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Introduction

Stimulated by the discovery of high-temperature Prussian
Blue related magnets,[1–3] the field of cyanide-based com-
pounds has rapidly grown into one of the most active areas
of coordination chemistry.[4] Over the last decade, research
in this area has produced coordination polymers and multi-
nuclear clusters with diverse and interesting properties such
as photoinduced magnetism,[5,6] single-molecule magnet-
ism,[7–13] spin crossover,[14–17] and charge transfer induced
spin transition.[18,19] With few exceptions, the cyanide con-

taining precursor in the aforementioned chemistry is a ho-
moleptic hexacyanometalate anion. Cyanometalates with co-
ordination numbers other than six have been used much less
frequently. It is well known, however, that octacyanometa-
late anions exhibit facile conversion between three different
coordination geometries, namely, the square antiprism, do-
decahedron, and bicapped trigonal prism.[20,21] Clearly, the
existence of such closely related geometries, with facile in-
terconversion between them, imparts high flexibility to the
octacyanometalate building block and confers topological
versatility to the multinuclear structures based on these
anions.

One of the most intriguing structural types based on the
octacyanometalate anions is the family of pentadecanuclear
clusters {M’ ACHTUNGTRENNUNG[M’II

ACHTUNGTRENNUNG(ROH)3]8[M
V(CN)8]6} obtained from the

self-assembly of M’II cations (M’=Mn, Co, Ni) and
[MV(CN)8]

3� anions (M=Mo, W) in ROH (R=Me,
Et).[13,22–25] These compounds exhibit high spin ground states,
moreover the Co and Ni containing structures were shown
to behave as single molecule magnets (SMMs).[13, 25] It is also

Abstract: Reactions of [W(CN)8]
3�/4�

anions with complexes of Mn2+ ion
with tridentate organic ligand 2,4,6-
tris(2-pyridyl)-1,3,5-triazine (tptz) lead
to a series of heterobimetallic com-
plexes. The crystal structures of these
compounds are derived from the same
basic structural fragment, namely a
W2Mn2 square constructed of alternat-
ing cyanide-bridged W and Mn ions. In
[MnII

ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(H2O)2]2ACHTUNGTRENNUNG{[MnII
ACHTUNGTRENNUNG(tptz)

ACHTUNGTRENNUNG(MeOH)1.58ACHTUNGTRENNUNG(H2O)0.42]2[W
V(CN)8]2}·5 Me-

ACHTUNGTRENNUNGOH·9.85 H2O (3), isolated molecular
squares are co-crystallized with mono-
nuclear cationic MnII complexes. The
structure of {[MnII

ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)]2-
ACHTUNGTRENNUNG[WIV(CN)8]·2MeOH}1 (4) is based on
an infinite chain of vertex-sharing
squares, while {[MnII

2ACHTUNGTRENNUNG(tptz)2ACHTUNGTRENNUNG(MeOH)3-

ACHTUNGTRENNUNG(OAc)][WV(CN)8]·3.5MeOH·0.25H2O}1
(5) and {[MnII

2 ACHTUNGTRENNUNG(tptz)2(MeOH)3-
WV(CN)8][MnII(tptz)(MeOH)WV(CN)8]
·2 H2O·Me ACHTUNGTRENNUNGOH}8 (7) are derived from
such an infinite chain by removing one
of the W-C�N-Mn linkages in each of
the squares. The decanuclear cluster
[MnII

6(tptz)6(MeOH)4(DMF)2W
V

4-
(CN)32]·8.2 H2OACHTUNGTRENNUNG·2.3 MeOH (6) is a trun-
cated version of structure 4 and con-
sists of three vertex-sharing W2Mn2

squares. The structure of [MnII
ACHTUNGTRENNUNG(tptz)-

ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(NO3)]2ACHTUNGTRENNUNG[MnII
ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNGACHTUNGTRENNUNG(MeOH)

(DMF)]2[W
V(CN)8]2·6 MeOH (8) con-

sists of a hexanuclear cluster, in which
the central W2Mn2 square is extended
by two Mn side-arms attached via CN�

ligands to the W corners of the square.
The magnetic behavior of these hetero-
bimetallic complexes (except for 4) is
dominated by antiferromagnetic cou-
pling between MnII and WV ions medi-
ated by cyanide bridges. Compounds 3,
6, and 8 exhibit high spin ground states
of S=4, 13, and 9, respectively, while 5
and 7 exhibit behavior typical of a fer-
rimagnetic chain with alternating spin
centers. Complex 4 contains diamag-
netic WIV centers but holds promise as
a potential photomagnetic solid.Keywords: chain structures · crystal

structure · cyanides · magnetic
properties · molecular squares
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worth mentioning that the heptanuclear cluster [CuIIL]6-
ACHTUNGTRENNUNG[MoIV(CN)8]ACHTUNGTRENNUNG(ClO4)8 (L= tris(2-aminoethyl)amine) exhibits
interesting photomagnetic behavior based on reversible pho-
toinduced electron transfer between CuII and MoIV ions.[6]

Introduction of various blocking ligands directed at limit-
ing the number of available coordinating sites on the M’II

ions resulted in a variety of lower dimensional structures
with the incorporation of either diamagnetic [MIV(CN)8]

4�

or paramagnetic [MV(CN)8]
3� anions.[26, 27] An examination

of the existing structures revealed, however, that neither of
the known compounds contained a trisdentate meridional
blocking ligand of the 2,2’:6’,2’’-terpyridine (terpy) type. The
use of such a blocking ligand would be expected to lead to
the formation of new types of heterobimetallic architectures
with the incorporation of octacyanometalate anions. For ex-
ample, the planar tridentate ligand bis(pyridylcarbonyl)ami-
date (bpca�), when used as a blocking ligand for an octahe-
dral center, produces a structure consisting of the one-di-
mensional ladder type cationic chain {[FeIII-
ACHTUNGTRENNUNG(bpca)(CN)3]MnII

ACHTUNGTRENNUNG(H2O)3}
+ .[28] Based on these considera-

tions, and our general interest in the study of magnetically
coupled cyanide-bridged transition metal ions, we embarked
on the preparation of heterometallic complexes by combin-
ing [M(CN)8]

n� anions with mononuclear precursors of MnII

ions, with three of the coordination sites in the latter being
blocked by the tridentate ligand 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (tptz). Herein, we report the first results of this
study and discuss the crystal structures and magnetic proper-
ties of the compounds obtained to date. It is shown that the
use of tptz as a blocking ligand leads to a series of diverse
heterobimetallic structures, with the final structure of the
complex being dictated by a number of factors, such as the
choice of counterion and solvent and the ratio of the react-
ing metal ions. The most important and interesting observa-
tion, however, is that all of the structures are derived from
the same basic structural fragment, namely, a cyanide-bridg-
ed Mn2W2 square. This underlying structural similarity is
quite useful for understanding the magnetic properties of
the different heterobimetallic molecular complexes and ex-
tended phases.

Results and Discussion

Syntheses : Reactions between
[W(CN)8]

3�/4� anions and MnII

complexes of the ligand 2,4,6-
tris(2-pyridyl)-1,3,5-triazine
(tptz) afford a series of cya-
nide-bridged compounds
(Tables 1 and 2) that display
structural versatility. The partic-
ular extended architecture
adopted by these compounds
depends on the choice of coun-
terion and solvent, but, impor-
tantly, all the structures are

characterized by the presence of a common building block,
namely, a cyanide-bridged W2Mn2 square, or a fragment de-
rived from the square (Scheme 1).

The reaction that uses Mn ACHTUNGTRENNUNG(OAc)2·4 H2O and tptz as start-
ing materials yields complex 3, whose structure consists of a
discrete square anion co-crystallized with a mononuclear
[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(H2O)2]

+ cation. The use of the mononu-
clear precursor 1 results in the decanuclear complex 6 in
which three square units are fused together by sharing their
W vertices. On the other hand, when complex 2 is used as
starting material, the growth of the structure is ceased after
two MnII centers are attached to the central square unit,
giving rise to the hexanuclear complex 8. Interestingly, when
Mn ACHTUNGTRENNUNG(OAc)2·4 H2O and tptz are reacted with a reduced form
of the anion, [WIV(CN)8]

4�, the square fragment is still pre-
served: the resulting compound 4 consists of an infinite
chain of vertex-sharing squares. Reactions that are carried
out in anhydrous solvents lead to complexes 5 and 7. The
structures of these compounds are based on infinite chains
which also can be considered as being derived from an infin-

Table 1. Molecular formulas and structures of complexes 1–8.

Complex Formula Crystal structure

1 [Mn ACHTUNGTRENNUNG(tppz) ACHTUNGTRENNUNG(MeOH)Cl2]·H2O mononuclear complex
2 [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(NO3) ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)·1.5 H2O mononuclear complex
3 [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(H2O)2]2{[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)1.58

ACHTUNGTRENNUNG(H2O)0.42]2[W(CN)8]2}·5MeOH·9.85 H2O anionic square
4 ACHTUNGTRENNUNG{[MnII

ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)]2 ACHTUNGTRENNUNG[W
IV(CN)8]·2 MeOH}1 chain of vertex-sharing

squares
5 ACHTUNGTRENNUNG{[Mn2 ACHTUNGTRENNUNG(tptz)2 ACHTUNGTRENNUNG(MeOH)3 ACHTUNGTRENNUNG(OAc)][W(CN)8]·3.5 MeOH·0.25 H2O}1 chain of vertex-sharing

squares with 1=4 of cya-
nide links broken

6 ACHTUNGTRENNUNG[Mn6 ACHTUNGTRENNUNG(tptz)6ACHTUNGTRENNUNG(MeOH)4 ACHTUNGTRENNUNG(DMF)2W4(CN)32]·8.2 H2O·2.3 MeOH three fused vertex-shar-
ing squares

7 ACHTUNGTRENNUNG{[Mn2 ACHTUNGTRENNUNG(tptz)2 ACHTUNGTRENNUNG(MeOH)3W(CN)8][Mn ACHTUNGTRENNUNG(tptz)-
ACHTUNGTRENNUNG(MeOH)W(CN)8]·2 H2O·MeOH}8

chain of vertex-sharing
squares with 1=4 of cya-
nide links broken
+zigzag chain

8 [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)ACHTUNGTRENNUNG(NO3)]2[MnACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(DMF)]2[W(CN)8]2·6MeOH square with two dan-
gling atoms

Scheme 1. Schematic representation of the cyanide-bridged transition
metal cores in the structures of complexes 3–8. *: Mn, *: W.
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ite chain of vertex-sharing
squares of 4 upon breaking one
of the W-C�N-Mn bridges in
each of the squares. The chain
structure of 5 is neutral whereas
the chain in 7 is positively
charged and co-crystallizes with
a negatively charged chain that
consists of alternating Mn and
W centers bridged by cyanide
ligands.

