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Dongmei Li,[a] Rentao Hu,[a] Wen Zhou,[a] Pingping Sun,[a] Yuhe Kan,[b] Yupeng Tian,*[a,c,d]

Hongping Zhou,*[a] Jieying Wu,[a] Xutang Tao,[c] and Minhua Jiang[c]

Keywords: Tin / Photophysics / Structure–activity relationship / Charge transfer

(E)-3-(10-ethylphenothiazine-3-yl)acrylic acid (LCOOH) was
synthesized. LCOOH reacted with Ph3Sn(OH) and nBu2SnO
to afford Ph3SnO2CL (1) and {[nBu2SnO2CL]2O}2 (2), respec-
tively. The structures of all the compounds were solved by
single-crystal X-ray diffraction. Compounds 1 and 2 present
discrete and ladder frameworks, respectively. The one-pho-
ton absorption and excited fluorescence, and two-photon ex-
cited fluorescence spectra of all the compounds were system-

Introduction

Since the 1990s, increasing attention has been devoted to
two-photon absorption (TPA) based applications in pho-
tonic and biophotonic areas, such as three-dimensional op-
tical data storage and microfabrication,[1] power limiting,[2]

up-conversion lasing,[3] three-dimensional fluorescence im-
aging,[4] and photodynamic therapy.[5] Extensive efforts
have been concentrated on the synthesis of various chromo-
phores with large TPA cross-sections (δ), such as poly-
mers,[6] small organic molecules,[7] semiconductor or metal
nanoparticles[8] and organometallic compounds.[9] In com-
parison with small organic molecules, organometallic com-
pounds are expected to show better secondary properties,
namely physical, thermal, and mechanical properties that
are important to material processing and device fabrication,
and should not be neglected and must be addressed in
parallel with continuing efforts to enhance the effective δ
values.
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atically investigated. The results show that the two organos-
tannoxanes exhibit much more enhanced two-photon ab-
sorption properties than LCOOH. TDDFT computational
studies have been performed to elucidate the electronic
structures of the ground state of LCOOH.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

In recent years, there has been considerable interest in
organotin compounds, for some of them are biologically
active or have been used as reagents or catalysts in organic
reactions.[10] Furthermore, a surprisingly large structural di-
versity can be achieved by relatively simple synthetic varia-
tions from organotin compounds. Hydrolyzed products (ox-
ides, hydroxides, and oxohydroxides) for the hydrolytic reac-
tions of organotin halides serve as precursors for reactions
with various reagents, such as carboxylic, phosphonic,
phosphinic, or sulfonic acids. Several novel cluster types
such as ladder,[11] drum,[12] O-capped,[13] cube,[14] butter-
fly,[15] triply- and doubly bridged ladders,[16,17] have been
assembled and structurally characterized, although there is
still no systematic investigation of the TPA properties of
organotin compounds, one that includes the results from
one-photon absorption (OPA), one-photon excited fluores-
cence (OPEF), and two-photon excited fluorescence
(TPEF) spectroscopy and the crystal structure determi-
nation.

Our efforts have been directed towards the search for op-
timized molecular structures having large TPA cross-sec-
tions. Carboxylic acid is a strong acceptor (A), and there-
fore a general motif of the type D–π–A may efficiently be
constructed with a donor (D) group. Phenothiazine (ptz)
was chosen as the D group, for its derivatives are well
known as dyes, antioxidants, and pharmaceuticals.[18,19] The
electron-rich ptz ring has two important properties that
make it ideal: (i) ptz is a strong electron donor because of
its low oxidation potential (E1/2 = +0.59 V in acetonitrile
vs. SCE),[20,21] (ii) unlike carbazole, the nonplanar ptz ring
structure restricts π-stacking aggregation, which prevents
the detrimental pure singlet exciton recombination pro-
cess.[22] In such cases, the vinyl unit was used as the π



Organostannoxanes from an Acrylic Acid Derived from Phenothiazine

bridge.[1] Consequently, (E)-3-(10-ethylphenothia-zine-3-yl)-
acrylic acid (LCOOH) was synthesized. LCOOH reacted
with Ph3Sn(OH) and nBu2SnO to afford the mono- and
tetranuclear products, respectively. All three compounds
were fully characterized, and structure-property relation-
ships have been established. Time-dependent density func-
tional theory (TDDFT) computational studies have been
performed to elucidate the electronic structures of the
ground state of LCOOH.

