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Abstract

Three 1-D metal–organic polymers containing m-ferrocenylbenzoate components: {[Pb(l2-g2-OOCH4C6Fc)2] Æ (CH3OH)2}n (1),
[Zn(OOCH4C6Fc)2(bpe)]n (2) and [Mn(g2-OOCH4C6Fc)2(4,4 0-bpy)]n (3) were synthesized and structurally characterized. In polymer
1, each m-FcC6H4COO� anion adopts a tridentate fashion, bridging the central Pb(II) ions to form a 1-D chain. Polymers 2 and 3 give
similar zigzag chain structures. Their third-order NLO properties were investigated with 532 nm laser pulses of 8 ns duration by Z-scan
experiment in DMF solution. All of the polymers exhibit good NLO refractive properties with self-focusing behaviors. The third-order
NLO refractive indexes n2 are 2.44 · 10�11 esu for 1, 2.33 · 10�11 esu for 2, and 2.10 · 10�11 esu for 3, respectively. Through quantum
chemistry calculations, we conclude that the nonlinear refractive behaviors of the three polymers mainly come of the ferrocenyl units and
organic adjuvant ligands; Mn(II) ions and Pb(II) ions have also some influence on NLO properties. The solution-state differential pulse
voltammetrys indicate that the half-wave potential of the ferrocenyl moiety in 3 has slightly higher value than those of 1 and 2. This may
be because the HOMO orbitals in 1 and 2 are located in the m-FcC6H4COO� groups, while in 3 the HOMO orbital is located in the m-
FcC6H4COO� and Mn(II)groups, the charge transitions of the metal cores may play an important role in the change of the Fe(II)/Fe(III)
oxidation potential of 3, so the Fe(II) centers of 1 and 2 are more easily oxidized to Fe(III) centers than that of 3.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Tempted by potential application of nonlinear optical
devices, much effort has been made in recent years in the
design and synthesis of new molecules with large macro-
scopic optical nonlinearities [1] and in demonstrating their
logic operation, optical switching, optical communication,
optical limiting effect, etc. [2]. Within this field, ferrocene-
containing complexes are currently attracting a great deal
of attention [3–5]. Ferrocenyl complexes consist of ferroce-
nyl units, metal ions, or organic adjuvant ligands, each of
which may make an important contribution to optical non-
linearity of ferrocenyl complexes. Rich electronic ferroce-
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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nyl units and organic adjuvant ligands containing p-
conjugated system can enhance the delocalization of p-elec-
tron cloud over the whole chain [6] and then boost up the
molecular NLO properties [7]. The incorporation of transi-
tion metal ions in metal–organic complexes introduces
more sublevels into the energy hierarchy, which permits
more allowed electronic transitions to take place and
enhances the NLO effects. Therefore, ferrocenyl complexes
have been expected to be one of the new candidates for
nonlinear optical materials, and it has been found that ferr-
ocenyl metal–organic complexes exhibit good third-order
NLO effects [5,8].

Furthermore, from the viewpoint of constructing func-
tional compounds, the incorporation of the ferrocene
moiety into the metal–organic frameworks provides a
good select of preparing new functional materials with
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unique features. Additionally, the utilization of organic
adjuvant ligands containing p-conjugated system (4,4 0-
bpy, bpe, etc.) can benefit the attachment of ferrocenyl
units to polymeric chains [9], and therefore extend the
p-conjugation length of complexes which is one of many
features to increase molecular NLO susceptibility v(3) val-
ues [10]. These prompt us to utilize adjuvant ligands to
prepare more novel metal–organic polymers containing
ferrocene groups and study their NLO properties. How-
ever, to our knowledge, there were few reports [8] on
the third-order NLO properties of ferrocenyl metal–
organic polymers.

