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RESUMEN

La tecnologia LED y OLED ha irrumpido en el campo de la iluminacién y actualmente se
considera una alternativa para reemplazar a las ya prohibidas ldmparas incandescentes y
fluorescentes dado su menor consumo energético. Tanto los WLEDs como los WOLEDs,
emisores de luz blanca empleados en iluminacién, incorporan metales de tierras raras
cuyo mercado esta controlado en un 85% por China. Esto supone un elevado riesgo de
abastecimiento y precio, lo que puede afectar dramaticamente a la industria mundial. En
este sentido el uso de compuestos organometalicos de metales de transicién como rutenio,
osmio, iridio y platino con propiedades luminiscentes se considera una alternativa a los
WLEDs y WOLEDs convencionales. La elevada constante de acoplamiento spin-orbita (&)
en estos metales pesados permite la relajacion de las reglas de seleccién que dictan las
transiciones energéticas permitidas y prohibidas, de modo que los procesos de
fosforescencia pueden tener lugar de forma eficiente. Como consecuencia, los maximos
rendimientos cudnticos tedricos ascienden a la unidad, dando lugar a materiales

funcionales con un mayor potencial para aplicaciones de bajo consumo energético.

Nuestro trabajo se ha centrado en la sintesis y caracterizacion de nuevos derivados
luminescentes de Pt(II) y la implementacién de alguno de ellos en dispositivos emisores
de luz blanca. Los compuestos preparados contienen un cromoéforo del tipo “Pt(R-CAC*)”
donde R-CAC* es un ligando carbeno N-heterociclico ciclometalado. La presencia de dos
enlaces Pt-C aumenta el desdoblamiento de los orbitales del metal respecto a los ligandos
C,N-ciclometalados, mas conocidos y estudiados, y aporta una gran estabilidad fisica y

quimica a los compuestos.

Para desarrollar este trabajo, se prepararon los complejos [{Pt(u-Cl)(R-C*C*)}.] siguiendo
un protocolo en varios pasos desarrollado y empleado exclusivamente en nuestro grupo
de investigacion; su descripcion se recoge en el Capitulo 1 de esta Tesis. Los complejos
[{Pt(p-CD)(R-CAC*)}2] resultaron ser excelentes precursores de compuestos con diversas
estequiometrias:  [PtCI(NC-CAC*)L],  [Pt(NC-C~C*)PPhsL],  [Pt(R-C~C*)(CNR’).]PFs,
NBu4[Pt(R-CAC*)(CN)2], [Pt(R-CAC*)(P~P)]PFs y [Pt(R-CAC*)(acac)] que a su vez pueden
servir de precursores de compuestos con enlaces metal-metal, como [{Pt(R-
C*C*)(acac)}.Tl]PFs. Todos los compuestos preparados han sido exhaustivamente
caracterizados por diferentes técnicas, siendo las mas significativas: IR, RMN y difraccion
de rayos X. Se ha llevado a cabo también la determinacién de las propiedades fotofisicas de
todos los compuestos preparados y su estudio mediante calculos tedricos DFT/TD-DFT.

Todo ello se recoge en los Capitulos 2-4 de esta Tesis.



Tal y como planteamos este trabajo, la mayor parte de los compuestos preparados han
resultado ser emisores de luz azul bastante eficientes. Teniendo en cuenta que la luz azul
es el componente esencial de la luz blanca, se ha estudiado la potencial aplicaciéon de
varios de ellos en diversos dispositivos emisores de luz blanca, con resultados

prometedores que se describen en el Capitulo 5 de esta Tesis Doctoral.

El conocimiento logrado acerca de estos sistemas puede facilitar un disefio racional de

futuros materiales funcionales.
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Introduction

General lighting accounts for around 15% of the world’s electricity consumption and it is
expected that demand will rise 50% by 2030. In the light of this, it is widely accepted that
corrective measures to minimize energy consumption had to be taken and the reason for
the massive disruption of Solid-State Lighting (SSL) technology to replace the
incandescent and fluorescent phase-out.! In SSL, the use of conventional p-n junctions
represents the most common solution to highly efficient and durable optoelectronic
devices, and gave birth to the well-known Light Emitting Diodes (LEDs). LEDs, with
outstanding energy-conversion efficiency (up to 50%) together with their significant
durability (around 25.000 hours) and sustainability, have the potential for inducing
important energy savings. In recent years, Organic Light Emitting Diodes (OLEDs) have
started to draw attention due to the possibility of fabricating larger and even flexible

illumination systems (see Figure 1.1).2
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Figura L.1. Typical p-n junction in conventional LEDs (a), structure and favorable energy

diagram in OLEDs (b).

Although the first OLEDs consisted of a fluorescent organic material as EML, the reduced
Internal Quantum Efficiency (IQE = 25%), due to the harvesting of only the singlet
excitons, motivated the use of heavy metal complexes (mostly Eu) as dopants in order to

collect both singlet and triplet excitons and achieve a theoretical IQE of 100%.3 The use of
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phosphors as dopants in the EML of OLEDs gave birth to the phosphorescent OLEDs
(PHOLEDs).

Nowadays, two main strategies are available within state-of-the-art SSL to generate white
luminescence. On one hand, the RGB (red, green and blue) approach is a device in which
the three emitters (primary at around 455nm, 530nm and 630nm) are closely packaged

forming a compact semiconductor light source (see Figure 1.2).4

I
‘ Cathode |
Cathlode I Charge Generation Layer I
T T I Charge Generation Layer I
Anode
— White Light —
| White
Light
——

(a) (b)

Figure L.2. White light generation in OLEDs with RGB subpixels (a) and multilayer

architecture panels from Lumiotec (b).

The second approach is the so-called PC-LEDs (phosphor-converted LED) based on high
efficiency blue LEDs combined with yellow and/or red phosphors. In these devices, the
phosphor absorbs part of the blue light from the pumping LED which is partially
downconverted. White light results then from the combination of the phosphors’ re-
emission and the non-absorbed light from the LED. PC-LEDs can be built in two different

configurations, those being conformal and remote phosphor architectures (see Figure 1.3).
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Phosphor

i
Blue LED

(a) (b)

Figure L1.3. Philips Lumileds HB-LEDs with package level conformal coating (a) and

Intematix Chromalit light source with remote phosphor configuration (b).

There is a major difference between the two options. The conformal approach is based on
integrating the active powder on the LED chip, i.e. into the package. In this configuration,
the phosphor is subjected to the heat generated at the p-n junction, and relatively high
temperatures can affect the phosphor performance thus inducing an efficiency drop. On
the other hand, the concept of remote configurations, existing for more than ten years, is
currently drawing renewed attention due to the sizeable gains with respect to the
conformal option.> The phosphor is now applied as a separate 2D or 3D component
optically pumped by an UV or blue LED rather than being included as a part of the
package. Moreover, placing the emitting centers far from the LED pumping source, its
operating temperature is lower and more stable thus providing improved lifetime (lower
thermal degradation) and color stability. Apart from this, the remote phosphor, placed far
away from the LED and incorporated into a highly efficient reflector system, reduces the
chances of chip re-absorption as well as harvesting a notably percentage of the light
emitted backwards, increasing the total output power, especially if compared to white

conformal devices.

