A pseudo five-fold symmetrical ligand drives geometric frustration in
porous metal-organic and hydrogen bonded frameworks
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ABSTRACT: Reticular framework materials thrive on designability, but unexpected reaction outcomes are crucial in exploring
new structures and functionalities. By combining “incompatible” building blocks, we employed geometric frustration in re-
ticular materials leading to emergent structural features. The combination of a pseudo Cs symmetrical organic building unit
based on a pyrrole core, with a C4+ symmetrical copper paddlewheel synthon led to three distinct frameworks by tuning the
synthetic conditions. The frameworks show structural features typical for geometric frustration: self-limiting assembly, in-
ternally stressed equilibrium structures and topological defects in the equilibrium structure, which manifested in the for-
mation of a hydrogen bonded framework, distorted and broken secondary building units and dangling functional groups,
respectively. The influence of geometric frustration on the COz sorption behavior and the discovery of a new secondary build-
ing unit shows geometric frustration can serve as a strategy to obtain highly complex porous frameworks.

INTRODUCTION

Reticular framework materials are a class of materials that
are constructed by the selection or design of building blocks
and linkage groups such that a desired net is formed.! This
approach is successfully applied for the introduction of
functionality on the organic linkers and on known metal
based secondary building units (SBU),2 while structural
complexity can be increased by the rational construction of
new organic nodes and new nets3 or by the synthesis of con-
trolled multivariate materials.+-6 Recently, design strategies
have emerged that seek to deviate from this approach and
attempt to increase complexity by introducing well-defined
defects and mismatches into the backbone that lead to re-
duced symmetry, new nets and open metal sites.! This can
be achieved by linker clip-off,” dissolution and introduction
of defectss-11 or the installation of size and shape mis-
matched linkers.! These approaches are all based on the
knowledge of a well-defined parent lattice. Our strategy
here is to use mismatched symmetry in order to introduce
geometric frustration, where the mismatch is large enough
to prohibit the formation of predetermined lattices or nets.
Geometric frustration arises when local geometric con-
straints hinder the energetic minimization of all of the in-
teractions at the same time.12 This is a sought after phenom-
enon for spin ices in magnetic materials!3 and their applica-
tion in data storage,14 but the use of competing interactions
to obtain complex systems is a widespread phenomenon.13
We therefore wanted to induce geometric frustration, in or-
der to explore new emergent structures and features13.15
without preconception of the reaction outcome.

In this work, we introduced geometric frustration through
a linker with pseudo-Cs symmetry, as the symmetry cannot
be propagated to a classical periodic lattice based-on trans-
lation, while periodic lattices based on rotation and transla-
tion such as in a quasicrystal could support this sym-
metry.1216 Several strategies exist for the introduction of Cs
symmetry in organic building blocks,17-20 as these are used
for the synthesis of large cage coordination compounds,
19.21-24 or as metal nodes for the synthesis of quasicrystal ap-
proximants.?® As introducing Cs-symmetry can be syntheti-
cally challenging,2026 instead we designed a pseudo-Cs sym-
metrical ligand based on a pyrrole core (see method section,
Figure S2). The pseudo-Cs symmetric linker containing pen-
dant carboxylic acid groups, 1,2,3,4,5-penta (4-(benzoic
acid))pyrrole (pLHs; Figure 1) was reacted with copper(II)
ions with the intention of creating the Cs4 -symmetric pad-
dlewheel motif. While metal-organic frameworks based on
paddlewheel have been reported with planar 2-c,27 3-c,28 4-
c29 and 6-c39 nodes before, a search of MOF databases31 re-
vealed no nets with alternating 5-c and 4-c nodes. The com-
bination of C4 and Cs local symmetries was, therefore, ex-
pected to be difficult to reconcile while maintaining the
symmetry of the building blocks.
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Figure 1. Schematic illustration of the synthesis of materials
from the pentagonal linker pLHs.

RESULTS AND DISCUSSION

Structural description of three frameworks based on
the pentagonal linker. Using pLHs for the synthesis of
frameworks, three materials were crystallized: a hydrogen
bonded framework (HOF), based on a molecular copper(II)
complex containing four [pLHa]- units (Cuz(pLHa4)s; pen-
taHOF-1) and two different metal-organic frameworks
(MOF) consisting of [pLH]* units (Cuz(pLH); pentaMOF-2
and pentaMOF-3). The materials differ in their connectivity,
node-distortion, porosity and linker-to-linker contacts,
which point towards the pathways in which the frustration
is released in this system.

