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New luminescent tetracoordinate boron
complexes: an in-depth experimental and
theoretical characterisation and their application
in OLEDs+
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4 José M. S. S. Esperanca,

Antoénio L. Macanita,

A group of new tetracoordinate mononuclear 2-(N-phenylformimino)pyrrolyl boron chelates [BX,{k*N,N'-
NC4H3-2-C(H)=N-CgHs}] (X = F 3; mesityl (2,4,6-trimethylphenyl, Mes) 4; C¢Fs 5; X5 = 1,1'-biphenyl-2,2'-
diyl 6) and the related binuclear complex [(CoFs)2B{K2N,N'-NC4H3-2-C(H)=N-CgH4-N=C(H)-C4H3N-
k°N,N}B(CgFs),] 7 were synthesised via metathetic exchange reactions of sodium 2-(N-phenylformimino)
pyrrolyl with BFs-Et,O (3), BMes,F (4) and 9-chloro-9-borafluorene (6), whereas 5 and 7 were obtained
from the acid—base reactions between the corresponding neutral ligand precursors, respectively 2-(N-
phenylformimino)pyrrole (1) and 1,4-(HNC4H3-C(H)=N),-CgH4 (2), with B(CgFs),OEt. These complexes
were designed to evaluate the influence of the boron co-ligands on the molecular properties of the
corresponding 2-iminopyrrolyl tetrahedral boron derivatives, particularly on luminescence. Compounds
3-7 were photophysically characterised in solution and in solid state, exhibiting blue to yellowish-green
emissions and fluorescence quantum yields (¢¢) up to 0.40. The exception was complex 4, which revealed
full fluorescence quenching owing to a dynamic equilibrium involving the bidentate (tetracoordinate)
2-iminopyrrolyl boron complex and the corresponding monodentate (tricoordinate) species. DFT and
TDDFT studies were carried out, considering the effect of solvent and also of dispersion forces, in order
to elucidate the change in geometries of compounds 3—7 from the ground to the singlet excited state, to
understand the dynamic equilibrium of 4, to ascribe electronic transitions, and to rationalise the observed
luminescence and also the main trends of thermal stabilities. These complexes were applied in organic
light-emitting diodes (OLEDs), the ones based on complex 6 showing the best performances (maximum
luminance of 170 cd m™2 and electroluminescence efficiency of 0.037 cd A™.
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Introduction

The design of organic electroactive and photoactive materials
has been greatly focussed on their potential applications in
electronic and optoelectronic devices, which include thin film
transistors, electroluminescent (EL) devices, such as organic-
light emitting diodes (OLEDs), photovoltaic devices, solid-state
lasers, etc." Despite OLEDs being presently applied in commer-
cially available flat panel displays and general lighting techno-
logy, there is a permanent search for improvements aiming at
better stability, brightness, flexibility, and lower energy con-
sumption and production costs.

The first studies on multi-layered OLEDs were carried out
using AlQ; (HQ = 8-hydroxyquinoline) as emissive layer.>
Subsequently, OLEDs based on phosphorescent or fluorescent
chromophores, or the more recent generation of chromo-
phores exhibiting thermally activated delayed fluorescence
(TADF), have been developed.®> Among these emitters, tricoor-
dinate boron complexes are an important class of luminescent
chromophores.” More recently, tetracoordinate boron com-
plexes, containing bidentate N,N-, N,0O-, N,C-, C,C-, C,0- and O,
O-ligands, have also proved to be important luminescent
chromophores.>®
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Selected examples of tetracoordinate boron chromophores
that have been used in emissive layers of OLEDs are presented
in Chart 1. A series of bisphenyl boron 2-pyridyl-pyrrolyl
derivatives (A, Chart 1) are notable examples of boron com-
plexes containing bidentate N,N-ligands, having yielded
OLEDs with maximum external quantum efficiencies (EQEyax)
and luminances (Lyay) as high as 0.5% and 5000 cd m >.%¢
Bisphenyl boron complexes of N,O-chelates, such as 8-hydroxy-
quinolinate ligands reported by Slugovc et al. (B, Chart 1),
exemplify tetracoordinate boron compounds that gave rise to
OLEDs with L., values as high as 1000 cd m™2.” Boron
difluoride dipyrromethene (BODIPY) derivatives (C, Chart 1)
have been applied as emissive layers of OLEDs, achieving
EQEpax and L., values as high as 2.3% and 3900 cd m™2,
respectively.® Liu et al. described tetracoordinate bisfluoride
boron compounds containing N-arylanilido-arylamine ligands
(D, Chart 1), which were used in OLEDs exhibiting L, values
up to 1460 cd m2.°

The recent use of tetracoordinate boron chromophores
exhibiting TADF have led to remarkable EQE,,, values
(between 4.8 and 26.6%),** the highest being determined for a
boron compound containing an aryl-pyridine N,C-chelate
framework (E, Chart 1).>" By introducing aromatic amine para-
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Chart 1 Selected examples of tetracoordinate boron complexes utilized as emissive layers of OLEDs.
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substituents in the phenyl groups of the boron 2-pyridyl-pyrro-
lyl derivatives A mentioned above, the same authors (Chou
and co-workers) could detect TADF behaviour while improving
EQE .« values (as far as 13.5%).>” Another example of multi-
layered TADF-based OLEDs was reported by Deng and co-
workers, which was fabricated with boron difluoride com-
plexes of N,O-phenoxy-pyridyl chelating ligands as emitters (F,
Chart 1), reaching EQE . and Ly, values such as 11.0% and
19 383 c¢d m™?, respectively.®”

Over the past few years, our group has been involved in the
synthesis of a variety of metal complexes using 2-iminopyrrolyl
derived N,N-chelating ligands, for which TADF was not identi-
fied. In particular, we reported luminescent zinc complexes
containing the 2-formylphenanthro[9,10-c]pyrrole ligand pre-
cursor.'® Subsequently, we addressed the synthesis and lumi-
nescent properties of several tetracoordinate organoboron
complexes containing 2-iminopyrrolyl ligands with varied elec-
tronic, skeletal and steric features reflected in their structures
and properties (G, Chart 1)."* The colour of emission of boron
complexes bearing 2-iminopyrrolyl ligands could be tuned
from violet-blue to orange, with quantum yields of emission as
high as 71%. When used in emissive layers of OLEDs such
compounds exhibited EQE,,x and L., values as high as 2.8%
and 23 530 cd m~?, respectively.

In the literature of common organoboron dyes, it was
found that the presence of B-F bonds causes some instability
under irradiation and sensitivity to polar solvents. Hence,
many BODIPY derivatives have been prepared by replacing flu-
oride ligands with aryl, ethynylaryl, ethynylthienyl, etc.
groups,'? which improved their stability and produced large
Stokes shifts. Chujo and co-workers™ found that bis(penta-
fluorophenyl)boron diketonate analogues showed better
photoluminescence performance than the respective simple
bisphenyl boron derivatives. The 9-borafluorene rigid scaffold,
considered to be a better Lewis acid than the B(C¢Hs), frag-
ment, may also improve thermal stability, emission quantum
yield and charge carrier mobilities relative to the diphenyl-
boron analogues.™

All our previously reported tetracoordinate 2-iminopyrrolyl
boron molecules (G, Chart 1) were bisphenyl boron derivatives
displaying relevant luminescent properties. In the present
work, we modify the nature of the boron co-ligands and evalu-
ate their influence on the molecular properties of the corres-
ponding iminopyrrolyl boron derivatives, namely on lumine-
scence. Thus, this paper reports the synthesis and structural
characterisation of mononuclear 2-(N-phenylformimino)pyrro-
lyl organoboron complexes containing the highly electron-
withdrawing fluoride and pentafluorophenyl co-ligands (BF,
and B(CgFs),, respectively), the sterically hindered and elec-
tron-donating mesityl (2,4,6-trimethylphenyl, Mes) co-ligand
(BMes,) or the highly rigid and planar 1,1’-biphenyl-2,2"-diyl
bidentate co-ligand (9-borafluoren-9-yl) (see H, Chart 1, and
also Scheme 1). We also synthesised a binuclear bis(penta-
fluorophenyl)boron derivative containing two 2-iminopyrrolyl
chelating fragments linked through a phen-1,4-diyl aromatic
bridge. The thermal, photo- and electroluminescent properties
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of these complexes were studied and compared with their
previously  reported analogues containing  B(C¢Hs),
fragments.”*“? DFT and TDDFT calculations helped to under-
stand not only geometrical changes in solution or upon exci-
tation from the ground to the singlet states, and the nature of
the absorption and emission bands, but also the main trends
of thermal stabilities.

Results and discussion

Synthesis and characterization of mono- and binuclear
iminopyrrolyl boron complexes

New mono- and binuclear organoboron complexes containing
2-(N-phenylformimino)pyrrolyl ligands along with various co-
ligands, such as bis(fluoride), bis(pentafluorophenyl), bis
(mesityl) and 1,1"-biphenyl-2,2"-diyl were synthesised.

The target tetracoordinate boron compounds 3-7 were
obtained by reaction of the 2-(N-phenylformimino)pyrrole
ligand precursor 1, or its corresponding pyrrolyl sodium salt,
and the bis(2-formiminopyrrole) ligand precursor 2 with
different boron starting materials (Scheme 1).

The synthesis of complexes 3, 4 and 6 started with the
in situ deprotonation of the NH proton of the 2-(N-phenylfor-
mimino)pyrrole, using an excess of sodium hydride, in THF, at
room temperature (Scheme 1)."> Then, the monoanionic
ligand precursor reacted with one equivalent of boron trifluor-
ide etherate (BF;-Et,0), dimesitylboron fluoride (BMes,F) and
9-chloro-9-borafluorene,'® in THF, at low temperature, leading
to the desired products 3, 4 and 6, respectively, as shown in
Scheme 1. The boron compounds 5 and 7 were obtained by
refluxing the 2-iminopyrrole ligand precursors 1 and 2,
respectively, with bis(pentafluorophenyl)boron ethoxide
(B(CFs5),0Et)" in toluene (Scheme 1).

The new yellow- to orange-coloured compounds were
obtained in moderate to good yields, being stable towards air
and moisture when in the solid-state, and at room tempera-
ture, and only very slightly air- and/or moisture-sensitive, when
in THF solution. The only exception was compound 3 that
revealed instability in solution, either in air or even under
nitrogen (decomposing in ca. 5 min or overnight, respectively),
and considerable air-sensitivity in solid-state and when dis-
persed in ZEONEX films, typically decomposing overnight. The
compounds were structurally characterised in solid-state by
elemental analyses and, when single crystals were obtained, by
single crystal X-ray diffraction.

Organoboron complexes 8 and 9 (Chart 2)''*“? were
employed as reference compounds, practically in all the
studies performed throughout this work, for comparison with
the properties of the new complexes 3-7.

A series of 2-(N-arylformimino)-3,4,5-trialkylpyrrolyl difluor-
oboron compounds, with applications in biological fluo-
rescence imaging, which are structurally related to complex 3,
were recently reported as being synthesised by a similar
method but using DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) as
the base.®® The alkyl substitutions at the 3, 4 and 5 pyrrolyl
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Scheme 1 Synthesis of 2-iminopyrrolyl boron complexes 3—7. Conditions: (i) THF, 1 h, rt; (ii) THF, ca. 12 h, —20 °C to rt; (iii) toluene, reflux, ca. 12 h;

(iv) toluene, reflux, ca. 12 h; (v) THF, ca. 12 h, —=20 °C to rt.
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Chart 2 Mono- and binuclear diphenylboron compounds, and

9,129 respectively, employed as reference compounds in this work.

ring positions seem to stabilise these BF,-based molecules in
comparison to the unstable behaviour observed for complex 3
in the present work, both in solution and in solid-state. The
NMR data are very similar to 3 but no X-ray characterization
was presented.

Crystals suitable for single crystal X-ray diffraction studies
were obtained for compounds 3, 4 and 7, their molecular
structures being shown in Fig. 1 (the remaining molecules of
the asymmetric unit are depicted in Fig. S1-S3 of the ESI,}
respectively). The molecular structure of 6 was also determined
but, although it is the first crystalline structure of a mono-

Inorg. Chem. Front.

nuclear 2-iminopyrrolyl organoboron complex containing a
9-borafluoren-9-yl bidentate co-ligand, its diffraction data is of
poor quality. The pictures displayed in Fig. S4 and S5 of the
ESI} is a proof of its atom-bond connectivity (confirmed by
DFT calculations). Selected bond distances (A) and angles (°)
of these four complexes are listed in Table S1 (ESIf), and
crystal data and structure refinement parameters for the four
compounds are presented in Table S2 of the ESL.{

The coordination of the 2-(N-phenylformimino)pyrrolyl or
bis[ pyrrolyl-2-formimino-N]phen-1,4-diyl ligands via N1, N2 to
the boron centres in a monoanionic fashion leads to five-mem-
bered chelate rings. The N,N'-2-iminopyrrolyl chelating ligands
and the boron centre are co-planar, the corresponding co-
ligands being located above and below that plane. The boron
atoms in compounds 3 and 6 display almost perfect tetra-
hedral geometries, with dihedral angles between N1-B1-N2
and E1-B1-E2 planes (E1 = F1, C13 and E2 = F2, C19, in 3 and
6, respectively) of 91.13(12)°, 90.4(3)° and 89.2(3)°, for com-
plexes 3 and 6, molecule A and B, respectively (see dihedral
angles w(gy) in Table S1, in ESIT). Consequently, the 2-(N-phe-
nylformimino)pyrrolyl ligand in compound 6 is nearly orthog-
onal to its corresponding 9-borafluorenyl moiety. On the other
hand, compounds 4 and 7 display considerable and slight
tetrahedral distortions, respectively, with dihedral angles of

This journal is © the Partner Organisations 2021
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Fig. 1 Perspective views of the molecular structures of 2-iminopyrrolyl boron complexes 3, 4 (molecule A) and 7, using 50% probability level ellip-
soids. All calculated hydrogen atoms and the diethyl ether solvent molecule of 7 were omitted for clarity.

