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Studies on Cage-Type Tetranuclear Metal Clusters with
Ferrocenylphosphonate Ligands
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Abstract: Reaction of FcCH,PO;H,
[Fe=(n’-CsHs)Fe(n’-CsH,)] (H,FMPA)
and 1,10-phenanthroline (phen) with
Cd(OAc),2H,0 or ZnSO,7H,O in
methanol in the presence of triethyl-
amine resulted in the formation of two
new ferrocenylphosphonate metal-cage
complexes [My(fmpa),(phen),]-
7CH;0H M=Cd 1, M=Zn 2). Both
structures contain two kinds of isomer-
ic tetranuclear metal phosphonate
cages, which are linked to one another
by m—m interactions between the phen
molecules. In 1, the Cd1, Cd3, and Cd4
atoms are all pentacoordinate, while
the Cd2 atom is coordinated by four
oxygen atoms from three phosphonate
ligands and two nitrogen atoms from
the chelating phen in a distorted octa-
hedral geometry. Four Cd atoms from
each unit are interconnected through
bridging phosphonate ligands with dif-
ferent coordination modes, such as

5.221, 4.211, and 2.11 (Harris notation),
yielding a {Cd,} cage. In 2, each Zn
atom is coordinated by three oxygen
atoms from three phosphonate ligands
and two nitrogen atoms from phen,
leading to a distorted square-pyramidal
geometry. The four Zn atoms of each
isomeric unit are also interconnected
through four bridging phosphonate li-
gands to yield a {Zn,} cage. Fluorescent
studies indicate that ligand-to-ligand
charge-transfer photoluminescence is
observed for 1, while the emisson
bands of 2 can be assigned to an ad-
mixture of ligand-to-ligand and metal-
to-ligand charge transfer. Solution-state
differential pulse voltammetry indi-
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cates that the half-wave potentials of
the ferrocenyl moieties in 1 and 2 have
different deviations relative to the rele-
vant H,FMPA ligand. This may be be-
cause the highest occupied molecular
orbital (HOMO) in 1 is located in the
FMPA?*" groups, while in 2 the HOMO
is located in the phen and Zn" groups,
so the Fe™ centers in complex 1 are
more easily oxidized to Fe™ centers
than those of 2. The third-order nonlin-
ear optical (NLO) measurements show
that both 1 and 2 exhibit strong third-
order NLO self-focusing effects; hence,
they are promising candidates for NLO
materials. By calculating the compo-
nent of the lowest unoccupied molecu-
lar orbitals of 1 and 2, we confirmed
that the co-planar phen rings control
their optical nonlinearity, while the
H,FMPA ligands and metal ions have
only a weak influence on their NLO
properties.

Introduction

Metal phosphonates have attracted a substantial amount of
research interest due to their potential applications in many
areas such as ion exchange, catalysis, sensors, proton con-
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ductivity, nonlinear optics, and materials chemistry, many
of which can be attributed to the extensive structural and
compositional diversity of these systems. Metal phospho-
nates usually exhibit 1D chain, 2D layer, and 3D network
with micropore structures, of which the 2D layer structure is
the most common.®) However, cage complexes featuring
phosphonate ligands are relatively rare. This may be due to
the fact that metal phosphonates have very poor solubility,
so that they are frequently found in polymeric coordination
complexes rather than in cage complexes.”! Several metal
phosphonate clusters have been described in recent years,
including iron,”  zinc®'®  cadmium,"¥  copper,i*®!
cobalt,'*'"1 manganese,'*'" gallium,?” tin,® and vanadi-
um® cages, all of which exhibit intriguing structures and
properties. For example, Chandrasekhar and Kingsley re-
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ported a novel {Cu,,} cage with antiferromagnetically cou-
pled behavior,'¥ the Winpenny group synthesized {Co,;)
and {Mng) cages with interesting magnetic properties,'® and
redox-active {Mn,} cages have been described by the Dis-
mukes group.’® All these results led us to pay more atten-
tion to phosphonate cage complexes.