Results and Discussion

Preparation of the Compounds

The synthetic routes for all the compounds are shown in
Scheme 1. 10-Ethylphenothiazine-3-carbaldehyde[23] re-
acted with CH2(COOH)2 to afford LCOOH as the pure E
compound. The 1H NMR spectrum of LCOOH in CDCl3
shows doublets at δ = 6.30 (J = 16.06 Hz) and 7.66 (J =
16.06 Hz) ppm for the vinyl protons. LCOOH reacted with
Ph3Sn(OH) and nBu2SnO to afford the mono- and tetranu-
clear products 1 and 2, respectively. The IR spectra show
that νC=O bands appear at 1686, 1640, and 1638 cm–1 for
LCOOH, 1, and 2, respectively. The solubility of the tetra-
nuclear product 2 in many polar and nonpolar solvents is
much better than that of LCOOH. The structures were
solved by single-crystal X-ray diffraction; 1 and 2 show dis-
crete and ladder frameworks, respectively. The solution
119Sn NMR spectrum of 1 (see Experimental Section) exhi-
bits a single peak at δ = –115.6 ppm, which is consistent
with a monomeric structure in solution.[24–27] The solution
119Sn NMR spectrum of 2 shows two peaks at δ = –202.4
and –219.2 ppm, which reveals that the tetrameric struc-

Scheme 1. Synthesis of the three compounds.
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tures found in the solid state (vide infra) are retained in
solution.[24–27] The thermogravimetric analysis (TGA) show
that 1 and 2 have a higher thermal stability than LCOOH.

Description of the Crystal Structures

C17H15NO2S (LCOOH)

LCOOH crystallizes in the monoclinic space group P21/c.
Figure 1A shows an ORTEP plot of the molecule with the
atom numbering scheme. The molecular structure shows
that two LCOOH molecules form a dimer through π···π
stacking between the phenyl rings of the ptz units, with a
centroid–centroid distance of 3.775 Å and a dihedral angle
of 1.88°.[28] The configurations of the two molecules are
similar; the first ptz unit is folded about the S1–N1 axis
with a dihedral angle of 143.00°, whereas the second ptz
unit is folded about the S2–N2 axis with a dihedral angle
of 145.69°. Bond lengths and angles are summarized in
Table 1. As shown in Figure 1B, short S···S contacts occur
between two kinds of molecules, which lead to a 1D chain
structure along the c axis [d(S1A···S2B) = 3.570 Å].[29] The
1D chains interact with each other through two kinds of
O–H···O interactions to form a 3D structure (Figure 1C).

Figure 1. (A) ORTEP structure of LCOOH with the atom labeling
scheme; all hydrogen atoms are omitted for clarity. (B) 1D chains
along the c axis formed by S···S contacts. (C) 1D chains interact
with each other through H bonds (O–H···O) formed by adjacent
molecules to generate a 3D structure.
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H bonds are formed between two neighboring molecules
with the same configurations [d(O2A···O1B) = 2.834 Å,
�(O1B–H1B···O2A) = 170.96°; d(O4A···O3C) = 2.615 Å,
�(O4C···H3A–O3A) = 163.39°].[30]

Table 1. Selected bond lengths [Å] and angles [°].

Compound Bond lengths Bond angles

LCOOH C10–C15 1.467(5) C16–C15–C10 127.2(4)
C15–C16 1.322(5) C15–C16–C17 124.1(4)
C16–C17 1.455(5) O1–C17–C16 117.5(4)
C17–O2 1.240(5) O2–C17–O1 122.9(4)
C17–O1 1.285(5) O2–C17–C16 119.6(4)
C26–C32 1.459(5) C33–C32–C26 126.9(4)
C33–C32 1.309(5) C32–C33–C34 126.2(5)
C34–C33 1.449(6) O3–C34–C33 117.9(4)
C34–O3 1.293(5) O4–C34–C33 119.3(4)
C34–O4 1.235(5) O4–C34–O3 122.8(4)

1 Sn1–O1 2.070(2) O2–C17–O1 120.9(3)
Sn1–O2 2.659(2) O1–Sn1–O2 53.83 (2)

2 Sn4–O020 2.040(5) O020–Sn4–O013 76.9(2)
Sn4–O013 2.170(5) O020–Sn4–O5 91.5(2)
Sn4–O5 2.292(7) O013–Sn4–O5 167.2(2)
Sn4–O8 2.726(7) O013–Sn4–O8 63.6 (2)
Sn3–O013 1.982(6) O013–Sn3–O8 78.2(2)
Sn3–O8 2.174(6) O013–Sn3–O4 88.1(2)
Sn3–O4 2.256(6) O8–Sn3–O4 166.3(2)
Sn2–O013 2.069(5) O013–Sn2–O020 76.3(2)
Sn2–O020 2.171(6) O013–Sn2–O3 90.9(2)
Sn2–O3 2.277(7) O020–Sn2–O3 166.2(2)
Sn2–O2 2.769(6) O2–Sn2–O3 127.8(2)
Sn1–O020 2.008(6) O020–Sn1–O2 79.7(2)
Sn1–O2 2.170(6) O020–Sn1–O6 87.7(2)
Sn1–O6 2.236(6) O2–Sn1–O6 166.9(2)

