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Metal-organic framework structures of fused
hexagonal motifs with cuprophilic interactions of
a triangular Cu(i)s(pyrazolate-benzoate) metallo-
linkery

Saskia Menzel, ® 12 Tobias Heinen,? Ishtvan Boldog, @ *? Thi Hai Yen Beglau,?
Shanghua Xing,?® Alex SpieR,? Dennis Woschko @2 and Christoph Janiak @ *2

The reaction of the N,O-heteroditopic bifunctional ligand 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid (H,-
mpba) with Cu(NOz3),-2.5H,0 and Zn(NOs),-4H,0O or Zn(CH3COO0),-2H,0 in N,N-dimethylformamide (DMF)
results in concomitant formation of three bimetallic metal-organic frameworks (MOFs) with open structures,
[Me,NH,I[Zn4{Cuk(mpba)s}s(MesNH)-(DMF),] (1), [Zng{Cuk(mpba)s}4(DMF)s] (2) and [Zns{Cus(mpba)s}.(DMF)s-
(HZO)][Zn4(u4-O){Cug(mpba)g}z(HZO)A (3). Compounds 1 and 3 are isolable in phase pure form under
specified conditions. The HSAB hard/soft metal-ligand selectivity (Cu'-N and Zn-O) allows the structure
assembly based on the 3-c trigonal planar {Cuk(pz)s} moiety (pz = pyrazolate) and various 4-6-c
{Zn(Q),(COQ),} (x = 2-4, y = 0-1, z = 4-6) secondary building units to be realized neatly. The in situ formed
softer Cu' atoms coordinate with the softer pyrazolate nitrogen donor atoms of the pyrazolate-carboxylate
ligand, leaving the carboxylate groups for linking to the Zn atoms. The triangular and trinuclear {Cus(mpba)s}®
metallacycle acts as a tricarboxylate linker between the Zn, nodes and can be regarded as an expanded version
of the benzene-1,3,5-tricaboxylate linker. In all structures the {Cuk(pz)s} moiety is stacked in infinite columns
by cuprophilic interactions suggesting the initial formation of the Cusz(mpba) metallo-ligand. The variable
geometry Zn clusters, which are paddle-wheel type, pyramidal and trigonal-prismatic, adapt to the stacked
orientation of the carboxylate groups from the {Cus(mpba)s}®” metallacycles. As a result, the formed structures
could be viewed as derived from stacked hexagonal honeycomb hcb nets, via ‘fusion’ of alternating stacked
nodes. The resulting nets retain the geometric similarity to the hcb net when viewed along the normal
direction to the stack, and the individual topologies represent open structures. The minority phase 2 features
2D layers with a ‘dual-strand’ hcb net, {4%},{4%.6%}). 1 consists of parallel polycatenation, 2D + 2D — 3D, of
triple layers with a point symbol of {4-6%},{4%-6°-82}{6°}{6°-8}, while 3 presents a pair of interpenetrated 3D +
3D {4-6-8){4%-6°-8°10%} nets as a rare case of hetero-interpenetration. The binodal net in 3 is a rare sqc-3,6-
Fdd2-2 type sqc-subnet and the first example in a MOF. In spite of the interpenetration, 3 retains significant
porosity and could be activated to demonstrate permanent porosity, thereby classifiable as a MOF with an Ar-
based BET surface area of 762 m? g% (87 K) and a CO, adsorption capacity at 1 bar of 78 cm® g* (273 K) and
46 cm® g (293 K). The structure organization similarities of 1-3, stipulated by cuprophilic interactions, could
have a general importance for linear heteroditopic ligands analogous to Hompba offering a ‘fused-hcb’ design
approach towards open structures.
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Introduction

The research area of metal-organic frameworks (MOFs) has
reached a high degree of maturity with highly varied
topologies™” and wide-spread properties.>”> MOFs are built
from metal clusters, also called secondary building units
(SBUs), and bridging organic ligands, so-called linkers.*” In
the rational design of MOFs, the isoreticularity principle
foresees the use of linkers with different sizes but the same
geometry to obtain MOFs of the same topology. Benzene-
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1,3,5-tricarboxylate (btc®”, Scheme 1) is an important linker,
used for example in the prototypical MOF Cu-btc (HKUST-1),®
Zn-btc®™** or Cd-btc.'® Extended versions of this linker are
4,4'4"-benzene-1,3,5-triyl-tribenzoate, btb®”, 4,4',4"-(benzene-
1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate, bbc®~ = 1,3,5-
tris(4"-carboxy[1,1"-biphenyl]-4-yl-)benzene,  tcbpb®”,  4,4',4"-
(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl))tribenzoate,
bte®”,4,4',4"-s-triazine-2,4,6-triyl-tribenzoate, tatb®” (Scheme 1)
and 4,4',4"-(triazine-2,4,6-triyl-tris(benzene-4,1-diyl))tribenzoate
(tapb®") as used in the MOFs listed in Table 1.

The Zn-MOFs with the trigonal linkers Zn-btc,”* MOF-
177 (btb*7),"*'* MOF-180 (bte*")"* and MOF-200 (bbc®)"? are
isoreticular to each other, and so is DUT-40 (bbc®”) to DUT-
41 (bbc®")."®

The limits of isoreticular expansion as well as the
influence of the ligand's nature in this regard is an
interesting conceptual question. Our interest is focused on
the triangular tri-copper metallo-linker, {Cuj(mpba);}*~ (in
short Cu"-mpba), which can be seen as belonging to the btc-
type linker family (Scheme 1). Practically the only MOF-type
open framework compound featuring the Cu-mpba unit is
PCN-91, reported by Zhou and co-workers, which is a Cu"

OW {Culy(mpba);}-
© 5 = Cu'-mpba
d(C---C)=17.7-18.6 A 07530
btb3‘
0 d(C--C)=12.2-12.5 A
9) e
o] 0
C
0&0 A
(o
c—cC=
// \\
\:/
N NN bbc®- = tebpb®-
=19.8-20.0 A
o)
QO tatb bte3‘
=12.2-12.5 A =14.0-17.5 A

075 0

Scheme 1 Representation of extended versions of the benzene-1,3,5-
tricarboxylate, (btc®) linker: {Cuk(mpba)s}®", 4,4',4"-benzene-1,3,5-
triyl-tribenzoate (btb®), 4,4',4"-(benzene-1,3,5-triyl-tris(benzene-4,1-
diyl))tribenzoate (bbc®) = 1,3,5-tris(4'-carboxyl[l,1'-biphenyl]-4-yl-
)benzene (tcbpb®), 4,4'4"-(benzene-1,3,5-triyl-tris(ethyne-2,1-
diy))tribenzoate (bte*) and 4,4',4"-s-triazine-2,4,6-triyl-tribenzoate
(tatb®"). The separation between the carbon atoms of the carboxyl
groups is given as a size indicator in gray.
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coordination polymer with a Pt;0, underlying net.'® Cu™
mpba is constructed from three Cu' atoms, which linearly
coordinate pyrazolate nitrogen donor atoms of three
deprotonated  bifunctional  4-(3,5-dimethyl-1H-pyrazol-4-yl)-
benzoic acid (H,mpba) ligands. In comparison to other
trigonal linkers, the Cu'-mpba metallo-linker is quite large
with an edge length d(C—C) of 17.7-18.6 A (Scheme 1). Its
size is comparable to one of the largest typically used trigonal
linkers bbc®™ (= tebpb®”) (d(C—C) = 19.8-20.0 A, Scheme 1).
Furthermore, Cu'-mpba is not rigid and planar but somewhat
flexible and distorted (vide infra), similar to bbc®~ and
bte®."*° The arms of the latter two ligands deflect from the
plane of the central benzene ring by up to 10° (Fig. S44,
ESIt). If the benzoate groups bend all out of the central ring
plane to one side, a bowl-shaped linker is formed."*?° The
linker bte®*~ appears to be the most flexible example as the
ethinyl-benzoate groups do not only bend out of the central
ring plane but also deviate from a 120° angle between them
(Fig. S447).>° The flexibility of the Cu'-mpba ligand stems
from the flexibility of the coordination-bonded core, with
pyrazolate-phenyl non-planarity due to steric repulsion
between the methyl groups of pyrazolate and the phenyl
ortho-hydrogen atoms, which also endows the ligand
branches with a limited rotational degree of freedom.

