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The cyano bridge in an efficient and versatile magnetic
coupler can mediate both antiferromagnetic and ferromag-
netic interactions. This ability is the clue to the remarkable
magnetic properties of bimetallic Prussian blue phases.[1±7]

These phases can behave as ferrimagnets or ferromagnets
with critical temperatures reaching 340 K. These phases,
however, have some drawbacks. In particular, they have a
faced-centered cubic structure,[8] so that no magnetic aniso-
tropy can be expected. That is why we recently decided to use
a heptacyanometalate, [Mo(CN)7]4ÿ, instead of a hexacyano-
metalate as a precursor. The heptacoordination is not
compatible with cubic symmetry. The reaction of [Mo(CN)7]4ÿ

with Mn2� ions afforded two- and three-dimensional com-
pounds whose structures and magnetic properties were
investigated in great detail.[9±12] As expected, the symmetries
of the metal sites as well as the symmetry of the lattice as a
whole are low, which leads to very interesting magnetic
anisotropy properties.
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It occurred to us that the symmetry of the lattice could be
lowered further by imposing heptacoordination not only to
the Mo3� sites but also to the Mn2� sites. For that, we utilized
the macrocycle 2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-

[12.3.1]octadeca-1(18),2,12,14,
16-pentaene (L), which is known
to adopt a planar conformation,
which led to the stabilization of
heptacoordinated Mn2� species
of the type [MnL(H2O)2]2� with
a pentagonal-bipyramid geome-
try.[13, 14] The reaction of

[Mo(CN)7]4ÿ with [MnL(H2O)2]2� afforded a compound of
formula [MnIIL]6[MoIII(CN)7][MoIV(CN)8]2 ´ 19.5 H2O (1),
whose structure and magnetic properties are reported here.

The structure of 1 contains five metal sites, namely, a
molybdenum(iii) site (Mo1), a molybdenum(iv) site (Mo2),
and three manganese(ii) sites (Mn1, Mn2, and Mn3). The
organization is two-dimensional, and is made up of edge-
sharing 48-membered rings (Figure 1). Each ring has a heart

Figure 1. Structure of a layer of 1 consisting of edge-sharing heart-shaped
48-membered rings. For clarity, the macrocycles L have been omitted.
Color code: molybdenum: blue, manganese: purple, carbon: black, nitro-
gen: green.

shape, and contains 16 metal sites: two Mo1 sites located on a
twofold axis together with six Mo2, four Mn1, and four Mn3
sites in general positions. All these sites are linked by cyano
bridges, the carbon atoms being bound to molybdenum and
the nitrogen atoms to manganese. There are two kinds of
linkages which are common to two adjacent rings, namely,
Mo2-C-N-Mn3-N-C-Mo2 and Mo2-C-N-Mn1-N-C-Mo1-C-N-
Mn1-N-C-Mo2. The Mn2 site is linked to the Mo2 site through
a cyano bridge, but is not directly involved in the ring. The
noncoordinated water molecules occupy the voids between
the layers.

Let us now examine the environment of each molybdenum
and manganese site. Site Mo1 is surrounded by two C-N-Mn1
linkages and five terminal cyano groups (Figure 2, left). The
coordination sphere may be described as a distorted pentag-
onal bipyramid, with C12-N12 and C12i-N12i along the pseudo
fivefold axis. Site Mo2 is surrounded by one C-N-Mn1, one

Figure 2. Environment of the Mo1 (left) and Mo2 sites (right) in 1. The
color code is the same as for Figure 1. Selected mean interatomic
distances [�] and angles [8]: Mo1ÿC 2.148, Mo2ÿC 2.166; Mo1-C-N
176.8, Mo2-C-N 176.8.

C-N-Mn2, and two C-N-Mn3 linkages together with four
terminal cyano groups (Figure 2, right). The coordination has
a low symmetry; however, it is reminiscent of a square
antiprism.

The three manganese sites are surrounded by the five
nitrogen atoms of the macrocycle in the equatorial plane and
two other coordinating atoms along the apical directions,
leading to pentagonal-bipyramid geometries. Site Mn1 is
bound to a N-C-Mo1 linkage along one of the apical
directions, and a N-C-Mo2 linkage along the other (Figure 3,
top). It is displaced from the mean plane defined by the five

Figure 3. Environment of the Mn1 (top), Mn2 (bottom left; for reasons of
clarity the purple sphere for Mn2 is not labeled), and Mn3 sites (bottom
right) in 1. The color code is the same as for Figure 1: the oxygen atom of
the water molecule at Mn2 is represented by a white sphere. Selected
interatomic distances [�] and angles [8]: Mn1ÿN 2.281 (mean equatorial),
Mn1ÿN2 2.324(9), Mn1ÿN9 2.282(8), Mn2ÿN 2.292 (mean equatorial),
Mn2ÿN4 2.250(8), Mn2ÿO1 2.381(7), Mn3ÿN 2.285 (mean equatorial),
Mn3ÿN3 2.283(9), Mn3ÿN8 2.316(9); Mn1-N2-C2 148.4(8), Mn1-N9-C9
142.9(8), Mn2-N4-C4 150.5(8), Mn3-N3-C3 146.6(9), Mn3-N8-C8 147.4(8).

