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†Dipartimento di Scienze Chimiche e Geologiche, Universita ̀ degli Studi di Cagliari, S.S. 554, Bivio per Sestu, I09042 Monserrato,
Cagliari, Italy
‡Instituto de Ciencia Molecular (ICMol), Parque Científico, Universidad de Valencia, c/Catedrat́ico Jose ́ Beltrań, 2, 46980 Paterna,
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ABSTRACT: A simple change of the substituents in the bridging ligand allows tuning of
the ordering temperatures, Tc, in the new family of layered chiral magnets
A[MIIMIII(X2An)3]·G (A = [(H3O)(phz)3]

+ (phz = phenazine) or NBu4
+; X2An

2− =
C6O4X2

2− = 2,5-dihydroxy-1,4-benzoquinone derivative dianion, with MIII = Cr, Fe; MII

= Mn, Fe, Co, etc.; X = Cl, Br, I, H; G = water or acetone). Depending on the nature of
X, an increase in Tc from ca. 5.5 to 6.3, 8.2, and 11.0 K (for X = Cl, Br, I, and H,
respectively) is observed in the MnCr derivative. Furthermore, the presence of the chiral
cation [(H3O)(phz)3]

+, formed by the association of a hydronium ion with three
phenazine molecules, leads to a chiral structure where the Δ-[(H3O)(phz)3]

+ cations are
always located below the Δ-[Cr(Cl2An)3]3− centers, leading to a very unusual
localization of both kinds of metals (Cr and Mn) and to an eclipsed disposition of
the layers. This eclipsed disposition generates hexagonal channels with a void volume of ca. 20% where guest molecules (acetone
and water) can be reversibly absorbed. Here we present the structural and magnetic characterization of this new family of anilato-
based molecular magnets.

■ INTRODUCTION

The search for new molecule-based magnets is a very active
area in molecular magnetism since these materials provide
unique opportunities to design, from a wise selection of the
molecular building blocks, crystal structures exhibiting cooper-
ative magnetism and even the combination of magnetism with a
second property of interest.1−7 A breakthrough in this area was
the preparation in 1992 by Okawa et al.8 of the family of
layered bimetallic oxalato-bridged magnets formulated as
[NBu4][M

IICr(C2O4)3] (M
II = Mn, Fe, Co, Ni, Cu) with the

well-known 2D hexagonal honeycomb structure9,10 that orders
ferromagnetically (MIII = Cr) with ordering temperatures (Tc)
ranging from 6 to 14 K or ferrimagnetically (MIII = Fe) with Tc

ranging from 19 to 48 K.11−15

In the last 20 years, many efforts have been addressed to
include an additional property in these hybrid materials by
playing with the functionality of the A+ cations located between
the bimetallic layers. This simple strategy has ed a large series of
multifunctional molecular materials where the magnetic
ordering of the bimetallic layer coexists and even interacts
with other properties arising from the cationic layers such as
paramagnetism,12−16 nonlinear-optical properties,17,18 metallic
conductivity,19,20 photochromism,18,21,22 photoisomerism,23

spin crossover,24−29 chirality,30−33 or proton conductivity.34,35

Still, the nature of the inserted cation affects very little (if
any) the magnetic properties of the resulting hybrid material.
Thus, the ordering temperatures (Tc) of these layered magnets
are insensitive to the layer separation determined by the
inserted cations, emphasizing their 2D magnetic charac-
ter.11−16,30,36,37

Hence, the most effective way to tune the magnetic
properties of these compounds is to act directly on the
exchange pathways within the bimetallic layers. This can be
done either by varying MII and MIII or by modifying the
bridging ligand (C2O4

2−). So far, only the first possibility has
been explored (except for a few attempts at replacing the
bridging oxalato ligand by the dithioxalato one, leading to a
small variation in the ordering temperatures).38−41

To overcome this drawback, we have attempted the use of
larger bis-bidentate bridging ligands as the dianion of 2,5-
dihydroxy-1,4-benzoquinone (H2dhbq) and its derivatives
(C6O4X2

2− = X2An
2−; Scheme 1) since they show coordination

modes similar to the oxalato ligand and present three additional
advantages: (i) they are easy to modify or functionalize in order
to tune the exchange coupling through them by simply
changing the X group (X = H, F, Cl, Br, I, NO2, OH, CN, Me,
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Et, etc.);42 (ii) their modification does not affect their
coordination mode; (iii) they are able to provide an effective
pathway for the exchange interaction.
The coordination modes and ability to act as bridging ligands

of these anilato derivatives to afford many different
coordination frameworks have been summarized by Kitagawa
and Kawata.42 Thus, the ligand dhbq2− and its derivatives,
mainly with X = Cl (chloranilate), have been extensively
studied, alone or in combination with other ligands (mainly
nitrogen-donor ones), to prepare several compounds with
different dimensionalities and structures, spanning from
isolated monomers, dimers, and oligomers to extended 1D,
2D, and 3D structures.42 One of the most interesting structures
so far obtained are the honeycomb layers formed with dhbq2−

and its chlorine derivative (chloranilate, Cl2An
2−; Scheme

1).43−48 In these 2D compounds, the structure is similar to that
shown by the oxalato honeycomb layers, although all the
reported examples to date are homometallic (i.e., they contain
two MII or two MIII ions instead of one MII and one MIII ions).
The layers formed with two MII ions contain a 2− charge per
formula, [MII

2L3]
2− (L2− = dhbq2− or X2An

2−), and,
accordingly, contain two monocations to balance the charge.
To date, the only known examples of this [MII

2L3]
2− series are

[M2(dhbq)3]
2− (MII = Mn, Cd)43 and [M2(Cl2An)3]

2− (M =
Cu, Co, Cd, Zn).44 With two MIII ions, the layers are neutral,
and the reported examples to date include X = H,
[MIII

2(dhbq)3]·24H2O (MIII = Y, La, Ce, Gd, Yb, Lu),45,46 X
= Cl, [MIII

2(Cl2An)3]·12H2O (MIII = Sc, Y, La, Pr, Nd, Gd, Tb,
Yb, Lu),46,47 and X = Br, [Y2(Br2An)3]·12H2O.