77.27(8)-79.05(7)°, in 4, and 85.81(6)°, in 7 (Table S1, in ESI}).
The average bond distances between the boron centre and the
two chemically different nitrogen atoms, B1-N1pyro11 and Bl-
N2imine, which range from 1.537(5)-1.592(10) A and 1.602(2)-
1.682(2) A, respectively, reflect the bulkiness of the co-ligands
(in the order 4 > 6 > 7 > 3), the lowest values being quite com-
parable to those of the previously reported 2-iminopyrrolyl
organoboron compounds (B1-N1py. Wwith distances of
1.5687(18) and 1.562(3) A, and B1-N2ipine bond lengths of
1.6327(19) and 1.632(3) A, for compounds 8 and 9,"'“ respect-
ively)."" A remarkable feature in complex 4 is its B1-N2jmpine
bond distance, which is significantly longer (by 0.04-0.12 A)
than those observed for 3, 6 and 7, or for the other similar
reported structures (A(B1-N2jmnine) of 0.02-0.05 A for both
compounds 8 and 9'%),"" pointing to a much weaker chelation
of the 2-iminopyrrolyl ligand to boron in this compound.
Moreover, the dihedral angles between the 2-formiminopyr-
rolyl fragment and the iminic N-phenyl ring, defined as C6-
N2-C7-C12, are 24.0(5) for 3, 19.3(10) and 22.6(11) for com-
pound 6 (molecules A and B, respectively) and 14.9(2)° for the
binuclear compound 7, being much lower than those of com-
pound 4, and lying in the range ca. 52-61° (see C6-N2-C7-Cx,
and also ¢(Pyrr-Ph), in Table S1, in ESI{). These larger dihedral
angles observed in 4 are due not only to the steric hindrance
imposed by the mesityl groups, but also to the intra- and inter-
molecular interactions that generate the supramolecular

This journal is © the Partner Organisations 2021

arrangement in the structure, consisting of intramolecular C-
H--N and intra- and intermolecular and C-H:--m short
contacts.

Thermogravimetric analysis (TGA) was performed on the
boron chelates 3-9 up to 500 °C affording the weight loss
curves shown in Fig. S6 (compounds 3, 4, 5, 6 and 8) and S7
(binuclear compounds 7 and 9), in ESL} To evaluate the
thermal stability of the boron compounds, two decomposition
temperatures were calculated: Tgec 106, representing the temp-
erature at which 1% of the initial mass is lost, and Tgec 50, the
temperature at which 5% of the initial mass is lost. The calcu-
lated decomposition temperatures of the boron chelates 3-9
are presented in Table 1.

The decomposition temperatures Tgee 50, Of the mono-
nuclear compounds follow the order 4 < 3 < 6 < 8 < 5, slightly
different from the order of Tge. 14, values, due to the distinct
decomposition patterns of the boron compounds studied. The
experimental results indicate two-stage decomposition mecha-
nisms for the BF, complex 3 (with loss of CcHs and F frag-
ments in the first and second stages, respectively), the dimesi-
tyl boron complex 4 (with loss of a BMes, fragment in the first
stage), the binuclear B(C¢F5), complex 7, and for the reference
B(CeHs5), binuclear complex 9 (with loss of C¢Hs and B(CgHs),
fragments in the first and second stages, respectively).
Complexes 5, 6 and reference B(C¢H;), mononuclear 8 follow a
one-step degradation process.

Inorg. Chem. Front.
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Table 1 Decomposition temperatures (Tyec 1% and Tyec 5%) of complexes 3—9

D_\ Fsce Cst HSCG CSH5
/—@
20 o G 050 Ty oS
: \
Mes Fscs Cst “ Fsce Cst Hsca CsHs Hscs CeHs
3 4 5 7 8 9
Tdec 1% 106 104 163 102 216 121 99
()
Tdec 5% 127 117 206 168 278 187 104
(°0)

The bis(pentafluorophenyl) boron (B(C4Fs),) mononuclear
complex 5 presents a decomposition temperature higher than
the corresponding hydrogenated B(C¢Hs), mononuclear refer-
ence complex 8, while the fluorinated binuclear complex 7
shows a marked increase in the decomposition temperature
compared with the non-fluorinated binuclear boron complex
9. Hence, these results indicate that the bis(pentafluorophe-
nyl) boron complexes are much more thermally stable than
the simple bis(phenyl) substituted boron complexes. The BF,
complex 3, containing simple fluorides as co-ligands and the
boron complex 4, containing mesityl co-ligands, present much
lower decomposition temperatures, while the boron complex 6
displays intermediate values. In most of the cases, except for
the BF, complex 3 and the binuclear complexes 7 and 9, there
is an almost complete weight loss (higher than 90%).

In order to interpret the previous trends, a study of the
binding energies between the 2-iminopyrrolyl ligand and the
boron diaryl fragment was carried out using DFT calculations
and an Energy Decomposition Analysis.'®'? Complex 4 has the
smallest binding energy in agreement with its fragmentation
pattern described above. In all the other complexes, the higher
binding energies probably lead to other decomposition path-
ways (for the complete analysis, see ESI, Table S31 and text).

In solution, the new 2-iminopyrrolyl boron complexes were
characterised by multinuclear NMR spectroscopy (‘H, **C, ''B,
and "°F), in CD,Cl, (Fig. S8-S27, ESI{). The formation of the
mono- and binuclear boron complexes was confirmed by the
absence of NH proton resonances of the iminopyrrole precur-
sors. The "B NMR spectra show resonances of compounds 3,
5, 6 and 7 in the range —1.4 to +3.6 ppm, consistent with those
of other tetracoordinate boron derivatives,”®'"*° namely with
those of reference compounds 8 (4.9 ppm''*‘) and 9
(5.5 ppm''“9), since "B NMR resonances of tricoordinate
boron complexes appear downfield shifted in the region ca.
25 ppm and above.**® However, the complex [K*N,N'-2-(N-phe-
nylformimino) pyrrolyl|BMes, (4) presents a broad resonance at
15.6 ppm (Avy,, = 296 Hz), in CD,Cl,, considerably downfield
shifted in relation to the normal range of tetracoordinate boron
complexes, and located in between the values exhibited by tri-
and tetracoordinate boron complexes. Contrasting with the
other new complexes 3 and 5-7, a close inspection of the 'H
NMR spectrum reveals the presence of minor peaks of another
2-iminopyrrolyl boron dimesityl compound, the integration of

Inorg. Chem. Front.

which corresponds to ca. 7 mol% of the mixture of minor and
major species present in solution. This set of minor resonances
appears in the "H NMR spectrum irrespective of using different
preparative batches or recrystallisation attempts of 4, meaning
they correspond to a different isomer of tetracoordinate
complex 4, involved in an equilibrium process with the latter.
The interconversion between the two isomers was not clear-
cut at first glance in a variable-temperature (VT) 'H NMR
experiment, performed in THF-dg and between 30 and 70 °C,
because the variation in the relative areas was very small
(Fig. S26, ESIf). However, remarkable evidence for the exist-
ence of a dynamic chemical exchange process between the two
species in equilibrium is obtained in: (a) the VI-''B spectra
(Fig. S27, ESIY), displaying a clear progressive downfield shift
of the broad ''B resonance of tetracoordinate complex 4 from
12.9 ppm, at 30 °C, to 21.6 ppm, at 70 °C (with Av,, varying
from 327 to 254 Hz, respectively); this is concomitant with a
slight sharpening of another much smaller broad resonance
present at higher chemical shifts typical of a tricoordinate
boron [k'N'-2-(N-phenylformimino)pyrrolyl |BMes, species (4),
progressively shifting upfield with temperature from 50.3 to
48.9 ppm; and (b) 1D-NOE NMR experiments (Fig. S28 and
S29, ESIf) performed while selectively irradiating the iminic
—-CH=N- proton of one of the isomers and obtaining a nega-
tive exchange NOE peak for the same resonance of the other
isomer, undeniably indicating the equilibrium between
species 4 and 4; (Scheme 2). The coordination of a N-pyrrolyl
ligand to a B(mesityl), fragment affording a tricoordinate
complex has precedence in the literature since the related com-
pound [(N-pyrrolyl)BMes,] had been previously reported and
characterised by IR, UV-Vis and Fluorescence spectroscopies.>
Integration of the 'H NMR resonances of the iminic
protons of both 4; and 4 afforded values of the equilibrium
constant (K = [4;]/[4]) at different temperatures. Fitting these
data to the van’t Hoff equation (Fig. S30, ESIT) led to the fol-
lowing thermodynamic parameters: AH® = 0.49 + 0.04 kcal
mol™!, AS® = —3.4 + 0.1 cal mol™* K™ and AG°(298.15 K) =
1.51 + 0.07 kcal mol™". The structure(s) of the tricoordinate
boron minor isomer(s) and the whole dynamic equilibrium
were established by DFT calculations. The energy profile is
shown in Fig. 2 (for details see also Scheme S1 and Fig. S31-
S33 in ESIf). Calculated thermodynamic functions for the
equilibrium between 4 and 43gengo reveal that the enthalpies
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Scheme 2 Schematic equilibrium between the tetracoordinate 2-iminopyrrolyl boron complex 4 and its tricoordinate isomer(s) 4.

4aE-exo

Fig. 2 Energy profile (BP86 functional) for the conversion of complex 4
into the tricoordinate complex 4zc.cndo (€longation of the B—Nimine bond
from 1.673 to 3.173 A) and isomerisation to 4z¢_exo (rotation around the
internal Cgyrroi—Cimine bond of the 2-iminopyrrolyl ligand from 6 to
—179°), with the relative energies (black) and Gibbs energies (blue) in
kcal mol™, and the geometries of the five species with indication of the
parameter changing in each step (distances in A in TS1 and C-C-C-N
dihedral angles in ° in TS2).

are in very good agreement, with 0.6 (calc.) and 0.5 (exp.) keal
mol ™", while the Gibbs energies, —0.8 (calc.) and 1.5 (exp.) keal
mol ™" differ a little more, despite being of the same order of
magnitude. This not so good agreement is explained by the
limitations in the calculations of the entropy.

The existence of this dynamic equilibrium between 4 and
45 is responsible for the different optical properties of complex
4 in comparison with those of the remaining complexes (see
below in Photophysical studies).

Molecular geometries and electronic structures

DFT*? calculations (ADF program,> PBEO functional, TZ2P
basis set (method A, as used in recent publications,"*¢” more
in Computational details), without any symmetry constraints,
were used to optimise the structures of the ground and the
first excited singlet state of all the new complexes 3-7. The
reference compounds 8 and 9, which were initially calculated
with a different methodology,"*“? were also included. Other

This journal is © the Partner Organisations 2021

approaches were tested, one of them including dispersion cor-
rections, and their description was given in Computational
details; the results appear in the ESI (Tables S4, S5, S6 and
S87). The ground state geometries were based on the crystal
structure of the complexes described above (3, 4, 6, 7) or mod-
elled after them. The singlet excited states were obtained from
a TDDFT optimization.>* The structures are shown in Fig. 3
with the C6-N2-C7-C12 dihedral angle, the most relevant
parameter (the values of the dihedral angles obtained with the
other methods are collected in Table S4 in ESIt), and with the
most relevant distances in Fig. S34 (3-6) and S357 (7-9).

These dihedral angles are in good agreement with the
experimental values for the complexes with available structures:
—24° (calc.), —24.0(5)° (exp.) for 3; —49° (calc.), —52.2(2) to
61.8(2)° (exp., four independent molecules) for 4; 30° (calc.),
19.3(10)°, —22.6(11)° (exp.) for 6; and 22°, —22° (calc.), —14.9(2)°
for the binuclear 7. For the previously reported phenyl derivative
8 it was calculated as 36° and determined as —47.21(17),"'“ while
for binuclear 9 it was calculated as 31°, —31° and determined as
47.2(3)°."'* The differences between calculated and experi-
mentally determined values arise from the packing effects in the
X-ray determined structures, mostly van der Waals interactions.
In most complexes, the dihedral angle has a value around 30°,
which drops to 22-24° for the three complexes with fluorine
(3, 5, 7) and widens for 4 (49°) as a result of the bulkiness of the
two 2,6-methyl substituents of the mesityl groups and increased
repulsion with the iminopyrrolyl phenyl ring.

The angles between the planes N1-B1-N2 and E1-B1-E2 (E
being fluorine in 3, and carbon in 4, 6 and 7, see Table S1 in
ESI}) were determined experimentally as 91.13(12)°, and calcu-
lated as 91° for 3; 105.53(8)°, 100.95(7)°, 77.27(8)°, 78.16(7)°
(exp.) and 79° (calc.) for 4; 90.4(3)° and 89.2(3)° (exp.) and 92°
(cale.) for 6; 85.81(6)° (exp.) and 95° (calc.) for 7. The compari-
son between the experimental and calculated values goes from
perfect (3), to good (6), and to bad (7). The last example (4) is
particularly interesting, since the angles of the C and D mole-
cules are very well reproduced (within 1-2°), while those of A
and B molecules are shifted by more than 20°. As mentioned
above, these differences are assigned to intramolecular C-
H---N and intra- and intermolecular C-H---& weak non-classi-
cal hydrogen bonds observed in the solid state for molecules C
and D, providing a good example of the role of weak inter-
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Fig. 3 Optimised geometries of the iminopyrrolyl boron complexes 3—-9 in the ground state and in first excited singlet state, showing the C6—-N2—

C7-C12 dihedral angles (°).

actions in controlling the molecular structure but not con-
sidered in our model (single molecule).

In the singlet excited state, there is a tendency for the
bidentate ligand to become planar, as observed in 8 and 9,
with calculated angles of 3° and 5°, respectively. Similar to
these are the values for 3 (1°), 5 (8°), 6 (5°), while there is a
small increase in 4 (12°) and 7 (10°, —9°). The flattening of the
iminopyrrolyl in 4 is remarkable. Indeed, in the first singlet
state of boron complexes with substituents such as Me, iPr, Br
or I in the ortho positions of the N-phenyl, the iminopyrrolyl is
far from planar, though a bit less than in the ground state,
owing to the repulsion with the N=C-H group.''“*&"
However, in 4, the stereochemical hindrance of the BMes,
mesityl groups does not have a significant effect on the geome-
try of the iminopyrrolyl ligand, which lies far away (see
Fig. S34, ESIY).

