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A unique heterotrimetallic supramolecular assembly has
been obtained by following a modular synthetic strategy
based on the use of octacyanomolybdate(IV), manganese(III),
and copper(II) complexes as building blocks. From a struc-
tural standpoint, single-crystal X-ray diffraction reveals the
presence of the three different metallic centers that are origi-
nally arranged in a one-dimensional fashion. Considering the
interchain interaction, the compound is able to be described

Introduction
Among assorted molecule-based multifunctional materi-

als, there are some that have properties that can be moni-
tored by light.[1] In fact, when considering the very molecu-
lar level[2] or bulk assemblies,[3] magnetic properties are par-
ticularly well suited to a photoswitching effect. In the field
of molecular magnetism, single-molecule magnets (SMM)
and single-chain magnets (SCM) are of particular interest
and have been extensively studied for more than fifteen
years.[4] In fact, designing smart molecular materials that
combine light sensitivity with such magnetic behavior to
obtain photoswitchable single-molecule or single-chain
magnets (SSMMs and SSCMs, respectively) has emerged as
one of the challenges among efforts devoted to information
handling and storage at the molecular scale.

As part of our continuing research program in molecular
photomagnetism and on the bases of a proven modular syn-
thetic strategy conceived in our laboratory,[5] we have car-
ried out the preparation of various oligonuclear complexes
that potentially fulfill the key requirements mentioned be-
low to exhibit SSMM or SSCM behavior.

On the one hand, obtaining single-molecule or single-
chain magnets may proceed through the control of both the
spin S and the uniaxial anisotropy D of the compound since
the characteristic anisotropic energy barrier (ΔE) is equal
to DS2 for integer spin values or DS2–1/4 for half-integer
spin values.[6] On the other hand, the rich chemistry of octa-
cyanometalates[7] provides some valuable photomagnetic
compounds, among which are the prototypical octacyano-
molybdate–copper bimetallic species.[8] For instance, within
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as a two-dimensional network made up of Mo–CN–Cu–NC–
Mo squares that bear pendant Mn complexes. Despite the
presence of the Mo/Cu photomagnetic pair and large uniax-
ial anisotropy, no long-lived metastable state was observed
upon light irradiation. Nevertheless, the compound led to
novel magnetic materials as well as advances in the study of
charge-transfer complexes.

the large family of compounds that comprise this photo-
magnetic pair, the paramagnetic complex MoIVCuII

6
[9] pres-

ents a ferromagnetic metastable state MoVCuICuII
5 after

light irradiation as the result of an intramolecular electron
transfer (MoIV–CuII � MoV–CuI). Interestingly, this meta-
stable state is persistent up to approximately 300 K. The
next step towards SSMM is then to obtain the slow relax-
ation of the magnetization after irradiation. To this end,
one strategy is to associate the photoswitch MoIV–CuII and
a ternary metallic center to concomitantly increase the spin
and the anisotropy.

In the literature, reported examples of heterotrimetallic
complexes or assemblies are few.[10] We have recently de-
scribed the structure and properties of the first heterotri-
metallic photoswitchable chain NiMo2Cu7.[11] However, de-
spite the association of Ni2+ with the Mo–Cu photomag-
netic switch, the SCM behavior was not observed for this
compound after light irradiation. This is most likely due to
the elongated octahedral geometry of the nickel center,
which led to a positive anisotropic constant value. At this
stage, the use of MnIII to replace NiII and thereby increase
the overall uniaxial anisotropy of our systems seemed desir-
able. Indeed, this ion has already proven its efficiency as an
ingredient of both single-molecule and single-chain mag-
nets.[12] Here we report the synthesis, structure, and mag-
netic properties of a supramolecular assembly that simulta-
neously involves three different metallic cations: MoIV, CuII,
and MnIII.

Results and Discussion

Synthesis and Characterization

By taking advantage of the original stepwise synthetic
approach entitled “polynuclear complex as ligand”[11] (i.e.,
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the use of polynuclear complexes as precursors), the build-
ing-block heptanuclear compound [Mo{MnIII(salen)}6]2+

(generated in situ or previously isolated) [H2salen =
1,2-bis(salicylideneamino)ethane] can react through its free
cyanide ligands with an assembler complex {e.g., [Cu-
(cyclam)]2+; cyclam = 1,4,8,11-tetraazacyclotetradecane}.
The choice of the capping ligand as well as its redox com-
patibility are some key parameters to guarantee an efficient
selectivity between the metallic centers and avoid ligand re-
distribution. The easy-to-prepare cyclam and salen were
chosen since they answer to the previous criteria, the selec-
tivity of these ligands with CuII and MnIII already having
been established.[13] Part of the [Mn(salen)]+ units, which
are coordinated to the octacyamolybdate core, become la-
bile in the presence of [Cu(cyclam)]2+, thus leading to the
compound [Mo(CN)8{Cu(cyclam)}2Mn(salen)(H2O)]-
(ClO4)·3H2O·CH3CN, denoted MoMnCu2. The system
tends to form the thermodynamically stable MoCu2–cy-
clam[14] 2D network but hopefully an [Mn(salen)]+ unit per-
sists.

