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Introduction of a mesityl substituent on pyridyl rings
as a facile strategy for improving the performance of
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i '.) Check for updates I

Cite this: DOI: 10.1039/d4tc01458h

Alessia Colombo, (22 Giulia De Soricellis,”® Claudia Dragonetti, €2 °

Francesco Fagnani, (22 *@ Dominique Roberto, {2 ¢ Bertrand Carboni,*
Véronique Guerchais,® Thierry Roisnel,® Massimo Cocchi, Simona Fantacci,
Eros Radicchi " and Daniele Marinotto (29

e

While the development of red and green phosphorescent organic light-emitting diodes (OLEDs) has seen rapid
progress, that of efficient blue phosphorescent OLEDs remains a challenge. In the present report, the
introduction of a bulky substituent on the pyridyl rings of a cycloplatinated 1,3-bis(pyridine-2-yl)-4,6-difluoro-
benzene appears as a facile strategy to hinder strong Pt---Pt interactions, allowing the fabrication of efficient
blue OLEDs. Thus, the preparation and characterization of a chlorido platinum(i) complex bearing a well-
designed new NACAN-cyclometalating ligand, namely 1,3-bis(4-mesityl-pyridin-2-yl)-4,6-difluoro-benzene, are
reported. Its structure, along with that of the related pro-ligand, is determined by X-ray diffraction studies on a
single crystal. The shortest Pt.--Pt distance is much longer (859 A) than that observed for other NACAN-
platinum(i) chlorido complexes including one with the bulky mesityl group on the cyclometalated benzene ring
(4.4 A). This new complex exhibits intense blue phosphorescence (470-471 nm) in dichloromethane solution
(@yum = 0.97) and in the PMMA film (1 wt% complex, @, = 0.95) whereas red phosphorescence (672 nm) is
observed in a neat film (@, = 0.72). Even in the solid state, the novel complex is highly luminescent suggesting
that the introduction of mesityl groups on the pyridine rings is a way to inhibit self-quenching both in the

Received 9th April 2024, PMMA matrix and in neat films. It represents a useful tool for the fabrication of efficient blue OLEDs (8% wt

Accepted 6th June 2024 complex) with CIE coordinates (0.13, 0.29) approaching true blue. The molecular geometry, ground state, elec-
tronic structure, and excited electronic states of the complex, both as a monomer and dimer aggregate in
solution, are calculated using density functional theory (DFT) and time-dependent (TD) DFT approaches, giving

insight into the electronic origin of the absorption spectra.
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Platinum complexes have attracted much attention for many appli-
cations such as nonlinear optics,"® bioimaging,”™* sensing,"*™’
and electroluminescent devices."®*® Indeed, among a large number
of organometallic materials, phosphorescent platinum(i) complexes
have gained interest due to the important spin-orbit coupling
associated with the metal which promotes intersystem crossing,
and therefore the emission of light from triplet excited states, a
behavior that is further improved by the presence of platinum-
carbon bonds.*
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t Electronic supplementary information (ESI) available: Synthetic procedures,
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properties in solution and in the solid state, and fabrication of OLEDs. CCDC

2087751 and 2087747. For ESI and crystallographic data in CIF or other electronic

format see DOI: https://doi.org/10.1039/d4tc01458h
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Thus, state-of-the-art organic light-emitting diodes (OLEDs),
which are transforming the lighting and display industries, rely
on phosphorescent metal complexes such as iridium(m) and
platinum(u) for red and green emitters whereas fluorescent
compounds are usually preferred for blue emitters.””*® As a
matter of fact, whereas the development of red and green
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phosphorescent OLEDs has seen rapid progress, that of effi-
cient blue phosphorescent OLEDs remains a challenge.*' ™’

In the last 15 years, platinum(u) chlorido complexes with a
cyclometalated 1,3-bis(pyridin-2-yl)-benzene (bispyb) ligand
have been used as emitters in OLEDs, representing a precious
tool for tailoring the emission colour and allowing high exter-
nal quantum efficiencies.*® They show two phosphorescence
bands, situated in the bluish green (monomeric emission) and
red (excimer/aggregate emission) regions of the visible spec-
trum, in which contributions to the global emission can be
controlled by the amount of the platinum complex in the host
matrix used for the preparation of the OLED’s blend emissive
layer.”® The ability of these complexes to form excimers or
aggregates through attractive intermolecular interactions like
Pt-Pt or ligand-ligand or a combination of these,"® " thanks to
their square planar structure, offers attraction even for the
preparation of near-infrared OLEDs.>*

These platinum(i) complexes bearing a cyclometalated bis-
pyb ligand, which allows rigid N*C"N coordination surround-
ings, are among the brightest emitters in solution at room
temperature.>®>® Their appeal is further enriched by the pos-
sibility of controlling the emission color by the introduction of
substituents into the pyridyl or aryl rings, maintaining excellent
quantum yields.”®> The choice of suitable groups to obtain blue
emission has been investigated because one significant funda-
mental challenge in the study of phosphorescent metal complexes,
which also impacts the development of OLED color displays, is the
lack of blue-phosphorescent complexes with good photolumines-
cence quantum yields and high photostability.** Remarkably, in
[Pt(bispyb)CI] complexes, the introduction of electron-withdrawing
fluorine atoms at positions 4 and 6 of the central phenyl ring leads
to a blue shift of the emission.>**>*%**! An important aspect is
that with the tridentate N*C*N-coordinating bispyb ligand, the
luminescence of a cyclometalated Pt(i) complex can be shifted into
the blue region, without the problematic drop-off in the quantum
yield observed for bidentate analogues.>

On the other hand, it is worth pointing out that the
introduction of a bulky aryl group at position 5 of the cyclopla-
tinated phenyl ring of the 1,3-bis(pyridin-2-yl)-benzene ligand is
a way to reduce the tendency to form excimers compared to the
parent complex, owing to steric inhibition by the pendent aryl
group preventing the necessary face-to-face approach of a
complex in its excited state to a ground-state molecule.”*

