
 
  

 
 
 
 

Magnetic Archimedean Tessellations in Metal-Organic Frameworks 
Hua Chen, Laura Voigt, Mariusz Kubus, Dmytro Mihrin, Susanne Mossin, René Wugt Larsen, Søren Kegnæs, 
Stergios Piligkos and Kasper S. Pedersen*  

The self-assembly of trivalent lanthanide ions with ditopic organic 
spacers results in the formation of complex tiling patterns that mimic 
the structural motifs of quasi-periodic 2D materials. The assembly 
of trans-{LnI2}+ nodes (Ln = Gd, Dy) with both closed-shell and 
anion radicals of 4,4¢-bipyridine affords rare examples of 
Archimedean tessellations in a metal-organic framework. We 
furthermore demonstrate occurrence of sizable magnetic exchange 
interactions and slow relaxation of magnetization behaviour in a 
complex tessellation pattern. The implementation of Archimedean 
tessellations in lanthanide(III) coordination solids couriers a 
strategy to design elusive quasi-periodic metal-organic frameworks 
with inimitable magnetic properties. 

    he design and realization of complex and aperiodic two-
dimensional tessellations in molecule-based materials 
constitutes a novel route to harvest physical properties, for 
instance photonic, electronic, magnetic, and phononic 
characteristics, which are expected to be unparalleled compared 
to their periodic counterparts.[1–3] However, applications are 
elusive due to the severe scarcity of materials exhibiting the 
desired structural motifs. The two-dimensional dodecagonal 
quasicrystalline phase (Fig. 1a, ddQC) is well-known in both 
hard and soft materials, as well as in supramolecular networks.[4–

6] Herein, the tessellation of triangles and squares, present in a 
ratio of 4/Ö3 » 2.3, leads to the disappearance of periodicity and 
the formation of local 12-fold rotational symmetry. Generally, 
quasicrystals are found in the vicinity of structurally related, 
periodic structures and the ddQCs, specifically, often co-occur 
with the periodic Archimedean tessellations (ATs, Fig. 1bc), 
which are therefore referred to as quasicrystal approximants.[7] 
Interestingly, the sole example of a quasicrystal phase found in 
a metal-organic network structure was realized in single-atom 
layers, by co-evaporating large Eu atoms and organic linkers. [8–

10] The construction of five- and six-fold nodes is critical for the 
realization of such structures and necessitates confining five or 
six chemical bonds to the plane (cf. Fig. 1a). This requirement 
precludes the use of most transition metal-ions as nodes but may 
be met by larger metal ions as those found in the f-block. In the 
fragile single-layer materials, the exact chemical nature, such as 

the oxidation state of the 4f ion nodes, remains unknown. In the 
more robust, bulk coordination networks and metal-organic 
frameworks (MOFs), quasicrystals are elusive.[1] This may partly 
be related to the complications in their crystallographic 
identification and partly due to the scarcity of structures that bear 
the potential to express quasicrystallinity. The elongated 
triangular (33.42) and snub square (32.4.3.4) ATs (Fig. 1bc) each 
possess a triangle-to-square ratio of 2 and have been desired 
structural motifs in the quest for ddQCs. However, even 
realizations of MOF structures complying to these ATs are 
exceedingly scarce. 

 
Figure 1. (a) An example of a random-tiling ddQC, (b) the semiregular 
elongated triangular tiling, and (c) the semiregular snub square tiling. 
 
Taking advantage of the common pentagonal bipyramidal 
coordination motif of the uranyl ion, trans-{UO2}2+, Smetana et 
al. reported the first example of a snub square tiling in a metal-
organic bulk material.[11] We recently reported the utilization of 
trans-{YbI2} nodes as five-vertex building units to form the 
triangular elongated tiling in YbI2(bipy)5/2 (bipy = 4,4¢-
bipyridine; cf. Fig. 1b).[12] The lanthanide ions are particularly 
relevant for the realization of both ATs and ddQC phases as the 
coordinative plasticity allows for their incorporation in a variety 
of local coordination geometries. Furthermore, their weak 
interactions with ligands are commensurable with the weak 
interactions typically intrinsic to aperiodic structures.[1] The 
construction of the YbI2(bipy)5/2 framework necessitated the 
introduction of divalent lanthanide units, whose preponderance 
in chemistry is dwarfed by the trivalent ones. To circumvent this 
problem, we herein demonstrate a novel strategy to design 
molecule-based magnetic Archimedean tessellations 
incorporating trivalent lanthanide ions.  
 