Concerning the chemical composition of phosphors used in PC-LEDs are generally based
on rare-earth-doped inorganic compounds. Materials like aluminates, silicates, garnets or
nitrides incorporate rare-earth elements, typically Ce3+ and Eu?+, as activator ions. As an
example of these systems we find the commonly used blue GaN or InGaN LEDs with the
YAG:Ce3+ yellow emitter on top (Figure 1.3 a). However, despite the extraordinary
quantum efficiency of these compounds, as in the case of rare-earth doped PHOLEDs, some
logistic problems are foreseen on the horizon. One of them is the dependency on China
policies, responsible of about 85 % of the global production. The other is the relative
scarcity of rare earth elements that leads to a long-term price rise.¢ In this framework, it
becomes clear that new approaches are needed in order to minimize the dependence of

the lighting market on rare-earth availability.
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The production of high quality white light has been a constant challenge in the
development of new illumination systems. Three parameters condition whether a light can
be classified as white light or not, and they have to be thoroughly controlled in order to
achieve optimal light.” These parameters are the Correlated Color Temperature (CCT),
which is a value related to the appearance in color of the light to human eye, the Color
Rendering Index (CRI), related to the reproducibility of the full gamut of colors in the
objects irradiated by this light, and the distance to the Planckian Locus (Duv), which

correlates the emission with the radiation from an ideal blackbody.

Although LEDs were responsible of an incredible reduction of energy consumption, they
have some disadvantages, such as the poor quality white light obtained due to the narrow
emission bands extracted from these architectures even when complex structures, such as
the tunable RGB systems, are used (see Figure 1.4 a). Despite the fact that the development
of phosphors based on rare earth ions as dopants for PC-LEDs has rendered high light
output and efficacies, the mixture of the remaining photons from the source and the lower
energy ones emitted by the phosphor yields light with spectral shapes usually lacking in
red component (see Figure 1.4 b), and as a consequence poor CRI values and high CCT are
commonly obtained.® To reduce the temperature of the emitted light and improve the CRI
values, an additional red phosphor can be added to the configuration. This solution widens
the emission spectrum towards the red region, although technical issues are usually
addressed, such as an increment in the complexity of the device or reabsorption of the

radiation by the lower energy emitting phosphors.

Cool White LED
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(a) (b)
Figure 1.4. RGB conventional LED (a) and down-conversion of blue light from GaN or

InGaN by different doping amounts of YAG:Ce3+ (b).

As an alternative to rare earth elements, organometallic compounds? containing heavy

transition elements, such as gold(III),10 ruthenium(II),!* osmium (II),12 iridium(III)!3 and

4
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platinum(1I),14 are taking much interest in lighting applications. The presence of a metal
from the third transition row, with a big spin-orbit coupling constant (), results in an
efficient intersystem crossing (ISC) which allows the population of the triplet states
through the initial population of singlet states (Figure 1.5). Within this illumination field,
square planar platinum (II) complexes containing aromatic molecules with delocalized ©
electron density such as C*N cyclometallated (ca. benzoquinolinate and phenylpyridinate)
derivatives are suitable systems for these purposes because of the nature of their emissive
states.15 Cyclometallated ligands display an additional advantage over purely N-donor
ligands. The splitting of the d orbitals can be enhanced due to the strong ligand field
induced by the electronic features of the C-c bond (o donor) and the aromatic fragment (x
acceptor). Consequently, the energy of the metal centred (MC) (d-d) excited states raise,
preventing non-radiative decay processes (see Figure 1.6 a). According to this, the
incorporation of strong field ligands to the metal coordination sphere is essential for the

design of these demanded systems.
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Figure L.5. Jablonski diagram of photoluminescent systems.

The MO diagram in these complexes is the represented in Figure 16 b, in such a way that
the emission typically originates from intra-ligand (3ILCT), metal-to-ligand (3MLCT) or
even ligand-to-ligand (3LL'CT) charge transfer transitions. In addition, in complexes with
sterically undemanding ligands, the molecules arrange into aggregates through Pt:---Pt
and/or m-T interactions, mostly in concentrated solutions or solid state. In these cases,
Pt(II) compounds exhibit red-shifted phosphorescent emissions due to metal-metal-to-
ligand charge transfer (3MMLCT) and/or excimeric nrt* excited states with the absorption
and emission being highly dependent on the extent of the interactions and therefore on
the crystallization solvent, concentration, temperature or the nature of the counter ion

(Figure 1.7).
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Figure L.6. Crystal-field splitting of the d orbitals of platinum (II) in square-planar

complexes (a) and MOs diagram in cyclometalated C*N compounds of platinum (II) (b).
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At the beginning of this work in 2014, just a few examples of Pt(Il) complexes used as
phosphorescent dopants in optoelectronic devices had been reported. In the late 1990s
some red light emitting devices with low external quantum efficiencies (EQE < 5%) based

on N*N”~N”N tetradentate ligands such as porphirines were published.1¢ The production
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of red light underwent a relevant boost at the beginning of the 2000s with the
incorporation of 0"N”*N”0O and N*C*C”N ligands, that rendered devices with EQE as high
as 17%.17 It was at that moment that blue and green devices started to incorporate
complexes with N*C”N cyclometalated ligands to achieve EQE higher than 10%.18
However, examples of devices producing high energy emissions were still scarce, and it
was not until the second decade of the 2000s that efficient blue emitters started to become
important, since the production of white light continued to be a worldwide challenge.1#b.c
Although examples of Ir(IlI) complexes had been reported for this goal, usually containing
fluorinated ligands,! the examples with Pt(II) were still focussed on tetradentate 14cd.20,
pincer-typel4ac 14 18,21 or C*N bidentate ligands,?2 since the aggregates arising from Pt-Pt

and m-T interactions in blue emitters can give birth to a dual emission rendering white

light (see Figure 1.8).
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Figure 1.8. Precedent Pt(II) complexes for electroluminescent devices.

Because of all that, we decided to focus on Pt(Il) compounds containing cyclometalated N-
heterocyclic carbenes (C*C*) as bidentate ligands aiming to get blue and efficient

phosphorescent materials.

Carbene ligands in metal complexes were initially classified in two main groups,
depending on their structure, the oxidation state of the metal and the observed reactivity:

Schrock- and Fischer-type carbenes.23
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Fischer-type metal-carbene complexes are generally formed with metals in low oxidation
states from the late transition groups and m-donor R substituents at the carbene. The
interaction can be understood as a two electron o-donor contribution of the carbon atom
and the m-backbonding from the metal to a p orbital of the carbon. Since the d orbitals of
the metal have lower energies than the p orbital of the carbene, the m-backbonding is less
effective than the o contribution, this leading to a bond polarization (M--C+). On the other
hand, Schrock-type metal-carbene complexes are usually formed with metals in high
oxidation states from the first transition groups with H or alquil groups at the carbene.
They present a triplet state for both the metal and the carbene, leading to a compensated
electronic interaction. Since the d orbitals of the metal and the p orbitals of the carbene are
closer in energy, the m-backbonding is more effective and the opposite polarization takes
place (M+-C-) (see Figure 1.9). In both cases, the electrophilic (Fischer) or nucleophilic
(Schrock) character of the carbene makes these complexes very reactive towards

nucleophiles and electrophiles respectively.
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Figure 1.9. Bond models and MO diagrams for Fischer (left) and Schrock (right) metal-

carbene complexes.

