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Abstract

Various kinds of boron complexes have been utilized as functional luminescent materials.

However, only a limited number of emissive complexes containing the other group 13 elements

have been reported. Herein, we report synthesis and optical properties of luminescent /-

diketiminate complexes containing a series of the group 13 elements. The synthesized

complexes exhibited crystallization-induced emission properties. It was indicated that the

heavier group 13 elements accelerate intersystem crossing from singlet to triplet excited state

because of the strong heavy atom effect. Finally, we discovered that aluminum and gallium

complexes can work as a solid-state luminescent material with high emission efficiencies.



Introduction

The introduction of p-block elements to m-conjugated systems is one of the attractive research
topics in the fields of fundamental organoelement chemistry and material chemistry.!-®
Particularly, as boron possesses a vacant p orbital, which can afford to interact with n-
conjugated systems and with Lewis bases, various optical and electronic functions have been
achieved based on boron-containing m-conjugated compounds, such as efficient luminescence,’

aggregation-induced emission (AIE),!° phosphorescence,!!

thermally activated delayed
fluorescence,!? near-infrared emission,!? and n-type semiconductivity.!* Meanwhile, the other
group 13 elements have also been utilized for obtaining optoelectronic materials. For instance,
aluminum tris(8-quinolinolate), Alqs, has been extensively studied as light-emitting and
electron-transporting layers in organic light-emitting diodes.!> Moreover, it was reported that
the heavier congeners, gallium and indium complexes, were able to be applied for
electroluminescent materials. The device with gallium tris(8-quinolinolate) (Gaqs3) exhibited an
approximately 50% higher power efficiency than that with Alqs. This is possibly because Gaqs
possesses the higher charge-transporting property originating from the higher injection
efficiency of charge carriers into Gaqs.'® In addition, it was also demonstrated that some
dipyrrin-based indium complexes exhibited more efficient photoluminescence than the lighter

congeners!” and stimuli-responsive emission which is absent in the gallium one.!® These results

strongly encourage us to develop functional materials based on the heavier group 13 element



complexes. On the other hand, although five- and six-coordinated complexes of the heavier
group 13 elements have been systematically studied in some cases, the examples of four- or
less coordinated species are still limited, probably because heavy element complexes often form
structurally undefined species'® or decompose during optical measurements. '’

O aluminum, gallium and indium?!' complexes of -

Recently, we have synthesized boron,?
dialdiminate ligand and revealed that the type of group 13 elements affects the absorption and
emission wavelengths and the stimuli responsiveness toward Lewis bases.?! Although dynamic
ligand exchange reactions were also observed in the indium complex, it was implied that the
natural charge at a central element could be a practical measure for assessing the effects of
elements on the photophysical properties. Furthermore, we have reported that the four-
coordinated f-diketiminate (DKI) complexes of the group 13 elements exhibit fruitful optical

) 22-26
b

properties, such as AIE and crystallization-induced emission (CIE vapochromic

2728 and mechanochromic luminescence.?” Interestingly, boron complexes

luminescence,
showed slight luminochromism, whereas the gallium complex presented sensitive
luminochromic behavior toward volatile organic compounds.?” To understand these differences
in optical properties between the central elements, fundamental studies are needed regarding
the element type—property relationship with the same group elements. Importantly, DKI ligands

have enabled to access variety of four-coordinated complexes of the heavier group 13 elements

because their electronic and steric demands can be easily tuned by the substituents.*? Therefore,



we presumed that DKI ligands are an optimum scaffold for systematically studying the effects

of central elements on the photophysical properties of complexes. Here we provide a systematic

comparison on the optical properties of (DKI)MCl> (M = Al, Ga, In), where the n-conjugated

DKI ligand was decorated with the sterically hindered 2,6-diisopropylphenyl (Dipp) group at

the imine nitrogen atoms. We synthesized complexes and found that the aluminum and gallium

complexes showed clear emission enhancements by crystallization. In contrast, the indium

complex exhibited slight emission in both solution and crystal at room temperature. It was

proposed that the strong spin—orbit coupling derived from the heavy indium atom significantly

affects the photophysical process of the complex. We also observed that aluminum and gallium

complexes have intense solid-state luminescent ability.



