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The aim and the scope of this review is to show the results
of ten years of research following the first reports on mag-
netic and photomagnetic assemblies constructed from
[M(CN)g]™. It is illustrated on the basis of our own work as
well as a wide range of studies carried out in numerous
laboratories around the world. The diversity and evolution
of topological and structural patterns is discussed alongside
synthetic strategies, which led to the establishment of regular
magnetostructural correlations in selected 3D systems. Dif-
ferent types of functionality observed in solid phases are pre-
sented with special attention devoted to tuning of magnetic

properties by physical and chemical stimuli. Examples of ad-
vanced properties discovered in octacyanometallate-based
magnetic materials comprise SMMs (single molecule mag-
nets) and SCMs (single chain magnets), nonlinear effects
MSHG (magnetization-induced second harmonic genera-
tion) and chirality, SCO (spin crossover) and luminescence.
The potential of the development of octacyanometallate-
based coordination assemblies towards addressable, multi-
functional molecular materials for future application is dis-
cussed.

1. Introduction

The interest in the development of new functional mate-
rials has stimulated extensive research into synthesis of
polynuclear complexes and attempts at their rational de-
sign, which intensified in the last decade. The combination
of single molecular components bearing specific structural
properties (shape, connectivity, symmetry, rigidity/flexibil-
ity), electronic properties (HOMO and LUMO energy
levels, chemical reactivity including coordination and redox
reactivity, unpaired electrons, magnetic anisotropy) and op-
tical properties (absorption, emission and conversion of en-
ergy) led to a variety of novel coordination assemblies,
which combine the phenomena characteristic for traditional
inorganic and organic materials: magnetic ordering, energy
conversion, nonlinear optical properties, chirality, conduc-
tivity or physisorption and chemisorption of guest mole-
cules in gas—solid and liquid-solid biphasic systems." Sig-
nificant progress was noted in some of these fields, which
included trapping and observing the chemical species in dif-
ferent stable or metastable states (structural, electronic,
magnetic) at specific conditions as well as reversible ther-
mal, light, pressure, magnetic and chemical switching be-
tween these states.”l Among the most appealing coordina-
tion species are MOF-typel®! and MIL-type* (MIL = Ma-
terials of Institut Lavoisier) networks, acentricl®! and
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chirall® networks, SMMs!”l and SCMs,®! single magnetic
domain species, SCO systems!”! and magnetically ordered
networks!'?! with tuneable 7, temperatures.

The great interest in octacyanometallate-bridged as-
semblies followed directly the wealth of compounds based
on lower coordination number polycyanometallates: Cu'-,
Ag'l-, Au'-based networks with linear or triangle connec-
tors, Cu'- or Zn'"-based networks of tetrahedral connectors,
clay-like layered [M'(CN)sM'']'nguest species with square-
like nodes, cubic Prussian blue analogues and [Mo-
(CN);]*- and [Re(CN),]*-based compounds.[102.106.11]
While stemming originally from the field of inorganic coor-
dination chemistry, the design and synthetic routes toward
novel networks quickly started to adapt the organic compo-
nents of potential to act as blocking ligands, bridging li-
gands, counterions or separate molecular building blocks,
which played a crucial role in the design of topology, di-
mensionality and the resulting properties.

Before 2000, relatively few articles referring to [M-
(CN)g]" compounds were published. Reported for the first
time in 1904, successively studied and characterized during
the last century, they were of interest mainly from the point
of view of their redox reactivity and ability to form mixed
valence species. The historical overview together with the
basic characterization and earlier results on octacyanomet-
allate-based bimetallic networks were presented in our pre-
vious reviews.['?] Since 2000 there has been a rapid increase
in the number of papers related to crystal structure and
different functionalities of polynuclear octacyanometallate-
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bridged assemblies (Figure 1). The outburst began with the
report on the hexanuclear cluster [Mn'(bpy),][MY(CN)g]:
8H,O (M = Mo, W) having an octahedral cyanide-bridged
skeleton protected by four sets of bpy ligands (Fig-
ure 2a),['3] shortly followed by the first examples of high-
spin clusters {Mn"o[MY(CN)g]¢(solv),4}-xsolv (M = Mo,
W, solv = MeOH or EtOH)!!4131 (Figure 2b) and 3D mag-
netically ordered networks.['¢17]

These first spectacular results were succeded by numer-
ous reports, many of which constituted valuable contri-
butions to contemporary magnetochemistry. The synthesis
of an original family of soft magnets based on a 2D bilay-
ered {Cu[MY(CN)g] }, backbone with a T, of 28-40 K
and strong magnetic anisotropy!'® stimulated thorough
structural, magnetic and calorimetric characterization of
this type of assemblies.'”) The first mixed organic-inor-

magnetic molecular materials.

topotactic reactivity.
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Figure 1. Diagram showing the increasing interest in octacyanome-
tallate-based coordination assemblies during the last decade.
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Figure 2. The first octacyanometallate-based clusters: (a)
{IMn"(bpy),][M"(CN)g]} (M = Mo, W) and (b) {Mn"'s[MY(CN)gJe-
(solv),,}. Dark grey spheres: Mo, W; light grey spheres: 3d metals;
black sticks: CN™ bridges and blocking ligands.

ganic hybrid network, [Cu(p-4,4'-bpy)(dmf),][Cu(u-4,4'-
bpy)(dmf)[,[WY(CN)gl,-2dmf-2H,0,?% was obtained, and
the photomagnetic properties of [Mn!!(bpy),][M'V(CN);]:
8H,O clusters were studied.?!! Thanks to the discovery of
magnetostructural correlations in structurally related com-
pounds, different methods for tuning 7, were achieved: (1)
by changing divalent 3d metal cations in {[M'"(pyrazole),],-
[ND™V(CN)g]-4H,0},, (Mn'!, Fe!l, Co'™ or Ni'l) series,?? (2)
by replacing organic ligands in {Mn"-L-Nb'V(CN)g}, (L
= pyz, 4,4'-pzdo, ImH, bpym and urea) networks!>3! and
(3) by sorption/exchange of small solvent molecules in 2D
{INi"(cyclam)[s[WY(CN)g]»},»xsolvP?* and 3D {Mn"-L-
NbV(CN)g} (L = ImH, urea).?>>25] Among the most im-
portant achievements, we count the acentric chiral network
a-{[Mn"(urea),(H,O)],[Nb'V(CN)]},, revealing significant
MSHG (magnetization-induced second harmonic genera-
tion).1?’! In search of porous hybrid networks, the new path-
way leading to extended structures through organization of
high-spin MY[WY(CN)g]s (M = Mn, Co, Ni) clusters by
organic bridging ligands was explored.*®!

Here we present a complete and up-to-date overview of
octacyanometallate-based structures obtained in the first
decade of the 21st century. The detailed classification of
known topologies unveils general rules governing the self-
assembly processes. The variety of functionalities is demon-
strated on the basis of most appealing examples chosen
from the abundance of characterized compounds. The per-
spectives of further development and potential applications
are outlined in the final section.

2. Topology and Structural Patterns

The structures of octacyanometallate-based coordination
networks is described by using popular topological termi-
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nology (3,2 chains, square grids, honeycombs etc.),?”! as
well as by the generalized notation adapted from Cheetham
and co-workers 170", where 1”7 denotes inorganic connectiv-
ity and O” denotes organic connectivity, n = 0, 1, 2 or 3.*]
According to this notation, octacyanide-based assemblies
can be shortly classified into three general groups: discrete
molecular species (1°0°) with local inorganic and/or organic
bridging, inorganic networks (I"O°) with extended inorganic
connectivity only and hybrid organic—inorganic networks
(I"O™). The second group comprises purely inorganic cya-
nide-bridged networks as well as cyanide-bridged networks
with organic constituents acting only as blocking ligands or
counterions. The third group relates to the recently reported
assemblies and may be further divided into: extended inor-
ganic hybrids (1"O°) with extended inorganic connectivity
and local organic bridging, coordination polymers (1°0")
with extended organic connectivity and discrete inorganic
clusters and mixed organic—inorganic hybrids (I"O", n > 0 in
both cases) with combined inorganic and organic connec-
tivity, each at least in one dimension.

It is worth noting that, according to the original
Cheetham notation, the sum of the dimensionalities of inor-
ganic and organic connectivity (n + n) gives the overall di-
mensionality of the framework. Thus, the networks denoted
as 30%, 170!, I'0? and 1°03 stand for the limiting point for
mixed topological patterns. However, in recent years it was
shown that combining octacyanometallates with d and f
metal centres and polytopic organic ligands may lead to the
novel types of networks denoted as I?O! or 1202, inorganic
M'-CN-M and metal-organic M'-L-M’ subnetworks
cross-linking at metallic centres.

2.1. Inorganic Networks

2.1.1. 0D Assemblies

Molecular bimetallic and trinuclear discrete assemblies
based on octacyanometallates comprise a large variety of
compounds.['31329°72 They range from dinuclear species
through pentadecanuclear clusters to the largest charac-
terized eicosanuclear cluster (Table 1). The most character-
istic shapes of clusters are presented in Figure 3.

The discrete compounds can be roughly divided into
three groups: those containing (1) one, (2) two or (3) more
octacyanometallate units. The first group comprises dimers,
trimers with linear or angular shape and star-shaped mole-
cules incorporating up to six cationic complexes.l*>#%1 The
star-like clusters are achieved when a polydentate blocking
ligand leaves only one coordination site for cyanide bridg-
ing and were so far obtained only with octacyanomolybdate
(IV) as a centre. Among the clusters comprising two octacy-
anometallate ions, the most common are squares,#232-5]
but trigonall®’ and tetragonal bipyramids!'3>%-¢1-62] are also
observed (Figure 3a, b). They are usually formed when an
octahedral cationic complex includes two bidentate ligands
like bpy or phen and has two cis positions available for
bridging. It is worth noting that tetragonal bipyramid clus-
ters are unique to octacyanometallates, as they employ the
307

WWW.eurjic.org



MICROREVIEW B. Sicklucka et al.

Table 1. Discrete molecules (1°0°).[!

