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Six new four-coordinate tetrahedral boron complexes, containing 9-borafluoren-9-yl and diphenylboron
cores attached to orthogonal fluorine- and chlorine-substituted 8-quinolinolato ligand chromophores,
have been synthesised, characterised, and applied as emitters in organic light-emitting diodes (OLEDs).
An extensive steady-state and time-resolved photophysical study, in solution and in the solid state,
resulted in the first-time report of delayed fluorescence (DF) in solid films of 8-quinolinolato boron com-
plexes. The DF intensity dependence on excitation dose suggests that this emission originates from
triplet—triplet annihilation (TTA). Density functional theory (DFT) and time-dependent density functional
theory (TDDFT) studies give insight into the ground and excited state geometries, electronic structures,
absorption energies, and singlet—triplet gaps in these new organoboron luminophores. Finally, given their
highly luminescent behaviour, organic light-emitting diode (OLED) devices were produced using the syn-
thesised organoboron compounds as emissive fluorescent dopants. The best OLED displays green-blue
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Introduction

Organic light-emitting diodes (OLEDs) are bound by the spin
statistics governing charge carrier recombination: only 25% of
the created excited states are singlets while the remaining 75%
are triplets. In order to overcome the limit imposed by the for-
mation of only 25% singlet excitons upon charge recombina-
tion, new strategies involving phosphorescent materials contain-
ing iridium and platinum complexes have been explored to
allow harvesting of the remaining 75% triplet excitons lost in
the electroluminescence process.” To this end, the heavy atom
effect facilitates intersystem crossing (ISC) via a spin-orbit coup-
ling mechanism, thus enabling the use of both singlet and
triplet states in emission at room temperature (~100% light
emission efficiency). However, relying on emitters containing
precious third-row transition-metals may create additional
environmental challenges and additional production costs, par-
ticularly in industries that may need these materials in large
quantities, such as in the display and illumination sectors.
Therefore, alternative triplet-harvesting emitters are highly
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desired, such as those containing Earth-abundant metal com-
plexes or those that are fully metal-free luminophores.”

Other strategies to harvest both triplet and singlet states
involve triplet up-conversion mechanisms to generate delayed
fluorescence (DF). This type of emission combines the contri-
bution of both singlet and triplet states. The contribution of
triplet states is characterised by the observation of fluo-
rescence lifetimes longer than those of prompt fluorescence
(PF), which purely originates from singlet states.’ There are
two main types of up-conversion mechanisms that can result
in DF: triplet-triplet annihilation (TTA) and thermally acti-
vated delayed fluorescence (TADF)." The first route, TTA,
occurs predominantly in materials with larger singlet-triplet
energy gaps, and is mostly observed in concentrated solutions
or at low temperatures when aggregates are formed upon
cooling. TTA is also often observed in the condensed phase,
where conditions to promote collisions between two triplet
species are favoured. In simple terms, these collisions result in
the formation of one singlet excited state (S;) and one singlet
ground state (S,) from two interacting triplet states (T;): T; +
Ty = S; + So. The resultant emissive S; state decays radiatively
to Sy, generating delayed fluorescence. The simple balance of
two T, states for one S, emissive state results in the maximum
theoretical internal quantum efficiency (IQE) of TTA-based
OLEDs of 25 + 1 x 75 = 62.5%.” An alternative to TTA is the
aforementioned TADF, which relies on a small S;-T; gap, AEsr,
usually <0.2 eV, enabling efficient triplet harvesting by reverse
intersystem crossing (RISC), and a maximum theoretical IQE
of TADF-based OLEDs of 100%.%? Such a small AEg; can be
achieved by reducing the spatial overlap between the HOMO
and LUMO, for example through a popular near-orthogonal
donor-acceptor molecular design.®

This geometrical requirement can be intrinsically accom-
plished in neutral tetra-coordinated boron complexes contain-
ing monoanionic chelating chromophores, which exhibit tetra-
hedral geometries about the boron atom. In fact, growing
interest in these types of complexes has been recently
observed, with numerous luminescent four-coordinate boron
complexes being reported in the literature.” This appeal is in
part due to the low cost and Earth-abundant nature of boron,
and to the potential applications of its derivatives, namely in
OLEDs. In general, these complexes have the LUMO mostly
localised on their n-conjugated chelating ligand, whereas the
HOMO may be localised either on the chelating ligand or on
the R ancillary ligands (e.g. aryls, alkyls, halides) depending on
their nature. Their luminescence properties arise from intra-
ligand n-n* electronic transitions and/or charge transfer tran-
sitions from the R groups to the orthogonal chelating chromo-
phore. The emission colours can be generally tuned through
structural variations on the chelating ligand or R groups, thus
affecting the HOMO-LUMO gaps. The observation of DF pro-
perties in four-coordinate boron complexes has been relatively
rare, including only a restricted number of highly fluorescent
complexes exhibiting TADF,*° and an even scarcer number of
fluorescent BODIPY derivatives displaying TTA-based delayed
fluorescence.'®
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The 8-quinolinolato scaffold has been previously
reported with boron complexes, with the very first examples
being presented back in 1961 by Douglass,'" later in 2000 by
S. Wang et al.,"* and in 2006 by Slugovc and co-workers.'® In
these studies, boron-bis(aryl) and boron-(phenyl)(alkyl) deriva-
tives (A and B, Chart 1) were synthesised and their photo- and
electroluminescence properties were studied, although DF was
not reported. Several authors have also synthesised 8-quinoli-
nolato boron compounds using various boron ancillary
ligands, namely by incorporating boron-bis(ethyl) (C),"* substi-
tuted -bis(phenyl) (D)** and -bis(thienyl)** (E), and 9,10-
dihydro-9,10-diboraanthracen-9,10-diyl (F)'® groups, and pre-
sented their detailed luminescence studies. However, these
experiments recorded in solution have only shown convention-
al fluorescence. Recently, in the course of this work, Urban,
Durka, and co-workers synthesised boron complexes contain-
ing the 8-quinolinolato chelating ligand coordinated to
the rigid and n-locked 9-borafluoren-9-yl synthon (G), also
describing their respective structural and photophysical pro-
perties.'” Similarly to the above-mentioned efforts, DF was not
reported.

In the present work, we report the synthesis and structural
characterisation of a group of new four-coordinate 9-borafluo-
ren-9-yl and diphenylboron fluorescent complexes containing
nearly perpendicular 5-fluoro-, 5-chloro- and 5,7-dichloro-8-
quinolinolato monoanionic chelating ligands (see Scheme 1)
with the aim of altering the electronic nature of the latter frag-
ment, thus evaluating the possibilities of emission colour
tuning in these types of compounds. A comparative study of
their solution and solid state photophysical features, carried
out in steady-state and time-resolved modes, demonstrates
delayed fluorescence in the solid state, for the first time in this
class of 8-quinolinolato boron complexes. Density functional
theory (DFT) and time-dependent density functional theory
(TDDFT) studies have been performed to obtain insight into
the photoluminescence properties of these new emitters,
including the effect of electronegative substituents. Finally, we
demonstrate the effective use of our organoboron lumino-
phores in OLEDs with green-blue and green
electroluminescence.

Results and discussion
Synthesis and characterisation of boron complexes

The target tetrahedral boron complexes were prepared by coor-
dinating different monoanionic 8-quinolinolato bidentate
ligand chromophores to the 9-borafluoren-9-yl and diphenyl-
boron moieties (Scheme 1).

The synthesis of 9-borafluoren-9-yl compounds 3a-d started
by the in situ deprotonation of the phenol OH protons of the
corresponding ligand precursors 1a-d, using a slight excess of
sodium hydride in THF at room temperature. Subsequently,
the respective suspension containing the deprotonated ligand
precursor was added to 9-chloro-9-borafluorene 2 *® in THF, at
a low temperature, giving rise to the desired products 3a-d.

This journal is © The Royal Society of Chemistry 2023
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Chart 1 Types of 8-quinolinolato boron complexes reported in the literature.
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Scheme 1 Syntheses of 9-borafluoren-9-yl (3a—3d) and diphenylboron (4a—4d) compounds bearing 8-quinolinolato ligands.

The BPh, analogue complexes 4a-d were synthesised as a
reference to study the effect of relative molecular rigidity on
their optical properties. Complexes 4b-d were prepared
through a modified procedure from that reported for 4a,'"'*"'”
which involved stirring a mixture of the desired 8-quinolinol
(i.e. 8-hydroxyquinoline) 1a-d and triphenylboron in toluene
under reflux for 16 h.

The 9-borafluoren-9-yl 3a-d and diphenylboron 4a-d com-
plexes were obtained in moderate to high yields and were

This journal is © The Royal Society of Chemistry 2023

characterised by NMR spectroscopy (‘H, °C, "°F and ''B) - see
Fig. $2-527 in the ESI (ESIf) - elemental analysis and single-
crystal X-ray diffraction.