Besides their various structures, another interesting fea-
ture of metal phosphonates is the diverse range of functional
groups that can be introduced to the phosphonic acid pre-
cursors, thus allowing the design of materials with specific
properties. Most studies to date have been carried out on
phenylphosphonic and alkylphosphonic acids.”*! Phos-
phonic acids with other organic functional groups such as
azacrown ethers”*®  amines/3'  sulfonate/sulfonic
acid®™* and carboxylate/carboxylic acid groups®~" have
been found to be better ligands that can form many com-
plexes with novel structures and properties. Motivated by
the current work on functional coordinate materials bearing
ferrocene (Fc) groups, we have synthesized a ferrocenyl-
phosphonic acid, and subsequently used it for coordination
with metal salts, thus yielding materials displaying both fer-
rocene and metal-phosphonate properties in conjunction
with robust inorganic backbones.

Although several ferrocenylphosphonic acids have previ-
ously been prepared, their metal complexes are extremely
rare.®®*! This is because metal phosphonates normally form
poorly crystalline compounds and the ferrocene moiety is
sensitive to oxygen, water, heat, and light when it is attached
with electron-withdrawing substituents on the cyclopenta-
dienyl (Cp) rings."**? Until now, only Henderson et al. have
reported platinum—ferrocenylphosphonate complexes and
studied their antitumor activity®™ and Bideau et al. have re-
ported a zinc(m)—ferrocenylphosphonate polymer with a
unique 2D ferrocene arrangement anchored on a 1D Zn-O-
P-O-Zn backbone.” To the best of our knowledge, metal—
ferrocenylphosphonate cage complexes have not been re-
ported. To achieve the synthesis of such complexes we de-
cided to utilize an ancillary ligand such as 1,10-phenanthro-
line (phen), the chelating effect of which usually results in
metal phosphonates with a lower dimensionality.®™ Herein
we report on the synthesis and crystal structures of two
novel metal-ferrocenylphosphonate cage complexes, [My-
(fmpa),(phen),]-7CH;OH (M=Cd 1, Zn 2; H,FMPA=
FcCH,PO;3H,). Both structures are found to have twin mo-
lecular systems and tetranuclear metal cores bound to the
H,FMPA and phen ligands. The electrochemical, fluores-
cent, and NLO properties of these complexes have been in-
vestigated. In addition, by using quantum chemistry calcula-
tions we have proposed the possible fluorescent emission
mechanisms for 1 and 2, and confirmed the effect of the
metal ions and organic ligands on their NLO properties.

Results and Discussion

Synthesis: Metal phosphonates are usually prepared by reac-
tion of a metal salt with a phosphonic acid by a hydrother-
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mal method, coprecipitation in solution, or a melt method;
the hydrothermal method is regarded as the most effective.
It is often the case, however, that the metal phosphonate is
formed too rapidly to allow growth of crystals sufficiently
large to be suitable for structural determination.*! Most
structurally characterized phosphonates are found in poly-
meric coordination complexes.

The use of the additional bidentate metal linker, phen,
has been successful in yielding metal complexes with a low
dimensionality, for example, molecular clusters, because of
its chelating effect. Therefore, to synthesize metal ferroce-
nylphosphonate complexes with a cage framework, we treat-
ed phen with Cd(OAc),2H,0 or ZnSO,7H,0O at room
temperature, then an admixture of H,FMPA and triethyl-
amine was added dropwise , and intensely colored solutions
were produced. The resulting orange solutions were allowed
to stand at room temperature in the dark. After one week,
yellow single crystals suitable for X-ray diffraction studies
were obtained. These crystals are unstable, slowly losing
their shape in the air. Both complexes are insoluble in
common organic solvents, such as MeOH, EtOH, MeCN,
and THF, but are slightly soluble in highly polar solvents
such as dimethylsulfoxide (DMSO) or DMF.

