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Xanthene-anchored dinuclear salen-based indium complexes with well-defined open and closed topologies were designed

to elucidate how dinuclear geometry governs excited-state decay processes in indium luminophores. A rigid yet non-planar

www.rsc.org/

xanthene linker enables controlled formation of open (XPOIn and XNOIn)- and closed (XPCIn and XNCIn)- dinuclear

architectures via a one-pot synthetic protocol. Single-crystal X-ray diffraction analyses for XNOIn and XNCln revealed distinct

spatial arrangements of the two salen—indium units, accompanied by different degrees of intramolecular m—m interactions

and conformational rigidity. All complexes exhibited strong visible absorption bands originating from salen-centered mm*

transitions with partial charge-transfer (CT) characteristics and displayed yellow fluorescence in both solution and solid

states. Notably, the open-dinuclear systems consistently exhibited higher PLQYs than their closed analogs, despite the latter

possessing more stabilized frontier molecular orbitals. Photophysical analysis revealed that the enhanced emission efficiency

of the open systems originated from the increased radiative decay rates and suppressed non-radiative relaxation pathways.

These results demonstrate that dinuclear topology plays a decisive role in governing excited-state dynamics in salen—indium

systems. These findings provide useful framework for the rational design of multinuclear indium-based luminophores.

Introduction

Indium-based coordination complexes have been attracting
increasing interest owing to the intrinsic stability and electronic
characteristics of indium—a Group 13 element.’™ However, in
boron-, aluminum-, and gallium-based
luminophores,®17 luminescent indium complexes remain
relatively underexplored, particularly with respect to achieving

contrast to

high photoluminescence efficiencies. This lack of research is
often attributed to the relatively high atomic mass of indium
and its associated electronic structure, which can facilitate non-
decay pathways and diminish the emission
efficiency.2418

A widely adopted strategy to overcome these limitations
involves the use of a ligand-centered design, where rigid and -

radiative

conjugated frameworks suppress vibrational relaxation and
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promote radiative decay. Among the various ligand platforms,
salen-based N,O, chelates have proven effective for various
metal-based luminophores,'®23 and particularly for indium
fluorophores,?*26 as such chelates provide a robust
coordination environment and enable fine electronic
modulation through substituent effects. Consequently,
numerous mononuclear salen—indium complexes exhibiting
tunable emission colors and improved quantum yields have
been reported.?’-3% However, these systems are predominantly
limited to mononuclear architectures, inherently restricting the
structural and photophysical diversity afforded by salen—indium
chemistry.

Dinuclear metal complexes offer an attractive vyet
underexplored opportunity to introduce additional degrees of
freedom, such as interchromophoric interactions, geometric
constraints, and topology-dependent excited-state dynamics,
into the design of luminophores. Although a few dimeric indium
complexes based on quinolinolate ligands, primarily arising
from thermodynamic aggregation rather than intentional
design, have been previously reported,3! systematic studies on
structurally defined dinuclear indium luminophores,
particularly those based on salen ligands, remain scarce.
Consequently, the influence of dinuclear topology on the
photophysical behavior of indium complexes is yet to be
clarified.

Meanwhile, Pacman ligands bearing benzofuran or
xanthene spacers were well established platforms for forming
dinuclear metal complexes, and can be used to maintain the
two metal centers in a face-to-face arrangement within
appropriate topology.3233 Herein, we report a series of

J. Name., 2013, 00, 1-3 | 1
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Scheme 1 Synthetic routes for salen-based open (XPOIn and XNOIn)- and closed (XPCIn and XNCIn)-dinuclear indium complexes anchored by xanthene.

xanthene-anchored, salen-based dinuclear indium complexes
with well-defined open and closed geometries. We used a
xanthene linker because it provides a rigid yet nonplanar
scaffold that allows controlled modulation of the intersalen
altering the primary
environment of the indium centers.343° By directly comparing
open- and closed-dinuclear topologies, we aim to address the
fundamental question of how dinuclear geometry governs
radiative and non-radiative decay processes in salen—indium
luminophores. Through combined structural, photophysical,
electrochemical, and theoretical analyses, we demonstrate that
the dinuclear topology plays a decisive role in determining
emission efficiency, beyond simple considerations of n-
conjugation or orbital stabilization.