The formation of boron compounds 3 and 4 is evidenced
by the absence of OH proton resonances in the corresponding
'"H NMR spectra, and the appearance of a ''B singlet in the
range of § 3.6-12.9 (three-coordinate "'B resonances occur at
chemical shifts higher than 25 ppm (ref. 19)). Concomitantly,
the proton and carbon resonances expected for the 8-quinoli-
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nolato and 1,1'-biphenyl-2,2"-diyl (complexes 3) or bis(phenyl)
(complexes 4) moieties were also observed.

Known complexes 3a and 4a'>"” were used as reference
compounds for their new halogenated derivatives presented in
this work.

X-Ray diffraction studies

The crystal structures of compounds 3b, 3¢, 3d, 4b and 4d
were determined by single-crystal X-ray diffraction. All com-
plexes crystallised in the monoclinic crystal system, in the P2,/
¢ (complexes 3b, 3c and 4b) and P2,/n (complexes 3d and 4d)
space groups. Although the structure of complex 3¢ was
refined to perfect convergence, the crystal diffracted poorly,
and is only presented in Fig. S1 in the ESI{ as proof of its
molecular connectivity, since its crystallographic information
file (CIF) presented A-level alerts. Crystallographic data for
these complexes and their most significant bond distances
and angles are listed in Table S1 in the ESI.{ Perspective views
of the corresponding molecular structures of the 9-borafluo-
ren-9-yl (3b and 3d) and bis(phenyl) (4b and 4d) complexes
can be seen in Fig. 1.

F1 ci

g
clake) C21I
&

p
c1aly

Fig.1 ORTEP-3 perspective views of the molecular structures of com-
plexes 3b, 3d, 4b and 4d. The calculated hydrogen atoms have been
omitted for clarity and the ellipsoids are drawn at the 50% probability
level.
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All complexes display boron centres with tetrahedral coordi-
nation geometries, containing a bidentate 8-quinolinolato
chelate and the 1,1-biphenyl-2,2"-diyl (complexes 3b, 3c,
Fig. S1 in the ESL} and 3d) or bis(phenyl) (4b and 4d) moi-
eties. Complexes 3b, 3¢, and 3d display nearly flat 9-borafluo-
ren-9-yl cores, with the angles between both phenyl rings
(defined by the planes containing C1 to C6 and C7 to C12
carbon atoms) being in the range of 3.28(11)-3.85(10)°. The
B1-N1 and B1-0O1 bond lengths are between 1.592(8)-1.631(3)
and 1.517(7)-1.557(8) A, respectively. The B1-N1, B1-O1, B1-
C1 and B1-C12 bonds are nearly identical in group 3
and group 4 complexes. The 8-quinolinolato and 1,1"-biphenyl-
2,2'-diyl chelate bite angles differ by ca. 2°. The 8-quinolinolato
and 9-borafluoren-9-yl cores are nearly orthogonal in all crys-
tallographically characterised complexes 3b, 3¢, and 3d, with
the angles between the respective bite planes being in the
range of 89.08(19)-89.36(10)°. This latter observation is a
consequence of the coordination rigidity imparted by
the effect of the 9-borafluoren-9-yl unit. By contrast, the C1-
B1-C12 bond angles in the bis(phenyl) complexes 4b and 4d
vary between 116.9(2) and 117.21(16)°, ca. 16° larger than
those of the 9-borafluoren-9-yl groups, and the phenyl
rings are not coplanar. Similar bond lengths and angles have
been reported also for other boron 8-quinolinolato
complexes.'”*°

The packing arrangements of complexes 3b and 3d are
particularly interesting and deserve further discussion.
Fig. 2 shows short contacts between adjacent molecules in the
crystal packing of complexes 3b (a) and 3d (b) and the
packing diagram of complex 3d along the c crystallographic
axis (c).

In the case of complex 3b (Fig. 2(a)), there are weak hydro-
gen bonds between the two molecules in the asymmetric unit.
One of the molecules acts as a donor in two interactions:
CH---O (2.707 A) and CH---n (2.532 A) and as an acceptor in
CH--7 (2.891 A) interaction with the other molecule. Other
intermolecular interactions between asymmetric units are
mainly CH---F (2.414, 2.590 A) and CH---n (2.820 A) hydrogen
bonds. Some examples of x---n stacking are also observed, but
the distances are above 3 A. When the fluorine atom in 3b is
replaced by a chlorine atom in 3¢, the nature of short contacts
changes and the latter is more loosely packed in the solid
state.

In complex 3d (Fig. 2(b)), the CH---O hydrogen bonds
(2.550 A) correspond to the shortest distances in its packing.
In the CH---Cl hydrogen bonds (2.713 A), the H---Cl distance is
slightly larger than the H.--F one in 3b (by ~0.3 A), and longer
than the difference in atomic radii between Cl and F (0.28 A).?*
Considering also that Cl is less electronegative than F, these
bonds should be weaker in 3d. Both Cl---x (3.348 A) and -1
stacking (3.384 A) interactions are expected to be weak, as
inter-atomic distances appear in the upper range considered
for interactions of this type.>”> The molecules of 3d are packed
in the crystal structure forming “X-motifs” defining square
prismatic channels with a width equal to 2.393 A running
along the c axis (Fig. 2(c)).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(a) CH---O and CH---xr hydrogen bonds inside the asymmetric unit of 3b; (b) CH-:-O, CH---Cl, Cl---xr, and =---n stacking between the adjacent

molecules of complex 3d; and (c) packing diagram of the crystal structure of complex 3d along the c crystallographic axis.

Molecular geometries and electronic structures

DFT calculations® were performed for the ground state of all
9-borafluoren-9-yl (3a-3d) and diphenylboron (4a-4d) complexes
using the ADF program,** considering spin-orbit coupling
(SOPERT),>® with solvent effects included (this is method A used
in previous studies; further details including other calculations
using B3LYP and BP86 functionals, and also with D3 dispersion
corrections, can be found in Computational studies). The geome-
tries of the first excited singlet and triplet states, and the elec-
tronic absorption spectra, were calculated using TDDFT.>

The rigidity of the 8-quinolinolato ligand introduces a chal-
lenge: is there a geometric change between the ground state
and the lowest excited singlet and triplet states? Previous
studies on related boron complexes”" ™ demonstrated that
2-iminopyrrolyl ligands undergo a significant distortion,
which allows the differentiation of these three electronic
states. In 3 and 4, the distances are always very close to each

This journal is © The Royal Society of Chemistry 2023

other and the 8-quinolinolato and 1,1’-biphenyl-2,2'-diyl
ligands are rigid, as also found in another study'’” of related
8-quinolinolato boron complexes including the unsubstituted
parents 3a and 4a.

There is a very good agreement between the calculated
bond distances and angles for the ground state geometry and
the experimental values from the X-ray data for 3a-3d and 4a-
4d. The calculated distances and the more relevant angles are
collected in Table S2 (ESIt) for complexes 3b and 3d, and in
Table S3 (ESIf) for 4d, for easy comparison with the experi-
mental values. The agreement is very good for 3b, 3d and 4b.
On the other hand, the optimised geometries of complexes
3a-3d and 4a-4d are shown in Fig. S30,f and the bond dis-
tances are almost the same when F and Cl atoms are intro-
duced. The bond distances in the series 4a-4d are very similar,
suggesting that the loss of rigidity, when going from the biden-
tate 1,1-biphenyl-2,2"-diyl ligand to the two monodentate
phenyl ligands, has no influence on them.

Dalton Trans., 2023, 52, 4933-4953 | 4937
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The optimised geometries of the first singlet and triplet
excited states were obtained from TDDFT calculations as men-
tioned above. The calculated ground (S,) and the first excited
singlet (S,) and triplet (T,) state geometries of 3d and 4d are
shown in Fig. 3.

The changes in bond lengths are very small (below 0.05 A),
with the shift increasing when going to the S; and then to the
T, states. It is also clear that there is an even smaller difference
between the distances in the 1,1"-biphenyl-2,2'-diyl complex 3d
than in the bis(phenyl) derivatives 4b. These trends are
observed for all the complexes 3a-d and 4a-d (see Fig. S31-
S33t for So, Sy, and Ty, respectively). A brief look at the more
relevant angles provides a similar picture. The chelation
angles O-B-N and C-B-C barely change when going from S, to
S; and T;: O-B-N shifts between 0.2° and 0.4° in 3, and
between 0.5° and 0.7° in 4, while the values for C-B-C angles
vary from 0.4 to 0.9° (3) and 0.5 to 1.0° (4). In conclusion,

Fig. 3 DFT calculated geometries of complexes 3d and 4d in the
ground state (Sp) and the first excited singlet (S;) and triplet (T,) states
(bond lengths in A).
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changes in the distances and angles between S, and S; or T;
are very small, in contrast to what was observed when 2-imino-
pyrrolyl ligands bound B in analogous complexes.”"”

Photophysical studies: absorption spectra and steady-state
fluorescence

The photophysical properties of the 9-borafluoren-9-yl com-
plexes 3a-d and their BPh, analogues 4a-d were studied in
THF solution and in solid state films, dispersed in a ZEONEX
480R cycloolefin polymer. The absorption and fluorescence
spectra, and a photograph of their photoluminescence in solu-
tion, are shown in Fig. 4 (and also in Fig. S28 in the ESIf).

