figure S33: Spin-density isosurfaces (0.02 au; turquoise: net « density; orange: net 3 density)
for the high-spin (top) and the two broken-symmetry states BS1 (bottom left) and BS2 (bottom
right) of 74%(B). Hydrogen atoms are omitted for clarity.
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Figure S34: Spin-density isosurfaces (0.02 au; turquoise: net o density; orange: net 3 density)
for the high-spin (top) and the two broken-symmetry states BS1 (bottom left) and BS2 (bottom
right) of 83" Hydrogen atoms are omitted for clarity.
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11 Proton NMR spectral data of ligands

Figure S35: Labeling for assignment of protons in NMR spectra of the ligands 1-4.

Table S11: Summary of proton NMR chemical shifts and their assignments for the ligands 1-4
measured in dmso-dg.

Proton 1 2 3 4

713 7.02 7.05 6.96
739 718 718 7.14
718 6.77 6.78 6.65
779 773 774 7.70
6.88 228 127 3.75

T QO OO
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12 UV/vis spectra of ligands and complexes
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Figure S36: UV spectra of ligand 1and complex 5 (top) and vis spectrum of complex 5 (bottom)
in dichloromethane solutions.
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Figure S37: UV spectra of ligand 2 and complex 6 (top) and vis spectrum of complex 6 (bottom)
in dichloromethane solutions.
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Figure S38: UV spectra of ligand 3 and complex 7 (top) and vis spectrum of complex 7 (bottom)
in dichloromethane solutions.
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Solvent-dependent selective cation exchange in
anionic frameworks based on cobalt(i) and
triphenylamine linkers: reactor-dependent
synthesis and sorption propertiest

Oluseun Akintola, @ David Hornig, Axel Buchholz, © Helmar Gérls and
Winfried Plass (& *

Two cobalt() coordination polymers with anionic networks of formulae {(Me,NH,),[CoCl(ntb)]},
(JUMP-2) and {(Me,NH,),[Cos(ntb)4(H,0)s(Me,NH)I}, (previously reported as MIL-144 by Livage et al.,
Microporous Mesoporous Mater., 2012, 157, 37) have been obtained via a solvothermal reaction of cobalt
chloride and 4,4',4"-nitrilotribenzoic acid (Hzntb) in DMF employing two differently-sized reactors, while
using the same absolute amount of reactants. Structure analysis revealed that JUMP-2 crystallized in the
monoclinic space group P2;/n and displays a two-dimensional (2D) network, which by topological ana-
lysis was characterized as a layered 3-connected hcb net. The topological analysis of MIL-144 revealed a
3,6-connected net with 3,6T80 topology. The magnetic properties of JUMP-2 are indicative of indepen-
dent single-ion behavior of the tetrahedral cobalt(i) ions and showed an out-of-phase signal in the alter-
nating-current (ac) magnetic susceptibility below 2.5 K, whereas for MIL-144 an overall antiferromagnetic
interaction within the di- and trinuclear secondary building units is observed and no indication for slow
magnetization dynamics. The organic cations in both frameworks could successfully be exchanged with
inorganic cations under retention of the respective network structure. In the process of exchange, both
compounds displayed cation selectivity based on which solvent was utilized for immersing the solids.
JUMP-2 shows a preference for europium(in) ions in DMF, whereas MIL-144 preferentially takes up lithium
jons when ethanol is used. The N, adsorption isotherms were measured before and after exchange and

rsc.li/dalton

Introduction

Since the last couple of decades, the study of metal-organic
frameworks (MOFs) or porous coordination polymers (PCPs)
as an area of research is attracting a greater share of attention.
This can be attributed to their fascinating architectures and
topologies in addition to their potential applications as func-
tional materials in catalysis, gas storage and separation, fluo-
rescent sensors, electroluminescent devices, drug-delivery and
many more." More than any other class of compounds, they
exhibit structure-tunability based on the choice of both

Institut fiir Anorganische und Analytische Chemie, Friedrich-Schiller-Universitdit,
Jena, Humboldtstr 8, 07743 Jena, Germany. E-mail: Sekr.Plass@uni-jena.de;

Fax: +49 (0)3641 948132; Tel: +49 (0)3641 948130

1 Electronic supplementary information (ESI) available: Structural figures, XRPD
patterns, TGA curves, topological data and sorption data, analytical data for ion-
exchanged samples and computational details. CCDC 1485391. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
C7DT01405H

This journal is © The Royal Society of Chemistry 2017

revealed a considerable improvement in the sorption properties of the exchanged samples.

ligands and metal ions, thus implying that some form of
control of the properties can be achieved. Carboxylate ligands
have, in recent years, been extensively utilized in the design
and construction of novel porous coordination polymers. In
particular, aromatic polycarboxylates offer the advantage of
imposing rigidity, which thus aids in stabilizing these porous
polymers.> Furthermore, usage of polycarboxylates is expected
to yield coordination polymers with higher dimensionality as
well as open-frame networks with varying topologies.?
Generally, the structure and architecture adopted by a MOF
is often dependent on the synthetic conditions under which it
is prepared. Conditions, such as solvent mixture, pH value,
counterion used, cooling rate, metal-ligand ratio etc., have
been found to play a role in the final topology adopted by the
synthesized MOF.* This has been exploited in templated syn-
thesis, where anionic frameworks have been obtained either
by addition of large organic cations to the mixture or in most
cases by in situ generation of the cation as a by-product of the
decomposition of solvent molecules.” As a consequence, the
finally obtained framework is able to undergo post-synthetic

Dalton Trans., 2017, 46, 8037-8050 | 8037
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modification via replacement of the counterion associated
with it. This ability can allow tunability of the pore sizes by
exploiting the size exclusion effect.® Furthermore, this could
enable the use of MOFs to act as sensors for certain ions.”*

To date, various factors have been reported to influence the
final topology adopted by the framework, but there seems to
be very little attention towards the influence of size/geometry
of the reactor vessel on the final outcome.® The 4,4',4"-nitrilo-
tribenzoic acid (Hsntb) ligand chosen for this study has been
reported earlier for a few coordination polymers with zinc(u)
ions and structural differences have been observed in each
case depending on the solvent mixtures and temperature
employed in their synthesis."® We have used this potentially
redox-active ligand Hzntb to generate the pillar-layer frame-
work {(Me,NH,),[Cos(ntb),(bdc)]}, (H,bde = terephthalic acid)
denoted as JUMP-1 (JUMP = Jena University Magnetic
Polymer), which showed interesting post-synthetic modifi-
cation potential resulting in significantly increased sorption
properties.’* Along this line we obtained two cobalt(i) coordi-
nation polymers {(Me,NH,),[CoCl(ntb)]}, (JUMP-2) and
{(Me,NH,),[Cos(ntb)s(Me,NH)(H,0);3]}, (MIL-144), for which
the structure of the latter had been previously reported.'” Both
JUMP-2 and MIL-144 are anionic polymers obtained simply by
altering the reactor vessel while retaining the same absolute
amount of reactants and solvents. Post-synthetic modification
of the compounds will be performed by replacing the organic
countercations. The influence of the solvent used in exchange
will be studied to check for any solvent-dependent cation
selectivity. The sorption properties of the resulting counter-
cation-exchanged samples will then be studied and reported.

Experimental section
Materials

Triphenylamine (Alfa Aesar) and cobalt(u) chloride hexa-
hydrate (Aldrich) were obtained commercially and used
without further purification. All other chemicals were of AR
grade. The tribromotriphenylamine used was prepared from
triphenylamine by following a reported procedure.'® The final
ligand 4,4',4"-nitrilotribenzoic acid (Hzntb) was obtained in
good yield following procedures already described in the litera-
ture.">'* The analytical data of Hzntb is consistent with those
reported earlier."!

Physical measurements

Simultaneous TG/DTA analyses were performed under a static
air atmosphere using a Netzsch STA Luxx PC analyzer up to
1000 °C. The FT-IR spectra were measured on a VERTEX 70 IR
spectrometer (Bruker Optics) using the Specac Diamond ATR
optional accessory. Mass spectrometry was performed on a
MAT SSQ710 mass spectrometer (Bruker). NMR spectra were
recorded with a Bruker AVANCE400 spectrometer. The elemen-
tal analyses were done on a VARIO EL III analyzer. The mag-
netic susceptibilities were measured on the bulk vacuo dried
materials in the 2-300 K temperature range with a Quantum
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Design MPMS-5 superconducting SQUID magnetometer. The
data were corrected for diamagnetic contributions. The N,
physisorption isotherms were measured on an Autosorb-IQ
instrument from Quantachrome Instruments Corporation.
Solvothermal reactions were carried out in Teflon-lined acid
digestion vessels from both Parr Instruments and PerkinElmer
with volumes of 23 and 110 mL, respectively, utilizing a pro-
grammable oven (Binder). Supercritical CO, drying was carried
out in a steel autoclave with a 100 mL inner glass chamber
from Carl Roth. X-ray powder diffraction (XRPD) measure-
ments were performed on a Stoe Powder Diffractometer with a
Mythen 1 K detector at room temperature. Measurements were
carried out using capillary tubes while the Debye Scherrer
Scan Mode was applied with a 20 scan type. The X-ray tube was
a Cu-long fine focus tube. The powdered samples were sus-
pended in DMF in a 0.5 mm glass capillary and then
measured. The measurement was carried out between 2 and
50° with steps of 2.1° per 20 seconds.

Syntheses

{(Me,NH,),[Co(ntb)CI]},,-1/2nDMF-1/21nH,0 (Jump-2-1/
2DMF-1/2H,0). Cobalt(u) chloride hexahydrate (0.26 g,
1.06 mmol) and Hjntb (0.10 g, 0.26 mmol) were dissolved in
DMF (5 mL) in a 23 mL Parr acid digestion bomb (see Fig. S17)
and heated at 150 °C for 72 h under autogenous pressure. The
reaction mixture was then allowed to cool within the vessel
over 24 h using a pre-programmed temperature gradient
(5.2 °C h™"). Violet crystals were isolated after cooling and
washed with DMF (4 x 2 mL). Yield: 91 mg, 0.139 mmol, 54%.
Anal. Caled for JUMP-2-1/2DMF-1/2H,0 Co,6 5Hz, sCICON; 504
(606.45 g mol™): C 52.5, H 5.4, N 8.1%. Found: C 52.6, H 5.1,
N 8.1%. Selected IR (ATR, cm™'): 1651 m, 1593 s, 1559 sh,
1505 m, 1369 vs, 1313 s, 1271 s, 1172 s, 1103 m, 1023 m.

{(Me,NH,),[Co5(ntb),(H,0);(Me,NH)]},,-13nDMF-2nH,0
(MIL-144-13DMF-2H,0). The above described procedure for
JUMP-2-DMF-H,0 was employed utilizing exactly the same
absolute amount of reactants (cobalt(u) chloride hexahydrate:
0.26 g, 1.06 mmol; Hjntb: 0.10 g, 0.26 mmol) and solvents
(DMF: 5 mL). However, a 110 mL PerkinElmer acid digestion
bomb was used as a reactor (see Fig. S11). After heating at
150 °C for 72 h under autogenous pressure the reactor was
allowed to cool over 24 h using a pre-programmed temperature
gradient (5.2 °C h™"). Violet block crystals could be isolated
after cooling which were washed with DMF (4 x 2 mL). Yield:
73 mg, 0.025 mmol, 39% based on a ligand. Anal. Caled for
MIL-144-13DMF-2H,0 Cy50H;7,C05N004, (2969.52 g mol™):
C 52.2, H 5.8, N 9.4%. Found: C 51.8, H 5.5, N 9.7%. Selected
IR (ATR, cm™): 1653 m, 1590 s, 1533 m, 1505 m, 1377 vs, 1312 s,
1272 s,1174 m, 1103 m, 1013 w.

Post-synthetic cation exchange

Exchange with lithium ions. The organic dimethyl-
ammonium cations of JUMP-2 and MIL-144 were exchanged by
soaking the as-synthesized materials (50-70 mg) in saturated
solutions of LiNO;, two different solvents were used namely

DMF and ethanol (each 10 mL). Then LiNO; solutions were
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decanted and replaced by fresh solution every day for a period
of 10 days. After this period the saturated supernatant solu-
tions were removed and the ion-exchanged crystals washed
repeatedly with ethanol to ensure removal of any residual free
LiNO; molecules. The corresponding lithium-exchanged
samples derived from soaking in ethanol and DMF are further
denoted as JUMP-2(Li)E, JUMP-2(Li)D, MIL-144(Li)E, and
MIL-144(Li)D (where E and D connote ethanol and DMF as the
solvent used in cation exchange), respectively. Their full
analytical data are summarized in the ESL}

Exchange with europium ions. In order to follow the process
of europium exchange by fluorescence the as-synthesized
samples of JUMP-2 and MIL-144 (each 25 mg) were immersed
in solutions of DMF as well as ethanol (3 mL, 2 mM Eu(NO3)3).
The exchange was then monitored by measuring the decrease
in the fluorescence signal over a period of 48 h at a wavelength
of Aex = 395 nm.

For the synthesis of the actual europium-exchanged
samples the as-synthesized materials of JUMP-2 and MIL-144
(50-70 mg) were soaked in vials containing a 0.03 M Eu(NO;);
solution in DMF (10 mL) over a period of 10 d during which
the salt solutions were replaced with fresh solution every 24 h.
The same experiment was repeated using a 0.03 M Eu(NOj3);3
solution in ethanol (10 mL). At the end of the soaking period
the salt solutions were decanted followed by repeated washing
of the europium-exchanged samples with ethanol in order to
remove any free residual Eu(NO;); molecules. The derived
europium-exchanged samples are further denoted as JUMP-2
(Eu)E, JUMP-2(Eu)D, MIL-144(Eu)E, and MIL-144(Eu)D (where
E and D connote ethanol and DMF as the solvent used in
cation exchange), respectively. Their full analytical data are
summarized in the ESL{

X-ray structure determination

The single crystal X-ray data were collected on a Nonius Kappa
CCD diffractometer, using graphite-monochromated Mo-K,
radiation (1 = 0.71073 A) at 133(2) K. Data were corrected for
Lorentz and polarization effects, but not for absorption.'”> The
structure was solved by direct methods (SHELXS) and refined
by full-matrix least squares techniques against F,’
(SHELXL-97)."® All hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-disordered,
non-hydrogen atoms were refined anisotropically. Olex 2.1"7
and Diamond 4.2'® were used for structure representations.
The identity of the crystals of MIL-144-13DMF-2H,0 with
respect to the reported structure was verified by a comparison
of the obtained cell parameters."”

Crystallographic and refinement parameters for JUMP-2.
Formula C,5Hj3, 5CICON; 505, M = 606.45, monoclinic P2,/n,
a =13.5527(3), b = 10.0016(10), ¢ = 23.6872(6) A, f# = 94.24(10)°,
V =3201.98(11) A®, Z = 4, peae = 1.256 g cm ™, y = 0.663 mm ™,
20911 reflections collected, €, = 27.57°, 7298 unique reflec-
tions (Rine = 0.0352) and 6258 observed reflections (I > 24(1)),
393 parameters, goodness-of-fit on F* S =1.126, R; = 0.0684
(observed reflections), wR, = 0.2015 (all unique reflections).
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Full details are given in the deposited cif file CCDC 1485391
which contains the supplementary crystallographic data.

Sample pretreatment and sorption measurements

Supercritical carbon dioxide activation. The as-synthesized
samples (50-70 mg) were soaked in vials containing ethanol
(10 mL) for one week during which the solvent was refreshed
every 24 h by decanting the supernatant and replacing with a
fresh solvent. For the drying with supercritical CO,, the super-
natant was decanted and the ethanol-immersed slurry (to
prevent dry out of the sample during transfer) was transferred
into an autoclave (100 mL capacity) and sealed. Liquid CO,
was then introduced into the autoclave (final pressure of 60
bar) and allowed to stand 30 min. In order to remove any poss-
ible non-occluded ethanol from the materials, CO, was slowly
removed over a period of 20 min. A second batch of liquid CO,
was then introduced into the reactor (60 bar), but this time
allowed to stand for 24 h. After 24 h the temperature of the
autoclave was raised to 40 °C to bring the CO, to supercritical
conditions and maintained at this temperature for one hour.
The CO, was then slowly released over 30 min with the temp-
erature continuously maintained at 40 °C so as to prevent any
cooling that might ensue from the expansion of the gas during
evaporation. The supercritical drying procedure was applied to
the as-synthesized materials of JUMP-2 and MIL-144 to gene-
rate the products JUMP-2°°! and MIL-144°¢ (where the super-
script “scd” abbreviates the term “supercritical drying”),
respectively. In addition, selected cation-exchanged samples
also were subjected to supercritical drying with CO,. The
samples were chosen based on the solvent in which the best
cation exchange performance was observed, i.e. DMF for
JUMP-2 and ethanol for MIL-144. The corresponding lithium
and europium samples are JUMP-2(Li)D and MIL-144(Li)E as
well as JUMP-2(Eu)D and MIL-144(Eu)E, respectively. The
resulting materials are further denoted as JUMP-2(Li)D,
MIL-144(Li)E**Y, JUMP-2(Eu)D**%, and MIL-144(Eu)E**?,

Sorption measurements. The isotherms of all pretreated and
dried products were measured immediately after degassing the
samples for 30 min at room temperature. Pore size distribution
curves were calculated by fitting the experimental data using a
quenched solid density functional theory (QSDFT) kernel
based on adsorption models for N, on carbon at 77 K, which
was provided by QUANTACHROME Instruments."® The
Brunauer-Emmett-Teller (BET) surface areas were determined
from the adsorption data over different relative pressure
ranges all between 0.005-0.300 while ensuring compliance
with the consistency criteria.>°

Results and discussion
Synthesis

The compounds JUMP-2 and MIL-144 were obtained by the
solvothermal reaction of the ligand Hzntb with cobalt(u) chlor-
ide hexahydrate in DMF. For both syntheses the same stoichio-
metry and absolute amount of reactants were used. Moreover,
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both syntheses were performed with exactly the same reaction
temperature program. However, the reaction in the case of
JUMP-2 was performed in a 23 mL Teflon-lined Parr acid diges-
tion vessel, whereas MIL-144 was prepared using a 110 mL
PerkinElmer acid digestion vessel. The two products show
clear dissimilarities in their appearance; while the crystals of
JUMP-2 were violet plates, those of MIL-144 could be isolated
as light violet blocks. The only obvious difference between the
performed reactions is related to the size and type of reaction
container used for the syntheses. However, this may lead to
changes of the internal reaction conditions. At first, the vari-
ation in design of the two reactors (see Fig. S11) may cause
differences as far as the temperature profile is concerned at
least during heating and cooling periods. Secondly, the differ-
ence in the internal size of the reactor is likely to cause vari-
ations as the phase distribution and concentration conditions
are concerned. To exclude seeding effects responsible for the
observed reactor dependence of the obtained reaction pro-
ducts, we repeated the syntheses for both cases with fresh but
not previously used teflon liners and observed the same
results as described above. This clearly indicates that a seeding
effect is not operative in the case of the reactor dependent syn-
thesis of JUMP-2 and MIL-144.

X-ray crystal structures

The single-crystal X-ray diffraction study performed on JUMP-2
revealed that it crystallizes in the space group P2,/n and exhi-
bits an anionic two-dimensional (2D) network. The asym-
metric repeating unit of the network consists of a cobalt(r) ion
coordinated by one ntb®>” ligand and one chlorido ligand
leading to [CoCl(ntb)]?*~ as an overall formula for the charged
2D framework. The framework charge is compensated by two
dimethylammonium cations. As frequently observed for reac-
tions in DMF, the dimethylammonium cations are believed to
be a by-product of the thermal decomposition of the DMF
solvent during the synthesis.”’ Moreover, additional solvent
molecules of water and DMF are found to be disordered in the
crystal structure leading to half a molecule of water and DMF
per asymmetric unit.

The cobalt(n) ion is found to be tetrahedrally coordinated
by one terminal chlorido ligand and three carboxylate oxygen
atoms from three different ntb®>~ ligands as illustrated in
Fig. 1. The Co-O bond lengths are approximately the same at
about 199 pm while the Co-Cl distance is found to be 230 pm.
Besides the difference in bond lengths the distortion from the
tetrahedral geometry at the cobalt(u) ion can clearly be seen by
the variation of the corresponding bond angles. Although four
of the angles are rather close to the expected tetrahedral angle,
two bond angles deviate significantly, with the smallest at
about 94 and the largest at 121° corresponding to O4B-Co-
O6A and O1-Co-O6A, respectively.

