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Abstract: Four cyano-bridged 1D bi-
metallic polymers have been prepared
by using the paramagnetic building
block trans-[Ru(acac),(CN),]~
(Hacac=acetylacetone):  {[{Ni(tren)}-
{Ru(acac),(CN),}][CIO,]-CH;OH}, (1)
(tren =tris(2-aminoethyl)amine), {[{Ni-
(cyclen)}{Ru(acac),(CN)JJ[CIO,}
CH;OH}, (2) (cyclen=1,4,7,10-tetra-
azacyclododecane), {[{Fe(salen){Ru-
(acac),(CN)JJ},  (3)  (salen® =N,N'-
bis(salicylidene)-o-ethyldiamine  dian-
ion) and [{Mn(5,5-Me,salen)},{Ru-
(acac),(CN),}][Ru(acac),(CN), |
2CH;OH (4) (5,5-Me,salen=N,N'-
bis(5,5'-dimethylsalicylidene)-o-ethyl-
enediimine). Compounds 1 and 2 are
1D, zigzagged NiRu chains that exhibit
ferromagnetic coupling between Ni"
and Ru™ ions through cyano bridges
with J=+1.92cm™, zJ'=—137cm™’,
g=220 for 1 and J=+0.85cm™, zJ' =
—0.16 cm™', g=2.24 for 2. Compound 3

has a 1D linear chain structure that ex-
hibits intrachain ferromagnetic cou-
pling (J=40.62cm™, zJ'=—-0.09 cm ™!,
g=2.08), but antiferromagnetic cou-
pling occurs between FeRu chains,
leading to metamagnetic behavior with
Ty=2.6 K. In compound 4, two Mn™
ions are coordinated to trans-[Ru-
(acac),(CN),]- to form trinuclear
Mn,Ru units, which are linked together
by m—m stacking and weak Mn---O* in-
teractions to form a 1D chain. Com-
pound 4 shows slow magnetic relaxa-
tion below 3.0 K with ¢=0.25, charac-
teristic of superparamagnetic behavior.
The Mn™--Ru™ coupling constant
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(through cyano bridges) and the
Mn™---Mn™ coupling constant (be-
tween the trimers) are +0.87 and
+0.24 cm™!, respectively. Compound 4
is a novel single-chain magnet built
from Mn,Ru trimers through noncova-
lent interactions. Density functional
theory (DFT) combined with the
broken symmetry state method was
used to calculate the molecular mag-
netic orbitals and the magnetic ex-
change interactions between Ru™ and
M (M=Ni", Fe", and Mn™) ions. To
explain the somewhat unexpected fer-
romagnetic coupling between low-spin
Ru™ and high-spin Fe™ and Mn™ ions
in compounds 3 and 4, respectively, it
is proposed that apart from the relative
symmetries, the relative energies of the
magnetic orbitals may also be impor-
tant in determining the overall magnet-
ic coupling in these bimetallic assem-
blies.
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Introduction

Paramagnetic 3d  cyanometalates, [M(CN)s]"~ and
[M(L),(CN),]*" (L=ancilliary ligand), have long been used
as building blocks for the construction of a wide variety of
molecule-based materials; many of them exhibit novel mag-
netic properties.' The nature of the magnetic interaction
between 3d metal centers in these compounds is usually
governed by the relative symmetries of the magnetic orbit-
als.™? In recent years, the preparation of molecule-based
materials has been extended to 4d and 5d metal ions, since
their orbitals are more diffuse and so enhanced magnetic in-
teractions may be expected. We were interested in preparing
polynuclear complexes based on paramagnetic ruthenium-
(II) building blocks.”) Although [Fe(CN)sJ*~ is robust and
readily available, [Ru(CN)¢]>~ is very unstable, especially in
solvents such as water and alcohols.! On the other hand,
[Ru(ox);]*" is much more stable and a number of coordina-
tion polymers of the general formula [NBu,][M"Ru™(ox),]
(M=Mn, Fe and Cu) have been reported.’” The drawback
of using [Ru(ox);]*~ as a building block, at least in our
hands, is that the coordination polymers produced are
mostly in powder form and single crystals suitable for X-ray
crystal structure determination are difficult to obtain. Re-
centlyy, we and others reported the use of two
dicyanoruthenate(III) complexes, trans-[Ru™(acac),(CN),]”
(Hacac =acetylacetone) and  trans-[Ru™(salen)(CN),]”
(salen = N,N-bis(salicylidene)ethylenediamine), as building
blocks. A number of trimeric, 1D, 2D, and 3D bimetallic
compounds can be readily obtained by treatment of these
building blocks with 3d metal centers (MY). These com-
pounds have been structurally characterized by X-ray crys-
tallography, and they exhibit various magnetic behaviors
(Table 1).5") However, the nature of MN-Ru'"" interactions
in some of these compounds cannot be readily rationalized
using Kahn’s orbital symmetry model. For example, al-
though in the trinuclear [Mn"(CH;OH),{Ru(salen)(CN),},]
and 2D {[Mn"(H,O),{Ru(salen)(CN),},]-H,O}, the Mn'"-
Ru'! interaction is antiferromagnetic,™ which is as expect-
ed; in the 1D [{Mn™(L)}{Ru(salen)(CN),}] (L is a salen type
ligand)®? the Mn"-Ru" interaction is ferromagnetic. Thus,

Table 1. Summary of MNRu™ bimetallic compounds.
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it is worthwhile to study more M"-Ru'™ systems in order to
gain a better understanding of the nature of M™~Ru™ mag-
netic interactions.

Herein, we report the syntheses, structures, and magnetic
properties of four new bimetallic compounds constructed
from [Ru(acac),(CN),]"; {[{Ni(tren)}{Ru(acac),(CN),}]-
[C10,]-CH;0H]}, (tren=tris(2-aminoethyl)amine) (1), {[{Ni-
(cyclen)}{Ru(acac),(CN),}][C10,]-CH;0OH]}, (cyclen=
1,4,7,10-tetraazacyclododecane) (2), {[{Fe(salen)}{Ru(acac),-
(CN)ML (3), [IMn(5,5"-Mejsalen)},{Ru(acac),(CN),}][Ru-
(acac),(CN),]-2CH;0H (5,5'-Me,salen = N,N'-bis(5,5"-di-
methylsalicylidene)-o-ethylenediimine) (4). Compounds 1
and 2 have a 1D zigzagged chain structure, which is different
from the linear chain structure of [{Ni"(cyclam)}{Ru""-
(salen)(CN),}][ClO,].F¥! Compound 3 is the first example of
an FeRu™ coordination polymer. It exhibits metamagnetic
behavior with Ty=2.6 K. Compound 4 is a novel single-
chain magnet built from Mn,Ru trimers linked together by
noncovalent interactions. DFT calculations have also been
performed on compounds 1, 3, and 4, which provide insight
into the nature of magnetic interactions in MN-Ru™ bimetal-
lic assemblies.

