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uclear hypervalent tin(IV)
compounds with near-infrared emission consisting
of Schiff bases based on p-conjugated scaffolds†

Kazuya Tanimura, a Kento Tanaka, a Masayuki Gon ab and Kazuo Tanaka *ab

Since p-conjugated molecules are commonly used as a scaffold for constructing optoelectronic and

functional materials, much effort has been devoted to exploring novel molecular scaffolds for obtaining

superior properties. This study focuses on dinuclear hypervalent tin(IV) compounds prepared by the

ladderization of Schiff bases using hypervalent tin units. The optical measurements found that

introducing hypervalent tin atoms can reinforce the D–p–A system. We synthesized two types of

dinuclear hypervalent compounds by simple condensation reactions and observed near-infrared (NIR)

emission. Also, depending on the direction of the imine bonds, these molecules had different

quadrupolar orientations with D–p–A–p–D and A–p–D–p–A systems followed by negative

solvatochromism, which is the unique behavior of quadrupolar-derived absorption. Furthermore, the p-

conjugated polymers involving dinuclear compounds showed NIR emission in the wavelength range over

800 nm owing to the distinct expansion of p-conjugation. Our findings could be useful not only for

constructing electronic structures with narrow energy gaps but also for designing molecules with unique

electronic states and environmental responsiveness.
Introduction

Conjugated molecules have attracted signicant interest because
of their unique optical and electronic properties and wide range
of applicability, especially in materials science,1–4 biomedical
science5 and environmental sensing.6 Among the various designs
of p-conjugated structures, ladder molecules with fused p-
conjugated backbones exhibit intriguing optical and physical
properties for functional materials because of their rigid struc-
tures.7 The ladderization methods have extended beyond basic
carbon and have been widely studied using heteroatoms.8 In p-
conjugated scaffolds with the ladder-like structures linked by
heteroatoms, electronic interactions between the heteroatoms
and the p-conjugated system have resulted in unique optical
properties and various characteristics derived from the hetero
elements that are not present in carbon-based fused rings.9,10 To
fulll the requirements for creating advancedmaterials with high
stability, good processability, and tunable optical properties, it is
signicant to explore newmolecular frameworks for constructing
e School of Engineering, Kyoto University,
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ladder p-conjugated compounds and elucidate their optical and
electronic properties.

We have been studying the “hypervalent state”11 created by
main-group elements for constructing a ladder skeleton based
on heteroatoms. The hypervalent states are regarded as multi-
coordinate species that formally have electrons exceeding the
octet rule, and many researchers have focused on their
synthesis, geometry, and reactivity.12–15 Our previous reports
have looked at the unique electronic states of the hypervalent
state to modify the electronic structure of p-conjugated scaf-
folds.16 Main group elements like tin,17–21 germanium22,23 and
bismuth24 in the hypervalent state are suggested to create
coordination position-specic electronic effects on p-conju-
gated molecules through the intermolecular Lewis D–A inter-
action at the equatorial position and the polarized bond known
as three-center/four-electron (3c–4e) bonds at the apical posi-
tion. Based on these site-specic electronic properties, we ob-
tained NIR materials without signicantly increasing the
molecular size and nally obtained polymers that can exhibit
NIR absorption and/or emission properties.16,18,22,25 This
strategy offers a new way to control the electronic properties of
p-conjugated scaffolds by creating unique inductive effects
related to the hypervalent state.

In this study, we created a series of hypervalent tin
compounds by the ladderization of Schiff bases (also known as
azomethines) using hypervalent tin units. Specically, we
observed both negative solvatochromic behaviors and NIR
emission with small p-conjugated structures through the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc05006a&domain=pdf&date_stamp=2024-11-02
http://orcid.org/0000-0002-1650-4612
http://orcid.org/0009-0002-8872-5171
http://orcid.org/0000-0002-5540-5908
http://orcid.org/0000-0001-6571-7086
https://doi.org/10.1039/d4sc05006a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05006a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015043


