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Abstract The most recent research progress in the fields of the crystal structure and magnetochemistry for rare
earth-transition metal cyano-bridged complexes is reviewed in detail. The emphasis is put on the introduction to the re-
search achievements of our group in this field, including all the types of complexes with different crystal structures in
these systems such as dinuclear, trinuclear, one-dimensional chain and hydrogen-bonded network ion-pairs. At the same
time a few examples of rare earth-transition metal molecular-based magnets have been found to exhibit excellent magneto-
chemical properties, such as the long-range magnetic ordering, the higher critical temperature T, and the stronger coer-
cive force. These results will be expected to promote the research development in this field.
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Molecular-based magnetic material is a new hot research subjec

Prussian blue analogues are a kind of important molecular-based magnets[6 . Extensive researches

have been carried out on the structures and magnetic properties of cyano-bridged complexes, which

(11 ~15)

are mainly focused on the transition metal cyano-bridged complexes . Little was reported on the

rare earth-transition metal cyano-bridged complexes and studies were mainly on the polynuclear Gd-Cu

{16~20] " most of which do not show special magnetochemical properties. These complexes

complexes
are either lacking in crystal structures to display the intrinsic coupling mechanism of the excellent
properties, or having low coercive force despite the higher critical temperature. Recently Gao’s re-
search group in Peking University synthesized a series of zero-dimensional (dinuclear, trinuclear),
one-dimensional chain, two-dimensional layer and hydrogen-bonded ion pair 4f-3d complexes using
2,2'-bipyridine, 1, 10-phenanthroline, 2, 2'-bipyridyl-N, N'-dioxide, N, N’-dimethylformide and
bipymidine as hybrid ligands. The corresponding structures and magnetic properties were stud-

ied": 2 [2:2]  Our group synthesized some cyano-bridged rare earth-Fe (Cr) complexes using
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[ M(CN)41%~ ( M = transition metal) fragment as building blocks and N, N’-dimethylformide, N-N'-
dimethylacetamide as hybrid ligands® . Table 1 lists the main kinds of cyano-bridged rare earth-transi-

tion complexes.

Table 1  Structures of cyano-bridged rare earth-transition metal complexes

Structure Complexe Reference
Three-dimensional  LnFe(CN)¢* nH,0(Ln=La—Nd, n=5; Ln=Sm—Nd, n=4) [21]
LnCr(CN)4*5H,0(Ln = La—Lu) ; [21]
Two-dimensional Ln(bipm) (H,0),Fe(CN)¢*3H,0(Ln = La, Nd) 1)
One-dimensional [ Ln(napy),(H,0),Fe(CN),],*4H,0(Ln = La, Ce, Eu, Gd) [22]
[ Ln(bipy),{ H,0),Fe(CN)4], -4H, 01 .5bipy(Ln = Eu, Gd, Y, Er, Yb) 2)
[Eu(phen),(H,0),Fe( CN)¢*2phen], 2)
[ Eu(terpy),(H,0),Fe(CN)1, (23]
[ Ln,(DMF) ,M(CN),],(Ln = Sm, Eu, Er, Yb and M = Ni, P, Pd) [24]
[ Eu(DMF),M(CN),],(M=Ni, Pt) [25]
[ Lng(DMF),4( 155-0) (1:3-0)s Pd(CN); 1, [26]
[Ce(gly);(H0)Fe(CN)¢1, [27]
[ Ln(DMF),(H,0),Mn(CN)¢* H,0],(Ln = Sm, Eu, Gd) This work
{Sm(DMA),(H,0),Fe(CN)45H,01, This work
[ Ln{bet),(H,0),Fe( CN)s ] ,(In = Pr—Dy) This work
Trinulear { [Nd(bipy),(H,0),1,{ Fe(CN)s]} [Fe(CN)s1+8H,0 [28]
{[Gd(DMA),;(H,0),],[Fe(CN)¢ ]! [Fe(CN)s1+3H,0 This work
Dinuclear Ln(DMF),(H,0),Fe(CN)*H,0 (Ln= Sm, Gd, Er) [29]
Ln(pyo),(H,0),Fe(CN)¢*2H,0 (Ln = Ce—Er) 3)
La(pyo)s(H,0),Cr(CN)s 2pyo*2H,0 (Ln = Ce—Nd) 3)
Ln{ pyo)s(H,0);Fe(CN)¢-2H,0 (Ln= Sm—Er) 3)
Ln(dpdo),(H,0),Fe(CN)*4H,0 (Ln = Eu, Gd, Y) 1), (30]
Ln(dpdo),(H,0),Cr(CN)s+4H,0 (ILn = Nd, Gd, Y) 1))
Ho(DMA),(H,0),Fe(CN)s*3H,0 This work
Ton pair [ Yb(H,0), ][ Fe{CN)¢ ] *Snapy*6H, 0 (22]
[Er(DMA),(H,0),][ Fe(CN)s] 4)
Ln(MPL);(H,0)sFe(CN)¢(Ln = La—Dy) 3)
La(dpdo),(H,0);Fe(CN)s*2H,0 1)
(Ln(DMA),(H,0),][ Cr(CN)¢] *2H,0 (Ln = Sm, Gd) This work
[Er(DMA),(H,0), ][ Cr(CN),] This work
[Er(MPL),(H,0),1[ Cr(CN)¢]-2H,0 This work