Results and Discussion

Synthesis and characterization: Reaction of trans-Ph,P[Ru-
(acac),(CN),] (Ph=phenyl) with the partially blocked com-
plexes [Ni(tren)][ClO,],, [Ni(cyclen)][ClO4],, [Fe(salen)-
(OAc)] (OAc=acetate) and [Mn(5,5-Me,salen)]PF, in
methanol/DMF or methanol resulted in the formation of re-
spective complexes 1-4. The IR spectra show vy stretches
at 2137(s) for 1, 2133(s) for 2, 2118(s) for 3, and 2120(s)
and 2090 cm ™' (m) for 4. The two peaks for 4 are assigned to
the bridging and terminal cyanide stretches, respectively. In
each compound, a cyanide stretch occurring at a higher fre-
quency than that of the monomeric complex trans-Ph,P[Ru-
(acac),(CN),] (2096 cm™') is observed, indicating coordina-
tion of cyanide to a second metal.

Compounds Structure Ru"-M interaction/magnetic properties Ref.
[Bu,N]J[Cu"Ru'"(0x)s] 2D AF ol
[Bu,N][Fe"Ru"(0x);] 2D AF ferromagnet, Ty=13 K

[Bu,N][Mn"Ru"'(0x)s] 2D F

{[M{Ru(acac),(CN),},]},* 3D diamond-like F ferromagnet, Tc=3.6 K (Mn), 4.6 K (Co) [Sabl
[Ni(cyclam){Ru(acac),(CN),},]-2 CH;OH-2 H,0O trinuclear F (5]
Ph,P[Ln(NO;),{Ru(acac),(CN),},]"" 2D negligible (3¢l
[{Ru(acac),(CN),}{Ni,(L)(H,0),}][Ru(acac),(CN),]-2 H,O'! 1D F Ni—Ni: AF, overall AF (sl
[{Ru(acac),(CN),}{Co(dmphen)(NO;)}]-H,O 1D F

[{Ru(acac),(CN),}{Ni(dmphen)(NO;)}]-H,O 1D F

[Mn"(CH;0H),{Ru(salen)(CN),},]:6 CH;OH-2H,0O trinuclear AF (3°]
{[{Mn"(H,0),}{Ru(salen)(CN),},]-H,0},, 2D AF

[{Ni"(cyclam)}{Ru"(salen)(CN),}][CIO,] 1D F Bl
[{Mn™(L)}{Ru(salen)(CN),}]! 1D F metamagnet, Ty=2.5 K 1

[

a] M=Mn, Co. [b] Ln=Tb, Dy, Er, Gd. [c] L=a binucleating Schiff-base ligand. [d] L=a salen type ligand.
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Table 2. Summary of crystallographic data for compounds 1-4.

1 2 3 4
formula C,oH34CINgNiOgRu C,H3xNNiOyRuCl CyHysFeN,O4Ru Cs,H7,Mn,N;O,,Ru,
i, 687.717 713.80 673.46 1465.30
crystal system triclinic monoclinic triclinic monoclinic
space group Pl P2//c P1 P2//c
a[A] 7.9467(19) 12.3160 (8) 71.3124(4) 13.9757(8)
b [A] 13.345(3) 14.9247 (9) 12.3476(7) 15.0538(8)
c[A] 13.807(3) 16.7362 (11) 15.8104(9) 16.5309(9)
a[°] 93.572(3) 90 89.98(0) 90.00
AN 104.321(3) 100.074 (1) 78.75(0) 111.67(0)
v [°] 93.847(3) 90 79.66(0) 90.00
VA% 1410.8(6) 30289 (3) 1376.46(13) 3232.05(30)
V4 2 4 2 2
Peatca [gem 73] 1.619 1.565 1.625 1.506
T [K] 301 (2) 296 (2) 173(2) 301 (2)
u [mm™] 1.352 1.26 1.125 0.909
F(000) 706.0 1468 684 1500
data/restraints/parameters 6244/25/338 6890/0/335 6329/0/354 7370/1/401
GOF on F* 1.061 1.045 1.024 1.018
Ry, wR, [I>20(1)] 0.154, 0.055 0.122, 0.043 0.078, 0.033 0.083, 0.031
R,, wRy(all data) 0.069, 0.164 0.061, 0.135 0.052, 0.087 0.046, 0.094

X-ray crystal structures: Crystallographic data for com-
pounds 1-4 are listed in Table 2, and selected bond lengths
and angles in Tables 3-6, respectively.

Compound I: Single-crystal X-ray analysis reveals that 1 has
a 1D, zigzagged chain-structure with each [Ru(acac),(CN),]~

unit connected to two [Ni(tren)]** units through the trans
cyano groups, forming an almost planar -Ru-CN-Ni-NC-
polymeric backbone. The perchlorate anions and methanol
solvates are situated between the polymeric chains
(Figure 1, bottom and Figure S1 in the Supporting Informa-
tion). Each Ni"" center is octahedrally coordinated to the
four nitrogen atoms of tren and two nitrogen atoms of the
cyano groups in a cis configuration. The Ni—N(tren)
(2.106(4)-2.140(4) A) and the Ni—N(cyanido) bond lengths
(2.041(4), 2.106(4) A) in compound 1 (Table 3) are compara-

) o1/ / / G Table 3. Selected bond lengths [A] and angles [°] for compound 1.1

N;%ér—.) Rul Clng ) 9 ¥ Rul-O1 2011 (3) Nil-N2 2.041 (4)
gl ‘L »{ Rul-02 2.011 (4) Nil-N6 2.106 (4)
"'1/ Sns Rul—C1 2.059 (5) Nil-N1 2.106 (4)
Ru2-03 2.007 (3) Nil-N4 2.108 (4)
Ru2—-04 2.022 (3) Nil-N3 2135 (4)
Ru2—C2 2.064 (5) Nil-N5 2.140 (4)
N1-C1 1.149 (7) N2-C2 1.156 (6)
02-Rul-02 180.000 (1) 03-Ru2-03' 180.000 (1)
O1-Rul-O1 180.00 (19) 04-Ru2-04 180.00 (16)
02-Rul-Ot' 89.36 (15) 03"-Ru2-04 89.73 (13)
02-Rul-O1 90.64 (15) 03-Ru2-04 90.27 (13)
02-Rul-Cl 88.10 (18) 03-Ru2-C2" 91.03 (16)
02-Rul-C1 91.90 (18) 04-Ru2-C2* 94.66 (16)
O1-Rul-Cl 88.93 (16) 03-Ru2-C2 88.97 (16)
O1-Rul-C1 91.07 (16) 04-Ru2-C2 85.34 (16)

Cl1-Rul-Cl! 180.000 (1) C2.Ru2-C2 180.0 (2)
N2-Nil-N6 174.22 (17) N2-Nil-N3 97.31 (18)
N2-Nil-N1 91.64 (17) N6-Ni1-N3 82.14 (18)
N6-Nil-N1 94.07 (17) N1-Nil-N3 86.57 (18)
N2-Nil-N4 91.72 (19) N4-Nil-N3 94.59 (19)
N6-Nil-N4 82.61 (19) N2-Nil-N5 99.83 (19)
N1-Nil-N4 176.28 (18) N6-Nil-N5 81.51 (18)
N3-Nil-N5 161.5 (2) N1-Nil-N5 85.96 (18)

