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A series of MnII, FeII, CoII, NiII and CuII layered mandelates
has been synthesised in the form of crystalline powders by a
hydrothermal route. The five compounds are isostructural
with the copper analogue, also obtained in a single crystal
form, except that the latter shows a strong Jahn−Teller distor-
tion of the coordination spheres around the CuII centres. The
complexes crystallise in the monoclinic centrosymmetric
space group P21/a and their structures consist of layers of six-
coordinate metal(II) ions interconnected through carboxylato

Introduction

Correlations between the magnetic properties of mol-
ecule-based solids and their structures together with the na-
ture of the chemical bond are useful in the design of new
magnetic materials.[1,2] In this respect, low dimensional sys-
tems in which the magnetic centres interact within chains
(1D) or planes (2D) are of particular interest since their
physics may be approximated and analysed to a high degree.
This has been possible thanks to the development of a sub-
stantial amount of experimental and theoretical work in the
area over several decades[3�6] and to the efforts of synthetic
chemists in providing model compounds, particularly
through the molecular approach, i.e. by using molecular
building blocks for the design of new interconnected net-
works,[7,8] involving several kinds of metallic ions or rad-
icals, which exhibit predictable magnetic properties.[9�11]

Focusing on 2D systems, as found in layered transition me-
tal compounds, it has been shown that the occurrence of
3D magnetic ordering is mainly driven by the divergence of
the correlation length within the layers which depends on
the in-plane magnetic exchange coupling and on the top-
ology of the magnetic centres.[4,6,12,13] Recent results on
organic-inorganic layered magnets have shown that it is
possible to tune the coupling between spin layers by using
suitable organic ligands separating or connecting transition
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bridges in a diamond-like network. The magnetic data indi-
cate very small antiferromagnetic in-plane couplings for 1, 2,
3 and 5, with J/kB = −0.122 K for 1. The NiII compound 4
exhibits ferromagnetic coupling within the layers (J/kB =
+1.213 K) and ferromagnetic 3D ordering can be observed at
TC = 2.7 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

metal based layers.[14] Striking results have been obtained in
the field of low dimensional magnetic materials exhibiting
unusual behaviour, by carrying out solvothermal
reactions.[15�19] In particular, recent reports have been con-
cerned with the use of carboxylate moieties as bridging li-
gands between paramagnetic transition metal ions with the
versatility of the carboxylate coordination group leading to
magnetic networks with various topologies.[20�23]

Our recent investigation of CoII alkanoates [Co(O2C-
(CH2)nCH3)2(H2O)2]n has shown that for long alkane
chains, layered structures are obtained when the magnetic
layers consist of chains of CoII ions interconnected through
carboxylate bridges in a syn-anti configuration. This leads
to weak antiferromagnetic coupling.[24] On the other hand,
results on transition metal phenoxyalkanoate hydrates
[M(O2C(CH2)OC6H4R)2(H2O)2]n (M � Mn, Co; R � H,
Cl, F, ...), the structures of which consist of stacked
metal(ii) carboxylate layers separated by an organic sub-
network of phenyl rings, provided suitable examples of
square planar arrays of magnetic centres.[25,26] The
diaquabis(phenoxyacetato)manganese(ii) derivative exhibits
typical behaviour for an antiferromagnetic 2D square-
planar S � 5/2 system down to TC � 1.633 K where a 3D
ordered spin state leads to weak ferromagnetism. Magnetic
data for the CoII analogue suggest the presence of ferro-
magnetic interactions.[27]

As a continuation of our investigations of layered sys-
tems, the present work is concerned with the synthesis,
through a hydrothermal route, of a series of layered tran-
sition metal (M) carboxylates obtained using the chiral
mandelate ion C6H5CH(OH)CO2

� (M � Mn, Fe, Co, Ni,
Cu) and an analysis of their crystal structures and magnetic
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behaviour. Some molecular complexes of transition metals
(Cu, Co, V) have been reported in the literature in which
the mandelate anion acts as a co-ligand with lactic acid de-
rivatives such as phenanthroline or bipyridine, resulting in
peculiar coordination geometries.[28�31] Noble metal com-
plexes were also prepared.[32] It is worth noticing, however,
that very few results have been reported in the literature on
compounds involving only the mandelate ion and most of
these studies have concerned the solubility, vibrational spec-
troscopic properties and optical activities of the isolated
metal complexes.[33] Only one very recent work reports the
crystal structure and magnetic susceptibility measurements
of a CoII derivative.[34]