H bond C65B···O1A 3.533 C65B–H65B···O1A 162.12
C70B···O1A 3.514 C70B–H70B···O1A 175.80
C10A···O7B 3.341 C10A–H10A···O7B 170.11
C16A···O7B 3.422 C16A–H16A···O7B 171.84

Ph3SnO2CL (1)

Compound 1 crystallizes in the monoclinic space group
P21/c with the formula [Ph3SnO2CL]. Figure 2A shows an
ORTEP plot of the molecule with the atom labeling scheme.
Compound 1 has a discrete structure;[24–27] the geometry
around the tin atom can be described as capped tetrahedral.
Two types of Sn–O bond lengths are found: Sn–O1 2.070(2)
and Sn–O2 2.659(3) Å.[31] The ptz unit is folded about the
S1–N1 axis with a dihedral angle of 151.64°, which indi-
cates a smaller torsion of the ptz unit in 1 relative to that
in the free ligand. This may facilitate π-electron delocaliza-
tion in 1. Adjacent molecules interact with each other
through H bonds to form a 1D chain structure along the b
axis (Figure 2B). The oxygen atom of the ligand is the H-
bonding acceptor, and the H(C) donor is from the phenyl
substituent on the tin atom. The C···O distance is 3.533 Å
and the C–H···O angle is 144.520°.[32] Further intermo-
lecular C–H···π interactions between the phenyl substitu-
ents on the tin atoms from neighboring chains lead to a 3D
structure (Figure 2C); the C–H···π separation is 2.999 Å.[33]
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Figure 2. (A) ORTEP structure of 1 with the atom labeling scheme;
all hydrogen atoms are omitted for clarity. (B) Intermolecular H
bonds (C–H···O) between the molecules in the 1D chains. (C) 1D
chains interact with each other through C–H···π stacking interac-
tions formed by adjacent molecules to generate a 3D structure.

[{[nBu2SnO2CL]2O}2] (2)

Compound 2 crystallizes in the orthorhombic space
group Pna21 with the formula {[nBu2SnO2CL]2O}2. Fig-
ure 3A shows an ORTEP plot of the molecule with the
atom numbering scheme. The crystal structure of 2 shows
a ladder framework.[24–27] The centrosymmetric structure
features a central Bu4Sn2O2 core to which two Bu2Sn enti-
ties are linked with the result that the O013 and O020 atoms
are three coordinate. The bond lengths and angles for the
central Sn2O2 core are given in Table 1. The ligand is in-
volved in both anisobidentate chelating [Sn1–O2 2.008(6),
Sn2–O2 2.171(6), Sn3–O8 2.174(6), and Sn4–O8
2.726(7) Å] as well as isobidentate bridging coordination
modes (Sn1–O6 2.236(6), Sn4–O5 2.292(7), Sn2–O3
2.277(7), and Sn3–O4 2.256(6) Å; these values fall in the
typical Sn–O bond length range[31]). Each of the indepen-
dent tin atoms in the structure exhibits a distorted trigonal
bipyramidal geometry, with a C2O trigonal plane and axial
positions that are occupied by oxygen atoms. As shown in
Figure 3B and Table 1, four types of intermolecular H
bonds between adjacent molecules lead to a 1D chain struc-
ture.[32] The ptz unit is also involved in C–H···π interactions
with CH protons of the ptz unit from a neighboring mole-



Organostannoxanes from an Acrylic Acid Derived from Phenothiazine

cule; the C–H···π separation is 2.781 Å (Figure 3C).[33] Such
further intermolecular C–H···π interactions between adja-
cent 1D chains generate a 3D structure.

Figure 3. (A) ORTEP structure of 2 with atom labeling scheme; all
hydrogen atoms are omitted for clarity. (B) Intermolecular H bonds
(C–H···O) between molecules in the 1D chains. (C) 1D chains inter-
act with each other through the C–H···π stacking interactions be-
tween adjacent molecules to generate a 3D structure.