On the other hand, although the great progress made in
the field of NLO materials, the crucial influence factors of
forming better NLO materials still remain unclear. It decel-
erates the speed of further development of nonlinear optics.
Increasing researchers are trying to reveal the influence fac-
tors concerning NLO properties in order to establish some
well-defined guidelines or models for synthesizing better
third-order species [6,11]. In our previous work [11d], we
have reported that the frontier molecular orbital corre-
sponds to the delocalization of the p-electron cloud and
such cloud is generally suggested as the origin of NLO
properties of metal complexes. To further investigate the
influence factors concerning NLO properties and search
for new potential third-order NLO materials, we utilized
sodium m-ferrocenylbenzoate to design and synthesize
three novel one-dimensional polymers containing different
metal ions: {[Pb(l2-g2-OOCH4C6Fc)2] Æ (CH3OH)2}n (1),
[Zn(OOCH4C6Fc)2(bpe)]n (2) and [Mn(g2-OOCH4C6Fc)2-
(4,4 0-bpy)]n (3). As expected, these polymers all present
good third-order NLO properties. By quantum chemistry
study, we illustrate that metal ions in polymers 1, 2 and 3

have different influence on third-order NLO properties
and the nonlinear refractive behaviors of three polymers
mainly come of the ferrocenyl units and organic adjuvant
ligands. Their electrochemical properties were also
investigated.

2. Experimental

2.1. General Information and physical techniques

All chemicals were of reagent grade quality obtained
from commercial sources and used without further purifi-
cation. Carbon, hydrogen and nitrogen analyses were car-
ried out on a Carlo-Reba 1106 elemental analyzer. IR
data were recorded on a Nicolet NEXUS 470-FTIR spec-
trophotometer with KBr pellets in the 400–4000 cm�1

region. UV–vis spectra were recorded, ranging from 240
to 700 nm, on a JASCO V-550 ultraviolet–visible spectro-
photometer. m-Ferroceneylbenzoic acid and its sodium
salt were prepared according to the literature method
[12]. Cyclic voltammogram and differential pulse voltam-
metry studies were recorded with a CHI650 electrochem-
ical analyzer utilizing the three-electrode configuration
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 con-
taining tetrabutyl ammonium perchlorate (n-Bu4NClO4)
(0.1 mol dm�3) as supporting electrolyte, with has a
50 ms pulse width and a 20 ms sample width. The poten-
tial was scanned from 0 to +1.0 V at a scan rate of
20 mV s�1.

2.2. Synthesis of {[Pb(l2-g2-OOCH4C6Fc)2] Æ
(CH3OH)2}n (1)

Pb(OAc)2 Æ 3H2O (19.0 mg, 0.05 mmol) was dissolved in
5 ml CH3OH. A 4 ml CH3OH solution of m-
FcC6H4COONa (32.8 mg, 0.1 mmol) was added dropwise
to the former mixture at r.t. After several days, red X-ray
quality single crystals were obtained (20 mg). Anal. Calc.
for C36H34Fe2O6Pb: C, 49.01; H, 3.90. Found: C, 48.79;
H, 3.97%. IR spectra (KBr cm�1): 3444 (s), 1599 (s), 1553
(s), 1464 (m), 1396 (s), 1271 (m), 1130.28 (m), 1104 (m),
1077 (m), 1007 (m), 815 (m), 773 (m), 719 (m), 692 (m),
652 (m), 499 (m).

2.3. Synthesis of [Zn(OOCH4C6Fc)2(bpe)]n (2)

The ligand m-FcC6H4COONa (32.8 mg, 0.1 mmol) in
5 mL of CH3OH was added dropwise to a solution of
bpe (9.1 mg, 0.05 mmol) (bpe = 1,2-bis(4-pyridyl)thane)
and Zn(OAc)2 Æ 2H2O (11.0 mg, 0.05 mmol) in 5 mL of
CH3OH. Red single crystals were obtained after the reac-
tion mixture was put in the dark for two week. Yield:
54%. Anal. Calc. for C46H36Fe2N2O4Zn: C, 64.41; H,
4.20; N, 3.31. Found: C, 64.22; H, 4.31; N, 3.40%. IR
(cm�1, KBr): 3428 (s), 3095 (s), 1613 (s), 1567 (s), 1379
(s), 1263 (m), 1213 (m), 1104 (m), 1070 (m), 1024.32(m),
827.51(m), 555 (m), 495 (m).