Molecular formula Cluster core Topological pattern Ref.
[Nngen)%][NiH(en)z(HZOPWIV(CN)S] Niw (291
Mn"(LNYH,0),L[{Mn"™(L)H,0)} {W(CN)g},]2H,0 MnW dimer (0]
[M"(en);s{M™(en),(HO)M™(CN)5]}-2H,0 (M" = Mn, Ni; M"Y = Mo, W) MM [z;]
[La(terpy)(dmf),(H,0),[W(CN)g}-3H,O (Ln = Ho, Er, Yb) LaW B3
P (en).CL]{ [P (en), Mo (CN)il3- 10,0 PtMo, . ' 2
[Nl(]TI )(Hzo)z]z{l Ni(L?)][MY(CN)gl,} (M = Mo, W) NiM, linear trimer [3 |
{[Cu”(tn), LMo (CN)g]}-2H,0 Cu,Mo 135]
([Cu'(L3)LMo™(CN)g]}-6H,0 Cu,Mo Bal
{ [Cu“(bpyiz]z[l\/IOgV(CﬁPg]}'C7H3OH'5H\;O CuzMO 13738]
T G
NI 3 = Mo, 1
N enp(H.OLMo™(CN)]}-2H,0 NipVlo o
{IM"(en),(H,O),IM"(CN)g]}*4H,O (M" = Co, M'Y = Mo, W; +Ni,Mo) MiLMY V-shaped trimer ;31
[{L3NidmfLn(dmf),} (WCN) L0 (Ln = Gd, Dy) NiLnW o
[{L*Ni(dmf)Th(dmf)s} {W(CN)g![0.5dmf NiTbW
[{L*Ni(dmiHo(dmf);} {W(CN):}2H,0 NiHoW 1]
(L Ni(dmf)Gd(dmf)y(H0)} {W(CN)g 1 H,00.5th0.5dmf NiGdW )
[{L Ni(H,O)Tb(dmf), s(H,0), 5} {W(CN)g ' H,0-0.5dmf NiTbW @1
[{L*Ni(H,0)Er(dmf)s(H-0)} {W(CN)g} FH,0-0.5dmf NiErW 1]
ST o T e
U 2 ] U 3 Uy u 3
{Mn""(salen)(H,O);[W"(CN)g]}-H,O Mn;W [
[Cez(l?lpm)(dm50)8[§H20)4][W(CN)8]{/4H20 Ce, W, [2?
{Mﬂ (bpy)o][Mn'(bpy)2(HyO)L[W Y (CN)g]}7TH,0 Mn;W, V-shaped molecule t 47]
[{LSN}La(HzO)4.5}z{W(CN)s}z]QHzO NipLa,W, [48]
[{LSNi(H,0)Ln(FL0),4 5} { WCN)s 5} 15H,0 (Ln = Gd, Tb, Dy) Ni,Ln;W) 4]
(INFILIMo™(CN).J (IO 41,0 NisMo o
{[Cu™(LHL[Cu™(LE)(H,0)L,[Mo"™(CN)g]}-6H,O CuMo £50)
{[Cu(LO)[Cu™ (L) (Ho0),Mo™(CN)g ]} 10H,0 CugMo, star-like molecule 150]
{[Cu"(tren)][Mo"™ (CN)g]} (CIOy)s CugMo 1]
{INI"L7)g[Mo"(CN)5]} (ClO4)s'10H,O NigMo 14
[Cu"(phen)s],{[Cu"(phen), ,IW(CN)s]}(ClO,), 10H,O Cu,W, (21
{[Nlnl HL')LWY(CN)gh} " v NLW, [g
{ﬂ\/hlll (bpy)ho(oxalate)} {[Mn (bpy% LIWY(CN)gl,}-4H,0 Mn,W, square [5 4]
%g(gg?%(%gﬁggg%%?gzgl\dﬂ (tptz)(CH30H); s3(H20)0.45]» Mn,W, >4
812" 3 7. 2
[I\A"Itpm)z][WVZ(CIII\D]6M"2(tpm)2(H29)2]-4H20 (M = Co, Mn) M,W, [;ﬂ
[Mn (Pgen)s]z[M“I\gphen)z(H'Nc)zw (CN)elx(Cl04),"9H0 Mn,W, [5]
Ko {[Co'l(tren) W' (CN)s]} -9H,O Co,W, 157]
{Mn(tptz)(CH;OH)(NOs),[Mn"(tptz)(CH;OH)(dmf)],[WY(CN)g], } -6CH;0H Mn,W, decorated square (>4
[(Mo(HCN)R)Z(CuLIlTb)4](M0(CN)g decorated square [zi]
{[Mn"(tptz)s(CH;OH)(dmf),l,[W I(VCN)S]4}-2.3CH30H-8.2HZO MngW, tripled squared (>4
{[Mn(phen),(H>O)l,[Mn(phen),, M"Y (CN)g]5}-21H,O (M = Nb, W) MngM; decorated doubled square 1591
[Ni"(tmphen),[sMY(CN)g, (M = Mo, W) Ni;M, trigonal bipyramid (60]
{Mn"(bpy),],[ND"V(CN)gl,} MnyNb, 1]
{IMn"(bpy), ] iM"™V(CN)g],}-nH,O (M = Mo, W; n = 14, 9) MnsM, (M = Mo, W) octahedron [2’2"6”
{[Co(phen),L,[CoCl(phen),,{W(CN)g],} CogW, decorated octahedron (621
{ Mn”[Mn”(CH3OH)3]8][ReV(CN23]6}'CH3OH-7.8H20 MnyWyg 03]
{[Mn"[Mn"(CH,CH,OH)5JJ[Mo"(CN)gJe}-6CH,CH,OH-3(CH;),CHOH-3H.0 ~ MingW,, 164
{[Mn"[Mn"(CH;CH,OH)sJg[WY(CN)ge}-12CH;CH,OH MngW, (149
{Mn"[Mn"(CH;O0H);]s[Mo"(CN)s]¢}-5CH;OH-2H,O MnyWg six-capped body- (3]
(INI[Ni'(CH;OH)s]g[MoY(CN)gJ, 11 7CH;OH-H,O NigMo centred cube [63]
{INI"[Ni"(CH3;0H)3Js][WY(CN)gl} 1 SCH;0H NigWs 163
{Ni"[Ni"(tmphen)(CH;0H)[Ni(H,0);,[M"(CN)gls} (M = Mo, W) NigMj [60]
{NI"[Ni"(btz)(CH;0H)|s[W"(CN)gle} - 18H,O-6CH;0H NigW¢ (o]
{NI"[Ni"(bpy)(H,O)J{[W " (CN)s]e}-4 1 H,O NigWs 17
{Ni" iHEbPY)(Hzo)]s[MOV(CN)s]s}'12H20 NigMog 168
{Co[Co"(CH;0H)5g[MY(CN)gls} nH,O-mCH;0H (MY = Mo, W) CogWs [69]
[{Cu3(lL12)(OH2)} 2iMo(CN)g {(INO3)ge 15H,O CugMo spherical molecule (70l
[{NiL!3} 5 {Nb(CN)g}¢] Ni;,Nbg decorated 12-metallic ring 71
[Cu(H,0){Cu(Mestacn)} ,{WY(CN)g}, i WV(CN)g} s]-24H,0 Cu;3W, 20-metallic open-winged cage 72l

[a] bpm = 2,2'-bipyrimidine; bpy = 2,2'-bipyridine; btz = 2,2'-bi(4,5-dihydrothiazine); dmf = N,N-dimethylformamide; dmso = dimethyl
sulfoxide; en = ethylenediamine; L' = N,N’-phenylenebis(3-methoxysalicylideneiminato) dianion; L? = {2,12-dimethyl-3,7,11,17-tetrazab-
icyclo[11.3.1]heptadeca-1(17),2,11,13,15-pentaene}; L3 = 1,4-bis(3-aminopropyl)piperazine; L* = N,N’-(1-methylethylene)bis(5-chlorosal-
icylideneiminato) dianion; L°> = N,N’-2,2-dimethylpropylenebis(3-methoxysalicylideneiminato) dianion; L® = 3,7-bis(2-aminoethg/l)-
1,3,5,7-tetraazabicyclo[3.3.2]decane; L7 = 2-[6-(2-amino-1-aminomethyl-1-methyl-ethyl)pyridin-2-yl]-2-methylpropan-1,3-diamine; L® =
N-[(2-pyridyl)methyl]salicyliminato ion; L? = N-[(2-pyridyl)ethyl]salicyliminato ion; L9 = 7-(3-ammoniopropyl)-2,12-(pyridine-2,6-diyl)-
3,7,11-triazatrideca-2,11-diene; L' = N, N’'-bis(3-methoxysalicylidene)ethylenediamine; L'> = 1,3,5-triazine-2,4,6-triyltris[3-(1,3,5,8,12-
pentaazacyclotetradecane)]; L'? = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[12.3.1]heptadeca-1(17),2,11,12,15-pentadiene; Mestacn = 1,4,7-
trimethyl-1,4,7-triazacyclononane; phen = 1,10-phenanthroline; salen = N,N’-ethylenebis(salicylideneiminato) dianion; terpy = 2,2":6',2"'-
terpyridine; thf = tetrahydrofuran; tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline; tn = 1,3-diaminopropane; tpm = tri(1H-pyrazol-
1-yl)methane; tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine; tren = tris(2-aminoethyl)amine.
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Figure 3. The most important types of coordination skeletons in
octacyanometallate-based clusters (a—c) and the skeletons of the
biggest clusters: Ni;;Nbg decorated ring (d) and W,Cu;3 winged
cage (e). Dark grey spheres: Mo, W or Nb; light grey spheres: 3d
metals; black sticks: CN~ bridges. Blocking and terminal ligands
are omitted for clarity.

square antiprism geometry of the anion, and cannot be
formed by octahedral hexacyanometallates. Within the
higher nuclearity clusters a small class of square-based
oligomeric chain-like species can be observed.’*3°1 How-
ever, the most characteristic for octacyanometallates is the
cubane-shaped pentadecanuclear clusterf!4.13:60:63-691 (Fjg.
ure 3c) obtained in alcohol or mixed water/alcohol media.
Its central cation is surrounded by six octacyanometallates
forming an octahedron, and each of the octacyanometal-
lates forms additional four bridges to the remaining cations
placed at the corners of a cube. Such clusters are readily
formed by octahedral bivalent cations Co, Mn and Ni if
three facial coordination sites are available. Interestingly,
even if the remaining three ligands are weakly coordinating,
the reaction does not proceed spontaneously to extended
structures. The second largest discrete assembly is the octa-
decanuclear system Ni';,Nb'V¢ built of the NbgNig cyclic
skeleton with six additional Ni units dangling at Nb sites,
obtained by using Ni complexes blocked equatorially with
a cyclic ligand (Figure 3d).”1 This oligomer can be consid-
ered a cyclic form related to the open-chain structure ob-
served in other compounds with analogous cationic com-
plexes. The largest Cu;3W; cluster was obtained from Cu'!
with tridentate fac-blocking ligand (Figure 2e).’! In this
case, a pentadecanuclear cluster was not formed because of
0, symmetry breaking by the Jahn-Teller effect. The cen-
tral Cu atom forms four equatorial cyanide bridges and axi-
ally binds one water molecule to give a tetragonal pyrami-
dal environment. The cluster additionally comprises twelve
hexa- or pentacoordinate Cu atoms and seven octacyano-
tungstates arranged in the twofold symmetry of a winged-
opening cage.

The separate class of compounds are the trimetallic mo-
lecules based on bimetallic dinuclear {(M'"L),Ln'} species
bridged by [MY(CN)g]*". By analogy to the bimetallic spe-
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cies, cyanide bridging may lead to trinuclear and hexanu-

clear open-chain or decanuclear closed-ring oligo-
mers [41:47:48]

2.1.2. 1D Assemblies

The overview of topologies of 1D systems based on octa-
cyanometallates is shown in Table 2.[32:44347L.73-941 A[] of
the presented structural patterns can be divided in two main
groups. The first group, consisting of chains built on
single cyanide bridges only, is shown in Figure
4a—c [32:44.54.71.73-82] The T-shaped chains are generally ob-
served in systems built of complexes with polyamine li-
gands, while more bulky and rigid Schiff bases of open or
closed structure may lead to the helical chain with pendant
arms. The interesting structural motif of two different types
of chains can be seen in the {[Mn'(tptz),(MeOH);W V-
(CN)g][Mn'!(tptz)(MeOH)WVY(CN)g]-2H,0-MeOH}..  sys-
tem.’* Generally, decorated chains are observed for struc-
tures with divalent 3d cations, while simple bimetallic
chains are formed in the case of trivalent Ln'" cations.

N T T .
T-shaped chain

(with pendant arms)
and Z|gzag chain

Ll >O<>O< RIS An e iy

-sharing squares
e) f)

T 0000 SO

”v‘\('vv e

«—I/

heterotrimetallic chain
with 3 pendant arms

helical chain with
pendant arms

3,2-chain necklace

triple ladder triple chain quadruple chain
9) h) i)

navded
B

rope ladder
) k)

Figure 4. Topological and structural patterns in 1D systems. Dark
grey spheres: Mo, W or Nb; light grey spheres: 3d metals; black
sticks: CN™ bridges. Blocking and terminal ligands are omitted for
clarity.

The second group of 1D topologies contains polynuclear
rings.’*83-94 Typically, the rings in 1D systems contain four
metal centres. One of the most frequently observed struc-
tural motifs is 3,2-chain (Figure 4d) found in compounds
based on [WY(CN)s]*~ ions and M?* complexes with neu-
tral ligands, which can be attributed to the charges of the
building blocks and the metal ratio. On the other hand, in
systems containing [W'V(CN)g]* units, the ratio changes to
2:1, and a chain of vertex sharing squares topology is
formed (Figure 4e). In the case of 1:1 metal centres, the
309
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Table 2. 1D inorganic networks (1'Q°).[2!

