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a b s t r a c t

Two new polymeric, one and two-dimensional compounds [Fe(dmbpy) (m1,5-dca)2] (1) and [Fe(4,40-bpy)
(m1,5-dca)2].0.24(4,40-bpy).0.5(EtOH) (2), in which dmbpy¼ 5,50-dimethyl-bipyridine, dca¼ dicyanamide
and 4,40-bpy¼ 4,40-bipyridine, has been synthesized under solvothermal conditions and fully charac-
terized by elemental analysis, FT-IR spectroscopy and X-ray single crystal diffraction. Compound 1, with a
rare coordination environment, is the only well-known example in which end-to-end double bridged dca
ligands and a bidentate bulky aromatic ligand (dmbpy) are coordinated simultaneously to the iron center.
Structural analysis of compound 2 showed it is a novel two-dimensional coordination polymer, con-
structed from repetition of 4,40-bpy and dca as a bidentate bridging ligand. Changing the co-ligand to
4,40-bpy, lead to completely different structure geometry and network, which confirms the substantial
effect of co-ligand. Furthermore, Hirshfeld surfaces analyses have been performed to help understand the
packing.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The field of crystal engineering of metaleorganic structures is of
particularmodern researches, in order to obtainvarious compounds
with multidimensional networks [1e4]. Among different trends of
complexes of transition metals, compounds with N-donor bridging
ligands are of special importance due to their ability to form infinite
polymeric frameworks [3]. These compounds display rich struc-
tural and topological features and exhibit physical properties
ranging from conductivity to magnetism [4].

Recently, polynitrile and pseudohalide ligands, have proven to
be very versatile and diverse in different areas such as coordination
chemistry and molecular materials chemistry [5e16]. In particular,
the pseudohalide ligand dicyanamide, hereafter dca, with the
, fat_setifi@yahoo.fr (F. Setifi).
formula of [N(CN)2]- received considerable attention because of its
various modes of coordination character and bridging ability
[17,18]. It is a well-known building block to form 1D and 2D
frameworks due to its flexible nature and various modes of
coordination. Moreover, since the dca ligand is an anionic ligand,
no other anions are required in the structure to balance the
charge [19].

Different coordination and bridging modes of dca as a ligand are
illustrated by its four distinct structures in Scheme 1. Part (I) ex-
hibits monodentate coordination mode through a nitrile nitrogen
atom, (II) bidentate (m2) is related to end-to-end bridging mode
through the two nitrile nitrogen atoms, (III) tris-monodentate (m3)
bridging of three metal atom and (IV) which is very similar to that
of (II), except that a pair of dca ligands makes a double bridge be-
tween two metal centers. The third coordination mode, m3,
observed in several neutral 3D compounds with the general for-
mula of [MII(dca)2] in which M(II) is Fe, Mn, Co, Ni or Cu, which
exhibit a rutile-like structure [3,20e22].
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Scheme 1. Different coordination modes of dca as single bridging ligand in: (I) mondentate, (II) bidentate, (III) tridentate and as double bridging mode in (IV).
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Lower dimensional systems with general formula [M(L)2(dca)4],
where L is monodentate ligand, have also been reported by coor-
dination of two blocking L ligands. In this case the four remaining
coordination sites are occupied by the nitrogen atoms of the dca
ligands, leading to square two-dimensional systems with each
metal center bridged bymeans of four single end-to-end dca to four
neighboring ones [23e25], or one-dimensional systems with dou-
ble end-to-end dca bridges along the chains [26,27].

A Cambridge Structural Database (CSD) search on various types of
coordinationmodes of dca ligandwith ironmetal center in Scheme 2
indicates the rarely occurring double bridge mode, in which each
pair of dca ligand bridges two iron atoms (Scheme 1; Part IV).