47

An additional interest of the dhbq2− and X2An
2− ligands is

related to the formation of a 3D structure with a (10,3)-a
topology, similar to the one observed with oxalate,49 which
results when all of the ML3 units present the same chirality (in
contrast with the 2D honeycomb layer, which requires
alternating Λ-ML3 and Δ-ML3 units). This 3D structure with
a (10,3)-a topology has been recently reported for
[NBu4]2[M

II
2(dhbq)3] (MII = Mn, Fe, Ni, Co, Zn, Cd) and

[NBu4]2[Mn2(Cl2An)3].
50 Albeit, in these compounds, the

presence of a double-interpenetrating (10,3)-a lattice with
opposite chiralities s a nonchiral structure. A final proof of the
versatility of the anilate-derivative ligands is the formation of a
3D adamantane-like network in the compounds Ag2(Cl2An),

51

(H3O)[Y(Cl2An)3]·8CH3OH, and [Th(Cl2An)2]·6H2O.
46

Unfortunately, the magnetic properties of the only two
magnetically characterized 2D derivatives ([MII

2(Cl2An)3]
2−,

with MII = Mn, Cu) lack interest because they show weak
antiferromagnetic (AF) M−M interactions mediated by the
Cl2An

2− bridges (θ = −3.8 and −10.2 K for the copper and
manganese derivatives, respectively).44,48

Since these ligands mediate AF exchange interactions, we can
anticipate that the 2D heterometallic lattices of the type
[MIIMIII(X2An)3]

− should afford ferrimagnetic couplings and
orderings. Furthermore, if, as expected, the magnetic coupling

depends on the substituent groups X of the ligand, a change in
X is expected to modify the magnetic coupling and Tc. This is
probably the most interesting and appealing aspect of the
anilato ligands since they can act as the oxalato ligands, but in
contrast with this last one, they can be easily functionalized
with different X groups. This possibility is expected to lead to
an easy modulation of the electronic density in the ring, which
should result in an easy tuning of the magnetic exchange
coupling and, therefore, of the magnetic properties as the
ordering temperatures and coercive fields in the resulting 2D or
3D magnets. It is to be noted that, to date, this has never been
achieved because the ligands used to produce the series of
molecular-based magnets (such as the oxalato, azido, or cyano
ones) do not present any functionalization capacity as the
anilato does. To check these appealing possibilities, we have
synthesized and characterized the series of layered compounds
[(H3O)(phz)3][MnMIII(X2An)3]·H2O (phz = phenazine), with
MIII/X = Cr/Cl (1), Cr/Br (2), and Fe/Br (3) and
[NBu4][MnCr(X2An)3], with X = Cl (4), Br (5), I (6), and
H (7). Here we report the X-ray crystal structure of
compounds 1−4 and the magnetic characterization of all of
the samples.

■ EXPERIMENTAL SECTION
General Remarks. Phenazine (phz = C12H6N2), chloranilic acid

(H2Cl2An), bromanilic acid (H2Br2An), 2,5-dihydroxy-1,4-benzoqui-
none (H2dhbq), and the metal chloride salts are commercially
available and were used as received without further purification.
Iodanilic acid (H2I2An) was synthesized according to the literature
methods.52,53 [FeIII(sal2-epe)]ClO4 was synthesized as described in the
literature,54 where sal2-epe is a Schiff base obtained by condensation of
N,N′-bis(2-aminoethyl)-1,3-propanediamine and salicylaldehyde in a
1:2 ratio.

Synthesis of [NBu4]3[Cr(Cl2An)3] (A). An aqueous solution (5
mL) of CrCl3·6H2O (210 mg, 0.80 mmol) was added dropwise to an
aqueous solution (50 mL) of H2Cl2An (500 mg, 2.4 mmol), NaOH
(200 mg, 5.0 mmol), and NBu4Br (800 mg, 2.5 mmol). After ca. 30
min at 60 °C, A precipitated as a red-brown solid, partially soluble in
water. The mixture was allowed to cool to 25 °C, extracted with
CH2Cl2, and dried under Na2SO4. The solution was filtered and
rotoevaporated, and the obtained lacquer-like solid was crystallized in a
MeOH/CH2Cl2 mixture to give red shiny crystals. Yield: 73%. Elem
anal. Calcd for C66H108Cl6CrN3O12: C, 56.61; H, 7.77; N, 3.00. Found:
C, 56.38; H, 7.71; N, 2.83. FT-IR (νmax/cm

−1, KBr pellets): 2962(m),
2933(w), 2875(m), 1649(m), 1531(vs), 1469(w), 1383(w), 1353(s),
1303(m), 1000(m), 880(w), 841(m), 739(vw), 612(m), 597(w),
572(w), 508(w), 447(w). UV−vis [CH3CN solution; λmax/nm (ε/
dm3·mol−1·cm−1)]: 466 sh, 497 (4493), 570 sh. UV−vis−NIR diffuse
reflectance (λmax/nm, KBr pellet): 200−675 (cutoff) broad, 800 sh.

Synthesis of [NBu4]3[Cr(Br2An)3] (B). This compound was
synthesized as red shiny crystals according to the procedure described
above for A, using CrCl3·6H2O (61 mg, 0.22 mmol), H2Br2An (194
mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol), and NBu4Br (213 mg,
0.66 mmol). Yield: 70%. Elem anal. Calcd for C66H108Br6CrN3O12: C,
47.55; H, 6.53; N, 2.52. Found: C, 47.22; H, 6.43; N, 2.33. FT-IR
(νmax/cm

−1, KBr pellets): 2962(m), 2933(w), 2873(m), 1638(m),
1620(m), 1530(vs), 1343(s), 1310(m), 989(m), 883(w), 813(m),
736(w), 613(m), 594(w), 559(m), 507(m), 472(vw), 413(w). UV−vis
[CH3CN solution; λmax/nm (ε/dm3·mol−1·cm−1)]: 455 (4347), 490
(5115), 455 sh. UV−vis−NIR diffuse reflectance (λmax/nm, KBr
pellets): 200−714 (cutoff) broad, 817 sh.

Synthesis of [NBu4]3[Cr(I2An)3] (C). This compound was
synthesized as dark-red shiny crystals according to the procedure
described above for A, using CrCl3·6H2O (88 mg, 0.33 mmol), H2I2An
(392 mg, 1.0 mmol), NaOH (80 mg, 2.0 mmol), and NBu4Br (387
mg, 1.2 mmol). Yield: 74%. Elem anal. Calcd for C66H108I6CrN3O12:
C, 40.67; H, 5.59; N, 2.16. Found: C, 40.37; H, 5.32; N, 2.10. FT-IR

Scheme 1. dhbq2−, X2An
2−, and the Phenazine Molecules
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(νmax/cm
−1, KBr pellets): 2962(m), 2933(w), 2873(m), 1636(s),

1517(vs), 1334(s), 1295(w), 974(w), 919(vw), 878(w), 791(m),
738(w), 606(m), 548 (m), 504(m), 464(vw), 409(w). UV−vis
(CH3CN solution; λmax/nm [ε/dm3·mol−1·cm−1)]: 463 sh, 502 sh,
627 sh. UV−vis−NIR diffuse reflectance (λmax/nm, KBr pellets): 200−
750 (cutoff) broad, 850 sh.
Synthesis of [NBu4]3[Fe(Br2An)3] (D). This compound was

synthesized as dark-violet shiny crystals according to the procedure
described above for A, using FeCl3 (35 mg, 0.22 mmol), H2Br2An
(194 mg, 0.65 mmol), NaOH (52 mg, 1.3 mmol), and NBu4Br (213
mg, 0.66 mmol). Yield: 75%. Elem anal. Calcd for C66H108Br6FeN3O12:
C, 47.44; H, 6.52; N, 2.52. Found: C, 46.98; H, 6.31; N, 2.48. FT-IR
(νmax/cm