Results and Discussion

In order to obtain stable and CIE-active complexes, the sterically hindered, n-conjugated
ligand LH bearing the Dipp group at the imine N atoms was employed. The synthesis of LH
was carried out using the reported procedure.®' Dichloroaluminum, dichlorogallium and
dichloroindium DKI complexes were prepared by the reaction of n-butyllithium and the ligand
followed by the treatment with the corresponding metal trichlorides (Scheme 1). All products
were readily soluble in toluene, benzene and chloroform, and sparingly soluble in hexane. NMR
spectroscopy revealed that their four-coordinated structures were maintained even in solution
at room temperature. These complexes were stable both in solution and solid states under inert

atmosphere but are air- and moisture-sensitive.

Scheme 1. Synthetic schemes of the dichlorometal DKI complexes
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To glean detailed information with respect to the coordination environment, the molecular

structures of the complexes were determined using single-crystal X-ray analysis. Suitable single

crystals for analysis were grown from hexane solutions by a slow evaporation method in a



glovebox. ORTEP of the complexes and their packing structures are shown in Figure 1, and

data collection parameters and refinement statistics are listed in Table S1. It should be noted

that the qualities of the refinement for the aluminum and gallium complexes were relatively

low probably due to their low stability toward X-ray irradiation. Therefore, the following

discussion is partly qualitative. All the complexes were crystallized in the monoclinic space

group P21/n and each asymmetric unit included one crystallographically independent molecule.



Figure 1. ORTEP of (a) LAICI, (b) LGaCl and (c) LInCl (ellipsoids drawn at 50% probability

level). All hydrogen atoms were omitted for clarity. Packing structures of (d) LAICI, (e) LGaCl

and (f) LInCl along the b axis. Cyan and red dotted lines represent short contacts within shown

molecules and with outside molecules, respectively. Intermolecular interactions between

nearest-neighbor molecules of (g) LAICIL, (h) LGaCl and (i) LInCl. Isopropyl groups are

shown in wireframe for clarity.



Selected bond distances and angles are listed in Table 1. These complexes show the typical
structural features of the class of group 13 metal DKI complexes:*? (i) The C3N» ring moiety is
nearly planar. (i1) The metal ions are displaced from the C3N; plane. (iii) The bond lengths of
C—C and C—N in the ring are within the narrow ranges 1.396(7)—1.410(2) and 1.338(2)—1.355(6)
A, indicating considerable multiple character in these bonds. (iv) Focusing on the C3N>M ring,
we found that the N—-M-N angle is invariably the narrowest (< 100°), whereas the other angles

are all ca. 115° and more with the widest angle (ca. 130°) observed at the C2 carbon.



Table 1. Selected bond distances (A) and angles (°) for the complexes

ci' cr
Dipp. M .Dipp
N|1 N2

Ph” T3 Ph
Bond
LAICI LGaCl LInCl

M-ClI 2.126(2) 2.148(1) 2.3233(5)

M-CI2 2.106(2) 2.179(1) 2.3527(5)

M-N1 1.869(4) 1.932(4) 2.122(1)

M-N2 1.867(4) 1.929(4) 2.119(1)

NI-CI 1.352(6) 1.343(6) 1.338(2)

N2-C3 1.355(6) 1.340(6) 1.338(2)

e 1.405(7) 1.408(6) 1.410(2)

C2-C3 1.396(7) 1.403(6) 1.408(2)

Angle

LAICI LGaCl LInCl

NI1-M-N2 100.4(2) 100.5(2) 94.58(5)
CI2-M—Cl1 112.06(9) 111.00(5) 112.76(2)
N1-M-Cl1 108.7(1) 106.1(1) 106.07(4)
N2-M-Cl1 108.7(1) 110.5(1) 113.15(4)
N1-M-CI2 113.3(1) 114.9(1) 114.90(4)
N2-M-CI2 113.0(1) 113.2(1) 113.89(4)
M-NI—CI 114.7(3) 115.13) 116.3(1)
M-N2-C3 114.3(3) 116.0(3) 116.4(1)
N1-C1-C2 122.0(4) 122.9(4) 124.0(1)
N2-C3-C2 122.3(4) 124.0(4) 125.8(1)