Molecular formula

Topological pattern Ref.

[Mn'(L),(H,0)[Mo'™(CN)g]SH,O
[{Mn''(L')} {Nb"(CN)s}(H,O)]..
[{(HO)Fe(L')} {M™(CN)g} {Fe(L'%)}].. (M = Nb, Mo, W)

[Mn'!(5-Clsalen)(H,O)(CH;OH)|[Mn'"(5-Clsalen)(H,O)][Mn"(5-Clsalen)Mo(CN)g]-3H,O
[Mn'!(5-Brsalen)(H,O),][Mn'!"(5-Brsalen)(H,O)][Mn'(5-Brsalen) W(CN)s]-H,O-3CH;OH

{[Mn'"y(tptz)»(CH;OH)5(CH;COO)[WY(CN)g]-3.5CH;0H-0.25H,0}..

[
[
chiral helical chain with pendant arms [
[
[
[

[Mn(salen)(H-0)5],[Mn(salen)(H,O)[Mn(salen)l,[Mo(CN)g]-0.5C1O,+0.50H-4.5H,0 44

[Nd(pzam);(H,O0)Mo(CN)g-H,O
[Gd(pzam);(H;O)M(CN)g]-H,O (M = Mo, W)
[Tb(pzam);(HO)Mo(CN)g]-H,O
Gd"(dma),[WY(CN)g] (n = 5,6)

zigzag chain [

[Ln(terpy)(dmf)W(CN)gl-6H,0-CH;CH,OH (Ln = Ce,P,Nd,Sm,Eu,Gd,Tb,Dy) [2.80381]
{[trans-Ni'(tn),(OH ][ trans-Ni"(u-NC)s(tn), J[(1-NC);sMYV(CN)s6H,0} (MY = Mo, W) T-shaped chain (52)
{IMn"(tptz),(CH;0H);WY(CN)g] [Mn'!(tptz)(CH;0H)WY(CN)s]-2H,O-CH;OH}., T-shaped chain with 1341
pendant arms + zigzag chain
{Mn"!(tptz)(CH;0H)L,[W!'Y(CN)g]-2CH;0H}... chain of vertex-sharing squares (>4]
{Mn"(bpy)(dmf),,[Mo"™(CN)g]-1.5H,0},, (&3]
[Ni'(tren)]3s[Mo!Y(CN)g](ClO4),*5H,0 chiral triple-chain 84]
{WY(CN)g][Cu"(dien), 5[WY(CN)g[** .. quadruple chain 83]
[Cu"(tetrenH,).[W"(CN)s,*SH,O necklace [86]
{[Mn(bpy),(dmf),],[Mo"(CN)s,[Mn(dmf)]}.. 7]
{[Co""5(dmf) [WY(CN)sL} (58]
{[Mn"3(bpy)>(dmDs[WY(CN)s]} 3,2-chain (58]

{[zrans-Mn"(dmf),][cis-Mn"(dmf),,IW Y (CN)g].},,
{[rrans-Ni"(dmf) J[cis-Ni" (dmf) LIW Y (CN)g]. },,

[89]
[89]

[Cu"(tetrenH,)][Cu"(tetrenH)][WV(CN)g[W"(CN);]-2.5H,O

triple ladder 18]

[Cu™(cyclam)]s[WY(CN)s],:SH,O
[Cu"(cyclam)]s[MoY(CN)g],*5SH,O
{CS[SM(CH;0H)s(dmf)(H>0)Mo(CN)gHA0},,

[90]
[o1]
[92]

rope-ladder

[(Ni"(cyclam))(Mo™(CN)g)(Cu'(me,en),)7)(ClO4)g

heterotrimetallic chain with 3 pendant 193]

arms

[{(CuL'%),Gd} {Mo(CN)g}]-2CH;CN
[{(CuL'5),Dy} {Mo(CN)g}]-CH;CN-H,O
[{(CuL'5),La} {W(CN)s}]2H,0
[{(CuL'®),Gd} {W(CN);}]2CH;CN
[{(CuL'9),Dy} {W(CN)s}-4CH;CN

e 8
£ £

heterotrimetallic chain

T e
s L £ £ B

i)
X

[a] 5-Brsalen = N,N'-ethylenebis(5-bromosalicylideneiminato) dianion; 5-Clsalen = N,N’-ethylenebis(5-chlorosalicylideneiminato) dianion;
bpy = 2,2'-bipyridine; cyclam = 1,4,8,11-tetraazacyclotetradecane; dien = diethylenetriamine; dma = dimethylacetamide; dmf = N,N-
dimethylformamide; L'* = 2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-[12.3.1]octadeca-1(18),2,12,14,16-pentaene; L'> = N,N’-propyl-
enebis(3-methoxysalicylideneiminato) dianion; me.en = N,N-dimethylethylenediamine; pzam = pyrazine-2-carboxamide; terpy =
2,2":6',2" -terpyridine; tetren = tetracthylenepentaamine; tn = 1,3-diaminopropane; tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine; tren = tris(2-

aminoethyl)amine.

ratio observed in two of our systems [Cu'l(tetrenH,)],-
[WIV(CN)gl»'5H,O  and  [Cu''(tetrenH,)][Cu'!(tetrenH)]-
[WY(CN)][WV(CN);]-2.5H,0 exploiting 5- and 6-coordi-
nation in Cu'! complexes with partially protonated forms
of the tetren ligand, the cyanide-bridged skeletons reveal
the original topologies of necklace and triple ladder (Fig-
ure 4f, g), respectively.®® The increasing ratio of ML"*/
[M(CN)g]™ together with polyamine chelating L ligands
leads to the formation of a triple chain topology (L = tren,
M = Mo™)® and a quadruple chain (L = dien, M =
WY)831 with the highest possible number of cyanide bridges
within the chain based on [M(CN)g]" ions (Figure 4h, 1).
The enhanced connectivity between metal centres leads to
the formation of the rope-ladder pattern in the case of as-

310 www.eurjic.org
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semblies based on octacyanometallate(V) and copper com-
plexes of cyclam (Figure 4).°%°!l Due to the sterically de-
manding [Cu(cyclam)]?>* units, the rings are formed with
eight metallic centres. The original coordination skeleton
was obtained by Sutter at al. for [{(CuL'%),Ln} {Mo(CN);g}]-
2CH;CN, in which Mo is bridged by two CN™ ligands to
Cu'" and to the Ln"" centre in the same {(CuL?),Ln} dimer
(Figure 4k).°4

2.1.3. 2D Assemblies

The 2D polymeric skeletons are collected in Table 3 and
reveal the topologies of honeycomb, brick-wall and square
grid presented in Figure 5a—d.[!33.180.19d.24.89.90-114]  The
honeycomb motif in {[Ni'(cyclam)]s[WY(CN)g],},, and

Eur. J. Inorg. Chem. 2011, 305-326
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[Cu(L)[5IMY(CN)gl,*nsolv (L = substituted tetraazamacro-
cyclic ligands; M = Mo, W)P4%1 is preferred as a result
of the presence of bulky macrocyclic ligands. The systems
containing smaller terminal ligands, such as N,N’-dimethyl-
formamide, display brick-wall-type structures.®®-°%! In these
two topological patterns, 12-metallic rings are typically ob-
served. The square-grid networks consist typically of 4-met-
allic rings with both types of centres as nodes and are gen-
erally realized in {Ln(H,O)s;[M(CN)]} (Ln = lanthanide)
networks!!%-1931 and {M(3-CNpy),[M(CN)g]} (M = Mn,
Co) networksl®>1%% with a 1:1 stoichiometry of metallic
centres. We have shown that these structural motifs could
be obtained in more extended form with Cu'! complexes. A
unique square grid with pendant arms is present in

Table 3. 2D inorganic networks (120V).[2]

European Journal
of Inorganic Chemistry

[Cull(tren)][Cul{WVY(CN);}]-1.5H,0 with two different oxi-
dation states of copper (Figure 5¢).l''*] In the presence of
fully protonated polyamine ligands, the family of double-
layered systems {(dienH;)Cu''s[MVY(CN)g];-4H,0O},, and
{(tetrenHs)o gCu"y,[MY(CN);]47.2H,0},, (M = Mo, W) is
formed (Figure 5f).'%19d] In this case, the absence of the
sixfold coordinated site at Cu prevents the molecular struc-
ture from developing into a 3D network. Extended square-
grid networks consisting of 8-metallic rings, in which
[M(CN)g]* stand for nodes and 3d metals are located on
the edges of the ring, were observed for [Cu''(dien)],-
[MV(CN)g]-4H,O (M = Mo, W) (Figure 5d)B86-191 or
[{Cu(3-CNpy)>(H20)}>{Cu(3-CNpy)>(H>0),} {W(CN)s}»]
(Figure 5g) and other compounds.['10-112]

Molecular formula

Topological pattern Ref.

[Cu(L'%)]5[Mo(CN)g]> 10H,0-2CH;CN
[Cu(L'%)]5[W(CN)gl,* 10H,0-2CH;CN
[Cu(L');[W(CN)g],-2H,O0
{[Ni"(cyclam)];[WY(CN)gl.},
[CuH(Ll8)]3[MOV(CN)8]2'6H20'2CH3OH
[Cu”(L‘8)]3[WV(CN)8]2~6H20~2CH3OH
[Cu"(L')|;[MoY(CN)s],6H,0
[Cu"(L"*)J;[WY(CN)3]>-6H,0

[90
[90
[90
honeycomb 2
[95
[95
[96
[96]

N

]
]
]
]
]
]
]

{{Cu"(L2)5[WY(CN)glp} [Cu(L*°)-2H,0]-(ClO4),4H,0
{[trans-Ni""(dmf),][cis-Ni"(dm),],[WY(CN)sL},
{[trans-Fe"'(dmf)4][cis-Fe" (dmf),,[WY(CN)g],}
{Mn"(dmf),]3[MoY(CN)g].},

[97]
brick wall [89]
[89]
[98]

[Cu(L2!)],[Mo'V(CN)s]-6.75H,0
Cs'[{Co''(3-CNpy),} {WY(CN)s}]-H,0
[Cu'l(dien)],[M"V(CN)g]-4H,0 (M = Mo, W)
[Cu(tn),,{lW(CN)s|(OH)-H,O
{[Cu(dien),[W(CN)s](OH)-3H,0}..
Sm(H,0)s[W(CN)s]

[83]
[99]
[86]
[100]

square grid [100]
[101]

Ln(H,0)s[M(CN)g] (Ln = Eu, Gd, Tb; M = Mo, W) [102,103]
{Sm(H,0)[Sm,(bpy)>(H20)2(OH), 75(NO3)g 25[[Mo(CN)gla } [104]
Ln(H,0)sfW(CN)g] (Ln = La, Pr, Nd, Eu, Gd) [105]
Ln(H,O)4W(CN)g] (Ln = Ho, Er, Tm, Lu) [105]
Cs'[Mn"(3-CNpy),{WY(CN)s}]-H,O [106]
[Cu(cyclam)],[Mo(CN)g]-10.5H,O [107.108]
[109]

[Mo(CN)sNix(pn)s],-4nH>0

[Cu(tn)]s[W(CN)g)3H,0

[Cu(pn)]s[W(CN)s],+3H,0

[W(CN)sL4[Cu{(S)-pnj HoOl[Cu{(S)-pnj]»-2.5H,0
[W(CN)sly[Cu{(R)-pn}H,Ol[Cu{(R)-pn}]2.5H,0
[W(CN)sly[Cu{(rac)-pnj HoOL[Cu{(rac)-pn}]>-2.5H,0
[{Cu(3-CNpy)>(H,0)}>{Cu(3-CNpy),(H,0),} { W(CN)s}>]
[{Cu(4-CNpy)>}>{Cu(4-CNpy)2(H,0):} {W(CN)s}]-6H,O