−1, KBr pellets): 2962(m), 2933(w), 2875(m), 1640(m),
1620(m), 1530(vs), 1472(m), 1338(s), 1281(m), 978(m), 883(w),
803(m), 739(w), 576(m), 564(m), 500(w). UV−vis [CH3CN
solution; λmax/nm (ε/dm3·mol−1·cm−1)]: 443 (5487), 477 (6439),
519 (6841). UV−vis−NIR diffuse reflectance (λmax/nm, KBr pellets):
200−950 (cutoff) broad.
Synthesis of [(H3O)(phz)3][MnCr(Cl2An)3(H2O)] (1). Single

crystals of this compound were obtained by carefully layering, at
room temperature, a solution of A (14 mg, 0.01 mmol) in acetone (2
mL) on top of a solution of phenazine (54 mg, 0.3 mmol) in
tetrahydrofuran (THF; 2 mL) and a solution of MnCl2·4H2O (28 mg,
0.14 mmol) in water (2.5 mL). The solution was allowed to stand for
about 3 months to obtain dark-purple/brown hexagonal prismatic
crystals (together with a purple powder). Crystals suitable for X-ray
diffraction were filtered and air-dried. Elem anal. Calcd for
C54H29N6O14Cl6CrMn: C, 49.68; H, 2.24; N, 6.44. Found: C, 49.31;
H, 2.12; N, 6.30.
Synthesis of [(H3O)(phz)3][MnCr(Br2An)3]·H2O·2CH3COCH3·

H2O (2). This compound was prepared like 1 but using B (16.7 mg,
0.01 mmol) instead of A and 108 mg (0.6 mmol) of phz. The
crystallization time was ca. 1.5 months. Elem anal. Calcd for
C60H41N6O16Br6CrMn: C, 42.68; H, 2.45; N, 4.98. Found: C, 42.41;
H, 2.40; N, 5.03.
Synthesis of [(H3O)(phz)3][MnFe(Br2An)3]·H2O (3). This

compound was prepared like 1 but using D (16.7, 0.01 mmol) instead
of A and 108 mg (0.6 mmol) of phz. The crystallization time was ca.
1.5 months. Elem anal. Calcd for C54H29N6O14Br6FeMn: C, 41.15; H,
1.86; N, 5.33. Found: C, 40.91; H, 1.80; N, 5.40.
Synthesis of [NBu4][MnCr(Cl2An)3] (4). This compound was

prepared by adding dropwise a solution of MnCl2·4H2O (22 mg, 0.11
mmol) in MeOH (5 mL) to a solution of A (150 mg, 0.11 mmol) in
CH2Cl2 (25 mL). Compound 4 precipitates immediately as a
microcrystalline violet solid. The product was filtered, washed with
CH2Cl2, and dried in an oven at 60 °C. Yield: 80%. Single crystals of
this compound were prepared in a serendipitous way by carefully
layering a solution of A (42 mg, 0.03 mmol) in acetonitrile (3 mL) on
top of a solution of [FeIII(sal)2epe](ClO4) (16 mg, 0.03 mmol) and
MnCl2·4H2O (6 mg, 0.03 mmol) in 3 mL of a 9:1 dichloromethane/
methanol mixture. The solution was allowed to stand for about 3
weeks to obtain dark-purple prismatic single crystals. Elem anal. Calcd
for C34H36Cl6MnCrNO12: C, 42.09; H, 3.74; N, 1.44. Found: C, 41.23;
H, 4.43; N, 1.44. FT-IR (νmax/cm

−1, KBr pellets): 2962(m), 2936(w),
2874(m), 1616(m), 1516(vs), 1360(s), 1310(w), 1006(s), 882(w),
856(s), 736(m), 624(m), 578(m), 511(m), 454(m). UV−vis−NIR
diffuse reflectance (λmax/nm, KBr pellets): 200−950 (cutoff) broad.
Synthesis of [NBu4][MnCr(Br2An)3] (5). This compound was

synthesized according to the procedure described above for 4, using 16
mg (0.08 mmol) of MnCl2·4H2O and 133 mg (0.08 mmol) of B.
Attempts to prepare single crystals of this compound have been
unsuccessful to date. Yield: 60%. Elem anal. Calcd for
C34H36Br6MnCrNO12: C, 33.01; H, 2.93; N, 1.13. Found: C, 32.23;
H, 2.78; N, 1.06. FT-IR (νmax/cm

−1, KBr pellets): 2962(m), 2936(w),
2874(m), 1621(m), 1521(vs), 1487(vs), 1347(s), 990(w), 816(m),
610(m), 563(m), 507(m), 458(w), 407(w). UV−vis−NIR diffuse
reflectance (λmax/nm, KBr pellets): 200−960 (cutoff) broad.
Synthesis of [NBu4][MnCr(I2An)3] (6). This compound was

synthesized according to the procedure described above for 4, using 16
mg (0.08 mmol) of MnCl2·6H2O and 156 mg (0.08 mmol) of C.

Attempts to prepare single crystals of this compound have been
unsuccessful to date. Yield: 60%. Elem anal. Calcd for
C34H36I6MnCrNO12: C, 26.88; H, 2.39; N, 0.92. Found. C, 26.12;
H, 2.15; N, 0.75. FT-IR (νmax/cm

−1, KBr pellets): 2959(m), 2931(w),
2871(w), 1621(m), 1495(vs), 1335(s), 974(m), 794(m), 609(m),
553(m), 506(m), 458(m). UV−vis−NIR diffuse reflectance (λmax/nm,
KBr pellets): 200−1050 (cutoff) broad.

Synthesis of [NBu4][MnCr(dhbq)3] (7). An aqueous solution (5
mL) of CrCl3·6H2O (320 mg, 1.2 mmol) was added dropwise to a hot
aqueous solution (50 mL) of H2dhbq (500 mg, 3.6 mmol), NaOH
(290 mg, 7.2 mmol), and NBu4Br (1160 mg, 3.6 mmol). After ca. 30
min at T = 60 °C, a red-brown solid, partially soluble in water,
precipitates. The mixture was allowed to cool to room temperature,
extracted with CH2Cl2, and dried under Na2SO4. After filtration to
remove Na2SO4, a solution of MnCl2·6H2O (22 mg, 0.12 mmol) in
MeOH (5 mL) was added dropwise to the CH2Cl2 solution.
Compound 7 precipitates immediately as a microcrystalline violet
solid. The product was filtered, washed with CH2Cl2, and dried in an
oven at 60 °C. Attempts to prepare single crystals of this compound
have been unsuccessful to date. Yield: 75%. Elem anal. Calcd for
C34H42MnCrNO12: C, 53.48; H, 5.54; N, 1.83. Found. C, 52.87; H,
5.32; N, 1.78. FT-IR (νmax/cm

−1, KBr pellets): 2963(m), 2931(w),
2874(w), 1589(w), 1580(w), 1510(vs), 1424(m), 1396(s), 1365(s),
1251(s), 833(m), 823(m), 766(w), 720(w), 680(w), 587(m), 557(w),
543(w), 492(m), 442(w).