Fig. 1 Chemical structures of the Schiff base Azm, the mononuclear
hypervalent tin compound TPh, and the dinuclear hypervalent tin
compounds TPhCN and TPhNC.
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process of dinucleation (see Fig. 1). Firstly, as previously re-
ported with mononuclear hypervalent tin derivatives, we also
evaluated the electronic effect of the introduction of hypervalent
tin into the p-conjugated system by comparing the electronic
states of the standard Schiff base Azm and the hypervalent
compound TPh. Secondly, as mentioned above, we conrmed
that hypervalent tin was able to perturb the electronic state of
the p-conjugated scaffolds through different site-specic elec-
tronic interactions at the equatorial and axial positions.
Furthermore, we also found that the hypervalent tin enhanced
the electron-withdrawing ability of the imine moiety, and
consequently, charge separation followed by the D–p–A
Scheme 1 Synthesis of mononuclear (TPhBr) and dinuclear (TPhCN, TPh
structure of the mononuclear compound TPh was also shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
structure was efficiently formed. Next, we synthesized two
dinuclear compounds, TPhCN and TPhCN, where the direction
of the imine bond is opposite, and evaluated their optical
properties. Interestingly, we discovered unique optical proper-
ties such as negative solvatochromism originating from
“symmetry-breaking”26 in the ground state on the electronic
structures of D–p–A–p–D or A–p–D–p–A, depending on the
different quadrupolar orientation of the imine bond. We were
also able to introduce each dinuclear compound into a p-
conjugated polymer and obtain NIR-emitting materials having
emission wavelengths over 800 nm by extending the p-conju-
gation and electronic interactions with the copolymer. Our
ndings demonstrate that hypervalent tin compounds, p-
conjugated molecules bridged by hypervalent atoms, can be
a new platform for developing D–A materials.
Results and discussion
Synthesis and characterization

According to the synthetic procedures reported by Peon et al.,
TPh and TPhBr were prepared, respectively.27 Based on the
synthesis of the dinuclear boron azomethine complexes,28 the
series of azomethine ligands for dinuclear compounds (NC,
NCBr, CN, and CNBr) were prepared through the imine
condensation reaction (Scheme 1). The introduction of tin,
followed by the formation of the hypervalent state, was achieved
by reuxing with the ligands and diphenyltin(IV) oxide in
acetone. Aer reprecipitation, the pure products were obtained
in high isolated yields. We conrmed that the expected struc-
tures were obtained from characterization data from 1H, 13C
{1H}, 119Sn NMR spectroscopy, mass spectrometry (MS), and
elemental analysis. From fewer changes in time courses of UV-
vis absorption spectra (1.0 × 10−5 M in toluene), it is suggested
that TPh, TPhCN, and TPhNC should be stable under ambient
conditions (Fig. S1(a)–(c)†). The photostability of each
compound under strong light irradiation was also investigated
CNBr, TPhNC, and TPhNCBr) hypervalent tin compounds. A chemical

Chem. Sci., 2024, 15, 17950–17961 | 17951
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Scheme 2 Synthesis of p-conjugated polymers, P-TPh, P-TPhNC, and P-TPhCN.
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by trans-illuminator (365 nm, 6500 mW cm−2, 60 s) as shown in
Fig. S1(d)–(f).† As a result of the absorption measurements, no
changes were observed for TPh, whereas photodegradation was
partially observed from the dinuclear compounds.

Next, we synthesized p-conjugated polymers from mono-
nuclear and dinuclear hypervalent tin compounds by the
Migita–Kosugi–Stille cross-coupling reaction (Scheme 2).
TPhBr, TPhCNBr, and TPhNCBr were polymerized with bithio-
phene comonomers, and insoluble high molecular weight
polymers and low molecular weight oligomers were removed by
Soxhlet extraction. Regarding relative molecular weights
measured by gel permeation chromatography (GPC) with poly-
styrene standards, the number of molecular weights (Mn) was
estimated to be 4.1 × 103 for P-TPh, 1.8 × 104 for P-TPhCN, and
1.3 × 104 for P-TPhNC. The characterization was carried out by
1H, 13C{1H}, 119Sn NMR spectroscopy, and matrix-assisted laser
desorption/ionization time of ight (MALDI-TOF) MS (see the
ESI† for more details). The observed changes in absorption
spectra over time for each compound did not show any
noticeable changes (Fig. S2†). This indicates that each
compound is sufficiently stable under the measurement
conditions.