The interdiffusion of an aqueous copper nitrate solution
with a solution of pLHs in ethanol at room temperature
leads to the formation of a metal containing HOF (pen-
taHOF-1). This material consists of a molecular copper com-
plex Cuz(pLH4)4 that is composed of a single copper paddle-
wheel surrounded by four [pLH4]- moieties in a propeller
shape (Figure 2a). The pentaHOF-1 crystallizes in the te-
tragonal space group P4/nnc (Table S1) in which the
Cuz(pLH4)s molecules arrange to form a square lattice layer.
The layers are stacked in an alternating fashion to form a
distorted body centered arrangement (Figure 2b). The
structure is stabilized by hydrogen bonding interactions
where one Cuz(pLH4)+ molecule interacts with 10 of its
neighbors (8 from the body centered arrangement and 2
from interaction with the molecules above and below the
Cuz(pLH4)s molecules; Figure S3) through its 16 carboxylic
acids. The structure contains a disordered hydrogen bond-
ing motif where four carboxylic acids meet. The disorder
can be disentangled to two binding modes (Figure S4),
where either four carboxylic acids form three hydrogen
bonds or two carboxylic acid pairs can form one hydrogen
bond each. The oxygen-oxygen distances and the angles be-
tween the carboxylic acids are in line with moderately
strong hydrogen bonds (Table S2).32 The pentaHOF-1 struc-
ture contains two types of 1D channels parallel to the c-axis.
The first type is purely intermolecular, created between
stacks of Cuz(pLH4)4+ molecules with pore apertures of
11.3x11.3 A2 (indicated as A in Figure S5). The second type

of void is created by connecting the inter-molecular voids
within one stack of molecules by small intramolecular aper-
tures (4.6x3.8 A?) (indicated as B in Figure S5).

Changing the solvent system led to the formation of a MOF
with the composition Cuz(pLH). pentaMOF-2 single crystals
were obtained with monoclinic crystal system in the C2/c
space group by reaction in a mixture of dimethyl formamide
(DMF) and n-butanol heated at 40°C. The structure is com-
posed of a fully 3D metal-organic network containing
[pLH]* units and copper paddlewheels. Two out of four car-
boxylate groups create a square lattice layer with regular
copper paddlewheels (Figure 2c), while the remaining two
carboxylate groups twist out of plane and connect these lay-
ers with a distorted copper paddlewheel leading to a
sqc17633 (Ivt) topology (Figure 2d). The fifth, potential car-
boxylate group remains protonated and is therefore not in-
volved in binding to copper. The carboxylic acid group pro-
trudes into the interstitial voids and has an average do--o of
6.19 A to the nearest free carboxylic acid. It is therefore not
able to participate in hydrogen bonding to the MOF back-
bone. Individual linker molecules in the structure are not in
contact with each other and are separated by solvent mole-
cules, which could be resolved by SXRD (Figure S6). The
close proximity of the linkers without close contact leads to
a three-dimensional pore structure in pentaMOF-2 with
small diameter accessible voids (Figure S7).
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Figure 2. Detail illustrations of the crystal structures of (a,b)
pentaHOF-1, (c,d) pentaMOF-2 and (e,f) pentaMOF-3, which
emphasize the connectivity of the structure.

By increasing the reaction temperature up to 110°C and us-
ing an n-butanol/water mixture, we obtained single crystals
of pentaMOF-3 in an orthorhombic Pna21 space group (Ta-
ble S1) with the same composition Cuz(pLH) as pentaMOF-
2, but with a different connectivity. The structure is com-
posed of [pLH]* units where four of the five available car-
boxylates bind to copper and lead to the formation of a two-
dimensional layer with a distorted square lattice net (Figure
2e). The remaining fifth carboxylate remains protonated
and is able to form moderately strong hydrogen bond with
a second linker.32 The carboxylic acid is disordered, with
one state resembling a typical carboxylic acid dimer with
two hydrogen bonds, and another state a carboxylic acid di-
mer where only one hydrogen bond can be formed (Table
S2, Figure S8) The copper binds the linker with two distinct
secondary building units (SBU) (Figure 2f). The firstis areg-
ular copper paddlewheel, albeit a distorted one. The second
SBU contains pairs of copper ions that resemble a copper
paddlewheel only in three of four carboxylates, while the
fourth carboxylate group coordinates to one copper in an

equatorial fashion and through pseudo-coordination to the
axial position of a neighboring copper pair, thus leading to
a one-dimensional SBU. The copper pairs are bridged by
three axial carboxylate anions with a dcu---cu 2.98 A, which is
considerably larger than in the regular paddlewheels pre-
sent in the structure with dcucu = 2.64 A. The inter-pair dis-
tance, bridged by an axial-equatorial carboxylate binding
motif is even larger with dcu-.c, = 4.67 A. The pseudo-coor-
dination of the rod SBU and the hydrogen bonding connect
the individual layers with each other, leading to a 3D net
based on the sqc5433 topology (Figure S9). The structure
contains small undulating 1D channels with an aperture of
5.5x3.6A2 (Figure S10).