N
CH3

N

C

N

N N
H H

L

H3



COMMUNICATIONS

2608 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3817-2608 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 17

nitrogen atoms of the macrocycle by only 0.0208 �. Site Mn2
is bound to a N-C-Mo2 linkage along one of the apical
directions, and a water molecule along the other (Figure 3,
bottom left). This site is pulled out of the mean plane defined
by the five nitrogen atoms of the macrocycle toward the apical
water molecule by 0.0931 �. Site Mn3 (Figure 3, bottom
right) has an environment close to that of Mn1. It is bound to
two N-C-Mo2 linkages along the apical directions, and is
displaced from the mean plane defined by the five nitrogen
atoms of the macrocycle by 0.0172 �.

The first striking result concerning the magnetic properties
of 1 is the cMT value at room temperature of 10.8 emu K molÿ1,
which is much lower than anticipated (cM�molar magnetic
susceptibility, T� temperature). Let us examine the contri-
butions of the different metal ions to this value. The Mo1 site
is a low-spin Mo3� ion with one unpaired electron;[15] its
contribution to the high-temperature limit of cMT is close to
0.4 emu K molÿ1. The Mo2 site is a low-spin Mo4� ion, with a
diamagnetic local ground state. The Mn1, Mn2, and Mn3 sites
can be either low-spin (LS) or high-spin (HS) Mn2� ions. In
the former case, the contribution is again close to
0.4 emu K molÿ1. In the latter case, the contribution is close
to 4.4 emu K molÿ1.[16] Therefore, four out of six Mn2� ions are
LS, and the other two are HS. The Mn1 and Mn3 sites are
close to each other, with two cyano ligands along the apical
directions. On the other hand, the Mn2 site has only one cyano
ligand occupying an apical position, together with a water
molecule occupying the other apical position. Furthermore,
the Mn2 site is pulled out from the equatorial plane, which
diminishes the ligand field exerted by the macrocycle. There is
no doubt that the field is stronger for the Mn1 and Mn3 sites
than for the Mn2 site, and we will assign the LS local states to
these sites. It follows that the local spins of the metal sites are
SMo1� 1/2, SMo2� 0, SMn1� SMn3� 1/2, and SMn2� 5/2. The high-
temperature limit of cMT is then expected to be close to
10.8 emu K molÿ1, which corresponds to the experimental
value at room temperature.

As the temperature is lowered, cMT is first constant, then
increases more and more rapidly, and reaches a maximum
value of 18 emu K molÿ1 around 4 K (Figure 4). Such behavior

Figure 4. Plot of the temperature dependence of cMT for 1. Inset: plot of
the temperature dependence of the out-of-phase component of the ac
magnetic susceptibility (c'') under a zero static field.

reveals dominant ferromagnetic interactions between the spin
carriers. The temperature dependences of the in-phase (c')
and out-of-phase components (c'') of the molar magnetic
susceptibility in the ac mode were also measured under a zero
static field. As T is lowered, c' increases continuously with an
inflexion point around 3 K. The value of c'' is zero down to
4 K, then presents a peak at 3 K, revealing a long-range
ferromagnetic ordering (inset of Figure 4). The field de-
pendence of the magnetization at 2 K is shown in Figure 5.
No hysteresis was ob-
served. Under 50 kOe,
the magnetization is
equal to 12.5 Nb, while
the saturation expected
for 15 ferromagnetical-
ly coupled unpaired
electrons is about
15 Nb.

From a magnetic
viewpoint, each heart-
shaped ring involves
ten local spins of 1/2
(SMo1, SMn1, and SMn3)
and six diamagnetic Mo4� sites. A local spin of 5/2 (SMn2) is
attached to each of these Mo4� sites. If the magnetic
interactions were exclusively propagated through the cyano
bridges, the magnetic topology would consist of Mn1-Mo1-
Mn1 triads together with isolated Mn2 and Mn3 sites (see
Figure 1). Such a topology has a magnetic dimensionality of
zero, and cannot lead to a long-range magnetic ordering.
Therefore, one must admit that some very weak interactions
are also propagated through the closed-shell N-C-Mo2-C-N
linkages, resulting in a magnetic dimensionality of two.
Interlayer interactions and/or magnetic anisotropy permit
the onset of a ferromagnetic transition around 3 K. What is
remarkable is that all the interactions are ferromagnetic,
through the cyano bridge as well as through the N-C-Mo2-C-
N linkage.