Structural features of tin compounds

The crystal structures of the mononuclear and dinuclear
compounds were determined through single-crystal X-ray
structure analysis (Fig. 2, S3 and S4†). Diamantis et al. have
already reported the crystal structure of TPh,29 and we referred
to their structure to compare the mononuclear and dinuclear
compounds. To quantitatively evaluate 5-coordinate geometries
in hypervalent states, a geometry index known as the s5 value is
oen used (s5 = (b − a)/60. The coordination center of a mole-
cule can have different shapes depending on its angles. The two
17952 | Chem. Sci., 2024, 15, 17950–17961
largest angles are called b and a. When s5 is close to 0, the
geometry is similar to square pyramidal, while if s5 is close to 1,
the geometry is similar to trigonal bipyramidal).30 The s5 value
of each compound was calculated to be 0.65 for TPh, 0.65 for
TPhCN, and 0.40 for TPhNC (TPhNC had asymmetric and
disordered structures, and their s5 values were estimated to be
0.46 and 0.29) (Fig. 2). Thus, TPh and TPhCN formed distorted
trigonal bipyramidal geometries, whereas TPhNC displayed
a distorted square pyramidal one. Moreover, the torsion angles
of C–C]N–C were assessed as 179.7(6)° for TPh, 179(1)° for
TPhCN, and 178.3(9)° (178.0(9)°) for TPhNC, indicating that this
dinucleation hardly affects the planarity of the molecule. On the
contrary, the structural optimization of each compound in
quantum chemical calculations with density functional theory
(DFT) showed that all the molecules adopted trigonal bipyra-
midal geometries (s5 value of TPh: 0.58, TPhCN: 0.57, TPhNC:
0.57) and exhibited highly planar structures (the torsion angles
of C–C]N–C in TPh: 177.64°, TPhCN: 178.09°, TPhNC: 177.94°)
(Fig. 2). From the viewpoint of the packing, the interplane
distances of the nearest-neighbor aromatic rings were 4.216 Å
for TPhCN and 4.016 Å for TPhNC. These results propose that
weak intermolecular interactions could be formed in the crys-
talline packing (Fig. S3 and S4†). In addition, these data suggest
that the structures around the hypervalent tin are exible and
distorted in the crystal due to the dense packing.

Formation of hypervalent states

The formation of hypervalent states can be conrmed by the
distribution of molecular orbitals (MOs) obtained from DFT
calculations. In general, it is known that hypervalent states
consist of three types of orbitals in apical positions: bonding,
non-bonding, and antibonding orbitals, originating from a 3c–
4e bond. Correspondingly, according to the distribution of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) ORTEP drawings of the hypervalent tin compounds, TPhCN and TPhNC (50% probability for thermal ellipsoids). Hydrogens and
disordered atoms were omitted to clarify. All crystallographic data are shown in ESI.† (b) Geometrical optimized structures of TPhCN and TPhNC
(gray carbon atoms; red oxygen atoms; blue atom nitrogen; pale green tin atoms; hydrogen atoms are omitted for clarity) (B3LYP/6-31G(d) for C,
H, N, O and LanL2DZ for Sn).
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MOs for TPh, it was found that bonding, non-bonding, and anti-
bonding orbitals should be assigned to HOMO−10, HOMO−7,
and LUMO+11 and +13, respectively (Fig. S5†). Furthermore,
natural bonding orbital (NBO) calculations also supported the
presence of the signicant bond between tin and nitrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms and the corresponding orbitals constituting the 3c–4e
bond on each atom (Fig. S6†). From the above data, it is ex-
pected that the tin in TPh forms the hypervalent state, which
should have a coordination position-specic electronic effect on
the p-conjugated scaffolds.
Chem. Sci., 2024, 15, 17950–17961 | 17953
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Fig. 3 (a) UV-vis absorption spectra of Azm and TPh in toluene (1.0 × 10−5 M). (b) Energy diagrams selected MOs of Azm, AzmOMe, and TPh
obtained with TD-DFT calculations at TD-B3LYP/6-31G(d) level for C, H, N, O, and LanL2DZ for Sn (isovalue = 0.02). (c) Schematic illustration of
the electronic effects of hypervalent tin.