X-ray crystal structure of [Cd (fmpa),(phen),]-7CH;0H (1):
Single-crystal structural determinations reveal that 1 crystal-
lizes in the space group P1; the structure consists of two iso-
meric units, each unit comprising four Cd atoms intercon-
nected through four bridging phosphonate ligands to yield a
cage. As shown in Figure 1, each symmetry unit is composed
of four FMPA groups, four phen groups, and four Cd atoms.
The differences between the two crystallographic isomers
are that the FMPA?~ groups have different orientations and
the Cd atoms adopt different types of coordination geome-
tries. The first unit (Figure 1, left) contains two kinds of
crystallographically independent Cd atoms with different
types of coordination geometries. The Cdl atom is coordi-
nated by two N atoms (N1, N2) from the chelating phen
and three O atoms (O2A, O3, O6) from three phosphonate
ligands. The Cd2 atom exhibits a distorted octahedral geom-
etry with four O atoms (O1A, 02, O3, O4A) from three
phosphonate ligands and two N atoms (N3, N4) from the
chelating phen. The four Cd centers (Cdl, Cd1A, Cd2, and
Cd2A) form a rectangle, and are held in place by four
FMPA groups, forming the cage structure (Figure 2). The
Cd1--Cd2 and Cd1--Cd2A distances are 3.871 and 3.591 A,
respectively, and the angles of Cd2--Cdl--Cd2A and
Cd1--Cd2--Cd1 A are 88.0 and 92.0°, respectively. We note
that the H,FMPA ligands exhibit two types of coordination
modes with different conformations in this isomeric unit.
One phosphonate ligand (P1) bridges five Cd atoms through
a monodentate coordinated O atom (O1) and two p,-bridg-
ing coordinated O atoms (O2, O3), which can be described
by using Harris notation™ as a 5.221 mode (see Scheme 1),
while the P2 ligand adopts a 2.11 mode.

The second isomer, unit two, (Figure 1, right) has a similar
cadmium cage to that mentioned above, with the four Cd
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Figure 2. DIAMOND view of a unit of 1, emphasizing the cage feature.
Ferrocene, phen, and solvent molecules have been omitted for clarity.
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Scheme 1. The bonding modes displayed by the phosphonate ligand, with
the Harris notation for each mode.

atoms all pentacoordinate. The P4 ligand adopts a 2.11
mode, similar to P2. The P3 ligand has one p,-bridging coor-
dinated O atom (09) and two monodentate coordinated O
atoms (07, O8); using Harris notation™! this can be de-
scribed as a 4.211 mode. So in complex 1, the H,FMPA
ligand adopts three different coordination modes (5.221,
4211, and 2.11), which is unusual in metal phosphonates.
The Cd—O distances range from 2.138(5) to 2.642(5) A, with
an average of 2.258 A, close to that of the reported leaflet
structure  [Cd,(LH-H,0)3(H,0)5(NO;),][NO;] (H,L=N-

Chem. Eur. J. 2006, 12, 5823 -5831

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

(phosphonomethyl)aza[18]crown-6).?) The distance be-
tween the bridging oxygen atom O3 and Cd2 is 2.642(5) A,
which is the longest of all the Cd—O and Cd—N distances.

The coplanar phen rings with deviations in the range of
0.020-0.036 A are parallel to each other, and the dihedral
angles between adjacent phen planes range from 3.4-4.9°
(Figure 3). The average interplanar distance of these parallel
phen ligands is 3.543 A, which is within the common range
for m—m interactions between two aryl rings. Tetrametallic
units are linked by these m— interactions, which are impor-
tant in the molecular assembly.

X-ray crystal structure of [Zn,(fmpa),(phen),]-7 CH;0H (2):
The crystal structure of 2, like complex 1, displays two iso-
meric centrosymmetric tetrameric building units. However,
the Zn atoms adopt different coordination modes from the
Cd atoms in 1. All the Zn atoms are coordinated by five
donors in a distorted square-pyramidal geometry. The
donors include three O atoms from three H,FMPA ligands
and two N atoms from the chelating phen (Figure 4). The
four Zn atoms of each isomeric unit also form a rectangle
and are interconnected through four bridging phosphonate
ligands to yield a cage. The Zn--Zn distances are in the
range of 3.438-3.870 A. The angles of Zn2--Znl--Zn2A,
Znl-Zn2---ZnlA, Zn4--Zn3--Zn4A and Zn3--Zn4--Zn3A
are 88.2, 91.8, 87.6, and 92.4°, respectively. The other main
difference between 1 and 2 is that the H,FMPA ligands of 2
adopt only two kinds of coordination modes. One kind of
phosphonate ligand, P2 (or P3), adopts a 2.11 mode, while
the other kind, P1 (or P4), adopts a 4.211 mode. The O1
atom forms a bridge between a pair of metal atoms, and the
02 (or O3) atom is coordinated to just one metal atom. The
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Figure 3. Crystal packing view of the structure of 1 along the b axis. Hy-
drogen atoms and solvent molecules of crystallization are omitted for
clarity.