orientation without coordination

Results and Discussion

Synthesis and characterization

The optimized synthetic routes for salen-based open (XPOIn
and XNOIn)- and closed (XPCIn and XNClIn)-dinuclear indium
complexes anchored by a xanthene group are presented in
Scheme 1. All complexes were easily synthesized and obtained
in high yields (45—70%) by the one-pot synthetic reaction?’ used
for 1, InMes, and the respective amines in refluxing EtOH.
Similar to mononuclear indium complexes, all dinuclear
complexes also showed good solubility in common organic
solvents, such as toluene, THF, and CH,Cl,. The formation of

complexes was confirmed by *H and 3C NMR spectroscopy (Figs.

S1-S4 in the ESIt) and elemental analyses. The *H and 3C NMR
spectra of the obtained open (XPOIn and XNOIn)- and closed
(XPCIn and XNCIn)- dinuclear indium complexes showed the
expected resonances corresponding to xanthene moieties and
the specific In-CHs protons at around -0.5 ppm. The integral
value of the dimethyl protons of the xanthene group in both
XPCIn and XNCIn was twice that in XPOIn and XNOIn. The 'H
NMR spectra of all four complexes show a single set of well-
defined resonances consistent with a predominant symmetric
species on the NMR timescale. Although minor conformational
equilibria cannot be fully excluded, the obtained NMR spectra
indicate that a single dominant conformer is present in solution
under the conditions studied.

The crystal structures of XNOIn and XNCIn were further
characterized by X-ray crystallographic studies, confirming the
open and closed structures for XNOIn and XNClIn, respectively,
(Fig. 1, Tables S1-S4 in the ESIt). The geometry around indium
centres of the two complexes adopts slightly distorted square-
pyramidal, as determined using the trigonality parameters3®

2| J. Name., 2012, 00, 1-3

(0.11-0.29). In both structures, the indium centers were
oriented outward. However, the two complexes exhibit slightly
different geometry for the xanthene unit. In the open structure
of XNOIn, the two benzene rings of the xanthene unit were bent
by approximately 25°. In contrast, in the closed-form XNClin,
one xanthene fragment adopted an anthracene-like, nearly
planar conformation, whereas the other one was more
distorted with two benzene rings bent by approximately 36°.
Each complex contained two salen moieties, which exhibited
noticeable n—m interactions. In addition, the dihedral angles
(C(Ph)—C=N—C(Naph)) in the open-form were 176.20°, 175.62°,
175.43°, and 168.41°, which were comparable to those in the
closed-form (178.12°, 177.14°, 174.95°, and 173.37°). These
values fall within a narrow range, indicating that
macrocyclization does not introduce significant distortion in the
primary coordination environment. Although the two
naphthalene rings were not perfectly parallel, the shortest
distances between the closest carbon atom and the adjacent
naphthalene ring were 3.28 A in XNOIn and 3.16 A in XNCln,
within the typical range for n—rt interactions.

Fig. 1 X-ray crystal structures of XNOIn (top) and XNCIn (bottom) (50% thermal
ellipsoids): H atoms are omitted for clarity.