 

Scheme 1. Synthetic route to Gd and Dy. 

The reaction of sodium metal with bipy was early reported to 
generate the anion radical bipy•–.[13] However, to date, only a 
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Monodisperse N-Doped Graphene Nanoribbons Reaching 7.7
Nanometers in Length
Diego Cortizo-Lacalle, Juan P. Mora-Fuentes, Karol Strutyński, Akinori Saeki, Manuel Melle-
Franco,* and Aurelio Mateo-Alonso*

Abstract: The properties of graphene nanoribbons are highly
dependent on structural variables such as width, length, edge
structure, and heteroatom doping. Therefore, atomic precision
over all these variables is necessary for establishing their
fundamental properties and exploring their potential applica-
tions. An iterative approach is presented that assembles a small
and carefully designed molecular building block into mono-
disperse N-doped graphene nanoribbons with different lengths.
To showcase this approach, the synthesis and characterisation
of a series of nanoribbons constituted of 10, 20 and 30
conjugated linearly-fused rings (2.9, 5.3, and 7.7 nm in length,
respectively) is presented.

The discovery of fullerenes, nanotubes, and graphene has
stimulated the exploration of synthetic low-dimensional
carbon nanostructures. Among these, quasi-one-dimensional
atomically precise substructures of graphene, known as
graphene nanoribbons (NRs),[1] combine the one-atom thick-
ness of graphene with the structure-dependent metallicity of
carbon nanotubes. NRs have unique electronic, optical and
mechanical properties and are considered promising candi-
dates to develop new technologies for electronics,[2] photon-
ics,[3] and energy conversion,[4] among others. The properties
of NRs are highly dependent on several structural variables
such as width, length, edge structure, and heteroatom doping.
Therefore, atomic precision over these variables is necessary

for establishing their fundamental properties and exploring
their potential applications. The edge structure of NRs
influences their metallicity[5] and their photonic properties.[3]

The size of the energy gap of NRs is strongly influenced by the
width.[5g] For example, energy gaps > 1.4 eV are expected for
NRs with sub-nm widths. The length is also an important
variable in NRs, as the size of the energy gap decreases with
increasing length until saturation. Also, lengths of more than
5 nm constitute a structural prerequisite to explore the
potential of NRs in single NR field-effect transistors.[6]

Even if there have been enormous advances in the
synthesis of NRs,[7] current approaches do not allow the
attainment of atomic precision over width, length, and edge
structure simultaneously on NRs of more than 5 nm in length.
Top-down methods such as cutting graphene or unzipping
carbon nanotubes by means of lithography or etching have
been applied to prepare NRs,[8] but they do not provide
atomic precision over any structural variable. Bottom-up on-
surface synthesis,[5h, 9] in-nanotube synthesis,[10] and solution
polymerisation methods[11] provide atomically precise control
over the edge and width of the NRs, but do not provide
atomic precision over the length.

A promising approach that can provide simultaneously
atomic precision over edge, width, and length is multistep
organic synthesis in solution. In fact, several families of
monodisperse NRs with more than 2 nm in length have been
reported[2c,4c,11h, 12] that evolve from acenes, naphthalene,
pyrene, perylene, coronene, and rylene derivatives, among
others. However, until now, only NRs with lengths approach-
ing 5 nm have been obtained by this approach.[4c,12b] This is up
to 18 fused aromatic rings in a linear arrangement[4c] and up to
23 fused aromatic rings in an armchair arrangement.[12b]

Approaching the synthesis of NRs more than 5 nm in length
from an organic chemistry perspective is very challenging
because of the large number of different synthetic and
purification steps that have to be individually optimised and
also because of the high tendency of large aromatic systems to
aggregate in solution, which makes difficult, and in some
cases even hamper, their synthesis, purification, character-
isation, and processing.