Surprisingly, the effect of the introduction of highly hindered
aromatic substituents on position 4 of the pyridyl rings has not
been reported. Yet, in the case of the complex with a fluorinated
cycloplatinated 1,3-bis(pyridin-2-yl)-4,6-difluoro-benzene ligand
([Pt(bispy-4,6-dFb)Cl], for which the presence of the fluorine
atoms leads to a blue shift of the emission,>***® the knowledge
of such an effect would be of particular interest because excimer
or aggregate formation, and therefore the phosphorescence
properties could be controlled achieving the appropriate spatial
arrangement of bulky functional groups. Thus, it could be a
simple way to decrease Pt-Pt interactions and/or n-n stacking
with the aim of obtaining efficient blue OLEDs. Besides, the
presence of bulky aromatic groups could not only give a brighter
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Chart 1 Investigated novel complex ([Pt(bis(4-Mes-py)-4,6-dFb)Cl]).

emission both in solution and in the device but it would also
improve solubility to allow the formation of high-quality spin-
coated thin films from solution.

These observations prompted us to prepare a simple complex
with a mesityl group on each pyridine of the cycloplatinated 1,3-
bis(pyridin-2-yl)-4,6-difluoro-benzene ligand ([Pt(bis(4-Mes-py)-
4,6-dFb)Cl], Chart 1). The introduction of these bulky =-
delocalized polarizable groups turned out to be a useful tool to
achieve a huge luminescence quantum yield, both in solution
and thin films, and to prepare efficient blue OLEDs.

2. Results and discussion
2.1 Synthesis

The novel pro-ligand 2,2’-(4,6-difluoro-1,3-phenylene)bis(4-
mesitylpyridine) was prepared by cross-coupling of 2-chloro-4-
mesitylpyridine® with 2,2'(4,6-difluoro-1,3-phenylene)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)® (Scheme 1). A further reaction
of this pro-ligand with K,PtCl, in MeCN/H,O led to [Pt(bis(4-Mes-
py)-4,6-dFb)CI]. The ligand and the product were fully character-
ized by NMR spectroscopy and elemental analysis (details are given
in the ESIt).

2.2 X-ray structure determination

In order to achieve better characterization of the novel pro-
ligand and the related platinum complex, their X-ray structure
was investigated. Crystals were grown by gradually evaporating
a CH,Cl, solution, resulting in the formation of a dichloro-
methane solvate of the platinum complex. The structure of the
pro-ligand is presented in Fig. 1.

The three aromatic rings of the dipyridyl benzene moiety are
not coplanar, with angles of 17.07/19.23° and 33.01/36.43°
between the planes of the lateral pyridyl rings and that of the
central benzene. Contrarily to the other uncoordinated 1,3-
bis(pyridin-2-yl)-benzenes reported in the Cambridge Crystallo-
graphic Data Centre, which have no substituents on the pyridine
rings,>® there is no head-to-tail disposition of the two pyridyl
rings which would minimize unfavorable electrostatic interac-
tions between the lone pairs like in the transoid arrangement of
the pyridine units about the interannular bonds in 2,2":6’,2"-
terpyridines.®® This difference can be explained by the presence
of bulky substituents on the pyridines in the pro-ligand L. The
mesityl groups are close to perpendicular to the pyridine ring
with angles of 103.47/102.61° and 104.47/90.79°, as would be
expected because of the steric bulk of the substituents.

In complex [Pt(bis(4-Mes-py)-4,6-dFb)Cl], the coordination
environment around the platinum center is distorted square
planar, comprising two nitrogen atoms and one carbon atom

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthetic pathway for the preparation of [Pt(bis(4-Mes-py)-4,6-dFb)Cl].

from the terdentate ligand, along with one chlorine atom (Fig. 2). As
revealed by the crystal structure, there is one distinct complex per
two dichloromethane molecules within the asymmetric unit. The
Pt1-C1 bond distance is 1.918(3) A, Pt1-N11 = 2.024(3) A, Pt1-N31 =
2.027(3), Pt1-Cl1 = 2.3906(9) A (Fig. 2(A)). These distances are in the
range of those reported for other platinum(u) chlorido complexes
with a cyclometalated 1,3-bis(pyridin-2-yl}-benzene.>*>**#6+%> The
C1-Pt1-Cl1 axis is almost linear [179.6(1)°], whereas N11-Pt1-N31 is
more distorted at 161.9(1)°, as a consequence of the chelate ring
strain. The torsion angle between the mesityl groups and the
pyridines is 62.7/60.7(5) and 61.6(5)/61.7(5). Interestingly, the short-
est Pt---Pt distance is 8.59 A (Fig. 2(B)) much longer than that
previously reported for the related platinum(u) chlorido complex
with a cyclometalated 5-mesityl-1,3-bis(pyridin-2-yl)-benzene ligand
(4.4 A).** Clearly, the presence of mesityl groups on position 4 on the
pyridines hinders the neighbouring of the metal atoms and there-
fore the Pt---Pt interactions. The strongest n-n interaction could
occur between two difluorobenzene rings of pairs of molecules, at a
relatively short distance of 3.61 A (Fig. 2(C)).

2.3 Photophysical properties in solution

The absorption spectrum of [Pt(bis(4-Mes-py)-4,6-dFb)CI] in
dichloromethane solution is shown in Fig. 3(A) (see the ESLt
for the calculation of molar extinction coefficient ¢). The
absorption spectra of the novel complex display an intense
absorption band at 250-330 nm (g563 = 2.3 x 10* L mol ' ecm ™)
attributed to singlet intraligand transitions (‘IL) of the cyclo-
metalated N*C”N ligand and a less intense band at 350-420 nm
(e376 = 7.8 x 10° L mol™' em™') assigned to singlet charge-
transfer transitions involving the metal and the cyclometalated
ligand (*MLCT).”*>*°® At wavelengths above 420 nm, weak
absorption bands with peaks at 438 and 467 nm (¢435 = 1.4 X
10> M em ™, g4, = 1.2 x 10> M~ ' em™ ') can be observed
(inset Fig. 3(A)). These absorption bands are attributed to
triplet metal-to-ligand charge transfer transitions (*MLCTs) of
the monomeric complex, as noted for other parent chloride
derivatives.*®>?