At the beginning of the 1990s Arduengo et al. prepared the first stable and persistent N-
heterocyclic carbene (NHC) (see Figure 1.10).2* This type of ligand has demonstrated to be
very versatile in organometallic chemistry, and they have been widely used in catalysis
and liquid crystals in the last decades. NHCs are considered a third kind of carbenes, with
properties different to the Fischer and Schrock ones.2> NHC are formally neutral two-
electron donor ligands that can be described as purely o-donors, in which the o-donor

character is even greater than in phosphine ligands. In addition, they present poor -

8
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acceptor ability, comparable to nitriles and pyridines, as a consequence of the internal -
backbonding from the nitrogen atoms. These characteristics translate into a low reactivity

of the NHC-M bond towards nucleophiles and electrophiles.

F-5-2

Figure 1.10. Chemical structure of Arduengo’s carbene.

Generation of high quality white light, which was planned as the final goal of this work,
requires efficient materials able to contribute to the blue region of the visible spectrum. In
the chemistry of Pt(Il), population of a high energy excited states necessary for this
efficient blue emission upon excitation competes with the photo- or thermal population of
aforementioned high-lying metal dd* states, the latter leading to severe geometrical
distortions of the molecules which result in non-radiative deactivation and degradation
via bond-breaking processes.2tb Therefore, a rational approach for the design of efficient
and stable Pt(II) blue-phosphorescent systems is the incorporation of strong field ligands
to the metal coordination sphere, such as C-deprotonated imines able to act as bidentate,?2
tridentatel4a 14 18,21 and even tetradentatel4sd 20 ligands. In this context, cyclometalated
N-heterocyclic carbenes (C*C*) may surpass the high ligand field splitting capacity of the
C”N-ligands, since they present two C-c bonds, which open the door to blue and efficient
phosphorescent compounds. Another consequence of the presence of strong carbon-metal
bonds is the robustness and/or stability of the NHC complexes which may provide long-
term functional materials.26 In addition, the use of bidentate ligands has the advantage of
the allowed electronic tunability of the Pt(II) complexes by varying the ancillary ligands,

which contribute to the emission wavelength and decay lifetimes.2?

At the moment we planned this PhD just some cyclometalated NHC Pt(II) compounds,
most of them containing [-diketonates as ancillary ligands, had been reported.2ée 28
Therefore, we decided to explore this research field and study the effect of the change of
both, the CAC* and the ancillary ligands in the emissive properties of Pt(Il) compounds.
Although this introduction covers the research topic until the beginning of the PhD thesis,

the field has undergone an impressive boost in the last years that must be highlighted.2®
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A major part of the research made during this PhD has been published in the following

papers, which have been included at the end of this Memory:

1.- S. Fuertes; A. ]. Chueca; A. Martin; V. Sicilia*. Pt;Tl Building Blocks for Two-
Dimensional Extended solids: Synthesis, Crystal Structures, and Luminescence.

Crystal Growth & Design, 2017, 17, 4336-4346

2.- S. Fuertes; A. ]. Chueca; L. Arnal; A. Martin; V. Sicilia*. Heteroleptic NHC
cycloplatinated complexes: a new approach to highly efficient blue-light emitters.

Inorganic Chemistry, 2017, 56, 4829-4839

3.- S. Fuertes, A. ].Chueca, M. Peralvarez, P. Borja, M. Torrell, ]J. Carreras, V. Sicilia*. White
Light Emission from Planar Remote Phosphor Based on NHC Cycloplatinated
Complexes. ACS Applied Materials & Interfaces, 2016, 8, 16160-16169

4.- S. Fuertes, A. J. Chueca, V. Sicilia*. Exploring the Transphobia Effect on Heteroleptic
NHC Cycloplatinated Complexes. Inorganic Chemistry, 2015, 54, 9885-9895

However, some of the results have not been published yet. In order to include all the
results and to show them in a coherent way we have organized this Memory in five

chapters:

In Chapter 1, the step-by-step synthesis protocol to achieve complexes [{Pt(u-Cl)(R-
C*C*)}2] (R-CAC* = Cyclometalated N-Heterocyclic carbene; R-HC”C* = 1-(naphthalen-2-
yl)-3-methyl-1H-imidazol-2-ylidene (Naph”C*); 1-(4-ethoxycarbonylphenyl)-3-methyl-
1H-imidazol-2-ylidene (EtO:C-C~C*); 1-(4-cyanophenyl)-3-methyl-1H-imidazol-2-ylidene
(NC-C~C*);  1-(3,5-dichlorophenyl)-3-methyl-1H-imidazol-2-ylidene  (Cl-C*C*)) are
described. They were used as starting materials to obtain new blue-emitting compounds

of Pt(1I) with different stoichiometries.

In Chapter 2, the synthesis of heteroleptic compounds such as [PtCI(NC-C*C*)L] (L = PPhs,
py, CNXyl, MMI) and trans-(C*, P)-[Pt(R-C*C*)(PPh3)L’]PFs (R-C = Naph, COzEt, L’ = py; R =
CN, L’ = py, CNXyl, MMI) and how the small difference in the degree of transphobia
T[Car/L] and T[C*/L] limits the synthesis of these compounds as a unique isomer to those

with PPhs are described.

In Chapter 3, compounds containing two isocyanide or cyanide ligands such as [Pt(R-
C"C*)(CNR’)2]PFs (R' = tert-butyl (:Bu), 2,6-dimethylphenyl (Xyl)) and NBu4[Pt(R-
C"~C*)(CN)2] (R-C = Naph R = COzEt, CN, CI) are described

10
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In Chapter 4, compounds containing chelate ligands such as [Pt(R-C*C*)(P*P)]PFs (R-C =
Naph, R = CN; P*P = dppm, dppe, dppbz) and [Pt(R-C*C*)(acac)] are described. In case of
the acac derivatives, their ability to form Pt-Tl cluster such as [{Pt(R-C*C*)(acac)}.TI|PFsis

also presented.

The luminescence of all of these compounds have been deeply studied and described
conveniently in the corresponding chapter. As expected, most of our compounds resulted
to be efficient blue-emitters. Therefore, we explored different ways of using them to
generate white light. The potential applications of these compounds have been described

all together in Chapter 5.