Crystal structures

[Mn ACHTUNGTRENNUNG(tppz) ACHTUNGTRENNUNG(MeOH)Cl2]·H2O (1)
and [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(NO3) ACHTUNGTRENNUNG(H2O)2]-
ACHTUNGTRENNUNG(NO3)·1.5H2O (2): Compound
1 is a mononuclear MnII com-
plex whose coordination envi-
ronment consists of a tridentate
tptz ligand, two chloride ions,
and a MeOH solvent molecule
(Figure 1a). The Cl� ligands are
arranged in a cis disposition
with respect to each other, with
one of them being trans to a
central N atom of the tptz
ligand and the other being op-
posite to the MeOH molecule.
In the crystal structure of 2, the
MnII center adopts a heptacoor-
dinate environment of a pen-
tagonal bipyramid, with the
equatorial plane including a tri-
dentate tptz ligand and a biden-
tate NO3

� anion and the axial
positions being occupied by two
water molecules (Figure 1b).
The Mn–N distances to the co-
ordinated nitrogen atoms of the
tptz molecule and the N-Mn-N
bite angle measured with re-
spect to the coordinating pyrid-
yl nitrogen atoms are similar in
both structures (Table 3).

[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(H2O)2]2{[Mn-
ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)1.58ACHTUNGTRENNUNG(H2O)0.42]2-
ACHTUNGTRENNUNG[W(CN)8]2}·5MeOH· ACHTUNGTRENNUNG9.85H2O
(3): The crystal structure of 3
consists of an anionic molecular
square, {[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)1.6-
ACHTUNGTRENNUNG(H2O)0.4]2[W

V(CN)8]2}
1�, that is

co-crystallized with another
tptz-containing moiety, namely
the [MnII

ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc) ACHTUNGTRENNUNG(H2O)]1+

cation (Figure 2a). The hepta-

Table 2. Crystal data and details of the refinement parameters for compounds 1–8.

MnCl2O2N6C19H18

(1)
MnO9.5N8C18H19

(2)
W2Mn4O26.85N40C100.16H116.02

(3)
WMn2O4N20C48H40

(4)

space group P1̄ (no. 2) P21/c (no. 14) P1̄ (no. 2) C2/c (no. 15)
unit cell
a [L] 8.675(2) 15.842(3) 15.124(3) 13.212(3)
b [L] 11.146(2) 12.692(3) 15.507(3) 28.434(6)
c [L] 12.737(3) 22.927(5) 15.794(3) 13.180(3)
a [8] 104.79(3) 61.28(3)
b [8] 97.53(3) 96.74(3) 73.86(3) 98.92(3)
g [8] 105.23(3) 70.57(3)
V [L3] 1122.7(4) 4578(2) 3032(1) 4891(2)
Z 2 8 1 4
1calcd [gcm�3] 1.438 1.609 1.584 1.704
m [mm�1] 0.853 0.647 2.380 2.923
crystal color and habit yellow block pale yellow

needle
yellow block blue prism

crystal size [mm] 0.07 M 0.06 M 0.02 0.19 M 0.08 M 0.05 0.42 M 0.26 M 0.17 0.13 M 0.11 M 0.08
T [K] 110 150 110 110
radiation, l [L] CuKa, 1.54096 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
min/max q [8] 1.69 to 23.39 1.29 to 28.22 1.44 to 28.34 1.43 to 28.30
reflns collected [Rint] 8728 [0.083] 27891 [0.074] 19 911 [0.029] 15324 [0.039]
independent reflns 3074 10474 13975 5907
data/parameters/re-
straints

3074/274/0 10474/701/21 13975/857/27 5907/343/0

R [Fo>4s(Fo)]
R1 0.085 0.087 0.040 0.024
wR2 0.234 0.203 0.098 0.057
GoF on F 2 1.014 1.029 1.036 1.033
max/min residual densi-
ties [e L�3]

1.36, �0.68 2.10, �0.81 2.11, �0.96 1.19, �0.92

WMn2O8.75N20C52.5H53.5

(5)
WMn2O20.5N68C150.3H133.6

(6)
W2Mn3O7N34C75H60

(7)
W2Mn4O18N44C104H102

(8)

space group P21/c (no. 14) C2/c (no. 15) P1 (no. 1) P1̄ ACHTUNGTRENNUNG(no. 2)
unit cell
a [L] 14.289(3) 40.18(1) 9.2660(7) 13.299(1)
b [L] 22.331(4) 14.784(3) 11.7256(9) 13.916(1)
c [L] 18.852(4) 29.465(6) 21.281(2) 18.714(2)
a [8] 96.007(3) 108.289(1)
b [8] 109.64(3) 97.81(3) 98.903(3) 91.618(1)
g [8] 111.258(3) 114.672(1)
V [L3] 5665(2) 17340(7) 2096.2(3) 2937.0(5)
Z 4 4 1 1
1calcd [gcm�3] 1.638 1.641 1.646 1.608
m [ mm�1] 2.538 3.145 3.246 2.451
crystal color
and habit

brown block brown block brown block yellow plate

crystal size
[mm]

0.16 M 0.09 M 0.05 0.19 M 0.11 M 0.07 0.27 M 0.21 M 0.13 0.26 M 0.20 M 0.05

T [K] 110 110 140 140
radiation, l [L] MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073 MoKa, 0.71073
min. and max.
q [8]

1.47 to 28.31 1.02 to 28.34 2.41 to 37.28 1.70 to 28.67

reflections col-
lected

36062 [Rint=0.040] 92 200 [Rint=0.0479] 59 571 [Rint=0.027] 33 909 [Rint=0.032]

independent re-
flections

13489 21116 33782 13673

data/parame-
ters/restraints

13489/763/3 21116/1194/15 33782/1092/6 13673/787/0

R [Fo>4s(Fo)]
R1 0.036 0.035 0.028 0.033
wR2 0.085 0.080 0.074 0.074
GoF on F2 1.058 1.054 1.061 1.037
maximum and
minimum
residual densi-
ties [e L�3]

1.27, �1.29 2.06, �1.88 2.11, �1.01 1.78, �0.84
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coordinate environment of the Mn2 site in the mononuclear
cation resembles the coordination of the Mn1 site in the
crystal structure of 2. The equatorial plane of the pentago-
nal bipyramid is composed of a tridentate tptz ligand and a
bidentate OAc� anion, and the axial sites are occupied by
two water molecules. Interestingly, the MnII ions at the cor-
ners of the square also exhibit a heptacoordinate geometry
in the form of a pentagonal bipyramid. One axial position is
occupied by a bridging CN� ligand, while the other axial site
is disordered and occupied almost equally by an MeOH and
an H2O molecule. The five equatorial sites are coordinated
to a tridentate tptz molecule, a second bridging CN� ligand,
and an MeOH solvent molecule. The axial Mn1�O6 and
Mn1�N5 distances (2.145(3) and 2.157(3) L, respectively)
are much shorter than the corresponding equatorial distan-
ces Mn1�O7 and Mn1�N (2.455(4) and 2.222(4)–2.499(4) L,
respectively), a reflection of the increased steric crowding in
the equatorial plane. The W1 center is in a square antipris-
matic coordination environment composed of two bridging
and six terminal CN� ligands. The molecular square is dis-
torted and best described as a rhombus, the distortion being

most easily observed by the deviation of the N5-Mn1-N8
and C5-W1-C8 angles from the value of 908 expected for an
ideal square geometry (Table 4).

The intermolecular interactions in the crystal structure of
3 are dominated by hydrogen bonding and intermolecular
p–p contacts between tptz ligands. The squares form stacks
along the c axis (Figure 2b), and the mononuclear cations
are arranged between the stacks. The tptz ligands form in-
termolecular p–p contacts between the cations, the squares,
and also between cations and squares.

Interestingly, discrete molecular squares have been rarely
observed in bimetallic assemblies based on the octacyano-
tungstate or octacyanomolybdate anion. To our knowledge,
the compound K2 ACHTUNGTRENNUNG{[CoIII

ACHTUNGTRENNUNG(tren)]2ACHTUNGTRENNUNG[W
IV(CN)8]2}·9H2O reported

by Kania et al.[29] is the only example of such a structure, in
which the Co2W2 squares are interconnected through K+

ions into a layered structure by means of K-N�C interac-
tions with the terminal cyanide groups. Compound 3, there-
fore, represents the first structurally characterized example
of a discrete magnetic molecular square based on the
[WV(CN)8]

3� building block.

ACHTUNGTRENNUNG{[MnII ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)]2ACHTUNGTRENNUNG[W
IV(CN)8]·2MeOH}1 (4): The crys-

tal structure of 4 contains a square fragment similar to that
observed in 3. In the structure of 4, however, the square
fragments are interconnected through shared W vertices to
form an infinite chain of squares (Scheme 1). Another dif-
ference is that MnII ions in 4 are in a distorted octahedral
environment that consists of one tridentate tptz ligand, two
bridging CN� ligands, and one MeOH molecule (Figure 3a).
The decrease in the coordination number of the Mn centers
as compared to 3 is reflected in the closer approach of the
N atoms of the bridging cyanides (2.127(2) and 2.151(2) L)
as compared to the distances observed in 3 (2.157(3) and
2.222(4) L). The [WIV(CN)8]

4� anion is in a square antipris-
matic conformation, with four bridging and four terminal
CN� ligands. The W1 center is situated on a two-fold rota-
tion axis and connects two adjacent squares, thus resulting
in a chain of vertex-sharing squares.

Figure 1. Molecular drawings from the crystal structures of the mononuclear complexes a) 1 and b) 2 (thermal ellipsoids at the 50% probability level; H
atoms and solvent molecules are omitted for the sake of clarity).

Table 3. Selected bond lengths [L] and angles [8] for 1 and 2.

1

Mn1�N1 2.348(7) N1-Mn1-N3 140.4(2)
Mn1�N2 2.237(6) N1-Mn1-N2 70.6(2)
Mn1�N3 2.366(7) N2-Mn1-N3 70.1(2)
Mn1�Cl1 2.434(3) Cl1-Mn1-Cl2 100.77(9)
Mn1�Cl2 2.452(2)
Mn1�O1 2.326(6)

2

Mn1�N1 2.367(3) N1-Mn1-N3 139.4(1)
Mn1�N2 2.230(3) N1-Mn1-N2 69.5(1)
Mn1�N3 2.349(3) N2-Mn1-N3 70.0(1)
Mn1�O1 2.304(3) O1-Mn1-O2 54.84(9)
Mn1�O2 2.370(3) O4-Mn1-O5 175.6(1)
Mn1�O4 2.154(3)
Mn1�O5 2.192(3)
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Table 4. Selected bond lengths [L] and angles [8] for compounds 3–8.

