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Three heterobimetallic MnIIIFeII complexes: [Mn(5-Br-salpn)(H2O)]2[Fe(CN)5NO]�2H2O (1),

[{Mn(salen)}2Fe(CN)5NO]�2H2O (2) and [{Mn(saltmen)}4Fe(CN)5NO](ClO4)2�H2O�2CH3OH (3),

have been synthesized by the reactions of MnIII/Schiff–base (SB) complexes, [Mn(SB)(H2O)]+,

(SB being salen2� = N,N0-ethylenebis(salicylideneiminato) dianion; 5-Br-salpn2� =

N,N0-1,3-propylenebis(5-bromosalicylideneiminato) dianion or saltmen2� =

N,N0-(1,1,2,2-tetramethylethylene) bis(salicylideneiminato) dianion) with the [Fe(CN)5NO]2�

building block. X-Ray diffraction analyses on single crystals reveal that 1 has a trinuclear

molecular structure, 2 displays a two-dimensional (2D) network structure, and 3 possesses a new

2D network of MnIII dinuclear motifs. The magnetic measurements show that the interaction

between the MnIII S = 2 spins through the [NRC–Fe–CRN] bridges is systematically of

antiferromagnetic nature: J/kB = �0.95(5) K and J/kB = �1.15(5) K for 1 and 2, respectively,

while the direct MnIII–MnIII interaction, in the {Mn2(saltmen)2} dinuclear units present in 3, is

ferromagnetic with J/kB = +1.75(5) K. Due to the ST = 4 spin ground state of these dinuclear

units and the uniaxial magnetic anisotropy brought by the Mn(III) metal ions, 3 exhibits single-

molecule magnet properties. The 400–900 nm optical properties of the three compounds have

been also investigated, showing no significant photoactivity unlike in the Na2[Fe(CN)5NO]

precursor.

Introduction

Molecule-based magnets continue to attract sustained research

activities, in particular as a result of the ability of the so-called

single-molecule magnets1 (SMMs) and single-chain magnets2

(SCMs) to retain their magnetization i.e. to exhibit slow

relaxation of their magnetization. Due to this magnet-like

behavior at the molecular level, these types of compounds

are envisioned as qubits for quantum computers and may be

the ultimate information storage unit.3 Numerous SMMs,1,4

and—comparatively fewer—SCMs2,5,6 have been synthesized

using a number of approaches, though largely relying on

serendipitous assembly.7 In this respect, the cyanide bridging

ligand and in particular hexacyanidometalate [M(CN)6]
n�

building blocks, that can act as cyanide donor complex-ligands

to coordinate other [M0(L)]m+ acceptor complexes, allow

some rationalization of the synthetic outcome. Indeed, over

the last two decades, many cyanide-bridged molecule-based

magnetic materials have been isolated with various dimension-

alities and magnetic behaviours: classical 3-D magnets in some

cases with high-Tc,
8 SMMs,4b,4f,9 SCMs,6 spin crossover

(SCO) complexes10 and photomagnetic systems.11 More specifi-

cally, the assembly of hexacyanido-metalate and [MnIII(SB)]

(SB = Schiff-base ligands) building blocks have successfully

yielded a number of bimetallic polynuclear complexes,6e,9c,12

1D2b,5a,5v,5ah,6e,13 and 2D networks.8d,14 However, while atten-

tion has been mostly focused on the [Fe(CN)6]
3� building

block, only few examples have been obtained with other

cyanide-containing building blocks.15

Only recently, the hexacyanido-metalate precursors have

been replaced by [M(L)(CN)x]
n� (x = 1–5) with the substitu-

tion of one or more CN groups by the ligand L.6a–c,6e–h,9a,e,f,16

To some extent, this approach allows to tune the dimensionality

and/or topology of the final polynuclear complexes,17 as well

as their magnetic properties.18 Following this idea we are

interested in extending this research subject with the use of

[Fe(CN)5NO]2� building block. Remarkably, this diamagnetic

complex has been reported to have a rich photo-chemical
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behavior.19 Indeed, two long-lived metastable states, SI and

SII, can be generated by irradiation at low temperatures at

specific wavelengths, and reversible conversion to the ground

state can be realized either by irradiation in the red or near-

infrared region or by heating over the relaxation temperatures

(150 and 200 K, respectively, for SII and SI). An isonitrosyl

linkage (i.e. FeII–ON) has been observed in the metastable

state SI,19e while in the SII metastable state, the NO ligand has

a side-on bonded configuration (i.e. FeII–(Z2-NO)).19e Such

photo-chromic behavior is particularly interesting in the field

of photonic materials, e.g., for the development of optical

devices for the telecommunication or future optical data

storage systems.20 In bimetallic coordination networks incor-

porating the photo-sensitive linker [Fe(CN)5NO]2�, one could

thus expect the occurrence of new photo-sensitive behaviors.

So far, only three examples on such assemblies have been

reported,19b–d showing that the topology of the coordination

network and the environment of the [Fe(CN)5NO]2� unit is

strongly influencing the photo-sensitive properties. Hence,

attempts to synthesize new materials based on this building-

block appear necessary to investigate further this type of poten-

tially photoactive systems. We report here the synthesis and

structures of three new compounds formed by reaction of

[Fe(CN)5NO]2� with [Mn(SB)]+ building blocks: (i) a trinuclear

complex, [Mn(5-Br-salpn)(H2O)]2[Fe(CN)5NO] �2H2O (1); and

two 2D coordination networks (ii) [{Mn(salen)}2Fe(CN)5NO]�
2H2O (2) and (iii) [{Mn(saltmen)}4Fe(CN)5NO](ClO4)2�H2O�
2CH3OH (3), (with salen2� = N,N0-ethylenebis(salicylidene-

iminato) dianion; 5-Br-salpn2� = N,N0-1,3-propylenebis-

(5-bromosalicylideneiminato) dianion and saltmen2� =

N,N0-(1,1,2,2-tetramethylethylene) bis(salicylideneiminato)

dianion. Their magnetic properties as well as the effect of

irradiation on their physical properties are also analyzed

in detail.

Results and discussion

Synthesis

Compounds 1, 2 and 3 are obtained under similar reaction

conditions, which consist in the addition of an aqueous

solution of [Fe(CN)5NO]2� to a methanolic solution of

[Mn(SB)(H2O)]+ in a 1 : 1 stoichiometric ratio. Single-crystals

have been obtained by slow evaporation of the resulting

solution. The use of three different [Mn(SB)(H2O)]+ building-

blocks (SB being 5-Br-salpn for 1, salen for 2, and saltmen

for 3, Scheme 1) produces three cyanido-bridged bimetallic

systems.