17954 | Chem. Sci., 2024, 15, 17950–17961 © 2024 The Author(s). Published by the Royal Society of Chemistry
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To assess the electronic effects of the formation of the
hypervalent state, UV-vis absorption spectra of TPh and the
model compound Azm were measured in toluene (1.0 × 10−5

M), as shown in Fig. 3a. The absorption band of TPh was
bathochromically shied compared to that of Azm. The DFT
calculations were performed to gain deep insight into the origin
of the electronic states in the hypervalent tin derivatives (Fig. 3b
and Tables S3–S6†). We evaluated the electronic effects of the
hypervalent state on the p-conjugated scaffolds by comparing
model compounds Azm and AzmOMe. According to the MOs of
Azm, AzmOMe, and TPh, the LUMO energy levels were signi-
cantly stabilized by the tin coordination compared with the
HOMO energy levels (Azm: HOMO = −5.90 eV, LUMO =

−1.55 eV, AzmOMe: HOMO = −5.22 eV, LUMO = −1.17 eV,
TPh: HOMO = −5.40 eV, LUMO = −2.21 eV). This result
suggests that the MO is stabilized by electron-accepting
nitrogen–tin (N–Sn) coordination at the equatorial position.
Moreover, the stabilization of the HOMO energy level is rela-
tively suppressed by the electron-donating 3c–4e bond, as
described in our previous report (Fig. 3c).17 The hypervalent
states can exhibit electronic effects specic to their coordina-
tion positions, irrespective of ligand structures.

The distributions of electric charges and dipole moments
before and aer introducing the hypervalent tin were also
examined using DFT calculations. From Fig. S7,† it was found
that the unsymmetrical distribution of electric charges was
observed from the surface of molecular electrostatic potential
(MEP) of TPh compared with Azm and AzmOMe, and a larger
degree of negative charge was observed from the benzene ring
of the N-side than that of the C-side, like D–p–A molecules.
These results represent that the introduction of the hypervalent
tin atom should induce charge separation and reinforce the
inductive effect of the imine bond. This is because of the
enhanced electron-withdrawing ability by the coordination of
the tin atom, which works as the Lewis acid. In addition, the
dipole moment of Azm was 1.431 debye along the direction of
the imine bond, while that of TPh was 2.778 debye, indicating
that the asymmetric electronic state should be realized
(Fig. S7†). These data suggest that the different electronic states
should be realized in both dinuclear compounds where only the
nitrogen position is different.
Optical and electronic properties of dinuclear compounds

UV-vis absorption and photoluminescence spectra were
measured in toluene (1.0 × 10−5 M) to compare the electronic
structures of dinuclear hypervalent tin compounds TPhNC and
TPhCN. Fig. 4a, b and Table 1 illustrate that TPh exhibited the
absorption band around 400–500 nm, whereas TPhNC and
TPhCN displayed the absorption bands around 550–650 nm. In
addition, the emission bands of dinuclear hypervalent tin
compounds were bathochromically shied compared to that of
TPh. This implies that the dinucleation contributes to extend-
ing the p-conjugation through the imine moieties. Compared
TPhNC with TPhCN, the maximum absorption wavelength of
TPhCN (lmax

abs = 604 nm) was longer than that of TPhNC (lmax
abs =

632 nm), and the molar extinction coefficient of TPhCN (3abs =
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.68× 104 cm−1 M−1) was larger than that of TPhNC (3abs = 1.61
× 104 cm−1 M−1). Moreover, both maxima in the uorescence
wavelengths were reached in the NIR region, and TPhCN had
a longer wavelength of photoluminescence and lower quantum
yield (QY) than TPhNC (TPhCN: lFLmax = 777 nm, FFL = 1.0%,
TPhNC: lFLmax = 768 nm, FFL = 3.1%). The bathochromic
wavelength shis in absorption and PL spectra originating from
the extension of the p-conjugated system were achieved by the
p-extension of TPh with a narrow energy gap owing to the
electronic effects of hypervalent tin. This suggests that hyper-
valent tin has the same electronic effects on the p-conjugated
system in the dinuclear compounds for narrowing the energy
gap as observed when the mononuclear compound is laddered.
In the previous research by Peon et al.,27 TPh derivatives are
known to form bending structures by photoexcitation. In
contrast, our dinuclear hypervalent compounds hardly showed
such bending behaviors compared to the optimized structures
in the ground and excited states (Fig. S8†). Therefore, the
symmetric structures of the dinuclear compounds should
contribute to the suppression of the structural relaxation by
photoexcitation. In addition, the structural differences were
hardly observed between the optimized structures of TPhCN
and TPhNC in the ground and excited states (Fig. S8†). It is,
therefore, implied that the difference in the Stokes shi could
be attributed to the difference in the electronic state of each
compound. These ndings indicate that the transitional char-
acteristics in MO exhibit different responses depending on the
positions of dinucleation in the ladder structure.

