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With the discovery of molecules or molecule-based compounds that can display blocked 

magnetization, magnetic ordering or switchable magnetic bistability, the research efforts 

devoted to molecular magnetic materials have considerably increased over the past two 

decades, fully exploiting the advantages of the bottom-up approach.1–4 This research field 

focuses on promising properties for potential technological applications such as information 

storage, quantum computing and spintronics at the molecular scale, but it also provides 

fundamental insights into original quantum phenomena.5,6 Coordination chemists have 

developed efficient synthetic tools for the preparation of interesting magnetic systems. Overall 
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two strategies are mainly used: the programmed assembly and the serendipitous self-

assembly.7 The former consists in the preparation of specific building blocks that possess 

desired topology and electronic information and their use to form predictable architectures 

with targeted magnetic properties. The latter lies on the use of sensibly chosen ligands that 

display multi-binding modes and can thus promote magnetic exchange between several metal 

ions, with no assumptions or control on the shapes and the nuclearities of the final products. 

The programmed assembly approach is well illustrated with the use of metalloligands 

containing oxalate, oxamate or Schiff-base ligands.8–10 Cyanometalates also constitute excellent 

examples of tunable building blocks and they have successfully led to a broad variety of 

molecule-based magnets.11,12 In particular, partially blocked cyanometalates have afforded 

single-chain magnets (SCMs) and they are especially relevant for the preparation of 

photomagnetic molecules.13,14 Regarding the serendipitous self-assembly strategy, its efficiency 

is plainly demonstrated for the preparation of single-molecule magnets (SMMs) since 

serendipitously formed coordination clusters have provided to date the best examples of 

SMMs.15,16 They furthermore represent a formidable class of polymetallic molecular compounds 

with an impressive variety of shapes, sizes or compositions and they can in turn be considered 

as attractive starting materials. Beside these two well-known synthetic approaches, the 

magneto-chemists are actively exploring new routes aiming at the synthesis of sophisticated 

magnetic materials. For instance, the relatively recent use of polymetallic SMMs as building 

units and their further assembling through organic linkers has been established as original 

strategy.17,18 So is the use of paramagnetic cyanometalates to connect compartmental-ligand-

based heterometallic complexes.19–23 The latter approach has indeed been established as a 

reliable route to reach heterotrimetallic paramagnetic complexes.23 Nonetheless, the former 

strategy focuses primarily on SMMs as building blocks and it remains not yet fully investigated 

with paramagnetic linkers and the latter one lies so far on polymetallic building blocks that 

could seem —when compared to oxo/carboxylato coordination clusters— limited in terms of 

nuclearity or lacking flexibility. Alternatively we have undertaken the study of the reactivity of 

cyanide-bearing metalloligands towards carboxylato-based clusters, our first result consisting in 

a unique cubic nanocage which apexes are defined by fac-[Fe(Tp)(CN)3] units and {Co3(µ3-
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OH)(piv)4} triangles [Tp = tris(pyrazolyl)borate, Hpiv = 2,2’-dimethylpropionic acid, commonly 

referred as pivalic acid)].24 This appealing preliminary result led us to investigate the reactivity 

of the fac-[Fe(Tp)(CN)3]- complex towards other trigonal hydroxo-bridged coordination clusters. 

We present here the preparation, crystal structure determination and preliminary magnetic 

study of the novel two-dimensional (2-D) compound of formula [{Fe(Tp)(µ-CN)3}2{Cu3(µ3-OH)(µ-

pz)3(µ-OOCCH3)(H2O)0.5}2]⋅EtOH (1) (pz = pyrazolate), which results from the assembling of the 

mononuclear complex [Fe(Tp)(CN)3]- and the hydroxo-centered tricopper(II) unit [Cu3(µ3-OH)(µ-

pz)3]2+ (see SI for experimental details). 

1 crystallizes in the P -1 space group25 with a neutral heterobimetallic 2-D structure extending 

the ac plane (Fig. 1a). Each layer is constituted by zigzag ladder-like chains running parallel to 

the crystallographic a axis where regular alternating tris-monodentate [Fe(1)(Tp)(CN)3]- units and 

the Cu(1)/Cu(2) atoms from the [Cu3((µ3-OH)(µ-pz)3(OOCH3)]+ triangles occurs along the rods, 

the rungs being defined by centrosymmetric Fe(1)Cu(1)Fe(1a)Cu(1a) square motifs [symmetry 

code: (a) = -1-x, 2-y, 1-z;] (Fig. 1b). These double chains are further interlinked along the 

crystallographic c axis by double µ-oxo(acetate) bridges involving the outer Cu(3) and Cu(3c) 

atoms [symmetry code: (c) = 2-x, 2-y, 2-z] from tricopper(II) units of adjacent chains (Fig. 1c). 