Computational Studies

TDDFT computational studies were performed to eluci-
date the electronic structures of the ground state of
LCOOH. For this purpose, the model compound LCOOH�
was used instead of LCOOH, in which the ethyl group on
ptz is replaced by a methyl group. Optimizations were car-
ried out with B3LYP [6-31G(d)] without any symmetry re-
straints, and the TDDFT {B3LYP [6-31G(d)]} calculations
were performed on the optimized structure.[34] All calcula-
tions, including optimizations and TDDFT, were per-
formed with the G03 software.[35] In the calculation of the
optical absorption spectrum, the 25 lowest spin-allowed sin-
glet–singlet transitions, up to an energy of about 5 eV, were
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taken into account.[36] The optimized structure shows that
the ptz unit is folded about the S–N axis with a dihedral
angle of 140°. This value is very similar to the experimental
results (143.00 and 145.69°). The calculated C10–C15 dis-
tance [1.459 Å] is the same as the experimental C26–C32
bond length [1.459(5) Å]. The simulated C15–C16 and C16–
C17 bond lengths [1.350 and 1.470 Å, respectively] are
slightly longer than the corresponding experimental data
(Table 1). The O–C–O bond angle (122.08°) is about 0.82
and 0.72° smaller than the experimental bond angels for
O2–C17–O1 and O4–C34–O3, respectively. Generally, our
calculated geometrical parameters for the ground state are
in agreement with experimental X-ray data. The spatial
plots of selected TDDFT frontier molecular orbitals of
LCOOH� are shown in Figure 4. The energies of the fron-
tier orbitals in LCOOH� and the percentage compositions
of these frontier orbitals are listed in Table 2.

Figure 4. DFT computed frontier orbitals of LCOOH� obtained at
the B3LYP level.

Table 2. Selected low-lying singlet (Sn) excited states computed by
the TDDFT method, with the orbitals involved (OI) in the exci-
tations. Transition coefficient (Tc), excitation energies (in eV and
nm), and oscillator strengths (f) for LCOOH�.

Compound Sn Character OI[b] Tc
[c] Excitation energy f [d]

[eV/nm]

LCOOH� S1 ICT H�L 0.66 3.07/403.56 0.17
S3 ππ*(D)

[a] H�L+1 0.48 4.12/300.93 0.36
ICT H-1�L 0.35

[a] ππ*(D) (π�π*) transition assigned from the D group. [b] H
(HOMO), L (LUMO). [c] Excitations with transition coefficients
less than 0.35 are not shown. [d] Only the singlet excited state with
f � 0.15 are listed.

The HOMO and HOMO–1 of LCOOH� consist mainly
of the π orbitals localized on ptz (denoted as πD). The
LUMO orbital is a π* orbital localized on the CH=CH–
COOH unit (π*CH=CH–COOH). The LUMO+1 consists of π*
orbitals localized on ptz (denoted as π*D). The lowest-
energy excitation band of LCOOH� is assigned as the
intramolecular charge transfer (ICT) transition [πD �
π*CH=CH–COOH] because of the HOMO�LUMO transi-
tion. The remaining one band (λmax = 301 nm, f = 0.36) is
assigned mainly to a πD �π*D transition as a result of the
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HOMO�LUMO+1 transition with some contribution
from an ICT transition [πD �π*CH=CH–COOH, HOMO–1�
LUMO].

Luminescence Properties

One-Photon Absorption (OPA) and Excited Fluorescence
(OPEF) Spectroscopy

The photophysical data of all the compounds are sum-
marized in Table 3. The OPA and OPEF spectra of
LCOOH in four organic solvents and of all the compounds
in CH2Cl2 are shown in Figures 5 and 6, respectively.

Table 3. Photophysical data of LCOOH, 1, and 2.

Compound Solvent λab[a] λem[b] λ[c] λTP[d] Φ[e] δ[f]

LCOOH hexane 290,383 491 574 0.71
ben- 284,389 525 0.86
zene
CH2Cl2 293,391 545 565 0.49 36
dmf 294,392 554 0.60

1 CH2Cl2 290,363 537 564 555 0.37 53
2 CH2Cl2 302,401 557 560 557 0.20 223

[a] Peak position of OPA in nm. [b] Peak position of OPEF in nm.
[c] The solid-state emission maxima in nm. [d] Peak position of
TPEF in nm. [e] The fluorescence quantum yield. [f] TPA cross-
section in GM.

Figure 5. (a) OPA and (b) OPEF spectra of LCOOH in four or-
ganic solvents with a concentration of 1�10–5 .