N4-Nil-N5 91.9 (2) C1-N1-Nil 178.8 (4)

Figure 1. Top: ORTEP view of 1 with the atom labeling scheme. Bottom: N1-Cl-Rul 177.8 (5) C2-N2-Nil 1736 (4)

N2-C2-Ru2 172.6 (4)

view of the 1D zigzag chain of 1. Hydrogen atoms, anion ClO,” and sol-
vated methanol molecules are omitted for clarity.
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[a] Symmetry codes: i: —x, 2—y, 1—z;ii: 1—x, 1—y, 1—z.
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Figure 2. Top: ORTEP view of 2 with the atom labeling scheme. Bottom:
view of the 1D zigzag chain of 2. Hydrogen atoms, anion ClO," and sol-
vated methanol molecules are omitted for clarity.

ble to those in [({Ni(tren)};{Fe(CN)4}),]-6H,O0.® The
Ni—N=C units are virtually linear with angles of 178.8(4)
and 173.6(4)°; whereas the N2-Ni-N1 unit is bent with angle
of 91.64(17)°, leading to a zigzagged chain. The bond lengths
in each [Ru(acac),(CN),]- unit [Ru—0=2.007(3)-

Figure 3. Top: ORTEP view of 3 with the atom labeling scheme. Bottom:
view of the linear chain of 3.
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Table 4. Selected bond lengths [A] and angles [°] for compound 2.1

Rul-03 2.000 (3) Nil-N2 2.057 3)
Rul-04 2.009 (3) Nil-N1 2.080 (3)
Rul-02 2.011 (3) Nil-N6 2.094 (4)
Rul-O1 2.014 (3) Nil-N4 2.096 (3)
Rul—Cl1 2.059 (4) Nil-N5 2.125 (4)
Rul—C2 2.064 (4) Nil-N3 2.133 (4)
N1-Cl 1.141 (5) N2-C2 1.146 (5)
03-Rul-04 90.77 (12) N2-Nil-N1 87.48 (14)
03-Rul-02 177.60 (12) N2-Nil-N6 172.08 (14)
04-Rul-02 90.97 (12) N1-Nil-N6 84.82 (14)
03-Rul-O1 88.12 (12) N2-Nil-N4 91.67 (14)
04-Rul-0O1 178.34 (12) N1-Nil-N4 17827 (15)
02-Rul-0O1 90.17 (11) N6-Nil-N4 96.07 (14)
03-Rul-Cl 93.86 (14) N2-Nil-N5 96.75 (14)
04-Rul-Cl 90.48 (14) N1-Nil-N5§ 101.16 (15)
02-Rul-Cl 87.78 (14) N6-Nil-N5 82.93 (15)
01-Rul-C1 88.36 (13) N4-Nil-N5 80.44 (14)
03-Rul-C2 88.08 (13) N2-Nil-N3 99.94 (15)
04-Rul-C2 86.12 (14) N1-Nil-N3 97.83 (15)
02-Rul-C2 90.38 (14) N6-Nil-N3 83.01 (15)
O1-Rul-C2 95.07 (14) N4-Nil-N3 80.83 (14)
C1-Rul-C2 176.11 (15) N5-Nil-N3 155.17 (14)
N1-C1-Rul 1733 (4) C1-N1-Nil 167.8 (3)

N2i-C2-Rul 172.7 (4) C2-N2-Nil 1711 (3)

[a] Symmetry codes: i: —x, y—1/2, —z+1/2;ii: —x, y+1/2, —z4+1/2.

2.022(3) A; Ru—C=2.059(5)-2.064(5) A, C=N=1.149(7)-
1.156(6) A] are similar to those of the monomeric complex
trans-Ph,P[Ru(acac),(CN),]*  (Ru—0=1.98(2)-2.03(2) A;
Ru—C=2.06(3)-2.093) A; C=N=1.12(3)-1.153) A) and
other bimetallic compounds containing [Ru(acac),-

Table 5. Selected bond lengths [A] and angles [°] for compound 3.F!

Fel-01 1.910(3) O3—Rul 2.008(2)
Fel—02 1.912(2) 04-Rul 2.010(2)
Fel-N3 2.121(3) O5—Ru2 2.004(2)
Fel-N4 2.133(3) 06-Ru2 2.016(2)
Fel-N2 2.135(3) Cl17-Rul 2.062(3)
Fel-N1 2.144(3) C23—Ru2 2.065(3)
C17-N3 1.151(4) C23—N4 1.148(4)
O1-Fel-02 109.31(9) 03-Rul-03 180.00(9)
O1-Fel-N3 89.32(10) 0O3-Rul-0O4' 90.30(9)
02-Fel-N3 90.63(9) 03-Rul-04 89.70(9)
O1-Fel-N4 88.77(9) 04-Rul-04 179.99(9)
02-Fel-N4 88.72(9) 03-Rul-C17 92.72(10)
N3-Fel-N4 177.66(10) 03-Rul-C17 87.28(10)
O1-Fel-N2 162.15(9) 04-Rul-C17 93.14(10)
02-Fel-N2 87.89(9) 04-Rul-C17 86.86(10)
N3-Fel-N2 85.65(10) C17-Rul-C17 180.00(11)
N4-Fel-N2 96.57(10) 05-Ru2-05' 180.00(8)
O1-Fel-N1 87.63(10) 05-Ru2-06 89.90(8)
02-Fel-N1 162.17(9) 05-Ru2-06' 90.10(8)
N3-Fel-N1 95.23(10) 06-Ru2-06" 179.98(8)
N4-Fel-N1 86.05(10) 05-Ru2-C23 87.3(1)
N2-Fel-N1 75.82(10) 05"-Ru2-C23 92.7(1)
C17-N3-Fel 166.98(23) 06-Ru2-C23 89.25(9)
C23-N4-Fel 160.99(23) 06"-Ru2-C23 90.75(9)
N3-C17-Rul 175.68(24) C23-Ru2-C23t 179.99(11)
N4-C23-Ru2 176.62(24)
[a] Symmetry codes: i: —x, —y, 1—z; ii: 1—x, 1—y, —z.
www.chemeurj.org — 3527
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Figure 4. Top: ORTEP plot of 4 (30 % probability ellipsoids). The metha-
nol solvates were omitted for clarity. Middle: 1D assembly of Mn"'—
Ru™-Mn" trinuclear units in 4. Bottom: crystal packing diagram of 4
with hydrogen atoms omitted for clarity.

