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Two binuclear zinc(II) coordination complexes, [Zn(FcCO2)2(prbbm)]2 � 2CH3OH � 2H2O (1)
(prbbm¼ 1,10-(1,3-propanediyl)bis-1H-benzimidazole) and [Zn(FcCO2)2(pebbm)]2 � 4CH3OH
(2) (pebbm¼ 1,10-(1,5-pentanediyl)bis-1H-benzimidazole), were obtained by reaction of
Zn(OAc)2 � 2H2O with sodium ferrocenecarboxylate (FcCOONa) and subsidiary ligands
(prbbm or pebbm) in methanol. 1 and 2 are 0-D discrete macrocyclic frameworks with the
ferrocenecarboxylate anions as monodentate ligands coordinating to Zn. Their electrochemical
and luminescence properties were also investigated.

Keywords: Sodium ferrocenecarboxylate; Subsidiary ligands; Binuclear metallamacrocyclic
complexes; Electrochemical and luminescence properties

1. Introduction

The design and preparation of coordination complexes have received much attention

because of their structures [1] and widespread potential applications [2–6]. Introducing

functional groups to molecular systems has become an important approach to construct

coordination complexes with desired properties [7]. As multifunctional ligands,

ferrocene carboxylates play an important role in the field because: (1) the versatile

coordination modes and strong coordination capacity of the carboxylate group in these

ligands make self-assembly of crystal engineering available [8]; (2) ferrocene groups

show unusual properties and many ferrocene derivatives have been used as

homogeneous catalysts for various processes, molecular sensors, and nonlinear optical

(NLO) materials, etc. [9]; (3) the incorporation of ferrocene units into coordination

complexes combines the advantages of organometallic complexes with polymer

properties and provide an effective method of preparing new functional materials

with unique features. Many coordination complexes have been constructed by utilizing

ferrocene carboxylate-containing compounds as building blocks. These coordination
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complexes have versatile structures and potential applications in electrochemical

sensors, molecular magnetic and nonlinear optical (NLO) materials, etc. [10–14].
In this article, we used the classic ferrocene carboxylate-containing complex,

ferrocenecarboxylate (FcCO2Na), as the main ligand to react with Zn(II) in the

presence of different bridging ligands and obtained two binuclear metallamacrocycles:

[Zn(FcCO2)2(prbbm)]2 � 2CH3OH � 2H2O (1) (prbbm¼ 1,10-(1,3-propanediyl)bis-1H-

benzimidazole) and [Zn(FcCO2)2(pebbm)]2 � 4CH3OH (2) (pebbm¼ 1,10-(1,5-pentane-

diyl)bis-1H-benzimidazole). Herein, we report the syntheses, structural

characterizations, electrochemical and luminescence properties of 1 and 2.

2. Experimental

2.1. General information and materials

All chemicals were reagent grade and obtained from commercial sources and used

without further purification. FcCO2Na was prepared according to the literature

method [15]. 1,10-(1,3-propanediyl)bis-1H-benzimidazole (prbbm) and 1,10-(1,5-penta-

nediyl)bis-1H-benzimidazole (pebbm) were prepared according to the literature [16].

Elemental analyses (C, H, and N) were carried out on a Carlo-Erba1106 elemental

analyzer. Infrared spectra were recorded on a Bruker TENSOR 27 spectrophotometer

with KBr pellets in the 400–4000 cm�1 region. 1H NMR spectra were measured with

a BRUKER AM–300 spectrometer in DMF. TGA measurements were performed by

heating the sample from 30 to 800�C at a rate of 10�Cmin�1 in air on a NETZSCH

STA409PC differential thermal analyzer.

2.2. Synthesis of [Zn(FcCO2)2(prbbm)]2 . 2CH3OH . 2H2O (1)

A 3mL methanol-water mixed solution of FcCO2Na (50.2mg, 0.2mmol) was added

into a 2mL methanol solution of Zn(OAc)2 � 2H2O (21.9mg, 0.1mmol), then 2mL

methanol solution of prbbm (27.6mg, 0.1mmol) was added dropwise. The resultant

orange solution with pH¼ 5� 6 was allowed to stand at room temperature in the dark.

