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Abstract

Three new dicyanamido [N(CN)2]� (dca) compounds of the formula [Mn(ac)(tptz)(dca)(H2O)] Æ (H2O)2 (1), [Zn(tptz)(dca)2] Æ (H2O)2

(2) and [Cd2(tptz)2(dca)2(H2O)2] Æ (ClO4)2 (3), (where ac = acetate anion and tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine) have been syn-
thesised. X-ray diffraction analysis revealed that the manganese atom in 1 is seven-coordinated with a pentagonal-bipyramidal environ-
ment, in 2 zinc is penta-coordinated square pyramidal and in 3 the cadmium atom is six-coordinated octahedral. dca is found to act as an
end-to-end bridging ligand in the dimer 3, whereas in 1 and 2 it acts as a monodentate terminal ligand. All the complexes exhibit supra-
molecular architectures by hydrogen bonding interactions involving lattice water (for 1 and 2) or coordinated water molecules (for 3).

Keywords: Structures; Dicyanamide; Pentagonal bipyramidal Mn(II); Square pyramidal Zn(II); Octahedral Cd(II); Hydrogen bonding interactions;
Supramolecular architectures
1. Introduction

Supramolecular interactions are important in several
fields of contemporary synthetic inorganic chemistry.
Supramolecular structures are of great interest due to their
structural characteristics, such as manifold coordination
modes, intriguing architecture, and porosity, and also due
to their physicochemical characteristics and potential
applications as functional materials [1]. With the recent
development of self-assembly supramolecular chemistry,
it is possible to rationally design and synthesise supramo-
lecular architectures based on covalent or supramolecular
contacts [1b]. Supramolecules are often self-assembled sys-
tems by means of a variety of interactions which may inter-
* Corresponding author. Tel.: +91 33 26682017.
E-mail address: smitra_2002@yahoo.com (S. Mitra).
play. In crystal engineering, synergistic effects between
intermolecular non-covalent interactions are of great
importance and must be regarded as a single interrelated
entity [2]. The successful creation of higher-dimensional
supramolecular architectures can be accomplished by
employing coordination bonds, hydrogen bonds, aromatic
p–p stacking interactions, etc. Recently, dicyanamide (dca)
has been widely used as a building block in both supramo-
lecular chemistry and crystal engineering [3]. The first
report on coordination compounds with the pseudohalide
dicyanamide anion ðNðCNÞ2�Þ was published by Made-
lung and Kern in 1922 and its coordinating ability towards
3d transition metal ions was explored by Köhler and
coworkers in the 1960s and 1980s [4]. This pseudohalide
ligand exhibits several coordination modes (Scheme 1) that
account for its high versatility in the formation of interme-
tallic connections: monodentate bonding through a nitrile
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nitrogen, bidentate mode through two nitrile nitrogen
atoms with end-to-end bridging, tris–monodentate bridg-
ing of three metal atoms, as well as an unusual l-4 coordi-
nation where one nitrile nitrogen binds to two metal atoms.
The coordination properties thus allow for the preparation
of compounds with a large variety of architectures: mono-
nuclear, dinuclear, as well as one-, two- and three-dimen-
sional (nD, n = 1–3) networks [5] and therefore both its
homo- and heteroleptic complexes have rich topologies
and excellent magnetic properties [6]. A series of binary
compounds of the general formula [MII(dca)2], with a 3D
rutile type structure, have gained much interest as several
of these have been shown to be ferromagnetic (Co,
Tc = 9 K; Ni, Tc = 20 K; Fe, Tc = 19 K), antiferromag-
netic (Cr, TN = 47 K; Mn, TN = 16 K; Fe, TN = 19 K)
and paramagnetic [3]. Introduction of auxiliary ligands
into the MII–dca system has allowed the syntheses of sev-
eral ternary systems, [MIILx(dca)y] (L = organic ligand,
x = 1 or 2, y = 1 or 2), with a wide variety of topologies
[7]. Coordination compounds with extended networks have
been widely reported exhibiting different combinations of
metallic cations, dipyridyl-type organic ligands and dca
ligands [8]. A literature survey reveals the fact that dca-
complexes in combination with 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (tptz) are rare. We have chosen tptz for its flexible
coordination sites [9]. We have recently reported some
novel observations utilising dca in the synthesis of chain
structures with single, symmetrical, l1,5-dca bridged Cu(II)
and Ni(II) polymers [10]. In the present work, we describe
the syntheses and crystal structures of three new supramo-
lecular frameworks with dca and the auxiliary ligand,
2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz): [Mn(ac)(tptz)-
(dca)(H2O)] Æ (H2O)2 (1) (where ac = acetate anion),
[Zn(tptz)(dca)2] Æ (H2O)2 (2) and [Cd2(tptz)2(dca)2(H2O)2] Æ
(ClO4)2 (3). To date, a number of higher-dimensional
architectures of different transition metals have been
reported using dca as a bridging ligand, but the number
of dinuclear compounds with bridging dca, are scarce
[11]. To the best of our knowledge, this is the first dinuclear
complex of Cd(II) using dca as a bridging ligand.

