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Introduction

Aggregation-induced emission (AIE) is

Aggregation-induced emission of a bis(imino)
acenaphthene zinc complex with
tetraphenylethene units¥

Takuma Fumoto, Ryo Tanaka & * and Yousuke Ooyama =/ *

Using bis(imino)acenaphthene (BIAN) zinc(i) and palladium(i) complexes with tetraphenylethene (TPE)
units as bulky aryl groups, Zn-2 and Pd-2 have been designed and developed, and their photophysical
properties in solution and in the solid state have been investigated. Both in solution and in the solid state
Zn-2 and Pd-2 show two photoabsorption bands in the ranges of 300 nm to 350 nm and 450 nm to
600 nm, which are assigned to the n—=n* transition originating from both the TPE units and naphthalene
units and the intraligand charge transfer (ILCT) between the TPE units and the BIAN unit, respectively.
Density functional theory (DFT) calculations demonstrated that for Zn-2 the highest occupied molecular
orbitals (HOMO) are localized on the TPE units, while the lowest unoccupied molecular orbitals (LUMO)
are localized on the BIAN unit, leading to the appearance of a photoabsorption band on the ILCT. The
emission from Zn-2 was quenched in solution, but appeared as phosphorescence at around 600 nm by
photoexcitation at the ILCT band in the solid state as well as in the aggregated state, which was formed
by the addition of n-hexane as a poor solvent to the dichloromethane (DCM) solution. The aggregate for-
mation of Zn-2 in the DCM/n-hexane (10 wt%/90 wt%) solution was confirmed by the Tyndall scattering
and scanning electron microscopy (SEM) measurements, demonstrating the aggregation-induced emis-
sion (AIE) characteristics of Zn-2. On the other hand, Pd-2 was non-emissive in the solid state and in the
aggregated state as well as in solution. Moreover, the DCM-inclusion complexes of Zn-2 and Pd-2 were
obtained and their photophysical properties were investigated. It was found that the photoluminescence
quantum vyield (®py_soiig) Values of Zn-2 and Zn-2-DCM in the solid state are less than 1%. Single-crystal
X-ray structural analysis of Zn-2-DCM revealed the absence of intermolecular n—n interactions.
Consequently, it was suggested that the low ®@p| ¢ iq Value of Zn-2 is mainly due to the radiationless relax-
ation of the excitons by dynamic rotation of the phenyl groups of the TPE units, even in the solid state
and in the aggregation state.

TPE- and DPDBF-based compounds in dilute solutions exhibi-
ted almost no emission due to the radiationless (non-emissive)

a photophysical relaxation of the excitons by dynamic rotation of the phenyl

phenomenon of luminescent dyes in the aggregation state: the
emission enhancement is induced by the formation of dye
aggregates usually upon the addition of a poor solvent to the
solution." ™’ Tetraphenylethene (TPE), diphenyldibenzofulvene
(DPDBF), and their derivatives are typical AIE-active fluoro-
phores and their AIE mechanisms have been intensely investi-
gated not only to gain new insight into photochemistry but
also to explore their practical application.”® It was found that
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groups, but upon aggregate formation by the addition of a
poor solvent to the solutions, they exhibit AIE characteristics
due to the elimination of the radiationless relaxation by the
restricted intramolecular rotation (RIR) of the phenyl groups.
Therefore, AlE-active compounds have the potential to be
applied to emitters of organic light-emitting diodes (OLEDs),
chemo- and biosensors, and two-photon absorption
materials,”*” unlike the majority of organic emissive dyes,
which exhibit aggregation-caused quenching (ACQ) due to the
delocalization of excitons or excimers upon the formation of
intermolecular n-r interactions between the dye molecules in
the solid state. On the other hand, there are reports on AIE of
metal complexes®®™” such as cyclometalated iridium(m) or
platinum(u) complexes,®*** tricarbonyl rhenium(i) complex,**
and bis(imino)acenaphthene (BIAN) zinc(n) complexes,’> >’

Dalton Trans., 2023, 52, 5047-5055 | 5047


http://rsc.li/dalton
http://orcid.org/0000-0002-6085-074X
http://orcid.org/0000-0002-0257-6930
https://doi.org/10.1039/d2dt03525a
https://doi.org/10.1039/d2dt03525a
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt03525a&domain=pdf&date_stamp=2023-04-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03525a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052016