The experimental B-Npy11 distances are slightly shorter
than the B-Njnine distances, differing in general by a small
amount (~0.06 A). However, in compound 4 the two values are
1.584 A and 1.659 A, this B-Njmine bond being the longest (all
the distances are shown in Fig. S34 (ESI}). Interestingly, the B-
Npyrrolyl and the B-Njnine distances tend to be closer in singlet
state for all compounds, being practically the same in 4 (1.585
and 1.590 A; see Fig. S34 in ESIt). The bond length asymmetry
is relevant, since 4 does not behave as the other species in
solution (see above and in ESIT).

Inorg. Chem. Front.

The HOMO and LUMO of complexes 3-9 are shown in
Fig. 4 (see also Fig. S367 for the other relevant molecular orbi-
tals of complexes 4 and 6 and Table S5 for the energies calcu-
lations with other methods).

The introduction of fluorine, in particular the substitution
of H by F in the phenyl groups, leads to a general stabilization,
reflected to a larger extent in the LUMOSs. This results from the
higher electronegativity of fluorine and, for complexes 5 and 7,
the possibility of fluorine participating in the x system of CgFs.
The HOMOs and LUMOs of all complexes, with the exception of
the HOMO of 6, have similar nature, being localised in the imi-
nopyrrolyl ligand. The HOMO of 6 is localised in the 9-borafluor-
enyl groups, but the HOMO-1 of complex 6, on the other hand,
is localised in the iminopyrrolyl (Fig. S36, ESIt). The HOMO of 4
barely extends to the phenyl group at the Njpine but has a small
localization in the mesityl groups. They contribute a lot more to
HOMO-1, HOMO-2, and HOMO-3 (Fig. S36, ESIY).

Photophysical studies

The photophysical properties of complexes 3-9 were studied in
THF solutions and ZEONEX films (see Experimental section
for details).

Fig. 5 shows the normalised absorption and fluorescence
spectra. The absorption wavelength maxima (1}2) and the

respective molar extinction coefficients (emax) of the new com-
pounds (3-7), in THF solution, are listed in Table 2, along with
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Fig. 4 Three-dimensional representation of the HOMO and LUMO of complexes 3—9 with relative energies (HOMO-LUMO gap: 4.05 (3), 4.24 (4),
4.06 (5), 4.09 (6), 3.54 (7), 4.26 (8) and 3.71 (9) eV; the HOMO is identified by the arrows).

data previously reported for reference compounds 8 and 9, as
well as the 23> values of all compounds in ZEONEX films. The
€max values of the mononuclear complexes 3, 5, 6 and 8 in THF
(=2 x 10" L mol™" em™) are typical of allowed n-r* electronic
transitions (see below Table 2 and following discussion), as well
as those of the binuclear complexes 7 and 9 (~3 x 10" L mol™
em™") and similar to those obtained in previous works.""
However, no emission was observed for 4, whose absorption
band appears at A3} = 324 nm, much shorter than that of the
reference compound 8 (A% = 383 nm). This fact can be attribu-

abs

ted to the weak chelation of the 2-(N-phenylimino)pyrrolyl
chromophore, which is involved in the dynamic equilibrium
between bidentate (in 4) and monodentate (in 4;) 2-iminopyrrolyl
ligand coordination to boron described above (and in ESIY),
which induces non-radiative decay, thus leading to fluorescence
extinction. The calculated absorption spectra of 43zengs, and
43p.ex0 Species, found at 339 and 355 nm (see below), probably
overlapping with the absorption of 4, are close to that of the pro-
tonated ligand precursor 1'° (where the Njpine nitrogen is free).

The absorption wavelength maxima of the remaining
mononuclear boron complexes (3, 5 and 6) are within the
393-402 nm range, significantly longer than that of their refer-
ence complex 8 (383 nm). Compounds 3 and 5, with strong
electron withdrawing co-ligands, i.e. fluoride and pentafluoro-
phenyl groups, exhibit the largest bathochromic shift (20 nm)
with respect to complex 8. A similar effect of the pentafluoro-
phenyl groups occurs with the binuclear complex 7 whose A%
=452 nm is 26 nm red-shifted with respect to the non-fluori-
nated binuclear complex 9 (A2 = 428 nm). These observations
indicate that the compounds containing F or C¢F5 co-ligands
in their molecular architecture have no severe rotational
restrictions in the C6-N2-C7-C12 dihedral angle, between the
2-formiminopyrrolyl and the aromatic N-phenylimine arm (see

This journal is © the Partner Organisations 2021

3 and 7 in Fig. 1) in the Sy — S; electronic transition, leading
to a higher extension of n-conjugation in S; and, consequently,
to longer absorption wavelength maxima.

The first vibronic transition wavelength (12.%) of the mono-
nuclear complexes emission band range from 455 nm (refer-
ence complex 8) to 467 nm (complex 3), while those of the
binuclear complexes are longer: 512 nm for the reference
complex 9 and 517 nm for complex 7, owing to the higher
n-conjugation length of the chromophore.''®“ In both cases
fluorination substantially red-shifts the fluorescence, as it was
observed with absorption. The fluorescence colours exhibited
by the boron complexes 3-9 in solution are shown in Fig. 6.

The Stokes shift (A1 = 22:9-A13) is ca. 66 + 3 nm for all com-
plexes, except for the reference compound 9, which shows a
much larger shift (86 nm). The larger change of the C6-N2-
C7-C12 dihedral angle from the ground to the first singlet
excited state, predicted by the theoretical calculations (31°-5°
= 26° for 9 as compared with that of 7, 22°-10° = 12°, Fig. 2)
seems to be the most probable cause.

In the ZEONEX films, both absorption and fluorescence
spectra of the mononuclear boron compounds are generally
slightly red-shifted (ca. 1-6 nm) with respect to those in THF,
despite the decrease of the dielectric constant from THF (¢ =
7.6) to ZEONEX (& = 2.5), which by itself should cause blue-
shifts. A possible reason is that the packing in the films causes
a decrease of the torsional angles between the chromophoric
moieties of the complexes, thus extending the n-delocalization
and red-shifting the spectra. Identical observations were pre-
viously made with similar compounds.'*” However, in the case
of binuclear compounds 7 and 9 blue-shifts are observed for
absorption (3 and 12 nm, respectively).

The fluorescence quantum yields (Table 2) of the binuclear
complexes in THF solution (¢¢ = 0.36 and 0.32 for 9 and 7,
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Fig. 5 Normalised absorption and emission spectra of complexes 3—9 in THF solution (black)

below 280 nm is not shown (absorption of ZEONEX).
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respectively) are similar to those of the mononuclear
complexes except that of 3 (¢¢ = 0.14). The boron complex 6,
with a 9-borafluorenyl scaffold, has the highest fluorescence

quantum yield (¢¢f = 0.40), owing to its lowest non-

Inorg. Chem. Front.

Normalized Fluorescence

and ZEONEX film (blue). The absorption in ZEONEX

radiative rate constant value (k. = 1.9 x 10° s7'), close to
those of the binuclear complexes. This may result from
the limited flexibility of the bidentate ligand attached to

boron.
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Table 2 Wavelength maximum (152) and molar extinction coefficient (emax) of the first absorption band, wavelength maximum (A72¥) and wave-

abs
length of the first vibronic transition (12;°

) of the emission band, fluorescence quantum yield (¢;), lifetime (z¢), rate constant (k;), and sum of non-

radiative rate constants (k,,,) of boron complexes 3-9, in THF solution and ZEONEX films, at 293 K

Solid-state (ZEONEX

Solution (THF) 480 film)
;r;;;x /10—0 ig‘\sx AL b 7 kf c knr d ;r;;;x /‘L;nn':\x
Complex Structure (nm) Emax ¢ (nm) (nm) (nm) ¢ (ns) (ns7! (ns™) (nm) (nm) ¢pr
3 “\/\>_\ 399 1.97 467 507 68 0.14 1.20 0.12 0.72 405 510 0.17
N
0
\B/
;‘ \
4 E>__\ 324 1.63 ¢ ¢ ¢ ¢ ¢ ¢ ¢ 325 ¢ ¢
5 O__\ 402 1.60 466 494 64 0.32 2.15 0.15 0.32 405 497 0.31
D
ML)
FsCs \Cst
6 D_\ 393 2.08 461 483 68 0.40 3.1 0.13 0.19 394 486 0.40
N
O
7 F5C6 Cst 452 3.13 519 519 67 0.32 2.14 0.15 0.32 449 522 0.31
Fscs Cst
8/ O_\ 383 1.73 451 479 68 0.34 1.90 0.18 0.35 383 482 0.37
HsCo \CsHs
9% H5C5 CsHs 428 3.00 512 512 84 036" 2.2 0.16 0.29 416 518 0.36
QJ 4
H5C5 CeHs
?10* L mol™* em™. ? (A4 = A%0-)max) - Stokes shift. “ ke = Pl e = (1 = ¢¢)/rs; © Non-emissive; JFrom ref. 11a and ¢; € From ref. 11a and d;

" Revised experlmental value from ref. 11a and c.

3 4 5 6 8 7 9

Fig. 6 Fluorescence colours displayed by complexes 3—9 in THF under
UV-irradiation at 365 nm.

In the ZEONEX films, the photoluminescence quantum
yields (¢py) are similar to ¢¢ in THF solutions within experi-
mental error.

The electronic absorption spectra, emission energies and
lifetimes of the first excited singlet state were calculated with

This journal is © the Partner Organisations 2021

the TDDFT>* methodology with the ADF program®® (method A,
PBEO functional, TZ2P basis set, including the spin-orbit
coupling effect). The relevant energies are collected in Table 3.
Other approaches were tested, their description being given in
Computational details; the results appear in Tables S6 and S8
in the ESL.{

The calculated absorption energies are generally higher
than the experimental values, but in agreement with their
trends (the energies calculated with other approaches are
found in Table S6, ESIf). In particular, the lower energies of
the binuclear complexes 7 and 9, and the high energy of 4, are
well reproduced. The lower absorption energy in the electronic
spectrum of the new complexes 3, 5, 7, as well as 8 and 9, with
both HOMO and LUMO localised in the 2-iminopyrrolyl
ligand, consists of one intense band resulting from a HOMO
to LUMO transition (96-97%), being therefore described as a ©
— m*(iminopyrrolyl) intraligand transition, as can be seen in
the frontier orbitals shown in Fig. 4. The other two complexes,
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Table 3 Calculated and experimental transition energy maxima (eV) of
the lowest energy absorption band (E}%*) and of the emission band

(EZ2*) of boron complexes 3—9 in solution

Egs (eV) Egn (V)

Complex Exp Calc. Exp. Calc.

3 @_\ 3.08 3.36 2.50 2.57

A\
NN

Ny

N\

F F

K\H

es"‘ Mes

FsCo \Cer

o)
\:Bj/

7 FSCG CGFS 2.74 2.88 2.39 2.25
Fscs \Cst

HsCo \C5H5
9 HSCS CsHs 2.91 3.04 2.42 2.55

ad
eSase

\
Hscs CeHs

3.83 3.79 “ 2.37

3.08 3.41 2.51 2.64

3.15 3.50 2.57 2.57

3.25 3.45 2.58 2.70

“ Non-emissive.

4 and 6, differ, because the HOMO has a different composition
(their frontier orbitals are shown in Fig. S361 and the compo-
sitions in Table S7, ESIf).

The HOMO of 4 is localised in the 2-iminopyrrolyl, but only
slightly in the N-phenyl, and in one of the mesityl groups. The
HOMO-1, HOMO-2, and HOMO-3 have similar compo-
sitions but with larger contributions of the B-phenyls and
smaller of the 2-iminopyrrolyl. The LUMO is mainly in the
bidentate ligand. Therefore, besides the n — n*(iminopyrrolyl)
intraligand transition, there is a n(mesityl) — n*(iminopyrrolyl)
component in this absorption band, calculated at 322 nm
(3.79 eV) and observed at 324 nm (3.83 eV). The complex
431 endo, Which was found to be in equilibrium with 4 (see
Fig. 2 above and in ESIf), absorbs, according to the calcu-
lations, at 339 nm (3.62 eV) and 435 at 355 nm (3.49 eV).
This observation may contribute to a broadening of the
absorption band.

Complex 6 frontier orbitals are different, because the
LUMO and the HOMO-1 are almost completely localised over
the 2-iminopyrrolyl, while only the phenyl rings of the 9-bora-

Inorg. Chem. Front.
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fluorenyl rigid fragment contribute to the HOMO, which is
thus almost orthogonal (see Fig. S36, ESIT). The lower energy
absorption band, calculated at 354 nm (3.50 eV) and appearing
at 393 nm (3.15 eV), is essentially a HOMO-1 to LUMO intrali-
gand transition from = — n*(iminopyrrolyl), with a HOMO to
LUMO small component assigned to a n(9-borafluorenyl) — n*
(iminopyrrolyl) interligand transition (see composition in
Table S7, ESIf). This feature has already been observed by
Urban et al. in related tetracoordinate borafluorenyl 8-oxyqui-
nolinato complexes,'*? and by Zhang et al. in the 2-(2-oxyphe-
nyl)benzimidazolato derivative.'*?

The emission energies were obtained from the TDDFT
optimization of the first excited singlet state. They compare
relatively well with the experimental values (Table 3; emissions
calculated using several methods are given in Table S8, ESIT)
and the smaller energies correspond to the two binuclear com-
plexes. Complexes 4 and 6 behave differently, as the oscillator
strength for the excitation to the first singlet state is very weak,
and only for the second singlet excited state is the value signifi-
cant. This results from the nature of their frontier orbitals,
which, as referred earlier, is different from the other complexes.
The substitution of hydrogens by fluorines, leading from 8 to 5
and 9 to 7, results in lower absorption and emission energies,
as also discussed for the experimental values. The same ten-
dency is observed in the BF, derivative 3. The emission takes
place from the LUMO to the HOMO in complexes 3, 5, 7-9, and
from the LUMO to the HOMO-1 in 6. The role of HOMO-1 in
the 9-borafluorenyl derivatives has already been emphasised by
the authors referred above.’*”? Complex 4 is in equilibrium
with the tricoordinate complexes 43g.endo aNd 43g.exo as dis-
cussed previously. The absence of emission of the samples of 4,
in solution and in solid-state, can be explained by the low oscil-
lator strength of the emission of this tetracoordinate complex
(lower than for all the other complexes). These values become
almost zero in the tricoordinate complexes in equilibrium.