The IR spectra of the new compounds present all the IR

absorptions of the FeII and MnIII precursors. The peaks

around 2150 cm�1 assigned to cyanido stretching absorptions

are not shifted in energy, but are much less intense than in the

[Fe(CN)5NO]2� precursor suggesting an important modifica-

tion of the cyanido groups in the final compounds. Further-

more, the strong peak at ca. 1910 cm�1 is assigned to the NO

stretching vibration, which is lower than that found in the

sodium salt (1940 cm�1). For 3, the strong peak centered at

1090 cm�1 indicates the presence of ClO4
� anions. The final

compounds present also different stoichiometric Mn : Fe

ratios being 2 : 1 for compounds 1 and 2 and 4 : 1 for

compound 3. The 2 : 1 stoichiometry corresponds to the exact

compensation of the charges between the [Fe(CN)5NO]2�

anion and the [Mn(SB)(H2O)]+ cation, and leads to the

formation of stable neutral compounds. The excess amount

of Mn3+ moieties for compound 3 may be explained by the

fact that the MnIII derivatives used in this work can be present

in solution as a monomer or as an out-of-plane dimer

depending on the steric characteristics of the Schiff base

ligands.21 Indeed, for the Mn/saltmen system, a dimeric form

has been isolated in the solid state.22 During the reaction with

[Fe(CN)5NO]2�, this dimeric form can be also stabilized in

solution, and affects the stoichiometry of the final compound.

Finally, as shown below by the structural characterizations of

the compounds, 1 is a discrete trinuclear molecule, whereas

compounds 2 and 3 form 2D networks. Indeed, the presence of

a bulky atom (here, a Br atom) on the phenyl group of the SB

ligand for 1 creates steric hindrance on the MnIII cation, and

avoids the formation of extended network: previous works

show that the association of [Mn(5-X-salen-like)]+ moieties

where X is Cl, Br or OMe, with cyanidometalate precursors

leads to discrete trinuclear arrangements.8d,16b,19d

Crystal structures

Complex 1 crystallizes in the orthorhombic Pbca space group and

consists of trinuclear units [Mn(5-Br-salpn)(H2O)]2[Fe(CN)5NO].

As shown in Fig. 1, two [Mn(5-Br-salpn)(H2O)]
+ fragments are

linked by the central [Fe(CN)5NO]2� moiety.

Scheme 1 Schiff base ligands of the Mn(III) complex precursors.

Fig. 1 ORTEP drawing of the basic building unit in complex 1 with

the thermal ellipsoids at 50% probability.
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Both MnIII centers are hexa-coordinated by two N and two

O atoms of the 5-Br-salpn ligand in the equatorial plane, an

axial water ligand and an axial cyanido ligand derived from

the [Fe(CN)5NO]2� moiety, respectively. In the equatorial

plane, the average Mn–X bond length is 1.9646(4) Å (X = N

or O atom of the 5-Br-salpn ligand; see Table 1). As usually

observed for octahedral MnIII ions, the Jahn–Teller distortion

leads to elongated axial Mn–Owater and Mn–Ncyanido (2.221(4)

and 2.259(5) Å for the Mn(1) center, 2.184(4) and 2.282(5) Å

for the Mn(2) center) bonds. In the [Fe(CN)5NO]2� fragment,

the FeII center is surrounded by five cyanido ligands and one

nitro ligand, exhibiting an octahedral coordination geometry

(see Fig. 1). The bond lengths of Fe–C vary from 1.921(7) to

1.943(7) Å, whereas the Fe–Nnitro bond length is 1.652(6) Å

(see Table 1). These Fe–C/N bond lengths are in good

agreement with the reported nitroprusside complexes.23

In the trinuclear unit, the two [Mn(5-Br-salpn)(H2O)]+

moieties are linked with [Fe(CN)5NO]2� fragment via the

MnIII–NRC–FeII–CRN–MnIII bridge. The bond angles of

Mn(1)–N(41)RC(41) and Mn(2)–N(42)RC(42) are 151.1(3)

and 164.9(3)1, respectively, while the bond angles of

N(41)RC(41)–Fe(1) and N(42)RC(42)–Fe(1) are 174.6(3)

and 176.4(3)1, respectively. Furthermore, the MnIII� � �FeII
distance is ca. 5.228 Å.

Additionally, it is worth mentioning that the NO ligand in

such a trinuclear unit is well protected in the ‘‘cage’’ formed by

the 5-Br-salpn ligands. The N–O bond length is 1.141(7) Å.

The distance between Onitro atom and the center of aromatic

ring of the Schiff-base ligands is ca. 3.683 Å, indicating the

weak intramolecular interactions between O and the aromatic

ring (see Fig. S1, ESIw). Interestingly, adjacent trinuclear units
are connected into 1-D supramolecular chains along the a axis

via the H-bonding interactions between water ligands and the

O atoms derived from the Schiff-base ligand (see Fig. 2(a)).

The typical H-bonds are O2W� � �O1 (2.92(6) Å) and

O1W� � �O3 (2.793(6) Å). These 1-D supramolecular chains

are further linked into 2-D supramolecular layers on the

[a + c] plane via the H-bonding interactions between water

ligands and the cyanido ligands (see Fig. 2(b)). The typical

H-bonds are O2W� � �N44 (2.738(8) Å) and O1W� � �N45

(2.759(7) Å). In the packing arrangement, these 2-D

supramolecular layers are stacked and separated by solvent

water molecules. There are no obvious H-bonding

interactions between two adjacent supramolecular layers

(see Fig. S2, ESIw).
Complex 2 crystallizes in the tetragonal P4/ncc space group

with the chemical formula [{Mn(salen)}2Fe(CN)5NO]�2H2O.

In complex 2, the Mn1 site lies on a twofold axis and its salen

ligand lies about the same twofold axis. All these Mn centers

are hexa-coordinated with two N and two O atoms of the salen

ligand in the equatorial plane, and two axial cyanido ligands

derived from the [Fe(CN)5NO]2� moiety (as shown in Fig. 3).

