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Abstract

A detailed experimental characterization and theoretical evaluation of optical as well
as other relevant physicochemical properties of a series of 9,10-dihydro-9,10-
diboraanthracene bis(8-oxyquinolinates) and a few other related systems is reported. The
obtained compounds exhibit green luminescence with quantum yields of emission up to 63%
in CH,Cl,. Single crystal X-ray diffraction studies indicate that 9,10-dihydro-9,10-
diboraanthracene complexes exist either as bent conformers (stabilized by a weak
intramolecular CH...O interaction bringing two 8-oxyquinolinato ligands closer to each other)
or symmetrical ones (bearing both ligands related by the centre of symmetry and separated
one from the other). Theoretical calculations revealed that the LUMO levels are lower for the
bent conformers than for the symmetrical ones. This suggests that the luminescent properties
of the studied compounds are affected by their specific structural properties. The obtained
compounds were used as emitters for the construction of organic light emitting diodes
(OLEDs). The highest luminance of ca. 2,000 cd'm > was recorded for the device containing
only 2.0 wt% of 1,6-difluoro-9,10-dihydro-9,10-diboraanthracene core in the poly(N-
vinylcarbazole/2-#-butylphenyl-5-biphenyl-1,3,4-oxadiazole =~ (PVK:PBD) matrix. = The
fabricated OLEDs exhibit current efficiency in the range from 0.5 to 1.1 cd-A™".
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Introduction

Metal complexes with 8-oxyquinolinato ligands (Q), including boron-based systems,
have been widely investigated for their potential applications in organic light emitting diodes
(OLEDs)." ! These studies originated from a discovery of potent luminescent properties of an
aluminium complex AlQs.'*!? Subsequently, boron compounds turned out to be more

resistant to hydrolysis'* and more efficient emitters'>'

than their Al counterparts. However,
recent advances in the chemistry of Al derivatives showed that their stability and light-
emitting properties can be greatly improved.'” ' Various modifications of borinic systems
changed their emission colour within a wide range while sustaining high quantum yields of
emission (®).*%**%° To the best of our knowledge, the highest ® value for a discrete borinic
Q complex was 39%>* whereas it was doubled (® = 80%) for one of the organoboron
polymers. 12

Currently, the 9,10-dihydro-9,10-diboraanthracene (DBA) derivatives have attracted
significant attention due to their applications in organic synthesis and catalysis.”’ >* They

were also employed in materials chemistry for the construction of n-type semiconductors®=*

35-38 . o . 34-44
which exhibit photoluminescence. Heteronuclear

and light-emitting polymers
analogues of DBA, namely dibenzosilaborins, dibenzoazaborins, dibenzophosphaborins and
dibenzochalcogenaborins (oxa, thia, selena), were also studied extensively for their
applications in analytical chemistry (fluoride and cyanide ion sensors) and as strong light
emitters.”> " In addition, Jikle and co-workers developed synthesis and revealed crystal
structure of diboradiferrocene derivatives.”!

4,52-54 s
: we present in this

As a part of our interest in organoboron luminescent materials,
contribution UV-Vis, structural, physicochemical and theoretical studies of selected
halogenated DBA derivatives with 8-oxyquinolinato ligands, 1-7, and a few related systems 8-
10 (Scheme 1). Based on the structure-properties relationships, we discuss the impact of the
molecular conformation on the luminescence properties of the studied compounds. Finally,
the selected DBA derivatives were investigated for their applications in organic light emitting
diodes (OLEDs). They were used as light-emitting guest molecules in a polymeric composite
host material poly(N-vinylcarbazole)/2-¢-butylphenyl-5-biphenyl-1,3,4-oxadiazole
(PVK:PBD).
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Scheme 1. Structures of the studied boron complexes.

Results and Discussion
Synthesis

The synthesis of complexes 1-4 was reported in our recent paper.” The synthesis of
novel DBA derivatives 5-7 followed the same protocol. Compounds 8 and 9 were obtained by
complexation of their respective precursors whose syntheses were reported previously.56’57 In
the case of 10, benzo[h]quinolin-10-ol was used as a complexing agent instead of 8-
hydroxyquinolines. In addition, we have demonstrated that the synthesis of 2 can also be
accomplished using a solvent-free mechanochemical approach®’ by simply grinding the
DBA precursor and HQ with mortar and pestle. This was evidenced by the comparison of IR
spectra of samples obtained using either the mechanochemical or the standard “wet” method
(Figure S1 in the Supporting Information). All studied complexes melt at high temperatures
(340—460 °C) which makes them suitable for preparation of thin layers by thermal

evaporation techniques.

