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Abstract: The high natural abundance of aluminium makes the respective fluorophores attractive for
various optical applications, but photoluminescence quantum vyields above 0.7 have yet not been
reported for solutions of aluminium complexes. In this contribution, a dinuclear aluminium(lll)
complex featuring enhanced photoluminescence properties is described. Its facile one-pot synthesis
originates from a readily available precursor and trimethyl aluminium. In solution, the complex
exhibits an unprecedented photoluminescence quantum yield near unity (Qabsoite 1.0 £ 0.1) and an
excited-state lifetime of 2.3 ns. In the solid state, J-aggregation and aggregation-caused quenching
are noticed, but still quantum vyields of 0.6 are observed. Embedding the complex in electrospun non-

woven fabrics yields a highly fluorescent fleece possessing a quantum yield of 0.9 £ 0.04.
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Introduction

Fluorescent compounds based on main-group elements are of fundamental interest as they
combine favorable electrochemical, photophysical, and spectroscopic properties with the high
natural abundance of many of the s- and p-block elements. Therefore, related fluorophores have
found numerous applications for example in bioimaging,* chemosensing'®? or as materials for
organic light-emitting diodes (OLEDs).® However, although many of the main-group elements are
more abundant than 2"¢ and 3™ row transition metals, the supply of certain elements such as boron,
germanium and bismuth is at (future) risk.* In light of the broad applications of boron-containing
dyes like BODIPY and derivatives,'>> developing fluorophores based on its non-endangered relative
aluminium is a highly desirable task. In the late 1980s, tris(8-hydroxyquinolinato)aluminium(lll) (Alg3)
has been used to develop the first thin-film light-emitting diode,® wherefore the development of
aluminium complexes with improved emission efficiencies received considerable interest. While at
the beginning, most of the studies were focused on modifications of the 8-hydroxyquinoline
ligands,*®’ the last decade has witnessed the development of new aluminium-containing
fluorophores with improved photophysical properties.® But although the photoluminescence
quantum vyields in solution have been significantly improved from 0.2 in case of Alq3° up to 0.7 for
an aluminium N,O»-dipyrrin complex,® they still cannot compete with dyes based on their lighter or
heavier group 13 relatives such as BODIPY or GADIPY!!, Figure 1, possessing quantum yields (in
toluene) of 0.8 and 0.9, respectively. In this contribution, we present a readily available dinuclear
aluminium(Ill) complex (1) possessing an unprecedented photoluminescence quantum yield up to 1.0
in solution, which adds information to the yet under-explored photochemistry of dinuclear

complexes.!?
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Figure 1. Selected structures of group 13 dyes.



Discussion

Complex 1 is conveniently prepared in good yield from the B-oxo-8-diimine (BODDI)H,*3 and
trimethylaluminium, Scheme 1. Its molecular structure in the solid state, Figure 2, resembles
structural features of previously reported B-oxo-6-diimine complexes of lutetium and
zinc:1331 the two tetrahedral coordinated aluminium centers are chelated in a k*-N:p2-O:k?-
N fashion and reside on opposite sites and 0.74 A above the almost planar BODDI backbone.
The AI-C, AI-N, and AI-O bond lengths are in good agreement with related dinuclear
complexes based on N,O-chelating ligands.'®> The packing of 1 in the crystal structure, Figures
S1-S3, is strongly affected by the steric demands of the 2,6-diisopropylphenyl (Dipp) groups,
which is why neither dispersive intermolecular interactions between the n-systems nor any
well-defined interaction with the backbone of the BODDI ligand is observed. The molecules
are packed into two-dimensional sheets and the molecules of two adjacent layers are facing
each other. A simple set of *H NMR resonances of the Dipp groups (two methyl doublets and
one methine septet), of the BODDI-backbone (one methyl and one methine singlet), and the
AI(CHs), groups (one singlet) indicates a Co,-symmetric or averaged structure in solution
(CeDe). A cyclic voltammetry experiment of 1 reveals one reversible reduction event
occurring at -2.21 V and one irreversible oxidation at 0.38 V with respect to Fc/Fc* in

acetonitrile, Figure S5.