Optical and electrochemical analyses for indium complexes

This journal is © The Royal Society of Chemistry 20xx
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To investigate the optical properties of all dinuclear indium
complexes, UV-vis absorption and photoluminescence (PL)
spectra were obtained in deoxygenated toluene (20 uM) at
room temperature (Fig. 2 and Table 1). Both open (XPOIn and
XNOIn)- and closed (XPCIn and XNClIn)- complexes exhibited
two intense major absorption bands. The strong absorption
band observed at 308-313 nm was attributed to the locally
excited transition of the xanthene moiety.3* The moderately
strong band at 435—-450 nm was assigned to the typical salen-
centered m—mt* transition, which has also been reported in
previous mononuclear salen—indium complexes.?8-30 In addition,
the low-energy absorption bands of XNOIn and XNCIn were
slightly blue-shifted (AAabs = 2 nm for XNOIn and AAaps = 5 nm for
XNCIn) with the increase in solvent polarity (toluene < THF),
indicating partial charge-transfer (CT) characteristics (Fig. S5
and Table S5 in the ESIt). In contrast, the low-energy bands of
closed XPCIn and XNCIn were slightly red-shifted compared to
those of open-XPOIn and XNOIn. This can arise from altered
relative orientation and enhanced electronic communication
between the two salen units within the constrained macrocyclic
topology in the closed-form complexes (see section
“Theoretical calculation and orbital analysis”). Meanwhile, the
molar absorption coefficients (g) of the closed-form complexes
(XPCIn and XNCIn) with two xanthene groups were found to be
larger than those of the open-form complexes (XPOIn and
XNOIn) with one. Interestingly, naphthylene-based complexes
exhibited larger & values than the phenylene-based
counterparts, which can originate from specific electronic
interactions unique to each structure.

Electrochemical studies using cyclic voltammetry (CV)
analysis indicated that dinuclear indium complexes (XPCln,
XNCIn, XPOIn, and XNOIn) underwent irreversible oxidation
(Fig. S6 in the ESIT). The oxidation onset potentials (Eox) of
XPCIn (Eox = 0.37 V) and XNCIn (Eox = 0.37 V) were anodically
shifted compared with those of XPOIn (Eox = 0.29 V) and XNOIn
(Eox = 0.21 V), respectively. The observed Eox showed that the
HOMO energy levels (-5.17 eV) of XPCIn and XNCIn were
slightly lower than those of XPOIn (-5.09 eV) and XNOIn (-5.01
eV). Additionally, the LUMO energy levels, calculated using the
optical band gap and obtained the HOMO energy level, for
XPCIn (-2.83 eV) and XNCIn (-2.84 eV) were more stabilized
than those of XPOIn (-2.70 eV) and XNOIn (-2.60 eV). This
result supports macrocycle-induced orbital redistribution and
enhanced electronic coupling between the two salen units
within the constrained framework observed for the closed-
dinuclear systems.

The PL spectra of dinuclear indium complexes exhibited
yellow emissions centered at 556—574 nm and broad emission
patterns in toluene solutions at 298 K (Fig. 2 and Table 1),
assignable to typical m—mnt* electronic transitions based on the
entire salen moieties, including the xanthene anchor (see
section “Theoretical calculation and orbital analysis”). This
feature is analogous to that reported for previously observed
mononuclear salen-based indium complexes.!® Although no

This journal is © The Royal Society of Chemistry 20xx
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significant difference was observed in the emissionmaximadAen)
between open-dinuclear complexes (XPOIn'CaidoXNOIRYaRd
closed-dinuclear complexes (XPCIn and XNCIn), the Aem of the
closed systems was slightly blue-shifted compared to that of the
corresponding open systems. A similar trend was observed for
the film state. The emission spectra of XNOIn and XNClIn in THF
are similar to those observed in toluene (Fig. S5 and Table S5 in
the ESIT), consistent with their low-energy absorption profiles.
Additionally, both complexes exhibited a rigidochromic blue-
shift in the rigid state of THF at 77 K (Fig. S5 and Table S5 in the
ESIt). The single-exponential PL decay lifetime (1) of all
complexes obtained in both solution and film states was in the
nanosecond range, indicating fluorescence in nature (Table 1
and Figs. S7-S10 in the ESIT).
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Fig. 2 (a) UV—vis absorption and (b) PL spectra (solid lines in toluene (20 uM) and
dotted lines in the film state (5 wt% in PMMA) of open (XPOIn and XNOIn)- and
closed (XPCIn and XNCIn)-dinuclear indium complexes at 298 K.
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Table 1 Photophysical data of open- and closed-dinuclear indium complexes