The realization of this work required the use of specific laboratory operation protocols,
such as Schlenk techniques, glove box systems or separation techniques (GC). It also
required the use of several spectroscopic and spectrometric techniques for the
characterization of the new complexes (IR, MS, NMR, X-ray) and the study of their
photophysical properties (UV-vis absorption, steady state emission, emission lifetime and
quantum yield). In addition, several deposition techniques were used for the lighting
applications (drop casting, screen printing, spin coating, high vacuum evaporation and
Organic Molecular Beam Epitaxy). Full experimental work and data collection were made
by the author of this PhD with the exception of MS spectra, CHNS elemental analysis,
theoretical calculations and X-ray structures, the latter being performed by Dr. Sara

Fuertes and Dr. Antonio Martin.

Many of the results shown in this Memory have been published in the aforementioned
papers and presented in four national and international conferences, obtaining the “best
poster award” in the Vth Spanish-Portuguese workshop on photochemistry organized by
the Grupo Especializado de Fotoquimica (GRUFO) from the Real Sociedad Espafiola de
Quimica (RSEC) in Toledo, September 2016.

11
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DISCUSSION

The dichloro-bridge compounds containing cyclometalated N-heterocyclic carbene
ligands, [{Pt(u-Cl)(R-C*C*)}2] (R-C~C*: 1-(naphthalen-2-yl)-3-methyl-1H-imidazol-2-
ylidene (Naph”C* 4A);2% 1-(4-ethoxycarbonylphenyl)-3-methyl-1H-imidazol-2-ylidene
(EtO.C-C~C*, 4B);30 1-(4-cyanophenyl)-3-methyl-1H-imidazol-2-ylidene (NC-C*C*, 4C);31
1-(3,5-dichlorophenyl)-3-methyl-1H-imidazol-2-ylidene (Cl-C*C*, 4D);32 have been used
as starting materials to obtain new luminescent compounds of Pt(II). Their syntheses and

characterization have been already reported in the references within this paragraph.

The preparation of [{Pt(p-Cl)(R-C*C*)}2] has been accomplished following the general
synthetic pathway shown in Scheme 1.1. For that, four different substituted aryl bromides
have been successfully coupled to imidazole via the Ullmann reaction, with adjustment of
the base (KOH, K>CO3), the copper(I) catalysts (Cul, Cuz0) and the solvent for the specific

aryl bromide substrate.

HN/\N

\—/ r

CHs
X \ . [Cu)/[Base] R/\ \ \/J CHgl R/\ \ N\j/
=

DMSO, 110 °C e THF, A

R
y
‘ = i) Ag20
¢l ii) [{Pt(-Cl)(n3-2-Me-C3Ha)}]
’ 2 /Pt CHaCly, r.t.

@ Qu

©$5©°

D

Scheme 1.1. Schematic route for the preparation of the starting materials.

As an example, the reaction of 1 equivalent of 4-bromobenzonitrile with 2 equivalents of
imidazole, in the presence of K»CO3z and Cul in dimethylsulfoxide was carried out under
argon atmosphere at 1102C. After 70 hours the crude was studied by gas chromatography
to assess the completion of the reaction, as can be deduced by the disappearance of the
signal attributed to the limiting reagent 4-bromobenzonitrile (3.4 min), and the recording
of a new major signal (6.1 min) assigned to the coupling product in the chromatogram (see

Figure 1.1).
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Figure 1.1. GC chromatogram of 1C before the reaction work-up.

Once the crude was cooled down, extracted with ethyl acetate, it was washed with water

and brine, dried with MgS04, evaporated to dryness and washed with hexane. Compound

1C was thus obtained as a white solid in a high yield. As observed in the tH-NMR spectrum

of 1C,t the appearance of three different resonances for the hydrogen atoms in the

imidazole moiety proved the successful C-N coupling (see Figure 1.2).

The reaction of the organic substrates (1) with iodomethane in refluxing tetrahydrofuran

yielded white solids corresponding to the expected imidazolium salts (2), whose tH-NMR

spectra showed an additional resonance at ca. 4 ppm, due to the new methyl group (see

Figure 1.3 for 2C).
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Figure 1.2. 1H-NMR spectra of imidazole (up) and 1C (down) in DMSO-ds.

T Labeling of the hydrogen atoms was carried out following that of compound 2C in order to

facilitate a better comprehension for the reader.
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Figure 1.3. 1H-NMR spectrum of 2C in DMSO-ds.

The formation of the platinum(II) N-heterocyclic carbenes (3) was achieved through the
activation of the C1-H bond with Ag;0 to form the silver carbene, and the subsequent
transmetalation reaction to platinum(II). The absence of a resonance at ca. 10 ppm in the
1H-NMR spectra, corresponding to H1, the presence of a signal at 177.4 ppm in the 13C{1H}
APT NMR, attributed to C1, and the presence of 195Pt satellites in the signals due to H2, H3,
C2 and C3 in the corresponding 1H and 13C NMR spectra (see Figure 1.4 and Figure 1.5 for
3C) brought to light the successful coordination of the NHC to the platinum center through

the C1 atom.
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Figure 1.4. 'H NMR spectrum of 3C in CDCl..
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Figure 1.5. 13C{1H} APT NMR spectrum of 3C in CD,Cl,.

The cyclometalation of 3 to give 4 was accomplished by refluxing a solution of complex 3
in 2-methoxyethanol. The recrystallization of the resulting solid in boiling acetonitrile was
required to obtain 4 as pure species. Compound 4 is poorly soluble in common organic
solvents but fairly soluble in dimethylsulfoxide (DMSO). Figure 1.6 illustrates the tH-NMR
spectrum of 4C in dmso-ds. Evidence of how the activation of the C6-H6 bond led to the
formation of the five-membered cycloplatinated complex is the lack of the H6 resonance

and the presence of Pt satellites in the signal due to H7.
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Figure 1.6. 1H-NMR spectrum of 4C in DMSO-de.
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It should be noted the presence of two sets of signals. Giving the coordinating capacity of
DMSO, they likely correspond to the cis-(C*, DMSO) and trans-(C*, DMSO) isomers of
complex [PtCI(NC-CAC*)(DMSO)] resulting from the cleavage of the dichloro-bridged
complex. The lack of selectivity of this process seems to be governed by the transphobia

degree of pairs of ligands in trans positions. This fact will be tackled in chapter two.
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Chapter 2. Cleavage of the dichloro-bridge systems: heteroleptic compounds

2.1 SYNTHESIS AND CHARACTERIZATION OF NEW COMPLEXES
2.1.1. Synthesis and Characterization of [PtCI(NC-C*C*)L] (L = PPhs, py, CNXyl, MMI)

As indicated at the end of Chapter 1, the dichloro-bridge complexes [{Pt(u-CI)(R-C*C*)}2]
(4) can undergo the cleavage of the bridging system via the reaction with a coordinating
molecule, resulting in the formation of [PtCI(R-C*C*)(L)] as mixtures of the cis-(C* L) and
the trans-(C* L) isomers.t This behavior has been investigated by testing this reaction on
complex 4C with a variety of o-donor ligands (L) such as triphenylphosphine (PPhj),
pyridine (py), 2,6-dimethylphenylisocyanide (CNXyl) and 2-mercapto-1-methylimidazole
(MMI) (see Scheme 2.1).