Open Access Article. Published on 08 2023. Downloaded on 07.11.2025 05:00:17.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

although the number of AIE-active metal complexes is smaller
than that of AIE-active organic dyes. These studies suggested
that the AIE mechanism of metal complexes may be attributed
to the restrictions of intramolecular rotation of the ligand and
the formation of intermolecular n-n interactions between
ligands in the neighboring metal complexes, which inhibit the
radiationless relaxation from the metal-to-ligand charge trans-
fer (MLCT), ligand-to-metal charge transfer (LMCT), ligand-to-
ligand charge transfer (LLCT) or intraligand charge transfer
(ILCT) excited state, resulting in the expression of phosphor-
escence or fluorescence emission in the aggregated state. In
particular, Cowley et al. have reported the synthesis and solid-
state photoluminescence properties of a series of aryl-substi-
tuted BIAN Zn(u) complexes.*®*” They demonstrated that the
emissions from these BIAN Zn complexes were quenched in
solution but they became emissive only in the aggregated
state. Moreover, it was discovered that these BIAN Zn com-
plexes exhibit solvatomorphism, that is, a change in the solid-
state photoluminescence upon inclusion of solvent molecules
in the crystal lattice. These interesting results inspired us to
conceive BIAN metal complexes with sterically bulky aryl
groups in order to gain further insight into substituent effects
on the photoluminescence properties both in solution and in
the solid state as well as the AIE characteristics.

Thus, in this work, we designed and developed Zn-2 and
Pd-2 as BIAN zinc(u) and palladium(u) complexes with TPE
units as more bulky aryl groups (Scheme 1) and their photo-
physical properties in solution and in the solid state have been
investigated. It was found that the emission from Zn-2 was
quenched in solution, but appeared as phosphorescence upon
photoexcitation at the ILCT band in the crystalline state as well
as in the aggregated state. On the other hand, Pd-2 was non-
emissive in the crystalline state and in the aggregated state as
well as in solution. Moreover, the dichloromethane (DCM)-
inclusion complexes of Zn-2 and Pd-2 were obtained and their
photophysical properties were investigated. Density functional
theory (DFT) calculations and single-crystal X-ray structural
analysis were performed to elucidate the effects of the mole-

Ph.__Ph O
Ph l . ' ZnCI2 (2.7 equiv.)
AcOH, reflux, 2 h
NH, (0]

— > 1PN N~TPE
l
cr c
1 (2.3 equiv.) Zn-2 (82 %)
K2C50, PdCI,(PhCN),
(4 equ:v) (1 .0 equiv.)
CHClH,0 CI2/H (o] CHzclz N ON-
2 2 TPE- N *TPE tah TPE~ ~TPE
3 (65 %) CI CI
Pd-2 (68 %)

Scheme 1 Synthesis of bis(imino)acenaphthene complexes bearing tet-
raphenylethene units Zn-2 and Pd-2.
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cular packing structure on the solid-state photophysical pro-
perties as well as the ILCT of Zn-2 and Pd-2. Herein we report
the AIE characteristics of BIAN metal complexes with TPE sub-
stituents as bulky aryl groups.

Results and discussion

Synthesis of the BIAN metal complexes Zn-2 and Pd-2 bearing
TPE units

Zinc complexes bearing a BIAN ligand are synthesized via
single-step condensation in the presence of zinc chloride. This
method is applicable for versatile starting materials, including
sterically demanding anilines.*® Tetraphenylethylene-substi-
tuted aniline 1 cleanly reacted with a 0.5 equivalent of ace-
naphthenequinone and excess zinc chloride upon refluxing in
acetic acid and gave the desired complex Zn-2. An analytically
pure Zn-2 was obtained in a high yield by simple filtration and
washing the precipitate with acetic acid and ether (Scheme 1).
The obtained complex Zn-2 is stable as a CH,Cl, solution
under air for at least one week.

Free BIAN ligand 3 was obtained by the demetallation of
Zn-2 using potassium oxalate as a chelating scavenger of zinc.
The obtained 3 can be used for further complexation without
any purification. 3 was well soluble in CH,Cl, and chloroform,
whereas ether, hexane, and methanol did not solubilize 3.

Direct synthesis of the free BIAN ligand 3 was also
attempted, but the second imine condensation did not
proceed, similarly to the other previous examples.*>*° In the
"H NMR spectrum of the crude product after refluxing ace-
naphthenequinone and excess aniline 1, a series of five signals
at 8.18, 8.16, 8.04, 7.82, and 7.50 ppm, which are assigned to
the asymmetric structure of the acenaphthene skeleton, were
observed. These signals typically indicate the formation of
monosubstituted imine (see Fig. S6, ESIT).

For comparison with the zinc complex Zn-2, a palladium
analogue Pd-2 was synthesized. A reaction of bis(benzonitrile)
palladium dichloride with free ligand 3 at room temperature
gave Pd-2 in a high yield (68%). This complex showed sparing
solubility in many polar solvents such as CH,Cl,, chloroform,
THF, and DMSO.