[110]
[110]

folded square grid with 8 and 4 metallic units (i

[Cu(tren)]{Cu'[WV(CN)g]}-1.5H,0

square grid with pendant arms

Cs'Cu'"[WY(CN)g]-0.5H,0
{(tetrenH,)o s[Mn(H,0),][MoY(CN)s]-2H,0},,

{(tetrenH)o sCu",[WV(CN);]4-7.2H,0},,

i&f{treﬁH)sC)o.sI;IC[li;z{/[(l\éIO\I‘;(?ljﬁLg}.2H20}n
1enflz)Lu s 8|34V,

{(dienH3)CuII3[MOV(CN)8]3'4H20},,,

bilayered square grid
bilayered square grid
(4-metallic rings)

bilayered square grid [
bilayered square grid [
bilayered square grid [
bilayered square grid [

[a] 3-CNpy = 3-cyanopyridine; 4-CNpy = 4-cyanopyridine; bpy = 2,2'-bipyridine; cyclam = 1,4,8,11-tetraazacyclotetradecane; dien =
diethylenetriamine; dmf = N,N-dimethylformamide; L'¢ = 6,13-bis(3-hydroxypropyl)-1,4,6,8,11,13-hexaazacyclotetradecane; L7 = 5,12-
dimethyl-2,3:9,10-bis(tetramethylene)-1,4,8,11-tetraazatetradecane; L'® = 3,14-diethyl-2,6,13,17-tetraazatricyclo(16.4.0.07,12)docosane;
L' = 3,10-bis(2-hydroxypropyl)-1,3,5,8,10,12-hexaazacyclotetradecane; L?° = 3,10-dipropyl-1,3,5,8,10,12-hexaazacyclotetradecane; L?! =
1,3,6,8,11,14-hexaazatricyclo(12.2.1.18,11)octadecane; pn = 1,2-propanediamine; tetren = tetraecthylenepentaamine; tn = 1,3-propanedia-
mine; tren = tris(2-aminoethyl)amine.
Eur. J. Inorg. Chem. 2011, 305-326
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Figure 5. Topological and structural patterns in 2D systems. Dark
grey spheres: Mo, W or Nb; light grey spheres: 3d metals; black
sticks: CN™ bridges. Blocking and terminal ligands were omitted
for clarity.

2.1.4. 3D Assemblies

In comparison to the large variety of low-dimensional
structures, there are relatively few types of 3D bimetallic
cyanide-bridged assemblies based on octacyanides
(Table 4).116:17.18¢.22.23.25,114-127] Most of them are combina-
tions of the [MV(CN)g]* anion with dications, and it is
clear that the 1:2 ratio, which is forced by the relative
charges of the ions, favours formation of 3D networks.
Within the group of compounds of the general formula
{M',[M(CN)g]}, there are two types of structures most
commonly observed. When equatorial positions of the
cation are blocked and it serves as a linear connector,
four of eight cyanide groups of [M'V(CN)g]* are engaged
in the formation of bridges, which results in loosely
packed, diamond-like (Figure 6a)''>1181 or regular (Fig-
ure 6b)22119:120.1221 gtryctures. In the absence of blocking

Table 4. 3D inorganic networks (130°).[2

ligands, closely packed networks having all cyanides as
bridging ligands are formed (Figure 6c).16-17-114.121.123-126]
They can be described as 2D topologies of the square-grid
type joined by the additional cyanide bridges in the third
direction. Most commonly, the cation is surrounded by four
CN bridges in equatorial positions, two axial water mole-
cules making up the octahedral coordination sphere, and
the [M'V(CN)g]* moiety adopts the shape of square anti-
prism resulting in high tetragonal symmetry of the net-
works. This type of network may also be realized by octacy-
anometallates(V) with some modifications: in {[Co'l-
(H,0),]5[WY(CN)g],*4H,0}, two cyanide groups become

% S

Figure 6. Examples of loosely (a, b) and closely packed (c, d) 3D
networks in octacyanometallate-based systems. Dark grey spheres:
Mo, W or Nb; light grey spheres: 3d metals; black sticks: CN~
bridges. Blocking and terminal ligands were omitted for clarity.

Molecular formula Number of bridges: M(CN)g” /M'"* Ref.
{[Ni""(chxn),],[Mo"(CN)g]-8H,0},, [113]
{[Ni'[(L22)],[W'V(CN)g]-6H,0},, 4/2; diamond-like network [ej
{[Cu""(NH3) ]o,[W"(CN)s]}, (17
{[Cu""LZ],[W"Y(CN)s]-4H,03,, (18]
{[Cu""(en),][Cu"(en)[W"V(CN)s]-4H,0},, 5/3,2 (119
{[Cu"(en),]5[WY(CN)g],*H,0}, . 6,0/2, cube-like [120]
{IM"(pyr),,[NBIY(CN)g4H,0},, (M’ = Mn, Fe, Co, Ni) 472 o
{[Co"(H,0),]5[WY(CN)g]»4H, 0}, 6/4, defect tetragonal (121a]
{IMn!(imH)(H,0),,[NbV(CN)]-4H,0?},, 6/3, ladder-type (230,251
A- and B-{[Mn"(urea),(H,O)],[NbV(CN)g]},, 6/3 [23¢]

{Cs'y[Cu"' (NH;),)[Cu" (H,0)L,[W"(CN)s],'2H,0},, 6/5,1 [114,117)
{Mn"/(H,0)];[Mn"'(H,0),]5[WY(CN)g],-13H,03},, 7,6/5,4 el
{Cu",, {Cu"y[WY(CN)gly 2, [WV(CN)glo} -yH, 0}, 8,7/5,4 (18]
CsLCull,[Mo!Y(CN)gls6H,0 8.7/5.4 [19€]
[({CH3}5Sn),M"Y(CN)g] (M = Mo, W) 8/2, cube-like [122]
{Mn"(H,0),,[IM"V(CN);]-4H,0},, (M = Mo, W, Nb) 8/4, tetragonal [17.114.123.124]
{[Co"(H,0),L,[M"Y(CN)g]-4H,0}, (M = W, Nb) 8/4 (21
{[Fe"(H,0),,[M"(CN);]-4H,0},, (M = Mo, W,Nb) 8/4 23,1201
{Mn"(H,0),,[W"(CN)g]3H,03},, 8/4 [114.124]
[{Nd"(CH,0H),Mo!V(CN)g} s~ [Nd"(H,0)]**-8CH;OH 4/4 [127)

[a] chxn = cyclohexane-1,2-diamine; en = ethylenediamine; L?? = 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane; L3 = 3,10-
bis(2-hydroxyethyl)1,3,5,8,10,12-hexaazacyclotetradecane; imH = imidazole; pyr = pyrazole.
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Table 5. Hybrid organic-inorganic networks (1"0").12!

European Journal
of Inorganic Chemistry

Extended inorganic hybrids, I"O°%, n =1, 2, 3

Molecular formula Hybrid dimensionality Ref.
{(PPhy)>[Rus(piv)s(u-CN)W(CN),]},, r'o° [128]
HICus(L*)LIW(CN)s]} {W(CN)g} [(NO3),-20H,0 ’o° (701
{Mn",(H,0),(CH;COO0)][WY(CN);]-2H,03},, o’ (1291
{Cs[Mn""y(CH3;CO0)5(H,0),][WY(CN)sl,}, o’ (1291
{Mn'!5(pzdo)(H,0)4[Nb'(CN)s]}-SH,O Fo° [23a]
{Mn"",(bpm)(H,0),[Nb"(CN)g]} Fo° [23a]
[{Col'(pym)(H;0)}{Col(H:0 )} (WY(CN)s}ol(pym)»2H:0 1o’ 13001300
{[Cuy(H,Tea),]sfWV(CN)sl,[W(CN)gJ-xH,0}.. o’ (131
{[Cu(OCH,CH,NH,),[MY(CN);]-2H,0}.. 1*0° [132]
Coordination polymers, 1°0", n =1, 2, 3

Molecular formula Hybrid dimensionality Ref.
{Mn''y(4,4'-bpy)[WY(CN)g]s(CH;CH,OH),5(H,0),}-10CH;CH,OH 1°0? [262]
Mixed organic-inorganic hybrids, I"O”, n = 1, 2, 3

Molecular formula Hybrid dimensionality Ref.
[Cu(p-4.4'-bpy)(dmf),][Cu(u-4,4"-bpy)(dmf)|,[WY(CN)g],-2dmf-2H,0 1'o! (201
{Co""3(H,0)4(pyz)s[WY(CN)glo} *3.5H,0 I'o! [133]
{Co''3(H,0)4(4,4"-bpy)s[WY(CN)g,}1.5(4,4'-bpy)-6H,0 I'o! [133]
{[Ce>(bpm)(dmi)g(H,0),][W(CN)gl»} ,,2nH,0 I'o! [43]
{Mn"y(dpe)sfWY(CN)g]s(CH30H )} - 14CH;0H 1'0? [26b]
[Ln™(mpca),(H,O)(CH;OH)Ln"(H,0)s W'V (CN)gl5'nH,O (Ln = Eu, Nd) 120! [134]
[To(H,0)4(pyz)o.s]W(CN)g I’0! [133)
{[Ha-M(CN)s]Cux(dpp)s}, 1’02 [136]
{Mn'5(pyz)>(H,0)4[Nb"(CN)s]} -pyz:3H,0 0! [23a]
[{Mn"(pyz)(H,0),} {Mn'(H,0),} {M'V(CN)g}]-4H,0 (M = Mo, Nb) o’ [137.138.139]
[{Mn'!(pym)(H,0)} > {Mnl(H,0),} {WY(CN)g 5](pym)>2H>0 ro! 140
Cu''3s[WY(CN)s]y(pym),*(CH3),CHOH-6H,O O! [141]
Cu''s[WY(CN)glo(pym),*CH;CH,CH(OH)CHj3-5H,0 ;0! [41]
Cus[W(CN)slo(pym),-8H,0 *O! [142]

[a] 4,4'-bpy = 4,4'-bipyridine; bpm = 2,2-bipyrimidine; dmf = N, N-dimethylformamide; dpe = 1,2-bis(4-pyridyl)ethylene; dpp = 1,3-bis(4-
pyridyl)propane; L?* = 1,3,5-triazine-2,4,6-triyltris[3-(1,3,5,8,12-pentaazacyclotetradecane)]; mpca = 5-methyl-2-pyrazinecarboxylic acid;
piv = pivalate anion; pym = pyrimidine; pyz = pyrazine; pzdo = pyrazine-N,N'-dioxide; Tea = triethanolamine.

terminal, as if one fourth of the cations were missing,[!?!]

while in hybrid {[Mn',(H,0),(CH;COO)][WY(CN)g]-
2H,0},, (see Table 5) the 2:1 ratio is achieved by the pres-
ence of the charged bridging acetate ligand. Most of the
other known 3D networks show complicated structures
with cations and/or anions in two nonequivalent surround-
ings.'?7] Recently we presented an interesting example of
the extension of a 2D double layer {(dienH;)Cu'';[MV-
(CN)g]3-4H,0},, toward the related 3D {Cu'l,,  {Cu',[WV'-
(CN)glss - [WY(CN)glo,t - vH,0},, network with additional
cyanide-bridged interlayer copper(I) cations (Fig-
ure 6d)’[180,19d,19e]

2.2. Mixed Organic-Inorganic Hybrid Networks

Organic-inorganic hybrid networks based on octacyano-
metallates!?0-238.26:45.70.128-142] tooether with the generalized
Cheetham notation®! are summarized in Table 5.