2. Experimental

2.1. Physical techniques

The infrared spectra of the complexes were recorded on
a Perkin–Elmer RX 1 FT-IR spectrometer with a KBr disc.
The electronic spectrum of 1 was recorded on a Perkin–
Elmer Lambda 40 (UV–Vis) spectrophotometer in methanol.
Elemental analyses were carried out using a Perkin–Elmer
2400 II elemental analyser. The electrochemical study
was performed on a CH 600A cyclic voltammeter instru-
ment for complex 1 in dimethylformamide solvent and
using tetrabutylammonium perchlorate as the supporting
electrolyte. The magnetic susceptibility was measured on
a powder sample in a vibrating sample magnetometer
for 1 using mercury(tetrathiocyanato)cobaltate as the
standard.

2.2. Materials

All the chemicals and solvents used for the syntheses
were of reagent grade. Manganese acetate tetrahydrate,
zinc nitrate hexahydrate, cadmium perchlorate hydrate
(Merck), 2,4,6-tris(2-pyridyl)-1,3,5-triazine (Aldrich) and
sodium dicyanamide (NaN(CN)2) (Fluka) were used as
received. Caution! Although no problems were encountered
in this work, perchlorate salts are potentially explosive.
They should be prepared in small quantities and handled
with care.

2.3. Synthesis

2.3.1. Synthesis of [Mn(ac)(tptz)(dca)(H2O)] Æ (H2O)2

(1)

Complex 1 was synthesised by adding 1 mmol (0.312 g)
of tptz to a solution of 1 mmol (0.246 g) of manganese ace-
tate tetrahydrate in 10 ml of methanol, followed by the
dropwise addition of 1 mmol (0.089 g) of sodium dicyana-
mide dissolved in the minimum quantity of water. The
resulting clear yellow solution was filtered off and left to
stand in air. After 3 days, yellow needles of 1 were obtained
that were suitable for X-ray determination. Yield: 0.41 g
(74.6%). Anal. Calc. for C22H21MnN9O5: C, 48.31; H,
3.84; N, 23.06. Found: C, 48.25; H, 3.79; N, 22.97%.

2.3.2. Synthesis of [Zn(tptz)(dca)2] Æ (H2O)2 (2)

Crystals of complex 2 were separated as a pale yellow
crystalline solid by adding 1 mmol (0.089 g) aqueous solu-
tion of sodium dicyanamide to a methanolic solution con-
taining a mixture of zinc nitrate hexahydrate (1 mmol,
0.297 g) and tptz (0.312 g, 1 mmol). Yield: 0.39 g (72%).
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Anal. Calc. for C22H16N12ZnO2: C, 48.36; H, 2.93; N,
30.77. Found: C, 48.32; H, 2.87; N, 30.71%.

2.3.3. Synthesis of [Cd2(tptz)2(dca)2(H2O)2] Æ (ClO4)2

(3)

Complex 3 was obtained as pale yellow hexagonal crys-
tals by the reaction of 20 ml methanolic solution containing
cadmium perchlorate hydrate (0.311 g, 1 mmol) and tptz
(0.312 g, 1 mmol) with 10 ml aqueous of sodium dicyana-
mide (0.089 g, 1 mmol). Yield: 0.46 g (75%). Anal. Calc.
for C20H14CdClN9O5: C, 39.32; H, 2.30; N, 20.64. Found:
C, 39.23; H, 2.26; N, 20.51%.

2.4. X-ray crystallography

Experimental details for 1 and 3 are given in Table 1.
The data processing was performed by the Kappa CCD
analysis software [12] and the lattice constants were refined
by least-square refinement. No absorption correction was
applied to the data sets. The unit-cell parameters, crystal
system, space group and refinement details are summarised
in Table 1. The structures were solved by direct methods
(SIR97 program [13]) combined with Fourier difference
syntheses and refined against F using reflections with
[I/r(I) > 3] (CRYSTALS program [14]). All non-hydrogen
atoms were successfully refined anisotropically.