Solvatochromism

Generally, the OPA spectra of LCOOH feature an in-
tense absorption band between 284 and 294 nm and a mod-
erately intense absorption in the range 383–392 nm in all
the solvents (Figure 5a). Since the number of bands and
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Figure 6. OPA (left) and OPEF (right) spectra of LCOOH, 1, and
2 in CH2Cl2 (c = 1�10–5 ).

their intensities correlate well with the calculated spectra,
the calculated assignments for electronic transitions (ad-
dressed earlier) appear reasonable. From Figure 5 and
Table 3, weak solvatochromism was observed in the absorp-
tion bands, which indicates fairly small dipole moments and
a comparable ground-state electronic structure in LCOOH.

The OPEF spectra of LCOOH exhibit one strong emis-
sion band in the range 491–554 nm, which shows strong
solvatochromism. With increasing polarity of the solvent,
the emission maxima (λmax

em) show remarkable bathoch-
romic shifts. As shown in Figure 5b, λmax

em is located at
491 nm in hexane and is redshifted to 554 nm in dmf. These
results suggest that the molecular polarity of the fluorescent
excited state of LCOOH must be larger than that of the
ground state, as the enhanced dipole–dipole interactions
caused by increasing the polarity of solute and/or solvent
will lead to a more significant energy level decrease for the
excited state.

Comparison of the Data for Organostannoxanes with that
of the Ligand

The observation of similar absorption bands for the or-
ganotin compounds and LCOOH suggests their assign-
ments as the metal-perturbed ICT of the ligand (Table 3
and Figure 6). The OPA maxima of the three compounds
follows the sequence 1 � LCOOH � 2. The molar extinc-
tion coefficients of 2 (ε = 1.1�105 and 5.1�104 dm3

mol–1 cm–1) are much higher than those of LCOOH (ε =
1.6�104 and 0.8�104 dm3 mol–1 cm–1) and 1 (ε = 1.9�104

and 0.9�104 dm3 mol–1 cm–1); this occurs mainly as a result
of the increase in the number of LCOO– units in 2.

The OPEF spectra of all the compounds exhibit one
strong emission band in CH2Cl2 (Figure 6). The similarities
displayed in the emission bands for the complexes and
LCOOH suggest their assignments as the metal-perturbed
ICT of the ligand. The λmax

em of the three compounds fol-
lows the same sequence as that of OPA, 1 � LCOOH � 2.
The OPEF intensity of 2 is much higher than those of
LCOOH and 1.

As shown in Figure 7 and Table 3, moderate redshifts are
observed in the emission maxima of the three compounds
in the solid state relative to the solution state. The largest
redshift occurs for 1. Such a redshift presumably arises be-
cause of the various intermolecular interactions observed
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for these compounds in the solid state. The intensities of
the solid-state emission bands of the two organostannox-
anes are much higher than that of the ligand.

Figure 7. Solid-state luminescence spectra of LCOOH, 1, and 2.

Two-Photon Excited Fluorescence (TPEF) Spectroscopy
and Two-Photon Absorption (TPA) Cross-Section

As shown in Figure 5a and Figure 6, above 500 nm all
solutions are transparent. It is inferred that there are no
molecular energy levels corresponding to a one-electron
transition in this spectral range. If frequency up-converted
fluorescence that is induced with a laser appears in this
spectral range, it should safely be attributed to multi-pho-
ton absorption excited fluorescence. A squared dependence
of the induced fluorescence power and incident laser inten-
sity is observed, and the log plot of the fluorescence signal
and excited light power provided direct evidence for two-
photon excited process (Figure 8).[23]

Figure 8. Linear log plot of squared dependence of the induced
fluorescence signal and the incident irradiance intensity.

Detailed experiments reveal that the peak positions in
the TPEF spectra of these chromophores are independent
of the excitation wavelengths, but the emission intensities
are dependent on the excitation wavelengths. This fact was
taken into account by tuning the pump wavelengths incre-
mentally from 720 to 860 nm, while keeping the input
power fixed, and recording the TPEF intensities. Upon ex-
citation at the optimal wavelengths, the TPEF spectra of
the three compounds in CH2Cl2 are presented in Figure 9.
The TPEF peak positions of 1 and 2 show a blueshift rela-
tive to that of LCOOH. The TPEF intensities of the three
compounds follow the same sequence as that of OPEF,
LCOOH � 1 � 2.

Eur. J. Inorg. Chem. 2009, 2664–2672 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2669

Figure 9. TPEF spectra of LCOOH, 1, and 2 in CH2Cl2, under
optimal excitation wavelengths.

