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Syntheses, Structures, and Optical Properties of β-Ferrocenylacrylate
Metal Polymers
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The zero-dimensional polymer [Pb6(μ2OOCCH=CHFc)2-
(μ3-OOCCH=CHFc)2(μ2-η2-OOCCH=CHFc)2(η2-OOCCH=
CHFc)2(μ4-O)2] (1), the one-dimensional chain polymers
[Pb(η1-μ2-OOCCH=CHFc)2(phen)]n (phen = phenanthroline;
(2), {[Cd(μ2-η2-OOCCH=CHFc)(η2-OOCCH=CHFc)(H2O)2]-
(H2O)4}n (3), and the two-dimensional hybrid polymer {[Cd-
(η2-OOCCH=CHFc)(bbbm)1.5Cl]·1.5H2O}n [bbbm = 1,1�-(1,4-
butanediyl)bis-1H-benzimidazole; 4] have been prepared by
the reaction of sodium β-ferrocenylacrylate [FcCH=
CHCOONa, Fc = (η5-C5H5)Fe(η5-C5H4)] with the appropriate
metal salts. Solution-state differential pulse voltammetry for
1–4 indicated that the half-wave potentials of the ferrocenyl
moieties in these polymers are all shifted to positive potential

Introduction
Currently, the rational design and synthesis of metal–or-

ganic polymeric complexes containing multifunctional
groups have received much attention because of their wide-
spread potential applications in molecular sensor technol-
ogy, peptide mimetic models, charge-transfer complexes,
non-linear optical materials, organic synthesis, homogen-
eous catalysis, materials chemistry, and so on.[1–5] Due to
the fascinating properties of the ferrocene moiety as well as
the versatile coordination modes[6] and strong coordinating
capability of the carboxylate groups, ferrocenecarboxylate
compounds have been extensively used as functional li-
gands.[7–14] Furthermore, the introduction of ferrocenyl car-
boxylate groups into metal–organic frameworks provides an
effective way to prepare new functional materials with
unique features.

Ferrocenecarboxylate and ferrocenedicarboxylate were
among the first to be prepared and studied in synthetic stra-
tegies, and lots of metal-based polymers containing them
have been described.[12,13,15–20] However, relatively few re-
ports have appeared on other ferrocenecarboxylate–metal
polymers. In recent years, various groups and ourselves
have put effort into the synthesis and property investi-
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compared with that of sodium β-ferrocenylacrylate. The four
polymers’ third-order nonlinear optical (NLO) properties
were determined by the Z-scan technique in DMF solutions.
The results show that these polymers possess good nonlinear
optical refraction effects. Their hyperpolarizability (γ) values
are calculated to be 4.80×10–30, 5.19×10–30, 1.57×10–29, and
2.04×10–29 esu for 1–4, respectively. The γ values of the CdII

polymers (3 and 4) are slightly larger than those of the PbII

polymers (1 and 2), which indicates that the metal ions play
an important role in the NLO properties of these polymers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

gations of other ferrocenecarboxylate–metal polymers,[10,11]

such as the structures and the redox properties of the
polymers [Pb(o-OOCC6H4COFc)(η2-o-OOCC6H4COFc)-
(bpe)]n, {[Zn(o-OOCC6H4COFc)2(4,4�-bpy)(H2O)2]·2MeOH·
2H2O}n, {[Cd(o-OOCC6H4COFc)2(bpe)(MeOH)2]·2H2O}n,
{[Pb{μ2-η2-OOCCH=(CH3)CFc}2]·MeOH}n,[10] and {[Cd(μ2-
OOCH4C6Fc)(η2-OOCH4C6Fc)(bbp)](CH3OH)}n,[11] and the
magnetic properties of {[Mn(OOCH4C6Fc)2(μ2-OH2)(H2O)2]-
(H2O)}n and [Mn(μ2-OOCH4C6Fc)2(phen)]n,[11] etc., but no
reports have touched on the third-order NLO properties of
ferrocenecarboxylate–metal polymers.

Following our earlier studies on ferrocenecarboxylate–
metal polymers, we report here the syntheses and structures
o f a s e r i e s o f n ove l p o ly m e r s c o n s t r u c t e d f ro m
FcCH=CHCOONa with PbII or CdII ions and subsidiary
ligands. The third-order NLO studies in DMF solution
show that all these polymers display self-focusing behaviors.
This result is consistent with the previous conclusion that
the NLO properties of coordination polymers are con-
trolled by the valence shell structures of the central metal
ions. Their thermal and electrochemical properties were
also investigated.

Results and Discussion

Preparation of the Polymers

Polymers 1–4 were obtained by treatment of FcCH=
CHCOONa with the appropriate metal salts and subsidiary
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Scheme 1.

ligands in different solvents (Scheme 1). Crystals suitable
for X-ray crystallography of polymers 1–4 were also ob-
tained by slow evaporation of the solvents in the dark due
to the reasons mentioned previously.[21] These crystals are
only soluble in highly polar solvents such as DMSO and
DMF, etc.

Under similar reaction conditions, the reactions of
Pb(OAc)2 with different ferrocenecarboxylates generate dif-
ferent structural geometries. For example, treatment of
Pb(OAc)2 with FcCOONa or FcC(CH3)=CHCOONa gives
the one-dimensional chain structural polymers {[Pb2-
(OOCFc)(η2-OOCFc)(μ2-η2-OOCFc)(μ3-η2-OOCFc)-
(MeOH)]·1.5MeOH·H2O}n

[6e] or {[Pb{μ2-η2-OOCCH=
(CH3)CFc}2]·MeOH}n,[10] while when FcCH=CHCOONa
was treated with Pb(OAc)2 a zero-dimensional polymer (1)
was obtained whose structure displays significant difference
from the former two polymers. The addition of phen to the
reaction system of 1 led to the formation of the one-dimen-
sional polymer 2. Up to now, the synthesis of two-dimen-
sional polymers containing ferrocenecarboxylate was still a
great challenge. On the basis of self-assembly of coordina-
tion polymers, we successfully prepared a novel, two-dimen-
sional hybrid polymer 4 with the organic bridging ligand
bbbm.

