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The syntheses, characterization and structures of a mononu-
clear nickel(II) compound [NiIIL1�(H2O)] (1) and [2�1+1�2]
cocrystals [{NiIIL1MII(H2O)3}{NiIIL1}2](ClO4)2 [M = Cu (2), Ni
(3), Co (4), Fe (5) and Mn (6)] derived from the hexadentate
Schiff base compartmental ligand N,N�-ethylenebis(3-eth-
oxysalicylaldimine) (H2L1) have been described in this inves-
tigation. Compound 1 is an inclusion product in which the
water molecule is encapsulated in the O4 compartment by
forming bifurcated hydrogen bonds. Reactions of 1 with per-
chlorate salts of copper(II), nickel(II), cobalt(II), iron(II) and
manganese(II) in open atmosphere produce compounds 2–6,
which have similar structures. These compounds are
[2� 1+1�2] tetrametallic systems containing self-assembled
and cocrystallized one dinuclear [NiIIL1MII(H2O)3]2+ cation
and two mononuclear [NiIIL1] moieties. Among three coordi-

Introduction

Crystal engineering of self-assembled organic and metal–
organic systems is an interesting research area.[1,2] Due to
extensive development in recent years, it has been possible
in many cases to design syntheses of target assemblies,
which, in turn, may be useful as functional materials.[1,2]

It is well known that some crystals may contain more
than one chemical species and these multicomponent crys-
tals are known as cocrystals.[3–8] It may also be noted that,
in comparison to the large number of organic cocrystals,[4–6]

multicomponent compounds containing only metal com-
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nated water molecules of the dinuclear cores in 2–6, two are
encapsulated in the O4 cavity of two mononuclear [NiIIL1]
moieties by forming bifurcated hydrogen bonds. Evidently,
the formation of inclusion product 1 and dinuclear–mono-
nuclear cocrystals 2–6 are related to the affinity of the O4

compartment to encapsulate a water molecule. Electrospray
ionization mass spectrometry (ESI+) spectra of compounds 1–
6 have been recorded. The mass spectra of 2–6 reveal that
not only the tetrametallic self-assemblies are ruptured but
also the second metal ion in the dinuclear core leaves the O4

cavity. For the NiII3CuII (2) and NiII3FeII (5) compounds, metal
substitution takes place in solution, resulting in the formation
of [CuIIL1Na]+ and [{CuIIL1}2Na]+ for 2 and [1�1+1�1] spe-
cies [{NiIIL1}·{FeIIIL1}]+ for 5.

plexes as the components are still rare.[3,7,8] Therefore, we
feel that this poorly explored area deserves more attention.

The Schiff base ligands obtained from condensation of
3-ethoxysalicylaldehyde and diamines have been used to de-
rive a number of 3d–4f compounds in which a 3d metal
ion occupies the salen-type N2O2 cavity and the larger O4

compartment is occupied by a 4f metal ion.[9] There are a
few earlier reports of inclusion of water in the O4 compart-
ment of a mononuclear system derived from 3-ethoxysalicyl-
aldehyde–diamine Schiff base ligands.[10] We have attempted
to explore the possibility of water inclusion in the O4 com-
partment of mononuclear copper(II) compounds and ob-
served that the mononuclear copper(II) compounds [CuII-
L1�(H2O)] and [CuIIL2�(H2O)] derived from N,N�-ethyl-
enebis(3-ethoxysalicylaldimine) (H2L1; Scheme 1) and
N,N�-o-phenylenebis(3-ethoxysalicylaldimine) (H2L2;
Scheme 1) are inclusion products in which the noncoordi-
nated water molecules are encapsulated in the O4 compart-
ment by forming bifurcated hydrogen bonds.[3a,3b] We have
also attempted to explore the nature of copper(II)–3d com-
pounds in these ligand environments and observed that the
potential tendency of the O4 compartment to incorporate a
water molecule results in the formation of interesting exam-
ples of self-assembled and cocrystallized [2� 1+1�2] and
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[2 �2+1� 3] systems.[3a,3b] We have been interested in ex-
ploring whether inclusion phenomena and formation of
cocrystals are possible in complexes containing 3d metal
ions, other than copper(II), in the salen-type cavity of the
related ligands. With this motivation, we report here the
syntheses, characterization, crystal structures and mass
spectrometry study of the mononuclear nickel(II) com-
pound derived from N,N�-ethylenebis(3-ethoxysalicylald-
imine) (H2L1) and the products obtained from the reaction
of this mononuclear complex with the perchlorate salts of
copper(II), nickel(II), cobalt(II), iron(II) and manga-
nese(II).

Scheme 1. Chemical structures of the Schiff base ligands H2L1 and
H2L2.

Results and Discussion

Description of the Structure of [NiIIL1�(H2O)] (1)

The crystal structure of [NiIIL1�(H2O)] (1) is shown in
Figure 1 and selected bond lengths and angles are listed in
the caption. The structure of 1 shows that it is a mononu-
clear compound, and the metal centre is in the salen-type
cavity of [L1]2–. One half of the molecule is symmetry re-
lated to the other half via a crystallographic twofold axis.
The metal–ligand bond lengths involving the imine nitrogen
atom [Ni(1)–N(1) 1.8500(15) Å] and the phenoxido oxygen
atom [Ni(1)–O(1) 1.8641(12) Å] are almost the same. The
N2O2 donors form an almost perfect plane, and the metal
centre lies exactly on this plane, adopting a square-planar
geometry. The transoid [178.08(6)°] and cisoid [85.82(10)–
94.20(6)°] angles in the coordination environment of nicke-
l(II) deviate to a small extent from the ideal values. The
water molecule in this compound is hydrogen bonded with
the four oxygen atoms and is encapsulated in the acyclic O4

compartment of [L1]2–. Each of the two water hydrogen
atoms forms bifurcated hydrogen bonds with one phe-
noxido and one ethoxy oxygen atom. The geometries of the
hydrogen bonds are summarized in Table 1. The
donor···acceptor contacts (2.820 and 3.077 Å) indicate that
the hydrogen bonds can be considered as moderately
strong; those involving ethoxy oxygen atoms are slightly
stronger.
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Figure 1. Crystal structure of [NiIIL1�(H2O)] (1). Symmetry opera-
tions for A: 1 –x, y, 0.5 – z. Selected bond lengths [Å] and angles [°]:
Ni(1)–N(1) 1.8500(15), Ni(1)–O(1) 1.8641(12), N(1)–Ni(1)–O(1A)
178.08(6), N(1)–Ni(1)–O(1) 94.20(6), N(1)–Ni(1)–N(1A) 85.82(10),
O(1)–Ni(1)–O(1A) 85.84(7).