Structural Characterization. Single crystals of compounds 1−4
were mounted on glass fibers using a viscous hydrocarbon oil to coat
the crystal and then transferred directly to the cold-nitrogen stream for
data collection. X-ray data were collected at 130 K (1) or 120 K (2−4)
on a Supernova diffractometer equipped with a graphite-monochro-
mated Enhance (Mo) X-ray source (λ = 0.71073 Å). The program
CrysAlisPro, Oxford Diffraction Ltd., was used for unit cell
determinations and data reduction. Empirical absorption correction
was performed using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm. 1 crystallizes in the trigonal
chiral P3 space group, whereas 2 and 3 crystallize in the
centrosymmetric P3̅1m space group and 4 in the centrosymmetric
C2/c space group. This difference might arise from the use of different
haloanilato ligands (in 1−3) and a different cation (in 4). Crystal
structures of 1−3 have been solved in both the P3 and P3̅1m space
groups, but no suitable models have been found except as reported
here. In addition, different data sets on different single crystals have
been collected for each compound, and the results are consistent.
Crystal structures were solved and refined against all F2 values using
the SHELXTL suite of programs.55 Non-hydrogen atoms were refined
anisotropically (when no disorder was present), and hydrogen atoms
were assigned fixed isotropic displacement parameters. Hydrogen
atoms of the phenazine ligand were placed in calculated positions that
were refined using idealized geometries (riding model), and hydrogen
atoms associated with oxygen atoms were located from the difference
map with the O−H distance fixed at 0.86 Å.

In 1, the chloranilate ligand, the MnII center, and the coordinated
water molecule are disordered over two sites and have been modeled
with a 49.8(8):50.2(2) ratio. In 2 and 3, the increase of symmetry from
P3 to P3̅1m provokes that the MIII and MnII centers cannot be
differentiated and have been refined in the same position with a 50:50
ratio. In 2, there is a disorder between the H2O and H3O

+ molecules,
which have been refined with a common thermal parameter, whereas
in 3, H2O and H3O

+ lie in the same position and, thus, cannot be
differentiated. The presence of solvent molecules in the structure voids
has been analyzed with PLATON/SQUEEZE56 when a suitable model
has not been found (1 and 3). In 1, no electron density is found in the
voids, while in 3, 12 electrons per void are found possibly because of
the presence of a small amount of disordered acetone molecules. In 2,
the voids are filled with two acetone molecules, which have been
modeled with a disorder of over six orientations each, with the carbon
atoms of the CO groups lying at the C3 axis. One thermal
parameter has been used for each acetone molecule, and their
hydrogen atoms were not modeled. A summary of the data collection
and structure refinements is provided in Table 1.
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In compound 4, the small size of the crystals gave rise to very weak
scattering and to a low number of reflections, precluding an
anisotropic refinement of all the atoms, which was only applied to
the heavy ones. Thus, carbon, nitrogen, and oxygen atoms could only
be modeled isotropically. This caused high R1 and wR2 values. The
tetrabutylammonium cation is disordered over two positions and
required restraints and exclusion of the hydrogen atoms. This caused
several A- and B-type alerts in the checkcif report. Nevertheless,
although the disorder in the butyl chains of the cations precludes a
very precise resolution of the structure, the presence of a layered
structure, where the anionic layer is identical with that of 1, is clearly
established.
Physical Properties. Fourier transform infrared (FT-IR) spectra

were performed on KBr pellets and collected with a Bruker Equinox
55 spectrophotometer. Electronic spectra (1200−200 nm) were
recorded in a CH3CN solution on a Varian Cary 5 spectrophotometer.
Diffuse-reflectance spectra (2000−200 nm) were performed on KBr
pellets and were acquired with a Varian Cary 5 spectrophotometer.
Carbon, hydrogen, and nitrogen analyses were performed with a
Thermo Electron CHNS Flash 2000 analyzer and with a Carlo Erba
model EA1108 CHNS analyzer. Thermogravimetric analysis (TGA)
was done on a polycrystalline sample (m = 6.24 mg) of compound 1
crystallized from an acetone/water/THF mixture using a Mettler-
Toledo TGA/SDTA 851e analyzer with a sensibility of 10−7 g. The
powder X-ray diffractometer was collected for a polycrystalline sample
of 4 filled into a 0.3 mm glass capillary that was mounted and aligned
on a Empyrean PANalytical powder diffractometer, using Cu Kα
radiation (λ = 1.54177 Å). A total of two scans were collected at room
temperature in the 2θ range of 2−60°.
Magnetic Properties. Magnetic measurements were performed

with a Quantum Design MPMS-XL-5 SQUID magnetometer in the
2−300 K temperature range with an applied magnetic field of 0.1 T on
polycrystalline samples of all the compounds with masses of 0.23, 1.77,
3.18, and 0.79 mg for the single-crystalline phases 1−4, respectively,
and 14.21, 4.23, 16.00, and 15.07 mg for the powder samples 4−7,
respectively. Note that sample 4 was measured as single crystals and as

a microcrystalline powder to confirm that both samples present the
same magnetic properties. The hysteresis measurements were done
with fields from −5 to +5 T at different temperatures below Tc after
cooling the samples in zero field. Alternating-current (ac) susceptibility
measurements were performed on the same samples with an oscillating
magnetic field of 0.395 mT at low temperatures in the frequency range
1−1000 Hz. Susceptibility data were corrected for the sample holder
and for the diamagnetic contribution of the salts using Pascal’s
constants.57

■ RESULTS AND DISCUSSION
Synthesis. The anilate-based molecular magnets have been

obtained by following the so-called “complex-as-ligand
approach”. In this synthetic strategy, a molecular building
block, the homoleptic [MIII(X2An)3]

3− tris-anilate metalate
octahedral complex (MIII = Cr, Fe),58 is used as a ligand toward
divalent metal cations (MII = Mn, Fe, Co, etc.). Their
combination results in the formation of 2D anionic complexes,
which precipitate in the presence of a bulky organic cation, i.e.,
[NBu4]

+. In these compounds, monovalent cations act not only
as charge-compensating counterions but also as templating
agents that control the dimensionality of the final system.
Moreover, the choice of the interacting metal ions and the
bridging ligand plays a key role in tuning the nature and
magnitude of the magnetic interaction between the metal ions,
especially when the bridge contains weak electronegative
groups that may act as “adjusting screws”.59

The growth of single crystals of the heterometallic 2D layers
was not a simple task since all attempts to obtain single crystals
from a mixture of the [NBu4]