Electrochemical studies

The ionisation potential (IP) and electron affinity (EA) of com-
plexes 3-7 were determined from the onsets of the oxidation
and reduction processes, respectively, measured by cyclic vol-
tammetry, after correcting to the vacuum level (for which ferro-
cene was used as external reference). The obtained values were
used to estimate the electron- and hole-injection barriers
between the emissive layer and the electrodes in the OLED
devices in which the complexes were applied.

The estimated values for IP and EA are summarised in
Table 4, together with the energies of the HOMOs and LUMOs
of the corresponding complexes calculated by DFT, with
solvent correction (CH,Cl,), being compared with those pre-
viously obtained for the reference compounds 8 and 9.4
The corresponding voltammograms are shown in Fig. S37 in
the ESIf Complexes 5 and 7 showed remarkable electro-
chemical stability, as shown by the good reproducibility of suc-
cessive reduction and oxidation cycles.

The values of -IP show a correlation with the energies of the
HOMOs, although with IP values differing between 0.09 and

This journal is © the Partner Organisations 2021
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Table 4 lonisation potentials (IP) and electron affinities (EA) values of
complexes 3-9, estimated from cyclic voltammetry measurements in
CH,Cl,, and the corresponding energies of HOMOs and LUMOs deter-
mined by DFT (CH,Cl,). All values in eV

Cyclic voltammetry DFT (CH,Cl,)

Compound 1P EA Enomo Erumo
3 5.77 3.10 -5.63 —3.24
4 5.33 3.23 —5.42 —2.89
5 5.85 2.97 —5.69 -3.26
6 5.67 2.57 —5.45 —2.99
7 5.71 3.14 -5.51 —-3.52
8 5.64% 2.824 -5.51 —-2.98
9 5.50° 3.44" -5.31 —-3.23

@Values from ref. 11a and c. ? Values from ref. 11a and d.

0.20 eV from the calculated ones (see Fig. S38a, in ESI}). The
—EA values also correlate with the calculated LUMO energies,
with differences varying between 0.13 and 0.38 eV (see
Fig. S38b, ESIY).

Electroluminescence studies

Several organic light-emitting diodes (OLEDs) structures were
fabricated to assess the electroluminescence (EL) properties of
complexes 5, 6, 7, 8, and 9 (see Table S9, ESIt). Fig. 7 shows
the output characteristics of OLEDs based on these complexes
dispersed (at 4% by weight) in poly(vinylcarbazole) (PVK). The
corresponding emission spectra are shown in Fig. S39, ESLT
The performance of other devices is presented in the ESI
(Fig. S407).

PVK was chosen as host because it shows good hole-trans-
porting properties, emits in the near-UV/blue region of the
spectrum (EL maximum around 400 nm), therefore away from
the compounds’ emission spectral zone, and has a relatively
low lying HOMO (reported values range from —5.8 to —5.4 eV
(ref. 25)) and a high lying LUMO (reported in the range —2.3 to
—1.9 eV (ref. 26)). Considering the IP and EA values deter-
mined from CV for these compounds (Table 4), PVK favours
electron trapping at the boron complexes sites, though hole
trapping is not anticipated to be that effective, in particular for
the case of compound 5, which shows the highest IP (5.85 eV),
indicating that its HOMO is lower than that of PVK.
Dispersion was made in order to reduce electroluminescence
concentration quenching by reducing/eliminating compounds
aggregation. In these devices, a polyTPD interlayer
(polyTPD_IL), ca. 5 nm thick, was used as hole-transporting/
electron-blocking layer. PolyTPD has a reported HOMO energy
of —5.2 to —5.4 eV, close to the PEDOT:PSS workfunction (5.2
eV), and a LUMO energy of —2.3 eV. Calcium was used as the
cathode material, protected with an overlayer of aluminium.

All devices showed a light-onset voltage (taken as the
voltage at which a minimum luminance of 107> c¢d m™ is
detected) in the range 4-5 V (Fig. 7A). Compound 5 is the one
leading to OLEDs with lower current and luminance
(maximum luminance of 31 ed m~?), while the OLEDs based
on compounds 6 and 9 show similar values of maximum lumi-
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Fig. 7 (A) Current (filled symbols) and luminance (open symbols) of the
OLEDs based on compounds 5, 6, 7 and 9, having the structure ITO/
PEDOT:PSS/polyTPD_IL/PVK + 4%Comp/Ca/Al, active area of 8 mm?, as
a function of the applied voltage; (B) corresponding electrolumines-
cence efficiency as a function of the current.

nance (170 and 124 cd m™>, respectively). OLEDs based on

compound 7 reach the highest current levels, though the
maximum luminance is only 40 cd m™~>. This is translated into
a lower luminance efficiency. OLEDs based on compound 6
show the highest efficiency (ca. 0.037 cd A™'). Therefore,
OLEDs based on this compound show the best overall per-
formance. It also worth noting that the efficiency of the OLED
based on compound 5 shows a fast decrease upon increase of
the flowing current (Fig. 7B), a behaviour that contrasts with
the relatively stable values at the highest current intensity of
the OLEDs based on the other three compounds. This indi-
cates that strong charge-induced exciton quenching occurs, a
conclusion that is supported by the fact that devices based on
neat 5 showed negligible emission.

In the emission spectra of these devices (Fig. S39, ESI{),
there are small differences with respect to the corresponding
photoluminescence (PL) spectra recorded in films of the com-
plexes dispersed in ZEONEX, which we attribute mainly to
interference effects.

The behaviour of the OLEDs based on binuclear complex 7
is different from those based on 9 (reference binuclear
complex), not in terms of current-voltage dependence but in
terms of luminance and efficiency. As they show similar PL
efficiency, both in solution and solid-state, this difference in
OLED performance can be due to stronger charge trapping on
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9-based OLED as this complex has lower IP and higher EA
(Table 4).

Overall, the OLEDs based on the new complexes 5, 6 and 7
exhibit decent performances, with those based on 6 showing
the highest maximum luminance and electroluminescence
efficiency. It is worth noting that, among the three complexes,
6 is also the one showing the highest solid-state photo-
luminescence efficiency. The performance of these (simple)
OLEDs is poorer when compared with other tetracoordinate
boron complexes mentioned in the Introduction. However,
device optimisation, involving the preparation by sublimation
and the insertion of selective charge-transporting/blocking
layers, should improve it, considering the high solid state fluo-
rescence quantum yields of the new complexes.

Conclusions

A new set of tetracoordinate 2-iminopyrrolyl mononuclear
boron complexes bearing different co-ligands (BX,), of the type
[BX,{k’N,N-NC4H;-2-C(H)=N-C¢Hs}] (BF, 3; B(Mesityl), 4;
B(CeF5), 5, 9-borafluoren-9-yl 6), and a binuclear B(CcFs),
derivative containing two 2-iminopyrrolyl chelating fragments
linked through a phen-1,4-diyl aromatic bridge (7), were syn-
thesised employing synthetic methodologies different from
those previously reported for the B(C¢Hs), analogues (8 and
9).1244 A]] these compounds, except 4, are fluorophores reveal-
ing blue to yellowish-green emissions. The highly electron-with-
drawing and ionic fluoride co-ligands of 3 (BF,) impart con-
siderable kinetic instability in solution and air-sensitivity in
solid-state, along with the poorest fluorescence quantum yield
of this series (¢¢ = 0.14). The sterically hindered and electron-
donating 2,4,6-trimethylphenyl (mesityl) co-ligand of 4 (BMes,)
induces full fluorescence quenching owing to a dynamic equili-
brium involving the tetracoordinate 2-iminopyrrolyl boron
complex and the corresponding tricoordinate species, both
assigned by NMR, in which the 2-iminopyrrolyl ligand coordi-
nates to boron in bidentate or monodentate modes, respectively.
DFT calculations show that the activation barrier to break the
anomalously weak B-Njnine bond of 4 is very small. Very likely
owing to this reason compound 4 (followed very close by 3) exhi-
bits the lowest decomposition temperature in the series, as
determined by TGA. The also highly electron-withdrawing but
more covalent pentafluorophenyl co-ligand of 5 and 7 (B(CeFs),)
confers high thermal stability to these compounds, which are
by far those showing the highest decomposition temperatures,
ca. 100 °C higher than those of the corresponding B(C¢Hs), ana-
logues 8 and 9. Compounds 5 and 7 exhibit fluorescence
quantum yields (¢¢ = 0.32), slightly below those of 8 and 9 (¢¢ =
0.34-0.36). The highly rigid and planar 1,1’-biphenyl-2,2"-diyl
bidentate co-ligand of 6 (9-borafluoren-9-yl) imparts the highest
fluorescence quantum yield (¢¢ = 0.40) and an intermediate
thermal stability in this series of compounds. The DFT and
TDDFT calculations show that the frontier orbitals involved in
the absorption/emission processes of these compounds are
similar in the case of 3, 5 and 7 (and also for reference com-
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pounds 8 and 9), with both HOMO and LUMO localised in the
2-iminopyrrolyl ligand (essentially & — n*(iminopyrrolyl) intrali-
gand transitions), whereas in 6 there is basically a HOMO-1 to
LUMO intraligand transition from n — n*(iminopyrrolyl), with a
HOMO to LUMO small component assigned to a n(9-borafluore-
nyl) — m*(iminopyrrolyl) interligand transition. The thermally
stable complexes 5, 6 and 7 were tested in OLED devices, the
films being prepared by spin coating. The OLEDs based on 6
showed the highest maximum luminance and electrolumines-
cence efficiency (170 cd m > and 0.037 cd A™", respectively).

Experimental section
General procedures

All experiments were carried out under inert atmosphere of
dinitrogen, using a dual vacuum/nitrogen line and standard
Schlenk techniques. Nitrogen gas was supplied in cylinders by
specialised companies (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 used without further purification. All sol-
vents to be used under inert atmosphere were thoroughly deoxy-
genated and dehydrated before use. They were dried and puri-
fied by refluxing over a suitable drying agent followed by distilla-
tion under nitrogen. The following drying agents were used:
sodium/benzophenone (for toluene, diethyl ether, and tetra-
hydrofuran (THF)), calcium hydride (for n-hexane and dichloro-
methane). Solvents and solutions were transferred using a posi-
tive pressure of nitrogen through stainless steel cannulae 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
Bruker Avance III 300 (‘H, 300.130 MHz; “°C, 75.468 MHz; ''B,
96.2712 MHz; °F, 282.404 MHz) or 400 (*H, 400.130 MHz; *C,
100.613 MHz; ''B, 128.3478 MHz; '°F, 376.498 MHz) spec-
trometers. 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 resonances (‘H) and the solvent carbon (**C) resonances
relative to tetramethylsilane (5 = 0), and referenced externally
using 15% BF;-OFEt, (5 = 0) for ''B, and CFCl; (6 = 0) for *°F. All
chemical shifts are quoted in § (ppm) and coupling constants
given in hertz. Multiplicities were abbreviated as follows: broad
(br), singlet (s), doublet (d), triplet (t), and multiplet (m). Samples
were prepared in J. Young NMR tubes in a glove box. Elemental
analyses were obtained from the IST elemental analysis services.

The ligand precursors, 2-(N-phenylformimino)pyrrole (1),>”
[ pyrrole-2-formimino-N1,-1,4-C¢H, (2)''¢ and the boron precur-
sors B(CgHs)s3,?® B(CgF5),OEt'” and 9-chloro-9-borafluorene'®
were synthesised according to literature procedures.
Furthermore, the synthetic procedures and corresponding
analytical data of the boron complexes [k*N,N'-2-(N-C¢H;-for-
mimino)pyrrolyl[B(C¢Hs), (8) and {(CeHs),B[k*N,N'"-pyrrolyl-2-
formimino-N-1,4-C¢H,-k*N, N'-N-2-formiminopyrrolyl [B(CsHs),}
(9) were reported in our earlier publications.'*®%%
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[«*N, N'-2-(N-C¢H;-formimino)pyrrolyl |BF, (3). A solution of
2-(N-phenylformimino)pyrrole 1 (0.170 g, 1 mmol), in THF
(15 mL), was added to an excess of NaH, at room temperature.
Then the precooled boron starting precursor, boron trifluoride
diethyl etherate (BF;-OEt,) (0.213 g, 1.5 mmol) was added drop-
wise to the solution of sodium salt of 1, at —20 °C, and stirred
overnight in ca. 20 mL of THF, at —20 °C. All the volatiles were
evaporated, followed by extraction of the residue with toluene
(5-10 mL). Again, the whole volatiles were evaporated, followed
by a new extraction with toluene (5-10 mL). The resulting solu-
tion was kept at —20 °C to afford complex 3 as a crystalline
yellow solid. Yield: 0.098 g (45%). "H NMR (400 MHz, CD,CL,): 6
8.40 (s, 1H, CH—N), 7.57-7.37 (m, 6H, Ph + Pyrr), 6.99 (s, 1H,
Pyrr), 6.49 (s, 1H, Pyrr). *C{"H} NMR (100.61 MHz, CD,Cl,): §
151.8, 139.7, 133.7, 133.0, 130.4, 128.5, 120.7, 119.8, 117.9. ''B
NMR (128.35 MHz, CD,CL,): § 3.5 (t, Jr = 88 Hz; Ay, = 80 Hz).
9F{'H} NMR (376.50 MHz, CD,Cl,): § —156.8 (q, Jsr = 32 Hz).
Anal. caled (%) for C;;HoBF,N,: C, 60.60; H, 4.16; N, 12.85.
Found: C, 60.00; H, 3.73; N, 12.77.

