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Introduction

There is considerable contemporary interest in the develop-
ment of new organic/organometallic luminescent com-
pounds.[1,2] This is because of the enormous potential of such
materials in niche technological applications based on the
possibility of using them as photo- and electroluminescent

devices.[3,4] Conjugated polymers such as polyphenyleneviny-
lene have been studied in considerable detail.[5,6] Over the
past decade polyfluorenes have been actively investigated as
leading electroluminescent materials.[6] This is due to their
bright blue emission and high hole mobility.[7–10] Both types
of polymers are tunable through chemical modifications.[11]

However, in spite of their many favorable properties, one of
the critical drawbacks of polymer-based materials is the lack
of control over precise molecular structure. Chain-length
variations, molecular weight distributions, and branching are
some of the problems which arise due to the nature of the
polymerization reaction. These difficulties do not pose a
major problem in conventional applications of polymers.[12]

However, the critical parameters for a good optoelectronic
material are chemical purity and uniformity,[13] which togeth-
er lead to optical purity. In comparison to polymers, small
molecules with dendrimerlike structures are more amenable
in terms of structural precision and easy purification.[14]

Thus, the synthesis of chemically pure multichromophore

Abstract: Organostannoxanes were
used as inert supports for the prepara-
tion of multichromophore assemblies.
The synthesis involves a single-step
procedure and allows the preparation
of compounds in which the number of
chromophore units can be varied from
one to six. Thus, the reactions of
LCOOH (1-fluorenecarboxylic acid) or
L’COOH (9-fluorenecarboxylic acid)
with various organostannoxane precur-
sors afforded the fluorenyl derivatives
[Ph3SnO2CL] (1), [Ph3SnO2CL’] (2),
[{nBu3SnO2CL’’}n] (3),
[{nBu3SnO2CL’}n] (4),
[{tBu2Sn(OH)O2CL}2] (5),
[{tBu2Sn(OH)O2CL’}2] (6),

[{[nBu2SnO2CL]2O}2] (7)
[{[nBu2SnO2CL’]2O}2] (8), [{nBuS-
n(O)O2CL}6] (9), and [{nBuS-
n(O)O2CL’}6] (10). Interestingly, the
formation of 3 is accompanied by an
unusual oxo-transfer reaction. The
ligand L is oxidized at the 9-position.
Compounds 1, 3, 5, 7, and 8 were char-
acterized by X-ray crystallography. The
solid-state structures of these com-
pounds reveal rich supramolecular
structures owing to multiple intermo-

lecular interactions between the vari-
ous supramolecular synthons present in
these molecules. The optical behavior
of 1–10 is primarily dictated by the flu-
orenyl periphery. These compounds
display strong blue fluorescent emis-
sion in solution and blue-green fluores-
cent emission in the solid state. Fluo-
rescence lifetimes of all of these com-
pounds are on the nanosecond time-
scale, and this suggests that the emis-
sion originates from the singlet excited
state to the ground state. Intermolecu-
lar interactions in the solid state lead
to considerable broadening of the
emission bands.
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molecules becomes an impor-
tant task. In this regard several
synthetic methods are reported
in the literature, some of
which depend on supramolecu-
lar principles, and some others
on more conventional synthet-
ic principles (Figure 1).[15–18]

We have been interested in or-
ganooxotin cages for some
time and have recently devel-
oped new paradigms that uti-
lize known robust synthetic methodologies to assemble a
well-defined organooxotin cluster/cage with simultaneous ar-
rangement of a functional periphery around the inorganic
cluster/cage.[19] It was of interest whether such a stannoxane-
based synthetic methodology can be applied to prepare mul-
tifluorene compounds. The primary emphasis of this meth-
odology lies in its broad applicability, one-step synthetic
protocol, near quantitative yield, reproducibility, and tuna-
bility in terms of the number and orientation of the photo-
active groups that can be assembled around the central stan-
noxane core (Scheme 1). Furthermore, we expect that the
stannoxane core will not interfere with the optical properties
of the periphery. On the contrary, the solid-state structural
arrangement of the stannoxane core would lead to intermo-

lecular interactions involving the fluorenyl periphery. This
would result in interesting solid-state optical behavior.
Herein we report the synthesis and NMR spectroscopic and
photochemical (solid-state and solution) characterization of
compounds 1–10. The crystal and molecular structures of 1,
3, 5, 7, and 8 are also reported. Interestingly, the formation
of 3 is accompanied by an unusual oxo-transfer reaction.

Results and Discussion

Synthesis and characterization of compounds 1–10 : Organo-
stannoxanes 1–10 were prepared by reaction of LCOOH (1-
fluorenecarboxylic acid) and L’COOH (9-fluorenecarboxylic
acid) with appropriate organotin precursors (Schemes 2–6).

These were characterized by
analytical and spectroscopic
procedures. In the case of 1, 3,
5, 7, and 8, X-ray crystallogra-
phy was also carried out. The
reactions of (Ph3Sn)2O with
LCOOH and L’COOH affords
Ph3SnO2CL (1) and
Ph3SnO2CL’ (2) (Scheme 2). In
the solid state 1 and 2 exist as
discrete molecules. This was
confirmed by X-ray crystal
structural analysis on 1. The
solution 119Sn NMR spectra of
these compounds (see Experi-
mental Section) are consistent
with monomeric structures in
solution.[21] Similarly the reac-
tion of (nBu3Sn)2O with
LCOOH and L’COOH in a
1:2 stoichiometric ratio afford-
ed [{nBu3SnO2CL}n] (3) and
[{nBu3SnO2CL’}n] (4) respec-
tively (Scheme 3). In the solid
state 3 and 4 exist as coordina-
tion polymers, as revealed by
the single-crystal X-ray analy-
sis of 3.

However, solution 119Sn
NMR spectra of these com-
pounds (see Experimental Sec-

Figure 1. a) Photoactive materials assembled on a dendrimeric core.[15] b) Assembly of photoactive materials
by weak interactions.[17] c) Assembly of photoactive materials on transition metal supports.[16] d) Assembly of
photoactive materials on stannoxane supports.[18]

Scheme 1. General reaction path of organotin oxide/hydroxides with carboxylic acids.
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tion) are consistent with mon-
omeric structures in solu-
tion.[21] Interestingly, during
the course of reaction the 9-
position of LCOOH is oxi-
dized with conversion of the
fluorene unit to a fluorenone
moiety (see Supporting Infor-
mation). We were able to iso-
late the oxidized product only
in the reaction with
(nBu3Sn)2O. In contrast, the
reaction of (tBu2SnO)3 with
LCOOH or L’COOH
(Scheme 4) afforded the hy-
droxyl-bridged dimers
[{tBu2Sn(OH)O2CL}2] (5) and
[{tBu2Sn(OH)O2CL’}2] (6). Tet-
ranuclear compounds
[{[nBu2SnO2CL]2O}2] (7) and
[{[nBu2SnO2CL’]2O}2] (8) were
the only products obtained in
the reaction of LCOOH or
L’COOH with nBu2SnO
(Scheme 5). The solution 119Sn

NMR spectra of 7 and 8 reveals that the tetrameric struc-
tures found in the solid state (vide infra) are retained in sol-
ution.[21] Finally, the reaction of nBuSnO(OH) with
LCOOH or L’COOH (Scheme 6) gave hexanuclear com-
pounds [{nBuSn(O)O2CL}6] (9) and [{nBuSn(O)O2CL’}6]
(10). The 119Sn NMR of 9 and 10 show a single peak at d=
484.4 and �485.0 ppm, respectively, characteristic of a pris-
mane or drum structure in which tin is hexacoordinate (5O,
1C).[21]

Scheme 2. Synthesis of 1 and 2.

Scheme 3. Synthesis of 3 and 4.

Scheme 4. Synthesis of 5 and 6.

Scheme 5. Synthesis of 7 and 8.

Scheme 6. Synthesis of 9 and 10
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X-ray crystal structures of 1, 3, 5, 7, and 8 : The molecular
structures of 1, 3, 5, 7, and 8 (see Figure 2) along with their
bond parameters are summarized in Table 1.

Ph3SnO2CL (1) shows a discrete structure in accordance
with the preference of such structures for triphenyltin aryl-
carboxylates.[21] The geometry around tin may be described
as capped tetrahedral. Two types of tin–oxygen bond lengths
are found: Sn1�O2 2.055(1) L and Sn1�O3 2.802(2) L. In
contrast to 1, nBu3SnO2CL (3) has a polymeric structure re-
sulting from bridging coordination of the carboxylate ligand,
which binds two neighboring tin atoms in an unsymmetrical
manner: Sn4�O2 2.214(3), Sn4�O3 2.410(3) L. The tin atom
is pentacoordinate with a 3C, 2O coordination environment.
The geometry around the tin atom can be described as trigo-
nal-bipyramidal. The unit cell of 3 contains two independent
coordination polymers in the asymmetric unit. The polymers

have a zigzag arrangement (see Supporting Information).
There is no significant interaction between the two chains in
the asymmetric unit. However, an interesting aspect of this
crystal structure is that the fluorenyl substituents of the two
independent molecules have a mirror-image relationship
with each other.

The two tin atoms of the dinuclear compound
[{tBu2Sn(OH)O2CL}2] (5) are bridged by two hydroxide li-
gands to generate a four-membered Sn2O2 ring. The two flu-
orenyl substituents are arranged almost in plane with re-
spect to the distannoxane ring. Each tin atom is bound to
one fluorene carboxylate oxygen atom (Sn1�O3, Sn2�O5).
The other oxygen atom of the carboxylate group (O4 and
O6) is involved in an intramolecular hydrogen bond (O1�
H1···O6 1.744(3), O2�H2···O4 1.887(4) L) with the bridging
OH group. The Sn1�O4 distance is 3.490(2) L. This is much

Figure 2. Molecular structures of 1, 3, 5, 7, and 8. See Table 1 for details of bond lengths and angles.
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longer than that in 1. Each tin atom in 5 is five-coordinate
(2C, 3O) and has a distorted trigonal-bipyramidal geome-
try; two tert-butyl groups (C1 and C5) and one bridging hy-
droxy oxygen atom (O2) occupy the equatorial positions,
while one carboxylate oxygen atom (O3) and the other
bridging hydroxy oxygen atom (O1) are the axial ligands.
The average Sn�O bond length for the nearly planar distan-
noxane core is 2.114(1) L, which is comparable with litera-
ture reports (2.125 L).[22–24]

Compounds 7 and 8 are ladder framework stannoxanes
(Sn4O4) supported by a central Sn2O2 distannoxane
ring.[21b–d] The fluorenyl carboxylates are involved in both
anisobidentate chelating (Sn3�O5 2.190(4), Sn3�O6
2.723(4) L) as well as isobidentate bridging coordination
modes (Sn1�O3 2.225(5), Sn3�O4 2.270(4) L). The metric
parameters involved in the central Sn2O2 core are given in
Table 1. In 8 the fluorenyl rings are involved in strong intra-
molecular p···p and C�H···p interactions (3.880(2) L and
4.030(2) L), due to which the Sn4O4 core is completely
shielded by the four fluorenyl and eight n-butyl groups.

