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A group of new boron complexes [BPho{k?N,N'-NC4Hz-2-C(H)=N-CgHX}] (X = 4-Cl 4c, 4-Br 4d, 4-| 4e,
3-Br 4f, 2-Br 49, 2-| 4h) containing different halogens as substituents in the N-aryl ring have been syn-
thesized and characterized in terms of their molecular properties. Their photophysical characteristics
have been thoroughly studied in order to understand whether these complexes exhibit an internal heavy-
atom effect. Phosphorescence emission was found for some of the synthesized halogen-substituted
boron molecules, particularly for 4g and 4h. DFT and TDDFT calculations showed that the lower energy
absorption band resulted from the HOMO to LUMO (r—=n*) transition, except for 2-1 4h, where the
HOMO-1 to LUMO transition was also involved. The strong participation of iodine orbitals in HOMO-1 is
reflected in the calculated absorption spectra of the iodine derivatives, especially 2-1 4h, when spin-orbit
coupling (SOC) was included. Organic light-emitting diodes (OLEDs) based on these complexes, in the
neat form or dispersed in a matrix, were also fabricated and tested. The devices based on films prepared
by thermal vacuum deposition showed the best performance. When neat complexes were used, a
maximum luminance (Lmay) of 1812 cd m™2 was obtained, with a maximum external quantum efficiency
(EQEmay) Of 0.15%. An EQE sy Of ca. 1% along with a maximum luminance of 494 cd m~2 were obtained
for a device fabricated by co-deposition of the boron complex and a host compound (1,3-bis(N-carbazo-
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1. Introduction

After the report of the first multi-layered organic-light emitting
diodes (OLEDs), by Tang and Van Slyke," many improvements
have been achieved in this type of technology to the point of
their being nowadays present in commercially available flat
displays and lighting applications. In spite of this achieve-
ment, there is a continuous search for enhancements in this
technology aiming to obtain better brightness, flexibility, stabi-
lity and lower production costs.

In the production of luminescent emitters, there is already
a variety of options based on fluorescent and/or phosphores-
cent chromophores, or in the newest thermally activated
delayed fluorescent (TADF) molecules.” Tetracoordinate boron
complexes containing bidentate N,N-; N,0-; N,C-; C,C-; C,0-
and 0,0- ligands gave rise to particularly interesting lumines-
cent chromophores, some of them used in OLED devices with
good electroluminescent properties.®*

Our research group has already developed a reasonable
number of tetracoordinate boron complexes bearing a 2-(N-
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Chart 1 2-(N-arylformimino)pyrrolyl-BPh, complexes previously reported

arylformimino)pyrrolyl ligand. Their emission colour could be
tuned by varying the structural and electronic features of this
scaffold. The 2-iminopyrrolyl-BPh, complexes containing
donor and acceptor groups in the N-phenyl fragment (e.g. H,
2,6-iPr,, OMe, CN, etc.) (Chart 1, A)’ proved to be blue to
bluish-green fluorescence emitters. The boron analogues
bearing fused aromatic fragments onto the C4-C5 or the
C3-C4 bonds (indolyl or phenanthropyrrolyl, respectively)
(Chart 1, B) are other good examples. For instance, the phe-
nanthropyrrolyl derivatives exhibited fluorescence quantum
yields in the range of 37-61%.° Other derivatives such as
2-(imino) and 2-(iminophenanthro)pyrrolyl-BPh, containing
N-alkyl groups (methyl, n-octyl, i-propyl, cyclohexyl, -butyl and
adamantyl) were also reported as violet-blue emitters (Chart 1,
C).” OLED devices based on binuclear 2-iminopyrrolyl-BPh,
derivatives (Chart 1, D) achieved a luminance maxima of 4400
cd m~>.>*® The substitution of the 2-iminopyrrolyl ring at posi-
tion 5 with aromatic substituents, such as phenyl or anthrace-
nyl (Anthr), originated a new family of 5-substituted 2-(N-aryl-
formimino)pyrrolyl boron complexes. These green and blue
fluorescent emitters (Chart 1, E) were applied in the emissive
layers of OLED devices with various structures, showing exter-
nal quantum efficiencies up to 2.75% along with luminances
as high as 23530 cd m™>.°

Interestingly, in all the previous studies, the observation of
triplet formation via intersystem crossing was only identified
in a single case (for a molecule of the type Awith R = 4-CN, see
Chart 1).> We describe in the present work a set of new
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by our research group.

halogen-substituted 2-(N-arylformimino)pyrrolyl-BPh,
plexes, which were designed to investigate the possible exist-
ence of an internal heavy-atom effect,'® promoting the triplet
state formation via a spin-orbit coupling mechanism, namely
for the heavier substituents. The photophysical properties of
the new boron derivatives were thoroughly studied in order to
conclude about the origin of light emission in these com-
pounds. In addition, the new halogen-substituted 2-(N-aryl-
imino)pyrrolyl boron complexes were characterized by NMR
spectroscopy, elemental analysis and single crystal X-ray diffr-
action. DFT and TDDFT studies complemented the work by
providing the geometry of the ground state, the singlet and
triplet first excited states, as well as the nature of the absorp-
tion bands and an understanding of the importance of spin-
orbit coupling in the emission of the halogenated complexes.
At a later stage, OLEDs based on these complexes as emissive
materials were fabricated and their performance assessed.

com-

2. Results and discussion

2.1 Synthesis and characterization of halogen-substituted
2-iminopyrrole ligand precursors and halogen-substituted
2-iminopyrrolyl boron complexes

The halogen-substituted 2-formiminopyrrole ligand precursors
3c-3h were synthesized via a condensation reaction of 2-formyl-
pyrrole 1 (ref. 11) with different anilines 2c-2h containing
halogen substituents. The mixtures were refluxed at ca. 130 °C,

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of halogen-substituted 2-(N-arylformimino)
pyrrole ligand precursors 3c—3h. The synthesis of compound 3c was
carried out in xylenes.

in toluene, with removal of water (Scheme 1), except in the
case of 3c that was refluxed in (a mixture of) xylenes.

The resulting ligand precursors 3c-3h were obtained in
moderate to high yields. Their molecular characterization was
performed by NMR spectroscopy (‘H and *C) and elemental
analysis. The 2-(N-arylformimino)pyrrole ligands 3a and 3b
had already been reported by us®*‘ and other research
groups.'” The syntheses of the p-chlorine, p-bromine, p-iodine,
m-bromine and o-bromine derivatives 3c-3g, although already
reported in the literature,'2“?®¢'3 were carried out following
the typical condensation procedure used in our group.”*'%
The reaction of halogen-substituted 2-(N-arylformimino)
pyrrole ligand precursors 3c-h with triphenylboron under
reflux, in toluene and under nitrogen, afforded the respective
iminopyrrolyl boron complexes 4c-4h in moderate to high
yields (Scheme 2).

The final 2-(N-arylformimino)pyrrolyl-BPh, complexes 4c-
4h, containing halogen substituents at the N-phenyl ring, were
molecularly characterized by different techniques, such as
NMR spectroscopy (‘H, *C and ''B), elemental analysis and
single-crystal X-ray diffraction (complexes 4c, 4d and 4g).

The formation of the four-coordinate boron complexes 4c-
4h is suggested by the absence of the NH proton resonance in
the '"H NMR and the appearance of a "'B singlet in the range
of § 4.73-5.34 (three-coordinate ''B resonances occur at higher
fields in the region ca. 25 ppm).

The iminopyrrolyl boron complexes 4a and 4b, previously
reported in the literature,” were included in this work as refer-
ence complexes, for comparison with complexes 4c-4h.

BN /N\ |
X \
¥ ,N = Toluene .B—N s,
\ / + BPhg reflux @ C//X
-CeHs
3a-h

4a X=H*° 4e X=4-|
4b X= 4-F % 4f X= 3-Br
4c X=4-Cl 4g X=2-Br
4d X=4-Br  4h X=2-|

Scheme 2 Synthesis of 2-(N-arylformimino)pyrrolyl-BPh, complexes
4a-4h.
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2.2 X-ray diffraction studies

Single crystal X-ray diffraction structures were obtained for
halogen-substituted 2-iminopyrrolyl-BPh, complexes 4c¢, 4d
and 4g. Fig. 1 presents the perspective views of their molecular
structures. Crystallographic data for these complexes and the
most significant bond distances and angles are listed in
Table S1 and Fig. S1-S3 of the ESI,{ respectively.

Molecules 4c¢ and 4d, containing the substituent at the
p-position of the aryl ring, far away from the BPh, and 2-imino-
pyrrolyl fragments, exhibit dihedral angles between the
N-phenyl ring and the 2-iminopyrrolyl fragment of 45.19(16)°
and —46.4(7)°, respectively, similar to that observed in 4a.’®¢
However, in these perspective views, it is clear that the
N-phenyl core of the o-bromine complex 4g appears to be
approaching orthogonality relative to the 2-iminopyrrolyl frag-
ment, with significantly higher dihedral angles of —69.4(3)°,
59.8(3)°, 72.0(3)°, and —70.4(3)°, for molecules A, B, C, and D,
respectively (defined as C6-N2-C7-C8), owing to the high
atomic radius of the bromine atom, exerting its bulkiness over
the BPh, fragment.