In the equatorial plane, the average Mn–X bond length

is 1.936(3) Å (X = N or O atom of the salen ligand; see

Table 2). The Jahn–Teller elongation axis is along

N(11)–Mn(1)–N(11A) (see Fig. 3), with Mn–Ncyanido bond

Table 1 Selected bond lengths (Å) and bond angles (1) in 1

Mn1–O2 1.879(4) Mn(2)–O(4) 1.882(4)
Mn(1)–O(1) 1.900(4) Mn(2)–O(3) 1.897(4)
Mn(1)–N(1) 2.035(5) Mn(2)–N(4) 2.040(5)
Mn(1)–N(2) 2.038(5) Mn(2)–N(3) 2.046(5)
Mn(1)–O(1W) 2.221(4) Mn(2)–O(2W) 2.184(4)
Mn(1)–N(41) 2.259(5) Mn(2)–N(42) 2.282(5)
Fe(1)–N(46) 1.650(6) Fe(1)–C(42) 1.926(6)
Fe(1)–C(45) 1.921(6) Fe(1)–C(43) 1.937(8)
Fe(1)–C(44) 1.922(6) Fe(1)–C(41) 1.944(6)

O(2)–Mn(1)–N(41) 92.58(2) O(4)–Mn(2)–N(42) 89.8(2)
O(1)–Mn(1)–N(41) 95.86(2) O(3)–Mn(2)–N(42) 89.32(2)
N(1)–Mn(1)–N(41) 85.18(2) N(4)–Mn(2)–N(42) 89.27(2)
N(2)–Mn(1)–N(41) 92.2(2) N(3)–Mn(2)–N(42) 86.81(2)
O(1W)–Mn(1)–N(41) 170.1(2) O(2W)–Mn(2)–N(42) 174.49(2)
N(46)–Fe(1)–C(45) 94.4(2) N(46)–Fe(1)–C(43) 178.8(3)
N(46)–Fe(1)–C(44) 93.7(3) N(46)–Fe(1)–C(41) 95.3(3)
N(46)–Fe(1)–C(42) 97.2(3)

Fig. 2 (a) Ball-and-stick view of the 1-D supramolecular chain in

complex 1 based on the H-bonds of O2W� � �O1i (2.912(6) Å) and

O1W� � �O3ii (2.793(6) Å). (b) 2-D supramolecular layer in complex 1

based on H-bonding interactions of O2W� � �N44iii (2.738(7) Å) and

O1W� � �O45iv (2.759(7) Å). Symmetry operations are i (1 + x, y, z),

ii (�1 + x, y, z), iii (1/2 + x, 3/2 � y, �z), iv (�1/2 + x, y, 1/2 � z).

Fig. 3 ORTEP drawing of the basic building units and their connec-

tion mode in complex 2 with the thermal ellipsoids at 30% probability.

Symmetrical operation: A, �1/2 + y, 1/2 + x, 1/2 � z.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 1237–1248 | 1239
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length of 2.305(4) Å. This elongation axis is slightly bent with

an angle of 174.43(2)1. In the [Fe(CN)5NO]2� fragment, the

Fe1 center lies at a site with fourfold symmetry. Such a FeII

center is surrounded by five cyanido ligands and one nitro

ligand, exhibiting an octahedral coordination geometry. The

Fe–C bond lengths vary from 1.928(8) to 1.938(4) Å, whereas

the Fe–Nnitro bond length is 1.661(7) Å (see Table 2). The

Fe–C/N bond lengths are similar to those in complex 1. With

these coordination spheres, the [Mn(salen)]+ and

[Fe(CN)5NO]2� fragments are linked into 2-D networks (see

Fig. 4) via the MnIII–NRC–FeII bridges. In such a 2-D

network, each [Fe(CN)5NO]2� unit is surrounded by four

[Mn(salen)]+ moieties, while each [Mn(salen)]+ unit is con-

nected by two [Fe(CN)5NO]2� fragments, forming a (4,4)-net.

The bond angles of Mn(1)–N(11)RC(11) and

N(11)RC(11)–Fe(1) are 160.96(13) and 178.76(13)1, respec-

tively. The MnIII� � �FeII distance is ca. 5.309 Å. It is also

noteworthy that each NO ligand in complex 2 is well surrounded

by four aromatic rings derived from four salen ligands and one

CN ligand from the adjacent layer (see Fig. S3, ESIw). The
distance between Onitro atom and the center of the aromatic

ring is ca. 4.228 Å, whereas the distance between Onitro and N

of the cyanido ligands is ca. 2.768 Å, suggesting extensive

weak intra- and inter-molecular interactions, which could

stabilize the NO ligand in complex 2.

In the packing arrangement, the adjacent layers exhibit

weak p� � �p interactions of the aromatic rings derived from

the salen ligands of different layers (see Fig. S4, ESIw). The
shortest distance between two aromatic planes is ca. 3.75 Å.

The solvent water molecules reside in between the 2-D

networks.

Complex 3 crystallizes in the tetragonal I4/m space

group and consists of the cationic 2-D network

[{Mn(saltmen)}4Fe(CN)5NO]2+, ClO4
� counter anions and

disordered solvent methanol and water molecules. The cationic

layer of [{Mn(saltmen)}4Fe(CN)5NO]2+ includes two basic

building units, that is, the dimeric [MnIII2(saltmen)2]
2+ cation

and [FeII(CN)5NO]2� anion (as shown in Fig. 5).

In the dimeric {MnIII2} units, both MnIII centers are

surrounded by two N and two O atoms of the saltmen ligand

in the equatorial plane, one axial N atom derived from

[FeII(CN)5NO]2� unit and one axial O atom derived from

the neighboring [MnIII(saltmen)]+ moiety. In the equatorial

plane, the averageMn–X bond length is 1.931(4) Å (X=N or O

atom of the saltmen ligand; see Table 3). As usually observed

for octahedral MnIII ions, the Jahn–Teller distortion leads to

elongated axial Mn–Ncyanido and Mn–Osaltmen (2.246(4) and

2.583(4) Å) bonds. The MnIII� � �MnIII distance in the dimeric

moiety is 3.451(4) Å, while the Mn–O–Mn angle is 99.63(4)1

(see Table 3). It is noteworthy that the elongated axial bond

length Mn–Osaltmen of complex 3 is longer than those in the

[Mn2(saltmen)2(H2O)2](ClO4)2 precursors.
22

In the [Fe(CN)5NO]2� fragment, the Fe1 center lies at a site

with fourfold symmetry. This FeII center is hexa-coordinated

with five cyanido ligands and one nitro ligand. The Fe–C bond

lengths are in the range of 1.931(4)B1.952(1) Å, whereas the

Table 2 Selected bond lengths (Å) and bond angles (1) in 2

Mn(1)–O(1A) 1.888(3) Fe(1)–N(13) 1.661(7)
Mn(1)–O(1) 1.888(3) Fe(1)–C(12) 1.928(8)
Mn(1)–N(1) 1.985(3) Fe(1)–C(11) 1.938(4)
Mn(1)–N(11) 2.305(4)