Table 1. Geometries (distances/Å and angles/°) of the hydrogen
bonds responsible for the encapsulation of water in 1–6. Symmetry
operations for 2, B: 1 + x, y, z.

Compound D–H···A/D···A D···A D–H···A

1 O(3)–H(3)···O(1) 3.077 139.3
O(3)–H(3)···O(2) 2.820 147.7

2 O(3)···O(5B) 2.746
O(3)···O(6B) 2.792
O(3)···O(7B) 3.006
O(3)···O(8B) 2.887

3 O(3)–H(3A)···O(5) 2.868
O(3)–H(3A)···O(7) 2.945
O(3)–H(3B)···O(6) 2.800
O(3)–H(3B)···O(8) 3.053

4 O(3)–H(3A)···O(5) 2.882 147.5
O(3)–H(3A)···O(7) 2.914 140.9
O(3)–H(3B)···O(6) 2.806 121.8
O(3)–H(3B)···O(8) 3.003 149.2

5 O(3)–H(3A)···O(5) 2.864
O(3)–H(3A)···O(7) 2.898
O(3)–H(3B)···O(6) 2.801
O(3)–H(3B)···O(8) 3.020

6 O(3)–H(3A)···O(5) 2.877 144.7
O(3)–H(3A)···O(7) 2.883 140.1
O(3)–H(3B)···O(6) 2.812 134.8
O(3)–H(3B)···O(8) 3.005 151.8

Description of the Structures of [{NiIIL1MII(H2O)3}-
{NiIIL1}2](ClO4)2 [Cu (2), Ni (3), Co (4), Fe (5) and Mn
(6)]

Compounds 2–6 crystallize in the same monoclinic C2/c
space group and are isomorphous. As in 1, one half of the
structure of 2–6 is symmetry related to the other half by a
crystallographic twofold axis. All the structures of 2–6 con-
sist of one diphenoxido-bridged dinuclear [NiIIL1MII-
(H2O)3]2+ cation, two mononuclear [NiIIL1] moieties and
two perchlorate anions. In the dinuclear cores, the N2O2
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cavity is occupied by a nickel(II) ion, and the second com-
partment of [L1]2– is occupied by a second metal centre
(CuII, NiII, CoII, FeII and MnII for 2, 3, 4, 5 and 6, respec-
tively) that is coordinated to the two bridging phenoxido
oxygen atoms and three water molecules. The ethoxy oxy-
gen atoms of the ligand remain noncoordinated. As dis-
cussed below, the diphenoxido-bridged [NiIIL1MII-
(H2O)3]2+ cation is self-assembled with two mononuclear
[NiIIL1] species by hydrogen-bonding interactions. The crys-
tal structures of 2 and 6 are shown in Figures 2 and 3,
respectively, whereas the structures of 3–5 are represented
in Figures S1–S3 (Supporting Information).

Figure 2. Structure of the NiII
3CuII compound 2 showing

[2�1+1 � 2] self-assembly of the dinuclear [NiIIL1CuII(H2O)3]2+

cation and two mononuclear [NiIIL1] moieties. Hydrogen atoms
and the perchlorate anions are omitted for clarity. Carbon atoms
of the ethoxy moieties have been omitted for better representation
of the hydrogen bonds. Symmetry operations for A: 2 –x, y, 0.5 –
z; B: 1 + x, y, z; C: 1 – x, y, 0.5 – z.

The metrical parameters of the coordination environ-
ment of two crystallographically different nickel(II) centres
in the salen-type cavity in 2–6 are summarized in Table S1
(Supporting Information). The square planar environments
in these cases are similar to that in compound 1.

The second metal centre in the dinuclear core in 2–6 is
pentacoordinated by two phenoxido oxygen atoms [O(1)
and O(1A)] and three water oxygen atoms [O(2), O(3) and
O(3A)]. The bond lengths and angles of the MO5 coordina-
tion environment in 2–6 are summarized in Table 2. The
metal–O(water) bond lengths in these compounds are either
equal [2.141(4) and 2.144(2) Å in 6] or differ only slightly
[2.076(3) and 2.080(5) Å in 5; 2.086(5) and 2.098(6) Å in 4;
1.946(14) and 1.953(6) Å in 3; 1.935(4) and 1.987(8) Å in
2]. In comparison, the metal–O(phenoxido) bond lengths
[2.186(4), 2.147(4), 2.176(3), 2.164(2) and 2.198(2) Å,
respectively for 2, 3, 4, 5 and 6] are longer. Regarding
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Figure 3. Structure of the NiII
3MnII compound 6 showing

[2�1+1 �2] self-assembly of the dinuclear [NiIIL1MnII(H2O)3]2+

cation and two mononuclear [NiIIL1] moieties. Hydrogen atoms,
except those of encapsulated water molecules, and the perchlorate
anions are omitted for clarity. Carbon atoms of the ethoxy moieties
have been omitted for better representation of the hydrogen bonds.
Symmetry operations for A: –x, y, 0.5 – z.