Results and Discussion

Synthesis and Structural Analysis

A series of five transition metal mandelates has been syn-
thesised through a hydrothermal method by treating metal
chlorides with mandelic acid and NaOH in water (see Ex-
perimental Section). The complexes of manganese (1), iron
(2), cobalt (3) and nickel (4) were obtained as crystalline
powders consisting of very thin platelets. The FeII solid 2
contains a small amount of a magnetic impurity, namely
iron oxide, which was revealed by the magnetic measure-
ments. The copper(ii) analogue 5 crystallises from the
mother solution (resulting from hydrothermal treatment) as
thick single crystals suitable for X-ray analysis. It is worth
noticing also that reactions under standard conditions at
room temperature led, for the five metal ions, to the same
products but only as fine and less crystalline powders. This
highlights the importance of an interest in the hydrothermal
method. The structure of 5 has been solved by a single-
crystal X-ray diffraction analysis (see crystallographic sec-
tion) and is similar to that reported in the literature for the
CoII analogue[34] except that an accurate Fourier analysis
ascertained the presence of the hydrogen of the α-hydroxide
coordinated to the copper(ii) centres, whereas this was not
considered for the cobalt species. The compound can be
described as a (diaqua)copper(ii)�µ-mandelate polymer,
the asymmetric unit of which is displayed in Figure 1. Each
CuII atom is coordinated to six oxygen atoms forming elon-
gated octahedra. In the equatorial plane, they are sur-
rounded by two mandelate ligands each chelating the metal
through one oxygen atom of the carboxylate group [Cu�O1
1.924(2) Å] and the α-OH [Cu�O2 1.987(2) Å]. Two other
mandelate groups complete the octahedral site with mono-
dentate oxygen atoms from their carboxylate functions in
apical positions [Cu�O3#1 2.418(2) Å] resulting in a dis-
torted environment (Figure 1) similar to the CoII case but
with strong additional distortion of the octahedral sites
around metal ions due to the Jahn�Teller effect (see
Table 1).

Within the a,b planes, the copper atoms are connected to
four neighbours by carboxylato bridges in a syn-anti con-
formation (Figure 1), thus forming square-planar magnetic
arrays separated by a double layer of mandelate anions
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Figure 1. ORTEP plot of the structure of 5 showing coordination
of the CuII atoms by the mandelate ligands and interconnection
through carboxylato bridges

Table 1. Bond lengths [Å] and angles [°] in the copper dimandel-
ate compound

Distances Atoms AnglesAtoms

Cu�O1 1.924(2) O1�Cu�O2 83.41(10)
Cu�O2 1.987(2) O1�Cu�O2#2 96.59(10)
Cu�O3#1 2.418(2) O1�Cu�O3#1 95.18(9)
O1�C1 1.299(4) O1#2�Cu�O3#1 84.82(9)
C1�C2 1.530(5) O2�Cu�O3#1 95.18(9)
O2�C2 1.466(3) O2#2�Cu�O3#1 89.63(9)
C2�C3 1.506(4) C1�O1�Cu 115.72(19)

C2�O2�Cu 113.32(18)
O1#3�O2#2 2.752(4) O3�C1�O1 123.5(3)
(intermolecular) O3�C1�C2 119.1(3)

#1: �x � 1/2, y � 1/2, �z � 1; #2: � x � 1, �y, �z � 1; #3: �x
� 1, �y � 1, �z � 1

(Figure 2). The Cu�Cu distances across the carboxylato
bridges are 5.325(5) Å which correspond to the exchange
pathways schematised in Figure 3. Moreover, intermolecu-
lar hydrogen bonds can be identified [O1#3�O2#2 2.752
(4) Å, O1�H1�O2 171°], the CuO6 octahedra thus being
connected by two O1�O2 hydrogen bonds along the b axis.
All the mandelates are positioned quasi-perpendicular to
the copper layers which are 15.12(1) Å apart. In addition,
a detailed examination of the structural stacking prompts a
consideration of the existence of σ�π interactions between
the phenyl rings related symmetrically by the crystallo-
graphic a mirror plane. (Figure 2).[35] These cycles form an
angle of 87° and the centroid�centroid distance is 5.21 Å.
The shortest distances for σ-π interactions are: C4�C8 3.70
Å, C4�C7 3.74 Å, C5�C7 3.93 Å and C5�C6 4.19 Å.