Consequently, this molecule looks like a rectangular box
(see Supporting Information). The 1H NMR spectrum of 8
reveals the persistence of the intramolecular p···p interac-
tion in solution, as indicated by the upfield shift of the af-
fected aromatic protons of the fluorenyl substituent.

Supramolecular interactions in compounds 1, 3, 5, 7, and 8 :
The intermolecular solid-state interactions of photoactive
molecules are of interest because these have a dramatic
affect on their photophysical properties in the solid
state.[25, 26] Compounds 1, 3, 5, 7, and 8 provide an opportuni-
ty to understand the nature of the supramolecular interac-
tions in organometallic-based photoactive compounds.[27,28]

The interesting supramolecular structures of these com-
pounds result from several cumulative intermolecular inter-
actions among various supramolecular functional groups:
the aromatic rings of the fluorenyl substituents, the CH2

group of the fluorenyl ring, and the oxygen atoms of the
stannoxane core. The supramolecular interactions found in
compounds 1, 3, 5, 7, and 8 are summarized in Scheme 7.

Table 1. Metric parameters for the molecular structures of 1, 3, 5, 7, and 8 (see also Figure 2).

Compd Coordination mode of
the carboxylate ligand
and coordination
environment around tin

Sn�O (carboxylate)
bond lengths [L]

Core Sn�O
bond lengths [L]

Bond angles [8]

1 anisobidentate chelating
pentacoordinate (3C, 2O)
distorted trigonal-bipyramidal

Sn1�O2 2.055(1)
Sn1�O3 2.802(2)

Sn1-O2-C26 108.81(91), Sn1-O2-C7 94.55(81)
Sn1-O2-C31 109.69(89), Sn1-C26-C7 118.74(92)
Sn1-C26-C31 115.38(94), Sn1-C7-C31 107.56(97)

3 anisobidentate bridging
pentacoordinate (3C, 2O)
distorted trigonal-bipyramidal

Sn1�O1 2.427(3)
Sn4�O2 2.214(3)
Sn4�O3 2.410(3)

C9-Sn1-C5 120.52(16), C9-Sn1-C1 120.10(16)
C9-Sn1-O4 94.02(14), C9-Sn1-O1 87.89(14)
C5-Sn1-C1 118.33(16), C5-Sn1-O4 84.94(13)
C5-Sn1-O1 84.97(10), C1-Sn1-O4 101.10(15)
C1-Sn1-O1 86.98(15), O4-Sn1-O1 169.25(11)
Sn4-C31-C27118.70(16), Sn4-C31-C35 121.30(16)
Sn4-C31-O2 94.30(14), Sn4-C31-O3 87.94(14)
Sn4-C27-O3 91.72(14), Sn4-O2-O3 168.71(11)

5 monodentate
pentacoordinate (2C, 3O)
distorted trigonal-bipyramidal

Sn1�O3 2.171(1)
Sn1�O4 3.490(2)
Sn2�O5 2.174(1)
Sn2�O6 3.436(2)

Sn1�O1 2.186(1)
Sn1�O2 2.031(1)
Sn2�O1 2.041(1)
Sn2�O2 2.197(1)

O1-Sn2-O5 86.31(75), O1-Sn2-C13 110.70(96)
O1-Sn2-C9 121.82(95), O1-Sn2-O2 69.80(73)
O5-Sn2-C13 92.09(93), O5-Sn2-C9 91.18(99)
O5-Sn2-O2 155.79(73), C13-Sn2-C9 127.47(12)
C13-Sn2-O2 99.83(93), C9-Sn2-O2 97.96(94)

7 isobidentate bridging and
anisobidentate chelating
pentacoordinate (2C, 3O)
distorted trigonal-bipyramidal

Sn1�O3 2.225(5)
Sn1�O9 2.735(4)
Sn2�O5 2.746(4)
Sn2�O7 2.277(5)
Sn3�O4 2.270(5)
Sn3�O5 2.190(5)
Sn3�O6 2.723(4)
Sn4�O8 2.258(5)
Sn4�O9 2.196(5)
Sn4�O10 2.738(4)

Sn1�O1 2.155(4)
Sn1�O2 2.048(4)
Sn2�O1 2.054(4)
Sn2�O2 2.154(4)
Sn3�O2 2.054(4)
Sn4�O1 2.031(4)

O2-Sn1-C1 107.20(21), O2-Sn1-C5 110.43(21)
O2-Sn1-O1 76.24(17), O2-Sn1�O3 92.24(21)
C1-Sn1-C5 142.13(27), C1-Sn1-O1 95.52(23)
C1-Sn2-C13 104.81(26), O1-Sn2-C9 111.83(20)
O1-Sn2-O2 76.11(15), O1-Sn2-O7 90.03(15)
C13-Sn2-C9 141.01(33), C13-Sn2-O2 103.88(27)
C13-Sn3-C17 110.89(26), O2-Sn3-C21 106.27(24)
O2-Sn3-O5 78.80(17)

8 isobidentate bridging and
anisobidentate chelating
pentacoordinate (2C, 3O)
distorted trigonal bipyramidal

Sn1�O3 2.270(1)
Sn1�O4 2.168(1)
Sn1�O5 2.893(2)
Sn2�O2 2.241(1)
Sn2�O4 2.873(1)

Sn1�O1 2.009(1)
Sn2�O1 2.042(1)

O1-Sn1-C5 112.61(98), O1-Sn1-C1 109.14(96)
O1-Sn1-O4 81.17(74), O1-Sn1�O3 88.13(71)
C5-Sn1-C1 137.05(11), C5-Sn1-O4 97.39(98)
C1-Sn1-O4 98.38(96), Sn2-O1-C13 109.10(10)
O1-Sn2-C9 107.52(94), O1-Sn2-O1 75.45(70)
O1-Sn2-O2 89.51(78), C13-Sn2-C9 143.30(11)
C13-Sn2-O1 97.38(94)
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The three phenyl substituents on tin in compound 1 are
involved in intermolecular p···p interactions to generate a
dimer (Figure 3a). Intermolecular p···p stacking between
the aromatic groups of the fluorene rings of such adjacent
dimers leads to a 1D chain structure, and further intermo-
lecular C�H···p[29–33] interaction (Types IV and XI) between
neighboring chains leads to a 2D layered structure (Fig-
ure 3b). Further intermolecular p···p stacking[29–33] (Types I,
VIII–X) and C�H···O�C interaction (Type VII; see Sup-
porting Information) between such adjacent layers generates
a 3D nanotubular structure (Figure 3c). The triphenyltin
groups are along the walls of the tube, while the fluorene
moieties bridge adjacent tubes.

Each zigzag coordination polymer chain in the crystal
structure of 3 interacts with two neighboring chains on
either side (Figure 4 and Supporting Information). Slipped
off-set stacking (Type I) between the fluorene units of adja-
cent chains leads to the formation of the 2D layer structure
(Figure 4a). Further, intermolecular C=O···p[29–33] and C=
O···H�C[29–33] interactions (Types V–VII) between adjacent
layers generate a 3D structure (Figure 4b). The p···p stack-
ing (Types II and III) and C=O···p (Types V and VI) interac-
tions appear to be the principal driving force in the solid-
state luminescence properties of this compound, as evi-
denced by a strong red shift in the solid-state emission of
this compound.

One of the two fluorene rings of 5 is involved in an inter-
molecular face-to-face p···p interaction (Type II). The
second fluorene ring is involved in a C�H···p interaction
(Type IV) with the CH2 protons of the fluorene unit of an-
other molecule. These interactions generate a rectangular
molecular box (Figure 5). Two dimensions of the box are

15O24 L; the box propagates into an infinite structure in
the third dimension. Two tert-butyl groups of each distan-
noxane unit that makes up the rectangular box protrude
into the rectangular void and render it highly hydrophobic
and reduce its pore size. Because of the hydrophobicity of
the void four chloroform molecules are trapped in each rec-
tangular box (Figure 5a). The guest molecules are noninno-
cent and further augment the supramolecular interactions.
Thus, two of the chloroform molecules are involved in C�
Cl···p[34] interaction with the fluorene moiety of distannox-
ane motif, while the other two chloroform molecules are in-
volved in Cl···O�C[34] interaction with the fluorene carboxy-
late oxygen atoms. In addition a weak Cl···Cl interhalogen
interaction is also present. Further intermolecular C�H···p
(Type IV) and p···p (Types I–III) interactions between the
molecular boxes leads to their propagation into a 3D array
of molecular boxes (Figure 5b and c).

A space-filling model of the crystal structure of 7 is
shown in Figure 6a. Intermolecular p···p (Types I–III) and
C�H···p (Type IV) interactions generate an interesting 3D
structure (Supporting Information). The four fluorenyl
groups of each molecule of 7 experience three different
types of p···p interactions (Types I–III; Figure 6b). One of
the edge-to-face (Type III) interactions between the fluo-
rene rings of the adjacent molecules leads to a 2D layered
structure. The adjacent layers interact with each other via
one more edge-to-face (Type III) and face-to-face p···p[29–33]

(Type II) stacking leading to the formation of a 3D struc-
ture. The 3D structure contains highly hydrophobic circular
voids (Figure 6a). However, the n-butyl substituents on the
tin atoms effectively fill the void space.

In 8 the fluorenyl rings are involved in strong intramolec-
ular p···p (Type III) and C�H···p (Type IV) interactions
which generate a molecular box. Such molecular boxes
extend in two dimensions by p···p stacking (Type III) and
C�H···O interactions (Type VII) to generate a layered struc-
ture (Figure 7; Supporting Information).