Photoluminescence spectra of [Pt(bis(4-Mes-py)-4,6-dFb)CI]
in dichloromethane solution at various concentrations excited

This journal is © The Royal Society of Chemistry 2024

Fig.1 Views of the pro-ligand 2,2’-(4,6-difluoro-1,3-phenylene)bis(4-
mesitylpyridine).

at 334 nm are shown in Fig. 3(B), whereas relevant values are
presented in Table 1. In dilute dichloromethane solution (5 x
10~® M) the complex is intensely phosphorescent in the blue
region with a vibrationally structured emission spectrum having
a high-energy emission maximum (,) at 471 nm. This emis-
sion can be attributed to the electronic transitions from the
lowest triplet states to the ground state of the monomeric
complex. Moreover, the . of the complex is similar to that of
the parent complex without the mesityl substituents [Pt(bis(4-H-
Py)-4,6-dFb)Cl] (/.max = 472 nm),*® longer than that of the complex
with NMe, groups in position 4 on the pyridines ([Pt(bis(4-NMe,-
PY)-4,6-dFb)Cl], /. = 453 nm)* as expected since the introduc-
tion of electron-donor groups on the pyridines leads to a blue
shift of the emission,””®® but much shorter than that of the
complex with triphenylamino groups ([Pt(bis(4-TPA-py)-4,6-
dFb)Cl], Zmay = 562 nm).*° Therefore, the introduction of the very
bulky mesityl groups on the pyridine rings of the cyclometalated
ligand does not affect the emission color of the platinum
complex, in sharp contrast with the introduction of triphenyla-
mine substituents. When the concentration of the monomer is
increased up to 1 x 107> M, a new broad structureless band
centered at 680 nm is detected (Fig. 3(B) and Table 1). This band
at a lower energy can be mainly ascribed to the emission from
aggregates, such as dimers of the complex, as evidenced by the
continuous variation of the excitation spectrum with an increase
in concentration (see Fig. S6 and S7, ESIt), by the deviation of the
Lambert-Beer law (see Fig. S5, ESIt), and DFT calculations.
However, an underlying excimer emission cannot be ruled out,
as previously reported for related platinum() complexes.>® In any
case, the presence of the band at 680 nm puts evidence that the
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Fig. 2 [Pt(bis(4-Mes-py)-4,6-dFb)Cl] complex: (A) molecular view with
atomic distances around the Pt center and dihedral angle between the
mesityl and the pyridyl rings; (B) unit cell with various Pt - -Pt distances; and
(C) unit cell with distances between difluorobenzene rings of the terden-
tate ligand.

introduction of the bulky mesityl groups on the pyridine rings
does not block completely the formation of excimers/aggregates.
Complex [Pt(bis(4-Mes-py)-4,6-dFb)Cl] is highly luminescent
in dilute deaerated dichloromethane solution (5 x 107° M),
with an absolute luminescence quantum yield (@) of 0.97,
superior to that recently reported by our group for the parent
[Pt(bis(4-TPA-py)-4,6-dFb)CI] complex (P1,m = 0.90)°° or for
[Pt(bis(4-H-py)-4,6-dFb)CI] (D1, = 0.85).*° As expected from
the behaviour of similar platinum compounds,®® the lumines-
cence of the novel complex is efficiently quenched by oxygen,
being its quantum yield of 0.18 in air-equilibrated dichloro-
methane solution. In addition, there is quenching of the
luminescence quantum yield upon increasing the complex
concentration at 2 x 10~ * M in deaerated dichloromethane
solution (@, = 0.62). Interestingly, this decrease of the quan-
tum yield upon increasing the complex concentration is much
lower than that observed for other N~C”N-platinum(u)
complexes.’"® Such superior performance could be reasonably
attributed to the steric hindrance, caused by the mesityl sub-
stituents on the para position of the pyridines, which makes
more difficult the formation of excimers and aggregates.
Excited state decay measurements of the [Pt(bis(4-Mes-py)-
4,6-dFb)CI] solutions at different concentrations were performed
at an emission wavelength of 471 nm, excited at 374 nm. A mono-

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

A) 25
200
204 g 150
s
< — 100
w
§ 15
- 50
=
(3]
e 10 4 430 440 450 460 470 480 490
2 Wavelength / nm
54
04
T T T T T
250 300 350 400 450 500
Wavelength / nm
B) 1.0-
—510°M
el -5
= 0.8 110 . M
B —4.10° M
C
8 —210%*M
£ 061 - 810*%
3 8 10_3 M
I —1.10° M
©
E 04+
o
z
0.2 1
A
0.0 e =W

450 500 550 600 650 700 750 800
Wavelength / nm
Fig. 3 (A) Absorption spectrum of [Pt(bis(4-Mes-py)-4,6-dFb)Cl] in
CH,Cl,. The weak bands at longer wavelengths are shown on an expanded
scale for clarity. (B) Photoluminescence spectra at room temperature of
[Pt(bis(4-Mes-py)-4,6-dFb)Cl] in deaerated CH,Cl, at different concen-
trations (an excitation wavelength of 334 nm).