metal–water bond lengths in the present series, the order is
MnII � CoII ≈ FeII � CuII ≈ NiII. It may be relevant to
compare the metal–water bond lengths in 2–6 with those of
reported related compounds derived from similar ligands.
The MnII–water bond lengths (2.15–2.21 Å) in two CuII

3-
MnII compounds are much longer than the CuII–water
bond lengths (1.91–1.97 Å) in CuII

4 and CuII
7 compounds,

whereas CoII–water bond length (2.04 Å) in a CuII
3CoII

compound is in between the MnII–water and CuII–water
bond lengths.[3a,3b] Clearly, the MII–water bond length for
a particular metal ion in the title compounds and in the
reported examples are very close. There are many com-
pounds containing coordinated water molecules,[11] in
which the metal–water bond lengths are definitely depend-
ent on the other ligands and therefore a correlation should
not be obtained. However, although [M(H2O)6]2+ systems
may also be influenced by crystal packing effects of the en-
vironment, these are better systems to make a comparison
of the relative magnitude of metal–water bond lengths. In
most cases, the usual ranges are as follows: CuII–water
(equatorial) � 2 Å, CuII–water (axial) � 2.3 Å, NiII–water
≈ 2.0–2.05 Å, CoII–water ≈ 2.05–2.15 Å, FeII–water ≈ 2.05–
2.15 Å and MnII–water ≈ 2.14–2.27 Å.[11] The order can be
considered as similar to that observed in the title com-
pounds. Again, it can be clear from the two cases {title and
related compounds; [M(H2O)6]2+} that the MnII–water
bond length should be much longer than either of the NiII–
water and CuII–water (equatorial for hexacoordination)
bond lengths.
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Table 2. Selected bond lengths/Å and angles/° in the coordination
environment of the pentacoordinate metal centres in the dinuclear
cores of 2–6. Symmetry operations for 2, A: 2 –x, y, 0.5 – z. Sym-
metry operations for 3–6, A: –x, y, 0.5 – z.

2

Cu(1)–O(1) 2.186(4) Cu(1)–O(3) 1.935(4)
Cu(1)–O(2) 1.987(8)
O(3)–Cu(1)–O(3A) 178.2(3) O(1)–Cu(1)–O(3A) 91.14(17)
O(1)–Cu(1)–O(2) 145.24(10) O(2)–Cu(1)–O(3) 89.08(13)
O(1)–Cu(1)–O(1A) 69.5(2) Ni(1)–O(1)–Cu(1) 103.51(17)
O(1)–Cu(1)–O(3) 90.37(17)

3

Ni(3)–O(1) 2.147(4) Ni(3)–O(3) 1.953(6)
Ni(3)–O(2) 1.946(14)
O(3)–Ni(3)–O(3A) 175.9(3) O(1)–Ni(3)–O(3A) 91.45(19)
O(1)–Ni(3)–O(2) 145.28(11) O(2)–Ni(3)–O(3) 87.97(15)
O(1)–Ni(3)–O(1A) 69.4(2) Ni(1)–O(1)–Ni(3) 103.94(18)
O(1)–Ni(3)–O(3) 91.88(18)

4

Co(1)–O(1) 2.176(3) Co(1)–O(3) 2.086(5)
Co(1)–O(2) 2.098(6)
O(3)–Co(1)–O(3A) 177.5(3) O(1)–Co(1)–O(3A) 89.85(17)
O(1)–Co(1)–O(2) 146.00(7) O(2)–Co(1)–O(3) 88.74(14)
O(1)–Co(1)–O(1A) 68.00(14) Ni(1)–O(1)–Co(1) 104.85(12)
O(1)–Co(1)–O(3) 92.24(14)

5

Fe(1)–O(1) 2.1636(18) Fe(1)–O(3) 2.076(3)
Fe(1)–O(2) 2.080(5)
O(3)–Fe(1)–O(3A) 176.93(14) O(1)–Fe(1)–O(3A) 90.16(9)
O(1)–Fe(1)–O(2) 145.85(5) O(2)–Fe(1)–O(3) 88.46(7)
O(1)–Fe(1)–O(1A) 68.29(10) Ni(1)–O(1)–Fe(1) 104.71(8)
O(1)–Fe(1)–O(3) 92.39(8)

6

Mn(1)–O(1) 2.1981(16) Mn(1)–O(3) 2.144(2)
Mn(1)–O(2) 2.141(4)
O(3)–Mn(1)–O(3A) 176.99(13) O(1)–Mn(1)–O(3A) 89.98(8)
O(1)–Mn(1)–O(2) 146.67(4) O(2)–Mn(1)–O(3) 88.50(6)
O(1)–Mn(1)–O(1A) 66.67(8) Ni(1)–O(1)–Mn(1) 105.65(7)
O(1)–Mn(1)–O(3) 92.54(8)