[«*N, N'-2-(N-C¢H;-formimino)pyrrolyl |B(Mesityl ), (4). A solu-
tion of 2-(N-phenylformimino)pyrrole 1 (0.192 g, 1 mmol), in
THF (15 mL), was added to an excess of NaH, at room tempera-
ture. The sodium salt solution was added to the boron starting
precursor, dimesitylboron fluoride (BMes,F) (0.192 g,
1 mmol), and stirred overnight in ca. 20 mL of THF. All the
volatiles were evaporated, followed by extracting the residue
with toluene (5-10 mL). Again, the whole volatiles were evapor-
ated, followed by extracting with Et,O (5-10 mL) and double
layering with n-hexane. The resulting mixture was kept at
—20 °C to afford complex 4 as a crystalline yellow solid. Yield:
0.326 g (78%). Major isomer (93%): 'H NMR (300 MHz,
CD,Cl,): 6 8.15 (s, 1H, CH=N), 7.25-7.20 (m, 4H, Ph + Pyrr),
7.07-7.01 (m, 3H, Ph + Pyrr), 6.68 (S, 4H, Phyesiyi), 6.47-6.45
(m, 1H, Pyrr), 2.20 (s, 6H, CH;), 1.93 (s, 12H, CHj;). “*C{'H}
NMR (75.47 MHz, CD,Cl,): 6 154.6, 141.4, 136.4, 133.2, 130.3,
129.2, 128.8, 127.5, 124.2, 117.1, 116.4, 23.8, 21.1. ''B NMR
(96.27 MHz, CD,Cl,): 6 14.3 (br, Avy, = 296 Hz). Minor isomer
(7%): "H NMR (300 MHz, CD,CL,): § 8.27 (s, 1H, CH—N), 7.36
(t, 2H, Ph, Jgu = 8.1 Hz), 7.26-7.15 (m overlapping with the
major isomer, 2H, Ph + Pyrr), 6.80 (s, 4H, Ph,cgi), 6.31 (m, 1H,
Pyrr), 6.16 (br, 1H, Pyrr), 2.26 (s, 6H, CH;), 2.24 (s, 12H, CHj).
"B NMR (96.27 MHz, CD,Cl,): § 51.1 (very br). Major isomer
(93%): 'H NMR (300 MHz, THF-dg, 30 °C): 5 8.38 (s, 1H,
CH—N), 7.20-7.12 (m, 3H, Ph + Pyrr), 7.09-7.01 (m, 2H, Ph +
Pyrr), 6.98 (m, 1H, Pyrr), 6.59 (S, 4H, Phyegipy), 6.37 (m, 1H,
Pyrr), 2.14 (s, 6H, CHj), 1.89 (s, 12H, CH;). ''B NMR
(96.27 MHz, THF-dg, 30 °C): 6 712.9 (br, Avy,, = 327 Hz). Minor
isomer (7%): "H NMR (300 MHz, THF-dg, 30 °C): § 8.24 (s, 1H,
CH=N), 7.29 (t, 2H, Ph, Jyy = 7.5 Hz), 7.21-6.93 (m overlap-
ping with the major isomer, 3H, Ph + Pyrr), 6.73 (s, 4H,
Phyesioyt), 6.18 (m, 1H, Pyrr), 2.22 (s, 12H, CHj), 2.21 (s, 6H,
CH;). "'B NMR (96.27 MHz, THF-dg, 30 °C): § 50.1 (very br).
Anal. caled (%) for C,oH3,BN,: C, 83.25; H, 7.47; N, 6.70.
Found: C, 83.62; H, 7.91; N, 6.78.
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[x*N, N'-2-(N-C¢H;-formimino)pyrrolyl |B(CeFs), (5)- A mixture
of B(CeF5),OEt (0.390 g, 1 mmol) and one equivalent of 2-(N-
phenylformimino)pyrrole 1 (0.170 g, 1 mmol) in ca. 20 mL of
toluene were heated to reflux overnight. The reaction mixture
was brought to room temperature and all the volatiles were
evaporated, followed by extracting the residue with Et,O
(5-10 mL) and double layering with n-hexane. The resulting
mixture was kept at —20 °C to afford complex 5 as a microcrys-
talline yellow solid. Yield: 0.356 g (70%). 'H NMR (300 MHz,
CD,Cl,): 6 8.64 (s, 1H, CH=N), 7.37-7.24 (m, 6H, Ph + Pyrr),
7.14 (brs, 1H, Pyrr), 6.54 (brs, 1H, Pyrr). “C{'H} NMR
(75.47 MHz, CD,Cl,): § 151.5, 150.3 (br), 147.0 (br), 142.7 (br),
140.9, 139.4 (br), 136.2 (br), 135.8 (br), 135.6, 134.0, 130.2,
128.2, 121.0, 119.0, 118.8. "B NMR (96.27 MHz, CD,CL,): §
—-1.4 (Avq, = 70 Hz). "’F{'H} NMR (282.40 MHz, CD,CL,): §
—134.17 (dd, Jcr = 16.7, Jcr = 9 Hz, 4F, 0-C¢F5), —156.81 (t, 2F,
Jcr = 20.3 Hz, p-CgF5), —163.66 (m, 4F, m-C¢Fs). Anal. caled (%)
for C,3HoBF,(N,: C, 53.73; H, 1.76; N, 5.45. Found: C, 54.05; H,
1.96; N, 5.28.

[€*N,N'-2-(N-C¢H;-formimino)pyrrolyl](9-borafluorene) (6). A
solution of 2-(N-phenylformimino)pyrrole 1 (0.19 g, 1.2 mmol),
in THF (15 mL), was added to an excess of NaH, at room temp-
erature. The sodium salt was added to boron starting precur-
sor, 9-chloro-9-borafluorene (0.15 g, 0.8 mmol), at low temp-
erature (—80 °C). The resulting solution was stirred overnight
in THF, and allowed to slowly warm up to room temperature.
In the next day, the suspension was filtered and crystals suit-
able for X-ray diffraction of the desired product 6 were
obtained from a toluene solution, kept at —20 °C. Yield, 0.09 g
(35%). "H NMR (300 MHz, CD,Cl,): § 8.67 (s, 1H, CH=N), 7.68
(d, *Jem = 9 Hz, 2H, H, + Hy), 7.26 (dt, > = 6 Hz, iy = 3
Hz, 2H, H; + Hjy), 7.15-7.11 (m, 3H, N-Ph-H,,, + Ph),
7.08-7.03 (m, 7H, H, + Hy + Hs + Hs + Ph + Hy,), 6.91 (s, 1H,
Hs.), 6.50 (m, 1H, H,,). "*C{'"H} NMR (75.47 MHz, CD,CL,): §
151.9 (CH=N), 150.6 (Cs + Cq), 142.1 (N-Ph—C,s,), 136.1 (Csa),
131.6 (Csa), 130.1 (C4 + Cy), 129.9 (N-Ph—C,ers), 128.8 (C5 +
Cy), 127.8 (N-Ph-Cp), 127.6 (Cs + Cs), 121.4 (N-PhC,),
120.1 (C, + Cy), 117.7 (C4,), 115.5 (Cs,), C; + C; resonance
absent. "'B NMR (96.27 MHz, CD,Cl,): § 4.0 (Avy,, = 115 Hz).
Anal. caled (%) for C,3Hy7BN,: C, 83.16; H, 5.16; N, 8.43.
Found: C, 83.72; H, 5.45; N, 8.33.

6

{(C6Fs5),B[k>N, N"-pyrrolyl-2-formimino-N-1,4-C¢H,-k*N, N'-N-
2-formiminopyrrolyl] B(CeFs),} (7). A mixture of two equiva-
lents of B(C4Fs),OEt (0.780 g, 2 mmol) and the 2-(N-bis(2-imi-
nopyrrole) ligand precursor 2 (0.262 g, 1 mmol) in ca. 20 mL of
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toluene were heated to reflux overnight. The reaction mixture
was brought to room temperature and all the volatiles were
evaporated, followed by extracting the residue with Et,O
(5-10 mL) and double layered with n-hexane. The resulting
mixture was kept at —20 °C to afford complex 5 as orange crys-
tals. Yield: 0.627 g (66%). 'H NMR (300 MHz, CD,Cl,): & 8.56
(s, 2H, CH=N), 7.39 (s, 2H, Pyrr), 7.29 (s, 4H, Ph), 7.15 (8, *Jun
= 3.9 Hz, 2H, Pyrr), 6.55 (dd, *Jan = 3.9 Hz, gy = 1.8 Hz, 2H,
Pyrr). PC{"H} NMR (75.47 MHz, CD,Cl,): § 150.7, 150.2 (br),
147.0 (br), 142.8 (br), 139.7, 139.4 (br), 136.4 (br), 136.1 (br),
135.8, 134.9, 122.0, 119.7. "B NMR (96.27 MHz, CD,Cl,): §
-1.4 (Avy, = 173 Hz). F{'H} NMR (282.40 MHz, CD,Cl,): §
—134.20 (dd, YJcr = 23.5 Hz, *Jcr = 8.5 Hz, 4F, 0-CgFs), —156.46
(t, 2F, YJcp = 20.2 Hz, p-CgF5), —163.46 (td, “Jcr = 23.3 Hz, >Jcr =
8.8 Hz, 4F, m-C¢Fs). Anal. caled (%) for
CaoH12B,F,oN,-2C,H,,0: C, 52.49; H, 2.94; N, 5.10. Found: C,
52.13; H, 2.45; N, 5.57.

X-ray data collection

Crystals of compounds 3, 4, 6 and 7 were selected under an
inert atmosphere, covered with polyfluoroether oil, and
mounted on a nylon loop. Crystallographic data (Table S2,
ESIT) was collected using graphite monochromated Mo-Ka
radiation (1 = 0.71073 A) on a Bruker AXS-KAPPA APEX TI diffr-
actometer equipped with an Oxford Cryosystem open-flow
nitrogen cryostat, at 150 K. 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 performed using direct methods with the programs
SIR2004,%° SIR2011,*' SIR2014,*? and SHELXL,** included in
the package of programs WINGX-Version 2020.1.>* The crystal
size, poor quality and diffracting power of 6 gave rise to low
quality data. Nevertheless, the structure was refined to conver-
gence and all results were consistent with the model reported
herein. Multiple attempts were made to grow better diffracting
crystals, all of them unsuccessful. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were inserted
in idealised positions and allowed to refine riding on the
parent carbon atom, with C-H distances of 0.95, 0.98 and
0.99 A for aromatic, methyl and methylene H atoms, respect-
ively, and with Ujso(H) = 1.2Uc4(C). Graphic presentations were
prepared with ORTEP-3 (version 2020.1)** and Mercury®® Data
was deposited in CCDC under the deposit numbers 2073567
for 3, 2073568 for 4, 2073569 for 6 and 2073570 for 7.7

Thermogravimetric analysis

Thermogravimetric analyses (TGA) were carried out with a TA
instrument Model TGA Q50 to determine the thermal
decomposition temperatures of the boron complexes. In all
cases, nitrogen was used in the TGA measurements at a flow
rate of 60 mL min~'. Samples were placed directly in a plati-
num sample holder and heated at a rate of 1 °C min™" until
thermal degradation was achieved. Two distinct temperatures
were determined: Tgee 19, — temperature at which 1% degra-
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dation occurred and Tgye. 50, — temperature at which 5% degra-
dation occurred.

Computational studies

All the Density Functional Theory®* calculations were per-
formed using the Amsterdam Density Functional program
package (ADF).>® The geometries of 3-9, modelled after those of
3,4, 6, 7, 8 and 9, were optimised without symmetry con-
straints, with the Vosko-Wilk-Nusair®*® Local Density
Approximation of the correlation energy and the PBEO
functional,®”*® including spin orbit coupling (SOPERT),*® and
taking into account solvent effects (THF) treated with 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 a set of two polarization functions
(H, single ¢ 2s, 2p; C, B, N, F single ¢, 3d, 4f). TDDFT was used
to obtain the geometry of the first singlet excited states,>* and
the absorption spectra with the Tamm-Dancoff approximation
(TDA).*' Unrestricted calculations were carried out for open
shell complexes. The calculated fluorescence rate constants
were the reciprocal of the excited singlet state lifetimes obtained
from the SOPERT calculations (SO).

A linear transit calculation was performed to analyse the
conversions of complex 4 into 43g.end, €longating the B-Nimine
bond, and of 43g.engo INtO 43k exo, Dy rotating the ~C(H)=N-Ph
imine group across the internal Cpyrrolyi~Cimine bond of the imi-
nopyrrolyl. The structures corresponding to the maximum of
the curve were then optimised as transition states and identified
by their negative frequencies. Three-dimensional structures and
representations of the orbitals were obtained with Chemcraft.*?

For the sake of comparison with previous studies and to
evaluate the role of dispersion in these systems, the previous
calculations (method A in ESIT) were repeated with the B3LYP
functional (method B),** with PBEO and the Grimme D3 cor-
rection®* (A/D3), with B3LYP and the Grimme D3 correction
(B/D3), and finally with Becke’s exchange®® and Perdew’s*® cor-
relation functionals (gas phase, GP). The basis set was TZ2P
with a small frozen core for all atoms as in method A. The
latter structure was used to calculate the absorption spectra
with (THF) and without solvent (GP). The first singlet excited
state was obtained by promotion of one electron from the
HOMO to the LUMO followed by geometry optimization. The
solvent (COSMO) was introduced in a single point calculation
on the structures from the GP calculation. These results are
collected in the ESL.{

The Energy Decomposition Analysis (EDA)'®'? is a method
to decompose the energy in several terms. The interaction
energy between two fragments in a molecule, AEj,, is the
difference between the energy of the molecule and the sum of
the energies of the fragments in the geometry they have in the
molecule. The fragments relax to their optimised geometry, a
process involving another energy term, AE.,. The
latter energy accounts for the geometry relaxation taking
place when the 2-iminopyrrolyl and the BX, fragments
are no longer bound, which correspond to AErcorgimpyrr
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and AFEcorgpxoterms, respectively. AEj, is a sum of several
terms:

AEim - AEPauli + AEelec + AEorb (+AEsolv)

In this equation, AE.. is associated with the electrostatic
interaction between rigid fragments, AEp,,;; with the repulsive
interactions between occupied orbitals, and the AE,; term
contribution represents charge donation from one fragment to
the other. As solvent (THF) was considered in the calculations,
there is the solvent term, AE,},. The sum of AEp,yj; + AEqjec 1S
often called AEgcric-

The binding energy (BE) between two fragments in a mole-
cule, defined as the difference between the energy of the mole-
cule and the sum of the energies of the fragments in their opti-
mised geometry, can be related to the previous terms. Indeed,
the BE can be obtained from the sum AEj, + AEror.
Therefore, the BE of several compounds, associated with the
bond strengths, can be interpreted according to its depen-
dence on several energy terms.