The resulting layers exhibit a parallel stacking along the b axis and they are well separated from 

each other, the shortest interlayer metal-metal distance being 8.7657(9) Å (Fig. S1).  

Each iron(III) ion is coordinated by three Tp nitrogen atoms and three cyanide carbon atoms 

with a C3v symmetry (Fig. 2). The values of the three Fe(1)-C distances are in the very narrow 

1.909(4)-1.922(4) Å range and they are in agreement with those observed in previous magneto-

structurally characterized low-spin iron(III) mononuclear species containing the fac-[Fe(Tp)(CN)3]- 

anion [1.910(6)-1.930(3) Å].26,27 The cyanide stretching vibration [ν(C≡N)] in the infrared 

spectrum of 1 is located at 2162 cm-1 (see Supporting Information) and is consistent with the 

presence of bridging cyanide only (to be compared with peaks in the 2118-2129 cm-1 range for 

the terminal cyanide ligands in the mononuclear fac-[Fe(Tp)(CN)3]- species). The Fe(1)-C≡N 

angles are close to linearity with values ranging from 172.6(3) to 175.8(4)º. However, a 

significant bending is observed on the edges of the Fe(1)Cu(1)Fe(1a)Cu(1a) square motifs 

[Cu(1)-N(1)-C(1) = 164.9(3)º and Cu(1)-N(2)-C(2) = 150.7(4)º] (Fig. 2) whereas the intersquare 
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Fe(1)-C-N-Cu(2b) bridge is closer to linearity [Cu(2b)-N(3)-C(3) = 176.0(3)º; symmetry code: (b) 

= -1+x, y, z]. The iron-copper distances across the cyanide bridges in 1 are 5.00543(8), 

4.9834(6) and 5.1316(8) Å for Fe(1)…Cu(2b), Fe(1)…Cu(1) and Fe(1)…Cu(1a) respectively and 

compare well with previously reported values in discrete rectangular28 and pentanuclear 

motifs29 as well as in 1-D compounds that display a similar fragment.30–32 

 

 
Figure 1. Schematic view of the 2-D structuring of 1 in the crystal. Tp and pz ligands and solvent molecules as well 
as H atoms have been omitted for clarity. 

 
Figure 2. Representation of the {Fe2(Cu3)2} square building-unit in 1. H atoms are omitted for clarity. [Symmetry 
codes: (a) = -1-x, 2-y, 1-z; (b) = -1+x, y, z; (c) = 2-x, 2-y, 2-z]. 
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As in the parent compound of formula [Cu3(µ-OH)(µ-pz)3(Hpz)(NO3)2],33 the tricopper(II) unit in 

1 can be described as a triangle with the Cu(1), Cu(2) and Cu(3) atoms at the apexes, single 

pyrazolate ligands along the edges and a µ3-hydroxo group capping the triangle (the oxygen 

atom is located at 0.6 Å from the triangle plane). Within the triangle the copper-copper 

distances are in the 3.2262(7)-3.3847(7) Å range [av. 3.30 Å]. In the pyramidal {Cu3(µ-OH)} core, 

the three Cu-O(1) bond distances range from 1.986(2) to 2.026(2) and the values of the Cu-

O(1)-Cu’ angles are found between 106.84(12) and 116.65(12)º. In the peripheral {Cu(N-N)}3 

ring, the Cu-N distances are homogeneous, from 1.942(3) to 1.952(3) Å. Cu(1) and Cu(3) are 

five-coordinate with two pyrazolate-nitrogen, the hydroxo-oxygen and either two cyanide-

nitrogen [Cu(1)] or two carboxylate-oxygen atoms [Cu(3)] building distorted square pyramidal 

surroundings. Cu(2) is alternatively in square pyramidal [Cu(2)N(15)N(10)O(1)N(3)O(4)] or in 

square planar [Cu(1)N(15)N(10)O(1)N(3)] environments depending on the presence or absence 

of a coordinated water molecule [O(4)]. The [Cu(3)O(2)O(2c)Cu(3c] fragment that results from 

the double µ-acetato bridge linking the chains has copper atoms coordinated to oxygen atoms 

in equatorial and in axial positions, the Cu—O bond lengths being respectively 1.981(3) and 