The bite angles, corresponding to N1-B1-N2, have typical
values of 94.91(12)° (4c), 94.8(4)° (4d) and 94.86(18)°,
94.88(18)°, 94.87(18)°, and 94.60(18)° (4g, molecules A, B, C,
and D, respectively), consistent with modestly distorted tetra-
hedral geometries.

2.3 Photophysical studies

The photophysical properties of complexes 4c-4h were studied
in solution and in solid state and compared to complexes 4a
and 4b. For solution studies, diluted THF solutions (¢ < 2.7 x
107> M) were prepared. In the case of solid state measure-
ments, complexes 4c-4h were mixed with ZEONEX and drop-
cast on quartz or sapphire disks. The normalized absorption
and emission spectra of the halogen-substituted iminopyrro-
lyl-BPh, complexes 4c-4h, along with their emission colours,
are presented in Fig. 2. No emission was found in the films of
4h dispersed in ZEONEX.

The absorption wavelength maxima of complexes 4c-4h in
THF solution are within the 367-395 nm range (Table 1). Films
of these complexes dispersed in ZEONEX show similar
maxima (365-395 nm range), despite the small but significant
decrease of the dielectric constant (¢ = 7.6 in THF and 2.5 in
ZEONEX). The molar extinction coefficients at the maximum
wavelength (émax) in THF (Table 1) display values characteristic
of 2-iminopyrrolyl-BPh, complexes, within the 1.5-2.8 x 10* L
mol™ em™" range, comparable to those of compounds 4a-4b
(1.7 and 1.9 x 10* L mol™" em™, respectively),” and of the
similar complexes already published.’™

The fluorescence quantum yield (&) values of complexes
4a-4g in THF are within the 0.18-0.48 range, but for complex
4h (the N-2-iodophenyl derivative), it is more than one order of
magnitude lower (& = 0.01) and non-measurable in ZEONEX
films. However, the moderately high molar singlet extinction
coefficient of 4h (emax = 1.5 x 10* L mol™" em™", Table 1)
points to an allowed n-n* character of the lowest lying singlet

Dalton Trans., 2020, 49,10185-10202 | 10187
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Fig. 1 Perspective views of the 2-iminopyrrolyl-BPh, complexes (a) 4c, (b) 4d and (c) 4g (molecule A). The calculated hydrogen atoms were
omitted for clarity and the ellipsoids were drawn at the 50% probability level.

excited state, similar to the other complexes. The increase of
the &; for the p-substituted N-phenyl complexes (0.25 up to
0.48, for p-F 4b to p-1 4e, respectively) indicates the absence of
spin-orbit coupling when the heavy-atom is attached at the
para position, because the increase of the halogen atom mass
(F < Cl < Br < I) should increase the intersystem crossing rate
constant (kisc), thus decreasing the fluorescence quantum
yield, &¢ = ke/(kic + kisc)-

The fluorescence decays of complexes (4a to 4g) in THF
were single exponentials with fluorescence lifetimes (z¢)
around 2 + 0.5 ns, from which the values of the fluorescence
(k¢) and sum of the non-radiative rate (k, = k. + kisc) constants
were obtained (Table 1). The exception was the fluorescence
decay of complex 4h that required a sum of three exponential
terms with decay times (z;) equal to 0.027, 0.16 and 2.27 ns
and pre-exponential coefficients (4;) equal to 0.62, 0.30 and
0.08, respectively, to be properly fitted (Fig. S4, in ESIf). This
complexity indicates the presence of a fast additional excited-
state process (a photoreaction), responsible for the extremely
small fluorescence quantum yield of 4h (&; = 0.01). Briefly, the
two shortest decay times are assigned to the quenched fluo-
rescence decay of 4h and the longest time to the emission of a
photoproduct (see detailed Discussion in the ESIT). In order to
evaluate approximate values for the fluorescence (k) and the
sum of the non-radiative (k,,) constants, the quenched lifetime
of 4h was assumed equal to the average time of the two short-
est decay times (zaverage = ZAi7i /ZA;7; = 0.13 ns).

The k¢ values of complexes 4a-4f in THF are similar (within
the 0.14-0.19 ns™" range), decreasing to 0.09 and 0.08 ns™" for

10188 | Dalton Trans., 2020, 49, 10185-10202

the ortho-substituted complexes 4g and 4h. This diminution is
confirmed by TDDFT calculations (see Table 3 and the follow-
ing Discussion in Section 2.4).

The non-radiative rate constant (k,,) values are within the
0.35 + 0.14 ns™' range except for complex 4h whose k,, value
(7.66 ns™") is 20-fold larger than those of the other complexes,
consistent with the presence of the additional non-radiative
process indicated by the multi-exponential fluorescence decay.

In ZEONEX films, the photoluminescence rate constants
(kpy) are similar to those in THF, but the non-radiative rate
constants are lower, explaining the higher values of the photo-
luminescence quantum yields (®@p;) in ZEONEX.

In order to split the non-radiative rate constants (k) of the
new complexes (4c to 4h) into their internal conversion (k;c)
and intersystem crossing (kisc) rate constants, the triplet for-
mation quantum yields (@) and the triplet lifetimes (zr) were
also measured, using nanosecond-laser flash photolysis. The
transient absorption spectra of complexes 4c-4g decayed
single-exponentially with lifetimes (z;) within the 35-51 ps
range (Table 2). Complex 4h was again the exception, with
decays at A,ps < 440 nm generally requiring sums of two expo-
nential terms plus a constant to be properly fitted, which indi-
cates the presence of other absorbing species besides the
triplet. For longer wavelengths (l.ps = 450 nm), where only
T, — T, transitions are expected, acceptable fits with single
exponentials plus a constant (A,ps = @ % exp(—t/zr) + b) were
obtained with values of 7y = 28 pus, a = 0.67 and b = 0.33
(Fig. S5, ESIf). The triplet lifetime 7z = 28 ps (Table 2), is
slightly shorter than that of 4g (35 ps), as expected from the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Normalized absorption and emission spectra of complexes 4c—4h in solution (THF) and ZEONEX film, at 293 K. Colours of the respective
complexes in THF solution, under UV-irradiation at 365 nm, are also presented (bottom).

larger spin-orbit coupling effect on the T; — S, transition. The
significant value of b (0.33) is consistent with the absorption
of ground-state species resulting from the photoreaction of 4h.
The results (D, kise = @r/r¢ and kic = knr — kise) are shown in
Table 2.

The ki values are small (=0 to 0.03 ns™") for the para-sub-
stituted 4c-4e series, slightly increase for the m-substituted 4f
(0.05 ns™") and clearly increase for the ortho-substituted com-
pounds 4¢g and 4h (0.11 and 0.39 ns™'), indicating that spin-
orbit coupling is most efficient when the heavy-atom is
bonded at the ortho position. Actually, 4h is the only com-
pound where the introduction of the spin-orbit coupling in

This journal is © The Royal Society of Chemistry 2020

the calculations induces significant changes in the calculated
absorption spectrum (see below Section 2.4).

The k;. values of compounds 4c-4g are within the 0.25 +
0.06 ns™' range, with the k. value of 4h (7.27 ns™') being
much larger than those of the other compounds, as expected.
This means that, in the case of 4h, k., = ki *+ kic + Kreaction-

The photoreactivity of 4h may be due to the contribution of
the p(I) — n*(iminopyrrolyl) transition for the S; state leading
to some charge transfer from the iodine p-orbitals (HOMO-1)
to the LUMO orbital, essentially located on the iminopyrrolyl
moiety (see Fig. 5 and following discussion in Computational
studies). Actually, homolytic photodissociation of iodine has

Dalton Trans., 2020, 49, 10185-10202 | 10189
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Table 1 Wavelength maximum (A7}¥) and molar extinction coefficient (emax) Of the absorption band, wavelength maximum (172), fluorescence

abs

quantum yields (& and ®p), fluorescence lifetimes (¢ and zp), radiative rate constants (ks and kp;) and sum of non-radiative rate constants (k) in
solution (THF) and in solid state (ZEONEX 480 film), respectively, of boron complexes 4a—4h, at 293 K

Solution (THF)

Solid state (ZEONEX 480 film)

Ahax Amax ? ke Fonr ? mmax Amax TpL fop For

Complex X (nm) €max©  (nm) @ (ns) (ns™) (ns™) (nm) (nm) &p, (ns) (ns™) (ns™)
4a None® 383 1.7 479 034 1.9 0.18 0.35 h h h h h h

4b 4F¢ 381 1.9 478 025 1.5 0.16 0.49 h h h h h h

4c 4Cl 391 2.2 487 0.30 2.1 0.14 0.33 391 490 0.66 4.0 0.17 0.09
ad 4Br 393 1.7 487 0.38 2.4 0.16 0.26 390 491 0.62 3.9 0.16 0.10
4e 41 395 2.8 492 0.48 2.5 0.19 0.21 395 494 0.53 3.5 0.15 0.13
af 3-Br 389 1.8 478 0.37 2.6 0.14 0.24 387 470 0.59 3.8 0.16 0.11
ag 2-Br 367 1.7 464 018 2.0  0.09 0.42 367 445 0.31 2.7 0.11 0.26
4h 21 369 1.5 470 0.01 0.3  0.08 7.66 365 J J J J J

“10* L mol™" em™". ? From single exponential decays. ° k; = @¢/zr. < kpy
' Average decay time from two exponential terms.” Non-emissive.