Crystal structure analysis
The X-ray crystal structures were determined for 1, 2 (two crystallographic forms —

2a, 2b), 3, 5 and 8. Details for all studied compounds including molecular graphs (Figure S6)

3
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and packing diagrams (Figure S7) are provided in the Supporting Information. The analyses
of complexes bearing two Q ligands revealed that molecules can adopt either symmetrical or
bent conformation. In the symmetrical conformation, the DBA core is essentially planar
(structures 2b and 8), whereas this is not the case for the bent one where an intramolecular
C—H...O interaction (dc._o = 3.052(2)+3.357(2) A, dy_o = 2.180+2.515 A) between two Q
moieties occurs (1, 2a, 3 and 5). This is especially noticeable for compound 2, where fast
crystallization (ca. 5 hours) from CHCI; solution leads to the formation of symmetrical
conformer 2b, whereas the slow evaporation of acetone solution (ca. 1 week) results in the
bent form 2a (Figure 1). In addition, the Q ligand, which plays a donor role in the C—H...O
interaction, is significantly shifted toward the second Q moiety. It is also worth noting that the
crystals 2b built up by symmetrical conformers incorporate solvent molecules during
crystallization, whereas the molecules of bent conformer 2a form a more compact, solvent-
free structure. We have also noticed that the crystals of 2b gradually lose their crystallinity,

which may be attributed to solvent evaporation and plausible rearrangement to 2a.
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Figure 1. Labelling of atoms (only symmetrically non-equivalent heteroatoms) and estimation
of atomic thermal motion as ADPs (50% probability level) together with views along two
boron atoms showing two conformers of 2. The intramolecular C—H...O contact in 2b is
shown as dashed red line. Solvent molecules (2b) and hydrogen atoms (except H(13) in 2b)
are omitted for clarity.

In order to establish the relative stabilities of molecular conformers of 1, 2 and 4, we
have performed quantum-chemical computations at the RB3LYP/6-31+g(d,p) level of theory.

The starting geometries were taken directly from crystal structures (after normalizing the C—H

4

Page 4 of 20



Page 5 of 20

Journal of Materials Chemistry C

bond distances to standard neutron values). We have traced how the energy of the molecule
changes with the conformation going from symmetrical to bent by performing a constrained
optimisation energy scan along the CH...O bond. This was complemented by analysis of the
molecular charge density distributions within Bader’s QTAIM theory® with the AIMall®
suite of programs (all data are provided in the Supporting Information). According to the
calculations, the bent conformer is slightly more stable (up to 5 kJ-mol™ for 1) than the
symmetrical one (Figure S8). This can be rationalized by the formation of an intramolecular
CH...O hydrogen bond. However, based on the Espinosa-Lecomte approximation®®* the
stabilization provided by this interaction (ca. 27-37 kJ'mol”, Table $10-S11) should be
higher. Apparently, it is compensated by other energetically unfavourable conformational
effects whose nature is not clear yet. Moreover, there is essentially no barrier for the
interconversion between two forms. Obviously, an important question is whether the

structural flexibility of DBA Q derivatives may be reflected in their optical properties.

Electrochemical properties

The HOMO and LUMO energy values for 1-6, and 8 were determined based on
corresponding peak potentials (oxidation — E, and reduction — E.4) obtained using cyclic
voltammetry (CV) measurements and reported with respect to the FeCp,/FeCp," redox couple
(Table 3). All compounds showed Q-ligand-centered oxidation at high positive potentials and
reduction at low potentials (selected CV curves are shown in Figure 2, whereas data for all
compounds are depicted in Figure S2). The electrochemical band gaps AE are not strongly
influenced by substitution of DBA core (3.12—3.33 eV). A slightly smaller AE was found for
8, whereas a wider band gap was determined for 6 bearing a 5-CI-Q ligand. Lack of a cathodic
peak corresponding to oxidation peaks at positive potentials, and lack of an anodic peak
corresponding to reduction at negative potentials (especially for 1, 2, 4, 6 and 8) suggest that
the studied redox processes are probably followed by chemical reactions. The use of faster
scan rates did not improve their reversibility. The chemical reactions affect the shift of
oxidation peaks towards less positive values, and the reduction peak towards less negative
potentials. Therefore, the approximate potentials (not real formal potentials) were used to

calculate the HOMO-LUMO energy levels.
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Figure 2. Cyclic voltammograms of 1, 2 and 8 (1 mM) in BuyNPF¢/CH,Cl,, v= 0.1 Vs

Table 3. Energies of HOMO and LUMO levels (eV) for 1-6 and 8 based on CV
measurements.