The electronic states of p-conjugated molecules can be
inuenced by the direction of imine bonds and the positions of
nitrogen atoms in forming the hypervalent state. We explored
the electronic states and the impact of dinucleation by
comparing the mononuclear and dinuclear hypervalent tin
compounds (Fig. 4c, S9 and Tables S7, S8†). As depicted in
Fig. 4c, TPhCN and TPhNC exhibited narrower energy gaps than
TPh because of the extension of their p-conjugated scaffolds.
Focusing on the range of changes in the MO levels compared to
TPh, the HOMO of TPhCN is destabilized more signicantly
than that of TPhNC (TPhCN: −4.87 eV, TPhNC: −5.25 eV), and
the LUMO of TPhNC is stabilizedmore dramatically than that of
TPhCN (TPhCN: −2.54 eV, TPhNC: −2.97 eV). We considered
that these are derived from the direction of the imine bonds.
In TPhCN, the electron-donating effect of the two imine
bonds contributed to the central benzene ring, which is ex-
pected to destabilize the HOMO by increasing the electron
density. In TPhNC, on the other hand, the electron-withdrawing
effect of the two imine bonds should stabilize the LUMO by
promoting electron deciency of the central benzene ring.
Moreover, we assessed the MO energy levels using cyclic vol-
tammetry (CV), as illustrated in Fig. S10.† The HOMO and
LUMO energy levels of TPh, TPhCN, and TPhNC determined
from the cyclic voltammograms closely mirrored the trends
observed in the results from the DFT calculations. Notably,
it was concluded that the positions of dinucleation in the
ladder structure strongly affected the optical and electronic
properties.
Chem. Sci., 2024, 15, 17950–17961 | 17955
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Fig. 4 (a) UV-vis absorption and (b) fluorescence spectra of TPh, TPhCN, and TPhNC in toluene (1.0 × 10−5 M). (c) Energy diagrams selected
MOs and oscillator strengths (f) of selected transition bands of TPh, TPhCN, and TPhNC obtained with DFT and TD-DFT calculations at TD-
B3LYP/6-31G(d)//B3LYP/6-31G(d) level for C, H, N, O, and LanL2DZ for Sn (isovalue = 0.02).

17956 | Chem. Sci., 2024, 15, 17950–17961 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optical data of hypervalent compounds

labs
a/nm 3a/104 cm−1 M−1 lFL

a/nm FFL
b/%

TPh 454 1.29 584 28.0
TPhCN 604 2.68 777 1.0
TPhNC 632 1.61 768 3.1

a In toluene (1.0× 10−5 M), excited at labs for FL.
b Absolute FL quantum

yield, excited at 454 nm for TPh and at 525 nm for TPhCN and TPhNC.
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The photoluminescence spectra of TPh derivatives in the
solid state were observed and compared with those in the
solution state (Fig. S11†). Focusing on the emission wave-
lengths, the change was hardly observed in TPh (lmax

FL,solid =

576 nm, FFL,solid = 18.4%). This slight wavelength change
should be due to the weak intermolecular interactions. On the
other hand, the emission bands of both dinuclear compounds
TPhCN and TPhNC were shied to the longer wavelength
regions, leading to their solid-state NIR luminescence (TPhCN:
lmax
FL,solid = 836 nm, FFL = 0.5%, TPhNC: lmax

FL,solid = 796 nm,
FFL,solid = 2.4%). Considering these results and the optimized
structures in the ground and excited states, their symmetric
structures should restrict structural relaxation. Consequently,
we speculate that the observed emission in the longer wave-
length region can be attributed to intermolecular interactions.
The dinuclear compounds also exhibited aggregation-caused
quenching properties that reduced the quantum yield.31 These
results suggest that the construction of symmetric structures
affects not only the electronic state of the molecules but also
their mobility.