Aem/NM @p/% ©/ns e/x 107 st knd/x 108571
}\absa/nm }\gx"/ em/ PL/ ° / r / nH‘/ HOMO/LUMOQ/
Compd 3 n Aol o1
(ex103M1cm™?) nm . X i . . eV
Tol® Filmt | Tol® Filmt | Tol® Filmt | Tol® Filmt | Tol® Film®
XPOIn 309 (19.41), 435 (5.18) 431 557 558 9.2 18.1 0.52 1.18 17.7 15.4 17.5 6.9 -5.09/-2.70
XNOIn 308 (36.23), 446 (10.56) 443 574 567 10.3 25.4 0.59 1.22 17.5 20.8 15.2 6.1 -5.01/-2.60
XPCIn 310 (47.12), 440 (17.56) 436 556 554 5.5 11.7 0.69 0.96 8.0 12.1 13.7 9.2 -5.17/-2.83
XNCin 313 (70.47), 452 (29.46) 453 563 564 8.0 14.5 0.67 1.13 11.9 12.8 13.7 7.6 -5.17/-2.84

9 In deoxygenated toluene at 298 K (20 uM). © In spin-coated PMMA film doped with the compound at 5 wt%. ¢ Absolute photoluminescence quantum yield (PLQY). ¢ Emission
lifetime. € k = @p( /T. T knr = ke(1/@p.-1). 9 Calculated from electrochemical Eox with reference to ferrocene/ferrocenium (Fc/Fc*)
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Fig. 3 (a) PL spectra of XNOIn (Aex = 443 nm) and XNCIn (Aex = 453 nm) in a neat solid state at 298 K. Inset: Emission images taken by a hand-held UV lamp (Aex = 365 nm). PL spectra
of (b) XNOIn (Aex = 443 nm) and (c) XNCIn (Aex = 453 nm) in THF/water mixtures (20 uM) and emission color of the 0% and 80% water mixture under a hand-held UV lamp (Aex = 365

nm).

The absolute PLQYs (®p.) of all dinuclear indium complexes
were investigated in deoxygenated toluene and in the PMMA
film state (Table 1). The PLQYs of all the complexes obtained in
toluene (5—-10%) were lower than those in the film state (12—
25%). Interestingly, the PLQYs of open-XPOIn and XNOIn were
larger than those of closed-XPCIn and XNCIn in both toluene
and the film state. This finding can be elucidated by comparing
the radiative decay constant (k:) and non-radiative constant (kn)
in both the open and closed systems. In particular, in the film
state, the k; values of open-dinuclear XPOIn (k: = 15.4 x 107 s7%)
and XNOIn (k. = 20.8 x 107 s 1) were higher than those of closed-
dinuclear XPCIn (k; = 12.1 x 107 s71) and XNCIn (k; = 12.8 x 107
s71), respectively, while the k. values of the open-dinuclear
complexes (<7.0 x 108 s71) were relatively lower than those of
the closed-dinuclear systems (>7.5 x 108s72).

To determine the aggregation effect of the open- and
closed-dinuclear indium systems with the xanthene anchor,
additional PL measurements for both XNOIn and XNCIn were

This journal is © The Royal Society of Chemistry 20xx

performed in both solid and THF/water solutions with different
fractions (Fig. 3 and Table S5 in the ESIt). Although a slight
rigidochromic red-shift was observed in the solid state
compared to that in the toluene and THF solutions, the overall
emission profiles remained consistent with those in the
solutions. Additionally, the PLQYs of XNOIn and XNCIn were
measured to be 24.8% and 16.0%, respectively, which were
similar to those in each film and the rigid state (THF at 77 K,
Table S5 in the ESIT). In the THF/water mixture, only the overall
intensity of the emission bands for both XNOIn and XNCin
gradually decreased without any change in the Aem with
increasing water fraction (fw). No intermolecular emission
bands resulting from aggregation or molecular packing were
observed. This is because of the slightly staggered
arrangements between the two salen-based indium moieties
caused by the bent xanthene unit.