Enomo Erumo AE

1 -6.03 -270 333
2 591 279 3.12
3 593 -2.69 324
4 590 -—-2.68 3.22
5 -596 271 3.25
6 632 287 345
8 575 276 299
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Figure 3. Energies of frontier orbitals (V) for 1-10 calculated at the TD-RB3LYP/6-31+g(d,p) level
of theory.

Optical properties and computational studies
The optical properties of compounds 1-10 were investigated by UV-Vis absorption

and photoluminescence spectroscopy in CH,Cl, solution at ambient conditions and the data
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are provided in Table 4. A plot of the recorded spectra is depicted in Figures 4a and 4b.
Experimental results were supported by computational TD-DFT studies. Experimental and
theoretical details of electron excitations and relaxations are summarized in the Supporting

Information (Table S3-S4).
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Figure 4a. Normalized absorption of 1-10 recorded in CH,Cl,.
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Figure 4b. Normalized emission of 1-10 recorded in CH,Cl,.

The studied complexes have long-wave absorption and emission bands in the range of
390-427 nm and 494-522 nm, respectively. Similar spectral features were reported for the
reference compound Ph;BQ (Amax= 396 nm, Aem= 504 nm).6 Specifically, DBA derivatives
were found to be very good emitters with quantum yield of 63% for 5, which significantly
exceeds the values reported for Ph,BQ. These @ values are, to the best of our knowledge, the
highest figures obtained for non-polymeric borinic 8-oxyquinolinates. We were interested to
check how the optical properties are influenced by replacement of the DBA core and Q with
related moieties. The use of 5-CI-Q or BQ ligands instead of Q (2 vs 6 or 10) resulted in
lowering of @ values in accordance with previous reports.*>** The relative decrease of

fluorescence for emitters 6—7 could be attributed to increased contributions of n—n* transitions
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arising from the presence of chlorine atoms (Table S5-S6). The moderate emission of
thiophene- (8) and oxaborin-based (9) systems can be rationalized in terms of a similar
quenching mechanism invoked for 6-7. It is also plausible that the lower @ value for 9 is due

to its single-chromophore structure.

Table 4. Experimental and calculated photophysical properties of 1-10. Calculations were
done at the TD-RB3LYP/6-31+g(d,p) level of theory.

Experimental data TD-DFT calculations

a b b
I Ve I o
Ph,BQ**% 396 - 504 108 30 416(--) 516(--)
1 390 4600 494 104 48 427(0.050) / -- 486(0.045) /--
2 397 8200 503 106 52 442(0.085) / 440(0.123)  -- / 567(0.046)
3 396 7100 502 106 53 442(0.075) / 439(0.116)  564(0.048) /--
4 396 3800 502 106 41 442(0.070) / 440(0.115)  564(0.046) / 574(0.042)
5 396 10000 504 108 63 421(0.042) /-- -
6 414 9000 522 108 13 460(0.106) / 459(0.149)  604(0.053) / --
7 414 9400 516 102 26 467(0.089) / 464(0.141)  528(0.047) / --
8 392 4800 506 114 22 -~/ 426(0.13) 482(0.078) / --
9 390 4200 510 120 19 430(0.055) -
10 427 12000 520 93 19 -~/ 473(0.081) -

“Excited at the absorption maximum at the longest wavelength (solvent CH,Cly, ¢ =5 x 107
M; standard: Coumarine 153 in EtOH, ¢ =5 x 10°M, rt). b data obtained for bent

/symmetrical conformation. A denotes the Stokes shift.

In the next step, the spectroscopic measurements for layers of the PVK:PBD blends
doped with the complexes 1 and 2 were carried out. The emission maxima for these materials
are similar to the ones observed for solutions 1 and 2. Upon excitation with light of 340 nm,
corresponding to the lowest energy absorption band of PVK:PBD matrix, the ® values for
layers doped with 1 and 2 were equal to 43% and 41%, respectively (Figure 4c).
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Figure 4c. Normalized emission of 1 and 2 recorded in PVK:PBD matrix (excitation with
light of 340 nm).

