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Introduction of a Triphenylamine Substituent on Pyridyl Rings as a
Springboard for a New Appealing Brightly Luminescent 1,3-Di-(2-
pyridyl)benzene Platinum(ll) Complex Family

Alessia Colombo,? Giulia De Soricellis,? Francesco Fagnani,? Claudia Dragonetti,*® Massimo Cocchi®,
Bertrand Carboni, Véronique Guerchais,® and Daniele Marinotto®

The preparation and characterization of three new complexes, namely [Pt(1,3-bis(4-triphenylamine-
pyridin-2-yl)-4,6-difluoro-benzene)Cl] ([ptLci]), [Pt(1,3-bis(4-triphenylamine-pyridin-2-yl)-5-
triphenylamine-benzene)Cl] ([PtL2Cl]), and [Pt(1,3-bis(4-triphenylamine-pyridin-2-yl)-5-mesityl-
benzene)Cl] ([PtL3Cl]), is reported. All of them are highly luminescent in dilute deaerated
dichloromethane solution (®um = 0.88-0.90, in the yellow-green region; the Amaxem in Nm for the
monomers are: 562, 561 and 549 for [PtL1Cl], [PtL2CI] and [PtL3Cl], respectively).[PtL1Cl] is the most
appealing, being characterized by a very long lifetime (103.9 ps) and displaying intense NIR emission
in concentrated deaerated solution (Oium = 0.66) with essentially no ““contamination’ by visible light
< 600 nm. This complex allows the fabrication of both yellow-green and deep red/NIR OLEDs; OLED
emissions are in the yellow-green (CIE = 0.38, 0.56) and deep red/NIR (CIE = 0.65, 0,34) regions, for

[PtLICI] 8 wt % (with 11% ph/e EQE) and pure [PtL1Cl] (with 4.3% ph/e EQE), respectively.

1. Introduction

There is a growing interest in the study of square planar
platinum(Il)
bioimaging,’® electroluminescent devices,®?! sensing,21-23 and

complexes for various applications like

nonlinear optics.2428 The significant spin—orbit coupling related
to the platinum atom helps intersystem crossing, and
consequently emission of light from triplet excited states, a
performance that is further improved by the introduction of Pt—
C bonds.2%-31 Because of this strong spin—orbit coupling, an
internal electroluminescence quantum efficiency of unity can
be achieved in devices, since both the singlet and triplet
excitons generated by electron-hole recombination (of which
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the ratio is 1:3) can be induced to emit (triplet harvesting).32-34
For this reason, square planar platinum(ll) complexes have
become a centre of interest for the preparation of organic light-
emitting diodes (OLEDs) which earned a pivotal position for
solid-state lighting applications and full-color flat-panel
display.3>36 Due to their geometrical structure which favours
the creation of aggregates or excimers by Pt-Pt or ligand-ligand
intermolecular interactions, 2% 37-42 they are a useful tool for the
fabrication of deep-red to near infrared (NIR) OLEDs which have
unique applications in optical communication, night-vision
readable displays, and photodynamic therapy.2% 43-4> Moreover,
platinum(ll) aggregates, characterized by low-energy red to NIR
emissions and by relatively long phosphorescence lifetimes, are
especially attractive for application in biological imaging with
the aim of improving the accuracy of medical diagnosis.18 It is
worth pointing out that finding red-emissive materials is a big
challenge since the “energy gap law” predicts that the non-
radiative decay rate constant increases exponentially with
decreasing optical energy gap (AEopt).46

In the last two decades it turned out that platinum(ll) chlorido
complexes with a cyclometalated terdentate 1,3-bis(pyridin-2-
yl)benzene ligand (bpyb), which permits a rigid NACAN
coordination environment, are among the best emitters.47-52
For example, in deaerated CH,Cl,, [Pt(bpyb)Cl] is characterized



by an emission quantum yield (®wm) of 0.60,47 a value much
larger than that observed for [Pt(NAC-2-phenylpyridine)(N-2-
phenylpyridine)Cl] or the parent NANAC-coordinated isomer.*°
Such a superiority has been attributed to the presence of the
Pt—C bond, which causes a high ligand-field strength, and to the
rigidity of the NACAN ligand, which hinders distortions that
would cause non-radiative decay.*?