J. Name., 2013, 00, 1-3 | 4
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Fig. 4 Frontier molecular orbitals (MOs) of XPOIn, XNOIn, XPClIn, and XNCIn in their So-states with their relative energies from DFT calculations (isovalue = 0.04). The transition energy

(in nm) was calculated using the TD-B3LYP method at the 6-31G(d, p) level.

Theoretical calculation and orbital analysis

To gain insights into the nature of the electronic transitions of the
xanthene-anchored open- and closed-dinuclear indium complexes,
theoretical calculations were conducted on the ground-state (So)-
optimized structures of the complexes using time-dependent density
functional theory (TD-DFT) at the B3LYP/6-31G(d,p) level (Fig. 4, Figs.
S$11-S14, and Tables S6-517 in the ESIt). The major low-energy
absorptions (fealc > 0.05) of XPOIn, XNOIn, XPCIn, and XNClIn in the So
state were mainly related to the electronic transition from the
HOMO (>85%) or HOMO-2 (>80%), where the -electronic
contributions were distributed over the xanthene-linked phenoxy
moieties, to the LUMO (>99%) or LUMO+2 (>99%), where the
contributions were localized on the aryl-bridged phenoxy imine
moieties. This absorption process corresponded to the salen-
centered mn-m* transition involving partial CT characters.
Interestingly, the xanthene groups had an electronic contribution of
12-26% to only the HOMO or HOMO-2. Notably, their contribution
in closed systems (23—-26%) is slightly larger than it is in open systems
(12-19%). Furthermore, the calculated low-energy absorption
wavelengths of the open-dinuclear complexes (XPOIn and XNOIn)
were lower than those of the corresponding closed-dinuclear
complexes (XPCIn and XNCIn). These results agree well with the
experimentally observed photophysical data.

Experimental

General considerations

This journal is © The Royal Society of Chemistry 20xx

All experimental manipulations were performed in an inert N»
atmosphere using standard Schlenk and glove box techniques.
All commercially available reagents were purchased from
Sigma-Aldrich and used without further purification. All
anhydrous grade solvents (tetrahydrofuran (THF), ethanol
(EtOH), and toluene) purchased from Alfa Aesar were dried by
passing them via an activated alumina column and stored over
activated molecular sieves (5 A). Spectrophotometric grade
solvents (toluene and tetrahydrofuran (THF)) were used
without further purification. Compounds 1,37 2-[(2-amino-
phenylimino)-methyl]-4,6-di-tert-butylphenol,3® 2-[((3-amino-
2-naphthalenyl)imino)methyl-4,6-di-tert-butylphenol,3°® and
trimethylindium (InMes)'2 were prepared according to
previously reported literature procedures. InMes is a highly
pyrophoric compound and should be handled under an inert
atmosphere and stored in a glovebox to ensure safe
manipulation. Deuterated solvent (CDCls (chloroform-di)) from
Cambridge Isotope Laboratories was used after further drying
over activated molecular sieves (5 A). NMR spectra were
recorded using a Bruker Avance 500 spectrometer at ambient
temperature. The chemical shifts were recorded in ppm and
referenced against external MesSi (*H and 13C).*° Elemental
analyses were performed using an EA3000 (Eurovector). Cyclic
voltammetry experiments were performed using a potentiostat
(CH Instruments).