It is apparent that the structure is centrosymmetric. Ac-
cordingly, the present compounds exhibit no circular
dichroism and involve both (R) and (S) enantiomers of the
mandelate ligand although the pure (R) enantiomer was
used as a starting ligand. This was also observed in the
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Figure 2. Partial view along the b axis of the layered structure of 5

Figure 3. Drawing of the diamond-like MII network in the (a,b)
planes; each metal ion interacts with its four nearest neighbours as
in a square planar system

cobalt(ii) analogue.[34] For the latter, it was pointed out that
this racemisation, on the basis of previous studies on α-
hydroxycarboxylic acids, is favoured by the use of an alka-
line medium.[36] It is worth noticing here that the present
copper(ii) analogue, contrary to all the other metal deriva-
tives, can be obtained without addition of an alkaline base.
Similarly, the same compound can be obtained as a powder

Table 2. Crystallographic parameters of the first row transition metal dimandelates refined from X-ray powder patterns; all compounds
crystallise in the monoclinic space group P21/a

Mn Fe Co Ni Cu[a]M(C6H5CH(OH)CO2]2

a [Å] 8.925(5) 9.511(1) 9.3532(7) 9.239(2) 9.489(1)
b [Å] 4.933(1) 4.8370(8) 4.8737(3) 4.851(1) 4.9156(6)
c [Å] 15.605(4) 15.569(2) 15.495(1) 15.510(1) 15.551(1)
β [°] 101.31(5) 101.37(1) 99.95(1) 100.04(1) 102.749(9)
V [Å3] 673.70(8) 702.19(6) 695.71(5) 684.49(6) 707.48(2)

[a] Single crystal parameters are: a � 9.454 Å; b � 4.905 Å; c � 15.495 Å; β � 102.56°; V � 701.3 Å3.
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from the reaction under ambient rather than hydrothermal
conditions. It thus appears that significant racemisation
may also occur in an acidic or neutral medium, perhaps
with different kinetics however.[37]

The other MII compounds were obtained as powders or
very thin crystals which somewhat frustrated characteris-
ation by single-crystal diffraction methods. However, the
corresponding spectroscopic characterisations (Figure 4)
and elemental analyses confirm that all complexes are iso-
structural with the copper(ii) and cobalt(ii) dimandelates de-
scribed above. This was further confirmed by a comparison
between their powder X-ray patterns shown in Figure 5.
The powder diffraction patterns were fully indexed and the
crystallographic cell parameters for the series of compounds

Figure 4. Infrared spectra of the transition metal mandelates; for
clarity, the spectra are shifted in intensity

Figure 5. Comparison between the powder X-ray diffraction pat-
terns of the five layered transition metal mandelates, shifted in
intensity for clarity; some characteristic diffraction lines are
labelled
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have been refined (Table 2) by means of a full pattern
matching procedure using the Fullprof software package.[38]

Spectroscopic Properties

The IR and UV data collected for the five compounds
were easy to analyse on the basis of the crystal data (see
Exp. Sect.). The IR spectra exhibit characteristic bands of
the mandelate ligand. The frequency difference between the
symmetric and asymmetric carboxylate vibrations, ∆ν �
150�165 cm�1, is much smaller than that observed in the
corresponding acid (∆νi � 270 cm�1) in agreement with the
bidentate coordination mode of the carboxylate groups.[39]

The presence of broad νO�H bands in the range
3200�3400 cm�1 is related to the mandelate OH moieties
bonded to the metal ions. Interestingly, whereas the IR
spectra of the MnII, FeII, CoII, NiII compounds are almost
identical, thus confirming very similar local structures, sig-
nificant shifts of the νO�H and carboxylate bands can be
observed for CuII species. The latter is merely related to
the distortion of the coordination sphere around the copper
atoms due to the Jahn�Teller effect, as found from the
single-crystal structure analysis (Table 1). The UV spectra
are also consistent with the presence of octahedral geo-
metries for the MII ions.[40,41] The values of Dq and the
Racah parameter B have been calculated for the d7 and d8

ions giving Dq � 985 cm�1, B � 710 cm�1 and Dq/B � 1.4
for the CoII and Dq � 811 cm�1, B � 977 cm�1 and
Dq/B � 0.83 for the NiII compound in accordance with
weak crystal field and high-spin configurations.[42] For CoII,
admixture of forbidden d-d transitions at 480 nm (20833
cm�1) and 505 nm (19801 cm�1) results in a multiple struc-
tured band. A value of Dq � 939 cm�1 can be deduced for
the iron(ii) ions and a shoulder at λ � 1260 nm (7936 cm�1)
can be attributed to splitting of the 5Eg state. The UV spec-
trum of the CuII derivative exhibits the usual broad band
(λ � 745 nm/13422 cm�1) due to transitions from the t2g

components to the x2�y2 level.