2.4. Synthesis of [Mn(g2-OOCH4C6Fc)2(4,4 0-bpy)]n (3)

The ligand m-FcC6H4COONa (32.8 mg, 0.1 mmol) in
5 mL of CH3OH was added dropwise to a solution of
4,4 0-bpy (7.8 mg, 0.05 mmol) and Mn(OAc)2 Æ 2H2O
(13.4 mg, 0.05 mmol) in 5 mL of CH3OH. Red single crys-
tals were obtained after the reaction mixture was put in the
dark for two week. Yield: 46%. Anal. Calc. for
C44H34Fe2MnN2O4: C, 64.30; H, 4.13; N, 3.41. Found:
C, 64.24; H, 4.18; N, 3.38%. IR (cm�1, KBr): 3429 (m),
3098 (m), 1600 (s), 1648 (s), 1490 (m), 1406 (s), 1272 (m),
1220 (m), 1131 (m), 1105 (m), 813 (m), 496 (m).

Caution! Although no problems were encountered in this

work, the salt perchlorates are potentially explosive. They

should be prepared in small quantities and handled with care.

2.5. Crystal structure determination

A crystal suitable for X-ray determination was
mounted on a glass fiber. All data were collected at
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room temperature on a Rigaku RAXIS-IV imaging plate
area detector with graphite monochromated Mo-Ka radi-
ation (k = 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 calcula-
tions were performed with the SHELXL-97 crystallographic
software package [13]. Table 1 shows crystallographic
crystal data and processing parameters for polymers
1–3, and Table 2 lists their selected bond lengths and
bond angles.

2.6. Nonlinear optical measurements

A DMF solution of polymer 1 (2 or 3) was placed in a 1-
mm quartz cuvette for NLO measurements, respectively.
The NLO properties were measured as described in the lit-
erature [14].

2.7. Computational details

All computations were performed using the Gaussian 03
suite of programs and gradient corrected density functional
theory using the B3LYP functional [15,16].
Table 1
Crystal data and structure refinement for polymers 1–3

Polymers 1

Formula C36H34Fe2O6Pb
fw 881.52
Temperature (K) 291(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group C2/c
a (Å) 41.192(8)
b (Å) 10.123(2)
c (Å) 8.0021(16)
a (�) 90
b (�) 98.92(3)
c (�) 90
V (Å3) 3296.2(11)
z 4
Dc (g cm�3) 1.776
Absolute coefficient (mm�1) 6.008
F(000) 1728
Crystal sizes (mm) 0.20 · 0.18 · 0.16
h Range for data collection (�) 2.07–27.59
Index ranges �51 6 h 6 52,

�12 6 k 6 0,
�9 6 l 6 9

Reflections collected/unique 6131/3407
Data/restraints/parameters 3407/0/207
Goodness-of-fit on F2 1.097
Final R indices [I > 2r(I)] R1 = 0.0494
R Indices (all data) wR2 = 0.1278

R1 = 0.0579
wR2 = 0.1345
3. Results and discussion

3.1. Description of crystal structures

3.1.1. Crystal structure of {[Pb(l2-g2-

OOCH4C6Fc)2] Æ (CH3OH)2}n (1)
The chain structure of polymer 1 is depicted in Fig. 1,

from which we can see that each m-FcC6H4COO� anion
adopts a tridentate fashion bridging the central Pb(II)
ions to form a 1-D chain. The geometry around each
Pb(II) ion can be described as a tent conformation. The
four oxygen atoms (O1, O2, O1A, O2A) form the bottom
of the tent, where the four O atoms are almost coplanar
and atoms O1, O2 are from one m-FcC6H4COO� unit
and O1A and O2A are from another m-FcC6H4COO�

unit. O2B and O2C from two different m-FcC6H4COO�

units form the top beam, the Pb atom locates within the
middle portion of the top beam. The Pb–O bond dis-
tances are in the range of 2.510(6)–2.688(6) Å. The bond
angles around Pb1 vary from 51.14� to 162.7�. The Pb(II)
ions are not in a straight line: the adjacent Pb � � � Pb sep-
aration is 4.286(1) Å and Pb � � � Pb � � � Pb angle is 137.9�.
The dihedral angles between planes Pb1B–O3B–Pb1–O3
and Pb1A–O2A–Pb1–O2 are 51.8, and the dihedral angles
between planes C27–O4–Pb1–O3 and C13–O1–Pb1–O2
(the mean deviation from the plane both are 0.0023 Å)
2 3

C46H36Fe2N2O4Zn C44H34Fe2MnN2O4

857.84 821.37
291(2) 291(2)
0.71073 0.71073
Monoclinic Monoclinic
C2/c C2/c
28.020(6) 29.131(6)
7.7307(15) 7.5343(15)
18.779(4) 16.441(3)
90 90
106.02(3) 106.67(3)
90 90
3910.0(13) 3506.4(12)
4 4
1.457 1.556
1.387 1.220
1760 1684
0.20 · 0.18 · 0.16 0.20 · 0.18 · 0.16
1.51–25.00 1.44–27.53
�8 6 h 6 33, �36 6 h 6 9,
�9 6 k 6 8, �9 6 k 6 9,
�22 6 l 6 21 �18 6 l 6 19
4705/2827 5564/3285
2827/0/254 3285/0/241
1.047 1.059
R1 = 0.0584 R1 = 0.0454
wR2 = 0.0959 wR2 = 0.0940
R1 = 0.1143 R1 = 0.0862
wR2 = 0.1084 wR2 = 0.1050



Table 2
Selected bond lengths (Å) and angles (�) for polymers 1–3

Polymer 1a

Pb(1)–O(2) 2.510(6) Pb(1)–O(2)#1 2.510(6)
Pb(1)–O(1) 2.575(5) Pb(1)–O(1)#1 2.575(5)
Pb(1)–O(2)#2 2.687(6) Pb(1)–O(2)#3 2.688(6)
O(2)–Pb(1)#3 2.687(6) O(2)#2-Pb(1)–O(2)#3 162.7(3)
O(2)–Pb(1)–O(2)#1 78.6(3) O(2)–Pb(1)–O(1) 51.14(17)
O(2)#1-Pb(1)–O(1) 72.90(19) O(2)–Pb(1)–O(1)#1 72.90(19)
O(2)#1-Pb(1)–O(1)#1 51.14(17) O(1)–Pb(1)–O(1)#1 106.9(2)
O(2)–Pb(1)–O(2)#2 126.29(17) O(2)#1-Pb(1)–O(2)#2 68.9(2)
O(1)–Pb(1)–O(2)#2 78.39(19) O(1)#1-Pb(1)–O(2)#2 112.33(19)
O(2)–Pb(1)–O(2)#3 68.9(2) O(2)#1-Pb(1)–O(2)#3 126.29(17)
O(1)–Pb(1)–O(2)#3 112.33(19) O(1)#1-Pb(1)–O(2)#3 78.39(19)

Polymer 2b

Zn(1)–O(1) 1.982(4) Zn(1)–O(1)#1 1.982(4)
Zn(1)–N(1) 2.078(4) Zn(1)–N(1)#1 2.078(4)
O(1)–Zn(1)–O(1)#1 122.8(3) O(1)–Zn(1)–N(1) 118.32(18)
O(1)#1-Zn(1)–N(1) 100.13(18) O(1)–Zn(1)–N(1)# 100.13(18)
O(1)#1-Zn(1)–N(1)#1 118.32(18) N(1)–Zn(1)–N(1)#1 94.5(2)