Red crystals suitable for X-ray diffraction were obtained after ten days. Crystals of 1

are stable in air. Yield: 62% (105.3mg). IR (cm�1, KBr): 3431s, 3100w, 2933w, 1586s,

1466s, 1387s, 1338m, 746m, 511m. C80H80Fe4N8O12Zn2 (1699.70): Calcd C 56.48,

H 4.71, N 6.59; found: C 56.53, H 4.64, N 6.56%. 1H NMR �(ppm) 2.40 (m, 4H, CH2),

4.15 (s, 20H, Cp-ring), 4.26 (s, 8H, C5H4), 4.42 (m, 8H, NCH2N), 4.61 (s, 8H, C5H4),

7.30 (m, 8H, Ar), 7.66 (m, 4H, Ar), 7.88 (m, 4H, Ar), 8.52 (s, 4H, triazolyl group CH).

2.3. Synthesis of [Zn(FcCO2)2(pebbm)]2 . 4CH3OH (2)

A 3mL methanol-water mixed solution of FcCO2Na (50.2mg, 0.2mmol) was added

into a 2mL methanol solution of Zn(OAc)2 � 2H2O (21.9mg, 0.1mmol), then 2mL

methanol solution of pebbm (30.4mg, 0.1mmol) was added dropwise. The resulting

orange solution with pH¼ 5� 6 was allowed to stand at room temperature in the dark.

Red crystals suitable for X-ray diffraction were obtained after two days. Crystals of 2
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are stable in air. Yield: 58% (103.4mg). IR (cm�1, KBr): 3414m, 3100m, 2937m, 1585s,
1467s, 1387s, 1297m, 748m, 512m. C86H92Fe4N8O12Zn2 (1783.86): Calcd C 57.85,
H 5.16, N 6.28; found: C 57.89, H 5.11, N 6.32%. 1H NMR �(ppm) 1.28 (m, 4H, CH2),
1.825 (m, 8H, CH2), 4.13 (s, 20H, Cp-ring), 4.25 (s, 8H, C5H4), 4.30 (m, 8H, NCH2N),
4.64 (s, 8H, C5H4), 7.30 (m, 8H, Ar), 7.66 (m, 4H, Ar), 7.93 (m, 4H, Ar), 8.60 (s, 4H,
triazolyl group CH).

2.4. Crystal structure determination

A crystal suitable for X-ray determination is mounted on a glass fiber. The data of 1
were collected at room temperature on a Bruker Aper CCD diffractometer with
graphite monochromated Mo-Ka radiation (�¼ 0.71073 Å). The data of 2 were
collected at room temperature on a Rigaku Saturn 724 CCD diffractometer with
graphite monochromated Mo-Ka radiation (�¼ 0.71073 Å). The structures were solved
by direct methods and expanded with Fourier techniques. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included but not refined. The final
cycle of full-matrix least-squares refinement was based on observed reflections
and variable parameters. All calculations was performed with the SHELXL-97
crystallographic software package [17]. Table 1 shows crystal data and processing
parameters for 1 and 2, and table 2 lists selected bond lengths and angles.

2.5. Electrochemistry

Electrochemical experiments were performed in a low-volume three-electrode cell in
dry, degassed DMF, analyte concentration of 5� 10�4M. The background electrolyte
was NBu4ClO4 (0.1M). The working electrode was a Pt disk of 2-mm diameter, and the
auxiliary electrode was Pt foil. Potentials were reported relative to a commercially
available saturated calomel electrolyte. To prevent fouling, the working electrode was
polished before each operation. Pure N2 gas was bubbled through the electrolytic
solution to remove oxygen.

Table 1. Crystal data and structure refinement for 1 and 2.