Synthesis of XPOIn

J. Name., 2013, 00, 1-3 | 5
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A reaction mixture comprising 1 (0.28 g, 0.5 mmol) and 2-[(2-
amino-phenylimino)-methyl]-4,6-di-tert-butylphenol (0.32 g,
1.0 mmol) was dissolved in EtOH (10 mL) and stirred at room
temperature for 1 h. Then, InMe3 (0.17 g, 1.1 mmol) dissolved
in EtOH (10 mL) was added to the reaction mixture and refluxed
for 12 h. After cooling to room temperature, the resulting
mixture was filtered. The filtrate was collected and all volatiles
were removed under reduced pressure. The residue was
washed with cold EtOH (20 mL) and dried in vacuo to obtain
XPOIn as a bright yellow solid (0.39 g, 55% yield). *H NMR (CDCls,
500.13 MHz): 6 8.45 (s, 2H), 8.11 (s, 2H), 7.69 (d, J = 2.3 Hz, 2H),
7.43 (d, J = 8.3 Hz, 2H) 7.40 (s, 4H), 7.38 (d, J = 1.4 Hz, 2H), 7.31
(d,J=7.8Hz, 2H), 7.25 (d, J = 1.5 Hz, 1H), 7.23 (d, J = 1.5 Hz, 1H),
7.12 (m, 6H), 6.86 (d, J = 2.0 Hz, 2H), 1.78 (s, 3H), 1.72 (s, 3H),
1.37 (s, 18 H), 1.31 (s, 18 H), 1.27 (s, 18 H), —0.60 (s, 6H, In—CH3).
13C NMR (CDCls, 125.76 MHz): § 170.94, 170.90, 169.58, 169.54,
163.92,147.04,142.79, 142.67,138.99, 136.38, 134.84, 134.80,
130.85,130.33,129.23,129.21, 128.78,127.70, 127.56, 124.53,
124.11, 123.07, 118.83, 118.54, 116.94, 116.24, 35.51, 35.35,
34.27, 33.86, 31.34, 31.28, 29.52, 29.45, 29.37. Anal. Calcd for
Cs1HsalnaN4Os: C, 67.96; H, 6.48; N, 3.91. Found: C, 65.87; H,
6.72; N, 3.81.

Synthesis of XNOIn

This complex was synthesized in a manner analogous to the
synthesis of XPOIn using 2-[((3-amino-2-
naphthalenyl)imino)methyl-4,6-di-tert-butylphenol (0.37 g, 1.0
mmol). The desired XPOIn was obtained as a bright yellow solid
(0.34 g, 45% yield). *H NMR (CDCls, 500.13 MHz): § 8.45 (s, 2H),
7.68 (d, J = 2.2 Hz, 2H), 7.38 (m, 13H,), 7.31 (d, J = 8.0 Hz, 2H),
7.25 (m, 3H), 7.23 (d, J = 1.5 Hz, 1H), 7.10 (m, 5H), 6.86 (d, J =
2.0 Hz, 2H), 1.78 (s, 3H), 1.72 (s, 3H), 1.37 (s, 18 H), 1.31 (s, 18
H), 1.27 (s, 18 H), —0.60 (s, 6H, In—CHs). 3C NMR (CDCls, 125.76
MHz): 6 171.00, 169.89, 165.39, 165.33, 160.03, 147.60, 142.60,
139.23,138.87,137.87,136.38,132.97,132.59, 131.11, 130.67,
129.21,128.63,128.29, 127.90, 127.43,126.71, 126.68, 125.20,
124.13, 123.35, 123.24, 120.09, 118.45, 114.71, 114.65, 35.63,
35.36, 34.69, 34.55, 33.97, 31.36, 29.63, 29.57, 29.09. Anal.
Calcd for CggHosln2N4Os: C, 69.80; H, 6.32; N, 3.66. Found: C,
67.02; H, 6.07; N, 3.52.