Magnetic Properties

The magnetic properties of 1, 2, 3, 4 and 5 were investi-
gated in the temperature range 2�300 K. The temperature
dependence of the magnetic susceptibilities χ above 2 K is
shown in Figure 6 as χT vs. T plots for 1, 2, 3 and 4, after
correction for diamagnetic contributions. The iron(ii) com-
pound 2 contains small amounts of an impurity which is
ferromagnetic at ambient temperature. Consequently, the

Table 3. Main magnetic data of the first row transition metal dimandelates

M[C6H5CH(OH)CO2]2 MnII FeII CoII NiII CuII

C [K·emu·mol�1] 4.4 ca. 3.9 2.85 1.16 0.44
µeff [µB.mol�1] 5.9 ca. 5.6 4.8 3.0 1.9
Θ [K] �0.8 � �5 �11.36 �3
In-plane interactions[a] AF/J � �0.122 K isolated isolated F/J � �1.213 K isolated
3D ordering[a] � � � F/TC � 2.7 K �

[a] AF: antiferromagnetic; F: ferromagnetic.
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susceptibility displayed in Figure 6 for this compound
corresponds to the data corrected using the constant ferro-
magnetic moment deduced from variations in room tem-
perature magnetisation as a function of the field.

Figure 6. Temperature variation of the magnetic susceptibilities of
the compounds 1, 2, 3 and 5 as χT vs. T plots; the full line corre-
sponds to the fit of the data for the MnII compound 1, as detailed
in the text

The four compounds exhibit paramagnetic behaviour
corresponding to quasi-isolated metal centres. The inverse-
susceptibility versus T curves are linear above 200 K and
were fitted using the Curie�Weiss law. The corresponding
values of the Curie constants and Weiss temperatures are
given in Table 3 and the corresponding values of the
effective moments µeff � (8C)1/2 agree well with those
expected for MII ions in an octahedral crystal field.

Upon cooling, the χT product of the CoII compound 3
exhibits a regular decrease from 2.85 cm3·K·mol�1 at 300 K
to 1.8 cm3·K·mol�1 at 10 K. The decrease of the χT product
is well understood as being due to the spin-orbit coupling
effects for octahedral CoII ions.[43] Indeed, high-spin octa-
hedral CoII has a 4T1g ground state and, as a consequence,
exhibits unquenched spin-orbit coupling in addition to a
zero-field splitting which dominates at low temperature and
stabilises a doublet ground state. It should be pointed out
that for isolated octahedral CoII ions, a minimum value of
χT � 1.8 cm3·K·mol�1 can be expected corresponding to a
pseudo spin S � 1/2 and g � 4.4. Moreover, the magnetis-
ation vs. field variation at 2 K (not shown) is consistent
with paramagnetic-like behaviour, indicating that no signifi-
cant coupling takes place. The saturation moment, Ms �
2.25 µB·mol�1, is in agreement with the expected value for
octahedral high spin CoII ions (2�3 µB per cobalt atom).[9]
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Although the corrected data for compound 2 are ap-

proximate owing to the presence of the magnetic impurity,
the general behaviour of the susceptibility is in agreement
with that expected for quasi-isolated FeII ions exhibiting
spin-orbit coupling effects similar to the CoII analogue
above.

The copper(ii) derivative show a quasi-constant χT prod-
uct in the whole temperature range and is paramagnetic,
whereas the MnII compound 3 exhibits a significant de-
crease below 30 K indicating short-range antiferromagnetic
in-plane coupling. No long-range order is evident from
either susceptibility or magnetisation measurements for this
compound. The magnetic behaviour of 3 was modelled with
the 2D Heisenberg approach in an effort to evaluate the
magnitude of the nearest-neighbour exchange interaction.
The susceptibility data were fit between 2 and 300 K with
the high-temperature series expansion reported by Rush-
brooke and Wood[44,45,46] for an antiferromagnetic 2D Hei-
senberg square planar system [Equation (1)],[47] giving g �
2.01(1) and J/kB � �0.122(4) K, Figure 6. The coupling is
characteristic of very weak antiferromagnetic interactions
across the three-atom dicarboxylate bridge.