The structure is built up as a 2D coordination network with
the tetrahedral cobalt center serving as the secondary building
unit (SBU) resulting in a honeycombed structure which is
oriented along the crystallographic (010) plane as depicted in
Fig. 2. The overall crystal structure is composed of a packing of
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Fig. 1 Cutout view from the anionic 2D network of JUMP-2 showing
the pseudo-tetrahedral geometry around the cobalt(i) ion. Hydrogen
atoms are omitted for clarity. Symmetry codes: A = -1/2 + x, 1/2 -y, -1/
2 + z; B = -1+ x, +y, +z. Pertinent bond lengths (pm) and angles (°):
Co-01 198.5(3), Co—04B 198.2(3), Co—06A 198.9(3), Co-Cl 230.32(10),
Cl-Co-01 109.70(9), Cl-Co-04B 103.39(9), Cl-Co-O6A 111.95(9),
01-Co-04B 113.83(12), O1-Co—-O6A 121.49(13), O4B-Co—-O6A 94.28
(13).

these unconnected undulating 2D layers with the chlorido
ligands at the cobalt ions being alternately positioned up and
down along the [001] direction (see Fig. 2). The resulting
pseudo-hexagonal voids within the honeycombed layers are
estimated to be about 10-13 A wide. However, due to the stag-
gered arrangement of succeeding layers these voids are shifted
with respect to each other preventing the formation of corres-
ponding 1D channels (see Fig. S2t). Nevertheless, the voids are
interconnected in an undulated manner along the [010] direc-
tion. Moreover, the voids are further interconnected by
additional 1D channels formed along the [121] direction (see
Fig. S31). The void within the anionic framework is estimated
to be 1546.6 A* per unit cell which represents about 48% of its
total volume.”” In the crystal structure of the as-synthesized
JUMP-2 this void is filled by the two dimethylammonium
cations compensating the charge of the 2D network as well as
the disordered solvent molecules (water and DMF). The two di-
methylammonium cations are hydrogen bonded to the non-
coordinating oxygen atoms O2 and O3 of the deprotonated car-
boxylate groups of the ntb~ linkers at N---O distances of about
271 pm. Further hydrogen bonding is observed for one of the
dimethylammonium cations towards the disordered guest
DMF molecule at a distance of 277 pm (see Fig. S41). However,
there is no interconnection between the 2D layers by hydrogen
bonding (see Fig. S5T). Moreover, no evidence for potential
n--- interactions between the 2D layers can be found.

To further characterize the network structure a topological
analysis has been performed using TOPOS 5.0 (see Tables S1
and $27).** Considering the cobalt center as one node, it con-
nects to three ligands giving a three-connected node. The
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Fig. 2 2D layered structure of the anionic framework in JUMP-2: (top)
view along the [010] direction showing a honeycombed structure;
(bottom) view along the [100] direction representing stacked undulating
layers.

central nitrogen atom of the ntb®>” ligand can likewise be
viewed as the other node, which is then also 3-connected. The
analysis shows that the framework is a 2-periodic, 3-connected
net with heb topology and the point symbol 6° (see Fig. 3).
Although already reported in the literature,"> we briefly
describe here the crystal structure of MIL-144 as a basis for the
further analysis and discussion of its properties. The identity
of the crystal structure of MIL-144 was ascertained by compar-
ing its cell parameters with those of the reported structure. It
crystallizes in the space group R3 with three symmetry inde-
pendent cobalt atoms in the asymmetric unit, one of which is
located at a special position. In addition, two ntb*~ ligands
and two water molecules (one of which is disordered with a di-
methylamine molecule, both with half occupancies) are found
on general positions. Moreover, a disordered dimethyl-
ammonium cation and four uncoordinated DMF molecules

This journal is © The Royal Society of Chemistry 2017

Fig. 3 Topological
JUMP-2. (Top) View along the [010] direction. (Bottom) View along the
[100] direction. Blue and red balls represent the nodes given by the
nitrogen atoms at the center of the amine ligands and the cobalt atoms,
respectively.

representation of the staggered hcb nets of

(one of which is disordered) are present in the structure.
This leads to the overall of {(Me,NH,),
[Cos(ntb)4(H,0)3(Me,NH)]-7DMF},,.

In contrast to JUMP-2, MIL-144 is a 3D coordination
network which is based on two types of inorganic building
units (see Fig. 4) one of which is a dinuclear cobalt unit which
adopts the classic paddle-wheel motif often seen in copper(u)
carboxylates (Co---Co distance 291 pm). The second inorganic
building unit is a trinuclear cobalt moiety commonly encoun-
tered in cobalt-carboxylate systems.>*">® All cobalt ions within
the trinuclear moiety possess an octahedral geometry and the
carboxylates show syn-syn-p,-n*m* and p,-n*n* coordination
modes. The overall result is a 3D framework consisting of a
mixture of triangular and hexagonal channels oriented along
the [001] direction (Fig. 5). However, as in the case of JUMP-2,

formula
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Fig. 4 SBUs found in MIL-144: (top) dinuclear paddle-wheel unit.
(Bottom) Trinuclear cobalt(i) cluster linked by carboxylate groups of the
ntb®~ ligands. For the disordered position dimethylamine is shown.

Fig. 5 Representation of the crystal structure of MIL-144 viewed along
the [001] direction showing the arrangement of triangular and hexago-
nal channels.
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an anionic framework is obtained, for which the charge is
compensated by dimethylammonium cations generated by
thermal decomposition of the DMF solvent.

In contrast to the previously assigned topology of inter-
connected NbO subnets,'* our analysis utilizing the TOPOS 5.0
program> revealed a 3D framework consisting of a 3,6-con-
nected net with 3,6T80 topology and the point symbol
(4-6),(4*-6>-8%-10) (see Tables S3 and S47). Three different ver-
tices can be identified, two of which are based on cobalt clus-
ters and can be considered as the di- and trinuclear cobalt
SBUs depicted in Fig. 4. Both of these cobalt-based units are
6-connected nodes, as they are linked to six different carboxy-
late moieties. The third node is formed by the nitrogen atom
at the center of the triphenylamine ligand (ntb®~) giving rise to
the 3-connection of the net (Fig. 6). This again shows the pres-
ence of hexagonal channels and the alternating occurrence of
the two cobalt based nodes (di- and trinuclear SBUs) along the
crystallographic [001] direction within the overall framework. A
tile representation of the MIL-144 framework is given in
Fig. S6.7

Fig. 6 Topological representation of the 3,6-connected net of
MIL-144: (top) view along the [001] direction. (Bottom) View along the
[010] direction. Blue balls represent nitrogen atoms at the center of the
amine ligand, whereas red and cyan balls represent the centers of the
tri- and dinuclear SBUs, respectively (for details see the text).

This journal is © The Royal Society of Chemistry 2017
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Powder diffraction and thermal analysis

To confirm the phase purity of the bulk materials, X-ray
powder diffraction (XRPD) experiments were carried out for
both as-synthesized compounds JUMP-2 and MIL-144. The
experimental XRPD patterns are in close agreement with the
corresponding simulations based on the single crystal data,
except for the relative intensity variations which might be due
to the presence of extra framework species within the pores
(see Fig. S7 and S8t).>”

The thermal analysis of JUMP-2, for a vacuo dried sample at
room temperature for 1 h, showed its thermal stability up to
about 200 °C. However, the first structured mass loss step up
to about 350 °C of 32.5% already indicates a partial degra-
dation of the 2D frameworks as it cannot be solely related to
the loss of the guest molecules (DMF and water: caled 7.5%),
but rather suggests the additional loss of the dimethyl-
ammonium counterions and that of the chlorido ligand (caled
33.2%). This indicates that the decomposition of the frame-
work already sets in at rather low temperatures. Additional
weight loss steps found up to about 600 °C lead to a rest mass
of 12.7%, which nicely compares to the theoretical value of
12.4% expected for CoO (see Fig. S97).

The thermal analysis of a predried sample of MIL-144 (1 h at
room temperature) revealed two major weight loss steps. The first
step up to about 220 °C corresponds to about 34% and can be
attributed to the loss of guest molecules (DMF and water: caled
33.2%). The further weight loss of about 6% up to a temperature
of about 350 °C can be attributed to the loss of the donor mole-
cules linked to the trinuclear cobalt SBUs (water and dimethyl-
amine) as well as the dimethylammonium cations (calcd 6.4%)
indicating the onset of the decomposition of the framework. The
remaining mass after full combustion of the organic moieties is
found to be 13.6%, which is in agreement with the theoretical
value of 12.6% expected for CoO (see Fig. S107).

Magnetic properties

The magnetic properties of JUMP-2 were investigated by sus-
ceptibility measurements at an applied dc field of 1 kOe in the
temperature range of 2 to 300 K. The corresponding data are
depicted in Fig. 7 as temperature-dependent plots of y\T and
v ' For JUMP-2 a yT value of 2.34 cm® K mol™" is observed
at room temperature, which is considerably larger than the
spin-only value expected for a high-spin cobalt(n) ion
(1.88 em® K mol ™%, 3/2, g = 2) indicating the presence of signifi-
cant spin-orbit coupling.”® However, this value is well within
the range typically observed for similar tetracoordinate cobalt
(1) complexes.>**° Upon cooling the yyT value decreases only
slightly and a significant decrease is only seen to begin below
50 K to reach a value of about 1.6 cm® K mol™" at 2 K. This
decrease can be attributed to the magnetic anisotropy of the
cobalt(u) ion rather than antiferromagnetic exchange consist-
ent with the structural information in which the cobalt(u) ions
are well separated from each other. For temperatures above
50 K JUMP-2 behaves as a Curie-Weiss paramagnet with a
Curie constant of 2.35 em® K mol™" and a Weiss constant of
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Fig. 7 Temperature dependence of the magnetic susceptibility ymT
(black squares) and ym~* (black circles) for JUMP-2. The solid line rep-
resents the best fit (see the text for parameters).

—1.43 K, which is consistent with only small exchange inter-
actions between individual cobalt(u) ions. Consequently, zero-
field splitting (ZFS) needs to be considered for the description
of the electronic structure, which however cannot be extracted
in a meaningful manner from the susceptibility data, in par-
ticular as far as the sign of the corresponding ZFS parameter D
is concerned.”®

ZFS parameters can generally be determined from field-
dependent magnetization data which are depicted in Fig. 8.
Fitting of the magnetization data with the Hamiltonian given
in eqn (1) using the program PHI*' leads to the parameters D =
—-16.4 cm™" and g = 2.29. Attempts to include the rhombic ZFS
parameter E in the fitting procedure were unsuccessful due to
strong parameter dependencies.

H:guBB§+D[S’ZZ 7%5(5+1)} (1)

oo

20 30
H/kOe

Fig. 8 Temperature- and field-dependent magnetization data for
JUMP-2. Lines represent best fit, see the text for details.
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There was no evidence of a hysteresis loop down to temp-
eratures of 2 K. Nevertheless, an out-of-phase signal for the ac
magnetic susceptibility could be detected at temperatures
below 2.5 K when a static dc field was applied (see Fig. S11-
$147), which indicates the presence of slow magnetic relax-
ation. However, a thermal barrier related to this process could
not be determined from the data down to 2 K suggesting very
efficient relaxation processes to be operative such as quantum
tunneling of magnetization (QTM). This is further supported
by quantum mechanical investigations on the electronic struc-
ture of the single cobalt(u) ions in JUMP-2 (see data given in
the ESI}).

The magnetic susceptibility data obtained for MIL-144 in
the temperature range from 2 to 300 K are depicted in Fig. 9.
At room temperature a yy7T value of 12 cm® K mol™" is
observed which is much higher than the spin-only value
expected for five non-interacting high-spin cobalt(n) ions
(9.38 cm® K mol ™%, 3/2, g = 2).2® This leads to an approximated
averaged g value of about 2.26 for the five octahedral cobalt(n)
centers. A steady decrease of the y\T value is observed upon
cooling reaching a value of 5.4 cm® K mol™" at 2 K. For temp-
eratures above 100 K MIL-144 behaves as a Curie-Weiss para-
magnet with a Curie constant of 14.0 cm® K mol™" and a Weiss
constant of —47.3 K. The latter is indicative of the presence of
significant antiferromagnetic exchange interactions between
the cobalt(n) ions of the di- and trinuclear units found in
MIL-144. Field-dependent magnetization data for MIL-144
were recorded at different temperatures and show that satur-
ation is not reached up to 50 kOe (Fig. S15t). Moreover, ac
magnetic susceptibility measurements were lacking any out-of-
phase signals which indicates the absence of any magnetic
ordering and is consistent with magnetically isolated clusters
as suggested by the crystal structure. However, any attempt to
simulate the experimental data by an appropriate Hamiltonian
failed.
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Fig. 9 Temperature dependence of the magnetic susceptibility ymT
(black squares) and yyu~* (black circles) for MIL-144.
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Cation exchange studies

To probe the possibility of exchanging the dimethyl-
ammonium cations incorporated in the void generated by the
frameworks of JUMP-2 and MIL-144 soaking experiments were
performed with cations of different sizes and charges in com-
bination with the variation of the applied solvent. At first, the
lithium ion was selected for its small size, which should take
up considerably less space when compared with the large
organic cation. The as-synthesized materials of JUMP-2 and
MIL-144 were immersed in saturated solutions of LiNO; in
either ethanol or DMF, to probe the influence of the used
solvent on the cation exchange behavior. In order to prevent
mechanical stress on the MOF materials during the exchange
process no stirring was applied. However, simple convection
and diffusion processes were found to be sufficient to main-
tain the cation exchange. The exchanged materials were then
thoroughly washed with ethanol. The corresponding lithium-
exchanged samples for JUMP-2 and MIL-144 are further
denoted as JUMP-2(Li)E and JUMP-2(Li)D as well as MIL-144
(Li)E and MIL-144(Li)D, respectively (where E and D connote
ethanol and DMF as the solvents used in cation exchange).

In ethanol as solvent JUMP-2 displays intake of the lithium
cations as seen from the analytical data obtained for JUMP-2
(Li)E (see the ESIt), which shows agreement with the uptake of
one lithium cation per formula unit indicating that only half
of the dimethylammonium cations can be replaced under
these conditions. In terms of appearance, the material does
not undergo a change in color as a result of the ion exchange.
Repeating the ion exchange in DMF as solvent has little effect
on its performance as judged from the analytical data for
JUMP-2(Li)D thereby mirroring the same behavior observed in
ethanol. However, for the exchange experiment of MIL-144 in
ethanol a distinctly different behavior is observed, as the violet
crystals immediately turn to light pink upon the transform-
ation. The elemental analysis for the resulting material
MIL-144(Li)E shows agreement with the full replacement of
the organic cations. The behavior in DMF as solvent is
however contrastingly different as in this case the material
retains its appearance. This again goes along with a partial
exchange of organic cations, which is consistent with the
corresponding analytical data (see the ESIT) indicating that
only one of the dimethylammonium cations per formula unit
is exchanged by a lithium ion. Moreover, the analytical data
for MIL-144(Li)E and MIL-144(Li)D indicate that the dimethyl-
amine ligand coordinated at the trinuclear SBU (see Fig. 4) is
replaced by ethanol during the overall exchange process.
Extending the soaking period had no impact in increasing
uptake of cations in all samples.

The XRPD patterns obtained for the samples after lithium
ion exchange show good agreement with the patterns
measured for the as-synthesized bulk materials in all cases
with the exception of MIL-144(Li)E, for which the dis-
appearance of clearly defined Bragg reflections was observed
indicating the loss of crystallinity (see Fig. S167). Nonetheless,
this confirms that the networks generally undergo little
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change in response to the replacement of the organic cations.
In fact, the observation of persisting broad diffraction peaks at
low angles in the case of MIL-144(Li)E suggests the presence of
remnant short-range order in the material.>* It should be
noted here that the observed loss of crystallinity is not
expected to have a negative impact on the porosity of MIL-144
(Li)E, as it has been previously established that crystallinity
does not necessarily translate into high adsorptive capacity.*®

To further probe the cation-exchange ability of JUMP-2 and
MIL-144 we also used the higher charged europium(u) ions,
which in addition are fluorescent and allow to easily follow the
progression of the exchange process by fluorescence spec-
troscopy. Both as-synthesized materials were immersed in
europium(im) nitrate solutions in both DMF and ethanol as
solvent at room temperature. The depletion of europium ions
in the supernatant solutions was monitored by the decrease of
the corresponding fluorescence signal. The exchange process
was monitored over a period of two days and fluorescence
spectra were taken at intervals of 1 h (see Fig. 10 and S177).
The decrease in the fluorescence signal related to the free
europium(m) ions in solution over time clearly indicates the
occurrence of exchange of the dimethylammonium cations
within the framework by the europium(u) ions from the solu-
tion. In particular, for JUMP-2 a rapid uptake of the europium(im)
ions was observed in DMF solution, which is evident from
the near depletion of the fluorescence signal in the super-
natant solution after a period of 12 h. Moreover, there was a
change in the appearance of JUMP-2 under these conditions,
as the originally violet crystals turned brown after continuous
submersion for 48 h. Also for MIL-144 in DMF solution the
europium(m) ions were seen to exchange for the dimethyl-
ammonium cations of the framework, although at a compara-
tively higher remnant fluorescence intensity after 48 h. For the
related exchange experiments of JUMP-2 and MIL-144 carried
out in ethanol as the solvent similar observations were made
(see Fig. S177). However, the overall uptake was found to be
considerably slower. In general, it is apparent that both frame-
works also undergo exchange of their countercations with
europium(u) ions, although to a varying extent depending on
the solvent used.

Based on these results, we also performed the cation
exchange with europium(u) ions on a preparative scale follow-
ing the above described procedure for the exchange with
lithium ions utilizing solutions of 0.03 M Eu(NOs); in either
ethanol or DMF. The -corresponding europium(um) ion
exchanged samples for JUMP-2 and MIL-144 are further
denoted as JUMP-2(Eu)E and JUMP-2(Eu)D as well as MIL-144
(Eu)E and MIL-144(Eu)D, respectively (where E and D connote
ethanol and DMF as the solvents used in cation exchange).
The general behavior of JUMP-2 and MIL-144 in the fluo-
rescence experiments was confirmed by the analytical data
obtained for the preparative samples after europium(m) ion
exchange (see the ESIt). In particular, JUMP-2 shows full repla-
cement of the dimethylammonium cations in DMF as solvent,
while only undergoing partial replacement in ethanol. On the
other hand, MIL-144 shows generally only partial replacement

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Cation exchange experiment for JUMP-2 (top) and MIL-144
(bottom) with europium(in) nitrate in DMF solution. Fluorescence spectra
depicted were measured in time intervals of 1 h over a period of 48 h at
an excitation wavelength of 395 nm.

of the organic cations irrespective of the solvent used, with
only one organic cation per framework unit being replaced.
Moreover, the analytical data for MIL-144(Eu)E and MIL-144
(Eu)D indicate, similarly to what was observed for the corres-
ponding lithium ions exchanged samples MIL-144(Li)E and
MIL-144(Li)D, that the coordinated dimethylamine ligand at
the cobalt centers of the trinuclear SBU (see Fig. 4) can easily
be replaced by ethanol during the overall exchange process. All
XRPD patterns measured for the samples after europium(m)
ion exchange are in very good agreement with the patterns
obtained for the as-synthesized bulk materials (see Fig. S167),
indicating that the frameworks undergo very little structural
change upon exchange of the organic counterions. This nicely
proves that the post-synthetic replacement (partial or com-
plete) of the countercations with the europium(um) ions for
JUMP-2 and MIL-144 is possible without any observable detri-
mental impact on the frameworks.
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Overall, the porous frameworks JUMP-2 and MIL-144 clearly
demonstrate solvent-based cation selectivity in the exchange of
the organic countercations present in the as-synthesized
materials. A summary of the cation-exchange and solvent
selectivity is presented in Table 1. Specifically, JUMP-2 only
shows full replacement of the dimethylammonium cations
with europium(m) ions and only when DMF is used as the
solvent. On the other hand, MIL-144 shows a clear bias
towards undergoing full cation exchange only with lithium

Table 1 Solvent dependent selectivity of cation exchange in JUMP-2
and MIL-144

Sample Exchange Solvent
JUMP-2(Li)E Partial Ethanol
JUMP-2(Li)D* Partial DMF
JUMP-2(Eu)E Partial Ethanol
JUMP-2(Eu)D¢ Complete DMF
MIL-144(Li)E“ Complete Ethanol
MIL-144(Li)D Partial DMF
MIL-144(Eu)E* Partial Ethanol
MIL-144(Eu)D Partial DMF

“Selected for investigation of its sorption behavior.
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Fig. 11 N, adsorption isotherms measured at 77 K for samples derived
from JUMP-2, open symbols denote the desorption process (for nota-
tion details see the text).
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ions. This clearly shows that the overall exchange process is
triggered by the employed solvent.

Gas-sorption properties

Sorption properties of JUMP-2. The N, isotherms measured
for samples pretreated by supercritical carbon dioxide acti-
vation of the as-synthesized JUMP-2°°d and the corresponding
cation-exchanged materials JUMP-2(Li)D**® and JUMP-2(Eu)
D are presented in Fig. 11 and relevant data are summarized
in Table 2. The DMF based ion-exchanged samples were
selected as they showed the best exchange behavior in the case
of JUMP-2. For JUMP-2°“® no significant BET surface area was
observed with a value of only 13 m> g”" (¢f. Table S57) and a
total pore volume of about 0.02 cm® g~'. Upon lithium ion
exchange in DMF, the resulting JUMP-2(Li)D**? material
showed approximately a doubled BET surface area of 24 m* g™*
and a corresponding increase in its total pore volume to
0.05 cm® g~*. The observed non-porous nature of JUMP-2(Li)
D4 is in agreement with the observed cation-exchange behav-
ior as only a partial replacement of the dimethylammonium
cations occurred. However, the situation is significantly
different for the europium(ur) ion exchanged sample for which
a complete exchange of the cations had been observed. In the
case of JUMP-2(Eu)D**? an almost 17-fold increase of the BET
surface area to 216 m” g~ " as well as 14-fold increase in the
total pore volume to 0.27 cm® g~ was obtained. In comparison
with the overall void given by the anionic framework (0.38 cm?®
¢7!) as calculated from the crystal structure of JUMP-2) the
total pore volume obtained for JUMP-2°°4, JUMP-2(Li)D**Y, and
JUMP-2(Eu)D**Y corresponds to about 5, 13, and 71%,
respectively.