3

Mn1�N5 2.157(3) N5-Mn1-N8 96.7(1)
Mn1�N8 2.222(4) N9-Mn1-N11 134.2(1)
Mn1�N9 2.499(4) N9-Mn1-N10 67.0(1)
Mn1�N10 2.317(3) N10-Mn1-N11 68.2(1)
Mn1�N11 2.420(4) O6-Mn1-N8 84.7(1)
Mn1�O6 2.145(3) Mn1-N5-C5 156.6(3)
Mn1�O7 2.455(4) Mn1-N8-C8 169.3(3)
Mn2�N15 2.356(3) N15-Mn2-N17 137.7(1)
Mn2�N16 2.265(3) N15-Mn2-N16 69.1(1)
Mn2�N17 2.401(3) N16-Mn2-N17 69.0(1)
Mn2�O2 2.252(3) O2-Mn2-O3 56.8(1)
Mn2�O3 2.322(3) O4-Mn2-O5 174.4(1)
Mn2�O4 2.172(3) O4-Mn2-N15 84.2(1)
Mn2�O5 2.181(3) O4-Mn2-N17 86.9(1)
W1�C8 2.157(4) W1-C5-N5 178.5(4)
W5�C5 2.164(4) C5-W1-C8 71.8(2)
C5�N5 1.134(5) W1-C8-N8 176.2(4)
C8�N8 1.135(5)

4

Mn1�N2 2.151(2) N5-Mn1-N7 139.79(7)
Mn1�N4 2.127(2) N5-Mn1-N6 70.24(7)
Mn1�N5 2.351(2) N6-Mn1-N7 70.06(7)
Mn1�N6 2.226(2) O1-Mn1-N2 165.99(7)
Mn1�N7 2.344(2) N2-Mn1-N6 99.71(8)
Mn1�O1 2.270(2) Mn1-N4-C4 173.0(2)
W1�C2 2.151(3) C2-W1-C4 177.0(2)
W1�C4 2.165(2) W1-C2-N2 177.0(2)
C2�N2 1.149(3) W1-C4-N4 177.9(2)
C4�N4 1.154(3)

5

Mn1�N9 2.357(3) N9-Mn1-N11 138.1(1)
Mn1�N10 2.267(3) N9-Mn1-N10 69.3(1)
Mn1�N11 2.375(3) N10-Mn1-N11 68.9(1)
Mn1�N2 2.224(3) N2-Mn1-N10 87.2(1)
Mn1�O1 2.325(3) N2-Mn1-O3 170.7(1)
Mn1�O2 2.236(3) O1-Mn1-O2 57.4(1)
Mn1�O3 2.225(3) Mn1-N2-C2 142.8(3)
Mn2�N1 2.203(3) N15-Mn2-N17 136.1(1)
Mn2�N5 2.232(3) N15-Mn2-N16 68.1(1)
Mn2�N15 2.434(3) N16-Mn2-N17 69.1(1)
Mn2�N16 2.286(3) N1-Mn2-N5 106.4(1)
Mn2�N17 2.357(3) O4-Mn2-O5 124.6(1)
Mn2�O4 2.415(3) Mn2-N1-C1 166.4(3)
Mn2�O5 2.256(3) Mn2-N5-C5 158.5(3)
W1�C1 2.185(4) C1-W1-C2 72.0(1)
W1�C2 2.158(4) C1-W1-C5 142.2(1)
W1�C5 2.153(4) W1-C1-N1 176.6(3)
C1�N1 1.137(5) W1-C2-N2 176.9(3)
C2�N2 1.152(5) W1-C5-N5 175.2(3)
C5�N5 1.145(5)

6

Mn1�N1 2.298(4) N17-Mn1-N19 133.0(1)
Mn1�N9 2.308(4) N17-Mn1-N18 66.4(1)
Mn1�N17 2.511(4) N18-Mn1-N19 67.2(1)
Mn1�N18 2.361(4) O1-Mn1-O2 169.0(1)
Mn1�N19 2.502(4) N1-Mn1-N9 80.4(1)
Mn1�O1 2.199(3) Mn1-N1-C1 175.8(4)
Mn1�O2 2.179(3) Mn1-N9-C9 167.6(4)
Mn2�N3 2.217(4) N23-Mn2-N25 142.0(1)
Mn2�N10 2.103(6) N23-Mn2-N24 71.1(2)
Mn2�N23 2.329(4) N24-Mn2-N25 71.4(2)
Mn2�N24 2.186(4) N3-Mn2-O5 176.2(2)
Mn2�N25 2.289(5) N3-Mn2-N10 87.8(2)

Table 4. (Continued)

6

Mn2�O5 2.151(4) Mn2-N3-C3 158.1(4)
Mn2-N10-C10 172.9(8)

Mn3�N2 2.252(4) N29-Mn3-N31 132.7(1)
Mn3�N4 2.190(4) N29-Mn3-N30 68.2(1)
Mn3�N29 2.425(4) N30-Mn3-N31 66.1(1)
Mn3�N30 2.323(3) O4-Mn3-N4 114.92(9)
Mn3�N31 2.567(4) N2-Mn3-N4 100.6(1)
Mn3�O3 2.309(3) Mn3-N2-C2 176.4(3)
Mn3�O4 2.190(3) Mn3-N4-C4 158.1(3)
W1�C1 2.176(4) C1-W1-C3 72.3(2)
W1�C2 2.159(4) C2-W1-C4 72.8(2)
W1�C3 2.161(4) W1-C1-N1 176.4(4)
W1�C4 2.177(4) W1-C2-N2 178.2(4)
C1�N1 1.144(5) W1-C3-N3 178.3(4)
C2�N2 1.149(5) W1-C4-N4 177.8(4)
C3�N3 1.150(6)
C4�N4 1.146(5)
W2�C9 2.189(5) C9-W2-C10 72.6(2)
W2�C10 2.130(7) W2-C9-N9 176.7(4)
C9�N9 1.147(6) W2-C10-N10 179.1(6)
C10�N10 1.139(8)

7

Mn1�N1 2.256(3) N9-Mn1-N11 134.6(1)
Mn1�N2 2.166(3) N9-Mn1-N10 66.5(1)
Mn1�N9 2.536(3) N10-Mn1-N11 68.5(1)
Mn1�N10 2.322(3) O1-Mn1-O2 86.2(1)
Mn1�N11 2.424(3) N2-Mn1-O2 173.7(1)
Mn1�O1 2.299(3) N1-Mn1-N2 91.4(1)
Mn1�O2 2.153(2) Mn1-N1-C1 166.5(3)

Mn1-N2-C2 159.8(3)
Mn2�N3 2.215(3) N15-Mn2-N17 139.2(1)
Mn2�N15 2.370(3) N15-Mn2-N16 69.7(1)
Mn2�N16 2.247(3) N16-Mn2-N17 69.5(1)
Mn2�N17 2.392(3) N3-Mn2-O6 178.3(1)
Mn2�O3 2.330(3) N3-Mn2-O3 86.2(1)
Mn2�O4 2.284(3) O3-Mn2-O6 94.2(1)
Mn2�O6 2.164(3) Mn2-N3-C3 153.8(3)
W1�C1 2.164(3) C1-W1-C2 73.5(1)
W1�C2 2.159(3) C1-W1-C3 137.9(1)
W1�C3 2.165(3) W1-C1-N1 178.2(3)
C1�N1 1.138(4) W1-C2-N2 177.7(3)
C2�N2 1.138(4) W1-C3-N3 175.9(3)
C3�N3 1.142(4)

8

Mn1�N1 2.167(4) N17-Mn1-N19 141.6(1)
Mn1�N4 2.228(4) N17-Mn1-N18 71.3(1)
Mn1�N17 2.329(4) N18-Mn1-N19 70.4(1)
Mn1�N18 2.212(3) O1-Mn1-N4 164.4(1)
Mn1�N19 2.341(4) N1-Mn1-N4 92.0(2)
Mn1�O1 2.199(3) Mn1-N1-C1 166.2(4)

Mn1-N4-C4 153.9(3)
Mn2�N9 2.207(4) N23-Mn2-N25 141.5(1)
Mn2�N14 2.169(4) N23-Mn2-N24 70.9(1)
Mn2�N23 2.317(4) N24-Mn2-N25 70.7(1)
Mn2�N24 2.190(4) N9-Mn2-O2 166.2(1)
Mn2�N25 2.336(4) N9-Mn2-N14 92.4(2)
Mn2�O2 2.204(4) Mn2-N9-C9 154.9(4)

Mn2-N14-C14 164.4(4)
Mn3�N11 2.139(4) N29-Mn3-N31 142.0(1)
Mn3�N29 2.323(3) N29-Mn3-N30 70.8(1)
Mn3�N30 2.191(3) N30-Mn3-N31 71.28(9)
Mn3�N31 2.295(3) O3-Mn3-O4A 171.4(1)
Mn3�O3 2.166(3) O3-Mn3-N11 86.4(1)
Mn3�O4A 2.172(3) Mn3-N11-C11 167.3(4)
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The chains run parallel to the c axis and interact with
each other through extensive p–p contacts between tptz li-
gands (Figure 3b). Such interdigitation of the neighboring
chains results in layers (slabs) of chains parallel to the ac
plane (Figure 3c). The interaction between the layers occurs
through hydrogen bonding of the C�N···HC type between
the cyanide ligands of [W(CN)8]

4� fragments of one layer
and pyridyl hydrogen atoms of the tptz molecules of the ad-
jacent layer (Figure 3d).

Chains of squares have been observed previously in sever-
al cyanide-bridged bimetallic systems assembled from

[M(CN)8]
3�/4� anions (M=Mo, W) and transition metal ions.

In [CuII
ACHTUNGTRENNUNG(tetrenH2)]2ACHTUNGTRENNUNG[W

IV(CN)8]2·5 H2O,[30] Cu2W2 square frag-
ments are connected into a 1D structure through CN�

ligands which bridge W and Cu corners of adjacent squares.
In [MnII

3ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(DMF)8][M
V(CN)8]2,

[31,32] Mn2M2 squares
are bridged into a chain by additional Mn ions which coordi-
nate to the available CN� ligands of the M sites. The com-
pound [CuII

ACHTUNGTRENNUNG(tetrenH2)] ACHTUNGTRENNUNG[CuII
ACHTUNGTRENNUNG(tetrenH)][WV(CN)8]ACHTUNGTRENNUNG[W

IV(CN)8]·
2.5 H2O

[30] adopts a 1D ribbon structure assembled from
edge-sharing Cu2W2 squares. In the structure of 4, a chain of
vertex-sharing squares is observed, which is an unprecedent-
ed structural motif in the chemistry of cyanide-bridged com-
plexes based on [M(CN)8]

3�/4� anions.