Intensity data for 2 were collected on a Bruker SMART
APEX diffractometer, equipped with a CCD area detector
and graphite monochromated Mo-Ka radiation (k =
Table 1
Crystallographic data of complexes 1–3

1

Chemical formula C22H2

Formula weight 546.40
Crystal system monoc
Temperature (K) 293
Space group C2/c
a (Å) 14.668
b (Å) 13.394
c (Å) 26.821
a (�) 90
b (�) 99.613
c (�) 90
V (Å3) 5195.7
Z 8
Reflections collected 10988
Independent reflections 5908
Rint 0.029
Density (calculated) (Mg m�3) 1.361
Absorption coefficient (mm�1) 0.555
F(000) 2248
Crystal size (mm) 0.01 ·
h Range for data collection 1.5–27
Number of restraints 9
R indices (all data) R1 = 0

wR2 =
Final R indices [I > 3r(I) for 1 and 3] and [I > 2r(I) for 2] R1 = 0

wR2 =
Largest difference in peak and hole (e Å3) 0.57, �
0.71073 Å), controlled by a Pentium-based PC running
the SMART software package [15]. Single crystals were
mounted and measured at room temperature. All data were
corrected for Lorentz and polarization effects. Semi-
empirical absorption corrections were applied using the
SADABS program [16]. Both data processing programs were
integrated with the Bruker SAINTPLUS program [17]. The
structure was solved by the Patterson method, completed
by difference Fourier techniques and refined by full-matrix
least-squares on F2 (SHELXL/97) [18] with initial isotropic,
but subsequently anisotropic thermal parameters. Hydro-
gen atoms were included in calculated positions and refined
riding on carbon atoms with free isotropic displacement
parameters. The hydrogen atoms of the two water
molecules were located from the difference Fourier map,
and their positions were refined with a restrained O–H =
0.9 Å distance [18]. Further details are given in Table 1.

3. Results and discussion

3.1. Description of the crystal structures

3.1.1. [Mn(ac)(tptz)(dca)(H2O)] Æ (H2O)2 (1)

The molecular structure of 1 is shown in Fig. 1. Selected
bond distances and bond angles are presented in Table 2.
Each manganese atom is hepta-coordinated, with a coordi-
nation polyhedron close to a pentagonal bipyramid. Hepta-
coordination is achieved by means of three N atoms
belonging to the tptz ligand (N10, N21 and N33) and two
2 3

1MnN9O5 C22H16N12ZnO2 C20H14CdCl1N9O5

545.84 608.24
linic triclinic triclinic

295 293
P�1 P�1

(5) 9.250(9) 7.956(5)
(3) 10.558(10) 10.751(5)
(9) 13.354(13) 14.043(5)

110.758(10) 72.295(5)
(1) 98.480(2) 80.237(5)

100.659(2) 83.170(5)
(3) 1166.0(2) 1125(1)

2 2
8572 6697
5035 5493
0.018 0.02
1.555 1.796
1.101 1.143
548 604

0.01 · 0.06 0.42 · 0.39 · 0.27 0.01 · 0.01 · 0.09
.6 1.7–28.0 1.5–30.2

6 3
.1179 R1 = 0.0493 R1 = 0.0887
0.1148 wR2 = 0.1076 wR2 = 0.0951
.0498 R1 = 0.0409 R1 = 0.0480
0.0595 wR2 = 0.1026 wR2 = 0.0527
0.52 0.52, �0.35 0.65, �0.61



Fig. 1. Coordination environment of the metal in complex 1 with the atom numbering scheme.

Table 2
Selected bond distances (Å) and bond angles (�) for complex 1

Mn1–O8 2.291(3) C13–C14 1.387(6)
Mn1–O9 2.347(3) C16–N17 1.324(5)
Mn1–O34 2.137(3) C18–N19 1.331(5)
Mn1–N1 2.184(5) C22–C23 1.387(6)
Mn1–N10 2.415(4) C25–C26 1.369(7)
Mn1–N21 2.292(3) C28–C29 1.370(5)
Mn1–N33 2.390(3) C31–C32 1.369(6)
N1–C2 1.094(6) C11–C12 1.380(6)
N3–C2 1.279(8) C14–C15 1.375(6)
N3–C4 1.290(9) C23–C24 1.389(6)
N5–C4 1.097(9) C26–N27 1.341(6)
C15–C16 1.488(5) C29–C30 1.392(7)
C18–C22 1.497(6) C32–N33 1.340(5)
C20–C28 1.476(5) C12–C13 1.366(7)