The trinuclear Cu'-pyrazolate arrangement is well known
in {Cuj(pz)s} clusters (pz = 3,5-R-pyrazolate, where R is a
group with intermediary steric volume, typically Me,
sometimes CF; or Ph, and only rarely H. In the latter case the
{Cu}(pz),} cyclic motif is rather realized). The more
widespread, structurally close form of that cluster is {Cus(u;-
OH)(pz);}"", based on Cu(i/u) or Cu(n) only (importantly, the
pz = 3,5-H-pyrazolate ligand is very typical for the u;-OH-
centered clusters, unlike for the Cu(i)-only cluster).”” As
special feature of copper(), the {Cu}(pz);} clusters are very
prone to associate wvia intermolecular cuprophilic
interactions, which could affect the course of self-assembly of
potential MOFs.*®?° There is a fortunate opportunity for the
synthesis of potential mixed-metal M"™V/Cu' pyrazolate-
carboxylate coordination polymers staring from Cu" as a
precursor in N,N-dimethylformamide (DMF) and similar
amide solvents. The latter are favorable for the crystallization
of both carboxylate and pyrazolate coordination polymers,
while elevated temperatures (80-120 °C) ensure partial or
complete reduction of Cu" to Cu".*°

The doubly deprotonated bifunctional pyrazolate-
carboxylate ligand mpba®", constituting {Cuj(mpba);}*”, has
already been used in the synthesis of a few reported
coordination-bonded frameworks with other coordination
bonded clusters, namely zn",**"** Co™** or Cu™."*** It is also
worth mentioning the reported, mostly 2D, structures of the
partially deprotonated pyrazole-carboxylate ligand Hmbpa~
with Co(m), Ni(m), Zn(m), Cu(w), Cd(m)** and the mixed-metal 1D
bimetallic coordination polymer {[(Ti;O)(iPro)s][Hmpba],[Cu,-
L]ost (with iPro = isopropoxide).*® In the case of the mixed-
valent Cu”" framework compound of PCN-91 (ref. 16) and
the 1D Ti"V-Cu' coordination polymer, the harder carboxylate

This journal is © The Royal Society of Chemistry 2022
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Table 1 Extended versions of the benzene-1,3,5-tricarboxylate, (btc®) linker and their MOF-examples

Ligand“ Example®

bte*” Cu-bte (HKUST-1),® Zn-btc,’ > Cd-btc'”

btb*” MOF-14(Cu),"”” MOF-143(Cu),"® DUT-9(Ni),"® MOF-177(Zn),"*'**° [Cds(btb),(bib)(DMF);],>" {[Bas(btb),(NMP),(H,0),]-2NMP
-H,0},”* {[Co(Hbtb)(pdp)]-H,0},>* [Cd,(tbib)(btb)(H,0),]X,** {[Eu(btb)(H,0);]-1.5DMA-5H,0}, (MHT-1),>® MUV-12,”® FJU-120 (ref.
27)

bbc®™ = {[Zn4(OH),(H,0),(py).(tcbpb),] DMF-py-3H,0},>® {[Zns(OH),(tcbpb),]-2DMF-2EtOH-3H,0},*® Al-tcbpb,>* MOF-399(Cu),"'® DUT-

tcbpb®” 40(Zn),"” DUT-41(Zn),"> MOF-200(Zn),** MOF-1005(Zr)*°

bte” MOF-180(Zn),*® MOF-1004(Zr)**

tatb®” [Ln,(tatb),(DMSO),] (Ln = La, Ce, Pr, MOF-388Sm, Eu),*" {[Ln,(tatb),(DMSO);(CH;0H)]-DMF-DMSO-2H,0} (Ln = Nd, Gd, Tb),*
[Cu,(tatb),(H,0)3],>* PCN-9(Co),** MIL-142(Sc)-tath,** [Co,(SO4)s(F)s(tpt)s(tatb)],*® [Fe(tatb)(p/m-bib)]*®

tapb®™? MOF-388(Cu)'®

“ See Scheme 1. ” Not shown in Scheme 1, but tapb is like bbe with a triazine instead of a benzene core. ¢ Other abbreviations used: (bib = 1,4-
bis(2-methylimidazol-1-yl)butane), NMP = N-methyl pyrrolidone, pdp = 2-(4,6-di(pyridine-2-yl)pyridine-2-yl)pyridine, tbib = 1,3,5-tri(1H-benzo[d]-
imidazol-1-yl)benzene, tpt = 2,4,6-tris-(4-pyridyl)-1,3,5-triazine, p/m-bib = para/meta-bis((1H-imidazole-1-yl)methyl)benzene.

group combines with the HSAB-harder metal ions Cu" and

Ti'" and the HSAB-softer pyrazolate or pyrazole donor is
coordinated by Cu' (according to the HSAB principle).*” The
hard/soft selectivity of the O,N heteroditopic mbpa®~ ligand
offers a potentially productive approach towards mixed metal
coordination polymers, based on the in situ synthesized {Cuj-
(mpba);}*~ cluster.

Carboxylate coordination polymers also featuring the
{Cu}(pz)s} cluster are rare. According to the CSD search, there
are five compounds of this type, with three important MOF
representatives, namely the mentioned PCN-91,"® FDM-4 (ref.
48) and FMD-8.*° The two other compounds are the CFA-13
MOF*° with an extended {Cuj(pz);} cluster in the form of
Cu}(3,5-CF;-pyrazolate),, and the [Cu™{Cuj(Hmpba)(mpba),}]
1D coordination polymer®' reported by us. The FDM-4,5,6,7,8
series of Zn/Cu mixed-metal coordination polymers with
surface areas up to 3728 m® g ', based on the fully
deprotonated short 4-carboxypyrazole ligand as a sole
organic ligand, or together with the 1,4-benzenedicarboxylate
or 2,6-naphthalenedicarboxylate ligand, 1is particularly
interesting.  The  series features reversible redox
transformation between the {Cuj(pz);} and {Cu} "(OH)(pz)s}
cluster without compromising the integrity of the structure
(as some of the structures are reported only for the oxidized
cluster, the CSD search does not cover the Cu"-only variants
in all cases). As mentioned above, 3,5-H-pyrazoles frequently
constitute the {Cuz(OH)(pz)s} clusters, but they are less
frequent in geometrically well-formed {Cuj(pz);} clusters.
The FDM-4-8 series demonstrate that in some cases both
possibilities could be realized, resulting in highly porous
robust structures, which substantiate the interest in mixed-
metal and mixed-ligand complexes for longer ligands like
mpba®’, whose potential is proven by the known PCN-91
material.

The Cu'-mpba metallo-linker has not been used in the
construction of isoreticular Zn-MOF structures (as well as any
other bimetallic MOFs) and in the current contribution we
explore this possibility. The bifunctional ligand precursor
4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid (H,mpba) was
reacted with copper(n) nitrate in DMF in the presence of

This journal is © The Royal Society of Chemistry 2022

zinc(n) salts and, if necessary, a modulator (HBF,) aiming for
Zn frameworks with the metallo-linker, akin to those with the
bte, btb, bte or bbc linker (¢f Table 1). The importance of the
HSAB selectivity regarding the mixed valent Cu'/Cu" metals
and the N,O-heteroditopic ligand is explicitly discussed for
PCN-91." The use of Cu'/Zn" in this work could be viewed as
a continuation of that principle aiming for the utilization of
zinc (oxo)carboxylate species as secondary building units.

Results and discussion

The solvothermal reaction between copper(u) nitrate, zinc(u)
nitrate and Hymba in N,N-dimethylformamide (DMF) at 80-
90 °C for several days resulted in the formation of the
bimetallic networks [Me,NH,][Zn{Cu}(mpba);};(Me,NH)-
(DMF),] (1), [Zng{Cui(mpba);}4(DMF);] (2) and [Zn,{Cu}-
(mpba)s}4(0O)(H,0)s5(DMF);] (3). The synthesis conditions had
to be carefully adjusted with regard to time, temperature, Cu:
Zn stoichiometry and the amount of HBF, modulator, as
otherwise mixtures of 1, 2 and 3 also form (Table S1, Scheme
S1, ESIf).