Crystal Structure of [Pb6(μ2-OOCCH=CHFc)2(μ3-
OOCCH=CHFc)2(μ2-η2-OOCCH=CHFc)2(η2-
OOCCH=CHFc)2(μ4-O)2] (1)

The molecule crystallizes in the space group P1̄. X-ray
diffraction analysis revealed that 1 is a zero-dimensional
PbII polymer (Figure 1). The structure shows a giant, scroll-
wheel-like arrangement of the eight ferrocene units in four
kinds of coordination modes with a presumed Pb6 octahe-
dron core (the six PbII ions inhabit the six apexes of the
presumed octahedron), and the six PbII ions are bridged by
two μ4-O2– anions from the inner of the Pb6 octahedron
core, simultaneously. The molecule sits astride a center of
inversion.
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Figure 1. Crystal structure of [Pb6(μ2-OOCCH=CHFc)2(μ3-
OOCCH=CHFc)2(μ2-η2-OOCCH=CHFc)2(η2-OOCCH=CHFc)2-
(μ4-O)2] (1) with heteroatom labeling scheme.

The eight FcCH=CHCOO– units surround the Pb6 core
and bridge the six PbII ions to form a stable Pb6 octahe-
dron. It is interesting that the eight FcCH=CHCOO– units
display four kinds of coordination modes: bidentate (η2-
OOCCH=CHFc), bidentate (μ2-OOCCH=CHFc), triden-
tate (μ3-OOCCH=CHFc), and tridentate (μ2-η2-
OOCCH=CHFc). As for the Pb6 octahedron, the mean de-
viation of the plane Pb2–Pb2A–Pb3–Pb3A (A), Pb1–
Pb1A–Pb2–Pb2A (B), or Pb1–Pb1A–Pb3–Pb3A (C) is
0.000 Å. The dihedral angle between planes A and B is
68.8°, that between A and C is 85.5°, and that between B
and C is 85.8°. The Pb1–Pb1A, Pb2–Pb2A, and Pb3–Pb3A
distances are 6.621, 3.725, and 6.546 Å, respectively.
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The six PbII ions lie in three kinds of coordination envi-

ronments, considering an arbitrary length of approximately
2.8 Å to define maximum bonding interactions (this being
the sum of the two ionic radii[22]). Pb1 and Pb3 are pentaco-
ordinate. Each Pb1 binds to five oxygen atoms, two from a
chelating η2-OOCCH=CHFc– unit, one from bidentate μ2-
OOCCH=CHFc–, one from tridentate μ3-
OOCCH=CHFc–, and one from the μ4-O2– anion from the
inner core of the Pb6 octahedron. For Pb3, the five oxygen
atoms are two from μ2-η2-OOCCH=CHFc–, one from μ3-
OOCCH=CHFc–, one from μ2-OOCCH=CHFc–, and one
from the μ4-O2– anion. The coordination number of Pb2 is
four, with four oxygen atoms from μ2-η2-OOCCH=CHFc–,
μ3-OOCCH=CHFc–, and two μ4-O2– anions. The Pb–O dis-
tances are in the range 2.264(8)–2.694 Å. This contrasts
with the Pb atoms in the acetate, formate, and pentafluo-
robenozate complexes, where eightfold coordination is
found;[23] coordination numbers of 7,[24] 9,[25] and 10[26] are
also known in other PbII carboxylates.

The eight ferrocene fragments are located around the Pb6

octahedron. Fe1, Fe4, Fe1A, and Fe4A are co-planar, as
are Fe2, Fe3, Fe2A, and Fe3A, and the dihedral angle be-
tween the two planes is 89.8°, that is to say they are nearly
perpendicular to each other.

It has previously been reported that bridging oxygen
atoms are present at the center of a polyhedron formed by
transition[27] and main- group[28] metals or hetero-polyme-
tal containing Pb atoms,[29] for example the zero-dimen-
sional ZnII polymers [(Zn4O)(O2CR)6] (R = diethylamino,
piperidino, or pyrrolidino),[30] and [Zn4(μ2-FcCOO)6(μ4-
O)].[6e] Reports on PbII carboxylate complexes containing

Figure 2. Perspective view of the 1D chain structure of [Pb(η1-μ2-OOCCH=CHFc)2(phen)]n (2) with only the heteroatoms labeled.
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an oxide ligand bridging the metal atoms in a homometallic
polyhedron of PbII ions are very scare.[23]

Crystal Structure of [Pb(η1-μ2-OOCCH=CHFc)2(phen)]n (2)