ACHTUNGTRENNUNG{[Mn2ACHTUNGTRENNUNG(tptz)2ACHTUNGTRENNUNG(MeOH)3ACHTUNGTRENNUNG(OAc)][W(CN)8]·3.5MeOH·
0.25H2O}1 (5): When the starting materials used to prepare
complex 3 are reacted in anhydrous MeOH, compound 5 is
formed. The asymmetric unit in the crystal structure of 5
contains two crystallographically unique Mn centers, both in
heptacoordinate environments (Figure 4a). The coordination
of Mn1 is similar to that observed for the Mn2 center in
structure 3. The environment consists of one tridentate tptz
molecule and one chelating OAc� anion in the equatorial
plane of the pentagonal bipyramid, with the axial sites of
the bipyramid being occupied by an MeOH molecule and a

bridging CN� ligand. The coor-
dination environment of Mn2
consists of one tptz ligand, two
MeOH molecules, and two
bridging cyanides and can be
described as a distorted mono-
capped trigonal prism. Two
trigonal basal planes are
formed by atoms N17, N16, O5
and O4, N5, N1, respectively,
and the N15 atom caps the O5-
N16-N5-N1 rectangular face.
The central Mn2 atom is shifted
toward this rectangular face in
the direction of the N15 atom,
although the Mn2–N15 distance
(2.434(3) L) is longer than the
distances from Mn2 to the
other six atoms (2.203(3)–
2.415(3) L) that form the trigo-
nal prism. The W1 center is sur-
rounded by three bridging and
five terminal CN� ligands in a
square antiprismatic arrange-
ment. Two of the bridging cya-
nides connect W1 and Mn2 cen-
ters into an infinite zigzag chain
that propagates along the c axis
(Figure 4b). The third bridging
cyanide serves to connect the
Mn1 atom to the side of the
chain by linking it to the W1

Table 4. (Continued)

8

W1�C1 2.161(4) C1-W1-C4 138.9(2)
W1�C4 2.165(4) W1-C1-N1 175.9(4)
C1�N1 1.164(5) W1-C4-N4 173.6(4)
C4�N4 1.157(6)
W2�C9 2.180(5) C9-W2-C11 76.3(2)
W2�C11 2.158(4) C9-W2-C14 138.7(2)
W2�C14 2.180(5) W2-C9-N9 172.8(4)
C9�N9 1.150(6) W2-C11-N11 178.0(4)
C11�N11 1.156(5) W2-C14-N14 176.6(4)
C14�N14 1.148(6)

Figure 2. a) Depiction of the asymmetric unit in the crystal structure of 3 showing separately the anionic
square (left) and the mononuclear cation (right) (thermal ellipsoids are drawn at the 50 % probability level,
and H atoms are omitted for the sake of clarity). b) View of the crystal structure packing in 3 approximately
down the c axis, with the anionic squares emphasized with darker and thicker bonds.
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atom. A similar zigzag chain of cyanide-bridged Mn and Mo
centers with pendant Mn arms was observed in the structure
of [MnII

2(L5)2ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[MoIV(CN)8]·5H2O.[33]

The crystal packing in structure 5 is similar to that ob-
served for 4. The chains run along the c axis and interact
with each other through extensive face-to-face p–p contacts
(Figure 4b). These interactions lead to the formation of two-
dimensional slabs in the ac plane. In contrast to 4, in which
the layers of p–p interacting chains are nearly flat (Fig-
ure 3d), in 5 the layers are buckled, with each chain exhibit-
ing a buckled motif (Figure 4c). Solvent molecules occupy
the spaces between the layers and engage in hydrogen bond-
ing with the octacyanotungstate fragments.

The structure of 5, as described above, is based on viewing
it as a zigzag chain of cyanide-bridged MnII and WV ions,
with pendant MnII ions dangling from the chain. An alterna-
tive way to describe this structure is to view it as a chain of
vertex-sharing squares, such as those present in structure 4
(Scheme 1), with one Mn-N�C-W link in each of the
squares being cleaved. In considering the reasons for the
formation of the different structures, it is reasonable to sug-

gest that the driving force for the formation of 4 and 5 is the
neutrality of the resulting phase which facilitates their crys-
tallization in the polar solvents used for the syntheses. The
combination of one [W(CN)8]

4� anion with two MnII ions re-
sults in the crystallization of the neutral 1D compound 4 in
the form of vertex-sharing squares. When the [W(CN)8]

3�

anion is used, however, its combination with two MnII ions
requires an extra negative charge to achieve neutrality.
Therefore, the asymmetric unit of structure 5 contains one
acetate ion that acts as a chelating ligand to the Mn1 center
and prevents the latter from binding to CN� ligands of the
neighboring [W(CN)8]

3� moiety in the same fashion as in
compound 4.

ACHTUNGTRENNUNG[Mn6ACHTUNGTRENNUNG(tptz)6ACHTUNGTRENNUNG(MeOH)4 ACHTUNGTRENNUNG(DMF)2W4(CN)32]·8.2H2O·2.3MeOH
(6): The asymmetric unit in the crystal structure of 6 con-
tains three Mn and two W atoms (Figure 5a). The Mn1,
Mn2, W1, and W2 centers form a cyanide-bridged square,
and two such squares are connected to each other via two
Mn3 atoms. The resulting centrosymmetric decanuclear
complex consists of three vertex-sharing cyanide-bridged

Figure 3. a) The asymmetric unit of 4 (thermal ellipsoid plot at the 50% probability level; H atoms are omitted for the sake of clarity). b) Two adjacent
chains of squares depicting the interdigitated tptz ligands. The cyanide-bridged core is emphasized with thicker bonds. c) View of the crystal structure
down the c axis, showing the layers of interdigitated chains. The alternating layers are highlighted with different shades of gray, and the metal sites are
shown as spheres. d) View down the a axis. The [W(CN)8]

4� fragments of one layer interact with the tptz molecules of the neighboring layer (see text).
(In b)–d), solvent molecules and H atoms are omitted for the sake of clarity.)
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squares, with the shared vertices being the W1 atoms (Fig-
ure 5b).

The heptacoordinate Mn1 and Mn3 centers are in distort-
ed pentagonal bipyramidal environments that consist of one

tridentate tptz ligand, two N-bound bridging cyanides, and
two MeOH molecules. In the case of Mn1, the equatorial
plane of the bipyramid is formed by the N donor atoms of
tptz and the CN� ligands and the axial positions are occu-

Figure 4. a) A depiction of the asymmetric unit of 5 (thermal ellipsoid plot at the 50 % probability level; solvent molecules and H atoms are omitted for
the sake of clarity). b) Two adjacent chains showing the interdigitated tptz ligands. The cyanide-bridged motif is accentuated with thicker bonds. c) View
of the crystal structure approximately down the a axis, showing the buckled layers of interdigitated chains. Solvent molecules occupy the interlayer
space. Mn and W sites are shown as black spheres.

Figure 5. a) A depiction of the asymmetric unit of 6 (thermal ellipsoid plot at the 50 % probability level; H atoms and solvent molecules are omitted for
the sake of clarity). b), c) Two different views of the decanuclear cluster built of three vertex-sharing squares. The cyanide-bridged core of the cluster is
emphasized with thicker bonds. d) A depiction of the p–p interactions between tptz ligands of two adjacent decanuclear clusters.

www.chemeurj.org H 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 6573 – 65896580

K. R. Dunbar et al.

www.chemeurj.org


pied by the O atoms of MeOH molecules. For Mn3, the
equatorial plane of the pentagonal bipyramid includes three
N atoms of the tptz ligand, one N atom of the bridging CN�,
and one O atom of the MeOH molecule. The remaining
CN� and MeOH ligands occupy the axial positions of the bi-
pyramid. The Mn–N distances for Mn1 and Mn3 centers are
in similar ranges (2.298(4)–2.511(4) and 2.190(4)–2.567(4) L,
respectively). The Mn3�N4 bond is somewhat shorter than
the distances from Mn1 and Mn3 atoms to other CN� li-
gands (Table 4). This can be easily understood taking into
account that the N4 atom occupies the less crowded axial
position of the pentagonal bipyramid. The same effect is ob-
served in the Mn–O distances; the equatorial Mn3�O3 bond
(2.309(3) L) is notably longer than the axial Mn3�O4 bond
(2.190(3) L) or the axial Mn1�O bonds (2.179(3) and
2.199(3) L).

In contrast to the Mn1 and Mn3 centers, the Mn2 atom is
in a distorted octahedral environment composed of one tri-
dentate tptz ligand, two N-bound bridging cyanides, and one
water molecule. The distortion is mainly due to the bite
angle of the tptz ligand (�1428). The decreased coordina-
tion number results in the shorter Mn2�N and Mn2�O5
bonds (2.103(6)–2.329(4) and 2.151(4) L, respectively), as
compared to the bond lengths observed for the Mn1 and
Mn3 atoms. The W1 and W2 atoms are in an eight-coordi-
nate environment of CN� ligands. The W2 center belongs
only to the peripheral square and, therefore, is surrounded
by two bridging and six terminal cyanides in a square anti-
prismatic configuration. On the other hand, the W1 site is
shared by the peripheral and central squares, and its coordi-
nation environment consists of four bridging and four termi-
nal cyanide ligands. The geometry of the W1 ion is more dis-
torted and, using the dihedral angle criterion defined by
Porai–Koshits and Aslanov,[34] can be described as being in-
termediate between a square antiprism and a bicapped
trigonal prism. (The criterion takes into account the degree
of out-of-plane twist of two trapezoids defined by C1-C3-
C6-C8 and C2-C4-C7-C5 vertices.) The distortion is similar
to that observed for the [W(CN)8]

3� anion in the crystal
structure of Na3[W(CN)8].[35]

From the topological point of view, compound 6 can be
considered to be a truncated version of 4 (Scheme 1). The
view of the decanuclear cluster 6 in Figure 5c reveals that
the peripheral squares are quite distorted and adopt a but-
terfly shape, while the overall shape of the cluster core re-
sembles two boats fused together at the Mn3 centers. The
tptz ligands are arranged on both sides of the cluster, rough-
ly perpendicular to the direction of the truncated chain of
squares. Such an arrangement provides sufficient space for
intercalation of another aromatic system between two adja-
cent tptz ligands, which allows for efficient packing of dec-
anuclear clusters dominated by interdigitation of the tptz li-
gands from neighboring molecules and extensive p–p stack-
ing interactions (Figure 5d).