Figure 4. ORTEP representation of unit one (left) and unit two (right) of 2. Hydrogen atoms and solvent mol-

ecules have been omitted for clarity.

Zn—0 distances range from 1.915(5) to 2.165(5) A and the
Zn—N distances range from 2.122(7) to 2.222(6) A, similar
to other zinc(i) phosphonates.”>*8! The P—O distances, al-
though slightly different from each other, have an average
value of 1.523 A, which is similar to that found for complex
1(1.521 A).
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Photoluminescent properties: The photoluminescent proper-
ties of phen, H,FMPA, and complexes 1 and 2 were investi-
gated in the solid state at room temperature. Excitation at
241 nm leads to broad violet fluorescence signals with the
emission maxima at approximately 382 nm for phen, 388 nm
for H,FMPA, 386 nm for 1, and 391 nm for 2 (Figure 5). To
better understand the observed luminescent properties, mo-
lecular orbital (MO) calculations ! were applied to com-
plexes 1 and 2. Figure 6 depicts the frontier molecular orbi-
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Figure 5. Fluorescent emission spectra of a) phen, b) H,FMPA, c) 2 and
d) 1 in the solid state upon excitation at 241 nm at room temperature.

tals of 1. The highest occupied
molecular orbital (HOMO) of 1
is located in the FMPA?"
groups, while the lowest unoc-
cupied molecular orbital
(LUMO) is on the m*-antibond-
ing orbitals from the phen li-
gands and some oxygen atoms
of the phosphonate ligands.
Therefore, we suggest that the
emission bands can be assigned
to the ligand-to-ligand charge-
transfer (LLCT) emission. In 2,
the HOMO is mainly associated
with the phen ligands and 3d
orbitals of Zn", while the
LUMO is composed mainly of
the m*-antibonding orbitals
from the phen and also of the
Zn" unoccupied orbital based
on 4s, thus its photoluminescent
property can be assigned to
metal-to-ligand charge transfer
(MLCT), admixed with the LLCT, which originates from
the adjacent phen ligands (Figure 7). The different charge-
transfer mechanisms of 1 and 2 can be attributed to the fact
that the Zn" ions in the rigid cages of 2 have more powerful
electron-withdrawing effects than the Cd" ions in complex
1.
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Figure 7. The frontier molecular orbital of 2: a) HOMO; b) LUMO.
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Electrochemistry: The solution-state differential pulse vol-
tammetry for 1, 2, and H,FMPA shows single peaks with
half-wave potentials at 0.352, 0.436, and 0.372 V (vs. SCE),
respectively (Figure 8). These observed redox peaks are due

Y /
NS

070 065 060 055 050 045 040 035 030 025 0.20
E/v (vs. SCE)

Figure 8. Differential pulse voltammogram of a) 2, b) 1, and ¢) H,FMPA
(1.0x107°>m) in DMF containing nBu,NCIO, (0.1m) at a scan rate of
20 mVs™' (vs. SCE).

to the single-electron Fe'/Fe™ couple oxidation process. The
redox peak of 1 shifts to a slightly lower potential relative to
H,FMPA, while that of 2 shifts to a higher potential. The
different deviations in the electrochemical behavior of 1 and
2 relative to that of H,FMPA may be due to the following
effects. According to our previous reports, the metal ions in
complexes have a significant influence on the half-wave po-
tentials of the ferrocenyl moieties, due to the different elec-
tron-withdrawing natures of the coordinated metal cen-
ters,*” and can cause the Fe''/Fe'! oxidation potential of fer-
rocene-containing complexes to shift to a higher or lower
potential in comparison with their corresponding li-
gands.“”*! Frontier orbital theory may provide an explana-
tion for such behavior.’” In 2, the HOMO is associated with
the phen ligands and Zn" orbitals, and the charge transitions
of the tetranuclear metal cores may play an important role
in the change of the Fe'/Fe'" oxidation potential. The
HOMO in 1 is located in the FMPA?~ groups, so the Fe!
centers of 1 are more easily oxidized to Fe than those in
complex 2.