The MO5 coordination environment (Figures 2 and 3,
Table 2; Figures S1–S3, Supporting Information) in 2–6 is
highly distorted. The values of τ in this coordination envi-
ronment are 0.55, 0.51, 0.52, 0.52 and 0.51 for 2, 3, 4, 5
and 6, respectively, indicating that the geometry of the sec-
ond metal centre in the dinuclear core is intermediate be-
tween square pyramidal and trigonal bipyramidal.[3a] In the
case of a square pyramidal environment, one phenoxido
oxygen atom [either of O(1) or O(1A)] can be considered as
the apical atom; the remaining phenoxido oxygen atom
[O(1) or O(1A)] and the three water oxygen atoms [O(2),
O(3) and O(3A)] occupy the equatorial positions. The
average deviations of the four basal oxygen atoms from the
least-squares O4 plane is ca. 0.30 Å, and the pentacoordi-
nate metal centre is displaced by ca. 0.30 Å from this plane.
For trigonal bipyramidal geometry, two phenoxido oxygen
atoms [O(1) and O(1A)] and one water oxygen atom [O(2)]
define the equatorial plane; the two remaining water oxygen
atoms [O(3) and O(3A)] occupy the apical positions. There
should be three sets of bond angles for perfect trigonal bi-
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pyramidal geometry: one of 180°, six of 90° and three of
60°. Again, for perfect square pyramidal environment, there
should be two angles of 180° and eight of 90°. For 2–6, one
angle is close to 180° [178.2(3), 175.9(3), 177.5(3), 176.9(1)
and 177.0(1)° for 2, 3, 4, 5 and 6, respectively], whereas the
range of other angles is much wider [69.5(2)–145.24(10)° for
2; 69.4(2)–145.3(1)° for 3; 68.0(1)–146.0(1)° for 4; 68.3(1)–
145.8(1)° for 5; 66.7(1)–146.7(1)° for 6]. Clearly, the geome-
try of the second metal centre in the dinuclear cores in 2–
6 is far from both perfect square pyramidal and trigonal
bipyramidal and therefore should be considered as an inter-
mediate of the two.

If two ethoxy oxygen atoms [O(4) and O(4A)] are also
considered as part of the coordination sphere, the coordina-
tion environment of the second metal centre would be hep-
tacoordinated pentagonal bipyramidal; the five oxygen
atoms [O(1), O(1A), O(2), O(4) and O(4A)] define the pen-
tagonal plane and the remaining oxygen atoms [O(3) and
O(3A)] occupy the axial positions. The constituent atoms
are deviated only a little (�0.04 Å) from the least-squares
O5 plane and the metal ion is pocketed in this plane. Again,
the trans angle [O(3)–M–O(3A) 175.9(3)–178.2(3)°] is very
close to 180°, indicating apparently a small extent of distor-
tion of the pentagonal bipyramidal geometry. However, the
wide range of bond lengths in the pentagonal plane (1.93–
2.65 Å for 2; 1.95–2.59 Å for 3; 2.08–2.54 Å for 4; 2.08–
2.53 Å for 5; 2.14–2.52 Å for 6), indicate appreciable distor-
tion of the heptacoordinated coordination environment.
Clearly, the source of these distortions is the long M–O-
(ethoxy) bond lengths. Interestingly, the M–O(ethoxy) bond
lengths in 2–6 follow the consistent order MnII (2.52 Å) �
FeII (2.53 Å) � CoII (2.54 Å) � NiII (2.59 Å) � CuII

(2.65 Å). Anyway, it is difficult to conclude the coordina-
tion number and coordination geometry of the second
metal centres in 2–6. It may be five coordinated MO5, in
which the geometry is intermediate between distorted
square pyramidal and distorted trigonal bipyramidal, or
seven coordinated MO7, in which the geometry is distorted
pentagonal bipyramidal. However, it may be better to dis-
card the heptacoordinated environment on the basis of the
longer M–O(ethoxy) bond lengths (�2.5 Å).[3b]

The Ni(1)–O(1)–M bridge angles in the dinuclear cores
are very close and considering all the five complexes, the
range of these angles is very small [103.51(17)–105.65(7)°;
Table 2]. The metal···metal separation varies in the small
range of 3.15–3.22 Å. The bridging moiety in the dinuclear
core is highly twisted, as evidenced by the dihedral angles
(90.9, 91.0, 92.7, 92.5 and 92.9° for 2, 3, 4, 5 and 6, respec-
tively) between the N2O2 square plane of the nickel(II) cen-
tre and the equatorial O4 basal plane (for the distorted
square pyramidal geometry) of the second metal environ-
ment.

As in 1, water encapsulation due to the formation of bi-
furcated hydrogen bonds in the O4 compartment takes place
also in compounds 2–6. The O4 cavities of the two [NiIIL1]
moieties are occupied by two coordinated water molecules
(Figures 2 and 3; Figure S1–S3, Supporting Information).
The geometries of the hydrogen bonds are summarized in
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Table 1. The O···O contacts are in the range 2.75–3.05 Å,
and the hydrogen bonds may be considered as moderately
strong.

Synthesis and Characterization

Reaction of nickel(II) acetate tetrahydrate and H2L1 pro-
duces the mononuclear nickel(II) complex [NiIIL1�(H2O)]
(1). As already discussed, the water molecule in 1 is hydro-
gen bonded to the phenolate oxygen atoms and also to the
oxygen atoms of the ethoxy side chains, resulting in the for-
mation of an inclusion product. When 1 is treated with
M(ClO4)2·6H2O, the compounds [{NiIIL1MII(H2O)3}-
{NiIIL1}2](ClO4)2 [M = Cu (2), Ni (3), Co (4), Fe (5) and
Mn (6)] separate from the solution as red or orange crystals.
Compared to the νC=N vibration observed in the free H2L1

ligand at 1627 cm–1, this vibration is shifted slightly and
appears in the range 1621–1630 cm–1 in complexes 2–6. The
IR spectrum of 1 exhibits two weak but sharp signals at
3578 and 3528 cm–1 (Figure 4), which is due to the asym-
metric and symmetric stretching of the encapsulated water
molecule.[3a,3b] The motion of water due to encapsulation is
so restricted that the bending vibration is also observed for
1 as a weak intensity band at 1547 cm–1.[3a,3b] As com-
pounds 2–6 contain both the encapsulated and non-encap-

Figure 4. Part of the IR spectrum of H2L1 and [NiIIL1�(H2O)]
(1) demonstrating (a) stretching and (b) bending vibrations of the
encapsulated water molecule in 1.
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sulated water molecules and the extent of encapsulation is
less (vide infra), the water stretching modes appear as a
broad band in the range 3382–3425 cm–1. The characteristic
perchlorate signals are observed for compounds 2–6 as a
very strong band at ca. 1090 cm–1 and as a weak band at
ca. 621 cm–1.