Single-crystal X-ray structural analysis of Zn-2-DCM and Pd-2-
DCM

A single crystal of Zn-2 suitable for X-ray structural analysis
was grown by layering hexane on the CH,Cl, solution. The
obtained brown plate crystal contained at least one CH,Cl,
solvate in the crystal packing (Fig. 1). However, we cannot
locate other solvates in the crystal cell because of the severe
disorder. The "H NMR spectrum showed that the crystal con-
tains 1.7 equivalent of CH,Cl, as a solvate. The chemical shifts
corresponding to Zn-2 do not change from the non-solvated
Zn-2 (see Fig. S37). Thus, this crystal with solvate would show
almost the same properties as unsolvated Zn-2 in solution.
Generally, in metal complexes bearing BIAN ligands, the
torsion angle between the acenaphthene skeleton and aryl

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 ORTEP diagram with 50% thermal ellipsoid (top) and crystal
packing diagram (bottom) of Zn-2-DCM.

groups on the nitrogen atom strongly depends on the bulki-
ness of aryl groups. In Zn-2-DCM the torsion angle of the C-C-
N-C bond was 55.0(4)°, which is a significantly low value com-
pared with other BIAN complexes ever reported. This result
indicated that the rotation of the TPE unit in solution is not
prohibited by the steric effect. The average distance of two Zn-
Cl bonds was 2.186(2) A, the smallest among the previously
reported zinc complexes (2.196-2.218 A).*” The Zn—Cl bond is
short probably because the TPE-containing diimine ligand
possesses a relatively low electron-donating ability. In the
crystal packing of Zn-2-DCM, there are no short n-n contacts of
less than 3.60 A between the aromatic rings in neighboring
molecules which indicates the absence of the n-n interactions
between the molecules. Photophysical properties derived by
the intermolecular interaction are thus not likely in a solid
state as discussed later.

A single crystal of Pd-2-DCM was grown from the CH,Cl,/
hexane solution in the same way as Zn-2-DCM. The crystal con-
tains at least one dichloromethane solvate and further analysis
was not possible because of the severe disorder of solvates
(Fig. 2). The crystal was so brittle in mineral oil that it can col-
lapse in a few minutes at room temperature, probably because
solvates are easily eliminated to mineral oil. Unlike tetrahedral
Zn-2-DCM, Pd-2-DCM showed a square planar structure as
most of the 4-coordinated palladium complexes. The torsion
angle between the acenaphthene ring and aryl groups was 66.0
(3)°, slightly larger than that of Zn-2-DCM because of the steric
effect of chlorides. Any n—= interaction between the TPE units
and the BIAN unit in neighboring molecules was observed in
the crystal packing of Pd-2-DCM.

Meanwhile, unfortunately, we could not obtain guest
solvent-free single crystals of Zn-2 and Pd-2 to make the X-ray
structural analysis possible.

This journal is © The Royal Society of Chemistry 2023

N
Fig. 2 ORTEP diagram with 50% thermal ellipsoid (top) and crystal
packing diagram (bottom) of Pd-2-DCM.

Photophysical properties of Zn-2 and Pd-2 in solution

The photoabsorption and photoluminescence spectra of the
free BIAN ligand 3 as well as Zn-2 and Pd-2 in DCM are shown
in Fig. 3, and their photophysical data are summarized in
Table 1. The free BIAN ligand 3, Zn-2, and Pd-2 show two
photoabsorption bands. A relatively narrow band (43bs—solution —
ca. 310 nm) with a high molar extinction coefficient (emax)
value (ca. 30 000-35 000 M~" cm™") in the range of 300 nm to

(a) 100000 (b) 1.0
80000} > 08
- 2
£ 60000} £ o6
O _
‘E c
< 40000} 3 04
S 38
£
20000 - Wo2
0 LT . 0 . ) . /
200 300 400 500 600 700 800 400 500 600 700 800 900
Wavelength / nm Wavelength / nm
Fig. 3 (a) Photoabsorption (107#-107 M) and (b) emission spectra (1.0

x 107™* M, 1% = 430 nm for 3 and 490 nm for Zn-2 and Pd-2) of 3, Zn-2
and Pd-2 in dichloromethane.