The 1D chain structure of polymer 2 is formed by a
double monatomic bridge connecting the adjacent PbII ions
(Figure 2). Each PbII ion adopts a distorted octahedral
PbN2O4 coordination environment. The repeated Pb2O2

rings construct the basic skeleton structure of the one-di-
mensional chain: the dimensions of the rhomboid are
2.549×2.734 Å2, the dihedral angle between the two adja-
cent Pb2O2 rhomboid is 81.8°, and the Pb···Pb intrachain
distance is 4.202 Å. The phen rings lie on alternate sides of
each chain, parallel to the c-axis. The Pb–N(phen) distance
[2.612(11) Å] is consistent with those in {[Pb(phen)2(ox)]·
5H2O}n (ox = oxalate) [2.721(2) Å],[31] [Pb(phen)(O2C-
CH3)(O2NO)]n [2.519(3) and 2.579(3) Å],[32] [Pb(phen)2-
(O2CCH3)(ClO4)], and [Pb(phen)2(O2CCH3)(NCS)]2,[32]

etc.
The Pb2O2 ring in 2 is different from those in dimeric [Pb-

(phen)(O2CCH3)2]2[33] and [Pb(phen)(O2CCH3)(NCS)]2[34]

and polymeric [Pb(phen)(O2CCH3)(O2ClO2)]n[35] and
[Pb(phen)(O2CCH3)(O2NO)]n,[36] where the Pb2O2 rings
share edges with PbOCO quadrilaterals to form the dimer
core. The long edge of the Pb2O2 ring in 2 (2.734 Å) is sim-
ilar in length to those in [Pb(phen)(O2CCH3)(O2NO)]n
(2.80 Å) and [Pb(phen)(O2CCH3)(O2ClO2)]n (2.74 Å), but
considerably shorter than those in [Pb(phen)-
(O2CCH3)(NCS)]2 (3.19 Å) and [Pb(phen)(O2CCH3)2]2
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(3.37 Å). This indicates the strong coordinating ability of
the FcCH=CHCOO– anion.

Since the distance between adjacent phen rings (8.270 Å)
on one side of the 1D chain is out of the range of π–π
stacking interactions there are no such interactions in the
crystal structure, and it is the intermolecular interaction
that is responsible for the packing in the solid-state struc-
ture.

Crystal Structure of {[Cd(μ2-η2-OOCCH=CHFc)-
(η2-OOCCH=CHFc)(H2O)2](H2O)4}n (3)

The X-ray diffraction analysis revealed that 3 crystallizes
in the space group P21/n. As can be seen from Figure 3,
each CdII ion is seven-coordinate and the adjacent [Cd(η2-
OOCCH=CHFc)(H2O)2] groups are linked by μ2-η2-
OOCCH=CHFc– units into a one-dimensional chain poly-
mer.

In the structural unit, each CdII ion binds to atoms O1
and O2 from a chelating η2-OOCCH=CHFc–, O3, O4, and
O4A atoms from two μ2-η2-OOCCH=CHFc–, groups and
the O5 and O6 atoms from two coordinated H2O molecules.
The Cd–O(OOCCH=CHFc–) distances are in the range
2.242(4)–2.580(5) Å. The CdII ions are not in a straight line:
the adjacent Cd···Cd separation is 4.637 Å and the Cd–Cd–
Cd angle is 105.5°. The one-dimensional [Cd(μ2-η2-
OOCCH=CHFc)(η2-OOCCH=CHFc)(H2O)2] chain ex-
tends along the b-direction. Viewed along the b-axis, two
kinds of ferrocene fragments are located along both sides

Figure 3. One-dimensional chain structure of {[Cd(μ2-η2-OOCCH=CHFc)(η2-OOCCH=CHFc) (H2O)2](H2O)4}n (3) with only hetero-
atoms labeled.
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of the one-dimensional chain, and they alternate along this
chain. The one-dimensional chains are connected by O–
H···O hydrogen bonds and intermolecular interactions (Fig-
ure 4). The structure is similar to the reported 1-D infinite
zigzag chain polymer [Cd{Fc(CO2)2}(DMF)2(H2O)]n,[19] in
which the CdII atoms are connected by the 1,1�-ferrocenedi-
carboxylate ligand in a 1,3�-disubstituted bridging mode.

Crystal Structure of {[Cd(η2-OOCCH=CHFc)-
(bbbm)1.5Cl]·1.5H2O}n (4)

The crystal structure analysis demonstrates that 4 crys-
tallizes in the space group P1̄. As shown in the structural
unit (Figure 5), each CdII ion is six-coordinate in a slightly
distorted octahedral environment with two oxygen atoms
from a chelating η2-OOCCH=CHFc– unit, three nitrogen
atoms from three bridging bbbm ligands, and one Cl atom.
The O1, O2, N3, Cl1, and Cd1 atoms are nearly co-planar
(the mean deviation from the ideal CdCNO2 plane is
0.0322 Å), and define the equatorial plane [Cd1–O1 =
2.273(12), Cd1–O2 = 2.476(12) Å, Cd1–N3 = 2.301(14) Å,
and Cd1–Cl1 = 2.506(4) Å]. The N1 and N5 atoms of the
other two bbbm units occupy the axial positions [Cd1–N1
= 2.520(13), Cd1–N5 = 2.347(12) Å], and the axial angle
N1–Cd1–N5 is 166.3(4)°. All the CdII ions are bridged by
the bbbm with ferrocene units in the side chain leading to
an infinite two-dimensional network (Figure 6). The sheet
extends along the [010] crystallographic plane.
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Figure 4. The solid-state structure of {[Cd(μ2-η2-OOCCH=CHFc)(η2-OOCCH=CHFc)(H2O)2](H2O)4}n (3).

Hybrid polymers with ferrocene units in the side chain
have been published in our recent papers,[6e,10,11] such as the
one-dimensional, ladder-like polymers {[Zn(OOCFc)2(bpt)]·
2.5H2O}n, [Zn(OOCFc)(η2-OOCFc)(bbp)]n, and {[Cd(μ2-
OOCH4C6Fc)(η2-OOCH4C6Fc)(bbp)](CH3OH)}n, the zig-
zag chain polymer [Pb(FcCOO)(μ2-FcCOO)(bpe)]n, and the
linear chain polymer {[Zn(o-OOCC6H4COFc)2(4,4�-
bpy)(H2O)2]·2MeOH·2H2O}n. However, two-dimensional
ferrocenecarboxylate-containing hybrid polymers have not
been reported up to now. Using the organic bridging ligand

Figure 5. ORTEP diagram showing the structure unit of {[Cd(η2-OOCCH=CHFc)(bbbm)1.5Cl]·1.5H2O}n (4). H atoms have been omitted
for clarity.
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bbbm, we have successfully prepared the novel two-dimen-
sional hybrid polymer 4 containing a ferrocenearboxylate
component.