MOF examples in the literature with Cu(i);(pyrazolate-
carboxylate) motifs include PCN-91,'® FDM-4-8,"®*° CFA-13
(ref. 50) and [Cu™{Cuj(Hmpba)(mpba),}].°* The syntheses
were all performed using Cu(u) as a precursor and in N,N-
dimethylformamide (DMF) or similar amide solvents. DMF is
favorable for the crystallization of both carboxylate and
pyrazolate = coordination  polymers, while elevated
temperatures (80-120 °C) in amide solvents ensure partial or
complete reduction of Cu(u) to Cu(1).”*

The {Cuj(pz);} SBU of PCN-91 forms as a result of the in
situ reduction of Cu" (Cu(NOj3),-2.5H,0 precursor) in DMA
and two drops of pyridine at elevated temperature (120 °C)
and prolonged time (24 h). In the work of Tu and co-workers,
the short 4-pyrazolecarboxylate linker was used to synthesize
bimetallic, redox active materials. By varying the Cu:Zn ratio
and the solvent mixture (ratio of DMF and NMP or DMF and
DMA (only used for FDM-5)) the materials FDM-4 and FDM-5
were synthesized under solvothermal conditions. By adding
the organic ligand 1,4-benzene dicarboxylic acid the material

CrystEngComm, 2022, 24, 3675-3691 | 3677
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FDM-6 was produced. FDM-8 and the substituted derivates
NH,-FDM-8 and C4H,-FDM-8 were synthesized under
solvothermal conditions by adding 1,4-benzenedicarboxylate
acid, 2,6-naphalenedicarboxylate acid (for FDM-8) and
2-aminoterephthalic acid or 1,4-naphthalenedicarboxylate acid
for NH,-FDM-8 and C,H,-FDM-8. In all FDM MOFs, the
{Cu}(pz);} moiety was obtained by in situ reduction from the
Cu(n)-salt (Cu(NO;),-3H,0) in DMF/NMP or DMF/DMA at
elevated temperature (85 °C for FDM-4 and FDM-5, 100 °C
for FDM-6, FDM-8 and NH,-FDM-8 and C,H,-FDM-8) and
prolonged time (72 h for FDM-4 and FDM-5 and 16 h for
FDM-6, FDM-8 and NH,-FDM-8).

Regarding the question of pK,, the carboxylic acid and
pyrazole groups feature very different acidities (~5 vs. 14),
but this does not preclude the concomitant formation of
complexes even for Zn(n). The HSAB hard-hard soft-soft
matching between Cu' and pyrazolate as well as Zn" and
carboxylate makes the formation of the respective complexes
highly predictable.

Compounds 1 and 3 could be obtained reproducibly as
yellowish clear crystals (Fig. S1 and S2, ESIT) in phase pure
form. Compound 2 was difficult to obtain in pure phase
and in single crystal form, and it was only observed as an
admixture of 1 and 3. The identity of the three compounds
could by elucidated by single-crystal diffraction (see
below). The experimental and simulated powder X-ray
diffractograms were matched and the correspondence was
checked by Le Bail fitting (Fig. S3, ESI;f compound 2, which
could be obtained only in the form of a powder, is the least
pure).

A common feature of the structures of 1-3 (Scheme 2) is
the structural changeability of the Zn-SBU clusters, featuring

= cuprophilic interactions

to next layer

Zn, x =2, 3, 4 — the Zny nodes
also connect

to the next layer

Scheme 2 Common features of the structures of 1-3 with Zn, nodes
of different nuclearities (x = 2-4) and the trigonal {Cuk(mpba)s}*~
nodes giving a hexagonal-ring layer. Both the Zn, nodes and the
cuprophilic interactions from {Cuk(mpba)s}*~ connect to the next layer.
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Fig. 1 Extended asymmetric unit of 1 with the two located
coordinating DMF solvent molecules, one dimethylamine solvent
molecule and one dimethylammonium counter-cation (for further
details on these amine/ammonium groups see Fig. S4, ESIf). Each
{Cuk(mpba)s}*" unit belongs to a different layer. In view of the
structure complexity, a ball-and-stick presentation is used and only
the major contribution to the disorder of Zn3 and Zn4 is shown. The
Zn3/4 disorder is described in more detail in the ESL} The distances
between the Cu atoms (pink dashed lines) correspond to twice the
distances of typical cuprophilic Cu---Cu contacts, as the interlayer
space is filled by a symmetry equivalent Cu'-mbpa unit (the stack is
shown in Fig. 3 and 4). Symmetry codes: (i) x, y + 1, z; (iv) x, y - 1, z; (V)
x,y-1,z-1,(vixy z-1

nuclearities of 2-4 (distorted tetrahedral and pentagonal as
well as trigonal-prismatic SBU-shapes) and frequent disorder.
Such unconventional changeability contrasts the situation in
PCN-91 with Cu(u), where the conventional {Cu,(O,C).}-
paddle-wheel motif is formed."® Neither of 1-3 is isostructural
to PCN-91, even if a paddle-wheel {Zn,(O,C),}-SBU is
possible.”® Instead, the structures of 1-3 have a common
structure-guiding motif of columnar stacks, composed of Cu'-
mpba associated by cuprophilic interactions. The Zn-clusters
appear to be flexible and adapt to the requirements imposed
by the Cu'-mpba stacks, which results in similarities in
structure-organization dominated by the formation of
hexagonal coordination-bonded rings within honeycomb hcb
layers (Scheme 2; the summary of the work on the topological
level is given below in Fig. 9, which follows the detailed
description of the structures).

Crystal structure of 1

The formula of compound 1 was established as
[Me,NH,][Zn,{Cu}(mpba);}s(Me,NH)(DMF),]. The formation
of dimethylammonium [Me,NH,]" from DMF and its
presence as a counter-cation has been seen in zinc-MOFs
with benzene-1,4-dicarboxylate,” furan-2,5-dicarboxylate® or
1,1-biphenyl-3,3',4,4'-tetracarboxylate.”® The asymmetric unit
in 1 consists of three symmetry-independent {Cuj(mpba),}*~
units, each belonging to a different layer, which are
associated via coordination with Zn-atoms (Fig. 1). The three

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Wire-frame model of (a) side-view and (b) on-top view (along
the b and a axis, respectively) of a section of a single 3-layer stack in 1.
Only the major contribution to the disorder of Zn3 and Zn4 is
depicted. See also the space-filling presentation in Fig. S5

layers give three-layer 2D sheets, referred to as ‘stacks’
(Fig. 2).

There are two dinuclear Zn-carboxylate clusters, which
could be regarded as disrupted paddle-wheel arrangements.
In the first cluster, the Zn1 atom has a tetrahedral {ZnOy.4}
environment with an additional weaker Zn-O bond, while
Zn2 has an octahedral environment, involving a chelating
carboxylate, thereby not completing the usual paddle-wheel
arrangement (both atoms coordinate one DMF molecule). In
the second cluster, the Zn3 and Zn4 atoms are disordered
over two different positions, A (81%) and B (19%), assuming
alternating roles (Fig. S4, ESIf for the details of the disorder).
In part A, the Zn3A atom coordinates a nitrogen atom from a
dimethylamine solvent molecule in addition to five
carboxylate oxygen atoms, two of which belong to a chelating
carboxylate. This results in a strongly distorted octahedron as
a coordination environment. The Zn4A atom is tetrahedrally
coordinated by four oxygen atoms, two of which belong to
monodentate carboxylates. In the absence of the second
disordered component (Zn4B), the latter carboxylates are
involved in hydrogen bonding with the charge compensating
dimethylammonium cation, ensuring the coordination of five
carboxylates per Zn,-cluster, instead of four.

The connection of the {Cuj(mpba),;}*” metallo-linkers with
the Zn,-SBUs leads to hexagonal rings with the Cu;-centroid

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Wire-frame model of (a) side-view and (b) on-top view (along
the b and a axis, respectively) of a section of three polycatenated
3-layer stacks in 1. The three stacks are differentiated by their green,
red and cyan color. Hydrogen atoms are not shown for clarity. Only
the major contribution to the disorder of Zn3 and Zn4 was used in the
drawing. See also the space-filling presentation in Fig. S6, ESI.}

]
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a) b)

Fig. 4 a) Stacking of the {Cul(pz)s} moieties in 1 with Cu'---Cu'
contacts (in cyan, in A) between the polycatenated stacks which are
differentiated by the same green, red and cyan color as in Fig. 3; the
methyl groups are not shown for clarity. b) Alternation of the axial
rotation of the {Cu(pz)s} moieties.
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Fig. 5 (a) Extended asymmetric unit of 2. The emphasis in this image
is placed on the slightly shifted eclipsed position of the metallo-linkers.
The inter-linker Cu---Cu contacts range from 3.57-3.79 A (Fig. 6c). (b)
The two trinuclear hourglass-like SBUs. Symmetry codes: (i) x -1,y - 1,
z+ L (i)x-Ly z+Lidxy+lz (ivVxy-Lz VWx+1lLy+1z-
1; (vi) x + 1, y, z - 1. Only the major contribution to the disordered
carboxylates and Zn2 atoms is shown, and the Zn2 disorder is
described in more details in Fig. S9, ESI

and Zn,-centroid as vertices and the mpba-ligands as edges
(Fig. 2b). While {Cu}(mpba);}*” is a three-connected node, the
Zn1/Zn2 group acts as a four-connected node and the Zn3/
Zn4 group as a five-connected node. Hence, each Zn1/Zn2
group belongs to the top and middle layer, and each Zn3/Zn4
group to the middle and bottom layer (according to the
orientation in Fig. 1 and 2a).