C1-C2-C3 129.6(4) 129.6(4) 131.8(1)




The crystal structures of all complexes are comparable with each other and composed of a
bundle-like structure along the b axis, which is parallel to the C; axis (Figure 1d—f and Figure
S1). Some CH—nt and CH-halogen interactions were found to form each strand in the bundle
(Figure 1g—i). In addition, only CH-H and CH—C contacts were observed between the strands.
It should be noted that less significant n—m interaction were observed in the crystal structures of
all complexes. Hence, it can be assumed that there is no notable overlapping of m orbitals of the
conjugation systems between the molecules. Therefore, intermolecular electronic interactions
should not remarkably affect the photophysical properties.

To investigate the photophysical properties of the synthesized complexes, UV—vis absorption
and photoluminescence spectra of the dilute solutions (2-methylpentane/toluene, 99/1, 1 x 10~
> M) were recorded (Figure 2). A slight bathochromic shift of the wavelengths at the absorption
maxima was observed as the metals became heavier, whereas the molar absorption coefficients
were hardly changed by altering the type of the central metals. This observation suggests that
the electronic nature of the So—S; transition is hardly affected by the alteration of the central
metal, because the transition should be originated mainly from the transition between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the
ligand moiety (Figure 2d).?> Importantly, all the complexes hardly showed photoluminescence
at room temperature in the dilute solutions. The absolute photoluminescence quantum yields

were below the detection limit (< 0.01). In contrast, the frozen glassy solutions (77 K) of the



complexes showed nearly quantitative luminescence (Table 2). In the photoluminescence

spectra of the complexes at 77 K, two distinct luminescence bands were observed at 428-459

and 516-531 nm. The results from the luminescence lifetime measurements revealed that the

peaks in the shorter wavelength region were assigned to fluorescence with nanoseconds-order

lifetimes, and the others in the longer wavelength region were attributed to phosphorescence

because of the significantly longer lifetime (Table 3).
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Figure 2. (a) Pictures of the solutions of the complexes at 77 K under UV irradiation. (b)
Normalized UV-vis absorption spectra at room temperature and (c) normalized
photoluminescence spectra at 77 K of LAICI, LGaCl and LInCl in the dilute solutions
(2MP/toluene = 99/1, 1 x 10~ M). (d) Kohn—Sham HOMO and LUMO distributions of the
complexes. Calculation: PBEIPBE/Lanl2DZ for In and def2-TZVP for the other

elements//CAM-B3LYP/Lanl2DZ for In and 6-31+G(d,p) for the other elements.



Table 2. Photophysical properties of the complexes in the dilute solutions

room temperature 77K
Aabs / M e/ 10*M ' em™ Abtuod Aphos / DM Py 5 Py
LAICI 386 3 428; 516 0.90; 0.10
LGaCl 390 3 441; 522 0.73; 0.27
LInCl 395 3 459; 531 0.34; 0.66

Table 3. Fluorescence and phosphorescence lifetimes of the complexes in solutions at 77 K

Fluorescence” Phosphorescence”
nf/lcns rzf/zcns nf/}cns <>/ ns? le/rlins Tz]/r;ns 13]/%£ns <>/ msd
LAICH o0 o, 29 o i 320
LGaCl 350 ogaon, 3.6 e 7
LInCl D sgoms stmme 2 \20% e2o% % D

“Excited at 375 nm with an LED laser and detected at Aro. Decay curves were fitted with the
multi-component exponential function: /(r) = X;[o; exp(—:/t)]. "Phosphorescence lifetimes were
estimated by using time-resolved photoluminescence decay measurements detected at Apnos.
“Fraction of component i: f; = oyt; / X; auti. “Average lifetime: <t> = [Z; oir?] / [Z auti] = Zi firi.

¢Not used.