Nets. The net of the pentaHOF-1 can be described by sim-
plifying the structure by different degrees. The copper pad-
dlewheel is a 4-c node the pL presents a 5-c node and the
hydrogen bonded node can be considered as a 4-c node on
arrives at a 4,4,5-c net with a transitivity of (3 3) (Figure
S11). However, since the bonding situation is ambiguous
due to disorder, the hydrogen bonded node can also be con-
sidered as a linear connection, thus a 4,5-c net is obtained
with a transitivity of (2 2) as two kinds of edges are ob-
served in this structure. In this structure the nodes are not
alternating, like in many other observed 4,5-c nets.3! When
considering the hydrogen bonded node as a 4-c node, the
question arises, why no additional paddlewheel is formed
in this position, which would lead to the compound CuspLa.
When constructing a model of CuspLz with the same 4,4,5-c
net, the paddlewheel placed instead of the hydrogen
bonded node is highly strained (Figure S12). This node is
much more distorted than pentaMOF-2 and pentaaMOF-3
paddlewheels. The highly distorted coordination environ-
ment might prohibit the formation of a copper paddlewheel.
This might explain why the hydrogen bonded framework
pentaHOF-1 is formed instead of CuspLz. As the formation
of an edge transitive 4,5-c net might not be possible,3’ the
4,4,5-c net is a plausible candidate for CuspLz. The proposed
structure is however only one possibility for the net and
others are unknown. Attempts to obtain CuspLz were unsuc-
cessful, with increasing the reaction temperature or intro-
ducing base only leading to pentaMOF-3. The assembly of
the hydrogen bonded molecules can also be considered as
just molecules that connect to neighboring molecules. This
leads to a 10-c unimodal net obtained with a transitivity (1
2) bct.

The change in connectivity from a 5-c node to a 4-c node as
observed in the structures of penta-MOF-2 and pentaMOF-
3 also have a profound effect on the nets of the materials.
While the pentaMOF-2 crystallized with a lvt net which is
based on only 4-c nodes, the pentaMOF-3 crystallizes with
2-periodic sql net layers, which are however connected
through the rod SBU leading to a 6-c node instead of a 4-c
node in one half of the available copper paddlewheels. This
leads to a three-dimensional periodic sqc54 net.

Sorption properties of framework materials. The single
crystal structures of the materials presented here showed
promising solvent accessible voids, and we therefore inves-
tigated gas sorption properties. Only the pentaHOF-1
showed uptake of N2 at 77 K with a type-I isotherm, with a
BET surface area of 849 m?g! (Figure 3a), which confirms
its permanent porosity.
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Figure 3. Sorption measurement of pentaHOF-1, pentaMOF-2
and pentaMOF-3 for (a) N2 at 77 Kand (b) COz at 195 K.

In contrast, all three materials showed CO2 adsorption at
195K. The isotherm of pentaHOF-1 exhibits a steep rise at
low partial pressures that includes a step at around
0.055 P/Po (Figure 3b, inset). Such a stepped increase could
be attributed to a dynamic feature of the framework mate-
rial3* or a preferential adsorption site.3* The single crystal
structure of pentaHOF-1 shows copper paddlewheels situ-
ated directly above each other with a Cu---Cu separation of
7.37 A, which conforms well with a previously described
“optimum” distance for the binding of CO2.35 In the case of
pentaHOF-1, the adsorption step occurs at much lower par-
tial pressures than described in the literature, possibly indi-
cating a stronger binding. The COz isotherms of pentaMOF-
2 and -3 described a type-I shape with a total uptake signif-
icantly smaller than pentaHOF-1. The differences in total
CO: uptake between the three structures are in stark con-
trast to the available metal binding sites per gram of mate-
rial. In pentaMOF-2 and -3 the available number of metal
binding sites are the same, corresponding to 56.6 ml/g COz.
This value accounts nearly half of the adsorption, consider-
ing the total uptake of 108.8 and 124.2 ml/g for pentaMOF-
2 and -3, respectively. In pentaHOF-1, the metal adsorption
sites account for only 16.0 ml/g CO2, which is small com-
paredto the total uptake 0f 297.5 ml/g (~5% of the total up-
take). In addition to the adsorption on the metal sites, the
pore sizes of the materials are strongly influencing the ad-
sorption properties of the materials. In pentaMOF-2 and -3