(1 — @p)/zr. “kpr = Ppr/tpr. Ty = (1 — Ppy)/7pr. £ Ref. 5. " Not available.

Table 2 Fluorescence lifetime (z¢), radiative rate constant (k;), sum of non-radiative rate constants (k,,), triplet formation quantum yield (&), triplet
lifetime (z7), intersystem crossing rate constant (kisc) and internal conversion rate constant (k;.), of boron complexes 4c—4h, in THF, at 293 K

Complex X 7% (ns) k? (ns™) ko€ (ns™) i 7r (us) kise @ (ns™h) ki (ns™h)
4c 4-Cl 2.1 0.14 0.33 u f f !

4d 4-Br 2.4 0.16 0.26 0.04 51 0.02 0.25

4e 4-1 2.5 0.19 0.21 0.08 37 0.03 0.18

af 3-Br 2.6 0.14 0.24 0.14 54 0.05 0.19

4ag 2-Br 2.0 0.09 0.42 0.21 35 0.11 0.31

4h 2-1 0.13% 0.08 7.66 0.05 28 0.39 7.27"

“From single exponential decays. ? k; = ®y/zq. < kny = (1 = @)/ze. 4 fise = Prltr. Chic = ke —

kise. ' No signal was observed that could be attributed to

the triplet state absorption. £ Average decay time from two exponential terms. "value of kie + Kreaction-

been observed for iodine-substituted aromatic rings or other
chromophores.'* In the case of 4h, the reaction is described by
two fast decay times, which is consistent with reversible homo-
lytic cleavage of the iodine-C bond followed by a separation of
the resulting radicals (see the ESI{). Complete elucidation
would require further photochemical studies that are beyond
the purpose of this work.

Fig. 3 compares the emission spectra of diluted solutions of
complexes 4e-4h in 2-MeTHF glasses, at 77 K, measured at
two different delay times after excitation: A¢ = 0 ms, to collect
all luminescence (fluorescence and phosphorescence), and
At = 0.05 ms, with most of the fluorescence being gated-out
and exclusively collecting phosphorescence.

Phosphorescence emission at At = 0.05 ms was not detected
for complex 4c, being very weak for complexes 4d, 4e and 4f
(close to the background noise). For complexes 4g and 4h, the
ortho-substituted bromine and iodine compounds, phosphor-
escence was clearly observed, indicating that the internal heavy-
atom effect is the highest in these two compounds, as mentioned
before. The smaller phosphorescence emission intensity of 4h
relative to 4g results from the concurrent photoreaction of 4h,
leading to a four-fold smaller @ (Table 2). It is worth noting that
at At = 0 ms the phosphorescence intensity of complex 4h com-
petes with that of fluorescence and complex 4g shows residual
phosphorescence peaking at 518 nm and 561 nm.

10190 | Dalton Trans., 2020, 49, 10185-10202

2.4 Computational studies

The ground state geometry of all the complexes was obtained
from DFT calculations (ADF program) using the PBEO func-
tional, with a TZP basis set for all atoms, considering spin-
orbit coupling (SOPERT) and the effect of the THF solvent
(method A). Calculations were also performed with the B3LYP
functional (method B) and, in both cases, using a D3 Grimme
correction (methods A/D3 and B/D3, more in Computational
details). TDDFT calculations were used to determine the geo-
metry of the first singlet and triplet excited states. The geome-
tries obtained for complexes 4a-4h are shown in Fig. 4.
Although geometries for 4a and 4b have been published,’ they
had not been calculated in these conditions for 4b (method
A)* and had not been reported in detail for 4a.’

In the ground state, the relevant dihedral angle C6-N2-C7-
C8 in the 2-iminopyrrolyl ligand varies between 35° and 39°
(or —36° and —38°) for the complexes without substituents (4a)
and with substituents in positions 3 and 4 (4c-f). The two
complexes 4g and 4h, with ortho substituents, display a much
higher angle (58 and 59°, respectively), owing to steric repul-
sion with the pyrrolyl group. These results agree in general
with the values obtained for this angle by X-ray crystallography,
namely 45.19(16)° for 4c, —46.4(7)° for 4d, and —69.4(3)°,
59.8(3)°, 72.0(3)°, and —70.4(3)°, for the four independent

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Fluorescence and phosphorescence emission of complexes 4e—4h, in 2-MeTHF, at 77 K, measured with a 10 ms sample window, at O (left)

and 0.05 ms (right) delay times after excitation.

molecules of 4g. The higher values in the solid can be
assigned to the repulsion between adjacent molecules.

In both singlet and triplet excited states, the C6-N2-C7-C8
dihedral angle approaches zero for complexes 4a-f. The other
two complexes behave differently. While in the 2-Br derivative
4g, the dihedral angle drops significantly from —59° to —29° in
the singlet and —32° in the triplet, in the 2-I derivative 4h, the
dihedral angle increases from —58° to —66° in the singlet, but
drops to —32° in the triplet. These values are very similar to
those obtained by the other approaches referred above® and the
one we used in earlier publications,’ as shown in Table S2.}

This journal is © The Royal Society of Chemistry 2020

TDDFT calculations were used to calculate the absorption
spectrum of all the complexes (method A with a TZ2P basis
set; results from other approaches are given in the ESI}). The
absorption maxima for all the complexes are given in Table 3.

The calculated values are higher than the experimental
ones, but they reflect the trends, namely the significantly
higher absorption energies for 4g and 4h. The lowest energy
absorption band results for all complexes, except for 4h, from
a HOMO to LUMO transition in the following percentage
(oscillator strength): 4a 96.2 (1.05), 4b 95.9 (0.98), 4c 96.3
(1.11), 4d 96.5 (1.14), 4e 96.7 (1.19), 4f 95.8 (1.03), 4g 92.0%
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Fig. 4 Calculated geometries of the ground state (DFT) and of the first singlet and triplet excited states (TDDFT) of complexes 4a—4h; the numbers

represent the C6—-N2-C7-C8 dihedral angle (°) for each species.

(0.78). The same band for complex 4h arises from a HOMO to
LUMO (87%) and a HOMO-1 to LUMO (8%) transition, with
an oscillator strength of 0.65.

The HOMOs and LUMOs of 4a-4h and HOMO-1 of 4h are
shown in Fig. 5, with their energies (see also Table S37). It is
very clear that the energies are almost exactly the same for the
4-substituted complexes (4b-4e), with the LUMOs being
slightly destabilized and the HOMOs stabilized for the 2-sub-
stitued ones (4g-4h), while 3-Br (4f) only exhibits the stabiliz-
ation of the HOMO. The HOMOs and LUMOs are localized in
the iminopyrrolyl for 4a-4g, with a very small participation of
the halogen in both HOMO and LUMO (4-F), or in the HOMO

10192 | Dalton Trans., 2020, 49, 10185-10202

(4-Cl, Br, I), with the contribution of the halogen increasing
from F to I. The transition can be assigned as an intraligand
(IL) ©* - n* (iminopyrrolyl) with a small (4b-4e) or no (4g) par-
ticipation of the halogen.

The orbitals of 4h are different, since the contribution of
the iminopyrrolyl ligand practically does not include the
N-phenyl substituent, both in the HOMO and LUMO. The
HOMO-1, however, is localized in two phenyls (on the
iminopyrrolyl and on the boron), as well as in iodine, being
C-I n-antibonding. In this complex the transition is essentially
n — n* (iminopyrrolyl) with some p(I) — n* (iminopyrrolyl)
charge transfer character.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Calculated (method A) and experimental transition energy
maxima (eV) of the lowest energy absorption band (EJ2X), of the emis-
sion band (EZ?*), and calculated and experimental fluorescence rate

constants (k;) of boron complexes 4a—4h in solution

Eg (eV) Egn (eV) ke (ns™)
Complex X Cale.  Exp. Calc.  Exp. Calc.”  Exp.
4a None 3.45  3.24° 273 259 0.54 0.18”
4b 4-F 3.62 3.25¢ 2.67 2.59¢ 0.56 0.16°
4c 4-Cl 3.53 3.17 2.66 2.55 0.60 0.14
4ad 4-Br 3.53 3.16 2.65 2.55 0.62 0.16
4e 4-1 3.50 3.14 2.61 2.52 0.62 0.19
af 3-Br 3.61 3.19 2.76 2.59 0.58 0.14
4g 2-Br 3.82 3.38 2.83 2.67 0.49 0.09
4h 2-1 3.75 3.36 2.54 2.64 0.36 0.08

“ kgcalc.) = 1/z(calc.), ref. 5. ? Values from ref. 5.