The two-photon absorption (TPA) spectra, shown in Fig-
ure 10, were obtained by a Ti:sapphire femtosecond laser
system, by the two-photon fluorescence method.[37] Under
the optimal excitation wavelengths (740 nm for 1 and
LCOOH, 730 nm for 2), the δ values are 36, 53, and
223 GM for LCOOH, 1, and 2, respectively. It is obvious
that 2 shows the best TPA property of all the three com-
pounds and that the δ value of 2 is much higher than that
of the ligand. This is mainly attributed to the increase in the
number of LCOO– units in 2. By considering the molecular
weight difference between the complexes and the metal-free
chromophores, the δ values for 1 and 2 were calculated to
be ca. 1.5-times larger than that for LCOOH. This is be-
cause the organostannoxanes have an extended π bridge by
considering the π-electron contribution from the organotin
units and thus an enhanced π-electron delocalization.
Moreover, the ligand has a D–π–A motif, where the metal
ion binds to the acceptor rather than to the donor site, and
such an arrangement should yield an increase rather than a
decrease of ICT upon excitation. As a consequence, metal-
ion binding is expected to result in enhanced δ values and
fluorescence brightness. Thus, an increased intramolecular
charge transfer may be expected in 1 and 2, which may also
account for their enhanced two-photon absorption.[38,39]

Figure 10. TPA spectra of LCOOH, 1, and 2.

Conclusions

A novel ligand LCOOH and two organostannoxanes
have been synthesized and fully characterized. The photo-
physical properties have been systematically studied. All
compounds possess strong fluorescence in solution upon
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one- and two-photon excitation. The δ values of the two
organostannoxanes are much higher than that of LCOOH,
and 2 shows the best TPA property. The greater solubility
of 2 in various organic solvents will facilitate the fundamen-
tal and technical applications of such organostannoxanes.
It is concluded that through the stannoxane-based one-step
synthetic strategy, the tetranuclear product 2 was obtained
in a nearly quantitative yield, with four LCOO– units
around the organooxotin cluster. The structure–property
relationship studies show that the enhanced TPA response
in 2 is mainly caused by the increase in the number of
LCOO units and an increased ICT. Consequently, this work
paves the path for the facile preparation of multi-ptz com-
pounds that are two-photon active.

Experimental Section

Materials and Apparatus: All chemicals and solvents were dried and
purified by usual methods. Elemental analysis was performed with
a Perkin–Elmer 240 analyzer. IR spectra (4000–400 cm–1), as KBr
pellets, were recorded on a Nicolet FT–IR 170 SX spectrophotome-
ter. Mass spectra were obtained on a Micromass GCT-MS Spec-
trometer. 1H and 13C NMR spectra were recorded on a Bruker AV
400 spectrometer with tms as internal standard. 119Sn NMR spec-
tra (proton-decoupled) were recorded on a Bruker AV 400 spec-
trometer operating at 150 MHz; resonances are referenced to tet-
ramethyltin (external standard, 119Sn).

Optical Measurements: The OPA spectra were measured on a UV-
3600 spectrophotometer. The OPEF measurements were performed
by using an F-2500 fluorescence spectrophotometer. The concen-
tration of sample solution was 1.0�10–5 . TPA cross-sections (δ)
of the samples were obtained by the two-photon excited fluores-
cence (TEPF) method with a femtosecond laser pulse and a Ti:sap-
phire system (720–860 nm, 76 MHz, 200 fs) as the light source. The
concentration of sample solution was 5.0�10–4 . Thus, the δ val-
ues of samples were determined by the following Equation (1).

Table 4. Crystallographic data for LCOOH, 1, and 2.

LCOOH 1 2

Formula C34H30N2O4S2 C35H29NO2SSn C100H128N4O10S4Sn4

M 594.16 646.34 2149.06
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c P21/c Pna21

a [Å] 12.3422(8) 19.0846(7) 22.8922(6)
b [Å] 31.233(2) 9.3514(3) 14.2957(3)
c [Å] 7.5848(5) 16.9508(6) 31.3684(7)
a [°] 90.00 90.00 90.00
β [°] 95.855(2) 101.0710(10) 90.00
γ [°] 90.00 90.00 90.00
V [Å3] 2908.6(3) 2968.87(18) 10265.6(4)
Z 8 4 4
Dc [gcm–3] 1.358 1.446 1.391
F(000) 1248 1312 4400
Crystal Size [mm] 0.30�0.20�0.10 0.20�0.18�0.10 0.20�0.10�0.05
T [K] 298(2) 298(2) 298(2)
λ [Å] 0.71073 0.71073 0.71073
Nref, Npar 6588, 383 6703, 362 17813, 1111
R1, wR2 0.0590, 0.1424 0.0297, 0.0991 0.0558, 0.0718
GOF on F2 0.928 0.825 1.344
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(1)