The isotherm for JUMP-2(Eu)D**“ depicted in Fig. 11 can be
described as Type II isotherm based on IUPAC classification
and shows a pronounced hysteresis loop of Type H2** while
for the other two cases of JUMP-25° and JUMP-2(Li)D** no
significant adsorption is observed, which is in agreement with
the non-porous nature of these materials. This can be ascribed
to the presence of the dimethylammonium cations in these
materials, as these cations can be assumed to restrict the
access to the pores. Consequently, there is only a slight
increase observed in porosity when comparing JUMP-2°° and
JUMP-2(Li)D®, as the organic cations have only been partially
exchanged in the latter. On the other hand, the full cation
exchange observed for JUMP-2(Eu)D**? leads to a distinct

Table 2 Characteristic adsorption parameters for the as-synthesized as well as the lithium and europium ion exchanged samples of both JUMP-2

and MIL-144 after application of supercritical drying with CO,

Parameter JuMPp-2°¢ JUMP-2(Li)D** JUMP-2(Eu)D**¢ MIL-14454 MIL-144(Eu)E* MIL-144(Li)E**
a(BET) (m> g™") 13 24 216 21 194 380

Total pore volume (cm® g™") 0.02 0.05 0.27 0.03 0.14 0.29

Rel. caled pore volume® (%) 5 13 71 6 26 54

Mean pore width (nm) 7.1 8.0 5.0 5.5 3.0 3.1

Modal pore width (nm) 41 4.5 0.5 41 0.6 0.6

“?Based on the crystallographic void of 0.38 and 0.54 cm® g™ for JUMP-2 and MIL-144, respectively.

8046 | Dalton Trans., 2017, 46, 8037-8050
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increase in the surface area, as the overall lesser steric demand
of the europium(u) cations should allow for a considerably
better access to the micropores.*”

To further elucidate this point a pore size analysis of the
pretreated samples JUMP-2°¢Y, JUMP-2(Li)D**¢, and JUMP-2
(Eu)D**¢ was performed. The corresponding pore size distri-
bution plots are displayed in Fig. 12. The comparison clearly
indicates a massive increase in the population of micropores
for the europium(u) ion exchanged sample JUMP-2(Eu)D%,
with a particular emphasis in the range around 1 nm. The
overall observed differences are consistent with the variation
in cation exchange behavior, i.e. complete exchange of the di-
methylammonium cations was only found for JUMP-2(Eu)D**,
This is consistent with the stabilization of the mesopore struc-
ture by gentle pretreatment with the supercritical CO,
drying,*® and clearly shows that the accessibility to micropores
within an anionic framework can be adjusted via the variation
of the size of cations residing in the pores.®

Sorption properties of MIL-144. The N, isotherms for the as-
synthesized and ethanol based cation-exchanged samples of
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Fig. 12 Pore size distribution data for the as-synthesized and cation-
exchanged samples of JUMP-2 after application of supercritical drying
with CO,: JUMP-25° and JUMP-2(Li)D**® (top) as well as JUMP-2(Eu)
D**? (bottom) were fitted using N, at 77 K on carbon (slit/cylindrical
pores, QSDFT adsorption branch model) (see the text for notation).
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Fig. 13 N, adsorption isotherms measured at 77 K for samples derived
from MIL-144, open symbols denote the desorption process (for nota-
tion details see the text).

MIL-144 are presented in Fig. 13 and relevant data are sum-
marized in Table 2. Here the ethanol based ion-exchanged
samples were selected as they showed the best exchange behav-
ior in the case of MIL-144. As in the case of JUMP-2°°%, the N,
adsorption isotherm measured for the as-synthesized sample
MIL-144°*¢ shows non-porosity with only a BET surface area of
about 21 m> g~ (¢f Table S51) and a total pore volume of
about 0.03 cm® g~'. However, for the lithium ion exchanged
material MIL-144(Li)ES*? an approximately 20-fold increase in
its BET surface area to 380 m” g~ ' together with a ten-fold
increase in its total pore volume of 0.29 cm® g~" was observed.
This can be attributed to the complete replacement of the di-
methylammonium cations by the smaller lithium ions leading
to significantly improved access to the internal pores. On the
other hand, for the europium-exchanged material MIL-144(Eu)
E*°d, for which only a partial exchange of the organic cations
occurred, a significantly smaller increase only about half in
size is observed for both the BET surface area and the pore
volume. Based on the overall void given by the anionic frame-
work (0.54 cm® g™, as calculated from the crystal structure of
MIL-144) the total pore volume obtained for MIL-144%,
MIL-144(Eu)E**Y, and MIL-144(Li)E**® corresponds to 6, 26,
and 54%, respectively.

The isotherms for MIL-144(Eu)E**® and MIL-144(Li)E**
depicted in Fig. 13 can be classified Type II isotherms,** while
for the as-synthesized sample MIL-144%°Y no significant
adsorption was measured. The hysteresis loops observed for
MIL-144(Eu)E*! and MIL-144(Li)E*Y can be described as a
Type H4 with a clearly more pronounced characteristic found
in the isotherm of MIL-144(Li)E*®. As in the case of the
JUMP-2 based materials, this is a clear indication that the pres-
ence of the dimethylammonium cations in the void of the
anionic framework structures is restricting the access to the
pores. This becomes evident by the improved sorption behav-
ior upon exchange of the counterions present in the anionic

Dalton Trans., 2017, 46, 8037-8050 | 8047
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framework, which in turn allows improved micropore access.
In fact, the complete exchange observed in the case of MIL-144
(Li)E**? leads to a remarkable increase in both the BET surface
area as well as the total pore volume (see Table 2).

The notable changes observed for the sorption behavior
upon cation exchange also reflect in the pore size-distribution
plots depicted in Fig. 14. The basic trends of the data follow
those seen for the patterns already derived for the corres-
ponding samples based on JUMP-2. The most striking feature
is certainly the massive increase in the population of micro-
pores in the range of 0.6 to 2 nm for the exchanged materials
MIL-144(Eu)E*? and MIL-144(Li)E** which are virtually
absent in the non-exchanged as-synthesized sample
MIL-144°, Again the complete ion exchange, as observed in
the case of MIL-144(Li)E**, leads to the most pronounced
effect. This provides additional evidence that the ion exchange
enabled access to the mesopores, which in turn made the
micropores accessible.*®
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Fig. 14 Pore size distribution data for the as-synthesized and cation-
exchanged samples of MIL-144 after the application of supercritical
drying with CO,: MIL-144° (top) as well as MIL-144(Eu)E**® and
MIL-144(Li)E**® (bottom) were fitted using N, at 77 K on carbon (slit/
cylindrical pores, QSDFT adsorption branch model) (see the text for
notation).
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The overall result of the sorption measurements nicely
shows that for JUMP-2 and MIL-144 the access to the pores can
be tuned via the cation size and consequently depends on a
suitable choice of the cation.®

Conclusions

Two anionic cobalt(u) based coordination polymers with tri-
phenylamine bridging ligand Hzntb were synthesized in a
solvothermal process. The anionic frameworks of JUMP-2 and
MIL-144 are charge balanced by organic cations which were
formed in situ from the employed solvent and take part in the
templated synthesis. Despite using the same reaction con-
ditions, it was observed that changing the size of the reaction
vessel was decisive for the final product obtained. The topolo-
gical analyses of the coordination polymers revealed JUMP-2 to
be a 3-connected 2D network with hcb topology, while
MIL-144 represents a 3D framework with a 3,6-connected net
with 3,6T80 topology. The magnetic properties of JUMP-2 and
MIL-144 have been examined. Both coordination polymers
behave like paramagnets with no relevant magnetic inter-
actions between their cobalt(i1) based building blocks. The di-
methylammonium countercations present in the as-syn-
thesized compounds could be successfully exchanged by both
lithium and europium(m) ions, of which the latter could be
monitored by fluorescence measurements. Notably, both com-
pounds also show a clear bias towards different ions depend-
ing on the solvent used for the exchange, leading to complete
exchange only for the case of JUMP-2(Eu)D and MIL-144(Li)E.
In fact, as adsorption measurements show, the lack of accessi-
bility of the micropores in the as-synthesized materials, which
can be attributed to the presence of the rather large organic
cations in the void space of the frameworks, can be removed
by both lithium and europium ion exchange. Both cation
exchange and sorption experiments conclusively show that the
properties of these anionic frameworks can be tuned by post-
synthetic manipulations.
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1 Reactor vessels

Fig. S1: Reactor vessels utilized in MOF syntheses: (Left) 110 mL Perkin Elmer acid diges-
tion bomb for MIL-144. (Right) 23 mL Parr acid digestion bomb for JUMP-2.



2 Analytical data for cation-exchanged samples

2.1 Exchange with lithium ions

JUMP-2(Li)E

Analytical Data for [(Me,NH,)Li[Co(ntb)Cl]- C,H;OH - 1.5 DMF],,

Anal. Calcd for Cpg 5H36 5CICOLIN; 504 5 (677.45 g mol~1):

C 52.30, H 5.43, N 7.24%. Found: C 52.10, H 5.35, N 7.39 %.

Selected IR (ATR, cm_l): 1651w, 1591s, 1506m, 1370s, 1313s, 1271s,
1045m.

JUMP-2(Li)D

Analytical Data for [(Me,NH,)Li[Co(ntb)Cl]- C,H;OH- DMF- H,0],

Anal. Calcd for CogH35CICoLiIN3Oq (658.92 g mol~t):

C 51.04, H 5.35, N 6.38%. Found: C 51.10, H 5.61, N 6.17 %.

Selected IR (ATR, cm™!): 1652w, 1591s, 1506m, 1372s, 1313s, 1270s,
1045m.

MIL-144(Li)E

Analytical Data for [Li,[Cos(ntb),(H,0);(C,H5sOH)]- 17 H,0],

Anal. Calcd for CggHgsCogLiosN,Oy5 (2212.21 gmol™1):

C 46.69, H 4.28, N 2.53%. Found: C 46.67, H 4.20, N 2.36 %.

Selected IR (ATR, cmfl): 1589s, 1535m, 1506m, 1378vs, 1313s, 1270s,
1045m.

MIL-144(Li)D

Analytical Data for [(Me,NH,)Li[Cos(ntb),(H,0)s(C,H5OH)], - 3 C,H;OH
Anal. Calcd for CgyHggCosLiN5O55 (2119.34gmol~1):

C 53.27, H 4.28, N 3.30%. Found: C 53.18, H 4.41, N 3.20 %.

Selected IR (ATR, cm™'): 1589s, 1536m, 1505m, 1376vs, 1312s, 1269s,
1043m.

1174s, 1103m,

1173s, 1088m,

1176s, 1087m,

- 2H,0]

1175s, 1088m,



2.2 Exchange with europium(lll) ions

JUMP-2(Eu)E

Analytical Data for [(MeNH,);Eu([Co(ntb)Cl])s]- 3 C,H;OH- 6 DMF

Anal. Calcd for Cg3H;90Cl3CozEuN120,, (2273.13 gmol~1):

C 49.14, H 5.32, N 7.39%. Found: C 49.52, H 5.03, N 7.22%.

Selected IR (ATR, cm™1): 1653w, 1594s, 1505m, 1367s, 1313s, 1268s, 1170s, 1103m.

JUMP-2(Eu)D

Analytical Data for [Eu,([Co(ntb)Cl])3]- 9 C,H5OH- 3 DMF

Anal. Caled for CggHq17Cl3Co3Eu,NgO54 (2343.95 g mol~1):

C 46.12, H 4.77, N 3.59%. Found: C 46.08, H 4.91, N 3.77 %.

Selected IR (ATR, cm™!): 1591s, 1535m, 1506m, 1376vs, 1313s, 1271s, 1174s, 1088m,
1043s.

MIL-144(Eu)E

Analytical Data for [(Me,NH,);Eu[Cos(ntb),(H,0)3(CoH5OH)]5]- 54 H,0 - 18 C,H5OH
Anal. Calcd for C3p9H00C015EUN;50;56 (7768.51 gmol~1):

C 46.38, H 5.45, N 2.70%. Found: C 46.37, H 5.68, N 2.44 %,

Selected IR (ATR, cm™!): 1589s, 1529m, 1504m, 1382vs, 1312s, 1270s, 1175s, 1086m,
1042s.

MIL-144(Eu)D

Analytical Data for [(Me,NH,);Eu[Cogs(ntb),(H,0)3(Co,HsOH)]5]- 42H,0- 18 C,H5OH
Anal. Calcd for C359H396C015EUN;50744 (7552.33 g mol~1):

C 47.71, H 5.29, N 2.78%. Found: C 47.75, H 5.20, N 2.94 %.

Selected IR (ATR, cm_l): 1590s, 1535m, 1505m, 1382vs, 1312s, 1271s, 1175s, 1087m,
1043s.



3 Additional structure information for JUMP-2

Fig. S2: 2D layered arrangement of the anionic framework in JUMP-2 showing the staggered
arrangement: (Top) View along the [010] direction. (Bottom) Side view along the [100]

direction.



Fig. S3: 1D channels in the anionic framework of JUMP-2 viewed along [121] direction.



H2NB *.

O1DA

Fig. S4: Representation of the hydrogen bonding interactions for a cutout of the an-
ionic framework of JUMP-2. Pertinent data: O,---N;EA 271.7(5), O5---N;EB 271.1(5),
0O;DA---N;EB 277.0(9) pm.



Fig. S5: Representation of the hydrogen bonding around the 2D layers in JUMP-2 viewed
along [010] direction: (Top) View along the [010] direction. (Bottom) Side view of one layer
along the [100] direction.



4 Topological analysis

4.1 Topological analysis for JUMP-2

Ideal space group is P6mm.

Table S1: Coordination sequences for JUMP-2 (topological density TDyo = 166)

Vertex C51 CSQ CSg CS4 CS5 CSG CS7 CSg CSg C510

V1 3 6 9 12 15 18 21 24 27 30
V2 3 6 9 12 15 18 21 24 27 30

Table S2: Vertex Symbols for JUMP-2

Vertex Vertex symbol Extended Point Symbol

V1 [6%] [6.6.6]
V2 [6%] [6.6.6]

4.2 Topological analysis for MIL-144

Ideal space group: R3c.

Table S3: Coordination sequences for MIL-144 (topological density TD;o = 1192)

Vertex CSl CSQ CS3 CS4 CS5 CSb CS7 CSg CSQ Csl(]

V1 3 13 16 52 45 134 103 257 171 418
V2 6 8 32 30 90 76 206 140 342 218

Table S4: Vertex Symbols for MIL-144

Vertex Vertex symbol Extended Point Symbol

V1 [42.6] [4.4.6]
V2 [4%.62.8%.10] [4.4.4.4.6.6.82.83.83.84.87.87.87.87.1014]

10



4.3 Tiling of MIL-144

Fig. S6: Tiling of MIL-144 viewed along [001]. Tiles: 3[42.8%]+3[4.8%]+[4°.8%.122].
Transitivity: [2353].
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5 XRPD patterns of as-synthesized samples
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6 TGA profiles
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Fig. S9: TGA profile for JUMP-2.
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7 Alternating current (ac) magnetic measurements for JUMP-2
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Fig. S11: Temperature dependence of the real (top) and imaginary (bottom) part of the
susceptibility for JUMP-2 at a dc filed of 0 Oe.
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Fig. S12: Temperature dependence of the real (top) and imaginary (bottom) part of the
susceptibility for JUMP-2 at a dc filed of 400 Oe.
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Fig. S13: Temperature dependence of the real (top) and imaginary (bottom) part of the
susceptibility for JUMP-2 at a dc filed of 1000 Oe.
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8 Magnetization data for MIL-144
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Fig. S15: Temperature- and field-dependent magnetization data for MIL-144.
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9 XRPD patterns for cation exchanged samples

4
JUMP-2(Eu)D
34 JUMP-2(Li)D
3
A ) JUMP-2(Eu)E
N2
S
<
2 JUMP-2(Li)E
-y 1_
] JUMP-2 (As-syn)
AMN\«M‘M whrrannnd
O T T T T T T T T T
5 10 15 20 25 30
20/°
4
l R MIL-144(Eu)D
3. MIL-144(Li)D
5
(U. 4
N MIL-144(Eu)E
D M}H, T N O
=y
& ]
£ MIL-144(Li)E
1_
: MIL-144 (As-syn)
0 ) I.AAALAMMJA.—J‘LMMJ e
5 10 15 20 25 30
20/ °

Fig. S16: XRPD patterns for the as-synthesized and cation exchanged samples of both
JUMP-2 (top) and MIL-144 (bottom).
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10 Fluorescence monitored europium(lll) exchange
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Fig. S17: Cation exchange experiment for JUMP-2 (top) and MIL-144 (bottom) with eu-
ropium(l11) nitrate in ethanol. Fluorescence spectra depicted were measured in time intervals

of 1h over a period of 48 h at an excitation wave length of 395 nm.
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11 Sorption data

Table S5: Consistency criteria derived from measured BET Data for the as-synthesized and

lithium ion exchanges samples of JUMP-2 and MIL-144 after application of supercritical

drying with CO,

Ple.range € Vi [wfd NC1 Pe(Vi) ofBET) (4] R
JUMP-2s¢d 0.13-0.28 7 2.99 0.27 0.27 13 0.999
JUMP—2(Li)DSCd 0.13-0.30 7 5.40 0.27 0.27 24 0.997
JUMP—2(Eu)DSCd 0.05-0.15 147 49.64 0.08 0.08 216 0.999
MIL-1445¢ 0.13-0.28 16 4.84 0.20 0.20 21 0.999
MIL—144(Li)E5<’d 0.005 - 0.08 1491 86.96 0.03 0.03 380 0.999
MlL—144(Eu)E5‘f‘1 0.005 - 0.08 1911 44.43 0.02 0.02 194 0.999
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12 Quantum mechanical calculations

12.1 Computational details.

For all atoms the triple-C basis set def2-TZPV proposed by Ahlrichs et al.! was used. Cal-
culations were performed for molecular models with the position of the non-hydrogen atoms
taken from the crystal structures and the positions of the hydrogen atoms were optimized.
These optimizations were carried out using the B88 exchange functional? and the correlation
functionals VWN(V)3 and P86.% The geometry optimizations were accelerated further by em-
ploying the resolution of identity approximation. The CASSCF,> CASPT2,% and RASSI-SO”
calculations were carried out for the aforementioned model systems with optimized hydrogen
atoms employing the MoLCAS 7.8 package.® ANO-RCC type basis sets® were used for all
atoms (contractions: Co-6s5p4d2flg, coordinating O and N—4s3p2d1f, peripheral N and
C-3s2p, H-2s). To save computational time and disk space, the Choleski decomposition
was used. Calculations for cobalt(ll) involved a (7,10) active space with a double d-set of
orbitals. 10 quartet states and 40 doublet states were calculated within the CASSCF proce-
dure to account for all states arising from the d” configuration. CASPT2 calculations were
done on all quartet states and on the 12 lowest doublet states. Otherwise, intruder states
were regularly encountered. RASSI-SO calculations were performed on the CASPT2 wave
functions for the states calculated. Calculations of the magnetic properties for mononuclear
complexes were performed using the SINGLE_ANISO module.®

12.2 Magnetic anisotropy for JUMP-2

Quantum mechanical investigations on the electronic structure of the single cobalt(ll) ions
in JUMP-2 were performed by utilizing multiconfigurational wave function theory within the
CASSCF/CASPT2/RASSI-SO methodology. For these calculations the approximation of the
cobalt(ll) environment is based on a cutout of the infinite two-dimensional layer from the
crystal structure of JUMP-2 which is depicted in Figure S18. The CASSCF and CASPT2
energies summarized in Table S6 and their comparison shows only moderate changes upon
inclusion of dynamic correlation. The ground state is separated by 3260 cm~! from the first
excited spin-free state and resembles the expected A ground term, while the excited T2 and
T'; term are split due to the deviation from T; symmetry. Doublet states are found to follow
above 16000cm™!, which confirms the high-spin ground state suggested by experiment.
Calculations of the spin-orbit states furthermore show a rather weak mixing of the spin-
free ground state with excited states, with a leading weight of over 0.97. This also leads
to a small energy gap of 25cm™! with respect to the first excited Kramers doublet (KD).
In addition the g elements obtained for the ground state KD show considerable rhombic

22



Fig. S18: Representation of the main anisotropy axis of the ground state Kramers doublet
derived from multiconfigurational calculations on JUMP-2 for the depicted model structure.