CN CN CN
6
10 | L Cl
2 /
A L Pt + Pt
NY < CH,Cl, N N\ NY L
2 71 ‘7 Cl )
-y SR
3 JCH, CH, CH,
4C trans-(C*,L) cis-(C*,L)
H5I H4' i
. ;—\ | L=PPhj (5C-t, 100%)
P _—N NH :  L=py(6C-t, 92% / 6C-c, 8%)
= Y | L =CNXyl (7C-t, 86% / 7C-c, 14%)
g | L=MMI (8C-t, 86% / 8C~c, 14%)
CNXyl MMI

Scheme 2.1. Synthetic route for complexes 5C-8C.

The dinuclear complex [{Pt(u-Cl)(NC-C*C*)}.] (4C) reacts with PPhs, py, CNXyl and MMI in
a 1:2 molar ratio at low temperature (-82C) (Scheme 2.1 and SI-2.1) to give the
mononuclear complexes [PtCI(NC-C*C*)L] (L = PPhs (5C); py (6C-t/ 6C-c), CNXyl (7C-t/
7C-c), MMI (8C-t/ 8C-c)).t Relevant structural information was provided by multinuclear
NMR spectra (see Table 2.1 and Experimental Section in SI-2-1). Compound 5C was
obtained as a pure solid with the trans-(C*, PPhs) being the only isomer obtained. This

could be deduced from the 'H and 3'P{*H} NMR spectra, where only one set of signals was

T As a simplification, in the following the cis-(C* L) and trans-(C*L) isomers are noted as c and t
respectively.
# These compounds have been published (see SI-2.1, SI-2.2; compounds 5, 6, 7 and 8 in the article).
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observed (see Figure 2.1), and confirmed by X-ray crystallography (see Figure 2.2, and full

data analysis discussion in SI-2.1).
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Figure 2.1. 1H (left) and 3!P{tH} NMR (right) spectra of 5C in CD2Cl..

Figure 2.2. Molecular structure of complex 5C-MeOH. Thermal ellipsoids are drawn at the
50% probability level. Solvent molecules and hydrogen atoms have been omitted for

clarity.

By contrast, in all other cases (6C-8C), the cleavage of the bridging system rendered both
isomers cis- and trans-(C*,L) with the trans isomer being the main one, especially when L
is py (6C) (see the TH NMR spectra in Figure 2.3). Attempts to improve the selectivity of
the process, by temperature control and reaction time were performed with L= CNXyl,

resulting in cis/trans mixtures with the same ratios.

Concerning the H NMR, especially sensitive to both, the nature of L and the geometric
disposition of the ligands around the Pt centre, are the H7 and the H4 resonances. In all
cases, as depicted in Figure 2.3, the H7 resonances of the trans-(C*,L) isomers appear more

shielded than those of the cis-derivatives.
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Figure 2.3. 1H NMR spectra of compounds 6C (up), 7C (middle) and 8C (down) in CD2Cl..

Within the trans isomer complexes, in particular, when L = PPh3 (5C) and py (6C-t), the H7
resonance undergoes an important upfield shift comparing with that in complexes with L
= CNXyl (7C-t) and MMI (8C-t) (Table 2.1). This effect has been associated with the
anisotropic shielding effect caused by the proximity in space of the aromatic ring current
of the phenyl (5C) and pyridine (6C-t) groups to the H7.33 This C-H7 -+  interaction was
also observed in the X-ray structure of 5C, as discussed in SI-2.1. Likewise, in the cis-(C*,L)
isomer of complexes 6C-8C, the H4 resonance is the one that suffers the anisotropic
shielding effect since it moves upfield in relation to that of the trans one, this effect being
more intense when L is pyridine (3.06 6C-c; 4.24 6C-t). In both geometric isomers, the H7
signal appears accompanied by platinum satellites. The Pt-H7 coupling constants of the
trans isomers are larger than those of the cis derivatives, which is in agreement with the

higher trans influence of the L ligands comparing to the Cl one.27e 34

As expected, the 195Pt{1H} NMR spectrum of 5C exhibits only a doublet at -4227 ppm with
a 195Pt-31P coupling constant of 2868 Hz, while two 195Pt resonances were observed for
complexes 6C-8C (Figure 2.4). The main one corresponds to the trans isomer and appears
less shielded than that of the cis one, in all three cases. The 195Pt-31P coupling constant
value in 5C is typical of a P-Pt-C trans arrangement34>. 35 making evident the strong trans

influence of the carbene atom (C*).
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Figure 2.4. 195Pt{1H} spectra of 5C-8C in CDCl,.

The mononuclear complexes [PtCI(R-C*C*)PPhs] (R-C = Naph (5A); R = COzEt (5B)) were
prepared later from 4A and 4B with the trans-(C* PPhs) being the only isomert and their

spectroscopic features matched with those of 5C.

2.1.2. Synthesis and Characterization of the Cationic Complexes: trans-(C*, P)-[Pt(R-
CAC¥)(PPh3)L’]PF¢ (R-C = Naph, L’ = py (9A); R = COzEt, L’ = py (9B); R = CN, L’ = py
(9C), CNXyl (10C), MMI (11C)) and [Pt(NC-C~C*)(dppe)]PFs (12C)).

We aimed to prepare heteroleptic NHC cyclometalated compounds to explore the effect of
different ancillary ligands on their photophysical properties. First of all we performed the
synthesis and characterization of compounds labeled as C following pathways a and b in
Scheme 2.2.The reaction of compound 5C with 1 equivalent of L’ (L’ = py, CNXyl, MMI) in
the presence of KPFs rendered compounds 9C-11C with general formula
[Pt(CAC*)(PPh3)(L’)]PFs (Scheme 2.2, path a). The X-ray crystal structures (see Figure 2.5;
full data and discussion in SI-2.1), 'H and 3!P{'H} NMR spectra showed that the PPh3
remains coordinated trans to the C*. Interestingly, compound 10C could also be prepared
by adding KPFs and PPh3 to the mixture of cis/trans isomers of complex 7C (see Scheme
2.2, path b). Therefore, in this case, the main fraction of this reaction does not proceed
with stereoretention, since the CNXyl ligand, that is located trans to C* in 7C-t, migrates to

the cis position by the coordination of the PPhs.

T These compounds have been published (see SI-2.3, SI-2.4; compounds 1A and 1B in the article).
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Figure 2.5. X-ray crystal structures of the cation complexes 9C (left), 10C (middle), 11C

(right).
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Scheme 2.2. Synthetic pathways to cationic complexes.