NLO properties: Compared with traditional inorganic NLO
materials, coordination compounds have many advan-
tages:©Y

1) Ligands present high electronic susceptibility (x*®)
through high molecular hyperpolarizability®>>* and their
structures can be tailored in numerous ways to tune
NLO properties for desired applications, by introducing
different organic groups into the ligands.

2) The metal center may be an extremely strong donor or
acceptor, since it may be electron rich or poor depending
on its oxidation state and ligand environment.*?
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The third-order nonlinear activities of the coordination
compounds are evidently affected by incorporation of the
central metal atom, by the introduction of intense metal —
ligand and ligand —metal charge transfer.**> It has been
reported that the strength of NLO properties can be boost-
ed by the m-back-donation capacity of metal ions to li-
gands.P*!

The UV/Vis absorption spectra of H,FMPA and com-
plexes 1 and 2 were determined in DMF (Figure 9). All
these compounds have relatively low linear absorption rang-
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Figure 9. The UV/Vis spectra of 1, 2 and H,FMPA in DMF.

ing from 500-800 nm, promising low-intensity loss and little
temperature change caused by photon absorption when light
propagates in the materials. In addition, UV/Vis absorption
spectra demonstrate that the NLO responses are clear with-
out interference of other absorption at 1=532 nm used in
the Z-scan technique.

The third-order NLO properties of 1, 2 and H,FMPA
were investigated with 532 nm laser pulses of 8 ns duration
by a Z-scan experiment in DMF with concentrations of
1.99%x107%, 2.16 x 107, and 2.24x 10~* moldm >, respectively.
The nonlinear refractive components were assessed by divid-
ing the normalized Z-scan data obtained under the closed
aperture configuration by that obtained under the open
aperture configuration. The experimental results show that
H,FMPA exhibits very weak NLO behavior, but complexes
1 and 2 show evident third-order NLO self-focusing behav-
ior, plotted in Figures 10a and 10b, respectively. The filled
squares are the experimental data and the solid curves are
the theoretical fit by using Z-scan theory,"”! and it is clear
that the theoretical curve qualitatively reproduces the exper-
imental data well. The reasonably good fit between the ex-
perimental and theoretical curves suggests that the experi-
mentally obtained NLO effects are third-order in nature.
The data reveals that complexes 1 and 2 both have a posi-
tive sign for the refractive nonlinearity, and the valley/peak
pattern of the normalized transmittance curve shows charac-
teristic self-focusing behavior. From the theoretical curves,
the third-order NLO effective index n, is 4.08 x 107! esu for
1 and 4.24x 107" esu for 2. The effective third-order nonlin-
ear optical susceptibilities ¥ of these complexes were de-
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Figure 10. NLO refractive properties: a) 1 in DMF (concentration: 1.6 x
10~#*moldm™), b) 2 in DMF (concentration: 1.7x10~* moldm™). The
black squares m are the experimental data, and the solid curve is the the-
oretical fit.

termined by comparing the signal intensities with that of
CS,, by subtracting the relatively weak background noise
and the contribution of the solvent. The ¥® value of CS,
was taken as 6.2x10esu under the same experimental
conditions, consistent with the literature.’® The effective
third-order NLO susceptibilities ¥ obtained are 2.80x
10" esu for 1 and 2.91x 107" esu for 2; the corresponding
hyperpolarizability y values are 7.77x10"*esu for 1 and
7.47x107% esu for 2.

To the best of our knowledge, all research confirms that
the incorporation of heavy metal ions in coordination com-
pounds has a very important effect on the third-order NLO
properties, as this introduces more sublevels into the energy
hierarchy, thus permitting more allowed electronic transi-
tions and giving larger NLO effects.””®] However, our
recent research shows that we can estimate the contribution
of metal ions and ligands to the NLO properties by calculat-
ing the component of the frontier molecular orbital, and de-
ducing whether the metal ions or ligands play the more im-
portant role in determining the NLO properties.[®)! More-
over, the photochemical and photophysical properties of
compounds are governed by the first excited singlet state S,
and the first excited triplet state T,.?) The electron in the

Chem. Eur. J. 2006, 12, 5823 5831
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HOMO is excited to the LUMO, resulting in the state S; or
T,; we therefore regard the LUMO as the most important
frontier orbital influencing the NLO properties.