Table 1 Photophysical data of 3, Zn-2 and Pd-2 in dichloromethane

Complex jabs—solution mm (g, /M~ cm™) APL—solution
3 308 (33 800), 433 (5800) —

Zn-2 306 (35 500), 490 (8400) 580

Pd-2 321 (32 400), 480" (4000) —

“Too weak.
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350 nm is assigned to the m-n* transition originating from
both the TPE units and naphthalene units. The other broad
band (A2bs—selution = 433 nm for 3 and ca. 485 nm for Zn-2, and
Pd-2) with a relatively low &,q, value (ca. 4000-8000 M~ cm ™)
in the range of 400 nm to 600 nm is ascribable to the intrali-
gand charge transfer (ILCT) between the TPE units and the
BIAN unit, and the ILCT bands of Zn-2 and Pd-2 showed the
bathochromic shift by ca. 50 nm in comparison with that of 3,
which are also supported by the TD-DFT calculations as dis-
cussed later. Interestingly, the ILCT bands of 3 and Zn-2 are of
a clear shape with a relatively high e, value, compared to
that of Pd-2. On the other hand, for the corresponding photo-
luminescence spectra by photoexcitation (A = 490 nm) at the
ILCT band, Zn-2 exhibited an extremely feeble emission band
at around 580 nm (photoluminescence quantum yield
(Ppr-solution) Was not determinable) which is assignable to
phosphorescence as discussed later on, while 3 and Pd-2 were
non-emissive in the DCM solution. Moreover, it was found that
the photoluminescent spectrum of Zn-2 in the glassy matrix
(frozen solution) of 2-MeTHF at 77 K exhibits intense emis-
sion, compared to that in 2-MeTHF at 298 K, but 3 and Pd-2
were non-emissive even in the glassy matrix of 2-MeTHF at
77 K (Fig. S12, ESIt). The difference in photoabsorption and
photoluminescence properties between Zn-2 and Pd-2 may be
due to the different coordination geometry and heavy atom
effect. As shown in the insets of Fig. 3a and b, one can see that
in the DCM solution Zn-2 and Pd-2 are orange, and Zn-2
exhibited an extremely feeble red emission while Pd-2 is non-
emissive.

DFT study of Zn-2 and Pd-2 and the free ligand 3

DFT calculations were performed on the complex Zn-2 and Pd-
2 and free ligand 3 to assign the electron transitions in the
visible region. Geometry optimizations for Zn-2 and Pd-2 were
performed starting from the crystal structure, and the located
structures at their local minima of energy were almost the
same as the crystal structure. Single point energy calculations
for the optimized geometry of Zn-2 and Pd-2, calculated with
the larger basis sets (cc-pVIZ-pp for palladium and cc-pvVTZ
for the other atoms) demonstrated that the highest occupied
molecular orbitals (HOMO) are localized on the TPE units,
while the lowest unoccupied molecular orbitals (LUMO) are
localized on the BIAN unit (Fig. 4, Fig. S9 and S10, ESIf}).

In time-dependent density functional theory (TD-DFT) cal-
culations, the empirical dispersion correction was applied.
The consideration of dispersion correction has previously
reproduced the UV-vis spectra of a series of BIAN Ni
complexes.*""*?> For Zn-2, the S, — S; transition is solely attrib-
uted to the transition (oscillator strength (f) = 0.35) from the
HOMO to the LUMO (Table S2, ESIf), leading to the appear-
ance of a photoabsorption band on the ILCT from the TPE
units to the BIAN unit. Pd-2 showed a similar absorption band
for the S, — S; transition with a lower oscillator strength
(Table S3, ESL} (f) = 0.13). Besides the HOMO-LUMO tran-
sition, the transition from HOMO-2 to LUMO was slightly
contributed (13%). The smaller oscillator strength in Pd-2 than

5050 | Dalton Trans., 2023, 52, 5047-5055
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Fig. 4 HOMO (bottom) and LUMO (top) of Zn-2 derived from DFT cal-
culations at the cc-pVTZ level.

in Zn-2 nicely reproduces the weaker photoabsorption spec-
trum in solution.

However, the calculated energy gap for both S, — S; tran-
sitions (1.59 eV for Zn-2 and 1.50 eV for Pd-2) showed about 1
eV smaller than that estimated from the experimental photo-
absorption spectrum (2.53 eV for Zn-2 and 2.58 eV for Pd-2) in
DCM. Such differences between the theoretical and experi-
mental results are also observed in the other
complexes,’®?” which is probably attributed to the excitation
regarding multiple orbitals.

The starting point of geometry optimization for ligand 3
was located according to the crystal structure of Zn-2, and the
conformation of the local minimum was similar to that ligated
to zinc or palladium. The TD-DFT study of 3 showed a much
lower excitation energy for the S, — S; transition (2.10 eV),
which is attributed to the HOMO-LUMO transition (Table S4,
ESI}). The tendency of the calculated excitation energies of Zn-
2 and ligand 3 was in agreement with the photoabsorption
band in solution.