Thin layer @ values were similar to the ones observed for the respective solutions.
Such high values of @ for the thin films indicate an effective process of excitation energy
transfer from the matrix to dopant molecules which can be rationalized by a good spectral
overlap of the emission band of PVK:PBD and the absorption band of the dopants. The values
of spectral overlap integral (J, calculated according to published procedure®) between host
and guest were determined as 4.82 and 7.61-10"° nm* M 'em™; consequently, the Forster radii
(Ry) were 1.8 and 1.9 nm for 1 and 2, respectively. Thus, one can assume a Forster
mechanism of energy transfer.

Theoretical spectra simulated with the TD-B3LYP/6-31+g(d,p) method reproduce
experimentally observed trends, although predicted values deviate from experimentally
observed ones (Table 4). A complete set of theoretical data related to light absorption and
emission is given in Table S3-S5. For some compounds we were not able to establish fully-
optimized bent or symmetrical forms either in ground or excited states. Computations
revealed that spectral bands of the bent and symmetrical conformations can differ slightly. At
this point, we cannot unambiguously determine which form persists either in solution or in
prepared OLED layers. However, we have observed a similar values of Stokes shifts for 1-7
which indicates a similar excitation pathways. It is plausible that the studied systems may
undergo bent/symmetrical form transformation (e.g., in solution) during the process of
electron excitation/relaxation. To illustrate this phenomenon, the possible transformations
along with frontier orbitals for compounds 2, 4 and 8 are shown in Figure 5. For compound 2
both conformations for ground state and only symmetrical excited state form were established.
For compound 4 both conformations for ground state and excited state were found. The
theoretical ground state optimization of 8 revealed that it is a symmetrical conformer and the
stable excited state conformation is the bent one which is in line with the increased Stokes
shift for this system with respect to 1-7. Significant changes of the geometry during light
excitation/emission can be expected for 9 where we have observed the largest Stokes shift. On
the other hand switching from Q to BQ (10) yielded in the smallest A value.

The distribution of frontier orbitals changes when DBA systems rearrange from
symmetrical to bent forms. For the symmetrical form, both Q rings are equally involved in
creating HOMO and LUMO orbitals. In contrast, in the bent form the HOMO orbital spans
across the one of Q ligands (intramolecular C—H...O H-bond donor) while the LUMO orbital

is spread onto the second Q ligand (H-bond acceptor). Switching to a bent geometry stabilizes

9
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the LUMO orbital by ca. 0.1-0.2 eV and hence the HOMO-LUMO energy gap decreases,
leading to red-shifted absorption bands. Halogenation of DBA cores stabilizes HOMO level
due to electron withdrawal resulting in the increased HOMO-LUMO energy gap. Narrowing

of the band gap was found for 8 where switching from benzene to thiophene rings increased

the HOMO energy while destabilizing the LUMO level.

Compound 2 Compound 4 Compound 8
HOMO LUMO HOMO  LUMO OMO LUMO
P S W = i) v ¥

»

Bent
conformation
not available

Symmetrical
conformation
not available

Excited state

Symmetrical Symmetrical Bent

N ]

Symmetrical Bent
HOMO  LUMO

Bent Symmetrical
HOMO LUMO

Bent
conformation
not available

Ground state

Figure 5. Plot of molecular orbitals of compounds 2, 4 and 8. Arrows indicates possible
changes of conformation during processes of electron excitation and relaxation.

In addition, inner reorganization energies (A) were calculated for obtained systems
(Table S9) and compared with the commonly used charge carrier AlQ;.°” The results indicate
that our systems, especially in the symmetrical form, can be excellent materials for
transporting both holes and electrons as their A values calculated within the framework of

Marcus theory are lower than those obtained for AlQs.