Herein we report an iterative approach that assembles
a small molecular building block into NRs of different lengths,
opening up a new route for the preparation of monodisperse
NRs. To showcase this approach, we describe the synthesis of
a series of NRs constituted of 10, 20, and 30 linearly-fused
aromatic rings (with 2.9, 5.3, and 7.7 nm in length, respec-
tively), which include the longest monodisperse NRs reported
to date (Scheme 1; Supporting Information, Figure S1).
Remarkably, the whole NR series is soluble in chlorinated
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single crystalline compound is known to incorporate this 
chemical species, Na+(en)(bipy•–) (en = ethane-1,2-diamine).[14] 
The reaction of sodium with an excess of bipy in CH3CN affords 
an intensely dark-blue colored solution. The X-band electron 
paramagnetic resonance (EPR) spectrum of the frozen solution 
yields a single narrow resonance at g = 2.00 (Fig. S1, Supporting 
Information), compatible with the formation of an organic 
radical and similar to that of Na+(en)(bipy•–) (g = 2.00429).[14] 
The addition of solid GdI3 to the bipy•–/bipy solution results in 
an immediate formation of a dark-blue microcrystalline powder 
which exhibits a broad EPR signal (Fig. S2, Supporting 
Information). The elemental analyses of C, H, N, Gd, I, and Na 
indicate a formulation of GdI2(bipy)5/2×CH3CN and no presence 
of Na+ (cf. Supporting Information). Careful layering of the dark-
blue bipy•–/bipy solution onto CH3CN-covered solid GdI3 
affords block-like, dark-blue crystals of Gd suitable for single-
crystal X-ray diffraction. Gd crystallizes in the tetragonal I4122 
space group and features an ideal snub square tessellation of 
GdI2(bipy)5/2×xCH3CN (cf. Fig. 2a).  
 

 

      

Figure 2. (a) Single-crystal X-ray structure of Gd viewed perpendicular to one 
of the snub square tiling layers. (b) Single-crystal structure of the trace impurity 
phase Gd¢. Color codes: Gd, turquoise; I, purple; N, blue; C, grey. H atoms and 
co-crystallized CH3CN molecules have been omitted for clarity. 

The coordination geometries of the two crystallographically 
independent Gd centers are almost identical. The Gd¾I bond 
lengths of 3.0437(7)–3.054(2) Å are slightly longer than those 
found in trans-[GdIIII2(thf)5]+ (thf = tetrahydrofuran) of 3.00 
Å,[15] albeit significantly shorter than the Eu¾I bonds found in 
trans-[EuIII2(thf)5] of 3.22–3.24 Å,[16] corroborating the presence 
of Gd(III), and not the extremely rare Gd(II), in Gd.[17] The 
N¾Gd¾N angles are in the range of 68.1(2)° to 75.3(3)° and 
together with the I¾Gd¾I linearity  (179.23(4)°, 177.90(5)°) 
reflect the close proximity of the local coordination environment 
to D5h symmetry. The presence of Gd(III) necessitates one bipy•– 
radical ligand per GdI2(bipy)5/2 formula unit. Goicoechea and 
coworkers have previously shown that the inter-pyridinic bond 
in bipy shortens by ~4% upon one-electron reduction.[14] 
According to that, in Gd, the two crystallographically 
independent Gd centres are each surrounded by three bipy0/•– 
ligands with longer C¾C bond lengths of 1.49(3)–1.51(2) Å  and 
two bipy0/•– ligands with short C¾C bond lengths of 1.45(2) Å 
corresponding to a reduction of ~4%. Interestingly, the 
anticipated localized bipy•– ligands span the edges of the 
triangles in only one direction of the plane which leads to the 
formation of {GdIII

4(bipy•–)4} rhombi (Fig. S3). The presence of 
mixed valency in the bipy0/•– scaffold could be expected to lead 
to strong inter-valence charge transfer (IVCT) transitions in the 
mid- or near-infrared spectrum as e.g. observed in transition 
metal complexes of mixed-valent 2,2¢-bipyridine0/•–.[18] 
However, no such IVCT bands could be observed in Gd (Fig. 
S6, Supporting Information) which may, tentatively, be 
attributed to the weakly covalent nature of metal-ligand bonds 
and the localization of the unpaired electron, as inferred from 
crystallography. Notably, in each crystallization vial, a few 
needle-shaped dark-blue crystals of Gd¢ were systematically 
obtained. The structural analysis of Gd¢ revealed an identical 
chemical composition of GdI2(bipy)5/2×xCH3CN, but Gd¢ 
crystallizes in the triclinic P1  space group and resembles an 
elongated triangular tiling similar to the previously reported 
YbI2(bipy)5/2 structure (Fig. 2b). However, in contrary to 
YbI2(bipy)5/2, the tilting angle, a (cf. Fig. 1b), departs 
significantly from 90° and amounts to 101°. Thus, the Gd centres 
could, as well, be considered as approaching defect 6-fold nodes, 
corresponding to a = 120°. Similarly to Gd, two fifths of the bipy 
display short inter-pyridinic C¾C bonds of an average length of 
1.44(2) Å and three fifths exhibit normal, longer C¾C bonds of 
1.51(1)–1.53(2) Å, echoing the existence of Gd(III) and both 
bipy and bipy•– in Gd¢. Use of DyI3 reveals an identical behavior 
and yields DyI2(bipy)5/2×xCH3CN (Dy). Dy is isostructural to Gd 
with slightly contracted bond lengths. Notably, no traces of an 
elongated triangular tessellation phase could be observed for Dy. 