(1)

The NiII compound 4 exhibits very different behaviour.
Ferromagnetic interactions are implied by the inverse sus-
ceptibility 1/χ vs. T variation (not shown) with a positive
Curie�Weiss temperature (Table 3). As shown in Figure 7,
the temperature variation of the dc magnetic susceptibility
implies the existence of a significant ferromagnetic coupling
between neighbouring nickel(ii) ions within the plane, with
an increase in χT from 1.21 K·emu·mol�1 at 295 K to
47.5 K·emu·mol�1 at 2 K. Ferromagnetic long range order
between the layers is demonstrated by the occurrence of a
peak in the out-of-phase signal χ�� of the ac susceptibility
shown in the inset of Figure 7. The Curie temperature value
TC � 2.5 K can be deduced from the maximum of χ� where
an onset of the imaginary part of the susceptibility χ��
occurs.

Figure 7. Temperature variation of the magnetic susceptibility of
the NiII mandelate 4 as a χT vs. T plot; the full line corresponds
to the fit of the data, as detailed in the text; the inset shows the
variation of the real and imaginary parts of the ac susceptibility
recorded in a 3.5 Oe/30 Hz magnetic field
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Figure 8 shows a magnetisation loop measured at 2 K ex-
hibiting a sharp increase in the magnetisation at low field,
up to ca. the half of the saturation value. No hysteresis (at
least within a few Gauss) was observed, in accordance with
the isotropic character of the Heisenberg NiII ions and the
magnitude of TC. The saturation moment tends to 2µB per
NiII at 5 T which is expected at full saturation for S � 1
spin moments. It is important to notice, however, that M
vs. H shows a smooth and quasi-linear variation in the
high-field region which suggests that small canting between
moments might occur, thereby explaining such particular
features and leading to rather small residual moments.

Figure 8. Magnetisation vs. field hysteresis loop for the NiII

mandelate 4, recorded at 2 K

A fit of the magnetic susceptibility above TC was carried
out using the high temperature series expansion for a ferro-
magnetic square planar array of S � 1 spins, the expression
of which is similar to Equation (1) above.[48] In this ex-
pression, the zero-field splitting (D) for NiII ions is neglected
although it is known to be effective in the low temperature
range, typically below 10 K.[9] Within this approximation,
the data are very well fit in the full temperature range with
g � 2.15(1) and J/kB � �1.213(4) K, Figure 7. Finally, the
occurrence of 3D magnetic ordering can be undoubtedly
established by the temperature variation of the specific heat
recorded at low temperature, Figure 9. The curve shows a
typical lambda anomaly, the maximum of which enables a

Figure 9. Low-temperature variation of the specific heat of the NiII

mandelate 4



Layered Metal(II) Mandelates FULL PAPER
precise determination of the Curie temperature TC �
2.7(1) K.

Conclusion

A series of MnII, FeII, CoII, NiII and CuII mandelates has
been crystallised and structurally and magnetically charac-
terised. Although the starting mandelate was enantiomer-
ically pure, the ligand was found to racemise during the
synthetic process. The five compounds are isostructural
with the copper analogue, the latter having been obtained
as single crystals and showing a strong Jahn�Teller distor-
tion of the coordination spheres around the CuII centres.
Their solid-state structures consist of layers of six-coordi-
nate metal(ii) ions, thus forming planar arrays of octahedra
interconnected through carboxylato bridges in a diamond-
like network. The planes are separated by double layers of
phenyl groups from the mandelate ligands resulting in a 2D
system. From a magnetic point of view, it has been shown
that the in-plane exchange pathways between neighbouring
magnetic centres form a square-like planar array. The ex-
change coupling involving bridging carboxylate ligands in
a syn-anti conformation is known to promote antiferromag-
netic interactions between neighbouring MII ions[49] and to
be more favourable than the anti-anti conformation.[24] This
agrees with the observed behaviour of the χT product for
the series of transition metal mandelates except for the
nickel derivative for which ferromagnetic behaviour is ob-
served with ferromagnetic 3D ordering at TC � 2.7 K.