exponential function is used to fit all time decay luminescence
curves (Table S2 and Fig. S8-S13 in the ESIY). In a dilute dichlor-
omethane solution (5 x 10°° M), a lifetime () of 4.77 ps is
obtained for the monomer complex, a value which decreases by
2.41 ps as the concentration is increased up to 2 x 10~* M and by
0.85 ps with a further increase of the concentration to 1 x 107> M.
Such results are compatible with the formation of bimolecular
emissive excited states (excimers and aggregates) of the complex
which causes diminution of the lifetime. This is also supported by
the increase of the non-radiative rate constant (k,,,), which passes
from 6.3 x 10%to 1.6 x 10° s~ " as the concentration increases from
5 x 10°® M to 2 x 10~* M, respectively (Table 1). Moreover, it is
worth noting that the radiative rate constant (k;) of the complex at
5 x 10"°Mis 2.0 x 10° s~ ', which is almost twice the one reported
for the complex without mesityl substituents (1.2 x 10> s~ ).”°
Such a result is in accordance with the higher molar extinction
coefficient of the electronic S, — T, transition found for the novel
compound (1.8 x 10”> L mol ' ecm™") with respect to the parent
complex (1.4 x 10> L mol ' em ),*® reasonably due to slightly
more effective spin-orbit coupling from the higher lying "MLCT
states to *MLCT states in the [Pt(bis(4-Mes-py)-4,6-dFb)CI] complex.

This journal is © The Royal Society of Chemistry 2024



Open Access Article. Published on 06 June 2024. Downloaded on 6/13/2024 1:48:59 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

View Article Online

Journal of Materials Chemistry C Paper
Table 1 Photophysical data of [Pt(bis(4-Mes-py)-4,6-dFb)Cl] at 298 K
/max,em/NM Monomer
[excimer/aggregate] -~ /s kst fene?ts ™t
5 x 10~° M, degassed CH,Cl, 471 0.97 4.77 2.0 x 10° 6.3 x 10°
0.18 ¢
2 x 107" M, degassed CH,Cl, 471 [680]" 0.62 2.41 2.6 x 10° 1.6 x 10°
0.12 ¢
In PMMA film 1 wt%® 472 [680]" 0.95 3.85 2.5 x 10° 1.3 x 10*
Neat film" [672]" 0.72 1.47 4.9 x 10° 1.9 x 10°

“ Excitation at 330 nm. ? Radiative and nonradiative rate constants are calculated from the quantum yields and emission decay times according to
Drum = keTem = ki (ke + knp). © In aerated solution. ¢ Excimers/aggregates. ¢ Film thickness = 2.49 um./ Film thickness = 50 nm.

2.4 Photophysical properties in the solid state

For many applications, such as lighting devices or sensing,
safeguarding luminescence in the solid state is a sought-after
property.®®®” However, highly luminescent compounds in dilute
solutions often have the problem of “aggregation-caused quench-
ing” in concentrated solutions or in the solid state. For example,
[Ir(phenylpyridine);] is characterized by excellent luminescence
in dilute solution (0.97) but the value drops below 0.03 in the neat
film due to self-quenching by intermolecular n-n stacking
interactions.®” Similarly, we recently reported that the lumines-
cence quantum yield of the parent [Pt(bis(4-TPA-py)-4,6-dFb)CI]
complex decreases on going from CH,Cl, solution (@, = 0.90) to
the polymethylmetacrylate (PMMA) film (@}, = 0.56) and drops
drastically as the neat film (@}, = 0.05); although a significant
quantum yield was obtained in the PMMA film, the higher
presence of excimers and aggregates in the neat film caused
strong quenching of the quantum yield.”® We were curious to see
the effect of the substitution of the triphenylamine substituents
by the mesityl groups on the luminescence properties in the solid
state. Therefore, we prepared a thin film in PMMA (1 wt%) and a
neat film of the [Pt(bis(4-Mes-py)-4,6-dFb)Cl] complex, character-
ized by high solubility in dichloromethane (see the preparation
and characterization of the films in the ESIY).

The normalized absorption spectra of the PMMA and neat
thin film of the [Pt(bis(4-Mes-py)-4,6-dFb)ClI] complex are
shown in Fig. S14 (ESIf). The absorption spectrum of the
PMMA film is quite similar to that measured in solution,
probably due to the weak intermolecular interactions felt by
the platinum complex in the polymeric matrix. Instead, broader
absorption bands are observed in the neat film where there are
stronger interactions between the molecules of the complex.
Upon excitation at 334 nm, the blend of the platinum complex
in the PMMA matrix shows a vibrationally structured emission
spectrum with a maximum at 472 nm (Fig. 4(A)) and a © of
3.85 s (Fig. S16, ESIt), which resembles the one measured in
the dilute dichloromethane solution (Fig. 3(B)) but with a
shorter lifetime. Besides, a very weak band is detected at lower
energy ca. 680 nm which can be ascribed to some bimolecular
emissive excited states (excimers and aggregates) of the
complex.

Completely different emission spectra are recorded for the
neat film of the [Pt(bis(4-Mes-py)-4,6-dFb)Cl] complex, see
Fig. 4(B). Irrespective of the excitation wavelength, the neat
film is characterized by only one broad phosphorescent band

This journal is © The Royal Society of Chemistry 2024

A)
1.0 ——Ex280nm
Ex 334 nm
\%1 ——Ex 380 nm

08 A Ex 420 nm

0.06 1

Ex 437 nm

0.6

0.4 H

Normalized Intensity

Wavelength / nm
0.2

0.0 =
T T T T T
450 500 550 600 650 700 750 800

Wavelength / nm

=

Ex 296 nm
Ex 337 nm
Ex 386 nm

0.8

0.6

0.4

Normalized Intensity

0.2 H

450 500 550 600 650 700 750 800 850
Wavelength / nm
Fig. 4 Photoluminescence spectra of the [Pt(bis(4-Mes-py)-4,6-dFb)Cl]

complex (A) as a 1 wt% PMMA film, with a weak band at 680 hm shown in
the expanded scale for clarity; (B) as a neat film.