As usual for square planar nickel(II) systems, compound
1 is diamagnetic. The room-temperature magnetic moment
values of the NiII

3CuII (2), NiII
4 (3), NiII

3CoII (4), NiII
3FeII

(5) and NiII
3MnII (6) compounds are, respectively, 1.82,

2.78, 4.62, 5.01 and 5.84 BM, which indicates that the para-
magnetic moment arises only due to the second metal cen-
tre in the dinuclear core. In comparison to the spin only
value of 3.87 BM for high-spin cobalt(II), the larger ob-
served moment of compound 4 is related to the usual first-
order orbital angular momentum of this metal ion. The
room-temperature magnetic moment values of 2–6 indicate
that, as in 1, the three square planar nickel(II) centres in 2–
6 are diamagnetic and therefore superexchange is not pos-
sible in these compounds.

Electrospray Ionization Mass Spectral Study of 1–6

The electrospray ionization mass spectra (ESI+) of com-
pounds 1–6 were recorded in acetonitrile solutions. The
spectrum of [NiIIL1�(H2O)] (1; Figure 5) exhibits three
peaks at m/z (%) = 413 (4), 434.86 (100) and 846.80
(60), which are assignable to the monocationic species
[NiIIL1H]+ (C20H23N2O4Ni), [NiIIL1Na]+ (C20H22N2O4Ni-
Na) and [{NiIIL1}2Na]+ (C40H44N4O8Ni2Na), respectively.
As shown in Figure 5, the isotopic distribution patterns of
the observed peaks and the simulated spectral patterns are
in excellent agreement with each other. The site of proton-
ation for [NiIIL1H]+ is not clear. However, it is evident that
the sodium(I) ion in [NiIIL1Na]+ occupies the O4 cavity of
the ligand, forming a diphenoxido-bridged NiIINaI species.
Again, in [{NiIIL1}2Na]+, the sodium(I) ion is probably co-
ordinated to two O4 cavities and is thus sandwiched in be-
tween two mononuclear [NiIIL1] species.

Figure 5. Mass spectrum (ESI+) of [NiIIL1�(H2O)] (1) in acetoni-
trile showing observed and simulated isotopic distribution pattern.
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As observed for the mononuclear compound [NiII-

L1�(H2O)] (1), signals of [NiIIL1H]+, [NiIIL1Na]+ and
[{NiIIL1}2Na]+ are observed in the mass spectra (Figure 6;
Figure S4, Supporting Information) of the NiII

3MnII and
NiII

3CoII compounds [{NiIIL1MII(H2O)3}{NiIIL1}2]-
(ClO4)2 [M = Mn (6) and Co(4)]. For the NiII

4 compound
[{NiIIL1NiII(H2O)3}{NiIIL1}2](ClO4)2 (3), two peaks at m/z
(%) = 434.94 (100) and 846.91 (8) (Figure S5, Supporting
Information) arise due to [NiIIL1Na]+ and [{NiIIL1}2Na]+,
respectively; in this case, the protonated species [NiIIL1H]+

is not formed. The molecular weights for the tetra- or di-
metallic dications [{NiIIL1MII(H2O)3}{NiIIL1}2]2+,
[{NiIIL1MII}{NiIIL1}2]2+, [NiIIL1MII(H2O)3]2+ and [NiIIL1-

MII]2+ (M = Ni, Co and Mn for 3, 4 and 6, respectively)
vary between 1348.29–1352.28, 1294.24–1298.23, 522.08–
526.08 and 468.04–472.04, respectively. As no peaks in
these ranges are observed in the mass spectra, it is evident
not only that the hydrogen bonded self-assembly is ruptured
in solution but also that the second metal centre (Ni, Co or
Mn) leaves the O4 cavity. Therefore, it is clear that incorpo-
ration of a second 3d metal centre is governed by the forma-
tion of self-assembly; as the self-assembly is broken in solu-
tion, the dinuclear 3d–3d core becomes nonexistent. The
instability of the tetrametallic or dimetallic cores is also evi-
dent from the fact that the solution of the [2 �1+1� 2] self-
assemblies 2–6 produce the mononuclear inclusion product
[NiIIL1�(H2O)] (1) (vide infra).

Figure 6. Mass spectrum (ESI+) of [{NiIIL1MnII(H2O)3}-
{NiIIL1}2](ClO4)2 (6) in acetonitrile showing observed and simu-
lated isotopic distribution pattern.

The spectrum of the NiII
3CuII compound [{NiIIL1CuII-

(H2O)3}{NiIIL1}2](ClO4)2 (2; Figure 7) exhibits four peaks
at m/z (%) = 434.96 (48), 846.95 (5), 439.96 (100) and
856.92 (32). Whereas the first two peaks arise due to [NiII-
L1Na]+ and [{NiIIL1}2Na]+, respectively, the third and
fourth are well matched with the species [CuIIL1Na]+ and
[{CuIIL1}2Na]+, respectively. Clearly, copper(II) leaves the
O4 cavity in solution and substitutes NiII from the N2O2

compartment to form [CuIIL1] species, which in turn, pro-
duces dinuclear CuIINaI and trinuclear CuIINaICuII species
during recording of the mass spectrum. The greater inten-
sities of the CuIINaICuII (32 %) and CuIINaI (100%) peaks
in comparison to those of the nickel(II) analogues NiIINaI-
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NiII (5%) and NiIINaI (48 %) indicate that the copper(II)
species are more stable on the timescale of the mass spec-
trometer.

Figure 7. Mass spectrum (ESI+) of [{NiIIL1CuII(H2O)3}-
{NiIIL1}2](ClO4)2 (2) in acetonitrile showing observed and simu-
lated isotopic distribution pattern.