An appealing aspect of these platinum(ll) chlorido compounds
is that the introduction of suitable substituents, in the phenyl or
pyridyl rings of the cyclometalated 1,3-bis(pyridin-2-yl)benzene
ligand, allows to control the colour of the emission, keeping
large quantum yields.1* As a matter of fact, time-dependent
density functional theory (TD-DFT) calculations put in evidence
that the frontier orbitals are localised on diverse portions of the
molecule, such that their energies can be altered practically
independently.>3-55 Thus, in this kind of complexes in which the
triplet state at lowest-energy has mainly HOMO->LUMO
character, the phenyl ring makes the principal contribution to
the HOMO whereas the pyridyl rings dominate in the LUMO.
Accordingly, the introduction of electron-donating substituents
in the phenyl ring (which raises the energy of the HOMO) and
electron-accepting substituents in the pyridyl rings (which
lowers the LUMO energy, especially in para of the N atoms) will
allow to red-shift the emission, whereas electron-accepting
substituents in the phenyl ring and electron-donating
substituents in the pyridyl rings will lead to a blue-shift. The
experimentally observed tendencies follow this design well.3
Thus, many derivatives of [Pt(1,3-bis(pyridin-2-yl)-5-R-
benzene)Cl] (R = H) have been prepared and well characterized.
For example, incorporation of an ester substituent at the 5
position of the central benzene ring leads to a blue-shift of the
monomer emission (from 491 to 481 nm) whereas there is a
progressive red-shift on going from R = mesityl (501 nm) to CH3
(505 nm), tolyl (516 nm), thienyl (548) or dimethylaminophenyl
(588 nm).*® The study of the effect of the nature of the
substituents at the 4 position of pyridyl rings has been mainly
carried out with [Pt(1,3-bis(4-R-pyridin-2-yl)-4,6-difluoro-
benzene)Cl] (R=H) as parent complex; as expected, there is a
blue-shift of the monomer emission energy on going from R =
CF3 (496 nm)!> to H (472 nm)>° and NMe; (453 nm)>. All these
complexes are usually characterized by high quantum yields
(®ium = 0.50-0.87) and relative long lifetimes (t= 5-10 us).

In this context, we were curious to see the effect of the
introduction of a polarizable t—delocalized bulky substituent on
the phosphorescence properties of the [Pt(1,3-bis(pyridin-2-yl)-
4,6-difluoro-benzene)Cl] complex. Therefore, we prepared the
complex with a triphenylamine substituent at the 4 position of
each pyridine [PtL1CI] (Scheme 1). This new complex is even
more emissive than its known parent derivatives, in the yellow-
green or deep red/NIR region depending on its concentration in
solution. It is characterized by an unexpected long lifetime and
can be used to prepare efficient yellow-green and deep red/NIR
OLEDs. The related new complexes with a cyclometalated 5-
triphenylamine-benzene [PtL2Cl] or 5-mesityl-benzene [PtL3Cl],
prepared for comparison, are also highly emissive leading to a
new fascinating brightly luminescent family of cyclometalated
1,3-di-(2-pyridyl)benzene platinum(Il) complexes.
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Scheme 1. Chemical structures of the investigated complexes.

2. EXPERIMENTAL

2.1 Synthesis of [PtL"CI]. The synthetic procedure is reported here.
See details and full characterization in ESI.

2.1.1 Procedure for the synthesis of pro-ligand HL!

A two-necked round-bottom flask filled with argon was charged
with 2-chloro-4-(triphenylamino)pyridine (11, 1.35 mmol), 4,6-
difluoro-1,3-phenyldiboronic acid pinacol ester (12, 0.60 mmol,
prepared as previously reported®® by reaction of
bis(pinacolato)diboron with 1,3-dibomo-4,6-difluorobenzene in
the presence of Pd(dppf)Cl, and AcOK), 1,2-dimethoxyethane (8
mL), and a 1.2 M Na,COs solution (8 mL). The mixture was
vigorously bubbled with argon for 30 min before adding
Pd(PPhs)4 (0.1 mmol) and sealing the flask. The reaction mixture
was heated at 100°C for 24 h, and then cooled to room
temperature. After addition of dichloromethane and water, the
two layers were separated and the aqueous one was extracted
twice with dichloromethane. The combined organic phases
were washed with brine, dried over anhydrous MgSO,4 and
concentrated in vacuo. The oily residue was purified by silica gel
chromatography (eluent: cyclohexane/AcOEt, from 9:1 to 8:2)
and a clear yellow lacquer was obtained (42% vyield).