with a maximum emission wavelength at 672 nm (t = 1.47 s,
Fig. S18, ESIT). The spectral position of this band is similar to
that recorded for the most concentrated solutions of the
complex (Fig. 3(B)); therefore, it is reasonable to assume that
it is exclusively produced by bimolecular emissive excited
states, which are easily formed in the neat film by the shorter
intermolecular distances and/or favourable intermolecular con-
figurations of the molecules.*®

Remarkably, as the PMMA thin film, [Pt(bis(4-Mes-py)-4,6-
dFb)CI] is characterized by an impressive phosphorescence
quantum yield of 0.95, much higher than that reported for
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the parent [Pt(bis(4-TPA-py)-4,6-dFb)CI] and standing among
the best quantum yields reported for Pt complexes in polymeric
films.>® Even as a neat film, the novel complex is highly
luminescent (@, = 0.72). Therefore, the introduction of
mesityl groups is a way to inhibit self-quenching not only in
the PMMA matrix but also as a neat film. This self-quenching
reduction is an attractive feature for practical applications such
as OLED technology, where local concentrations may be quite
high, and self-quenching is a wasteful energy sink that
diminishes device efficiencies.’*

2.5 Computational modelling

To comprehend the intriguing photochemical behavior in a
solution of [Pt(bis(4-Mes-py)-4,6-dFb)Cl], calculations based on
DFT were performed both on the isolated complex and on the
dimer, the simplest representative species of the aggregation
phenomenon in solution, which is able to explain bimolecular
optical properties revealed by spectroscopic measurements. We
started by optimizing the monomer and the dimer geometries
in CH,Cl, (the solvent employed in the spectroscopic measure-
ments), and then the computed electronic structure in terms of
energy and nature of the frontier orbitals were analyzed and
eventually the lowest 80/5 (150/10) excited singlet-singlet/sing-
let-triplet states for the monomer (dimer) were computed,
characterized, and convoluted to simulate the absorption spec-
tra. The calculations were performed with the Gaussian09
program package (G09)°® by using the B3LYP exchange—correla-
tion functional® integrated with the D3-BJ model”® to include
the dispersion interactions in the geometry optimizations. The
6-31G** basis set’’”’* was utilized for all the atoms except for
Pt, which has been described with the LANL2DZ basis set along
with the corresponding pseudopotentials.”* It is worth noting
that TDDFT calculation of the singlet-triplet excitations in G09
does not include Spin-Orbit Coupling (SOC) effects, thus
providing only the energy of the transitions with null oscillator
strength. Therefore, relativistic calculations with the B3LYP
exchange-correlation functional were performed in the G09
optimized geometries of the monomer and dimer by means
of the Zeroth Order Regular Approximation (ZORA)”>”’7 to the
Dirac equation as implemented in Amsterdam Density Functional
(ADF) software,”®”® allowing to include the singlet-triplet excitations
of the absorption spectra through TDDFT**®' and to comprehend
the effect of the SOC on [Pt(bis(4-Mes-py)-4,6-dFb)Cl], eventually
considering the Tamm-Dancoff approximation to speed up the
calculations. The Slater-type TZP basis set® was employed for all the
atoms (1s core was kept frozen for C, N and F, while for Pt and Cl
the cores 1s-4f and 1s-2p were kept frozen, respectively). The
CH,CI, solvation effects were included in both cases in an implicit
way (conductor-like continuum polarizable model, C-PCM,** % in
G09 and the conductor-like screening model, COSMO,¥” in ADF).
In Fig. 5 the optimized molecular structure of both the
monomer and the dimer is reported. It is interesting that in
the optimized [Pt(bis(4-Mes-py)-4,6-dFb)CI] structure in solution,
the mesityl groups do not orient completely perpendicular to the
pyridine, being the average dihedral angles between the mesityl
groups and the pyridine rings 77°, a value similar to that observed
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DIMER

Pt(bis(4-Mes-py)-4,6-dFb)Cl]

Side view

Fig. 5 Optimized molecular geometry in CH,Cl, of [Pt(bis(4-Mes-py)-
4,6-dFb)Cl] (left) and its dimer (right) in the front and side views.

in the X-ray structure (Fig. 2). In the dimer, the two monomers are
arranged in a head-to-tail configuration with respect to the Pt
centers being staggered from the other. The computed Pt-Pt
distance is 6.31 A, 2.24 A smaller than that measured by X-rays. As
expected, the optimized dimer in CH,Cl, is the smallest model
for aggregation in solution and it is not directly comparable to
the dimer geometry taken from the X-ray structure: in the crystal,
pillars of packed head-to-tail monomers are observed (see Fig. 2)
and the monomeric unit experiences a different environment
with respect to the CH,Cl, solution. The aggregation energy of
two monomeric units in solution has been computed to be
—47.4 keal mol™", measuring the strength of the n-n stacking
interaction which drives the aggregation.

The electronic structure of both the monomer and dimer in
CH,CI, solution was analyzed and their absorption spectra
were simulated and characterized to assign the main optical
features. The energy levels of both the monomer (left) and
dimer (right), evaluated with (w) and without (w/o) the inclu-
sion of SOC effects, are shown in Fig. 6, along with the electron
density plots of the HOMO and LUMO. The plots of the
molecular orbitals involved in the main excited state transitions
for both the monomer and dimer are reported in the ESIf
(Fig. S19 and S20).