We also evaluated the S, — T, transition of Zn-2 and Pd-2
using TD-DFT because the emissions previously reported for
zinc-diimine complexes are proposed as phosphorescence. For
both complexes, transitions with a lower excitation energy
than the singlet state (1.32 eV for Zn-2 and 1.28 eV for Pd-2)
were found (Table S5, ESIf). The optimized geometries of
triplet species using the U-DFT method showed almost the
same energy as the excited state calculated by TD-DFT
(Table S7, ESIt). However, the origin of the emission from Zn-
2 cannot be revealed only by DFT studies because of the large
difference in the calculated excitation energy and experimental
emission band.

zinc

This journal is © The Royal Society of Chemistry 2023
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Photophysical properties of Zn-2, Pd-2 and Zn-2-DCM in the
solid state

The solid-state UV-Vis diffuse reflection—photoabsorption,
photoexcitation and photoluminescence spectra of the free
BIAN ligand 3 as well as Zn-2, Pd-2 and Zn-2-DCM are shown
in Fig. 5; unfortunately, we could not perform the spectral
measurements of Pd-2-DCM due to the easy release of DCM
from the inclusion crystal under the atmosphere at room
temperature. As with the case of the DCM solutions, Zn-2 and
Pd-2 in the solid state show two photoabsorption bands in the
ranges of 300 nm to 400 nm and 400 nm to 600 nm, originat-
ing from both the TPE units and naphthalene units and the
ILCT, respectively, while the photoabsorption bands in the
solid state were broadened in comparison with those in DCM
(Fig. 5a). The photoabsorption band of Zn-2-DCM (2bs =
519 nm) showed the bathochromic shift by ca. 40-50 nm in
comparison with those of 3 and Zn-2. For the corresponding
photoluminescence spectra, Zn-2 exhibited a clear photo-
luminescence band with the maximum (AF%°l4) at 580 nm by
A% at 510 nm in comparison with the case of Zn-2 in DCM,
while the photoluminescence band (AFL 4 = 660 nm by 1 at
520 nm) of Zn-2-DCM appeared in a longer wavelength region
by ca. 80 nm in comparison with that of Zn-2 (Table 2).
However, the ®p; ¢o1iqa values of Zn-2 and Zn-2-DCM in the
solid state were found to be less than 1.0%. Meanwhile, 3 and
Pd-2 in the solid state were non-emissive as with the case of
the DCM solution (Fig. 5b). The photoexcitation spectra of Zn-
2 and Zn-2-DCM appeared at a wavelength range similar to
their photoabsorption spectra, although the photoexcitation

—
Y
~
—
(=)
~

—3 3

— Zn-2 — Zn-2
i — Pd-2 — Pd-2
— Zn-2-DCM — Zn-2-DCM

Kubelka-Munk (a.u.)
Emission Intensity (a.u.)

500 600

800
Wavelength / nm

300 400 500 600 700 800 700 900

Wavelength / nm

Fig. 5 (a) Solid-state UV-vis diffuse reflection—absorption and (b) emis-
sion spectra (A°* = 490-520 nm) of 3, Zn-2, Pd-2, and Zn-2-DCM in the
solid state.

Table 2 Photophysical data of Zn-2, Zn-2-DCM, and Pd-2 in the solid
state

Complex Jabs—solid iy APL—solid jym
3 325, 464 —a
Zn-2 322, 475 584
Pd-2 318, 480°" —a
Zn-2-DCM 320, 519 660

“Not detectable.

This journal is © The Royal Society of Chemistry 2023
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maxima of Zn-2 and Zn-2-DCM showed the bathochromic shift
and the hypsochromic shift (Fig. S13, ESIt), respectively, by ca.
40-50 nm in comparison with their photoabsorption spectra.
Considering the absence of the intermolecular n-r interactions
affecting the solid-state photophysical properties which have
been revealed by the single-crystal X-ray structural analysis of
Zn-2-DCM, the significantly low ®py, ¢o1iq Values of Zn-2 and Zn-
2-DCM compared to those of aryl-substituted BIAN Zn
complexes**?” reported by Cowley et al. may be attributed to
the radiationless relaxation of the excitons by dynamic rotation
of the phenyl groups of the TPE units, even in the solid state
and in the aggregated state. In order to further reveal the
luminescence characteristics of the BIAN Zn complex with TPE
units, we have performed time-resolved photoluminescence
spectroscopy for Zn-2 and Zn-2-DCM. However, for both Zn-2
and Zn-2-DCM the precise evaluation of the emission lifetime
(TpLsolia) value was difficult due to their feeble solid-state
luminescence properties. Nevertheless, based on the fact
reported by Cowley et al. that emissions from aryl-substituted
BIAN Zn complexes were identified as being phosphorescent
with microsecond lifetimes at room temperature,’” the emis-
sions from Zn-2 and Zn-2-DCM in the solid state are also
assignable to phosphorescence. As shown in the insets of
Fig. 6, in the solid state, the colours are yellowish orange for
Zn-2 and orange for Pd-2 and Zn-2-DCM, and the luminescent
colours are orange for Zn-2 and red for Zn-2-DCM.