Preparation and characterization of OLEDs

OLEDs were constructed using a combination of spin-coating and solvent evaporation
techniques followed by encapsulation. Emitting compounds (1 or 2) were blended with a
PVK:PBD matrix and put between a hole injecting layer (HIL) composed of poly(3,4-
ethylenedioxythiophene):sodium poly(styrene sulfonate) mixture (PEDOT:PSS) and an
electron injecting layer (EIL, AI/LiF) as shown in Figure 6.°® Current-voltage (I-V) and
luminance—voltage (L-V) characteristics of the fabricated devices exhibit typical OLED

behaviour (see Figure 7).° The turn-on voltage in the range from 6 to 8 V was determined

10
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based on the detected luminance value of 1 cd'm™ (not visible in Figure 7, because of the
presented luminance range). The highest luminance (ca. 2,000 cd'm? at 16 V) was obtained

for a diode based on emitter 2.

e/
/ 24
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2 mg el
M 5.8
6.2 &
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AVLiF PVK 3

PBD m » ITO
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Figure 6. Scheme of layers in built diodes (left) along with energy levels of frontier orbitals
of respective layers (right).
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Figure 7. Current density-Voltage-Luminance (/-V-L) characteristics of OLED based on
emitters 1 (a) and 2 (b).

The fabricated devices exhibit current efficiency in the range of 0.5-1.1 cdA™". In
Figure 8 the current efficiencies are plotted against the current density for polymer LEDs
(PLEDs) based on PVK:PBD doped with 2.0 wt% 1 or 2. It should be emphasized that PLEDs
exhibited a stable green colour of emitted light in a broad voltage range which was confirmed
by control of the colour coordinates (x,y) presented in the CIE 1931 diagram (Figure S9).
Their colour coordinates are close to those obtained for a similar diode based on the AlQ;
emitter. Diodes built with 1 as emitter exhibited lower stability at higher voltages (above 12
V). For emitters 1 and 2, the guest molecules constitute traps for electrons injected into the
host matrix. The relative positions of the HOMO energy level of the used emitters exclude the
trapping effect of the holes by the molecules of dopant. Nevertheless, the electrons trapped on
the guest molecules may act as negatively charged centres which favour the transfer of holes

to dopant molecules. In consequence, the charge carrier recombination takes place on the

11
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emitter molecules which results in green emission. Moreover, the obtained EL spectra
(Figure 4c¢) do not allow one to assume the creation of the most common PVK:PBD
exciplexes whose presence is discussed in the literature for similar systems.”””' The emission
of PVK-PBD exciplexes is observed at 430 nm and its presence in ternary emissive blends
may indicate an incomplete transfer of the excitation energy from the matrix to the dopant.
The lack of the exciplex emission in our ternary systems supports implementation of the

PVK:PBD matrix.
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Figure 8. Current efficiency versus current density for 1 (black line) or 2 (red line) (a) and
CIE1931(x,y) versus voltage for 1 (b) and 2 (c) emitters.

Conclusions

In conclusion, we have studied the luminescence properties of a series of new
organoboron 8-oxyquinolinato complexes. These compounds can be obtained with good
yields and exhibit relatively high melting points. Among the investigated systems, DBA Q
derivatives are very efficient green emitters in solution (Aem= 494—506 nm, @ up to 63%) and
in a PVK:PBD matrix (Aem= 499—-503 nm, @ up to 43%). Selected complexes performed well
as light emitters in OLED devices based on the PVK:PBD matrix blended with our systems.
The obtained devices presented long term stability with luminances reaching ca. 2000 cd'm™’
and current efficiencies above 1 cd-A™". It should be stressed that such good parameters were

achieved with diodes containing only 2 wt% of emitter in the matrix whereas in previous

12
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reports much higher emitter contents (above 10 wt%) were used.”” It may be the case that the
promising optical properties of 1-5 are a consequence of a cooperation of two Q
chromophores present in the molecular structure. The X-ray diffraction and theoretical
analyses revealed that molecules of the studied complexes can adopt respective bent
conformations (apart from the symmetrical ones) where one observes mutual interaction of
two chromophores (Q ligands) by means of an intramolecular C—H...O hydrogen bond. Based
on the results of TD-B3LYP/6-31+g(d,p) calculations, the HOMO-LUMO transition, in this
case, can be reasonably interpreted as ligand-to-ligand charge transfer (LLCT). Hence, we
suppose that fixing the bent structure (e.g., by creating a covalent linker between Q rings)
could result in the formation of a system featuring more strongly interacting Q chromophores
and thus show optical properties even better than those reported here. Further studies on

applications of DBA Q derivatives in optoelectronics are currently in progress.