1 features a pronounced fluorescence both in solution and in the solid state, Figure 3, which,
however, is significantly affected by the sample type. Hence, the photophysical properties of
1 in solution, as powder and as crystalline material were investigated by steady-state
absorption and fluorescence spectroscopy, Table 1. The absorption spectrum of a solution of
1 in toluene reveals one narrow peak at 455 nm. Quantum chemical investigations at the
B3LYP10/def2SVP/SMD(toluene) level of theory allowed to assign this absorption feature to
the excitation into the S; state of ™ nature (at 402 nm), Figure 4a. The sample gives rise to
a blue emission that is centered at 471 nm, i.e., associated with a Stokes shift of 747 cm?
and solutions of 1 in acetonitrile and dichloromethane give similar emission spectra with
emission maxima at 471 and 472 nm, respectively, Figure S6. The absence of pronounced
solvatochromism indicates that the polarity of the solvent does not appreciably perturb the
ground or excited state. This finding is in agreement with the computational data on the

emission of 1. Structural relaxation of the S; state from the Franck-Condon point yields the



equilibrium of the formerly excited nmn* state with merely slight structural rearrangement
(see Table S5 for details). In consequence, an emission wavelength of 435 nm is predicted by
quantum chemical calculations. Thus, the Stokes shift obtained at the time-dependent
density functional theory (TDDFT) level is in good agreement with the experimental
reference, i.e. 556 cm™ versus 747cm™, and reflects the marginal structural rearrangement
as well as the locally excited nature of the mt* transition and the absence of charge-transfer
contributions, Figure 4b (nm* equilibrium). In addition to this radiative relaxation pathway, a
non-radiative relaxation channel is in principle available but is inhibited by a barrier —
correlated to a stretch of the Al1-C17 bond — within the potential energy surface of the
(adiabatic) Si1 state. Relaxation along this coordinate leads to a pronounced stabilization of
the S, om* state and, in consequence, to an elongation of the Al1-C17 bond from 1.9677 A
within the Franck-Condon point (and 1.9699 A within the mm* equilibrium structure) to
2.1903 A in the equilibrium structure of the om* state. This stretch of the Al-CHs bond
results from the electronic configuration within the excited (om*) state, with the respective
o-orbital being only singly occupied — reducing its bond order to 0.5. Accordingly, the om*-So
gap is lowered to approximately 1eV (Figure 4b, om* equilibrium structure) by the
pronounced stabilization of the on* state and the destabilization of the electronic ground
state upon elongation of the Al1-C17 bond. The population of this excited state relaxation
pathway might impact the long-term photostability of 1 as it eventually leads to
photodegradation by cleavage of the Al1-C17 bond as a result of the reduced bond order in

the excited state.
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Scheme 1. Complex 1 is readily prepared from the protio-ligand (BODDI)Ha.



Figure 2. Molecular solid-state structure of 1 with hydrogen atoms omitted for clarity; symmetry operation for
atoms marked with ' : 1-x, +y, 3/2-z. Selected bond lengths [A] and angles [°] with calculated values
[B3LYP10/def2svp/SMD(toluene)] in square brackets: AI1-N1' 1.9004(12) [1.927], Al1-O1 1.8938(8) [1.913],
Al1-C17 1.9562(14) [1.968], Al1-C18 1.9575(16) [1.963], N1'-Al1-01 95.28(5) [92.5], C17-Al1-C18 118.58(7)
[122.3]. The computed structure is shown in Figure S4.

In contrast to the behavior in solution, the powder and the crystalline samples give rise to
broad absorption bands with maxima at 438 nm and 457 nm, respectively, and show a green
emission although with differing emission spectra. The crystalline material features a single
peak with an emission maximum at 528 nm (Stokes shift of 2942 cm) while in case of the
powder, a maximum at 515 nm (Stokes shift of 3414 cm™) is accompanied by two smaller
peaks at 556 and 615 nm. Such pronounced Stokes shifts clearly point to the formation of
aggregates in the solid, which lead, in consequence, to the emerging of low-lying
intermolecular charge-transfer states.!® This agrees well with the observed solid-state
structure of 1, which features characteristics of J-aggregates.!” Aiming to obtain further
insight, the quantum yield, as well as the fluorescence lifetime, have been investigated in

toluene solution and in the solid state.
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Figure 3. Normalized a) absorption and b) emission spectra of complex 1 as a single-crystal (red), powder
sample (blue), and in toluene solution (1.40 uM, black).



A value near unity (Qabsolute 1.0 * 0.1; Orelative,perylene 1.08 = 0.09) was observed for the
guantum yield of a toluene solution of 1 by absolute and relative measurements, which is, to
the best of our knowledge, reported here for the first time.'® The high quantum yield is well
reflected by the strong dipole-allowed nature of both the Si1éSp as well as the S1->So
transitions associated with the initial absorption process as well as to emission as obtained
by TDDFT. Furthermore, from the experimental findings, photodegradation via the om*-
channel, see Figure 4b, seems to be unlikely. The excited state has an intrinsic lifetime (to) of

2.3 ns, Figure S7, and a radiative decay rate kr of 4.4 x 108 s,

Table 1. Selected experimental and computational photophysical properties of 1; see Sl for experimental
details.