Complexes 1 2

Formula C80H80Fe4N8O12Zn2 C86H92Fe4N8O12Zn2
FW 1699.66 1783.82
Crystal system Monoclinic Monoclinic
Space group P2(1)/c P2(1)/n
Unit cells and dimensions (Å, �)

a 11.830(3) 11.606(2)
b 18.423(4) 21.166(4)
c 19.332(4) 17.055(3)
a 90 90
� 107.464(3) 91.66(3)
� 90 90

V (Å3) 4019.0(15) 4188.0(14)
Z 2 2
DCalcd (g cm

�3) 1.404 1.415
R1 (I42�) 0.0711 0.0789
wR2 (all data) 0.2213 0.1943
Goodness of fit 1.008 1.002
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2.6. Determination of fluorescent properties

The luminescent spectra were measured on powder samples at room temperature using
an F-4500 HITACHI fluorescence spectrophotometer. The excitation slit and the
emission slit were 5 nm; the response time was 2 s.

3. Results and discussion

3.1. Crystal Structure of [Zn(FcCO2)2(prbbm)]2 . 2CH3OH . 2H2O (1)

X-ray diffraction analysis reveals that 1 is a neutral binuclear metallamacrocycle with
a crystallographic center of symmetry [figure 1(a)]. The binuclear metallamacrocycle is
composed of two Zn(II) ions, two bridging prbbm ligands, and four monodentate
ferrocenecarboxylate anions.

Each Zn(II) is in a slightly distorted tetrahedral environment with two oxygens
(O2 and O3) from two ferrocenecarboxylates and two nitrogens (N1A and N4) from
two prbbm. The Zn–O lengths are 1.971(5) and 1.949(6) Å, while the Zn–N lengths are
2.004(5) and 2.031(5) Å. The Zn–N distances are slightly shorter than those of reported
Zn(II) coordination complexes, indicating strong interaction between Zn and N.
Examples are [Zn(4,40-bipy)(H2O)3(ClO4)](ClO4) � (4,4

0-bipy) � 1.5H2O (Zn–N: 2.104(2)–
2.117(2) Å) [18a], [Zn(tp)(4,40-bipy)] (tp¼ terephthalate) (Zn–N: 2.154(2)–2.186(3) Å)
[18b] and [Zn(fca)2(bpe)]n � 2nH2O (fca¼C5H5FeC5H4C(OH)CHCOCH3) (Zn–N:
2.196(8)–2.205(8) Å) [18c]. The bond angles around each Zn(II) range from 103.2(2)
to 123.8(2)�, except for the acute O(2)–Zn(1)–N(4) angle of 98.1(2)�. Hence, the
average bond angle at Zn1 is 108.8(7)�, slightly smaller than 109.5� for an ideal
tetrahedron.

The zinc-zinc distance is 9.333 Å in each metallamacrocycle. Between adjacent
[Zn(FcCO2)2(prbbm)]2 units, the benzimidazole rings are parallel with average
interplanar distance of 3.48 Å, which is in the range for �–� interactions between two
aryl rings [19]. These �–� interactions among benzimidazole rings and hydrogen bonds
between [Zn(FcCO2)2(prbbm)]2 and solvent molecules link the discrete binuclear
macrocyclic units into a 1-D infinite chain, as shown in figure 1(b). Although the �–�
interactions are weak, they are important in the molecular assembly.

Table 2. Selected bond lengths (Å) and angles (�) for 1 and 2.

1a

Zn(1)–O(2) 1.971(5) Zn(1)–O(3) 1.949(6) N(1)–Zn(1)#1 2.004(5)
Zn(1)–N(4) 2.031(5) Zn(1)–N(1)#1 2.004(5) O(3)–Zn(1)–N(1)#1 123.8(2)
O(2)–Zn(1)–N(1)#1 111.3(2) O(3)–Zn(1)–N(4) 103.2(2) O(2)–Zn(1)–N(4) 98.1(2)
N(1A)–Zn(1)–N(4) 105.9(2) O(3)–Zn(1)–O(2) 110.8(2)

2b

Zn(1)–O(1) 1.976(4) Zn(1)–O(3) 1.941(4) Zn(1)–N(1) 1.998(4)
Zn(1)–N(4)#1 2.042(5) N(4)–Zn(1)#1 2.042(5) O(3)–Zn(1)–N(1) 126.3(2)
O(1)–Zn(1)–N(1) 111.24(19) O(3)–Zn(1)–N(4)#1 105.2(2) O(1)–Zn(1)–N(4)#1 98.83(19)
N(1)–Zn(1)–N(4)#1 103.42(18) O(3)–Zn(1)–O(1) 107.98(19)

aSymmetry transformations used to generate equivalent atoms in 1: #1 �x, �yþ 1, �zþ 1.
bSymmetry transformations used to generate equivalent atoms in 2: #1 �xþ 1, �y, �zþ 1.
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3.2. Crystal structure of [Zn(FcCO2)2(pebbm)]2 . 4CH3OH (2)