The structures and networks of the coordination polymers of
dca can be strongly modified by the introduction of co-ligands [28].
In this research we focused on the bipyridine family of N-donor
ligand (4,40-bpy and dmbpy), as co-ligand. Two different novel
polymeric network structures based on iron complexes of dca
and dmbpy were synthesized successfully. Using dca along with
4,40-bpy ligand leads to polymeric planes in compound 2, while
Scheme 2. Distribution of different coordination modes of dca with iron metal center
based on CSD investigation. (Blue part emphasizes the lower number of illustrated
double bridge end-to-end mode, on histogram).
exploiting another member of bipyridine ligands, dmbpy, resulted
in an absolutely different network. The CSD survey revealed that
compound 1 has a rare coordination environment. This compound
and the manganese complex (cis-[Mn(bpy) (N(CN)2)2]n) [29] are
the only examples in which end-to-end double bridged dca ligands
and a bidentate bulky aromatic ligand such as 4,40-bpy are coor-
dinated simultaneously to the metal center, while in other similar
structures, the coordination of a bidendate aromatic ligand pre-
vents the formation of the double bridged dca ligands and only one
pair of dca ligands act as a mono-bridge between the metal centers
[4,30,31].

2. Experimental

2.1. Materials and physical measurements

All the reagents and solvents employed were commercially
available and used as received without further purification.
Elemental analyses (C, H and N) were performed using a Perkin-
Elmer 2400 series II CHN analyser. Infrared spectra were recorded
in the range of 4000e500 cm�1 on a FT-IR Bruker ATR Vertex 70
Spectrometer.

2.2. Synthesis and crystal growth

2.2.1. Synthesis of [Fe(dmbpy) (m1,5-dca)2] (1)
A mixture of FeSO4$7H2O (0.2mmol, 56mg), dmbpy (0.2mmol,

37mg) and Nadca (0.4mmol, 36mg) in H2O/EtOH (1:1 v/v, 10mL)
was heated at 453 K for 2 days in a sealed Teflon-lined stainless-
steel vessel under autogenous pressure and then gradually cooled
to room temperature at a rate of 10 K h�1. After the reaction vessel
was cooled to ambient temperature, orange crystals of 1 were ob-
tained with a yield of 25%. Anal. Calcd. for 1: C, 51.63; H, 3.25;
N, 30.11. Found: C, 51.92; H, 3.19; N, 30.43%. Selected IR bands
(n/cm�1): ns(C^N) 2180(vs); nas(C^N) 2239(m); nas(C^N)þ ns(C^N)
2304 (m).



Table 1
Crystal data and structure refinement parameters of complexes 1 and 2.

Complex 1 Complex 2

Crystal data
Chemical formula C16H12FeN8 2(C14H8FeN8).0.4815(C10H8N2)$C2H6O
Mr 372.19 809.54
Crystal system, space group Monoclinic, C2/c Monoclinic, C2/m
Temperature (K) 293 200
a, b, c (Å) 7.427 (5), 16.682 (5), 13.601 (5) 19.908 (9), 14.944 (8), 12.194 (6)
a, b, g (�) 90, 96.413 (5), 90 90, 91.379 (18), 90
V (Å3) 1674.6 (14) 3627 (3)
Z 4 4
Radiation type Mo Ka MoKa
m (mm�1) 0.917 0.856
Crystal size (mm) 0.35� 0.20� 0.11 0.50� 0.50� 0.30
Data collection
Diffractometer Bruker APEXII CCD Bruker SMART X2S
Absorption correction Multi-scan (SADABS; Bruker, 2013) Multi-scan (SADABS; Bruker, 2013)
Tmin, Tmax 0.832, 0.902 0.815, 0.843
No. of measured, independent and observed [I > 2s(I)] reflections 9653, 2452, 1928 15510, 3794, 2246
Rint 0.027 0.047
(sin q/l)max (Å�1) 0.706 0.625
Refinement
R[F2> 2s(F2)], wR(F2), S 0.033, 0.094, 1.05 0.043, 0.125, 1.04
No. of reflections 2452 3794
No. of parameters 115 280
No. of restraints 0 65
H-atom treatment H-atom parameters constrained H-atom parameters constrained
Drmax, Drmin (e Å�3) 0.36, �0.21 0.66, �0.41

Fig. 1. Perspective view of a section of 1 together with partial atom numbering
Symmetry codes: (i) ex þ 1, y, -z þ ½; (ii) -x þ 1, -y þ 1, -z þ 1; (iii) ex þ 1, -y þ 1, -z;
(iv) x, -y þ 1, z e ½.
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2.2.2. Synthesisof [Fe(4,40-bpy) (m1,5-dca)2].0.24(4,40-bpy).0.5(EtOH) (2)
Prepared under similar conditions to that of complex 1, except

that 4,40-bpy (0.2mmol, 31mg) was used instead of dmbpy. Orange
crystals of 2were obtained with a yield of 20%. Anal. Calcd. for 2: C,
51.66; H, 3.22; N, 29.34. Found: C, 51.92; H, 3.19; N, 30.43%. Selected
IR bands (n/cm�1): ns(C^N) 2187(vs); nas(C^N) 2244(m);
nas(C^N) þ ns(C^N) 2307 (m).