The orbitals density of the dimer in the —8.0 to 0.2 €V energy
range is higher than that of the monomer, as expected, due to
the larger number of the resulting eigenfunctions from the
combinations of the atomic orbitals of the doubled system.
Moreover, the HOMO-LUMO gap decreases going from the
monomer to the dimer: in the latter, the orbitals of the
monomer are replaced by a pair of orbitals, one at a higher
energy and one at a lower energy with respect to the monomer
reference, giving rise to the destabilization of the HOMO and
the stabilization of the LUMO that closes the energy gap. The
HOMO, both for the monomer and the dimer, is delocalized
along the Pt-Cl axis and is the result of a combination of the Pt
d, orbital, the Cl p, orbital, and the bonding combinations of p
orbitals of the fluorinated ring with smaller anti-bonding con-
tributions coming from the pyridyl rings. The LUMO is the
combination of the Pt d,, and the p, orbitals of both the pyridyl

This journal is © The Royal Society of Chemistry 2024
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E (eV)

w/o SOC
DIMER

w/o SOC w SOC
MONOMER

Fig. 6 Energy levels of the occupied and unoccupied molecular orbitals of [Pt(bis(4-Mes-py)-4,6-dFb)Cl] (left) and its dimer (right) in the —8.0 to 0.2 eV
range. Both for the monomer and dimer, energy levels orbitals without (w/o) and with (w) SOC are plotted using solid and dashed lines, respectively. The
isodensity plot (isodensity contour = 0.02) of the HOMO (H) and LUMO (L) of both systems are reported, for which no differences were seen including or

not SOC effects.

nitrogen, with smaller contributions from the C p, orbital of the
phenyl and pyridyl rings that lie in the Pt-pyridyl plane. When
SOC is included, the HOMO-LUMO gap maintains the same
trend but slightly decreases to 3.89 and 3.54 eV for the monomer
and the dimer, respectively. Notably, the isodensity plots of both
the HOMO and the LUMO orbitals were practically the same also
when SOC effects are included and are thus not reported in Fig. 6.

We have computed 80/150 TDDFT singlet excited states for
the monomer/dimer to simulate its UV-vis absorption spectra
and to assign the main optical features (details of the computed
transitions are reported in Tables S3 and S4, ESIT). For the
main excitations of the simulated spectra, the eigenvectors
have been analyzed and the related excited state densities have
been plotted (see Fig. S21 and S22, ESIf). This visualization
allows us to follow where the electrons move (blue color) and

where they arrive (red color) in optical transitions. It is worth
noting that the excitations of the dimer with a significative
oscillator strength are more numerous than those of the
monomer and the lowest one, S, — S; (f = 0.03) computed at
408 nm, is red shifted with respect to the corresponding one of
the monomer at 375 nm and characterized by an oscillator
strength of 0.01. Overall, both the simulated spectra show the
main experimental features; however, the calculated spectrum
of the monomer is correlated with the UV-vis spectrum
recorded at low concentrations, while that of the dimer, show-
ing low intensity features at lower energies, is related to the
spectrum recorded at higher concentrations, see Fig. 7, panels
(a) and (b), respectively. Interestingly, the most intense band of
the simulated absorption spectrum of the monomer (270-
250 nm), the light blue line in panel (a) in Fig. 7, can be

A) B)
3.00
monomer - dimer wlo SOC ——
45 F w SOC
2:30: exp 21074 M)
~ exp (1 10 M, scaled) *
2 200 2 { .
E ]
g L ) .
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Wavelength (nm)

Fig. 7

Wavelength (nm)

(A) Comparison between the simulated absorption spectra of the monomer without and with SOC (light blue and light orange line, respectively)

and the UV-Vis spectrum recorded at 1 x 107° M (dotted red line). In the inset, the difference between the density plots of S; and Sy is reported. (B)
Comparison between the simulated absorption spectra of the dimer w/o and w SOC effects (light blue and light orange line, respectively) and the UV-Vis
spectrum measured at 2 x 10™* M (dotted black line). In the inset, the weak bands at longer wavelengths are reported in the expanded scale for clarity.
The T” labels indicate the most important transitions as obtained from the output of the relativistic calculations.
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assigned as a 'IL band, since the most intense transitions in
that energy region have as starting and ending states the
orbitals delocalized on the [(4-Mes-py)-4,6-dFb] ligand, in agree-
ment with the experimental assignment, see Table S3 and
Fig. S19 in the ESL¥

The experimental spectral features are registered at lower
energies than the excitations we have computed, probably
because the present methodology neglects the SOC, while it
plays a relevant role in describing the absorption spectra due to
the presence of the heavy Pt center.

A first approach, to indirectly consider this, has been then to
compute the lowest 5(10) singlet-triplet transitions for the
monomer (dimer) by G09 non-relativistic calculations, even
though they have a null oscillator strength as forbidden transi-
tions. Interestingly, for the monomer the first 5 singlet-triplet
states are computed in the range 370-453 nm and for the dimer
the 10 states are in the range 424-465 nm, red-shifted with
respect to the singlet-singlet ones. The singlet-triplet transi-
tions are reported in Tables S5 and S6 in the ESIf material. In
light of these results, and to comprehend the low energy region
spectral features, TDDFT calculations were performed with
ZORA by using ADF software, thus taking into account the
SOC effect on both the monomer and dimer optimized struc-
tures at the non-relativistic level, see the simulated spectra of
the monomer and dimer in light orange, reported in panels (a)
and (b) of Fig. 7, respectively. Noteworthily, to probe the effect
of SOC on the geometry of the complex, we optimized it at the
same relativistic level employed for the spectral calculation,
noting non-significant differences (like Pt-N and Pt-C bond
distance differences in the second significant figures, in A) with
the optimized geometry computed at a non-relativistic level.
Therefore, we considered it reasonable to use both the monomer
and dimer non-relativistic optimized geometries for the spectral
calculations. In both the monomer and dimer cases, the absorp-
tion bands are slightly red-shifted with respect to the non-
relativistic calculations, with absorption maxima centered at
327 and 374 nm (monomer) and 440 nm (dimer), as shown in
Fig. 7, light orange profiles in panels (a) and (b), respectively. The
simulated absorption spectra of the monomer w/o and w SOC
(light blue and light orange line, respectively) are compared with
the experimental absorption spectrum at the lowest solution
concentration (1 x 107° M), red dotted line, in panel (a) of
Fig. 7, along with the plot of the difference of density associated
with the S, — S; transition. On the other hand, the computed
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absorption spectrum of the dimer without and with SOC (light
blue and light orange line, respectively) is compared with the
experimental UV-vis spectrum at a higher concentration (2 x
10~* M), black dotted line, in panel (b) of Fig. 7. It is worth
underlining that how the features simulated at the relativistic
level for the monomer match the experimental spectra. The band
centered at 327 nm comes from two different excitations, which
are characterized by inner orbitals (HOMO—7, HOMO-3) to
LUMO transitions, while the peak at 373 nm shows a predomi-
nant HOMO to LUMO character, as reported in Table 2. In the
case of the dimer, besides the absorption at 440 nm - which is
already indicative of the red-shift from the monomer spectrum -
we observe a small absorption band at around 477 nm, in
agreement with the low energy experimental features that arise
at high concentrations (see Fig. 3(A), inset), confirming the
reliability of our hypothesis. In this case, all the involved excited
states are strongly characterized by HOMO to LUMO transition.
The plots of the molecular orbitals involved in the main excited
state transitions for both the monomer and dimer are reported in
the ESIT (Fig. S23 and S24). The simulation of a dimer spectrum
able to span the same energy region as that of the monomer
should include a larger number of excitations that are highly time
demanding. However, the limited number of the excitations
computed including SOC effects (60/8 for the monomer/dimer,
respectively) allows us to reproduce the low-energy feature of the
UV-vis spectra at different concentrations, showing the relevance
to include spin-orbit coupling to adequately reproduce all the
spectral features for Pt-based complexes.