+ salts of the [MIII(X2An)3]
3‑

precursors with the MII chlorides yielded very poorly crystalline
or amorphous materials. The crystallization process required
the addition of phenazine, which, in the presence of hydronium

Table 1. Crystallographic Data for Compounds 1−4

1 2 3 4

empirical formula C54H29N6O14Cl6CrMn C60H41N6O16Br6CrMn C54H29N6O14Br6FeMn C34H36NO12Cl6CrMn
fw 1305.47 1688.39 1576.08 970.28
cryst color red black black brown
cryst size 0.05 × 0.05 × 0.04 0.10 × 0.07 × 0.05 0.11 × 0.03 × 0.03 0.09 × 0.06 × 0.03
temperature (K) 130(2) 120(2) 120(2) 120(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073
cryst syst, Z trigonal, 1 trigonal, 1 trigonal, 1 monoclinic, 4
space group P3 P3̅1m P3̅1m C2/c
a (Å) 13.7991(2) 13.7999(5) 13.9147(2) 13.776(5)
b (Å) 13.7991(2) 13.7999(5) 13.9147(2) 23.339(5)
c (Å) 9.0281(3) 9.2118(6) 9.1747(4) 16.833(5)
α (deg) 90 90 90 90
b (deg) 90 90 90 101.476(5)
γ (deg) 120 120 120 90
V (Å3) 1488.77(6) 1519.24(13) 1538.40(7) 5304(3)
ρcalc (Mg/m3) 1.456 1.845 1.701 1.215
μ(Mo Kα) (mm−1) 0.731 4.407 4.402 0.791
θ range (deg) 3.41−25.05 1.70−25.00 2.93−27.50 3.02−25.13
reflns collected 28640 6252 23232 11965
indep reflns (Rint) 3511 (0.0661) 975(0.0602) 1270 (0.0553) 4453 (0.132)
reflns used in refinement, n 3511 975 1270 4453
least-squares parameters, p/restraints, r 269/6 72/3 66/1 164/31
absolute structure parameter 0.06(4) na na na
R1(F),a I > 2σ(I 0.0559 0.1352 0.0557 0.1584
wR2(F2),b all data 0.1763 0.3272 0.2157 0.4721
S(F2),c all data 1.110 1.240 1.153 1.302

aR1(F) = ∑||Fo| − |Fc||/∑|Fo|.
bwR2(F2) = [∑w(Fo

2 − Fc
2)2/∑wFo

4]1/2. cS(F2) = [∑w(Fo
2 − Fc

2)2/n + r − p)]1/2.
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cations (H3O)
+, forms the chiral cation [(H3O)(phz)3]

+, which
seems to template the crystallization process. Interestingly,
while trying to include other cations between the layers, such as
the spin-crossover complex [FeIII(sal)2epe]

+, we have un-
expectedly obtained single crystals of the [NBu4]

+ salt 4. This
result suggests that the solvent or the presence of the FeIII

complex may play an important role in facilitating inclusion of
the [NBu4]

+ cations. Attempts are in progress to study the role
of these and other factors (such as the concentration, cation of
the precursor [MIII(X2An)3]

3− salt, etc.) in the formation of
single crystals for different [MIIIMII(X2An)3]

− derivatives.
IR Spectroscopy. The mononuclear precursor A shows in

the central region of the IR spectrum two bands, centered at ca.
1000 and 841 cm−1, which can be assigned according to the
literature to the ν(C−C), ν(C−O), δ(C−Cl) and δ(CO),
δ(C−O), ν(C−Cl) combination bands.60 These peaks are
typical of the chloranilato ligand and are affected by its
coordination to the metals because they involve the vibrational
modes of the chelating group. Thus, the FT-IR spectrum of the
heterometallic layered compound 4 shows a clear shift to higher
wavenumbers of these two bands (which now appear at ca.
1007 and 857 cm−1; Figure S1 in the Supporting Information,
SI) upon coordination of the Cl2An

2− ligand to the MnII

centers, suggesting a stronger structural rigidity of the anilato
ring when acting as a bridging ligand, as was already observed in
the related heterometallic oxalate-based layers.8 The IR spectra
of compounds 5 and 6 show a similar shift toward lower
wavenumbers upon coordination of the corresponding anilate
derivative to the MnII center. Furthermore, as expected, the IR
spectra of compounds 4−6 show a shift of these bands toward
lower wavenumbers as the mass of X increases (Figure S2 in
the SI). These facts suggest that the X2An

2− ligands (X = Cl, Br,
I) exhibit the same coordination mode and support the idea
that compounds 4−6 are isostructural, in agreement with the
magnetic measurements (see below).
Powder X-ray Diffraction. The isostructurality of the two

samples prepared of compound 4 was confirmed with the
experimental and simulated powder X-ray diffractograms, which
were very similar (Figure S3 in the SI). Unfortunately,
compounds 5−7 could only be prepared as very poorly
polycrystalline samples, and their composition and structure
can only be inferred from elemental analysis, a detailed study of
the IR spectra, and their magnetic properties.
TGA. TGA of a polycrystalline sample of 1 shows a total

weight loss of ca. 8.7% in the temperature range 25−130 °C
with a plateau above ca. 125 °C (Figure S4 in the SI). This
weight loss corresponds to the release of two acetone molecules
and half a water molecule per formula unit (calcd value =
8.7%), in good agreement with the X-ray data of 2. Note that
although the crystal used for the structure determination of 1
did not show any electron density in the hexagonal channels,
the corresponding polycrystalline sample contains solvent
molecules, as demonstrated by TGA analysis. This difference
can be due to the different synthetic methods used to prepare
the single crystals (3 months of layering) and the polycrystal-
line sample (immediate precipitation in a one-pot reaction).
Single-Crystal X-ray Structures. Compounds 1−3 are

isostructural and present a layered structure with alternating
cationic and anionic layers (Figure 1). The only differences
between compounds 1−3, besides the change of Cl2An

2− by
Br2An

2− (1 vs 2) or chromium by iron (2 vs 3), are (i) the
presence of an inversion center in compounds 2 and 3 (but not
in 1), resulting in a statistical distribution of the MIII and MnII

ions in the anionic layers (see the Experimental Section) and
(ii) the presence of a water molecule coordinated to the MnII

ions in 1 [Mn−O1w = 2.379(17) Å], in contrast with
compounds 2 and 3, where this water molecule is not
coordinated [Mn−O1w = 3.123(3) and 4.587(6) Å in 2 and
3, respectively]. The presence of the water molecule is probably
due to two factors: (i) the change in the X group (chlorine in 1
vs bromine in 2 and 3) and (ii) the presence of an inversion
center in 2 and 3 (absent in 1). Thus, in 1, the two chlorine
atoms are expected to produce an important electron-
withdrawing effect on the anilate ring and, indirectly, on the
oxygen atoms, leading to weaker (and, therefore, longer) Mn−
O bonds [Mn1−O5 = 2.182(8) Å and Mn1−O6 = 2.273(9)
Å]. This elongation of the six Mn−O bonds allows the
approach and coordination of an additional water molecule. In
compounds 2 and 3, the bromine atoms are less electron-
withdrawing, leading to stronger (and, therefore, shorter) M−
O bonds [M−O2 = 2.102(13) and 2.119(4) Å in 2 and 3,
respectively, i.e., ca. 8% and 7% shorter than that in 1]. This
shortening of the M−O bonds is also due to the fact that the
metallic positions in 2 and 3 are a statistical average of
(smaller) MIII ions and MnII ones. Both effects point to a more
difficult approach of the water molecule to the MnII atom in 2
and 3, as observed in their structures. Furthermore, this
approach is more hindered in 3 than in 2, in agreement with
the longer Mn···OH2 distance in 3.
Since compounds 1−3 present essentially the same structure