The first hybrid system based on octacyanometallates is
the 2D I'O! [Cu(p-4,4'-bpy)(dmf),][Cu(u-4,4’-bpy)(dmf)],-
[WY(CN)gly2dmf-2H,0 (Figure 7a). Its structure can be in-
terpreted as cross-linking chains: Cu3;W, cyanide-bridged
chain of 3,2-chain topology and {Cu(u-4,4'-bpy)} linear
chains.?l An interesting example of coordination isomer-
ism can be observed for two Mn-pyz-Nb hybrid systems,

Eur. J. Inorg. Chem. 2011, 305-326
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which together constitute the first examples of the new 130!
class of networks, although they present different topolog-
ies. The molecular structure of [{Mn"(pyz)(H,O),}-
{Mn"(H,0),} {Nb'V(CN)g}]-4H,O consists of cyanide-
bridged Mn—Nb square grids bridged with the interplanar
Mn centres involved also in {Mn(u-pyz)},, chains running
between these layers (Figure 7b).[137-1381 On the contrary,
{Mn"'"(pyz),(H,O)4[Nb'V(CN)g]}-pyz-:3H,O  consists  of
ladder-type cyanide-bridged Mn-Nb(CN)g layers connected
by [Mn-(u-pyz)]** chains and by [Mn-(u-CN)]* chains
cross-linking between the layers (Figure 7¢).>*! Both iso-
mers are soft ferrimagnets with T, values of 48 K and 27 K,
respectively. [{Mn(pyz)(H,0),} {Mn!(H>0)5} {NbIV(CN)g}
4H,0 crystallizes in an acentric space group and reveals
MSHG below the ordering temperature.[!3"]

In our very recent contributions we tested successfully
the pentadecanuclear cluster {MnoW,! (see Figure 2b)l'41°]
as the novel cyanide-bridged secondary building block
(SBB) in the construction of new extended hybrid systems.
The essential prerequisite for its application is the simulta-
neous presence of geometrically arranged acidic coordina-
tion sites, fac-[Mn'(u-NC)s(solv)s], and a basic coordina-
tion function, [MY(u-CN)s(CN)s], in specific external parts
of the cluster. The slow diffusion of in situ formed
{MnoWs} clusters and 4,4'-bpy in alcoholic media gave
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Figure 7. Examples of coordination frameworks of mixed organic—
inorganic hybrids: [Cu(u-4,4'-bpy)(dmf),][Cu(p-4,4'-bpy)(dmf)],-
[WY(CN)g],-2dmf-2H,O (I'O') (a); different types of cross-linking
between {Mn-(u-pz)} chain and 3D cyanide-bridged network in
two Mn'"-pyz-[Nb'"Y(CN)g]* coordination isomers (I’°0O') (b) and
(c). Dark grey spheres: Mo, W or Nb; light grey spheres: 3d metals;
black sticks: CN~ bridges, light grey sticks: organic linkers. Block-
ing and terminal ligands were omitted for clarity.

{Mn"'4(4,4"-bpy)s[WY(CN)gle(EtOH) ,(H,0)4} - 10EtOH, in
which {MnoWq! clusters are linked into the 2D I°0O? net-
work by the 4,4’-bpy ligands (Figure 8a).[?%] The use of a
longer bis(pyridyl)dpe ligands produced the unprecedented
architecture {Mn"o(dpe)s[WV(CN)g]¢((MeOH),(}-14MeOH
revealing I'0O? topology, in which {MnoWg} clusters are
connected by quadruple sets of cyanide bridges to the nano-
tubes {MnoWs},, which are further organized into 3D
structure by dpe ligands (Figure 8b).2°?! Within the former
network, the clusters retain their magnetic identity,[!4215]
while in the latter long-range magnetic ordering appears
with decreasing temperature: first within the {MnoW4},
skeletons, then in the bulk crystals.

Figure 8. Crystal engineering of Mn""yWV clusters into coordina-
tion polymers (I°0O?) (a) and into mixed organic-inorganic hybrids
(I'0?) (b). Dark grey spheres:W; light grey spheres: Mn'!; black
sticks: CN~ bridges, light grey sticks: organic linkers. Blocking and
terminal ligands were omitted for clarity.

A very interesting example of crystal engineering is the
encapsulation of [MV(NC)s]*~ (M = Mo, W) by a tricop-
per(IT) complex with triple macrocyclic L ligands (Fig-
ure 9). Prepared in that way, assemblies may coordinate ni-
trate anions or additional [M™V(CN)g]* anions at the exter-
nal axial position of Cu'' complexes to give a discrete archi-
tecture or extended network, respectively.[’")

Lanthanide ions characterized by large coordination
numbers easily adapt to the surroundings, allowing the ob-
servation of very unusual examples of crystal engineering of
bimetallic hybrid networks. We observed growth of crystals
starting from cerium(III) nitrate, sodium octacyanotungst-
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Figure 9. The encapsulation of [M!'V(CN)g] by two units of CusL.
Dotted lines indicate the axial coordination sites at Cu'! centres.
Dark grey spheres: Mo, W; light grey spheres: 3d metals.

ate(V) and 2,2'-bipyrimidine (bpm),[*! which depended
strongly on the reaction conditions. In water/dmf solution
(dmf = N,N-dimethylformamide) layered with CH3;CN,
ionic [Cez(bpm)(dmf)ﬁ(Hzo)g][W(CN)g]z‘3H20 with Cel-
bpm-Ce!! linkages was formed. The concentration of a
water/dmso solution gave tetranuclear molecules of
[Ces(bpm)(dmso)g(H,0)4][W(CN)gl,-4H,0 1°0°, while iso-
lation by concentration from CH;OH/dmf mixture gave a
2D organic-inorganic hybrid (I'O') {[Ce(bpm)(dmf)s-
(H,0),][W(CN)gls},,-2nH,0, both of them with WY—-CN-
Ce' and Ce™M—bpm—Ce' linkages (Figure 10a).[*3] The last
compound is the clear extension of simple 1D Ln™MV
chains reported in previous sections. Similarly, the layering
of pyrazine vapour on the partially dehydrated solid of
{[Tb(H,O0)4][W(CN)g]},, with a square grid reported by
Song at al. leads to the formation of the 3D {[Tb(H-O0),-
(pyrazine), s][W(CN)g]},, hybrid network in which pyrazine
links the neighbouring grids (Figure 10b).[133]

< S > > 3

\A}/\}/;\‘\
/\'\\/\'\-\r//‘\r/.
a) b)

Figure 10. Lanthanide-octacyanometallate mixed organic-inor-
ganic hybrid networks: {[Ce,(bpm)][W(CN)gl,},, (I'O') developing
1D chains (I1'0°) (a) and {[Tb(H,O)4(pyrazine), s W(CN)g]} (I?O")
developing 2D square grids (I?0O°) (b). Dark grey spheres: W; light
grey spheres: Ce!'! or Tb'!!; black sticks: CN~ bridges, light grey
sticks: organic linkers. Blocking and terminal ligands were omitted
for clarity.

3. Functionality

3.1. Photomagnetism

Photomagnetism is one of the most desired properties for
molecular materials, in view of the perspectives of fast light-
induced conversion between different spin states. Since the
discovery of the photomagnetic effect in 1996 in cobalt—
iron Prussian blue analogues,'*¥ a great deal of work has
been done in the field of cyanide-bridged photomagnetic
materials./?!

In the case of octacyanometallate-based systems, one of
the first photomagnetic studies concerned low-dimensional
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paramagnetic systems with Mn'"-NC-Mo'"V and Mn!-
NC-W linkages. The group of Mathoniere and Kahn re-
ported photomagnetic studies on the 1D chain [Mn!,(L'4),-
(H,O)][Mo'(CN)g]-5H,0. Under laser irradiation (1 =
336-357nm, T = 10 K) in the SQUID cavity, irreversible
photooxidation was observed, which resulted in the forma-
tion of material with antiferromagnetic coupling between
Mn'! and MoV through cyanide bridges.”?! Continuing this
line of research, we investigated the photomagnetic proper-
ties of hexanuclear cluster [Mn"(bpy),J4[M"V(CN)g],-xH,O
(M = Mo, x = 14, and M = W, x = 9) (Figure 2a).?" Irradi-
ation under similar conditions led to the increase of the
magnetic signal by a factor of almost 30% relative to that
of the initial material. This change was interpreted in terms
of the formation of Mn",>sMn',MV, due to the reductive
quenching of the excited intraligand 2,2-bpy-centred state
in Mn!'',;M", through an intramolecular electron-transfer
mechanism. The shape of the y7(7) curves indicated inter-
metallic exchange coupling through metallic centres. Com-
plete thermal reversibility of the photomagnetic process was
observed in the case of the Mn",W'V, system, while in the
case of Mn";Mo!V,, the reversibility was incomplete.

Parallel to this research, the extended studies done in the
groups of Hashimoto, Ohkoshi, Mathoniere and Marvaud
focused around the photoswitchable, solid-state {Cu'l-
[MOIV(CN)S]}[19e,37,38,50,51,93,107,144448] and {(HS)COH-[WV-
(CN)g]y P2-130.133,149-155] gystems revealing MMCT charac-
teristics in the spectral UV/Vis/NIR region. 3D system
Cu',[Mo™(CN)g]-8H,O exhibits photoinduced charge
transfer (Ap.c =480 nm), producing Cu'Cu'[MoVY(CN)g]:
8H,0 with ferromagnetic ordering below T, = 20 K due to
the exchange interactions between Cu!' and MoV centres.
This process can be reversed either by thermal treatment or
by irradiation at the reverse IT (intervalence transfer) band
(A = 600-900 nm).l'4+143] Other examples of photomagnetic
polymers containing Cu and Mo centres are the 3D Cs,-
Cuy[Mo(CN)gl4-6H,O,l11  the 2D [CuL],[Mo(CN)g]:
10H,0, where L = cyclam,['°7T and the 1D heterotrimetallic
chain [(Ni(cyclam))(Mo(CN)g)»(Cu(Mesen),)7](ClOy4)g
4H,0.P3 All these systems exhibit ferromagnetic coupling
between MoY and Cu'! after photoinduced charge transfer.

A similar mechanism is used to explain the photoinduced
magnetic properties of the following 0D oligonuclear as-
semblies: pentanuclear [Mo(CN)g{CuL8},{CuL?¥H,0)},]
6H,0, decanuclear [Mo(CN)g{CuL®}3{CuL’(H,0)}].:
10H,0P%andheptanuclear[Mo(CN),(CN-Cutren)](ClO4)g
4.5H,0.51 For the last system, detailed theoretical and ki-
netic models have been developed, by taking into account
the contribution of the excited states of the molybdenum
ion in the photomagnetic process.[146-148]

Combination of (HS)Co™ and [WY(CN)g]* centres
yielded the 2D compound Cs'[{Co(3-cyanopyridine),}-
{WY(CN)g}]-H,O, which exhibited a temperature-induced
phase transition between Co'™-WV (HT phase) and Co''-
WV (LT phase) isomers with a large thermal hysteresis be-
tween 165 and 216 K as well as photoinduced magnetiza-
tion (4 =800-900 nm) in the low-temperature metastable
state with 7, = 30 K. Analogous but nonstoichiometric
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compounds with metal vacancies were investigated earlier
by means of XANES (X-ray absorption near edge struc-
ture) analysis, with similar conclusions confirming the oxi-
dation states of the HT, LT and photoinduced
phases.[!4-1501 Studies of this system were further extended
to the analysis of the relaxation kinetics of the metastable
phase induced by rapid cooling of HT phases as well as by
irradiation of the LT phase at low temperature.!'>!! For 3D
Co';[WY(CN)glo(pyrimidine)46H>0, temperature-induced
transition between Co'-WV (HT phase) and Co-W
(LT phase) isomers revealed a large thermal hysteresis
covering the room temperature region (between 210 and
300 K) and photoinduced magnetization in the low-tem-
perature metastable state with 7, = 40 K.['3%] Further in-
vestigation proved the photorevesibility of the excitation
process as well as confirming ferromagnetic interactions be-
tween WY and Co'! centres.['3%] Moreover, the recent study
of this system by the group of Bousseksou led to the discov-
ery of a new phenomenon: Electric-Field-Induced Charge-
Transfer Phase Transition.[!5%]

Other attempts to connect Co and W centres with or-
ganic ligands were made in our group, resulting in the ferro-
magnet {Co"3(H,0)s(pyz)s[WY(CN)glp}-3.5H,0 (T, =
26 K) and Co''3(H,0)4(4,4'-bpy)s[WY(CN)gl»'1,5(4,4'-bpy)*
6H,0, which shows glass-like magnetic phase transition be-
low T = 16 K.'33] These compounds did not undergo ther-
mally induced electron transfer; however, preliminary pho-
tomagnetic studies at low temperature with a green laser
(4 = 532 nm) revealed a significant photomagnetic effect
interpreted in terms of the reverse Co™WV—Co™W!V tran-
sition.[133]

Very recently we have shown that a change in magnetic
properties may be induced by photostimulation of
[M(bpy)s]" [Mo(CN)g]* (M = Ni', Co™) ionic com-
pounds. The significant increase of the paramagnetic signal
under light irradiation was observed for [Ni(bpy)s],-
[Mo™(CN)g]-12H,0O!">4 and for the dehydrated phase of
K[Co(bpy)s][Mo(CN)g]-8H,0.'>3 In both cases, photoin-
duced metastable phases were observed, relaxing to the ini-
tial states at temperatures of approximately 240 and 290 K,
respectively.