2.3. X-ray crystallography

Details of crystal data, data-collection and refinement parame-
ters are given in Table 1: standard software packages were used
throughout [32e34], and full details of the refinement procedures,
including the handling of the disorder in 2, are provided in the
Supporting Information. The refined occupancy of the uncoordi-
nated 4,40-bipy unit in 2 is 0.963(6) and the occupancies of the two
ethanol components are 0.694(9) and 0.306(9).

3. Results and discussion

3.1. Crystal structure description

3.1.1. [Fe(dmbpy) (m1,5-dca)2]n (1)
A perspective view of a section of complex 1 together with the

atom numbering scheme is presented in Fig. 1, and selected bond
parameters are summarized in Table S1 (Supplementary section).

This compound is best described as a one-dimensional chain
coordination polymer. In the structure of 1, the [(dmbpy)Fe] units
lie across two-fold rotation axes in space group C2/c, with the
reference unit selected as that lying across the axis along (½, y, ¼).
Monomeric units of this type are linked by pairs of inversion-
related dicyanamide ligands, forming chains of spiro-fused 12-
membered rings along the [001] direction (Fig. 2).

The geometry around the iron(II) ion is distorted octahedral
with the xy plane formed by the two nitrogen atoms of the
bidentate dmbpy ligand (Fe1eN11¼2.2122(14) Å) and two nitro-
gen atoms of symmetry-related bridging dicyanamide anions
(FeeN21¼2.1308(17) Å). Although similar structure observed
previously with Mn as metal center [29], but this is the first
structure, in which end-to-end double bridged dca ligands and
a dmbpy ligand are coordinated simultaneously to Fe center.
The angular restriction imposed by the dmbpy ligand
(N11eFe1eN11i¼ 74.16�, see Table S1 for symmetry descriptors)
results in a widened angle between the trans dca ligands
(N21eFe1eN21i¼ 101.51�). The axial positions are occupied by
nitrogen atoms of the other bridging dca anions with Fe1e
N25ii¼ 2.1666(18) Å and decidedly nonlinear N25iv-Fe1-
N25ii¼ 171.55(8)o. The Fe1⋯Fe1 distance within the chain is
7.481(2) Å and the shortest Fe1/Fe1 distance between chains is
9.130(3) Å.

The FeeN distances in 1 indicate that the Fe(II) adopts a HS (high
spin) configuration. Thus the unique FeeN(dmbpy) distance
2.2122(14) Å is close to FeeN(pyridyl) distances in other HS com-
plexes [35,36], and the two FeeN(dca) distances are of similar
magnitude to the FeeN(dmbpy) distance. By contrast, in LS (low
spin) Fe(II) complexes of 2,20-bipyridine and 1,10-phenanthroline,



Fig. 2. The crystal structure of compound 1, showing (a) the formation of a coordination polymer chain along [001] and (b) the arrangement of the chains on a centred rectangular
grid. The H atoms have all been omitted for clarity.
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the FeeN distances are all close to 1.97 Å [37e39]. For comparison,
an analysis of interatomic distances in simple salts indicated a
difference of ca. 0.16 Å in effective radius between HS octahedral
Fe(II) and the corresponding LS counterpart [40].
3.1.2. [Fe(4,40-bpy) (m1,5-dca)2]n 0.0.24(4,40-bpy).0.5(EtOH) (2)
Complex 2 (perspective view is shown in Fig. 3 and selected