Spectroscopic measurements

The photophysical properties of the new complexes 3-7 were
studied in diluted THF solution (c < 3 x 10> M) and in solid
films. Films were prepared by drop-casting a toluene solution of
the complexes mixed with ZEONEX (1% (w/w)) on quartz plates.

Absorption spectra were measured in a Beckman DU-70
spectrophotometer for compounds 3, 5 and 7, and with an
Agilent Cary 8454 UV-Visible spectrophotometer for 6, and
fluorescence spectra with a SPEX Fluorolog 2121 for all com-
pounds. The fluorescence spectra were collected with right
angle geometry, in the S/R mode, and corrected for the photo-
multiplier wavelength dependence. Fluorescence quantum
yields of the mononuclear (3, 5 and 6) and the binuclear (7
and 9) complexes were determined by comparison with the
quantum yields of a-tetrathiophene and a-pentathiophene (&
= 0.18 and 0.36 in dioxane at 25 °C, respectively).”
Fluorescence decays were measured using the time-correlated
single-photon counting (TCSPC) technique as previously
described.*® The pulsed (82 MHz) excitation source was a Ti:
Sapphire Tsunami laser pumped with a solid-state laser
Millennia Xs (Spectra Physics). Decays longer than 2 ns, were
remeasured at reduced repetition rate (4 MHz) using a pulse
picker (Spectra Physics, Model 3980). The Tsunami output
(720-900 nm) was frequency doubled and vertically polarised.
The sample emission was passed through a polariser set at the
magic angle and a Jobin-Yvon H10 monochromator, and
finally detected with a microchannel plate photomultiplier
(Hamamatsu, R3809u-50 MCP-PT). A fraction of the Tsunami
output was detected with a PHD-400-N photodiode (Becker
and Hickl, GmbH) for generation of the start signal. Start and
stop signals were processed with a SPC-630 acquisition board
(Becker and Hickl, GmbH). The instrumental response func-
tion (IRF) was measured using a LUDOX scattering solution in
water with transmittance at the excitation wavelength matched
to that of the sample (FWHM = 19 ps). The IRF and sample
signals were collected until 5 x 10 counts at the maximum
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were reached. Fluorescence decays were deconvoluted from the
IRF using the modulation functions method (Sand program).

An integrating sphere for absolute measurements was used to
obtain the values for the fluorescence emission quantum yields
(¢ppr) of the ZEONEX films of boron complexes 3-9, as rec-
ommended by the European Photochemistry Association
(EPA).*>** A NIST calibration lamp was used to compute the cor-
rection curve of the integrating sphere/detection system. This is
of utmost importance, for the correct calculation of fluorescence
quantum yields, ¢pr. A fixed monochromator (Oriel, FICS 77441)
coupled to an ICCD detector (Andor, i-Star 720) with time gate
capabilities was used in the accumulation mode. The signals
were collected from the integrating sphere by a collimating beam
probe coupled to an optical fibre (fused silica) in this way assur-
ing the connection to the monochromator entrance.

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

¢pr = [Pc — (1 —A) x Py|/A x Ly with A = (1 — L¢/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 total laser
light, L, is the total amount of excitation laser light, L, is the
scattered laser light, and L. is excitation light spectrum.

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

¢PL = Pc/(La - Lc)

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

Electrochemical properties

The electrochemical properties of complexes 3-9 were investi-
gated by cyclic voltammetry using a three electrodes set-up
consisting of platinum disk electrode, as the working elec-
trode, a saturated calomel reference electrode (SCE), as the
reference electrode, and a platinum wire, as the counter elec-
trode. For the current-potential measurements, a Solartron
potentiostat was used and the complexes were dissolved in the
electrolyte, which consisted of 0.1 M solutions of tetrabutyl-
ammonium tetrafluoroborate  (TBABF,) or tetrabutyl-
ammonium perchlorate (TBACIO,) salts (>99.0% for electro-
chemical analysis) in dry dichloromethane. All the measure-
ments were performed at 50 mV s_l, at room temperature,
under N, atmosphere, and the supporting electrolytes were
prepared in a N,-filled glove box. Ferrocene was used as exter-
nal reference to calibrate the reference electrode. As the energy
level of Fc/Fc' (ferrocene/ferrocenium ion redox couple) is at
4.80 eV below the vacuum level,>" the ionisation potential (IP)
and the electron affinity (EA) of the complexes were estimated
from the onset potentials determined for the oxidation and

reduction scans, respectively, using the equations: IP
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(-HOMO) (eV) = Eonset,ox (€V) + 4.80 — Egc/re+ (€V) and EA (eV) =
Eonset,ox (CV) +4.80 eV — EFc/Fc+ (eV).

Light-emitting diodes studies

Light-emitting diodes were prepared on glass/ITO substrates
(ITO = indium tin oxide), which were cleaned with detergent,
distilled water, acetone and isopropanol. They were treated
with oxygen plasma, prior to the deposition of PEDOT:PSS
(poly(3,4-ethylenedioxythiophene) doped with polystyrene sul-
fonic acid, CLEVIOS P VP.AI 4083 from Heraeus Clevios
GmbH) by spin coating. The PEDOT:PSS films (70-80 nm
thick, as measured with a DEKTAK profilometer) were
annealed in air for 2 minutes at 120 °C, and then transferred
into a nitrogen filled glove box.

Films of complexes 3-7 were deposited on top of PEDOT:
PSS by spin coating, from their THF solutions, inside the glove
box. Their thicknesses were in the range 60-100 nm. The sub-
strates were then placed inside an evaporation chamber, and
the top metal cathode (calcium), ca. 20 nm thick, was de-
posited at a base pressure of 2 x 10" mbar through a shadow
mask, defining pixel areas of 8 mm?” (except for the OLEDs
based on neat 6 whose pixels had areas of 4 mm?). A protective
aluminium layer, ca. 60-80 nm thick, was deposited on top.

Mixtures of poly(vinylcarbazole) (PVK, Aldrich) and 4%, by
weight, of the complexes 5, 6, 7 and 9, were prepared in THF
inside the glove box and deposited by spin coating, on top of
PEDOT:PSS coated ITO, giving film thicknesses in the range
85-100 nm.

Devices with an interlayer®® of polyTPD (poly(N,N'"-bis-4-
butylphenyl-N,N"-bisphenyl)benzidine, Ossila), ca. 5 nm thick,
as determined by UV-Vis absorption between PEDOT:PSS and
the PVK + complexes active layer were also prepared. This
involved the deposition of a layer of polyTPD (ca. 30 nm thick),
by spin coating from a THF solution, on the ITO/PEDOT:PSS
substrates inside the glove box and annealed at 100 °C for
10 min. It was then washed with THF until a constant thick-
ness was reached (assessed by UV-Vis absorption). The active
layer (PVK + complexes) was then spun coated on top, followed
by the calcium and aluminium thermal deposition.

Devices were tested under vacuum, using a K2400 Source
Meter and a calibrated silicon photodiode, as described pre-
viously.>® The electroluminescence (EL) spectra were obtained
with a CCD spectrograph (from Ocean Optics or from ScanSci).
External quantum efficiency values were estimated as detailed
in ref. 53.
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Crystallographic and molecular structure data of boron complexes 3, 4, 6 and 7

Figure S1. Perspective view of the molecular structure of 2-iminopyrrolyl boron complex 4
(molecule B), using 50% probability level ellipsoids. All calculated hydrogen atoms were omitted

for clarity.

Figure S2. Perspective view of the molecular structure of 2-iminopyrrolyl boron complex 4
(molecule C), using 50% probability level ellipsoids. All calculated hydrogen atoms were omitted

for clarity.
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Figure S3. Perspective views of the molecular structure of 2-iminopyrrolyl boron complex 4
(molecule D), using 50% probability level ellipsoids. All calculated hydrogens atoms were omitted

for clarity.
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Figure S4. Perspective view of the molecular structure of 2-iminopyrrolyl boron complex 6
(molecule A), using 50% probability level ellipsoids. All calculated hydrogen atoms were omitted
for clarity.

Figure S5. Perspective view of the molecular structure of 2-iminopyrrolyl boron complex 6
(molecule B), using 50% probability level ellipsoids. All calculated hydrogen atoms were omitted
for clarity.
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Table S1. Selected bond distances (A) and angles (°) for compounds 3, 4, 6 and 7.

3 4 6 7
molecule A molecule B molecule C molecule D molecule A molecule B
Bond distances

N1-B1 1.537(5) 1.589(3) 1.581(3) 1.573(3) 1.589(2) 1.570(10) 1.592(10) 1.555(2)

N2-B1 1.603(4) 1.682(2) 1.648(3) 1.654(3) 1.664(3) 1.613(11) 1.562(11) 1.602(2)

N1-C2 1.370(4) 1.381(2) 1.383(3) 1.385(2) 1.371(2) 1.357(10) 1.382(10) 1.385(2)

N1-C5 1.353(4) 1.354(2) 1.348(3) 1.350(3) 1.345(2) 1.360(10) 1.342(10) 1.343(2)

C2-C6 1.410(4) 1.396(2) 1.398(3) 1.401(3) 1.412(3) 1.432(11) 1.388(11) 1.392(2)
N2-C6 1.305(4) 1.309(2) 1.313(2) 1.309(2) 1.305(2) 1.284(9) 1.301(8) 1.3218(19)
N2—C7 1.431(4) 1.448(2) 1.437(2) 1.441(2) 1.450(2) 1.452(9) 1.427(10) 1.4186(19)

B1-E1% 1.379(4) 1.626(3) 1.638(3) 1.627(3) 1.621(3) 1.598(11) 1.652(12) 1.631(2)

B1-E2" 1.381(4) 1.643(3) 1.640(3) 1.640(3) 1.639(3) 1.600(12) 1.593(11) 1.630(2)

Bond angles

N1-B1-N2 97.0(2) 93.41(13) 94.01(14) 94.49(14) 93.49(13) 94.3(6) 96.5(6) 96.62(11)
C5-N1-C2 107.9(3) 106.48(16) 107.17(16) 107.36(17) 107.62(15) 107.0(6) 109.8(7) 107.83(13)
C2-N1-B1 111.0(2) 112.85(14) 112.48(16) 112.40(16) 112.58(15) 113.1(7) 108.9(7) 110.90(12)
C5-N1-B1 140.9(3) 140.34(16) 139.35(18) 139.81(17) 139.39(17) 139.9(7) 141.1(7) 141.27(14)
C6-N2-C7 123.9(3) 115.46(15) 119.01(17) 119.29(16) 117.76(16) 121.0(7) 121.8(7) 124.01(12)
C6-N2-B1 110.6(2) 110.69(14) 111.41(16) 110.71(16) 111.75(14) 121.0(7) 112.5(7) 110.32(12)
C7-N2-B1 125.3(2) 132.82(14) 126.56(15) 126.84(15 129.57(14) 126.6(6) 125.4(6) 125.20(12)
E1-B1-E2 109.9(3) 113.22(16) 116.34(16) 116.51(16) 116.15(15) 100.7(6) 99.6(6) 117.27(13)
E1-B1-N1 112.9(3) 120.39(16) 104.63(15) 104.43(16 118.73(15) 116.2(6) 112.1(7) 107.53(13)
E2-B1-N1 114.3(3) 103.79(15) 119.21(15) 119.06(15) 102.81(14) 114.9(7) 113.8(6) 113.37(12)
E1-B1-N2 111.8(3) 104.63(15) 117.85(16) 120.15(14) 104.42(15) 115.9(7) 117.8(6) 112.88(12)
E2-B1-N2 110.3(3) 120.84(15) 103.32(15) 100.98(15) 119.82(16) 115.7(6) 117.8(8) 107.33(12)

wE ° 91.13(12) -77.47(8) -79.05(7) 77.27(8) 78.16(7) 90.4(3) 89.2(3) 85.81(6)
PEyr-phy ° 26.58(12) -57.53(7) 66.98(7) 64.19(9) 57.37(9) 21.7(3) 26.0(3) 23.72(10)

C6-N2-C7-Cx © -24.0(5) 59.2(2) 53.8(2) -52.2(2) -61.8(2) 19.3(10) -22.6(11) -14.9(2)

2E1=F1(3), C13 (4 and 6) and C10 (7); ® E2 = F2 (3), C22 (4), C19 (6) and C16 (7); ¢ Dihedral angle between N1-B1-N2 and E1-B1-E2; ¢ Dihedral angle between the
average planes of the 2-iminopyrrolyl (Pyrr) moiety and of the iminic N-phenyl ring (Ph); ¢ Cx = C8 or C12.
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Table S2. Crystal data and structure refinement for compounds 3, 4, 6 and 7.