The absorption and emission wavelength maxima (A%32* and
AX) of all complexes in THF solution are within the
393-413 nm and 516-560 nm ranges, respectively (Table 1).
The emission colours range from green-blue to green-yellow
with increasingly electronegative atom substituents. For
ZEONEX 480R films the absorption values are slightly red-
shifted (405-424 nm) while the emissions are blue-shifted
(502-540 nm). The &y, values of compounds 3a-d and 4a-d
lay in the range of 4.1-6.2 x 10 and 4.4-6.3 x 10° L mol™
cm™, respectively.

When increasing the polarity, from the nonpolar ZEONEX
480R film to the more polar THF, a bathochromic shift is
observed in the emission spectra of all complexes 3a-d and
4a-d, whereas a hypsochromic shift is noticed in the absorp-
tion spectra (see Fig. S28 in the ESIt). This behaviour is attrib-
uted to a higher energy stabilisation of the excited state in the
emission process, and of the ground state in the absorption
process, respectively, with increasing solvent polarity.
However, a hypsochromic shift in the absorption spectra is not
characteristic of typical n-n* electronic transitions in conven-
tional organic compounds.?” This result seems not to be deter-
mined by changing from the solid state (ZEONEX 480R) to
solution, as the same trend is also observed in the absorption
spectra of complexes 3a and 4a when using solvents of increas-
ing polarity (see Table S4 and Fig. S29, S30 in the ESIf). This
effect will be discussed in more detail at the end of the next
section.

The fluorescence quantum yields of complexes in THF solu-
tions lay within the range 0.03-0.29. Substitution at position 5
of the 8-quinolinolato ligands with highly electron-withdraw-
ing fluorine clearly leads to a sharp decrease in the fluo-
rescence quantum yields in 3b and 4b in relation to the unsub-
stituted complexes 3a and 4a and an increase in the non-radia-
tive rate constants in the former. Substitution with less electro-
negative chlorines at position 5 (3¢ and 4c¢) or positions 5 and
7 (3d and 4d) still leads to a lower photoluminescence
quantum yield, but to a less extent than in the F-decorated
molecules 3b and 4b. Neither F nor Cl (single- or double-) sub-
stitutions promote phosphorescence at room or low tempera-
ture emission, as clearly seen in the transient emission spectra
(see Fig. 6 below in the section Photophysical studies: time-
resolved luminescence).

This journal is © The Royal Society of Chemistry 2023
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in films (ZEONEX 480R, 1% wt), at 293 K. (c) Photoluminescence of the respective compounds in THF solution under 365 nm irradiation.
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Table 1 Summary of the photoluminescence characteristics of complexes 3a—3d and 4a—4d in THF solutions and ZEONEX 480R films, at room

temperature (r.t., ca. 293 K) and under a N, atmosphere

Solution (THF)

Solid state (ZEONEX 480R film)

max @ jmax ¢ 7%/ ke ke max @ Jmax ¢ ¢ ke® ke "
Compound R' R*> (nm) €max”  (nm) &c?  (ns) (ns™)  (ns™Y) (nm) (nm) &? (ns) (nsh)  (ns7Y
4a H H 393 5.6 517 0.31 28.1 0.011 0.02 407 502 0.39 28.2 0.014 0.02
3a H H 397 5.0 516 0.29 26.3 0.011 0.03 405 506 0.34 27.7 0.012 0.02
4b F H 412 4.4 554 0.03 6.1 0.005 0.16 423 539 0.06 10.7 0.006 0.09
3b F H 413 4.7 560 0.04 6.0 0.007 0.16 424 540 0.13 9.8 0.013 0.09
4c Cl H 409 4.9 539 0.28 13.0 0.022 0.06 422 527 0.25 23.2 0.011 0.03
3c Cl H 413 4.1 541 0.25 16.5 0.015 0.05 422 527 0.25 22.2 0.011 0.03
4ad Cl Cl 407 6.3 535 0.27 21.7 0.012 0.03 422 527 0.26 23.8 0.011 0.03
3d Cl Cl 411 6.2 535 0.19 16.3 0.012 0.05 422 525 0.21 20.1 0.010 0.04

“ Absorption wavelength maxima (421%). ® Molar extinction coefficients (emax), 10° L mol™ ecm
9 Fluorescence quantum yields (@;). ¢ Fluorescence lifetimes (). From single exponential decays. ¢ Radiative rate constants (k¢); k¢ = Pg/z.

of non-radiative rate constants (kn,).

TDDFT calculation of electronic transitions and excited state
energy

To obtain insight into the electronic properties of complexes
3a-d and 4a-d, TDDFT calculations, including spin-orbit
coupling and using THF as a solvent, were also performed to
determine the absorption spectra and the energies of the first
excited singlet and triplet states. The relevant frontier mole-
cular orbitals needed to analyse the spectra and their energies
are shown in Fig. 5 for 3¢, 3d, and 4d and in Fig. S34 (ESI{) for
the remaining complexes. The energies of HOMOs and
LUMOs determined by DFT (all methods used) for complexes
3a-d and 4a-d are given in Table S5 (ESIT).

The calculated values for the lower energy S, — S; absorp-
tions for all the complexes (Table 2) reproduce very well the
experimental values (Table 1). The largest difference is 17 nm for
3a and the smallest difference is 6 nm for 4d. The lower energy
absorption band of 3a (S, — S;, calculated at 380 nm) results
from two excitations from the HOMO and HOMO-1 to the
LUMO. While the LUMO is completely localised in the 8-quinoli-
nolato ligand, the HOMO is essentially located in the 1,1"-biphe-
nyl-2,2"-diyl ligand, and the HOMO-1 includes both the ligands.
This absorption involves both a charge transfer from the 1,1
biphenyl-2,2"-diyl to the 8-quinolinolato ligand and an intra-
ligand (IL, 8-quinolinolato) n-t* component. With the introduc-
tion of fluorine or chlorine in 3b or 3¢, the LUMO remains in the
8-quinolinolato moiety while the HOMO and the HOMO-1 are
delocalised over the two bidentate ligands with a small contri-
bution of F or Cl atoms. The nature of the S, — S, transition is
therefore similar to the one in 3a. In complex 3d, with two Cl sub-
stituents, the LUMO maintains the same localisation in the 8-qui-
nolinolato ligand, but both the HOMO and HOMO-1 are almost
completely localised in the 1,1-biphenyl-2,2"-diyl ligand.
Therefore, the HOMO — LUMO and HOMO-1 — LUMO tran-
sitions (Sy — S;) display a charge transfer character (both inter-
ligand, 1,1"-biphenyl-2,2"-diyl to 8-quinolinolate).

The calculated emission energies presented in Table 2
match very well the experimental data in Table 1. The energies

4940 | Dalton Trans., 2023, 52, 4933-4953
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Sum

of the T, state are also included in Table 2, together with the
fluorescence radiative rate constants defined as k; = 1/r, where
7 is the calculated lifetime of the S; state. The calculated
values of k¢ are comparable with the experimental rate con-
stants. The AEgr of complexes 3a-d and 4a-d is close to ~1 eV
and hence disqualifies TADF as a potential DF mechanism.®
As mentioned in the Introduction section, the AEg; observed
in typical TADF complexes is usually <0.2 eV,*” which is signifi-
cantly lower than the value calculated for our luminescent
systems. Indeed, to obtain a computational reference for this
statement, TDDFT calculations were performed using the
same methodology (see Computational in the
Experimental section) in boron related systems that were
reported to display TADF.** The energy differences between
the first singlet and triplet states in those systems are ca.
0.05 eV.?®

To examine the above-mentioned observed shifts of absorp-

studies

tion and emission maxima, namely the hypsochromic shift
between the nonpolar ZEONEX 480R film (e = 2.34 >°) and the
more polar THF, the absorption spectra were calculated either
in vacuum (nonpolar) or using a solvent model (THF, ¢ = 7.58
contained in ADF**) to simulate the solvation effects of a more
polar medium. As shown in Table S6 (ESI}), the calculated
lowest energy absorption values lay very close to the experi-
mental results. For instance, the experimental 4,5, in ZEONEX
480R is 407 while the calculated value is 402 nm for 4a, simi-
larly for 3a the values are 405 and 398 nm, respectively. The
calculated dipole moments of the S, structures 3 and 4 vary
from 5.79 D in 4c to 8.10 D in 3a (all the dipole moments are
collected in Table S6 in the ESIT). After the vertical excitation
to the singlet state and before geometrical reorganisation of
the molecule, ie. in the non-relaxed Franck-Condon excited
state S';, they all decrease (values between 4.30 D in 3b and
6.08 D in 4a), namely 5.05 D for 4c and 5.98 D for 3a. Since the
ground state is more polar than the excited state, it is energeti-
cally more stabilised than the excited state with increasing
polarity, therefore explaining the observed absorption shifts to
the blue region. The dipole moments increase after the reor-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Frontier molecular orbitals (HOMO-1, HOMO and LUMO) of complexes 3c, 3d, and 4d, with their energies in eV.