Optical properties : Table 2 summarizes the absorption and
photoluminescence data of compounds 1–10. The absorption
spectra of the organostannoxane derivatives of LCOOH and
L’COOH are shown in Figures 8–10. The concentration of
all the samples was kept constant at 10�7

m unless otherwise
mentioned. Derivatives of LCOOH (1, 5, 7, and 9) show
two strong vibronically structured bands at 270 and 315 nm
(Figure 8).

Compound 3 absorbs strongly at 275 nm and has a weak
absorption at 320 nm and a shoulder at 400 nm (Figure 9).
The shoulder appears only when the concentration of 3 ex-
ceeds 10�5

m. The change in absorption maxima of the com-
pound 3 clearly indicates the presence of the 9-fluorenone
moiety, as was proved by its X-ray crystal structure. Deriva-
tives of L’COOH (2, 4, 6, 8, and 10) absorb strongly be-
tween 250 and 350 nm and exhibit vibronically unstructured
bands (Figure 10). All the absorptions arise due to ligand-
centered spin-allowed singlet p!p* transition. Thus, the
free ligands LCOOH (270, 315 nm) and L’COOH (250–

Scheme 7. Fluorenyl synthons: Type I (slipped offset p···p stacking);
Type II (face-to-face p···p stacking); Type III (edge-to-face p···p stack-
ing); Type IV (C�H···p interaction). Fluorenyl and CO synthons: Type V
(C=O···p interaction); Type VI (C=O···H�C interaction); Type VII (C=
O···H�C interaction involving carboxylate O atom). Phenyl synthons:
Type VIII (face-to-face p···p stacking); Type IX (edge-to-face p···p stack-
ing); Type X (T-shaped p···p stacking); Type XI (C�H···p interaction).
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Figure 3. a) Chemdraw representation of intermolecular dimer of compound 1. b) Chemdraw representation of 2D layered structure of compound 1.
c) Nanotubular structure of compound 1 assembled by C�H···O (2.761(6) L), p···p (3.566(2) L), and C�H···p (3.051(2) L) interactions.

Table 2. Absorbance and photoluminescence data for compounds 1–10.

Compd Absorbance l [nm]
(10�4emax)

Solution-state emis-
sion l [nm]

Solid-state emis-
sion l [nm]

Quantum
yield

Lifetime [s] c2 Crystal
packing

L 265 (3.388), 313 (1.124) 355 – 0.16, 0.19 – – –
L’ 265 (1.179), 290 (2.787) 315 – 0.13, 0.15 – – –
1 265 (3.225), 313 (2.153) 355 375, 450 0.15, 0.18 2.2219O10�9 1.033 3D
2 280 (3.342) 365 515 0.14 6.6549O�10, 1.8821O10�09 1.284 –
3 275 (2.612), 325 (1.846),

400 (1.517)
355 340, 490 0.20 7.4463O10�10 0.941 3D

4 280 (3.152) 370 – 0.13 1.6919O10�9 0.909 –
5 265 (5.694), 313 (2.620) 355 410 0.18, 0.21 1.0152O10�9 1.199 3D
6 290 (4.284) 370 500 0.16 8.2343O10�10, 2.5797O10�9, 6.8652O10�9 0.982 –
7 265 (6.7298), 313 ACHTUNGTRENNUNG(2.164) 355 375, 450 0.11, 0.13 2.2199O10�9 1.064 3D
8 290 (4.817) 390 505 0.25 4.9909O10�10 1.1191O10�9 1.100 3D
9 265 (7.016), 313 (3.123) 355 370, 454, 500 0.13, 0.25 8.2883O10�10 2.2961O10�9 1.255 –
10 290 (5.135) 380 495 0.23 5.2465O10�10 1.6243O10�9 1.246 –
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345 nm) (Supporting Information) also display absorption
bands similar to those of the organostannoxane compounds
derived therefrom. The absorption maxima in 1, 5, 7, and 9
are invariant and do not depend on the number of fluorenyl
units in the compounds; however, compounds 8 and 10
show slight bathochromic shifts versus the free ligands
(Figure 10; Supporting Information). In contrast the molar
extinction coefficients of all the organostannoxanes are re-
lated to the number of fluorenyl units; an increase in the
number of fluorenyl units leads to an increase in the molar
extinction coefficient.

When excited at their respective maximum absorption
wavelengths, the organostannoxane-supported multifluorene
compounds emit strongly. The fluorescence spectra of these
compounds do not show any vibronically structured bands.
Similar to the absorption spectra, the fluorescence spectra
are not red-shifted with increasing number of fluorenyl
groups (Figures 11–14). Instead, fluorescence intensity in-
creases. Except for compound 3, other compounds derived
from LCOOH (1, 5, 7, and 9) emit strongly at 355 nm
(Figure 11) and the emission peaks are independent of exci-
tation wavelength (excitation at 275 or 315 nm gives the

same emission maxima). In the case of 3 excitation at 275 or
320 nm (Figure 12) results in emission at 350 nm, while exci-
tation at 400 nm results in an emission band at 450 nm
(Figure 12). Compounds 2, 4, 6, 8, and 10 emit strongly be-
tween 365 and 395 nm (Figure 13). Compound 10 shows a
slightly red-shifted emission in comparison with other com-
pounds (Figure 13). The fluorescence quantum yields of the
compounds (determined relative to that of quinine sulfate;
Table 2) are in the range of 11–20%, and the fluorescence
lifetimes of all of these compounds are on the nanosecond
timescale, and this suggests that the emission originates

Figure 4. a) 2D layered structure of 3 arising from C�H···p (4.125(2) L)
and p···p (3.668(2) L) intermolecular interactions. The intermolecular C=
O···H�C (2.501(3) L) and C=O···C=C (3.247(7) L) interaction between
adjacent layers lead to the 3D structure. b) Packing diagram of 3. Only
the a-C atoms of the nBu groups are shown, and all the H atoms have
been removed for the sake of clarity.

Figure 5. a) C�H···p (3.581(5) L) and p···p (3.803(7) L) interactions in
the supramolecular rectangular box of 5. Chloroform molecules are trap-
ped inside the rectangular box and are involved in C�H···O (2.506(2) L),
C�Cl···p (3.703(1) L), C�Cl···O (3.040(3) L), and C�Cl···Cl-C
(3.787(2) L) interactions. b) Packing diagram of 5. Only the a-C atoms of
the tBu groups are shown, and all the hydrogen atoms have been re-
moved for the sake of clarity. c) Schematic representation of the arrange-
ment of molecular rectangular boxes. Note the guest chloroform mole-
cules in the voids of molecular boxes.

www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 8847 – 88618854

V. Chandrasekhar et al.

www.chemeurj.org


Figure 7. The 2D sheetlike structure of 8 formed via intermolecular C�
H···p, p···p, and C�H···O interactions. Metric parameters of these inter-
molecular interactions: C�H···O�C 2.563(2), C···p 3.703(2), C�H···p
2.863(4) and 4.444(1), C�H···C=C 2.782(1) L.

Figure 8. Absorption spectra of 1, 5, 7, and 9 in chloroform.

Figure 6. a) Space-filling view of su-
pramolecular 3D structure of 8.
The 3D structure is formed through
various p···p interactions. b) Chem-
draw representation of various
p···p interactions involved in the
3D structure of 8. The nBu groups
on tin and other hydrogen atoms
have been removed for the sake of
clarity. Metric parameters of in
these intermolecular interactions:
Offset p···p 4.131(2), face-to-face
p···p 3.692(2), C�H···p 3.024(2) L.

Figure 9. Absorption spectrum of 3 in chloroform. Inset shows the
shoulder at 400 nm.

Figure 10. Normalized excitation spectra of 2, 4, 6, 8, and 10 in chloro-
form.

Figure 11. Normalized emission spectra of 1, 5, 7, and 9 in chloroform.
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from the singlet excited state to the ground state.
(Figure 14; Supporting Information).

Thin-film photoluminescence : Thin films of all the com-
pounds were prepared by spin coating on quartz substrates
from their chloroform solutions. The thin-film photolumi-
nescence (PL) spectra of compounds 1–10 retain most of the
spectral features of the solution state. However, slight to
moderate red shifts are observed in the emission maxima in
the solid state in comparison to the solution state (Fig-
ures 15–17). The largest red shifts occur for 9 and 10, which
bear six fluorenyl units. In solution compounds 1–10 are
good blue emitters (emission maxima between 330 and
410 nm), but in the solid state these compounds, with the ex-
ception of 3, exhibit a greenish blue band with an emission
maximum at 490 nm in addition to the blue bands at 355–
390 nm observed in solution. The striking red shift of about
100 nm in the solid state is presumably due to the various in-
termolecular interactions observed for these compounds.[7,25]

The behavior of compound 3 is slightly different from the
rest of the family. In the solid state its emission is red shifted
by about 50 nm versus solution.

Whereas in solution excitation at 275 and 315 nm leads to
one emission band at 350 nm, in the solid state two emission
bands at 350 and 490 nm are observed. Excitation at 400 nm
gives a single emission band at 490 nm. The intensity of the
latter is much higher in comparison to the emission bands
generated in the former excitation.

Figure 12. Emission spectra of 3 in chloroform. The inset shows the emis-
sion peak at 450 nm (excitation at 400 nm).

Figure 14. Photoluminescence time decay spectra of compound 6 (a) and
7 (b).

Figure 15. Solid-state luminescence spectra of 1, 3, 5, 7, and 9.

Figure 13. Normalized emission spectra of 2, 4, 8, and 10.
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Conclusion

We have shown that organostannoxane cores effectively
support a multichromophore periphery. The stannoxane-
based synthetic strategy provides a reliable and robust pro-
cedure for modulating the number and orientation of chro-
mophores in a given molecule, and accordingly we were
able to synthesize compounds 1–10 in which the number of
fluorenyl units could be varied from one to six. The solid-
state structures of 1, 3, 5, 7, and 8 reveal rich supramolecular
structures owing to multiple intermolecular interactions be-
tween the various supramolecular synthons present in these
molecules. The optical behavior of 1–10 is primarily dictated
by the fluorenyl periphery, and the stannoxane units serve
their role very well. The fluorescence bands of L and L’ are
well resolved and highly intense in 1–10, which display
strong blue fluorescence emission in solution and blue-green
fluorescence emission in solid state that involve ligand-cen-
tered p!p* transitions. Various intermolecular interactions
in the solid state lead to broad emission bands. Such fea-
tures are of interest in lighting applications. We are also
evaluating the performance of these new organostannoxane-

supported multichromophore assemblies in organic light-
emitting diode (OLED) devices.