Experimental Section
Synthesis and characterization of compounds 1-10. Syntheses of 1-4 were reported

recently.”>"

Complexes 5-10 were prepared on a 10 mmol scale in a simple manner by
complexation of respective organoboron precursors with stoichiometric amounts of
appropriate ligands in Et,0. They were characterized by 'H, °C, ''B and '°F NMR, elemental
analyses and HRMS (ESI).

X-ray diffraction studies. The single crystals of 1, 2a, 2b, 3, 5, 8 and 9 were obtained
by slow evaporation of corresponding acetone (1, 2a, 3 and 8) or chloroform (2b, 5 and 9)
solutions. X-ray diffraction data sets for single crystals of 1, 2a and 8 were collected at 100 K
on a Bruker AXS Kappa APEX II Ultra diffractometer with a TXS rotating anode (Mo-Ka
radiation, A = 0.71073 A), multi-layer optics and equipped with an Oxford Cryosystems
nitrogen gas-flow attachment. The data collection strategy was optimized and monitored
using the appropriate algorithms applied in the APEX2 program package.”* Data reduction and
analysis were carried out with the APEX2 suit of programs (integration was done with
SAINT).” The multi-scan absorption correction, scaling and merging of reflection data were
done with SORTAV.”®”" Single crystals of 2b, 3, 5 and 9 were measured on a Kuma
KM4CCD «-axis diffractometer with graphite-monochromated Mo-Ka radiation and
equipped with an Oxford Cryosystems nitrogen gas-flow apparatus. Data reduction and

analysis were carried out with the CrysAlisPro suite of programs. *All structures were solved

by direct methods using SHELXS-2013 and refined using SHELXL-2013.” Selected crystal
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data for all crystals are summarized in Table S2. Crystallographic data have been deposited at
CSD and the particular structures carry the following identification codes: 1023719 (1),
1023720 (2a), 1023721 (2b), 1023722 (3), 1023723 (§5), 1023724 (8), 1023725 (9).

Optical properties. UV-Vis emission spectra were recorded using a Fluorolog 3-2-
IHR320-TCSPC (from Jobin Yvon) spectrometer equipped with a photocounter and CCD
detector. Detector calibration has been conducted with Spectral Fluorescence Standard Kit™
certified by BAM. All emission data were collected twice with 0.5 s of integration. Emission
spectra were obtained after excitation at the longest wavelength of the absorption peaks. The
absorption spectra were recorded using Hitachi UV-2300 II spectrometer. Quantum yields of
emission were determined using known procedures®' based on the formula:

4= [I(@)dV 1 — e Aw n?

Y L,([@0)dv 1—e A ng
where (V) and I,,(¥) are intensities of the sample and standard, respectively; A and A4,, are

absorbances of the sample and standard, respectively, at the wavelength at which excitation of
the compound has occurred; n is the refractive index. All measurements were carried out at
room temperature. The quantum yield of the reference standard Coumarine 153 was adopted
from an IUPAC report (¢, = 0.38)*" and its concentration was kept at 5:107° M.
Concentrations of samples of analysed compounds were kept at 1-10° M.

DSC analysis. DSC measurements were performed on a DSC Q200 calorimeter from
TA Instruments. Melting points (7r,), glass transition temperatures (7), and crystallization
temperatures (7;) were established. DSC curves are provided in the Supporting Information.

Electrochemical measurements. Cyclic voltammetry measurements were carried out
using a CHI 1040 potentiostat (CH Instrument, Austin, USA) in the three electrode
arrangement, with Ag/AgNOs (0.01 M) in CH;CN as the reference, platinum rod as the
counter electrode and the glassy carbon disk electrode (GCE from BASi, USA, 4 = 0.0706
cm?) as the working electrode. The reference electrode was separated from the working
solution by an electrolytic bridge filled with the 0.1 M BuyNPF¢ in CH,Cl,. The reference
electrode potential was calibrated using a ferrocene electrode process in the same
BusNPFs/CH,Cl, solution with E°(FeCp2/FeCp2+) = 0.272 V. Potentials of all studied
compounds were assigned versus the FeCp,/FeCp," redox pair. Argon was used to deaerate
all the studied solutions and an argon blanket was maintained over the solution during the
experiments. All electrochemical experiments were carried out at 25 °C. The working
electrode was sequentially mechanically polished with 1.0, 0.3 and 0.05 mm alumina powder

(Buehler, Lake Bluff, IL), on a polishing cloth to a mirror-like surface. Finally, it was rinsed
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thoroughly with CH,Cl; and sonicated for 5 min in pure CH,Cl,, in order to remove remaining
powder.