The single 3-layer stack in 1 has a >6.4 A separation
between the metallo-linkers (Fig. 1, 2a, and S5af) and
possesses an open structure with hexagonal pores
propagating along the a-direction (Fig. 2b and S5b¥). A dense
packing, however, minimizes the energy of a structure.
Therefore, open frameworks often show phenomena of
interpenetration, polycatenation or entanglement.”’”** In 1
the lower/upper half of a 3-layer stack polycatenates into the
upper/lower halves of its neighbors (Fig. 3a and S6at). At the
same time the stacks are packed along the a-direction in a
staggered fashion in an ABAB sequence, such that the
{Cus(pyrazolate)s}, i.e., {Cus(pz)s}, parts of the metallo-linkers
are stacked on top of each other (Fig. 3b and 4) and the Zn-
SBUs fill most of the voids of the polycatenated stack (Fig. 3b
and S6b, ESIf). Thereby, the available space in a single
3-layer stack is filled (compare Fig. 2b and 3b).

Two adjacent 3-layer stacks polycatenate in a parallel
manner in a 2D + 2D motif. The infinite 2D + 2D
polycatenation of upper/lower parts of neighboring 3-layer
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Fig. 6 Wire-frame model of (a) side-view and (b) on-top view (along
the b and a axis, respectively) of two adjacent 2-layer stacks in 2. The
two stacks are differentiated by their green and red color. See also the
space-filling presentation in Fig. $10, ESLi (c) Stacking of the {Cuk(pz)s}
moieties in 2 with Cu'---Cu' contacts (in cyan, distances in A) between
the layers. The inversion-symmetry relation of adjacent stacks renders
the packing for the two symmetry-independent parts of the
asymmetric unit of 2 (cf. Fig. 5a) equivalent. Thus, the red {Cu}(pz)s}
units in the left column correspond to the green {Cuk(pz)s} units in the
right column in Fig. 6c.
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Fig. 7 Extended asymmetric units in 3. (a) Network A, constituted by
the trinuclear Zn-SBUs with branches ending with Zn atoms showing
the connections. (b) Similar image for network B constituted by the
tetranuclear Zn-SBUs. The Zn atoms in the middle of the images which
point to the front (in a) and to the rear (in b) propagate the structure
along the b-axis. The distances between the Cu atoms (pink dashed
lines) correspond to twice the distances of typical cuprophilic Cu---Cu
contacts. (c) The mode of interpenetration of network A, shown with
red bonds and network B, shown with green bonds. In (b) the major
disorder contributions to the Zn-atoms in the structure are shown.
From the disorder, the Zn-SBU in (b) looks like a pentanuclear
interpretation, yet the 80% occupancy gives a Zn,-SBU (see Fig. S11,
ESIf for details). Symmetry codes: (i) x - 1/2, y - 1/2, z; (iii) x - 1/2, -y -
3/2,z-1/2; (V) x + 1/2, y + 1/2, z; (v) x + 1/2, -y - 3/2, z + 1/2; (viii) x +
1/2, -y -5/2,z+ 1/2; (ix) x - 1/2, -y - 1/2, z - 1/2.

stacks along the perpendicular direction to the stack leads to
a 3D network. Interpenetration which results in a higher
dimensionality than the discrete network, that is, 2D — 3D,
is termed polycatenation.®® A similar upper/lower part 2D +
2D polycatenation, giving an overall 3D network, is also
frequently seen for (4,4)la double-layer sql nets.®*

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 View along the hexagonal channels of the two interpenetrating
3D-frameworks in 3 as (a and b) wire-frame, two projections and (c)
space-filling modes. Network A in red with the Zns-SBU and network B
in green with the Zn,-SBU (cf. Fig. 7). (d) Stacking of the {Cuk(pz)s}
moieties in 3 with Cu'---Cu' contacts (in cyan, distances in A) between
the layers of the interpenetrating frameworks.

The polycatenation is invoked and stabilized through the
inter-stack Cu':--Cu' contacts, with lengths between 3.099 A
and 3.643 A (Fig. 4) which thus correspond to typical
cuprophilic interactions.****"®> We note that these inter-stack
Cu"---Cu' separations are in the same range as the Cu'--Cu'
distances within the {Cu;(pz);} clusters, which lie between
3.169 A and 3.257 A (Fig. S7, ESIY).

Crystal structure of 2

The asymmetric unit of 2 with the established formula of
[Zng{Cu}(mpba);}4(DMF);] (Fig. 5a) consists of four symmetry-
independent {Cuj(mpba);}>~ metallo-linkers. They are
pairwise stacked at short Cu"--Cu' distances of 3.413 A and
3.786 A and connected through two symmetry-independent
{Zn;(0,C-)s(DMF), 3} SBUs (Fig. 5b) to a two-dimensional
2-layer stack. The three Zn atoms in {Zn;(O0,C-)s(DMF), 3}
form unsymmetrical hourglass-like trinuclear SBUs where the
central Zn atoms (Zn2A, Zn5) rather have a square-pyramidal
than bipyramidal environment (geometric index®® r = 0.42
and 0.32) coordinated by five carboxyl-O atoms from five
different metallo-linkers (Fig. 5b).

The terminal Zn atoms possess either a tetrahedral
(zn3) or distorted square-pyramidal environment (Zn1, Zn4,

CrystEngComm, 2022, 24, 3675-3691 | 3681
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Fig. 9 Topological overview of the structures of 1-3 (the coloration of the separate networks is assigned for convenience: all structures contain
only one type of network regarding their topology). The crystallographically distinct Cu-based nodes are structurally- and in most cases
topologically equivalent (the exception is the structure of 1, where there are two topologically distinct Cu-nodes among three crystallographically
different ones with point symbols of {4-6%} and {6°}; see Table S4, ESI+). The Zn-based nodes are distinct in every case, except for the topological
equivalence of the two different nodes in the structure of 3. For an illustration of the interpenetration of hexagonal rings in the structures of 1 and

3 see Fig. S15, ESL

Zn6 7 = 0.23, 0.08, 0.54), although Zn4 and Zn6 have
additional long (>2.5 A) contacts completing a distorted
octahedral environment.®® The two Zn,;-SBUs possess three
crystallographically different Zn" ions. The coordination of
the terminal Zn atoms Zn1, Zn3 and Zn4 is constructed
from three carboxyl groups of metallo-linkers and one DMF
molecule. For the five-coordinated atoms Zn1l and Zn4 one
of the carboxyl groups is chelating and the DMF ligand is
in the apical position. The five-coordinated Zn6 atom is
bound to three monodentate carboxylates and two DMF
ligands.

3682 | CrystEngComm, 2022, 24, 3675-3691

The 2D 2-layer stacks in 2 run parallel to the (1 0 1)
plane (Fig. 6a). The combination of the {Cuj(mpba);}*”
metallo-linkers with the Zn;-SBUs leads again to a structure
based on hexagonal rings, when the Cus-centroids and the
midpoints between two Zn atoms in the hourglass SBUs are
considered as nodes of the underlying net and the mpba-
ligands as edges (Fig. 6b). Two adjacent 2-layer stacks,
related through a symmetry operation, become staggered
along the a-direction, such that the Cus(pyrazolate)s, i.e., the
Cuj(pz);, parts of the metallo-linkers are again stacked on
top of each other (Fig. 6¢), as was also seen in 1 (¢f Fig. 3).

This journal is © The Royal Society of Chemistry 2022
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The terminal DMF ligands at the Zn; hourglass-SBUs stick
out of the stack and protrude into the adjacent stack
(Fig. 6a).