Thermogravimetric Analysis

The TG-DTA data of 1–4 were determined in the range
25–900°C in air. It can be seen from the TG curve that 1
begins to lose weight at 212°C, and the process of weight
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Figure 6. Two-dimensional sheet structure of {[Cd(η2-
OOCCH=CHFc)(bbbm)1.5Cl]·1.5H2O}n (4). H atoms have been
omitted for clarity.

loss is sustained up to 381°C; this corresponds to the de-
composition of the FcCH=CHCOO– anions. A plateau re-
gion is then observed from 381 to 900°C. Finally, a brown
amorphous residue was left, which can be assigned to
1.5PbO + 2FeO. There are two weak exothermic peaks at
258 and 304°C, and a very strong exothermic peak at
399°C on the DTA curve of 1.

For polymer 2, the weight-loss process begins at 183°C
and it goes through multiple weight loss steps, which can
be assigned to the loss of the phen molecule and the decom-
position of FcCH=CHCOO– anions; this process is sus-
tained up to 411°C. A clear plateau region is then observed
from 411 to 900°C in the TGA plot. Finally, the brown
amorphous residue is presumed to be PbO + 2FeO. There
is one weak exothermic peak at 249°C and one very strong
exothermic peak at 390°C on the DTA curve of 2.

We find from the TG curve that 3 begins to lose weight
at 35°C, and this process is maintained up to 159°C, corre-
sponding to the loss of uncoordinated H2O molecules. Af-
ter a plateau region from 159 to 225°C in the TG curve, it
goes through complicated multiple weight-loss steps from
225 to 555°C, corresponding to the loss of coordinated
H2O and the decomposition of the FcCH=CHCOO– units.
There is then a plateau region from 555 to 900°C. The
brown residue can be assigned to the residual CdO + 2FeO.
There is one middle exothermic peak at 280°C and one very
strong exothermic peak at 414°C on the DTA curve.

In the TG curve of 4, the weight loss process from 164
to 232°C can be assigned to the loss of H2O molecules,
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then it goes through complicated multiple weight-loss steps
in the temperature range of 232 to 600°C, which can be
assigned to the decomposition of bbbm and the
FcCH=CHCOO– anions. The final brown residue corre-
sponds to CdO + FeO. The weight remains constant from
600 to 900°C. In the DTA curve of 4, there is a weak exo-
thermic peak at 260°C, a middle exothermic peak at 395°C,
and a very strong exothermic peak at 478°C.

Redox Properties

The solution-state differential pulse voltammograms of
1–4 and FcCH=CHCOONa are shown in Figure 7. It can
be seen from this figure that all these polymers show a sin-
gle peak with a half-wave potential (E1/2 vs. SCE) at 0.56 V
for 1, 0.54 V for 2, 0.53 V for 3, and 0.52 V for 4, which can
be assigned to the electron-transfer process of the ferrocenyl
moiety. Relative to free FcCH=CHCOONa (0.51 V), the
half-wave potentials of 1–4 are all shifted to slightly higher
potential. It is apparent that these shifts can be attributed
to the influence of the central metal ions, and this is consis-
tent with the previous results of transition metal–ferrocenyl
systems.[9,37] The reason for this is that the conjugated π-
electron systems between the two metals allow communica-
tion,[38] and the electron-withdrawing nature of the coordi-
nated metal centers makes the ferrocene unit harder to ox-
idize.[39]

Figure 7. Differential pulse voltammogram of (a)
NaOOCCH=CHFc (0.51 V), (b) 1 (0.56 V), (c) 2 (0.54 V), (d) 3
(0.53 V), (e) 4 (0.52 V) all at concentrations of approximately
1.0×10–3 m in DMF containing nBu4NClO4 (0.1 m) at a scanning
rate of 20 mVs–1 (vs. SCE).

Nonlinear Optical Properties

The second-order NLO properties of ferrocenyl deriva-
tives have been extensively studied,[40] but reports on the
third-order NLO properties of ferrocenyl derivatives, espe-
cially ferrocenecarboxylate polymers, are very limited.
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The UV/Vis spectra of 1–4 were determined in DMF

solutions. From a previous study,[41,42] we know that ferro-
cene exhibits two characteristic absorptions in the UV/Vis
spectra at 440 nm (assigned to the 1E1g�1A1g transition)
and 325 nm (assigned to the 1E2g�1A1g transition). Simi-
larly, the four polymers also show two characteristic bands
at around 315 and 445 nm (Figure 8). All four polymers
have a relatively low linear absorption ranging from 500 to
1000 nm, similar to other known organic–metal poly-
mers.[42] This indicates low intensity loss and little tempera-
ture change caused by photon absorption when light propa-
gates in the materials.

The NLO properties of 1–4 were investigated with a 532-
nm laser pulse for 8 ns in a 1.21×10–4 m (1), 1.12×10–4 m

(2), 1.37×10–4 m (3), or 1.16×10–4 m (4) DMF solution.
Figures 9a–d depict the Z-scan data for 1–4, respectively.

We find that all these polymers possess good nonlinear op-
tical refraction effects. It is obvious that the theoretical
curves (solid curves) reproduce well the general pattern of
the observed experimental data (black dot). This fact sug-
gests that the experimentally obtained NLO effects are ef-
fectively third-order in nature. The data show that these
polymers have the same positive sign for the refractive non-
linearity, which gives rise to self-focusing behavior.