Complex 2 [figure 2(a)] has a similar structure to 1. The binuclear metallamacrocycle is
composed of two Zn(II) ions, two bridging pebbm ligands, and four ferrocenecarbox-
ylate anions. The Zn–O lengths are 1.976(4) and 1.941(4) Å, and the Zn–N lengths are
1.998(4) and 2.042(4) Å. The bond angles around each Zn(II) ion range from 103.3(9) to
126.3(3)�, aside from the acute O(2)–Zn(1)–N(4) angle of 98.8(8)�. Average bond angle
at Zn1 is 108.8(3)�, similar to those of 1. In each metallamacrocycle, the distance
between the two zinc atoms is 11.859 Å, which is longer than that of 1 due to the
different lengths of the pebbm and prbbm ligands. Benzimidazole rings between

Figure 1. (a) Perspective view of 1 showing the atom numbering scheme. All hydrogen atoms and
solvent molecules are omitted for clarity. (b) View of 1-D chain in 1 showing the �–� interactions
and hydrogen bonds.
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adjacent [Zn(FcCO2)2(pebbm)]2 units are parallel with the average interplanar distance
of 3.4817 Å, similar to that of 1. Like 1, these �–� interactions among benzimidazole
rings and hydrogen bonds between [Zn(FcCO2)2(pebbm)]2 and solvent molecules
link the discrete binuclear macrocyclic units into a 1-D infinite chain, as shown in
figure 2(b).

In previous work, we have obtained an infinite one-dimensional helical chain
{[Zn(FcCOO)2(bbbm)] � 2H2O}n (bbbm¼ 1,10-(1,4-butanediyl)-bis-1H-benzimidazole)
by reaction of Zn(OAc)2 � 2H2O with bbbm and FcCOONa in methanol [20].
Obviously, the structure of {[Zn(FcCOO)2(bbbm)] � 2H2O}n is different to those of 1
and 2 although the three complexes contain similar bridging ligands. The difference can
be explained by different conformational flexibility among the pebbm, bbbm and
prbbm ligands. A conformationally flexible ligand usually leads to structural
diversification of the products. For example, many coordination polymers containing
the flexible ligand bpp have multifarious-dimensional structures because the bpp
molecule [1,3-bis(4-pyridyl)propane] can adopt TT, TG, GG, and GG0 conformations

Figure 2. (a) Perspective view of 2 showing the atom numbering scheme. All hydrogen atoms and solvent
molecules are omitted for clarity. (b) View of 1-D chain in 2 showing the �–� interactions and
hydrogen bonds.
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(where T¼ trans and G¼ gauche). The prbbm in 1 adopts GT conformation
[the torsional angles of the fragments of N2–C32–C31–C30 and C32–C31–C30–N3
are 81.88, 175.56, respectively]; pebbm in 2 adopts TGTT conformation [the torsional

angles of the fragments of N2–C30–C31–C32, C30–C31–C32–C33, C31–C32–C33–C34,
and C32–C33–C34–N3 are 178.29, 70.15, 172.66 and �175.65, respectively].
As a result, prbbm and pebbm molecules with these conformations are inclined

to link two Zn(II) ions simultaneously, inducing formation of the double-bridge
and binuclear structure. In {[Zn(FcCOO)2(bbbm)] � 2H2O}, bbbm adopts GTG
conformation [the torsional angles of the fragments of N4–C39–C40–C40A,

C39–C40–C40A–C39A and C40–C40A–C39A–N4A are 58.70�, 180� and 58.70�,
respectively], indicating that the relative orientation of benzimidazole groups of
bbbm in {[Zn(FcCOO)2(bbbm)] � 2H2O}n is different from that of pebbm or prbbm in 1

or 2. Such bbbm groups can be propagated in one direction and in this way a 1-D chain
arises. The length and especially the conformational flexibility of alkyl spacers, as well
as the rotational freedom of the benzimidazole rings observed in the auxiliary ligands,
are responsible for the relative orientations of N donors, giving different structures of

coordination complexes.