The formation of 6 can also be rationalized on the basis
that it is a neutral structure. As mentioned earlier, the dec-
anuclear cluster present in 6 can be viewed as being derived

from an infinite chain of the vertex-sharing squares ob-
served in 4 (Scheme 1). In the latter, the combination of two
MnII ions and one [WIV(CN)8]

4� ion results in an overall
neutral charge for the chain of squares. If the same chain
were to be formed with the [WV(CN)8]

3� anion, the resulting
structure would have a net positive charge (+1 per each
square). The truncation of the chain observed in structure 6
results in a neutral cluster composed of three vertex-sharing
squares. It also should be pointed out that the Mn2 sites are
coordinated to H2O molecules, while coordination environ-
ments of the Mn1 and Mn3 centers involve MeOH mole-
cules. Given that the formation of 6 involves H2O, the reac-
tion was conducted in an anhydrous solvent which led to
compound 7 that exhibits a completely different crystal
structure.

ACHTUNGTRENNUNG{[Mn2ACHTUNGTRENNUNG(tptz)2ACHTUNGTRENNUNG(MeOH)3W(CN)8][Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)W(CN)8]·
2H2O·MeOH}8 (7): The crystal structure of 7 features two
extended structural fragments, both of which are based on a
zigzag chain of cyanide-bridged metal ions. The anionic
chain is based on the combination of cyanide-bridged Mn1
and W1 sites, while the backbone of the cationic chain is
composed of cyanide-bridged Mn2 and W2 centers, with a
dangling Mn3 site being attached via cyanide ligand to each
W2 center (Figure 6a).

All of the Mn sites in structure 7 exhibit a distorted octa-
hedral coordination composed of a tridentate tptz ligand
and three monodentate ligands (two bridging cyanides and
one MeOH molecule for the Mn1 and Mn2 atoms and one
bridging cyanide and two MeOH molecules for the Mn3
atom). As observed for other structures described in this
work that contain both hepta- and hexacoordinate MnII ions
(3, 5, and 6), the decrease in the coordination number re-
sults in shortening of Mn�N and Mn�O bond lengths. This
trend is also observed in structure 7, where the Mn to ligand
distances are in the range of 2.139(4)–2.341(4) L which com-
pares well to the metric parameters of hexacoordinate MnII

sites in the aforementioned structures. Both W1 and W2
centers are in square antiprismatic coordination environ-
ments composed of two bridging and six terminal CN� li-
gands and three bridging and five terminal CN� ligands, re-
spectively.

Both cationic and anionic chains propagate along the a
axis, with the interchain interactions taking place through
face-to-face p–p contacts (Figure 6b). The p–p contacts are
observed for the cation-cation and cation–anion arrange-
ments but not for the anion–anion case (Figure 6c). Secon-
dary interchain communications are mediated by solvent
molecules which engage in hydrogen bonding with terminal
CN� ligands of the octacyanotungstate units.

The structure of the cationic fragment in 7 resembles that
of the neutral chain in the crystal structure of 5. The neu-
trality of the chain in 5 was ensured by the coordination of a
chelating acetate anion to the dangling Mn site. In 7, howev-
er, an additional anion is not coordinated to either of the
Mn centers, which results in an overall positive charge for
the chain composed of two MnII and one [WV(CN)8]

3� ions

Chem. Eur. J. 2007, 13, 6573 – 6589 H 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6581

FULL PAPERHeterometallic Structural Motifs

www.chemeurj.org


and a negative charge for the chain composed of one MnII

and one [W(CN)8]
3� ions. It is interesting to note that Cl�

does not participate in the formation of either 6 or 7. Clear-
ly, the co-crystallization of the complex cation and anion in
7 is preferable to the crystallization of the cation with a Cl�

counterion or to the formation of a neutral structure in
which a Cl� anion is coordinated to one of Mn centers. The
cationic and anionic sub-lattices in 7 engage in extensive p–
p stacking interactions which favor the formation of the
double chain motif.

[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(NO3)]2[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(DMF)]2[W-
(CN)8]2·6MeOH (8): The crystal structure of 8 consists of a
hexanuclear cluster based on an MnII

2W
V

2 square fragment
with two dangling MnII ions (Scheme 1). The square is
formed by cyanide-bridged Mn1 and W1 sites (Figure 7a),
with the two halves of the square being related by an inver-
sion center. The dangling Mn2 atoms are connected via cya-
nide bridges to the W1 corners of the square. Both Mn1 and
Mn2 sites are in a pentagonal bipyramidal coordination en-
vironment. The Mn1 center is surrounded in the equatorial
plane by a tridentate tptz ligand, one bridging cyanide, and
one DMF molecule, while the axial positions are occupied
by another bridging cyanide and an MeOH molecule. The

Mn2 ion is coordinated to a tridentate tptz molecule and a
bidentate NO3

� anion in the equatorial plane and a bridging
CN� ligand and an MeOH molecule in the axial positions,
which is very similar to the coordination of the Mn center
observed in the mononuclear complex 2 ; the ranges of the
equatorial and axial bond lengths are similar in both cases
(2.247(3)–2.392(3) and 2.164(3)–2.215(3) L, respectively, in
8 ; and 2.230(3)–2.370(3) and 2.154(3)–2.192(3) L, respec-
tively, in 2). The W1 ion is in a square antiprismatic coordi-
nation environment of three bridging and five terminal CN�

ligands. Although the N1-Mn1-N2 angle (91.4(1)8) is nearly
ideal for the formation of a molecular square, the C1-W1-
C2 angle of 73.5(1)8 is much more acute which leads to the
distortion of the square into a shape more similar to that of
a rhombus. The distortion is also reflected in the deviation
of Mn1-N1-C1 and Mn1-N2-C2 angles from linearity
(166.5(3) and 159.8(3)8, respectively).

The principal interaction between the hexanuclear units
takes place via face-to-face p–p stacking of the tptz ligands
(Figure 7b). Each cluster forms two such p–p contacts on
one side of the square and two on the other side, with the
tptz molecule coordinated to the Mn1 center being engaged
in interactions with the tptz molecule at the Mn2 site of the
neighboring cluster. Such an arrangement leads to efficiently

Figure 6. a) Depiction of the asymmetric unit of 7 (thermal ellipsoid plot at the 50 % probability level; H atoms and solvent molecules are omitted for of
clarity.). b) Drawings of adjacent chains emphasizing how the tptz ligands of the central cationic chain engage in face-to-face p–p contacts with the tptz
ligands of adjacent anionic chains. The cyanide-bridged core is emphasized with thicker bonds. c) Packing of the chains viewed approximately down the
a axis. The cationic chains are darker and the anionic chains are lighter.
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packed stacks of clusters parallel to the a direction of the
unit cell (Figure 7c). Interactions between the adjacent
stacks also occurs through p–p contacts which are not as
strong as those observed within each stack. These secondary
p–p interactions lead to the formation of two-dimensional
slabs parallel to the ac plane. The space between the slabs is
occupied by solvent molecules which are hydrogen bonded
to the nitrate anions coordinated to the Mn2 centers.

The crystallization of 8 appears to be driven by the neu-
trality of the resulting hexanuclear complex, the trend which
was observed for all but compound 7 in this study. Cluster 8
is unique in the chemistry of heteronuclear complexes based
on [M(CN)8]

3�/4� anions (M=Mo, W), although a topologi-
cally similar fragment was described by Kim et al. in a series
of complexes {[(Tp)Fe(CN)3]4[M ACHTUNGTRENNUNG(MeCN) ACHTUNGTRENNUNG(H2O)2]2]}·
10 H2O·2MeCN (M=Mn, Co, Ni).[36] In these compounds,
two [(Tp)Fe(CN)3] fragments are attached via bridging cya-
nides to a central Fe2M2 square unit.

Remarks regarding the structures of compounds 3–8 : A few
generalizations can be made from an analysis of the crystal
structures presented in this study. The structural flexibility
of the octacyanotungstate anion allows for the formation of
diverse cyanide-bridged structural motifs with only subtle
changes in the synthetic conditions. Although the resulting
structure depends on a variety of factors, including the
choice of counterion, the extent of p–p interactions and hy-
drogen bonding, and the ratio of metal ions introduced into
the reaction, except for compound 7, the products crystallize
as neutral species (chains or multinuclear complexes), with

the crystallization of such species being driven by the use of
polar solvents as a reaction medium. Another pertinent ob-
servation is that the preferred coordination of the MnII ions
is heptacoordinate which stems from the bite angle defined
by the pyridyl nitrogen atoms of the tptz ligand, the average
value of this angle being 1388. This angle imposes a coordi-
nation geometry close to an ideal pentagonal bipyramid, in
which the ideal angle is 1448. Indeed, in most of the struc-
tures described above, the MnII ion is in a pentagonal bipyr-
amidal environment, and the trischelating tptz ligand pro-
vides three of the five donor atoms for the equatorial plane
of the bipyramid. Finally, a square unit composed of cyanide
bridged Mn and W ions appears to be a ubiquitous structur-
al fragment in these compounds. As has been seen, even
structures 5 and 7, which formally do not contain such
square units, can be described as being derived from struc-
ture 4 based on vertex-sharing squares (Scheme 1). As will
be described in the following section, such structural similar-
ities have ramifications on the magnetic behavior of these
compounds.