Crystal structure of 3

The established formula of 3, [Znsz{Cus(mpba);},(DMF);(H,-
0)][Zn4(4-0){Cuj(mpba);},(H,0),], reflects the presence of
two symmetry-independent two-fold interpenetrating neutral
networks, based on different Zn-SBUs. Network A = [Znz{Cu}-
(mpba)s},(DMF);(H,0)] has the trinuclear Zn-SBU {Znz(O,-
C-)s(DMF);} (Fig. 7a). Network B = [Zn,(u,-O)}{Cuj(mpba)s},-
(H,0)4] has the tetranuclear {Zn,(u4-0)(0,C-)¢(H,0),} Zn-SBU
(Fig. 7b). While the trinuclear SBU could be well-refined, the
interpretation of the second Zn-SBU is ambiguous. The
conventional {Zn,(u4-0)(0,C-)¢} cluster is octahedral, while
the demands imposed by the crystal structure of 3 prescribe
a distorted trigonal-prismatic shape. The refined atoms,
constituting the cluster, have large thermal displacement
factors, allowing multiple interpretations. Based on the Zn:
Cu ratio found by analytics and following general chemical
logic, a complex, unresolved overlap of nearly regular {Zn,(p,-
0)(0,C-)¢} clusters was assumed (Fig. S12, ESIf). An
alternative, more straightforward interpretation is a penta-
nuclear {Zn;(us-O)(OH),(0,C-)¢} cluster with a minor
disorder. Also, an admixture of Cu(i) such that the disordered
{Zn,(1,-O)} cluster might be {Zn,Cu'(u,-O)} could not be
completely ruled out. Despite the different possible Zn,-SBU
interpretations, the localization of the {Cuj(mpba);} moieties
and hence the connectivity in the framework is
unambiguous.

Aside from the two different Zn SBUs, the asymmetric
unit of each network consists of two symmetry-independent
{Cu}(mpba);}*~ metallo-linkers, which are stacked in an
eclipsed fashion at twice the distance, ~6.5 A, of optimal
cuprophilic interaction between the {Cus(pz);} moieties,
leaving room for an interpenetrating network, as in 1. The
distance between the closest Cu' atoms is over 6.5 A (Fig. 7
and 8). Four of the six carboxylate groups of the two
eclipsed {Cuj(mpba);}®~ metallo-ligands are pairwise
‘clamped” by two of the Zn; or Zn, SBUs, similar to the
arrangement in the structure of 2. The difference is that
the remaining two carboxylate branches extend the network
to the third dimension, perpendicular to the layers (along
the b axis, Fig. 7). The connection of the {Cuj(mpba);}*”
metallo-linkers with the Zn-SBUs in 3 leads again to a
structure dominated by hexagonal rings in both of the
interpenetrating frameworks (Fig. 8). The inter-linker
cuprophilic ~ contacts®**®  condition  the  tight
interpenetration with Cu'--Cu' distances between 2.933 A
and 3.661 A (Fig. 8c) as in 1 (Fig. 4) and 2 (Fig. 6c).

Comparison of the structural organization and topology

Structures 1-3 demonstrate a distinct similarity regarding
both the formation of hexagonal ring motifs (Fig. 3b, 6b, and
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Fig. 8a respectively; Fig. S14a, ESIf) and the columnar
association of all present {Cu,(pz);} moieties by Cu'--Cu'
cuprophilic interactions (the high similarity of the columnar
arrangements with staggered neighbor units is shown in Fig.
S13t). The hexagonal rings are situated in an eclipsed way
within a separate network/topology constituting open
channels. The channel openings are partially occupied or
blocked by polycatenated (1), just neighboring (2) or
interpenetrated (3) networks which are arranged with respect
to each other in a slipped or staggered mode similar to the
ABAB layer sequence in graphite (Fig. 9).

The Zn-SBU nuclearity increases from Zn, in 1 over
hourglass-like Zn; in 2 to Znz and Zn, in 3 (Fig. 9). The
connectivity ensured by the Zn-SBU adapts to the demands
imposed by the stacked Cu-mpba linker arrangement,
conditioned by the cuprophilic interactions (Fig. S13, ESI}).
The flexibility in the Zn coordination sphere with tetrahedral,
trigonal-bipyramidal to square-planar or octahedral
coordinated Zn atoms must be seen as instrumental to allow
the formation of (energetically) similar structures.

From the topological analysis on the level of the 3-c
{Cu;s(pz);} node and of the Zn-SBU nodes of higher
connectedness, the next point symbols were found: {4-6°},{4”
-6°-8°H6°1{6°-8} for 1 (a new 2D net), {4>-6'*{4°}, for 2 (3,6L66
net), and {4-6-8},{4>-6°-8°10°} for 3 (sqc-3,6-Fdd2-2 net) (the
topological analysis was performed by ToposPro,*”*® see
Fig. 9 for the node representations and Table S4, ESLf for
node stoichiometry, vertex symbols and TD10).

The structures of 1-3 could be conceptualized through
their relation with the hexagonal net, heb. The latter is an
expected outcome, when the trigonal {Cus(pz);} SBUs are
combined in a coplanar fashion. The -cuprophilic
interactions, perpendicular to the nets, would favor a stacked
arrangement (the few reported structures of this kind are
based on short non-planar bifunctional 3,5-R,-pyrazolates of
copper(1),°>”° possessing 3D structures). The structures of 1-3
could be viewed as derivatives of the prototypal stacked hcb
structure. Some of the alternating Cu-nodes are removed and
the respective connectivity is added to the node in the layer
above and/or below. The nodes with the increased
connectivity are represented by a Zn-cluster and such
redistribution of connectivity leads to ‘fusing’ of the separate
hcb-nets. The Zn-clusters act as tetrahedral 4-c and
tetragonal-pyramidal 5-c in 1 and trigonal-prismatic 6-c in 2
and 3 (Fig. 9). The Zn-clusters adopt different compositions
and geometries, invariably ensuring the near coplanarity of
the {Cus(pz);} SBUs within the columnar stacks, associated by
cuprophilic interactions, that run uninterrupted through the
whole structure (Fig. 4, 6¢, 8c and S13, ESIY).

The simplest structural organization of ‘fused’ hcb nets is
observed in 2 (Fig. 5, 6 and 9). The trigonal-prismatic Zn
clusters correspond to two triangular nodes joined together
in parallel. The resultant planar 2D net could be viewed as a
“double-strand” (“dual-layer”) heb net with two stacked nets
fused together at alternating nodes. The Cu-nodes are
associated by cuprophilic interactions both within the
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formed 2D network and between them forming a stack of
networks, whose projection along the g-axis is nearly
identical to a geometrically regular heb net (Fig. 6 and 9).
The structure features two crystallographically distinct, but
chemically and topologically equivalent trinuclear Zn-
clusters, {Zn3(COO)e}. Three chelating carboxylates adjoin the
neighboring Zn atoms disposed in row of three; two sets of
such triples are in an approximately staggered disposition,
ensuring the trigonal-prismatic shape of the node (Fig. 5b
and 9). Similar structural organization is observed for a
number of other tritopic carboxylates featuring an
{M;(COO0)s} SBU/cluster or functionally very similar unit (M =
Zn, Co, Cd) (among 32 entries with the 3,6L66 net topology
found in the Topcryst database,”" nearly all are coordination
polymers and 23 follow this organization; see also the
footnote to Table S47). We regard the 2-layer stack in 2 as the
kinetic product from which the 3-layer stack in 1 and the
infinite-layer stack in 3 develop.

The structure of 1 consists of 2D nets, which could be
represented as a ‘fusion’ of three stacked hexagonal nets
(Fig. 2 and 9). Half of the alternating nodes in the top and
bottom layers are represented by 4-c and 5-c Zn-nodes (with
an excess connectivity over 3-c of one and two, respectively),
which distribute the connectivity of the imaginary triangular
node in the middle layer. Each pair of the neighboring triple-
layer stacks is polycatenated in a parallel fashion, with the
Cu-nodes belonging to the neighboring topologies
interdigitating to form a tight stack (Fig. 3 and 4). The triple-
layered topologies are polycatenated wvia pairwise
interpenetration and topologically constitute a 2D + 2D — 3D
structure. The dinuclear Zn-nodes, {Zn,(RCOO),} and
{Zn,(RCOO);} are close to a paddlewheel geometry with an
added carboxylate in the second case, which is charge
compensated by a nearby [Me,NH,]" cation.

