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A novel extended triazole-based ligand (PM-Tria) has been synthe- 

sized and an unprecedented MOF 3D has serendipitously been 

formed  by assembling iron(II), PM-Tria ligand  and fluoride anions. 

This MOF contains a perfectly linear one-dimensional {Fe(II)–F}n 

bridging  chain that shows an antiferromagnetic behaviour. Further- 

more, the structure is compared  with a 14th century  mosaic found 

in the Alhambra Palace in Granada showing  a surprising symmetry 

resemblance. 

 
Coordination polymers, or most  often  called metal–organic 

frameworks (MOF),1  are currently a hot  topic  in science.  As an 

illustrative example  of their  relevance,  in 2017 it was estimated 

that 6000 novel MOFs are published each year.2  This vast interest 

derives from the fact that  MOFs show a wide variety of potential 

applications, which include gas uptake, catalysis,  luminescence, 

electrical   conductivity  or  biotechnology  among many  others. 

All these  properties arise  from  their  intrinsic porosity  and 

versatility.3–6 In fact, MOFs are extended molecular materials 

formed by metal  ions or metal  ion clusters bridged by relatively 

long organic  ligands, thus  creating size-tunable structural voids 

to absorb guest  molecules and  act as highly  specific  molecular 

vessels  with different absorption capabilities.7,8 MOFs can  also 

display  different reactivities towards  targeted molecules based 

on the different electronic environments created within  the 

cavities. In addition, the modular nature of MOFs (via the 

combination of inorganic and organic components) makes them 

ideally  suited to chemical manipulation, aiming  at fine-tuning 
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their  structure and  function.9  Nevertheless, obtaining novel 

compositions or novel synthetic methods,10,11 with the aim of 

obtaining targeted specific properties for their  ultimate technol- 

ogical application, is still a real challenge. Despite the fact that the 

colossal  database of novel MOFs has enabled the development of 

novel synthetic tools  and  progress of the  rational design  vs. the 

serendipitous assembly, this second  method’s randomness is still 

offering  us beautiful surprises every now and  then  (Scheme  1). 

In this  manuscript, a novel Fe(II) MOF is described by 

assembling Fe(II),  PM-Tria  ligands and  fluoride anions.  The 

1D Fe(II)–F chain   exhibits   a  perfect  linearity  on  its  growing- 

mode,  which allows the expansion of the structure in the third 

dimension by means of the PM-Tria ligands. The magnetic 

behaviour of this  material is also  reported. Furthermore, this 

molecular architecture astonishingly resembles a 14th Century 

Islamic  mosaic  located  at the Alhambra Palace in Granada (Spain) 

that  shows beautiful symmetric patterns.12  With the aim of obtain- 

ing large cavities coupled to metal centers that may be susceptible to 

achieve one of the most fascinating molecular switchable processes, 

the so-called  spin  crossover,13,14 we have synthesized a novel bridg- 

ing triazole-based ligand,  namely  [1,4-phenylene(methanylylidene)]- 

4H-1,2,4-triazol-4-amine (PM-Tria). The pure  PM-Tria ligand  is 

prepared from terephthalaldehyde and  4-amino-1,2,4-triazole 

through a straightforward Schiff-base  condensation reaction, 

with nearly quantitative yield (see the ESI†). 

Reaction  of 1 equivalent of Fe(BF4)2 with 1.33 equivalents of 

PM-Tria in ethanol at 140 1C in a pressure vessel provides,  after 

four days, red cubic crystalline materials with {[Fe(PM-Tria)2(m2- 

F)](BF4)}n  (1) formulation in moderate yield (20%). 
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Scheme 1   The PM-Tria  ligand  [1,4-phenylenebis(methanylylidene)]bis- 

(4H-1,2,4-triazol-4-amine). 
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The fluoride ligand  is in situ generated by the decomposition 

of the  BF4
-  counterion of the  starting Fe(II) salt (see the  ESI,† 

Section  3, for more  details). 

Decomposition of  the  tetrafluoroborate anion, through 

hydrolysis  or fluoride abstraction, has  been  long  known  as  a 

potential fluoride source  in coordination compounds.15,16 After 

this observation, an alternative reaction has been performed by 

adding FeF2 salt in combination with Fe(BF4)2 and PM-Tria in a 

1 : 1 : 2.5 molar ratio. After four days, red crystalline cubic materials 

similar to those  previously described are observed, but in a higher 

reaction yield of 38% (see the ESI† for further details). 

Single-crystal  X-ray diffraction of 1 was examined at 100 K. 