In addition, when a suspension of 4C in acetone was treated with KPFs and dppe (1:2
molar ratio) compound 12C was formed, a mononuclear species with the dppe acting as a

chelate ligand (see Scheme 2.2, path c and X-ray and multinuclear NMR studies).t

Relevant structural information arises from the multinuclear NMR spectra (Table 2.1 and
SI-2.1 and 2.2 for full data and Figures). The 31P{1H} NMR spectra of 9C-11C show a singlet
flanked by platinum satellites. The 8P and !95Pt-31P coupling constants values are quite

similar to those found in complex 5C, in agreement with a trans-(C*, PPhs) arrangement in

T This compound has also been published (see SI-2.1, SI-2.2; compound 12 in the article).
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these complexes. In the 31P{1H} NMR spectrum of 12C, the two different P atoms appear as
two doublets accompanied by Pt satellites. The chemical shifts and the observed P-P
coupling of 7 Hz confirm the chelating arrangement of the dppe around the platinum
center.36 Significant are also the 195Pt{!H} spectra (see Figure 2.6 and Table 2.1) which
confirm the presence of a single isomer in each case. They exhibit a doublet for
compounds 9C-11C and a doublet of doublets for 12C due to the coupling with two 31P

nuclei, these chemical shifts are ranging from - 4274 to - 4996 ppm.

i sc

i .

-4200 -4300 -4400 -4500 -4600 -4700 -4800 -4900 -5000 -5100

Figure 2.6. 195Pt{1H} spectra of 5C and 9C-12C in CDCl..

According with the trans-(C*, PPhs) arrangement of these compounds, H7 resonances
appear in the range of 6.80 - 7.30 ppm due to the anisotropic shielding effect caused by
the proximity in space of the phenyl groups of the PPhz. When L’ is pyridine (9C) and dppe
(12C), the H4 resonance also suffers the anisotropic shielding effect, since it moves upfield

(2.87 9C, 3.04 12C) comparing with that in complexes 10C (3.91) and 11C (4.08).

On view of the obtained results we expanded the work to the synthesis of 9A and 9B
following path “a” in Scheme 2.2. Their molecular structures determined by single crystal

X-ray diffraction studies confirmed the proposed structure for them.t

T Full data and discussion for compounds 2A (9A) and 2B (9B) in SI-2.3 and SI-2.4.
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2.1.3. Discussion about the results shown in sections 2.1.1 and 2.1.2 for compounds

5C-12C.

As shown above, the cleavage of the chlorine-bridge system in [{Pt(p-Cl)(NC-C*C*)}.] (4C)
by different ancillary ligands (L) led to the clean formation of trans-(C*, L)-[PtCI(C*C*)L]
when L is PPh;3 (5C). If L is py, CNXyl and MM], the bridge-splitting reaction gave mixtures

of cis/trans isomers (6C-8C).

In an attempt to explain this behavior we have used the term transphobia degree (T) of
pairs of trans ligands, which has been accepted by many authors to explain the geometries
of stable square-planar complexes of d8 transition metals. The degree of T has been
assumed to be related to the trans influence, in such a way that the greater the trans
influence of two ligands, the greater the transphobia, and the cis disposition of them will
be the favored geometry. In this sense the heteroleptic complexes [PtCI(C*N)L] (HCAN =
3,8-dinitro-6-phenylphenanthridine, 2-(4-bromophenyl)imidazol[1,2-a]pyridine; L= PPhs,
tht, C=NR (R = tBu, 2,6-dimethylphenyl)) and [Pt(C*P)(C=CPh)L] (C*P= CH.CsH4P(o-
tolyl).-xC,P; L = CO, py, tht) exist as the trans-(C,Cl) isomer as expected on the basis of the
transphobia degree (T) of pairs of trans ligands.332 342 However, the steric requirements of
the ligands involved can also play an important role in determining the geometries of
these complexes. In this sense, complex [Pt(C*P)(C=CPh)PPhs], exhibits the trans- (C,
C=CPh) geometry instead of the expected one considering electronic preferences (trans-
C,PPhs), which was attributed to the crowding associated with the cis disposition of the

P(o-tolyl); and the PPh; group.34a

Therefore, we have tried to explain the preferred geometry for complexes [PtCI(NC-
C~C*¥)L] (5C-8C) and [Pt(CAC*)(PPh3)L]* (9C-11C) on the basis of the transphobia effect
(T). With this purpose we have studied the relative trans influences of the two o Pt-C
bonds present in the Pt(C*C*) unit, both expected to have a great trans influence, and
those of the auxiliary ligands (Cl, PPhs, py, CNXyl, MMI), comparing the 1Jp.p, 2Jpe.c and 3/pe.u

values affected by the ligands located at their trans positions (see Table 2.1 and SI-2.1).

The 1Jp.p values observed for complexes trans-(C*P)-[PtCI(NC-C*C*)(PPhs3)] (5C), and
[Pt(NC-CAC*)(PPh3)L’|PFs (L' = py (9C), CNXyl (10C), MMI (11C)) range from 2585.2 to
2881.6 Hz, which are typical of a P-Pt-C trans arrangement.34b.35 These values are also very
similar to those observed in Q[Pt(CH2-Ce¢H4-P(0-tolyl)2)(C=CPh):] (Q = Li* (2746 Hz),
NBus+ (2603 Hz)) with the Pt-P bond trans to a Pt-Cacetylide one.3#2 In addition, the 1/p.p
corresponding to the P trans to C* (2673.8 Hz) in [Pt(NC-C~C*)(dppe)]PFs (12C), resulted

to be similar to that observed in complexes with phosphine ligands located in the trans
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position, such as [Pt(C*P)(dppe)]*[C P = {(R)-1-[1-diphenylphosphino]ethyl}naphthyl-
C,P; Jpep (ransp) =2770Hz] 3¢ or [Pt(dppe)(PAn-H)]* [PAn = 9-diphenylphosphinoanthracene;
Jpep (ransp) =2796],37 indicating that the C* displays a great trans influence, similar to alkynyl

or phosphine ligands.

Then, we focused again on complex [Pt(C*C*)(dppe)]PFs (12C) and we observed the 1Jp.p
values for the P trans to Car and C* are 2014.6 and 2673.8 Hz respectively. These values
indicate that the trans influence of Car is slightly greater than that of C*. The same
assessment was inferred from the 3J/pcho(py) in complex 6C which exhibits different values
when pyridine is facing Car (6C-c, 20.7 Hz) or C* (6C-t, 28.0 Hz). Moreover, an evaluation
of the electronic effects of the different L ligands can be undertaken by comparison of the
spectroscopic and crystallographic data of complexes with the same stoichiometry and
configuration, such as trans-(C* P) [Pt(NC-C*C*)(PPhs)L]o+ (L = CI (5C), py (9C), CNXyl
(10C), MMI (11C)) or cis-(C*L) [PtCI(NC-C*C*)L] (L = py (6C-c), CNXyl (7C-c), MMI (8C-
c)) (Table 2.1). On the basis of the observed 3/p..u7 (64.0 5C, 58.8 9C, 50.7 10C, and 59.4 Hz,
11C) and %Jpi.c7 (57.0 5C, 55.4 9C, 51.0 10C and 56.1 Hz 11C) in the trans-(C* P) named

complexes, the trans influence order seems to be CNXyl > py ~ MMI > Cl.