bipm = bipymidine; napy = 1,8-naphanthroline; phen = 1,10-phenanthroline; bipy = 2,2'-bipyridine; terpy =2,2': 6',2'-te-
trapyridine; pyo = 2-pyrrolidinone; DMF = N, N’-dimethylformide; DMA = N, N'-dimethylacetamide; bet = betaine; MPL = N-
methyl-pyrrolidinone; dpdo = 2,2'-bipyridyl-N, N'-dioxide .

1) and 2) See footnetes on Page 401 .

3) Sun X. R. Synthesis, structures and magnetism of cyano-bridged heterometallic complexes. Ph. D dissertation of Peking
university, 1999.

4) Kou H. Z. Structures and magnetism of cyano-bridged hybrid-type prussian blue complexes. Ph. D. Dissertation of Nankai
University, 1999.
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Table 1 shows that the hybrid ligands, rare earth ions and transition metal ions will influence the
composition, the coordination environment of rare earth ions and the crystal structure. The steric ef-
fect of hybrid ligands has great influences on the coordination environment of rare earth ions and the
crystal structures of complexes. For example, using 2-pyrrolidinone ligand, dinuclear cyano-bridged
complexes will form: Ln(pyo),(H,0);Fe(CN)¢*2H,0 (Ln = Ce—Er), Ln(pyo)s(H,0),Cr(CN)g4*
2pyo*2H,0 (Ln = Ce—Nd) and Ln(pyo)s(H,0);Fe(CN)¢*2H,0 (Ln = Sm—Er)¥; using N-
methyl-pyrrolidinone ligand, ion-pair complexes will form: Ln(MPL);(H,0)sFe(CN)g(Ln = La—
Dy)" because the methyl group in the MPL molecule enhances the steric hindrance; using 1, 8-
naphanthroline, 1,10-phenanthroline, 2,2'-bipyridine, 2,2': 6',2'-tetrapyridine and betaine as hy-
brid ligands, one-dimensional chain complexes are obtained? [22: #1; and using bipymidine ligand,
two-dimensional layer-like compounds are formed> . Another example is that we have prepared ion-
pair complexes with different terminal ligands using Er(NO,)s and Fe(CN)g¢ as reactant. The coordi-
nation environment for Er ion can be different: for N-pyrrolidinone, four MPL ligands surround Er
ion; for N, N’-dimethylacetamide, only three DMA ligands do. Using different [M(CN)5]3'(M =
transition metal ions) molecular fragment as the building block, one can also obtain a different coordi-
nation surrounding of rare earth ions and the crystal structures of complexes. For instance, using DMF
as hybrid ligands, here we give a detailed introduction to the crystal structure of cyano-bridged 4{-3d
complexes (Figure 1).