(CN),] .4 The Ru—C=N angles (172.6(4)-177.8(5)°) are
close to linear (Figure 1, top). The closest intramolecular
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Table 6. Selected bond lengths [A] and angles [°] for compound 4.5

Rul-03 2.0086 (17) Mn1-O1 1.8538 (17)
Rul-04 2.0171 (16) Mn1-02 1.8776 (18)
Rul—Cl1 2.060 (2) Mn1-N3 1.971 (2)
Ru2-06 2.0094 (18) Mn1-N2 1.976 (2)
Ru2-05 2.0103 (18) Mn1-N1 2.165 (2)
Ru2-C30 2.067 (3) N4-C30 1.143 (4)
N1-C1 1.144 (3)

03-Rul-O4' 89.90 (7) 05"-Ru2-C30 89.53 (10)
03-Rul-04 90.10 (7) 06-Ru2-05 91.45 (8)
03-Rul-03' 180.0 06-Ru2-06" 180.0
O4-Rul-04 180.00 (6) C30-Ru2-C30° 180.00 (13)
C1-Rul-Cl 180.0 05-Ru2-05" 180.0
03-Rul-Cl 90.38 (8) 06"-Ru2-05 88.55 (8)
04-Rul-Cl! 93.68 (8) 06-Ru2-C30 90.48 (10)
03-Rul-Cl 89.62 (8) 06/-Ru2-C30 89.52 (10)
04-Rul-C1 86.32 (8) 05-Ru2-C30 90.47 (10)
01-Mn1-02 92.20 (8) N3-Mn1-N2 82.90 (9)
01-Mn1-N3 168.02 (8) 01-Mn1-N1 10118 (8)
02-Mn1-N3 89.85 (8) 02-Mn1-N1 102.53 (9)
01-Mn1-N2 92.13 (8) N3-Mn1-N1 89.87 (8)
02-Mn1-N2 164.27 (9) N2-Mn1-N1 91.44 (9)
N1-C1-Rul 1773 (2) C1-N1-Mnl 168.1 (2)
N4-C30-Ru2 1783 (3)

[a] Symmetry codes: i: —x+1, —y+1, —z+1;ii: —x+1, —y, —z+1.

Ni--Ru distance is 5.232 A and the closest intermolecular
Ru--Ru separation is 7.533 A.

Compound 2: The structure of 2 is similar to that of 1, it
also has a 1D, zigzagged chain-structure formed by assembly
of the [Ru(acac),(CN),]- and [Ni(cyclen)]** ions through
bridging cyano groups. The perchlorate anions and methanol
solvates are situated between the polymeric chains
(Figure 2, bottom). Each Ni" center is octahedrally coordi-
nated to the four nitrogen atoms of cyclen and two nitrogen
atoms of cyano groups in a cis configuration. The Ni—N-
(cyclen) (2.094(4)-2.133(4) A) and the Ni—N(cyanido) bond
lengths (2.057(3), 2.080(3) A) in compound 2 (Table 4) are
comparable to those in {[{Ni(cyclen)}
{Mn(N)(CN),}]-CH,0H},! and [Ni(cyclen)],-
[Pt(CN),],,6 H,O.!l The Ni-N=C units are bent with angles
of 167.8(3) and 171.1(3)°; the N2-Ni-N1 unit is also bent
with an angle of 87.48(14)°, resulting in a zigzagged chain.
The bond lengths in each [Ru(acac),(CN),]” unit (Ru—O=
2.000(3)-2.014(3) A; Ru—C=2.059(4)-2.064(4) A; C=N=
1.141(5)-1.146(5) A) are similar to those found in compound
1. The Ru—C=N angles (172.7(4)-173.3(4)°) are close to
linear (Figure 2, top). The closest intramolecular Ni--Ru dis-
tance is 5.225 (5) A and the closest intermolecular Ru-+Ru
and Ni-Ni separations are 7.574(4) A and 8.4493(7) A, re-
spectively.

Compound 3: Compound 3 has a 1D linear chain structure
with each [Ru(acac),(CN),]” unit connected to two [Fe-
(salen)]™ units through the trans cyano groups (Figure 3 and
Figure S2 in the Supporting Information). The mean Ru—O-
(acac) (2.007(2) A) and Ru—C (2.064(3) A) bond lengths
(Table 5) are similar to those in other Ru™-M bimetallic
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complexes.”™¥ The Ru—C=N angles are close to linear
(175.68(24)° for Rul-C17-N3 and 176.62(24)° for Ru2-C23-
N4). Each Fe'™ center is octahedrally coordinated to the two
nitrogen atoms and two oxygen atoms of salen and two ni-
trogen atoms of cyano groups in a trans configuration. The
Fe—N(salen) (2.135(3)-2.144(3) A), Fe—O(salen) (1.910(3)-
1.912(2) A) and Fe—N(cyanido) bond lengths (2.121(3),
2.133(3) A) in compound 3 are comparable to those in [{Fe-
(salen));{Fe(CN)¢}(MeOH),],-3n H,O.l'l The Fe—N=C units
are bent with angles of 166.98(23) and 160.99(23)°. The clos-
est intramolecular Fe--Ru distance is 5.300 A and the closest
intermolecular Ru-~Ru and Fe--Fe separations are both
7312 A.

Compound 4: As depicted in Figure 4 (top), the basic unit
of 4 is composed of two [Mn(5,5-Me,salen)]* ions joined
with one [Ru(acac),(CN),]” ion to form a cyano-bridged
linear trinuclear cation [Mn-NC-Ru-CN-Mn]*. The
[Mn(5,5'-Me,salen)]* units are further linked together by in-
termolecular face-to-face m—m interactions between neigh-
boring (5,5'-Me,salen) ligands (with an average separation
of about 3.38 A) and weak Mn--O*(phenolate oxygen of the
adjacent [Mn'"'(5,5'-Me,salen)]™ unit) interactions, resulting
in a 1D, linear chain structure (Figure 4, middle). The
Mn--O* distance of 2.921 A is much longer than that of a
dimeric Mn"-salen analogue (2.375 A)."” In the trimer,
each Mn™ is pentacoordinated by two nitrogen and two
oxygen atoms from (5,5-Me,salen) and one nitrogen atom
from cyanide to give a square pyramidal geometry. The
Mn—N(5,5'-Mesalen)  (1.971(2)-1.976(2) A), Mn—O(5,5'-
Me,salen) (1.854(17)-1.878(18) A) and Mn—N(cyanido)
bond lengths (2.165(2) A) in compound 4 (Table 6) are com-
parable to those in [{Mn(5,5-Me,salen)}{Mn(N)(CN),}]
(Mn—N(5,5-Meysalen) 2.004(2) A, Mn—O(5,5-Me,salen)
1.890(19) A, and Mn-N(cyanido) 2.252(3) A).”) The bond
lengths in each [Ru(acac),(CN),]” wunit (Rul-O=
2.0086(17)-2.0171(16) A; Rul-C=2.060(2) A; C1-N1=
1.144(3) A) are similar to those found in the free trans-[Ru-
(acac),(CN),]~ anion (Ru2—0 =2.0094(18)-2.0103(18) A,
Ru2—C=2.067(3) A, C30-N4=1.143(4) A). The Ru—C=N
angle (177.3(2)°) is close to linear. The free [Ru-
(acac),(CN),]” ions and the methanol molecules are situated
between the polymeric chains, leading to a shortest inter-
chain Ru-Ru distance of 11.452 A. Hydrogen bonding
occurs between the free [Ru(acac),(CN),]” ion and the two
methanol molecules. All of the Ru atoms lie on the twofold
axis and the cations stack along the a axis (Figure 4, middle
and bottom). For each trimer, the Mn--Ru distance is
5.3321(4) A and the Mn--Mn distance is 10.6642(6) A, and
the Mn-+Mn distance between two adjacent trimer units is
3.6244(6) A.