3.2. Tuning of T,

Octacyanometallates are suitable building blocks for con-
struction of networks with long-range magnetic
ordering.[16:17:22-25.99,106,110-112,121,126,127,130,134,138-142] ~ The
tuning of critical temperatures, 7., may be particularly real-
ized in networks of the general formula {M’' (L), [M-
(CN)g],-zH,03},,.1222321 by changing: (1) the magnetic
centres M and M’, (2) the organic ligand L and (3) the
degree of hydration (or more generally solvation). In order
to investigate the possibilities to tune the 7, we have investi-
gated three series of compounds including: (1) four isomor-
phic  magnets {[M'(pyrazole),],[Nb'V(CN)g]-4H,0},,
where M’ = Mn, Fe, Co, Ni; (2) four topologically identical
magnets incorporating different organic ligands L,
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{Mn"(imH)(H,0),],[NbV(CN)§]-4H,0}, (imH = imid-
azole), {Mn',(pzdo)(H,0),NbY(CN)g]:5H,0}, (pzdo =
pyrazine dioxide) and two polymorphs of {[Mn''(urea),-
(H,O)],[INb™Y(CN)g]},, and (3) products of chemical modifi-
cations of selected networks. The changes of the critical
temperatures within the particular group can be roughly ex-
plained by using molecular field theory [Equation (1)].

= 2t | T |y Sy (S + DSy (Sye +1)
¢ kg 1)

In this equation, ny; is the number of the nearest mag-
netic neighbours bridged to the octacyanometallate M cen-
tre, ny 1s the number of the nearest magnetic neighbours
bridged to the M’ centre, Jyy 18 the magnetic coupling
constant present in the Hamiltonian describing the mag-
netic interaction between two metal centres proposed by
Heisenberg and discussed by Dirac and Van Vleck (H =
~Jvm Sm- Smr), Swm is the effective spin of M (usually 1/
2), Sy is the effective spin of M’ and kg is the Boltzmann
constant, which is equal to 0.69372 cm™! K~1.[156:157]

We have recently shown that the use of different para-
magnetic centres M and M’ influence mainly the strength
of the interaction and the value of the coupling constant
Jvwmr-P2 For the series of isostructural compounds of gene-
ral formula {[M'(pyrazole),,[Nb'V(CN)]-4H,0},, (Fig-
ure 11a), it was found that the coupling constants Jypm
increase on going from Mn!! to Nill with a change in the
character of the magnetic interaction from antiferromag-
netic for Mn"! and Fe!! to ferromagnetic for Co™ and Ni'.
Careful magnetostructural analysis of the relation between
the decreasing number of unpaired electrons on the M’ cen-
tre and the increasing value of exchange coupling revealed
the presence of two main contributions to the total ex-
change coupling Jynp: an antiferromagnetic part originat-
ing from t,, orbitals of the M’ centre (with an average value
of —21.6 cm ') and a ferromagnetic part originating from its
e, orbitals (Jr = 15.4cm '), which is in agreement with
Kahn’s model of interaction.!®] The antiferromagnetic
contribution is successively weakened with each additional
electron on the ty, level in the Mn'' > Fe'' > Co!! > Ni!
sequence, which results in a variation in the strength and
character of the exchange coupling between M’ and Nb'™
and in the nature of the long-range magnetic ordering. It is
worth noting that the values of the averaged contributions
can be used to predict the total exchange integrals for not
yet reported possible members of the {[M'"(pyrazole),],-
[ND'V(CN)g]-4H,0},, family with M’ = Cr'! or VL. For the
Cr'-based analogue Jc,np, should be close to —12 cm ™!, and
for the V' analogue the prediction for Jynp, is —17 cm™!
(Figure 11b).

Changing the M centre of the octacyanometallate moiety
can cause extremely drastic changes in the magnetic proper-
ties. For example, the replacement of the paramagnetic
[NDIV(CN)g]* in the ferrimagnetic inorganic network
{IMn'(H,0),],[NbV(CN)g]-4H,0},, (T, = 43 K) by its dia-
magnetic relatives [Mo"™(CN)g]* and [WTV(CN)g]* leads to
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Figure 11. Schematic representation of the structure of the
{IM"(pyrazole)4,[Nb"Y(CN)s]-4H,0}, family (black sticks: cya-
nide skeleton, grey helices: pyrazole superstructures) (a); linear de-
pendence of the coupling constant Jynp in the row of 3d transition
metal M?* ions (b).

simple isostructural paramagnetic solids, as shown by Verd-
aguer et al. and Ohkoshi et al. in the series of three iso-
structural compounds {[Mn"(H,0),],[M"V(CN)g]-4H,0},,
where M = Nb, Mo or W.[123.17]

The influence of organic ligands on the magnetic proper-
ties of octacyanometallate-based compounds must be con-
sidered in view of a few aspects including: coordination
mode (bridging, blocking) and involvement in weak supra-
molecular interactions (e.g. hydrogen bonding, m-m stack-
ing). If organic molecules play the role of blocking ligands
coordinated to the M’, they simply isolate the magnetic
centres from each other and reduce the connectivity of the
resulting network, and thus the number of the nearest
neighbours 7 in Equation (1). In such cases, the critical tem-
peratures of the magnetic transitions are usually lowered in
comparison to that of the purely inorganic “parent” frame-
work, while the topology becomes much more complicated.

In order to gain some deeper insight into the role of the
incorporated organic ligands on the magnetic properties, we
analyzed four topologically identical 3D hybrid networks
with different organic components. Recently we have shown
that three Mn'',-L-Nb'V(CN)g compounds, {{Mn'(imH)-
(H,0),L[NbY(CN)s]4H,0},  (A),  {Mn'""5(pzdo)(H,0),-
[ND"™V(CN)g]-5H,0},, (B) and two polymorphs of
{IMn"(urea),(H,O),[Nb™Y(CN)g]},, (C1/C2, o/B), exhibit
identical 6:3 connectivity with nearest neighbour numbers
v = 3 and nyn, = 6 and very similar crossed-ladder-type
topology (Figure 12).[23:23]

Figure 12. 3D ladder type topology in {[Mn"(imH)(H,0),],-
[NL"(CN)g]-4H,0},,, {Mn''y(pzdo)(H,0),[Nb'V(CN)g]-5H,0} , B-
{[Mn"(urea),(H,0)l,[Nb"™V(CN)g]} ,(a) and a-{[Mn"(urea),(H,0)],-
[NB'V(CN)g]},, (b). Dark grey spheres: Nb; light grey spheres: Mn;
black sticks: CN~ bridges.

Moreover A, B, C2 and C1 are all soft ferrimagnets
showing very much the same magnetic behaviour but dif-
ferent values of critical temperatures, 7, of 25, 37, 42 and
43 K, respectively. At first glance, the incorporated organic
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ligands L in this series seem to have rather negligible influ-
ence on the magnetic interactions, because they are diamag-
netic and act more as blocking ligands. Closer analysis,
however, reveals that they must influence the magnetic
properties indirectly. In fact, their presence in the soft crys-
tal lattice and their ability to form weak hydrogen bonds or
engage in m—7 interactions alter the nonrigid geometry of
[Nb™Y(CN)g] moieties and the characteristics of cyanide
bridges. Sutter et al.>* showed that the spin density delo-
calized on the N atoms of the paramagnetic [MoY-
(CN)g]** complex {which is isoelectronic with [Nb'V-
(CN)g]*} is strongly dependent on its coordination geome-
try. For the dodecahedral (DD) geometry, the spin density
delocalized on N atoms placed in “B vertexes” is found to
be almost three times larger than those placed in “A ver-
texes”. For the square antiprism (SAPR) geometry, all CN~
ligands of the [M(CN)g] moiety are equivalent, and the spin
density delocalized on all eight N atoms is the same. More-
over, it was shown that the spin density on N atoms for
SAPR is about 35% lower than the spin found on the Np.
vertex atoms in DD but larger than those for the Na_yertex
sites. Therefore, for the [M(CN)g]*” moieties (M = MoV, WY,
Nb'Y), the amount of spin density borne by the CN~ ligands
follows the decreasing order DDg_yerex > SAPR > DD,
vertex» and hence the magnetic coupling constants, J, and
the magnetic ordering temperatures, 7., of [M(CN)g]-based
compounds should follow the same trend. Compounds A,
B and C follow the DDpg_yerex = SAPR > DDy _yeriex ruile
perfectly (Figure 13). In C1, the geometry of [Nb™V(CN)g]
is almost perfectly dodecahedral with four of the cyanide
bridges placed in “B vertexes” and only two in “A vertexes”
(Figure 13a). In this case, the expected spin density is maxi-
mized on the bridging cyanides and 7 is 43 K. In C2 the
situation is very similar (Figure 13b), and the slightly lower
value of 7, can be attributed to [Nb"V(CN)g] geometry
slightly more distorted towards SAPR. In B there are also
four cyanide bridges in “B vertexes” and two in “A ver-
texes” (Figure 13c), but the geometry of [Nb'V(CN)g* is
mixed (DD/SAPR). Hence, the expected spin density
should be lower. The observed T of 37 K is in fact lower
than that in C, because of the larger contribution of SAPR
geometry in the octacyanoniobate(IV) moiety. The geome-
try of [Nb'Y(CN)g] in A is mixed (DD/SAPR) like that in
B, but four of the bridging cyanides are placed in “A ver-
texes” and only two are in “B vertexes” (Figure 13d). There-
fore, the expected spin density delocalized on the N atoms
is relatively low and the ordering temperature, 7, is only
25 K.