The reaction of [MoIII(CN)7]4ÿ with [MnIIL(H2O)2]2� did
not afford the expected compound of formula [MnIIL-
(H2O)2]2[MoIII(CN)7] ´ nH2O, but instead the title compound
1, in which two thirds of the [MoIII(CN)7]4ÿ groups have been
oxidized to [MoIV(CN)8]4ÿ groups. No other compound could
be detected in the solid state. The reaction was performed
under strictly anaerobic conditions, so that [MoIV(CN)8]4ÿ

probably arises from a partial disproportionation of
[MoIII(CN)7]4ÿ, with MoII species remaining in solution.

Compound 1 may be considered as a fully localized mixed-
valence species as well as a mixed-spin species. The (MnL)2�

groups are involved in three different crystallographic sites.
Two sites with two N-coordinated cyano groups along the
apical directions have a LS state, and the site with one
N-coordinated cyano group and one water molecule along the
apical directions has a HS state.

The dominant interactions are ferromagnetic, and a long-
range ferromagnetic ordering is observed at 3 K. The very low
value of the critical temperature is due to the fact that the
long-range ordering involves interactions not only through
the cyano bridges, but through the N-C-Mo4�-C-N bridging

Figure 5. Plot of the field dependence of
the magnetization for 1 at 2 K.
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The Photoisomerization of cis-Stilbene Does
Not Follow the Minimum Energy Path
Christian D. Berweger, Wilfred F. van Gunsteren,* and
Florian Müller-Plathe

The development of femtosecond spectroscopy has made it
possible to monitor chemical reactions in real time. As a
prototype, the photoisomerization of stilbene in solvent has
been examined under various conditions (temperature, pres-
sure, solvent).[1±7] However, important issues such as the
atomic detail of the reaction dynamics or the shape of the
potential energy landscape still remain experimentally unre-
solved. Computational methods allow the detailed study of
the time-resolved dynamics of these systems. Molecular
dynamics[8, 9] provides the time-dependent evolution of the
system and allows for effects due to temperature and solvent,
whereas accurate potential energy surfaces are provided by
quantum chemistry.[10] By combining the two methods,[11±14]

the best from both worlds can be used: The explicit treatment
of the solvent and the evolution in time by classical molecular
dynamics, and the unbiased description of the reacting
molecule by quantum chemistry. However, the latter is
computationally rather demanding. Evaluation of potential
energy and forces for photoexcited stilbene takes about half
an hour on a modern microprocessor. As thousands, or rather
millions of such evaluations are required for a meaningful
molecular dynamics simulation, a straightforward implemen-
tation of this concept is not feasible. For this reason, we
recently developed an interpolation method based on finite
elements.[15, 16] The method represents the part of the potential
energy surface that is required during the simulation without
losing the accuracy of the quantum chemical method. This
reduces the number of quantum chemical evaluations by
a factor of about 2000 compared to a straightforward
implementation. However, only the central dihedral angle
and the two phenyl torsion angles are allowed to move for the
method to be efficient. Also, the model does not include
deactivation mechanisms such as fluorescence or internal
conversion.

Stilbene in its first excited state is treated by a singly excited
configuration interaction calculation in a 6-31G basis set.
Supercritical argon is used as a model solvent at the
appropriate density (2744 argon atoms with periodic boun-
dary conditions, Lennard-Jones parameters for classical
solvent ± solvent and stilbene ± solvent interaction from the
GROMOS96 force field[9]). In total, 800 trajectories were
simulated at different pressures and temperatures, at least 20
trajectories for a single state point. More computational
details are given elsewhere.[16] Previous theoretical work on

linkages as well. The latter are obviously very weak.
Interestingly, the ferromagnetic interactions in Prussian blue
also occur through the N-C-Fe2�-C-N closed-shell link-
age.[17±19]

Experimental Section

K4[Mo(CN)7] ´ 2H2O[15] and [MnL(H2O)2]Cl2 ´ 4H2O[14] were prepared as
already described. Dark red single crystals of 1 were obtained by slow
diffusion in an H-shaped tube under nitrogen of two deoxygenated 10ÿ4m
aqueous solutions containing K4[Mo(CN)7] ´ 2H2O and [MnL(H2O)2]Cl2 ´
4H2O, respectively.

Crystal data for 1 (C113H126N53O19.5Mn6Mo3): monoclinic, space group C2/c ;
a� 40.30(3), b� 16.942(3), c� 24.464(13) �; b� 120.98(2)8 ; V� 14319 �3;
Z� 4. Data were collected on a four-circle diffractometer Enraf-Nonius
with graphite-monochromated MoKa radiation. A total of 13 592 reflections
were collected in the range 1.18< q< 25.468, and were used after a
semiempirical absorption correction had been applied. The structure was
solved by direct methods and refined against all F 2 data to R1� 0.0714,
wR2� 0.1425 for 5088 reflections with I� 2s(I), GOF� 0.930. Crystallo-
graphic data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-117388. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).

The magnetic measurements were carried out with a Quantum Design
MPMS-5S SQUID magnetometer working in both the dc and ac modes
down to 2 K and up to 50 kOe. The diamagnetic correction was estimated
as 1260� 10ÿ6 emu molÿ1.
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