where the subscripts “s” and “r” represent sample and reference
(here, fluorescein in ethanol solution at a concentration of
1.2�10–4  was used as reference), respectively. F is the overall
fluorescence collection efficiency intensity of the fluorescence sig-
nal collected by the fiber spectra meter. Φ, n and c are the quantum
yield of the fluorescence, the refractive index of solvent, and the
concentration of the solution, respectively.

X-ray Crystallography: Single-crystal X-ray diffraction measure-
ments were carried out on a Siemens Smart 1000 CCD dif-
fractometer equipped with a graphite crystal monochromator situ-
ated in the incident beam for data collection at room temperature.
The determination of unit cell parameters and data collections were
performed with Mo-Kα radiation (λ = 0.71073 Å). Unit cell dimen-
sions were obtained with least-squares refinements, and all struc-
tures were solved by direct methods with SHELXL-97.[40] All non-
hydrogen atoms were located in successive difference Fourier syn-
theses. The final refinement was performed by full-matrix least-
squares methods with anisotropic thermal parameters for non-hy-
drogen atoms on F2. The hydrogen atoms were added theoretically
and riding on the concerned atoms. The crystal data and structure
refinement for the three compounds are listed in Table 4. Selected
bond lengths and angles for the three compounds are summarized
in Table 1 (CCDC-709735, -709736, and -709737).

Computational Details: Optimization was performed by B3LYP
[6-31G(d)] without any symmetry restraints. The TDDFT {B3LYP
[6-31G(d)]} calculations were then performed on the optimized
structure.[34] All the calculations, including optimizations and
TDDFT, were conducted with the G03 software.[35] Geometry opti-
mization of the singlet ground state and the TDDFT calculation
of the lowest 25 singlet–singlet excitation energies were calculated
with a basis set composed of 6-31G* for C N O[36] and STO-3G*
for H atoms, and the 6-31G* basis set for S was downloaded from
the EMSL basis set library.[41] An analytical frequency analysis pro-
vides evidence that the calculated species represents a true mini-
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mum without imaginary frequencies on the respective potential en-
ergy surface. In the calculation of the optical absorption spectrum,
the 25 lowest spin-allowed singlet–singlet transitions, up to an en-
ergy of ca. 5 eV, were taken into account.

(E)-3-(10-Ethylphenothiazin-3-yl)acrylic Acid (LCOOH): 10-Ethyl-
phenothiazine-3-carbaldehyde (2.55 g, 0.01 mol) was heated at re-
flux with CH2(COOH)2 (3.12 g, 0.03 mol) and 2 drops of piperidine
in pyridine (5 mL) for 3 h. The mixture was recrystallized from
ethanol to afford orange crystals. Yield: 2.83 g (95%). GC/MS: m/z
= 297.08 [M+], 268.04 [M+ – C2H5]. 1H NMR (400 MHz, CDCl3):
δ = 1.45 (t, J = 7.03, 7.03 Hz, 3 H, CH3), 3.97 (q, J = 6.78, 7.03,
7.03 Hz, 2 H, CH2), 6.30 (d, J = 16.06 Hz, 1 H, vinyl), 6.85 (d, J
= 8.03 Hz, 1 H), 6.89 (d, J = 8.28 Hz, 1 H), 6.95 (t, J = 7.28,
7.28 Hz, 1 H), 7.12 (d, J = 7.53 Hz, 1 H), 7.17 (t, J = 7.78, 7.78 Hz,
1 H), 7.31–7.34 (m, 2 H), 7.66 (d, J = 16.06 Hz, 1 H, vinyl), 12.23
(s, 1 H, COOH) ppm. 13C NMR ([D6]dmso): δ = 12.98, 41.80,
115.71, 116.06, 117.45, 122.59, 123.28, 123.53, 126.83, 127.51,
128.22, 128.70, 129.00, 143.27, 143.85, 146.27, 168.21 ppm. IR
(KBr): ν̃ = 2972 (m), 2933 (m), 2877 (m), 1686 (vs), 1594 (s), 1572
(s), 1468 (vs), 1283 (s), 1252 (s), 1204 (s), 753 (s) cm–1. C17H15NO2S
(297.37): calcd. C 68.68, H 5.05, N 4.71, O 10.78, S 10.78; found
C 68.55, H 5.17, N 4.65, O 10.67, S 10.96. M.p. 214.3 °C. Orange,
plate crystals of LCOOH suitable for single-crystal X-ray diffrac-
tion analysis were obtained by slow evaporation of a solution in
dichloromethane/ethanol (1:1).