Three peaks at m/z (%) = 413 (28), 434.9 (100) and 822
(5) are observed in the spectrum of the NiII

3FeII compound
[{NiIIL1FeII(H2O)3}{NiIIL1}2](ClO4)2 (5; Figure 8). Where-
as the 413 and 434.9 peaks are assignable to [NiIIL1H]+ and
[NiIIL1Na]+, respectively, the low-intensity peak at m/z =
822 can be assignable to a [1� 1+1�1] species [NiIIL1]·
[FeIIIL1] (C40H44N4O8NiFe). As shown in Figure 8, the iso-
topic distribution is well matched with the observed spec-
trum, indicating the correct assignment. Clearly, FeII that
leaves the O4 cavity substitutes NiII from the N2O2 cavity
and becomes oxidized to form a FeIII–salen-type com-
pound. The semicoordination of the phenoxido oxygen
atoms of the [NiIIL1] moiety to FeIII of the [FeIIIL1]+ moiety
is probably the reason for the formation of the [1� 1+1�1]
self-assembly (Figure 9) during the recording of the mass
spectrum.

Figure 8. Mass spectrum (ESI+) of [{NiIIL1FeII(H2O)3}-
{NiIIL1}2](ClO4)2 (5) in acetonitrile showing observed and simu-
lated isotopic distribution pattern.
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Figure 9. [1�1+1�1] cocrystal [NiIIL1]·[FeIIIL1]+.

Comparison of the Compositions of 1–6 with the Related
Compounds Containing Copper(II) in the Salen-Type
Cavity of N,N�-Ethylenebis(3-ethoxysalicylaldimine) (H2L1)

The mononuclear compounds [NiIIL1�(H2O)] (1) and
[CuIIL1�(H2O)] (7)[3a] are both inclusion products. Treat-
ment of the perchlorate salts of copper(II), cobalt(II) and
manganese(II) with 7 under an open atmosphere results in
the self-assembled [2� 1+1� 2] cocrystals [{CuIIL1MII-
(H2O)3}{CuIIL1}2](ClO4)2 [MII = Cu (8), Co (9), Mn (10)]
containing self-assembled and cocrystallized single dinu-
clear [CuIIL1MII(H2O)3]2+ cationic and two mononuclear
[CuIIL1] units.[3a] Treatment of [CuIIL1�(H2O)] (7) with
nickel(II) perchlorate produces a system having the appar-
ent composition [CuIIL1NiII(H2O)3](ClO4)2·3[CuIIL1]
(11).[3a] Again, the reaction of iron(II) perchlorate with 7
under an open atmosphere produces a mononuclear–mono-
nuclear [1�1+1 �1] cocrystal [CuIIL1�(H2O)]·[{FeIIIL1-
(H2O)2}(ClO4)] (12).[12] Evidently, although the products
obtained from the reaction of the copper(II) inclusion com-
pound [CuIIL1�(H2O)] (7) with the perchlorate salts of
copper(II), cobalt(II) and manganese(II) are similar tetra-
nuclear cocrystals, the compositions of the products ob-
tained from the reaction of 7 with the perchlorate salts of
iron(II) and nickel(II) are different. In contrast, the reac-
tions of the nickel(II) mononuclear compound [NiI-

IL1�(H2O)] (1) with the perchlorate salts of copper(II),
nickel(II), cobalt(II), iron(II) and manganese(II) under an
open atmosphere produce similar [2� 1+1�2] cocrystals
[{NiIIL1MII(H2O)3}{NiIIL1}2](ClO4)2 (2–6) containing self-
assembled dinuclear and mononuclear moieties.

The relative extent of the encapsulation of water may be
understood from the displacement (dO) of the water oxygen
atom from the least-squares O(phenoxido)2O(ethoxy)2

plane. In the case of [NiIIL1�(H2O)] (1) and previously re-
ported compound [CuIIL1�(H2O)] (7), the oxygen atom of
the encapsulated water lies on the least-squares O(phen-
oxido)2O(ethoxy)2 plane, whereas the oxygen atoms of the
encapsulated water molecules in [{NiIIL1MII(H2O)3}-
{NiIIL1}2](ClO4)2 (2–6) and in [{CuIIL1MII(H2O)3}-
{CuIIL1}2](ClO4)2 (8–10) are displaced by 1.28–1.53 and
0.92–1.23 Å, respectively, from the corresponding
O(phenoxido)2O(ethoxy)2 plane, indicating that the extent
of encapsulation in the mononuclear inclusion products 1
and 7 is much greater than that in the cocrystalline com-
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pounds 2–6 or 8–10. It is also evident that the extent of
encapsulation in the previous series 8–10 is slightly better
than that in the present series 2–6.

It should be noted that treatment of compounds 2–6 and
8–10 with dimethylformamide results in the formation of
compound 1 and 7, respectively, indicating that the O4 com-
partment is preferable for water in both systems. Again, in
both systems, the formation of a 3d–4f or 3d–3d bimetallic
core from the mononuclear inclusion product and the de-
composition of the former to the latter by dimethylform-
amide resemble the transmetallation reaction. This behav-
iour can be considered as the resemblance of water with
metal ions.