bond lengths and bond angles are summarized in Table S2, which
are in good agreement with similar coordination compounds con-
taining dca and dmbpy ligands [41]) crystallizes as a two-
dimensional coordination polymer in space group C2/m. One pair
of trans coordination sites at the octahedral Fe center is occupied by
two independent 4,40-bipy ligands. One of these lies across the two-
fold rotation axis along (1/2, y, 0) and so bridges the two Fe centers
at (x, y, z) and (1 - x, y, 2 - z), while the other lies across the two-fold
rotation axis along (0, y, ½), so linking the Fe centers at (x, y, z) and
(-x, y, 1 - z). In this way a chain of composition [Fe(4,40-bipy)]n is
formed, running parallel to the [101] direction. The other four co-
ordination sites are occupied by the terminal N atoms of four in-
dependent dca ligands, all of which lie across mirror planes. One
pair of dca units, occupying mutually cis sites lie across the mirror
plane at y¼ 0, so linking the Fe centers at (x, y, z) and (x, -y, z), while
the second pair lie across the mirror plane at y¼ 0.5, linking the Fe
centers at (x, y, z) and (x, 1- y, z). These interactions form a chain of
spiro-fused 12-membered rings of composition [Fe(dca)2]n running
parallel to the [010] direction.

The combination of the [010] and [101] chains generates an
almost planar sheet, in the form of a (4,4) net lying parallel to
(10e1) and having composition [Fe(4,40-bipy) (dca)2]n (Fig. 4).

Two sheets of this type, related to one another by the C-cen-
tring operation, pass through each unit cell, but these sheets
occupy only ca. 75% of the available volume of the unit-cell. The
sheets enclose two pairs of voids, one pair centred at (0, 0, ½) and
(½, ½, ½) each having a volume of ca. 250Å3, and a second pair
centred at (½, 0, ½) and (0, ½, ½) with a volume of ca. 215Å3. Each
of the larger voids is occupied by an uncoordinated 4,40-bipy unit,
Fig. 3. Perspective view of a section of 2 together with partial atom numbering. Sym
lying on a site of 2/m (C2h) symmetry and having occupancy
0.963(6). Each of the smaller voids is occupied by an inversion-
related pair of ethanol molecules, each disordered over two sets
of atomic sites having occupancies 0.694(9) and 0.306(9). Hence
the overall composition of this material is 4[Fe(4,40-bipy)
(dca)2].0.963(4,40-bipy).2(EtOH).

The composition of the coordination polymer sheets indicates
that iron is present as Fe(II), and the FeeN distances indicate that
the Fe(II) adopts a HS configuration. Thus, the FeeN(4,40-bipy)
distances 2.209(2) Å and 2.227(2) Å are close to FeeN(pyridyl)
distances in other HS complexes [35,36], and the FeeN(dca) dis-
tances, which are closely clustered around 2.15 Å are of similar
magnitude to the FeeN(4,40-bipy) distances here. By contrast, in
low-spin Fe(II) complexes of 2,20-bipy and 1,10-phen, the FeeN
distances are all close to 1.97 Å [37e39]. For comparison, an analysis
of interatomic distances in simple salts indicated a difference of ca.
0.16 Å in effective radius between HS octahedral Fe(II) and the
corresponding LS counterpart [40].

Within the sheets, the two independent Fe/Fe distances
bridged by the dca ligands are 7.447(3) Å and 7.497(3) Å, while
those across the 4,40-bipy bridges are 11.533(4) Å and 11.583(4) Å
(Fig. 5).
3.2. Infrared spectroscopy

The IR spectra of the dicyanamido compounds are quite similar
and exhibit strong to medium absorptions in the 2320-2110 cm�1

region corresponding to the n(C^N) stretching frequencies of the
dca ligand. In both complexes, the frequencies are shifted to higher
values compared to the free dca. These results are in agreement
with the literature for coordinated dca ligand [42].
3.3. Hirshfeld surface and enrichment ratio

Compound 1. The Hirshfeld surface analysis was undertaken
to further characterize the intermolecular contacts. The
metry codes: (i) -x, y, -z þ 1; (ii) x, -y, z; (iii) x, -y þ 1, z; (iv) ex þ1, y, -z þ 2.



Fig. 4. 2-D network structure of complex 2 in the ac-plane. H atoms, ethanol molecules and free bpy ligands have been omitted for clarity.