Experimental Section

General : Solvents were freshly distilled over suitable drying agents.
(Ph3Sn)2O, (nBu3Sn)2O, nBu2SnO, nBuSnO(OH), 1-fluorenecarboxylic
acid, and 9-fluorenecarboxylic acid (Aldrich) were purchased and used as
such without further purification. (tBu2SnO)3 was prepared according to
a literature procedure.[19] Thin films for solid-state luminescence were
made by spin coating (c=12 mgmL�1 for all compounds, except for 9
and 10 (c=10 mgmL�1)). Spin coating was carried out for 60 s at
2500 rpm, and the coating dried under high vacuum for 2 h.

Instrumentation : Melting points were measured on a JSGW melting
point apparatus and are uncorrected. Elemental analyses were carried
out by using a Thermoquest CE instruments model EA/110 CHNS-O ele-
mental analyzer. 1H and 119Sn NMR spectra were obtained on a JEOL-
JNM LAMBDA 400 model spectrometer from CDCl3 solutions (unless
otherwise specified) with shifts referenced to tetramethylsilane and tetra-
methyltin for 1H and 119Sn, respectively. 119Sn NMR spectra were record-
ed under broadband-decoupled conditions. UV/Vis spectra were record-
ed on a Perkin Elmer UV/Vis Spectrometer Lamda 20. Excitation and
emission spectra were obtained with Fluorolog Spectro Fluorymeter.
Thin-film photoluminescence spectra were obtained with a Kimmon
(IK5352 R-D) IK Series He–Cd laser. Emission lifetimes were measured
by an IBH 5000U (Source: UV LED (Nano LED-03); Detector: TBX-04
picosecond single-photon detection module. Spectral response: 185–
650 nm; timing jitter: 200 ps or better (<180 ps typical).

General synthetic procedure for 1–10 : A stoichiometric mixture of the
organotin precursor and ligand in toluene (80 mL) was heated under
reflux for 6 h. The water formed in the reaction was removed by using a
Dean–Stark apparatus. The reaction mixture was filtered and evaporated
to afford the corresponding products, which were purified by recrystalli-
zation.

[Ph3SnO2CL] (1): (Ph3Sn)2O (0.20 g, 28 mmol), 1-fluorenecarboxylic acid
(0.12 g, 0.56 mmol). Yield: 0.26 g (81%). M.p. 180 8C; elemental analysis
(%) calcd for C32H24O2Sn: C 68.73, H 4.33; found: C 68.20, H 4.10;
1H NMR (400 MHz): d=8.04 (d, J=7.56 Hz, 1H, fluorenyl), 7.83–7.87
(m, 5H phenyl), 7.71 (d, J=7.56 Hz, 1H, fluorenyl), 7.51 (d, J=7.32 Hz,
1H, fluorenyl), 7.23–7.31 (m, 3H, fluorenyl), 7.4–7.43 (m) and 7.76–7.78
(m) (15H, phenyl), 4.24 ppm (s, 2H, CH2COO); 119Sn NMR (150 MHz):
d=�112.5 ppm (s). Light yellow, prismlike crystals suitable for single-
crystal X-ray diffraction was obtained by slow diffusion of n-hexane into
a solution of 1 in chloroform at room temperature.

[Ph3SnO2CL’] (2): (Ph3Sn)2O (0.20 g, 28 mmol), 9-fluorenecarboxylic acid
(0.12 g, 0.56 mmol). Yield: 0.30 g (93%). M.p. 170 8C; elemental analysis
(%) calcd for C32H24O2Sn: C 68.73, H 4.33; found: C 68.30, H 4.20;
1H NMR (400 MHz): d=7.59- 7.67 (m), 7.50–7.55 (m) and 7.26–7.33 (m),
7.18–7.22 (m) (23H, fluorenyl and phenyl), 4.88 ppm (s, 1H, CHCOO);
119Sn NMR (150 MHz): d=�102.5 ppm (s).

[{nBu3SnO2CL’’}n] (L’’=9-fluorenone) (3): (nBu3SnO)2 (0.20 g,
0.34 mmol), 1-fluorenecarboxylic acid (0.14 g, 0.67 mmol). Yield: 0.27 g
(79%). M.p. 130 8C (decomp); elemental analysis (%) calcd for
C26H34O3Sn: C 60.84, H 6.67; found: C 60.25, H 6.15; 1H NMR
(400 MHz): d=8.28 (d, J=7.8 Hz, 1H, fluorenyl), 7.89 (d, J=7.8 Hz, 1H,
fluorenyl), 7.70 (d, J=7.32 Hz, 1H, fluorenyl), 7.62 (d, J=7.32 Hz, 1H,
fluorenyl), 7.40 (t, J=7.38 Hz, 1H, fluorenyl), 7.24 (t, J=7.32 Hz, 2H,
fluorenyl), 1.55 (m, 6H, CH2CH2CH2CH3), 1.29 (m; 12H,
CH2CH2CH2CH3), 0.85 ppm (t; J=7.32 Hz, 9H, CH2CH2CH2CH3);

119Sn
NMR (150 MHz): d=�130.1 ppm. Light yellow, prismlike crystals of 3
suitable for single-crystal X-ray diffraction were obtained by slow evapo-
ration of a solution in toluene/dichloromethane (1/1).

[{nBu3SnO2CL’}n] (4): (nBu3Sn)2O (0.20 g, 0.34 mmol), 9-fluorenecarbox-
ylic acid (0.14 g, 0.67 mmol). Yield: 0.29 g (85%). M.p. 150 8C; elemental
analysis (%) calcd for C26H35O2Sn: C 62.67, H 7.08; found: C 62.32, H

Figure 16. Solid-state luminescence spectra of 3. Solid line: Spectrum ob-
tained by excitation at 275 nm. Broken line: Spectrum obtained by exci-
tation at 400 nm.

Figure 17. Solid-state luminescence spectra of 2, 4, 6, 8, and 10.
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6.95; 1H NMR (400 MHz): d=7.68 (d, J=7.56 Hz, 2H, fluorenyl), 7.61
(d, J=7.56 Hz, 2H, fluorenyl), 7.34 (t, J=7.56 Hz, 2H, fluorenyl) 7.27 (t,
J=7.56 Hz, 2H, fluorenyl), 4.88 (s, 1H, -CH�COO), 1.59–1.45 (m, 12H,
CH2CH2CH2CH3), 1.33–1.22 (m, 6H, CH2CH2CH2CH3), 0.70 ppm (t, J=
7.32 Hz, 9H, CH2CH2CH2CH3);

119Sn NMR (150 MHz): d=�139.1 ppm.

ACHTUNGTRENNUNG[{tBu2Sn(OH)O2CL}2] (5): (tBu2SnO)3 (0.20 g, 0.27 mmol), 1-fluorenecar-
boxylic acid (0.17 g, 0.81 mmol). Yield: 0.28 g (76%). M.p. 176 8C; ele-
mental analysis (%) calcd for C44H56O6Sn2: C 57.55, H 6.15; found: C
57.23, H 6.00; 1H NMR (400 MHz): d=8.07 (d, J=7.8 Hz, 2H, fluorenyl),
7.92 (d, J=7.56 Hz, 2H, fluorenyl), 7.74 (d, J=7.56 Hz, 2H, fluorenyl),
7.54 (d, J=7.08 Hz, 2H, fluorenyl), 7.43 (t, J=7.56 Hz, 2H, fluorenyl),
7.25–7.34 (m, 4H, fluorenyl), 4.28 (s, 4H, CH2COO), 1.44 ppm (s, 36H,
tBu); 119Sn NMR (150 MHz): d=�212.6 ppm (s). Light yellow crystals
suitable for single-crystal X-ray diffraction were obtained by slow diffu-
sion of methanol into a solution of 5 in chloroform at room temperature.

ACHTUNGTRENNUNG[{tBu2Sn(OH)O2CL’}2] (6): (tBu2SnO)3 (0.20 g, 0.27 mmol), 9-fluorenecar-
boxylic acid (0.17 g, 0.81 mmol). Yield: 0.31 g (85%). M.p. 158 8C
(decomp); elemental analysis (%) calcd for C44H56O6Sn2: C 57.55, H
6.15; found: C 57.50, H 5.98; 1H NMR (400 MHz): d=7.62 (d, J=
7.32 Hz, 4H, fluorenyl), 7.53 (d, J=7.56 Hz, 4H, fluorenyl), 7.28 (t, J=
7.56 Hz, 4H, fluorenyl), 7.20 (t, J=7.32 Hz, 4H, fluorenyl), 4.85 (s, 2H,
CHCOO), 1.13 ppm (s, 18H, tBu); 119Sn NMR (150 MHz): d=

�213.2 ppm (s).

[{[nBu2SnO2CL]2O}2] (7): nBu2SnO (0.12 g, 0.48 mmol), 1-fluorenecar-
boxylic acid (0.10 g, 0.48 mmol). Yield: 0.18 g (82%). M.p. 290–293 8C
(d); elemental analysis (%) calcd for C88H108O10Sn4: C 58.70, H 6.05;
found: C 58.23, H 5.79; 1H NMR (400 MHz): d=7.90–7.92 (m, 8H, fluo-
renyl), 7.76 (d, J=7.04 Hz, 4H, fluorenyl), 7.54 (d, J=7.08 Hz, 4H, fluo-
renyl), 7.44 (m, 4H, fluorenyl), 7.27–7.35 (m, 8H, fluorenyl), 4.26 (s, 8H,
CH2COO), 1.51–1.72 (m, 32H, CH2CH2CH2CH3), 1.22–1.35 (m, 16H,
CH2CH2CH2CH3), 0.69–0.82 ppm (m, 24H, CH2CH2CH2CH3);

119Sn
NMR (150 MHz): d=�216.6 (s), �221.2 ppm (s). Light yellow, prismlike
crystals suitable for single-crystal X-ray diffraction were obtained by slow
diffusion of methanol in to a solution of 7 in chloroform at room temper-
ature.

