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Abstract Employing N,N0-bis-(4-pyridinylmethylene)-1,5-

naphthalenediamine (nbpy4) and iron(II) thiocyanate as build-

ing blocks, three coordination polymers, [Fe(NCS)2(nbpy4)

(MeOH)2]n, 1, [Fe(NCS)2(nbpy4)2]n�2nCHCl3�nH2O�2nE-

tOH, 2, and [Fe(NCS)2(nbpy4)(bpy)]n�2.5nDCM�0.75nH2O,

3, have been prepared. The three metal–organic materials were

prepared by varying the solvent systems used and the inclusion

of a second pyridine containing ligand (4,40-bipyridine, bpy).

Single crystal X-ray diffraction revealed 1 to be a one-

dimensional structure with hydrogen bonding between adja-

cent chains and 2–3 to be two-dimension network solids with

(4,4)-topologies.

Keywords Iron(II) � Dipyridyl � MOF � Coordination

polymer � XRD

Introduction

Coordination polymers, also known as metal–organic

framework materials, have received very considerable

attention [1–6], due to their potential applications in catalysis

[7–9], magnetism [10–17], gas adsorption [18–23], and non-

linear optical and photoactive properties [24–26]. The choice

of suitable organic components and appropriate metal ions

plays important roles in the construction such assemblies, but

the rational design and synthesis of polymeric coordination

nets with particular degrees of interpenetration, dimension-

ality and framework connectivity still remains a significant

challenge. To better understand the subtleties of various

effects including solvent choice, systematic studies are

required. Polypyridyl ligands, which contain two or more

pyridyl groups separated by various linkers, have proven to

be excellent building blocks for numerous supramolecular

architectures [5, 27–34]. In previous studies we have

investigated the synthesis of a series of metal–organic

frameworks with different polymeric dimensionality and

complexity employing dipyridyl ligands as the organic

components for host–guest and spin-crossover studies [5, 13,

29, 35–47]. The results illustrate a temperature-dependent

spin equilibrium between low-spin and high-spin states and

guest-induced spin-crossover environments. It is clear from

both our studies as well as those of others that bis-pyridyl

derivative of the above type show uncommon utility as

structural elements for the construction of interesting dis-

crete and extended metal–organic architectures. This paper

presents three coordination polymers formed from

iron(II)thiocyanate and N,N0-bis-(4-pyridinylmethylene)-

1,5-naphthalenediamine (nbpy4, Fig. 1) units under various

solvent and competing ligand conditions; nbpy4 can be

considered as an expanded 4,40-bipyridine in which the N���N
distance has increased from *7.1 to *16 Å (Fig. 1).

Experimental procedure

Materials and procedures

The reagents were obtained from commercial suppliers and

used without further purification unless noted otherwise.
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N ,N0-bis-(4-pyridinylmethylene)-1,5-naphthalenediamine,

nbpy4, was prepared following the literature procedure,

from 1,5-naphthalenediamine and pyridine-4-carbox-

aldehyde precursors [48–54]. UV–Vis spectra were mea-

sured using a Cary 5E Spectrophotometer equipped with an

Omni-Diff
TM

diffuse reflectance probe. IR spectra were

recorded on a Varian 800 Fourier transform infrared

spectrometer (KBr). Elemental analyses for C, H and N

were performed by Campbell Microanalytical Laboratory,

University of Otago.

Framework synthesis

[Fe(NCS)2(nbpy4)(MeOH)2]n (1): A solution of Fe(ClO4)2�
6H2O (13.5 mg, 0.0372 mmol) in methanol (10 mL) was

laid onto a mixture solution of nbpy4 ligand (25 mg,

0.0743 mmol) and NH4SCN (5.7 mg, 0.0743 mmol) in

CH3OH/CHCl3 (v:v = 1:5, 25 mL) in a test tube. The

solution was left for 3 weeks at room temperature to give

X-ray quality red block crystal. After filtration, the product

was washed with CH3OH and then allowed to stand in air

prior to analysis. Yield: &72%. UV–Vis (solid state): 526

(sh), 454 (sh), 356 nm; IR (cm-1, KBr): 3365(br), 3041(w),

2053(s), 1609(m), 1417(m), 823(m), 794(s); elemental

analysis (%) calcd. for C26H24FeN6O2S2: C 54.55, H 4.23,

N 14.68; Found: C 54.88, H 4.63, N 14.91.