Aggregation-induced emission of Zn-2

The AIE characteristics of Zn-2 were investigated by photo-
absorption and photoluminescence spectral measurements of
the DCM/n-hexane mixture by the addition of n-hexane as a
poor solvent to the DCM solution of Zn-2 (Fig. 7a and b). In
the hexane fraction range below ca. 70 wt% (in the DCM/
n-hexane mixture over ca. 30 wt% DCM fraction), the photo-
absorption and photoluminescence spectra (A = 490 nm) of
Zn2 showed unnoticeable changes. In the range of 80-90 wt%
hexane fraction (in a 20-10 wt% DCM fraction), the photo-
absorption band showed a decrease in the absorbance, indicat-
ing the formation of aggregates. For the corresponding photo-
luminescence spectra, on the other hand, the photo-
luminescence band with the maximum (A% *°4) at 620 nm
appeared at 90 wt% hexane fraction (at 10 wt% DCM fraction),
which is assignable to phosphorescence as with the case of
Zn-2 in the solid state. Interestingly, the photoluminescence
band of Zn-2 in its aggregated state appeared at a longer wave-
length region by 36 nm than that in the solid state. The differ-
ences in the photophysical properties between the solid state

Pd-2

Zn-2-DCM

Fig. 6 Photographs of solids of 3, Zn-2, Pd-2, and Zn-2-DCM under (a)
room light and (b) UV-light (365 nm) irradiation.
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Fig. 7 (a) Photoabsorption and (b) emission spectra (A* = 490 nm), and
(c) photographs (under UV-light (365 nm) irradiation) of Zn-2 (1.0 x 10~*
M) in a dichloromethane/n-hexane mixture (10-100 wt% for the di-
chloromethane fraction).

and the aggregated state may be attributed to the differences
in the molecular arrangement and/or the intermolecular inter-
action between them. As shown in Fig. 7c, red luminescence
can be observed by the naked eye for the DCM/n-hexane
(10 wt%/90 wt%) solution under 365 nm irradiation. The
aggregate formation of Zn-2 in the 80-90 wt% hexane fraction
(in the 20-10 wt% DCM fraction) was confirmed by the
Tyndall scattering (Fig. 8a) and scanning electron microscopy
(SEM) measurements (Fig. 8b). Indeed, the SEM image dis-

100 wi% 90 wi% 80 wi% 70 wi% 60wi% 50 wi% 40 wi% 30 wi% 20 wi% 10 wi%

Fig. 8 (a) Tyndall scattering of Zn-2 (1.0 x 10~* M) in a dichloro-
methane/n-hexane mixture (10—-100 wt% for the dichloromethane frac-
tion) under irradiation with a laser beam. (b) SEM images of substances
obtained from the dichloromethane/n-hexane solution of Zn-2 with
20 wt% and 10 wt% dichloromethane fractions.
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played the formation of the micrometer-sized aggregates. On
the other hand, Pd-2 was non-emissive in the aggregated state
as with the case in the solid state.

Conclusions

In order to investigate the photophysical properties of bis
(imino)acenaphthene (BIAN) metal complexes with sterically
bulky aryl groups both in solution and in the solid, we
designed and developed BIAN Zn(u) and Pd(u) complexes (Zn-2
and Pd-2) with tetraphenylethene (TPE). Both in solution and
in the solid state Zn-2 and Pd-2 showed two photoabsorption
bands in the ranges of 300 nm to 350 nm and 450 nm to
600 nm, which are assigned to the n-n* transition originating
from both the TPE units and naphthalene units and the intra-
ligand charge transfer (ILCT) between the TPE units and the
BIAN unit, respectively. It was found that the emission from
Zn-2 was quenched in solution, but it appeared as phosphor-
escence upon photoexcitation at the ILCT band in the solid
state. Moreover, the aggregation-induced emission (AIE)
characteristics of Zn-2 were observed in the dichloromethane/
n-hexane (10 wt%/90 wt%) solution. However, the photo-
luminescence quantum yield (@pp.so1ia) Of Zn-2 in the solid
state was found to be less than 1.0%. On the other hand, Pd-2
was non-emissive in the solid state and in the aggregated state
as well as in solution. The single-crystal X-ray structural ana-
lysis of the dichloromethane-inclusion complexes of Zn-2 and
Pd-2 revealed the absence of the intermolecular n-n inter-
actions affecting their solid-state photophysical properties. It
was found that the low ®py g01iq Value of Zn-2 is mainly due to
the radiationless relaxation of the excitons by dynamic rotation
of the phenyl groups of the TPE units, even in the solid state
and in the aggregated state. Consequently, this work provides
new insight into substituent effects on the photoluminescence
properties of BIAN Zn(u) complexes.