Table 2 Comparison between the DFT-calculated and experimental photophysical properties of boron complexes 3a—d and 4a—d: absorption
(A32) and emission maxima (A5;2¥) in THF, fluorescence radiative rate constants (k¢), and calculated triplet state energy (T,)

max s K
T,
Compound R' R* Exp. (nm) Calc. (nm) Exp. (nm) Calc. (eV, nm) Exp. (ns™?) Calc. (ns™) Calc. (eV, nm)
4a H H 393 383 517 2.49 (498) 0.011 0.067 1.54 (805)
3a H H 397 380 516 2.49 (498) 0.011 0.034 1.53 (810)
b F H 412 399 554 2.26 (549) 0.005 0.054 1.35 (918)
3b F H 413 401 560 2.27 (546) 0.007 0.043 1.35(918)
ac a H 409 400 539 2.31 (537) 0.022 0.070 1.41 (879)
3c Cl H 413 399 541 2.31 (537) 0.015 0.045 1.41 (879)
ad ca ca 407 401 535 2.31 (537) 0.012 0.061 1.43 (867)
3d ca ¢ oan 400 535 2.32 (534) 0.012 0.025 1.43 (867)

ganisation of the singlet excited state (relaxed excited state S,),
with values ranging from 5.96 D in 4c¢ to 8.81 D in 3a. This
increase in polarity is associated with the red shift of the emis-
sion energies detected when increasing the polarity of the
solvent owing to a higher energy stabilisation of S; in relation
to Sop.

This journal is © The Royal Society of Chemistry 2023

Photophysical studies: time-resolved luminescence

The selected transient emission spectra of complexes 3a,d and
4a,d in ZEONEX 480R films (1% wt), at room temperature and
at 77 K, are shown in Fig. 6. The remaining spectra of 3b,c and
4b,c are presented in the ESI (Fig. S357).
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Fig. 6 Transient emission spectra of complexes 3a,d and 4a,d in ZEONEX 480R films (1% wt) at room temperature (ca. 293 K) (left) and at 77 K
(right). All spectra were recorded with a start delay (SD) of 20.1 ps (blue curve) and with a delay increment of 20 ps (step), with the use of a large gate
width (GW = 10 ms). The delayed fluorescence intensity decreases at each delay increment.
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Table 3 Delayed fluorescence lifetimes (rpf) and emission maxima for boron complexes 3a—d and 4a-d, at r.t. and 77 K, in solid state ZEONEX

480R films

PF* DF’

r.t.f r.t.6 77 K
Compound R' R? jmax e () 7% (ns) Al (nm) o (1) Al (nm) 7o (1)
4a H H 502 28.2 499 29 491 58
3a H H 506 27.7 499 61 492 64
4b F H 539 10.7 542 n.ds 492 32
3b F H 540 9.8 542 17 529 55
4c Cl H 527 23.2 522 n.d.f 499 29
3c Cl H 527 22.2 523 13 520 42
ad Cl Cl 527 23.8 519 13 503 74
3d Cl Cl 525 20.1 525 14 507 42

“ PF: prompt fluorescence. ” DF: delayed fluorescence. ‘r.t. = ca. 293 K. ¢

Steady-state fluorescence. ° Data reproduced from Table 1. f 2 values

were estimated from the half-life of photoluminescence decay obtained from the transient emission spectra, thus divided by In(2). £ Not deter-

mined, due to a low signal-to-noise ratio.

Table 3 lists the corresponding delayed fluorescence emission
spectrum maxima along with the calculated delayed fluorescence
lifetimes (zpg), at room temperature and at 77 K. The minimal
delay time of ca. 20.1 ps used in the transient photoluminescence
experiments in Fig. 6 and S35t eliminates the possibility of
detecting prompt fluorescence (PF). Most of the complexes
display delayed fluorescence in ZEONEX 480R films, both at
room temperature and at 77 K. Delayed fluorescence quenching
caused by oxygen was not observed as air- and argon-equilibrated
samples display the same properties. This behaviour indicates
that the diffusion of O, in the polymer films is negligible and
thus it does not quench the triplet states involved in the delayed
emission process (at least under the conditions and in the time-
scales used in the experiments).

The observed emission intensities at 77 K are significantly
higher than those recorded at room temperature. This behav-
iour is in line with the expected reduction of non-radiative
decay of the triplet state T; contributing to the observed
delayed fluorescence. Further studies of delayed emission
intensity as a function of excitation dose clarify the nature of
this long-lived photoluminescence and are presented in Fig. 7
for complexes 3a,d and 4a,d. By fitting the experimental data
in the log-log scale, a linearised form of the general relation-
ship ¥ = aX” + ¢ is used, where Y = DF intensity, X = excitation
dose, and a, b, ¢ are constants.

In the fit presented in Fig. 7, ‘slope’ is interpreted as expo-
nent b in the equation above. For intramolecular processes,
such as TADF, b = 1, while for a process involving two excited
states, such as TTA, b = 2 is expected. A value of b =~ 2 is
observed for all four complexes studied: 3a,d and 4a,d, reflect-
ing a clear quadratic dependence of the delayed luminescence
intensity on the concentration of excited species, in accord-
ance with the bimolecular nature of the TTA process occurring
in these solid state samples.®”

Electroluminescence studies

A series of OLEDs were produced using complexes 3a, 4a, 3c,
4c, 3d, and 4d as the emissive dopants to study the effect of

This journal is © The Royal Society of Chemistry 2023

halogenation of the emitter on the electroluminescence pro-
perties of the device. The summarised characteristics of all
OLED devices are presented in Table 4 and Fig. 8.
Supplementary figures are provided in the ESI (Fig. S36-S387).
Device codes follow emitter names with the exception of 3a
opt. and 4a opt., which denote the optimised variants of
devices 3a and 4a.

At first, a study of the differences between linked and separ-
ated phenyl ligands in devices 3a and 4a was attempted with
the following general structure (Fig. S39 in the ESI{): ITO |
HAT-CN (10 nm) | TSBPA (40 nm) | mCP (2 nm) | mCP co 10%
emitter (20 nm) | PO-T2T (5 nm) | TPBi (40 nm) | LiF (0.8 nm)
| Al (100 nm). Here HAT-CN {dipyrazino|[2,3-f:2’,3"-h]quinoxa-
line-2,3,6,7,10,11-hexacarbonitrile} served as the hole injection
layer, while TSBPA {4,4'-(diphenylsilanediyl)bis(N,N-diphenyla-
niline)} served as the hole transport layer. A thin layer of mCP
{1,3-bis(carbazol-9-yl)benzene} served as an additional hole
transport layer and exciton blocking layer. mCP also served as
the host material in the emissive layer. PO-T2T {2,4,6-tris[3-
(diphenylphosphinyl)phenyl}-1,3,5-triazine} served as the hole
blocking layer, while TPBi {1,3,5-tris(1-phenyl-1H-benzimida-
zol-2-yl)benzene} served as the electron transport layer. LiF
was the electron injection layer and Al served as the cathode.
Devices 3a and 4a have demonstrated comparable properties
with the maximum external quantum efficiency (EQE) of
~2.5% and near identical electroluminescence spectra (Fig. 8
and Table 4). The maximum luminance of device 3a (3600 cd
m~?) was, however, larger than that of 4a (2600 cd m™?). We
have attempted to further optimise the structure of devices 3a/
4a by introducing an electron-transport layer PO-T2T into the
emissive layer, which resulted in devices 3a opt. and 4a opt.
(Fig. S40 in the ESI}). The OLED architecture of 3a/4a opt. is
similar to that of 3a/4a, but the emissive layer comprises a
blend of mCP and PO-T2T:*>*! ITO | HAT-CN (10 nm) | TSBPA
(40 nm) | mCP (2 nm) | mCP: PO-T2T (80:20) co 10% emitter
| PO-T2T (5 nm) | TPBi (40 nm) | LiF (0.8 nm) | Al (100 nm).
Devices 3a opt. and 4a opt. display enhanced electrolumines-
cence characteristics, which can be attributed to an improved

Dalton Trans., 2023, 52, 4933-4953 | 4943
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Fig. 7 Left: Dependence of DF intensity on the excitation dose for complexes 3a,d and 4a,d in ZEONEX 480R films at room temperature (ca. 293 K).
Right: log—log plot of DF intensity as a function of excitation dose. A start delay (SD) of 20 pus was used.
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Table 4 Characteristics of OLED devices based on complexes 3a, 4a, 3c, 4c, 3d, and 4d
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Device Emitter Von * (V) Lmax” (cd m™?) Amax € (nm) CEpax @ (cd A7) EQEmax ¢ (%) CIE 19317 (x; y)
3a 3a 6.5 3600 490 6.0 2.4 (0.21; 0.41)
4a 4a 6.5 2600 488 6.2 2.6 (0.19; 0.37)
3a opt. 3a 6.0 6300 489 8.0 3.3 (0.21; 0.41)
4a opt. 4a 6.5 3800 489 7.4 2.9 (0.21; 0.41)
3c 3c 5.0 3500 503 6.4 2.5 (0.27; 0.50)
4c 4c 8.0 2400 501 8.3 2.6 (0.27; 0.51)
3d 3d 5.0 2700 502 6.5 2.2 (0.27; 0.50)
4ad 4ad 6.0 2400 499 5.8 2.0 (0.27; 0.50)

“Turn-on voltage at 10 cd m~2 ? Maximum luminance. ° Electroluminescence spectrum maxima. ¢ Maximum current efficiency. ° Maximum exter-
nal quantum efficiency. ¥ Colour coordinates of the electroluminescence spectrum as defined in the International Commission on Illumination

colour space CIE 1931.
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Fig. 8 Characteristics of OLED devices: electroluminescence spectra (top); luminance vs. voltage (middle); external quantum efficiency (EQE) vs.

current density (bottom).

hole-electron balance within the emissive layer. The
maximum EQE was ca. 3% while the maximum luminance
reached 6300 cd m~> and 3800 cd m™?, respectively, for 3a opt.
and 4a opt.