[Fe(NCS)2(nbpy4)2]n�2nCHCl3�nH2O�2nEtOH (2): A

solution of Fe(ClO4)2�6H2O (13.5 mg, 0.0372 mmol) in

ethanol (10 mL) was layered onto a mixture solution of

nbpy4 ligand (25 mg, 0.0743 mol) and NH4SCN (5.7 mg,

0.0743 mmol) in EtOH/CHCl3 (v:v = 1:5, 25 mL) in a test

tube. The solution was left for a week at room temperature to

give X-ray quality dark red block crystal. After filtration, the

product was washed with EtOH and then allowed to stand in

air prior to analysis. Yield: &81%. UV–Vis (solid state):

542 (sh), 360 nm; IR (cm-1, KBr): 3394(br), 3034(w),

2051(s), 1609(m), 1417(m), 824(m), 794(s); elemental

analysis (%) calcd. for C46H32FeN10S2�0.75CHCl3: C 60.10,

H 3.53, N 14.99; Found: C 60.00, H 3.56, N 14.84.

[Fe(NCS)2(nbpy4)(bpy)]n�2.5nDCM�0.75nH2O (3): A

solution of Fe(ClO4)2�6H2O (16.2 mg, 0.0446 mmol) in

ethanol (10 mL) was layered onto a mixture solution of

nbpy4 (15 mg, 0.0446 mmol) and 4-40-bipyridine ligands

(7 mg, 0.0446 mmol) and NH4SCN (6.8 mg, 0.0892

mmol) in EtOH/DCM (v:v = 1:5, 25 mL) in a test tube.

The solution was left for a week at room temperature to

give X-ray quality dark red block crystal. After filtration,

the product was washed with EtOH and then allowed to

stand in air prior to analysis. Yield: &88%. UV–Vis (solid

state): 518 (sh), 424 nm; IR (cm-1, KBr): 3450(br),

3048(w), 2061(s), 1608(m), 1407(m), 798(m); elemental

analysis (%) calcd. for C34H24FeN8S2�0.75H2O: C 60.22, H

3.79, N 16.52; Found: C 60.11, H 3.74, N 16.11.

X-ray structure determinations

Structural data for 1 and 3 were collected on a Bruker–

Nonius APEXII-X8-FR591 diffractometer employing

graphite-monochromated Mo-Ka radiation generated from

a rotating anode (0.71073 Å) with x and w scans [55].

Data for 2 were collected on a Bruker SMART 1000 dif-

fractometer employing graphite-monochromated Mo-Ka
radiation generated from a sealed tube (0.71073 Å) with x
scans [56]. All data were collected to approximately 56�
2h. Data integration and reduction were undertaken with

SAINT and XPREP [55, 56] and subsequent computations

were carried out using the WinGX-32 graphical user

interface [57]. Structures were solved by direct methods

using SIR97 [58]. Multi-scan empirical absorption correc-

tions were applied to data sets using the program SADABS

[59]. Data were refined and extended with SHELXL-97

[60, 61]. In general, non-hydrogen atoms with occupancies

greater than 0.5 were refined anisotropically. Carbon-

bound hydrogen atoms were included in idealised positions

and refined using a riding model, oxygen-bound hydrogen

atoms were located in the difference Fourier map before

refinement. Crystal data and specific refinement details are

reported below.