The NLO refractive effects were assessed by dividing the
normalized Z-scan data obtained in the closed-aperture
configuration by the normalized Z-scan data obtained in
the open-aperture configuration.

The third-order NLO refractive index, n2, can be derived
from Equations (1), (2), and (3)[43]

(1)

(2)

Figure 8. The UV/Vis spectra of polymers 1–4 in DMF solution.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3238–32493244

(3)

where Z is the distance of the sample from the focal point,
ε0 and c are the permittivity and speed of light in vacuo,
respectively, n0 and n2 are the linear and nonlinear refractive
indices of the sample, respectively, r is the radial coordinate,
t is the time, t0 is the pulse width, I0 is the peak irradiation
intensity at focus, and Z0 = πω0

2/λ, with ω0 being the spot
radius of the laser beam at focus and λ being the wavelength
of the laser; l is the distance between the aperture and
focus, α2 is the nonlinear absorption coefficient, and S =
1 – exp[–2(ra/ωa)2] is the linear aperture transmittance.

Based on Equation (1), the refractive index, n2, was cal-
culated to be 1.43×10–18 m2 W–1 for 1, 1.43×10–18 m2 W–1

for 2, 1.59×10–18 m2 W–1 for 3, and 1.75×10–18 m2 W–1 for
4. In accordance with the n2 values, the effective third-order
susceptibility χ(3) can be calculated by |χ(3)| = cno

2n2/80π;
the χ(3) values of 1–4 are 1.05×10–12, 1.05×10–12,
3.88×10–12, and 4.27×10–12 esu, respectively.

The corresponding modulus of the hyperpolarizability, γ,
was obtained from |γ| = χ(3)/NF4, where N is the number
density of the compound (concentration), F4, the local field
correction factor, is 3. The γ values (4.80×10–30 esu for 1,
5.19×10–30 esu for 2, 1.57×10–29 esu for 3, and
2.04×10–29 esu for 4) are larger than those observed in
other ferrocenyl complexes, whose γ values range from 10–35

to 10–31 esu.[44] In general, nonlinear optical behavior gov-
erned by the nonlinear hyperpolarizability, γ, of the materi-
als: the larger the γ value, the better the materials’ NLO
properties. On the other hand, from these data we can see
that the γ values of the same metal ions are very close, and
the γ values of 3 and 4 (CdII polymers) are a little larger
than those of 1 and 2 (PbII polymers). This may be attrib-
uted to the influence of the central metal ions. The influ-
ence of these polymers’ dimensionality on the third-order
NLO properties is not very noticeable. Upon summarizing
the limited literature relating to the third-order NLO prop-
erties of coordination polymers, we find that the coordina-
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Figure 9. Z-scan data for 1–4. The data were assessed by dividing the normalized Z-scan data obtained in the closed-aperture configura-
tion by the normalized Z-scan data obtained in the open-aperture configuration. The black dots are the experimental data, and the solid
curve is the theoretical fit. (a) The self-focusing effects of 1 in 1.21×10–4 m DMF solution at 532 nm. (b) The self-focusing effects of 2
in 1.12×10–4 m DMF solution at 532 nm. (c) The self-focusing effects of 3 in 1.37×10–4 m DMF solution at 532 nm. (d) The self-focusing
effects of 4 in 1.16×10–4 m DMF solution at 532 nm.

tion polymers’ large NLO properties may mainly be as-
cribed to the effect of metal ions, because the incorporation
of transition metal ions into polymers can extend the π-
conjugation length of the molecules, and the large π-conju-
gation system is favorable to increase the NLO suscep-
tibility χ(3) values.[45,46]

All the four polymers display self-focusing behavior,
which is consistent with the previous conclusion[45] that the
NLO properties of polymers are further controlled by the
valence shell structures of the central metal ions. Nearly all
the reported polymers with d10 valence shell metal ions give
self-focusing behaviors, such as theorganic–metal polymers
[Zn(bbbt)(NCS)2]n, [Zn(pbbt)(NCS)2]n,[45] [HgI2(4,4�-azo-
pyridine)]n, [HgI2(bpea)]n, [Pb(NCS)2(bpea)]n,[47] [Cd(en)-
(NO3)2(4,4�-bpy)]n,[48] and the ferrocenyl complexes [Zn(4-
PFA)2(NO3)2](H2O), [Hg2(OAc)4(4-BPFA)2](CH3OH),
[Cd2(OAc)4(4-BPFA)2][4] etc. Other than the valence shell
structures of the central metal ions, some other factors also
have an effect on the intensity of the third-order optical
nolinearity, such as the orbital overlap, orbital symmetry,
degree of electron delocalization, linear polarizability etc.
Further studies on the structure and third-order NLO prop-
erties relationship in these polymers are still underway. We
believe that the study of third-order NLO properties of this
kind of polymer may provide some promising candidates
for the design of optical materials.
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Conclusion

From the above discussion we can conclude that β-ferro-
cenylacrylate [FcCH=CHCOONa, Fc = (η5-C5H5)Fe(η5-
C5H4)] is an excellent candidate to form extended structures
whose versatile coordination modes can lead to the various
and unpredictable structural geometries of different poly-
mers. These metal–organic polymers possess good nonlin-
ear optical refraction effects, and the metal ions play impor-
tant roles in their NLO properties, because the incorpora-
tion of transition metal ions in polymers can extend the π-
conjugation length of molecules, and the large π-conjuga-
tion system is favorable to increase the NLO susceptibility
χ(3) values.[45,46]

Experimental Section
General Details: All chemicals were of reagent grade from commer-
cial sources and were used without further purification. β-Ferro-
cenylacrylic acid (FcCH=CHCOOH) was prepared according to
the literature,[49] and its sodium salt was prepared by reaction with
sodium methoxide. 1,1�-(1,4-Butanediyl)bis-1H-benzimidazole
(bbbm) was prepared according to the literature.[50]