only small pores are present, while pentaHOF-1 has a much
larger channel with a ~1.1 nm diameter in addition to small
pores close to the metal centers. The small pores in the ma-
terials seem to reject N2, which explains why pentaMOF-2
and -3 show no uptake of nitrogen but a small uptake of COz.
This also explains the uptake of nitrogen and CO: in pen-
taHOF-1 where the larger pores lead to an uptake of nitro-
gen while CO2z can also enter the smaller pore, explaining the
nearly identical uptake even though CO: is measured at a
much higher temperature. On the other hand, it is surpris-
ing, that a hydrogen bonded structure of a metal containing
molecular complex possesses larger porosity than the cor-
responding MOFs. Normally, the formation of metal-ligand
bonds is the driving force that leads to porous MOF. How-
ever, in this case, the formation of pentaHOF-1 with a high
porosity and low number of copper-ligand bonds is an un-
expected outcome that can be linked to geometric frustra-
tion. We therefore systematically investigated structural
constraints, to elucidate this peculiar behavior.

Effect of geometric frustration on the structures.
Grason!2 offers a theoretical context for interpreting the ef-
fects of geometric frustration by defining anomalous struc-
tural properties such as “internally stressed equilibrium
structures, self-limiting assembly, and topological defects in
the equilibrium assembly structures”.12 All structures de-
rived from the pL building block show these signs of frus-
tration. In self-limiting equilibrium structures, the size of an
assembly is limited, since the local interactions lead to
stresses that sum up to limit the growth. In pentaHOF-1 this
is observed in an extreme fashion as the molecule
Cuz(pLHa4)4 consists of only the first sphere of coordination,
as a single copper paddlewheel is surrounded by four pL
molecules that are not connected to further metal SBU. This
is surprising, since under the applied synthetic conditions,
a full reaction could be expected, as it is possible to synthe-
size copper paddlewheel MOFs such as, for example,
HKUST-1 at room temperature.28

Internally stressed equilibrium structures arise, where the
self-limiting growth is overcome and extended metal-ligand
nets are formed. The high coordination number of the nodes
and the rigid nature of the building blocks lead to few de-
grees of freedom for the system to form a stable structure.
This leads to suboptimal coordination environments, as the
angles and distances of the carboxylic acid groups cannot be
rearranged to accommodate the energetic minimum for an
unstrained copper paddlewheel. In pentaHOF-1, the copper
paddlewheel (Figure 4) and the pL molecules are un-
strained as a result of the formation of a discrete molecule.
However, the structures of pentaMOF-2 and pentaMOF-3
show a copper paddlewheel that is more distorted than in
any previously reported phenyl based copper paddlewheel
structure in the Cambridge structural database38 (CSD, 454
structures) (Figure 4, see method section). In pentaMOF-2
one paddlewheel remains largely unaffected by strain,
while the other is markedly distorted. The pentaMOF-3
structure shows one paddlewheel that is distorted more
strongly than in pentaMOF-2 (Figure 4 blue circles), and ad-
ditionally the second SBU is strained so strongly that the
paddlewheel motif breaks down and a rod SBU is formed in-
stead (Figure 2f, Figure 4 blue X). The copper SBU is experi-
encing strain in the equatorial plane and also in the axial



direction (Figure 2f, Figure S13) as a consequence of the
partially overlapping linkers (Figure 2e) within one layer of
pentaMOF-3. The equatorial strain can be resolved by an in-
plane change of the bite angle (Figure S14), while the axial
strain is released by altering the binding motif from a pad-
dlewheel to a rod SBU. This effect can be quantified by cal-
culating the out-of-plane distortion of the [pLH]* carboxy-
phenyl groups in relation to the central pyrrole core. The
groups connected to the rod SBU show a significantly re-
duced out-of-plane bending compared to those connected
to the copper paddlewheels (Figure S15, Table S3). The in-
ternal stress of the structures can also be observed in the
hydrogen bonding in pentaHOF-1 and pentaMOF-3, where
the disorder of the free carboxylic acids suggests competi-
tion between two hydrogen bonding states. In pentaHOF-1,
one state with three hydrogen bonds between four carbox-
ylic acids (Figure S4b, d) competes with a state where two
pairs of carboxylic acids can form one hydrogen bond each
(Figure S4c). In pentaMOF-3, the two binding modes are
characterized by a carboxylic acid dimer with two hydrogen
bonds and a carboxylic acid dimer with only one hydrogen
bond (Figure S8). The rigid backbone prohibits the com-
plete relaxation of the structure to maximize the number of
hydrogen bonds, leading to strained hydrogen bonding in-
teractions.