Hydrogen atoms are omitted for clarity.

components of over 0.8 (Table S7). Zero-field splitting (ZFS) parameters calculated with
the SINGLE_ANISO program reveal easy-axis anisotropy (D = —11.9cm™!), however, with
a significant rhombic distortion of E = —1.7cm™!. In fact, these parameters can reproduce
the experimental magnetization data as shown in Figure S19 and are consistent with the
presence of efficient relaxation processes already seen from the experimental absence of a

relevant single-ion magnet behavior for JUMP-2.
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Table S6: Spin-free CASSCF and CASPT2 energies (cm™!) of the quartet and doublet
states for JUMP-2. To avoid intruder states, only the 12 lowest doublet states were included
in the CASPT2 calculations

CASSCF  CASPT2

0 0
2853 3260
3841 4018
8 4536 4419
ia 5254 5621
§ 7303 8093
z 7925 8905
20589 17524
21853 18829
20544 19663
19376 16914
19664 17202
20149 17637
20215 17661
g 20567 18121
G 21277 18953
= 22204 19849
3 2802 20424

22985 20823
25420 22817
25774 23198
26152 23758
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Table S7: Energies and g values of the lowest KDs of JUMP-2 calculated with the
CASPT2/RASSI-SO procedure

KD E (ecm™') g value
0 0.8605
1 g 0 1.0064
s 7.0316
g 2.2564
2 g 25 3.5240
g3 5.3774
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A robust anionic pillared-layer framework with
triphenylamine-based linkers: ion exchange and
counterion-dependent sorption propertiesy

Oluseun Akintola, @ Sven Ziegenbalg, Axel Buchholz,
Helmar Gorls and Winfried Plass @ *

A new anionic pillared-layer cobalt(l) metal-organic framework combining 4,4',4"-nitrilotribenzoic acid
(Hsntb) as a linker and terephthalic acid (Hybdc) as a pillar-ligand with the formula
{((CH3),NH,),[Cos(ntb),(bdc)l}, (JUMP-1, JUMP = Jena University Magnetic Polymer) has been
solvothermally synthesized and characterized. The crystal structure of JUMP-1 was determined to belong
to the orthorhombic space group Cmca. It displays a three-dimensional (3D) framework for which the to-
pological analysis revealed a 3,8-connected net with a tfz-d topology. The 3-connected organic node is
linked to an 8-connected secondary building unit composed of a linear trinuclear cobalt(i) cluster with a
mixed arrangement of coordination geometries (T4-O,-Ty) leading to two-dimensional layers which are
further linked by terephthalic acid to give the pillared-layer arrangement. The magnetic properties are
characterized by an antiferromagnetic coupling between a central octahedrally coordinated cobalt(i) ion
and two outer tetrahedral cobalt(i) centers, whereas only a very weak inter-cluster coupling is observed.
Moreover, a moderate zero-field splitting is detected for the tetrahedral cobalt(i) ions. The organic coun-
terions could successfully be exchanged by lithium ions under retention of the anionic 3D network leading
to JUMP-1(Li). For both compounds JUMP-1 and JUMP-1(Li), N, and CO, adsorption isotherms were mea-

rsc.li/crystengcomm

Introduction

The field of coordination polymers and in particular that of
metal-organic frameworks (MOFs) has become an ever more
popular area of interest in recent years. This is, no doubt, due
to the many applications of this class of compounds some of
which include catalysis, gas storage, separation and seques-
tration, ion exchange, magnetism and sensing." The most
common strategy in obtaining them, so far, has been the sim-
ple combination of metals and polytopic ligands mostly under
solvothermal conditions in a process of self-assembly with
emphasis on slim organic linkers to provide access to high
porosity.”> As the functional groups concerned are poly-
carboxylate linkers, particularly aromatic based, they have
been subjected to frequent use since they confer rigidity and
stability on the obtained frameworks.® This approach has
even been extended by use of spacer groups to expand the
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sured. The pore distribution analyses revealed improved microporosity for the lithium exchanged MOF.

existing ligands thus increasing potential for better surface
properties such as in the case of the isoreticular series."
While this method has worked quite well to date, it has also
had its drawbacks such as in the case of interpenetrated or
even fragile structures due to the frameworks being poorly
reinforced.”

Even so total control over the synthesis of MOFs still re-
mains an elusive goal in particular the ability to tune proper-
ties such as the pore sizes which is most desirable. One of
the attempts to achieve this level of controllability has been
the construction of pillared-layer structures.® A major advan-
tage of this strategy is that it offers new levels of functionality
in addition to avoiding the stress of searching for new linkers
while at the same time making the most of existing ones.
This approach has subsequently led to the discovery of MOFs
with some of the highest reported surface areas currently
known such as the UMCM-1>" and MOF-210> of which the
latter was only surpassed by the discovery of the NU-110 with
over 7000 m* g™'.®

The use of these pillared-layer systems has been found to
be an effective route in obtaining three-dimensional frame-
works in addition to offering the possibility of chemically
functionalizing the channels for a selective adsorption behav-
ior via modification of the pillar ligands.” Selecting

CrystEngComm, 2017, 19, 2723-2732 | 2723
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appropriate pillared ligands can be used to generate flexible
MOFs which have the ability to undergo structural changes
during adsorption and desorption of guests and are interest-
ing for applications in selective gas adsorption/separation or
chemical sensing.'® This approach has also been used to fa-
cilitate the interconnection of layered structures with inter-
esting magnetic properties'' and, moreover, to introduce
redox-active organic linkers in relevant frameworks."

A common approach in synthesizing such mixed-ligand
frameworks has been the coordination copolymerization
route usually involving mixing two different linkers.”'* When
combined, the organic linkers tend to cooperate thus
avoiding formation of two separate single ligand MOFs."
Subtle changes in reaction conditions such as reactant ratios,
temperature or even solvent often lead to slight variations in
the final structure obtained."> Common ligands acting as pil-
lars include the dicarboxylates like terephthalate or its deriva-
tives and nitrogen based ligands such as imidazoles or
bipyridines."®

We herein report the construction of a new anionic
pillared-layer MOF, named JUMP-1 (JUMP = Jena University
Magnetic Polymer), which is based on the redox-active ligand
4,4’ 4"-nitrilotribenzoic acid (Hsntb) with the inclusion of
terephthalic acid as a pillar ligand containing a linear
trinuclear cobalt(u) cluster as a secondary building unit
(SBU). The anionic nature of the resulting framework will be
used for post-synthetic modification via cation exchange and
the resulting sorption properties before and after exchange
will be reported.

Experimental section
Materials

Triphenylamine (Alfa Aesar) and cobalt(i) chloride hexahy-
drate (Aldrich) were obtained commercially and used without
further purification. All other chemicals were of AR grade.
The tribromotriphenylamine used was prepared from
triphenylamine by a reported procedure.” The final ligand
4,4’ 4"-nitrilotribenzoic acid (Hsntb) was obtained in good
yield following procedures already described in the
literature."®"’

Analytical data for Hzntb. "H NMR (400 MHz, [Dg]DMSO,
25 °C, ¢ in ppm): 7.13 (d, *Juu = 8.7 Hz, 6H), 7.89 (d, *Juu =
8.7 Hz, 6H), 12.76 (s, 3H). ">*C NMR (100 MHz, [D¢]DMSO, 25
°C, ¢ in ppm): 123.7, 125.9, 131.2, 149.8, 166.7. Selected IR
data (ATR, cm™'): 1672s, 1591s, 1509m, 1417s, 1314s, 1275vs,
1173s, 1129m, 932m. EI-MS: m/z 377 (M", 100%).

Physical measurements

Simultaneous TG/DTA analyses were performed under static
air atmosphere using a Netzsch STA Luxx PC analyzer up to
1000 °C. The FT-IR spectra were measured on a VERTEX 70
IR spectrometer by Bruker Optics using the Specac Diamond
ATR optional accessory. Mass spectrometry was performed on
a MAT SSQ710 mass spectrometer made by Bruker. NMR
spectra were recorded with a Bruker AVANCE400 spectrome-
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ter. The elemental analyses were done on a VARIO EL III ana-
lyzer. The magnetic susceptibilities were measured on the
bulk vacuum dried materials in the 2-300 K temperature
range with a Quantum Design MPMS-5 superconducting
SQUID magnetometer. The data were corrected for diamag-
netic contributions. The N, and CO, physisorption isotherms
were measured on an Autosorb-IQ instrument from
Quantachrome Instruments Corporation. Solvothermal reac-
tions were carried out in a 23 mL Teflon-lined acid digestion
vessel from Parr Instruments, utilizing a programmable oven
by Binder. Powder X-ray diffraction (PXRD) measurements
were performed on a Stoe Powder Diffractometer with a
Mythen 1 K detector at room temperature. Measurements
were done using capillary tubes while the Debye Scherrer
Scan Mode was applied with a 26 scan type. The X-ray tube
was a Cu-long fine focus tube. The powdered samples were
suspended in DMF and transferred in a 0.5 mm glass capil-
lary for measurement, which was carried out between 2 and
50° with steps of 2.1° per 20 seconds.

Synthesis

{((CH3),NH,),[Cos(ntb),(bdc)[},,-4ADMF-2H,0 (JumP-1
-ADMF-2H,0). Terephthalic acid (H,bdc, 33 mg, 0.199
mmol) and H;ntb (50 mg, 0.13 mmol) were dissolved and
stirred in DMF (5 mL) for 15 min. Cobalt(u) chloride hexahy-
drate (126 mg, 0.52 mmol) was then added and stirred for a
further 15 min after which all solid was dissolved. The solu-
tion was then placed in a Parr acid digestion vessel and
heated at 140 °C for 72 h under autogenous pressure. It was
then allowed to cool at a rate of 5 °C h™'. Deep blue-violet
crystals could be seen in the room temperature sample which
were washed repeatedly with DMF (3 x 5 mL) and subse-
quently dried in vacuo for 1 h, yielding the further denoted
as-synthesized material JUMP-1.4DMF-2H,0. Employing ex-
tended periods for the drying process led to a lower solvent
content of the resulting material, as evidenced by CHN ele-
mental analysis and TG measurements. Yield for JUMP-1
‘4ADMF-2H,0: 71.0 mg, 0.047 mmol, 72% based on the ligand.
CHN elemental analysis caled. for JUMP-1-4DMF-2H,0,
CesH76CO3Ng0,, (M = 1510.34): C, 52.5; H, 5.1; N, 7.4%.
Found: C, 52.35; H, 5.0; N, 7.7%. Selected IR data (Vya/cm ):
1657s, 1592s, 1504w, 1385vs, 1312s, 1275s, 1171m, 1130m,
1092w, 834w, 779s, 675m.

Cation exchange

{Li,[Co;(ntb),(bdc)]},,-4EtOH-8H,0 (JUMP-1(Li)-4EtOH-8H,0).
The as-synthesized JUMP-1-4DMF-2H,0 was immersed in a
saturated ethanolic LiNO; solution for 10 d. During this pe-
riod, the soaking solution was replaced every 24 h. After the
10 d period, the lithium ion exchanged material was subse-
quently soaked for one week in ethanol to remove any resid-
ual free LINO; molecules. According to the elemental analysis
of the final product the organoammonium cations present in
the as-synthesized JUMP-1-4DMF-2H,0 were fully replaced by
the lithium cations. The obtained lithium ion exchanged

This journal is © The Royal Society of Chemistry 2017
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framework is further denoted as JUMP-1(Li). CHN elemental
analysis caled. for C5gHggCo3L1,N,0,5 (M = 1431.84): C, 48.65;
H, 4.8; N, 2.0%. Found: C, 48.3; H, 4.95; N, 1.8%. Selected IR
data (Pma/em): 3326br, 1589s, 1506w, 1378vs, 1313s, 1273s,
1174m, 1147m, 1087w, 1045m, 833w, 780 s, 675m.

X-ray structure determination

The intensity data were collected on a Nonius KappaCCD dif-
fractometer, using graphite-monochromated Mo-K, radia-
tion. Data were corrected for Lorentz and polarization effects,
but not for absorption.”® The structure was solved by direct
methods (SHELXS)*' and refined by full-matrix least squares
techniques against F,> (SHELXL).>' The crystal structure of
JUMP-1 contains large voids, filled with disordered
dimethylammonium cations and solvent molecules. The total
size of the voids is 13 846 A® per unit cell. Their contribution
to the structural factors was secured by back-Fourier trans-
form using the SQUEEZE routine of the program PLATON?
resulting in 2787 electrons per unit cell. All hydrogen atoms
were included at calculated positions with fixed thermal pa-
rameters. All non-disordered, non-hydrogen atoms were re-
fined anisotropically.>' Diamond 4.2.2 was used for structure
representations.*’

Crystallographic and refinement parameters for JUMP-1.
Formula C5,H,3Co3N,0;6, M = 1089.53, orthorhombic Cmca,
a = 33.6004(6), b = 26.9604(5), ¢ = 23.2138(5) A, V = 21028.9(7)
A, T=133 K, Z = 8, pearc = 0.688 g cm >, ¢ = 0.501 mm *,
69 315 measured reflections, G,x = 27.34°, 11978 unique re-
flections (Rjn: = 0.0856) and 7595 observed reflections (I >
20(1)), 321 parameters, goodness of fit on F> § = 1.020, R, =
0.0649 (observed reflections), wR, = 0.1984 (all unique reflec-
tions). More details can be found in the deposited cif file
CCDC 1508581 which contains additional crystallographic
data.

Sample pretreatment and sorption measurements

Dichloromethane activation. The as-synthesized JUMP-1
was activated by carrying out solvent exchange with
dichloromethane. This was done by soaking the sample (50-
70 mg) in dichloromethane (10 mL) for 7 d during which the
solvent was replaced by decanting every 24 h. Finally the
supernatant liquid was removed and the sample dried in air.
The final resulting product is further denoted as JUMP-19™,

Supercritical carbon dioxide activation. In an alternative
pretreatment procedure, the as-synthesized JUMP-1 (50-70
mg) was soaked in ethanol (10 mL) for one week during
which the solvent was replaced every 24 h by decanting the
supernatant. Subsequently this was followed by a drying pro-
cess using supercritical CO,. For this drying procedure the
ethanol-immersed samples were decanted and the resulting
slurry was transferred into an autoclave (100 mL volume) and
sealed. Liquid CO, was then introduced into the autoclave at
a final pressure of 60 bar and allowed to stand 30 min. To en-
sure removal of any possible non-occluded ethanol, the lig-
uid CO, was slowly removed over a period of 20 min. A sec-
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ond batch of liquid CO, was then introduced into the reactor
(60 bar), but this time allowed to stand for 24 h. The temper-
ature of the reactor was subsequently raised to 40 °C to bring
the CO, to supercritical conditions and maintained at this
temperature for one hour. The CO, was then slowly released
over 30 min with the temperature continuously maintained
at 40 °C in order to prevent any cooling that might result
from expansion of the gas during evaporation. This supercrit-
ical drying (scd) procedure was applied to the as-synthesized
JUMP-1 and the lithium ion exchanged JUMP-1(Li) samples
resulting in the products JUMP-1°Y and JUMP-1(Li)**,
respectively.

Sorption measurements. The isotherms of all pretreated
and dried products were measured immediately after
degassing the samples for 30 min at room temperature. Pore
size distribution curves were calculated by fitting the experi-
mental data using a quenched solid density functional theory
(QSDFT) kernel based on adsorption models for N, on carbon
at 77 K with cylindrical/slit pores, which was provided by
QUANTACHROME Instruments.>® The Brunauer-Emmett-
Teller (BET) surface areas for both materials were determined
from the adsorption data over different relative pressure
ranges all between 0.005-0.28 while ensuring compliance
with the consistency criteria.>

Results and discussion
Synthesis

The title compound JUMP-1 was prepared utilizing the copo-
lymerization technique. It was shown earlier that this reac-
tion technique requires a subtle balance between geometry
and statistics.”> To evaluate these conditions, it was found
that the geometric ratio between the length of the ditopic
(Lq) and tritopic (L) linkers is an important parameter (see
Scheme 1). It was reported that the ratio Ly4/L, should not be
too high with the ideal value of just around one, as using a
higher ratio might lead to the formation of two distinct coor-
dination polymers based on the individual linkers rather
than the expected copolymer. Moreover, when using a mix-
ture of ditopic and tritopic linkers, reported results show that
an excess of the ditopic linker is beneficial for the generation
of the desired copolymerization product.’

HO 0]
HO.__O

Ly Ly

0O OH 0~ "OH

Scheme 1 Linkers used for the synthesis of JUMP-1. L4 and L, define
the characteristic lengths for the ditopic and tritopic linkers,
respectively (Lq/L; = 1.01).
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The tritopic linker 4,4',4"-nitrilotribenzoic acid being uti-
lized in our synthesis leads to an almost ideal L4/L; ratio
when combined with terephthalic acid (see Scheme 1). The
ditopic linker was used in slight excess of approximately 6:4
(Mg/M;). The linkers were predissolved in DMF solution
followed by the addition of four equivalents of cobalt(u) chlo-
ride hexahydrate, all under continuous stirring. The solvent
DMF was deliberately chosen to provide a source for the in
situ generation of organic cations to stabilize the desired an-
ionic framework. Solvothermal treatment of the resulting so-
lution at 140 °C for 3 days followed by slow cooling (5 °C h™")
leads to the formation of a violet crystalline material in
rather high yields. Based on elemental and thermal analyses
performed on samples dried in vacuo, the composition of the
final material corresponds to the dimethylammonium salt
{((CH3),NH,),[Cos(ntb),(bdc)]},, JUMP-1) which contains addi-
tional four molecules of DMF and two molecules of water per
formula unit.

X-ray crystal structure

Crystals suitable for structural analysis were obtained directly
from the solvothermal synthesis and are found to crystallize
in the orthorhombic space group Cmca. The data reveals the
presence of a 3D network with a pillared-layer structural ar-
rangement. The crystallographic asymmetric unit contains
two independent cobalt atoms, one ntb® linker and a half of
a terephthalic acid moiety (see Fig. S11). One of the cobalt(n)
ions (Co1l) is located on a crystallographic inversion center
leading to the overall formula {[Cos(ntb),(bdc)]},,>"* for the an-
ionic 3D framework.

The two crystallographically independent cobalt(u) ions
show distinct differences in their coordination geometry. The
atom Col is situated on an inversion center and shows an oc-
tahedral coordination provided by six carboxylate oxygen
atoms each from a different ntb®~ linkers. Whereas the Co2
center possesses a distorted tetrahedral coordination geome-
try and is surrounded by three oxygen atoms from three dif-
ferent ntb®” ligands with the fourth position being taken up
by an oxygen atom (O7) from the terephthalic acid. The cen-
tral Co1 ion together with the two crystallographically equiva-
lent Co2 and Co2A ions at the terminal positions gives rise to
a linear trinuclear cluster, which can be regarded as an SBU
(see Fig. 1). Although linear trinuclear arrangements have
been reported as SBUs in coordination frameworks,*®*” the
observed mixed coordination geometries at the cobalt(u) ions
(Tq—On-T4) in JUMP-1 are unusual with respect to the carbox-
ylate ligand environment.>®° The trinuclear cluster SBUs are
linked together via the ntb’” ligands leading to the formation
of neutral 2D networks with the formula {{Coz(ntb),]},. These
layers are then in turn connected with each other via the
terephthalic acid linkers, which serve as pillars holding up
the structure. A representation of the resulting anionic 3D
framework structure is depicted in Fig. 2 (see also Fig. S2 and

$31).
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Fig. 1 Cut-out view of the trinuclear SBU showing the coordination
environments around the cobalt(i) ions. Only carboxylate groups are
depicted for clarity. Symmetry codes: A = -4 - x, +y,3 -z, B=--x,3-
Vv 1-zC=4x3-y,1+z,D=3-x3+y, +z,E=4x,3+y,5 -z

The Col and Co2 ions within the trinuclear cluster are
solely bridged by the carboxylate groups of the ntb® linkers.
Overall there are three carboxylate bridges, one in a mono-
dentate p; ; mode (03) and two in a bidentate syn-syn p, 3
mode (01/02 and 05/06), leading to a Co1-Co2 distance of
327 pm. The bridging angle Co1-03-Co2 at the monodentate
carboxylate is found to be 103°. This leads to only slight dis-
tortions from the octahedral coordination at the central Col
ion with bond lengths and angles within the expected range
(see Tables S1 and S27). On the other hand a significant dis-
tortion from the tetrahedral coordination is observed for the
Co2 ions which is evident from the bond angles. In fact, the
largest O-Co2-O bond angle is found to be about 133°,
whereas the smallest is only about 96°. This is caused by ste-
ric effects of the non-coordinated oxygen atoms of the mono-
dentate carboxylate ligands.

Fig. 2 3D framework of JUMP-1 viewed along the [010] direction. 2D
networks composed of linear trinuclear cobalt() SBUs and ntb®" li-
gands are arranged along the (100) plane and interconnected by the
bdc?” pillars. Red polyhedra represent cobalt(i) centers.

This journal is © The Royal Society of Chemistry 2017
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The linear trinuclear SBUs within the 2D networks are well
separated with distances of about 1350 pm between their
central Col centers. For the SBUs also a large interlayer sepa-
ration is observed with a distance of about 1076 pm between
the terminal Co2 centers of corresponding SBUs bridged by a
terephthalate ligand. The charge of the resulting anionic 3D
framework (see Scheme 2) needs to be balanced. This is at-
tributed to the presence of two dimethylammonium cations
in the void formed by the well-known thermal decomposition
of DMF under the given reaction conditions.*® Although
these counterions could not be located in the crystal struc-
ture, due to the presence of large amounts of diffuse solvent
molecules in the void of the framework structure, their for-
mation is evidenced by elemental and thermogravimetric
analyses.