LAICI and LGaCl showed the clear CIE effect, while the crystal of LInCl exhibited slight

emission at room temperature (Figure 3). The absolute photoluminescence quantum yields of

the crystals were determined to be 0.48 for LAICI, 0.57 for LGaCl, and below the detection

limit (< 0.01) for LInClL. The emission bands from these crystals were all assigned to

fluorescence because of their short lifetimes. These observations clearly indicate that the intra-

and intermolecular vibrational quenching of the excited states should be restricted at room

temperature by the crystallization except for the case of LInClL In contrast to the situation at

room temperature, the crystals of all complexes emitted intensely at 77 K (Figure 3 and Table

4). Dual emission properties of fluorescence and phosphorescence were observed from all the

complexes as well as the solutions.
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Figure 3. (a) Pictures of the crystals of LAICI, LGaCl and LInCl under natural light (left

panels) and UV irradiation at room temperature (middle panels) and 77 K (right panels).

Normalized photoluminescence spectra of the crystals of the complexes at (b) room temperature

and (c) 77 K.

Table 4. Photophysical properties of the complexes at crystalline states

r.t. 77K
j“Fluo; )'Phos /nm ¢Fluo; ¢Phos j“Fluo; )'Phos /nm ¢Fluo; ¢Phos
LAICI 442; — 0.48; — 422, 441; 535 0.94; 0.06
LGaCl 470; — 0.57; - 434; 523 0.63;0.19
LInCl 477, — <0.01; - 461; 523 0.37; 0.51




To gain further information about the differences in their optical properties, density
functional theory (DFT) and time-dependent (TD-) DFT calculations were performed with the
Gaussian 16 Rev. C* package. Geometry optimizations were performed with the CAM-B3LYP
functional and the Lanl2DZ basis and its pseudopotential for In and the 6-31+G(d,p) basis set
for the other elements. The electronic transition energies were calculated by TD-DFT with the
PBEO functional and the Ahlrichs def2-TZVP basis set** for all elements and the Lanl2DZ
pseudopotential for In.*® The experimental trend in So—S; absorption maxima (LAICI < LGaCl
< LInCl) were reproduced by the TD-DFT calculations (Table 5 and Figure 4a). The HOMO
level was destabilized from —6.449 eV for LAICI to —6.405 eV for LGaCl and to —6.385 eV for
LInCl, while the LUMO was changed from —2.161 eV to —2.131 and —2.121 eV, respectively
(Figure 4b). As the S; state of all compounds was attributed to HOMO-LUMO transition, the
red shift of their absorption band by increasing the atomic number could be ascribed to the
destabilization of the HOMO rather than the change of the LUMO energy. Natural population
analysis (NPA) revealed that the central element is less positively charged as the atomic number
increases (Al > Ga > In, Table 5). Here, we used the NPA charges calculated with and without
the pseudopotential to compare Ga and In and Al and Ga, respectively, because the comparison
between the results from the different basis sets is not valid. Consequently, the destabilization
of HOMO could be induced by the heavy atom and lead to the smaller energy of the HOMO-

LUMO transition. It should be noted that the structure of the DKI moiety would not



significantly depend on the type of the central element. Therefore, the intrinsic nature of the

central element would induce the differences in the photophysical properties.

Table 5. Results of (TD-)DFT calculations®

Aso-s1/nm Esosi/eV f Enomo/ eV Erumo/eV  NPA Charge
on the metal
atom

LAICI 330.1 3.7564 0363 —6.449 —2.161 1.72
LGaCl 332.9 3.7248 0395 —6.405 —2.131 1.57 (1.67)
LInCl 3333 3.7194 0.440 —6.385 —2.121 1.64

“PBE1PBE/def2-TZVP level of theory until otherwise noted. “The value in the parentheses was

obtained with the Lanl2DZ pseudopotential for Ga.
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Figure 4. (a) Calculated singlet and triplet excited states. Main orbital contributions and spin—

orbit coupling constants between S and T, states (&(Sm—Thn)) are shown in gray texts. Excitation

energies: Relative to the corresponding So ground states. H and L denote HOMO and LUMO.