2.348(3) Å and the bridgehead angle [Cu(3)-O(2)-Cu(3c)] being 102.4(1)º. Hydrogen bonds 

involving the coordinated water molecule, the hydroxo group and the acetate uncoordinated 

oxygen atom (O(1)···O(3): 2.791(5)Å; O(3)···O(4): 2.62(1)Å) contribute to the stabilization of the 

layered structure (Fig. S2). 

In our previous work,24 the fac-[Fe(Tp)(CN)3]- unit acted as a tris-monodentate ligand toward 

three cobalt(II) ions from three different {Co3} triangles. In each triangle the cobalt atoms were 

thus coordinated to three different iron atoms through orthogonal cyanide ligands, leading to 

a discrete cubic motif. The rigidity of the metalloligand undoubtedly played an important role 

in the formation of this geometry. In the present study, we have used a trigonal {Cu3} building 

block exhibiting a shape similar to that of the {Co3} triangles. As in the case of the cobalt 

triangles, the fac-[Fe(Tp)(CN)3]- unit adopts a tris-monodentate coordination mode toward three 

copper(II) ions from three {Cu3} triangles. Although the orthogonal arrangement of the cyanide 

ligands favors the {Fe2-Cu2} square motifs, the presence of a competitive bridging ligand –the 



 6 

acetate ion– is responsible for the formation of the unprecedented bidimensional architecture 

in 1. 

Variable-temperature dc magnetic susceptibility measurements have been performed on a 

crushed polycrystalline sample of 1 under applied magnetic fields of 2.5 kOe (2 - 300 K) and 

250 Oe (2 - 30 K). The χMT vs. T plot (where χM is the molar magnetic susceptibility per {Fe2Cu6} 

unit) is shown in Fig. 3. The χMT value at room temperature is 2.19 cm3 mol-1 K, a value that is 

well below the calculated one for a set of two low-spin iron(III) and six copper(II) ions 

magnetically non-interacting (χMT = 3.75 cm3 mol-1 K with SFe = SCu = ½, gFe = 2.6,34 and gCu = 

2.1). Upon cooling, χMT smoothly decreases to attain a quasi plateau between 80 and 40 K 

(with χMT ∼ 1.7 cm3 K mol-1) and it further sharply increases to 4.33 cm3 mol-1 K at 2.0 K. The 

interpretation and analysis of these magnetic data are made difficult by the complex topology 

of 1 and the coexistence of various exchange pathways: (i) the cyanide bridges between the 

low-spin iron(III) and the copper(II) ions within the ladder-like motif; (ii) the hydroxo and 

pyrazolate bridges in the tricopper(II) units; (iii) and the double oxo(acetate) connection 

between copper(II) ions from adjacent ladder-like chains.  

 

 
Figure 3. χMT vs. T plot for 1, measured at 2.5 kOe between 300 and 2 K. 

 

There is no model to treat the magnetic data of 1 but a qualitative description of its 

magnetic behavior can be made in the light of the results found in the literature concerning the 
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three exchange pathways involved here. First of all, the small χMT value observed at room 

temperature points out the occurrence of significant antiferromagnetic exchange interactions. 

Indeed, the pyrazolate hydroxo-centered {Cu3} clusters are known to exhibit both strong 

antiferromagnetic interaction (150 < |J| < 210 cm-1) and significant antisymmetric exchange 

interaction, resulting in ½ ground spin states.35 In contrast the other two exchange pathways 

exhibit weak exchange interactions. The orbital contribution of the low-spin iron(III) centers and 

the relatively strong antiferromagnetic interaction in the tricopper(II) triangles should thus be 

responsible for the observed decrease of χMT in the high temperature region. A smaller 

ferromagnetic coupling between the low-spin iron(III) and the resulting spin doublet from the 

tricopper(II) unit would account for the increase of the χMT value in the low temperature 

domain. Indeed, ferromagnetic interactions varying from +17 to +34.4 cm-1 have been 

reported for magneto-structurally characterized examples of {FeIII(Tp)(CN)2(m-CN)CuII} 

motifs.28–32 The possible magnetic coupling through the double oxo(acetate) bridge is 

necessarily weak. It corresponds to an equatorial-axial exchange pathway and the literature 

data reveal that its ability to mediate magnetic interactions is very low (J values from -2.36 to 