To demonstrate the effect of halogenation of the 8-quinoli-
nolate ligand, a simpler structure of devices 3a/4a was used as
a basis for devices 3c/4c and 3d/4d. Addition of a single peri-
pheral chlorine atom results in a change of the electrolumines-
cence spectrum in devices 3c/4c, which remains similar in 3d/
4d despite the second chlorine atom added to the emitter.
Addition of one chlorine atom does not appear to affect the
OLED performance as devices 3c/4c display similar character-
istics to 3a/4a. OLEDs with two chlorines in the emitter mole-
cule (3d/4d) display lower EQE and luminance than devices 3a/
4a, leading to reduced fluorescence efficiency. In this case the
maximum EQE lowers to around 2.0-2.2%. While the respect-
ive 3x/4x OLEDs display near identical electroluminescence
spectra and similar EQE, it is evident that the 3x devices
present higher maximum Iuminance. Such behaviour is a
resultant of the overall higher current density in the 3 series,

This journal is © The Royal Society of Chemistry 2023

suggesting that emitter structures 3x have a lower negative
effect on the carrier mobility of the emissive layer (via lower
trapping) or a positive effect on charge injection.

All the presented OLED devices turn on at ca. 4 V, but only
reach a luminance of 10 cd m™2 at around 5-8 V. Overall, the
electroluminescence spectra of all devices are consistent with
those recorded in a solution or a ZEONEX 480R film, being
blue shifted and demonstrating a more resolved vibronic
progression.

Conclusions

In summary, a family of six new 9-borafluoren-9-yl and diphe-
nylboron complexes (3b-d and 4b-d, respectively) containing
halogen-substituted 8-quinolinolato N,0-bidentate ligands as
second chromophores has been synthesised and structurally
characterised. They display distorted tetrahedral geometries
about the boron atom. These complexes are fluorescent exhi-
biting emission colours between green-blue and green-yellow.
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Their photophysical study reveals film photoluminescence
quantum yields (&) in the range of 0.06 to 0.26 and lifetimes
(z¢) of 10 to 24 ns, with the lower values corresponding to the
more electronegative F-substituted complex 3b and the higher
ones to the Cl-disubstituted complex 3d. Nevertheless, these
values are smaller than those observed for the reference 8-qui-
nolinolate unsubstituted derivative 3a (0.39 and 28 ns).

The calculated absorption and emission energies repro-
duced very well the experimental energies. The nature of the S,
— S, transition ranged from 8-quinolinolato n-n* (intra-
ligand) to mixed n-n* 8-quinolinolato and inter-ligand charge
transfer in 3a and monosubstituted 3b,c. However, the tran-
sition in the Cl disubstituted 3d complex exhibited only an
inter-ligand charge transfer character between the orthogonal
ligands.

Time-resolved luminescence measurements show that com-
plexes 3a-d and 4a-d exhibit delayed fluorescence (DF) in
ZEONEX 480R films. The mechanism behind this lumine-
scence behaviour is demonstrated to be TTA rather than TADF,
as evidenced by laser fluence experiments. We also argue that
the calculated energy gap between S; and T; (AEgy) of ca.1 eV,
as calculated from DFT, is too large to consider TADF as the
possible reason for the observed delayed fluorescence.

Finally, we fabricated organic light-emitting diode (OLED)
devices displaying green-blue and green electroluminescence.
The best performing OLED using emitter 3a displays an exter-
nal quantum efficiency (EQE) of 3.3% and a maximum lumi-

nance (Lmax) of 6300 cd m™2.

Experimental section
General

All experiments dealing with air- and/or moisture-sensitive
materials were carried out under an inert atmosphere using a
dual vacuum/nitrogen line and standard Schlenk and glovebox
techniques.** Nitrogen gas was supplied by Air Liquide and
purified by passage through 4 A molecular sieves. Unless
otherwise stated, all reagents were purchased from commercial
suppliers (e.g. Acros, Aldrich, Fluka, and Alfa Aesar) and used
without further purification. All solvents to be used under an
inert atmosphere were thoroughly deoxygenated and de-
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hydrated before use. They were dried and purified by refluxing
over a suitable drying agent followed by distillation under
nitrogen. The following drying agents were used: sodium/ben-
zophenone (for toluene, THF and diethyl ether) and calcium
hydride (for n-hexane and dichloromethane). Solvents and
solutions were transferred using a positive pressure of nitrogen
through stainless steel cannulas and mixtures were filtered in
a similar way using modified cannulae that could be fitted
with glass fibre filter disks.

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance III 300 spectrometer at 300.130 MHz (*H),
75.468 MHz (**C), 96.2712 MHz (*'B), and 282.404 (*°F) or on a
Bruker Avance III 400 spectrometer at 400.130 MHz ('H),
100.613 MHz (°C), 128.3478 ("'B) and 376.498 (*°F).
Deuterated solvents were dried by storage over 4 A molecular
sieves and degassed by the freeze-pump-thaw method.
Spectra were referenced internally using the residual protio
solvent resonance (*H) and the solvent carbon resonance (**C)
relative to tetramethylsilane (6§ = 0), and referenced externally
using 15% BF;-OEt, (6 = 0) for 'B, and CFCl; (5 = 0) for '°F.
The labelling of protons and carbons of the 9-borafluoren-9-yl
and substituted 8-quinolinolato moieties of complexes 3 and 4
used in the NMR assignments of this work is given in Chart 2.
All chemical shifts are quoted in 6 (ppm) and coupling con-
stants are given in hertz. Multiplicities are abbreviated as
follows: singlet (s), doublet (d), doublet of doublets (dd),
triplet (t), triplet of doublets (td) and multiplet (m). For air-
and/or moisture-sensitive materials, samples were prepared in
J. Young NMR tubes in a glovebox. Elemental analyses were
obtained from the IST elemental analysis services.

The different 8-hydroxyquinolines (i.e. 8-quinolinols) were
used as received and the reagents 9-chloro-9-borafluorene (2)"®
and BPh; ** were prepared according to procedures reported in
the literature.

Materials used for device fabrication were purchased from
Sigma Aldrich {LiF (99.995%), TAPC}, Lesker {Al pellets
(99.9995%)} and LUMTEC (TPBi, mCP, HAT-CN).

Syntheses

Synthesis of (k*-N,0-8-quinolinolato)-9-borafluorene (3a).
Complex 3a has already been reported in the literature."”
However, we herein present an improved and more convenient

3a, 4a R'=H, R?=H
3b, 4b R'=F, R?=H
3¢, 4c R'=CI, R?=H
3d, 4d R'=CI, R?=CI

Chart 2 Labelling of protons and carbons of the 9-borafluoren-9-yl and substituted 8-quinolinolato moieties of complexes 3 and 4 used in the

NMR assignments of this work.
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synthetic procedure for complex 3a, presenting an increased
yield and avoiding the use of tert-butyl lithium and aqueous
work-up: a solution of 8-hydroxyquinoline 1a (0.26 g;
1.8 mmol), in tetrahydrofuran, was added to an excess of NaH
(0.06 g; 2.3 mmol) at room temperature. The resulting yellow
solution was stirred for 2 h and then filtered and added drop-
wise to a solution of 9-chloro-9-borafluorene 2 (0.35 g;
1.8 mmol) also in THF at a low temperature (—80 °C). The
yellow solution was stirred overnight, under nitrogen, and
allowed to slowly warm up to room temperature. On the next
day, the solution was filtered and all the volatiles were
removed under vacuum. A yellow powder of the desired
product 3a was obtained from an Et,O solution kept at —20 °C
for 2 h. Yield, 0.43 g (79%). 'H NMR (300 MHz, CD,Cl,): § 8.46
(d, *Jun = 9 Hz, 1H, Hy,), 7.98 (d, *Juu = 6 Hz, 1H, Ha,), 7.73 (t,
an = 6 Hz, 1H, Hg,), 7.68 (d, *Jun = 9 Hz, 2H, H, + Hy,), 7.52
(dd, *Jau = 9 Hz, YJun = 6 Hz, 1H, H,,), 7.36 (d, *Jgy = 6 Hz,
1H, Hs,), 7.29 (td, *Juu = 9 Hz, Juu = 3 Hz, 2H, H; + Hy), 7.18
(d, *Juw = 9 Hz, 1H, Hy,), 7.12-7.02 (m, 4H, H, + H, + H; +
Hs). C{"H} NMR (75 MHz, CD,Cl,): § 159.4 (Cg,), 149.1 (Cq +
Ce/), 139.5 (C3a), 139.3 (C1a), 133.2 (Cea), 130.1 (C4 + Cy), 129.2
(Cs + C31), 127.5 (Cs + Cs/), 123.6 (Cya), 119.8 (C, + Cyp), 112.9
(Csa), 109.7 (Csy), Cya + Coa + C; + Cy resonance absent. ''B
NMR (96.29 MHz, CD,Cl,): § 12.3. Anal. Caled (%) for
C,,H;,NOB-0.1Et,0: C, 81.71; H, 4.80; N, 4.45. Found: C,
81.68; H, 4.74; N, 4.58.