(except for the slight differences already indicated), we will
focus on the structure of compound 1. The structure is formed
by cationic and anionic layers parallel to the ab plane
alternating along the c direction (Figure 1). The anionic layer
can be formulated as [MnI ICr I I I(Cl2An)3(H2O)]−

([MnIICrIII(Br2An)3]
− in 2 and [MnIIFeIII(Br2An)3]

− in 3)
and presents the classical hexagonal honeycomb layer where the
CrIII and MnII ions, connected through the anilate bis-bidentate
ligands, occupy alternating vertices of the hexagons (Figure 1).
Each MnII ion is connected to three CrIII ions and vice versa
(Figure 2).

Figure 1. Structure of compound 1: (a) Side view of the alternating
cationic and anionic layers. (b) Top view of the two layers. (c) Top
view of the anionic layer. (d) Top view of the cationic layer showing
the positions of the metal centers in the anionic layer (red dashed
hexagon). Color code: C = brown, O = pink, N = blue, H = cyan, Cl =
green, Mn = yellow, Cr = red.
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Although this structure is similar to that of the homometallic
[M2(X2An)3]

n− derivatives (n = 0 or 2),43−48 there are three
important differences: (i) Compounds 1−3 are heterometallic
and monoanionic (i.e., contain two different metal ions with
two different oxidation states, MIII and MnII, resulting in a
charge of 1− per formula unit or per hexagon in the layer since
each hexagon contains one formula unit [MIIMIII(X2An)3]

−).
(ii) In 1, the metal ions are perfectly ordered (in contrast to 2
and 3 and almost all the heterometallic oxalato layers) due to
the absence of an inversion center in the center of the hexagon
as a result of the chirality of this structure. (iii) In 1, the MnII

ions (but not the CrIII ones) present a coordinated water
molecule perpendicular to the layers, either above or below
(Figure 2), producing a displacement of the MnII ions of 0.59 Å
with respect to the average plane defined by the CrIII ions. Since
the water molecules are statistically distributed over the two
possible locations, the MnII ions are also disordered on two
close positions with a Mn−Mn distance of 1.18 Å (the Mn−
O1w bond is perpendicular to the layer; Figure 2). The
presence of a water molecule coordinated to the MnII ion in 1
implies the counterintuitive conclusion that the H3O

+ cation is
located closer to the CrIII ion than to the MnII ion. The extra
difference in the repulsion energies between the H3O

+−CrIII
and H3O

+−MnII dispositions has to be overcome by the extra
Mn−OH2 bond. This idea agrees with the assumption that all
the MnII ions are coordinated to a water molecule and,
therefore, that the disorder affects both the MnII and water
positions simultaneously. Note that the opposite distribution
where the CrIII ion would be heptacoordinated and the MnII

ion hexacoordinated has to be excluded given the smaller size of
CrIII compared to MnII and the fact that the metal ions present
typical MnII−O and CrIII−O distances. In fact, any attempt to

change the metal ions led to significantly worse structural
refinements.
The cationic layer is formed by chiral entities formulated as

Δ-[(H3O)(phz)3]
+ (Figure 2c) resulting from the association

of three phenazine molecules around a central H3O
+ cation

through three equivalent strong O−H···N hydrogen bonds
[O−H = 0.97(2) Å, H···N = 1.73(3) Å, O···N = 2.663(4) Å,
and O−N···H = 160(7)°], generating a propeller-like structure.
These Δ-[(H3O)(phz)3]

+ entities are always located below and
above the Δ-[Cr(Cl2An)3]3− units since they present the same
chirality, allowing a parallel orientation of the phz and Cl2An

2−

rings (Figure 2d). This fact suggests a chiral recognition during
the synthetic process between oppositely charged [Cr-
(Cl2An)3]

3− and [(H3O)(phz)3]
+ precursors with the same

configuration (Δ or Λ). Note that this disposition leads to an
unexpected situation where the more highly charged cation
CrIII is located closer to the hydronium cation while the less
charged cation MnII is located closer to the water molecule. As
indicated above, this extra repulsion is overcome by the Mn−
OH2 bond energy.
An additional interest of compounds 1−3 is that they present

hexagonal channels resulting from the eclipsed packing of the
cationic and anionic layers (Figure 3). These channels may

contain solvent molecules. Thus, in 2 (and to a lesser extent in
3), X-ray crystal structure analysis shows the presence in the
channels of electron density distributed in a centered planar
hexagon (Figure 3c) located in the center of both layers (Figure
3b). This density can be attributed to the presence of two
acetone molecules per formula unit with two different
orientations related by a 2-fold axis (Figure 3c,d). Once
assigned the electron density corresponding to the two acetone
molecules, there is a small residual density that may be assigned
to 1/2 water molecule, in agreement with TGA (see above).
Interestingly, in some homometallic [M2(Cl2An)3]

2− lattices,
two acetone and two water molecules were also observed.44

Figure 2. Structural building units of compound 1: (a) Λ-
[Mn(Cl2An)3(H2O)]

4− entity connected to three CrIII ions showing
the two equally possible locations of the H2O molecule and the MnII

ion (orange and yellow); (b) Δ-[Cr(Cl2An)3]3− entity connected to
three MnII ions; (c) Δ-[(H3O)(phz)3]

+ cation showing the O−H···N
bonds as dotted lines; (d) side view of two anionic and one cationic
layers showing Δ-[(H3O)(phz)3]

+ and the Δ-[Cr(Cl2An)3]3− entities
located above and below. Parallel phenazine and anilato rings are
displayed with the same color. Color code in a−c: C, brown; O, pink;
N, blue; H, cyan; Cl, green; Mn, yellow/orange; Cr, red.