Synthesis of XPCIn

A reaction mixture comprising 1 (0.28 g, 0.50 mmol) and 1,2-
phenylenediamine (0.054 g, 0.50 mmol) was dissolved in EtOH
(15 mL) and refluxed for 1 h. Then, InMes (0.09 g, 0.55 mmol)
dissolved in EtOH (10 mL) was added to the reaction mixture
and refluxed for 12 h. After cooling to room temperature, the
resulting mixture was filtered. The filtrate was collected, and all
volatiles were removed under reduced pressure. The residue
was washed with cold EtOH (20 mL) and dried in vacuo to obtain
XPCIn as an orange solid (0.25 g, 65% yield). 'H NMR (CDCls,
500.13 MHz): 6 7.99 (s, 4H), 7.68 (d, J = 2.3 Hz, 4H), 7.42 (d, J =
1.6 Hz, 2H), 7.40 (d, J = 1.6 Hz, 2H), 7.36 (d, J = 2.3 Hz, 4H), 7.29
(dd, J1 = 5.9 Hz, J, = 3.5 Hz, 4H), 7.27 (d, J = 1.6 Hz, 2H), 7.25 (d,
J = 1.5 Hz, 2H), 7.18 (s, 1H), 7.16 (s, 2H), 7.14 (s, 1H), 6.91 (m,
4H), 1.86 (s, 6H), 1.65 (s, 6H), 1.31 (s, 36 H), —0.48 (s, 6H, In—
CHs). 13C NMR (CDCls, 125.76 MHz): 6§ 170.91, 163.64, 147.24,
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143.07, 138.85, 134.92, 133.67, 130.48, 129.34, 129.07,:122.38,
124.28, 123.98, 123.08, 118.89, 116.40;B5.370335207 5458]
30.36, 29.30. Anal. Calcd for CggHgsln,N4Os: C, 69.30; H, 5.68; N,
3.67. Found: C, 68.24; H, 5.52; N, 3.55.

Synthesis of XNCIn

This complex was synthesized in a manner analogous to that of
XPCIn using 2,3-diaminonaphthalene (0.079 g, 0.50 mmol). The
desired XNCIn was obtained as an orange solid (0.28 g, 70%
yield). 'H NMR (CDCls, 500.13 MHz): 6 8.08 (s, 4H), 7.75 (d, J =
2.3 Hz, 4H), 7.51 (d, J = 2.3 Hz, 6H,), 7.47 (s, 4H), 7.43 (d, J= 1.6
Hz, 2H), 7.42 (d, J = 1.5 Hz, 2H), 7.33 (d, J = 1.5 Hz, 2H), 7.32 (d,
J =1.5 Hz, 2H), 7.20 (s, 2H), 7.18 (s, 2H), 7,17 (s, 2H), 6.89 (m,
4H), 1.89 (s, 6H), 1.68 (s, 6H), 1.34 (s, 36 H), -0.54 (s, 6H,
In-CHs). 33C NMR (CDCls, 125.76 MHz): & 171.12, 164.24,
147.27,143.21, 137.70, 134.95, 133.81, 131.88, 130.57, 129.27,
129.05,127.39, 126.29, 124.38,124.04, 123.15, 119.22,114.15,
35.42,35.14, 34.43, 30.51, 29.36. Anal. Calcd for CogHooln2N4Os:
C, 70.94; H, 5.58; N, 3.45. Found: C, 68.32; H, 5.50; N, 3.36.

X-ray crystallography

Single crystals of XNOIn and XNCIn were obtained from the
CHClz/n-hexane mixed solutions. Those used for X-ray
diffraction analysis were coated with paratone oil and mounted
on glass capillaries. The crystallographic measurements were
taken using a Bruker APEX Il CCD detector diffractometer with a
graphite monochromated Mo-Ka radiation (A = 0.71073 A) at
100 K. The solid-state structures were solved via direct methods.
And all non-hydrogen atoms underwent anisotropic refinement
using a full-matrix least-squares method on F? using the
SHELXTL/PC package to obtain data in the CIF format (CCDC
2530423 for XNOIn and CCDC 2530424 for XNClIn). Hydrogen (H)
atoms were placed at their geometrically calculated positions
and refined by placing them on the corresponding carbon (C)
atoms using isotropic thermal parameters. Detailed
crystallographic data for the two complexes and selected bond
lengths and angles are provided in Tables S1-S4 of the ESIt.