[Ph3SnO2CL] (1): Ph3Sn(OH) (0.37 g, 1 mmol) was heated at reflux
with LCOOH (0.30 g, 1 mmol) in benzene (30 mL) for 8 h. The
water formed in the reaction was removed by using a Dean–Stark
apparatus. The reaction mixture was filtered and evaporated to af-
ford the crude product, which was then washed with CH2Cl2 three
times to give the yellow solid. Yield: 0.62 g (96%). 1H NMR
(400 MHz, [D6]dmso): δ = 1.28 (t, J = 6.52, 6.52 Hz, 3 H, ptz-
CH2CH3), 3.92 (q, J = 6.53, 6.78, 6.53 Hz, 2 H, ptz-CH2CH3), 6.29
(d, J = 16.06 Hz, 1 H, vinyl), 6.92–7.03 (m, 4 H, ptz), 7.11–7.23
(m, 4 H, ptz), 7.34–7.46 (m, 10 H, phenyl), 7.72–7.84 (d, 5 H,
phenyl) ppm. 13C NMR ([D6]dmso): δ = 13.00, 41.73, 115.72,
116.00, 117.40, 122.69, 123.15, 123.42, 126.41, 127.50, 128.06,
128.20, 128.33, 128.67, 129.22, 129.79, 136.73, 143.11, 143.73,
144.03, 168.39 ppm. 119Sn NMR (CDCl3): δ = –115.6 ppm. IR
(KBr): ν̃ = 2981 (m), 1640 (s), 1594 (s), 1569 (s), 1468 (vs), 1404
(vs), 1349 (vs), 1222 (vs), 733 (s) cm–1. C35H29NO2SSn (646.39):
calcd. C 64.93, H 4.67, N 2.16, O 4.94, S 4.95; found C 64.87, H
4.55, N 2.28, O 4.85, S 4.80. TGA: 1 exhibits high thermal stability
since there is no weight loss below 342 °C. Yellow, block crystals
of 1 suitable for single-crystal X-ray diffraction analysis were ob-
tained by slow evaporation of a petroleum ether solution.

[{[nBu2SnO2CL]2O}2] (2): The same synthetic route as that of 1 was
employed with the exception that nBu2SnO (0.25 g, 1 mmol) was
used, and the crude product was washed with hot petroleum ether
three times to afford the yellow solid. Yield: 0.51 g (94%). 1H
NMR (400 MHz, [D6]dmso): δ = 0.80–0.84 [m, 24 H, (CH2)3CH3],
1.29–1.68 [m, 60 H, (CH2)3CH3 and ptz- CH2CH3], 3.94 (q, J =
6.78, 6.78, 6.78 Hz, 8 H, ptz-CH2CH3), 6.94–7.04 (d, J = 8.28 Hz,
4 H, vinyl), 6.99 (m, 12 H, ptz), 7.14 (d, J = 7.28 Hz, 4 H), 7.2 (t,
J = 7.53, 7.78 Hz, 4 H), 7.47 (m, 12 H) ppm. 13C NMR ([D6]dmso):
δ = 7.12, 13.00, 14.07, 26.26, 27.28, 41.80, 115.76, 116.09, 116.78,
122.61, 123.28, 123.51, 126.82, 127.53, 128.26, 128.73, 129.23,
143.05, 143.93, 146.43, 168.31 ppm. 119Sn NMR (CDCl3): δ =
–202.4, –219.2 ppm. IR (KBr): ν̃ = 2954 (m), 2925 (m), 2861 (m),
1638 (s), 1596 (s), 1576 (s), 1552 (s), 1464 (vs), 1393 (vs), 1329 (vs),
1243 (vs), 747 (s) cm–1. C100H128N4O10S4Sn4 (2149.06): calcd. C
55.84, H 5.96, N 2.61, O 7.45, S 5.96; found C 55.72, H 5.87, N
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2.68, O 7.51, S 5.80. TGA: 2 also exhibits high thermal stability
since there is no weight loss below 347 °C. Yellow, prismlike crys-
tals of 2 suitable for single-crystal X-ray diffraction analysis were
obtained by slow evaporation of a solution in acetone/dichloro-
methane/petroleum ether (1:1:1).
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