An additional comparison of the values of 6C1 (170.1 ppm 5C, 152.7 6C-t; 167.7, 7C-
t;,159.3, 8C-t) and 3/p..c3 (26.0 Hz 5C, 38.4 6C-t; 30.9, 7C-t; 37.3, 8C-t) in complexes trans-
(C*,L)-[PtCI(NC-C~C*)L] (L = PPh3 (5C), py (6C-t), CNXyl (7C-t), MMI (8C-t)) indicates that
the trans influence of PPhs is even greater than that of CNXyl. Finally, the X-ray data
analysis of 5C and 9C-12C (SI-2.1) indicate that the longest Pt-C6 distances correspond to
those of 12C and 10C, with the dppe and CNXyl located at the trans position. Therefore,
the trans influence of all the used ancillary ligands seems to follow the order: PPhs / dppe

> CNXyl > py ~ MMI > CL

Taking into account all these assumptions the T[Ca-/L] > T[C*/L] and T[Ca-/PPh3] >
T[Car/CNXyl] > T[Car/py] ~ T[Car/MMI] > T[Ca:/Cl]. Therefore, the T[Car/PPh3] should be
greatest one and the experimental results seem to indicate that the difference between
T[Car/PPhs] and T[C*/PPhs] is big enough to direct the clean formation of trans-(C*, PPhs)
complexes 5C, 9C-11C.

However, the difference between T[Car/L] and T[C*/L] (L = py, CNXyl, MM], Cl) is, in each
case, not big enough to avoid the formation of mixtures of isomers. Based on the order of
T[Ca:/L] named above, the cleavage of the chlorine-bridge system in [{Pt(u-CI)(C*C*)}]
(4C) by py to give complex 6C was expected to be no more stereoselective than that with

CNXyl or MM], but it is. Other factors to promote the greater stability of 6C-t, such as the
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steric hindrance between py and the imidazol fragment of C*C* in the cis isomer can be
excluded. Given that the H7 and H4 resonances in 6C-t and 6C-c suffer a great anisotropic
shielding effect, which was discussed in the NMR section, we considered the C-H---m (py)
interactions to be involved in it. C-H-: 1 interactions have been known to play a key role in
the stereoselectivity of coordination compounds amongst other fields in chemistry.38 It has
been widely reported that intramolecular C-H:-m hydrogen bonds can induce the
formation of single linkage isomers.39 In both isomers of 6C, a CH-:- interaction could be
possible: Csp3-H4 (Me) -+ i (py) in 6C-c and a T-shaped Csp2-H7 (Ar) -+ 7t (py) in 6C-t. As
reported before, the interaction energy involving a T-shaped aromatic CH is somewhat
stronger than that of the aliphatic ones.38240So, we would expect 6C-t to be more stable
than 6C-c. DFT calculations for models of 6C-c/-t in solution of CH;Cl; were carried out
(see Figure 2.7). In effect, isomer 6C-t with the C-H7 pointing at the pyridine ring is 1.01
Kcal mol! more stable than 6C-c. This subtle difference in energy added to the bigger
T[Car/py)] vs T[C*/py] results to be reasonably determining for the high stereoselectivity

of isomers in 6C.

CN
CN
He o cl
\\\f/\(j N.\, \N
N= \ N QA
Pt CH,4
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& Cl 1.01
N\ 6C-c
CHj )
000 .
6C-t

Figure 2.7. DFT- computed energies for the 6C-c/-t isomers (AE, kcal mol-1).

In complexes 5C, 94, 9B, and 9C-11(, their X-ray structures and NMR data also show the
presence of Csp2-H7 (Ar) --- m interactions, which will contribute together with the
difference of T[Car/L] vs T[C*/L] to the selective formation of the trans-(C*, PPhs) isomer,

as experimentally observed.
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2.2 Optical properties and DFT/TD-DFT calculations.

Absorption spectra and DFT/TD-DFT calculations. Compounds [PtCI(R-C*C*)L] (R-C =
Naph, L = PPhs (5A); R= COzEt, L = PPhs (5B); R= CN, L = PPhs (5C), py (6C), CNXyl (7C),
MMI (8C)) resulted to be scarcely emissive. By contrast, the heteroleptic ionic compounds
[Pt(R-C~C*)(PPh3)L']PF¢ (R-C = Naph, L’ = py (9A); R = COzEt, L’ = py (9B); R=CN, L' = py
(9C€), CNXyl (10C), MMI (11C)) showed a bright emission and were thoroughly
investigated (all the information can be seen in SI-2.3 and SI-2.4). The photophysical
features of two sets compounds 9A-9C and 9C-11C were studied in order to establish the
influence of both the cyclometalated NHCs and the ancillary ligands on their absorption

and emission properties.

UV-vis spectra of compounds 9A-9C in diluted CH:Cl;solutions show high energy (HE)
absorption bands at Aaps < 300 nm (g > 104 M-1 cm-1), attributable to singlet intraligand
(AIL) transitions of the NHC moiety. Spectra of 9B and 9C are rather similar, pointing out
the similarities of the electronic features of the two substituents at the phenyl ring of the
NHC ligand (R = CN, CO2Et), and different from the naphthyl counterpart, 9A (see Figure
2.8). The latter exhibits an additional low-energy (LE) band at Aas ~ 350 nm (g > 103 M-!
cm-1), which is very similar to that observed in complexes with the same cyclometalated
NHC ligand (Naph”(C*).2% 30 [t appears to be slightly shifted to higher energies compared
to the isocyanide derivatives, [(Naph”"C*)Pt(CNR’);]PFs (R’ = t-Bu, Xyl),30 described in

Chapter 3, which indicates participation of the ancillary ligands in it.
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Figure 2.8. Absorption spectra in CHCl; (5x10-5 M) atr.t.

The involvement of the auxiliary ligands in the lowest energy absorptions can also be
noticed for complexes 9C-11C. The one corresponding to the isocyanide derivative, 10C
(A = 320 nm), is shown to be clearly red-shifted with respect to the pyridine one, 9C (A =

316 nm), while that of 11C, becomes a less intense shoulder (A = 314 nm) accompanied by
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an additional band at A = 352 nm. This lowest-energy absorption of 11C (352 nm) obeys
Beer’s Law, suggesting that it is due to transitions in the molecular species and that no
significant aggregation occurs within the concentration range from 10-3 to 106 M (see
Figure S9 in SI-2.4). UV-vis spectra of all complexes were recorded in different solvents
(Table S2 in SI-2.4) showing no significant solvatochromism, except for compound 9A (see
Figure S10 in SI-2.4). It presents a slightly negative solvatochromism in the lower energy
spectral region (A > 340 nm), which indicates the existence of charge-transfer (CT)

transitions.15a

Solid state diffuse-reflectance spectra (see Figure S11 in SI-2.4) show no particular
differences compared to those observed in solution of CH:Cl.. Therefore, the weak
intermolecular m-mt and C-H---F interactions observed in their X-ray structures (at ca. 100

K) seem to have no important effects in the absorption at room temperature.