Polymer 3c

Mn(1)–O(1) 2.208(3) Mn(1)–O(1)#1 2.208(3)
Mn(1)–N(1)#1 2.246(2) Mn(1)–N(1) 2.246(2)
Mn(1)–O(2) 2.246(3) Mn(1)–O(2)#1 2.246(3)
O(1)-Mn(1)–O(1)#1 133.69(14) O(1)-Mn(1)–N(1)#1 90.54(9)
O(1)#1-Mn(1)–N(1)#1 122.67(11) O(1)-Mn(1)–N(1) 122.67(11)
O(1)#1-Mn(1)–N(1) 90.54(9) N(1)#1-Mn(1)–N(1) 91.39(13)
O(1)-Mn(1)–O(2) 58.42(9) N(1)#1-Mn(1)–O(2) 145.09(10)
N(1)-Mn(1)–O(2) 92.89(9) O(1)-Mn(1)–O(2)#1 91.93(11)
O(1)#1-Mn(1)–O(2)#1 58.42(9) N(1)#1-Mn(1)–O(2)#1 92.89(9)
N(1)-Mn(1)–O(2)#1 145.09(10) O(2)-Mn(1)–O(2)#1 102.92(14)

a Symmetry transformations used to generate equivalent atoms in 1: #1 �x + 1, y, �z + 1/2 #2 x, �y + 1, z � 1/#3 �x + 1, �y + 1, �z + 1.
b Symmetry transformations used to generate equivalent atoms in 2: #1 �x, y, �z + 1/2 #2 �x, �y, �z + 1.
c Symmetry transformations used to generate equivalent atoms in 3: #1 �x, y, �z + 1/2 #2 �x, �y + 2, �z.
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are 76.5�. Interestingly, the Pb1–O2–Pb1A–O2B ring is
similar to those of the reported Pb-carboxylate polymers
[8,9c], in which carboxylate ligands are FcCH@CHCOOH
Fig. 1. Perspective view of the 1-D chain structure of {[Pb(l2-g2-
OOCH4C6Fc)2] Æ (CH3OH)2}n with only the heteroatoms labeled.
and FcC(CH3)@CHCOOH, respectively. It has been
reported that the ring’s structure of a Pb-carboxylate
compound depends strongly on the size of the carboxylate
substituent [17]. In addition, the one-dimensional [Pb(l2-
g2-OOCH4C6Fc)2] chain extends along the c-direction.
Viewing along c-axis, ferrocene fragments are located
along both sides of the one-dimensional chains (Fig. 1),
and they arrange alternately along this chain. {[Pb(l2-
g2-OOCH4C6Fc)2] Æ (CH3OH)2}n chains pack each other
by intermolecular interactions. Also it should be pointed
out that the dihedral angle between the phenyl ring’s
plane and the Cp ring’s plane of one m-FcC6H4COO�

unit is 11.1�.

3.1.2. Crystal structure of [Zn(OOCH4C6Fc)2(bpe)]n (2)

Polymer 2 gives a one-dimensional zigzag chain struc-
ture (Fig. 2). It crystallizes in the space group C2/c as
polymer 1. In the structure unit, the central Zn(II) ion
is four-coordinated in a distorted tetrahedral environment
with two oxygen atoms from two m-FcC6H4COO� units
and two nitrogen atoms from two bridging bpe ligands.
The Zn–O bond length is 1.982(4) Å, and the Zn–N bond
length is 2.078(4) Å. The bond angles around Zn1 vary
from 94.5(2) to 122.8(3)�. All bpe units connect all Zn(II)
ions leading to infinite zigzag chain and neighboring
Zn � � � Zn distance is 13.518(2) Å. The one-dimensional



Fig. 2. One-dimensional zigzag chain structure of the polymer [Zn(OOCH4C6Fc)2(bpe)]n.
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chains extend along the c-direction and pack each other
by intermolecular interactions. The structure is similar
to the reported 1-D infinite zigzag chain polymer
[Zn(FcCOO)(g2-FcCOO)(bbp)]n [9b], in which the Zn(II)
ions are five-coordinated, and they are in an axially dis-
torted, trigonal bipyriamidal arrangement. The bbp
(bbp = 4,4 0-trimethylene-dipyridine) units connect all
Zn(II) ions leading to a infinite zigzag chain and the
neighboring Zn � � � Zn distance is 12.180 Å. In addition,
it is noteworthy that the dihedral angle between the phe-
nyl ring’s plane and the Cp ring’s plane of one m-
FcC6H4COO� unit is 12.7�.