Preparation of [Pb6(μ2-OOCCH=CHFc)2(μ3-OOCCH=CHFc)2-
(μ2-η2-OOCCH=CHFc)2(η2-OOCCH=CHFc)2(μ4-O)2] (1):
FcCH=CHCOONa (27.8 mg, 0.10 mmol) in methanol (4 mL) was
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added dropwise to a methanol solution (5 mL) of Pb(OAc)2·3H2O
(38.0 mg, 0.1 mmol). The resultant pale-orange solution was al-
lowed to stand at room temperature in the dark. Good quality
red crystals were obtained several days later (yield: 6 mg, 58%).
C26H22Fe2O4.5Pb1.5 (828.92): calcd. C 37.67, H 2.68; found C 37.62,
H 2.72. IR (KBr): ν̃ = 3440 m, 3111 m, 2361 w, 1627 s, 1483 s, 1389
s, 1247 s, 818 m, 674 m, 489 m cm–1.

Preparation of [Pb(η1-μ2-OOCCH=CHFc)2(phen)]n (2): Polymer 2
was prepared in a manner analogous to that used to prepare 1,
except that another kind of subsidiary ligand phen (phen = phen-
anthroline) (19.8 mg, 0.1 mmol) was added. The resultant red solu-
tion was allowed to stand at room temperature in the dark. Good
quality red crystals were obtained after two weeks (yield: 28 mg,
62%). C38H30Fe2N2O4Pb (897.53): calcd. C 50.85, H 3.37, N 3.12;
found C 50.39, H 3.56, N 3.38. IR (KBr): ν̃ = 3445 m, 3094 s, 1637
s, 1540 s, 1372 s, 1244 m, 1101 m, 975 m, 846 m, 726 m, 670 m,
489 m cm–1.

Preparation of {[Cd(μ2-η2-OOCCH=CHFc)(η2-OOCCH=CHFc)-
(H2O)2](H2O)4}n (3): FcCH=CHCOONa (55.6 mg, 0.2 mmol) in
3 mL of methanol was added dropwise to a 3 mL aqueous solution
of Cd(OAc)2·2H2O (21.1 mg, 0.1 mmol). The resultant red solution
was allowed to stand at room temperature in the dark. Good qual-
ity red crystals were obtained after a week (yield: 55 mg, 76%).
C26H34CdFe2O10 (730.63): calcd. C 42.74, H 4.69; found C 42.68,
H 4.73. IR (KBr): 3439 s, 3125 s, 2360 w, 1636 s, 1527 m, 1401 s,
1254 m, 1037 m, 815 m, 682 m, 488 m cm–1.

Preparation of {[Cd(η2-OOCCH=CHFc)(bbbm)1.5Cl]·1.5H2O}n (4):
A methanol solution (5 mL) of bbbm (29 mg, 0.1 mmol) was added
dropwise to an aqueous solution (2 mL) of CdCl2·2.5H2O
(22.8 mg, 0.1 mmol) to give a clear solution. FcCH=CHCOONa
(27.8 mg, 0.1 mmol) in 6 mL of methanol was then added dropwise
to this mixture. Two weeks later good quality red crystals were
obtained from the resultant red solution at room temperature in
the dark (yield: 28 mg, 48%). C40H41CdClFeN6O3.5 (865.49): calcd.
N 9.72, C 55.54, H 4.72; found C 55.49, H 4.72, N 9.70. IR (KBr):

Table 1. Crystallographic data for 1–4.

1 2 3 4

Formula C26H22Fe2O4.5Pb1.5 C38H30Fe2N2O4Pb C26H34CdFe2O10 C40H41CdClFeN6O3.5

Mol. mass 828.92 897.53 730.63 865.49
Crystal system triclinic monoclinic monoclinic triclinic
Crystal size [mm] 0.21×0.20×0.19 0.20×0.18×0.18 0.22×0.20×0.19 0.20×0.20×0.18
Space group P1̄ C2/c P21/n P1̄
a [Å] 10.315(2) 36.790(7) 10.746(2) 9.7369(19)
b [Å] 15.429(3) 10.477(2) 7.380(15) 10.200(2)
c [Å] 15.790(3) 8.2697(17) 35.632(3) 19.829(4)
α [°] 104.82(3) 90 90 102.76(3)
β [°] 97.59(3) 92.09(3) 91.13(3) 96.48(3)
γ [°] 91.65(3) 90 90 95.22(3)
V [Å3] 2403.0(8) 3185.4(11) 2825.4(10) 1894.6(6)
Dc [Mgm–3] 2.291 1.872 1.718 1.517
Z 4 4 4 2
μ [mm–1] 11.700 6.216 1.813 1.062
Refl. collected/unique 6745/6745; R(int) = 4485/2517; R(int) = 6153/3740; R(int) = 4320/4320; R(int) =

0.0000 0.0867 0.0558 0.0000
Data/restraints/parame- 6745/6/599 2517/0/214 3740/0/353 4320/2/495
ters
R[a] 0.0553 0.0754 0.0439 0.0974
Rw

[b] 0.1230 0.2012 0.0679 0.2258
GOF on F2 1.011 1.102 0.956 1.045
Δρmin and Δρmax [eÅ–3] –2.311 and 2.006 –3.019 and 2.411 –0.635 and 0.681 –1.529 and 0.975

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|. [b] RW = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2.
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ν̃ = 3432 s, 3114 s, 1633 s, 1541 s, 1398 s, 1252 m, 819 m, 750 m,
684 m, 491 m cm–1.