Magnetic properties

Compound 3 : DC magnetic susceptibility measurements re-
vealed that the cT value of 3 gradually decreases from
17.3 emu mol�1 K at 300 K to a broad minimum at about
50 K, then increases to a maximum value of
17.5 emu mol�1 K at 8.0 K, and finally decreases at lower
temperatures (Figure 8). The value observed at room tem-
perature is slightly lower than the theoretically expected cT

Figure 7. a) A depiction of the asymmetric unit of 8 (thermal ellipsoid plot at the 50 % probability level; H atoms and solvent molecules are omitted for
the sake of clarity). b) p–p interactions between two adjacent hexanuclear clusters resulting in stacking of clusters along the a axis (horizontal direction).
The cyanide-bridged cores of the clusters are highlighted by thicker bonds. c) View approximately down the a axis, depicting p–p interactions between
the neighboring stacks of clusters. The central stack is shown with thicker bonds.
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value for magnetically non-interacting four MnII (SMn=
5=2)

and two WV (SW= 1=2) ions. This fact, along with the temper-
ature behavior of the cT curve, suggests that antiferromag-
netic interactions are occurring between the MnII and WV

centers. These interactions are mediated by the CN� ligands
of the square fragment (see Figure 2) and can be described
using the following Hamiltonian:

H ¼ �2J � ðSW1 þ SW1aÞ � ðSMn1 þ SMn1aÞ ð1Þ

where J is an isotropic magnetic exchange constant. The
temperature dependence of cT was simulated with MAG-
PACK,[37] taking into account the contribution from two
non-interacting MnII centers that belong to the cationic
units. The decrease of cT at temperatures below 8.0 K can
be attributed to weak intermolecular coupling which is,
probably, mediated by hydrogen bonding and p–p stacking
interactions. The mean-field approximation was used to ac-
count for this effect. The fitting of the cT curve resulted in
the final parameters gMn=1.99, gW=2.00, J=�7.8 cm�1, and
zJ’=�0.03 cm�1. The value of the magnetic exchange con-
stant J is comparable to the value of �6.0 cm�1 reported for
the pentanuclear V-shaped cluster [MnII

3 ACHTUNGTRENNUNG(bpy)6ACHTUNGTRENNUNG(H2O)]
[WV(CN)8]2.

[38]

The antiferromagnetic coupling between MnII and WV

ions in the square fragment leads to the stabilization of a
high spin ground state, which results in the maximum in the
cT vs. T dependence at lower temperatures. Magnetization
measurements performed in a variable applied magnetic
field at 1.8 K (Figure 8, inset) confirmed the assignment of
the antiferromagnetic ground state for the square fragment
(S=4 and g=2.00), after taking into account the presence
of two non-interacting MnII centers with S= 5=2 and g=2.00.

Compound 4 : Compound 4 exhibits a room temperature cT
value of 8.83 emu mol�1 K, which is close to the theoretically
expected spin-only value of 8.75 emu mol�1 K for two non-in-
teracting MnII centers with S= 5=2 (see Supporting Informa-
tion, Figure S1). The cT product remains nearly constant
over the entire studied temperature interval. The decrease
in cT below 10 K is attributed to intermolecular magnetic
interactions between neighboring paramagnetic chains of
squares (Figure 3). The temperature dependence of the
magnetic susceptibility was fitted to the Curie–Weiss law,
with a negative Weiss constant q=�0.7 K in accord with
weak antiferromagnetic interchain interactions.

Compound 5 : The cT value of 5 at 300 K is
9.30 emu mol�1 K, which is close to the spin-only value of
9.13 emu mol�1 K expected for two non-interacting MnII and
one WV centers. The value decreases slowly to a minimum
of 9.00 emu mol�1 K at 95 K and then increases to a sharp
maximum and reaches the highest value of 28.1 emu mol�1 K
at 3.5 K (Figure 9). Such behavior is typical for a ferrimag-

netic chain with alternating metal centers of a different spin
state.[39, 40] Compound [MnII

2(L5)2ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[MoIV(CN)8]·
5 H2O

[33] is structurally similar to 5 and exhibits very similar
magnetic properties after being irradiated with UV light.
The irradiation leads to photooxidation of MoIV to MoV and
formation of spin centers of the values observed in 5. Inter-
estingly, the minimum of cT in this earlier reported com-
pound is also observed at 95 K.

The sharp maximum in the cT dependence suggests the
onset of magnetic ordering below 3.5 K, which occurs due to
interchain interactions. This conclusion is also supported by
the appearance of an out-of-phase signal in the AC magnet-
ic susceptibility measurement (Figure 9, inset). The field de-
pendent magnetization measured in the range of 0–7 T at

Figure 8. Temperature dependence of the cT product for 3 (*). The solid
line corresponds to the MAGPACK simulation, including the mean-field
approximation to account for intermolecular coupling at lower tempera-
tures (gMn=1.99, gW=2.00, J=�7.8 cm�1, zJ’=�0.03 cm�1; R2=0.9994).
Inset: Field dependent magnetization (*). The solid line correspond to
the best fit to the Brillouin function (see text; R2=0.9988). [The correla-

tion value is defined as R2=1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ðcTobs�cTcalcd Þ2

ðn�pÞ

P

ðcTobsÞ2

r
, where n is the number

of experimental data points and p is the number of refined parameters.]

Figure 9. Temperature dependence of the cT product for 5 (*). The solid
line corresponds to the MAGPACK simulation (gMn=gW=1.97, J=
�6.1 cm�1, zJ’=�0.005 cm�1; R2=0.9893). Inset: Temperature depend-
ence of the imaginary component c’’ of the AC magnetic susceptibility at
different frequencies under applied magnetic field HAC=3 Oe and HDC=

0 Oe. (Solid lines are guides for eye.)
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1.8 K does not saturate and approaches a value of 9 mB (Fig-
ure S2, Supporting Information) expected for two MnII and
one WV ions, assuming antiferromagnetic coupling across
the CN� bridge.

Although several theoretical models have been developed
for treating a ferrimagnetic alternating spin chain,[40, 41] no
model yet exists for such a chain with pendant arms, which
precludes rigorous theoretical treatment of magnetic behav-
ior of 5. Nevertheless, the observed similarity in the magnet-
ic behavior of 5 and 6 (see below) suggests that the value of
the magnetic exchange constant in the former can be rough-
ly estimated by approximating the chain by a truncated
structure similar to the latter. Such a topology, depicted in
Scheme 2 with a dashed rectangle and including 6 MnII and
3 WV ions, can be treated with an isotropic Hamiltonian:

H ¼ �2J � ½SW1 � ðSMn1 þ SMn2Þ þ SW1a � ðSMn2 þ SMn1aþ
SMn2aÞ þ SW1b � ðSMn2a þ SMn1b þ SMn2bÞ�

ð2Þ

where the isotropic exchange constant J is assumed to be
equal for all pairs of interacting MnII and WV ions, and sym-
bols “a” and “b” indicate crystallographically equivalent
atoms. To account for the intermolecular coupling at low
temperatures, the resulting cT values were corrected using
the mean-field theory. The simulation performed with
MAGPACK[37] resulted in the values of gMn=gW=1.97, J=
�6.1 cm�1, and zJ’=�0.005 cm�1, which are comparable to
the values obtained for compounds 6 (see below) and give a
reasonably good fit to the experimental data (Figure 9), thus
confirming the validity of the suggested approximation.
Nevertheless, it has to be emphasized that this approxima-
tion is very rough and might lead to underestimation of the
zJ’ parameter that characterizes the strength of intermolecu-
lar coupling.

Compound 6 : For compound 6, the room temperature cT
value is 27.7 emu mol�1 K, which corresponds to the theoreti-
cally expected spin-only value for non-interacting six MnII

and four WV centers. The cT gradually decreases to a broad
minimum of �27 emu mol�1 K around 100 K (Figure 10).
Below this temperature, the cT product increases to a sharp
maximum of 88.7 emumol�1 K at 2.5 K, which is indicative
of stabilization of a high spin ground state. Assuming anti-

ferromagnetic coupling between MnII and WV ions, the ex-
pected ground state spin value should be S=13. This value
is confirmed by the fitting of the field dependent magnetiza-
tion to the Brillouin function for S=13, g=2.01 (Figure 10,
inset).

To estimate the magnitude of magnetic coupling between
MnII and WV centers, the temperature dependence of cT
was modeled with MAGPACK[37] using the isotropic Heisen-
berg–Dirac–Van Vleck Hamiltonian:

H ¼ �2J � ½SW1 � ðSMn1 þ SMn2 þ SMn3 þ SMn3aÞ þ
SW2 � ðSMn1 þ SMn2Þ þ SW1a � ðSMn1a þ SMn2a þ SMn3a þ SMn3Þ
þ SW2a � ðSMn1a þ SMn2aÞ�

ð3Þ

where J is the isotropic magnetic exchange constant, and
Mn1/Mn1a, Mn2/Mn2a, Mn3/Mn3a, W1/W1a, and W2/W2a
indicate crystallographically equivalent Mn and W centers
in the decanuclear complex 6. Due to the large size of the
resulting energy matrix, and in order to avoid overparamet-
rization, the exchange constant was assumed to be the same
for all MnII-N�C-WV pairs of ions. The mean-field correc-
tion was applied to account for intermolecular magnetic in-
teractions at low temperatures. The MAGPACK simulation
resulted in the best-fit parameters gMn=gW=2.01, J=
�6.2 cm�1, and zJ’=�7 M 10�4 cm�1.

It had already been noted in an earlier section that there
is a structural relationship between complexes 5 and 6. Both
can be considered as being derived from structure 4, the
former being obtained by breaking one of the W-C�N-Mn
linkages in each square unit of 4 and the latter being a trun-
cated variant of the chain of squares present in 4. It should
also be pointed out that compounds 5 and 6 are similar with
regards to the spin topology of antiferromagnetic coupling
across the W-C�N-Mn bridge (Scheme 2). Although one of
the cyanide links in each square fragment is missing in going

Figure 10. Temperature dependence of the cT product for 6 (*). The
solid line corresponds to the MAGPACK simulation (gMn=gW=2.01, J=
�6.2 cm�1, zJ’=�7 M 10�4 cm�1; R2=0.9957). Inset: Field dependent mag-
netization (*). The solid line correspond to the best fit to the Brillouin
function (S=13, g=2.01; R2=0.9982).

Scheme 2. Schematic representation of the antiferromagnetic spin cou-
pling patterns in compounds 3, 5, 6, and 8. *: Mn, *: W.
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from 4 to 5, the remaining bridging CN� ligands ensure the
same arrangement of spins as would be expected in the
chain of vertex-sharing squares. Due to the similarity of
their spin structure, compounds 5 and 6 exhibit a similar
temperature dependence of their magnetic susceptibility
(Figures 9 and 10). Clearly, even three ferrimagnetic squares
linked into a short chain (6) are sufficient to exhibit magnet-
ic behavior similar to an infinite ferrimagnetic chain (5). In
contrast, molecular square 3 is characterized by a markedly
different cT versus T curve, because of the smaller ground
state spin value.

The decanuclear cluster present in the crystal structure of
6 is of considerable interest from the point of view of molec-
ular magnetism, since it is the second largest cyanide-based
molecular complex derived from the [MV(CN)8]

3� anions
(M=Mo, W), after the pentadecanuclear clusters {M’ ACHTUNGTRENNUNG[M’II-
ACHTUNGTRENNUNG(ROH)3]8[M

V(CN)8]6} (M’=Mn, Co, Ni; R=Me, Et).[13,22–25]

The latter compounds behave as single-molecule magnets
(SMMs), due to high ground state spin values and magnetic
anisotropy. The high nuclearity of complex 6 and, conse-
quently, its high ground state spin value render this mole-
cule a promising scaffold for the development of new
SMMs. Our future efforts in this vein will be directed at the
modification of the tptz ligand to include bulkier peripheral
substituents (for example, tert-butyl group), which will
ensure better separation of the clusters and weaker intermo-
lecular coupling. Results of these studies will be presented
in due course.