+1.95 cm-1).36 The shape of the M vs. H plot at 2.0 K (Fig. S3) supports the occurrence of a 

ferromagnetic interaction between the low-spin iron(III) and the doublet spin state of the 

tricopper(II) unit within the ladder-like motif. In addition, the absence of inflexion point in such 

a curve at very low applied fields is consistent with a extremely weak interchain 

antiferromagnetic interaction (if any) through the (iii) pathway or well a very weak ferromagnetic 

coupling across it. Most likely, the magnetic behavior observed for 1 obeys to the (i) and (ii) 

pathways.  

The {Cu3(µ3-OH)(µ-pz)3} cluster has been successfully used to generate supramolecular 

assemblies and multidimensional networks when associated to organic linkers or coordinating 

counter-anions such as acetate,33,37–43 Here we extend its use with the first example of its 

assembling with a metalloligand. Similarly, the fac-[Fe(Tp)(CN)3]- complex used as a 

metalloligand is known to yield molecular or one-dimensional assemblies with paramagnetic 

ions,44 1 being the first example of {Fe(Tp)(CN)3}-based 2-D network. Of course, the nature of 

the trimetallic node and the role of the acetate ligand are far from innocent in this assembly. 
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More generally the originality of 1 highlights the benefits one can gain associating 

cyanometalates with coordination clusters. Indeed the impressive amount of accessible 

coordination clusters provides a fascinating set of building blocks with many tuneable 

parameters (nuclearity, charge, geometry, flexibility, co-ligand, etc.). Their association with the 

comparably rich family of tuneable building blocks that are the cyanometalates constitutes 

therefore a formidable study where uncommon architectures should undoubtedly be 

encountered and where the relationship between the starting materials’ intrinsic features and 

the assembled entities’ properties, once explored, should lead to interesting magnetic 

properties. 
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SYNOPSIS 

As an original synthetic route to molecular magnetic materials we have reacted partially 

blocked cyanometalates with preformed coordination cluster. The association of the fac-

[Fe(Tp)(CN)3]- assembling metalloligand with the [Cu3(OH)(pz)3]2+ trigonal cluster has afforded a 

novel coordination network where the trimetallic copper nodes are linked by the iron 

complexes into chains and by coordinating acetate into a 2-D framework. 
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[PPh4][Fe(Tp)(CN)3].H2O# (Tp=trispyrazolylborate),# was# prepared# according# to# the#

literature#procedure.1#[Cu3(µ3bOH)(µbpz)]2+#was#prepared#in#situ#with#slight#modifications#

from#the#published#procedure.2#

#

,[{Fe(Tp)(CN)3}2{Cu3(OH)(pz)3(H2O)0.5}2(OAc)2].EtOH,(1).,

Cu(OAc)2.H20#was#dissolved#in#ethanol#(20#mg,#0.1#mmol,#8mL)#followed#by#the#addition#

of#an#equimolar#ethanolic#solution#of#pyrazol#(Hpz,#6.8#mg,#0.1#mmol,#8mL).#The#resulting#

deep# blue# solution# was# stirred# for# 10# min# before# the# slow# addition# of#

[PPh4][Fe(Tp)(CN)3].H2O#(70.3#mg,#0.1#mmol,#1#eq)#in#ethanol#(8#mL).#The#resulting#orange#

solution# was# stirred# for# 1# hr,# filtered# and# left# to# slowly# evaporate# standing# at# room#

temperature.#After#8#days#small#orange#plateblike#crystals#of#1#were#collected#by#filtration#

and# dried# in# air.# Yield:# 0.012# g# (41# %,# based# on# Cu).# IR# (ATR,# cmb1):# 3405(b);# 3121(w);#

2499(w);# 2167(m);# 1619(sh);# 1560(m);# 1500(m);# 1405(s);# 1380(s);# 1312(s);# 1280(w);# 1211(s);#