Amax (nm) Aem (nm) Dabsolute T (ns)
1 (toluene) 455 471 1.0+0.1 2.3

1 (TDDFT) 402 435 - -

1 (powder) 438 515 0.5+0.02 -

1 (crystal) 457 528 0.6 +0.07 1.8-2.5
1 (fleece) 327 and 387 490 0.9+0.04 22-23

In the solid state quantum vyields of 0.5 for the powder and 0.6 for the crystalline sample
have been obtained. In a control experiment, mixtures of 1 and barium sulfate in various
ratios were thoroughly ground and investigated (see S| for details), and extrapolation to
infinite dilution gave a quantum vyield of 0.5. The reduced emission quantum vyield in the
solid samples can be related to aggregation-caused quenching (ACQ)*° due to a reduced
degree of intramolecular rotation particularly about the C-CHs bonds of the BODDI
backbone. The crystals of 1 feature a distribution of excited state lifetime in the range of 1.8
to 2.5 ns, Figure S8, which has been established by means of fluorescence-lifetime imaging

(FLIM)?9 and is in good agreement with the lifetime in solution.
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Figure 4. a) Experimental (in black, dashed) and simulated (in black, solid) UV-vis absorption spectrum of 1 in
toluene; prominent electronic transitions are indicated. b) Energy levels of the singlet ground state (So) as well
as of the excited states Si (mm*, strongly dipole-allowed) and S: (om*, dipole-forbidden) within their fully
optimized equilibrium structures. Charge density differences (CDDs) indicate the electronic nature of Si (rmt*)
and S» (om*). Emission occurs from the nm* state. A radiation-less decay channel associated to
photodegradation, i.e., cleavage of the Al1-C17 bond (see inset), might be accessible upon thermal activation
and population of a ont* state.

Electrospun luminescent nanofibers are of high value and have been used in a variety of
photonic and optoelectronic applications.?! Hence, 1 was embedded in elastic nonwoven
polymer fabrics by electrospinning of a tetrahydrofuran solution of 1 and polystyrene (1.8
and 16.2 wt %). The resulting flexible highly-fluorescent yellow-green fleece is easy to handle
and cut, and can be stored in air for weeks without noticeable signs of decomposition.
Fluorescence lifetime (FLIM) and scanning electron microscopy (SEM) images evidence the
formation of beaded nanofibers with a smooth surface, Figure 5. Please note that bead
formation has been reported before and was attributed to various parameters.?? As spinning
of a control sample containing only polystyrene gave a colorless fabric showing significantly
reduced bead formation, Figures S10a and S11, we assume that the addition of 1 lowers the
surface tension of the solution, and, hence, the increased bead formation. The fibers feature
two absorption maxima at 327 and 387 nm, Figure S13, and upon excitation at 410 nm the
material possesses an intense blue fluorescence (Aem = 490 nm) with a quantum yield of 0.9 +
0.04. Notably, interaction of 1 with the polystyrene matrix most likely causes the observed
differing photophysical properties with respect to the solid state or solution samples. Finally,
the excited state lifetime was again obtained by FLIM experiments, and although slight

deviations between strains and beads could be recognized, the mean value of 2.3 ns is

reminiscent of those data obtained for the crystal or a toluene solution of 1.



Figure 5. a) Photograph, b) SEM, and c) FLIM micrographs of a nonwoven polystyrene fabric containing 1.

Conclusions

In summary, we have discovered the novel dinuclear main-group metal complex 1 that is
readily available and possesses strong fluorescence. Toluene solutions of 1 exhibit a near-
unity quantum vyield (@absolute 1.0 * 0.1), which is unprecedented for aluminium(lll)
compounds, and caused by the strong dipole-allowed nature of both the absorption and the
emission process. In the solid state, J-aggregation and aggregation-caused quenching give
rise to lower but still high photoluminescence quantum yields of up to 0.6. If the complex is
embedded in electrospun non-woven fabrics, a highly fluorescent fleece with a quantum
yield of 0.9 £ 0.04 is obtained. We are currently investigating routes towards other homo-
and heterodinuclear complexes based on the B-oxo-6-diimine ligand including those of B(lll),
Ga(lll), and In(lll), aiming to adopt and improve the photophysical properties relevant for
different optical applications. Furthermore, experiments to modify the ligand system with

respect to the backbone and the terminal substituents are under way as well.
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