3.1.3. Crystal structure of [Mn(g2-OOCH4C6Fc)2(4,4 0-

bpy)]n (3)
Polymer 3 has the similar crystal structure (Fig. 3) and

the same space group C2/c as that of polymer 2. As can
be seen from Fig. 3, the structure consists of a polymeric
chain in which adjacent [Mn(g2-OOCH4C6Fc)2] units are
linked by 4,4 0-bpy ligands. Each Mn(II) ion is at a six-coor-
dinated geometry in which four oxygen atoms come from
Fig. 3. One-dimensional zigzag chain structure of t
two m-FcC6H4COO� units, two nitrogen atoms come from
two bridging 4,4 0-bpy ligands. The Mn-O distances are
2.208(3) and 2.246(2) Å, respectively, while Mn-N distance
is 2.246(2) Å. The bond angles around Mn(II) ions range
from 58.42(9)� to 145.09(10)�. Interestingly, compared with
those of polymers 1 and 2, m-FcC6H4COO� units in poly-
mer 3 as a terminal bidentate fashion coordinate to the cen-
tral metal ions and hang on the main chains, while in
polymers 1 and 2, m-FcC6H4COO� units adopt a triden-
tate and monodentate fashion, respectively. The center-
to-center distance between planes of two parallel phenyl
rings of neighboring chains is 7.534 Å. The 4,4 0-bpy ligands
of neighboring chains are nearly parallel with a dihedral
angle of 1.2�, and the center-to-center distance between
the two neighboring parallel 4,4 0-bpy ligands is 5.419 Å.
Since the distances are out of the range of p–p stacking
interactions, there are no such interactions in the crystal
structure. Moreover, the dihedral angle between the phenyl
ring’s plane and the Cp ring’s plane of one m-FcC6-
H4COO� unit is 15.6�, which is slightly bigger than those
of polymers 1 and 2.
he polymer [Mn(g2-OOCH4C6Fc)2(4,4 0-bpy)]n.
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3.2. Nonlinear optical properties

The third-order NLO properties of polymers 1–3 were
investigated with 532 nm laser pulses of 8 ns duration by
Z-scan experiment in a 3.78 · 10�4 (1), 1.46 · 10�4 (2), or
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3.78 · 10�4 M DMF solution at 532 nm. (b) The self-focusing effects of 2 in 1.
1.52 · 10�4 M DMF solution at 532 nm.
1.52 · 10�4 (3) mol dm�3 DMF solution. Very low linear
absorption in the visible and near-IR regions range from
500 to 700 nm (Fig. 4) promising low-intensity loss and lit-
tle temperature change caused by photon absorption when
light propagates in the materials [18]. This demonstrates
that the NLO responses of 1, 2 and 3 in DMF are neat
without the interference of other absorption at the wave-
length of 532 nm by the Z-scan technique. Polymers 1–3

exhibit strong NLO refractive properties (Fig. 5). The
third-order NLO studies in DMF solution show that all
these polymers display self-focusing behaviors. An effective
third-order nonlinear refractive index n2 can be derived
from the difference between normalized transmittance val-
ues at valley and peak positions (DTV–P) by using Eq. (1)
[14,19]:

n2 ¼
ka0

0:812pIð1� e�a0LÞDT V–P ð1Þ

where a0 is the linear and nonlinear absorption coefficients;
L is the sample thickness; k is the wavelength of the laser; I
is the peak irradiation intensity; DTV–P is the difference be-
tween the normalized transmittance values at valley and
peak portions. The n2 values of polymers 1–3 are calculated
to be 2.44 · 10�11, 2.33 · 10�11, and 2.10 · 10�11 esu,
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respectively. In accordance with the n2 values, the value of
third-order NLO susceptibility v(3) of the molecule is re-
lated to molecular structure. The third-order NLO suscep-
tibility v(3) values of polymers 1, 2 and 3 can be calculated
from the equation vð3Þ ¼ cn2