O(1A)–Mn(1)–N(11) 89.79(13) N(11A)–Mn(1)–N(11) 174.43(18)
O(1)–Mn(1)–N(11) 93.92(12) N(13)–Fe(1)–C(11) 95.09(12)
N(1)–Mn(1)–N(11) 89.81(14) N(13)–Fe(1)–C(12) 180.0 (1)
N(1A)–Mn(1)–N(11) 85.96(14)

Symmetry transformations used to generate equivalent atoms:

A: y � 1/2, x + 1/2, �z + 1/2.

Fig. 4 Ball-and-stick view of the 2-D layer in complex 2.

Fig. 5 ORTEP drawing of the basic building units and their connec-

tion mode in complex 3 with the thermal ellipsoids at 30% probability.

Table 3 Selected bond lengths (Å) and bond angles (1) in 3

Mn(1)–O(3) 1.872(3) Mn(1)–N(5) 1.973(4)
Mn(1)–O(2) 1.898(3) Fe(1)–C(1) 1.931(4)
Mn(1)–O(2A) 2.583(4) Fe(1)–C(2) 1.952(1)
Mn(1)–N(1) 2.246(4) Fe(1)–N(3) 1.662(8)
Mn(1)–N(4) 1.984(4)

O(3)–Mn(1)–N(1) 92.78(14) O(2A)–Mn(1)–N(1) 171.03(4)
O(2)–Mn(1)–N(1) 91.78(13) N(3)–Fe(1)–C(1) 95.69(13)
N(5)–Mn(1)–N(1) 100.18(14)
N(4)–Mn(1)–N(1) 88.16(14) N(3)–Fe(1)–C(2) 180.0 (1)

Symmetry transformations used to generate equivalent atoms:

A: 1/2 � x, 1/2 � y, 1/2 � z.

1240 | New J. Chem., 2009, 33, 1237–1248 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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Fe–Nnitro bond length is 1.662(8) Å (see Table 3). The Fe–C/N

bond lengths are similar to those in complexes 1 and 2. In a

similar arrangement as in 2, the [Mn2(saltmen)2]
2+ and

[Fe(CN)5NO]2� units are connected into a 2-D network

(see Fig. 6) via the MnIII–NRC–FeII bridges, with each

[Fe(CN)5NO]2� unit being surrounded by four dimeric

[Mn2(saltmen)2]
2+ moieties, and each [Mn2(saltmen)2]

2+ frag-

ment being connected by two [Fe(CN)5NO]2� units, forming a

(4,4)-net. The bond angles Mn(1)–N(1)RC(1) and

N(1)RC(1)–Fe(1) are 157.43(13) and 176.15(13)1, respec-

tively, and the MnIII� � �FeII distance is ca. 5.217 Å. In such

a 2-D network, NO ligands are also well enclosed in the

‘‘cage’’ formed by four aromatic rings of saltmen ligands

(see Fig. S5, ESIw). The distance between Onitro atom and

every center of the aromatic ring is ca. 3.965 Å, indicating the

possible weak intra-molecular interactions between NO and

the aromatic ring group. In the packing arrangement, the

adjacent 2-D networks are well separated by the ClO4
�

counter anions, solvent methanol and water molecules

(see Fig. S6). The shortest Mn� � �Mn distance between two

planes is ca. 11.77 Å.

To conclude this description of the crystal structures, we

have summarized the detailed crystal data and structure

refinement for 1–3 in Table 4.

Magnetic properties

The magnetic properties of 1, 2 and 3 have been measured

using dc and ac techniques. The dc magnetic susceptibilities

measured on polycrystalline samples of 1 and 2 (in the

temperature range of 1.8–300 K under an applied magnetic

field of 1000 Oe) are shown in Fig. 7 as a wT vs. T plot. The wT
product gradually decreases from 6.0 and 6.2 cm3 K mol�1 at

300 K to reach a minimum value of 0.41 and 2.90 cm3 K mol�1

at 1.8 K for 1 and 2, respectively. The room temperature wT
values are in good agreement with the expected Curie constant

for two isolated MnIII S= 2 spins (C= 6 cm3 K mol�1) and a

g value very close to 2. The observed thermal behavior is

typical of a paramagnetic material that possesses antiferromagnetic

interactions between spin carriers i.e. [Mn(SB)]+ units. In both

1 and 2, these antiferromagnetic interactions are most likely

mediated by diamagnetic [NC–(Fe(CN)3NO)–CN] links that

bridge the [Mn(SB)]+ moieties.

In order to estimate the magnitude of these interactions, the

experimental data of 1 and 2 have been modeled using as a first

approximation, isotropic Heisenberg Hamiltonians for an

SMn = 2 dimer (eqn (1)) and a two-dimensional square lattice

of SMn = 2 spins (eqn (2)), respectively, according to the

obtained crystal structures (vide supra).

H ¼ �2JS
!
Mn1�JS

!
Mn2 ð1Þ

H ¼ �2J
X
i; j

S
!
i; j S

!
iþ1; j þ S

!
i; jþ1

� �
ð2Þ

The respective analytical expressions of the magnetic suscepti-

bility can be obtained from the refs. 24 and 25. As shown

in Fig. 7, these theoretical approaches have been able to

reproduced well the experimental data using the following sets

of parameters: J/kB = �0.95(5) K with g = 2.0 for 1 and

J/kB = �1.15(5) K with g = 2.07 for 2. As expected, the two

values of the magnetic interaction between MnIII spins

through the diamagnetic [NC–(Fe(CN)3NO)–CN] links are

similar and close to the reported ones.19d Nevertheless it is

worth mentioning that these interactions are certainly slightly

overestimated by these modeling approaches as their estima-

tion also contains phenomenologically the effects of the magnetic

anisotropy brought by the MnIII metal ions. Attempts to

simulate the experimental data for 1 including both effects failed

and lead to multiple solutions and thus overparametrization of

the simulation.