The overall anionic 3D framework can be described as a
stack of 2D sheets separated by terephthalic acid ligands to
give the 3D cage-structure as shown in Fig. 2 (see also Fig. S2
and S371). The topological analysis of the crystal structure of
JUMP-1 utilizing TOPOS 5.0°> revealed a binodal net (Tables
S3 and S47). The simplification of the network results in two
different types of nodes, which are eight- and three-
connected. The corresponding topological net is depicted in
Fig. 3 (c¢f. Fig. S4 and S5t). The eight-connected node repre-
sents the linear trinuclear cobalt cluster, i.e. the SBU with
eight attached carboxylate groups. Six of these connecting
carboxylate groups originate from the ntb*” ligands. The cen-
tral nitrogen atom of the latter can be regarded as the three-
connected node (see also Fig. S57). The other two carboxylate
groups belong to the terephthalic acid pillars solely linking
the eight-connected nodes. The analysis of the topology thus
reveals a 3,8-connected net with a tfz-d topology and the
point symbol (4%),(4%-6'%.8%).

Powder diffraction and thermal analysis

The phase purity of the bulk material of JUMP-1 was con-
firmed by powder X-ray diffraction (PXRD) measurements.
There is close agreement of the experimental data with the
simulations based on the single crystal structure, except for
intensity differences that might be attributed to the presence
of extra framework species within the pores (see Fig. S61).*

eO (0]
bdc®

2D sheet of

[ d—
[Cos(ntb)z]n

| J

Scheme 2 Schematic representation showing the build-up of the an-
ionic 3D framework of JUMP-1.
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Fig. 3 Representation of the tfz-d topology of the network of JUMP-1
viewed approximately along the crystallographic [010] direction. The
red and blue spheres represent the trinuclear cobalt clusters
(8-connected nodes) and the nitrogen atoms of the ntb® ligands
(3-connected nodes), respectively.

The thermal analysis of JUMP-1 showed a gradual weight
loss up to about 380 °C before the compound starts to ther-
mally decompose (see Fig. S71). The first step consists of two
individual partially overlapping events as indicated by the dif-
ferential thermal gravimetric analysis, which can be attrib-
uted to the loss of solvent molecules. The lower mass loss at
the first event (about 3.7%) suggests that the water molecules
are more loosely bonded than the DMF molecules. The over-
all mass loss of 21.9% for the temperature range up to about
200 °C compares well to the calculated value for two water
and four DMF molecules (21.7%). The following temperature
range up to the onset of the decomposition of the organic li-
gand framework at about 380 °C corresponds to a weight loss
of about 7% and can be attributed the loss of the two
dimethylammonium counterions (caled. 6.1%). The further
decomposition of the organic ligand framework consists of
several steps, which finally led to a rest mass of 15.0% at 600
°C which is in good agreement with the theoretical value of
14.9% expected for CoO.

Magnetic properties

The magnetic susceptibility data for JUMP-1 were measured
in the temperature range from 2 to 300 K with an applied
field of 2 kOe and is depicted in Fig. 4 as a temperature-
dependent plot of yuT and yy '. The room temperature yyT
value of 8.5 cm® K mol " is significantly higher than the cor-
responding spin-only value for three magnetically isolated
cobalt(u) ions (5.63 cm® K mol ™, S = 3, g = 2) which clearly in-
dicates strong spin-orbital coupling.** Upon decreasing the
temperature the y,T value slowly decreases down to a tem-
perature of 8 K with a slightly increasing slope below 100 K

CrysttngComm, 2017, 19, 2723-2732 | 2727
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Fig. 4 Temperature dependence of the magnetic susceptibility ymT
(black squares) and ym* (black circles) for JUMP-1. The solid line
represent the best fits (see the text for parameters).

and a further significant drop down to a value of 5.8 cm®
K mol™ at 2 K. The observed behavior can basically be attrib-
uted to spin-orbit coupling as well as the presence of antifer-
romagnetic exchange interactions between the cobalt(u)
ions.””>° As indicated by the yy ' vs. T data JUMP-1 displays
a paramagnetic behavior for temperatures above 50 K with a
Curie constant of 8.86 cm® K mol ' and a Weiss constant of
-12.3 K. The latter is consistent with the presence of antifer-
romagnetic coupling.

The field-dependent magnetization was measured in the
temperature range from 2 to 5 K and up to fields of 5 T (see
Fig. S81). The expected behavior for increasing field strength
is observed with a value of about 6.3Nf at 2 K and 5 T. The
data indicate that saturation has not been reached under the
given conditions. Nevertheless, this value is consistent with
the presence of an octahedral®® and two distorted tetrahedral
cobalt(n) ions®**?” as found in the crystal structure for the
central and the two terminal cobalt centers, respectively.

The trinuclear cobalt(n) SBUs are found to be well-
separated from each other within the framework structure,
which suggests that the magnetic data of JUMP-1 can be an-
alyzed based on the treatment of these isolated units. Never-
theless, additional exchange coupling between these SBUs
through the bridging carboxylate ligands cannot be fully ex-
cluded. However, a full treatment for the in turn resulting
extended three-dimensional exchange coupled system is not
feasible. Moreover, the occurrence of two geometries (O
and T,4) within the trinuclear clusters requires a multi-
parameter approach including spin-orbit coupling to allow
a consistent description of the distinct magnetic properties
of the corresponding cobalt(u) ions,>**>** i.e. individual sets
of zero-field splitting (ZFS) parameter D and g-factor for
both the octahedral and the tetrahedral cobalt(i) centers.
Corresponding attempts to fit the susceptibility data over
the entire temperature range were unsuccessful due to an
overparameterization and led to an inadequate description
of the system.
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On the other hand, it is well-known that octahedral
cobalt() ions can be treated as effective spin S’ =} systems at
low temperatures.® This in turn should allow the analysis of
the corresponding field-dependent magnetization data, which
is measured at sufficiently low temperatures, by a simplified
interaction model for the trinuclear cobalt(n) units. Since an
effective spin of ' = 7 is assumed for the central octahedral
cobalt(u) ion, only the ZFS effects of the two terminal
tetrahedral cobalt(u) centers are to be considered within this
model by including an axial ZFS parameter D in the fit.>® The
resulting Hamiltonian utilized in fitting the field-dependent
magnetization data is given in eqn (1).

H=J(S,S, +S1S2A)+2D[S2(z)2 —ész(s2 +1)} 1)

The fitting of the magnetization data was performed with
the routine MagProp included in the software package
DAVE.*® An additional self-consistent mean-field approxima-
tion as implemented in MagProp®® was introduced in the
fitting to account for possible intercluster exchange within
the framework. To avoid overparameterization, only a single
g-factor was used for both types of cobalt(u) ions. The experi-
mental data are reproduced with the following fit parameters
g=275,D=-29cm ', J=-6.5cm ', and zJ' = -0.06 cm "
(see Fig. S87).

The obtained intercluster exchange is consistent with the
previous assumption of only weakly interacting trinuclear
units. The exchange coupling constants J within the
trinuclear SBU are comparable to values reported for similar
trinuclear systems.>> Moreover, the antiferromagnetic cou-
pling between the central and the terminal cobalt(u) ions is
consistent with the observed syn-syn and p,m> carboxylate
bridging modes. This is based on the observation that syn-
syn and anti-anti conformations generally favor antiferromag-
netic coupling, while syn-anti promotes ferromagnetic cou-
pling."" On the other hand, for u,m> carboxylate bridges, a
dependence on the Co-O-Co bridging angle is reported with
values above 100° related to antiferromagnetic interactions
between the adjacent cobalt(i) ions.** This, in fact, is consis-
tent with the corresponding angle of about 103° observed for
JUMP-1 (see Table S27).

To further address the magnetic properties of JUMP-1,
alternating-current susceptibility measurements as well as a
set of zero-field cooled and field cooled magnetization mea-
surements have been performed. However, neither a signa-
ture for slow magnetization dynamics nor any kind of order-
ing could be detected.

Cation exchange studies

The possibility of replacing the organic cations present
within the void of the framework was probed by immersing
samples of JUMP-1 in solutions of the salt of a small monova-
lent cation such as lithium. This was done by soaking a

This journal is © The Royal Society of Chemistry 2017
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sample of JUMP-1 in saturated ethanolic lithium nitrate solu-
tion for a period of 10 d followed by washing with ethanol. In
order to remove any residual free lithium salt from the sam-
ple the resulting material was further soaked in ethanol for
another 7 d. The corresponding lithium ion exchanged sam-
ple is further denoted as JUMP-1(Li). Post-exchange PXRD
spectra obtained for JUMP-1(Li) are in good agreement with
the patterns observed for the as-synthesized bulk material in-
dicating that the framework was left intact even upon ex-
change of the organic counterions (see Fig. S9t). The uptake
of the lithium cation was further confirmed by CHN elemen-
tal analysis (see the Experimental section), which is consis-
tent with the presence of two lithium ions per formula unit
of the anionic framework. Additional evidence for a full ex-
change of the organic counterions comes from the thermal
analysis of lithium ion exchanged sample JUMP-1(Li), which
lacks a corresponding mass loss (see Fig. S10%). This con-
firms well the possibility of post-synthetic replacement of the
counterions within the anionic framework of JUMP-1 without
any detectable impact on the stability of the framework.

Gas-sorption properties

The porosity of the anionic framework JUMP-1 was studied
by measuring the N, and CO, adsorption isotherms of the as-
synthesized and lithium ion exchanged materials. The activa-
tion of the as-synthesized sample was first attempted by a
solvent-exchange process utilizing dichloromethane followed
by gentle outgassing of the air-dried sample at room tempera-
ture to obtain JUMP-1“™ (see the Experimental section for
more details). However, this treatment led to the collapse of
the accessible pores with a very low available surface area for
gas sorption (see Table S5t), as indicated by the N, isotherm
and the corresponding pore size distribution (Fig. S11 and
S127). We therefore explored an alternative activation proce-
dure which is based on the treatment of the samples with
supercritical CO, to obtain JUMP-1°*¢ and JUMP-1(Li)**® from
the as-synthesized and the lithium ion exchanged samples,
respectively (see the Experimental section for more details).
This has been reported earlier to be a milder form of treating
materials, which is attributed to a more gentle evacuation of
the pores preventing mesopore collapse and thereby ensuring
the accessibility of micropores.*?

The N, isotherms for the materials JUMP-1%¢ and JUMP-
1(Li)**? are presented in Fig. 5 and the relevant data are sum-
marized in Table 1. For JUMP-1°*Y, an appreciable BET sur-
face area of about 113 m” g together with a total pore vol-
ume of 0.13 cm® ¢! was obtained. Upon replacement of the
organic cations by the lithium ions, a more than threefold in-
crease in the BET surface area to a value of 355 m*> g was
observed. However, this is related with only a slight gain in
the total pore volume to a value of 0.22 cm® g~'. With respect
to the overall void given by the anionic framework (0.96
em® ¢! calculated from the crystal structure of JUMP-1), the
total pore volume determined for JUMP-1°°¢ and JUMP-
1(Li)**? corresponds to about 14 and 23%, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 N, isotherms of JUMP-15°® (red) and JUMP-1(Li)** (blue) at 77
K. Open shapes denote desorption.

The isotherms shown in Fig. 5 can be classified as type II
isotherms according to IUPAC rules.** The hysteresis loops
observed can be described as type H4, which are somewhat
characteristic for the presence of slit-shaped pores. The lower
surface area of the as-synthesized material can be attributed
to the steric demand of the organic cations when present in
the framework, as they should hamper the accessibility of the
internal pores for incoming guest molecules. Interestingly,
the lithium ion exchange led to a considerable increase in po-
rosity, as it is indicated by both the significant increase in
the BET surface area and the larger total pore volume. This
can be attributed to a reduced steric demand of the counter-
ions upon replacement of the organic by the smaller lithium
ions, thereby enabling greater access to the micropores.*

To further elucidate this point, a pore size analysis of the
pretreated samples JUMP-1° and JUMP-1(Li)*? was
performed. The resulting pore size distribution plots are
displayed in Fig. 6. The comparison clearly indicates a mas-
sive increase in the population of micropores for the lithium
ion exchanged sample JUMP-1(Li)*, especially in the range
below 1 nm. This is consistent with the above indicated stabi-
lization of the mesopore structure by the gentle pretreatment
with the supercritical CO, drying.*’ This clearly shows that
the accessibility to micropores within an anionic framework
can be adjusted via the variation of the size of cations resid-
ing in the pores.*®

A similar basic trend can be seen from the CO, adsorption
isotherms of the pretreated samples JUMP-1°*Y and JUMP-
1(Li)**? (see Fig. S131), as for the latter a slightly higher

Table 1 Characteristic adsorption parameters for the as-synthesized and
lithium ion exchanged samples JUMP-15°® and JUMP-1(L)*® after
pretreatment by supercritical drying with CO,

Parameter JuMP-1%¢¢ JUMP-1(Li)**
a(BET) (m* g ™) 113 355

Total pore volume (cm® g™") 0.13 0.22

Pore width (mean) (nm) 4.7 2.5

Pore width (mode) (nm) 1.0 0.6
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volume in total adsorbed CO, is observed. However, the ratio
of adsorbed CO, does not follow that obtained in the case of
the N, isotherms. This can be attributed to characteristics of
the CO, adsorption process which does neither generally
scale with the pore volume nor with the available BET surface
area as obtained from N, adsorption. In fact, the CO, adsorp-
tion rather tends to prefer smaller pores, which is due to the
possibility of increasing adsorbate-adsorbent interactions.*®
Furthermore, as indicated from the N, adsorption data there
is only a moderate difference in the total pore volume be-
tween JUMP-1°° and JUMP-1(Li)**’. A combination of both
factors is assumed to be responsible for the absence of appre-
ciable variations in the amount of adsorbed CO, for the
pretreated as-synthesized and lithium ion exchanged
materials.

Conclusions

A pillared-layer cobalt(n) MOF JUMP-1 based on the redox-
active triphenylamine linker Hjntb was synthesized by a
solvothermal reaction. The structure of JUMP-1 can be viewed
as constructed from neutral 2D networks {[Co;(ntb),]},,, which
in turn are linked by terephthalic acid as an anionic pillar li-
gand. The charge of the resulting anionic 3D framework is
compensated by in situ generated dimethylammonium cat-

2730 | CrysttngComm, 2017, 19, 2723-2732
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ions. For the 3D framework, this leads to a 3,8-coordinated
net with a tfz-d topology. The linear trinuclear SBUs observed
in JUMP-1 exhibit mixed coordination geometries for the
three cobalt(n) ions, i.e. octahedral for the central and tetra-
hedral for the two terminal ions. Such mixed geometries are
uncommon for a solely carboxylate based coordination envi-
ronment as observed in JUMP-1. The trinuclear SBUs were
found to be magnetically well-separated and show an antifer-
romagnetic exchange coupling between the octahedral and
the tetrahedral cobalt(n) ions. The porous material JUMP-1 is
susceptible to exchange of the counterions present in the
void of the 3D network indicating the robust nature of the
anionic framework. Pretreatment prior to the gas-sorption ex-
periments with supercritical CO, turned out to be very effec-
tive in making micropores accessible. The comparison of the
as-synthesized and the lithium ion exchanged sample clearly
shows that the accessibility to micropores within the anionic
framework can be adjusted by variation of the cation size re-
siding within the pores. In fact, this led to a massive increase
in the population of micropores for the lithium ion ex-
changed material JUMP-1(Li)**.
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Supplementary Information

Crystal and framework structure of JUMP-1 with topology

Table S1: Bond lengths for the cobalt(ll) ions in the crystal structure of JUMP-1 (in pm).
For notation see Fig. 1 in the main text

Col-02 2.0380(18)
Col-03  2.1536(19)
Col-06 2.056(2)
Co2-01 1.978(2)
Co2-03  2.020(2)
Co2-05 1.996(2)
Co2-07 2.001(3)

Table S2: Bond angles at the cobalt(ll) ions in the crystal structure of JUMP-1 (in deg).
For notation see Fig. 1 in the main text

02-Col-O2A  8651(11) 01-Co2-O5D  102.81(9)
02-Col-03B  95.03(7)  01-Co2-07  106.59(11)
02-Col-03C  87.70(7)  05D-Co2-07  95.81(12)
02-Col-06D  96.00(10)  01-Co2-03C  101.07(8)
02-Col-O6E  172.50(8)  05D-Co2-03C  114.15(8)
03B-Col-03C  176.25(10) 07-Co2-03C  133.10(11)
03B-Col-06D  85.03(8)

03B-Col-O6E  92.14(8)

06D-Col-O6E  82.40(15)




Fig. S1: Asymmetric unit of JUMP-1 with thermal ellipsoids at the 50 % probability level.
Hydrogen atoms are omitted for the sake of clarity.



b

—

Fig. S2: 3D framework of JUMP-1 viewed along the crystallographic [001] direction. 2D
networks composed of linear trinuclear cobalt(ll) SBUs and ntb3~ ligands are arranged along
the (100) plane and interconnected by the bdc?~ pillars. Red polyhedra represent cobalt(11)

centers.

Fig. S3: Representation of the 2D network composed of linear trinuclear cobalt(ll) SBUs
and ntb?~ ligands within the 3D framework of JUMP-1 viewed along the crystallographic

[100] direction.



Topological analysis for JUMP-1

b

L.

Fig. S4: Representation of the tfz-d topology of the network of JUMP-1 viewed along the
negative crystallographic [001] direction. The red and blue spheres represent the trinuclear
cobalt clusters (8-connected nodes) and the nitrogen atoms of the ntb3~ ligands (3-connected
nodes), respectively.

b
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Fig. S5: Representation of the tfz-d topology of the network of JUMP-1 viewed along the
crystallographic [100] direction. The red and blue spheres represent the trinuclear cobalt
clusters (8-connected nodes) and the nitrogen atoms of the ntb®~ ligands (3-connected
nodes), respectively.




Table S3: Coordination sequences for JUMP-1 (topological density TD1g = 1748)

Vertex CS; CS, (CS3 CS; CSs

CSg CS; CSg CSo CSyp

V1 3 18 41 74 113
V2 8 20 44 74 116

164 221 290 365 452
164 224 290 368 452

Table S4: Vertex Symbols for JUMP-1

Vertex Vertex symbol

Extended Point Symbol

[4.4.4]

V1 [4%]
[4.4.4.4.4.4.65.65.62.62.62.62.64.64.64.64.64.64.64.64.64.64.64.64.85.85.85.824]

V2 [45.618 84]




XRPD patterns for JUMP-1
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Fig. S6: XRPD pattern for JUMP-1: simulated pattern (bottom, black) and experimental
pattern (top, red).



TGA profile for JUMP-1
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Fig. ST: Thermogravimetric data of JUMP-1: TG curve in blue and differential TG curve
(DTG) in red.



Magnetic data for JUMP-1
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Fig. S8: Field-dependent magnetization for JUMP-1. Lines represent best fit (see text in
main manuscript for parameters).



XRPD patterns for ion exchanged samples
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Fig. S9: XRPD pattern for lithium ion exchanged sample JUMP-1(Li) (top); for comparison
also the pattern of the as-synthesized sample JUMP-1 is displayed (bottom).



TGA profile for ion exchanged sample
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Fig. S10: Thermogravimetric data for lithium ion exchanged sample JUMP-1(Li): TG curve
in blue and differential TG curve (DTG) in red.
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Sorption data

Table S5: Consistency criteria derived from measured BET Data for activated samples of
the as-synthesized (JUMP-19™ and JUMP-15°¢) and lithium ion exchanged (JUMP-1(Li)**)
materials (for notation see text in main manuscript)

P/p, range C Vin [m*fg] 1VO+1 PR, (Vi) a(BET) [m?/g] R
JUMP-1dem 0.13-0.28 8.16 6.34 0.26 0.26 28 0.999
JUMP-15cd 0.08 - 0.23 134 25.96 0.08 0.08 113 0.999
JUMP-1(Li)**¢  0.005 - 0.026 3025 81.52 0.018 0.018 355 0.999
25 -
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Fig. S11: N, isotherm for JUMP-19"" measured at 77 K, which is the as-synthesized sample
activated by solvent-exchange with dichloromethane.
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Fig. S12: Simulated pore distribution data for JUMP-19™ fitted using N, on carbon at
77K (slit pores QSDFT equilibrium model).
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Isophthalic acid modulated synthesis of a neutral Co(ll)
nitrilotribenzoic acid MOF: Magnetic and sorption properties

Oluseun Akintola, Axel Buchholz, Helmar Gorls, and Winfried Plass*

Abstract. A new Co(ll) MOF (JUMP-3) has been obtained by
solvothermal reaction using 4,4',4"'-nitrilotribenzoic acid as linker with
isophthalic acid employed as template and pH modulator. Its X-ray
crystal structure revealed it to be a three-dimensional network
composed of trinuclear Co(ll) units while the topological analysis
showed it to have adopted a 3,6-coordinated net with 3,6T80
topology. Magnetic measurements performed in the temperature
range of 2-300 K revealed antiferromagnetic interactions between the
Co(ll) ions within its linear trinuclear clusters. Investigation of its
sorption properties was likewise carried out and it was found to

-1

demonstrate modest surface area, slightly less than 400 m?-g

Introduction

The past few years have seen MOFs emerge as a much sought
after class of hybrid materials with potential applications in many
diverse areas, including gas storage and separation,!"* chemical
sensing,®”  catalysis,®'% resonance imaging, and drug
delivery.l''-13 One of their major points of attraction has been the
relative ease with, which they can be tuned and tailored to fit
certain goals or enhancement of certain properties such as pore
size or luminescence.['*%1 Such predictability and tunability can
be regarded as being an outcome of the reticular approach
whereby the use rigid ligands and combining them with metals
can lead to predetermined structures.!'"”? Combining this strategy
with advances in topological research has thus helped to attain a
good measure of consistency in MOF synthesis. The implication
of this is that, by carefully selecting the ligands it becomes
possible to rationally design a framework with desired
architecture.['81°]

Generally, aromatic poly-carboxylates have been the most
commonly used type of ligands in constructing MOFs as they
impose the required rigidity, which in turn aids in stabilizing the

resulting structures.?%-2 They also offer varying types of

[a] Prof. Dr. W. Plass
Institut flir Anorganische und Analytische Chemie
Friedrich-Schiller-Universitat Jena
Humboldtstr 8
07743 Jena
Sekr.Plass@uni-jena.de

Supporting information for this article is available on the internet
under http://dx.doi.org/10.1002/ chem.2018xxxxx.

coordination modes such as the syn-syn, syn-anti, and anti-anti
modes and these play an important role of modulating magnetic
interactions. 2223

In addition to the organic linker and metal ion, an equally
important factor to be considered is the reaction medium and over
time solvents like ethanol, water, and DMF have been utilized in
MOF preparation. The latter has gained widespread use and a
frequent side-effect is the resultant formation of the
dimethylammonium cation under reaction conditions, which then
in turn templates the formation of anionic MOFs.?4l Even when
there is no generation of a secondary component arising from in-
situ solvent hydrolysis as in the case of DMF, solvents can still
play a powerful role as templates in MOF synthesis.?>2¢ In such
instances, the varying sizes of the different solvent molecules will
naturally lead to divergent outcomes.