1179(m);#1116(s);#1045(s);#988(m);#966(sh);#921(w);#885(w);#821(w);#795(w);#752(s);#708(s);#

655(m);#623(m);#526(w);#491(w);#404(w);#350(s);#221(m).#Elemental#analysis#(%)#calculated#



for#C48H54B2Cu6Fe2N30O8# (Mr# =# 1693.7#g#molb1):#C#34.04,#H#3.21,#N#24.81.#Found:#C#34.31,#H#

3.41,#N#25.21.##

#

Magnetic, measurements# in# dc# mode# were# performed# on# a# Quantum# Design# MPMS#

SQUID#on#polycrystalline#samples#restrained#in#a#plastic#film.#Data#were#corrected#for#the#

diamagnetism# contributions# of# the# samples# using# Pascal# constants.# The# sample# holder#

diamagnetism#was#measured#and#subtracted#from#the#raw#data.#

#

ATR/FTQIR# spectra# were# collected# on# a# Bruker# TENSOR# 27# equipped# with# a# simple#

reflexion#ATR#diamond#plate#of#the#Harrick#MPV2#series.#

#

XRD,,data,collection,and,refinement.,

Crystal# data# for# 1# (C24H27BCu3FeN15O4):# orange# plates,# triclinic,# space# group# P31,# a) =#

11.0142(3)# Å,# b) =# 13.8001(5)# Å,# c) =# 13.9728(4)# Å,# α# =# 109.523(3)°,# β# =# 108.236(3)°,# γ# =#

93.482(3)°#V)=#1868.48(11)#Å3,#Z)=#2,#T)=#100(2)#K,#ρ#=#1.505#g.cmb3,#F(000)#=#852,#µ#=#1.785#

mmb1.##

The#data#collection# for# 1#was#carried#out#at# the#CRISTAL#beamline# (SOLEIL,#Paris)#using#

the#synchrotron#radiation#source#(λ#=#0.6683!Å)#up#to#a#maximum#resolution#of#0.72!Åb1,#

reaching# 92# %# of# completeness.# The# experiment# temperature# (T# =# 100# K)#was# reached#

with#a#gas#streamer#(CryoIndustries#of#America),#crystalbtobdetector#distance#of#80#mm.#

Wavelength# was# selected# with# a# double# crystal# monochromator# (Si# 111# crystals)# and#

sagittal# (horizontal),# focalization# was# achieved# by# bending# the# second# crystal# of# the#

monochromator,# the# vertical# focalization# and# harmonic# rejections# were# made# using#

mirrors.# The# beam# attenuation# was# performed# using# Al# (or# Cu)# foils# of# different#

thicknesses#inserted#in#the#incident#beam.##

Data# collection# strategies# were# generated# with# the# CrysAlisPro# CCD# package.# Unitbcell#

parameters#refinement#and#data#reduction#were#carried#out#with#CrysAlisPro#RED.3#

After#absorption#correction,#the#measured#reflections#were#sorted,#scaled#and#merged#by#

using# the#SORTAV#program.4,5# The# structure#was# solved#with#ShelxS6# # and# refined#with#

the#SHELXLb97#program6#(WinGX#software#package7).#

Data#refinement#gives,#using#454#parameters,#wR2#=#0.1575#(9518#unique#reflections),#R1#=#

0.0530#(7858#reflections#with#I)>#2σ(I)),#GOF)=#1.09.#



CCDCb951875#contains#the#supplementary#crystallographic#data#for#this#paper.#These#data#

can# be# obtained# free# of# charge# via www.ccdc.cam.ac.uk/conts/retrieving.html# (or# from#

the#Cambridge#Crystallographic#Data#Centre,#12#Union#Road,#Cambridge#CB21EZ,#UK;#fax:#

(+44)#1223b336033;#or#deposit@ccdc.cam.uk).#

#

#

#

#

Figure#S1:#crystal#packing#of#1#along#the#b#axis.#



#

Figure#S2:#view#of#the#hydrogen#bonds#(orange#dotted#lines)#involving#the#{Cu3}#cluster.#

#



#

#

Figure#S3:#M)vs.)H#plot#for#1#measured#between#1#and#7T#at#2K.#

#

Figure#S4:#χM)vs.)T#and#1/χM)vs.)T)plots#for#1,measured#at#2.5kOe#between#300#and#2K#
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