Compound 1 crystallizes  in  a tetragonal space  group  P4/ncc. 

The asymmetric unit  contains three  PM-Tria ligands and  three 

crystallographic inequivalent iron(II)  metal  centers that  are 

compensated by three  BF4
-  and  three  F-  counterions. Details 

of the  structure solution and  refinement are  summarized in 

Section 7 of the ESI,† and selected  bond  lengths and angles are 

given in Tables S2–S4 and  Fig. S10 and  S11 (ESI†). As expected 

for an iron(II) cation, the metal center shows an octahedral 

environment.17,18  Fe(II) is coordinated by four  nitrogen atoms 

(belonging to four triazole-based PM-Tria ligands)  placed  at the 

equatorial sites  and  two fluoride ions  acting  as  coordinating 

m2  ligands at the  axial positions. 

Every Fe(II) center  is connected to four  neighbouring Fe(II) 

via four bridging PM-Tria ligands (Fig. 1c). Surprisingly, triazole 

acts uniformly with a monodentate m1  bridging character instead 

of the well-known bidentate nature of this kind of ligand with Fe(II) 

metal   centers.19   The  three-dimensional  structure  is  expanded 

along  the  quasi-perfect one-dimensional {Fe(II)–F}n polymeric 

unit  (Fig. 1a, 2a and  b). The average Fe–X = 2.1 Å bond  length, 

X being N and F donor atoms, is an effective indication that the 

metal  center  is in its high-spin (HS) electronic configuration at 

the given temperature (Table S2, ESI†). This observation is also 

confirmed by the  magnetic measurements (see below  in  this 

communication). 

The  crystal  packing   of  1  along  the  c-axis shows  that  the 

polymeric  one-dimensional chains are  packed  parallel  to  the 
 

 
 

 

Fig. 1   MERCURY  view  of  1 (hydrogen  atoms  have been removed  for 

clarity). (a) c view of a trimeric unit. (b) b view of an Fe(II)· · ·F· · ·Fe(II) trimeric 

unit. (c) A segment of 1 illustrating the metallic connection along the c axis 

via PM-Tria ligands. 

 

Fig. 2   (a) The c axis view of 1 revealing the cavities contained  by the 

structure. (b) The representation along the b axis evidencing the collapsed 

character of the structure. 

 
 
c-axis  with  an  interchain  distance  between   iron   centers  of 

19.94 Å. Interestingly, the PM-Tria ligands are tilted 35.711 with 

relative  to the Fe–F–Fe chain  (Fig. 2b). 

These  ligands display  strong  supramolecular interactions 

between  them, evidenced by short  ring  to  ring  contacts (the 

shortest being 3.337 Å, see Fig. S10, ESI†), which allows in turn 

building a robust extended MOF. Moreover, it is worth mentioning 

that  the tetrafluoroborate counterions required for a charge 

balance weakly interact with the  PM-Tria ligands. At the  same 

time,  these  interactions reinforce the structural stability  of the 

crystals in the three  dimensions (Fig. 2a, 3 and  Fig. S10, ESI†). 

As expected   for  a  collapsed  framework (see  Fig.  2b)  the 

Brunauer–Emmett–Teller (BET) surface  area  is low, concretely, 

6.7 m2   g-1. According  to the  structural analysis,  this  accounts 

for  a  solvent-accessible  volume   of  640  Å3   and   a  molecular 

surface  area of 755 Å2  (see Fig. S13, ESI,† for further details). 

The infrared spectrum of 1 shows  the  characteristic vibrational 

modes of the three components, i.e. the PM-Tria ligand and the BF - 

and the F- counterions (Fig. S3–S6, ESI†). X-ray powder diffraction of 

the  different crystalline samples synthetized by both  strategies has 

been  compared with  the  theoretically obtained single-crystal X-ray 

diffraction of 1, affording a superimposed spectrum. 

 

 

 

Fig. 3   iRASPA20 representation  of  1 along  the  a axis. This illustration 

shows how perfect the one-dimensional  chains are, and the way the 

counterions fill in the empty space in the network allowing the growth of 

the crystalline material. 



  

 

  

 

 

 

 

 
The thermogravimetric study  of 1 confirms the  presence of 

solvent  molecules from  the synthesis (approximately 0.5 mole- 

cules  of  ethanol and  1.5  water  molecules per  unit   cell).  In 

addition to this  information, at around 225 1C, an irreversible 

weight loss corresponding to the decomposition process  of the 

MOF (Fig. S7, ESI†) is observed. 