Figure 3. Structure of [(H3O)(phz)3][MnCr(Br2An)3]·H2O·
2CH3COCH3·

1/2H2O (2): (a) perspective view of one hexagonal
channel running along the c direction with the solvent molecules in the
center (in yellow); (b) side view of the same hexagonal channel
showing the location of the solvent molecules in the center of the
anionic and cationic layers; (c) disordered solvent molecules as
observed in the center of the hexagonal channels; (d) view of two
possible orientations of the CH3COCH3 molecules in the channels.
Color code in parts a, b, and d: C, brown; O, red; N, blue; Br, violet;
Mn/Cr, orange.
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The only compound with the [NBu4]
+ cation whose

structure has been solved, 4, shows a similar layered structure
with hexagonal anionic [MnCr(Cl2An)3]n

n− layers alternating
with cationic layers containing disordered [NBu4]

+ cations. The
main differences between 4 and 1−3 are the lack of a water
molecule coordinated/located close to the MnII ion and, more
importantly, the absence of hexagonal channels since in 4 the
honeycomb layers are not eclipsed but alternated (Figure 4).
Magnetic Properties. The magnetic measurements of the

two crystalline compounds with the [H3O(phz)3]
+ cation and

chromium and manganese in the anionic layer, 1 and 2, show
the presence of AF chromium−manganese interactions
mediated through the X2An

2− bridges, as is clearly shown by
the thermal variation of their magnetic moment (represented as
the product of the molar magnetic susceptibility per MnIICrIII

couple times the temperature, χmT). Since the ground spin
states of CrIII and MnII are different (3/2 and

5/2, respectively)
this AF interaction leads to a ferrimagnetic coupling that results
in a ferrimagnetic long-range ordering at low temperatures.
Thus, χmT shows at room temperature values of 6.20 and 6.24
cm3·K·mol−1, for 1 and 2, respectively, close to the expected
one (6.25 cm3·K·mol−1 for g = 2) for a noninteracting couple of
MnII and CrIII ions. When the temperature is lowered, χmT

shows a continuous decrease (since the magnetic coupling is
AF and the total magnetic moment is reduced as the
temperature decreases), reaching a minimum at ca. 10 K
(since the two ground spin states are not fully canceled),
followed by a sharp increase at lower temperatures and a
maximum at ca. 5 K, indicating the presence of a long-range
ferrimagnetic ordering (Figure 5a).
This behavior is similar to that of the [NBu4]

+ salts
containing the [MnCr(X2An)3]

− layers [X = Cl (4), Br (5), I
(6), H (7); Figure 5b]. Thus, compounds 4−7 show χmT
values at room temperature of ca. 6.2 cm3·K·mol−1 that
decrease when the temperature is lowered to reach minima at
ca. 9.3, 13.5, 14.3, and 21.5 K, followed by sudden increases
with maximum slopes at ca. 5.7, 7.0, 8.6, and 11.2 K and
maxima at ca. 4.5, 5.5, 6.5, and 10.5 K for X = Cl, Br, I, and H,
respectively (inset in Figure 5b). This behavior confirms the
presence of ferrimagnetic MnII−CrIII interactions with long-
range ferrimagnetic orderings at ca. 5.7, 7.0, 8.6, and 11.2 K for
4−7, respectively.
This shift of the ordering temperature as the X group varies

from Cl to Br, I, and H suggests that Tc increases as the
electronegativity of X decreases, as will be discussed later.

Figure 4. Structure of 4: (a) view of the alternating anionic and cationic layers; (b) projection, perpendicular to the layers, of two consecutive
anionic layers showing their alternate packing.

Figure 5. Magnetic properties of compounds 1, 2, and 4−7: (a) thermal variation of χmT for 1 and 2; (b) thermal variation of χmT for 4−7. Insets
show the low-temperature regions.

Figure 6. Magnetic properties of the series of [NBu4][MnCr(X2An)3], X = Cl (4), Br (5), I (6) and H (7): (a) Thermal variation of the in phase
(χm′) AC susceptibility at 1 Hz. (b) Thermal variation of the out of phase (χm″) AC susceptibility at 1 Hz.
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To confirm the long-range order and obtain a more accurate
value for Tc, we have performed susceptibility measurements
with an oscillating magnetic field at different frequencies in the
range 1−1000 Hz (ac susceptibility). These measurements
show frequency-independent peaks in both the in-phase (χm′)
and out-of-phase (χm″) susceptibilities in all compounds,
confirming the presence of long-range ordering (Figure 6).
Furthermore, compounds 1 and 4 present similar magnetic
properties, confirming that both compounds contain the same
magnetic [MnCr(Cl2An)3]

− lattices. On the other hand,
compounds 2 and 5 also show the same properties, confirming
the assumption that both contain the same magnetic lattice
([MnCr(Br2An)3]

− in this case). Albeit, the peaks observed in
the crystalline samples (1 and 2) are narrower than those
observed for the [NBu4]

+ salts (4 and 5) (Figure S5 in the SI),
suggesting the presence of a larger structural and occupational
disorder and a larger number of vacancies in the metal-ion
positions in the less crystalline samples (4 and 5).
Although all the samples show similar ac behaviors, the

positions of the peaks change with X, as is also observed in the
DC magnetic measurements. Thus, for compounds 4−7,
respectively, the peaks in the in-phase susceptibility, χm′, appear
at ca. 3.7, 4.7, 6.6, and 10.8 K (Figure 6a), and in the out-of-
phase (χ″) susceptibility, they appear at ca. 3.3, 4.2, 5.9, and 9.1
K (Figure 6b). Tc, determined as the temperature at which χ″
becomes nonzero, is ca. 5.5, 6.3, 8.2, and 11.0 K for 4−7,
respectively.
The ferrimagnetic nature of the coupling in all the

manganese−chromium compounds is further confirmed by
the isothermal magnetization measurements at 2 K that show a
smooth increase of the magnetization with increasing fields and
no saturation even at high fields (Figure 7). These measure-

ments also provide an additional proof of the magnetic ordering
presented by these layered materials because all compounds
present hysteresis below the ordering temperatures with
coercive fields of ca. 11.8, 27.0, 4.5, and 92.0 mT for 4−7,
respectively (Figure 7). The hysteresis measurements at 2 K
performed on the single-crystalline samples (compounds 1 and
2; Figure S6 in the SI) show coercive fields (19.4 and 34.0 mT
for 1 and 2, respectively) that are slightly higher than those of
the corresponding polycrystalline [NBu4]

+ salts (11.8 and 27.0
mT for 4 and 5, respectively). A similar effect was observed in
the oxalate-based layers and was attributed to the different
packings of the anionic layers (eclipsed vs alternated).14

The only FeIII derivative (3) shows a χmT value at room
temperature of ca. 8.8 cm3·K·mol−1 (close to the one expected,
8.75 cm3·K·mol−1, for a couple of noninteracting FeIII and MnII

ions with g = 2) and an AF coupling, as evidenced by a

continuous decrease of χmT as the temperature is lowered to 2
K (Figure 8). A close inspection at the low-temperature data of

the χm vs T plot (inset in Figure 8) shows a sharp maximum at
ca. 4 K, suggesting the presence of a long-range AF ordering. In
compound 3, the ac measurements show a weak peak in the in-
phase (χm′) and out-of-phase (χm″) susceptibilities at ca. 3.5 K,
suggesting the presence of a long-range AF ordering with spin
canting (weak ferromagnetism; Figure S7 in the SI). This
situation, already observed in the related MnFe derivatives of
the oxalate-based bimetallic series,11,61 is due to the presence of
a canting angle between the spin of both ions that prevents a
perfect antiparallel alignment of the corresponding spins. This
canting leads to an incomplete cancellation of the magnetic
moments, resulting in a weak ferromagnetic ordering of the
noncanceled components.
In the chromium−manganese compound, the presence of

long-range ferrimagnetic orderings may be anticipated from the
expected AF chromium−manganese interaction through the
X2An