The calculated fluorescence rate constants (k¢) are higher
than the experimental ones, but they follow the main trend,
with the values for 4g and 4h being the smallest. Since the cal-
culations included spin orbit coupling (SOC), it was possible
to analyse its role. It can be seen by the percentage of triplet
states contributing to the absorption bands and the position
of the maxima. In almost all complexes, the first excited state
is ~100% singlet (for instance, the number for 4-Br (4d) is
99.5%) and there is no shift in the absorption maximum when
the calculation is performed with SOC, and the same happens
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for the F, Cl, and Br derivatives. The situation changes for the
iodine containing molecules. In 4e (4-I), the first excited state
is 99.3% singlet, and small amounts (<1%) of several triplet
states, while the maximum shifts from 355 to 356 nm with
SOC. The effect is more pronounced for 4h (2-I), where the
first excited state is 92.7% S;, 3.6% T,. The 2 nm shift of the
absorption maximum is visible in Fig. 6 for 4h (a similar
picture is shown in Fig. S6, ESL, for 4e).

These features are in relatively good agreement with the
experimental results described in the previous section, since
the larger effect of spin-orbit coupling is observed in 4h being
much smaller in the second iodine derivative 4e. The effect of
bromine is not detected in the calculations, but it is also
smaller in the emission features. We calculated the energy of
the phosphorescence by optimizing with TDDFT the lowest
triplet excited state. Table S4, ESI,{ shows the calculated ener-
gies of singlet and triplet states of complexes 4a to 4h using
various methods. For 4g, the experimental triplet energy, E%°,
is 2.39 eV (518 nm) (Fig. 3), while the calculated value is 1.89
eV (method A, Table S4 in ESI}). This is much lower than the
experimental energy. The method had not been tested for the
calculation of the energy of triplets, since this effect was not
observed previously in this family.

A similar role played by iodine has been described for
gallium and aluminium corrole complexes and their iodinated
derivatives (three and four iodine atoms)."> TDDFT calculations
with and without spin-orbit coupling showed the participation
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Fig. 5 Energies of the HOMOs and LUMOs of complexes 4a—4h and HOMO-1 of 4h with their 3D representation (the arrows indicate double occu-

pation of the HOMOs).
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Fig. 6 Calculated absorption spectrum of complex 4h: with SOC (red)
and without SOC (blue).

of iodine in occupied orbitals, and its increase with the number
of I atoms in the molecule, and reflected the strength of spin-
orbit coupling. Despite the different nature of the absorption
spectrum of these complexes, the charge transfer states from
iodine to corrole parallel the charge transfer from iodine to
iminopyrrolyl and the analogous role played by iodine.

2.5 Electrochemical properties

The new halogen-substituted complexes 4c-4h and parent
complexes 4a-4b were characterized by cyclic voltammetry
(CV) (Fig. S7-S12, ESIT). The measurements were carried out
in tetrabutylammonium perchlorate/dichloromethane electro-
lyte solutions, at room temperature and under inert (N,) atmo-
sphere. The oxidation and reduction onset potentials were
used to calculate the electron affinities (EA) and ionization
potentials (IP), after conversion to the absolute scale with the
Fc/Fc' (ferrocene/ferrocenium ion redox couple) as an external
reference.”® As the energy level of Fc/Fc* (ferrocene/ferroce-
nium ion redox couple) is at 4.80 eV below the vacuum level,
we calculated IP (eV) = Egnset,ox (V) * (4.80 — Ere/re:) and EA (eV)
= Eonsetred (V) + (4.80 — Egcjpe), Where Eggr.- represents the
measured half-wave potential of F¢/Fc'. The values obtained
are summarized in Table 4 along with the energies of the
HOMOs and LUMOs of the corresponding complexes calcu-
lated by DFT with solvent correction (CH,Cl,).

The values of —IP show a correlation with the energies of
the HOMOs, although with IP values differing between 0.08
and 0.26 eV from the calculated ones (see Fig. S13, ESI}). The
—EA values also correlate with the calculated LUMO energies,
with differences varying between 0.10 and 0.21 eV
(see Fig. S13, ESIT).

2.6 Electroluminescence studies

The materials presented above (4b-4h) were tested as emissive
materials in organic light-emitting diodes (OLEDs), with
OLEDs based on complex 4h failing to show any measurable
emission. Thin films of the complexes were prepared by either

10194 | Dalton Trans., 2020, 49, 10185-10202
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Table 4 lonization potentials (IP), electron affinities (EA) and IP-EA
values of complexes 4a—4h, estimated from cyclic voltammetry
measurements, and corresponding energies of HOMOs and LUMOs
determined by DFT (CH,Cl,). All values in eV

Cyclic voltammetry DFT (CH,Cl,)
Complex X 1P EA IP-EA Exomo Erumo
4a None 5.64% 2.82¢ 2.82 —5.51 —2.98
4b 4-F 5.66" 2.86“ 2.80 —5.49 —2.98
4c 4-Cl 5.70 2.81 2.89 —5.53 —2.99
4d 4-Br 5.67 2.85 2.82 —5.52 —2.99
4e 4-1 5.68 2.88 2.80 —5.49 —2.98
4f 3-Br 5.68 2.81 2.87 —5.60 -3.01
4g 2-Br 5.78 2.73 3.05 —5.62 -2.91
4h 2-1 5.86 2.70 3.16 —5.60 —-2.91

“Values from ref. 5.

spin-coating or vacuum thermal deposition. The performance
of the full set of devices tested can be found in the ESL.}

The best performing OLEDs were obtained when thin films
of the boron complexes were prepared by vacuum thermal
deposition.

Table 5 shows the performance parameters of a group of
devices based on the films of complexes 4c, 4d and 4g pre-
pared by thermal vacuum deposition, with the structure: ITO
(100 nm)/PEDOT:PSS (40 nm)/TPD (20 nm)/Complex (ca.
80 nm)/Bphen (11 nm)/LiF (1.5 nm)/Al (80 nm).

In this series, 4c-based OLED showed the best performance,
with a maximum luminance of 1812 cd m™2, with an EQE of
0.15%. It is worth pointing out that for OLEDs based on all
three complexes, 4c, 4d and 4g, the maximum emission is red
shifted with respect to PL emission of the corresponding sub-
limed films (Fig. S15 in the ESIY).

A multilayer OLED based on 4e with the structure, ITO/
HAT-CN (10 nm)/TAPC (25 nm)/mCP co 10% 4e (25 nm)/TPBi
(40 nm)/LiF (0.8 nm)/Al (100 nm) (Fig. 7(a)), was also prepared
by vacuum thermal deposition.

Commercially available hexaazatriphenylenehexacarboni-
trile (HAT-CN) was used as a hole injection layer and N,N-bis(4-
methylphenyl)-benzenamine (TAPC) was used as a hole-trans-
porting layer. 2,2',2'-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-benz-
imidazole) (TPBi) was selected as electron-transporting
material, and lithium fluoride (LiF) as an electron injection
layer with aluminium (Al) as the cathode. Complex 4e was dis-

Table 5 Characteristics of OLED devices based on vacuum thermal de-
posited complexes 4c, 4d and 4g including maximum luminance
(Lmax. €d m™2), external quantum efficiency (EQEmax, %), current
efficiency (7., cd A™%), and Commission Internationale de l'Eclairage (CIE)
colour coordinates

ITO/PEDOT:PSS/TPD/Complex/Bphen/LiF/Al

Complex X Lmax EQEmax 1L, max CIE

4c 4-Cl 1812 0.15 4.9%x107" 0.30, 0.51
4d 4-Br 488 0.03 1.2x107" 0.33, 0.53
4ag 2-Br 4 0.006 1.2x 107> 0.29, 0.38

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Characteristics of the OLED device fabricated using complex 4e as the emitter and mCP as host: (a) Schematic device energy level structure;
(b) electroluminescence spectra (EL) compared with the film photoluminescence (PL) and solution fluorescence spectra in THF (Sol); (c) external
quantum efficiency (EQE) vs. luminance; and (d) current density (filled symbols)/luminance (open symbols) vs. voltage.

persed in mCP (1,3-bis(N-carbazolyl)benzene) (10%), which
was selected due to its energy levels: HOMO at —5.9 eV, below
that of 4e (considering Exomo = —IP = —5.68 e€V) and LUMO at
—2.4 eV, above that of 4e (E ypo = —EA = —2.88 eV).