The dc magnetic susceptibility measured at 1000 Oe on a

polycrystalline sample of 3 is shown in Fig. 8 as a wT vs. T plot.

The wT product gradually increases from 12.2 cm3 K mol�1 at

300 K to reach a maximum value of 19.6 cm3 K mol�1 at 4.8 K

before decreasing down to 18.7 cm3 K mol�1 at 1.8 K. The

room temperature wT value is in good agreement with the

expected Curie constant for four isolated MnIII S = 2 spins

(C = 12 cm3 K mol�1) and a g factor very close to 2. The

observed thermal behavior is typical of a paramagnetic

material that possesses dominant ferromagnetic interactions

between spin carriers i.e. [Mn(saltmen)]+ units. As shown in both

compounds 1 and 2, the diamagnetic [N–(Fe(CN)3NO)–CN]

link is clearly mediating significant antiferromagnetic inter-

actions between the [Mn(SB)]+ moieties. Therefore the

observed ferromagnetic interactions are necessarily present

in the dinuclear [Mn2(saltmen)2]
2+ units between MnIII

through the bisphenolate bridge as already described in related

series of dinuclear complexes.22,26 On the other hand, the

decrease of the wT product below 4.8 K is associated (i) to

the presence of antiferromagnetic interactions between S = 2

[Mn(saltmen)]+ moieties possibly through the diamagnetic

[NC–(Fe(CN)3NO)–CN] link and/or (ii) to the magnetic

anisotropy brought by the MnIII metal ions.

Considering the 2D network of magnetic interactions and

also that ferromagnetic interactions are dominating, an

estimation of the exchange couplings has been performed

simulating the thermal dependence of the magneticFig. 6 Ball-and-stick view of the 2-D layer in complex 3.
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susceptibility from the isotropic Heisenberg Hamiltonian given

by eqn (1). Using this model and the deduced susceptibility

(wMn2) for an S= 2MnIII dimer,24 an acceptable simulation of

the wT vs. T experimental data (shown in Fig. 8 by the red solid

line) has been obtained introducing inter-dimer MnIII� � �MnIII

interactions in mean-field approximation (J0).27 The best set of

parameters is J/kB = +1.9(1) K, zJ0/kB = �0.003(1) K and

g = 2.00(2). This model leads to a very small value of J0 that

corresponds to a MnIII� � �MnIII of �0.002 K.28 This value is

clearly not compatible with the magnetic interaction estimated

in 1 and 2 and expected through the diamagnetic

[NC–(Fe(CN)3NO)–CN] link. Therefore, this approach likely

underestimates the real value of interaction as J is probably

corrected by weaker antiferromagnetic interactions through

the [Fe(CN)5NO]2� unit. The obtained J parameter is thus

certainly a minimum estimation of its real value even if +1.9 K

is compatible with previously reported values in similar

dinuclear [Mn2(SB)2]
2+complexes possessing an ST = 4 spin

ground state.22,26 This first approach to fit the experimental

data leads to the conclusion that the decrease of the wT
product below 4.8 K is probably associated mainly with the

magnetic anisotropy brought by the MnIII metal ions. There-

fore an alternative model has been used to estimate this

anisotropy considering (i) the Hamiltonian given in eqn (3)

and (ii) the approximation that the MnIII� � �MnIII interaction con-

tains phenomenologically the intra- and inter- [Mn2(saltmen)2]
2+

complex interactions.

H ¼ �2JS
!
Mn1�S

!
Mn2 þDMnðS2

z;Mn1 þ S2
z;Mn2Þ ð3Þ

The magnetic susceptibility has been numerically calculated

using the MAGPACK program,29 and compared with the

experimental data. The best simulation shown in solid blue

line in Fig. 8 corresponds to J/kB = +1.9(1) K, DMn/kB =

�1.0(1) K and g = 2.00(2). As expected the magnetic inter-

action, J, has the same value as in the first modeling approach.

On the other hand, the DMn parameter estimated at �1 K is

relatively small in comparison to the reported values on

similar complexes that range typically from �3 to �5 K.22,26

This result seems to indicate that the role of the magnetic

Table 4 Crystal data and structure refinement parameters for compounds 1–3

Compounds 1 2 3

Formula C39H36Br4FeMn2N10O9 C37H28FeMn2N10O6 C87H98Cl2FeMn4N14O20

M/g mol�1 1274.15 874.42 2006.30
l/Å 0.71073 0.71073 0.77490
Crystal size/mm 0.28 � 0.26 � 0.24 0.28 � 0.26 � 0.23 0.18 � 0.16 � 0.02
Crystal system Orthorhombic Tetragonal Tetragonal
Space group Pbca P4/ncc I4/m
a/Å 14.851(3) 14.751(2) 18.5154(8)
b/Å 23.826(5) 14.751(2) 18.5154(8)
c/Å 28.135(6) 17.063(3) 27.4984(13)
V/Å3 9955(3) 3713.1(11) 9427.0(7)
Z 8 4 4
Dc/g cm�3 1.700 1.564 1.414
m/mm�1 4.057 1.116 0.994
Reflections collected/unique 16519/8716 5480/1635 26410/4752
Rint 0.039 0.0363 0.0781
Restraints/parameters 12/606 18/137 194/367
Final R indices [I 4 2s(I)]: R1, wR2 0.0505, 0.1419 0.0496, 0.1318 0.0699, 0.2085
R indices (all data): R1, wR2 0.0754, 0.1514 0.0564, 0.1390 0.0855, 0.2284
GOF on F2 1.17 0.969 1.062
Drmax/min/e Å�3 1.568/�1.274 3.35/�0.776 1.652/�0.787
R1 =

P
8Fo| � |Fc8/

P
|Fo| and wR2 = [

P
w(Fo

2 � Fc
2)2/
P

w(Fo
2)2]1/2.

Fig. 7 Temperature dependence of the wT product at 1000 Oe (with

w = M/H normalized per mol) for 1 (black) and 2 (blue). The solid

lines are the best fit obtained with the two models described in the text.

Fig. 8 Temperature dependence of the wT product at 1000 Oe (with

w = M/H normalized per mol) for 3 (J). Inset: expansion view of the

main figure below 100 K in semi-logarithmic plot. The solid lines are

the best fits obtained with the models described in the text.
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interaction between [Mn2(saltmen)2]
2+ might also preclude a

good estimation of the magnetic anisotropy of the system.