The structure of 3 consists of two interpenetrated 3D nets,
which are crystallographically and chemically distinct, but
topologically equivalent (Fig. 7). Thereby, it represents
formally a case of hetero-interpenetration, even if the
topologies are very similar. The ‘fusion’ of the imaginary
stacked hcb nets takes place not on the same level, but on
alternating levels. Each of the two different six connected Zn-
clusters acts as a trigonal node within its layer (Fig. 9) and
the remaining excess connectivity (2 + 1) is redistributed
above and below, respectively, the layer at the expense of the
imaginary Cu-nodes of the prototypal stacked hcb net
structure. It is interesting to note that each of the two
distinct 6-c  connected trigonal-prismatic  Zn-nodes,
{Zn,O(RCOO0)s} = Z1 and {Znz(RCOO)s} = Z2 (c¢f Fig. 9),
belongs only to one of the two interpenetrating 3D nets. The
Z2 node is similar to the one in 2, while Z1 is formally close
to the expected zinc-oxidocarboxylate cluster (octahedral SBU
at the highest symmetry) but with strong geometric
distortions accompanied with a complex, not completely
resolved crystallographic disorder (Fig. S11, ESIf). The
binodal net observed in 3 is also known as the sqe-3,6-Fdd2-2
type sqc-subnet (for net relations, see ref. 72). It is relatively
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rare, with only five representatives known in the Topcryst
database.”" All of them are dense coordination polymers
based on short bi-azole azole-carboxylate ligands and bear no
direct similarity in structural organization with 3. Hence the
hetero-interpenetrated 3 is topologically unique as a MOF.

The general structure-formation logic for 1-3 explains the
formation of a class of ‘fused’ hcb-nets rather than a singular
compound. This class could be compared with the class of
pillared heb nets, which is also highly variable when the
pillaring could occur both on one and both sides of the
planes (connection isomerism). For the case of the ‘fused’
nets, which could be viewed as a zero-length pillaring, the
variety stems from variable number of connections for a
fused node (4-6 in this work).

The summary on topological characteristics of the nets in
structures 1-3 is given in Table S4, ESIL.f Except for the simple
‘dual-strand’ heb net in 2, the other cases are highly special.
It is instructive to observe the dominance of 4- and 6-rings
(and their exclusivity as smaller cycles). This is the reflection
of the ‘fused’ hcb structure-organization. When two stacked
hcb nets are fused via alternating vertices a 4-ring is formed
(Fig. S16, ESIf). It is a sole outcome for the case of 2 with
only one pair of fused-hcb nets, but larger rings appear when
the fusing of the hcb-layers occurs on different levels as in 1
and 3.

An aspect which should not be overlooked is the flexibility
of the {Cuj(mpba);}*" metallo-linker, which surpasses the
bbc®™ and bte®” flexibilities (vide supra, Fig. S44, ESIt). This
flexibility can be characterized in terms of separate
contributors, as a system of rigid elements, connected by
hinges.”* The flexibility factors regarding the {Cuj(mpba),}*~
metallo-linker are based on (i) the {Cuj(pz);} cluster level off-
plane deformations, (ii) an equivalent flexibility of the phenyl
connectors to the carboxylate group, and (iii) the flexibility
due to a rotational degree of freedom between the pyrazolate
and phenyl moieties. In the example structure of 2, with its
four crystallographically different {Cuj(mpba);}>~ metallo-
linkers, the benzoate groups bend out of the plane through
the three Cu atoms by 0.7° to 14.5°, most of them between 6°
and 8° (Fig. 45, ESI¥).

Cu/Zn analysis

In view of the disorder in the Zn-SBUs of all three
compounds (c¢f Fig. 1, 3b and 7b, see also Fig. S4, S9 and
S11, ESIt) the elemental analysis of the Cu:Zn ratio and the
confirmation of the sole presence of the Cu(i) oxidation state
(exclusion of Cu(m)) became important. It seemed necessary
to ensure that the Zn-SBUs were indeed Zn-only SBUs with no
admixture of Cu(u).

The X-ray photoelectron survey spectra (Fig. S23, ESIY)
confirm the expected presence of Cu, Zn, O, N and C in the
materials. The Cu 2p XP spectra for all three compounds
display the core band at around 933 eV for Cu 2p;, which
corresponds to the typical position of Cu(i) (Fig. S24a-S26a,
ESIf).”* The near perfect single-peak fit indicates the
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presence of only one type of Cu(1) species. Cu(u) species are
not present in any of the compounds, according to the
absence of the characteristic band at ~934 eV in the Cu 2p
XP spectra.”* The band at ~1022 eV in the 2p XPS spectra
corresponds to Zn(u) and is observed for all three materials
(Fig. S24b-S26b, ESIT).”>

The shape of the Cu LMM peak from the Auger electrons
can also be useful in determining the chemical state of Cu. It
is particularly indicative in the determination of Cu metal
versus Cu(1) in the absence of Cu(u) species.”® The Cu-LMM
peak is observed at a kinetic energy of 916.5 eV in the Auger
spectrum, which is a part of the XP spectrum (Fig. S27, ESIY).
The modified Auger parameter o' was calculated by adding
the binding energy of the Cu 2p;, photoelectron peak and
the kinetic energy of the Cu L3M45M45 Auger peak.”® The
value of the modified Auger-o&' parameter for Cu LMM and
the Cu 2p;,, electron was about (933 + 916.5 =) 1849 eV,
which confirmed the +1 oxidation state of Cu.””””® For Cu(u)
the Auger kinetic energy should lie at 918 eV and the
modified Auger-' parameter should be about 1851 eV.”””®
The value of the modified Auger-o/ parameter for Zn LMM
(988 eV, Fig. S28, ESIT) and the Zn 2p;,, electrons (1022 eV)
was approximately 2010 eV, which also confirms the +2
oxidation state of Zn.”>”°

The fitting of the C 1s spectra (Fig. S29, ESIT) yielded three
bands centered at 285, 286 and 289 eV which can be assigned
to C-H/C-C/C=C, C-N, and -COO, respectively.** The O 1s
band observed at 531 eV (Fig. S29, ESI}) is due to Zn-bound
oxygen, whereas the band at around 533 eV represents
organic C-0.*"%* The fitting of the N 1s curves shows two
types of component peaks (Fig. S29, ESIf), with the major
contribution corresponding to Cu-N (399 eV) and the minor
one to amide N-(C=O0) (400 eV) from coordinated and
residual DMF solvent molecules.®®

From atomic absorption spectroscopy (AAS) (Table S5,
ESI) and scanning electron microscopy energy-dispersive
X-ray spectroscopy (SEM-EDX) (Section S17-S20, ESI;f Tables
S6 and S7 ESIf), the molar Cu:Zn ratio for 1 was 1:0.44
(AAS) and 1:0.44 (EDX, Table S4, ESIt), which is in good
agreement with the expectation from the X-ray refinement
(Cu:Zn =9:4 = 1:0.44). For 3 the analyses gave 1:0.53 (AAS)
and 1:0.53 (EDX, Table S3, ESIT), slightly below the value
from the X-ray refinement (Cu:Zn = 12:7 = 1:0.58).

Thermogravimetric and gas sorption studies

Thermogravimetric analysis (TGA) of the as-synthesized
material 1 (Fig. S21a, ESI}) showed a mass loss of 18 wt% up
to ~300 °C, which can be attributed to the loss of 9 DMF
molecules (calc. 17.8% for 9 DMF). This is in good agreement
with the refined coordinated (2 DMF) and SQUEEZE-removed
DMF molecules (~7.5 DMF, Table S2, ESI}) per formula unit.
For compound 2, TGA gave a mass loss of 26 wt% up to ~270
°C, which can be ascribed to the loss of 18 DMF molecules
(calc. 26.1% for 18 DMF) (Fig. S21b, ESIt). This agrees well
with the found (5 DMF) and SQUEEZE-removed DMF

This journal is © The Royal Society of Chemistry 2022
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molecules (~14 DMF, Table S2, ESIf) per formula unit. The
TGA of the as-synthesized material 3 (Fig. S21b, ESIt) exhibited
a mass loss of 20% up to ~300 °C, which can be attributed to
the loss of 14 DMF molecules (calc. 20.0% for 13.6 DMF). This
result is in acceptable agreement with the refined (3 DMF) and
squeezed (~12 DMF, Table S2, ESIf) DMF molecules per
formula unit. The TGA of the activated compound 3-act. (Fig.
S21b, ESIT) did not exhibit any mass loss up to ~300 °C. After
300 °C decomposition of all three materials occurred with a
mass loss up to 300 °C of 25-30 wt% (Fig. S21, ESI}).

In view of the structural similarity of 1-3 regarding the
formation of hexagonal nets in staggered stacking mode
(Fig. 3b for 1, Fig. 6b for 2 and Fig. 8a for 3; Fig. S13 for
comparison) it is no surprise that all three compounds yield
a similar specific surface area from a crystal void calculation
with CrystalExplorer® and a similar specific pore volume
from CrystalExplorer, Mercury®>®® and PLATON®’ (Table S11,
ESIY).