3.3. Electrochemical properties

The 1H NMR spectra data of complexes 1 and 2 prove that the structures of complexes
1 and 2 keep unchanged in DMF. The solution-state differential pulse voltammograms
of 1, 2 and NaOOCFc in DMF solution show single peaks with half-wave potentials

at 0.712V for 1, 0.704V for 2, and 0.423V for NaOOCFc (vs. SCE) (figure 3).
Obviously, the half-wave potential of 1 and 2 shifted to higher potentials compared
with that of the free NaOOCFc. The central metal in these complexes has influence

on the half-wave potential of the ferrocenyl moieties, shifting the FeII/FeIII oxidation
potential of ferrocene-containing complexes to higher potential, consistent with our

Figure 3. Differential pulse voltammograms of 1, 2 and the corresponding ferrocenyl ligand, FcCOONa (L)
in DMF containing [Bu4N][ClO4] (0.1M) at a scan rate of 20mV s�1.
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previous results [21]. The electron-withdrawing nature of the coordinated metal center
makes the ferrocene unit harder to oxidize.

3.4. Fluorescence properties

The fluorescence properties of 1, 2 and sodium ferrocenecarboxylate are measured in the
solid state at room temperature (figure 4). The exciting wavelengths are 245 nm, the
maximum emission peaks are at 390 nm for 1, 391 nm for 2, and 391 nm for NaOOCFc.
Obviously, the fluorescence peak positions of 1, 2 andNaOOCFc are very close, implying
that the fluorescence emissions of 1and 2 are byNaOOCFc. Therefore,we suggest that the
fluorescence emissions observed in 1 and 2 can be assigned to the ligand-to-ligand charge
transfer (LLCT) emissions. In our previous article, similar photoluminescences were
reported for 1,10-ferrocenedicarboxylate complexes, binuclear [M2(�

2-O2CFcCO2)2(2,2
0-

bpy)2(H2O)2] (M¼Cd; Zn) and [M2(O2CFcCO2)2(2,2
0-bpy)2(	2-OH2)2] (M¼Co; Ni)

[19a], 1-D wave-shaped polymer {[Cd(�2-O2CFcCO2-�
2)(H2O)3] � 4H2O}n and the 2-D

layered polymers {[M(�2-O2CFcCO2-�
2)(	2-�

2-O2CFcCO2-�
2-	2)0.5(H2O)2] �mH2O}n

(M¼Tb3þ, Eu3þ, Y3þ; m¼ 1 or 2) [22]. All have maximum emissions in the range
390 nm to 393 nm, showing that the fluorescence mechanism of ferrocenyl is independent
of the structure.

3.5. Thermogravimetric analysis (TGA)

1 loses weight from 30 to 114�C corresponding to loss of H2O and CH3OH. Multiple
weight loss steps in the temperature range 250–480�C correspond to decomposition of
FcCOO� and prbbm. A brown amorphous residue of ZnOþ 2FeO remained. Finally,
a plateau region is observed from 480 to 800�C. There are two very strong exothermic
peaks at 272 and 425�C on the DTA curve. 2 first loses solvent from 30 to 121�C and
secondly goes through complicated multiple weight loss steps in the temperature range
254–475�C corresponding to the decomposition of FcCOO� and pebbm. A brown
amorphous residue of ZnOþ2FeO remained. There is a very strong exothermic peak
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Figure 4. Emission spectra of 1, 2 and sodium ferrocenecarboxylate (L) in solid state at room temperature.
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at 441�C on the DTA curve. The thermal results are in reasonable agreement with the
crystal structure analyses of 1 and 2.

Supplementary material

CCDC 671811 and 671812 for 1 and 2 contain the supplementary crystallographic
data for this article. These data can be obtained free of charge via http://

www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (þ44) 1223-336-033;
or E-mail: deposit@ccdc.cam.ac.uk].
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