0n2=80p, where c is the speed of
light in a vacuum, and n0 is the linear refractive index of the
sample. The v(3) values of polymers 1–3 are calculated to be
6.19 · 10�13 esu, 5.9 · 10�13 esu, and 5.3 · 10�13 esu,
respectively. The v(3) values of polymers 1, 2, and 3 are
slightly weaker than those of the known cluster compounds
(the v(3) values are in the range of 10�9–10�12) [20], and can
be comparable to those of other ferrocenyl derivatives [21].
A much larger n2 or v(3) value may be expected if a much
higher concentration can be achieved.

In order to further investigate the contribution of metal
ions and ligands to the delocalization of the p-electron
cloud. We used the Gaussian 03 suit of programs to calcu-
late frontier molecular orbitals by density functional theory
(DFT) [16,22,23] and analyze orbital occupied components
of each part. All DFT calculations were carried out using
the B3LYP hybrid exchange-correlation functional
[16,22,24]. The basis set used for C, O, N and H atoms
was 6-31G(d) [25], while effective core potentials with a
LanL2DZ basis set were employed for transition metals
and Pb(II) ions [26]. A view of the results is presented in
Fig. 6. It can be seen from Fig. 6 that HOMO � 1 and
HOMO of polymer 1 are primarily m-FcC6H4COO�-based
orbital (DFT/B3LYP 99.99% and 99.99% for m-
FcC6H4COO�), while LUMO and LUMO + 1 are Pb(II)-
and m-FcC6H4COO�-based orbitals [DFT/B3LYP 69.76%
and 52.10% for Pb(II)]. Similarly, the molecular orbitals of
polymers 2 and 3 are also calculated. The HOMO � 1 and
HOMO of polymer 2 are primarily m-FcC6H4COO�-based
orbital (DFT/B3LYP 99.99% and 99.97% for m-
FcC6H4COO�), while LUMO and LUMO + 1 are bpe-
based orbital (DFT/B3LYP 99.74% and 99.54% for bpe),
and the four orbitals have barely any Zn(II) character. In
polymer 3, HOMO � 1 and HOMO (Alpha Molecular
Orbital) are primarily m-FcC6H4COO�-based orbital
(DFT/B3LYP 98.82% and 81.65% for m-FcC6H4COO�),
HOMO (Beta Molecular Orbital) is primarily Mn(II)-
based orbital [DFT/B3LYP 84.17% for Mn(II)], while
LUMO and LUMO + 1 are primarily 4,4 0-bpy-based orbi-
tal [DFT/B3LYP 88.75%, 93.44% (Alpha) and 89.49%,
94.44% (Beta), respectively, for 4,4 0-bpy]. Through calcu-
lating the components of metal ions and ligands in the
Fig. 6. The frontier molecular orbital of
frontier molecular orbitals, we can ascertain their contribu-
tion to those orbitals. Commonly, the photochemical and
photophysical properties of complexes are governed by
the first excited singlet state S1 and the first excited triplet
state T1, which usually associate with the frontier molecu-
lar orbitals [27]. The delocalization of the p-electron cloud
corresponds to the frontier molecular orbital and such
cloud is suggested as the origin of NLO properties of metal
complexes, thus the components of the frontier molecular
orbitals are very important to NLO properties of com-
plexes. In polymer 1, both the Pb(II) and m-FcC6H4COO�

ions contribute to the frontier molecular orbital, accord-
ingly, we can deduce the NLO properties of polymer 1