Various attempts to activate 1 and to prove the presence
of a porous material were not successful. Either direct
activation in a vacuum under heating or milder approaches
via preceding solvent exchange or supercritical drying
yielded amorphous materials (1-act. Fig. S3, ESIf) which
did not demonstrate appreciable Ar (87 K) or CO, (195 K)
adsorption.

The activation attempts of 3 by heating under vacuum
were more successful, and the resultant 3-act. material
demonstrated significant crystallinity, even if inferior to 3
as judged by the peak broadening in the PXRD pattern
(Fig. S3, ESIf). The latter also witnesses a structural
transformation caused by the loss of solvent molecules
(Fig. S21b, ESI{). The two-fold interpenetrated 3D
framework in 3 expectedly provides higher structural
resilience and prevents a complete structural collapse
compared to the polycatenated 2D framework in 1. But
even in 3 there is no prerequisite for a highly rigid
structure because of the ligand flexibility (vide supra).
Notwithstanding the crystallinity, 3-act. demonstrated only
a small N, uptake at 77 K with a hysteresis spanning the
whole measurement range, indicating kinetic hindrances
(Fig. S30, ESIf). At 87 K (liquid argon temperature) argon
fills narrow micropores at significantly higher relative
pressures in comparison with nitrogen at 77 K.5%%
Accordingly, Ar with also a smaller kinetic diameter (3.4 vs.
3.64 A for N,) and weaker interaction with the adsorbent
implying faster equilibration rates compared to N, was
selected for further studies. The adsorption of Ar at 87 K
by 3-act. was indeed unhindered, followed a type I isotherm
(Fig. 10) and allowed for BET surface analysis. The material
possesses a total pore volume of 0.30 cm® g™ at PP, =
0.95, a micro pore volume of 0.25 cm® g™* at P/P, = 0.1,
and a BET surface area of 762 m*> g ' (Fig. S31b, ESIf). The
desorption shows a small hysteresis loop (type H4) which is
typical for micro-mesoporous materials.®’

CO, (and also CH,) gas sorption studies were performed
for the 3-act. material at 273 K and 293 K. Due to the higher
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temperatures only minor kinetic hindrances were observed.
The adsorption isotherms are of type Ia (Fig. 11), albeit not
reaching saturation for CO, at 1 bar, which again underlines
the microporous character of the material.

As expected, the uptake of the slightly larger non-polar gas
CH, was significantly lower with 15 em® g™ (273 K) and 14
em® ¢! (293 K) than for CO, 78 cm® g (273 K) and 46
em® ¢! (293 K). Consequently, the determined CO,:CH,
selectivity by the Henry plots of the adsorption isotherms
results in a higher selectivity for CO, (4.8:1 at 273 K, 3.5:1
at 293 K; Fig. S32, Table S10, ESIY).

The isosteric enthalpy of adsorption at zero coverage,
AHY4s for CO, and CH, from adsorption isotherms at 273-
293 K (Fig. 11) was calculated with the virial fit method (Fig.
S33 and S34, ESIt).”® As expected, the values of the isosteric
enthalpy of adsorption AH,4s are significantly higher (i.e.
more negative) for CO, than for CH, at the same gas uptake.
At zero coverage AHogs (CO,) is =29 kJ mol™ and AHQ44(CH,)
is —15 kJ mol™". Compared to other MOFs, these values are at
the lower end for AHOg,.”'?

Conclusions

The N,O-heteroditopic semi-flexible mbpa®” ligand with
carboxylate and dimethylpyrazolate tails was used for the
exploration of mixed-metal Cu(1)/Zn(u) coordination networks,
aiming to combine the probable {Cus(3,5-dimethylpyrazolate);
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and Zn,0(0,C)s SBUs. An alternative viewpoint on the
synthesis in polar media is the in situ formation of the {Cu}-
(mpba);}*” metallo-ligand, as an intermediate product, which
is engaged in minimal ligand-exchange concurrence in a
hard-ligand environment. Accordingly, {Cuj(mpba),}*” is
viewed as a large triangular ligand, interesting in the context
of reticular chemistry, where 1,3,5-benzenetricarboxylate and
expanded analogues play an important role.

Three coordination networks, 1-3, were obtained in a
course of low-temperature solvothermal synthesis from N,N-
dimethylformamide and, remarkably, there is a condition-
range when all the three compounds formed simultaneously.
In all compounds columnar stacks of Cus(3,5-
dimethylpyrazolate); clusters associated by cuprophilic
interactions are the dominant structural feature. Parallel
orientation of the stacks is the most general way to achieve
an efficient packing; the various 2-4(5)-nuclear Zn-SBUs are
rather adapting to this requirement. The resulting networks
bear similarities to stacked heb nets, which would be realized
for trigonal SBU-only assembly. The additional connectivities
of the Zn-SBU clusters ‘fuse’ the hcb nets together, yielding
layered 2D, layered polycatenated 2D — 3D or 3D
frameworks. Despite the interpenetration, the permanent
porosity for 3 with a 3D porous structure was demonstrated
by Ar, CO, and CH, sorption.

Thus, the structures 1-3 demonstrate similar underlying
network-formation principles resulting in what could be
named a ‘fused’ heb structure class. The structure prediction
could be only fuzzy or vague here, and yet such limited
design accuracy could be productive. The {Cuj(mpba),}*
metallo-linker has structural degrees of freedom which allow
for certain self-adjustments regarding the relative angular
positions of the carboxylate groups and this appears
favorable for an explorative search approach not based on an
exact prediction of a particular structural type. Further
elongation of the ligand might yield similar structures due to
the good stabilization granted by the cuprophilic stacking.
Interesting possibilities of defective structures could be
foreseen by using co-ligands with terminated connectivity,
like  [Cus(3,5-dimethylpyrazolate);], ~which  could be
incorporated in the stacks and decrease the general
connectivity.

It is worth stressing the interest in mixed-metal MOFs
based on heteroditopic ligands. In the case of mbpa, the Cu"/
A" combination seems to be particularly interesting due to
the multitude of possible aluminum oxidocarboxylate MOFs.
Another interesting aspect is the use of the limited-prediction
approach when a dominant self-assembly factor is present
and the semi-flexible ligands/clusters allow for some self-
adjustment (ligands with a high level of flexibility are
generally not compatible with permanent porosity). For
example, for the octahedral {Zn,0(COO)s} and the triangular
planar {Cuj(pz);} SBUs a multitude of combination
possibilities exist, provided that certain self-adjustment is
possible. Among the suitable alternating two vertex 3,6-c nets,
the rutile rtl net possesses the highest symmetry and suitable
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node geometries, however its demands an adjusting turn of
the neighboring SBUs by ~45°, which could be supported by
the mbpa moiety of the {Cuj(mpba);}*" linker. Despite a
multitude of possibilities, all three obtained compounds 1-3
follow the same structure-formation logic: the cuprophilic
interactions between the {Cuj(pz);} SBUs, frequently
occurring for such structures, evidently play an important
pre-organizing role and dictate the course of the self-
assembly, which is allowed by the geometric self-adjustment
provided by the ligand and concomitant flexible cluster
actualization.

Experimental section
Chemicals

Reagents and solvents were obtained from commercial
sources and used as received without further purification.
Cu(NO3),-2.5H,0 (98%) was purchased from Alfa Aesar,
Zn(NO;),-4H,0  (98%) from ALFA  Chemistry and
Zn(CH;C00),-2H,0 (98%) VWR. N,N-
Dimethylformamide (DMF) p.a. was obtained from Riedel-de
Haén, tetrafluoroboric acid (HBF,;, 48 wt% in H,0) from
Sigma-Aldrich and conc. nitric acid from Chemsolute. The
synthesis of 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid (H,-
mpba) carried out according to the literature
procedure.*’