Conclusions

The present study is concerned with the designed synthe-
ses of an inclusion compound and dinuclear–mononuclear
cocrystals in the systems containing 3d metal ions, other
than copper(II), in the salen-type compartment of 3-ethoxy-
salicylaldehyde–diamine Schiff base ligands. The formation
of the mononuclear nickel(II) inclusion product (1) and the
dinuclear–mononuclear cocrystals (2–6) derived from N,N�-
ethylenebis(3-ethoxysalicylaldimine) (H2L1) have been the
major outcome of the present investigation. It has been evi-
dent from this and previous studies that inclusion products
and dinuclear–mononuclear cocrystals are stabilized in the
complexes containing either nickel(II) or copper(II)[3a] in the
salen-type compartment. In both series, the reason for the
formation of inclusion products and dinuclear–mononuclear
cocrystals is the tendency of the O4 compartment of the
Schiff base ligand to encapsulate a water molecule. It may
also be noted that, in contrast to the difference in composi-
tion of the products (8–10) obtained from the reaction of
mononuclear copper(II) compounds with perchlorate salts of
3d metal ions, the 3d–3d systems (2–6) are self-assembled
compounds containing one dinuclear and two mononuclear
moieties. Evidently, it can be concluded that, between [NiII-
L1�(H2O)] (1) and [CuIIL1�(H2O)] (7), the former is more
potential to derive [2�1+1�2] systems and cocrystals. It
also seems that square-planar geometry of the metal ion in
the salen-type cavity of the mononuclear compounds {as in
[NiIIL1�(H2O)] (1) and [CuIIL1�(H2O)] (7)} is a condition
to produce dinuclear–mononuclear cocrystals. However, the
combination of metal ions is another factor definitely;
whereas CuII

3NiII and CuII
3FeII are not possible, NiII3NiII

and NiII
3FeII complexes can be isolated. The ESI-MS (posi-

tive) study presented in this investigation is an interesting
aspect. The spectra clearly indicate that tetrametallic self-as-
sembly and also the NiIIMII dinuclear core is unstable in
solution. It is also evident from this mass spectroscopic study
that incorporation of the second metal ion in the O4 cavity
is governed by the formation of tetrametallic self-assembly.
Again, formation of positive ions containing copper(II) or
iron(III) in the N2O2 cavity during the recording of the mass
spectra indicates metal substitution reactions. Interestingly,
the formation of a new [1�1+1�1] self-assembly, [NiIIL1]·
[FeIIIL1], has been evidenced from the mass spectra of 5. The



R. Koner, S. Mohanta et al.FULL PAPER
area of inclusion phenomena and cocrystallization in the re-
lated ligand systems using various metal combinations may
result in interesting results and those works are under pro-
gress in our laboratory.

Experimental Section
Materials and Physical Methods: All reagents and solvents were
purchased from commercial sources and used as received. The
Schiff base ligand H2L1 was prepared by 2:1 condensation of 3-
ethoxysalicylaldehyde and ethylenediamine in methanol.[3a,9a] Ele-
mental (C, H, and N) analyses were performed with a Perkin–El-
mer 2400 II analyzer. IR spectra were recorded in the region 400–
4000 cm–1 with a Perkin–Elmer RXIFT spectrophotometer with
samples as KBr disks. Magnetic susceptibility measurements of 1–
6 at 300 K were carried out with a Sherwood Scientific Co., UK
magnetic susceptibility balance. The electrospray ionization mass
spectra of 1–6 were recorded with a Micromass Qtof YA 263 mass
spectrometer.

[NiIIL1�(H2O)] (1):[9a] An aqueous solution (20 mL) of nickel(II)
acetate tetrahydrate (1.25 g, 5 mmol) was added dropwise to a sus-
pension of H2L1 (1.78 g, 5 mmol) in methanol (40 mL). A reddish
precipitate started to deposit. After stirring for a few hours, the
compound was collected by filtration and air dried. Recrystalli-
zation from dimethylformamide yielded a dark red crystalline com-
pound containing crystals suitable for X-ray diffraction. Yield:
1.83 g (85 %). Diamagnetic. C20H24N2NiO5 (431.13): calcd. C
55.72, H 5.61, N 6.50; found C 55.64, H 5.68, N 6.55. IR (KBr): ν̃
= 3578 (w) [νas(H2O)], 3528 (w) [νs(H2O)], 1618 (s) [ν(C=N)], 1547
(w) [δ(H2O)] cm–1.

[{NiIIL1MII(H2O)3}{NiIIL1}2](ClO4)2 [M = Cu (2), Ni (3), Co (4),
Fe (5), and Mn (6)]: These five compounds were prepared in the
same way as that described below for 3 by using the appropriate
M(ClO4)2·6H2O. All these compounds were synthesized under an
open atmosphere, that is, no caution was required to prevent pos-
sible oxidation/oxygenation phenomena with systems containing
even CoII or FeII.

A solution of 1 (0.108 g, 0.25 mmol) in dichloromethane/methanol
(3:1, 15 mL) was added dropwise with stirring to a methanol solu-
tion (5 mL) of nickel(II) perchlorate hexahydrate (0.091 g,
0.25 mmol). After 1 h stirring, the red solution was filtered to re-
move any suspended particles. The filtrate was then kept at room
temperature for slow evaporation. After a few hours, dark red crys-
tals of 3 suitable for X-ray diffraction deposited and were collected
and washed with acetone. Yield: 0.11 g (85%). C60H72Cl2N6Ni4O23

(1551.00): calcd. C 46.47, H 4.68, N 5.42; found C 46.56, H 4.60,
N 5.48. IR (KBr): ν̃ = 3414 (w) [νO–H(water)]; 1622 (s) [ν(C=N)];
1088 (vs), 620 (w) [ν(ClO4)]cm–1. µeff = 2.78 BM.

2: Red crystals. Yield: 80%. C60H72Cl2CuN6Ni3O23 (1555.84):
calcd. C 46.32, H 4.66, N 5.40; found C 46.38, H 4.60, N 5.45. IR
(KBr): ν̃ = 3382 (w) [νO–H(water)]; 1630 (s) [ν(C=N)]; 1089 (vs),
621 (w) [ν(ClO4)] cm–1. µeff = 1.82 BM.

4: Orange crystals. Yield: 80%. C60H72Cl2CoN6Ni3O23 (1551.22):
calcd. C 46.46, H 4.68, N 5.42; found C 46.54, H 4.74, N 5.49. IR
(KBr): ν̃ = 3412 (w) [νO–H(water)]; 1621 (s) [ν(C=N)]; 1090 (vs),
622 (w) [ν(ClO4)] cm–1. µeff = 4.62 BM.