O8–Mn1–O9 55.76(9) O34–Mn1–N1 177.48(13)
O8–Mn1–O34 85.66(10) O34–Mn1–N10 90.23(10)
O8–Mn1–N1 96.82(14) O34–Mn1–N21 85.82(11)
O8–Mn1–N10 85.95(10) O34–Mn1–N33 84.76(10)
O8–Mn1–N21 152.76(10) N1–Mn1N10 89.52(13)
O8–Mn1–N33 136.13(10) N1–Mn1–N21 91.77(13)
O9–Mn1–O34 94.79(10) N1–Mn1–N33 93.71(13)
O9–Mn1–N1 86.98(13) N10–Mn1–N21 68.26(11)
O9–Mn1–N10 140.71(10) N10–Mn1–N33 136.71(11)
O9–Mn1–N21 150.92(10) N21–Mn1–N33 68.50(10)
O9–Mn1–N33 82.58(9)
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oxygen atoms from the bidentate acetato ligand (O8 and
O9), which determine the equatorial plane and finally the
nitrogen N1 atom from the terminal dicyanamido ligand
and a water molecule (O34) are in a trans disposition (yield-
ing N1–Mn1–O34 as the trans-axial angle 177.48(13)�).

The shorter bond lengths, 2.184(5) and 2.137(3) Å, cor-
respond to the axial positions occupied by the terminal
monodentate dca ligand, Mn1–N1 and water molecule
Mn1–O34, respectively, whereas the equatorial sites show
similar bond lengths in the 2.291(3)–2.415(4) Å range
which are more or less comparable to similar systems
[9,19]. The deviation from ideal pentagonal-bipyramidal
geometry is indicated by the difference in the basal angles
which vary from 85.95(10)� to 55.76(9)�. The source of dis-
tortion primarily comes from the bites taken by the ligand,
smaller than the ideal value of 72�, because of the con-
straint imposed in the five-membered chelate rings. Three
kinds of bond angles may be found in the equatorial plane:
the lower of 55.76(9)� corresponds to the bidentate acetate
ligand O8–Mn1–O9 bond angle, two intermediate ones of
68.50(10)� and 68.26(11)� corresponding to the N(tptz)–
Mn1–N(tptz) bond angles and two greater O(acetate)–
Mn1–N(tptz) bond angles of 85.95(10)� and 82.58(9)�.
These values are consistent with those found for related
complexes [20]. The bond distance of Mn(II) to the middle
nitrogen N21 is significantly shorter than the Mn1–N10
and Mn1–N33 distances, which is usually observed in
tptz-type ligands [19]. The tptz ligand is almost planar;
the angles between the central triazine ring and the
attached pyridyl rings are 2.5(1)�, 2.1(1)� and 3.5(1)� which
are in accordance with the values reported in the literature
in related systems [9,21] and the tptz plane is inclined by an
angle of 15.7(1)� to the bidentate acetate plane. In tptz, the
C(sp2)–C(sp2) distances within the ring are normal (1.45 Å)
and the exterior bonds (C16–C15, 1.48(5) Å; C20–C28,
1.47(5) Å; C18–C22, 1.49(6) Å) are also normal. The man-
ganese atom is 0.071(1) Å out of the basal pentagonal
plane. The deviations of the atoms N10, N21, N33, O8
and O9 from the mean basal plane are 0.097(3),
�0.003(3), �0.092(3), 0.195(3) and 0.194(3) Å, respectively.
The dihedral angles between the equatorial plane and the
plane of the tptz and dca groups are 3.11(5)� and
86.6(2)�, respectively.

The structure also contains uncoordinated water mole-
cules in the lattice. Both hydrogen atoms of the coordi-
nated water molecule (O34) are involved in making
hydrogen bonds with (i) the oxygen atom of an uncoordi-
nated water molecule (O35) and with (ii) the oxygen atom
(O8) of the counter anion ðCH3CO2

�Þ which belongs to a



Table 3
Hydrogen bonds for 1 (Å and �)

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) Æ(DHA)æ

O34–H341� � �O8i 0.89(2) 1.80(3) 2.678(4) 173(4)
O34–H342� � �O35ii 0.89(3) 1.82(3) 2.693(4) 170(3)
O35–H351� � �O36 0.89(3) 1.84(3) 2.720(6) 168(2)
O35–H352� � �N27iii 0.88(3) 2.06(3) 2.906(6) 160(3)
O36–H361� � �N5iv 0.90(3) 2.01(3) 2.875(8) 160(3)
O36–H362� � �O9 0.89(3) 1.93(3) 2.791(6) 166(3)
C11–H101� � �O8 1.0100 2.5900 3.243(5) 122.00
C23–H221� � �N5v 1.0200 2.5900 3.504(9) 149.00
C29–H281� � �O35vi 1.0100 2.4700 3.471(6) 172.00
C32–H284� � �O9 1.0100 2.4100 3.103(5) 125.00

Symmetry transformations used to generate equivalent atoms: (i) 2 � x, y,
1/2 � z; (ii) 1/2 + x, 1/2 + y, z; (iii) 3/2 � x, �1/2 � y, �z; (iv) 1/2 + x,
�1/2 + y, z; (v) 1/2 + x, 1/2 + y, z; (vi) 3/2 � x, �1/2 � y, �z.