from

was

Instrumentation

Elemental analysis measurements of carbon, hydrogen,
nitrogen and sulfur (CHNS) were done with an Elementar
Vario MICRO cube. IR-spectra were recorded on a Bruker FT-
IR Tensor 37 spectrometer in the 4000-500 cm ™" region with
2 cm™' resolution as KBr disks. Powder X-ray diffraction
(PXRD) measurements were carried out with a Rigaku
MiniFlex600 powder diffractometer using a flat silicon, low
background sample holder at 40 kV, 60 mA (600 W) for Cu-
Ko radiation (4 = 1.54184 A). In all diffractograms, the most
intense reflection was normalized to 1. Simulated powder
X-ray diffractograms were obtained from single-crystal data
using the MERCURY 3.5.1 software program.”
Thermogravimetric analysis (TGA) was performed using a
Netzsch TG 209 F3 Tarsus from 20 to 600 °C with a heating
range of 5 K min™" under nitrogen atmosphere. Atomic
absorption spectroscopy (AAS) was carried out on a PinAAcle
900T from Perkin-Elmer with a copper or zinc hollow cathode
in acetylene/air-flame at 2300 °C. Scanning electron
microscopy (SEM) images were obtained using a Jeol JSM-
6510LV QSEM advanced electron microscope equipped with a
LaBg cathode at 5-20 kV. The microscope was equipped with
a Bruker Xflash 410 silicon drift detector for energy-
dispersive X-ray (EDX) spectroscopy. The samples were coated
with gold (Au) using a Jeol JFC 1200 finecoater (20 mA for 25
s) before the X-ray  photoelectron
spectroscopy (XPS) measurements were made on an ULVAC-
PHI VersaProbe II microfocus X-ray photoelectron
spectrometer. Experimental XP spectra were fitted by the

measurements.
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CasaXPS program, version 2.3.19PR1.0, copyright 1993-2018
Casa Software Ltd. Volumetric gas sorption measurements up
to one bar were performed on a Quantachrome Autosorb iQ
MP on sample amounts of at least 30 mg, which were
degassed/activated under vacuum (10~° mbar) at 200 °C, for
3 h.

Single crystal X-ray structure determination

Single crystal X-ray structures. Suitable single crystals of
1-3 were carefully selected under a polarized-light
microscope and mounted in a perfluorinated oil drop. For 1,
the single-crystal diffraction data was collected using a
Bruker D8 VENTURE diffractometer with a CCD area detector
(PHOTON III C14) and an INCOATEC microfocus sealed tube
3.0 for Mo-K,, radiation (2 = 0.71073 A) with a multilayer
mirror monochromator. The data were collected under a cold
nitrogen gas-stream at 100(2) K using - and ¢-scans. Data
reduction was performed by APEX 3 (ref. 95) (integration)
and TWINABS-2012/1 (ref. 96) was used for absorption
correction.

For 2 and 3, the single-crystal diffraction data was
collected using a Rigaku XtaLAB Synergy S four-circle
diffractometer with a Hybrid Pixel Array Detector and a
PhotonJet X-ray source for Cu-K, radiation (2 = 1.54184 A)
with a multilayer mirror monochromator. The data were
collected under a cold nitrogen gas-stream at 100.0(1) K
using w-scans. Data reduction and absorption correction
were performed by CrysAlisPro 1.171.41.61a [Rigaku Oxford
Diffraction, 2020 Yarnton, UK].

All three structures were solved by direct methods using
SHELXT-2015.%” Full-matrix least squares refinements on F*
were carried out with SHELXL-2015. Crystal data and
details on the structure refinement are given in Table S2,
ESL{ Graphics were drawn with the program Diamond.’®
The structure of 3 was refined as a 2-component inversion
twin.

In 1-3 in favour of clarity, the mpba®  units and DMF
molecules were organized in residues (RESI). All hydrogen
atoms were positioned geometrically and refined using riding
models  with Ujo(H) = 1.2:Ueq(CHarom )/Ueg(NH) or 1.5
-Ueq(CHs).

In 1-3 highly disordered solvent molecules were
removed via the SQUEEZE (Platon) procedure (structures 1
and 3)* or by solvent masking as implemented in OLEX 2
(structure 2). In 1 the resulting solvent accessible volume of
2751 A® per unit cell contained 604 electrons, which may
correspond to 15 DMF molecules (40 e  each) as the
solvent of crystallization per unit cell or 7.5 DMF molecules
per given asymmetric formula unit (Z = 2). In 2 the
resulting solvent accessible volume of 4630 A® per unit cell
contained 1131 electrons, which may correspond to 28
DMF molecules as the solvent of crystallization per unit cell
or 14 DMF molecules per given asymmetric formula unit (Z
= 2). In 3 the resulting solvent accessible volume of 7369
A3 per unit cell contained 1894 electrons, which may
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correspond to 47 DMF molecules as the solvent of
crystallization per unit cell or ~12 DMF molecules per
given asymmetric formula unit (Z = 4).

In 1 the Zn-cluster which contains the dimethylamine and
dimethylammonium species which are disordered in an 81:
19 ratio, affecting both Zn atoms and the proton of the
counterion.

In 2 the phenyl rings of RESI 5, 9 and 12 are disordered
over two positions due to rotation along the 1,4-axis which is
a well-known phenomenon. Furthermore, one DMF molecule
coordinating to Zn4 is disordered over two positions in an
86:14 ratio.

In 3 the zinc oxidocarboxylate coordination-bonded
cluster ({Zn,O}) involving the Zn4 to Zn8a,b atoms
features a complex disorder, which could be described in
the first approximation as three overlapping {Zn,O}
arrangements. The disorder is driven by the demand
imposed by the crystal structure/topology: six carboxylates,
which are located within convenient reach, are not
arranged suitably to sustain the regular octahedral
{Zn,O(RCOO)¢} cluster. The ‘three overlapping pyramids’
model with a nearly common base (Zn5, Zn6, Zn7)
assumes a much lower occupancy of the ‘capping/axial’
Zn-atoms (Zn4, Zn8a,b), however the refined equivalent
Uiso values do not indicate dramatic differences. While the
relatively large temperature factors could mask additional
non-evident disorder possibilities, there is another possible
reason for the higher occupancy of the ‘capping’ atoms:
at least for Zn8 there is a weak residual electronic density
in the vicinity. Instead of speculating the possibility of an
increased number of Zn atoms in the cluster, the disorder
was modelled as even via ascribing 0.8 occupancy for each
of the five Zn atoms (the Zn8 atom is additionally split
into two components, Zn8a and Zn8b, with refined
contributions). This concise approach reflects both the
experimental observations and the limited knowledge
about disorder, whose occurrence is, however, not unusual
in the given structural setting. Accordingly, the cluster
composition, involving the Zn4 to Zn8a,b atoms, is
assumed to be {Zn,O(H,0O/DMF),(RCOO)¢}. The coordinated
water molecules (O5S to O8S atoms) are a simplified
description of site-sharing H,O/DMF ligands; the too weak
residual electron density made the refinement of the DMF
constituents not practical.

The structural data have been deposited with the
Cambridge Crystallographic Data Center under deposition
numbers CCDC 2105164-2105166.F

Synthetic procedures

[Me,NH,][Zn4{Cu}(mpba);};(Me,NH)(DMF),] (1). 20.0 mg
(0.092 mmol) of H,mpba, 21.5 mg (0.092 mmol) of
Cu(NO3),-2.5H,0 and 16.9 mg (0.065 mmol) of Zn(NOj),
-4H,0 were each dissolved in 1 of mL N,N-
dimethylformamide (DMF). The three solutions were
combined in a glass vial equipped with a screw cap,
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sealed and transferred in a preheated oven at 90 °C for
six days. After cooling to room temperature, the formed
clear yellow parallelepiped-shaped crystals (Fig. S1f) were
filtered and washed three times with 3 mL of DMF each
(vield 25 mg, 56%, based on zinc salt). Calc. for
C10sHooCUoN; 50,470, (2761.42 g mol™) C 46.97, H 3.28, N
9.13; found C 47.20, H 3.31, N 9.15%. IR: (KBr, Fig. S22,
ESIf): ¥ = 3435 (br), 3067 (br), 2567 (br), 2501 (br), 2360
(br), 2341 (br), 2273 (br), 1661 (s), 1608 (s), 1542 (s), 1403
(br), 1284 (w), 1253 (w), 1179 (s), 1145 (w), 1093 (w), 1062
(w), 1034 (m), 1014 (w), 865 (w), 847 (w), 812 (w), 782 (s),
714 (s), 692 (m), 660 (w), 634 (m), 610 (W), 565 (W), 517
(s), 442 (W) em™.

[Zng{Cu(mpba);}4(DMF);] (2). 20.0 mg (0.092 mmol) of
H,mpba, 21.5 mg (0.092 mmol) of Cu(NO;),-2.5H,0 and
15.2 mg (0.070 mmol) of Zn(CH;COO),-2H,0 were each
dissolved in 1 mL of DMF. The three solutions were
combined in a glass vial with a screw cap. After a few
minutes, a greenish precipitate formed. This was dissolved
again by adding 30 pL of aqueous tetrafluoroboric acid
(HBF,, 48% min w/w). The glass vial was then sealed and
transferred in a preheated oven at 90 °C for nine days.
After this time, an off-white precipitate was observed. After
cooling to