2.1.2 Procedure for the synthesis of complex [PtL1CI]

HL! (0.25 mmol) was solubilized in acetonitrile (12 mL) and
placed under argon in a Schlenk tube. In parallel, K,PtCl, (0.50
mmol) was dissolved in water (1.3 mL) using an ultrasonic bath
and then added to the reaction vessel. The mixture was
degassed by directly bubbling argon for 30 min in the solvent
under stirring. The flask was then sealed and heated at 110 °C
for three days. Upon cooling to room temperature, the
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suspension was filtered through a 0.45 um Nylon membrane.
The isolated yellow solid was washed with water, diethyl ether
and dried under vacuum (82% yield).

2.1.3 General procedure for the synthesis of pro-ligands HL2and
HL3

2-Chloro-4-(triphenylamino)pyridine (11, 3 mmol), 5-Ar-1,3-
phenyldiboronic acid pinacol ester (1 mmol, Ar =
triphenylamino for 14 and Ar = mesityl for 16, both prepared as
previously described in 2.1.1), Na,CO3 (7 mmol) and Pd(PPhs),
(0.07 mmol) were added to a Schlenk tube together with 1,2-
dimethoxyethane (1.5 mL) and water (1.5 mL). The reaction
mixture was heated at reflux for 24 h under argon atmosphere.
After cooling to room temperature, water and AcOEt were
added and the phases were separated; the organic phase was
washed with water, dried over Na,SO; and evaporated at
reduced pressure. The product was purified by flash
chromatography on silica gel (eluent: hexane/AcOEt, 75/25 for
HL2 and 9/1 for HL3), obtaining a white solid (55% yield for HL2
and 57% for HL3).

2.1.4 General procedure for the synthesis of complexes [PtL2Cl]
and [PtL3Cl]

HL" (0.10 mmol) and K;PtCls (0.12 mmol) were added to a
Schlenk tube, together with glacial AcOH (6 mL). The reaction
mixture was heated at reflux under argon atmosphere. After 48
h, a precipitate had appeared and, once cooled to room
temperature, water was added to precipitate all the product,
which was filtered on a Buchner funnel and washed with water,
methanol and diethyl ether, obtaining an orange powder (93%
yield for [PtL3Cl] and 88% for [PtL3Cl]).

2.2 Photophysical characterization

Electronic absorption spectra were obtained at room
temperature in dichloromethane, by means of a Shimadzu
UV3600 spectrophotometer and quartz cuvettes with 1 cm
optical path length. Absolute photoluminescence quantum
yields, ®, were measured using a C11347 Quantaurus
Hamamatsu Photonics K.K spectrometer, equipped with a 150
W Xenon lamp, an integrating sphere and a multichannel
detector. Steady state and time-resolved fluorescence data
were recorded with a FLS980 spectrofluorimeter (Edinburg
Instrument Ltd). See details in ESI.

2.3 Procedure for OLED fabrication with [PtL!CI]

OLEDs were fabricated by growing a sequence of thin layers on
clean glass substrates pre-coated with a 120 nm-thick layer of
indium tin oxide (ITO) with a sheet resistance of 20 U per
square. A 2 nm-thick hole-injecting layer of MoOx was
deposited on top of the ITO by thermal evaporation under high
vacuum of 10°® hPa. The other layers were deposited in
succession by thermal evaporation under high vacuum: first,
4,4’ 4" -tris(N-carbazolyl)triphenylamine (TCTA, 50 nm) as
exciton blocking layers; second, the emitting layer (EML)
evaporated by co-deposition of [PtL:Cl] and (bis-4-(N-
carbazolyl)phenyl)phenylphosphine oxide (BCPO) to form a 30
nm-thick blend film (8 wt% Pt complex : 92 wt% BCPO), or by
single deposition of the [PtL1Cl] complex only, to form a 30 nm

This journal is © The Royal Society of Chemistry 20xx

neat film; third, 2,2’,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole (TPBi, 30 nm) as an electron-transporting and
hole-blocking layer. This was followed by thermal evaporation
of the cathode layer consisting of 0.5 nm thick LiF and a 100 nm
thick aluminium cap.