[{[nBu2SnO2CL’]2O}2] (8): nBu2SnO (0.12 g, 0.5 mmol), 9-fluorenecarbox-
ylic acid (0.10 g, 0.5 mmol). Yield: 0.19 g (86%). M.p. 257 8C (decomp);
elemental analysis (%) calcd for C88H108O10Sn4: C 58.70, H 6.05; found:
C 58.10, H 5.60; 1H NMR (400 MHz): d=7.41–7.42 (m, 8H fluorenyl),
7.36–7.38 (m, 8H fluorenyl), 7.15–7.24 (m, 16H, fluorenyl), 4.57 (s, 4H,
CHCOO), 0.65–0.67 (m), 0.78–0.85 (m), 1.05–1.21 (m) and 1.39–1.51 ppm
(m) (72H, CH2CH2CH2CH3);

119Sn NMR (150 MHz): d=�198.1 (s),
�220.5 ppm (s). Dull yellow, prismlike crystals suitable for single-crystal
X-ray diffraction were obtained by slow evaporation of a solution in tol-
uene/dichloromethane (50/50).

ACHTUNGTRENNUNG[{nBuSn(O)O2CL}6] (9): nBuSnO(OH) (0.15 g, 0.72 mmol), 1-fluorene-
carboxylic acid (0.15 g, 0.72 mmol). Yield: 0.23 g (75.0%). M.p. 290 8C
(decomp); elemental analysis (%) calcd for C108H108O18Sn6: C 53.91, H

Table 3. Crystal data collection and refinement parameters for 1, 3, 5, 7, and 8.

1 3 5 7 8

formula C62H48O4Sn2 C24H28N4O4Sn C45H57Cl3O6 Sn2 C88H108O10Sn4 C88H108O10Sn4

M 1094.38 555.19 1037.64 1800.50 1800.50
T [K) 293(2) 100(2) 213(2) 213(2) 100(2)
l [L] 0.71069 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic triclinic monoclinic orthorhombic monoclinic
space group C12/c1 P1̄ P2(1)/c Pna2(1) C2/c
a [L] 30.81(5) 10.8481(7) 9.235(2) 17.1840(3) 14.4517(8)
b [L] 9.17(5) 21.2515(13) 24.074(5) 21.2470(4) 22.8025(13)
c [L] 19.81(5) 21.7740(13) 22.016(3) 22.7070(5) 25.1497(15)
a [8] 90.00(5) 101.2840(10) 90 90 90
b [8] 118.75(5) 90.7340(10) 109.61(3) 90 103.685(10)
g [8] 90.00(5) 91.5070(10) 90 90 90
V [L3] 4909(3) 4920.2(5) 4610.8(15) 8291(3) 8052.4(8)
Z 4 8 4 4 4
1calcd [Mgm�3] 1.481 1.499 1.495 1.442 1.485
m [mm�1] 1.067 1.075 1.301 1.247 1.284
F ACHTUNGTRENNUNG(000) 2208 2256 2104 3664 3664
crystal size [mm] 0.1O0.2O0.1 0.2O0.3O0.1 0.4O0.4O0.3 0.3O0.2O0.2 0.3O0.2O0.2
q [8] 2.34 to 28.29 2.00 to 28.31 1.96 to 24.20 1.77 to 24.27 1.67 to 28.30
index ranges �40�h�40 �14�h�14 �10�h�10 �18�h�19 �18�h�19

�12�k�10 �28�k�23 �27�k�27 �24�k�24 �30�k�21,
�14� l�26 �24� l�29 �23� l�24 �25� l�25 �30� l�32

reflections collected 16045 33084 29210 51264 25093
independent reflections 6058 23450 7147 13061 9362

[R ACHTUNGTRENNUNG(int)=0.0280] [R ACHTUNGTRENNUNG(int)=0.0348] [R ACHTUNGTRENNUNG(int)=0.0407] [R ACHTUNGTRENNUNG(int)=0.0644] [R ACHTUNGTRENNUNG(int)=0.0268]
completeness to theta 99.2% 95.7% 96.4% 98.1% 93.6%
absorption correction SADABS SADABS not applied semiempirical semiempirical
refinement method full-matrix least-

squares on F2
full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

data/restraints/parameters 6058/0/316 23450/0/1081 7147/0/526 13061/329/917 9362/0/463
GOF on F2 1.053 1.008 1.043 0.884 1.058
final R indices [I>2s(I)]
R1 0.0348 0.0592 0.0248 0.0354 0.0319
wR2 0.0896 0.1224 0.0632 0.0600 0.0790
R indices (all data)
R1 0.0399 0.0851 0.0296 0.0582 0.0412,
wR2 0.0927 0.1336 0.0651 0.0636 0.0830
largest difference peak/
hole [eL�3]

1.114/�0.678 1.864/�1.429 0.391/�0.502 1.322/�0.572 1.692/�0.995
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4.52; found: C 53.23, H 4.20; 1H NMR (400 MHz): d=7.88–7.90 (m,
12H, fluorenyl), 7.72–7.75 (m, 6H, fluorenyl), 7.50–7.52 (m, 6H, fluoren-
yl), 7.42 (m, 6H, fluorenyl), 7.25–7.33 (m; 12H fluorenyl), 4.25 (s; 12H;
CH2COO), 1.50–1.70 (m), 1.20–1.33 (m) and 0.67–0.80 ppm (m), (54H;
CH2CH2CH2CH3);

119Sn NMR (150 MHz) d=�484.4 ppm.

ACHTUNGTRENNUNG[{nBuSn(O)O2CL’}6] (10): nBuSnO(OH) (0.15 g, 0.72 mmol), 9-fluorene-
carboxylic acid ( 0.15 g, 0.72 mmol). Yield: 0.20 g (65.0%). M.p. 278 8C
(decomp); elemental analysis (%) calcd for C108H108O18Sn6: C 53.91, H
4.52; found: C 53.25, H 4.05; 1H NMR (400 MHz): d=7.58–7.67 (m),
7.43–7.45 (m), 7.22–7.27 (m), 7.16–7.18 (m), 7.10–7.12 (m), and 7.01–7.05
(m), (48H, fluorenyl), 4.62 (s, 6H, CHCOO), 1.42–1.47 (m, 12H,
CH2CH2CH2CH3) and 1.17–1.04 (m, 24H, CH2CH2CH2CH3), 0.76 ppm
(m, 18H, CH2CH2CH2CH3);

119Sn NMR (150 MHz) d=�485.0 ppm (s).

X-ray crystallography : Crystal data for 1 and 3 were collected on a
Bruker Smart diffractometer, while those of 5, 7, and 8 were collected on
Bruker AXS Smart Apex diffractometer (Table 3). All structures were
solved by direct methods using SHELXS-97[20] and refined by full-matrix
least-squares techniques on F2 using SHELXL-97.[20] All hydrogen atoms
were included in idealized positions, and a riding model was used. Non-
hydrogen atoms were refined with anisotropic displacement parameters.
CCDC-604710 (1), CCDC-604711 (3), CCDC-604712 (5), CCDC-604713
(7), and CCDC-604714 (8) contain the supplementary crystallographic
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.

Acknowledgements

We thank Department of Science and Technology, India for financial sup-
port including support for a CCD X-ray facility at IIT-Kanpur. P.T. is
thankful to the Council of Scientific and Industrial Research, New Delhi,
India and IIT-Kanpur, India, for a Senior Research Fellowship. A.S. and
J.F.B. thank the EPSRC, UK, for financial support. We acknowledge
Prof. P. Ramamoorthy, National Center for Ultrafast Processes, Universi-
ty of Madras, Tharamani, Chennai, India, for fluorescence lifetime meas-
urements.

[1] a) P. E. Burrows, S. R. Forrest, M. E. Thompson, Curr. Opin. Solid
State Mater. Sci. 1997, 2, 236–243; b) E. Terpetschnig, H. Szmacin-
ski, H. Malak, J. R. Lakowicz, Bio. Phys. J. 1995, 68, 342–350;
c) D. A. V. Bout, J. Kerimo, D. A. Higgins, P. F. Barbara, Acc. Chem.
Res. 1997, 30, 204–212; d) X. Q. Guo, F. N. Castellano, L. Li, J. R.
Lakowicz, Anal. Chem. 1998, 70, 632–637; e) J. R. Lakowicz, Princi-
ples of Fluorescence Spectroscopy, Kluwer Academic/Plenum Pub-
lishers, New York, 1999 ; f) Topics in Fluorescence Spectroscopy,
Vol. 4: Probe Design and Chemical Sensing (Ed.: J. R. Lakowicz),
Plenum Press, New York, 1994 ; g) H. Ihmels, A. Meiswinkel, C. J.
Mohrschladt, Org. Lett. 2000, 2, 2865–2867; h) S. Lamansky, P. Djur-
ovich, D. Murphy, F. A. Razzaq, H. E. Lee, C. Adachi, P. E. Bur-
rows, S. R. Forrest, M. E. Thompson, J. Am. Chem. Soc. 2001, 123,
4304–4312; i) J. C. Ostrowski, M. R. Robinson, A. J. Heeger, G. C.
Bazan, Chem. Commun. 2002, 784–785; j) F. C. Chen, Y. Yang, Q.
Pei, Appl. Phys. Lett. 2002, 81, 4278–4280; k) X. Gong, J. C. Os-
trowski, G. C. Bazan, D. Moses, A. J. Heeger, Appl. Phys. Lett. 2002,
81, 3711–7113; l) W. C. Tse, D. L. Boger, Acc. Chem. Res. 2004, 37,
61–69; m) K. A. Willets, S. Y. Nishimura, P. J. Schuck, R. J. Twieg,
W. E. Moerner, Acc. Chem. Res. 2005, 38, 549–556; n) T. H. Lee,
J. I. Gonzalez, J. Zheng, R. M. Dickson, Acc. Chem. Res. 2005, 38,
534–541.

[2] a) M. H. W. Lam, D. Y. K. Lee, K. W. Man, C. S. W. Lau, J. Mater.
Chem. 2000, 10, 1825–1828; b) J. Halpern, Pure Appl. Chem. 2001,
73, 209–220; c) S. S. Sun, A. J. Lees, Organometallics 2001, 20,
2353–2358; d) D. Kolosov, V. Adamovich, P. Djurovich, M. E.
Thompson, C. Adachi, J. Am. Chem. Soc. 2002, 124, 9945–9954;
e) Y. Kang, D. Song, H. Schmider, S. Wang, Organometallics 2002,
21, 2413–2421; f) S. K. Hurst, M. P. Cifuentes, A. M. McDonagh,

M. G. Humphrey, M. Samoc, B. L. Davies, I. Asselberghs, A. Per-
soons, J. Organomet. Chem. 2002, 642, 259–267; g) C. J. McAdam,
J. L. Morgan, B. H. Robinson, J. Simpson, P. H. Rieger, A. L.
Rieger, Organometallics 2003, 22, 5126–5136; h) M. L. Deda, M.
Ghedini, I. Aiello, T. Pugliese, F. Barigelletti, G. Accorsi, J. Organo-
met. Chem. 2005, 690, 857–861; i) Y. Liao, J. K. Feng, L. Yang,
A. M. Ren, H. X. Zhang, Organometallics 2005, 24, 385–394;
j) P. A. Jelliss, K. M. Wampler, Organometallics 2005, 24, 707–714;
Qin. Liu, W. L. Jia, S. Wang, Inorg. Chem. 2005, 44, 1332–1343.