(b) Calculated Kohn—Sham frontier orbital energies. (c) Plots of phosphorescence quantum

yields of the solutions (blue filled circles) and the crystals (green open triangles) versus spin—



orbit coupling constants *® of the central group 13 metals. Lines are eye guides. (d) Selected

Kohn—Sham molecular orbital distributions. Isovalue: 0.03.

It is worth noting that the phosphorescence quantum yields increase as the central elements
become heavier for both the solutions and the crystals at 77 K (Tables 2 and 4). In addition,
their phosphorescence lifetimes in solutions at 77 K are shortened as the atomic number
increases (Table 3). These facts clearly indicate that the heavy atom effect plays an important
role in their photophysical processes. Indeed, the phosphorescence quantum yields of the
solutions and crystals clearly show the positive correlation against the SOC constant for a single
atom (¢, Figure 4c),’® suggesting that the heavy atoms should lead to the acceleration of the
intersystem crossing from singlet excited states to triplet ones. On the other hand, the large
experimental values of the energy gap between S; and T, states (LAICI, 0.52 eV; LGaCl, 0.49
eV; LInCl, 0.51 eV) seem to imply there might be other ISC processes through the higher triplet
states. The series of TD-DFT calculations suggest that there are some accessible triplet states
near the S; state, within ca. 0.1 eV, for all complexes (Figure 4a). To assess probability of ISC
between S; and these triplet states, spin—orbit coupling (SOC) constants, &, were estimated with
the Tamm-—Dancoff approximation by using the Q-Chem 6.1 package.’” The quite large & values
for Si—T» and Si—Ts transitions (> 5 cm™) strongly support the fast ISC from the S; state to

these higher triplet states. The unphysically low SOC constant values for the In complex should



be due to the utilization of the effective core potential. The Kohn—Sham frontier orbital
distributions (Figure 4d) indicate that the S; state is attributable to the locally excited (LE) n—
n* state (HOMO-LUMO transition), while the T2 and Ty states consist of intraligand charge
transfer (CT) states. For the CT-type T and Ty states, the hole and electron are located mainly
on the Dipp units (electron donors) and the central N2C3 moiety (electron acceptor),
respectively. The twisted conformations between donor and acceptors (dihedral angle: ca. 50°
for CCCC, ca. 80° for CCNC) could result in the large SOC constant for S;—T> and Si1-T4
transitions because the large change in the orbital angular momentum could assist the electron-
spin flipping.*®

The T; state of all complexes are assigned to the LE state (HOMO-LUMO transition),
leading to the relatively small ¢ values between their T1—Sy transition.?® Therefore, the observed
average phosphorescence lifetimes at 77 K were over several tens of milliseconds (Table 3),
especially reached over 300 ms in the case of LAICI. Such potentially long-lived triplet states
could be used for further triplet-harvesting applications, although their phosphorescence has
been quenched nonradiatively at room temperature so far.

As the packing structures of the complexes were almost identical, the quenching of the
luminescence involving both fluorescence and phosphorescence of LInCl in the crystal at room
temperature might be originated from the intrinsic nature of the complex. One of the possible

reasons is the high activation energy for the intersystem crossing from S; to the triplet state.



The most singlet excitons of the indium complex could gain enough thermal energy required

for the spin flip at room temperature in the crystals. Consequently, the triplet excitons generated

at room temperature might be quenched through nonradiative paths from the T, states, leading

to its remarkably low @pr in the crystals compared to the other element molecules (Table 4).

Meanwhile the considerable amount of the excitons should be trapped in the S; state at 77 K,

resulting in the dual emission at this temperature (Figure 3c¢).



3. Conclusion

DKI complexes of the group 13 elements, (DKI)MCl> (M = Al, Ga, In), were synthesized by

using the m-conjugated DKI ligand with the sterically hindered diisopropylphenyl units at the

imine N atoms. The obtained complexes, LAICI and LGaCl, showed clear crystallization-

induced emission effect. In contrast, LInCl exhibits only weak emission in both solution and

crystal at room temperature. It was revealed that the strong spin—orbit coupling derived from

the heavy indium atom significantly affects the photophysical processes of the complex. Finally,

solid-state luminescent complexes were obtained especially from aluminum and gallium

complexes.
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