Experimental
General

All the oxygen and moisture-sensitive materials were prepared
and handled under a dry nitrogen atmosphere using standard
Schlenk techniques. Aniline 1 was prepared according to the
literature.*® Dry toluene, dichloromethane, and ether for syn-
thesis (Kanto Chemical Co.) were purified by passing through
a degassed column and stored over molecular sieves 3A. Other
materials were used as received. Recycling gel permeation
chromatography (GPC) was performed using an RI-detector
(GL Science RI 704), a pump (GILSON 307 PUMP), and two
columns (Shodex GPC H-2001L). NMR spectra were recorded
on a Varian System 500 spectrometer. The obtained spectra are
referenced to the residual signals of the partially protonated
solvent ['H: § = 7.26 ppm (CHCl3)] or solvent [**C: § =
77.16 ppm (CDCl;)]. High-resolution mass spectrometry of
new compounds was performed on a JEOL JMS-T100GCV

This journal is © The Royal Society of Chemistry 2023
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(GC-FD) or a Thermo Fisher LTQ Orbitrap XL spectrometer
(ESI). The photoabsorption spectra of solutions were recorded
with a Shimadzu UV-3600 plus spectrophotometer. The photo-
absorption spectra of solids were recorded using a Shimadzu
UV-3600 plus spectrophotometer with a calibrated integrating
sphere system. Photoluminescence spectra were measured
with a Hitachi F-4500 spectrophotometer. The luminescence
quantum yields were determined using a Hamamatsu C9920-
01 equipped with a CCD using a calibrated integrating sphere
system. Time-resolved photoluminescence spectroscopy was
performed on a HORIBA DeltaFlex modular fluorescence life-
time system, using a Nano LED pulsed diode excitation source.
The solid morphology was observed using a Hitachi S-4800
scanning electron microscope (SEM) coupled with an energy-
dispersive X-ray (EDX) analyzer. The dispersed samples in solu-
tion were dried on a carbon-coated copper grid without any
metal coating.

Synthesis of the BIAN-zinc complex (Zn-2)

In a 25 mL test tube, a mixture of acenaphthenequinone
(122 mg, 0.67 mmol) and zinc chloride (245 mg, 1.8 mmol)
was suspended in acetic acid (6 mL) and heated to 60 °C.
Powdered aniline 1 (535 mg, 1.54 mmol) was added to the
yellow suspension in 30 portions over 10 minutes, and the
mixture was refluxed for 3 hours. The resulting reddish-brown
solution was cooled to room temperature, and the generated
dark red precipitate was filtered off. The precipitate was
sequentially washed with acetic acid (2 mL x 2) and ether
(3 mL x 3). The remaining solid was dissolved in dichloro-
methane (20 mL) and the solvent was removed under reduced
pressure. 461 mg (82%) of Zn-2 was obtained as a brown solid;
FD-HRMS: calcd for Cg,H,,N,ZnCl, 974.2173; found 974.2161.
"H NMR (CDCl;): 6 8.18 (2H, d, *Jux; = 8 Hz), 7.62 (2H, t, *Jyy =
8 Hz), 7.41 (2H, d, *Jyy = 8 Hz), 7.36 (4H, d, *Juy = 8 Hz),
7.24-7.06 (34H, brm). *C NMR (CDCly): § 162.2, 145.3, 145.1,
144.1, 143.2, 142.6, 142.4, 141.8, 140.3, 133.1, 132.5, 131.8,
131.5, 131.4, 131.2, 128.7, 128.1, 128.0, 127.9, 127.1, 127.0,
126.8, 126.2, 125.3, 121.5.