[3] a) Y. Geng, A. C. A. Chen, J. J. Ou, S. H. Chen, K. Klubek, K. M.
Vaeth, C. W. Tang, Chem. Mater. 2003, 15, 4352–4360; b) T. W.
Kelley, P. F. Baude, C. Gerlach, D. E. Ender, D. Muyres, M. A.
Haase, D. E. Vogel, S. D. Theiss, Chem. Mater. 2004, 16, 4413–4422;
c) Y. Kim, K. H. Bae, Y. Y. Jeong, D. K. Choi, C. S. Ha, Chem.
Mater. 2004, 16, 5051–5057; d) H. Aziz, Z. D. Popovic, Chem. Mater.
2004, 16, 4522–4532; e) J. A. Cheng, C. H. Chen, C. H. Liao, Chem.
Mater. 2004, 16, 2862–2868; f) J. Li, C. Ma, J. Tang, C. S. Lee, S.
Lee, Chem. Mater. 2005, 17, 615–619; g) K. R. J. Thomas, M. Velusa-
my, J. T. Lin, C. H. Chuen, Y. T. Tao, Chem. Mater. 2005, 17, 1860–
1866; h) J. Liu, C. Min, Q. Zhou, Y. Cheng, L. Wang, D. Ma, X.
Jing, F. Wang, Appl. Phys. Lett. 2006, 88, 083505(1)–083505(3);
i) G. Wantz, O. J. Dautel, R. Almairac, L. Hirsch, F. S. Spirau, L.
Vignau, J. P. L. Porte, J. P. Parneix, J. J. E. Moreau, Org. Electron.
2006, 7, 38–44; j) H. Inomata, K. Goushi, T. Masuko, T. Konno, T.
Imai, H. Sasabe, J. J. Brown, C. Adachi, Chem. Mater. 2004, 16,
1285–1291; k) S. Y. Kim, J. L. Leea, Appl. Phys. Lett. 2006, 88,
112106(1)–112106(3); l) B. T. H. Huang, J. T. Lin, L. Y. Chen, Y. T.
Lin, C. C. Wu, Adv. Mater. 2006, 18, 602–606.

[4] a) V. V. Grushin, N. Herron, D. D. LeCloux, W. J. Marshall, V. A.
Petrov, Y, Wang, Chem. Commun. 2001, 1494–1495; b) R. J. Curry,
W. P. Gillin, Curr. Opin. Solid State Mater. Sci. 2001, 5, 481–486;
c) L. S. Sapochak, F. E. Benincasa, R. S. Schofield, J. L. Baker,
K. K. C. Riccio, D. Fogarty, H. Kohlmann, K. F. Ferris, P. E. Bur-
rows, J. Am. Chem. Soc. 2002, 124, 6119–6125; d) G. Yu, S. Yin, Y.
Liu, Z. Shuai, D. Zhu, J. Am. Chem. Soc. 2003, 125, 14816–14824;
e) X. Chen, J. L. Liao, Y. Liang, M. O. Ahmed, H. En Tseng, S. A.
Chen, J. Am. Chem. Soc. 2003, 125, 636–637; f) T. S. Kim, T. Okubo,
T. Mitani, Chem. Mater. 2003, 15, 4949–4955; g) C. D. Entwistle,
T. B. Marder, Chem. Mater. 2004, 16, 4574–4585; h) J. E. Song, B. O.
Kim, Y. Ha, Mater. Sci. Eng. C 2004, 24, 191–194; i) Z. Xie, B.
Yang, F. Li, G. Cheng, L. Liu, G. Yang, H. Xu, L. Ye, M. Hanif, S.
Liu, D. Ma, Y. Ma, J. Am. Chem. Soc. 2005, 127, 14152–14153; j) S.
Kato, J. Am. Chem. Soc. 2005, 127, 11538–11539; k) Q. Huang,
G. A. Evmenenko, P. Dutta, P. Lee, N. R. Armstrong, T. J. Marks, J.
Am. Chem. Soc. 2005, 127, 10227–10242; l) Y. Zhu, A. P. Kulkarni,
S. A. Jenekhe, Chem. Mater. 2005, 17, 5224–5227; m) A. C. A. Chen,
J. U. Wallace, S. K. H. Wei, L. Zeng, S. H. Chen, Chem. Mater. 2006,
18, 204–213; n) K. R. J. Thomas, J. T. Lin, C. M. Tsaib, H. C. Linb,
Tetrahedron 2006, 62, 3517–3522.

[5] a) U. Lemmer, R. F. Mahrt, Y. Wada, A. Greiner, H. BVsler, E. O.
Gçbel, Appl. Phys. Lett. 1993, 62, 2827–2827; b) R. C. Smith, W. M.
Fischer, D. L. Gin, J. Am. Chem. Soc. 1997, 119, 4092–4093; c) H.
Rost, B. S. Chuah, D.-H. Hwang, S. C. Moratti, A. B. Holmes, J.
Wilson, J. Morgado, J. J. M. Halls, J. C. De Mello, R. H. Friend,
Synth. Met. 1999, 102, 937–938; d) F. Babudri, S. R. Cicco, L. Chia-
varone, G. M. Farinola, L. C. Lopez, F. Naso, G. Scamarcio, J. Mater.
Chem. 2000, 10, 1573–1579; e) L. Zheng, R. C. Urian, Y. Liu, A. K.-
Y. Jen, L. Pu, Chem. Mater. 2000, 12, 13–15; f) A. M. Ramos, M. T.
Rispens, J. K. J. V. Duren, J. C. Hummelen, R. A. J. Janssen, J. Am.
Chem. Soc. 2001, 123, 6714–6715; g) H.-L. Cheng, K.-F. Lin, Synth.
Met. 2001, 122, 387–393; h) M. M. Alam, S. A. Jenekhe, Chem.
Mater. 2004, 16, 4647–4656; i) D. A. M. Egbe, L. H. Nguyen, B. Car-
bonnier, D. MXhlbacherd, N. S. Sariciftci, Polymer 2005, 46, 9585–
9595; j) J. A. Mikroyannidis, Synth. Met. 2005, 155, 125–129; k) T.
Kietzke, H.-H. Hçrhold, D. Neher, Chem. Mater. 2005, 17, 6532–
6537.

[6] a) A. Schenning, P. Jonkheijm, E. Peeters, E. W. Meijer, J. Am.
Chem. Soc. 2001, 123, 409–416; b) F. J. M. Hoeben, P. Jonkheijm,
E. W. Meijer, A. Schenning, Chem. Rev. 2005, 105, 1491–1546; c) A.

Chem. Eur. J. 2006, 12, 8847 – 8861 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8859

FULL PAPERInorganic-Cored Photoactive Assemblies

www.chemeurj.org


Schenning, E. W. Meijer, Chem. Commun. 2005, 3245–3258;
d) F. J. M. Hoeben, L. M. Herz, C. Daniel, P. Jonkheijm, A. Schen-
ning, C. Silva, S. C. J. Meskers, D. Beljonne, R. T. Phillips, R. H.
Friend, E. W. Meijer, Angew. Chem. 2004, 116, 2010–2013; Angew.
Chem. Int. Ed. 2004, 43, 1976–1979; e) F. J. M. Hoeben, A. Schen-
ning, E. W. Meijer, ChemPhysChem 2005, 6, 2337–2342.

[7] a) Q. Pei, Y. Yang, J. Am. Chem. Soc. 1996, 118, 7416–7417; b) J.
Teetsov, M. A. Fox, J. Mater. Chem. 1999, 9, 2117–2122; c) J.-I. Lee,
G. Klaerner, M. H. Davey, R. D. Miller, Synth. Met. 1999, 102,
1087–1088; d) M. Gross, D. C. MXller, H.-G. Nothofer, U. Scherf, D.
Neher, C. BrVuchle, K. Meerholz, Nature 2000, 405, 661–664; e)
Charas, J. Morgado, J. M. G. Martinho, L. AlcYcera, F. Caciallic,
Chem. Commun. 2001, 1216–1217; f) G. Tu, Q. Zhou, Y. Cheng, L.
Wang, D. Ma, X. Jing, F. Wang, Appl. Phys. Lett. 2004, 85, 2172–
2175; g) F. Galbrecht, X. H. Yang, B. S. Nehls, D. Neher, T. Farrella,
U. Scherf, Chem. Commun. 2005, 2378–2380; h) Y. Chen, Y. Araki,
J. Doyle, A. Strevens, O. Ito, W. J. Blau, Chem. Mater. 2005, 17,
1661–1666; i) M. Beinhoff, A. T. Appapillai, L. D. Underwood, J. E.
Frommer, K. R. Carter, Langmuir 2006, 22, 2411–2414.

[8] a) S. M. Kelly, Flat Panel Displays Advanced Organic Materials,
Royal Society of Chemistry, Cambridge, 2000 ; b) L. M. Leung, W. Y.
Lo, S. K. So, K. M. Lee, W. K. Choi, J. Am. Chem. Soc. 2000, 122,
5640–5641; c) F. G. Gao, A. J. Bard, J. Am. Chem. Soc. 2000, 122,
7426–7427; d) S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-
Razzaq, H. E. Lee, C. Adachi, P. E. Burrows, S. R. Forrest, M. E.
Thompson, J. Am. Chem. Soc. 2001, 123, 4304–4312; e) H. Rud-
mann, S. Shimada, M. F. Rubner, J. Am. Chem. Soc. 2002, 124,
4918–4921; f) D. Bruce, M. M. Richter, Anal. Chem. 2002, 74, 1340–
1342; g) Y. A Lee, J. E. McGarrah, R. J. Lachicotte, R. Eisenberg, J.
Am. Chem. Soc. 2002, 124, 10662–10663; h) L. H. Chan, R. H. Lee,
C. F. Hsieh, H. C. Yeh, C. T. Chen, J. Am. Chem. Soc. 2002, 124,
6469–6479; i) A. Tsuboyama, H. Iwawaki, M. Furugori, T. Mukaide,
J. Kamatani, S. Igawa, T. Moriyama, S. Miura, T. Takiguchi, S.
Okada, M. Hoshino, K. Ueno, J. Am. Chem. Soc. 2003, 125, 12971–
12979; j) A. J. Middleton, W. J. Marshall, N. S. Radu, J. Am. Chem.
Soc. 2003, 125, 880–881.