Optical and electrochemical measurements

UV/Vis absorption and PL spectra were recorded on a Cary 8454
(Agilent) and FluoroMax Plus (HORIBA) spectrophotometers,
respectively. Solution PL spectra were obtained from
deoxygenated solutions (20 uM in toluene and THF).
Deoxygenated solvents were prepared by degassing
spectroscopic grade solvents for ~¥30 min and storing them in a
nitrogen-filled glove box. The PL spectra and PLQYs of the films
were obtained using poly(methyl methacrylate) (PMMA)
matrices doped with the compounds (5 wt% vs. PMMA on
quartz plates). The absolute PLQYs of the solution, film, and
solid samples were measured using a FluoroMax Plus
spectrophotometer (HORIBA) equipped with a 3.2-inch
integrating sphere (FL-QM, HORIBA). The PL decay was
measured using a FluoroMax Plus spectrophotometer equipped
with a DeltaTime time-correlated single-photon counting
(TCSPC) kit. The PL decay lifetimes were estimated by fitting the
decay curves measured in the TCSPC mode. CV measurements
were performed using a 760E potentiostat (CH Instruments) in

This journal is © The Royal Society of Chemistry 20xx
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(ec)

MeCN containing 1 mM electroactive species and 100 mM
TBAPFs as the supporting electrolyte. The measurements were
performed using three-electrode cells inside a Faraday cage at
room temperature. A Pt disk (diameter: 3 mm) was used as the
working electrode, while Ag/AgNO3 (10 mM in MeCN) and a Pt
wire were used as the counter and reference electrodes,
respectively. Prior to the measurements, all electrolyte
solutions were sparged with Ar for 30 minutes to remove Oa.
The oxidation potential for all complexes was recorded at a scan
rate of 100 mV s and was determined relative to a
ferrocene/ferrocenium (Fc/Fc+) redox couple.

Theoretical calculations

The optimized structures of the dinuclear salen-based indium
complexes XPOIn, XNOIn, XPCIn, and XNClIn in the ground state
(So) were determined by using the density functional theory
(DFT) with the B3LYP functional*! and 6-31G(d,p) levels.??> The
6-31G(d,p) basis sets were used for atoms other than the
central indium atoms. For indium atoms, the LANL2DZ effective
core potentials (ECPs) and the corresponding basis sets were
used.?? All electronic transition energies, including the electron
correlations, were obtained from TD-DFT calculations using the
hybrid B3LYP functional (TD-B3LYP).** All calculations were
performed using the GAUSSIAN 16 program package.*> The
percentage contributions of the corresponding group in the
complex to each molecular orbital were determined using the
GaussSum 3.0 program.4®

Conclusions

We developed a series of xanthene-anchored salen-based
dinuclear indium complexes with well-defined open and closed
topologies and systematically investigated the impact of
dinuclear geometry on their structural and photophysical
properties. The rigid yet non-planar xanthene linker enables
controlled modulation of the relative orientation between the
two salen—indium units without altering their primary
coordination environments, thereby providing an ideal platform
for isolating topology-dependent effects. Comprehensive
photophysical analyses revealed a clear and consistent
structure—property relationship. Although the closed-dinuclear
complexes exhibited more stabilized frontier molecular orbitals
due to extended m-conjugation, they showed lower PLQYs than
those demonstrated by their open counterparts. This behavior
originated from the reduced radiative decay rates and
enhanced non-radiative relaxation pathways in the closed
architectures, as supported by decay constant analysis and
structural insights from single-crystal X-ray diffraction. Hence,
excessive interchromophoric interactions, rather than
promoting emission, can facilitate excited-state deactivation in
dinuclear indium systems. This study highlights the decisive role
of dinuclear topology in governing excited-state dynamics in
salen—indium luminophores. By revealing that the controlled
spatial separation of chromophoric units can be more effective
than maximal conjugative coupling for enhancing emission
efficiency, our results provide a clear framework for the rational
design of multinuclear indium-based Iluminophores. This

This journal is © The Royal Society of Chemistry 20xx
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topology-oriented design concept can be broadly applied tothe
development of advanced main-grolsmetdlSoIRRInesteht
materials.
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