The IR spectrum shows intense bands in the cyanide re-
gion 2000–2200 cm–1 at 2096 and 2115 cm–1. The first band
is ascribed to free cyanide Mo–C�N, whereas the other can
be attributed to the envelope of bridged cyanide Mo–C�N–
M (M = MnIII and CuII). The values typically fall in the
range for a MoIV, which shows that no oxidation to MoV

occurs in the presence of MnIII.[15]

X-ray Structure

The characterization by single-crystal X-ray diffraction
reveals that one molybdenum, one manganese, and three
different crystallographic copper atoms associated with
their respective ligands (cyanide, salen, and cyclam) are
present in the asymmetric unit. An ORTEP diagram of the
elementary motif with the atom-numbering scheme is
shown in Figure 1. The Cu2 and Cu3 ions are located on
an inversion center. The structure may be described as

Figure 1. Structure with 30% probability thermal ellipsoids of the
heterotrimetallic motif of MoMnCu2. Hydrogen atoms have been
omitted. Atoms A and B are related by inversion; symmetry opera-
tions: –x, –y, –z.
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[MoMnCu2]+ chains in a strong interaction. Indeed, a ter-
minal [Mn(salen)]+ complex is connected to an octacyano-
molybdate core as well as the [Cu1(cyclam)] complex with
apical distances Mn1–N4 and Cu1–N1 equal to 2.333(6)
and 2.533(6) Å, respectively. The two other macrocyclic
copper complexes (Cu2 and Cu3) bridge the [MoMnCu]–

subunits to form a one-dimensional chain with apical dis-
tances Cu2–N2 and Cu3–N3 equal to 2.534(6) and
2.479(6) Å, respectively. Due to the Jahn–Teller effects, the
Cu–Nax distances are much longer than the Cu–Neq bond
lengths, but they are comparable to those observed in other
cyanometalate analogues,[16] for example, [{Cu(en)2}3-
{W(CN)8}2]H2O,[17] with Cu–Nax distances in the range
2.329(6)–2.967(7) Å.

The chains are parallel to the c crystallographic axis (Fig-
ure 2). The manganese(III) ion adopts a distorted octahe-
dral environment as a direct consequence of the Jahn–Teller
effect.

Figure 2. View along the a axis of the one-dimensional chain.

Three nitrogen atoms (two from the salen ligand and one
from cyanide) and two oxygen atoms from the Schiff base
bind the manganese; a molecule of water completes the co-
ordination sphere with an apical distance of Mn1–O1W of
2.261(6) Å. The Cu1 adopts a square pyramidal geometry
(C4v), whereas the other copper ions present an elongated
octahedral geometry. A perchlorate anion compensates the
overall charge of the species. The analysis of the molybde-
num geometry by using SHAPE software[18] shows that the
ion adopts a geometry close to the square antiprism. The
Mo–C�N angles are almost linear in contrast to the
strongly bent Mn1–N4�C4, Cu2–N2�C2 and Cu3–
N3�C3 angles that range from 140.8(5) to 149.7(5)° and a
severely bent Cu1–N1�C1 angle equal to 127.7(5)°. Con-
cerning the crystal packing, it appears that the “terminal”
Cu1 shows a distance of 2.918(7) Å to the cyano nitrogen
(N8) of another octacyanomolybdate core (interchain inter-
action). Despite the fact that the distance is longer than the
semicoordination distance limit for a Cu–N bond[19] (i.e.,
2.78 Å), the structure can be depicted as a supramolecular
2D square-sheet structure extended by Mo–CN–Cu–NC
linkage. Four cyano nitrogen atoms of [Mo(CN)8]4– coordi-
nate to adjacent trans-[Cu(cyclam)]2+ units to form an oc-
tanuclear square unit with an MoIV ion at each corner and
a CuII ion at the center of each edge. Considering the
[Mn(salen)]+ units, the compound can be described as a
two-dimensional network made up of Mo–Cu squares that
bear pendant manganese complexes. Water molecules and
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perchlorates are present between the bidimensional planes.
The shortest distance found between two paramagnetic cen-
ters is equal to 7.919(1) Å (Mn1–Cu2), (Figure 3).