Fig. 2. Hydrogen bonds building 3D networks in 1.

Fig. 3. Local coordination environment of the metal in complex 2 with the
atom numbering scheme.
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neighbouring manganese-complex. Thus, infinite chains are
formed. The second oxygen atom (O9) of the CH3CO2

�

anion makes a hydrogen bond with one of the hydrogen
atoms of the other lattice water molecule (O36). O36 is also
connected to N5 (the terminal nitrogen atom of the
NðCNÞ2� ligand) and is further involved in hydrogen
bonding interactions to the other neighbouring terminal
nitrogen atom and thus connects the 1D chains together
to form 2D sheets which lie in the [100] plane. O35 is con-
nected via hydrogen bonds to O36 and to N27 (nitrogen
atoms belonging to the external ring of the tptz ligand con-
nected to another manganese-complex), connecting the
sheets together to form a 3D supramolecular network.
Due to the presence and the number of uncoordinated
water molecules inside this structure, many hydrogen
bonds are formed connecting isolated complexes together
and thus the structure can be assumed to be a pseudo 3D
network (Table 3, Fig. 2). This hydrogen bonding network
is reinforced by two types of weak C–H� � �O interactions
(Table 3). This weak hydrogen bonding is possibly a con-
tributing factor in the supramolecular assembly and stabil-
isation of the lattice, however, the strong O–H� � �O
interactions are obviously the dominant intermolecular
interactions. The significant p–p stacking distance between
the two parallel planar rings of the tptz ligand is 3.76(1) Å.
This distance is very similar to other p–p stacked systems
[22].

3.1.2. [Zn(tptz)(dca)2] Æ (H2O)2 (2)

The structure of 2 consists of the neutral mononuclear
unit, [Zn(tptz)(dca)2] Æ (H2O)2 (Fig. 3), in which the three
tptz nitrogen atoms and a terminal dca nitrogen bind to
zinc in equatorial positions (Zn1–N1, 2.216(2) Å; Zn1–
N4, 2.077(2) Å; Zn1–N6, 2.225(2) Å and Zn1–N7,
1.974(3) Å), and another terminal dca nitrogen resides in
an apical position (Zn–N10, 2.064(2) Å). Considering these
bonds, the zinc coordination geometry may be described as
distorted square pyramidal, the trigonality parameter s
being 0.21 [23].

Selected bond distances and bond angles are summa-
rised in Table 4. The Zn–pyridyl bond distances are compa-
rable and the values are similar to those found in similar
systems [24]. The deviation from the ideal square pyramid
is indicated by the difference in cisoid (63.53(8)–
110.29(10)�) and transoid angles (147.62(7)–160.22(11)�).
The source of distortion primarily comes from the bites
taken by the ligand; the bite angles N1–Cd1–N4 and N4–
Cd1–N6 are 74.21(7)� and 73.53(8)�, respectively, signifi-
cantly smaller than the ideal value of 90�. The deviations
of the atoms N1, N4, N6 and N7 from the mean basal
plane are �0.0850, +0.1121, �0.0910 and 0.0638 Å, respec-
tively, and the zinc atom is displaced by 1.1202 Å from the
plane towards the apical dca. The dihedral angles between
the equatorial plane and the plane of the tptz and two dca
groups are 8.5�, 62.7� (apical) and 58.4�, respectively. The



Table 4
Selected bond distances (Å) and bond angles (�) for complex 2

Zn1–N1 2.216(2) C7–C8 1.482(4)
Zn1–N4 2.077(2) C1–C2 1.370(4)
Zn1–N6 2.225(2) C2–C3 1.395(4)
Zn1–N7 1.974(3) C3–C4 1.381(4)
Zn1–N10 2.064(2) C4–C5 1.380(3)
N7–C19 1.143(4) C8–C9 1.375(4)
N8–C20 1.300(3) C9–C10 1.376(4)
N8–C19 1.277(4) C10–C11 1.377(5)
N9–C20 1.138(3) C11–C12 1.368(4)
N10–C21 1.126(4) C13–C14 1.480(3)
N11–C22 1.284(4) C14–C15 1.379(4)
N11–C21 1.287(4) C15–C16 1.386(4)
N12–C22 1.120(5) C16–C17 1.380(5)
C5–C6 1.483(3) C17–C18 1.372(5)

N1–Zn1–N4 74.21(7) N4–Zn1–N7 160.22(11)
N1–Zn1–N6 147.62(7) N4–Zn1–N10 101.08(9)
N1–Zn1–N7 110.29(10) N6–Zn1–N7 99.30(10)
N1–Zn1–N10 90.83(9) N6–Zn1–N10 97.92(10)
N4–Zn1–N6 73.53(8) N7–Zn1–N10 98.14(11) Fig. 4. Perspective view of 2 showing 1D-layers formed by the hydrogen

bond interaction in the [010] plane. Hydrogen atoms are omitted for
clarity.