It can be seen from Figure 6 that the LUMOs of 1 are
governed by the phen (with DFT/B3LYP 89.37 and 98.2%
for units one and two, respectively) and some oxygen atoms
of phosphonate ligands (with DFT/B3LYP 5.54% for unit
one); this orbital barely has any Cd" character (with DFT/
B3LYP 1.1 and 0.74 % for (Cd™), for units one and two, re-
spectively). So we deduce that the NLO properties of 1 are
controlled by phen and influenced slightly by the oxygen
atoms from the phosphonate ligands, with the Cd" ions
having no influence on the NLO properties. Figure 7 shows
that the LUMO of 2 is primarily phen (with DFT/B3LYP
85.4 and 97.56% for units one and two, respectively) and
Zn" (with DFT/B3LYP 11.28 and 2.04 % for (Zn"), of units
one and two, respectively) character. So in 2, the NLO prop-
erties are dominated by phen, but are also affected by Zn"
ions. It can be seen from the results that the coplanar phen
rings control the optical nonlinearity of 1 and 2, while the
H,FMPA ligands and metal ions have a weak influence on
their NLO properties. This is consistent with the experimen-
tal results: both 1 and 2 show the same NLO refractive be-
havior (self-focusing effect), and have a similar refractive
index n,; however, H,FMPA exhibits very weak NLO be-
havior.

Conclusion

Ancillary chelating ligands usually result in metal complexes
with a lower dimensionality, meaning we could obtain novel
metal-ferrocenylphosphonate cage complexes with addition-
al phen ligands. By calculating the component of the frontier
molecular orbital, we proposed the possible fluorescent
emission mechanisms for 1 and 2, and studied their electro-
chemical behavior. In addition, we deduced the contribution
of metal ions and ligands to the NLO properties by analyz-
ing the component of the lowest unoccupied molecular orbi-
tal (LUMO). The consistency of our experimental results
with inferences from quantum chemistry calculations further
confirmed that the origin of the NLO properties is the de-
localization of the m-electron cloud, and that it is reasonable
to investigate the NLO properties of metal complexes by
using frontier molecular orbital theory. Based on molecular
orbital (MO) calculations we can obtain materials with
better photochemical and photophysical properties accurate-
ly and easily, and studies are in progress to design particular
ferrocenylphosphonate complexes with preeminent chemical
and physical properties.

Experimental Section

Materials and physical techniques: All chemicals were of reagent grade
quality, obtained from commercial sources, and used without further pu-
rification. H,FMPA was prepared by literature methods.*’!

Chem. Eur. J. 2006, 12, 5823 -5831

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

IR data were recorded on a Nicolet NEXUS 470-FTIR spectrophotome-
ter with KBr pellets in the 400-4000 cm™! region. UV/Vis spectra were
obtained on an HP 8453 spectrophotometer. Elemental analyses (C, H,
and N) were carried out on a Carlo-Erbal106 elemental analyzer.

Preparation of complexes 1 and 2: Both complexes were synthesized by
a similar method. Phen (19.8 mg; 0.1 mmol) in MeOH (4 mL) was added
to a solution of Cd(OAc),2H,0 (21.4mg, 0.1 mmol) or ZnSO,7H,0
(28.7 mg, 0.1 mmol) in methanol (2 mL). H,FMPA (28.0 mg; 0.1 mmol)
and triethylamine (40.4 mg; 0.2 mmol) in MeOH (4 mL) were added
dropwise to the mixture at room temperature and stirred overnight. The
precipitate was filtered and the resulting orange solution was allowed to
stand at room temperature in the dark. After one week good quality
yellow crystals were obtained.

Data for 1: Yield: 14%; elemental analysis caled (%) for for
CyoH,04,Cd,Fe,NgO,oP,: C 47.39, H 4.15, N 4.47; found: C 48.35, H 4.09, N
4.61; IR (KBr): 7=3442 (s), 1627 (m), 1585 (w), 1426 (m), 1110 (m), 852
(m), 726 (m), 487 cm™! (m).Data for 2: Yield: 12%; elemental analysis
caled (%) forCyH,o,Fe,NgOyZn,: C 51.24, H 4.49, N 4.83; found: C
50.74, H 4.52, N 4.88; IR (KBr): 7=3423 (s), 1625 (m), 1516 (w), 1426
(m), 1102 (m), 848 (m), 728 (m), 487 cm™! (m).