The room temperature value of the magnetic susceptibility-
temperature product, cT, of Gd amounts to 8.6 cm3 K mol–1, 
close to the value expected for an uncorrelated pair of a Gd(III) 
ion (4f7) and an organic radical (S = 1/2, g = 2.0) of 8.3 cm3 K 
mol–1. The cT product decreases only slightly by cooling 
reflecting the relatively weak GdIII-bipy•– superexchange 
interactions. Similarly, the field-dependence of the 
magnetization, M vs H, reveals that M saturates at low 
temperature at 8.0 µB, as expected for one GdIII and one bipy•– 
per formula unit, only weakly magnetically coupled. The 
structural analyses suggested the presence of {GdIII

4(bipy•–)4}  



 
  

 
 
 
 

 

 

Figure 3. Temperature dependence of the magnetic susceptibility-temperature 
product, cT, for polycrystalline Gd and Dy obtained under a dc magnetic field of 
µ0H = 1000 Oe. The solid black line is the best fit as described in the main text. 
The insets show the magnetic-field dependence of the magnetization, M, plotted 
against µ0H T–1. 

rhombi. Herein, the adjacent GdIII and bipy•– are expected to be 
coupled by the superexchange mechanism. Thus, the 
magnetization data were modelled using a spin-Hamiltonian (Eq. 
1) for an eight-membered ring of alternating Gd(III) ions and 
bipy•– radicals: 
 
  H" = gµBµ0H åiŜi + J (ŜGd1Ŝrad1 + ŜGd2Ŝrad1 + ŜGd2Ŝrad2 + ŜGd3Ŝrad2  

+ ŜGd3Ŝrad3 + ŜGd4Ŝrad3 + ŜGd4Ŝrad4 + ŜGd1Ŝrad4)    (Eq. 1) 
 
where g = 2 is the isotropic g factor for both GdIII and the radical 
spins, µB is the Bohr magneton, H is the magnetic field, Ŝ is a 
spin operator indexed appropriately for each GdIII and bipy•–, and 
J is the coupling constant. The first term represents the Zeeman 
interaction for all GdIII and radical spins and the second term 
accounts for the superexchange interaction. Anisotropy terms are 
neglected since they are expected to be small for GdIII and for the 
bipy•– radical. The dimension of the matrix representation of Eq. 
1 for Gd is 65536, which is impractical with respect to standard 
numerical full matric diagonalization approaches. Thus, for the 
quantitative interpretation of the magnetic properties of Gd, we 
used home-written software (ITO-MAGFIT)[19] that makes use 
of irreducible tensor operator algebra[20] to block-diagonalize the 
spin-Hamiltonian and the Levenberg–Marquardt algorithm[21] to 
fit the magnetization data. The cT product and the M vs H data 
of Gd were simultaneously fitted to spin-Hamiltonian (Eq. 1). 
This resulted to the best fit superexchange coupling constant J/hc 
= 0.073(4) cm–1 (Fig. 3, black trace, and Fig. S7, Supporting 
Information). Under these conditions, the spin ground state of 
Gd is an S = 12 (Fig. S8, Supporting Information), separated 
from the first excited state, a degenerate doublet of S = 11 states, 
by only 0.16 cm–1 at zero magnetic field. This vanishing value of 
J is noteworthy although not uncommon for Gd(III)-radical 
complexes.[22] For Dy, the room temperature cT product leans at 
13.8 cm3 K mol–1, which is only slightly lower than the expected 
value for a Dy3+ ion with a 8H15/2 ground term (C = 14.2 cm3 K 
mol–1) and a bipy•– ligand. The cT product decreases slightly at  