Synthesis of (°>-N,0-5-fluoro-8-quinolinolato)-9-borafluorene
(3b). A solution of 5-fluoro-8-hydroxyquinoline 1b (0.16 g;
1.0 mmol), in tetrahydrofuran, was added to an excess of NaH
(0.03 g; 1.5 mmol) at room temperature. The resulting yellow
suspension was stirred for 2 h and added dropwise to a solu-
tion of 9-chloro-9-borafluorene (0.20 g; 1.0 mmol) also in THF
at a low temperature (—80 °C). The yellow solution was stirred
overnight, under nitrogen, and allowed to slowly warm up to
room temperature. The solution was filtered and all the vola-
tiles were removed under vacuum. An orange powder of the
desired product 3b was obtained from an Et,O solution kept at
—20 °C overnight. Yield, 0.25 g (77%). "H NMR (400 MHz,
THF-dg) & 8.69 (d, *Jun = 8.4 Hz, 1H, H,,), 8.20 (d, *Jyy = 5.1
Hz, 1H, Hs,), 7.78-7.66 (m, 1H, H,,), 7.62 (d, *Juyy = 7.6 Hz,
2H, H; + Hy), 7.46 (dd, *Ju = 11.1 Hz, gy = 8.3 Hz, 1H, Hg,),
7.19 (t, *Jun = 7.2 Hz, 1H, H, + Hy), 7.06-6.87 (m, 5H, H,, + H;
+H, + Hy,' + Hy). *C{'H} NMR (101 MHz, THF-dg): § 150.36 (d,
3Jcr = 29.4 Hz, Cp), 142.17 (Cy,), 134.34 (Cya), 130.44 (C; + Cyr
or C, + Cy), 129.30 (C4 + Cy), 127.63 (C3 + C3 or C, + Cy),
124.99 (Cy,), 120.01 (Cs5 + Cs), 116.53 (d, *Jcp = 20.7 Hz, Cga),
107.95 (d, *Jcp = 6.4 Hz, Cyy) + Csa + Coy + Cga + Cg + Cg + Cy +
Cy resonance absent. ''B NMR (128 MHz, THF-dg) § 11.0. '°F
NMR (282 MHz, THF-dg) § —140.33. Anal. Caled (%) for
C,,H;3BFNO-0.25Et,0: C, 76.88; H, 4.55; N, 4.08. Found: C,
76.84; H, 4.10; N 4.13.

Synthesis of (k*-N,0-5-chloro-8-quinolinolato)-9-borafluor-
ene (3c). A solution of 5-chloro-8-hydroxyquinoline 1c¢ (0.21 g;
1.1 mmol), in tetrahydrofuran, was added to an excess of NaH
(0.04 g; 1.4 mmol) at room temperature. The resulting yellow
suspension was stirred for 1 h, then filtered and added drop-
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wise to a solution of 9-chloro-9-borafluorene 2 (0.24 g;
1.1 mmol) also in THF at a low temperature (—80 °C). The
yellow solution was stirred overnight, under nitrogen, and
allowed to slowly warm up to room temperature. On the next
day, the solution was filtered and all the volatiles were
removed under vacuum. Crystals suitable for X-ray diffraction
studies of the desired product 3¢ were obtained from an Et,O
solution kept at —20 °C, for 24 h. Yield, 0.29 g (76%). '"H NMR
(300 MHz, CD,CL,): § 8.67 (dd, *Jun = 9 Hz, Juu = 3 Hz, 1H,
Hi.), 8.06 (dd, *Jyy = 6 Hz, YJuu = 1.5 Hz, 1H, Ha,), 7.76 (d,
*Juu = 9 Hz, 1H, Hyg,), 7.68 (d, *Juy = 9 Hz, 2H, H, + H,), 7.64
(t, *Jun = 6 Hz, 1H, H,,), 7.33-7.25 (m, 2H, Hs + H;/), 7.12 (d,
3w = 9 Hz, 1H, Hyy), 7.09-7.02 (m, 4H, H; + Hy + H, + Hy).
BC{"H} NMR (75 MHz, CD,Cl,): § 158.6 (Cg,), 149.4 (C¢ + Cg),
140.3 (Csy), 136.9 (C1a), 132.4 (Cea), 129.9 (C4 + Cy), 129.2 (Cs +
Cs), 127.5 (C3 + Cz/), 127.1 (Cs,), 124.4 (Cyy), 119.2 (Cy + Cyp),
115.9 (Cga), 109.8 (C5,), Coa + C; + Cy resonance absent. ''B
NMR (96.29 MHz, CD,Cl,): § 12.9. Anal. Caled (%) for
C,,H,3NOBCL: C, 73.84; H, 3.84; N, 4.10. Found: C, 73.43; H,
3.95; N, 4.09.

Synthesis of (k*-N,0-5,7-dichloro-8-quinolinolato)-9-bora-
fluorene (3d). A solution of 5,7-dichloro-8-hydroxyquinoline 1d
(0.26 g; 1.2 mmol), in tetrahydrofuran, was added to an excess
of NaH (0.04 g; 1.6 mmol) at room temperature. The resulting
greenish black solution was stirred for 2 h, then filtered and
added dropwise to a solution of 9-chloro-9-borafluorene
(0.24 g; 1.2 mmol) also in THF at a low temperature (—80 °C).
The greenish yellow solution was stirred overnight, under
nitrogen, and allowed to slowly warm up to room temperature.
The solution was filtered and all the volatiles were removed
under vacuum. The solid was washed with Et,O to obtain the
desired product 3d as a bright greenish yellow solid. Crystals
suitable for X-ray diffraction studies of the desired product
were obtained from a mixture of THF and CH,Cl, solution at
room temperature for 24 h. Yield, 0.38 g (84%). 'H NMR
(400 MHz, THF-dg) § 8.67 (d, *Jun = 8.3 Hz, 1H, Hy,), 8.19 (d,
3w = 5.0 Hz, 1H, Hy,), 7.80 (s, 1H, Hey), 7.68 (t, Jiu = 6.9 Hz,
1H, H,,), 7.61 (d, *Jun = 7.6 Hz, 2H, H; + Hy), 7.22 (t, *Juy =
6.8 Hz, 2H, H, + Hy), 7.03-6.95 (m, 4H, H; + H, + H,' + Hy/).
BC{"H} NMR (101 MHz, THF-dg): § 155.62 (Cg,), 150.45 (Cg +
Ce¢), 142.61 (Cj,), 139.62 (Cua), 137.68 (Cia), 133.05 (Cga),
130.39 (C; + Cy or C, + Cy), 129.67 (C4 + Cy), 127.80 (C; + Cs.
or C, + Cy), 126.29 (Cs,), 125.09 (Caa), 120.09 (Cs + Cs), 116.95
(Coa), 114.36 (Csu), C; + Cy resonance absent. 'B NMR
(128 MHz, THF-dg) § 12.8. Anal. Calcd (%) for C,;H;,BCI,NO:
C, 67.07; H, 3.22; N, 3.72. Found: C, 66.84; H, 3.15; N, 3.60.