The first type is one-dimensional chain complex [ Sm(DMA),(H,0),Fe(CN)45H,0],(Fig. 1
(a)). Sm atom is of an eight coordination consisting of six oxygen atoms from two DMA molecules and
four water molecules as well as two nitrogen atoms from the two bridging CN. It is worthwhile to note
that one-dimensional chain -Fe-C(1)N(1)-Sm-N(6)C(6)-Fe-C(1)N(1)-Sm- is formed with the two
trans-bridged cyanides, like the S-folding chain of a protein molecule. We also synthesized similar
one-dimensional chain structural complexes [ Ln(DMF),(H,0),Mn(CN)¢*H,0],, Ln = Sm, Eu,
Gd; [Ln(bet),(H,0);Fe(CN)¢],(Ln = Pr, Nd, Eu, Gd, Tb, Dy), which form the B-folding of
protein molecule through two cis (Ln and Mn) or trans (Ln and Fe) cyanides between rare earth ions
and transition metal ions. There are many other reports on these kinds of complexes® [2-21] " Ope-
dimensional chain structural cyano-bridged complexes are composed of four types: (i) two cis-
cyanides and two nitrogen atoms bonded with the opposite position of the rare earth ion; (ii) two
trans-cyanides and two nitrogen atoms bonded with the opposite position of the rare earth ion; (iii)
two cis-cyanides and two nitrogen atoms bonded with the adjacent position of the rare earth ion; (iv)
two trans-cyanides and two nitrogen atoms bonded with the adjacent position of the rare earth ion.
structure (i) is the most common, such as Ln-Mn complexes; and Ln-Fe complexes belong to struc-
ture (ii); structures (iii) and (iv) are described in References [23] and [27].

The second type is trinuclear {[ Gd(DMA);(H,0),],Fe(CN)¢}[Fe(CN)¢]+3H,0 (Fig. 1
(b)). Each Fe atom is bridged with two Gd atoms through two cyano groups (C(5)N(5) and
C(6)N(6)). Each Gd atom is of eight-coordination, in which seven coordinated oxygen atoms come

from the three DMA molecules, and the four water molecules and each has one coordinated nitrogen

1) ~3) See footnotes on page 402.
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Fig. 1 Crystal structures of [ SmFe], complex (a) and Gd,Fe complex (b).

atom from the bridging cyanide ligands. Fe atom is bridged with the two Gd atoms through two
cyanides (C5N5 and C6N6) . It is interesting to note that one DMA molecule coordinated to Gd atom
has two kinds of stereo configuration, in which the only difference is that, besides the coordinated
oxygen atoms of acetamide group of DMA, the other atoms rotate 180° around the O-Gd axis. The
crystal structure of Gd,Fe complex indicates that there is a central cyano-bridged framework. In the
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trinuclear structure of Gd(1)-N(6) C(6)-Fe-C(5)N(5)-Gd(2), the two cis-cyano group bridges,
one Fe atom and two Gd atoms form an isolated molecule. Ref. [28] reported a similar type of com-

plexes.

The third type is an isolated dinuclear Ho(DMA ), (H,0);Fe(CN)¢*3H,0 (Fig. 2(a)). The
Ho atom is of seven coordination and the coordination polyhedron can be described as a slightly dis-
torted pentagonal bipyramid. Six oxygen atoms of three H;O molecules and three DMA molecules and
one N atom of the bridging CN ligand coordinated to Ho. In addition, the terminal cyanide is also hy-
drogen-bonded to some H,0 molecules of the adjacent Ho-Fe fragment. Ma? , Yi? , Sun® R Kou'®’

and Gao et al.[®) . reported similar dinuclear complexes, who used DMF, pyro and dpdo as hybrid
ligands, K;Fe(CN)g and K;Cr(CN)g as building blocks.

The fourth type is [ Er (DMA); (H,0),] [Cr(CN)g] (Fig. 2(b)), which consists of
[Er(DMA);(H,0),]1** and [Cr(CN)41%" . In the cation [ Er(DMA),(H,0),1** , Er atom has sev-
en coordinated oxygen atoms from three DMA molecules (0(11), 0(21) and O(31)) and three H,0
molecules (O(1), 0(2) and O(3)). The coordination polyhgdron can also be described as a slightly
distorted pentagonal bipyramid (Fig. 2 (b)), among which the two apexes are two coordinated oxygen
atoms of DMA molecules, 0(21) and O(31). The symmetry mirror plane is a pentagon composed of
0(11), 0(4), 0(2), O0(1) and O(3). Er atom, four H,O and one DMA group lie in the mirror
plane, the other two symmetrical DMA groups show some distortion, the bond lengths between the two
apex oxygen atoms and central Er atom are approximately equal. Besides the static electricity interac-
tion between the ion pairs, there exists the hydrogen bond between the coordinated H,O molecules in
[Er(DMA);(H,0),]** and the CN groups of [ Cr(CN)¢]*~ . Similar ion pair complexes can be seen
in the papers of Ma? , Sun® R Adachil®! and Kou!®'.