The current—voltage characteristics were measured with a
Keithley Source-Measure unit, model 236, under continuous
operation mode, while the light output power was measured
with an EG&G power meter, and electroluminescence (EL)
spectra recorded with a StellarNet spectroradiometer. All
measurements were carried out at room temperature under
argon atmosphere and were reproduced for many runs,
excluding any irreversible chemical and morphological changes
in the devices.

3. Results and discussion

3.1 Preparation of the new pro-ligands HL" and related
[PtL"CI] complexes

The new pro-ligands 1,3-bis(4-(triphenylamino)pyridin-2-yl)-
4,6-diR1-5-Ry-benzene (HL': Ri= F, R, = H; HL2 R;= H, Ry =
triphenylamino; HL3: Ri;= H, R, = mesityl) were prepared by
Suzuki-Miyaura cross-coupling of the corresponding boronic
acid pinacol ester with 2-chloro-4-(triphenylamino)pyridine
(see Scheme 2). Reaction of these pro-ligands with K;PtCl, led
to the desired [PtL"ClI] complexes in 82-93% yields (see
Experimental and ESI).

Ry
Br Br

Pd(dppf)Cl,
AcOK

HL':R;=F

R,=H

NPh,
O\B ?/0
4,5 o( Ry =
;

Na,COy

KoPtCl,
[PtL"CI]

Scheme 2. Synthesis of [PtL"CI].
3.2 Photophysical properties in solution and in solid state

The absorption spectra of [PtLCI], [PtL2CI] and [PtL3Cl]
complexes in dichloromethane solution at different
concentrations are shown in Figure 1 and relevant values are
given in Table 1.
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Figure 1. Absorption spectra at different concentrations of
[PtL1CI], [PtL2CI] and [PtL3CI] in CH,Cl, at 298 K. The weak bands
at longer wavelengths are shown on an expanded scale for
clarity.

All three complexes show intense absorption bands at 260—-320
nm which can be attributed to intraligand mt-it* transitions of
the NACAN ligand by analogy with related Pt(ll) complexes;>”
moreover, intense bands are observed at around 350-470 nm
which are attributed, by comparison with related
cyclometalated Ir(lll) complexes,®® to an intraligand charge
transfer (ILCT) from the triphenylamine moiety to the pyridyl
rings; these strong latter bands cover the absorption bands
(350-460 nm) of the charge-transfer transitions involving the
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cyclometalated ligand and the metal.>’ In addition, very weak
absorption bands at lower energy (485-520 nm) are
distinguishable in the absorption spectra of [PtL2CI] and [PtL3CI]
complexes which are connected to direct population of 3r-rt*
states facilitated by the high spin-orbit coupling associated with
the Pt(ll) center. Although a similar transition is also expected
for the [PtL1CI] complex, no absorption band is detected up to
5:10> M, probably due to its low molar extinction coefficient
(see Figure S4 in ESI).

Table 1 Photophysical parameters at 298 K in degassed CH,Cl,?

Amax,em / NMP
¢Ium
Amax,abs / NM monomer
Complex / Mriemt . y X degassed T/ us
[e cm] [excimer, ]aggrega e [aerated]
293 [4.5-10%] 562 0.90
[PtLCI] 103.9
423 [5.6-10%] [696]° [0.059]
296 [7.5-10%]
561 0.88
[PtL2CI] 425 [7.1-104] 6.6
[704]¢ [0.051]
502 [0.7-103]
295 [5.9-10%]
549 0.89
[PtL3CI] 424 [8.0-104] 50.0
[727]¢ [<0.01]
495 [1.0-103]

aAt 2-10¢ M. PExcitation at 422 nm. “Excimer and Aggregate at
2.4-104 M.