Synthesis of (k*-N,0-8-quinolinolato)diphenylboron (4a).
This synthesis was adapted from the literature.'” A solution of
8-hydroxyquinoline 1a (0.36 g; 2.4 mmol), in toluene, was
added dropwise to triphenylboron (0.59 g; 2.4 mmol) also in
toluene at room temperature. The resulting yellow solution
immediately turns into a suspension, which was stirred over-
night under nitrogen. On the next day, the suspension was fil-
tered and the resulting yellow solution was concentrated. A
yellow powder of the desired product 4a was obtained by
double layering a toluene solution with n-hexane, which was
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kept at —20 °C. The solution was filtered and the powder was
dried under vacuum. Yield, 0.52 g (69%). "H NMR (300 MHz,
CD,Cl,): 6 8.61 (d, *Juy = 6 Hz, 1H, Hy,), 8.47 (d, *Juu = 9 Hz,
1H, Hs,), 7.71-7.65 (m, 2H, H,, + He,), 7.43-7.38 (m, 4H,
B-Phy-Hopno), 729 (d, Jun = 9 Hz, 1H, Hs,), 7.23 (m, 6H,
B-Phy-H,era + B-Phy-Hpra), 7.16 (d, *Jun = 6 Hz, 1H, Hy,). *C
{"H} NMR (75 MHz, CD,Cl,): § 158.8 (Cg,), 139.9 (C1a), 139.4
(Csa)y 133.2 (Cga)y 132.2 (B-Phy-Coreno), 129.0 (B-Ph,-Cipgo), 127.9
(B-Phy-Cirer), 127.2 (B-Phy-Cparg), 123.4 (Cpa), 112.8 (Cs,), 109.7
(C7a), C4a + Con resonance absent. "'B NMR (96.29 MHz,
CD,Cl,): 6 11.9. Anal. Caled (%) for C,;H;,NOB-0.15Et,0: C,
81.00; H, 5.51; N, 4.37. Found: C, 80.53; H, 5.07; N, 4.41.

Synthesis of (k*>-N,0-5-fluoro-8-quinolinolato)-diphenylboron
(4b). A solution of 5-fluoro-8-hydroxyquinoline 1b (0.16 g;
1 mmol), in toluene, was added dropwise to triphenylboron
(0.24 g; 1 mmol) also in toluene at room temperature. The
resulting yellow solution was heated to reflux and stirred over-
night under nitrogen. On the next day, the solution was cooled
down and concentrated. A yellow powder of the desired
product 4b was obtained by double layering a toluene solution
with n-hexane, which was kept at —20 °C. The solution was fil-
tered and the powder was dried under vacuum. Yield, 0.16 g
(49%). "H NMR (300 MHz, CD,Cl,) 6 8.66 (d, *Ju1; = 5.1 Hz, 1H,
Hy.), 8.59 (d, *Juy = 8.4 Hz, 1H, H3,), 7.78-7.67 (m, 1H, H,y),
7.44-7.38 (m, 4H, B-Ph,-Homo), 7.36 (d, >y = 8.4 Hz, 1H,
Hea), 7-30-7.21 (m, 6H, B-Phy-H,ner, + B-Phy-H,er), 7.04 (dd,
*Jun = 8.4, Yur = 3.4 Hz, 1H, H,,). “C{'H} NMR (75 MHz,
CD,Cl,): & 155.54 (d, *Jcr = 2.8 Hz, Cg,), 148.07 (d, Yor = 243.3
Hz, Cs,), 141.13 (Cy,), 134.20 (Csu), 132.35 (B-Ph,-Conno),
128.10 (B-Phy-Cprerq), 127.52 (B-Phy-Cparg), 123.83 (d, YJor = 1.7
Hz, C,,), 119.58 (d, ¥cr = 23.7 Hz, Cy,), 116.46 (d, *Jop = 20.7
Hz, Cg,), 108.25 (d, YJcr = 6.5 Hz, C7,), Coa + B-Phy-Cyyy, reso-
nance absent. ''B NMR (96.29 MHz, CD,Cl,): § 12.5. °F NMR
(282 MHz, CD,Cl,) 6 -138.95. Anal. Caled (%) for
C,,H;sBFNO: C, 77.10; H, 4.62; N, 4.28. Found: C, 76.60; H,
4.63; N, 4.19.

Synthesis of (k*-N,0-5-chloro-8-quinolinolato)-diphenyl-
boron (4c). A solution of 5-chloro-8-hydroxyquinoline 1c
(0.18 g; 1 mmol), in toluene, was added dropwise to triphenyl-
boron (0.24 g; 1 mmol) also in toluene at room temperature.
The resulting yellow solution was heated to reflux and stirred
overnight under nitrogen. On the next day, the solution was
cooled down to room temperature, concentrated, filtered, and
stored at —20 °C, precipitating a microcrystalline yellow solid.
The supernatant solution was filtered off and the solid was
dried under vacuum, corresponding to the desired product 4c.
Yield, 0.19 g (56%). "H NMR (300 MHz, CD,Cl,): & 8.66 (m, 2H,
Hy, + Hasy), 7.77 (t, *Jun = 6.6 Hz, 1H, Hyy), 7.72 (d, *Jun = 8.1
Hz, 2H, He,), 7.47-7.35 (d, *Juu = 6.0 Hz, 4H, B-Phy-Houo),
7.32-7.19 (m, 6H, B-Phy-H,uers + B-Phy-Hpyra), 7.09 (d, *Jun =
8.4 Hz, 1H, H;,). "*C {"H} NMR (75 MHz, CD,Cl,): 158.5 (Cs,),
140.9 (Cy, OF Cs,), 138.6 (Csa), 137.2 (Cyq OF Csy), 132.7 (Cea),
132.4 (B-Phy-Corino)y 128.2 (B-Phy-Cprera)y 127.6 (B-Phy-Cpura),
124.4 (Cs,), 110.1 (Cy,), Caa + Co, resonance absent. ''B NMR
(96.29 MHz, CD,Cl,): § 12.3. Anal. Calcd (%) for C»;H;5BCINO:
C, 73.40; H, 4.40; N, 4.08. Found: C, 73.30; H, 4.32; N, 3.97.
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Synthesis of (k°-N,0-5,7-dichloro-8-quinolinolato)-diphenyl-
boron (4d). A solution of 5,7-dichloro-8-hydroxyquinoline 1d
(0.22 g; 1 mmol), in toluene, was added dropwise to triphenyl-
boron (0.24 g; 1 mmol) also in toluene at room temperature.
The resulting green solution was heated to reflux and stirred
overnight under nitrogen. On the next day, the solution was
cooled down to room temperature, concentrated, filtered, and
stored at —20 °C, precipitating a microcrystalline green solid.
The green solid was further recrystallised from dichloro-
methane at —20 °C. The supernatant solution was filtered off
and the solid was dried under vacuum, corresponding to the
desired compound 4d. Yield, 0.31 g (81%). "H NMR (300 MHz,
CD,CL,): 5 8.75-8.63 (m, 2H, Hy, + H,), 7.80 (t, *Juy = 5.1 Hz,
1H, H,,), 7.76 (s, 1H, Hgy,), 7.45-7.34 (d, *Juyy = 6.0 Hz, 4H,
B-Ph,-Hy0), 7.32-7.18 (m, 6H, B-Phy-H,yerq + B-Phy-Hyprg). 1°C
{'"H} NMR (75 MHz, CD,Cl,): 153.8 (Cg,), 142.1 (Cy,), 137.7
(Csa), 133.0 (Cga), 132.4 (B-Ph,-Corpo), 128.2 (B-Phy-Coerd),
127.8 (B-Phy-Cpara), 124.4 (Csa), Caa + Csa + Cra + Coq + B-Ph,-
Cipso Tesonances absent. ''B NMR (96.29 MHz, CD,CL,): § 12.7.
Anal. Caled (%) for C,;H,,BCL,NO-0.125CH,Cl,: C, 65.28; H,
3.70; N, 3.60. Found: C, 65.68; H, 3.56; N, 3.61.

X-ray diffraction

The crystallographic data for complexes 3b, 3c, 3d, 4b and 4d
were collected using graphite monochromated Mo-Ka radi-
ation (A = 0.71073 A) on a Bruker AXS-KAPPA APEX II diffract-
ometer equipped with an Oxford Cryosystem open-flow nitro-
gen cryostat, at 150 K, and the crystals were selected under an
inert atmosphere, stored in polyfluoroether oil and mounted
on a nylon loop. Cell parameters were retrieved using Bruker
SMART software and refined using Bruker SAINT on all
observed reflections. Absorption corrections were applied
using SADABS.** Structure solution and refinement were per-
formed using direct methods with the programs SIR2004,*
SIR2014*® and SHELXL,”” included in the package of pro-
grams WINGX-Version 2014.1.°® All hydrogen atoms were
inserted in idealised positions and allowed to refine riding on
the parent carbon atom, with a C-H distance of 0.95 A for aro-
matic H atoms and with Ujso(H) = 1.2Uq(C). Graphical presen-
tations were prepared with ORTEP-3.>® The CIF file corres-
ponding to the molecular structure of complex 3b presented
B-level alerts, which were associated with a high R, (0.248).
Due to the poor diffracting power/lack of unique data of the
crystal and the corresponding data, although all the atoms
were correctly assigned and no twinning or disorder was
found, one larger than expected residual density maximum of
1.08 e A~ was present close to the boron atom after the com-
pletion of the structure refinement. Nevertheless, it was poss-
ible to undoubtedly solve the molecular structure. Data were
deposited at CCDC under the deposition numbers 2234859 for
3b, 2234860 for 3c, 2234861 for 3d, 2234862 for 4b and
2234863 for 4d.T