Fig. 7 presents the performance data of this device, which
showed a turn on voltage of 5.1 V at 5 cd m~> reaching a
maximum luminance of 494 cd m™ with a maximum EQE of
0.90% and a maximum current efficiency of 2.07 cd A™". The
obtained EL spectrum (CIE coordinates at 100 cd m~> of 0.28,
0.43) is slightly red shifted with respect to the PL spectra,
which could be due to interference effects.

The OLEDs prepared with molecules 4e-4h did not clearly
show the phosphorescence contribution to the electrolumines-
cence spectrum. In the case of 4g, there is some indication
that it may be present, but a definite conclusion cannot be
drawn (see Fig. S18 in the ESIT). The absence of a clear phos-
phorescence contribution to the OLED emission is attributed
to a significant charge-induced triplet quenching, promoted
by the long lifetime of the triplets, which makes the obser-
vation of this emission very difficult."®

This journal is © The Royal Society of Chemistry 2020

3. Conclusions

A set of halogen-substituted 2-iminopyrrolyl-BPh, complexes
was synthesized and characterized in terms of their molecular
and photophysical properties. The internal heavy-atom effect
was strongly controlled by the position of the halogen atom in
the N-aryl ring of the ligand moiety, being negligible for para-1
substitution (kic ~ 0.03 ns™') and most effective for ortho-I
substitution (kis. ~ 0.39 ns™"). Accordingly, complex 4h exhibi-
ted the greatest phosphorescence emission at 77 K. DFT and
TDDFT calculations reproduced well the absorption and emis-
sion energies and provided geometries of the first singlet and
triplet excited states, which showed how the steric hindrance
of the 2-substituents prevented the iminopyrrolyl ligands from
achieving planarity in both situations. Evidence of spin-orbit
coupling in the absorption spectra was only found for the
molecules containing iodine and was more visible for the
ortho-1 derivative. OLEDs were fabricated based on solution
processed and vacuum thermal evaporated films of complexes
4b-4h, the best one giving an external quantum efficiency
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(EQEmax) of 0.15% along with a luminance maximum (Ly,y) of
1812 cd m™? for 4c. An optimized structure was later prepared
with 2-iminopyrrolyl boron complex 4e as an emissive layer
mixed with mCP as the host material. The latter structure gave
rise to an improved EQE of nearly 1%, along with a maximum
luminance of 494 cd m™>.

4. Experimental section
4.1 General

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

Nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance III 300 spectrometer at 299.995 MHz ('H),
75.4296 MHz (**C) and 96.2712 MHz (*'B). Deuterated solvents
were dried by storage over 4 A molecular sieves and degassed
by the freeze-pump-thaw method. Spectra were referenced
internally using the residual protio solvent resonance (*H) and
the solvent carbon (**C) resonances relative to tetramethyl-
silane (6 = 0) and referenced externally using 15% BF;.OEt,
(6 = 0) for 'B. All chemical shifts are quoted in & (ppm) and
coupling constants given in hertz. Multiplicities were abbre-
viated as follows: broad (br), singlet (s), doublet (d), doublet of
doublets (dd), triplet (t) and multiplet (m). For air- and/or
moisture sensitive materials, samples were prepared in
J. Young NMR tubes in a glove box. Elemental analyses were
obtained from the IST elemental analysis services.

The reagent 2-formylpyrrole (1) was prepared according to
the literature."" Materials used for the device fabrication were
purchased from Sigma Aldrich (LiF(99.995%), TPD, TAPC), Alfa
Aesar (Al wire (99.9995%)), and LUMTEC (TPBi, mCP, HAT-CN).

4.2 Syntheses

10196 | Dalton Trans., 2020, 49, 10185-10202
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Synthesis of 2-(4-chlorophenylformimino)pyrrole (3c).
4-Chloroaniline 2¢ (0.38 g, 3.0 mmol), 2-formylpyrrole 1 (0.28 g,
3.0 mmol) and a catalytic amount of p-toluenesulphonic acid
were suspended in a mixture of xylenes (35 mL) in a 50 mL
round-bottom flask fitted with a Soxhlet, a condenser and a
CaCl, guard tube. The orange mixture was refluxed at ~130 °C,
for 4 days. After reaching room temperature, the reaction
mixture was filtered, and all volatiles removed. The brown oil
obtained was extracted with hot n-hexane, giving rise to an
orange solution that was concentrated and kept at —20 °C.
After some hours, a brown solid corresponding to the desired
product 3¢ was filtered and dried under vacuum. Yield, 0.15 g
(25%). "H NMR (300 MHz, CD,CL,): § 9.47 (br, 1H, NH), 8.23
(s, 1H, CH=N), 7.33 (d, *Juu = 9 Hz, 2H, N-Ph-H; + N-Ph-Hj),
7.11 (d, *Jyy = 9 Hz, 2H, N-Ph-H, + N-Ph-Hy), 6.98 (s, 1H, H5-
pyrr), 6.70 (d, *Jun = 3 Hz, 1H, Hypyrr), 6.32 (t, *Juy = 3 Hz,
1H, Hy-pyrr).

Synthesis of 2-(4-bromophenylformimino)pyrrole (3d).
4-Bromoaniline 2d (0.51 g, 3.0 mmol), 2-formylpyrrole 1 (0.28 g,
3.0 mmol), a catalytic amount of p-toluenesulphonic acid and
MgSO, (to remove any water from the reaction mixture) were
suspended in toluene (30 mL) in a 50 mL round-bottom flask
fitted with a condenser and a CaCl, guard tube. The brown
mixture was refluxed overnight, at 100 °C. After reaching room
temperature, the reaction mixture was filtered, and all volatiles
removed. The brown solid obtained was extracted with hot
n-hexane, giving rise to a yellow solution that was concentrated
and kept at —20 °C. After some hours, a beige solid corres-
ponding to the desired product 3d was filtered and dried
under vacuum. Yield, 0.47 g (63%). 'H NMR (300 MHz,
CD,Cl,): § 9.99 (br, 1H, NH), 8.24 (s, 1H, CH=N), 7.49 (d, *Jux
=9 Hz, 2H, N-Ph-H; + N-Ph-Hj;), 7.06 (d, >/ = 9 Hz, 2H, N-
Ph-H, + N-Ph-Hy), 6.87 (s, 1H, H5-pyrr), 6.71 (d, *Ju; = 3 Hz,
1H, Hy-pyrr), 6.30 (t, *Jun = 3 Hz, 1H, Hypyrr).

Synthesis of  2-(4-iodophenylformimino)pyrrole  (3e).
4-Iodoaniline 2e (0.66 g, 3.0 mmol), 2-formylpyrrole 1 (0.28 g,
3.0 mmol), a catalytic amount of p-toluenesulphonic acid and
MgSO, (to remove any water from the reaction mixture) were
suspended in toluene (30 mL) in a 50 mL round-bottom flask
fitted with a condenser and a CaCl, guard tube. The brown
mixture was refluxed at 100 °C, overnight. After reaching room
temperature, the reaction mixture was filtered, all volatiles
removed, and a small quantity of toluene added. The resulting
brown solution was stored at —20 °C, giving a brown solid
corresponding to the desired product 3e. Yield, 0.36 g (41%).
'H NMR (300 MHz, CD,Cl,): § 9.81 (br, 1H, NH), 8.22 (s, 1H,
CH=N), 7.68 (d, *Jyy = 9 Hz, 2H, N-Ph-H; + N-Ph-Hj;), 6.96
(s, 2H, N-Ph-H, + N-Ph-Hg), 6.93 (s, 1H, H5-pyrr), 6.73 (d,
*Jun = 3 Hz, 1H, Hypyrr), 6.32 (t, *Juu = 3 Hz, 1H, Hypyrr).

Synthesis of 2-(3-bromophenylformimino)pyrrole (3f).
3-Bromoaniline 2f (1.72 g, 10.0 mmol), 2-formylpyrrole 1 (0.96 g,
10.1 mmol) and a catalytic amount of p-toluenesulphonic acid
were suspended in toluene (30 mL) in a 50 mL round-bottom
flask fitted with a Soxhlet apparatus, a condenser and a CaCl,
guard tube. The orange mixture was refluxed at 130 °C, for 3
days. After reaching room temperature, the reaction mixture
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was filtered, and all volatiles removed. The brown oil obtained
was extracted with hot n-hexane, giving rise to a red solution
that was concentrated and kept at —20 °C. After some hours, a
brown solid corresponding to the desired product 3f was fil-
tered and dried under vacuum. Yield, 1.80 g (72%). '"H NMR
(300 MHz, CD,Cl,): § 10.11 (br, 1H, NH), 8.26 (s, 1H, CH—N),
7.37 (s, 1H, N-Ph-H,), 7.35 (s, 1H, N-Ph-H,), 7.26 (t, *Jiz; = 9
Hz, 1H, N-Ph-Hj), 7.15 (d, *Jy;; = 3 Hz, 1H, N-Ph-Hy), 6.89 (s,
1H, Hs-pyrr), 6.76 (d, *Jun = 3 Hz, 1H, Hs-pyrr), 6.33 (t, *Juyu = 3
Hz, 1H, H,pyrr). C{"H} NMR (75 MHz, CDCl3): § 153.3 (N-
Ph-C,ps,), 150.9 (CH=N), 130.6 (N-Ph-C;), 130.5 (C,pyr7),
128.4 (N-Ph-C,), 124.1 (N-Ph-C,), 123.9 (N-Ph-Cg), 122.9
(N-Ph-C3), 120.2 (Cspyrr), 117.9 (Cs-pyrr), 110.8 (Cy-pyrr).
Anal. caled (%) for C;;HoBrN,: C, 53.04; H, 3.64; N, 11.25.
Found: C, 53.06; H, 3.55; N, 11.14.