Complexes [PtLICI], [PtL2CI] and [PtL3CI] are highly luminescent
in dilute deaerated dichloromethane solution (2.5:10¢ M), with
a luminescence quantum vyield of 0.90, 0.88 and 0.89,
respectively. [PtLICI] displays a luminescence quantum vyield
which is similar or superior to that reported for the parent
[Pt(1,3-bis(4-R-pyridin-2-yl)-4,6-difluoro-benzene)Cl]
complexes with different R groups in para of the pyridine rings
(®wm =0.80, 0.59, 0.87, 0.71, and 0.60, for R = H,>0 CF3,1> Me,38
OMe>* and NMe,,>® respectively). Besides, [PtL3Cl] has a higher
luminescence quantum vyield than the related [Pt(1,3-
bis(pyridin-2-yl)-mesityl-benzene)Cl] complex (Om = 0.62)%8.
The three complexes, at room temperature in dilute aerated
dichloromethane solution, are very efficiently quenched by
oxygen: the quantum yields of [PtL1Cl], [PtL2CI] and [PtL3Cl] are
15, 17 and at least 89 times lower in air-equilibrated
dichloromethane, respectively (Table 1); given the efficacy of
oxygen quenching, efficient production of singlet oxygen - the
1Ag state of O3 - can be anticipated.

Upon excitation at around 422 nm, dilute dichloromethane
solutions (1.0:10¢ - 2.5-10® M) of complexes [PtL1Cl], [PtL2CI]
and [PtL3Cl] show intense phosphorescent bands in the yellow-
green region with a maximum wavelength at 562, 561 and 549
nm (Figure 2), respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Normalized emission and excitation spectra of diluted
and concentrated solutions of [PtL1Cl], [PtL2Cl] and [PtL3Cl] in
CH2CI2 at 298 K.

This journal is © The Royal Society of Chemistry 20xx

Thus, the substitution with the triphenylamine at the 4 position
of each pyridine causes a strong red shift in the emission of
complexes [PtLiCI] and [PtL3Cl] with respect to the related
[Pt(1,3-bis(4-R-pyridin-2-yl)-4,6-difluoro-benzene)Cl] (R=H)
(472 nm)3% and [Pt(1,3-bis(pyridin-2-yl)-5-R-benzene)Cl] (R=
mesityl) (501 nm)*® complexes, the strongest shift (90 nm) being
observed for [PtLCI].

When the concentration of the [PtLCI], [PtL2CI] and [PtL3CI]
complexes is increased up to around 2.4 x 104 M, new broad
structureless emission bands arise at 696, 704 and 727 nm,
respectively. These bands at lower energy can be ascribed to
the emission from bi-molecular emissive excited states
(excimers and aggregates) of the platinum (ll) complexes, as
previously reported.5257.5° Remarkably, the [PtL1Cl] complex
displays intense deep red/NIR emission (®um = 0.66) in
concentrated deaerated solution with essentially no
““‘contamination’” by visible light < 600 nm. To our knowledge
this represents the highest quantum yield in the deep red/NIR
region reported for a platinum (Il) complex in solution.

It is interesting to point out that an increase of the
concentration of the three complexes doesn’t lead to a strong
decrease of the luminescence quantum yield in deareated
dichloromethane solution (see Tables S1, S2 and S3 in the ESI),
in contrast to the behavior of other NACAN-platinum(Il)
complexes.>2 Such a superior performance could be reasonably
attributed to the presence of the sterically hindered
triphenylamine substituents.

Lifetime measurements were performed on dilute deareated
dichloromethane solutions at room temperature at the
maximum emission wavelength of the [PtLlCI], [PtL2CI] and
[PtL3Cl] complexes, exciting around 424 nm. Whereas [PtL2Cl]
has a lifetime (6.6 us) in the typical range reported for NACAN-
platinum(ll) complexes, [PtL1CI] and [PtL3CI] are characterized
by an unexpected very long lifetime. Thus [PtL1Cl] has a lifetime
(103.9 ps) 16 times longer than that of the related [Pt(1,3-
bis(pyridin-2-yl)-4,6-difluoro-benzene)Cl] complex (t = 6.6 ps),°
while the lifetime of [PtL3Cl] (50.0 ps) is 7 times longer than that
of [Pt(1,3-bis(pyridin-2-yl)-5-mesityl-benzene)Cl] (Tt = 7.2 ps)?*8.
The longer lifetimes of [PtL1CI] and [PtL3CIl] with respect to
[PtL2CI] can be associated to the structural variation of the
substituent at the central aryl ring; in particular, we note that
increasing the electron deficiency of the substituent (PhsN<
mesityl < F2Ph) makes the lifetime of the complex longer. These
large lifetimes are of particular relevance, being desirable for
many applications such as bioimaging.1-8