Experimental Section

General Remarks: Thermogravimetric experiments were performed
using a Setaram TG92 instrument (heating rate of 3 °C/min, air
stream). FT-IR studies were performed with an ATI Mattson Gen-
esis computer-driven instrument (0.1 mm thick powder samples in
KBr). UV/Vis/NIR studies were performed with a Perkin�Elmer
Lambda 19 instrument (spectra recorded by reflection with a reso-
lution of 4 nm and a sampling rate of 480 nm/min). Elemental
analyses were performed using a Thermo-Finnigan EA 1112 setup
(Service d’analyses, ICS, Strasbourg, France). Magnetic studies
were carried out using a Quantum Design SQUID MPMS-XL
magnetometer (�5 T, 2�300 K) on several sets of crystalline or
powdered samples. Low temperature specific heat measurements
were carried out using a MagLab HC Oxford Instrument. Powder
X-ray diffraction patterns for the whole series where obtained using
Bragg�Brentano Siemens D500 (Co-Kα1, λ � 1.78897 Å) and
D5000 (Cu-Kα1, λ � 1.5406 Å) diffractometers equipped with pri-
mary beam monochromators. All the powder X-ray patterns exhi-
bit large preferential orientations of the crystallites parallel to the
stacking axis c.

X-ray Crystallographic Study: A single crystal of the copper man-
delate 5 was mounted on a Nonius Kappa-CCD area detector dif-
fractometer (Mo-Kα, λ � 0.71073 Å). The complete conditions of
data collection (Denzo software) and structure refinements are
given below. The cell parameters were determined from reflections
taken from one set of 10 frames (1.0° steps in ϕ angle), each with an
exposure time of 20 s. The structure was solved by direct methods
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(SHELXS-97) and refined against F2 using the SHELXL-97
software.[50] The absorption was corrected empirically with Sor-
tav.[51] All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were generated according to stereochemistry and refined
using a riding model in SHELXL-97. CCDC-236368 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) � 44-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk]. Green-blue crys-
tal, crystal dimension: 0.13 � 0.10 � 0.02 mm, C16H14CuO6, M �

365.81 g·mol�1, monoclinic space group P21/a, a � 9.454(5) Å, b �

4.905(5) Å, c � 15.495(5) Å, β � 102.564(5)°, Z � 2, Dcalcd. �

1.732 g·cm�3, µ (Mo-Kα) � 1.588 mm�1, Tmin. � 0.890, Tmax. �

0.970 mm, a total of 2406 reflections, 2.69° � θ � 31.96°, 2406
independent reflections with 1833 having I � 2σ(I), 106 param-
eters, Final results: R1 � 0.0817, wR2 � 0.1349, Gof � 1.16, maxi-
mum residual electronic density � 1.152 e·Å�3.

Manganese(II) Dimandelate, C16H14O6Mn (1): C16H14O6Mn (1)
was synthesised by a hydrothermal method from MnCl2·4H2O
(99% Aldrich), (R)-mandelic acid (98% Acros) and NaOH (Merck).
The starting mixture, which consisted of [MnCl2·4H2O], C8H8O3,
NaOH and H2O in a ratio of 2:4:4:20, was homogenised and trans-
ferred to a sealed Teflon lined hydrothermal bomb (120-mL bomb
volume). After heating at 170 °C for 120 h under autogenous press-
ure, a white, slightly pink crystalline powder was obtained which
was washed and rinsed with distilled water and absolute ethyl al-
cohol (yield: 0.43 g, 60% on the basis of MnCl2·6H2O). The purity
was confirmed by elemental analysis [C16H14O6Mn (361.21): calcd.
C 53.80, H 3.95; found C 53.21, H 3.85] and oxidising pyrolysis
[heating in air from 20 to 700 °C at 3 °C/min, at 700 °C for 30 min
to transform manganese into Mn2O3 and cooling to 20 °C at 10
°C/min: calcd. Mn 15.38%; found 17.16%]. IR (KBr pellet): ν̃ �

3237 cm�1 (νOH), 1560 cm�1 (νasymCO) and 1413 cm�1 (νsymCO).

Iron(II) Dimandelate C16H14O6Fe (2): C16H14O6Fe (2) was syn-
thesised by a hydrothermal method according to the same process
as for the manganese analogue 1 but using FeCl2·6H2O instead of
MnII dichloride. A very pale green crystalline powder was obtained,
washed and rinsed with distilled water and absolute ethyl alcohol
(yield: 0.36 g, 50% on the basis of FeCl2·6H2O). The purity was
checked by elemental analysis [C16H14O6Fe (358.12): calcd. C
53.66, H 3.94; found C 53.63, H 3.91] and oxidising pyrolysis [heat-
ing in air from 20 to 700 °C at 2 °C/min, at 700 °C for 30 min to
transform into Fe3O4 and cooling to 20 °C at 10 °C/min: calcd. Fe
15.59%; found 18.85%]. IR (KBr pellet): ν̃ � 3247 cm�1 (νOH),
1565 cm�1 (νasymCO) and 1417 cm�1 (νsymCO). UV/Vis (reflec-
tance for octahedral coordination of FeII): λ � 1065 nm
(5Eg�5T2g).