Synthesis of 2-(2-bromophenylformimino)pyrrole (3g).
2-Bromoaniline 2g (1.73 g, 10.0 mmol), 2-formylpyrrole 1 (0.95 g,
10.0 mmol) and a catalytic amount of p-toluenesulphonic acid
were suspended in toluene (30 mL) in a 50 mL round-bottom
flask fitted with a Soxhlet apparatus, a condenser and a CaCl,
guard tube. The orange mixture was refluxed at 130 °C, for 2
days. After reaching room temperature, the reaction mixture
was filtered, and all volatiles removed. The brown oil obtained
was extracted with hot n-hexane, giving rise to an orange solu-
tion that was concentrated and kept at —20 °C. After some
hours, a beige solid corresponding to the desired product 3g
was filtered and dried under vacuum. Yield, 1.36 g (54%). 'H
NMR (300 MHz, CD,Cl,): 6 9.77 (br, 1H, NH), 8.11 (s, 1H,
CH=N), 7.60 (d, *Ji = 6 Hz, 1H, N-Ph-Hj;), 7.29 (t, >y = 6
Hz, 1H, N-Ph-H;), 7-08-6.88 (m, 3H, N-Ph-H, + N-Ph-Hg +
Hs-pyrr), 6.70 (d, *Jun = 3 Hz, 1H, Hypyrr), 6.30 (t, >Juu = 3 Hz,
1H, H,-pyrr). C{"H} NMR (75 MHz, CDCl;): § 150.9 (N-Ph-
Cipso), 150.6 (CH=N), 133.1 (N-Ph-C;), 130.7 (Copyrr), 128.6
(N-Ph-C;), 126.4 (N-Ph-C,), 123.7 (N-Ph-C), 120.1 (C5pyrr),
118.7 (N-Ph-C,), 117.4 (Cs-pyrr), 110.8 (C,-pyrr). Anal. caled
(%) for C;;HoBrN,: C, 53.04; H, 3.64; N, 11.25. Found: C,
53.07; H, 3.57; N, 11.25.

Synthesis of  2-(2-iodophenylformimino)pyrrole  (3h).
2-Iodoaniline 2h (0.50 g, 2.3 mmol), 2-formylpyrrole 1 (0.24 g,
2.5 mmol) and a catalytic amount of p-toluenesulphonic acid
(p-TSA) were suspended in toluene (30 mL) in a 50 mL round-
bottom flask fitted with a Soxhlet apparatus, a condenser and
a CaCl, guard tube. The salmon-coloured mixture was refluxed
overnight, at 130 °C. After reaching room temperature, the
reaction mixture was filtered, and all volatiles were removed.
The brown oil obtained was extracted with hot n-hexane,
giving rise to a yellow solution that was concentrated and kept
at —20 °C. After some hours, a brown solid corresponding to
the desired product 3h was filtered and dried under vacuum.
Yield, 0.48 g (72%). "H NMR (300 MHz, CD,Cl,): 6 9.56 (br,
1H, NH), 8.10 (s, 1H, CH—N), 7.88 (d, *Jyy = 6 Hz, 1H, N-Ph-
H;), 7.35 (t, *Jun = 6 Hz, 1H, N-Ph-H;), 7.06-6.94 (m, 2H, N-
Ph-H + Hypyrr), 6.89 (t, >Juy = 6 Hz, 1H, N-Ph-H,), 6.72 (s,
1H, Hzpyrr), 6.33 (s, 1H, H,pyrr). *C{'H} NMR (75 MHz,
CDCly): § 152.7 (N-Ph-Cjps,), 150.0 (CH=N), 139.2 (N-Ph-C3),
130.5 (Cypyrr), 129.5 (N-Ph-C;), 126.7 (N-Ph-C,), 123.4 (N-
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Ph-Cg), 118.5 (Cs-pyrr), 116.9 (C3-pyrr), 110.9 (C4-pyrr), 95.6 (N-
Ph-C,). Anal. caled (%) for Cy1HoIN,: C, 44.62; H, 3.06; N,
9.46. Found: C, 44.70; H, 3.07; N, 9.41.

Synthesis of [BPh,{i>N,N'-NC,H;C(H)=N-4-Cl-C¢H,4}] (4c). A
solution of 2-(4-chlorophenylformimino)pyrrole 3¢ (0.20 g,
1.0 mmol), in toluene, was added to triphenylboron (0.24 g,
1.0 mmol) (also in toluene). The green solution was refluxed
under nitrogen overnight. The resulting dark green solution
was cooled to room temperature, filtered and all volatiles
removed under vacuum. Crystals of the desired boron complex
4c suitable for single crystal X-ray diffraction studies were
obtained by double layering with toluene and n-hexane. The
solution was filtered, and the crystals dried under vacuum.
Yield, 0.17 g (47%). "H NMR (300 MHz, CD,Cl,): & 8.48 (s, 1H,
CH=N), 7.31-7.16 (m, 15H, N-Ph-H, + N-Ph-H, + N-Ph-H; +
N-Ph-Hg + B-Ph-H,t10 + B-Ph-H,rq + B-Ph-H o, + Hspyrr),
7.08 (d, *Juy = 3 Hz, 1H, H3-pyr7), 6.58 (dd, *Juy = 6 Hz, Yy =
3 Hz, 1H, H,pyrr). “C{'H} NMR (75 MHz, CDCl;): § 150.8
(CH=N), 141.2 (N-Ph-C,,s,), 134.7 (Cy-pyrr), 133.5 (B-Ph-
Cortho), 133.1 (N-Ph-C,), 132.3 (Cs-pyrr), 129.8 (N-Ph-C; + N-
Ph-Cs), 127.9 (B-Ph—Cyness), 127.1 (B-Ph-Cpgys), 123.8 (N-Ph-
C, + N-Ph-Cg), 118.0 (C4-pyrr), 116.0 (C3-pyrr), B-Ph-Cy,, reso-
nance absent. ''B NMR (96.29 MHz, CD,Cl,): § 4.73. Anal.
caled (%) for C,3H;3BCIN,: C, 74.93; H, 4.92; N, 7.60. Found:
C, 75.09; H, 4.94; N, 7.67.

Synthesis of [BPh,{k>N,N'-NC,H;C(H)=N-4-Br-C¢H,}] (4d). A
solution of 2-(4-bromophenylformimino)pyrrole 3d (0.45 g,
1.8 mmol), in toluene, was added to triphenylboron (0.44 g,
1.8 mmol) (also in toluene). The yellow solution was refluxed
under nitrogen overnight. The resulting dark green solution
was cooled to room temperature, and the solvent concentrated
under vacuum and stored at —20 °C. In the following day, crys-
tals of the desired boron complex 4d suitable for single crystal
X-ray diffraction studies were obtained. The solution was fil-
tered, and the crystals dried under vacuum. Yield, 0.34 ¢
(45%). "H NMR (300 MHz, CD,Cl,): & 8.49 (s, 1H, CH=N), 7.41
(d, *Juu = 9 Hz, 2H, N-Ph-H; + N-Ph-H;), 7.31-7.18 (m, 11H,
Hs-pyrr + B-Ph—Copo + B-Ph=Cyeq + B-Ph-Cprr), 7.15 (d, Jun
=9 Hz, 2H, N-Ph-H, + N-Ph-Hg), 7.09 (dd, *Jss = 6 Hz, i =
3 Hz, 1H, Hypyrr), 6.58 (dd, *Jun = 6 Hz, Y/ = 3 Hz, 1H, H,-
pyrr). *C{'H} NMR (75 MHz, CDCl,): § 150.7 (CH=N), 141.6
(N-Ph-Cips,), 134.8 (Cy-pyrr), 133.5 (B-Ph-Cyys,), 132.8 (N-Ph-
C; + N-Ph-Cs), 132.3 (C5pyr7), 128.0 (B-Ph-C,ner), 127.1 (B~
Ph-Cpura), 124.0 (N-Ph-C, + N-Ph-Cg), 121.0 (N-Ph-C,), 118.1
(Capyrr), 116.1 (Cs-pyrr), B-Ph-C,, resonance absent. ''B
NMR (96.29 MHz, CD,Cl,): § 4.77. Anal. caled (%) for
C,3H,4BBrN,: C, 66.87; H, 4.39; N, 6.78. Found: C, 66.72; H,
4.36; N, 6.83.