Luminescent measurements: The luminescent spectra were measured on
powder samples at room temperature by using a model F-4500 Hitachi
Fluorescence Spectrophotometer. The excitation and emission slits were
both 5 nm, and the response time was 2 s.

Computational methods: On the basis of crystal structures, B3 LYP!*+¢!
calculations were carried out for the molecular orbitals of the tetrameric
units of complexes 1 and 2. The distribution of frontier orbitals was de-
termined by using the sto-3g* basis set with the Gaussian 03 program at
the workstation. The calculation continued until the root mean square
(RMS) gradient was less than 0.188 kcalmol .

Differential pulse voltammetry measurements: Differential pulse voltam-
metry studies were recorded with a CHI650 electrochemical analyzer uti-
lizing the three-electrode configuration, composed of a Pt working elec-
trode, a Pt auxiliary electrode, and a commercially available saturated
calomel electrode as the reference electrode with a pure N, gas inlet and
outlet. The measurements were performed in DMF containing tetrabutyl-
ammonium perchlorate (nBu,NCIO,) (0.1 moldm™) as supporting elec-
trolyte, which has a 50 ms pulse width and a 20 ms sample width. The po-

tential was scanned from 40.2 to 4+0.7 V at a scan rate of 20 mVs™.

Nonlinear optical measurements: A solution of 1, 2, or H,FMPA in DMF
was placed in a 1 mm quartz cuvette for NLO measurements. The nonlin-
ear refraction was measured with a linearly polarized laser light (1=
532 nm; pulse width=7 ns) generated 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 um (half-width at 1/e> maximum). The interval between the laser pulses
was chosen to be ~5s for operational convenience. The incident and
transmitted pulse energies were measured simultaneously by two Laser
Precision detectors (RjP-735 energy probes), which were linked to a com-
puter by an IEEE interface. The NLO properties of the samples were
manifested by moving the samples along the axis of the incident beam (Z
direction) with respect to the focal point.””! An aperture of 0.5 mm in
radius was placed in front of the detector to assist the measurement of
the self-focusing effect.

Structure determination: Crystal data and experimental details for com-
plexes 1 and 2 are contained in Table S1 in the Supporting Information.
Suitable single crystals with dimensions of 0.20x 0.18x0.18 mm for 1 and
0.20x 0.20x0.20 mm for 2 were selected for single-crystal X-ray diffrac-
tion analysis. Data collection was performed on a Rigaku RAXIS-IV
image plate area detector for study using graphite-monochromated Moy,
(A=0.71073 A) radiation at 291(2) K by using the w-26 scan technique.
The data were corrected for Lorentz and polarization factors and for ab-
sorption by using empirical scan data. The structure was solved with the
SHELX program,® and refined by full-matrix least squares methods
based on F2,[) with anisotropic thermal parameters for the non-hydrogen
atoms. The hydrogen atoms were located theoretically and not refined.
Selected bond lengths and bond angles are listed in Tables1 and 2.
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Table 1. Selected bond lengths [A] and angles [°] for 1.1