Besides, Ma et al.! prepared the first example of two-dimensional layer-like structural cyano-
bridged 4f-3d complexes using bipymidine Ln(bipm) (HQO)4Fe( CN)¢*3H,0 (Ln=La, Nd). Each
Nd ion coordination is of two N atoms from chelated bipymidine ligand, four H,O molecules and three
N atoms of bridged cyanides. Two Fe ions are located in the symmetry center: one links up the adja-

cent Nd ion with two para-cyano groups, and the other links up the adjacent Nd ion with four cyano

groups.

From the reaction between Ln** and [Fe(CN)¢]*~, [Cr(CN)41®~, respectively, three-dimen-
sional cyano-bridged complexes are obtained %! . Among LnFe(CN)¢* nH,0 (Ln = La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y), the complexes containing Sm, Gd, Dy, Ho,
Er and Tm exhibit ferromagnetic behavior, Tb complex shows higher magnetic phase-transfer tempera-
ture 7, (11.7 K). All the other rare earth hexacyanometallates show antiferromagnetic behavior.
Some researches have been carried out on the magnetic properties of dinuclear 4f-3d cyano-bridged
complexes , and the magnetic susceptibilities for Gd-Fe and Gd-Cr complexes have been analyzed . It is

1),3)

found that the ferromagnetic coupling is dominant between Gd ion and Fe or Cr ions , a few com-

plexes show antiferromagnetic coupling! . Besides this, it has been found that there exists ferr-

1) ~3) See footnotes on page 402.
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Fig. 2 Crystal structures of HoFe (a) and ErCr complex (b).
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imagnetic phase-transfer behavior in some compounds at low temperature range')?) .

We measured the variable temperature susceptibilities of several series of cyano-bridged rare
earth-transition metal complexes and found a weak antiferromagnetic interaction between rare earth
jons and transition metal ions in most of these complexes. Among them, some complexes show inter-
esting magnetochemical properties, especially one-dimensional chain structural complexes [ Sm
(DMF),(H,0),Mn(CN)4*H,0], and [Sm(DMA),(H,0),Fe(CN)¢*5H,0], exhibit macroscopic
magnetic ordering. The alternating magnetic susceptibility of [ Sm(DMF),( H,0),Mn(CN)¢*H,0],
at 111 Hz appears both in-phase y, and out-of-phase yn(Fig. 3(a)). The imaginary part of the al-
ternating susceptibility indicates the existence of long-range magnetic ordering, and the larger coercive
force. According to the peak of ¥',,(T) curve, the critical temperature T, is determined at 18 K,
which is the highest temperature in the reported 4f-3d complexes. The hysteresis loop of the complex
is determined at 5.7 K (Fig. 3(b)), which reveals the stronger coercive force H_ =600 Oe and rem-
nant magnetization Mg =0.69 NBmol '.
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Fig. 3 Plot of in-phase x|, and out-of-phase ¥, of magnetic susceptibility for [SmMn], complex at 111 Hz (a) and hysteresis
loop 5.7 K (b).

Figure 4 (a) shows the alternating magnetic susceptibilities of [ Sm(DMA),( H,0),Fe(CN)g*
5H,0], at 199 Hz, with both in-phase y ., and out-of-phase y7,. The critical temperature T, is deter-

mined at 3.5 K from y/,,(T) curve. The hysteresis loop for the complex is determined at 1.8 K (Fig.
4(b)), which is similar to the above SmMn complex. The stronger coercive force H, = 1400 Oe and

remnant magnetization My =0.11 NBmol™' are obtained. The magnetic properties of the above two

complexes are not commonly found in cyano-bridged rare earth-iransition metal complexes.

Using the broken symmetry approach proposed by Noodleman'*?!, E s = Ens = [ = Sumax( Smax

s-ll
+1)+ ZAI(S )+ S(S +1)], the energy difference between the highest spin state (HS) and bro-
S

ken symmetry state (BS) of a molecule can be calculated, where E is the energy, S the spin state of
the molecule and A,(S) the square of Clebsch-Gordan coefficient. Combining the density functional
theoretical method in quantum chemistry, the Heisenberg magnetic coupling constant J between mag-
netic carriers can be calculated, which further determines the nature of ferromagnetic, ferrimag-