As a complete theoretical model taking into account both

the 2D topology of the magnetic interactions and the presence

of magnetic anisotropy is not available to estimate the

magnetic susceptibility of this system, it has not been possible

to further analyze these experimental data. Therefore the

obtained values of the different magnetic parameters given

above must be taken with caution.

In order to probe the presence of slow dynamics of

the magnetization in 3 and thus the presence of SMM or

SMM-like behavior, ac susceptibility measurements have been

performed. The measurements were made in zero dc-field at

100 and 1000 Hz and at temperatures between 1.8 and 7 K

(Fig. S7, ESIw). Compound 3 displays frequency-dependent

out-of-phase signals suggesting that this compound exhibits

slow relaxation of its magnetization. Unfortunately due to our

available ranges of ac frequency (up to 1500 Hz) and

temperature (down to 1.8 K) with our equipment, the charac-

teristic relaxation time (t) of the system can be followed in

temperature only with ac frequency above 1000 Hz (at 1.8 K,

t = 2.4 � 10�4 s). In other words the relaxation time of the

system in zero dc-field is too fast for our ac technique to be

studied accurately in temperature. Therefore in order to

reduce a possible fast zero-field relaxation usually induced

by quantum tunneling effects in SMMs, a small dc field

between 0 and 5000 Oe has been applied at 1.8 K (Fig. 9

and S8, ESIw). The relaxation is dramatically slowed down

from 665 Hz in zero dc-field to ca. 2.5 Hz in an optimum dc

field of about 1800 Oe (Fig. 10) confirming the presence of fast

zero-field relaxation as already observed in related ST = 4

dinuclear [Mn2(SB)2]
2+complexes.22,26

Hence to estimate the temperature dependence of the

relaxation time, ac data were collected at 1800 Oe (Fig. 11 and

S9, ESIw). Under 1800 Oe, a clear maximum is now detected on

the w00 vs. T and w00 vs. n data (Fig. 11 and S9, ESIw) allowing the
determination of the relaxation time of 3 in a relatively large

temperature domain.

As expected for SMMs, the deduced relaxation time

follows a thermally-activated (Arrhenius) behavior (Fig. 12):

t = t0exp(Deff/kBT) with t0 = 3 � 10�8 s and an energy gap

Deff/kB = 26.6 K. At low temperatures, SMMs exhibit slow

relaxation of their magnetization induced by a combined effect

of their uni-axial anisotropy (DST o 0) and high-spin ground

state (ST). These two characteristics create an energy barrier

(DA), equal to |DST|ST
2 for integer spins and |DST|(ST

2 � 1/4)

for half-integer spins, between the two thermodynamically

Fig. 9 Frequency dependence of the out-of-phase component of the

ac susceptibility for 3 as a function of the ac frequency between 1 and

1500 Hz at 1.8 K under dc-fields.

Fig. 10 Field dependence of the characteristic frequency at 1.8 K for

3 deduced from Fig. 9.

Fig. 11 Temperature dependence at different ac frequencies (a) and

frequency dependence at different temperatures (b) of the out-of-phase

component of the ac susceptibility for 3 below 7 K under 1800 Oe.
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equivalent spin configurations mS = �ST. These theoretical

considerations, taking DA = Deff, make possible an estimation

of the magnetic anisotropy of the spin ground state, DST at

about �1.7 K. Remarkably, almost identical values of DST

and thus DA, are found for related [Mn2(SB)2]
2+ complexes in

[Mn2(saltmen)2(ReO4)2]
26a or [Mn2(salpn)2(H2O)2](ClO4)2

(with salpn2� = N,N0-1,3-propylenebis(salicylideneiminato)

anion).26b It is worth noting that the value of DST implies a

local MnIII anisotropy, DMn/kB, of �3.8 K22,26 that is almost

four times the value deduced from our approximated model

but is perfectly in agreement with previous estimations.22,26

This result confirms that the magnetic parameters deduced

from the approximated models of the magnetic susceptibility

(vide supra) must be taken with caution.

The magnetic properties of 3 have been studied in great

details using dc and ac techniques but the role of the magnetic

interactions (likely of antiferromagnetic nature based on the

magnetic properties of 1 and 2) between [Mn2(saltmen)2]
2+

cations through the diamagnetic [NC–(Fe(CN)3NO)–CN]

links, seems to be quite different on the static and dynamic

properties. While the dc susceptibility suggests a significant

effect of these interactions as shown by the only qualitative

analyses obtained from our simplified magnetic models, the

dynamics of the magnetization is almost identical to isolated

[Mn2(SB)2]
2+ SMMs26a supporting the negligible influence of

the inter-[Mn2(saltmen)2]
2+ couplings. Indeed these results

might be correlated to the peculiar 2D square organization

of the dinuclear MnIII units (Fig. 6) as already observed in 2D

networks of SMMs.30 Clearly, the complete understanding of

the effects of the magnetic interactions between [Mn2(saltmen)2]
2+

cations on the static and dynamic properties of 3 still needs

further theoretical work beyond the subject of this paper.

Optical properties

Optical properties of compounds 1–3 have also been studied

using solid-state reflectivity measurements. As an introduction

to these measurements, the photochromic properties of

the Na2[Fe(CN)5NO]�2H2O precursor have been first

explored studying the thermal dependence of the reflectivity

spectra (on a powder sample) using a low power white light

(0.5 mW cm�2).

The spectrum remains almost unchanged when the tempera-

ture decreases from room temperature down to 5 K (Fig. 13).

In order to probe the photoactivity of the precursor at 5 K, an

irradiation with a 470 nm blue light (60 mW cm�2) was

performed during 10 min; it is worth noting that longer

irradiation times do not change the photoinduced spectrum

shown in Fig. 13. A significant decrease in the reflectivity is

observed above 560 nm. This result is in agreement with

previous optical data measured in transmission mode on

crystals of Na2[Fe(CN)5NO],19a,31 that showed the appearance

of new bands in the 600–800 nm region predominantly

associated with a photoinduced metal–ligand charge transfer

from the FeII metal ion to the nitrosyl ligand to form

FeIII–NO� pairs.19,32

After this blue light excitation, the compound was warmed

up with a temperature sweeping-rate of 6 K min�1. The

reflectivity spectra changes increasing the temperature, and

the initial spectrum before irradiation is recovered around

220 K. To illustrate this thermal behavior, the reflectivity can

be plotted at a given wavelength as a function of the tempera-

ture as shown at 740 nm in Fig. 14. Before irradiation, the

reflectivity at 740 nm is almost constant when the temperature

is lowered, in agreement with the very small dependence of the

spectra with temperature. During the 470 nm irradiation, the

Fig. 12 Plot of the relaxation time t vs. 1/T for 3 under 1800 Oe.