The   magnetic  properties  of  1  were  determined  in   the 

2–300 K temperature range  under a constant field  of 1 T and 

the  data  are  summarized in Fig. 4. The value of wMT at room 

temperature is 2.5 cm3   K mol-1, slightly  lower than the  spin- 

only  value  expected  for  a  magnetically diluted S = 2 sample 

(of 3 cm3   K mol-1).  This  confirms the  HS state  of the  Fe(II) 

centers and suggests the presence of antiferromagnetic coupling 

between  spin  carriers. Indeed, the  wMT product decreases when 

the  temperature is decreased (Fig. 4, square dots).  The wM  vs. T 

plot (Fig. 4, triangle dots) shows a maximum around 50 K which 

is also a signature of dominant antiferromagnetic interactions. 

The high temperature regime  can be fitted to a Curie–Weiss  law 

(Fig. S15, ESI†), with parameters C = 3.85 cm3  K mol-1  (g = 2.24) 

and  y = -10.6 K. However, the low temperature data  deviate 

significantly from this model,  with the appearance of a Curie tail 

that  indicates the presence of a paramagnetic contribution. Since 

interchain distances are one order  of magnitude longer  than the 

intrachain ones,  we can  consider in  a first  approximation that 

only the  fluoride bridges  are  effective  magnetic super-exchange 

pathways.  Thus,  we modeled the  magnetic data  to the  analytical 

expression for an  infinite chain  of classical  spins,  as derived  by 

Fisher from the exchange  Hamiltonian (see the ESI† for equation 

details).21 This model  satisfactorily reproduces the data  in all the 

temperature range,  with parameters S = 2, g = 2.12, J = -16 cm-1 

and CP = 0.03 cm3  K mol-1 (see red and blue lines in Fig. 4). Such 

small  paramagnetic contribution corresponds approximately  to 

1% of the total Fe(II) content. It is probably  related to the terminal 

metal   centres,  since   the  actual   chains (and   crystals)  are  not 

infinite as the  model  supposes. The antiferromagnetic nature of 

the fluoride-bridged chains is also consistent with their geometry. 

The  Fe–F–Fe bridges  of 1801  favour  an  orbital  overlap  between 

semi-occupied metal  orbitals carrying  unpaired spins,  stabilizing 

a ground state  with unparalleled spin  alignment.16
 

A mosaic  is defined as a design  made  with small  pieces  of 

ceramic, glass,  stones   or  other   objects.   These  can  either   be 

 

Fig. 5   On  the  left  we  see the  Islamic mosaic found  at the  Alhambra 

Palace of Granada. On the right is an illustration of 1 along its c-axis. In the 

middle is a superposition of the two pictures. 

 
 
organized in exact geometric shapes or created from  more 

haphazard and  broken pieces. There has been  an enormous 

amount of research on mosaic  tilings  worldwide,  and they are a 

source  of many teaching subjects in mathematics and  art. 

Probably, the Dutch M. C. Escher is one of the most recognized 

artists inspired by these  pieces  of arts. 

He  was  greatly  surprised by Islamic  art  after  visiting  the 

Alhambra Palace in Granada (Spain) in 1922 and 1936. Later, in 

1958, he published a book titled ‘Regular Division of the Plane’, 

in which he described the systematic build-up of mathematical 

bridges. Today the Escher  techniques are well known  to create 

tiles  that,  by applying  geometric movements, may be used  to 

produce a variety of mosaics. What we have found  for 1 is that 

the view generated along the c axis almost  perfectly fits with an 

Islamic  mosaic  found  at the  Alhambra Palace  (see Fig. 5 and 

Fig. S15, ESI†). This  genuine tessellation found  for  1 mainly 

arises  from an unusual rotation of the central  metal  equatorial 

coordination plane   along  the  one-dimensional direction. In 

particular, the  rotation from  Fe(1)  to  Fe(2)  planes is  16.031 

and from Fe(2) to Fe(3) is 9.231. The total rotation from Fe(1) to 

Fe(3) is equal  to  25.261  (see  Fig. S11, ESI†). Remarkably, the 

tetrafluoroborate counterions fill the space that in the mosaic  is 

occupied by an octagram. 

In summary, a novel extended triazole-based ligand  (PM-Tria) 

    has provided a very promising entry into a MOF 3D architecture with  Fe(II)–F  chains which  exhibits   a  perfect   linearity   on  its 

growing-mode. The magnetic study of this  material confirms an 

antiferromagnetic 1D behaviour. Finally, this molecular architec- 

ture is compared with an XIV century Islamic mosaic found in the 

Alhambra  Palace  in  Granada (Spain)  showing  a surprising and 

beautiful resemblance. 
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