are controlled by Pb(II) and ferrocenyl ligands, that is to
say that Pb(II) ions have some influence on the NLO prop-
erties. It is consistent with our former reports [28]. Also we
can deduce that the NLO properties of polymer 3 are con-
trolled by ferrocenyl ligands and organic adjuvant ligands,
and Mn(II) ions have slightly weak influence on the NLO
properties. While in polymer 2, Zn(II) ions have no influ-
ence on the NLO properties, which are only controlled
by ferroceneyl ligands and adjuvant ligands. From occupy-
ing orbital components of 4,4 0-bpy and bpe, the introduc-
tion of organic adjuvant ligands involving p-conjugated
system have strong influence on NLO properties of poly-
mers. Our recent quantum chemistry studies on NLO prop-
erties of Zn(II) complexes [11d,29] also illustrate that the
frontier molecular orbitals of Zn(II) complexes primarily
have ligands character.

4. Electrochemistry

The solution-state cyclic voltammograms (CVs) and dif-
ferential pulse voltammograms (DPVs) of 1–3 and sodium
m-ferrocenylbenzoate are shown in Fig. 7. It can be seen
from CVs that all these polymers and sodium m-ferro-
cenylbenzoate show a single-electron redox process, which
can be assigned to the Fe(II)/Fe(III) couple electron-trans-
fer course of the ferrocenyl moiety. The solution-state
DPVs of 1, 2, 3 and sodium m-ferrocenylbenzoate show a
single peak with a half-wave potential (E1/2 vs. SCE) at
0.480 V for 1, 0.472 V for 2, 0.512 V for 3, and 0.448 V
for sodium m-ferrocenylbenzoate. Compared with that of
m-ferrocenylbenzoate (0.448 V), the half-wave potentials
of 1–3 are all shifted to slightly higher potential. It is appar-
ent that these shifts can be attributed to the influence of the
polymer 1: (a) HOMO, (b) LUMO.



Fig. 7. Cyclic voltammograms (left) and differential pulse voltammograms (right) of polymers 1 (b), 2 (c), 3 (d) and sodium m-ferrocenylbenzoate (a)
(1.0 · 10�3 M) in DMF solution containing n-Bu4NClO4 (0.1 M) at a scanning rate of 20 mV s�1 (vs. SCE).
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central metal ions, and this is consistent with the previous
results of transition metal–ferrocenyl systems [30]. The
electron-withdrawing nature of the coordinated metal cen-
ters will make the ferrocene unit harder to oxidize [31].
Also it should be pointed out that the half-wave potential
of the ferrocenyl moiety in 3 has slightly higher value than
those of 1 and 2. We may get an explanation of such behav-
iors from frontier orbital theory [32]. In 3, the HOMO
orbital is associated with the m-FcC6H4COO� and Mn(II)
groups, the charge transitions of the metal cores may play
an important role in the change of the Fe(II)/Fe(III) oxida-
tion potential of 3. While the HOMO orbitals in 1 and 2

are located in the m-FcC6H4COO� groups, the Fe(II) cen-
ters of 1 and 2 are more easily oxidized to Fe(III) centers
than that of 3.

5. Conclusion

In summary, we design and synthesize three new 1-D
polymeric complexes, all of which exhibit good third-order
NLO properties. By experimental and quantum chemistry
study, we conclude that the introduction of organic adju-
vant ligands containing p-conjugated system have strong
influence on the NLO properties and the nonlinear refrac-
tive behaviors of three polymers mainly come of the ferr-
ocenyl units and organic adjuvant ligands; Mn(II) ions
and Pb(II) ions have also some influence on NLO proper-
ties. In addition, we also elucidate the possible reason for
their electrochemical behaviors. Based on molecular orbital
calculations we can obtain materials with better photo-
chemical and photophysical properties accurately and eas-
ily, and further studies are under way to design particular
ferrocenyl complexes with preeminent chemical and physi-
cal properties.
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