The incorporated organic molecules in the series A—C do
not change their overall “crossed-ladder” topology nor
their connectivity (6:3 in all members), but they do alter the
geometry of [Nb'V(CN)g] moieties and the characteristics
of cyanide bridges and in this very subtle way influence in-
directly the magnetic properties of this series. The nonrigid
geometry of the [Nb(CN)g] moiety is one of the main fac-
tors directly responsible for the 7;. value in the octacyano-
metallate-based hybrid compounds and can be used for ef-
ficient tuning of the magnetic interactions. This particular
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Figure 13. Influence of the [Nb(CN)g] geometry and the position
of bridging cyanide ligands in C1 (a), C2 (b), B (¢) and A (d) (indi-
cated by arrows) on the value of critical temperatures 7, (for de-
tails, see description in the text).

dependence is not observed for the series of compounds
based on geometrically rigid hexacyanometallates studied
before.[15]

3.3. Guest-Responsive Molecular Magnets

Engineering and characterization of guest-responsive
molecular magnets is a challenging task because of the dy-
namic character of the changes, which take place upon re-
moval and insertion of guest molecules. Soft crystal frame-
works of molecular solids very often fall apart when sub-
jected to high temperatures or very low pressures, while the
aim of their engineering is to obtain systems which will
show reversibility and durability[!0-23¢.24.25.141.142]

During our continuous study, we managed to obtain and
characterize several dynamic systems that can be counted
among guest-responsive molecular magnets. Recently we
have presented a 2D system based on octacyanotungst-
ate(V) and a nickel(II) cyclam complex: {[Ni(cyclam)]s[W-
(CN)gl»},, (D).24 Its microporous structure enables revers-
ible adsorption of water into the empty channels across the
honeycomb-like planes at ambient conditions (Figure 14).
The guest inclusion does not directly influence the coordi-
317
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nation sphere or connectivity, and the process is realized
with retention of the crystalline form. It is the first and
only example of an octacyanometallate-based microporous
network undergoing single-crystal-to-single-crystal trans-
formation. The changes in the geometry of cyanide bridges,
which accompany hydration, influence the magnetic ex-
change between Ni and W, which is reflected in the increase
of Ty from 4.9 K for the anhydrous D to 8.3 K for the
hydrated D1 form.

Figure 14. Reversible structure adaptation upon adsorption of
water into the empty channels of {[Ni(cyclam)]s[W(CN)gl,},. Dark
grey spheres: W; light grey spheres: Ni'l; black sticks: CN~ bridges
and cyclam, grey spheres: O of H,O.

The dehydration of 3D {{Mn"(imH)(H,0),],[Nb'V(CN)g]:
4H,0}, (A) leads to a mnovel molecular magnet
{IMn"(imH)],[Nb"™V(CN)g]},, (A1), which can be trans-
formed back to A upon rehydration (Figure 15).[>% This dy-
namic sponge-like system exhibits: (1) changeable topology,
(2) changeable number of cyanide bridges per [Nb(CN)g]
unit and (3) changeable coordination number and geometry
of the Mn'" centres. The solid-solid transformation in this
system reveals the features of a topotactic reaction, in
which hydrogen-bonded H,O molecules play a key role in
the formation/cleavage of the seventh Nb"™Y—-CN-Mn"" link-
age. The A-Al structural transformation has tremendous
impact on the magnetic behaviour of the system, which is
manifested through a significant increase in the ordering
temperature from 25 to 62 K and appearance of magnetic
hysteresis in Al.

Another very interesting example of guest-induced mag-
netostructural changes can be found in the behaviour of
both polymorphs of {[Mn"(urea),(H,O)lL,[Nb"™Y(CN)g]},
(C).123 In this case, however, the observed transformations
are irreversible, which is probably caused by the collapse
of the crystal network upon guest-molecule extraction. The
behaviour of C relies on the lability of the urea ligands,

r@ {IMn(urea),(H;0)JINB(CN)gl}, (01)—1

Mn?*, urea, [Nb(CN)g]*™

L {IMn(urea),(H,0)LINb(CN)gl} o (CZ)—]

{{Mn(H,0),],[Nb(CN)s]-4MeOH}, Ca

+ MeOH
-urea

NRA
P,0s, 10 mbar \[j\

dehydration of {[Mn"(imH)(H,O),],-

Reversible
[NB'Y(CN)]-4H,0},,. Dark grey spheres: Nb and Mn in one set of
ladders; light grey spheres: Nb and Mn in the second set of ladders;
black sticks: CN~ bridges, grey spheres: O of H,O.

Figure 15.

which can be removed very easily. In methanol, C trans-
forms into a new compound, {{Mn'(H,O)],[Nb'V(CN)g]:
4MeOH}, (Ca), in which methanol replaces urea. Com-
pound Ca, upon hydration, can be further transformed into
{IMn(H,0),],[Nb'V(CN)g]-4H,0}, (Cb) (Scheme 1), ob-
tained and characterized before.['”-1?3] Both polymorphs C
can also be directly transformed into Cb when treated with
water.

The values of magnetic ordering temperatures 7. of the
{IMn(urea),(H,O0)],[Nb"(CN)g]},, molecular system vary
from 43/42 K [for both respective polymorphs C] through
70 K (for Ca) and back to 48 K (for Cb) depending on the
structural transformations C—Ca—Cb, but its soft ferri-
magnetic character remains intact. Again, the changes of
the critical temperatures can be explained by utilizing mo-
lecular field theory [Equation (1)].

The significant increase in 7, at the first stage of transfor-
mation C—Ca is caused most probably by the increase of
the connectivity type (which is equivalent to the increase of
the number of nearest neighbours ny;, and nyg,) and the
decrease of the coordination number of manganese(II)
(which is strongly correlated with the increase in the abso-
lute value of Jymnp, from —10.9 cm™! for C to —15.1 cm™! for
Ca, estimated by using a high-temperature mean-field
model for the two sublattices).[??-23

At the second stage (Ca—Cb), T, decreases because of
the decrease in the absolute value of Jypnp (from —15.1 to
—10.4 cm™'). The number of nearest neighbours remains the
same (eight and four for the Nb and Mn centres, respec-
tively) and does not contribute to the change in 7.. The
decrease of the absolute value of Jy,np 1S most likely
caused by the increase of the coordination number of Mn'!
centres back to six [the empty sites in the coordination
spheres of Mn'! in Ca are taken up by water molecules].

+ MeOH
-urea

280, ((Mn(H,0),] [NZ(CN) 1-4H,0},(Cb)
“MeOH 2 )2)2i 8. 2% In'

Scheme 1. The reactivity of the {{Mn'!(urea),(H>O)],[Nb'"V(CN)g]},, system.
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It is remarkable that the values of Jyn, for C and Chb
are almost equal, while the critical temperature of Cb is
higher by about 5 K. The shift of 7, in this case can easily
be explained in terms of increased connectivity type
(number of nearest neighbours) for Cb in comparison to C
(8/4 and 6/3, respectively).

3.4. Acentric Networks and Chiral Networks

The absence of an inversion centre symmetry element in
the crystal lattice is a requirement for observation of a series
of interesting properties: second-order nonlinear optical
(NLO) effects resulting, for example, in second harmonic
generation (SHG), piezoelectricity, pyroelectricity, ferro-
electricity, or chirality. These functions may be obtained, in
the most straightforward approach, by the deliberate use of
noncentrosymmetric building blocks having such features
as high dipolar moment, high polarizability or, in the last
case, a chiral component. An alternative way towards func-
tional acentric and chiral networks may be the spontaneous
resolution from building blocks, which do not bear the re-
spective properties. The bulk functions appear in case of the
space symmetry groups without an inversion centre and
with some special symmetry elements such as the screw-
axis.!'1

Table 6 collects octacyanometallate-based acentric net-
works, chiral networks, and other networks containing chi-
ral motives like tris-chelated complexes and helical chains
or strands. The most important structural and physical fea-
tures are included. The majority of those networks were

European Journal
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obtained by spontaneous resolution. Multifunctional net-
works with magnetic ordering below T are of particular
interest, as the simultaneous presence of these properties
may lead to the observation of second-order phenomena:
the strong magnetochiral dichroism!®! and MSHG (magne-
tization-induced SHG).[!l Only the second effect was ob-
served for two octacyanometallate-based magnets;23¢:13]
however, one chiral magnet [W(CN)gl4[Cu(S-pn)H,0],-
[Cu(S-pn)]»+2.5H,0 was characterized and compared to its
racemic congener.'''l The a-{[Mn"(urea),(H,O)],[Nb'-
(CN);]},, polymorph presented in the previous section is an
acentric and chiral magnet of crossed-ladder-type topology
having a T, of 43 K (Figure 12b).[>31 Within the frame of the
P4, space group, the magnetic space group was proposed to
be P2;. The polarization axis running along the ¢ direction
is orthogonal to the easy magnetization axes a and b. Along
4, screw axes collinear with the ¢ axis, helical motives of
corner sharing squares, Mn,Nb,, are observed. The com-
pound revealed constant intensity of SH light above the
magnetic ordering temperature. In the magnetic field of
500 G applied along the a direction, the SH signal below
the ordering temperature started to increase sharply to
reach at 7= 10 K, a value four times higher than that mea-
sured above the 7. The chirality could not be confirmed
because of the twinning of the monocrystal. It is worth
mentioning that subtle changes in the synthetic procedure,
that is, in the concentration or ionic strength, may result in
the appearance of polymorphs or very closely related spe-
cies, which would not exhibit the desired properties (SHG,
charge transfer etc.) because of the absence of favourable
structural conditions.[139-222.138]

Table 6. Overview of noncentrosymmetric networks and related properties of octacyanometallate-based compounds.

SHG (MSHG) function

Compound, 7 Space group Polarization axis Special symmetry features SHG intensity at r.t. [esu] Ref.
(magn. space gr.)?l  (easy magn. axis, T0)i% (% vs. KDP), (MSHG vs. SHG)

{MnpyzMo} P2, B 2,16 6Xx 1071 (4%) [137

(MnpyzNb}, 48K P2, (P2)) b (@ 206 2% 1071 (1.3%), (X 3) (138.139)

{MnureaNb-a}, 43K P4, (P2) ¢ (a, b) 4] e (X4) [23¢]

CuNH;Mo Fdd2 c asymmetric distribution of 1.8 X 1071 (12%) [160]

bridging and terminal
CN- ligands

Ferroelectric network

CuMo, amorphic ferroelectric, remnant electric polarization P, = 0.036 pC-cm 2, electric coercive field (E,) of 5.5 kVem™, the electric polarization is main-
tained by the structural local disorder of hydrogen bonding and the 3D CN network (due to freezing point for the fixation of hydrogen bonding at

150 K), polar group of C.., after application of an electric field.['*!)

Chiral networks and chiral coordination motives

Network Magnetic function  Space group Chirality T. [K] H, [O¢] M, [NB] Ref.
CupnW yes P2, 1S enantiomer 75 52 9.6 [
P2lc none (rac) 8.5 186 9.6

NitrenMo no P2,2,2 racemic mixture of chiral —— - - [84]
triple-stranded chains

[M(en);][M(en), W] no P2,2,2 crystal with [A-M(en);] - - - 131]
[A-M(en);] cations grows
selectively from the race-
mic mixtures

[a] Operating for magnetic networks.
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3.5. Slow Magnetic Relaxation Processes in Low-
Dimensional Systems

Low-dimensional coordination assemblies are of interest
due to their potential ability to act as nanometric size sin-
gle-domain magnetic objects called SMMs for discrete spe-
cies and SCMs for 1D species. The key feature in the con-
struction of such materials is the strong axial single-ion an-
isotropy resulting from nonzero orbital contribution to the
total momentum, expressed by the negative parameter D.
The intracluster interaction should stabilize a relatively
high-spin ground state S. This may be provided by ions with
a large number of ferromagnetically coupled unpaired elec-
trons. These two contributions are to ensure a high energy
barrier, Uy, for transfer between +S and —S states and re-
lated blocking temperatures T. The 3d ions such as Mn'™,
Mn'Y, Fell, Fe''!, Co'! and Ni'l, as well as highly anisotropic
lanthanide ions such as Tb™!, Dyl or Ho'! are of particu-
lar interest in this respect. To successfully obtain SMM/
SCM compounds it is necessary to ensure that the interclus-
ter/interchain interactions are much weaker relative to the

barrier height U.y. It occurs naturally for low-dimensional
species and may be supported by locating the bulky organic
ligands at the external part of the coordination skeleton.
The most effective ones from the point of view of energy
barrier and relaxation times were Mn''l, Mn!V and Tb!!!
(the latter first of all in the case of phthalocyanine com-
plexes).[”-8

Several strategies were implemented to synthesize novel
low-dimensional octacyanometallate-based compounds re-
vealing some SMM- or SCM-like features (Table 7). Octa-
cyanometallates themselves do not show significant internal
anisotropy. However, possessing S = 1/2 they may serve as
the bridging complexes in building high-spin species regard-
less of whether ferromagnetic (F) or antiferromagnetic (AF)
interactions operate. Among the most dynamically studied
complexes are high-spin pentadecanuclear clusters of the
general  formula  {M'Uy[M’'"V(CN)gJe(solv),s}  and
{M'IGM""V(CN)glgLs(solv)st (M’ = Ni, Co; M’ = Mo,
W; solv = ROH, H,O; L = bidentate heterocyclic chelating
ligands) (Figure 3c).[60-63.66.67.691 The second class of com-
pounds are trimetallic {M'Ln"™L}[M'’(CN)g] (M’ = Cu™,

Table 7. Overview of parameters illustrating SMM-like and SCM-like features in octacyanometallate-based compounds.