Table 5
Hydrogen bonds for 2 (Å and �)

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) Æ(DHA)æ

O1W–H1W� � �N12i 0.88(4) 1.96(4) 2.836(4) 169(4)
O1W–H2W� � �O2Wii 0.99(4) 1.88(4) 2.864(3) 172(3)
O2W–H3W� � �N3iii 0.90(4) 2.62(4) 3.439(3) 152(4)
O2W–H3W� � �N5iii 0.90(4) 2.21(5) 2.944(3) 138(4)
O2W–H4W� � �O1Wiv 0.87(4) 2.01(4) 2.854(3) 165(4)
C3–H3� � �N9v 0.93 2.53 3.445(4) 167.00
C9–H9� � �N2 0.93 2.48 2.796(3) 100.00

Symmetry transformations used to generate equivalent atoms: (i) x, 1 + y,
z; (ii) �x, 1 � y, 2 � z; (iii) 1 � x, 1 � y, 2 � z; (iv) x, �1 + y, z; (v) x, y,
1 + z.
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pyridyl rings of tptz are planar and the angles between the
central triazine ring and the attached pyridyl rings are 1.8�
(Py–N1), 2.7� (Py–N5) and 2.4� (Py–N6). The tptz group
acts as a tridentate ligand through its three nitrogen atoms,
the zinc to triazine-nitrogen (N4) bond being significantly
shorter than the two zinc to pyridyl-nitrogen ones (Zn1–
N1 and Zn1–N6 distances), a pattern usually observed in
this type of three point attachment of tptz-type ligands
[25]. The average C(sp2)–C(sp2) bond lengths in the tptz
ligand within the ring are normal and the exterior
bonds (C5–C6, 1.483(3) Å; C7–C8, 1.482(4) Å; C13–C14,
1.480(3) Å) are also in agreement with those reported pre-
viously [26] and with complexes 1 and 3 also.

There are extensive arrays of hydrogen bonding interac-
tions involving the dicyanamide, tptz moieties and lattice
water molecules yielding a 1D supramolecular chains-like
architecture (Fig. 4, Table 5). The two lattice water mole-
cules with their centrosymmetric homologous are linked
by strong hydrogen bonds, giving rise to quadrilateral
frameworks (O1W–H2W� � �O2W = 2.864(3) Å and O2W–
H4W� � �O1W = 2.854(3) Å). The four remaining hydrogen
atoms bind, respectively, to two terminal nitrogen atoms of
NðCNÞ2� ligands and two pyridyl nitrogen atoms (belong-
ing to the external ring of the tptz ligand) of the neighbour-
ing zinc complex (Fig. 4 and Table 5). The resulting
supramolecular network thus can be described as layers
of complexes with the aromatic ligands lying parallel to
(101) planes linked by hydrogen bonds provided by the
water molecules. There are also weak p–p interactions
between tptz ligands (closest non-hydrogen contact is
3.644 (2) Å).

3.1.3. [Cd2(tptz)2(dca)2(H2O)2] Æ (ClO4)2 (3)

A perspective view of complex 3 with the atom number-
ing scheme is shown in Fig. 5. Selected bond distances and
bond angles are summarised in Table 6. Two dca groups
bridge the metal atoms in a symmetric end-to-end fashion.
Complex 3 is an unusual dinuclear entity bridged by dca.
One nitrogen from triazine and two from pyridyl moieties
along with the two dca anions and one water molecule
form the distorted octahedral geometry around each
Cd(II). Three nitrogen atoms (N18, N1 and N12) from
the tptz ligand and one bridging dca (N25) form the mean
equatorial base, while O35 from water and N29 from
another bridging dicyanamide occupy the axial positions.

The bond lengths are in accordance with those observed
in the literature [27]. The deviation from ideal octahedral
geometry is indicated by the difference in cisoid

(67.97(15)–122.9(2)�) and transoid angles (136.84(14)–
172.75(19)�). The deviations of the atoms N1, N12, N18
and N25 from the mean basal plane are 0.073(4),
�0.070(5), �0.057(4) and 0.076(6) Å. The source of distor-
tion primarily comes from the bites taken by the ligand; the
bite angles N18–Cd1–N1 and N1–Cd1–N12 are 67.97(15)�
and 68.87(15)�, respectively, significantly smaller than the
ideal value of 90�. The bond distance of Cd(II) to the mid-
dle nitrogen N1 (2.330(4) Å) is significantly shorter than
the Cd1–N18 (2.426(4) Å) and Cd1–N12 (2.378(6) Å)
distances, a pattern observed for complexes 1–3, and the
values are comparable for these types of bonds [28]. The



Fig. 5. Perspective view of the dinuclear unit in 3 showing the atom numbering scheme.