X-ray Crystallography: Crystal data and experimental details for 1–
4 are contained in Table 1. All the data were collected on a Rigaku
RAXIS-IV imaging plate area detector diffractometer using graph-
ite monochromated Mo-Kα radiation (λ = 0.71073 Å). Red, pris-
matic single crystals of 1–4 were selected and mounted on a glass
fiber. The data were collected at a temperature of 291(2) K and
corrected for Lorenz-polarization effects. A correction for second-
ary extinction was applied. The structures were solved by direct
methods and expanded using Fourier techniques. The non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were in-
cluded but not refined. The final cycle of full-matrix least-squares
refinement was based on observed reflections and variable parame-
ters. All calculations were performed using the SHELXL-97 pro-
gram.[51] Selected bond lengths and bond angles are given in
Table 2.
CCDC-233289, -261304, -233290, and -233291 for 1–4, respectively,
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.

Physical Measurements: C, H, and N analyses were carried out on a
MOD 1106 analyzer. IR data were recorded on a Bruker Tensor 27
spectrophotometer with KBr pellets in the 400–4000 cm–1 region.
TGA-DTA measurements were performed by heating the sample
from 25°C to 900°C at a rate of 10°Cmin–1 in air in a Perkin–
Elmer DTA-7 or TGA-7 differential thermal analyzer.

Differential pulse voltammetry studies were recorded with a
CHI650 electrochemical analyzer utilizing the three-electrode con-
figuration of a Pt working electrode, a Pt auxiliary electrode, and a
commercially available saturated calomel electrode as the reference
electrode with a pure N2 gas inlet and outlet. The measurements
were performed in DMF solution containing tetraethylammonium
perchlorate (nBu4NClO4) (0.1 m) as supporting electrolyte, with a
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Table 2. Selected bond lengths [Å] and angles [°] for 1–4.[a]

1

Pb(1)–O(9) 2.264(8) Pb(2)–O(5) 2.610(11)
Pb(1)–O(1) 2.400(12) Pb(2)–Pb(3) 3.687(12)
Pb(1)–O(8)#1 2.432(12) Pb(3)–O(9)#1 2.267(9)
Pb(1)–O(2) 2.644(13) Pb(3)–O(7) 2.473(11)
Pb(1)–O(3) 2.694(11) Pb(3)–O(5) 2.536(13)
Pb(2)–O(9) 2.325(9) Pb(3)–O(6) 2.597(14)
Pb(2)–O(9)#1 2.367(8) Pb(3)–O(4) 2.607(10)
Pb(2)–O(3)#1 2.489(9) O(8)–Pb(1)#1 2.432(12)
O(9)–Pb(3)#1 2.267(9) O(9)–Pb(2)#1 2.367(8)
O(3)–Pb(2)#1 2.489(9)
O(9)–Pb(1)–O(1) 81.4(4) O(3)#1–Pb(2)–Pb(3) 99.2(2)
O(9)–Pb(1)–O(8)#1 83.1(4) O(5)–Pb(2)–Pb(3) 43.4(3)
O(1)–Pb(1)–O(8)#1 75.7(5) O(9)#1–Pb(3)–O(7) 76.2(3)
O(9)–Pb(1)–O(2) 76.5(3) O(9)#1–Pb(3)–O(5) 75.2(3)
O(1)–Pb(1)–O(2) 49.7(5) O(7)–Pb(3)–O(5) 74.7(4)
O(8)#1–Pb(1)–O(2) 123.6(4) O(9)#1–Pb(3)–O(6) 122.7(4)
O(9)–Pb(1)–O(3) 72.8(3) O(7)–Pb(3)–O(6) 74.1(4)
O(1)–Pb(1)–O(3) 147.3(4) O(5)–Pb(3)–O(6) 50.2(4)
O(8)#1–Pb(1)–O(3) 81.5(4) O(9)#1–Pb(3)–O(4) 79.6(3)
O(2)–Pb(1)–O(3) 137.2(3) O(7)–Pb(3)–O(4) 145.1(3)
O(9)–Pb(2)–O(9)#1 74.9(3) O(5)–Pb(3)–O(4) 75.1(4)
O(9)–Pb(2)–O(3)#1 104.5(3) O(6)–Pb(3)–O(4) 99.2(4)
O(9)#1–Pb(2)–O(3)#1 75.1(3) O(9)#1–Pb(3)–Pb(2) 38.2(2)
O(9)–Pb(2)–O(5) 84.1(4) O(7)–Pb(3)–Pb(2) 52.4(2)
O(9)#1–Pb(2)–O(5) 72.2(4) O(5)–Pb(3)–Pb(2) 45.0(3)
O(3)#1–Pb(2)–O(5) 142.6(4) O(6)–Pb(3)–Pb(2) 85.5(3)
O(9)–Pb(2)–Pb(3) 94.5(2) O(4)–Pb(3)–Pb(2) 93.4(2)
O(9)#1–Pb(2)–Pb(3) 36.4(2) Pb(2)#1–O(3)–Pb(1) 97.1(3)
Pb(1)–O(9)–Pb(2) 107.7(4) Pb(3)–O(5)–Pb(2) 91.5(4)
Pb(1)–O(9)–Pb(2)#1 114.2(3) Pb(1)–O(9)–Pb(3)#1 110.8(3)
Pb(2)–O(9)–Pb(2)#1 105.1(3) Pb(3)#1–O(9)–Pb(2) 113.6(3)
Pb(3)#1–O(9)–Pb(2)#1 105.4(4)