Of the three new complexes analysed in solution at room
temperature, [PtLICI] is particularly appealing for its interesting
photophysical properties such as high luminescent quantum
yield, long lifetime and an emission that strongly depends on its
concentration. Therefore, we decided to characterize the
photophysical properties of the [PtLCl] complex both in
solution at low temperature (77 K, Figures 15-18) and in the
solid state as: blend in a polymethyl methacrylate (PMMA)
matrix (0.5 % w/w), neat thin film and powder; the preparation
of the films can be found in the general information section of
the ESI. Table 2 reports the luminescence data for complex
[PtL1CI] at the solid state.
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Table 2. Photophysical parameters of various samples of
[PtLLCI] at the solid state.

Amax,abs / NM
Sample e/ Amax,em/ NMP buum t/us
34.95
0.5% in PMMA 418 540, 570 0.56
20.85
Neat film 422 687 0.05 0.32
0.56
Powders at RT - 653 0.11
[0.74])?
33.7
Powders at LT - 670 -
[0.99]?

a Excimer / Aggregate

The normalized emission and excitation spectra at 77 K of the
[PtLICI] complex at 2.4 x 10* M are shown in Figure S15 (ESI).
The emission spectra of the [PtL!Cl] display a structured
phosphorescent band with a maximum wavelength at 546 nm
(t=79.1 ps) and a broad structureless emission band at 684 nm
(t=1.4 ps) which increases up to 730 nm (t = 1.1 ps) by varying
the excitation wavelength from 442 to 560 nm. The structured
band is attributed to the monomers of the complex and, by
comparison to the room temperature measurements (see
Figure S13), it increases in intensity with respect to the broad
structureless emission band at 684 nm. This behavior of the
monomer signal is generally related to presence of excimers
(emission at 684 nm); in fact, at low temperature the monomers
have a reduced mobility and therefore a lower probability of
excimer formation. The emission band at 730 nm is attributed
to aggregates of the complex, as confirmed from the different
excitation spectra recorded at 546 nm and 730 nm. It is
interesting to note that the excitation spectrum at 546 nm and
684 nm are not equal in shape because the emission band at
730 nm partially overlaps to the excimer emission band.

The normalized absorption spectra of the neat and blend in
PMMA thin films are shown in Figure S19 (ESI). The absorption
spectrum of the thin film in PMMA is quite similar to that
observed in solution. This is probably due to the weak
intermolecular interactions felt by the [PtL1CI] molecules into
the polymeric matrix. On the other hand, the neat film displays
a broader absorption spectrum, due to the presence of
excimers/aggregates.

The normalized emission and excitation spectra of the [PtLCl]
complex in PMMA film are given in Figure S20 (ESI). Upon
excitation at 421 nm, the blend of [PtLICl] in PMMA matrix
shows intense phosphorescent bands with a maximum
emission wavelength at 541 nm (t = 35.0 ps), blue-shifted by ca
21 nm with respect to the dilute dichloromethane solution.
Moreover, a new band is observed at lower energy (ca. 670 -
740 nm) that increases by varying the excitation wavelength
from 421 to 480 nm. This latter band can be ascribed mainly to
the emission from aggregates of the [PtL1CI] complex, because
of the limited mobility of the molecules into PMMA matrix,
which prevents a high excimer formation. Furthermore, in
support of this assignment, we note as the excitation spectra
recorded at 541 nm and 700 nm are different in shape.
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The normalized emission and excitation spectra of [PtLCl] as
neat film are given in Figure S23 (ESI). Regardless of the
excitation wavelength, the neat film only one
phosphorescent band with a maximum emission wavelength at
688 nm. The spectral position of this band is similar to that
observed in solution at 2.5 x 104 M at room and
temperature (see Figure 2 and S15), therefore, it can be
ascribed to the emission from bi-molecular emissive excited
states (excimers and aggregates) of the [PtLCI] complex.
Moreover, lifetime measurements performed at 691 nm,
exciting at 404 nm, show two values: 11=94.71 ns and 1,=342.27
ns (see ESI).