1, [Fe(NCS)2(nbpy4)(MeOH)2]n

Formula C26H24FeN6O2S2, M 572.50, triclinic, space group

P 1(#2), a 8.2267(2), b 8.25010(10), c 10.7397(2) Å, a
96.6174(8), b 110.8214(9), c 94.1867(9)�, V 671.65(2) Å3,

Dc 1.415 g cm-3, Z 1, crystal size 0.221 by 0.114 by

0.099 mm, colour orange, habit block, temperature

Fig. 1 Structures of bpy and nbpy4 with N���N separations
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100(2) K, k(MoKa) 0.71073 Å, l(MoKa) 0.752 mm-1,

T(SADABS)min,max 0.6821, 0.7457, 2hmax 56.62, hkl range

-10 10, -11 10, -12 14, N 11186, Nind 3301(Rmerge

0.0208), Nobs 2807(I [ 2r(I)), Nvar 191, residuals* R1(F)

0.0763, wR2(F2) 0.1930, GoF(all) 1.054, Dqmin,max -1.711,

1.594 e- Å-3.

*R1 = R||Fo
| -|Fc

||/R|Fo
| for Fo [ 2r(Fo); wR2 = (Rw(Fo

2

-Fc
2)2/R(wFc

2)2)1/2 all reflections w = 1/[r2(Fo
2) ? (0.0682

P)2 ? 2.5444P] where P = (Fo
2 ? 2Fc

2)/3.

Specific details: The pyridyl components of the struc-

ture is disordered over two positions with 0.75 and 0.25

occupancy as is the methyl group of the coordinated

methanol.

2, [Fe(NCS)2(nbpy4)2]n�2nCHCl3�nH2O�2nEtOH

Formula C52H48Cl6FeN10O3S2, M 1193.67, monoclinic, space

group C2/c(#15), a 18.203(3), b 20.285(4), c 15.757(3) Å, b
95.694(3), V 5789.1(19) Å3, Dc 1.370 g cm-3, Z 4, crystal

size 0.245 by 0.171 by 0.156 mm, colour red, habit block,

temperature 100(2) K, k(MoKa) 0.71073 Å, l(MoKa)

0.659 mm-1, T(SADABS)min,max 0.6133, 0.7456, 2hmax

55.24, hkl range -23 23, -26 26, -20 20, N 27424, Nind

6617(Rmerge 0.1631), Nobs 2624(I[ 2r(I)), Nvar 352, residu-

als* R1(F) 0.0861, wR2(F2) 0.2916, GoF(all) 0.947, Dqmin,-

max-0.836, 1.557 e- Å-3.

Specific details: The water and ethanol solvate mole-

cules were each modelled as 50% occupancy, with one of

the ethanol molecules also disordered over a symmetry

position. The water hydrogen atoms could not be located in

the difference Fourier map and were not modelled.

3, [Fe(NCS)2(nbpy4)(bpy)]n�2.5nDCM�0.75nH2O

Formula C35.25H28Cl2.50FeN8O0.75S2, M 784.25, triclinic,

space group P 1(#2), a 11.6394(3), b 11.9491(4),

c 14.5833(4) Å, a 88.4280(10), b 82.3070(10), c 77.9530(10)8,
V 1965.73(10) Å3, Dc 1.325 g cm-3, Z 2, crystal size 0.112 by

0.065 by 0.035 mm, colour orange, habit prism, temperature

150(2) K, k(MoKa) 0.71073 Å, l(MoKa) 0.697 mm-1,

T(SADABS)min,max 0.6569, 0.7449, 2hmax 46.60, hkl range -

12 12, -13 13, -16 16, N 19784, Nind 5598(Rmerge 0.0490),

Nobs 4175(I[2r(I)), Nvar 449, residuals* R1(F) 0.0617,

wR2(F2) 0.1815, GoF(all) 1.039, Dqmin,max -0.623, 1.139

e- Å-3.