OLEDs fabrication and characterization processes. OLEDs were fabricated on
indium tin oxide (ITO) coated glass substrates (Ossila). First, a ca. 30 nm thick layer of
PEDOT:PSS mixture was spin-coated on top of oxygen plasma treated ITO. This substrate
was annealed at 200 °C for 10 min. Then, a light-emitting layer (ca. 70 nm), containing PVK
with 40 wt% PBD and 2.0 wt% emitter molecules was spin-coated from a chlorobenzene
solution onto the baked PEDOT:PSS layer (from H. C. Starck company). PBD was used in
order to improve poor electron-transporting properties of a matrix based on PVK. Previous
reports show that the PVK:PBD weight ratio of 70:30 is the most optimal weight ratio of
these materials taking into account the quality of thin layers and device performance.gz’83 To
remove the residual amounts of the solvent, the subsequent deposited active layers were
annealed at 90 °C for 30 min in a nitrogen atmosphere. After that a LiF interfacial layer
(thickness of ca. 1 nm) was placed between the active layer and the Al electrode in order to
improve electron injection from the Al cathode to the active layer. Both LiF and Al layers
were deposited by a vacuum evaporation technique. The thickness of the deposited Al cathode
was 100 nm. The devices had an active area of 4.5 mm® (3.0 mm x 1.5 mm). Finally, the
devices were encapsulated with epoxy resin and glass, inside a glove box. The encapsulated
OLEDs could be characterized and tested under ambient conditions. The thickness of the
spin-coated layer was controlled using a Dektak XT profilometer (Bruker). The
electroluminescence spectra were recorded using a MicroHR spectrometer and a CCD camera
3500 (Horiba Jobin Yvon). Current-voltage-luminance characteristics were determined by
using the Keithley 2400 source measurement unit and the Minolta CS-200 camera. The use of
Minolta CS-200 has also allowed control of the colour stability.

Spectroscopic experiments. From the same solutions used for fabrication of emissive
layers in OLEDs, thin layers on quartz substrates were deposited with a spin speed of 2000
rpm for spectroscopic experiments. Photoluminescence (PL) spectra were recorded on
Edinburgh Instruments FLS980 spectrofluorimeter. The photoluminescence quantum yield
measurements of the emissive layers were done using an integrating sphere provided by
Edinburgh Instruments. All films were excited at absorption maximum (340 nm) of
PVK:PBD matrix. UV-Vis absorption spectra were recorded using a Varian Cary 5000
spectrophotometer.

Theoretical calculations. Optimizations of molecular geometries were conducted

using experimental X-ray geometries as starting points at RB3LYP/6-31+g(d,p) and
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UB3LYP/6-31+g(d,p) levels of theory for all compounds. For compounds for which X-ray
geometries had not been determined, full optimizations were conducted at the same level. In
all cases C—H bond lengths were fixed to standard neutron distances (1.083 A)* prior to
optimization. Unrestricted DFT calculations were checked against spin contamination.
Excited state geometries, along with absorption and emission spectra, were obtained using
TD-DFT methods with the same basis set, using geometries obtained from ground state
optimizations. After geometry optimization, the vibrational frequencies were calculated and
the results showed that optimized structures are stable geometric structures. Tight
convergence criteria were used along with high precision integrals (int=UltraFine) to obtain
good quality wave functions. Default criteria were used for the constrained optimisation
scans. In all cases wave functions were calculated without the use of symmetry constraints.
All calculations were performed using the Gaussian09*’ suits of programs. The VMD program
was used for visualization of molecular orbitals®®. Evaluation of the charge transport

87,88 : . .
% Cartesian coordinates of molecules in ground

properties was done with Marcus theory.
states (calculated with restricted and unrestricted level of theory), molecules in the first
excited states, geometries of charged molecules (both as cationic and anionic species) and
geometries taken from constrained optimization scans are in the Supporting Information.

Electronic supplementary information (ESI) available: Experimental procedures and
characterization for all new compounds, X-ray structural, electrochemical and spectral data,

and details of quantum-chemical calculations are provided (132 pages) (PDF).
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The diboraanthracene bis(oxyquinolinato) complexes exhibit green luminescence with
quantum yields reaching 63%. They were employed for the construction of efficient OLEDs

featuring relatively low concentration of emitter in the matrix.