Table 6
Selected bond distances (Å) and bond angles (�) for complex 3

Cd1–O35 2.365(5) C21–C22 1.391(9)
Cd1–N1 2.330(4) C22–C23 1.359(9)
Cd1–N12 2.378(6) C23–C24 1.390(9)
Cd1–N18 2.426(4) C19–C24 1.389(8)
Cd1–N25 2.199(7) C13–C14 1.382(8)
Cd1–N29 2.287(6) C14–C15 1.395(9)
N25–C26 1.130(10) C15–C16 1.374(9)
N27–C28 1.275(10) C16–C17 1.370(8)
N27–C26 1.260(10) C13–C14 1.382(8)
N29–C28 1.133(9) C7–C8 1.378(9)
C6–C7 1.486(7) C8–C9 1.375(10)
C2–C13 1.483(7) C9–C10 1.380(11)
C4–C19 1.495(7) C10–C11 1.385(11)

O35–Cd1–N1 84.35(16) N1–Cd1–N29 102.32(17)
O35–Cd1–N12 90.94(18) N12–Cd1–N18 136.84(14)
O35–Cd1–N18 85.28(16) N12–Cd1–N25 122.9(2)
O35–Cd1–N25 84.5(2) N12–Cd1–N29 94.10(18)
O35–Cd1–N29 172.75(19) N18–Cd1–N25 99.6(2)
N1–Cd1–N12 68.87(15) N18–Cd1–N29 94.55(17)
N1–Cd1–N18 67.97(15) N25–Cd1–N29 88.4(2)
N1–Cd1–N25 163.9(2)

Table 7
Hydrogen bonds for 3 (Å and �)

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) Æ(DHA)æ

N27–H272� � �N27i 1.00 2.61 3.13(8) 112.00
O35–H351� � �O34ii 0.95(6) 1.89(6) 2.797(10) 160(4)
O35–H352� � �N20iii 0.94(4) 2.07(5) 2.954(7) 155(4)
C8–H71� � �O31iv 1.0200 2.4700 3.383(11) 149.00
C11–H74� � �O34 1.0200 2.3400 3.249(11) 148.00
C16–H182� � �O31v 1.0200 2.4400 3.190(12) 130.00
C15–H183� � �O33vi 1.0200 2.4900 3.464(11) 161.00
C14–H184� � �O35iii 1.0200 2.4800 3.444(8) 158.00

Symmetry transformations used to generate equivalent atoms: (i) 2 � x,
�y, 2 � z; (ii) 1 � x, 1 � y, 2 � z; (iii) 1 � x, 1 � y, 1 � z; (iv) �x, 1 � y,
2 � z; (v) 1 � x, �y, 2 � z; (vi) x, y, �1 + z.
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Cd1–N(dca) distances vary from 2.199(7) to 2.287(6) Å and
Cd1–O(water) is 2.365(5) Å. In the ligand tptz, the C(sp2)–
C(sp2) distances within the ring are normal (in the range
1.272(10)–1.486(7) Å) and the exterior bond distances
(C6–C7, 1.486(7) Å; C2–C13, 1.483(7) Å; C4–C19,
1.495(7) Å) are also normal. The tptz ligands do not devi-
ate much from planarity [24,29]; the three pyridyl rings
are twisted with respect to the central triazine ring by
angles of 0.8(1)�, 4.5(1)� and 4.6(1)�, with the non-
coordinating ring displaying the highest degree of twisting.
The cadmium� � �cadmium separation within the dinuclear
unit is 7.537(5) Å, and the shortest inter-dimer cadmium� � �
cadmium distance is 7.713(1) Å. Each dimer is connected to
each other via hydrogen bonding interactions, building
infinite neutral chains running along the following vector:
[0.08; �0.47; 0.87]. The structural cohesion between these
chains is then assumed by coulombic interactions. Both
the hydrogen atoms of O35 are involved in hydrogen bond-
ing interactions: (i) with the oxygen atom of the ClO4

�

counter anion; (ii) with one nitrogen atom (N20) of the
external pyridyl ring of the tptz ligand belonging to the
neighbouring cadmium. The later hydrogen bond allows
the connection between dimers to form infinite chains.
These 1D chains are further connected into supramolecular
2D sheets along the bc-plane (Table 7, Fig. 6). There exist
weak p–p interactions between the tptz ligands (closest
non-hydrogen contact is equal to 3.77(2) Å). The directed
H-bond, which gives this complex an overall 2D structure,
may be responsible for the stabilisation of the coordinated
dinuclear form.