Magnetic properties
Compound 1: The temperature dependence of the magnetic

susceptibility of 1 was measured in the range of 2-300 K
under an external magnetic field of 1kOe (Figure 5). The
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Figure 5. Temperature dependence of yy7 (squares) and y, ' (circles),
and field dependence of the magnetization for compound 1 (inset).

xmT value at room temperature is 1.71 cm*mol ™" K, which is
larger than the spin-only value of 1.375 cm*mol™'K for one
Ni" with §=1 and one Ru™ center with §='4, but is consis-
tent with the sum of typical experimental y\7 values for
one Ni" and one Ru™ (the typical yyT value for low-spin
Ru'! center at room temperature is 0.46 cm>mol 'K,
larger than the spin-only value due to its orbital contribu-
tion). On lowering the temperature, the 7 value increases
smoothly and attains a maximum value of 1.96 cm*mol 'K
at 10 K. It then sharply decreases and reaches a value of
0.708 cm®*mol 'K at 2.0 K. The molar magnetic susceptibility
above 20 K obeys the Curie-Weiss law, yy = C/(T—0), with a
Curie constant of C=1.69 cm’mol 'K and a Weiss constant
of 0=+42.12 K. The positive 0 value and the increasing yy7'
above 10K indicates typical ferromagnetic coupling be-
tween Ru™ and Ni" in 1 through the cyano bridge. The
abrupt decrease at lower temperatures may be due to anti-
ferromagnetic interactions between NiRu chains, the satura-
tion effect, and/or the zero-field-splitting effect of the Ni
ions. The magnetization of this compound per [NiRu] unit
reaches a value of 3.02NBmol™' at 20K and 50kOe
(Figure 5 inset), consistent with the expected saturation
value of 3.0 NS for the sum of one Ru"™ and one Ni" mag-
netic moment (St=3Sg,+Sni=3/2; Ms=gS:Np).

To evaluate the value of the exchange constants of 1, we
used an approximate approach similar to that for 1D, 2D,
and quasi-2D complexes.'”! The cyanide bridges between
Ni" and Ru™ were regarded equal, since the bridging modes
through CIN1 and C2N2 were almost the same. Therefore,
the 1D chain can be treated as alternating uniform NiRu
dimers with the exchange constant J and interchain interac-
tions zJ'. For an asymmetrical Ni"Ru™ dinuclear compound
with Sy;=1 and Sz,='/, we regard the g tensors as equal.
The spin Hamiltonian is given by Equation (1). Thus the
molar magnetic susceptibility of the dimer™ can be ex-
pressed as given in Equation (2). Also the molar magnetic
susceptibility of the dimer is written as in Equation (3).
Then the chain magnetic susceptibility is as shown in Equa-
tion (4), in which u = coth(JS,(S, +1)/kT)—
kT/JS,(S; + 1). Furthermore, based on the molecular field
theory, the fit function can be modified to include the inter-
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chain coupling as shown in Equation (5), in which J' is the
interchain exchange coupling constant and z is the number
of the nearest neighbor chains. The best fitting in the tem-
perature range of 2-300K gives J=+1.92cm™!, zJ =
-1.37cm™, g=2.20 with R=321x10"* (R=
S0 Dons—OmDeateal 7 0rmTavs’)- The positive value of ex-
change coupling through the cyanide bridges suggests ferro-
magnetic interactions between Ni" and Ru™ centers, and
the relatively large negative value of zJ' indicates obvious
antiferromagnetic interactions between the neighboring
Ni"Ru™ chains, which result in the sharp decrease of yyT
value below 10 K.

H= _ZISNiSRu +ﬁ(SNiSNi +SRuSRu)H (1)

_ N@R* 1+ gexp(3J/kT)
X4 = 46T 1+ 2exp(3J/kT)

7 NgZﬁZ

Ya = =g Sa(Sa+1) (3)
po = NEEL G gy 4)
_ Xe 5
F = el INg e ®)

Compound 2: The magnetic properties of 2 were measured
at a field of 1kOe in the range of 2-300 K (Figure 6). The
ymT value at room temperature is 1.70 cm*mol ™' K, similar
to compound 1, which is larger than the spin-only value of
1.375 cm*mol 'K for one Ni" (§=1) and one Ru™ (§=1/,),
but is consistent with the sum of typical experimental yyT
values for one Ni'! and one Ru"™. Upon lowering the tem-
perature, the yy7 value increases smoothly and attains a
maximum value of 4.19 cm’mol 'K at 2 K. Fitting the data
above 50 K with the Curie-Weiss law [y = C/(T—86)] gives
C=1.67 cm*mol 'K and 6§=+4.50 K. The positive 6 value
indicates ferromagnetic interaction between Ru™ and Ni"
through the cyanide bridge, which is expected from the or-
thogonality of the magnetic orbitals of the metal ions. The
magnetization of this compound per [NiRu] unit reaches a

-4
o o] ) -
e Fu 30
S H=1kOe 3,
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401 g=224 Fox
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Figure 6. Temperature dependence of yyuT (squares) and yy ' (circles),
and field dependence of the magnetization for compound 2 (inset).
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value of 3.25 N mol™! at 2.0 K and 50 kOe (Figure 6 inset),
nearly consistent with the expected saturation value of 3.0
Np for the sum of one Ru™ and one Ni" magnetic moment.
Using a similar model as that for compound 1, the suscepti-
bility from 2 to 300 K were simulated, giving the best fit
with parameters J=40.85cm™, zJ'=—0.16cm ' and g=
2.24 with R=7.92x107". These results indicate ferromagnet-
ic interactions between Ni" and Ru™ centers. Thus, com-
pound 2 can be viewed as a regular chain with only one
kind of magnetic coupling.

Compound 3: The temperature dependence of the magnetic
susceptibility for compound 3 measured in the temperature
range of 2-300 K under the external magnetic field of 1 kOe
is illustrated in Figure 7. The yyT value at room tempera-
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Figure 7. Temperature dependence of yyT (squares) and yy, ' (circles) for
compound 3. Inset: Plots of ZFC and FC magnetization at 20 Oe.

ture is 5.32 cm®mol 'K, which is slightly larger than the
spin-only value of 4.75 cm*mol 'K for one high-spin Fe™
center in octahedral symmetry with §=°/, and one low-spin
d® Ru™ center in octahedral symmetry with S='/. On low-
ering the temperature, the y\7 value increases smoothly
and attains a maximum value of 13.11 cm’mol 'K at 3.0 K
and then it decreases sharply and reaches a value of
5.90 cm*mol 'K at 2.0 K. The yy values above 50 K obey
the  Curie-Weiss law  [yy=C/(T—-0)] with C=
5.14 cm*mol 'K and 6=+4.90 K. The large C value and the
positive 6 suggest ferromagnetic coupling between Ru'™ and
Fe™ through the cyanide bridge.