Figure 3. Two-dimensional arrangement showing the intermo-
lecular interaction between the chains (dashed bond type).

The bidimensional structure based on alternative molyb-
denum and copper with additional pendant manganese
complexes is unique. It is reminiscent of an innovative strat-
egy that consists of the use of polynuclear bimetallic com-
plexes as new building blocks for the synthesis of metal-
capped squares (i.e., squares with an additional shell of
metallic ions).[20]

Magnetic Properties

The magnetic properties are in good agreement with the
expected behavior for such paramagnetic systems (Fig-
ure 4). The compound behaves as two independent copper
atoms (d9, S = 1/2) and one high-spin manganese atom (d4,
S = 2), the MoIV central being diamagnetic (d2, S = 0). χMT
is almost constant down to 80 K with a value of
4.22 cm3 mol–1 K. This is almost the theoretical value antici-
pated for two independent spin 1/2 and one spin 2 with
g = 2.1 (4.12 cm3 mol–1 K). Below 80 K, the χMT product
decreases continually until reaching an χMT value of

Figure 4. χT versus T plot and first magnetization curve recorded
at 2 K (inset).
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2.46 cm3 mol–1 K at 2 K. This decrease can be attributed to
the zero-field splitting (ZFS) of the MnIII ions[21] and/or to
intermolecular interactions between the chains that form
the supramolecular square.

The evolution of the magnetization as a function of the
field at 2 K shows a typical shape for systems that display
anisotropy without any saturation even at 5 T (M =
5.16 μB).

Considering the configuration of the metallic centers,
one could expect a photoswitchable behavior of the chain
due to an electron transfer from MoIV to CuII[9] or spin
transition centered on the molybdenum.[22] Unfortunately,
the photomagnetic experiments do not show any change of
the magnetic properties after irradiation with a laser (λ =
406 nm) following standard photoexcitation conditions.
This result might be justified by a geometrical consider-
ation. Indeed, we have previously shown that the photo-
switchable behavior might be strongly correlated to the mo-
lybdenum geometry. Thus, an empirical result based on ex-
perimental data shows that an intermediate geometry be-
tween square antiprism (D4d) and dodecahedron (D2d) is
necessary to observe a long-lived photoinduced metastable
state. The nature of the HOMO orbital, mainly composed
of the d orbitals of the molybdenum atom, might induce
and stabilize a high-spin MoIV excited state (d2, S = 1) after
irradiation,[22] when the two orbitals dz2 and dx2–y2 are close
in energy and therefore singly occupied. The system can
then undergo a triplet-to-singlet conversion potentially ac-
companied by an electron transfer from the molybdenum
to one copper to obtain a long-lived metastable state MoV–
CuI. In the present case, the molybdenum geometry is obvi-
ously not in an intermediate geometry sufficient to stabilize
the MoIV high-spin state and therefore no modification of
the magnetic properties is observed after light irradiation.

Conclusion
We have reported here the synthesis and the structure of

the first heterotrimetallic compound that contains octacy-
anomolybdate, manganese, and copper. Considering in-
terchain interactions, the structure might be viewed as an
original 2D square-sheet structure with pendant complexes
at the corners. The magnetic properties are consistent with
the expected paramagnetic behavior. Despite the fact that
no photomagnetic effect was detected after light irradiation
under the usual experimental conditions, the compound
might be viewed as an additional step in the emerging field
of paramagnetic compounds based on 4d and 5d transition
metals.[23] A great deal of additional work will be required
before the potential of this area of molecular (photo)mag-
netism is fully realized. Nevertheless, heterotrimetallic com-
plexes such as MoMnCu2 have led to novel magnetic mate-
rials as well as advances in the study of charge-transfer
complexes.

Experimental Section
Measurements: IR spectra were obtained between 4000 and
250 cm–1 with a Bio-Rad FTS 165 FTIR spectrometer on KBr pel-
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lets. DC magnetic-susceptibility measurements were carried out
with a Quantum Design MPMS SQUID susceptometer equipped
with a 5 T magnet and operating in a temperature range from 2
to 400 K. The powdered samples [(10�5) mg] were placed in a
diamagnetic sample holder and the measurements realized in a
500 Oe applied field using the extraction technique. Before analysis,
the experimental susceptibility was corrected from diamagnetism
using Pascal constants[24] and from temperature-independent para-
magnetism (TIP) of the transition metals.

Preparations: The ligand cyclam (1,4,8,11-tetraazacyclotetra-
decane) is commercially available. The ligand H2salen [1,2-bis(sal-
icylideneamino)ethane] and the complex K4[Mo(CN)8]·2H2O were
synthesized according to protocols already published in the litera-
ture.[25,26] The complex [Mn(salen)(H2O)](ClO4)[16] was obtained by
a modified procedure of the literature methods. The synthesis of
[Mo{Mn(salen)6}](ClO4)2·5H2O was inspired by protocols pub-
lished for analogous compounds.[15,12c]

Caution! Perchlorate salts should be handled with great caution as

they are potentially explosive.