[9] a) Y. Hamada, C. Adachi, T. Tetsuo, S. Saito, Jpn. J. Appl. Phys.
1992, 31, 1812–1816; b) N. Tamoto, C. Adachi, K. Nagai, Chem.
Mater. 1997, 9, 1077–1085; c) J. Kido, M. Kimura, K. Nagai, Chem.
Lett. 1996, 47; d) H. Antoniadis, M. Inbasekaran, E. P. Woo, Appl.
Phys. Lett. 1998, 73, 3055–3057; e) P. Lu, H. Hong, G. Cai, P. Djuro-
vich, W. P. Weber, M. E. Thompson, J. Am. Chem. Soc. 2000, 122,
7480–7486; f) C. Wang, G. Y. Jung, Y. Hua, C. Pearson, M. R.
Bryce, M. C. Petty, A. S. Batsanov, A. E. Goeta, J. A. K. Howard,
Chem. Mater. 2001, 13, 1167–1173.

[10] a) Q. Pei, Y. Yang, J. Am. Chem. Soc. 1996, 118, 7416–7417; b) Y.
Yang, Q. Pei, J. Appl. Phys. 1997, 81 3294–3298; c) J. K. Lee, G.
KlVrner, R. D. Miller, Chem. Mater. 1999, 11, 1083–1088; d) J.
Sheats, Y. L. Chang, D. B. Roitman, A. Stocking, Acc. Chem. Res.
1999, 32, 193–200; e) Y. Shirota, M. Kinoshita, T. Noda, K. Okumo-
to, T. Ohara, J. Am. Chem. Soc. 2000, 122, 11021–11022; f) K. T.
Wong, Y. Y. Chien, R. T. Chen, C. F. Wang, Y. T. Lin, H. H. Chiang,
P. Y. Hsieh, C. C. Wu, C. H. Chou, Y. O. Su, G. H. Lee, S. M. Peng,
J. Am. Chem. Soc. 2002, 124, 11576–11577; g) G. Vamvounis, G. L.
Schulz, S. Holdcroft, Macromolecules 2004, 37, 8897–8902; h) S.
Inaoka, D. B. Roitman, R. C. Advincula, Chem. Mater. 2005, 17,
6781–6789; i) Q. H. Xu, S. Wang, D. Korystov, A. Mikhailovsky,
G. C. Bazan, D. Moses, A. J. Heeger, PNAS 2005, 102, 530–535.

[11] a) G. Yu, S. Yin, Y. Liu, Z. Shuai, D. Zhu, J. Am. Chem. Soc. 2003,
125, 14816–14824; b) S.-H. Jin, S.-Y. Kang, I.-S. Yeom, J. Y. Kim,
S. H. Park, K. Lee, Y.-S. Gal, H.-N. Cho, Chem. Mater. 2002, 14,
5090–5097.

[12] a) J. M. Lupton, Chem. Phys. Lett. 2002, 365, 366–368; b) E. J. W.
List, M. Gaal, R. Guentner, P. S. D. Freitas, U. Scherf, Synth. Met.
2003, 139, 759–763; c) C. F. Wang, J. D. White, T. L. Lim, J. H. Hsu,
S. C. Yang, W. S. Fann, K. Y. Peng, S. A. Chen, Phys. Rev. B 2003,
67, 035202(1)–035202(7); d) D. A. M. Egbe, C. Ulbricht, T. Orgis,
B. Carbonnier, T. Kietzke, M. Peip, M. Metzner, M. Gericke, E.
Birckner, T. Pakula, D. Neher, U.-W. Grummt, Chem. Mater. 2005,

17, 6022–6032; e) B. G. Sumpter, P. Kumar, A. Mehta, M. D.
Barnes, W. A. Shelton, R. J. Harrison, J. Phys. Chem. B 2005, 109,
7671–7685.

[13] a) E. J. W. List, R. GXnther, P. S. D. Frietas, U. Scherf, Adv. Mater.
2002, 14, 374–378; b) M. Gaal, E. J. W. List, U. Scherf, Macromole-
cules, 2003, 36, 4236–4237; c) J. M. Lupton, M. R. Craig, E. W.
Meijer, Appl. Phys. Lett. 2002, 80, 4489–4491; d) M. R. Craig, M. M.
de Kok, J. W. Hofstraat, A. P. H. J. Schenning, E. W. Meijer, J.
Mater. Chem. 2003, 13, 2861–2862.

[14] a) T. Tsuzuki, N. Shirasawa, T. Suzuki, S. Tokito, Jpn. J. Appl. Phys.
2005, 44, 4151–4154; b) J.-S. Cho, A. Kimoto, M. Higuchi, K. Yama-
moto, Macromol. Chem. Phys. 2005, 206, 635–641; c) A. J. Middle-
ton, W. J. Marshall, N. S. Radu, J. Am. Chem. Soc. 2003, 125, 880–
881; d) S. Yamaguchi, S. Akiyama, K. Tamao, J. Am. Chem. Soc.
2000, 122, 6335–6336.

[15] a) Y. Sakamoto, T. Suzuki, A. Miura, H. Fujikawa, S. Tokito, Y.
Taga, J. Am. Chem. Soc. 2000, 122, 1832–1833; b) D. Ma, J. M.
Lupton, I. D. W. Samuel, S.-C. Lo, P. L. Burn, Appl. Phys. Lett. 2002,
81, 2285–2287; c) N. Satoh, J.-S. Cho, M. Higuchi, K. Yamamoto, J.
Am. Chem. Soc. 2003, 125, 8104–8105; d) T. W. Kwon, M. M. Alam,
S. A. Jenekhe, Chem. Mater. 2004, 16, 4657–4666; e) I. A. Khotina,
L. S. Lepnev, N. S. Burenkova, P. M. Valetsky, A. G. Vitukhnovsky,
J. Lumin. 2004, 35, 232–238; f) J.-S. Cho, K. Takanashi, M. Higuchi,
K. Yamamoto, Synth. Met. 2005, 150, 79–82; g) J. Pana, W. Zhua, S.
Lia, W. Zengb, Y. Caob, H. Tiana, Polymer 2005, 46, 7658–7669;
h) Z. H. Li, M. S. Wong, Org. Lett. 2006, 8, 1499–1502.

[16] a) S. Serroni, A. Juris, M. Venturi, S. Campagna, I. R. Resino, G.
Denti, A. Credi, V. Balzani, J. Mater. Chem. 1997, 7, 1227–1236;
b) G. D. Storrier, K. Takada, H. D. Abrun, Langmuir 1999, 15, 872–
884; c) X. Zhou, D. S. Tyson, F. N. Castellano, Angew. Chem. 2000,
112, 4471–4475; Angew. Chem. Int. Ed. 2000, 39, 4301–4305;
d) H. J. Murfee, T. P. S. Thoms, J. Greaves, B. Hong, Inorg. Chem.
2000, 39, 5209–5217; e) V. Balzani, P. Ceroni, A. Juris, M. Venturi,
S. Campagna, F. Puntoriero, C. Serroni, Coord. Chem. Rev. 2001,
219, 545–572; f) V. Balzani, A. Juris, Coord. Chem. Rev. 2001, 211,
97–115; g) N. D. McClenaghan, F. Loiseau, F. Puntoriero, S. Serroni,
S. Campagna, Chem. Commun. 2001, 2634–2635; h) V. Vicinelli, P.
Ceroni, M. Maestri, V. Balzani, M. Gorka, F. Vçgtle, J. Am. Chem.
Soc. 2002, 124, 6461–6468; i) S. Campagna, C. D. Pietro, F. Loiseau,
B. Maubert, N. McClenaghan, R. Passalacqua, F. Puntoriero, V. Ri-
cevuto, S. Serroni, Coord. Chem. Rev. 2002, 229, 67–74; j) N. D.
McClenaghan, R. Passalacqua, F. Loiseau, S. Campagna, B. Ver-
heyde, A. Hameurlaine, W. Dehaen, J. Am. Chem. Soc. 2003, 125,
5356–5365; k) J. P. Cross, M. Lauz, P. D. Badger, S. Petoud, J. Am.
Chem. Soc. 2004, 126, 16278–16279.

[17] a) J. J. Apperloo, P. R. L. Malenfant, J. M. J. FrZchet, R. A. J. Jans-
sen, Synth. Met. 2001, 121, 1259–1260; b) F. S. P. Blaga, J. C. G. Mar-
tinez, A. P. H. J. Schenning, E. W. Meijer, J. Am. Chem. Soc. 2003,
125, 12953–12960; c) T. L. Bouder, O. Maury, A. Bondon, K. Cos-
tuas, E. Amouyal, I. Ledoux, J. Zyss, H. L. Bozec, J. Am. Chem.
Soc. 2003, 125, 12284–12299; d) S. K. H. Rahaman, H. Chowdhury,
H. L. Milton, A. M. Z. Slawin, J. D. Woollins, B. K. Ghosh, Inorg.
Chem. Commun. 2005, 8, 1031–1035.

[18] Present work.
[19] a) V. Chandrasekhar, S. Nagendran, S. Bansal, M. A. Kozee, D. R.

Powell, Angew. Chem. 2000, 112, 1903–1905; Angew. Chem. Int. Ed.
2000, 39, 1833–1835; b) V. Chandrasekhar, S. Nagendran, S. Bansal,
A. W. Cordes, A. Vij, Organometallics 2002, 21, 3297–3300; c) V.
Chandrasekhar, S. Nagendran, R. Azhakar, M. Ravi Kumar, A. Sri-
nivasan, K. Ray, T. K. Chandrashekar, C. Madhavaiah, S. Verma,
U. D. Priyakumar, G. N. Sastry, J. Am. Chem. Soc. 2005, 127, 2410–
2411; d) V. Chandrasekhar, K. Gopal, S. Nagendran, P, Singh, A.
Steiner, S. Zacchini, J. F. Bickley, Chem. Eur. J. 2005, 11, 5437–
5448; e) V. Chandrasekhar, P. Thilagar, P. Sasikumar, J. Organomet.
Chem. 2006, 69, 11681–11692.