On the basis of the dimeric model similar to compound 1,
the magnetic susceptibility of the Ru™Fe™ dimer can be ex-
pressed by Equation (6)[' derived from the isotropic ex-
change spin Hamiltonian H=—-2JS,S5. Through the same
processing method as compound 1, the susceptibilities from
4 to 300 K were simulated giving the best fit with parame-
ters J=4+0.62cm™, zJ'=—-0.09cm™" and g=2.08 with R=
3.06x107°. The plots of the zero-field cooled (ZFC) and
field-cooled (FC) yxu(7) at 20 Oe (Figure 7 inset) clearly
show a transition from ferromagnetic to antiferromagnetic
behavior at about 2.6 K.
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_ Ng’B*10exp(—3J/kT) + 28
X4 = KT Sexp(—3J/kT) + 7

(6)

The metamagnetic behavior was further characterized by
the measurement of field-dependent magnetization at 1.9 K.
Figure 8 (upper inset) shows that the curve has the sigmoi-
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Figure 8. Hysteresis loop at 1.9 K for 3. Inset (upper): Field dependence
of the magnetization; (lower): Temperature dependence of the real ()
and imaginary (") parts of the ac susceptibility measured at Hy, =0
under various oscillating frequencies (10, 100, 1000 Hz).

dal shape expected for a metamagnet; the magnetization
first increases slowly with the external field because of anti-
ferromagnetic interchain interactions and then increases
sharply, showing a phase transition to a ferromagnetic state.
When the field is increased further, the magnetization
reaches a saturation magnetization of 6.30Nj (expected
value: 6.0 Nj for St=3) at 50 kOe.

A hysteresis loop at 1.9 K (Figure 8) was observed with a
very small coercive field, typical of a soft magnet. The
“double-S” shape of the curve is indicative of a metamagnet,
which switches from an antiferromagnetic ground state to a
ferromagnetic-like state upon the application of a large
enough field. The magnetic phase transition is further con-
firmed by the temperature dependence at zero dc and 3 Oe
ac field. The field susceptibility measurements are displayed
in Figure 8 (lower inset). The real part (y') of the ac magnet-
ic susceptibility has a maximum at about 2.6 K for frequen-
cies of 10, 100, and 1000 Hz, and the imaginary part (y”) is
negligibly small, suggesting antiferromagnetic ordering
below 2.6 K.

Compound 4: The temperature dependence of the magnetic
susceptibility for compound 4 measured in the temperature
range of 2-300 K under an external
magnetic field of 1 kOe is illustrat-
ed in Figure 9. The yy7 value at
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Figure 9. Temperature dependence of yy T (squares) and ' (circles) for
compound 4. The inset is plots of ZFC and FC magnetization at 20 Oe
for 4.

due to their orbital contributions. On lowering the tempera-
ture, the y\7 value remains nearly constant until 75K, it
then increases rapidly and attains a value of
37.92 cm’mol 'K at 2.0 K. The molar magnetic susceptibility
data of compound 4 can be fitted using the Curie-Weiss law
[xm= C/(T—6)] above 50 K, giving C=6.76 cm’mol 'K and
0=+2.27 K. The positive 6 value and the increase in yy7
on lowering the temperature are typical of ferromagnetic
coupling between Ru™ and Mn™ in 4 through the cyanide
bridge. The ZFC/FC plot (Figure 9 inset) does not show a
divergence above 2 K, indicating long-range ordering does
not occur above 2 K.

On the basis of the structural description, two different
exchange couplings can be identified along the chain: 1) a
Mn™.-.Ru"™ interaction, J,, through a cyano bridge; and 2) a
Mn"™.--Mn™ exchange, J,, through s~ interactions. Here, a
Heisenberg trinuclear model was used to simulate the mag-
netic susceptibility with the spin system (Syp, Sre Syn=2,
!4, 2) similar to the compound [NEt,][Mn,(5-MeOsa-
len),Fe(CN)].'"¥ A Heisenberg Hamiltonian [Eq. (7)] was
used assuming an external magnetic field (H) along the z
axis, in which Sy is the total spin operator of the trimer with
St="S5Mn1 + Sru+ Smnia; St 1S the z component of the St oper-
ator, and g is the Landé factor assuming g =gy, =gr.- In the
low-field limit, an analytical expression of the susceptibility
can be obtained [Eq. (8)]. Also the molar magnetic suscepti-
bility of the trimer is written according to Equation (9).
Then the magnetic susceptibility of 4 is as given in Equa-

300K is 6.92 cm’mol 'K, which is % = g7
larger than the uncoupled, spin-

only value of 6.375 cm*mol™' K for two high-spin Mn™ cen-
ters in a square pyramidal symmetry with §=2 and one low-
spin d° Ru™ center in an octahedral symmetry with S="'/,
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tion (10), in which u = coth(/,S,(S, + 1)/kT)—

KT /1,S,(S, +1).
H = —2J (Syin1Sru + Svn1aSru) + gNBST. H, (7)
_ Ng’p? (67 + €7) + 10(e7 + €77) + 35(¢T + €77 + 84(e7 + i) + 165 (8)

(ex7 + €77) + 2(e7 + e77) + 3(eF + e77) + 4(e7T + exr) + 5
N 202
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_ Ng'Bl+u

Ng* B
Ae —Wmsx(5r+1)+ism(sm+l) (10)

3kT

The inter-trimer interaction, J', was introduced in the
frame of the mean field approximation. The fit function can
be modified to include the interchain coupling [Eq. (11)], in
which J' is the interchain exchange coupling constant and z
is the number of the nearest neighbor chains. The magnetic
data in range of 3-300 K were fitted, giving the best result
with the parameters J;=40.87cm™', J,=4024cm™', zJ =
+0.004 cm™' and g=1.96 with R=7.51x10"*. It should be
noted that the anisotropy of the system was neglected in the
magnetic model, and, therefore, the magnetic interaction
values, especially J', could be slightly changed if this contri-
bution is taken into account.

B X
- 1—(22)'/Ng*B*)z.

x (11)

The rapid rise in M with H at 1.9 K confirms the overall
intermolecular ferromagnetic coupling. At the highest mea-
sured field (50 kOe), the magnetization of this compound
reaches a value of 7.72 N8 mol ™' (Figure 10 inset), indicating
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Figure 10. Hysteresis loop at 0.5 K for 4. Inset: field dependence of the
magnetization.

that saturation (expected value of 9.0 NG for S;=Sgp,+
285vin=9/2; M,=gS:Nf) has not yet been achieved. Such be-
havior can be often observed in [Mn(SB)]*-containing com-
pounds (SB=Schiff Base)!'®! because of the large zero-field
splitting of Mn™ ions. A hysteresis loop is observed at 0.5 K
(Figure 10) with values of the coercive field (H,) and rem-
nant magnetization (M,) of about 300 Oe and 2.0 N, respec-
tively.