[Mn(salen)(H2O)](ClO4): Manganese(III) acetate dihydrate
(2.000 g, 7.460 mmol) in methanol (60 mL) was added to a solution
of H2salen (2.000 g, 7.460 mmol) in methanol (100 mL). Sodium
perchlorate (1.584 g, 10.983 mmol) dissolved in water (40 mL) was
added to the resulting brown solution. The solution was stirred for
20 min before being filtered. Brown needles were collected a few
days later. (70% yield). [Mn(C16H14N2O2)(H2O)](ClO4): calcd. C
43.80, H 3.68, N 6.38; found C 43.58, H 3.80, N 6.23.

[Mo(CN)8{Mn(C16H14N2O2)}6](ClO4)2·5H2O = [Mo{Mn(salen)}6]-
(ClO4)2: [Mn(salen)(H2O)](ClO4) (0.353 g, 0.805 mmol) was dis-
solved in H2O/CH3CN (20 mL, 1:1 mixture). K4[Mo(CN)8]·2H2O
(0.100 g, 0.201 mmol) in water (10 mL) was then slowly added. The
mixture was stirred for 10 min before filtering an eventual brown
precipitate. A few days later, brown crystals were obtained from the
filtrate (12% yield). [Mo(CN)8{Mn(C16H14N2O2)}6] (ClO4)2·5H2O,
C 49.26, H 3.76, N 11.11, Mo 3.81, Mn 13.08, Cl 2.81; found C
50.22, H 3.74, N 11.21, Mo 3.57, Mn 12.67, Cl 3.40. IR (KBr): ν̃
= 2093, 2104.8, and 2118 (CN asymmetric stretching), 1088 (νCl–O)
cm–1.

[Mo(CN)8{Cu(C10H24N4)}2Mn(C16H14N2O2)](ClO4)·3H2O·
CH3CN = MoMnCu2: [Mn(salen)(H2O)](ClO4) (0.353 g,
0.805 mmol) was dissolved in H2O/CH3CN (20 mL, 1:1 mixture).
K4[Mo(CN)8]·2H2O (0.100 g, 0.201 mmol) in water (10 mL) was
then slowly added. The mixture was stirred for 10 min before filter-
ing an eventual brown precipitate and adding [Cu(cyclam)](ClO4)2

previously formed by the in situ reaction of Cu(ClO4)2 (0.074 g,
0.201 mmol) and cyclam (0.044 g, 0.221 mmol) in H2O/CH3CN
(10 mL, 1:1 mixture). After 10 min of stirring, the mixture was fil-
tered and the filtrate allowed to stand in the dark. A few days
later, brown plates were obtained (31% yield). [Mo(CN)8-
{Cu(C10H24N4)}2Mn(C16H14N2O2)](ClO4)·3H2O·CH3CN: calcd. C
41.00, H 5.31, N 19.75, Mo 7.12, Cu 9.43, Mn 4.08, Cl 2.63; found
C 40.05, H 5.33, N 19.37, Mo 7.10, Cu 9.31, Mn 4.03, Cl 2.79. IR
(KBr): ν̃ = 2096 and 2115 (CN asymmetric stretching) cm–1.

X-ray Crystallography: Suitable crystals for X-ray crystallography
were directly obtained from the reaction medium. A single crystal
of the compounds was selected rapidly, mounted onto a glass fiber,
and transferred into a cold nitrogen gas stream. Intensity data were
collected with a Bruker–Nonius Kappa-CCD with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å). Unit-cell parameters
determination, data collection strategy, and integration were car-
ried out with the Nonius EVAL-14 suite of programs.[27] The struc-
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ture was solved by direct methods with the SIR-92 program[28] and
refined anisotropically by full-matrix least-squares methods with
the SHELXL-97 software package.[29]

Crystal data for C46H71ClCu2MnMoN19O9: Mr = 1347.63 gmol–1,
triclinic, space group P1̄; a = 10.4734(9) Å, b = 14.2226(18) Å, c =
19.581(2) Å; α = 94.189(8)°, β = 91.152(8)°, γ = 96.147(9)°; V =
2891.1(6) Å3; Z = 2; 13001 independent reflections [R(int) =
0.0467], R1 = 0.0680, wR2 = 0.1819. R1 was calculated for observed
data and wR2 for all data.

CCDC-804618 (for “MoMnCu2”) contains the supplementary crys-
tallographic 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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