Cobalt(II) Dimandelate C16H14O6Co (3): C16H14O6Co (3) was syn-
thesised similarly to the above procedure but starting from
CoCl2·6H2O (98% Acros). Very thin pink platelet-like crystals were
obtained, washed and rinsed with distilled water and absolute ethyl
alcohol (yield: 0.47 g, 65% on the basis of CoCl2·6H2O). The purity
was confirmed by elemental analysis [C16H14CoO6 (361.21): calcd.
C 53.20, H 3.91; found C 52.84, H 3.85] and oxidising pyrolysis
[heating in air from 20 to 700 °C at 3 °C/min, at 700 °C for 30 min
to transform into Co3O4 and cooling to 20 °C at 10 °C/min: calcd.
Co 16.32%; found 16.78%]. IR (KBr pellet): ν̃ � 3255 cm�1 (νOH),
1573 cm�1 (νasymCO) and 1408 cm�1 (νsymCO). UV/Vis (reflec-
tance for octahedral coordination of CoII): λ � 1140 nm
(4T1g�4T2g), 645 nm (4T1g�4A2g), 545 nm [4T1g�4T1g (P)].
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Nickel(II) Dimandelate C16H14O6Ni (4): C16H14O6Ni (4) was syn-
thesised in the same manner as above from NiCl2·6H2O (99.99%
Sigma). A green powder was obtained, washed and rinsed with
distilled water and absolute ethyl alcohol (yield: 0.5 g, 70% on the
basis of NiCl2·6H2O). The purity was confirmed by elemental
analysis [C16H14NiO6 (360.97): calcd. C 53.24, H 3.91; found C
53.15, H 3.87] and oxidising pyrolysis [heating in air from 20 to
700 °C at 3 °C/min, at 700 °C for 30 min to transform into NiO,
and cooling to 20 °C at 10 °C/min: calcd. Ni 16.26%; found
17.48%]. IR (KBr pellet): ν̃ � 3245 cm�1 (νOH), 1577 cm�1

(νasymCO) and 1411 cm�1 (νsymCO). UV/Vis (reflectance for octa-
hedral coordination of NiII): λ � 410 nm (3A2g�3T2g), 685 nm
(3A2g�3T1g), 745 nm (3A2g�1Eg), 1235 nm [3A2g�3T1g(P)].

Copper(II) Dimandelate C16H14O6Cu (5): C16H14O6Cu (5) was syn-
thesised from CuCl2·2H2O (99% Aldrich) and (R)-mandelic acid
(98% Acros). The starting mixture, corresponding to CuCl2·2H2O,
C8H8O3 and H2O in a molar ratio of 2:4:20, was homogenised and
transferred to a sealed, Teflon-lined hydrothermal bomb (120-mL
bomb volume). Hydrothermal treatment (170 °C, 72 h, autogenous
pressure) led to white-yellow crystals and a blue-green solution.
These crystals were left to dissolve in the mother liquor. After 6
d, large green-blue crystals of 5 suitable for single-crystal X-ray
diffraction analysis were obtained. The crystals were washed with
distilled water and absolute ethyl alcohol. (yield: 0.38 g, 52% on
the basis of CuCl2·2H2O). The purity was confirmed by elemental
analysis [C16H14O6Cu (365.82): calcd. C 53.66, H 3.94; found C
53.63, H 3.91] and oxidising pyrolysis [heating in air from 20 to
700 °C at 3 °C/min, at 700 °C for 30 min to transform into CuO
and cooling to 20 °C at 10 °C/min: calcd. Cu 17.37%; found
16.99%]. IR (KBr pellet): ν̃ � 3133 cm�1 (νOH), 1635 cm�1

(νasymCO) and 1456 cm�1 (νsymCO). UV/Vis (reflectance for octa-
hedral coordination of CuII): λ � 745 nm (transition from t2g com-
ponents to x2�y2).
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