3.2. Infrared spectra

Complexes 1–3 exhibit strong absorptions in the region
2325–2155 cm�1 that correspond to mC„N modes for dca
groups, attributed to mas + ms(C„N) combination modes,
mas(C„N) and ms(C„N). The shift towards higher wave
numbers for the peaks of dca in 1–3 when compared to
those of free dicyanamide is consistent with the coordina-
tion of dca in the complexes. These three bands appear at
2293, 2239, 2177 cm�1 for complex 1, at 2299, 2237,
2178 cm�1 for complex 2, and at 2312, 2245, 2183 cm�1



Fig. 6. 3D-supramolecular architecture formed by the hydrogen bonding interactions in 3.
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for complex 3 [1,5,11,30]. Bands dealing with the mas(C–N)
stretching frequencies (1400–1300 cm�1 region) and the
ms(C–N) stretch (950–900 cm�1 region) occur in all the
spectra. Additionally, pyridyl ring breathing signals have
been detected around 1050 cm�1 for these compounds.
Complex 1 shows a broad signal at about 3400 cm�1 which
corresponds to coordinated water and indicates the pres-
ence of hydrogen bonding [1a]. A strong and broad absorp-
tion at 3340 cm�1 (O–H stretching of water) in the infrared
spectrum of 3 is due to the presence of coordinated water
with hydrogen bonds [30b]. Strong bands at 1560 and
1520 cm�1 for 1, 1564 and 1519 cm�1 for 2 and 1572 and
1524 cm�1 for 3 correspond to the coordinated tptz ligand.
Peaks at 1625, 1593, 1530, 1479, 1461, 1443, 1369 and
973 cm�1 present in 1–3 can be assigned to the C@C and
C@N ring stretching vibrations [19]. Peaks are also
observed at 766 cm�1 (C–H stretching) and 586 cm�1 (pyr-
idyl out-of-ring deformation) for all the three complexes
[31]. The characteristic strong bands of carboxylate groups
appeared at 1560 (for asymmetric stretching) and
1416 cm�1 (for symmetric stretching) [19,31]. The differ-
ence (Dm = 144 cm�1) between masym(COO�) and
msym(COO�) bands suggests the presence of a chelating ace-
tate group linked with the metal center for complex 1.
Broad intense bands at ca. 1100 cm�1 due to ClO4

� show
no splitting, indicating the absence of coordinated ClO4

�

in 1 [32].

3.3. Electronic spectrum

The electronic spectrum of 1 was recorded in dimethyl-
formamide and showed two strong bands at about 240 and
265 nm which are clearly charge transfer in origin and an
absorption band observed at 295 nm can be assigned to
charge transfer from the coordinated ligand to Mn(II).
The complex does not show any d–d transitions [33].

3.4. Electrochemical study

An electrochemical study of complex 1 was performed
using dimethylformamide as solvent and tetrabutylammo-
nium perchlorate as the supporting electrolyte at a scan
rate of 50 mV s�1. One irreversible reductive response at
�1.05 V versus SCE was observed, which is attributed to
a ligand-centered reduction. No oxidation response was
found on the positive side of SCE.

3.5. Magnetic study

The effective magnetic moment at 20 �C for complex 1 is
5.98 BM, which is near to the spin-only value of the man-
ganese(II) ion relative to mercury(tetrathiocyanato)cobal-
tate as the standard.

4. Conclusion

We have synthesised three dicyanamido complexes
obtained from room temperature reactions. Complexes 1

and 2 are mononuclear and complex 3 is a dicyanamide-
bridged dinuclear complex. To the best of our knowledge,
complex 3 is the first example of a dicyanamide-bridged
dinuclear cadmium(II) system. In fact, dca has a strong
tendency to form polymeric complexes and that is why
dinuclear dicyanamido-bridged complexes are rare in the
literature. The difference in preferred coordination number
between manganese (5–7), zinc (4–6) and cadmium (2–8)
inspires significant differences in their respective structures.
Here, the numerous hydrogen bonding interactions
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involving the constituent materials enhance the stability of
all the complexes and lead to the supramolecular
architectures.
5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC Nos. 284526–284528 for 1–3, respectively.
Copies of this information may be obtained free of charge
from The Director, 12 Union Road, Cambridge, CB2 1EZ,
UK (fax: +44 1223 336 033; e-mail: deposit@ccdc.cam.
ac.uk or http://www.ccdc.cam.ac.uk).
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