 

 

Figure 4. M vs µ0H data obtained at T = 2.1 K (sweeping rate of 200 Oe s–1) 
and the first derivative, dM/d(µ0H). 

lower temperatures due to depopulation of excited ligand field 
states. Below ca. 15 K, the cT product drops abruptly, which 
may be ascribed to magnetic superexchange interactions. The M 
vs H data (Fig. 3 (inset), Fig. 4) reveal a clear step at ca. 3 T. 
Notably, a similar step feature was previously observed in a 
Dy(III)-radical chain system, but absent in the isostructural 
Gd(III) system, and attributed to the presence of significant 
exchange interactions in the Dy(III) system.[23,24] At fields 
smaller than ~3 T, the M vs H data show the opening of a small 
hysteresis gap that collapses again when zero field is approached 
(Fig. 4). Several Dy3+ complexes with approximate local D5h 
symmetry have been shown to exhibit exceedingly large energy 
barriers to magnetization reversal exceeding 1000 cm–1.[25–27] 
Furthermore, engendering metal ion-radical pairs has proven 
successful to substantially increase the coercivity and operation 
temperatures of magnetic materials.[28–32] Alternating current (ac)  

 

 

Figure 5. In-phase (c¢, left) and out-of-phase (c², right) ac susceptibility data for 
polycrystalline Dy obtained at selected temperatures and in the absence of a 
static (dc) magnetic field. Inset: temperature dependence of the paramagnetic 
relaxation rate, t –1, vs the reciprocal temperature. The solid lines are 
simulations as described in the main text. 



 
  

 
 
 
 

susceptibility measurements of Dy reveal the existence of slow 
relaxation of magnetization in the absence of a dc magnetic field 
(Fig. 5). The temperature of the spin-lattice relaxation rate, 
approximated from the maxima of the c²(nac) as t –1 = 2p nac 
(Fig. 5), was modelled a sum of a term governing the temperature 
independent quantum tunneling of the magnetization (QTM) and 
a term representing the two-phonon Orbach process, that is often 
invoked to rationalize the relaxation in lanthanide-based single-
molecule magnets: 
 

t(T)–1 = tQTM
–1 + t0

–1 e–D/kBT      (Eq. 2) 
 

The t vs T data are well described by tQTM = 0.4 µs and D/hc = 
22 cm–1 (t0

–1 = 1.2 ´ 10–7 s; Fig. 5, green trace). This value of D 
is dwarfed by those of other D5h symmetric SMMs, however, 
these systems all display the presence of strongly ligand-field 
perturbing ligands in the axial positions, which contrasts the 
weakly coordinating iodide ligands in Dy. The application of a 
sizable, static dc magnetic field of 3 T breaks the tunneling 
pathway (Figs S9-11, Supporting Information) and the t vs T 
data can be modelled by the inclusion of the Orbach process only 
(D/hc = 63 cm–1 and t0

–1 = 3.5 ´ 10–10 s; Fig. 5, red trace). 
The isolation of ddQCs and Archimedean tessellations of 

lanthanide metal-organic networks on metallic surfaces was 
attributed to significant interactions with the substrate that 
enforces planarization of the material.[10] Indeed, the equatorial 
linking of the kinetically labile trans-{MI2}+ units may be 
considered as an analogue of the theoretical scenario of soft, 
isotropic particles moving in 2D, that has been utilized to explain 
the formation of ddQCs.[33,34] Herein, we have demonstrated the 
possibility to construct chemically well-defined Archimedean 
tessellations of the trivalent lanthanide ions in MOF structures as 
exemplified by Gd, Gd¢, and Dy. The tweaking of these systems 
towards their quasicrystalline variants necessitates the inclusion 
of local 6-fold (D6h symmetric) nodes (cf. Fig. 1a), which, 
despite the large ionic radii, are uncommon for lanthanide 
complexes.[35] The structure of Gd¢ is remarkable as it gives a 
prospect on how to introduce the triangle-rich regular triangular 
motif without the highly uncommon coordination of six ligands 
in the equatorial plane, necessary to form ddQCs. Whilst 
previous reports have shown the viability of lanthanide atoms to 
act as nodes in surface-confined ATs and ddQC, the strategy 
presented herein constitutes the first generalizable approach to 
bulk MOF materials possessing both periodic, aperiodic and 
fractal geometries.  
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