[20] a) G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Re-
finement, University of Gçttingen, Gçttingen, Germany, 1997;
b) G. M. Sheldrick, SHELXTL, Reference Manual: Version 5.1,
Bruker AXS, Madison, WI, 1998.

www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 8847 – 88618860

V. Chandrasekhar et al.

www.chemeurj.org


[21] a) R. R. Holmes, Acc. Chem. Res. 1989, 22, 190–197; b) E. R. T. Tie-
kink, Appl. Organomet. Chem. 1991, 5, 1–23; c) V. K. Jain, Coord.
Chem. Rev. 1994, 135, 809–843; d) V. Chandrasekhar, S. Nagendran,
V. Baskar Coord. Chem. Rev. 2002, 235, 1–52.

[22] H. Puff, H. Heide, H. Kornelia, H. Reuter, S. Willi, J. Organomet.
Chem. 1985, 287, 163–178.

[23] a) V. Chandrasekhar, V. Baskar, A. Steiner, S. Zacchini, Organome-
tallics, 2002, 21, 4528–4532; b) V. Chandrasekhar, V. Baskar, Indian
J. Chem. Sect. A 2003, 42, 2376–2381.

[24] V. B. Mokal, V. K. Jain, E. R. T. Tiekink, J. Organomet. Chem. 1992,
431, 283–288.

[25] a) A. Islam, N. Ikeda, A. Yoshimura, T. Ohno, Inorg. Chem. 1998,
37, 3093–3098; b) G. Barbarella, M. Zambianchi, L. Antolini, P.
Ostoja, P. Maccagnani, A. Bongini, E. A. Marseglia, E. Tedesco, G.
Gigli, R. Cingolan, J. Am. Chem. Soc. 1999, 121, 8920–8926; c) H.
Krass, E. A. Plummer, J. M. Haider, P. R. Barker, N. W. Alcock, Z.
Pikramenou, M. J. Hannon, D. G. Kurth, Angew. Chem. 2001, 113,
3980–3983; Angew. Chem. Int. Ed. 2001, 40, 3862–3865; d) G. Bar-
barella, L. Favaretto, G. Sotgiu, L. Antolini, G. Gigli, R. Cingolani,
Chem. Mater. 2001, 13, 4112–4122; e) S. Tirapattur, M. BelletZ, N.
Drolet, M. Leclerc, G. Durocher, Macromolecules 2002, 35, 8889–
8895; f) R. Capelli, M. A. Loi, C. Taliani, H. B. Hansen, M. Murgia,
G. Ruani, M. Muccini, P. W. Lovenich, W. J. Feast, Synth. Met. 2003,
139, 909–912; g) R. Davis, N. P. Rath, S. Das, Chem. Commun. 2004,
74–75.

[26] a) Y. Mizobe, N. Tohnai, M. Miyata, Y. Hasegawa, Chem. Commun.
2005, 1839–1841; b) O. Ohmori, M. Kawano, M. Fujita, CrystEng-
Comm 2005, 7, 255–259; c) C. L. Donley, J. Zaumseil, J. W. Andrea-
sen, M. M. Nielsen, H. Sirringhaus, R. H. Friend, J.-S. Kim, J. Am.
Chem. Soc. 2005, 127, 12890–12899; d) K. Ye, J. Wang, H. Sun, Y.
Liu, Z. Mu, F. Li, S. Jiang, J. Zhang, H. Zhang, Y. Wang, C.-M.
Chem, J. Phys. Chem. B 2005, 109, 8008–8016; e) B.-C. Tzeng, H.-
T. Yeh, Y.-L. Wu, J.-H. Kuo, G.-H. Lee, S.-M. Peng, Inorg. Chem.
2006, 45, 591–598.

[27] a) C. N. Smit, F. M. Lock, F. Bickelhaupt, Tetrahedron Lett. 1984, 25,
3011–3014; b) B. Glaser, E. Hanecker, H. Nçth, H. Wagner, Chem.
Ber. 1987, 120, 659–667; c) C. Couret, J. EscudiZ, J. SatgZ, M.
Lazraq, J. Am. Chem. Soc. 1987, 109, 4411–4412; d) H. G. Alt, M.
Jung, J. Organomet. Chem. 1998, 562, 229–253; e) M. Lazraq, J. Es-
cudiZ, C. Couret, J. SatgZ, M. DrVger, R. Dammel, Angew. Chem.
1988, 100, 885–887; Angew. Chem. Int. Ed. Engl. 1988, 27, 828; f) G.
MVrkl, K. M. Raab, Tetrahedron Lett. 1989, 30, 1077–1087.

[28] a) G. Anselme, J. EscudiZ, C. Couret, J. SatgZ, J. Organomet. Chem.
1991, 403, 93–100; M. Lazraq, C. Couret, J. EscudiZ, M. Soufiaoui,
Polyhedron 1991, 10, 1153–1161. G. Anselme, H. Ranaivonjatovo, J.
EscudiZ, C. Couret, J. SatgZ, Organometallics 1992, 11, 3176–3177;
B.-C. Tzeng, H.-T. Yeh, Y.-L. Wu, J.-H. Kuo, G.-H. Lee, S.-M. Peng,
Inorg. Chem. 2006, 45, 591–598; H. Hofmeier a, U. S. Schubert,
Chem. Soc. Rev. 2004, 33, 373–399.

[29] a) J. L. Atwood, L. J. Barbour, P. J. Nichols, C. L. Raston, C. A. San-
dova, Chem. Eur. J. 1999, 5, 990–996; b) K. N. Houk, S. Menzer,

S. P. Newton, F. M. Raymo, J. F. Stoddart, D. J. Williams, J. Am.
Chem. Soc. 1999, 121, 1479–1487; c) L. J. Childs, N. W. Alcock, M. J.
Hannon, Angew. Chem. 2001, 113, 1113–1115; Angew. Chem. Int.
Ed. 2001, 40, 1079–1080.

[30] a) H. M. Colquhoun, D. J. Williams, Z. Zhu, J. Am. Chem. Soc.
2002, 124, 13346–13347; b) J. J. Gorp, J. A. J. M. Vekemans, E. W.
Meijer, J. Am. Chem. Soc. 2002, 124, 14759–14769; c) K. Aoki, M.
Nakagawa, T. Seki, K. Ichimura, Bull. Chem. Soc. Jpn. 2002, 75,
2533–2539; d) J. C. Noveron, B. Chatterjee, A. M. Arif, P. J. Stang, J.
Phys. Org. Chem. 2003, 16, 420–425; e) G. Mezei, R. G. Raptis, New
J. Chem. 2003, 27, 1399–1407; f) M. Gdaniec, W. Jankowski, M. J.
Milewska, T. PołoÇski, Angew. Chem. 2003, 115, 4033–4036; Angew.
Chem. Int. Ed. 2003, 42, 3903–3906.

[31] a) F. Huang, L. Zhou, J. W. Jones, H. W. Gibson, M. A. Khorassani,
Chem. Commun. 2004, 2670–2671; b) M. Makha, C. L. Raston,
A. N. Sobolev, A. H. White, Chem. Commun. 2004, 1066–1067; c) J.
Granifo, M. T. Garland, R. Baggio, Inorg. Chem. Commun. 2004, 7,
77–81; d) S. J. Dalgarno, S. A. Tucker, D. B. Bassil, J. L. Atwood,
Science 2005, 309, 2037–2039; e) V. Chandrasekhar, P. Thilagar, J. F.
Bickley, A. Steiner, J. Am. Chem. Soc. 2005, 127, 11556–11557;
f) L. E. Cheruzel, M. S. Mashuta, R. M. Buchanan, Chem. Commun.
2005, 2223–2225; g) X.-D. Chen, T. C. W. Mak, Inorg. Chim. Acta
2006, 359, 685–689; h) C. Ma, G. Tian, R. Zhang, J. Organomet.
Chem. 2006, 691, 2014–2022.

[32] a) G. R. Desiraju, Crystal Engineering The Design of Organic Solid,
Elsevier, Amsterdam, 1989 ; b) G. R. Desiraju, T. Steiner, The Weak
Hydrogen Bond in Structural Chemistry and Biology, Oxford Uni-
versity Press, Oxford, UK, 1999 ; c) W. Bolton, Nature, 1964, 201,
987–989; d) D. Braga, A. Angeloni, F. Grepioni, E. Tagliavini,
Chem. Commun. 1997, 1447–1448; e) T. Steiner, Chem. Commun.
1997, 727–734; f) K. Biradha, M. J. Zaworotko, J. Am. Chem. Soc.
1998, 120, 6431–6432; g) A. Nangia, G. R. Desiraju, J. Mol. Struct.
1999, 474, 65–79; h) M. J. Calhorda, Chem. Commun. 2000, 801–
809.

[33] a) J. N. Moorthy, R. Natarajan, P. Mal, P. Venugopalan, J. Am.
Chem. Soc. 2002, 124, 6530–6531; b) A. Lavalette, F. Tuna, G.
Clarkson, N. W. Alcock, M. J. Hannon, Chem. Commun. 2003 2666–
2667; c) B.-Q. Ma, P. Coppens, Chem. Commun. 2003, 412–413;
d) D. Sun, R. Cao, Y. Sun, W. Bi, X. Li, Y. Wang, Q. Shi, X. Li,
Inorg. Chem. 2003, 42, 7512–7518; e) G. Bhattacharjya, G. Savithaa,
G. Ramanathan, CrystEngComm, 2004, 6, 233–235; f) M. Nishio,
CrystEngComm 2004, 6, 130–158; g) X.-F. Shi, Z.-Y. Xing, L. Wu,
W.-Q. Zhang, Inorg. Chim. Acta 2006, 359, 603–608.

[34] a) G. M. Espallargas, L. Brammer, P. Sherwood, Angew. Chem.
2006, 118, 449–454; Angew. Chem. Int. Ed. 2006, 45, 435–440; b) B.
Turner, A. Shterenberg, M. Kapon, K. Suwinsk, Y. Eichen, Chem.
Commun. 2001, 13–14; c) M. Kubicki, J. Mol. Struct. 2004, 698, 67–
73.

Received: April 20, 2006
Published online: September 1, 2006

Chem. Eur. J. 2006, 12, 8847 – 8861 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8861

FULL PAPERInorganic-Cored Photoactive Assemblies

www.chemeurj.org