Compound 3 4 6 7
Formula CuHgF2BN> Ca9H31BN> CasHi7BN2  CygH32B2F20N4O:
M 218.01 418.37 332.19 1098.39
L (A) 0.71073 0.71073 0.71073 0.71073
T (K) 150(2) 150(2) 150(2) 150(2)
crystal system Monoclinic Triclinic Monoclinic Triclinic
space group P2i/n P-1 P2i/c P-1
a(A) 6.413(3) 16.9181(13) 17.677(4) 8.9402(4)
b (A) 7.019(3) 17.0427(13) 11.145(3) 10.6602(5)
c(A) 22.215(8) 17.8177(12) 17.729(4) 12.8486(6)
a (deg) 90 75.611(3) 90 105.370(2)
B (deg) 95.590(14) 71.293(3) 97.743(12) 97.060(2)
v (deg) 90 87.992(4) 90 95.9220(10)
V (A% 995.2(6) 4707.7(6) 3461.1(13) 1159.93(9)
z 4 8 8 1

A 1 4 2 0.5
Py (@ €M) 1.455 1.181 1.275 1.572

g (mm?) 0.113 0.068 0.074 0.152
bnax (deg) 25.66 25.77 25.34 26.19
total data 3960 41526 54163 14831
unique data 1100 11977 1773 3567
Rint 0.0509 0.0510 0.3189 0.0451
R [1>35(1)] 0.0594 0.055 0.1233 0.0367
WR; 0.1459 0.1216 0.2685 0.0881
Goodness of fit 0.958 1.073 0.911 1.059

£ min -0.259 -0.519 -0.427 -0.219
D max 0.232 0.684 0.350 0.249
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Thermogravimetric Analysis (TGA)
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Fig. S6. TGA thermograms of complexes 3, 4, 5, 6 and 8. The inset of the picture represents the beginning of the decomposition with two dashed

lines, one for the 1% weight loss, and another for the 5% weight loss.
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Fig. S7. TGA thermograms of complexes 7 and 9.
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Computational studies — Energy Decomposition Analysis and binding energy

The complexes 3-9 share 2-iminopyrrolyl ligands and therefore the binding energies of this ligand
to the boron fragment (BX>) could be related to their thermal stability described above (Figures S5
and S6 and Table 1). This led us to perform an Energy Decomposition Analysis (EDA) to understand
the differences between them. The binding energy (BE) between two fragments in a molecule is the
difference between the energy of the molecule and the sum of the energies of the fragments in their
optimised geometry. On the other hand, it is possible to define the interaction energy (AEin) as the
difference between the energy of the molecule and the sum of the energies of the fragments when
they keep the same geometry as they have in the molecule. The energy needed to convert this

geometry into the geometry with the lowest energy is called the reorganization energy (Ecor¢). Thus:
BE = AEin + AEreorg

The Energy Decomposition Analysis (EDA) gives a different way of interpreting the AE;, terms by

decomposing them:
AEint = AEpauli + AEetec TAEorb

where AEpuui is a repulsive term representing the destabilizing interactions between occupied
orbitals, while the attractive terms AE..c and AE,» include the electrostatic interaction between the
rigid fragments, and the interaction between orbitals, such as HOMO-LUMO interactions and
polarization (mixing of empty and occupied levels of each fragment occurring in the presence of
another fragment), respectively.

When the calculations include the effect of the solvent, as happens in this study, another term
(AEson), arising from the interactions of molecules and fragment with the solvent, also contributes

to the interaction energy:
AEint = AEpauii + AEeiec TAE oy + AEsoly

The EDA values are given in Table S5. In the five mononuclear complexes, the binding energy (BE,
kcal mol!) increases from 4 (B(2,4,6-Mes-CeHz)2, -77.7) < 8 (B(C¢Hs), -112.0) < 5
(B(CéFs)2, -131.5) < 6 (9-borafluorenyl, -143.0) <3 (BF>, -153.4) and follows almost the same order
of the interaction energy AEi,. This indicates that the reorganizing energies do not change the trend.
Indeed, the 2-iminopyrrolyl ligand requires ~21.5 — 23.8 kcal mol™! to relax from the geometry it
adopts in the complex to the optimised one. It is practically the same value for all the complexes.

The relaxation of the BX> fragment involves a change in the F-B-F or C-B-C angle observed in the
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complex to 180° in the free fragment (except in the case of the chelated 9-borafluorenyl fragment in
6). The maximum reorganization energy (kcal mol™') occurs for the F-B-F in 3 (67.2), followed by
4(61.2),5(51.4), 8 (45.8) and, not surprisingly, the more rigid 6 (31.9).

The AEsweric term shows the balance between the Pauli repulsion and the attractive electrostatic
term. It is negative for all complexes except 4. Since AE,» and AE, are not very different for the
five species, we assign the lowest BE of 4 to the large AEp.ui repulsive term associated with a low
AEeiec. Complex 3, with low AEpausi and very large AEe.. displays the highest BE. The other
fluorinated complex, 5, also has a large AEcc but high AEpuui, the resulting AEseric being similar to
that of 6. The smaller solvent penalty and reorganization energy of the BX, fragment confer a higher
BE to 6 than to 5. Complex 8 has a less negative AEjeric term.

The BEs (kcal mol™') of the pentafluorinated derivatives are larger than those of the hydrogenated
analogues. Indeed, the BE of 5 [B(C¢Fs)2] 1s -131.5 and of 8 [B(CsHs)2] is
-112.0, while for the binuclear 7 and 9 are -270.1 and -233.5, respectively, reflecting the main pattern
observed in the experimental thermal analysis (Table S3). This behaviour is assigned mainly to the
larger attractive electrostatic and covalent interactions in the fluorinated species. The AE,» term is
for both 7 and 9 more negative than in the mononuclear species (twice owing to the double number
of B-N bonds formed) and is higher for the fluorinated 7, which has a higher BE and AE;, despite
the higher solvent destabilization.

Complex 4 [B(2,4,6-Me3-CsHz)2] with the lowest decomposition energy has the weakest binding
energy (-77.7). The high binding energy of complex 3 [BF2] does not agree with the easy thermal
decomposition, but this may be assigned to kinetic factors, which caused decomposition of the
compound even in normal handling. The relative thermal stability of 6 (9-borafluorenyl), as

measured by Tqec 50 (Table 1), is slightly different than might be anticipated from its BE of -143.0.
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Table S3. Energy Decomposition Analysis (EDA) of complexes 3-9.

O O E’%”@ . @ e R

DA W) D\j @ DR @ @ QJ @

terms F ¥ s i FsCy ‘oofs FoCa Cofs H cﬁ Yats Hﬁcﬁ YeHs
3 4 5 6 7 8 9

AEpau 213.6 336.2 314.8 269.9 628.0 297.3 595.5

AEetec 3386  -3142  -339.7  -304.6 759.9 3114 700.4

AEseic  -125.0 22.0 24.9 34,7 1319 14.1 -104. 9

AEory 2511 2697 -2923 2632 582.4 2615 5235

AEson® 1325 873 -1105 -99.4 2913 -95.2 256.8

AEm 2436 -1604  -2067  -1985 4230 11804 3716

AEreorgmpye 23.0 215 23.8 23.6 48.3 22.6 46.5

AEreorg o2 67.2 61.2 51.4 31.9 104.6 45.8 916

AErog 902 82.7 75.2 55.5 152.9 68.4 138.1

BE  -1534 777 -1315 -1430 2701 1120 2335

2The solvation energy of the fragments is subtracted.?*
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NMR spectra of complexes 3-7
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Figure S8. *H NMR spectrum (400 MHz, CDCl,) of complex 3.
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Figure S9. 3C{*H} NMR spectrum (100.61 MHz, CDCl,) of complex 3.
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Figure S10. !B NMR spectrum (128.35 MHz, CD,Cl.) of complex 3.
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Figure S11. F{*H} NMR spectrum (376.50 MHz, CDCl,) of complex 3.
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Figure S12. *H NMR spectrum (300 MHz, CDCl,) of complex 4.
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Figure S13. 3C APT NMR spectrum (75.47 MHz, CD,Cl,) of complex 4.
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Figure S14. 1B NMR spectrum (96.27 MHz, CD2Cl,) of complex 4.
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Figure S15. *H NMR spectrum (300 MHz, CDCl,) of complex 5.
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Figure S16. *C{*H} NMR spectrum (75.47 MHz, CD:Cl,) of complex 5.
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Figure S17. !B NMR spectrum (96.27 MHz, CDCl,) of complex 5.
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Figure S18. F{*H} NMR spectrum (282.40 MHz, CDCl,) of complex 5.
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Figure S19. *H NMR spectrum (300 MHz, CDCl,) of complex 6.
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Figure S20. 3C APT NMR spectrum (75.47 MHz, CD2Cl,) of complex 6.
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Figure S21. !B NMR spectrum (96.27 MHz, CDCl,) of complex 6.
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Figure S22. *H NMR spectrum (300 MHz, CDCl,) of complex 7.
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Figure S23. 3C{*H} NMR spectrum (75.47 MHz, CD,Cl,) of complex 7.
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Figure S24. 1B NMR spectrum (96.27 MHz, CDCl,) of complex 7.
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Figure S25. F{*H} NMR spectrum (282.40 MHz, CD-Cl,) of complex 7.
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Variable-temperature (VT) NMR spectra of complex 4
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Figure S26. VT-'H NMR spectra (300 MHz, THF-ds) of complex 4, showing the resonances of
the tetracoordinate major isomer 4 (deep blue labels) and of the tricoordinate minor isomer 43
(light blue labels).
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Figure S27. VT-11B NMR spectra (96.29 MHz, THF-ds) of complex 4, showing the resonances of
the tetracoordinate major isomer 4 (at lower fields) and the tricoordinate minor isomer 43 (at higher

fields), along with the respective chemical shifts.
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Selective irradiation
at 8.40 ppm
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Figure S28. 1D-NOE NMR spectrum (300 MHz, THF-ds, 29 °C) of complex 4, with selective
irradiation on the *H imine proton (-CH=N-) resonance of tetracoordinate major isomer 4, at 8.40
ppm, showing its chemical exchange with the tricoordinate minor isomer 43 (negative NOE peak)

and positive NOE peaks with pyrrolyl, aromatic and methyl protons.
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Figure S29. 1D-NOE NMR spectrum (300 MHz, THF-ds, 29 °C) of complex 4, with selective
irradiation on the *H imine proton (-CH=N-) resonance of tricoordinate minor isomer 4s, at 8.24
ppm, showing its chemical exchange with the tetracoordinate major isomer 4 (negative NOE peak)

and positive NOE peaks with pyrrolyl, aromatic and methyl protons.
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Van’t Hoff plot for the equilibrium between tetracoordinate and tricoordinate isomers of

complex 4
Van’t Hoff equation
nK AG° AH° N AS°
n = — — — — —
RT RT R
24 .
I y =-248.38x-1.7073
245 | R?=0.9995
X
=
25 }
_255 L 1 L 1 L 1 L ]
0.0029 0.0030 0.0031 0.0032 0.0033

11T (K1)

Figure S30. Van’t Hoff plot for the equilibrium between tetracoordinate and tricoordinate isomers

of complex 4.

T (°C) T (K) T ltricoord 2 ltetracoord Kb
30 303.15  0.003299 0.080 1 0.080
40 313.15  0.003193 0.082 1 0.082
50 323.15  0.003095 0.084 1 0.084
60 333.15  0.003002 c 1 c
70 343.15  0.002914 0.088 1 0.088

2 Calculated from the relative area integration of the corresponding imine (-CH=N-) *H NMR
resonances; ® Equilibrium constant: K = [43]/[4] = luicoord/ ltetracoord; ¢ Not calculated because
both resonances are overlapping.

Thermodynamic parameters: AH° = 0.49+0.04 kcal mol*
AS°® = -3.4%0.1 cal mol? K
AGP° (298.15 K) = 1.51+0.07 kcal mol*
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Computational studies — Energy profile for the conversion of complex 4 into the
tricoordinate isomers 43e.endo @and 43e-exo and comparison with mononuclear boron complexes
3,5,6and 8

It was shown in Scheme 2 of the article that the tetracoordinate 2-iminopyrrolyl boron complex 4
was involved in an equilibrium with the 43g-endo iSomer, which could further convert to 4sg-exo. Our
calculations indeed show that the B-Nimine bond of complex 4 can be easily broken to yield a
tricoordinate boron complex containing the monodentate iminopyrrolyl ligand in the E-endo form
(43g-endo) With an energy 2.1 kcal mol™ higher. Rotation around the Cpyrrolyi-Cimine CONVerts it to a 2.6
kcal mol™ more stable E-exo conformer (4se-exo) With almost the same energy of 4, though slightly

more stable. A new version of Scheme 2 with these energies is shown in Scheme S1.

Oﬂ@ %O /N\ /LO

5 N S

43E-endo 43E-exo
0 2.1 -0.5
Scheme S1. Schematic equilibrium between the tetracoordinate 2-iminopyrrolyl boron complex

4and its tricoordinate isomers 43-endo and 4se-exo, With their relative energies in kcal mol™ (in italics).

This result suggests that the long B-Nimine bond is weak, and its cleavage relieves the steric hindrance
of the initial complex 4. Nothing similar happens with the other four mononuclear complexes
studied, where the energy differences are closer to 20 kcal mol (see Figure S31). The 63&-endo iSOMer
of 6 could not be obtained. Therefore, only tetracoordinate complex 4 may be involved in a
decoordination-coordination equilibrium process in solution with its corresponding tricoordinate

species as represented in Scheme S1.
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Figure S31. Optimised ground state structures of tetracoordinate mononuclear boron complexes 3-

6 and 8 (left), of their tricoordinate E-endo conformers (center, except 63e-endo) and tricoordinate E-

Bspeort, Y
21.7 | :

4 - 4 N\
3E-exo - ?f\ %{, Y
15 TSl

53E-exo . \ ‘ ’
25.8 / W
‘\z

o4

Th
63E—exo . L

245 {({ f;f ‘

N
83E-exo /d\ﬁ\‘/\"/
18.8 /r////§§ M

exo conformers (right), with the relative energy difference (kcal mol*) below the complex label.

The previous observations led us to search for the energy profile of 4, 43e-endo and 43g-exo (bOttom)
of the two reactions shown in Scheme S1 and to determine the two transition states, TS1 and TS2,

respectively (see Computational details for the methodology). The description of the mechanism is

presented in Figure S30 (displayed in the article as Figure 2, which is repeated here for facility).
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Figure S32. Energy profile (BP86 functional) for the conversion of complex 4 into the

tricoordinate complex 43g-endo and isomerization to 4se-exo (b0Ottom), with the relative energies
(black) and Gibbs energies (blue) in kcal mol™?, and the geometries of the five species with
indication of the parameter changing in each step (distances in A in TS1 and C-C-C-N dihedral

angles in °in TS2).

The stretching of the B-Nimine bond of 4 shows an energy maximum, which led to the transition state
at a distance of 2.331 A and to the tricoordinate boron complex 43e-endo for d(B-Nimine) = 3.173 A,
which is well beyond any bonding distance. The small energy barrier is 6.7 kcal mol™. If we consider
the Gibbs energies values, the tetra- and tricoordinate boron complexes differ by only 0.8 kcal mol?,
the latter becoming more stable than 4. It is therefore expectable that both species 4 and 43g-endo
could be seen in solution by NMR experiments, as discussed above. While looking for meaningful
species, we envisaged also the 43e.exo iSOmer, which is obtained by rotating the -C(H)=N-Ph imine
group across the internal Cpyrolyi-Cimine bond of the iminopyrrolyl. This angle starts as 2° in 4, with
the C=N imine bond almost coplanar with the pyrrolyl ring and is only 6° in 43g.endo, reaching -79°

in TS2 and finally -179° in 43e-exo. The C=N imine bond of 43e.exo is again coplanar with the pyrrolyl

S30



ring but in the exo conformation. The energy barrier is significantly higher and may prevent its
formation. These values are very small, and the conclusion is that both 4 and 4sg.endo Should be
observed species. The presence of 43e.exo IS NOt SO Clear.