Synthesis of the free BIAN ligand 3

In a 100 mL round-bottomed flask, the zinc complex Zn-2
(362 mg, 0.37 mmol) was dissolved in dichloromethane
(10 mL). To the brown solution, an aqueous solution of potass-
ium oxalate (276 mg, 1.5 mmol in 5 mL) was added dropwise
and the mixture was vigorously stirred for 2 hours at room
temperature. The separated organic phase was washed three
times with 10 mL of water, dried under magnesium sulfate
and dried under reduced pressure. 203 mg (65%) of 3 was
obtained as an orange powder; ESI-MS: caled for CesHysN,
841.3583 [M + H]; found 841.3581. 'H NMR (CDCl3): 6 7.94
(2H, d, *Juu = 8 Hz), 7.45 (2H, t, Juu = 8 Hz), 7.22-7.05 (34H,
brm), 6.98 (2H, d, *Juyy = 8 Hz), 6.88 (4H, d, *Ju = 8 Hz). *C
NMR (CDCLy): § 161.0, 149.9, 144.3, 143.8, 143.7, 141.9, 141.1,
141.0, 140.3, 132.5, 131.7, 131.5, 131.5, 131.3, 129.1, 128.8,
127.8, 127.7, 126.7, 126.6, 126.5, 124.2, 118.0. Two aromatic
peaks would be overlapped with other peaks.
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Attempt at the direct synthesis of the BIAN ligand 3

In a 20 mL Schlenk flask, aniline 1 (236 mg, 0.68 mmol), ace-
naphthenequinone (54 mg, 0.30 mmol), and p-toluenesulfonic
acid monohydrate (10 mg) were suspended in toluene (6 mL)
and heated to 100 °C under nitrogen for 8 hours. The resulting
mixture was cooled to room temperature and poured into
ether (30 mL). The precipitated solid was collected and dried
under vacuum. 213 mg of yellowish solid was obtained. The
"H NMR spectrum indicated that the crude product contains
aniline 1 and monosubstituted imine in about a 1:1.7 molar
ratio.

Synthesis of the BIAN-palladium complex (Pd-2)

In a 20 mL Schlenk flask, ligand 3 (52 mg, 62 pmol) and bis
(benzonitrile)palladium dichloride (24 mg, 62 pmol) are
weighed and dissolved in 2 mL of dichloromethane. This solu-
tion was stirred at room temperature for three hours. The
resulting solution was filtered through Celite and the residue
was washed three times with 3 mL of dichloromethane under
nitrogen. The combined solution was dried under vacuum and
the resulting solid was washed three times with 2 mL of ether.
43 mg (68%) of Pd-2 was obtained as a brown solid; ESI-MS:
caled for Cg,H,,N,PdCl, 1016.1916; found 1016.1916. '"H NMR
(CDCLy): 6 8.16 (2H, d, *Juy = 10 Hz), 7.57 (2H, t, *Juy = 10 Hz),
7.25-7.05 (38H, brm), 6.89 (2H, d, *Jyy = 10 Hz). >*C NMR
(CDCl,): 6 174.3, 144.9, 143.6, 143.2, 143.0, 142.9, 142.7, 142.3,
140.0, 132.2, 131.6, 131.4, 131.2, 128.8, 128.0, 127.9, 127.8,
127.5, 126.9, 126.8, 126.7, 126.1, 124.9, 122.2. One aromatic
peak would be overlapped with other peaks.

Single-crystal X-ray structural analysis

Single crystals of Zn-2-DCM and Pd-2-DCM for the X-ray diffr-
action study, which contain CH,Cl, as a solvate, were obtained
from the CH,Cl,/hexane solution. X-ray diffraction measure-
ments were performed on a RIGAKU XtaLAB Synergy R/DW
diffractometer using Mo Ko radiation (1 = 0.71069 A; 204 =
55.6% crystal-to-detector distance = 59.5 mm). The structures
were resolved using direct methods with SHELXT 2018/2** and
refined using full-matrix least-squares techniques against F*
(SHELXL 2018/3).*> Non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were located using AFIX
instructions. The contribution of a part of the disordered
solvate was corrected using PLATON/SQUEEZE tools.*® The
crystallographic data have been deposited at the Cambridge
Crystallographic Data Centre (CCDC 2215754 for Zn-2-DCM,
CCDC 2215755 for Pd-2-DCM).

Details of the theoretical studies

All the DFT calculations were performed using the (U)TPSSh
functional”” on Gaussian 16 Rev. C01 program.’® Geometry
optimizations were performed starting from the X-ray crystal
structures (for Zn-2 and Pd-2) or structures modified from the
X-ray structure of Zn-2 (for 3), using Lanl2dz(Pd)/cc-pvDZ
(other atoms) basis sets. All local minima after geometry
optimizations were confirmed by their vibrational frequency
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calculations. Single point energy calculations and TD-DFT cal-
culations of the electronic transition energy for the optimized
geometries were performed using cc-pVIZ-PP(Pd)/cc-pVTZ
(other atoms) basis sets. Grimme’s D3 empirical dispersion
corrections® with Becke-Johnson damping functions®® were
included.
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