The normalized emission and excitation spectra of the powder
of the [PtLCl] complex at room temperature and 77 K are
shown in Figure S25 and S29 (ESI), respectively. The emission
spectra at room temperature are characterized by a broad
structureless band at 652 nm (t = 0.74 us) with shoulders at 535
(t=0.56 us) and 580 nm (t = 0.87 ps) that decrease in intensity
by varying the excitation wavelength from 460 to 500 nm.

shows

low

—— Em PtL'CI film in PMMA, Ex 421 nm == Em PtL'CI powder Room Temperature, Ex 421 nm
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Figure 3. Normalized emission spectra of [PtL1Cl] complex in
solid state.

At 77 K, the emission spectra of the powder shown a more
intense structured band at 552 nm (t = 33.7 ps) and a
structureless band at 667 nm (t = 0.99 ps), which is red-shifted
by ca 15 nm with respect to the powder at room temperature,
(see Figure 3). The peaks at 552 and 580 nm can be attributed
to the monomer excitonic states of the complex by comparison
to the emission spectra of the [PtL1CI] in PMMA film (see Figure
3). Interestingly, the emission spectra have a very similar
behavior to these observed for a concentrated solution
(2.4-:10* M) at 77 K (see Figure S33, ESI); therefore, it is
reasonable to assume that peak at 667 nm is mainly composed
by excimer emission. However, since the excitation spectra at
552 nm and 667 nm are different from each other, it is not
possible to exclude the presence of aggregates.

The luminescent quantum yield of the neat and PMMA thin film
is 0.05 and 0.56, respectively, while is 0.11 for the powder.
Clearly, although a significant quantum yield is maintained in
the PMMA film, the higher presence of excimers and aggregates

This journal is © The Royal Society of Chemistry 20xx



in the neat film and powder causes a strong quenching of the
quantum yield.

3.3 Fabrication of OLEDs based on [PtLCI]

Highly luminescent platinum(ll) chlorido complexes with a
cyclometalated 1,3-di(2-pyridyl)benzene ligand have been used
as emitters in multilayer OLEDs, affording high external
quantum efficiencies.'® They showed their great potential for
tailoring the emission colour of OLEDs. As a matter of fact, they
are characterized by two phosphorescence bands, located in

Table 3 Optoelectronic performance of the OLEDs tested

the bluish green (monomeric and red
(excimer/aggregate emission) regions of the visible spectrum,
which contributions to the total emission can be controlled by
the concentration of the platinum complex in the host matrix
used for the fabrication of the blend emissive layer of the OLED.
Thus, it was reported that [Pt(1,3-bis(pyridin-2-yl)-4,6-difluoro-
benzene)Cl] allows the preparation of bluish green (5 wt% of
complex in the emitting layer) and red (100 wt % of complex)
OLEDs, the introduction of CHs groups in para of the pyridine

rings leading to better quantum efficiencies.38

emission)

. . L Maximum
Maximum Elettroluminescence Efficiencies Elettroluminescence Color paramiters
@max @100 cd/m? @1000 cd/m? Intensity p
PtL! Cl Urai dominat
Voltage (V) Current Power P Wavelenath ceT
EQE (%ph/e) efficiency efficiency B (cd/m?) 2 CIE (xy) 9 o
(mW/cm?) (nm) (°K)
(cd/A) (Im/W) purity (%)
11.0 35.5 37.3 563
8% 3.0 8.1 26.0 18.6 5610 3.8 (0,38;0.56) 84 5860
4.0 12.9 6.8
4.3 1.3 1.4 607
100% 2.6 4.1 1.3 1.0 1750 10.0 (0,65;0.34) 99 1000
25 0.8 0.4