This latter point is further reflected in the similar calculations obtained with another methodology
(Figure S33). A comparison of experimental and calculated thermodynamic functions for the
equilibrium between 4 and 43e-endo reveals that the enthalpies are in very good agreement, with 0.6
(calc) and 0.5 (exp) kcal mol™, while the Gibbs energies, -0.8 (calc) and 1.5 (exp) kcal mol™ differ
a little more, though being of the same order of magnitude. This not so good agreement is explained

by the limitations in the calculations of the entropy.

Figure S33 Energy profile (PBE functional) for the conversion of complex 4 into the tricoordinate
complex 43e-endo and isomerization to 4se-exo (bOttom), with the relative energies (black) and Gibbs
energies (blue) in kcal mol™, and the geometries of the five species with indication of the relevant

parameters (angles in © and distances in A).
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Computational studies — Ground state and first excited state optimised structure geometries

of boron complexes 3-9

Table S4. Calculated (DFT) dihedral angles C6-N2-C7-C12 (°) for complexes 3-9 in the ground

and first singlet excited state using different methods.

Ground state First singlet excited state
A B A/D3 | B/D3 GP A B A/D3 | B/D3 GP
Angle C6-N2-C7-C12
3 =24 | =27 -25 -28 -22 1 0 1 0 0
4 -49 | -51 -53 -56 -48 13 13 14 15 9
5 23 | 25 23 24 23 8 8 8 8 9
6 30 | 33 30 29 30 5 5 5 5 0
22 | 24 21 23 22 10 11 10 11 10
! -22 | -25 -21 -23 -21 9 | -11 -10 -11 -10
8 36 | 36 36 38 29 1 1 1 1 2
31| 37 31 37 34 5 4 5 5 4
? -31 | -37 -31 -37 -34 -5 -5 -5 -5 -4

A — PBEO, TZ2P (all electron), THF, SO

A/D3 — PBEO0/D3, TZ2P (all electron), THF, SO
B — B3LYP, TZ2P (all electron), THF, SO

B/D3 - B3LYP/D3, TZ2P (all electron), THF, SO
GP — BP86 (small core, TZ2P)
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Figure S34. Optimised structures of tetracoordinate boron complexes 3-6 in the ground state (left)

and in the first excited singlet state (right), with the most relevant distances (A).
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Figure S35. Optimised structures of tetracoordinate boron complexes 7-9 in the ground state (left)
and in the first excited singlet state (right), with the most relevant distances (A).
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Computational studies — Frontier orbitals and composition of the lower energy electronic

transitions in boron complexes 4 and 6

Figure S36. Three-dimensional representation of the frontier orbitals of mononuclear complexes 4
and 6 with relative energies (HOMO-LUMO gap: 4.24 (4), 3.71 (6) eV; the HOMO is identified by

the arrows).
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Computational studies — Calculated HOMOs and LUMOs energies for complexes 3-9 using different methods

Table S5. Calculated HOMOs and LUMOS energies (eV) for complexes 3-9 using different methods.

A A/D3 B B/D3 GP THF CHCl

HOMO | LUMO | HOMO | LUMO | HOMO | LUMO | HOMO | LUMO | HOMO | LUMO | HOMO | LUMO | HOMO | LUMO
3| 6490 | -2.443 | -6.488 | -2.441 | -6.184 | -2.489 | -6.182 | -2.485 | -5.722 | -3.390 | -5.540 | -3.143 | -5.632 | -3.243
41 -6.277 | -2.033 | -6.268 | -2.014 | -5.959 | -2.068 | -5.944 | -2.045 | -5.342 | -2.978 | -5.373 | -2.827 | -5.424 | -2.886
5| -6.532 | -2470 | -6.526 | -2.472 | -6.230 | -2.522 | -6.219 | -2.526 | -5.880 | -3.519 | -5.617 | -3.188 | -5.691 | -3.263
6| -6.249 | -2.156 | -6.249 | -2.158 | -5.899 | -2.179 | -5.897 | -2.180 | -5.251 | -3.082 | -5.440 | -2.944 | -5.445 | -2.987
7] -6.335 | -2.793 | -6.320 | -2.800 | -6.057 | -2.822 | -6.034 | -2.832 | -5.830 | -3.900 | -5.442 | -3.459 | -5.509 | -3.521
8| -6.355 | -2.097 | -6.352 | -2.095 | -6.038 | -2.145 | -6.040 | -2.124 | -5.396 | -2.933 | -5.414 | -2.877 | -5.511 | -2.978
9| -6.133 | -2.410 | -6.129 | -2,424 | -5.876 | -2.392 | -5.869 | -2.392 | -5.224 | -3.213 | -5.201 | -3.123 | -5.309 | -3.232

A — PBEO, TZ2P (all electron), THF, SO

A/D3 - PBEOQ/D3, TZ2P (all electron), THF, SO

B — B3LYP, TZ2P (all electron), THF, SO

B/D3 - B3LYP/D3, TZ2P (all electron), THF, SO

GP — BP86 (small core, TZ2P)

THF — BP86 (small core, TZ2P), THF (single point)

CH2Cl,— BP86 (small core, TZ2P), dichloromethane (single point)
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Computational studies — Calculated absorption energies and first excited state lifetimes for complexes 3-9 using different methods

Table S6. Calculated absorption energies energies (eV) and first excited state lifetimes (ns) for complexes 3-9 using different methods.

A A/D3 B B/D3 GP

max max max max max

abs Gj abs i abs G abs G abs
3.36 1.94 3.36 1.97 3.29 2.13 3.29 2.13 2.16

3.79 7.24 3.80 15.0 3.72 11.2 3.80 14.47 3.39
3.41 2.02 3.40 2.03 3.33 2.17 3.32 2.19 3.14
3.50 1.80 3.50 1.83 3.46 1.85 3.41 1.87 3.29
2.88 1.59 2.86 1.61 2.80 1.80 2.77 1.82 2.39
3.45 1.84 3.59 1.77 3.39 1.94 3.54 1.87 3.29
3.04 1.41 3.04 1.42 3.03 1.57 3.03 1.58 2.47

Ol 00| N| o o | W

A —PBEOQ, TZ2P (all electron), THF, SO

A/D3 - PBEO0/D3, TZ2P (all electron), THF, SO
B — B3LYP, TZ2P (all electron), THF, SO

B/D3 - B3LYP/D3, TZ2P (all electron), THF, SO
GP — BP86 (small core, TZ2P)
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Computational studies — Composition of the lower energy electronic transitions in

complexes 4 and 6

Table S7. Composition and oscillator strength (OS) of the lower energy electronic transitions in

complexes 4 and 6.

Transition A (nm) FE (eV) Composition (0N}
Complex 4

1 352 3.52 H—L (56%), H-1-L (36%) 0.107
2 347 3.57 H-1-L (62%), H—L (27%) 0.251
3 331 3.75 H-2—L (89%), H—L (8%) 0.150
4 317 391 H-3-L (90%), H—L (5%) 0.448
Complex 6

1 374 3.31 H—L (96%) 0.033
2 354 3.50 H-1-L (94%), H—L (3%) 1.039
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Computational studies — Calculated energies of S1—So transition for complexes 3-9 using

different methods

Table S8. Calculated energies (eV) of S1—So transition for complexes 3-9 using different

methods.

S1
A B A/D3 B/D3 GP
3 2.57 2.476 2.56 2.45 1.80
4 2.37 221 2.35 2.15 1.815
5 2.64 2.53 2.64 2.60 1.87
6 2.57 2.37 2.57 2.35 2.09
7 2.25 217 2.26 2.17 1.52
8 2.70 2.60 2.70 2.60 1.89
9 2.55 2.15 2.55 2.45 1.50

A — PBEO, TZ2P (all electron), THF, SO

A/D3 — PBEO/D3, TZ2P (all electron), THF, SO
B — B3LYP, TZ2P (all electron), THF, SO

B/D3 - B3LYP/D3, TZ2P (all electron), THF, SO
GP — BP86 (small core, TZ2P)
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Electrochemical properties
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Figure S37. Cyclic voltammograms obtained for complexes 3-9 in this work, measured at scan
rate of 50 mV/s in 0.1 M TBABF4/CH:ClI> (for complexes 3-8) or 0.1 M TBACIO4/CHClI; (for

complex 9) as electrolytes.
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Figure S38. Plots of (a) the difference between —IP and HOMO versus the energies of the
HOMOs, and of (b) the difference between —EA and LUMO versus the energies of the LUMOs of
compounds 3-9. IP and EA were estimated from cyclic voltammetry measurements, and the
energies of the HOMOs and LUMOs were determined by DFT (CH2Cly).
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Electroluminescence performance

Table S8 summarises the performance parameters of the various OLEDs fabricated with the new
complexes deposited by spin coating. It also includes the previously reported results for the OLEDs
based on neat 8 and 9.

OLEDs based on neat complexes 3 and 4 showed negligible emission, a result consistent with the
low or null photoluminescence (PL), and were not further investigated. Devices based on neat
complex 5 showed also negligible emission. In view of the reasonable PL efficiency this was further
studied in OLEDs upon dispersion in polyvinylcarbazole (PVK).

We also observed that films of neat complex 7 showed signs of crystallization, leading to rough
surfaces.

Figure S39 compares the recorded EL spectra for neat complexes and for the complexes dispersed
in PVK with the corresponding PL spectra. A good agreement is observed. Small differences are
likely due to interference effects inside the OLEDs (which resemble a microcavity). No additional
peaks are observed in EL that could result from degradation or from lower energy emissive states
(such as aggregates).

In view of the close molecular structure of complexes 7 and 9, the similar solution fluorescence
quantum vyield, and the above mentioned tendency of crystallization of complex 7 films, we
investigated the performance of OLEDs based on a 1:1 weight mixture of the two complexes. The
devices had the structure ITO/PEDOT:PSS/7+9/Ca/Al, with a pixel area of 8 mm? and the active
layer thickness (7+9) of ca. 60 nm. Figure S40 compares the performance of these devices with those
of the neat complexes.

We found that the OLEDs combining the two complexes do not outperform that of the OLEDs
based on neat 9. The typical maximum luminance of the OLEDs based on the 7+9 mixture, 27
cd m?, is lower than those of the OLEDs based on neat 7 (43 cd m™) or 9 (958 cd m), and the
current efficiency (as shown in Fig S40B) is slightly higher than that of neat 7-based OLEDs, but
significantly lower than that of the neat 9-based OLEDs. We found, however, that the film of the
mixture is quite homogeneous, without crystallization signs, which is probably the reason why the
current shows a smoother variation with the applied voltage when compared with that of neat 7-
based OLEDs. The EL spectra for the three devices structures are very similar, as shown in Figure
S40C).

It should be mentioned that OLEDs based on the dispersion of this 7+9 mixture in PVK do not
show improved performance (maximum luminance of 14 cd m?, maximum electroluminescence
efficiency of 0.010 cd A™%).
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Table S9. Electroluminescence data for OLEDs prepared by spin coating of either THF solutions of the neat complexes or THF solutions of the
complexes mixed with PVK. The general OLEDs structure was ITO/PEDOT:PSS/active layer/Ca/Al. Devices containing an interlayer (IL) of
polyTPD, between PEDOT:PSS and the active layer, were also fabricated and tested. Pixel areas were 8 mm?, except for some identified cases,

where a 4 mm? area was used.

5 6 7 8 9
E\>_\\ Fsca Cst Hscs ;_.CsHs
D\_\\ - e v @ //—(j @ ‘ N/BjN@NC@
Fscs Cer Fscs Cst Hscs CEHﬁ 0. / HEC;B\CGHs
¢ (THF solution) 0.32 0.40 0.32 0.34 0.36
#rL (ZEONEX film) 0.31 0.40 0.31 0.37 0.36
L™*=10 cd m™ LM*=43 cd m LM#*=0.35 cd m LM*=958 cd m™
. 0eL™*=0.003 cd A | geL™™=0.013 cd AT | peL™*=3.8x10" cd AT | e ™*=0.30 cd At
Neat complexes Negligible EQE™*=0.001% | EQE™*=0.004% EQE™*=15x10% | EQE™*=0.084%
EL™ =485 nm? EL™ =564 nm? EL™X =490 nm 2P EL™* =531 nm &¢
L™*=79 cd m™ L™*=41 cd m™ L= 31 cd m LM*=94 cd m™
max— -1 max— -1 max— -1 max— -1
0 deL™™=0.087 cd A" | ¢eL™™=0.0065 cd A" | peL*=0.020 cd A i $eL™*=0.0281 cd A
PVK +a%complexes | £ormucyy 03006 | EQE™=0.0020% | EQE™=0.0065% EQE™>=0.0092%
EL™=502 nm EL™*=483 nm EL™*=524 nm EL™*=522 nm
L™*=31 cd m™ L™*=170 cd m™ L™*=40 cd m L™*=124 cd m™
polyTPD_IL/PVK + deL™™=0.025 cd A | ¢pe.™™=0.037 cd A | ¢pe.™*=0.0074 cd A ) $eL™*=0.026 cd A
4% complexes EQE™>=0.0093% | EQE™*=0.016% EQE™*=0.0023% EQE™>=0.0085%
EL™*=498 nm EL™*=485 nm EL™*=524 nm EL™*=522 nm

2 Pixel area of 4 mm?: ® Ref. 11c; ¢ Ref. 11d
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Fig. S39. Comparison between the EL spectra recorded from the OLEDs based on active layers

made of both the complexes dispersed in PVK and the neat complexes and the PL spectra recorded
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Fig. S40. Characteristics of the OLEDs based on neat complexes 7 and 9 with those of the OLED
based on their mixture. A) Current density (closed symbols) and luminance as a function of the
applied voltage; B) Electroluminescence efficiency as a function of the current density in the

devices; and C) EL spectra.
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