We draw the MEP surface to examine the charge distribution
of these hypervalent compounds (Fig. 5). TPh showed the
unsymmetrical charge distribution, and the benzene ring of the
N-side had a larger negative charge than that of the C-side, as
described previously (Fig. 5a). In addition, reecting the charge
distribution of TPh, TPhCN had a large negative charge in the
center benzene ring (Fig. 5b), while TPhNC had that in the side
benzene rings (Fig. 5c). Therefore, this molecular design of
dinucleation provided charge separation and quadrupolar
molecules in the ground state, and TPhCN and TPhNC consti-
tuted the ring-fused A–p–D–p–A and the D–p–A–p–D systems,
respectively.

The absorption spectra were measured in dichloromethane
(CH2Cl2), chloroform (CHCl3), toluene, and cyclohexane (c-hex)
to gain insights into the solvent effects on these compounds.
Surprisingly, both TPhCN and TPhNC exhibited negative sol-
vatochromism in the only absorption property regardless of
their neutral and symmetric structures. Meanwhile, the emis-
sion wavelengths hardly changed depending on those solvents
(Fig. 5). In general, negative solvatochromism is caused by
photoexcitation changes in the dipole moment.32 However, the
DFT calculations suggested that the dipole moments in TPhCN
and TPhNC are almost identical (Fig. S12†). On the other hand,
there are few examples of negative solvatochromism in the only
absorption property because of “Symmetry breaking” in the
ground state. Terenziani et al. predicted the existence of mole-
cules with negative solvatochromism only in the absorption
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum (referred to as “Class III” in the literature).26,33,34 They
proved that polymethine derivatives fall into this category.33

These reports showed that large quadrupolar dyes caused
negative solvatochromism in the only absorption property
because the ground state was bistable (D–p–A−–p–D+ or D+–p–

A−–p–D) and the excited state was stable as nonpolar. There-
fore, we estimated the dinuclear compounds TPhCN and
TPhNC have a large quadrupolar in the only ground state owing
to the electronic effects unique to the hypervalent state and
their imine moiety. We further observed the solvent effects in
the DFT calculations. We reproduced the results, that is, the
same as the tendency of optical measurements (Fig. S13,† the
calculation was performed against CH2Cl2, CHCl3, toluene, and
c-hex). These ndings propose that the electronic effects of
hypervalent states can be exploited to create a novel D–A system
in small molecules beyond the conventional D–A linking
method.
Electronic properties of conjugated polymers using TPh,
TPhCN and TPhNC

Optical measurements with polymers showed that P-TPhCN
and P-TPhNC exhibited absorption and emission bands in
longer wavelength regions than P-TPh (Fig. 6a and Table 2). It
should be noted that the emission maximum wavelengths in P-
TPhCN and P-TPhNC exceeded 800 nm (P-TPh: lmax

abs = 518 nm,
lmax
FL = 621 nm, FFL = 35.8%, P-TPhCN: lmax

abs = 658 nm, lmax
FL =

828 nm, FFL = 0.3%, P-TPhNC: lmax
abs = 683 nm, lmax

FL = 801 nm,
FFL = 1.2%, 1.0 × 10−5 M in CHCl3). Since the conjugated
system of the dinuclear compound can also be extended by
polymerization, followed by the bathochromic shis of optical
bands, it is shown that the dinuclear compounds are a prom-
ising building block for constructing NIR materials. The solvent
effects on the optical properties were also investigated with the
polymers (Fig. S14 and Table S10†). Shoulders, possibly due to
aggregation, were observed from all polymers in cyclohexane.
The change in the PL spectrum was observed only from P-TPh,
and similar spectra were obtained from P-TPhCN and P-TPhNC.
Moreover, similar shis in the absorption wavelength were
observed in P-TPhCN and P-TPhNC. These results imply that
electronic structures of the monomers could be maintained in
the polymer main-chains. In the lm state, bathochromic
wavelength shis in the absorption and PL spectra, and the
aggregation-caused quenching were observed from all polymers
comparing to those of the solution state, possibly due to inter-
actions between polymer chains (Fig. S15 and Table S11†).