1) and 2) See footnotes on page 401.
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Fig. 4 Plot of in-phase y. and out-of-phase y7 of magnetic susceptibility for [SmFe], complex at 199 Hz (a) and hysteresis
loop at 1.8 K (b).

netic and antiferromagnetic interaction between these magnetic carriers and the degree of these interac-

tions!)» 131> 32]

. The calculation for J is carried out using Amsterdam density functional (ADF) pack-
age version 2.3 . And the calculation of local density approximation (LDA) with exchange and
correlation potentials makes use of Vosko, Wilk and Nusair correlation functional ! . During the cal-
culation, Becke’s nonlocal (NL) exchange correlation and Perdew’s NL correlation correction are
added \ + [35]. Convergence criterion is judged by the commutator of density matrix and Fock ma-
trix. Once the maximum element of the commutator is smaller than 10~ , and the norm of the com-
mutator is less than 1074, the convergence is considered to be achieved. The numerical integration
procedure adopts the polyhedron method developed by Velde et al. (3] and the integration precision
parameter is set to be 3.5. The molecular magnetic interaction is sensitive to the molecular structure,
so Eys and Egg can be obtained by means of a calculation over the whole molecule using the direct
experimental geometrical configuration. For [ Gd{pyo),(H,0);][Fe(CN)¢]*2H,0 complex, from
the above formula, Eys— Eps= —7 J, and J value calculated is 8.1 cm™'; the experimental value
is0.74 cm™'. In spite of the difference between the calculated value and experimental value, the
calculated result is acceptable in view of the present calculated level with a very small absolute value
of J. The calculated value and experimental value of J are both positive, indicating that the magnetic
coupling between Gd-Fe belongs to ferromagnetic interaction. Simultaneously one can also obtain the
spin electronic density map of [ Gd(L),(H,0);][Fe(CN)4]+2H,0 molecule (Fig. 5). In the high
spin state (HS), the spin electrons of GA(III) and Fe(IIl) induce the spin polarization of surround-
ing ligands, which leads to the spin density of surrounding ligands taking an opposite sign to that of
Gd(III) Fe(II1) . The spin polarization effect propagates with the alternate spin sign away from the
paramagnetic center. Then is the spin polarization between Gd (III) and Fe(IIl) complementary or
counter-active on C1N1? From Fig. 5, the opposite polarization effect of the two magnetic centers on
CIN1 is counteractive, resulting in the spin polarization of Fe(III) on C1 larger than Gd(III), and a
negative spin density; while for N1, the polarization of Gd(IIl) is larger than Fe(III) and the spin
density of N1 is negative.

In conclusion, in order to enhance the magnetic anisotropy and molecular magnetic moment, we

1) Yan, F. The density functional theoretical method and its application in molecular magnetism. Master thesis of Peking Uni-
versity, 2000.
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(@ (b

Fig. 5 Spin density maps of [ Gd(L),(H,0);][Fe(CN)¢]+2H,0. (a) High spin state; (b) broken symmetry state.

designed and synthesized cyano-bridged rare earth-transition metal complexes with different hybrid lig-
ands, among which SmMn and SmFe exhibit some novel magnetic properties. Using the broken sym-
metry approach combined with density functional theoretical method, the spin density distributions of
typical complexes have been calculated, indicating that the magnetic coupling interaction between rare
earth and transition metal jons is through a spin polarization mechanism. The research on the cyano-
bridged 4f-3d complexes molecular-based magnets needs to be extended and developed in the follow-
ing aspects: (i) selecting new building blocks and adopting new synthetic methods, to prepare some
new complexes and to study their crystal structure and magnetic properties in order to discover novel
excellent molecular-based magnets; (ii) to study the relationship between the crystal structures and
corresponding magnetic properties for the complexes whose structures and magnetic properties have
been known; (iii) from the quantum chemistry, to study the magnetic model of all kinds of structural
cyano-bridged 4f-3d complexes in order to elucidate the magnetic coupling mechanism between metal
ions; (iv) using the broken symmetry approach combined with the density functional theoretical
method, to calculate and approximately calculate the spin density maps in order to elucidate the mag-
netic coupling mechanism between metal ions; (v) according to the correlation among structures, the-
ory and magnetic properties, to design novel molecules and discover cyano-bridged 4f-3d complexes
with excellent magnetic properties; (vi) on the basis of the above research, to achieve the excellent

molecular-based magnets by assembly and develop new applied research field.
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