Specific details: The crystals employed in this study

were small, susceptible to rapid solvent loss and were

weakly diffracting; reflections were only observed to

*0.85 Å resolution. The two dichloromethane solvent

molecules are each disordered over two positions (with 0.5,

0.25 and 0.25, 0.25 occupancy, respectively). A number of

bond length restraints were required to facilitate realistic

modelling. The solvent water molecule was modelled as

disordered over three equal (0.25) occupancy positions.

The water hydrogen atoms could not be located in the

difference Fourier map and were not modelled.

Results and discussion

Reaction of nbpy4 with iron(II) perchlorate (M/L = 1:2

molar ratio) in the presence of ammonium thiocyanate in a

mixture of methanol and chloroform yielded 1,

[Fe(NCS)2(nbpy4)(MeOH)2]n. If instead the same proce-

dure was repeated with same molar ratio of metal to ligand

in a mixture of ethanol and chloroform a different complex,

2, [Fe(NCS)2(nbpy4)2]n�2nCHCl3�nH2O�2nEtOH resulted.

Employing both nbpy4 and bpy simultaneously in an eth-

anol/dichloromethane solvent mixture afforded the mixed

ligand complex 3, [Fe(NCS)2(nbpy4)(bpy)]n�2.5nDCM�
0.75nH2O. X-ray structural analysis revealed that 1–3 are

coordination polymers with different degrees of complex-

ity (Scheme 1).

The solid state UV–Vis spectra of the coordination

polymers over the region 900–350 nm revealed relatively

intense bands 356 (1), 360 (2), 424 (3) nm and shoulders

526 (1), 454 (1), 542 (2) and 518 (3) nm. The latter’s are

attributed to a metal-to-ligand (MLCT) (d–p*) transition

which is characteristic of an Fe(II) centre which is coordi-

nated to a pyridyl-based ligand such as nbpy4 [62, 63]. The

IR spectra of the coordination polymers display absorption

bands at 1,609 (1), 1,609 (2) and 1,608 cm-1 (3) assignable

to the C=N bond, consistent with frequencies observed for

Schiff bases [64]. In addition, all materials display peaks

consistent with the presence of the C:N bond in thiocya-

nate (2,053 (1), 2,051(2) and 2,061 cm-1 (3)) [65].

1 crystallises as orange block-like crystals in the cen-

trosymmetric triclinic space group P 1. Each trans Fe(II)

centre has an octahedral geometry with the equatorial

positions occupied by two trans N-bonded thiocyanate

ligands and two trans methanol solvent molecules. The

axial positions are filled by a bridging nbpy4 ligands

coordinated by its pyridyl moiety resulting in a 1D poly-

meric structure that propagates along the crystallographic b

c diagonal Fig. 2.

Each of the 1D-polymeric chains is involved in a series

of interactions with the adjacent chains. The coordinated

methanol molecules act as hydrogen bond donors and the

imine nitrogen atoms as hydrogen bond acceptors (O(1)–

N(1)i = 2.835(5); O(1)–H(1)–N(1)i = 166.1�; i -x ? 1,

-y ? 2, -z ? 2). The comparatively electron-poor pyri-

dyl rings undergo offset face-to-face p–p interactions with

the comparatively electron-rich naphthalene rings indicated

by carbon–carbon distances of 3.3–4.0 Å. Combined with
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the coordinate bonds these interactions result in the for-

mation of infinite two-dimensional sheets that extend par-

allel to the crystallographic bc-plane (Fig. 3). Each of these

two-dimensional sheets undergoes further weak (CHimine–

S = 2.86 Å) interactions with adjacent sheets forming a

three-dimensional motif (Fig. 4).

2, [Fe(NCS)2(nbpy4)2]n�2nCHCl3�nH2O�2nEtOH, crys-

tallises as red block-like crystals in the monoclinic space

group C2/c. In contrast to 1 the octahedral iron(II) centres

have an N6-coordination sphere with the N-bound thiocy-

anates occupying the axial positions and four bridging

nbpy4 ligands occupying the equatorial positions (Fig. 5).