Cd1-06 2.138(5) Cd1-03 2.208(4)
Cd1-02#1 2.278(4) Cd1-N1 2.305(5)
Cd1-N2 2.353(5) Cd2-04#1 2.151(5)
Cd2-O1#1 2.243(4) Cd2-N4 2.339(5)
Cd2-02 2.342(4) Cd2-N3 2.352(4)
Cd2-03 2.642(5) Cd3-o11 2.148(5)
Cd3-08#2 2.226(4) Cd3-09 2.250(5)
Cd3-N5 2.328(5) Cd3-N6 2.343(5)
Cd4-010 2.155(5) Cd4-07#2 2.212(4)
Cd4-N7 2.338(5) Cd4-N8 2.351(5)
Cd4-09 2.358(4) N1-Cd1-N2 71.77(17)
06-Cd1-03 107.49(16) 06-Cd1-02#1 99.74(16)
03-Cd1-02#1 98.30(14) 06-Cd1-N1 107.36(17)
03-Cd1-N1 140.98(17) 02#1-Cd1-N1 92.60(16)
06-Cd1-N2 101.73(17) 03-Cd1-N2 84.46(15)
02#1-Cd1-N2 156.43(17) N3-Cd2-03 95.59(15)
04#1-Cd2-O1#1 99.25(18) 04#1-Cd2-N4 102.22(18)
O1#1-Cd2-N4 151.15(17) 04#1-Cd2-02 99.41(15)
O1#1-Cd2-02 101.57(14) N4-Cd2-02 93.73(16)
04#1-Cd2-N3 106.45(17) O1#1-Cd2-N3 84.54(16)
N4-Cd2-N3 71.07(17) 02-Cd2-N3 152.15(16)
04#1-Cd2-03 157.95(14) O1#1-Cd2-03 81.85(15)
N4-Cd2-03 85.35(16) 02-Cd2-03 59.11(13)
Cd1-03- Cd2 105.56(15) 011-Cd3-08#2 113.19(18)
011-Cd3-09 101.54(17) 08#2-Cd3-09 96.46(16)
011-Cd3-N5 104.00(19) 09-Cd3-N5 150.87(18)
011-Cd3-N6 103.10(18) 08#2-Cd3-N6 141.04(18)
09-Cd3-N6 89.52(17) N5-Cd3-N6 71.29(18)
010-Cd4-07#2 102.99(19) 010-Cd4-N7 108.83(18)
010-Cd4-N8 94.21(18) N7-Cd4-N8 71.19(18)
010-Cd4-09 92.73(17) 07#2-Cd4-09 95.92(16)

[a] Symmetry transformations used to generate equivalent atoms: #1: —x,
-y, —z+1;#2: —x, —y, —z.

Table 2. Selected bond lengths [A] and angles [°] for 2.1

Zn1-05 1.949(6) Zn1-02#1 2.004(6)
Zn1-01 2.099(5) Zn1-N2 2.162(7)
Znl-N1 2.168(7) Zn2-04 1.943(6)
Zn2-03#1 2.021(5) Zn2-01 2.140(5)
Zn2-N4 2.174(7) Zn2-N3 2.195(6)
Zn3-07 1.915(5) Zn3-010 1.982(5)
Zn3-N6 2.122(7) Zn3-012#2 2.140(5)
Zn3-N5 2.222(6) Zn4-08 1.950(6)
Zn4-011 2.007(5) Zn4-N7 2.165(7)
Znd—-01242 2.165(5) Zn4-N8 2.169(7)
05-Zn1-02#1 112.5(3) 05-Zn1-01 102.0(2)
02#1-Zn1-01 94.2(2) 05-Zn1-N2 101.8(2)
02#1-Zn1-N2 84.9(2) 01-Zn1-N2 154.6(2)
05-Zn1-N1 99.9(3) 02#1-Zn1-N1 145.4(2)
01-Zn1-N1 90.6(2) N2-Zn1-N1 76.6(2)
04-Zn2-03#1 106.2(2) 04-Zn2-01 97.0(2)
03#1-Zn2-01 93.8(2) 04-Zn2-N4 109.9(3)
03#1-Zn2-N4 87.4(2) 01-Zn2-N4 151.6(2)
04-Zn2-N3 91.3(2) 03#1-Zn2-N3 159.2(3)
01-Zn2-N3 953(2) N4-Zn2-N3 75.8(3)
07-Zn3-010 112.8(2) 07-Zn3-N6 103.2(2)
010-Zn3-N6 1413(2) 07-Zn3-012#2 99.6(2)
010-Zn3-012#2 94.5(2) N6-Zn3-012#2 93.2(2)
07-Zn3-N5 101.2(2) 010-Zn3-N5 83.5(2)
N6-Zn3-N5 75.8(2) 012#2-Zn3-N5 158.3(2)
08-Zn4-011 101.2(2) 08-Zn4-N7 107.9(2)
011-Zn4-N7 85.1(2) 08-Zn4-012#2 101.5(2)
011-Zn4-0O12#2 96.1(2) N7-Znd-O1242 149.8(2)
08-Zn4-N8 97.9(3) 011-Zn4-N8 156.2(3)
N7-Zn4-N§ 75.6(3) 012#2-Zn4-N8 93.8(2)

[a] Symmetry transformations used to generate equivalent atoms: #1: —x,
=y, —z+ 1 #2: —x, —y, —z.
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CCDC-262564 and CCDC-262565 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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