2.6 OLEDs

Organic light emitting diodes (OLEDs) are becoming the main
technology for high-quality flat panel displays as well as for solid-
state lighting due to their unique features such as energy-efficient,
fast response, high contrast, high color purity, and wide view-
angle. Thus, the market of OLED displays has grown fast due to its
potential applications in televisions, smartphones, tablets, com-
puter monitors, automobiles, head-up-display, smartwatches, and
so on:*? it was valued at 42 490 million US$ in 2020 and is expected
to reach 185830 million US$ by the end of 2026.* Multicolor
luminescent materials are essential to guarantee the quality of the
devices, because a flat panel display should be able to produce all
the colors from the real world. Three kinds of luminescent
materials emitting primary colors red, green, and blue are usually
employed according to the primary-color theory, although different

Table 2 Computed SOC excitation energies (eV) and 4 (nm), oscillator strength (f) and character for the monomer and dimer. Transitions labels refer to

Fig. 7

SOC excited states® E (eV)// (nm) f (oscillator strength)

Character?

T'*> (monomer) 3.32 €V/373 nm 0.307
T*? (monomer) 3.77 €V/329 nm 0.114
T*° (monomer) 3.81 €V/325 nm 0.108
T? (dimer) 2.60 €V/477 nm 0.003
T? (dimer) 2.60 €V/477 nm 0.001
T’ (dimer) 2.82 €V/440 nm 0.021

81% (H — L); 7% (H—-1 — L+1); 6% (H-1 — L)

38% (H—7 — L); 13% (H—3 — L); 6% (H — L+2); 6% (H—2 — L)
45% (H-3 — L); 13% (H-7 — L); 13% (H—2 — L+1); 9% (H — L+2)
72% (H - L); 7% (H-1 — L+1)

74% (H — L)

31% (H — L); 16% (H — L+2); 14% (H-3 — L)

“The reported excited states are characterized by f > 0.001. ” Only the components >5% are reported in the excited state character.

J. Mater. Chem. C
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emitting colors can affect the quality of displays. Unfortunately,
the blue emitters generally show a markedly inferior electrolumi-
nescence performance with regard to lifespan, efficiencies, color
quality, and charge-carrier injection/transport.’® Therefore, there is
an imperative need for the discovery of blue emitters, in particular
phosphorescent organometallic complexes with long-lived excited
state lifetimes that could efficiently harvest both singlet and triplet
electro-generated excitons, thus opening the possibility of reaching
theoretically 100% internal quantum efficiency in such devices.*"

Since the first example of a platinum(u) phosphorescent
emitter for the fabrication of an efficient OLED device,”* a
remarkable amount of work has been devoted to looking for
phosphorescent platinum(i) complexes that display improved
device performances.*"

In this panorama, platinum(u) chlorido complexes with a
cyclometalated terdentate 1,3-bis(pyridin-2-yl)benzene ligand
certainly play an important role as emitters in light-emitting
devices and have potential even as blue emitters. Thus, it was
reported that [Pt(1,3-bis(pyridin-2-yl)-4,6-difluoro-benzene)Cl]
(5 wt% of the complex in the emitting layer) allows the
preparation of bluish green OLEDs with CIE coordinates
(0.19, 0.42), a quantum efficiency (QE) of 7.8% ph e ', a power
efficiency (PE) of 6.9 Im W™ " and a luminance efficiency (LE) of
15.9 ¢d A~".*° The introduction of CH; groups in the para
position of the pyridine rings leads to better QE (13.0% ph e %),
PE (9.3 Im W™ ') and LE (26.0 cd A~ ") with CIE co-ordinates of
(0.18, 0.35)*° closer to that of the true blue CIE coordinates
which are (0.16, 0.13).*° Substitution of the methyl groups with
electron-donating methoxy®® or dimethylamino® substituents
allows to go closer to the true blue, with CIE coordinates of
(0.18, 0.27) and (0.20, 0.30), respectively, but with a drop of QE,
PE and LE. The use of a pure film of these complexes as an
emitter led to the preparation of red OLEDs.*****® We were
curious to see the effect of the introduction of the bulky mesityl
group in position 4 on the pyridines on the characteristics and
efficiency of the OLEDs.