Red dots are the relaxation times deduced from the temperature

dependence of the out-of-phase component of the ac susceptibility at

different ac frequencies. Black dots are the relaxation times deduced

from the frequency dependence of the out-of-phase component of the

ac susceptibility at different temperatures. The red solid line is the best

fit obtained with an Arrhenius law.

Fig. 13 Absolute surface reflectivity vs. wavelength for

Na2[Fe(CN)5NO]�2H2O at different temperatures measured under a

white light of 0.5 mW cm�2. At 5 K, the red and blue dots are

respectively before and after irradiation at 470 nm (60 mW cm�2).

Fig. 14 Absolute surface reflectivity at 740 nm vs. the temperature

for the Na2[Fe(CN)5NO]�2H2O precursor: green arrow: cooling

mode before irradiation, black arrow: irradiation at 470 nm

(at 60 mW cm�2), red arrow: heating mode after irradiation.
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reflectivity decreases with a very fast dynamics from 0.72 to

0.53. When the irradiation is stopped, the reflectivity starts to

increase rapidly with the increase of the temperature and two

marked steps appear at 155 and 220 K. This peculiar thermal

behavior, that has been well summarized in ref. 19a, involves

three different metastable phases. The low-temperature increase

below 50 K is attributed to a relaxation from the photo-

induced FeIII–NO� state to both FeII–ON and FeII-(Z2-NO)

configurations in the SI and SII states, respectively. At 155 K,

the FeII–ON SI state converts into the FeII–NO ground state,

while the relaxation of the FeII-(Z2-NO) SII state is observed

only at 220 K.19 The surface reflectivity technique is thus an

efficient tool to study in detail the photochromic properties of

the Na2[Fe(CN)5NO]�2H2O precursor, and similar experi-

ments were therefore carried out for the three new materials

based on [Mn(SB)]+ and [Fe(CN)5NO]2� building blocks.

The performed measurements indicate that the optical

spectra of these compounds changed in the red and 700–900 nm

domains when the temperature decreases from room tempera-

ture down to 5 K (Fig. S10–S12, ESIw). These changes are

associated to the thermal dependence of the optical spectra of

[Mn(SB)]+ cations as shown by the measurements performed

on the Mn/SB precursors. When the compounds 1, 2 and 3 are

irradiated at 5 K by a 470 nm blue light, the spectra remain

almost unmodified before and after irradiation (Fig. S13–S15,

ESIw). Therefore none of these new compounds display

photochromic properties induced by the presence of the

[Fe(CN)5NO]2� anions. Indeed, these results are in agreement

with those obtained on similar compounds incorporating

[Mn(SB)]+ and [Fe(CN)5NO]2� moieties,19d for which the

authors concluded that the photoinduced metastable states

are not observed when the cyanido groups are coordinating

with MnIII metal ions. Additional experiments have been

performed on compounds 1–3 comparing the magnetic

susceptibilities before and after in situ irradiation at 10 K.

No photomagnetic effect has been observed as judged by the

magnetic response that stays unchanged independently of the

used wavelength of irradiation.

Conclusion

In this report, three new materials based on [Fe(CN)5NO]2�

and [Mn(SB)]+ building blocks have been synthesized

and structurally characterized: a trinuclear

[Mn(5-Br-salpn)(H2O)]2[Fe(CN)5NO]�2H2O complex 1, and

two 2D coordination networks: [{Mn(salen)}2Fe(CN)5NO]�2H2O

(2) and [{Mn(saltmen)}4Fe(CN)5NO](ClO4)2�H2O�2CH3OH

(3). While the magnetic properties of 1 and 2 reveal weak

antiferromagnetic interaction between S = 2 [Mn(SB)]+ units

via NC–Fe–CN links, 3 present slow relaxation of its magneti-

zation at low temperatures. This dynamic behavior is indeed

almost identical to isolated [Mn2(SB)2]
2+ SMMs even though

the static susceptibility seems to be influenced by the weak

coupling through the [Fe(CN)5NO]2� bridges. Further

theoretical work beyond the scope of the present report will

be necessary to explain consistently the static and dynamic

properties of this material probably in relation with its

two-dimensional network. The photochromism of the

Na2[Fe(CN)5NO]�2H2O precursor has been studied by reflectivity

measurements that agree well with other optical techniques

used previously. Unfortunately, similar experiments on

compound 1–3 indicate that the [Fe(CN)5NO]2� motif does

not bring photochromic or photomagnetic properties to these

new materials.

Experimental

Synthesis

All chemicals and solvents used in these syntheses were of

reagent grade. The precursors, [Mn(saltmen)(H2O)](ClO4),

[Mn(salen)(H2O)](ClO4), [Mn(5-Br-salpn)(H2O)](ClO4)

(saltmen2�= N,N0-(1,1,2,2-tetramethylethylene) bis(salicylidene-

iminato) dianion, salen2�=N,N0-ethylenebis(salicylideneiminato)

dianion, 5-Br-salpn2� = N,N0-1,3-propylenebis(5-bromo-

salicylideneiminato) dianion) was prepared according to

literature procedures.22,26 Caution: perchlorate salts of

metal complexes with organic ligands are potentially

explosive. Only small amounts of the material should be

prepared and it should be handled with extreme care.

[Mn(5-Br-salpn)(H2O)]2[Fe(CN)5NO]�2H2O (1). A mixture

of [MnIII(5-Br-salpn)(H2O)](ClO4) (1 eq., 0.2 mmol) in 10 ml

methanol was mixed with Na2[Fe(CN)5NO]�2H2O (1 eq.,

0.2 mmol) in 2 ml H2O. After stirring for 30 min. the resulting

dark brown solution was filtered. The filtrate was left

undisturbed at room temperature to produce thin lamellar

brown single crystals suitable for X-ray diffraction within 4

days. Yield: in ca. 15% based on Mn. Anal. calc. for

C39H36Br4FeMn2N10O9 (1274.15 g mol�1): C, 36.77; H, 2.85;

N, 10.99. Found: C, 36.58; H, 2.50; N, 10.86%. IR (KBr)

data/cm�1: n(CRN) 2145.4, 2155.9, n(NRO) 1908.6, 1941.6,

n(CQN) 1613.7.