This coordination arrangement results in the formation

of an infinite (4,4)-type [66] two-dimensional lattice that

extends at nearly parallel to the crystallographic bc-plane

(Fig. 6). Adjacent lattices pack slightly offset from each

other interacting through weak edge-to-face (pyridyl-

naphthalene CH–C = 2.9–3.2 Å) p–p interactions and

weak CHnaphthalene–S (3.2–3.5 Å) hydrogen bonds. The

slight offset results in the formation of small discrete

pockets of void volume which are filled with the solvent

molecules.

If 4,40-bipyridine is also included in the reaction mixture

a mixed ligand complex, 3, [Fe(NCS)2(nbpy4)(bpy)]n�
2.5nDCM�0.75nH2O resulted. 3 crystallises as small

orange prismatic crystals in triclinic P 1. Once again the

metal centres are octahedral with the ligands arranged in a

trans configuration; four pyridyl donors (two bpy and two

nbpy4) occupy the equatorial sites, while two N-coordi-

nated thiocyanate ligands occupy the axial positions

(Fig. 7).

The coordination geometry results in the formation of an

infinite (4,4)-net [66] similar to that in 2. The effect of the

inclusion of the shorter bpy ligand as well as the nbpy4

Scheme 1 Schematic

representation of syntheses of

the three polymeric compounds

1, 2 and 3

Fig. 2 Schematic representation of part of one of the 1D-polymeric

chains in 1. Selected bonds and angles: Fe(1)–Nthiocyanate = 2.115(3);

Fe(1)–O(1) = 2.148(4); Fe(1)–Npyridyl = 2.232(4); Nthiocyanate–

Fe(1)–O(1) = 89.04(15); Nthiocyanate–Fe(1)–Npyridyl = 91.71(13);

O(1)–Fe(1)–Npyridyl = 93.84(16)
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ligands results in one side of the repeating parallelograms

to be contracted compared to those in 2 (Fig. 8). Between

adjacent layers are a number of edge-to-face p-p interac-

tions between the bpy ligands and naphthalene groups

(2.9–3.2 Å). The thiocyanate groups extend sufficiently far

such that the sulfur atoms lie in the cavities of the adjacent

layer, an arrangement stabilised by weak CHnapthalene–S

hydrogen bonds. This packing arrangement leads to the

formation of infinite solvent-filled channels that extend

almost parallel to the crystallographic c-axis.

Fig. 3 Schematic

representation of part of one of

the 2D-sheets in 1. Dashed lines
indicate H-bonds, double
headed arrows indicate p–p
interactions

Fig. 4 Schematic representation of the 3D-arrangement in 1. Adja-

cent 2D-sheets are coloured alternately

Fig. 5 Schematic

representation of the

coordination geometry in 2.

Selected bonds and angles:

Fe–Nthiocyanate = 2.081(6);

Fe(1)–N(1)pyridyl = 2.221(5);

Fe(1)–N(4)pyridyl = 2.233(5);

Nthiocyanate–Fe(1)–N(1)

pyridyl = 90.23(19); Nthiocyanate–

Fe(1)–N(4) pyridyl = 90.7(2);

N(1) pyridyl–Fe(1)–

N(4)pyridyl = 92.82(19)

Fig. 6 Schematic representation of part of the infinite 2D lattice in 2
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Conclusions

In summary, we have demonstrated the diversity of poly-

meric architectures that can be formed from nbpy4 and

Fe(SCN)2 components by subtly controlling the synthetic

conditions employed. Thus both 1D and 2D metal–organic

coordination polymers based on this motif were prepared.

Further investigations of the chemical and physical prop-

erties of materials formed from these subcomponents are

ongoing.

Supplementary material

Crystallographic data for 1, 2 and 3 have been deposited

with CCDC, 12 Union Road, Cambridge CB2 1EZ, UK

and are identified by deposition number CCDC 818255–

818257. Copies of this information can be obtained free of

charge on request by e-mail at deposit@ccdc.cam.ac.uk or

at http://www.ccdc.cam.ac.uk
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