Compound 7: The cT value of 7 at 300 K is
14.2 emu mol�1 K, which is only slightly higher than the spin-
only value of 13.9 emu mol�1 K expected for three MnII and
two WV centers in the absence of magnetic coupling. The cT
slightly decreases as the temperature is lowered and exhibits
a broad minimum at �13.4 emu mol�1 K around 100 K.
Below 50 K, the cT quickly increases to a sharp maximum
of 102 emu mol�1 K at 3.5 K (Figure S3, Supporting Informa-
tion). Such behavior is typical of a ferrimagnetic chain,
while the decrease in cT at T < 3.5 K indicates an onset of
bulk antiferromagnetic ordering due to interchain magnetic
interactions. The existence of the ordered phase at lower
temperatures is also supported by the AC magnetic suscepti-
bility measurement which reveals an out-of-phase signal
below 2.5 K (Figure S4, Supporting Information).

The expected magnetization saturation value should take
into account the presence of two different ferrimagnetic
chains in the crystal structure of 7 (Figure 6b and
Scheme 1). The cationic chain is analogous to the structural
fragment observed in 5 and contains two MnII (S= 5=2 each)
and one WV (S= 1=2) ions per formula unit. The anionic
chain is a simple zigzag chain that consists of one MnII and
one WV center per formula unit. Based on the antiferromag-
netic interactions between MnII and WV ions via cyanide
bridge, the expected magnetization saturation value is
13.0 mB for the spin-only case, which is only slightly smaller
than the observed value of 13.5 mB (Figure S3, inset, Sup-
porting Information).

The magnetic properties of 7 resemble the properties of
compound 5, which is the reflection of the similarity of ferri-
magnetic chains present in their structures and, therefore,
analogous spin coupling topology (Scheme 2) in the 1D
structure of 5 and in the 1D cationic unit of 7. Both com-
pounds exhibit interchain magnetic interactions of a similar
strength, judging by the onset of magnetic ordering that
takes place at nearly the same temperature in both cases.

Compound 8 : The 300 K cT value of 8 is 17.7 emu mol�1 K,
only slightly lower than 18.3 emumol�1 K expected for non-
interacting four MnII and two WV ions. The cT product
slowly decreases to a minimum of 17.2 emu mol�1 K at 95 K,
and then increases below 50 K reaching a maximum value
of 47.2 emu mol�1 K at 2.0 K (Figure 11). Such behavior is in-

dicative of antiferromagnetic coupling between MnII and
WV centers, with stabilization of a high spin ground state at
low temperatures. The expected ground state of S=9 was
confirmed by fitting the field dependent magnetization
curve to the Brillouin function assuming g=2.00 (Figure 11,
inset).

The temperature dependence of cT was modeled with the
isotropic Hamiltonian:

H ¼ �2J � ½SW1 � ðSMn1 þ SMn1a þ SMn2Þ
þ SW1a � ðSMn1 þ SMn1a þ SMn2aÞ�

ð4Þ

where J is an isotropic magnetic exchange constant, and
Mn1/Mn1a, Mn2/Mn2a, and W1/W1a refer to crystallo-
graphically equivalent Mn and W centers in the hexanuclear
complex 8. Although the interaction of WV ions with MnII

ions within the square unit should be, strictly speaking, dif-
ferent as compared to the interaction of WV with the pend-
ant MnII ions (Figure 7), an approximation was used in
which the same value of the magnetic exchange constant J
was used for both interactions. Given the similar magnitude

Figure 11. Temperature dependence of the cT product for 8 (*). The
solid line corresponds to the MAGPACK simulation (gMn=gW=2.01, J=
�6.1 cm�1; R2=0.9950). Inset: Field dependent magnetization (*). The
solid line correspond to the best fit to the Brillouin function (S=9, g=
2.00; R2=0.9971).
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of these coupling constants, such an approach avoids over-
parametrization during the fitting procedure. Simulation of
the cT versus T curve with MAGPACK[37] resulted in J=
�6.1 cm�1 and gMn=gW=2.01 (Figure 11).

To probe the possible SMM behavior of 8, the tempera-
ture dependence of the AC magnetic susceptibility was mea-
sured at various frequencies (n) of the applied magnetic
field (HAC=3 Oe). The measurement performed in a zero
static magnetic field (HDC=0) revealed normal paramagnet-
ic behavior of the in-phase component c’ and absence of an
out-of-phase signal c’’ (Figure S5, Supporting Information),
thus showing that 8 does not behave as an SMM above
1.8 K (the lowest temperature of the experiment). Neverthe-
less, under a DC bias field, frequency dependent peaks
appear in both c’ and c’’ (Figure 12). As the DC field is in-
creased, the maximum of the out-of-phase signal is shifted
to progressively higher temperatures. The relaxation rate 1/
t=2pn is temperature dependent and can be fitted to the
Arrhenius law t=t0·expACHTUNGTRENNUNG(U/kBT), resulting in parameters

t0=2.5 M 10�6 s, U=6.1 cm�1 at HDC=1000 Oe; t0=2.2 M
10�7 s, U=12.9 cm�1 at HDC=2000 Oe; t0=5.1 M 10�8 s, U=

16.2 cm�1 at HDC=3000 Oe. Extrapolation of these results to
HDC=0 gives UH=0=1.6 cm�1. The observed behavior sug-
gests that the zero-field relaxation of magnetization in hexa-
nuclear cluster 8 occurs too fast, which might be due to fast
tunneling that is facilitated by transverse anisotropy terms
and/or intermolecular interactions.[42] Application of the DC
bias field leads to the suppression of resonant tunneling due
to the mismatch of magnetic sublevels and increases the ac-
tivation barrier U for the thermally activated relaxation.[43]

These results hint at the potential of a molecule of this type
to behave as an SMM. Our further efforts in this vein will
be directed at modifying the blocking ligand in order to ach-
ieve better separation between the molecules thereby de-
creasing intermolecular interactions.

Conclusions

A tridentate planar ligand capable of binding to a transition
metal center in a mer fashion has not been explored prior to
this study as a blocking ligand in the chemistry of cyanide
complexes based on octacyanometalate anions. The present
work makes use of the tridentate tptz ligand and, therefore,
provides the first examples of compounds formed with a
ligand of this type in such context. Analyses of the crystal
structures reveal the ubiquity of the cyanide-bridged Mn2W2

square unit as a basic structural fragment for the bimetallic
products. With this unit as a building block, various structur-
al motifs are formed, beginning with the discrete molecular
square 3, to the decanuclear cluster 6 composed of three
vertex-sharing squares to the infinite chain of vertex-sharing
squares in 4. The latter can also be considered as a parent
structure from which the zigzag chains with pendant arms
observed in structures 5 and 7 are derived.

The close relationships in the structures of the products
also result in a similar topology for the magnetic interac-
tions. For the bimetallic complexes 3 and 5–8, antiferromag-
netic coupling between MnII and WV ions is propagated by
the bridging CN� ligands, resulting in ferrimagnetic ground
states. The planarity of the square fragment may result in a
higher magnetic anisotropy due to the mutual enhancement
of single-ion anisotropies and, together with a high ground
state spin value, could lead to observation of single-mole-
cule and single-chain magnetism. In this regard, decanuclear
complex 6 with ground state S=13 was of special interest.
We were unable, however, to observe a signature of SMM
behavior in this compound in the absence of an applied DC
field. Most likely, the different arrangement of three square
units in its structure (Figure 5c) leads to the cancellation of
single-ion anisotropies. Our future work will pursue the
combination of [M(CN)8]

3� ions (M=Mo, W) with mononu-
clear tptz complexes of other transition metal ions with
higher single-ion anisotropies, including CoII, MnIII, and VIII

magnetic centers. We also plan to investigate the use of
other tridentate meridional ligands with bulkier substituents

Figure 12. Imaginary part (c’’) of AC magnetic susceptibility of 8 mea-
sured in an applied magnetic field HAC=3 Oe under direct bias field HDC

of 1000 Oe (top), 2000 Oe (middle), and 3000 Oe (bottom).
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which should allow for better separation between the mole-
cules or chains in the crystal structures, a requisite condition
for the SMM or SCM behavior.

An interesting future direction for this work is the possi-
bility for photoinduced magnetic behavior for complex 4.
Photooxidation of diamagnetic WIV ions to paramagnetic
WV ions under irradiation with UV light should switch on
the magnetic coupling between W and Mn centers and
result in a dramatic increase of the magnetic moment due to
the transition from a paramagnetic to a ferrimagnetic
chain.[39] We are currently investigating the possibility of
such a conversion and will report the results of our studies
in due course.

Experimental Section

Starting materials : The reagents 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz,
Aldirch), MnCl2 (Strem), Mn ACHTUNGTRENNUNG(NO3)2·4H2O, Mn ACHTUNGTRENNUNG(OAc)2·4H2O (Fisher)
were used as received. The compound [{(C4H9)3NH}3W(CN)8] was pre-
pared following the literature procedure.[44] All bimetallic complexes
were prepared in reagent grade methanol (MeOH) and dimethylforma-
mide (DMF), except for complexes 5 and 7 which were synthesized in ad-
ditionally dried and distilled solvents.

[Mn ACHTUNGTRENNUNG(tppz) ACHTUNGTRENNUNG(MeOH)Cl2]·H2O (1): A solution of tptz (187 mg, 0.60 mmol)
in MeOH (15 mL) was added dropwise to a solution of MnCl2 (76 mg,
0.60 mmol) in MeOH (15 mL) with constant stirring. A yellow precipitate
was observed to form gradually. The mixture was stirred for 30 min and
then left undisturbed for 12 h. The resulting yellow solid was recovered
by filtration, washed with MeOH (10 mL), and dried in air (245 mg,
84%). Single crystals of 1 were grown by slow diffusion of diethyl ether
into a solution of 1 (20 mg) in MeOH/H2O 4:1 (10 mL). Elemental analy-
sis (%) calcd for 1 (MnCl2O2N6C19H18): C 46.74, H, 3.72, N 17.21; found:
C 46.51, H 3.20, N 18.07.