Besides the solvent, other classes of compounds have also been
employed as templating agents.?’ Some of these include
surfactants, 28 Keggin ions,?®! metalloporphyrins,° and inorganic
acidsP'l. In the same token, organic acids such as phthalic acid
or acetic acid have been reported as well.’?-33 In a few cases,
these have been found to induce defects in the frameworks, which
have been accompanied by interesting consequences.(4%7]
Furthermore, they have shown the propensity to influence the
morphology and aggregability of the crystals.®8

In this report, we discuss a new Co(ll) MOF from nitrilotribenzoic
acid but obtained by using isophthalic acid as structure directing
agent. An anionic Co(ll) MOF (MIL-144) based on this same
ligand has been previously published.**4% However, the new
MOF was found to be neutral and had a similar topology to MIL-
144. The mechanism of formation is proposed to be based on the
double-headed action of isophthalic acid as both template and pH
modulator. Its porosity will be studied using two different activation
methods. Its magnetic properties will also be investigated and

reported here as well.

Results and discussion

Synthesis: A common feature in several MOF syntheses that
often utilize DMF as solvent is the decarbonylation of the latter,
which results in the formation of the dimethylammonium cation.
This cation has been known to play a templating role in the

syntheses of various anionic frameworks./'#2 This was likewise



found to be true in the case of the previously reported anionic
counterpart to JUMP-3.5% For its synthesis, isophthalic acid was
utilized for the initial purpose of obtaining a mixed ligand MOF with
Hsntb. However, the surprising outcome was a single ligand
framework consisting of only the Hasntb ligand and Co(ll) ion
without the isophthalic acid playing any visible role in the
structure. It is believed that the isophthalic acid rather than acting
as a co-ligand, may have suppressed the formation of the
dimethylammonium cation, which would have templated the
anionic MOF. This is possibly via lowering the pH to prevent basic
conditions, which would be suitable for decarbonylation of the
DMF. In addition to this, it is thought to have simultaneously
templated the formation of the neutral MOF instead. Repeating
the synthesis at the same temperature (130 °C) but in the
absence of the isophthalic acid resulted in no product. Increasing
the temperature to 150 °C (operating temperature for MIL-14413%
401y with the inclusion of isophthalic acid also did not lead to
formation of a product. It is therefore likely that the outcome was
a combined effect of both temperature and presence of the
modulator. We attempted to use phthalic acid instead to see if it

would show similar behavior, but it did not yield any crystalline

product.

Figure 1 Cut-out view of the trinuclear SBUs displaying the coordination
environments around the cobalt(ll) ions. Bulky groups have been removed to
allow easier view. Symmetry code: I =+ x, x—-y, -1/2+z, Il =+vy, x, =3/2 - z;
M=+y,—-x+y, 1=z IV=1-x,1-y,2-z,V=1+y—-x1-Xx,+z; VI =+ X, X
-y, 12+z Vll=-y+Xx,+Xx,2-z

structure of JUMP-3:
measurement was performed on the crystalline product obtained

X-ray crystal X-ray diffraction

directly from the solvothermal synthesis. Unfortunately, the quality
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of the crystals was poor and thus only a motif could be obtained.
As such, a more detailed description of the crystal structure will
not be given.

The data reveals JUMP-3 crystallizes in the hexagonal space
group P3c1 and possesses a 3D network. Its crystallographic
asymmetric unit contains four and a half independent Co atoms
and three ntb®- including two DMF solvent molecules, one of
which is on a special position.

In overview, the 3D network can be described as composed of an
array of linear trinuclear clusters throughout the structure (see Fig.
1). Each cobalt(ll) ion exists within an octahedral coordination
environment. The consistence of the octahedral geometries is
quite typical for such carboxylate systems.[34% The clusters are
then connected through the ntb3- ligands resulting in the

formation of the 3D framework structure as displayed in Fig. 2.

Figure 2. Representation of the crystal structure of JUMP-3 viewed along the
[001] direction showing the arrangement of triangular and hexagonal channels.
Polyhedra represent cobalt(ll) centers.

On closer inspection of the clusters, two slightly distinct types can
be found within the structure. The first cluster containing Co1,
Co2, and Co3 is slightly irregular with each cobalt ion situated on
a general position. The adjacent atoms are bridged within the
trinuclear cluster by the carboxylate groups of the ligand. Three
types of carboxylate bridges can be identified, one of which is a
monodentate p41 mode (O3 and O4) and the other two in a
bidentate syn-syn pi3; mode (01/02 and O5/06) (see Fig. 3).

Additionally, the terminal Co1 and Co3 ions are each coordinated

J»Z\ ~Co

by two water molecules.

A

e oY
Co Co Co
Syn-syn 4 3 K14

Figure 3. Carboxylate bridging modes found in trinuclear clusters of JUMP-3.



The second cluster on the other hand is symmetric stemming from
residence of the Co5 on an inversion center. The terminal Co4 ion
is also coordinated by water molecules. In terms of its bridging
modes, the second cluster is identical to the first. As such, it also
has two types of carboxylate bridges, the monodentate 4,1 mode
(O3) and the other two in a bidentate syn-syn p13 mode (O3/04
and O5/06).

The three-dimensional framework can be described as made up
of a combination of pseudo-hexagonal and triangular channels
when viewed along the [001] direction resulting in a Kagome
lattice (see Fig. 2). The hexagonal channels are large (17-20 A
diameter) and expectedly filled with various types of guests
including solvent and isophthalic acid molecules. The existence
of the latter could not be confirmed crystallographically, but
evidence of its presence is supported by both elemental as well
as thermogravimetric analysis. The solvent accessible void of the
framework is estimated to be 21525 A per unit cell, which
represents 54.5% of its total volume.™®

Overall, JUMP-3 only shows similarity to its anionic counterpart
MIL-144 in terms of network connectivity. In contrast to MIL-144,
which had a mixture of dinuclear and trinuclear cobalt SBUs, it is
solely composed of trinuclear metal-centered SBUs. 9 To gain
further understanding of its network, topological analysis has
been carried out using TOPOS.#"1 By way of simplification two
different nodes are revealed, which are six- and three-connected.
The analogous topological net is shown in Fig. 4. The six-
connected node is typified by the linear trinuclear clusters with
each being connected to six attached carboxylate groups, all of
which emanate from the ntb® ligands (Fig. S1). The amine
nitrogen atom in the ligands provides the three-connected node
(Fig. S2). Analysis of the topology reveals the network is a 3,6-
connected net with the 3,6T80 topology and point symbol
(4%.6),(44.62.8%.10) (see Fig. 3, Tables S1 and S2). A tile

representation of the framework is given in Fig. S3.

Powder Diffraction and Thermal Analysis: To confirm phase
purity of the bulk material, powder diffraction of JUMP-3 was
performed. Both the experimental and simulated patterns show
almost close agreement as shown in Fig. S4. The slight
differences can be attributed to the poor quality of the single
crystal diffraction data.

The thermal analysis of JUMP-3 shows a steady weight loss up
to 370 °C, after which the compound began to thermally
decompose (see Fig. S5). The first of the steps is made up of
two indistinguishable episodes as illustrated by the differential
thermal gravimetric analysis. The earlier mass loss seen at 4.8%
would seem to indicate a looser association of the water

molecules as compared with the DMF molecules.
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Figure 4. Topological representation of the 3,6-connected net in JUMP-3: View
along the [001] direction (above); View along the [010] direction (below). Blue
balls represent N atoms at the center of the amine ligand, whereas red balls
represent the centers of the trinuclear units, respectively (for details see text).

The total mass loss up to 250 °C is however consistent with the
estimated value related to six water and three DMF molecules
(observed 9.8%, calculated 9.4%). There is no clear nor distinct
mass loss attributable to the guest isophthalic acid molecule,
which could be due to the existence of some loose form of
association with the framework. The further decomposition of the
organic ligand framework was composed of successive weight
loss steps resulting in a rest mass of 19.3%, which fits exactly with
the calculated value of the 19.3% estimated for CoO (see Fig. S4).

Magnetic Properties of [Cos(ntb)s(H20)12]n (JUMP-3): The
magnetic susceptibility data for JUMP-3 was measured at an
applied field of 2 kOe in the temperature range from 2 to 300 K
and is shown in Fig. 5 as a temperature-dependent plot of both
xmT and .

The room temperature yyT value of JUMP-3 seen at 8.5
cm3-K-mol-" is significantly higher than the spin-only value for
three magnetically isolated Co(ll) ions at room temperature (5.63
cm®*-K-mol-"), indicative of significant orbital contribution."8-4%! It
then slowly decreases with lowering temperatures to reach a
value of 2.5 cm®K-mol-' at 2 K. It is generally known that spin-
orbit coupling in addition to antiferromagnetic coupling of the
neighboring cobalt(Il) ions is often responsible for the observed
behavior.®  The molar

reciprocal magnetic  susceptibility

xm plotted versus temperature obeys the Curie-Weiss law



between 35—300 K with a Curie constant of 9.4 cm®-K-mol~' and

a Weiss temperature 6 = —28.8 K (see Fig. 5).
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Figure 5. Temperature dependence of the magnetic susceptibility yyuT
(black squares) and y3* (black circles) per Cos unit in JUMP-3 measured at an
applied field of 2 kOe. Lines represent best fit (see text for parameters).

The Curie constant falls within the range for three octahedral
Co(ll) ions with significant orbital contribution.®"! The negative
value of the Weiss constant is in agreement with the existence of
antiferromagnetic exchange between the Co(ll) ions in addition to
considerable spin—orbit coupling.® As the trinuclear clusters in
JUMP-3 are clearly well-isolated from each other within the
structure of the framework, this would suggest that the magnetic
behavior can be described in terms of these units. Therefore to fit
the data, a simple model was constructed, in which a single set of
parameters was assumed for all three cobalt(ll) centers so as
to avoid overparametrization. The Hamiltonian used in fitting
the data is stated in Eq. (1).

H = J(5,5, + 5,5:) + 3D [$(2)* = 38(S + )] (1)

Fitting of the susceptibility data between 20-300 K was then
performed using PHL53 The experimental data were best
replicated with the following fit parameters g = 2.46, D = 74.4
cm™, J = -24 cm™, TIP = 1.3 x 10-% cm®mol-', and an
agreement factor of R =7.1 x 10-3,

The value of the coupling constant J is consistent with reported
values for similar trinuclear systems.®#3-#4 Furthermore, the
antiferromagnetic nature of the exchange is in agreement with
the coordination modes observed in the clusters, which are the
syn—syn—us3 and the 4.1 (see Fig. 2). This is supported by the
observation that the syn-syn and anti-anti conformations often
addition,  the

dependence of the exchange coupling on the Co-O-Co bridging

favor antiferromagnetic  coupling.5%% In

V,. (8TP)/cm*g™
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angles has been reported with values larger than 100° favoring
antiferromagnetic coupling.l®¢-" This would agree with the value
of about 109° observed for JUMP-3.

The field dependent magnetization was measured in a
temperature range of 2 to 5 K and up to a field strength of 5 T and
the data is likewise displayed in Fig. S6. It expectedly shows an
increase in the magnetization with increasing field strength
attaining a value of 3.6 Nf at 2 Kand 5 T. It clearly does not reach
saturation at the conditions described. In addition, the value is far
lower than the saturation value of about 3 Nf (per Co(ll) ion)
expected for Co(ll) ions with a possible S’ = % state, which
supports the existence of antiferromagnetic interactions between
the ions.!%8-6% However, no fit of the magnetization data could be
obtained mainly due to the different nature of the behavior of the
trinuclear system at the low temperatures, at which the data were
obtained.

To obtain a further understanding of the magnetic behavior of
JUMP-3, AC.  magnetic susceptibility measurements were
performed and showed no out-of-phase signal. This indicates the
absence of any magnetic ordering and is consistent with
magnetically isolated clusters as suggested by the crystal

structure.

Gas-sorption properties: The porosity of JUMP-3 was
investigated by measurement of the N, isotherms. The MOF was
activated using both dichloromethane and supercritical CO- to
obtain JUMP-3%™ and JUMP-3%, respectively (see Experimental

Section for details).
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Figure 6: N2 isotherms of JUMP-3%™ and JUMP-3*¢ measured at 77K.
Open shapes denote desorption.

The N3 isotherms of both materials are depicted in Fig. 6 while the
relevant results are presented in Table 1. A comparison of both

samples shows that drying with supercritical CO, was a more



efficient method of evacuating the pores when compared to
solvent-exchange with dichloromethane.®®'! This is seen in the
higher sorption displayed in the case of the former. The BET
surface area of JUMP-3 was almost 2-fold higher than that of
JUMP-39m which is in line with the increased adsorption. This
outcome confirms that activation via supercritical CO; is a milder
method of evacuating pores of metal organic frameworks. This is
due to its tendency to gently evacuate the mesopores without
resulting in collapse of the essential micropores.l? Since the
operating conditions (temperature and pressure) are above the
critical point, it is thought to prevent the occurrence of surface
tension. By extension, capillary forces, which might then
otherwise lead to deformation and pore collapse that would
consequently occur upon solvent removal are likewise eliminated.
This is supported by the t-plot analysis, which showed an increase
in the micropore area (approximately two-fold, see Figs. S7 and
S8 and Table S4). There was also a similar increase in the total
pore volumes obtained for both samples. By comparison the
observed pore volumes were estimated to be 18% and 33% of the
calculated pore volume (0.67 cm®-g~' calculated from the crystal
structure of JUMP-3). The reduced access could be attributed to
the presence of the isophthalic acid guest, which could probably
not be easily removed through supercritical CO;, drying.

The isotherms portrayed in Fig. 7 can be described as irreversible
type Il isotherms with H3 hysteresis loops suggesting the
presence of a small contribution of slit-shaped mesopores in
addition to the dominant micropores. There was also a slightly

more pronounced loop in JUMP-3%¢ as compared with JUMP-
3dcm.
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Figure 7: QSDFT calculated pore distribution data for JUMP-3%™ and JUMP-
3 fitted using N2 at 77 K on carbon (slit/cylindrical pores, QSDFT adsorption).
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From the pore distribution curves obtained from fitting the
isotherms using QSDFT kernels provided by Quantachrome
Instruments, 3 the majority of the pores were concentrated in
the micropore range (< 2 nm), which was in agreement with the
results from the t-plot analysis. While both samples had the
same modal pore sizes, there was apparently a larger
population of these pores in JUMP-35¢¢ as compared with its
dichloromethane-treated analogue, JUMP-3%™ (see Fig. 7). This
clearly confirms that increased access to the pores stemmed
from the usage of the supercritical CO; treatment in the former
as compared with in JUMP-34m,

Table 1. Parameters obtained from adsorption isotherms of JUMP-3%™ and
JUMP-35¢

Compound a(BET) Total Pore Vol. Mean Pore Modal Pore
(m?-g-") (cm3-g-") Width (nm) Width (nm)

JUMP-3dem 213 0.12 0.9 23

JUMP-35¢ 383 0.22 0.9 22

Conclusions

The new Co(ll) MOF based on the nitrilotribenzoic acid ligand
here reported was obtained by addition of isophthalic acid into the
solvothermal reaction of the former with cobalt(ll) chloride. As
there was no inclusion of the isophthalic acid within the MOF
structure, it was inferred to have suppressed the formation of
dimethylammonium cation, which might have otherwise
templated the formation of an anionic framework while
simultaneously acting as a template for the neutral MOF. The role
of isophthalic acid is thus proposed to be two-fold—pH modulation
as well as structural templating. Topological analysis determined
its underlying net to have a 3,6T80 topology with its trimeric
clusters and the central nitrogen being reduced to nodes. It was
conclusively shown via magnetic susceptibility data to display
antiferromagnetic interactions between its Co(ll) ions within the
trimeric clusters. Additionally, sorption measurements after
activation using supercritical CO; led to a two-fold increase in its
surface area as compared to solvent exchange with
dichloromethane. Inclusion of modulators such as in this case has
also been shown to offer pathways to obtaining new materials

while using already known reactants.

Experimental Section

Materials. Triphenylamine (Alfa Aesar) and cobalt(ll) chloride
hexahydrate (Aldrich) were obtained commercially and used without
further purification. All other chemicals were of AR grade. The
tribromotriphenylamine used was prepared from triphenylamine by



modifying an already reported procedure.!®¥ The final ligand 4,4',4"-
nitrilotribenzoic acid (Hsntb) was obtained in good yield following
procedures already described in literature.[3% 61

Analytical data for Hantb. TH NMR (400 MHz, [De]DMSO, 25°C, & in ppm):
7.13 (d, 3JH,H = 8.7 Hz, 6H), 7.89 (d, 3JH,H = 8.7 Hz, 6H), 12.76 (s, 3H).
13C NMR (100 MHz, [Ds]DMSO, 25°C, & in ppm): 123.7, 125.9, 131.2,
149.8, 166.7. Selected IR (ATR, cm™): =1672's, 1591 s, 1509 m, 1417
s, 1314 s, 1275 vs, 1173 s, 1129 m, 932 m. EI-MS: m/z (%): 377 (100)
[M+].

Physical Measurements. Simultaneous TG/DTA analyses were
performed under static air atmosphere using a Netzsch STA Luxx PC
analyzer up to 1000 °C. The FT-IR spectra were measured on a
VERTEX 70 IR spectrometer by Bruker Optics using the Specac
Diamond ATR optional accessory. Mass spectrometry was performed on
a MAT SSQ710 mass spectrometer made by Bruker. NMR spectra were
recorded with a Bruker AVANCE400 spectrometer. The elemental
analyses were done on a VARIO EL IIl analyzer. The magnetic
susceptibilities were measured on the bulk vacuum dried materials in the
2-300 K temperature range with a Quantum Design MPMS-5
superconducting SQUID magnetometer. The data were corrected for
diamagnetic contributions. The N2 physisorption isotherms were
measured on an Autosorb-1Q instrument from Quantachrome
Instruments Corporation. Solvothermal reactions were carried out in a 23
mL Teflon-lined acid digestion vessel from Parr Instruments, utilizing a
programmable oven by Binder. Supercritical CO2 drying was carried out
in a steel autoclave with a 100 mL inner glass chamber by Carl Roth.
Powder X-ray diffraction measurements were performed on a Stoe
Powder Diffractometer with a Mythen 1K detector at room temperature.
Measurements were done using capillary tubes while the Debye Scherrer
Scan Mode was applied with a 26 scan type. The X-ray tube was a Cu-
long fine focus tube. The powdered samples were suspended in DMF in
a 0.5 mm glass capillary and then measured. The measurement was
carried out between 2 and 50° with steps of 2.1° per 20 seconds.

Synthesis

{[Cog(ntb)s(H20)12]-xH20-yDMF-zH;ip}s: Isophthalic acid (Hzip, 33 mg,
0.199 mmol) and Hantb (50 mg, 0.13 mmol) were dissolved and stirred in
DMF (5 mL) for 15 min. Cobalt(ll) chloride hexahydrate (0.13 g, 0.52
mmol, Aldrich) was then added and stirred until all solid was dissolved.
The solution was placed in a Parr acid digestion vessel and heated at
130 °C for 72 h under autogenous pressure. It was then allowed to cool
at a rate of 5 °C-h~". Violet crystals were later seen upon cooling, which
were washed with DMF (5 x 2 mL).

Evacuation of the sample for four hours then followed this.

Yield: 43.2 mg, 56.4% based on ligand with x = 6, y = 3, and z = 1 (after
drying under vacuum for four hours.) Drying for even longer periods
leads to lower solvent content of the resulting material as corroborated
through elemental analysis and TG measurements.

Elemental analysis for {[Cog(ntb)s(H20)12]:6H20-3DMF-Hzip}». Calcd (%)
for C1asH135C09NgOe1 (3486.02 g-mol™): C 49.27, H 3.90, N 3.62; found:
C 49.03, H 3.62, N 3.94. Selected IR (ATR, cm™"): = 3396 br, 1657 s,
1594 s, 1559 s, 1505 w, 1383 vs, 1312 's, 1255 s, 1173 m, 1096 m, 1062
m.