Computational studies

Density functional theory calculations® were performed using
the Amsterdam density functional program package (ADF).>*

This journal is © The Royal Society of Chemistry 2023
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The geometries of complexes 3a-d and 4a-d were modelled
after those described above and optimised without symmetry
constraints. The Vosko-Wilk-Nusair*® local density approxi-
mation of the correlation energy and the PBEO functional,*>*!
including spin-orbit coupling (SOPERT),>® were used, consider-
ing solvent effects (THF) according to the COSMO model
implemented in ADF. Relativistic effects were described with
the ZORA approximation.*> Triple { Slater-type orbitals (STO)
were used to describe all the electrons of H, C, B, N, and F,
augmented with one set of polarization functions (ADF TZP
basis set). TDDFT?® calculations were performed to calculate
the absorption spectra, with the Tamm-Dancoff approxi-
mation (TDA),*> and to optimise the geometries of the first
excited singlet and triplet states. The absorption spectra were
also calculated in a vacuum to check the role of the polarity of
the medium. Unrestricted calculations were carried out for
open shell complexes. The calculated fluorescence rate con-
stants were the reciprocal of the excited singlet state lifetimes
obtained from the SOPERT calculations (SO). Dipole moments
were calculated for the ground state (S,), for the Franck-
Condon excited state after vertical excitation (S';) and before
molecular relaxation (the same geometry as S, with the elec-
tronic configuration of S,), and for S;.

In order to compare the results of this work with previous
ones, and to probe the role of dispersion, the calculations
described above (model A) were repeated with the Grimme D3
correction** (A/D3), with the B3LYP functional*® (method B),
and B3LYP with the Grimme D3 correction (B/D3) with the
same TZP basis set. Another older approach used Becke’s
exchange® and Perdew’s?” correlation functionals, with TZ2P
(two sets of polarization functions) and a small core in the gas-
phase (GP). The structure obtained under these conditions
was used to calculate the energy of the HOMO and LUMO in
THF and dichloromethane (DCM) with COSMO. The first
singlet excited states were obtained by promotion of one elec-
tron from the HOMO to the LUMO, with the same spin (T;) or
opposite spins (S;) followed by geometry optimisation. The
results from these calculations are presented in the ESLf
Geometries and orbitals were visualised with Chemcraft.*®

Spectroscopic measurements

Sample preparation, absorption and fluorescence measure-
ments. Solutions of all complexes with an optical density (OD)
of <0.2 at AT (c < 8 x 107> M) were used. For solid state
measurements, toluene solutions of each boron complex (con-
centration of 1 mg mL™") and ZEONEX® 480R (concentration
of 100 mg mL™"), in toluene, were blended at a ratio of 1% wt
and drop-cast (~80 pL) at 30 °C on quartz slides to form thin
films by evaporation of the solvent under a nitrogen
atmosphere.

Measurements in THF solution were carried out as follows:
absorption and fluorescence spectra of 3a-d and 4a-d solu-
tions were recorded with an Agilent Cary 8454 UV-visible
spectrophotometer and a SPEX Fluorolog 2121, respectively.
The fluorescence spectra were collected with right angle geo-
metry, in the S/R mode, and corrected for instrumental wave-
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length dependence. Fluorescence quantum yields were deter-
mined by comparison with the quantum yields of
a-tetrathiophene (for compounds 3a and 4a) and
a-pentathiophene (for compounds 3b-d and 4b-d) in dioxane
at 25 °C.

Absolute fluorescence quantum yield measurements. An
integrating sphere for absolute measurements was used to
obtain the values for the fluorescence emission quantum
yields (&) of the solid powdered samples, as recommended by
the EPA.* A NIST calibration lamp was used to compute the
correction curve of the integrating sphere/detection system.
This is of utmost importance, for the correct calculation of
fluorescence quantum yields, @;. A 355 nm continuous laser
(LaserTechnic, 10 mW) was used as the excitation source and
neutral density filters to attenuate the excitation light when-
ever needed. The signals were collected from the integrating
sphere by a collimating beam probe coupled to an optical fibre
(fused silica), in this way assuring the connection to the mono-
chromator entrance. A fixed monochromator (Andor,
Shamrock 163) coupled to an ICCD detector (Andor, i-Star 720)
with time gate capabilities was used in the accumulation
mode.

The absolute fluorescence quantum yields were obtained
using the following equation:

@r = (P. — (1 —A) x Py)/Ax L, with A= (1—Lc/Ly),

where A is the absorption coefficient, P, is the light emitted by
the sample after absorption of scattered excitation light, P. is
the light emitted by the sample after absorption of directly
incident laser light, L, is the total amount of excitation laser
light, Ly, is the scattered laser light, and L. is the excitation
light spectrum.

In many cases P, is negligible and the equation simply
becomes:

¢f :Pc/(La _Lc)

Using this methodology, the & determinations of several
standard fluorophores with a known quantum yield were per-
formed for validation purposes. The agreement found between
the @¢ obtained by the absolute method and the reported lit-
erature values validates the photoluminescence quantum
yields determined by this absolute approach.

Fluorescence lifetime determination. Fluorescence lifetimes
were determined using Easylife VIM equipment from OBB
Corporation (Birmingham, NJ, USA), with the lifetimes ranging
from 100 ps to 3 ps. This technique uses pulsed light sources
from different LEDs (365 nm in this case) and measures the
fluorescence intensity at different time delays after the exci-
tation pulse. In this case, 490 nm cut-off emission filters were
used both for solution and solid samples, depending on the
sample under study. The instrument response function was
measured using a Ludox scattering solution. FelixGX software
from OBB was used for fitting and analysis of the decay
dynamics, 1 to 4 exponentials and also a lifetime distribution

analysis,**”*° with the exponential series method (ESM).

Dalton Trans., 2023, 52, 4933-4953 | 4949


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00496a

Open Access Article. Published on 10 March 2023. Downloaded on 11/7/2023 4:38:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Transient emission spectroscopy (TRS EMI). The transient
emission measurements were performed using a pulsed N,
laser at 337 nm (OBB, model 4500 with ~1 m] per pulse) as an
excitation source. A fixed monochromator (Andor, Shemrock
163) coupled to an ICCD detector (Andor, i-Star 720) with time
gate capabilities and in the kinetics mode was used to detect
the fluorescence, delayed fluorescence or phosphorescence
signals. The available detection range was from 200 nm to
900 nm. The signals were collected using a collimating beam
probe coupled to an optical fibre (fused silica) assuring in this
way the connection to the monochromator entrance. The TRS
EMI spectra of all compounds under study (ZEONEX 480R
films) were acquired in short time or long time domains using
suitable gate widths and start delay, as provided by the ICCD
(with a minimum temporal gate of 2.2 ns and with 1024 x 128
pixels in all spectral ranges).

Further details of the use of this time resolved emission
spectroscopic technique can be found in ref. 49.

Organic light-emitting diodes

OLEDs were fabricated by vacuum thermal evaporation. Pre-
cleaned indium-tin-oxide (ITO) coated glass substrates with a
sheet resistance of 20 Q cm™? and an ITO thickness of 100 nm
were used. The substrates were first washed with acetone and
then sonicated in acetone and isopropanol for 15 min.
Substrates were dried with compressed air and transferred into
an ozone-plasma generator for 6 min at full power. Thermally
deposited layers were obtained using a Kurt J. Lesker Spectros
I deposition system at 10™° mbar base pressure. All
organic materials and aluminium were deposited at a rate
of 1 A s7'. The LiF layer was deposited at a rate of
0.1-0.2 A s™'. Characterisation of OLED devices was conducted
in a 10 inch integrating sphere (Labsphere) connected to a
Source Measure Unit (SMU, Keithley) and coupled with a
spectrometer USB4000 (Ocean Optics). Further details are
available in ref. 51. Devices of 4 x 2 mm pixel size were
fabricated.

Substances used for OLED fabrication have been purchased
from suppliers indicated in parentheses: HAT-CN - dipyrazino
[2,3-f:2',3-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (sub-
limed, LUMTEC); TSBPA - 4,4'-(diphenylsilanediyl)bis(N,N-
diphenylaniline) (LUMTEC); mCP - 1,3-bis(carbazol-9-yl)
benzene (sublimed, LUMTEC); PO-T2T - 2,4,6-tris[3-(diphenyl-
phosphinyl)phenyl]-1,3,5-triazine (LUMTEC); TPBi - 1,3,5-tris
(1-phenyl-1H-benzimidazol-2-yl)benzene, (sublimed,
LUMTEC); LiF (99.995%, Sigma Aldrich); Al pellets (99.9995%,
Lesker).

The fully thermally deposited OLEDs comprised a hole
injection layer: HAT-CN, a hole transport layer: TSBPA, an
exciton blocking layer: mCP, a hole blocking layer: PO-T2T and
an electron transport layer: TPBi, an electron injection layer:
LiF and a cathode: Al. The optimised emissive layer comprised
a blend host: mCP (hole transport component) and PO-T2T
(electron transport component) for a balanced carrier ratio
and improved charge injection into the emitter.
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