[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(NO3) ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)·1.5H2O (2): A solution of tptz (187 mg,
0.60 mmol) in MeOH (15 mL) was added dropwise to a solution of Mn-
ACHTUNGTRENNUNG(NO3)2·4 H2O (151 mg, 0.60 mmol) in MeOH/H2O 4:1 (15 mL) with stir-
ring. A yellow solution formed instantaneously, and after a few minutes
of stirring, a yellow precipitate formed. The mixture was stirred for 30
minutes and left to stand without stirring for 12 h. The yellow precipitate
was harvested by filtration, washed with MeOH (10 mL), and dried in air
(206 mg, 64%). Single crystals of 2 were grown by slow diffusion of di-
ethyl ether into a solution of 20 mg of 1 in MeOH/water 4:1 (10 mL). El-
emental analysis indicated that the interstitial solvent was partially lost
when the sample was dried: elemental analysis calcd (%) for [MnACHTUNGTRENNUNG(tptz)-
ACHTUNGTRENNUNG(NO3)ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)·0.5 H2O (MnO8.5N8C18H17): C 40.31, H 3.19, N 20.89;
found: C 40.65, H 3.13, N 21.12.

[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc)ACHTUNGTRENNUNG(H2O)2]2{[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)1.58 ACHTUNGTRENNUNG(H2O)0.42]2[W(CN)8]2}·
5MeOH·9.85H2O (3): A solution of tptz (125 mg, 0.40 mmol) in MeOH
(8 mL) was slowly added to a solution of Mn ACHTUNGTRENNUNG(OAc)2·4 H2O (98 mg,
0.40 mmol) in MeOH/H2O 4:1 (10 mL) with stirring. The resulting dark
yellow solution was layered in the dark with a solution of
[(C4H9)3NH]3W(CN)8 (190 mg, 0.20 mmol) in MeOH (10 mL). Large
brown crystals were obtained after two weeks. The crystals were collect-
ed by filtration, washed with MeOH, and dried in vacuo (88 mg, 34%).
Elemental analysis indicated that the interstitial solvent was lost when
the sample was dried: elemental analysis calcd (%) for [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(OAc)-
ACHTUNGTRENNUNG(H2O)2]2{[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)1.58ACHTUNGTRENNUNG(H2O)0.42]2[W(CN)8]2}
(W2Mn4O12N40C95.16H76.32): C 44.65, H 3.01, N 21.89; found: C 43.62, H
2.77, N 21.96. IR (Nujol): ñ = 2142, 2156, 2177 cm�1 (C�N).

ACHTUNGTRENNUNG{[MnII ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)]2ACHTUNGTRENNUNG[W
IV(CN)8]·2MeOH}1 (4): Mn ACHTUNGTRENNUNG(OAc)2·4 H2O

(98 mg, 0.40 mmol) was dissolved in MeOH/DMF 4:1 (10 mL). A solu-
tion of tptz (125 mg, 0.40 mmol) in MeOH (10 mL) was added with stir-
ring. The solution was layered with a solution of [(C4H9)4N]4W(CN)8

(272 mg, 0.20 mmol) in MeOH (10 mL). Blue crystals were obtained

after two weeks (166 mg, 66%). Elemental analysis (%) calcd for 4
(WMn2O4N20C48H40): C 45.95, H 3.21, N 22.33; found: C 43.62, H 2.77, N
22.07; IR (Nujol): ñ = 2098, 2111 cm�1 (C�N).

ACHTUNGTRENNUNG{[Mn2ACHTUNGTRENNUNG(tptz)2 ACHTUNGTRENNUNG(MeOH)3 ACHTUNGTRENNUNG(OAc)][W(CN)8]·3.5MeOH·0.25H2O}1 (5): Mn-
ACHTUNGTRENNUNG(OAc)2·4H2O (98 mg, 0.40 mmol) was dried in vacuo for 10 h prior to use
and then dissolved in anhydrous MeOH (8 mL). To this solution, a solu-
tion of tptz (125 mg, 0.40 mmol) in anhydrous MeOH (8 mL) was slowly
added with constant stirring. The resulting dark yellow solution was lay-
ered in the dark with a solution of [(C4H9)3NH]3W(CN)8 (190 mg,
0.20 mmol) in anhydrous MeOH (10 mL). Brown crystals were obtained
after two weeks which were collected by filtration, washed with MeOH,
and dried in vacuo (33 mg, 13 %). Elemental analysis indicated that
the interstitial solvent was lost when the sample was dried: elemental
analysis calcd (%) for [Mn2ACHTUNGTRENNUNG(tptz)2 ACHTUNGTRENNUNG(MeOH)3 ACHTUNGTRENNUNG(OAc)][W(CN)8]
(WMn2O5N20C49H39): C 45.92, H 3.07, N 21.86; found: C 43.95, H 2.89, N
21.80; IR (Nujol): ñ = 2139, 2170, 2182 cm�1 (C�N).

ACHTUNGTRENNUNG[Mn6ACHTUNGTRENNUNG(tptz)6 ACHTUNGTRENNUNG(MeOH)4 ACHTUNGTRENNUNG(DMF)2W4(CN)32]·8.2H2O·2.3MeOH (6): Com-
pound 1 (73 mg, 0.15 mmol) was dissolved in MeOH/H2O 4:1 (10 mL).
This solution was layered in dark with a solution of [(C4H9)3NH]3W(CN)8

(95 mg, 0.10 mmol) in MeOH (8 mL). Brown crystals obtained after two
weeks were collected by filtration, washed with MeOH, and dried in
vacuo (32 mg, 30 %). Elemental analysis indicated that the interstitial
methanol molecules were lost when the sample was dried: elemental
analysis calcd (%) for [Mn6 ACHTUNGTRENNUNG(tptz)6ACHTUNGTRENNUNG(MeOH)4 ACHTUNGTRENNUNG(DMF)2W4(CN)32]·8.2 H2O
(W4Mn6O18.2N68C148H124.4): C 42.21, H 2.98, N 22.61; found: C 41.70, H
2.69, N 22.75; IR (Nujol): ñ = 2145, 2161, 2172, 2184 cm�1 (C�N).

{[Mn2ACHTUNGTRENNUNG(tptz)2 ACHTUNGTRENNUNG(MeOH)3W(CN)8][Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)W(CN)8]·2H2O·
MeOH}8 (7): A quantity of 1 (73 mg, 0.15 mmol) was dissolved in anhy-
drous MeOH/DMF 4:1 (25 mL). The solution was stirred for 30 minutes
and filtered. The filtrate was layered in the dark with a solution of
[(C4H9)3NH]3W(CN)8 (95 mg, 0.10 mmol) in anhydrous MeOH (10 mL).
Brown crystals that grew over the course of one week were collected by
filtration, washed with MeOH and dried in vacuo (24 mg, 24%). Elemen-
tal analysis indicated that the interstitial solvent was lost when the
sample was dried: elemental analysis calcd (%) for {[Mn2ACHTUNGTRENNUNG(tptz)2-
ACHTUNGTRENNUNG(MeOH)3W(CN)8][MnACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH)W(CN)8}8 (W2Mn3O4N34C74H52): C
44.13, H 2.60, N 23.65; found: C 43.05, H 2.41, N 23.75; IR (Nujol): ñ =

2143, 2162, 2173 cm�1 (C�N).

[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(NO3)]2[Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(DMF)]2[W(CN)8]2·
6MeOH (8): A sample of 2 (83 mg, 0.15 mmol) was dissolved in MeOH/
H2O 3:2 (10 mL). This solution was layered in the dark with a solution of
[(C4H9)3NH]3W(CN)8 (95 mg, 0.10 mmol) in MeOH (10 mL). Yellow
crystals that formed after two days were collected by filtration, washed
with MeOH, and dried in vacuo (28 mg, 21 %). Elemental analysis indi-
cated that the interstitial solvent was lost when the sample was dried: ele-
mental analysis calcd (%) for [Mn ACHTUNGTRENNUNG(tptz) ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(NO3)]2[Mn ACHTUNGTRENNUNG(tptz)-
ACHTUNGTRENNUNG(MeOH) ACHTUNGTRENNUNG(DMF)]2[W(CN)8]2 (W2Mn4O12N44C98H78): C 44.39, H 2.97, N
23.24; found: C 42.06, H 2.82, N, 22.52; IR (Nujol): ñ = 2148, 2161,
2187 cm�1 (C�N).

Physical measurements : IR spectra of compounds 3–8 were measured as
Nujol mulls placed between KBr plates on a Nicolet 740 FT-IR spectrom-
eter. Magnetic susceptibility and magnetization measurements were car-
ried out with a Quantum Design SQUID magnetometer MPMS-XL. DC
magnetic measurements were performed in an applied field of 1000 Oe
in a temperature range of 2–300 K. AC magnetic susceptibility measure-
ments were performed in a 3 Oe AC field in an operating frequency
range of 1–1000 Hz. Magnetization data were collected at 1.8 K in the 0–
7 T range starting at zero field. The molecular weight of the compounds
was adjusted according to the results of elemental analysis. The data
were corrected for diamagnetic contributions calculated from the Pascal
constants.[45]

Single crystal X-ray diffraction studies : In a typical experiment, a crystal
selected for study was suspended in Paratone oil and mounted on a cryo-
loop which was placed in an N2 cold stream. Single crystal X-ray data
were collected on a Bruker APEX (1, 2, 7, and 8) and a Bruker SMART
1000 (3–6) diffractometers equipped with a CCD detector, at tempera-
tures between 110 and 150 K (Table 2). The data sets were recorded as w

scans at 0.38 step width and integrated with the Bruker SAINT[46] soft-
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ware package. The absorption correction (SADABS[47]) was based on fit-
ting a function to the empirical transmission surface as sampled by multi-
ple equivalent measurements. Solution and refinement of the crystal
structures was carried out using the SHELX[48] suite of programs and the
graphical interface X-SEED.[49] All the structures were solved by direct
methods which resolved the positions of all metal atoms and most of C
and N atoms. The remaining non-hydrogen atoms were located by alter-
nating cycles of least squares refinements and difference Fourier maps.
Hydrogen atoms were placed at calculated positions, with the exception
of some water molecules, for which hydrogen atoms were located by the
difference Fourier maps. Whenever disordered solvent molecules were
present in a structure, their bond lengths were restrained to chemically
meaningful values. The final refinement was carried out with anisotropic
thermal parameters for all non-hydrogen atoms, except for the non-hy-
drogen atoms of the disordered solvent molecules which were refined iso-
tropically. A summary of pertinent information relating to unit cell pa-
rameters, data collection, and refinement statistics is provided in Table 2.

CCDC-637 310–637 317 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.
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