Dangling carboxylic acid groups remain in the structures of
pentaMOF-2 and -3, even as the number of ligand-to-copper
bonds are increased compared to pentaHOF-1. These topo-
logical defects in the equilibrium structure lead to coordi-
nation nets based on a 4-c node for the nominally 5-c pLHs
linker (Figure 2e). This can be understood as a result of the
difficulty translating the Cs symmetry of the linker to a pe-
riodic pattern. Additionally, the high but unequal number of
points of extension leads to an overload in points of exten-
sion already in the first sphere of reticulation, which is then
resolved by dangling carboxylic acids.
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Figure 4. Distortion of the copper paddlewheel structure of
pentaHOF-1, pentaMOF-2 and pentaMOF-3, in comparison to
structures reported in the Cambridge Structural Database. As
assessed by the carbon distances as indicated in the top. The
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Applying this analysis to other reported MOFs, reveals geo-
metric frustration leading to anomalous structures such as
in the formation of a hydrogen bonded material consisting
of metal organic polyhedra instead of a MOF39 and the for-
mation distorted or untypical metal SBU due to incompati-
bilities between the linker and the SBU (see also supple-
mental discussion).40
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Figure 5. Qualitative assessment of the competing forces that
lead to frustration (details can be found in Figure S16). Values
further from the center indicate a stronger penalty.

The hallmark of geometric frustration is the absence of a
simple ground state, which leads to structural solutions that
show compromises of competing driving forces; metal-to-
ligand bonding, metal coordination environment, hydrogen
bonding, hydrophobic interactions, porosity and geometric
constraints of the linker. The described system follows di-
vergent pathways to trade-off several dimensions of struc-
tural degrees of freedom to release some of the frustration;
five of the most prominent are shown in Figure 5. Each
structure occupies a different area in this qualitative frus-
tration diagram, illustrating the structural trade-offs. The
driving force in MOF formation is the formation of the
metal-ligand bond, yet protonated carboxylic acids remain
in the resulting structures to different extent. In pentaHOF-
1, only one of five carboxylate groups bind to copper and in
pentaMOF-2 and -3, four out of five carboxylic acids bind to
copper. At the same time, the distortion of the copper pad-
dlewheels, which also carries a large penalty, follows the
opposite trend: pentaHOF-1 has a copper paddlewheel
without distortion, while in pentaMOF-2 and -3 some or all
of the paddlewheel motifs are distorted. Comparing the
pentaMOF-2 to -3, the number of free carboxylic acids are
the same, but a trade-off can be observed between the pad-
dlewheel distortion and the remaining three factors: hydro-
gen bonding, linker isolation, and accessible voids. The pad-
dlewheel distortion is the largest in pentaMOF-3, but the
free carboxylic acids are able to participate in hydrogen
bonding unlike in pentaMOF-2, where the carboxylic acids
are completely isolated. The linkers within the MOF back-
bone are also much more isolated in pentaMOF-2 than in
pentaMOF-3, which also leads to an increased solvent acces-
sible surface in pentaMOF-2. Consequently, the penalty
from the isolation of the backbone in pentaMOF-2, allows it
to reduce the distortion of the paddlewheels, and vice versa
in pentaMOF-3. These results indicate that the compara-
tively weak interactions between linkers play a significant
role in determining the structure of both MOFs. The dia-
gram also reveals that some structural features can com-
pletely relax in some structures, such as the completely un-
distorted paddlewheel in pentHOF-1. Other features such as

the carboxylate binding to copper is at a maximum 4/5 per
pL linker, thus not binding to metals.

CONCLUSION

We have reported three porous materials in a frustrated
linker - metal node system. The geometry of the linker and
the combination of a nominally 5-c with a 4-c node induced
geometric frustration that manifested in the distorted link-
ers and nodes, sub-stoichiometry, and porosity. The analy-
sis of the linker distortion was used as a qualitative basis to
evaluate the frustration in the obtained structures. The
structures reported here point towards using geometrically
frustrated assembly as a design principle in reticular mate-
rials to form metal containing HOFs, unusual metal SBUs,
dangling functional groups and polymorphic structures.
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