X-ray Structure Determination. The intensity data for the compounds
were collected on a Nonius KappaCCD diffractometer using graphite-
monochromated Mo—Ka radiation. Data were corrected for Lorentz and
polarization effects; absorption was taken into account on a semi-
empirical basis using multiple-scans. 6681
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The structure was solved by direct methods (SHELXS®®) and refined by
full-matrix least squares techniques against F2.(SHELXL-97%9) All
hydrogen atoms were included at calculated positions with fixed thermal
parameters. All non-disordered, non-hydrogen atoms were refined
anisotropically.[%® Diamond 4.3 and Olex 1.2.7 were used for structure
representations.[%7" The crystal of JUMP-3 contain large voids, filled
with disordered solvent molecules. The total size of the voids is 21525
A3/unit cell. Their contribution to the structure factors was secured by
back-Fourier transformation using the SQUEEZE routine of the program
PLATONUM! resulting in 10216 electrons/unit cell.

Nevertheless, the crystals of JUMP-3 were extremely thin and of low
quality, resulting in a substandard data set; however, the structure is
sufficient to show connectivity and geometry despite the high final R
value. We will only publish the conformation of the molecule and the
crystallographic data. We will not deposit the data in the Cambridge
Crystallographic Data Centre.

Crystallographic and refinement parameters for JUMP-3.

Formula C13sH93C09N9Os1, M = 3187.55, Hexagonal P3cl,a=
39.7934(6), b = 39.7934(6), ¢ = 28.8035(6) A, .= 90°, y=120° V =
39500.1(14) A3, T= 133K, Z =6, pcaic = 0.804 g-cm™3, 1 = 0.601 mm™",
multi-scan, transmin: 0.6019, transmax: 0.7456, F(000) = 9702[*],
170590 reflections in h(=51/51), k(=51/51), I(—37/37), measured in the
range 1.02° <20 < 27.57°, completeness Omax = 99%, 29872
independent reflections, Rint = 0.1195, 16481 reflections with Fo > 4c(Fo),
863 parameters, 0 restraints, Riobs = 0.1226, WR20bs = 0.3397, Rian) =
0.1747, wRzn = 0.3826, GOOF = 1.313, largest difference peak and
hole: 2.584 / —1.218 e A-3. [*] derived parameters do not contain the
contribution of the disordered solvent.

Sample pre-treatment and sorption measurements

Activation with dichloromethane. Activation was performed by solvent
exchange with dichloromethane. This was done by immersing the sample
(=50 mg) in dichloromethane (10 mL) for three days. During this period,
the solvent was refreshed every 24 h. The supernatant solvent was then
removed and the ensuing slurry dried in air. The final resulting air-dried
sample was denoted JUMP-3%™ (where the superscript dcm connotes
activation by exchange with dichloromethane).

Activation with supercritical CO.. In an alternative procedure, the
sample was pretreated by activating with supercritical CO2.This was
carried out by soaking the as-synthesized JUMP-3 (=50 mg) in ethanol
(10 mL) for three days, during which the ethanol was changed every 24 h
by decanting the solvent. Subsequently this was followed by drying with
supercritical CO2. For this procedure, the ethanol-immersed samples
were decanted followed by carefully transferring the resultant slurry into
an autoclave (100 mL volume) and then sealed. Liquid CO2 was then
introduced into the autoclave (final pressure of 60 bar) and allowed to
stand 30 min. The CO2 was then slowly released from the autoclave over
a period of 20 min to remove any likely non-occluded ethanol from the
materials. A second batch of liquid CO2 was introduced into the reactor
(again 60 bar) but this time allowed to stand for 24 h. The temperature of
the autoclave was then raised to 40 °C to bring the CO2 to supercritical
conditions and maintained for one hour at this temperature. The CO2was
then slowly released over 30 min with the temperature maintained at

40 °C to prevent any cooling that might result from expansion of the gas
during evaporation. The resulting supercritical CO2 dried sample was
denoted JUMP-3%°¢ (where the superscript scd translates to activation by
drying with supercritical CO2).



Sorption measurements. The isotherms of both types of pretreated
were measured immediately after outgassing the samples at room
temperature for 30 min. Their pore distribution curves were estimated by
fitting the experimental data using quenched solid density functional
theory (QSDFT) kernels based on adsorption models for N2 on carbon at
77 K with slit/cylindrical pores provided by QUANTACHROME
Instruments.[®¥ The Brunauer—Emmett—Teller (BET) surface areas for
both samples were estimated from the adsorption data over different
relative pressure ranges all between 0.001-0.050 while ensuring
compliance with the consistency criteria (see Table S3).[21 T-plots were
obtained from the sorption data using the de Boer method and the
relevant details are given in Table S4.
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1 Additional toplogical information for 1

Fig. S1: Six-connected node found in 1 overlaid over structure. Actual atoms have been
grayed out for clarity.



Fig. S2: Three-connected node found in 1 overlaid over structure. Actual atoms have been
grayed out for clarity.



Table S1: Coordination sequences for 1 (topological density TD1p = 1192)

Vertex CS; CS; CS1 CS5¢ CS; CS4

V1 3 13 16 52 45 134
V2 6 8 32 30 90 76

CS; G5 G5 C5

103 257 171 418
206 140 342 218

Table S2: Vertex symbols obtained from topological analysis of 1

Vertex Vertex symbol

V1 [42.6]
V2 [41.62.8%.10]

Extended Point Symbol

[4.4.6]
[4.4.4.4.6.6.82.85.85.84.87.87.87.87.1014]




2 Tiling of 1

Fig. S3: Tiling of 1 viewed along [001]. Tiles: 3[42.8%]+3[4.83]+[4%.8%.122].
Transitivity: [2353].



3 Powder diffraction data for 1
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Fig. S4: XRD pattern for 1; simulated pattern below and experimental pattern above.




4 Thermo-analytical data for 1
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Fig. S5: Thermo-analytical profile for 1 carried out in air.

800

DTG / %Loss min™



Magnetic Data for 1
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Fig. S6: Field-dependent magnetization for 1.



5 Additional Sorption data

Table S3: Consistency criteria and other sorption parameters extracted from Nj-isotherms
of 1997 and 1scd

Vm BET A
P/r.range  C L% ING4+1 PIR(Vm) (ng’:f; R
1%™  0.003-0.05 1268 48.9 0.027 0.024 213 0.999
1= 0.001-0.05 913 88.1 0.032 0.032 384 0.999

Table 54: Thickness method summary for sorption data of 19 and 1=

BET Area [External Area Micropore Area  Micropore Vol — Total Vol

Intercept (mag 1) (m?g 1) (mg 1) (cm’g ') (cmig ')
19m 37,699 213 65 148 0.06 0.12
1 71421 383 99 284 0.11 0.22
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Fig. S7: T-plot for 19°™ calculated by DeBoer method.
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Fig. S8: T-plot for 1°°? calculated by DeBoer method.
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Facile synthesis of highly thermally stable
nhanoporous y-aluminas from aluminum alkoxide

Gholamhossein Mohammadnezhad,*® Oluseun Akintola,® Winfried Plass,®
Felix H. Schacher,“® Frank Steiniger® and Martin Westermann®

The effects of aluminum alkoxide single source precursors on the sol-gel synthesis of highly thermally
stable nanostructured alumina by nonionic triblock copolymer P123 were investigated. Different
crystalline nanoporous alumina materials with large single or bimodal accessible pores were synthesized
via an efficient single-step process starting from alkoxide precursors utilizing the evaporation-induced
self-assembly (EISA) method. The effect of different types of organic groups within the molecular
aluminum precursor were explored by variation from iso-propoxide (O'Pr), as an alkoxy group, over
phenoxide (OPh), as an aryloxy group, to the presence of ether functions within the alkoxy chains,
represented by methoxyethoxide (OCH,CH,OCH3) and methoxyethoxyethoxide (OCH,CH,OCH,CH,OCH>)
groups. The prepared samples were characterized by small and wide angle X-ray diffraction, N>
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adsorption—desorption, TGA-DTA, and TEM measurements. For the prepared aluminas porosity,

surface area, and excellent thermal stability, as well as an adjustable pore size distribution were found

DOI: 10.1039/c5ra05883j

www.rsc.org/advances accessible pores are necessary.

1. Introduction

Synthesis of functional inorganic materials such as metal oxides
with tunable properties has been considered as a challenging
issue for both academic and industrial researchers."® Among
these materials aluminum oxides are one of the most important
class of compounds which have found a wide range of appli-
cations in industrial catalysts, catalyst supports, adsorbents,
optics, electronics, or biomedicine.”** Enhancement of the
characteristics of these materials such as surface area, particle
size, pore size, pore volume, morphology, and dimensionality
continues to attract a considerable amount of interest.**° Since
the first report of well-ordered periodically organized meso-
porous silica in 1992, with outstanding characteristics such as
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which make them suitable for potential application in different processes where single or bimodal

high specific surface area, uniform pore channels, tunable pore
size, narrow pore size distribution, and others, the synthesis of
different porous materials has become an exciting area of
materials chemistry.

Mesoporous aluminas (MAs) have been synthesized by
different structural directing agents such as cationic and
anionic surfactants,”** and different block copolymers.>***
However, thermal stability of these materials and preservation
of mesoporous structure upon calcination and processing is of
great importance. Since the use of polymeric templates, such as
non-ionic triblock copolymers as soft template, large efforts
have been devoted to the synthesis of ordered mesoporous
aluminas.” These types of polymeric templates are striking due
to their availability, low price and biodegradability and specif-
ically for their ability to induce the formation of uniform and
large pores. Different approaches have been reported for the
synthesis of ordered mesoporous aluminas. Early results from
the usage of block copolymers resulted in amorphous,*® disor-
dered,” worm-like*” or disk-shaped mesostructures.*® However,
there have been a few drawbacks such as the complicated
hydrolysis behavior, the need to maintain strict control of
synthetic conditions, in addition to the time consuming
procedures. A remarkable step forward in the synthesis of
ordered mesoporous y-aluminas with high thermal stability has
been achieved through the solvent evaporation induced self-
assembly (EISA) of P123 triblock copolymer ([(EO).o(PO)5o-
(EO)y]) and aluminum precursors (Al(O'Pr);, Al(O°Bu); or

RSC Adv., 2015, 5, 49493-49499 | 49493
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Al(NO3;);) based on a simple and reproducible sol-gel process in
ethanol.” Thereafter, other metal precursors such as aluminum
chloride,** aluminum nitrate®**** and bohemite** with different
additives were used based on this procedure for preparation of
MAs. The role of acid concentration in the synthesis medium on
MAs has also been explored.®® The physicochemical properties
of alumina are highly dependent on the source of aluminum
precursors.** Aluminum alkoxides are some of the most
frequent precursors which have been used for synthesis of
aluminas.*® Moreover, the rate of hydrolysis and condensation
of aluminum alkoxides strongly depend on the types of alkox-
ides groups and consequently the coordination environment of
the aluminum centers.**

There remains a great interest to explore different parame-
ters in the synthesis of MAs for desired materials. To the best of
our knowledge, the effect of utilizing various aluminum alkox-
ides as precursors in preparation of MAs employing the EISA
method in presence of non-ionic polymeric templates has not
been explored. Herein, to study the influence of various suitable
alkoxides, including O'Pr, OPh, OEtOMe, and OEtOEtOMe, on
the structure, morphology, and physicochemical properties of
MAs we prepared a series of highly thermally stable nanoporous
alumina with tunable pore size and volume as well as
crystallinity.

2. Experimental

2.1. Chemicals

Triblock copolymer Pluronic P-123 (average M, ~ 5800,
(EO),0(PO)70(EO),0) was purchased from Aldrich Chemical Inc.
Ethanol, iso-propanol, phenol, 2-methoxyethanol, and 2-(2-
methoxyethoxy)ethanol were obtained from Merck. HNO; (65
wt%) was purchased from Carl Roth GmbH. & Co. KG.
Aluminum iso-propoxide, and aluminum phenoxide were
synthesized from aluminum foil and related alcohol based on
the reported procedures.*”*®* Aluminum 2-methoxyehoxide,
[Al(OCH,CH,0CH3;);], and aluminum 2-methoxyethoxyeth-
oxide, [Al(OCH,CH,0CH,CH,0CH3;);] were prepared by alcohol
exchange method from aluminum iso-propoxide in toluene.**
Ethanol was dried over sodium and distilled before use under
inert atmosphere.

2.2. Synthesis

The Aluminas were synthesized based on the modified proce-
dure reported by Yuan et al.*® The triblock copolymer Pluronic
P-123 (2.00 g) was dissolved in dried ethanol (20.0 mL) at
ambient temperature and allowed to stir for 4 h. To this clear
solution were added the aluminum alkoxide (0.02 mol) followed
by dried ethanol (20.0 mL) and nitric acid (3.4 mL). The
resulting solution was stirred for 5 h at room temperature.
Subsequently the solvent evaporation process was performed at
60 °C in a convection oven for 72 h. Samples 2 and 4 were
further dried at 150 °C for 2 h. Calcination was performed at a
heating rate of 1 °C min ™' starting from room temperature and
kept at 400 or 900 °C for 4 h.

49494 | RSC Adv., 2015, 5, 49493-49499

View Article Online

Paper

2.3. Characterization

X-ray powder diffraction patterns were collected at room
temperature with a Siemens D5000 (Cu-K,, germanium mono-
chromator). Small angle X-ray scattering (SAXS) measurements
were performed on a Bruker AXS Nanostar (Bruker, Karlsruhe,
Germany), equipped with a microfocus X-ray source (Incoatec
ImSCu E025, Incoatec, Geesthacht, Germany), operating at A =
1.54 A. A pinhole setup with 750 mm, 400 mm, and 1000 mm (in
the order from source to sample) was used and the sample-to-
detector distance was 27 cm. Samples were mounted on a
metal rack and fixed using tape. The N, adsorption and
desorption isotherms were measured using a Quantachrome
Autosorb-iQ-MP gas sorption analyzer. Thermogravimetric
analysis (TGA) and Differential thermal analysis (DTA) were
performed with a NETZSCH STA409PC Luxx apparatus under
constant flow of air ranging from room temperature up to
1000 °C with a heating rate of 1 K min™ .

For transmission electron microscopy (TEM), for each
sample, 20 mg of aluminum oxide were added to 100 pL of
absolute ethanol and sonicated at 37 kHz and 240 W for 20 min.
After 10 min of sedimentation a drop of 6 puL supernatant was
placed on top of a carbon-coated 400 mesh copper grid
(Quantifoil Micro Tools, Jena, Germany). Excess liquid was
removed by placing a sheet of filter paper below the grid. The
samples were then air dried and analyzed using a CM120 elec-
tron microscope (Philips, Eindhoven, Netherlands) operated at
120 kV. Images were acquired using a 2k TemCam F216 CMOS
camera (camera and software, TVIPS, Munich, Germany). For
scanning electron microscopy (SEM) the 400 mesh copper grids
previously prepared for the TEM analyses were sputter coated
with platinum (2 nm) in a BAL-TEC SCD005 Sputter Coater
(BAL-TEC, Liechtenstein) and imaged in a LEO 1530 Gemini
field emission scanning electron microscope (Carl Zeiss, Ober-
kochen, Germany) at 4 kV acceleration voltage and a working
distance of 3 mm using an inlense secondary electron detector.

3. Results and discussion

Four different aluminum alkoxide precursors Al(O'Pr);,
Al(OPh);, [Al(OCH,CH,OCH;);], and [Al(OCH,CH,OCH,CH,-
OCHj;);] have been utilized as molecular precursors for the
synthesis of aluminum oxides by evaporation-induced self-
assembly in the presence of P123 triblock copolymer. In order
to investigate the role of the polymeric template two additional
experiments were performed under similar conditions but in
absence of template. The effect of four different functional
groups in the aluminum precursors have been explored. This
includes the iso-propoxide (O'Pr) as an alkoxy group, phenoxide
(OPh) as an aryloxy group, and the presence of ether functions
on the alkoxy chains, such as methoxyethoxide (OCH,CH,-
OCHj;) and methoxyethoxyethoxide (OCH,CH,OCH,CH,0OCH3),
which provide additional donor sites and are therefore expected
to lead to decreasing rates of hydrolysis.

The synthetic conditions under which the aluminas were
prepared using different molecular precursors are summarized
in Table 1. Small angle X-ray scattering (SAXS) measurements

This journal is © The Royal Society of Chemistry 2015



Paper

were performed to check for the evidence of the formation of
mesopores. The SAXS pattern of sample Al-1 calcined at 400 °C
is depicted in Fig. 1. It shows a strong reflex (100) at 0.7° and, in
addition, a weak reflex at around 1.2°. The SAXS patterns of the
other three samples calcined at 400 °C are depicted in Fig. 2. In
these samples the main diffraction reflexes (100) are around
0.6°, which is an indication for meso-structure of these samples,
but no long range order was observed. For sample Al-1 the
highest intensity for peak (100) is observed while for Al-2 the
lowest intensity is observed within the series of template
assisted materials (Al-1 to Al-4), which indicates that alkyl or
alkylether groups have a better effect on the porosity of the final
product. In the presence of alkylether and aryl groups the main
diffraction peak (100) is shifted towards lower angles, as can be
seen from Fig. 1 and 2. This observation could be related to
synergetic effects of released organic molecules, such as ether
functionalized alcohols or phenol after hydrolysis of the corre-
sponding alkoxides, with the presence of block copolymer
template which results in different pores.

For most of the reported cases considerable drawbacks are
observed, as the prepared MAs possess amorphous walls or
involve inconvenient multistep synthetic procedures. Consis-
tently the wide-angle XRD measurements of all samples
calcined at 400 °C show the occurrence of amorphous struc-
tures. The TGA-DTA data of the samples exhibit an exothermic
peak at about 860 °C without any weight loss which is due to the
crystallization of amorphous alumina. Therefore, all samples
have also been calcined at 900 °C. The conservation of the
mesoscopic order of Al-1 after calcination at 800-1000 °C has
been proved previously,* whereas for samples Al-2 to Al-4 the
thermal stability of the mesoscopic structure for calcination at
900 °C is indicated by the SAXS measurements depicted in
Fig. 3. The wide-angle XRD patterns for the samples Al-1 to Al-4
are depicted in Fig. 4. In all the cases, except for Al-2, calcination
at 900 °C results in conversion of amorphous walls to y-alumina
as crystalline phase (JCPDS card no. 10-0425). These results
show that in the presence of aliphatic or aliphatic-ether groups,
the only observed phase is y-alumina. However, for Al-2 a
different behavior is observed, as in addition to the y-alumina
also sharp and distinct peaks of a-alumina are observed (JCPDS
card no. 46-1212). The collective results from SAXS and WAXS
(wide angle X-ray scattering) measurements confirm the pres-
ence of crystalline mesoporous structures for the samples
calcined at 900 °C.

Fig. 5 shows nitrogen adsorption-desorption isotherms of
Al-1 to Al-4 treated at 400 °C and 900 °C (for Al-5 and Al-6 see

Table 1 Synthetic conditions for the preparation of aluminas

Sample  Alkoxides precursor Template Acid

Al-1 Al(O'Pr), Plutonic P123 ~ HNO,
Al-2 Al(OPh); Plutonic P123 ~ HNO;
Al-3 [Al(OCH,CH,OCH3;);] Plutonic P123  HNO,
Al-4 [Al(OCH,CH,OCH,CH,0OCH,);]  Plutonic P123  HNO;
Al-5 Al(O'Pr), — HNO,
Al-6 [Al(OCH,CH,0CH,CH,0CH;);] — HNO,

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 SAXS patterns of Al-2, Al-3, and Al-4 calcined at 400 °C.

Fig. S1 and S2t). According to IUPAC classification six types of
sorption isotherms are possible.** All samples, except Al-2
calcined at 400 °C, exhibit type IV isotherms. In fact, the
observed isotherm for Al-2 can be regarded as a combination of
type I and IV isotherms. The observed type IV isotherms are
typical for mesoporous materials. The most characteristic
feature of this type of isotherm is the hysteresis loop, which
often accompanies the occurrence of pore condensation. The
limiting uptake in a range of high P/P° leads to a plateau in the
isotherm, which is indicative of complete pore filling. The first
part of this type of isotherms can be attributing to monolayer-
multilayer adsorption. It has been widely accepted that there is
a correlation between the shape of the hysteresis loop and the
texture properties of mesoporous materials such as pore size,
pore size distribution, and their connections. Hysteresis loops
were first classified by de Boer*” and later by the IUPAC.* After
calcination at 900 °C all four samples exhibit hysteresis loops of
type H1, which is often associated with porous materials con-
taining a distinct tubular pore network or agglomerates of
compacts with nearly identical particles.