[{Mn(salen)}2Fe(CN)5NO]�2H2O (2). The procedure was the

same as for 1 except that [MnIII(5-Br-salpn)(H2O)](ClO4) was

replaced by [Mn(salen)(H2O)](ClO4) (1 eq., 0.2 mmol). Yield:

45% based on Mn. Anal. calc. for C37H28FeMn2N10O6

(874.42 g mol�1): C, 50.82; H, 3.23; N, 16.02. Found: C,

50.90; H, 3.50; N, 15.82%. IR (KBr) data/cm�1: n(CRN)

2147.9, n(NRO) 1922.0, n(CQN) 1629.0.

[{Mn(saltmen)}4Fe(CN)5NO](ClO4)2�2CH3OH�H2O (3).

The procedure was the same as for 1 except that [Mn(salen)-

(H2O)](ClO4) was replaced by [Mn(saltmen)(H2O)](ClO4)

(1 eq., 0.2 mmol). Yield: 60% based on Mn. Anal. calc. for

C87H98Cl2FeMn4N14O20 (2006.30 g mol�1): C, 52.08; H, 4.92;

N, 9.77. Found: C, 51.80; H, 4.50; N, 9.62. IR (KBr) data:

n(CRN) 2154.6, n(NRO) 1931.7, n(CQN) 1601.4, n(ClO4)

1085.5.

Physical methods

Elemental analysis for C, H and N were performed following

the classical Pregl-Dumas technique on a ThermoFischer

Flash EA1112.

FTIR spectra were recorded in the range of 400–4000 cm�1

on a Nicolet 750 Magna-IR spectrometer using KBr pellets.

Magnetic susceptibility measurements were obtained

with the use of a Quantum Design SQUID magnetometer
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(MPMS-XL). dc Measurements were conducted from 1.8 to

300 K and between �70 and 70 kOe applied dc fields.

The measurements were performed on polycrystalline

samples. Experimental data were corrected for the sample

holder and for the diamagnetic contribution of the

sample.

The optical studies have been performed with a home built

reflectivity system. The temperature range is from 4.2 to

300 K. The spectrometric range runs from 400–900 nm.

The used spectrometer is a high sensitivity Hamamatsu

10083CA. The spectra are measured with a Leica CLS 150

XD tungsten halogen source that was set at low power

(0.5 mW/cm2) onto the sample. The spectra are compared

to a white reference obtained with a NIST traceable standard

for reflectance (sphere Optics, ref SG3054). The background,

which is the spectrum acquired with the light source switched

off, is subtracted from all measurements. The reflectivity can

be plotted either as a function of temperature, time or

wavelength. To measure the photochromic effect at low

temperature, we use a second source of irradiation with a

LED Lumileds Luxeon V at 470 (�25) nm (60 mW cm�2).

Spectra after light irradiation are then obtained when the LED

is switched off again.

X-Ray crystallographic data of complexes 1 and 2 were

collected on a Nonius Kappa CCD diffractometer with

graphite-monochromated Mo-Ka radiation (l = 0.71073 Å)

at 150(2) K. A suitable crystal was affixed on a glass fiber using

silicone grease and transferred to the goniostat. DENZO-SMN33

was used for data integration and SCALEPACK33 corrected

data for Lorentz-polarisation effects. The structures were

solved by direct methods and refined by a full-matrix least-

squares method on F2 using the SHELXTL crystallographic

software package.34 During the refinement, all the non-H

atoms were refined anisotropically except the disordered

solvent water molecules in complex 1. The H atoms on C

atoms were included in calculated positions, whereas H atoms

on Owater atoms were found from the residual peaks and

refined with fixed isotropic thermal parameters based on those

of parent atoms.

X-Ray crystallographic data of complex 3 were collected on

station 11.3.1 of the Advanced Light Source at Lawrence

Berkeley National Laboratory, from synchrotron radiation

at 0.7749 Å, from a silicon 111 monochromator, using a

Bruker Apex II CCD diffractometer. The structure was solved

with and refined over F2 with SHELXTL.35 All non-hydrogens

were refined anisotropically. The perchlorate ions occupy two

crystallographic sites with half occupancy. One of them

presents a disorder over two positions of its oxygen atoms.

These were refined with geometrical and displacement para-

meters restrains. Two methanol molecules with half occupancy

sit close to one of the two perchlorates. These proximity and

positional disorder result in unreal bond distances. Hydrogens

were placed geometrically and refined with a riding model

except those of the water and methanol molecules, that are

missing in this structural model. Small voids remain in the

structure that contain only very diffuse electron density peaks.

Use of PLATON/SQUEEZE to take these into account did

not improve significantly the quality of the structure, and

therefore it was left out.

Selected bond lengths and angles of 1–3 are listed in

Tables 1–3, respectively. The detailed crystal data and

structure refinement for 1–3 are given in Table 4.
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R. Carrasco, M. Julve, M. Verdaguer, Y. Dromzee, D. Gatteschi
and W. Wernsdorfer, Angew. Chem., Int. Ed., 2003, 42, 1483;
(b) L. M. Toma, F. S. Delgado, C. Ruiz-Pérez, R. Carrasco,
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C. Giménez-Saiz, C. J. Gómez-Garcı́a and T. Woike, Polyhedron,
2001, 20, 1615; (d) M. Clemente-Léon, E. Coronado, J. R.
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Chem. Soc., 2006, 128, 3770.

31 T. Woike, W. Krasser, P. S. Bechthold and S. Haussül, Phys. Rev.
Lett., 1984, 53, 1767.

32 J. Tritt-Goc, N. Pislewski and S. K. Hoffmann, Chem. Phys. Lett.,
1997, 268, 471.

33 Z. Otwinowski and W. Minor, Methods Enzymol., 1996, 276, 307.
34 (a) G. M. Sheldrick, SHELXL97 Program for Crystal Structure

Refinement, University of Göttingen, Göttingen, Germany, 1997;
(b) G. M. Sheldrick, SHELXS97 Program for Crystal Structure
Solution, University of Göttingen, Göttingen, Germany, 1997.

35 G. M. Sheldrick, SHELXTL: Bruker AXS, Madison, WI, USA,
2001.

1248 | New J. Chem., 2009, 33, 1237–1248 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
2 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
7 

M
ay

 2
00

9 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

90
33

99
H

View Article Online

http://dx.doi.org/10.1039/b903399h