Synthesis of [BPh,{k’N,N'-NC,H;C(H)=N-4-1-CcH,}] (4e). A
solution of 2-(4-iodophenylformimino)pyrrole 3e (0.36 g,
1.2 mmol), in toluene, was added to triphenylboron (0.29 g,
1.2 mmol) (also in toluene). The greenish yellow solution was
refluxed overnight under nitrogen. The resulting solution was
cooled to room temperature and all volatiles removed under
vacuum. A green powder of the desired boron complex 4e was
obtained by double layering a toluene solution with n-hexane.
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The solution was filtered, and the powder dried under
vacuum. Yield, 0.25 g (45%). "H NMR (300 MHz, CD,CL,): §
8.50 (s, 1H, CH=N), 7.60 (d, *Jun = 9 Hz, 2H, N-Ph-H; + N-
Ph-H;), 7.33-7.14 (m, 11H, Hspyrr + B-Ph-H,,y, + B-Ph-
Hyneta + B-Ph-H,,,), 7.08 (d, *Juu = 6 Hz, 1H, Hypyrr), 7.03 (d,
e = 9 Hz, 2H, N-Ph-H, + N-Ph-Hj), 6.58 (dd, ¥/ = 6 Hz,
Yuu = 3 Hz, 1H, H,-pyrr). *C{'"H} NMR (75 MHz, CDCL;): §
150.5 (CH=N), 142.2 (N-Ph-C,,,), 138.8 (N-Ph-C; + N-Ph-
Cs), 134.8 (Cy-pyrr), 133.5 (B-Ph-Cysp0), 132.4 (Cs-pyrr), 128.0
(B-Ph-Cyera), 127.1 (B-Ph-Cpyrs), 124.2 (N-Ph-C, + N-Ph-Hj),
118.1 (Cupyrr), 116.1 (Czpyrr), 92.2 (N-Ph-C,), B-Ph-Cj,,
resonance absent. ''B NMR (96.29 MHz, CD,Cl,): § 5.05. Anal.
caled (%) for Cy3H,gBIN,: C, 60.04; H, 3.94; N, 6.09. Found: C,
60.07; H, 3.93; N, 6.08.

Synthesis of [BPh,{k’N,N'-NC,H;C(H)=N-3-Br-C¢H,}] (4f). A
solution of 2-(3-bromophenylformimino)pyrrole 3f (0.57 g,
2.3 mmol), in toluene, was added to triphenylboron (0.55 g,
2.3 mmol) (also in toluene). The green solution was refluxed
overnight under nitrogen. The resulting dark green solution
was cooled to room temperature and filtered. The solvent was
concentrated under vacuum and the final solution stored at
—20 °C, giving rise to a yellow powder corresponding to the
desired boron complex 4f, which was dried under vacuum.
Yield, 0.25 g (45%). "H NMR (300 MHz, CD,Cl,): 5 8.48 (s, 1H,
CH=N), 7.40 (s, 1H, N-Ph-H,), 7.37 (d, *Js;; = 9 Hz, 1H, N-
Ph-H,), 7.33-7.18 (m, 12H, N-Ph-H, + B-Ph-H,,,, + B-Ph-
Hyneta + B-Ph-Hyrq + Hspyrr), 7.16 (d, *Jun = 9 Hz, 1H, N-Ph-
Hs), 7.10 (d, *Jun = 3 Hz, 1H, Hzpyrr), 6.59 (dd, *Juy = 6 Hz,
Yun = 3 Hz, 1H, Hypyrr). C{'H} NMR (75 MHz, CDCl,): §
150.9 (CH=N), 143.8 (N-Ph-Cj,,), 134.7 (C,pyrr), 133.5 (B-
Ph-Cyyno), 132.6 (Cs-pyrr), 130.9 (N-Ph-C;), 130.5 (N-Ph-C,),
128.0 (B-Ph-Cyera), 127.2 (B-Ph-C,grs), 125.2 (N-Ph-C,), 123.1
(N-Ph-C3), 121.4 (N-Ph-Cg), 118.3 (C4-pyrr), 116.4 (Cs-pyrr), B-
Ph-C,,, resonance absent. ''B NMR (96.29 MHz, CD,CL,): &
5.09. Anal. caled (%) for C,3H;3BBrN,: C, 66.87; H, 4.39; N,
6.78. Found: C, 66.81; H, 4.23; N, 6.73.

Synthesis of [BPh,{k’N,N'-NC,H;C(H)=N-2-Br-CcH,}] (4g). A
solution of 2-(2-bromophenylformimino)pyrrole 3g (0.46 g,
1.8 mmol), in toluene, was added to triphenylboron (0.47 g,
1.9 mmol) (also in toluene). The greenish blue solution was
refluxed under nitrogen overnight. The resulting dark blue
solution was cooled to room temperature, the solvent concen-
trated under vacuum and stored at —20 °C. In the following
day, crystals of the desired boron complex 4g suitable for
single crystal X-ray diffraction studies were obtained. The solu-
tion was filtered, and the crystals dried under vacuum. Yield,
0.39 g (53%). 'H NMR (300 MHz, CD,Cl,): & 8.31 (s, 1H,
CH=N), 7.58 (dd, *Juu = 6 Hz, iy = 3 Hz, 1H, N-Ph-Hj3), 7.29
(s, 1H, N-Ph-Hj3), 7.25-7.03 (m, 13H, N-Ph-H, + Hz-pyrr + H;-
pyrr + B=Ph-H 140 + B-Ph-H,ners + B-Ph-H ), 6.95 (dd, Jun
= 6 Hz, “Juu = 3 Hz, 1H, N-Ph-Hj), 6.66 (dd, *Juu = 6 Hz, Jun
= 3 Hz, 1H, N-Ph-H,). *C{"H} NMR (75 MHz, CDCl,): § 156.4
(CH=N), 141.5 (N-Ph-Cy,,), 135.1 (Copyr7), 134.1 (N-Ph-Cs),
133.4 (B-Ph—C,1,), 132.4 (N-Ph-C;), 129.4 (C5pyrr), 128.2 (N-
Ph-C,), 127.8 (B-Ph-C,rs), 127.4 (N-Ph-Cg), 126.9 (B-Ph-
Cpara)y 119.9 (N-Ph-C,), 117.6 (C4-pyrr), 116.0 (Cz-pyrr), B-Ph-
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Cipso Tesonance absent. ''B NMR (96.29 MHz, CD,CL): § 5.34.
Anal. caled (%) for C,3H;gBBrN,: C, 66.87; H, 4.39; N, 6.78.
Found: C, 66.96; H, 4.26; N, 6.76.

Synthesis of [BPh,{k’N,N'-NC,H;C(H)=N-2--C¢H,}] (4h). A
solution of 2-(2-iodophenylformimino)pyrrole 3h (0.31 g,
1.0 mmol), in toluene, was added to triphenylboron (0.25 g,
1.0 mmol) (also in toluene). The orange solution was refluxed
overnight under nitrogen. The resulting dark brown suspen-
sion was cooled to room temperature and all volatiles removed
under vacuum. The brown powder of the desired boron
complex 4h was obtained by double layering a toluene solution
with n-hexane. The solution was filtered, and the powder dried
under vacuum. Yield, 0.33 g (69%). 'H NMR (300 MHz,
CD,CL,): § 8.26 (s, 1H, CH=N), 7.83 (d, *Juu = 9 Hz, 1H, N-Ph-
H;), 7.29 (t, *Jun = 9 Hz, 1H, N-Ph-H,), 7.26-7.04 (m, 12H, H;-
pyrr + Hs-pyrr + B-Ph-H,,4,, + B-Ph-H,,;, + B-Ph-H,,,,,), 7.00
(t, *Jun = 9 Hz, 1H, N-Ph-H,), 6.90 (d, *Jyy = 9 Hz, 1H, N-Ph-
He), 6.67 (s, 1H, H,pyrr). *C{*H} NMR (75 MHz, CDCl;): §
156.3 (CH=N), 144.7 (N-Ph-Cj,,), 140.6 (N-Ph-C3), 134.2 (C,-
pyrr), 133.5 (B-Ph-Cgppo), 132.4 (N-Ph-C;), 129.6 (N-Ph-C,),
129.0 (Cspyrr), 127.7 (B-Ph—Conera), 126.9 (B-Ph—Cpyr), 126.7
(N-Ph-Cg), 117.5 (Cy4-pyrr), 115.8 (Cs-pyrr), 96.1 (N-Ph-C,), B-
Ph-C,,, resonance absent. ''B NMR (96.29 MHz, CD,CL): §
5.31. Anal. caled (%) for C,3H,gBIN,: C, 60.04; H, 3.94; N, 6.09.
Found: C, 60.36; H, 3.94; N, 6.04.