To probe the magnetization dynamics of 4, ac susceptibili-
ty measurements were performed in a 3 Oe oscillating field
with a zero dc field from 10 to 1000 Hz. The in-phase (y')
and out-of-phase (y”) signals show apparent frequency de-
pendency (Figure 11). The maxima of ¥’ and y” shift to high
temperature when the frequency of the oscillating field is in-
creased, confirming the slow relaxation of the magnetiza-
tion. The blocking of the magnetization below 2.2 K is not
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Figure 11. Temperature dependence of the real (y') and imaginary (y”)
parts of the ac susceptibility for 4 measured under various oscillating fre-
quencies (10-1000 Hz) with zero field.

due to a phase transition to a 3D order or a spin glass, ac-
cording to ac magnetic susceptibility measurements. The
shift of peak temperature (7p) of the in phase signal y' is
measured by a parameter ¢ = (4T,/T,)/Adlogf=0.25,
which is two orders of magnitude larger than that for a ca-
nonical spin glass, but is in excellent agreement with that ex-
pected for superparamagnetic behavior and excludes the
possibility of a spin glass. From the data shown in Figure 11,
the relaxation time 7, can be determined from the maximum
of %"(T).'" The relaxation time for 4 follows an Arrhenius
law with an energy gap of 164K and 7,=3.04x10""s
(Figure 12).
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Figure 12. The plot of Inv versus 7' for 4.

The magnetic behavior of 4 could be attributed to the
unique 1D supramolecular organization through the m—m
stacking. The Mn--Mn distance through the m—m stacking is
only 3.624 A, similar to the separation through a single
atom bridging mode. The free [Ru(acac),(CN),]” ions sepa-
rate the polymeric chains and thus weaken the interchain in-
teraction, which is consistent with the very small zJ' value.
The slow magnetic relaxation reflects that the contributions
to the energy barrier come from both the anisotropy of iso-
lated cluster and intercluster interactions. Compound 4 be-
haves as an unusual single-chain magnet rather than as a
single-molecule magnet due to the strong interaction be-
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tween the clusters in the chain through noncovalent stack-
ing.

DFT calculations: Based on previous work on the applica-
tion of the DFT 4 BS method in the calculation of the mag-
netic coupling of transition metal complexes,*>!®l the struc-
tures of the 1D compounds 1, 3, and 4 are simplified to one
dimer model, Frag 1, and two trimer models, Frag 3 and
Frag 4, respectively, which are depicted in Figure 13. The
magnetic coupling constant J between Ru™ and the 3d ions
could be evaluated using the Heisenberg spin Hamiltonian:
H=-2JZS;S; and energies of high- and low-spin states. The
details of calculations have been described elsewhere."!

Frag 1

Frag 3

Frag 4

Figure 13. Model molecular structures for Ru—Ni compound 1 (Frag 1);
Ru—Fe compound 3 (Frag 3) and Ru—Mn compound 4 (Frag 4).

The calculated J between Ru™ and Ni" ions of Frag 1 is
5.4 cm™!, which is consistent with the experimental results
and indicates that ferromagnetic coupling is transmitted by

Chem. Eur. J. 2010, 16, 3524 -3535
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the cyano bridge. Considering the ligand field of octahedral
symmetry surrounding Ru™ and Ni" ions, the spin unpaired
electrons are located in the t,, orbitals of Ru'" and the e, or-
bitals of Ni"" ions. From Kahn’s model, ferromagnetic cou-
pling between spin electrons located in orthogonal orbitals
is a theoretically expected property.'"¥ Julve et al. also dis-
cussed the weak ferromagnetic coupling in Ru—Ni systems,
which was attributed to the inappropriate orientation of the
magnetic orbital of the low-spin ruthenium(IIT) compared
with nickel(11).5

The calculated Jg, g value of the Fe—Ru—Fe trimer (Frag
3) is 6.4 cm ™!, which is also consistent with the experimental
result. The calculated Jg g of the trimer is —0.14 cm™,
which is much smaller than Jg, . This supports that ignor-
ing Jg. g is reasonable for the magnetic data fitting process
for compound 3. In the Fe—Ru—Fe trimer, antiferromagnetic
coupling (AF) of the spin unpaired electrons in the t,, orbi-
tals of Ru™ and Fe™, and ferromagnetic coupling (F) be-
tween the spin unpaired electrons in orthogonal t,, orbitals
of Ru™ and e, orbitals of Fe"" are both present. Usually
when both AF and F contributions are present, AF contri-
bution dominates and the overall interaction is AF.”) Hence,
the observed ferromagnetic coupling between the low-spin
Ru" ion and the high-spin Fe™ ion in the Fe—Ru—Fe trimer
is somewhat unexpected. A detailed analysis of the magnetic
orbitals shows that the main exchange pathway is the anti-
bonding orbital composed of the d,, orbital of Ru™, the d,.
orbital of Fe™ and the p orbital of CN ligand; which is de-
picted in Figure 14. These two orthogonal atomic orbital

Figure 14. Selected molecular magnetic orbital for Ru—Fe compound 3.

components contribute to ferromagnetic coupling. But why
do the t,, orbitals of Ru™ and Fe"" not overlap efficiently
with each other to produce antiferromagnetic coupling? A
clue to solving this puzzle may be obtained by examining
the energy spectrum of the single nuclear model from com-
pound 3 produced by DFT calculations. The average t,, or-
bital energy of Ru™ is 3.54 eV higher than the correspond-
ing t,, orbital energy of Fe', but only 0.15 eV higher than
the average e, orbital energy of Fe"". From the point of view
of orbital energy matching, the interaction between orthogo-
nal t,, orbital of Ru"" and e, orbital of Fe" should dominate
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in the Ru—Fe compound, resulting in overall ferromagnetic
coupling. Based on the analysis above, it seems that apart
from the relative symmetries, the relative energies of the
magnetic orbitals may also be important in determining the
overall magnetic coupling in bimetallic assemblies, especial-
ly for 3d-4d, and possible also 3d-5d assemblies. In the com-
pound [Bu,N][Fe"Ru™(ox);], which has a 2D oxalate-
bridged structure, the Ru"—Fe!" interactions are AE" Also
in our previously reported trimer [{Mn(CH;OH),{Ru-
(salen)(CN),},]-6CH;OH2H,0 and 2D {Mn(H,0),[Ru-
(salen)(CN),],;H,0},, AF interactions between Ru™ and
Mn" are observed for both compounds."™ Presumably in
these compounds the t,, orbital energies of Ru" and M" are
comparable so that AF interaction dominates. Hence, for
MNRu'" assemblies, it may be possible to tune the magnetic
interaction between MY and Ru™ by changing the ligands
on M and Ru and/or the oxidation state of M.

For the Mn—Ru—Mn trimer model compound, the initial
calculated coupling constant Jg, y, between Ru™ and Mn™
is 7.9 cm™!, which is also ferromagnetic but is much higher
than the experimental value of 0.87 cm™'. To obtain more
precise energies of high-spin and broken symmetry states,
the post-SCF (SCF =self-consistent field) energies of the
system with hybrid O3LYP!"! functionals are also used in
the calculations. The final calculated Jy, y;, value is 1.4 cm™!,
which agrees better with the experimental result. As in the
case of the Fe—Ru—Fe trimer described above, the observed
ferromagnetic coupling is also somewhat unexpected, but
may also be rationalized by using a similar analysis as the
Fe—Ru—Fe trimer.