Fig. 5. 1-D chain extension along the [101]. Ethanol molecules and hydrogen atoms are omitted for clarity.
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partitioning of space into regions where the electron density
rint(r) of the promolecule is larger than rext(r) of the sur-
rounding molecules, yields the so-called Hirshfeld surface,
where rint(r)/ [rint(r) þ rext(r)]¼ 0.5. This surface is representa-
tive of the region in space where intermolecular interactions
take place [43]. Therefore, quantitative insights into the chem-
ical nature of intermolecular interactions in the crystalline state
can be obtained by its analysis. The shape of the Hirshfeld
surface around a metal is flat in the regions of interactions. For
organometallic compounds it depends on the coordination of
the metal atom [44e46].

The Fe(II) cation atom is located on a two-fold symmetry axis
and its shape is cuboid (Fig. 6), as there are six nitrogen ligands
arranged in a distorted octahedral coordination geometry.

Some NeFeeN angles deviate significantly from 90� with
N11eFe1eN11i (1 - x, y, -z þ ½) only at 74.16(8)� (Table S1). The
Fe(II) cation follows a crystallographic symmetry which renders its
shape more regular [45]. The electron density on the surface is
highest in the directions of the coordination bonds (Fig. 6) and
reaches 0.20 e/Å3.

The C atoms constitute the most abundant species, occupying
36.5% of the Hirshfeld surface, followed by hydrogen, nitrogen and
iron. Hydrophobic contacts involving H and C atoms constitute
slightly more than half of the entire contact surface. H/C in-
teractions at 37.5% is the most abundant.

A contact enrichment ratio larger than unity for a given pair of
chemical species indicates that these contacts are over-represented
in the crystal packing when compared to equiprobable contacts
computed from the chemical composition on the Hirshfeld surface
[47]. The Fe/N coordination interaction is the most over-
represented contact at E¼ 3.5 and represent as much as 23.8% of
the contact surface (Table 2).

All self-contacts are generally avoided, except C/C due to
extensive p$$$p stacking occurring between the organic cations.



Fig. 6. Hirshfeld surface around the ensemble of Fe cation coordinated by six nitrogen atoms: two from dmbpy and four N atoms from Dicyanamide. The surface is colored ac-
cording to the electron density (e/Å3).

Table 2
Statistical analysis of intermolecular contacts in compound 1. The Hirshfeld surface
was computed as in Fig. 6 with the program MoProViewer [48]. The second row
shows the chemical content on the Hirshfeld surface, followed by the percentage Cxy
of the actual contact types and their Enrichments Exy. The major contacts and the
most enriched are highlighted in bold.

Complex 1 C N Fe Hc

surface % 36.5 26.2 8.2 29.0

C 12.6
N 6.1 1.4 contacts %
Fe 2.1 23.8 0.0
Hc 37.5 12.7 2.4 1.4

C 1.00
N 0.38 0.28 enrichment
Fe 0.21 3.5 0.00
Hc 1.9 1.02 0.30 0.19
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Compound 1 has only HeC type hydrogen atoms. Hc$$$Hc
contacts are very under-represented in the crystal packing due to
competition with CH/N hydrogen bonding with dicyanamide and
the electrostatically more attractive C$$$Hc weak H-bonds.

In conclusion, the most enriched contacts are the Fe/N coor-
dination interactions followed by the CH/C hydrophobic p
interactions (considered as weak hydrogen bonds), while the
stronger CH/N hydrogen bonds are not over-represented.

Compound 2. The Fe(II) cation atom is located on a regular po-
sition with six different nitrogen atoms as ligand and the shape of
its Hirshfeld surface is cuboid (Fig. 7).

The six nitrogen ligands are arranged in slightly distorted
octahedral coordination geometry. The NeFeeN angles deviating
most from 90� are N51eFeeN61¼85.95(11)� and N41eFee
N51¼94.64(11)� (Table S2). The electron density on the Hirshfeld
surface can be seen in Fig. 8 and reach 0.20 e/Å3 in the directions of
the coordination bonds.

The C atoms constitute the most abundant species, occupying
36.5% of the Hirshfeld surface, followed by hydrogen, nitrogen and
iron (Table 3). Hydrophobic contacts involving Hc and C atoms
constitute around 40% of the entire contact surface. Hc … C in-
teractions at 21.5% are the most abundant together with the Fe/N
coordination interaction. The Fe/N contact is the most over-
represented at E¼ 3.05 and the Fe atom contact surface is made
almost exclusively of nitrogen atoms.