4.3 X-ray data collection

The crystallographic data for complexes 4c, 4d and 4g were col-
lected using graphite monochromated Mo-Ka radiation (4 =
0.71073 A) on a Bruker AXS-KAPPA APEX II diffractometer
equipped with an Oxford Cryosystem open-flow nitrogen cryo-
stat, at 150 K, and the crystals were selected under inert atmo-
sphere, stored in polyfluoroether oil and mounted on a nylon
loop. Cell parameters were retrieved using Bruker SMART soft-
ware and refined using Bruker SAINT on all observed reflec-
tions. Absorption corrections were applied using SADABS.'”
Structure solution and refinement were performed using direct
methods with the programs SIR2004,'® SIR2014,"° SIR2018
(ref. 19) and SHELXL,*® included in the package of programs
WINGX-Version2014.1.>" All hydrogen atoms were inserted in
idealized positions and allowed to refine riding on the parent
carbon atom, with C-H distances of 0.95 A for aromatic H
atoms and with Ujso(H) = 1.2U.4(C). Graphic presentations
were prepared with ORTEP-IIL.>' Data were deposited in CCDC
under the deposit numbers 2004594 for 4¢, 2004595 for 4d,
and 2004596 for 4g.t

4.4 Cyclic voltammetry measurements

Cyclic voltammetry (CV) measurements were performed on a
Solartron potentiostat in a three-electrode cell with a 0.1 M
tetrabutylammonium perchlorate (TBACIO,)/CH,Cl, support-
ing electrolyte, at a scan rate of 50 mV s™', at room tempera-
ture and under inert atmosphere (N,). The reference electrode,
counter electrode and working electrode used were a saturated
calomel electrode (SCE), a platinum wire and a platinum disk,
respectively.
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4.5 Spectroscopic measurements

An Agilent Cary 8454 UV-Visible spectrophotometer and a
SPEX Fluorolog 2121 were used to obtain the absorption and
fluorescence spectra of 4c-4h solutions, in THF. The fluo-
rescence spectra were collected with right angle geometry, in
the S/R mode, and corrected for instrumental wavelength
dependence. Fluorescence quantum yields were determined by
comparison with the quantum yields of o-tetrathiophene (for
complexes 4c-4f) and o-terthiophene (for complexes 4g and
4h) in dioxane at 25 °C. Phosphorescence spectra were
measured with a SPEX 1934D phosphorimeter using a time
window of 20 ms.

Fluorescence decays were measured using the time-corre-
lated single photon counting technique with a previously
described home-made apparatus.>® Briefly, the excitation
pulses were provided by the frequency-doubled emission of a
Millennia Xs/Tsunami lasers system from Spectra Physics,
operating at 82 MHz and detected with a microchannel plate
photomultiplier (Hamamatsu R3809u-50). The FWHM of the
instrumental response function (IRF) (obtained with an opti-
cally matched scattering Ludox solution) is ca. 18 ps with 814
fs/channel resolution. Fluorescence decays were deconvoluted
from the excitation pulse using the modulation functions
method (Sand program).*

For solid state measurements, toluene solutions of each
complex 4c-4h (at a concentration of 1 mg mL™") and ZEONEX®
480 (at a concentration of 100 mg mL™") were blended on a ratio
of 1 wt% and drop-cast (~80 pL) at 30 °C. ZEONEX® 480 is a
transparent ethylene-cycloolefin copolymer.**

Absorption and emission spectra of the ZEONEX samples
were collected using a UV-3600 double beam spectrophoto-
meter (Shimadzu) and Jobin Yvon Horiba FluoroMax 3.
Lifetime measurements were obtained by exciting the solid
state samples with a pulsed Nd:YAG laser (EKSPLA), at
355 nm.>®> Photoluminescence quantum yield measurements>®
were performed using an integration sphere coupled with a
sensitive QePro spectrometer (Ocean Optics) using a 365 nm
LED light source (Ocean Optics). The photoluminescence life-
times were obtained using time correlated single photon
counting (Mira-900 picosecond laser system).

The experimental setup used to obtain triplet absorption
spectra and triplet lifetimes consists of an Applied
Photophysics laser flash photolysis apparatus pumped by the
third harmonic (355 nm) of a Nd:YAG laser (Spectra Physics).
The detection system (Hamamatsu R928 photomultipliers) is
at right angles to the excitation beam, and a pulsed 150 W Xe
lamp was used to analyse the transient absorption. The signal
obtained was fed into a Tektronix TDS 3052B digital analyser
and transferred to an IBM RISC computer where the optical
density (OD) at different wavelengths and different delays after
flash were collected using the appropriate software (Applied
photophysics). Transient absorption spectra were collected by
monitoring the optical density change at intervals of 10 nm
over the range of 330-650 nm and averaging at least 10 decays
at each wavelength. First order kinetics was observed for the

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

decays of the lowest triplet state, except for complex 4h.
Special care was taken in order to have sufficiently low laser
energies (<2 mJ) to avoid multiphoton and/or triplet-triplet
annihilation effects. Before the experiments were done, all
solutions were degassed with nitrogen for ~20 min and sealed.
The triplet molar absorption coefficients obtained in THF were
determined by the singlet depletion technique, according to
the well-known relationship, er = g5 X AOD/AODg.?” The &y
values were measured using benzophenone in toluene as the
reference compound, @ = &5 x (e¢f x AOD,")/(e7” x AODEH).

4.6 Computational studies

The ADF program (Amsterdam Density Functional)*®>° was

used in all Density Functional Theory calculations.*" The geo-
metries of 4a-h were optimized without symmetry constraints,
with the Vosko-Wilk-Nusair** Local Density Approximation of
the correlation energy and the PBEO functional,®** with spin
orbit coupling (SOPERT),* taking into account solvent effects
(THF) with the COSMO model implemented in ADF.
Relativistic effects were treated with the ZORA approxi-
mation.*® Triple ¢ Slater-type orbitals (STO) were used to
describe all the electrons of H, C, B, N, F, Cl, Br, and I, aug-
mented with a set of one polarization function (H, single ¢ 2s;
C, B, N, F, Cl single ¢, 3d; Br single ¢, 4d; I single ¢, 5d).
TDDFT was used to obtain the geometry of the first singlet
excited states®” *° and to obtain the absorption spectra with
the Tamm-Dancoff approximation (TDA).*! Unrestricted calcu-
lations were carried out for open shell complexes. The starting
geometries were the experimental ones described above for 4c-
d, and 4g, or modelled after them. The excited singlet state
lifetimes were obtained from the SOPERT calculations and the
calculated fluorescence rate constants were their reciprocal.

For the sake of comparison with previous studies and to
evaluate the role of dispersion in these systems, the previous
calculations (method A in the ESI}) were repeated with the
B3LYP functional (method B),*> with PBEO and the Grimme
D3 correction®’ (A/D3), with B3LYP and the Grimme D3 correc-
tion (B/D3), with Becke’s exchange® and Perdew’s">*®
lation functionals (gas phase, GP). The basis set was TZP with
a small frozen core for all atoms. The solvent (COSMO) was
introduced in a single point calculation on the structure from
the latter. The same structure was used to calculate the absorp-
tion spectra with (THF) and without solvent (GP) and, also in
gas phase and SOPERT, to obtain excited state lifetimes (SO).
The first singlet excited state was obtained by the promotion of
one electron from the HOMO to the LUMO followed by geome-
try optimization.

corre-

4.7 Light-emitting diode studies

The results presented in Table 5 and in the ESIf refer to
OLEDs where the complexes were used in the neat form (de-
posited by either spin coating or vacuum thermal deposition)
or dispersed in poly(vinylcarbazole). These devices were tested
under vacuum, using a K2400 Source Meter and a calibrated
silicon photodiode, as described before.?” The electrolumines-
cence (EL) spectra were obtained with a CCD spectrograph
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(Ocean Optics or ScanSci). External quantum efficiency values
were estimated as described previously."”

The ITO/HAT-CN/TAPC/mCP co 10% 4e/TPBi/LiF/Al device
was fabricated with pre-cleaned indium-tin-oxide (ITO) coated
glass substrate after ozone plasma treatment. HAT-CN was
used as a hole injection layer and TAPC as a hole transport
layer. The emissive layer consisted of 4e co-evaporated with
mCP (1,3-bis-(N-carbazolyl)benzene) to give 10% contribution
of emitter by keeping the evaporation rate in proportion of
1:9 for emitter and host, respectively. TPBi was used as the
electron transport layer. All organic and inorganic layers were
thermally deposited using the Kurt J. Lesker Spectros II depo-
sition system at 10~° mbar. The deposition rate was kept at 1 A
s~ ! for all layers except for LiF and the emissive material in co-
evaporation in which case they were kept at 0.1-0.2 A s™*. The
device was characterized using a 10 inch integrating sphere
(Labsphere) coupled with a USB spectrometer (Ocean Optics)
and connected to a Source Measure Unit.
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