Conclusion

A series of Ru™™™™ (M=Ni", Fe™, Mn") bimetallic
chains were synthesized from trans-[Ru™(acac),(CN),]” and
ML"t (L=ancilliary ligand). The bond lengths and bond
angles of [Ru(acac),(CN),]” and ML"* units in these com-
pounds are similar to that of the free ions, indicating that a
change in oxidation states of Ru and M did not occur in the
formation of the bimetallic chains. The y\7 values of the
compounds at room temperature are also consistent with
the presence of Ru™ and M. These compounds all exhibit
intrachain ferromagnetic coupling between Ru™ and M™™
through cyanide ligands. Compounds 1 and 2 consist of zig-
zagged Ru"™Ni" chains. Compound 3 consists of linear
Ru™Fe™ chains, and it exhibits metamagnetic behavior with
Tx=2.6 K. Compound 4 is a novel single-chain magnet built
from Mn,Ru trimers linked together by noncovalent interac-
tions. DFT calculations suggest that apart from the relative
symmetries, the relative energies of the magnetic orbitals
are also important in determining the overall magnetic
properties of the compounds. The energies of the magnetic
orbitals may be tuned by varying the ancilliary ligands and
the oxidation states of the metal centers. These findings may
provide insight in designing 3d-4d or 3d-5d materials with
desirable magnetic properties.
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Experimental Section

Materials and reagents: All chemicals and solvents were of reagent grade
and used as received. trans-Ph,P[Ru(acac),(CN),],* [Fe(salen)(OAc)]"
and [Mn(5,5-Me,salen)]PF,?!! were synthesized by literature methods.
[Ni(tren)][ClO,], and [Ni(cyclen)][ClO,], were prepared by mixing a
methanol solution of Ni(ClO,),:6H,0 with a methanol solution of tren or
cyclen.

Synthesis

[{Ni(tren)}{Ru(acac),(CN),}][ClO,]-CH;0H (1): X-ray quality crystals of
1 were grown in a CH;OH/DMF (9:1 v/v) mixture by slow diffusion in an
H-shaped tube with frans-Ph,P[Ru(acac),(CN),] (40 mg, 0.058 mmol) at
one arm and [Ni(tren)](ClO,), (23 mg, 0.058 mmol) at the other. Red
plate crystals of 1 were formed on standing at room temperature for
three days. Yield: 24 mg (61.5%). IR (KBr): #=2137 cm™' (C=N); ele-
mental analysis calcd (%) for CsHsCINNiOyRu: C 32.08, H 5.08, N
12.47; found: C 31.85, H 5.02, N 12.43.
[{Ni(cyclen){Ru(acac),(CN),}1(C10,)-CH;OH  (2): [Ni(cyclen)](CIO,),
(25 mg, 0.058 mmol) was dissolved in DMF (3 mL) in a test tube. trans-
Ph,P[Ru(acac),(CN),] (40 mg, 0.058 mmol) dissolved in methanol (5 mL)
was carefully layered above the DMF solution. Well defined dark red
block crystals were obtained after leaving the test tube undisturbed at
room temperature for about one week. Yield: 21 mg (50.7%). IR (KBr):
7=2133cm™"  (C=N); elemental analysis caled (%) for
C, H33CINgNiOgRu: C 35.34, H 5.37, N 11.77; found: C 3545, H 5.42, N
11.81.

[{Fe(salen)}{Ru(acac),(CN),}] (3): trans-Ph,P[Ru(acac),(CN),] (40 mg,
0.058 mmol) in methanol (5 mL) was added to a solution of [Fe(salen)-
(OAc)] (22.1 mg, 0.058 mmol) in methanol (5 mL) . Well-defined dark
plate crystals were obtained by slow evaporation of the resulting solution
at room temperature for one week. Yield: 22 mg (55.6%). IR (KBr): 7=
2118 cm™! (C=N); elemental analysis caled (%) for CysH,sFeN,OgRu: C
49.94, H 4.19, N 8.32; found: C 49.83, H 4.50, N 8.27.

[{Mn(5,5'-Me,salen)},{Ru(acac),(CN),}][Ru(acac),(CN),]-2CH;0H (4):
trans-Ph,P[Ru(acac),(CN),] (30mg, 0.043mmol) and [Mn(5,5-
Me,salen)|PF¢ (21.2 mg, 0.043 mmol) were dissolved in a minimum
volume of methanol. After about 5 h, the mixture was filtered to remove
PPh,PF,. Dark red block crystals suitable for X-ray crystallography were
obtained by slow evaporation of the filtrate at room temperature for 3
days. Yield: 20 mg (65.0%). IR (KBr): #=2120, 2090 cm™' (C=N); ele-
mental analysis caled (%) for CeHgMn,NgO,Ru,: C 51.06, H 4.61, N
7.94; found: C 50.98, H 4.94, N 7.93.

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled in small quantities with care.

Physical measurements: Elemental analyses of all the compounds were
performed on an Elementar vario EL III carbon hydrogen nitrogen ana-
lyzer. IR spectra were recorded on a Nicolet 360 spectrophotometer with
KBr pellets in the 400-4000 cm™' region.

X-ray crystallography: All measurements were recorded on a Bruker
SMART CCD diffractometer with graphite-monochromated Moy, radia-
tion (A=0.71073 A). The structures were solved by direct methods
(SHELXS97) and expanded using Fourier techniques. All non-hydro-
gen atoms were refined anisotropically. All H-atoms were refined using
riding model with U;,(H)=1.2 U.y(Carrier).

CCDC-736358 (1), CCDC-736359 (2), CCDC-736360 (3) and CCDC-
736361 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Magnetic measurements: Variable-temperature magnetic susceptibility,
ac magnetic susceptibility, and field dependence of magnetization were
measured on a Quantum Design MPMS XL-5 SQUID system. Back-
ground corrections were done by experimental measurement on the
sample holder. The experimental susceptibilities were corrected for the
diamagnetism of the constituent atoms (Pascal’s tables).

Computational methods: The density functional theory (DFT) method
combined with the broken symmetry approach (BS) was used to calculate

Chem. Eur. J. 2010, 16, 3524 -3535


www.chemeurj.org

Ferromagnetically Coupled Bimetallic Chains

the magnetic exchange interaction between Ru' and 3d ions; including

Ni", Fe'!, and Mn" ions. All theoretical calculations were performed by
using the Amsterdam density functional (ADF) package, version
2007.01.% Both the local density approximation (LDA) and the general-
ized gradient approximation (GGA) were used, including the scaled
ZORA relativistic correction. The VWNS5?! functionals at LDA level
and the mPW®! exchange and correlation functionals at GGA level were
applied for solving the Kohn-Sham equation. The frozen core approxi-
mation for the inner core electrons was used for all non-hydrogen atoms.
The orbital shells up to 3d for Ru; up to 2p for Fe, Mn and Ni; and up to
1s for C, N, O were kept frozen. The valence electrons were described
with triple-¢ valence plus polarization basis sets (TZP). All the function-
als and basis sets in this work have been tested in another theoretical
computation," so they were used directly without further comparison
studies.
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