Substitution of the methyl groups with electron-donating
dimethylamino substituents causes a blue-shift of the monomer
emission, allowing the preparation of blue (3-5 wt % complex
within the emitting layer), white (20 wt %) and amber (100 wt
%) OLEDs.5¢ Similar results were obtained with less donor
methoxy groups in para of the pyridines® whereas the use of
electron-withdrawing CF3; groups allows to prepare green-
yellow OLEDs, at the concentration of 5 wt % in the emitting
layer, and deep red OLEDS, when used as neat-film emitter.1>
In the present work, OLEDs were fabricated using as emitting
layer either a matrix of BCPO matrix hosting the [PtLCI]
complex (8% wt) or a film of pure [PtLCI]. Holes were injected
from the indium tin oxide anode and passed through a 50 nm
thick transporting layer 4,4’ 4" -tris(N-
carbazolyl)triphenylamine TCTA.

made of

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 recombined in the 30 nm thick EML made of
pure [PtL1CI] or of a BCPO matrix hosting the [PtL1CI] (8% wt). EL
spectra of the OLEDs are shown in Figure 4. OLED emissions are
in the yellow-green (CIE = 0.38, 0.56) and deep red (CIE = 0.65,
0,34) regions, for [PtL1CI] 8 wt % and pure [PtL1Cl], respectively.
There is no substantial contribution to the EL emission bands
from the electron-transporting (hole-blocking) or TCTA binder

This journal is © The Royal Society of Chemistry 20xx

layers, in accordance with a good charge carrier confinement
within the EML and complete energy transfer from the excited
states of BCPO (formed by charge carrier recombination) to the
Pt complex.
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Figure 4 a) Luminance vs applied voltage and external EL efficiency
vs current density (inset) of the OLEDs. b) Electroluminescence
spectra at 7 V of OLEDs. In the inset there are photos of yellow-
green and deep red OLEDs based on [PtLCI].

The luminance and external EL efficiency as function of current
density and applied voltage of both OLEDs are shown in Figure
4a. 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.®® Nevertheless, for
[PtLICI] pure film as EML the efficiency remains in excess of 1.5
% for all range of current density while EL efficiency drops off
an order of magnitude when [PtL1CI] has been employed as the
emitting dopants (inset of Figure 4a). Clearly, the shorter
luminescence lifetime of aggregate [PtL1Cl] (high concentration)
compared to [PtL!CI] monomer (low concentration) ensures
that there is a lower probability of the excited state being
quenched. Although the maximum brightness of 1750 cd/m?
achieved for [PtL1CI] pure film as EML is apparently less than the
value of 5610 cd/m?2 for [PtL1Cl] as dopant in BCPO (see Table
3), it should be noted that this is a photometric (as opposed to
radiometric) measurement of brightness factors in the eye’s
sensitivity, which falls to zero beyond 700 nm. In fact, EL
intensity of OLED based on [PtLClI] pure film reaches 10
mW/cm?2, a good result compared to the best deep red/NIR
OLEDs (see Table 3).61-65
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4. CONCLUSION

In conclusion, a new brightly luminescent family of 1,3-di-(2-
pyridyl)benzene platinum(Il) bearing a
triphenylamine substituent on the pyridyl rings has been

complexes

discovered. It was shown how the color of the phosphorecence
can be tuned by the nature of the substituents on the benzene
ring, keeping quantum yields near unity thanks to the presence
of the triphenylamine substituents on the pyridines. The novel
[Pt(1,3-bis(4-triphenylamine-pyridin-2-yl)-4,6-difluoro-
benzene)Cl] complex is particularly fascinating: in diluted
deaerated solution it displays intense yellow-green emission
(®Pum = 0.90) with an unexpected very long lifetime (103.9 ps)
whereas in concentrated deaerated solution it displays intense
deep red/NIR emission (Plum = 0.66) with essentially no
““‘contamination’” by visible light < 600 nm. To our knowledge
this represents the highest quantum vyield in the deep red/NIR
region reported for a platinum (Il) complex in solution. Thus, our
new complex, which allowed the preparation of efficient
yellow-green and deep red/NIR OLEDs, represents surely a
useful tool for bio-imaging.
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