2

Pb(1)–O(1)#1 2.549(12) Pb(1)–O(1)#3 2.734(12)
Pb(1)–O(1)#2 2.549(12) Pb(1)–O(1) 2.734(12)
Pb(1)–N(1) 2.612(11) O(1)–Pb(1)#1 2.549(11)
Pb(1)–N(1)#3 2.612(11)
O(1)#1–Pb(1)–O(1)#2 150.3(6) N(1)–Pb(1)–O(1)#3 90.8(4)
O(1)#1–Pb(1)–N(1) 81.1(4) N(1)#3–Pb(1)–O(1)#3 149.1(4)
O(1)#2–Pb(1)–N(1) 73.7(4) O(1)#1–Pb(1)–O(1) 74.7(4)
O(1)#1–Pb(1)–N(1)# 73.7(4) O(1)#2–Pb(1)–O(1) 121.8(4)
O(1)#2–Pb(1)–N(1)#3 81.1(4) N(1)–Pb(1)–O(1) 149.1(4)
N(1)–Pb(1)–N(1)#3 63.8(5) N(1)#3–Pb(1)–O(1) 90.8(4)
O(1)#1–Pb(1)–O(1)#3 121.8(4) O(1)#3–Pb(1)–O(1) 118.2(5)
O(1)#2–Pb(1)–O(1)#3 74.7(4) Pb(1)#1–O(1)–Pb(1) 105.3(4)

3

Cd(1)–O(1) 2.242(4) Cd(1)–O(5) 2.395(5)
Cd(1)–O(3) 2.274(4) Cd(1)–O(4) 2.579(4)
Cd(1)–O(6) 2.313(4) Cd(1)–O(2) 2.580(5)
Cd(1)–O(4)#1 2.356(5) O(4)–Cd(1)#2 2.356(5)
O(1)–Cd(1)–O(3) 142.98(17) O(5)–Cd(1)–O(4) 71.80(15)
O(1)–Cd(1)–O(6) 92.27(16) O(1)–Cd(1)–O(2) 53.78(15)
O(3)–Cd(1)–O(6) 124.73(15) O(3)–Cd(1)–O(2) 89.57(15)
O(1)–Cd(1)–O(4)#1 97.51(16) O(6)–Cd(1)–O(2) 144.52(14)
O(3)–Cd(1)–O(4)#1 84.23(15) O(4)#1–Cd(1)–O(2) 87.27(16)
O(6)–Cd(1)–O(4)#1 87.57(16) O(5)–Cd(1)–O(2) 93.28(17)
O(1)–Cd(1)–O(5) 80.75(17) O(4)–Cd(1)–O(2) 136.12(15)
O(3)–Cd(1)–O(5) 98.37(15) Cd(1)#2–O(4)–Cd(1) 139.94(19)
O(6)–Cd(1)–O(5) 90.48(17) O(1)–Cd(1)–O(4) 150.72(17)
O(4)#1–Cd(1)–O(5) 177.34(16) O(3)–Cd(1)–O(4) 54.13(14)
O(6)–Cd(1)–O(4) 78.25(15) O(4)#1–Cd(1)–O(4) 109.53(6)

4

Cd(1)–O(1) 2.273(12) Cd(1)–O(2) 2.476(12)
Cd(1)–N(3) 2.301(14) Cd(1)–Cl(1) 2.506(4)
Cd(1)–N(5) 2.347(12) Cd(1)–N(1) 2.520(13)
O(1)–Cd(1)–N(3) 148.5(5) N(3)–Cd(1)–N(1) 79.6(4)
O(1)–Cd(1)–N(5) 91.9(4) N(5)–Cd(1)–N(1) 166.3(4)
N(3)–Cd(1)–N(5) 88.9(4) O(2)–Cd(1)–N(1) 89.3(4)
O(1)–Cd(1)–O(2) 54.9(4) Cl(1)–Cd(1)–N(1) 91.4(3)
N(3)–Cd(1)–O(2) 94.0(5) N(3)–Cd(1)–Cl(1) 108.4(3)
N(5)–Cd(1)–O(2) 84.0(4) N(5)–Cd(1)–Cl(1) 99.5(3)
O(1)–Cd(1)–Cl(1) 102.5(4) O(2)–Cd(1)–Cl(1) 157.4(4)
O(1)–Cd(1)–N(1) 94.0(4)

[a] Symmetry transformations used to generate equivalent atoms: for 1: #1 –x + 2, –y + 1, –z + 1; for 2: #1 –x + 1, –y – 2, – z – 1; #2
x, –y – 2, z + 1/2; #3 –x + 1, y, –z – 1/2; for 3: #1 –x + 5/2, y + 1/2, –z + 1/2; #2 –x + 5/2, y – 1/2, –z + 1/2; for 4: #1 –x + 4, –y – 3, –
z + 2; #2 –x + 3, –y – 3, –z + 2; #3 –x + 2, –y – 3, –z + 1.
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50-ms pulse width and a 20-ms sample width. The potential was
scanned from +0.2 to +0.9 V at a scan rate of 20 mVs–1.

A DMF solution of 1–4 was placed in the 1-mm quartz cuvette for
NLO measurements. The nonlinear refraction was measured with
linearly polarized laser light (λ = 532 nm; pulse width: 8 ns) gener-
ated from a Q-switched and frequency-doubled Nd-YAG laser. The
spatial profiles of the optical pulses were nearly Gaussian. The laser
beam was focused with a 25-cm focal-length focusing mirror. The
radius of the beam waist was measured to be 35±5 μm (half-width
at 1/e2 maximum). The interval between the laser pulses was chosen
to be about 5 s for operational convenience. The incident and trans-
mitted pulse energies were measured simultaneously by two Laser
Precision detectors (RjP-735 energy probes), which were linked to
a computer by an IEEE interface. The NLO properties of the sam-
ples were manifested by moving the samples along the axis of the
incident beam (Z-direction) with respect to the focal point.[43] An
aperture 0.5 mm in radius was placed in front of the detector to
assist the measurement of the self-focusing effect.

Caution! Although no problems were encountered in this work,
perchlorate salts are potentially explosive. They should therefore be
prepared in small quantities and handled with care.
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