5: Red crystals. Yield: 82%. C60H72Cl2FeN6Ni3O23 (1548.14):
calcd. C 46.55, H 4.69, N 5.43; found C 46.63, H 4.62, N 5.36. IR
(KBr): ν̃ = 3425 (m) [νO–H(water)]; 1622 (s) [ν(C=N)]; 1090 (vs),
621 (w) [ν(ClO4)] cm–1. µeff = 5.01 BM.
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6: Red crystals. Yield: 85%. C60H72Cl2MnN6Ni3O23 (1547.23):
calcd. C 46.58, H 4.69, N 5.43; found C 46.65, H 4.71, N 5.48. IR
(KBr): ν̃ = 3411 (w) [νO–H(water)]; 1621(vs) [ν(C=N)]; 1090 (vs),
622 (w) [ν(ClO4)] cm–1. µeff = 5.84 BM.

Crystal-Structure Determination of 1–6: Single-crystal X-ray inten-
sity data of the title compounds were collected with the following
diffractometer types, all of which employed graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) and CCD area detectors:
Bruker AXS SMART (compound 1), Bruker-APEX II SMART
CCD (compound 2), Bruker-Nonius Kappa (compounds 3 and 6)
and Bruker-Nonius APEX II (compounds 4 and 5).

The intensity data were processed with the program suites
DENZO-SMN,[13a] Bruker SMART,[13b] SAINT[13b] and SAD-
ABS,[13c] and corrected for Lorentz, polarization, background and
absorption effects.[13d] The orthorhombic crystal system and the
Pbcn space group were selected for 1. The crystal system for com-
pounds 2–6 is monoclinic and the space group is C2/c. The crystal
structures were determined by direct methods and subsequent Fou-
rier and difference Fourier syntheses, followed by full-matrix least-
squares refinements on F2.[13e] Scattering factors for neutral atoms
were employed in the refinements.

The hydrogen atoms of the water molecule of 1, both the water
molecules of 6 and one of the two water molecules of 4 were located
from the difference Fourier maps, whereas the hydrogen atoms of
the second water molecule in 4 and both the two water molecules
in 2, 3 and 5 were not located and therefore were not considered
in the refinement process. For structures 1–6, other hydrogen atoms
were inserted at geometrical calculated positions with fixed thermal
parameters. All non-hydrogen atoms were refined anisotropically
and all hydrogen atoms isotropically. One problem observed in the
refinement was the displacement parameters of the terminal ethyl
groups. Another problem observed was the disorder of water oxy-
gen atom O(2) in 2–6. However, attempts to model these disorders
were not successful; all these models did not yield better agreement
than the structure presented here. Because there are no interactions
between these groups and neighbouring units, the displacement did
not converge on a final value but kept on changing regardless of
the number of refinement cycles. However, because these up-and-
down shifts are neither large nor in any way relevant for the signifi-
cant structural aspects (water inclusion and cocrystallization) dis-
cussed in this paper, this does not present a problem. The final R1

values of the refinements were 0.023, 0.058, 0.083, 0.046, 0.058 and
0.043, respectively, for 1, 2, 3, 4, 5 and 6. Essential crystallographic
information is listed in Table 3.

It may be mentioned that the structures of 2–6 can also be reason-
ably refined in the noncentrosymmetric space group Cc. However,
Platon check on Cc cif files suggests centrosymmetric space group
and therefore the C2/c space group was selected. The R1 values
of the refinement in two space groups are compared in Table S2
(Supporting Information).

CCDC-603249 (for 1), -740024, -715229, -715230, -715231 and
-715232 (for 2–6, respectively, having space group C2/c), and
-720139, -740020, -740021, -740022 and -740023 (for 2–6, respec-
tively, having space group Cc) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Selected bond lengths and angles of the NiN2O2 coordination
environment in 2�6; comparison of the R1 values of 2�6 refined
in the C2/c and Cc space groups; crystal structures of 3–5; MS
(ESI+) of 3 and 4.
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Table 3. Crystallographic information for 1–6.

1 2 3 4 5 6

Formula C20H24N2O5Ni C60H72N6 O23Cl2Ni3Cu C60H72N6O23Cl2Ni4 C60H72N6O23Cl2Ni3Co C60H72N6O23Cl2Ni3Fe C60H72N6O23Cl2Ni3Mn
Formula weight 431.12 1555.81 1550.98 1551.20 1548.12 1547.21
Crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group Pbcn C2/c C2/c C2/c C2/c C2/c
a / Å 12.7783(17) 15.4488(14) 15.4875(4) 15.4584(10) 15.4392(4) 15.4374(2)
b / Å 19.344(3) 22.2418(19) 22.3998(6) 22.4523(10) 22.4137(5) 22.4444(3)
c / Å 7.5097(10) 18.4228(17) 18.7001(6) 18.7995(10) 18.7787(4) 18.8553(3)
β / ° 90.00 95.149(2) 94.287(2) 94.596(3) 94.3220(10) 94.6810(10)
V / Å3 1856.3(4) 6304.7(10) 6469.2(3) 6503.9(6) 6479.9(3) 6511.25(16)
Z 4 4 4 4 4 4
T / K 120(2) 120(2) 293(2) 293(2) 293(2) 293(2)
R1

[a]/wR2
[b] 0.0234/ 0.0585/ 0.0832/ 0.0464/ 0.0582/ 0.0427/

[for Fo � 4σ(Fo)] 0.0698 0.1514 0.2392 0.1248 0.1583 0.1061
R1

[a]/wR2
[b] 0.0253/ 0.1181/ 0.0949/ 0.0532/ 0.1193/ 0.0655/

(for all Fo
2) 0.0714 0.1838 0.2482 0.1321 0.1881 0.1176

[a] R1 = [Σ||Fo| – |Fc||/Σ|Fo|]. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.
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