Therefore, in the present work, OLEDs were fabricated using
an emitting layer either a bis-4-(N-carbazolyl)phenyl)phenyl-
phosphine oxide (BCPO) matrix hosting the [Pt(bis(4-Mes-py)-
4,6-dFb)CI] complex (8% wt) or a film of the pure complex.
Holes were injected from the indium tin oxide anode and
passed through a 50 nm thick transporting layer made of
4,4’ 4"-tris(N-carbazolyl)triphenylamine TCTA. Electrons were
injected from an Al/LiF cathode and transported to the emitting
layer (EML) by means of a layer of 2,2",2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi, 30 nm thick). Charges recom-
bined in the 30 nm thick EML made of pure [Pt(bis(4-Mes-py)-4,6-
dFb)CI] or of a BCPO matrix hosting the platinum complex (8%
wt). EL spectra of the OLEDs are shown in Fig. 8(A): OLED
emissions are in the blue (CIE = 0.13, 0.29) and red (CIE = 0.56,
0.36) regions, for [Pt(bis(4-Mes-py)-4,6-dFb)CI] 8 wt% and pure
[Pt(bis(4-Mes-py)-4,6-dFb)CI], respectively.

There is no substantial contribution to the EL emission
bands from the electron-transporting (hole-blocking) or TCTA
binder layers, in accordance with a good charge carrier confine-
ment within the EML and complete energy transfer from the

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (A) EL spectra, images and CIE coordinates of the OLED devices

having 8% and 100% Pt complex. (B) Luminance vs. applied voltage and
external EL efficiency vs. current density for the two OLEDs.

Table 3 Performances of blue/red OLEDs based on the concentration of
the NACAN Pt complex in the emitting layer (at ca. 500 cd m™2)

pt(bis(4-R-py)-  J QE PE LE
4,6-dFb)Cl1 (mA cm™2) (% phe ") Im W) (cd A™") CIE (x))
R = H" 5% 3.1 7.8 6.9 15.9\  0.19, 0.42
100% 31.3 5.3 0.47 1.6 0.63, 0.35
R=Me* 5% 1.5 13.0 9.3 26.0 0.18, 0.35
100% 3.7 14.7 5.0 13.9 0.61, 0.38
R=0Me*” 5% 4.7 6.1 2.8 10.7 018, 0.27
100% 1.8 16 8.1 27.7 0.58, 041
R = NMe,”° 3% 6.0 3.9 2.4 6.9 0.20, 0.30
100% 3.9 6.4 5.7 14 0.52, 0.47
R=Mes 8% 2.4 10.2 12.0 18.3 0.13, 0.29
[this work] 100% 67.2 1.1 0.3 0.8 0.56, 0.36

excited states of BCPO (formed by charge carrier recombination)
to the Pt complex.

The luminance and external EL efficiency as a function of
current density and applied voltage of the two OLEDs are
shown in Fig. 8(B). The EL efficiency shows the typical roll-off
at high currents due to exciton-exciton and/or exciton/charge
interaction and to high field induced exciton dissociation.®”

In Table 3, the performance of blue and red OLEDs based on
previously reported N*C"N platinum complexes are reported
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for comparison with that of the novel emitter prepared in the
present work.

The red OLED with [Pt(bis(4-Mes-py)-4,6-dFb)Cl] shows rela-
tively poor performance compared to its parent complexes, reason-
ably due to the lower luminescence of the Pt-Pt aggregates. On the
other hand, remarkably, the OLED with the [Pt(bis(4-Mes-py)-4,6-
dFb)CI] complex (8% wt) exhibits a blue emission with CIE
coordinates (0.13, 0.29) closer to that of the true blue and better
performance (in terms of QE, PE, and LE) than its predecessors
with a methoxy or dimethylamino substituent instead of the
mesityl group. It shows an ELQE max of 12.5% and reaches a
luminance of about 13500 cd m™* at 9 V. This performance is
excellent when compared to that recently reached with blue OLEDs
based on other efficient platinum complexes such as those featur-
ing cyclometalated N-pyridyl carbazole ligands with monocarbor-
ane clusters (EQE .y = 6.2% at 1010 cd m™ )" or with the trans-N-
heterocyclic carbene platinum(u) acetylide complex bearing phenyl
acetylene ligands (EQE,.x = 8% at low luminance, with significant
efficiency roll-off at higher luminance, approaching 2% at 500
cd m ?)."" The results obtained with [Pt(bis(4-Mes-py)-4,6-
dFb)CI] are really encouraging, showing the great potential of
N”C”N platinum complexes for the fabrication of blue OLEDs.

3. Conclusion

In conclusion, a novel complex, namely [Pt(bis(4-mesityl-pyridin-2-
yl)-4,6-difluorobenzene)Cl], was easily prepared and well character-
ized. Remarkably, it exhibited intense blue phosphorescence in
dichloromethane solution and in the PMMA film (1 wt% complex),
with quantum yields approaching unity, whereas red phosphores-
cence is observed in a neat film, maintaining an excellent quan-
tum yield. The origin of these intriguing optical properties was
further analysed by means of DFT and TDDFT calculations,
eventually involving SOC effects, which accurately describe the
absorption spectrum of the complex and the effect of its concen-
tration increase in CH,Cl, solution, which was explained in terms
of the formation of aggregated species, such as dimers. Indeed, in
the UV-vis absorption spectra, the formation of aggregated species
cannot be ruled out, as shown by the low-energy spectral features
measured at high concentrations.

The introduction of a bulky mesityl substituent on the
pyridyl rings of the cycloplatinated ligand appears as a facile
strategy to increase the Pt---Pt distance, reaching a value
(8.59 A) much longer than that observed for previously reported
chlorido N*C”N-platinum(n) complexes.

This tactic represents a springboard for the fabrication of
efficient blue OLEDs (8% wt complex) with CIE coordinates of
(0.13, 0.29) approaching true blue. In the near future, it is
expected that the presence of a bulky substituent combined with
the introduction of electron-donor groups on the pyridines will
allow us to reach not only true blue but also deep blue OLEDs.
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