Also noteworthy are the results of N, absorption-desorption
for the samples calcined at 400 °C. For sample Al-1 a hysteresis

RSC Adv., 2015, 5, 49493-49499 | 49495
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Fig. 3 SAXS patterns of Al-2, Al-3, and Al-4 calcined at 900 °C.

loop of type H2 is observed which is usually taken as an indi-
cation of the occurrence of channel-like pores of somewhat
uniform size with narrow pore size distribution. For sample Al-3
the hysteresis loop is larger than for Al-1 which is due to
continued adsorption up to P/P° = 1. This behavior is normally
taken as an indication of more complex pore networks involving
pores with ill-defined shape and a wide pore size distribution.*®
Overall, the pore size distribution is narrow for Al-1 and
bimodal pores are observed for Al-3. As mentioned above, the
isotherm observed for sample Al-2 can be regarded as a
combination of type I and type IV. This means that in addition
to the mesopores or agglomerations of identical nanoparticles,
a significant amount of micropores are also present. For
microporous materials with type I isotherms a high adsorption
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potential and narrow pore width leads to micropore filling and
therefore high uptake (as shown in Fig. 5 Al-2-400 as well) at
relatively low pressures. The limiting adsorption is being
controlled by the available micropore volume rather than by the
interior surface area. As deduced by WAXS, the calcination of
sample Al-2 at 900 °C results in crystallization which is
accompanied by the change of its isotherm to type IV and a
hysteresis loop of H1 type. This is believed to be an indication of
structural change with a significant decrease in the micropore
component. There were no significant changes observed in the
isotherms of Al-4 after calcination at 900 °C which shows that it
retains most of its structural characteristics upon crystallization
at higher temperature. These results show that the presence of
phenolic groups resulted in bimodal porosity and increased
micropore volume while the application of ether groups leads to
a wider pore size distribution.

In Table 2 the data for surface area (BET), pore volume, and
mean diameter of the pores are presented for the four samples
prepared in the presence of polymeric template and the two
additional samples, Al-5 and Al-6, which were prepared under
the same conditions, but in absence of the template. As
expected, the results show that calcination at higher tempera-
ture (900 °C) leads to a decrease in the surface area and pore
volume.

For the samples calcined at 400 °C the largest surface area is
observed in the sample Al-2 but when compared with the others
within the same series its pore volume is found to be the lowest.
Moreover, for this sample also the smallest average pore
diameter within a given calcination temperature is observed,
which can be related to its mixed microporous-mesoporous
texture. The presence of micropores in this sample reduces the
volume and pore size distribution when compared with the
other three samples. Besides having the largest observed

Intensity
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ALl 20 oy 8
JWW"W LT /r \\ iy
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Fig. 4 Wide-angle XRD patterns for samples Al-1 to Al-4 calcined at 900 °C.
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respectively.

Table 2 Pore structure parameters of the samples obtained from
different alkoxides precursors

BET surface Total pore

Calcination area volume Average pore
Compounds temperature (°C) (m* g ") (em® g¢')  width (nm)
Al-1 400 312 0.57 7.3
900 147 0.33 9.0
Al-2 400 480 0.29 2.4
900 99 0.22 8.9
Al-3 400 366 0.58 6.4
900 97 0.40 16.5
Al-4 400 269 0.63 9.3
900 109 0.47 17.0
Al-5 400 232 0.19 3.2
Al-6 400 168 0.68 16.2

surface area (480 m” g~ '), also the presence of two types of pores
(micro- and mesopores) is a significant feature for the sample
Al-2, which clearly demonstrates the substantial impact of the
aluminum alkoxide precursor.

For calcination at 900 °C two groups can be identified, as the
average pore size distribution is concerned, with distinct ranges
for Al-1 and Al-2 as well as Al-3 and Al-4 at around 9 and 17 nm,
respectively. Within the first group the sample Al-1 possesses
mesopores with a narrow pore size distribution, a high surface
area, and a corresponding pore volume. A closer inspection of
the data for samples Al-3 and Al-4 reveals that the utilization of
ether-alkoxides in the aluminum precursor not only affects the
surface area, but results in a considerable increase of the
average pore diameter and volume. The extension of the
alkoxide chain with additional potential donor groups, as for

This journal is © The Royal Society of Chemistry 2015

the samples Al-3 and Al-4, leads to a considerably larger pore
volume and a slight increase in its average pore size, which is
particularly evident for sample Al-4.

To probe the influence of the polymeric template the sample
Al-5 was prepared in a manner similar to Al-1 but in absence of
template. The results show that the surface area, volume and
average pore diameter are significantly decreased and a broader
pore size distribution is obtained. For sample Al-6, which was
likewise prepared in a manner similar to Al-4 but in the absence
of polymeric template, the results show that while the volume
and average pore diameter increase, the surface area decreases.
The XRD patterns for the samples Al-5 and Al-6 are presented in
Fig. 6 and show that their crystallization pattern is similar to the
same samples which have been prepared in the presence of
template. In Conclusion, these two additional experiments
reveal the importance of the presence of polymeric template for
the preparation of porous aluminas.

TEM and SEM images of sample Al-1 are depicted in Fig. 7.
The images for samples obtained after calcination at 400 °C
show the alignment of tubular structures (Fig. 7a and b) and the
corresponding presence of a hexagonal arrangement of these
tubular structures for both calcination at 400 °C (Fig. 7c) and
900 °C (Fig. 7d). Selected TEM images of the prepared samples
are shown in Fig. 8 and 9 which confirm the retention of the
porous structure of the samples after heat treatment at 900 °C.

4. Conclusions

The influence of different aluminum alkoxide precursors as one
of the most important parameters in the synthesis of nano-
porous aluminas has been explored. These results show that all
the prepared samples were thermally stable and preserved their

RSC Adv., 2015, 5, 49493-49499 | 49497
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Fig. 6 Wide-angle XRD patterns of samples prepared in absence of any template.

Fig. 7 (a)and (b) TEM and SEM images of Al-1 calcined at 400 °C, view
along the 110 direction; (c) TEM image of Al-1 calcined at 400 °C, view
along the 001 direction; (d) TEM image of Al-1 calcined at 900 °C, view
along the 001 direction. Scale bars 100 nm (aand b) and 50 nm (cand d).

porous structure upon elevated heat treatment. SAXS also
showed that the alkyl or alkylether groups lead to increased
porosity of the final product if compared to the aryl group. All
the samples were found to be amorphous after calcination at
400 °C with relatively high surface areas. Additionally, the
utilization of the aluminum phenoxide precursor leads to
formation of a bimodal microporous-mesoporous structure
after calcination at 400 °C and a mixed crystalline phase (y- and
a-alumina) with mesoporous-macroporous structure when

49498 | RSC Adv., 2015, 5, 49493-49499

Fig. 8 (a) TEM image of Al-3 calcined at 900 °C, view along the 001
direction; (b) TEM image of Al-3 calcined at 900 °C, view along the 110
direction. Scale bars 100 nm.

Fig. 9 TEM images of Al-4 calcined at 400 °C (a), and calcined at
900 °C. (b). Scale bars 100 nm.

calcined at 900 °C, while for the other three samples solely the
formation of y-alumina is observed. The usage of the ether-
alkoxides not only affects the surface area, but also results in
an increase of the average diameter of the pores and their
volumes. The extension of ether-alkoxide chain with additional

This journal is © The Royal Society of Chemistry 2015
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ether groups leads to a larger pore volume and a slight increase
in its average pore size. Thus, depending on the desired cata-
lytic reaction or catalysis support, each of the molecular
precursors could be utilized to obtain tailor-made materials for
the intended application.
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Nano boehmite with unprecedented high surface area and pore
volume (802 m? g%, 2.35 cm® g~!) was prepared using a facile,
green and efficient surfactant-free synthesis method. The structure
of the material is characterized by the presence of plates with
varying thicknesses and morphologies. The calcined samples show
curved and rolled plates with a nanotube-like appearance.

Nanoscience and nanotechnology, in which the objects or fea-
tures studied are typically in the range of 1-100 nm, have been
among the most important developing areas in the last few
years. Synthesis, characterization, and application of nano-
particles are of fundamental importance to this field. In this
regard, a large number of methods such as co-precipitation,
sol-gel processes including hydrolytic and non-hydrolytic,
hydrothermal, solvothermal, microwave-assisted, and sono-
chemical methods, template utilization, and biomimetic
methods, or a combination of two or more of the above men-
tioned methods, have been developed for the controlled syn-
thesis of the desired nanoparticles."?

Utilization of surfactants in nanomaterial synthesis is of
particular importance due to their tendency to affect the
chemical, physical, and structural properties of the latter, such
as size, shape, porosity, and dispersibility.>® However, usage
of surfactants is not without its own drawbacks, such as their
uncertain biocompatibility in addition to their irreversible
adsorption on the surface of nanoparticles. Often the latter
case leads to an unpredictable and undesirable impact on
their properties, resulting in the reduction of the accessible
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surface which is a crucial point to be considered especially
when catalytic applications are the goal.”™®

The commonly used media for surfactant-free synthesis of
inorganic nanoparticles over time have been aqueous or non-
aqueous and these could be under hydrolytic or nonhydrolytic
conditions. Some important features of the surfactant-free
methods such as higher yields, lower impurities, utilization of
green solvents, simplicity, and greater accessible surface area
make them both scientifically and economically interesting.”* 3
However, the aqueous approach led to certain limitations being
observed, such as low or lack of crystallinity, need for strict
control of synthetic conditions, and complicated hydrolytic
behavior arising from the dual character of water as a solvent
and ligand."*™® An obvious alternative to the aqueous approach
is to exclude water and this has drawn a considerable amount of
interest. In this method, organic species play a large role in the
synthesis of the nanoparticles but detailed information regard-
ing the mechanism is not yet clearly understood."”*°

Among the wide variety of different nanomaterials, which have
been prepared from different routes as mentioned above, nano-
crystalline aluminum oxides occupy a particularly interesting
niche. They have been used in many industrial processes as adsor-
bents, in catalysis, as catalyst components, in optics, electronics,
high performance ceramics, and in many other applications.>*>*
Syntheses of these materials with enhanced properties, in particu-
lar, their surface area, pore volume, morphology, and dimension-
ality continue to receive extraordinary attention.>>

Alumina (Al,O3) and boehmite (AlOOH) have already been
prepared by a wide variety of methods, among which is the
Bayer process, a famous industrial method for the large scale
production of aluminum oxides.**° However, this method
still has a few shortcomings such as the large amount of
impurities accompanying the products which hampers the
utilization of these aluminum oxides as the substrate material
for LEDs (light emitting diodes) and other applications*® An
alternative method is the utilization of aluminum alkoxides as
pure molecular precursors.’ In 1986 Fanelli reported the reac-
tion of aluminum sec-butoxide in 2-butanol, the parent

Dalton Trans., 2016, 45, 6329-6333 | 6329



Communication

alcohol, with in situ generated water from alcohol dehydration
at 250 °C in an autoclave reactor and obtained high surface
area amorphous aluminum oxide.*" A similar reaction in the
presence of acid led to the formation of boehmite along with
aluminum sulfate with lower surface area (50 m> g™'). Jun
et al. not too long ago presented a method for the preparation
of high surface area boehmite and alumina via hydrolysis of
aluminum alkoxides in their parent alcohols.*?

Herein, we describe a method for the preparation of high
surface area nano boehmite and alumina by using a surfac-
tant-free modified sol-gel route which has been performed in
a shorter time with higher surface area and different
morphologies to the ones previously reported. A particular
feature of this method is avoiding the use of any surfactants as a
template and the utilization of pure aluminum alkoxides in
their parent alcohol and subsequent hydrolysis of the precursors
in the presence of a small portion of aqueous solution of an
organic acid with short drying times. The versatility of this
method should allow for the synthesis of a wide variety of other
single or mixed metal oxide nanomaterials as well as the
synthesis of highly pure in situ prepared doped semiconductors.
Furthermore, modifications of the surface of these nanoparticles
make them valuable candidates for targeting applications.

Nano boehmite and y-alumina were prepared using an
accessible and reliable surfactant-free method which does not
need any expensive template and stabilizer. It also involves the
hydrolysis of clear solutions of either aluminum 2-propoxide
or aluminum 2-methoxyethoxide, as single source molecular
precursors, in 2-propanol and 2-methoxyethanol (their parent
alcohol), respectively. Hydrolysis was performed by addition of
a small portion of aqueous solution of acetic acid followed by
reflux and aging for 24 h. One of the key factors in this step is
the reflux temperature which is determined by the type of the
utilized alcohol. Boiling temperatures of 2-propanol and
2-methoxyethanol are about 83 and 125 °C, with the latter
being in the suitable range for preparation of nano boehmite.
The side-product of the reaction in this stage is liberated
alcohol which is also the solvent in addition to a small
amount of water and an organic acid. In contrast to the
aqueous method, the alcohol was simply recovered by taking
advantage of the lower surface tension of the mixture through
distillation at lower temperatures using a rotary evaporator
thus reducing energy consumption while simultaneously
avoiding time consuming filtration. The samples were then
dried at 120 mbar, and mild temperature (70 °C) in a short
time (3 h) to remove acetic acid. The obtained powders from
aluminum 2-propoxide and aluminum 2-methoxyethoxide
molecular precursors are named Al-1 and Al-2, respectively and
were characterized by wide angle X-ray diffraction (WA-XRD),
N, adsorption-desorption, and TEM measurements.

Fig. 1 shows the WA-XRD data of the dried samples at
70 °C. The data reveals formation of the boehmite phase in
both cases (JCPDS card no. 00-005-0190). Since the reflux
temperatures of the samples were at the boiling point of their
parent alcohols, Al-2 was reacted at a higher temperature and
consequently showed better crystallinity. Subsequently, both
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Fig. 1 Wide-angle XRD patterns for samples Al-1 and Al-2 dried at
70 °C.

samples were calcined at 600 and 800 °C. The wide-angle XRD
patterns for the samples Al-1 and Al-2 are depicted in Fig. S1
and S2,t respectively. In both cases, calcination at 800 °C results
in conversion of boehmite to y-alumina as the crystalline phase
(JCPDS card no. 10-0425). For Al-1 the formation of y-alumina is
already observed at 600 °C, whereas for Al-2 no significant reflec-
tions were detected for the sample calcined at 600 °C.

Fig. 2 depicts the N, adsorption-desorption isotherms and
pore size distributions of the as-prepared and calcined samples
at 600 and 800 °C. According to the IUPAC classification, these
isotherms exhibit classical type IV isotherms.*” The clearly
observed type IV isotherms along with hysteresis loops are
typical for mesoporous materials. Moreover, it is evident that
the hysteresis loops of Al-1 and Al-2 are not similar. For Al-2 -
hysteresis loops of type H2 are observed while Al-1 exhibits no
limiting uptake in the range of high P/P° and reveals hysteresis
loops of type H3. It has already been established that there
exists a correlation between the shape of the hysteresis loop and
the texture properties of mesoporous materials such as pore
size, pore size distribution, and their connections. The data of
Al-1 indicates the presence of non-rigid aggregates of the plate-
like framework giving rise to slit-shaped mesopores. For Al-2 on
the other hand, the appearance of its isotherm already suggests
the presence of both micropores and mesopores within its pore
structure. This was confirmed via applying the De-Boer thickness
method to obtain the micropore areas (see Fig. S3 and Table
S1t). The shape of its hysteresis loop is indicative of the presence
of pore blocking effects as seen from the sudden step-down
upon closing up, a major characteristic of the H2. Despite the
utilization of the same procedure in preparation of the samples,
different structural data were obtained, which demonstrates the
importance of the selected precursors on their characteristics.

Table 1 summarizes the physicochemical properties of Al-1
and Al-2 including BET surface areas, pore volumes and mean
pore diameters.

Remarkably, Al-1, the nano boehmite prepared from the
aluminum 2-propoxide precursor shows an extraordinary high
specific surface area of 802 m> g~ paired with a high pore

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Nitrogen adsorption—desorption isotherms of Al-1 (top) and Al-2

(bottom) dried at 70 °C, and calcined at 600 °C and 800 °C represented
with red, blue, and green symbols, respectively.

Table 1 Pore structure parameters of the samples obtained from alko-
xide precursors

Calcination Total pore

temperature  BET surface volume Average pore
Compound  (°C) area(m’g™") (em’g™")  width (nm)
Al-1 — 802 2.35 11.7

600 343 2.07 24.1

800 242 1.77 29.2
Al-2 — 420 0.30 2.9

600 239 0.40 6.7

800 149 0.37 9.9

volume of 2.35 cm® g™, This is in contrast to the common obser-
vation in the case of aluminas derived from aqueous based syn-
thesis, which show an inverse relationship between the total pore
volume and the surface areas. In fact, for Al-1 the pore volume
shows a direct relationship to the surface area, with both para-
meters decreasing at higher calcination temperatures. Similar
trends are observed for Al-2, however, with the exception of a
comparatively low total pore volume for the as-prepared sample.
Interestingly, the average pore size distribution of both samples
shows related trends (see Fig. S4 and Table S27).

This journal is © The Royal Society of Chemistry 2016
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The TEM images of samples Al-1 and Al-2 obtained after
vacuum drying and calcination (600 and 800 °C) are depicted
in Fig. 3 and 4, respectively. The samples dried at 70 °C show
the presence of plates with varying thicknesses which are

Fig. 3 (Top, left) TEM image of Al-1 dried at 70 °C and expanded part
from the area in the red rectangle (top, right); (bottom, left) TEM image
of Al-1 calcined at 600 °C; (bottom, right) TEM image of Al-1 calcined at
800 °C. Not labeled scale bars: 50 nm.

Fig. 4 (Top, left) TEM image of Al-2 dried at 70 °C and the expanded
part from the area in the red rectangle (top, right); (bottom, left) TEM
image of Al-2 calcined at 600 °C; (bottom, right) TEM image of Al-2 cal-
cined at 800 °C. Not labeled scale bars: 50 nm.

Dalton Trans., 2016, 45, 6329-6333 | 6331
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folded and show aggregation (Fig. 3 and 4, top). High tempera-
ture treatment at 600 and 800 °C not only leads to formation
of y-alumina but also results in a change of morphology
leading to more curved and partially rolled plates with a nano-
tube-like appearance (Fig. 3 and 4, bottom).

A remarkable advantage of the presented method is the
avoidance of any non-green, environmental polluting organic
solvents in addition to the ease of recovery of the employed
alcohol. The use of small amounts of water and an organic
acid facilitates elimination of the alcohol and distillation pro-
cesses at lower temperatures leading to conservation of the
structure and enabling the preparation of high purity
materials.

To conclude, the presented procedure represents a surfac-
tant-free method for the synthesis of boehmite (AIOOH) and
y-alumina (Al,0;) with substantially high surface area and
pore volume from easily prepared non-commercial aluminum
alkoxides. The ability to recover and reuse the solvent in a
short time is economically favorable, and hydrolysis using a
small portion of aqueous organic acid facilitates both the dis-
tillation and drying processes.
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Supplementary

Experimental Section

Aluminum oxides were synthesized as follows: (a) Al(O'Pr); precursor: Freshly prepared
Al(O'Pr); (0.05 mol) was dissolved in 2-propanol (58 mL) and heated under stirring to 83 °C.
Subsequently, an aqueous solution of acetic acid (1.7 mmol in 2.7 mL H,0) was added to the
resulting clear pale yellow solution. The temperature was then increased and the slurry was aged
statically at reflux temperature for 24 h. The solvent was recovered by distillation with a rotary
evaporator and the obtained sol was dried at 120 mbar and 70 °C for 3 h. (b)
[AI(OCH,CH,OCHj;);] precursor: [AI(OCH,CH,OCHj3);] (0.06 mol) was dissolved in 2-
methoxyethanol (117 mL) and heated under stirring to 125 °C. Subsequently, an aqueous
solution of acetic acid (2.1 mmol in 3.2 mL H,0O) was added to the resulting clear solution. The
temperature of the mixture was then increased and the slurry was aged under static conditions at
reflux temperature for 24 h. The solvent was recovered by distillation with a rotary evaporator
and the obtained sol was dried at 2 mbar and 70 °C for 3 h. Calcination of the samples were
carried out in static air by heating the samples to 600 and 800 °C at a rate of 1 °C/min and
maintaining the final temperature for 4 h. The structures of the samples were characterized by N,
adsorption-desorption, XRD, and TEM. The N, adsorption and desorption isotherms were
measured using a Quantachrome Autosorb-iQ-MP gas sorption analyzer; the samples were
previously outgassed at 250 °C for 6 h. The Brunauer—-Emmett-Teller (BET) surface areas were
determined from the adsorption data over different relative pressure ranges all between 0.03—
0.28 while ensuring compliance with the consistency criteria.[*!l The total pore volume was
calculated from the amount adsorbed at a relative pressure of about 0.99. The pore diameter was
obtained by NLDFT method.*?] X-ray powder diffraction patterns were recorded at room
temperature with a Siemens D5000 (Cu-Ko, germanium monochromator). For transmission
electron microscopy (TEM), for each sample, aluminum oxide (20 mg) was added to absolute
ethanol (100 pL) and sonicated at 37 kHz and 240 W for 20 min. After 10 min of sedimentation
a drop of 6 uL supernatant was placed on top of a carbon-coated 400 mesh copper grid
(Quantifoil Micro Tools, Jena, Germany). Excess liquid was removed by placing a sheet of filter
paper below the grid. The samples were then air dried and analyzed using a CM120 electron
microscope (Philips, Eindhoven, Netherlands) operated at 120 kV. Images were acquired using a
2k TemCam F216 CMOS camera (camera and software, TVIPS, Munich, Germany).
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Figure S-1 Wide-angle XRD patterns for Al-1 calcined at 600 and 800 °C.
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Figure S-2 Wide-angle XRD patterns for Al-2 calcined at 600 and 800 °C.
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Table. S-2: Thickness Method Summary
Sample Intercept BET Area External Area Micropore Area
(m?/g) (m?/g) (m?/g)
Al-1 -24.2 802 802 -
Al-2 10.3 420 366 54