Compound Sg type of interac-  [x"'(D)max(f) M(HI  ATJT,Allogw) 7 [s] Uy  Hysteresis Refs.
tions,! coupling and above T = ) [em '] loop
magnetic anisotropy 2 K[! (%''max/
parameters ¥/max)l
0D systems
Co'lyWV¢(MeOH),, S =212, AF present (0.19)4  Yes 0.13 739x10" 193 nr [69]
ColsMo!'¢(MeOH),4 - onset - - - - nr. [63]
COHQMVSRCV(MCOH)24
Ni'lyWV(2,2'-bpy)s S=12,F present (0.015)  Yes 0.13 15X10"2 330 nr 1671
Ni'lyW!(btz)g S=12, F absent Yes - - - n.r. (6o}
D=005cm’!
Ni'';MV,(tmphen), S=4F onset Yes - - - no [60]
J=10cm™!
D=-024cm!
Ni'lyWV¢(tmphen), S=12F onset Yes - — 396 el [60]
J=12cm!
D=-004cm!
{NI'(H,O)L°Tb™(dmf), s(H,0), 5} - present (042)  nur. n.r. 45%x107 106 nr [41]
{W(CN)g}H,0-0.5dmf
{Ni"(dmf) L Tb"(dmf),} — onset nr - — - nr. 1]
{W(CN)g}0.5dmf
INI"(H,O)LLn"™(H,0),4 5}» - onset nr. - - - nr. 48]
[WY(CN)g}15H-0, Ln = Tb, Dy
[(MoY(CN)g)»(CuL"'Tb),][Mo(CN)g] — presentle! nr. nr. 212x10° 134 nr 58]
-19H,0
1D systems
[{(Cu'"L5),Dy!"} {MoY(CN)g!] Jeuto = 15, present (0421 nr 03 128%107 132 nr 4]
‘MeCN-H,O 5.2 cm bl
[Mn"(Cl-salen)|,[MY(CN)s] AF onset nr. - - - nr. (73]
[{(H,O)Fe(L'} {M™V(CN)g} {Fe(L'*}]. J=-20cm! present (0.20)  Yes - 46X101 514 yes 74
Dg. = —17cm™!

[a] F = ferromagnetic, AF = antiferromagnetic. [b] Onset of the dependence of y''(7T) signal are observed, with the maxima expected
below 2 K. [c] Measured at frequency f = 1 kHz. [d] The maxima in y''(7T) for some frequencies were acquired by the extrapolation of
experimental results with Lorenz functions. [e] Calculated by using the S.?D| formula. [f] Measured at a sweep rate 0.017 Ts !; coercivity
that depends strongly on temperature and sweep rate is observed. [g] The frequency-dependent signal partially overlaps with another low-
temperature magnetic feature (not interpreted by the authors). [h] Obtained from DFT calculations. [i] Cole—Cole plot indicates multiple
relaxation processes. [j] Cole—Cole plot indicates broad distribution of relaxation times. [k] Smooth hysteresis is observed at 1 K, while
at 0.38 K abrupt reversals occur with field sweeping.

320 www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 305-326



A Decade of Octacyanides in Polynuclear Molecular Materials

Eur/IC

Ni'l; Ln = lanthanide; L = tetradentate Schiff base ligands;
M’ = MoV, WY), in which planar bimetallic adducts
{M'Ln"L} are typically connected by [M(CN)g]*~ bridges
into open-chain or closed-ring oligomers and 1D chains
(Figure 4k).[#1-48:58.74791 In most of these compounds, the
frequency-dependent y''(7) curves indicate clearly the pres-
ence of a magnetic relaxation processes; however, the re-
spective maxima fall in the majority of cases very close to
or just below the measurement limit of 1.8 K in the typical
SQUID apparatus. This fact strongly limits the accuracy of
calculation of 7y and Ugy or even makes their estimation
impossible. The relatively broad shape of y''(7) signals indi-
cates the large distribution of relaxation times. A y''(7T)nax/
' (T)max ratio that does not exceed 0.2, a value significantly
lower than that for typical SMMs, indicates the impure
character of SMM relaxation, possibly with some spin-glass
contribution. The reduced magnetization M(H/T) reveals
noncollinearity in different magnetic fields, which allowed
to estimate the magnetic anisotropy parameters. It is worth
noting, however, that bridging of {M’Ln™L} with [M(CN)
¢]>~ enhances the overall anisotropy of the system. The mag-
netic hysteresis loop at low temperature, which is believed
to be the most indicative probe for SMM or SCM species,
was reported only in two cases: for the {Ni'[Ni'l-
(tmphen)(CH;0H)J¢[Ni(H,0);],[WY(CN)g]c 1 6% cluster
with two opposite terminal Ni moieties not capped by bi-
dentate ligands and for the [{Fe"L} {NbV(CN)}|™ (L =
pentadentate macrocycle) chain, where the source of anisot-
ropy was the unusual pentagonal bipyramidal 7-coordina-
tion of Fe'! centres. Cascade-like hysteresis at 300 mK was
observed in the latter case.

3.6. Spin Crossover

Only one example of octacyanometallate-based spin-
crossover systems has been reported to date for 3D network
(HS)Fe,[Nb(CN)g]-(3-pyCH;0H)-4.6H,0, in which 3-py-
CH;O0H is (3-pyridyl)methanol. [Nb(CN)g]* of dodecahe-
dral geometry forms four equatorial CN™ bridges, while the
pseudo-octahedral Fe!' centre joins two CN~ bridges in ax-
ial positions and four 3-pyCH;OH in equatorial positions.
The reversible spin-crossover transition involving only half
of the Fe sites goes gradually from [(HS)Fe"],Nb at 298 K
to (LS)Fe(HS)Fe'"™Nb' at about 150 K. The low-tempera-
ture phase orders at a 7; of 12 K and reveals a magnetic
hysteresis loop with a H, of approximately 1000 Oe.[¢?]

3.7. Luminescence

Lanthanide-centred luminescence was observed in square
grid 2D networks Ln"™(H,0)s[MY(CN)g], where Ln = Eu,
Tb and M = Mo, W. The excitation spectra monitored with
the D4—"F5 transition (544 nm) for Tb-containing com-
pounds and with *Dy—"F, (618 nm) transition for Eu-con-
taining compounds revealed full sets of bands characteristic
for the respective intra 4f-transition-based excitation paths
"Fe—Do13, °Gas °Lig (310-390 nm) for Tb™ and
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"F4—°D41.1, °Gy 4, *Lg (350-540 nm) for Eu'™. These exci-
tation spectra also revealed broad bands below 310 nm,
best pronounced for the TbW compound, which ware as-
signed to the domination of alternative excitation pathways
exploiting the LMCT transitions. The emission spectra also
showed the typical band sets for the incorporated lantha-
nides: Dy~ F¢_, for Tb™ and *Dy—"F, 4 for Eu'"'. The
lifetimes of the respective excited states were calculated to
be of order of milliseconds. The Tb-containing networks
additionally revealed long-range magnetic ordering at low
temperatures.!'0%103]

4. Outlook and Perspectives

This Microreview shows the potential of octacyanomet-
allates in the research on molecular materials: the ability to
form the original topologies and the perspectives to obtain
physical characteristic desired for switchable materials. Sev-
eral research pathways may be pointed out to further devel-
opment.

The stereochemical and electrochemical nonrigidity of
[M(CN)g]* allowed their incorporation in networks of the
magnetic state tuneable by the physical stimuli. Among the
MMCT systems, Cu"™o" and Co"WV compounds were
exploited to some point, while the similar activity of Co'l-
MoV systems are still unexplored. The relatively high redox
potential of the MoY/Mo'V pair may move the critical re-
gion of the Mo™VCo™™ & MoVCo™ equilibrium to the higher
temperatures compared to that of the WIVCo™! & WVCo!!
equilibrium.

In our last perspective article,!'®3 we pointed out the pos-
sible routes for increasing the 7. above the limit of 55K
observed for the reported Mn''-, Fel-, Co"-, and Cu'"-octa-
cyanometallate networks. It was shown for various cyanide-
bridged networks that the desolvation leading to the de-
creased coordination number of the M’'I! moiety may signif-
icantly increase the 7. In some particular cases we can tune
T., by influencing indirectly the strength of the magnetic
interaction by the use of decorating organic ligands in the
coordination sphere of M'"". Finally, the magnetostructural
correlation found for the {[M'(pyrazole)s,[Nb"V(CN)g]:
4H,0},, series suggests that the use of V(II), V(III), Cr(IT)
or Cr' complexes may increase the strength of the M'-M
magnetic interaction, which results in a higher 7. This is
in good agreement with a 7 of 138 K reported very recently
for VIIVIIINDB!V(CN)g].['% We believe that the combination
of the above strategies will make it possible to exceed this
value in the nearest future; the possibility of approaching
closely the room-temperature limit is not excluded. Multi-
functional networks combining magnetic ordering with
acentric or chiral networks could possibly be obtained. Or-
ganization of discrete cyanide-bridged species by organic
linkers can lead to the construction of active porous mag-
netic networks.

As far as SMM and SCM systems are concerned, the
application of octacyanometallates made it possible to gain
or improve magnetic relaxation characteristics relative to
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those of the precursors. However, as they only approach
(qualitatively and quantitatively) those of classical SMM
and SCM systems based on o Mn'"! and Mn'Y, novel strate-
gies are required. In our opinion, further improvement
could be, in an optimistic scenario, possible by (1) tuning
of the coordination sphere of anisotropic centres, (2) their
distribution in the coordination skeleton and (3) intermo-
lecular arrangement towards minimizing intermolecular in-
teractions, which could be done with the tools offered by
supramolecular chemistry.

Other functionalities of interest, Fe-centred SCO transi-
tion and lanthanide-centred luminescence, have been very
scarcely represented in octacyanometallate-based solid-state
systems until now. We have shown that the trans-[Fe(p-
NC)4(H»0),] nodes in closely packed magnetic Fe,Nb net-
works with T, = 43 K retained HS configuration in the tem-
perature range 2-300 K. The SCO effect was observed for
the trans-[Fe(u-NC),(3-pyCH3;0H),] moiety in bimetallic
Fe'',(3-pyCH;OH)Nb'Y, yet the decrease of cyanide-
bridged connectivity and spin crossover itself resulted in
significant lowering of T below the range where SCO nor-
mally occurs. It is, however, possible that irradiating the
low-spin phase, (LS)Fe''(HS)Fe"™Nb'Y, may cause a LIESST
effect leading to the novel metastable state (HS)Fe!l,Nb!v
with full sets of Fe!! centres.

Leaving the first decade of the XXI century behind, we
have gathered the solid experience and knowledge of the
potential carried by octacyanometallates with respect to the
search for functional materials. The collected examples of
synthetic strategies would allow for more judicious and pre-
cise choice of the building blocks in the design of novel
functional systems. The advanced and elaborate techniques
including coupling of the measurement of physical proper-
ties with the external stimuli applied in situ or the use of
synchrotron radiation techniques become a standard in the
characterization of different states in switchable materials.
The research in this field continues, and the new original
reports are expected to realize the ideas being formulated at
the crossroads of crystal engineering and material science.
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