2‑ bridges.42,44,48 The heterometallic nature of the 2D
lattice with two different spin ground states (except in the
iron−manganese derivative) leads to the observed ferrimagnetic
long-range ordering.
As was already stated, a very interesting result observed in

the chromium−manganese series is the change in Tc as X
changes in this family of layered ferrimagnets. Furthermore, the
order observed in Tc (Cl < Br < I < H) suggests that the
electronegativity of X may play a key role in determining Tc.
Actually, a plot of Tc versus the electronegativity of X shows a
clear linear correlation (Figure 9) that can be easily explained
with the electron-withdrawing effect of X: as the electro-
negativity of X increases, the electron density in the anilato ring

Figure 7. Hysteresis cycles at 2 K for the series [NBu4][MnCr-
(X2An)3], where X = Cl (4), Br (5), I (6), and H (7). The inset shows
the low-field region of the hysteresis cycles.

Figure 8. Thermal variation of χmT for compound 3. The inset shows
the low-temperature region for χm.

Figure 9. Linear dependence of the ordering temperature (Tc, left
scale, red) and the Weiss temperature (θ, right scale, blue) with the
electronegativity of the X group in the series [NBu4][MnCr(X2An)3],
where X = Cl (4), Br (5), I (6), and H (7). Solid lines are the
corresponding linear fits.
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decreases, resulting in a weaker coupling and, therefore, in a
lower Tc. Indeed, the fit of the molar susceptibility of
compounds 4−7 to the Curie−Weiss law [χm = C/(T − θ);
Figure S8 in the SI] shows a linear increase in the absolute
value of the Weiss temperature (θ, corresponding to the
magnitude to the magnetic coupling) as the electronegativity of
X decreases. Thus, the strength of the ferrimagnetic coupling
increases with a decrease in the electronegativity of X, with θ =
−16.7(2), −17.4(1), −19.7(2), and −23.5(2) K for 4−7,
respectively (Figure 9). This fact demonstrates that it is
possible (and easy) to tune Tc in these series by simply
changing the X group in the anilato derivative.

■ CONCLUSIONS
Compounds 1−4 are the first structurally (and magnetically)
characterized heterometallic honeycomb anilate-bridged bimet-
allic layers and demonstrate the versatility of using anilato
derivatives as bridging ligands to obtain bimetallic 2D
ferrimagnets. A second interesting aspect of the anilato
derivatives is the possibility that they offer to tune the ordering
temperatures by simply changing the substituents in the anilato
bridging ligand. Thus, compounds 4−7 show that Tc values
vary linearly with the electronegativity of the X group. As is also
observed in the oxalato derivatives, we have also shown that it is
possible to tune the magnetic properties by changing the MIII

and MII ions as observed in compounds 2 and 3. Furthermore,
preliminary measurements in some poorly crystalline [NBu4]

+

salts of different [MIIMIII(X2An)3]
− anions show ordering

temperatures between ca. 3 and 6 K for the FeII−CrIII and
CoII−CrIII derivatives.
A third interesting feature of this family is that compound 1

is chiral because it contains the chiral cation [(H3O)(phz)3]
+,

yielding a very unusual ordered arrangement of the metals in
the layer and an eclipsed disposition of the layers. This eclipsed
disposition generates a fourth interesting feature in these
compounds: the presence of hexagonal channels that can be
filled with different guest molecules. Thus, compounds 1−3
present a void volume of ca. 291 Å3 (ca. 20% of the unit cell
volume), where solvent molecules can be absorbed, opening
the way to the synthesis of new porous magnets. Compound 1
is, therefore, the first structurally (and magnetically) charac-
terized porous chiral layered magnet based on anilato-bridged
bimetallic layers. This chirality is expected to be of interest for
studying the magnetochiral effect as well as the multiferroic
properties, as has already been done in the oxalato
family.32,49,62,63

Furthermore, the bigger size of the anilato compared to the
oxalato ligand leads to hexagonal cavities that are twice larger
than those of the oxalato-based layers. This bigger size
represents a fifth interesting feature of the anilato-based layers
since it will allow the inclusion of a larger library of cations in
order to prepare multifunctional molecular materials combining
the magnetic ordering of the anionic layers with any additional
property of the cationic one (the chirality of the [(H3O)-
(phz)3]

+ cation is only the first example). The synthesis of such
derivatives including new cations bearing interesting function-
alities is underway. In fact, a preliminary study reveals that it is
possible to include different spin-crossover complexes between
these magnetic layers.
Moreover, as was already done in the oxalato family,49 the

use of preformed chiral cations of the [M(L)3]
n+ type (L =

neutral bidentate ligand) is expected to a vast family of
bimetallic chiral 3D magnets.

An extra possibility of the present series is that of including
an additional functionality in the anilato-based bridge that,
besides a tuning of the critical temperature (as shown here),
may add an extra property and/or modify the properties (such
as the hydrophobicity or nucleophilicity) as well as the size of
the hexagonal channels since the X groups are directed toward
the center of these channels. The use of anilato derivative
ligands with other functional groups42 such as NO2, F, CN,
OH, Me, Et, etc., is also underway.
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Saiz, C.; Goḿez-García, C. J. J. Am. Chem. Soc. 2003, 125, 10774−
10775.
(21) Aldoshin, S. M.; Nikonova, L. A.; Shilov, G. V.; Bikanina, E. A.;
Artemova, N. K.; Smirnov, V. A. J. Mol. Struct. 2006, 794, 103−109.
(22) Aldoshin, S. M.; Sanina, N. A.; Minkin, V. I.; Voloshin, N. A.;
Ikorskii, V. N.; Oveharenko, V. I.; Smirnov, V. A.; Nagaeva, N. K. J.
Mol. Struct. 2007, 826, 69−74.
(23) Kida, N.; Hikita, M.; Kashima, I.; Okubo, M.; Itoi, M.; Enomoto,
M.; Kato, K.; Takata, M.; Kojima, N. J. Am. Chem. Soc. 2008, 131,
212−220.
(24) Clemente-Leon, M.; Coronado, E.; Gimeńez-Lopez, M. C.;
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Lemeé-Cailleau, M.; Mason, S. A.; Pardo, E.; Lloret, F.; Zhao, J.; Bu,
X.; Simonet, V.; Colin, C. V.; Rodríguez-Carvajal, J. J. Am. Chem. Soc.
2012, 134, 19772−19781.
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