The DFT calculations were performed to assess the extension
of conjugation in mononuclear and dinuclear compounds with
two and three units (Fig. 6b and S16–S21†). In the mononuclear
compound, the HOMO and LUMO expanded as the number of
units increased, whereas expansion of p-conjugation in the
entire molecule was hardly observed, which might be attributed
to the twisted bithiophene unit. In the A–p–D–p–A dinuclear
compound TPhCN, as the number of units increased, the LUMO
was expanded because of its high planarity, while the HOMO
was localized in the dinuclear compound owing to the electron-
rich moiety of the center benzene ring. On the other hand, in
Chem. Sci., 2024, 15, 17950–17961 | 17957
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Fig. 5 Solvent-dependent UV-vis absorption and fluorescence spectra of (a) TPh, (b) TPhCN, and (c) TPhNC in each solvent (1.0 × 10−5 M,
toluene/each solvent= 1/99 v/v). Inset: Molecular electrostatic potential (MEP) surface of each compoundwith DFT calculations at TD-B3LYP/6-
31G(d)/level for C, H, N, O, and LanL2DZ for Sn (isovalue = 0.02).
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Fig. 6 (a) UV-vis absorption and fluorescence spectra of P-TPh, P-TPhCN, and P-TPhNC in CHCl3 (1.0 × 10−5 M per repeating unit). (b)
Molecular orbitals of P-TPhCN, and P-TPhNC (tri-units) at TD-B3LYP/6-31G(d)/level for C, H, N, O, S and LanL2DZ for Sn (isovalue = 0.02).
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the D–p–A–p–D dinuclear compound TPhNC, the HOMO was
extended throughout the main chain, and the LUMO was
localized on the dinuclear compound unit because of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
centered electron-decient benzene ring. These results suggest
that the charge distribution induced by each direction of
dinucleation (TPhCN or TPhNC) leads to different orbitals in
Chem. Sci., 2024, 15, 17950–17961 | 17959
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Table 2 Optical data of conjugated polymers

labs
a/nm 3a/104 cm−1 M−1 lFL

a/nm FFL
b/%

P-TPh 518 3.66 621 35.8
P-TPhCN 646 4.57 828 0.3
P-TPhNC 678 1.49 801 1.2

a In CHCl3 (1.0 × 10−5 M per repeating unit), excited at labs for FL.
b Absolute FL quantum yield, excited at 518 nm for P-TPh and 525 nm
for P-TPhCN and P-TPhNC.
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the extended MOs, altering the energy level of each MO. As
described above, polymerization of polarized D–p–A–p–D or A–
p–D–p–A type molecules is suggested to induce specic orbital
extensions, and the polarized state in p-conjugated scaffolds
can be featured by constructing conjugated polymers.

Conclusion

By employing the electronic effects of hypervalent tin, we real-
ized unique electronic structures and functions based on the
ladderization of the p-conjugated Schiff base scaffold. In the
mononuclear compound, the tin coordination enhanced the
electron-withdrawing character in the inductive effect from the
imine bond. As a result, the D–p–A structures were built without
incorporating electron-donating units. This design strategy is
useful in that it is simple and different from the usual D–A
linkage and will be able to create additional molecular diversity
by ligands and main group elements. Moreover, in the dinu-
clear compounds, we succeeded in synthesizing two kinds of
compounds with NIR luminescence properties in the facile two-
step procedure. These molecules showed the two types of
quadrupolar, A–p–D–p–A and D–p–A–p–D, derived from two
imine bonds and hypervalent tin in the molecule. Negative
solvatochromism was observed in the absorption property
originating from strong quadrupolar structures. Finally,
conjugated polymerization of each molecule not only achieved
luminescence in the NIR wavelength region over 800 nm
because of the extended conjugation but also observed different
orbital distributions on the polymer main chain originating
from the electric charge distribution of the monomer. Our
ndings propose that the hypervalent atoms should be
a promising tool for modulating the electronic structures of p-
conjugated scaffolds followed by optical properties. This
approach can be further developed by designing new ligands
and diversifying the main group elements, which might be
a platform for novel functional materials.
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