All self-contacts are generally avoided, except C/C due to
extensive p$$$p stacking occurring between the organic cations.
Hc$$$Hc contacts are slightly under-represented in the crystal
packing due to competition with CeH/N hydrogen bonding with
dicyanamide and the electrostatically more attractive C$$$Hc weak
p interactions.

The ethanol molecule is disordered and in the main conforma-
tion, the OeHo hydroxyl group forms weak interactions with Hc-C
atoms. The role of the solvent molecule is more to fill a void in the
crystal packing than to make strong interacting.

In both compound, the most enriched contacts are the Fe/N
coordination interactions followed by the hydrophobic C$$$Hc con-
tacts. The stronger Hc$$$N hydrogen bonds are not over-represented
in 1 and evenmoderately avoided in compound 2, presumably due to
competition with Fe/N coordination. The major differences be-
tween the two compounds occur in the balance between the
different hydrophobic interactions. Hc$$$Hc interactions are much
less under-represented (E¼ 0.93 vs. 0.19) and C/C contacts aremore
favored in 2 compared to 1. Conversely, Hc$$$C contacts are much
more enriched in 2 compared to 1 (E¼ 1.9 vs 1.5).



Fig. 7. Hirshfeld surface around the Fe cation, coordinated by six nitrogen atoms. The surface is colored according to the electron density (e/Å3).

Fig. 8. Hirshfeld surface around one Fe cation, two dicyanamide and one dmbpy
molecules (two copies of the asymmetric unit). (a) The surface is colored according to
the interior atom contributing most to the electron density. (b) Coloring according to
the exterior contact atoms. In order to obtain integral surfaces, moieties not in contact
with each other were selected in the crystal. H: grey, C: black, N: blue, Fe: orange. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Table 3
Chemical proportions on the Hirshfeld surface of the entities constituting the crystal
structure of compound 2. Only the conformer of ethanol with largest occupancy was
kept. Ho and Hc correspond to hydrogen atoms bound to oxygen and carbon,
respectively.

Atom
%

Ho
1.5

C
36.5

N
27.7

O
1.4

Fe
7.5

Hc
25.4

Ho 0.0
C 0.7 13.9 contacts %
N 0.1 8.5 8.6
O 0.0 0.9 0.4 0.0
Fe 0.0 2.1 21.7 0.0 0.0
Hc 3.9 21.7 10.1 1.5 1.2 4.7

HO 0.00
C 0.5 1.5 enrichment
N 0.05 0.47 1.0
O 0.0 1.1 0.44 0.0
Fe 0.0 0.25 3.0 0.0 0.01
Hc 3.4 1.5 0.73 2.3 0.19 0.83
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4. Conclusions

In this work, synthesis, single crystal X-ray structure analyses
and characterization of two new dicyanamide bridged Fe(II) coor-
dination polymers, 1 and 2, containing 5,50-dimethyl-bipyridine
and 4,40-bipyridine ligands, respectively, have been reported. The
structural analysis of both complexes shows that the environment
around the six-coordinated Fe(II) ion can be described as a slightly
distorted octahedral geometry and the dca ligand is coordinated to
the metal site in a bidentate m1,5-bridging mode to form 1-D coor-
dination polymer. In complex 2, these polymeric chains are also
linkedwith bpy ligands to form 2-D layers. The selection of 4,40-bpy
and dmbpy as co-ligand has a rather important role in the crystal
structure arrangement of dca coordination polymers due to their
various coordination modes and bridging ability. Using dca ligand
with dmbpy instead of 4,40-bpy ligand leads to absolutely different
network in compound 1 which is a rare example in which end-to-
end double bridged dca ligands and bidentate bulky aromatic li-
gands are coordinated simultaneously to the metal center. Statis-
tical analysis of contacts confirms that the Fe/N coordination
contacts are themost enriched and constitute the first drive force in
both crystal packings. Hydrophobic forces, involving Hc and C
atoms, play also a big role in the crystal arrangements but the
balance between these contacts types is different in the two
compounds.
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