DFT and TD-DFT calculations in a solution of CH2Cl; for 9A—9C and 11C have been carried
out to provide correct assignments for the UV-vis absorptions and also to evaluate the
effect of both cyclometalated R—C*C* and ancillary ligands (L) on the photophysical
properties. Full data corresponding to these calculations can be seen in SI-2.3 and SI-2.4.
The relative compositions of the frontier molecular orbitals (FOs) in the ground state are
reported in Table 2.2. As can be seen, the composition of the FOs of 9B and 9C are
practically identical, which confirm the similarities of the electronic features of the R-C*C*
(R = CN, COzEt) cyclometalated groups. In these cases, the highest occupied molecular
orbitals (HOMOs) are mainly constructed from =-orbitals of the C*C* ligand (ca. 75%) and
dr-orbitals of the Pt center (25 %) and the lowest unoccupied molecular orbitals (LUMOs)
are similar to the HOMOs but with some contribution of the ancillary ligands: 20% Pt, ca.
65% C~C*, 8% PPhs, and 7% py. However, in case of 9A, the HOMO is almost entirely
localized on the Naph”C* fragment (90%) while the LUMO is mostly centered on the
pyridine (70%) with small contributions of Naph”C*(15%) and Pt (10%) orbitals. By a
comparison of 9C and 11(, it can be observed that in 11C the presence of MMI instead of
py in the coordinating sphere of platinum leads to a HOMO mainly based on the auxiliary
ligand (MMI, 85%) with only a low contribution of Pt and R-C*C*orbitals, while no
significant changes are induced in the LUMO composition with respect to that in 9C, which
is mostly centered on the R-C*C* orbitals. Thus, by modification of both ligands, either the
R-C (C~C*) or L, the nature and composition of the FOs, and therefore the nature of the
lowest energy singlet transition, change considerably. The calculated S1 in CHCl; (Table

2.3) arises from HOMO to LUMO transition for 9B, 9C and 11C, while for 94, it arises

mainly from H—L (39%) and H—>L+1 (36%) transitions.
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Considering that the calculated allowed absorptions are in good qualitative agreement

with the experimental UV-vis spectra (Figure 2.9 and Figures S13-S15 in SI-2.4) the
lowest-energy absorption bands can be attributed to mixed transitions: ILCT [r(NHC)] —
m*(NHC)/LL’CT [r(NHC) — =n*(L")] for 9B and 9C and LL'CT [mt(NHC) — m*(py)]/ ILCT
[T(NHC) — m*(NHC)]/LMCT [m(NHC) — 5d(Pt)] for 9A and L’LCT [m*(MMI) —
m*(NHC)]/L’'MCT [m*(MMI) — 5d(Pt)] for 11C. Complex 11C shows also a very weak

calculated absorption at 336 nm (S, see Figure 2.9) that implicates the H-1—L (95%)

transition. Its energy and electronic nature are very similar to the calculated S; transition

in complexes 9B and 9C.

Absorbance ‘o.s.
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Figure 2.9. Normalized UV-vis absorption spectrum of 11C in CHCl, calculated

transitions in CH2Cl; (colored bars) with the diagrams of the frontier orbitals.

Emission spectra. The phosphorescence of complexes 9A-C, 10C and 11C in CH»Cl; (105 M,
298 K) is quenched, even under an argon atmosphere, which may be due to thermal
nonradiative processes,*! but they show intense phosphorescence in rigid matrix (see
Table 2.4). In CH2Cl; solution at 77 K all compounds show well resolved vibronic
emissions, and their excitation profiles mimic the corresponding UV-Vis absorptions. In
the case of 94, containing a Naph”C* cyclometalated group, the phosphorescence appears

at Amax ~ 474 nm with a substantially long monoexponential decay (~ 480 ps).
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Table 2.4. Photophysical data for complexes 9A-9C, 10C and 11C.

Com. Media (T/K) Aex (NM) Aem (NM) T (us)d [
9A CH:Cl,%(77) 355 47 4may, 511,551, 598 481
CHClzt (77) 357 474may, 511, 551, 598 478
PMMA Film 340 476max, 511, 6004, 0.87
Solid (298) 368 557, 600max, 650 35 0.06
Solid (77) 361 5414, 552, 581sh, 597 max, 648sh 65
9B CHCl,2(77) 315 444 1m0y, 475, 506, 545, 23
CHClz (77) 360 447 max, 477, 509, 5454, 24
PMMA Film 330 448, 476max, 503, 5434 0.68
Solid (298) 360 455, 47 4max, 501 2.6 0.19
Solid (77) 364 455, 474max, 505 15
9C CHCl,2(77) 314 444 1m0y, 474, 505, 5384 23
CHClz2 (77) 355 447 max, 477, 509, 5384 22
PMMA Film 320 446, 472 max, 500, 5404, 0.93
Solid (298) 350 446, 47 2max, 500, 5405y 17 0.35
Solid (77) 355 447, 469 max, 500, 54051 25
10C CHCl,2(77) 320 449 0y, 480, 513, 543 26.9
CH2Clzt (77) 350 450, 483max, 515, 545, 615 24
400 545 may, 6156 1.6
450 54541, 615max 2.0
PMMA Film 340 453, 480max, 511, 5504, 0.87
Solid (298) 465 590 1.2 0.11
Solid (77) 350 465, 488 max, 524 20
390 465, 488, 545 nax 1.8
460 5454, 615max 2.2
11Cc  CH,Cla(77) 314, 355 44410y, 474, 506, 5434, 19
CHClz? (77) 320,375 449 .y, 479, 512, 5484, 14
450 558 4
Solid (298) 370 449, 47 4max, 505, 5384 2.6 0.11
Solid (77) 370 444, 47 4max, 506, 5384 12.7

a =105M; b = 10-3M; ¢ = not soluble to prepare PMMA films in CH»Cl, 10-2M; d=
measurements at Amax; € = PMMA films in Ar atmosphere.

The analogous complexes, 9B, 9C, as well as 10C and 11C, all of them containing R-C*C*
(R = CN, CO2Et) cyclometalated groups, exhibit a phosphorescent emission (Amax ~ 450
nm) blue-shifted with respect to 9A (see Figure 2.10) and shorter decays (about 20 ps).
Among those complexes containing the NC-C*C* cyclometalated group, 9C-11C, the Xyl
derivative (10C) produces an emission slightly shifted to lower energies with respect to

those of 9C and 11C.

The emissive behavior (emission energy and lifetime) of 9A in CH»Cl; rigid matrix is very
similar to that observed in other compounds containing the same “(Naph”C*)Pt”
fragment.2%. 30 Thus, taking into account all these data and the TD-DFT calculations, the
phosphorescent emissions of 9A can be mainly assigned to 3ILCT [m(NHC) — m*(NHC)]
transitions mixed with some, if any, 3LL’CT [rn(NHC) — n*(L)]/3LMCT [r(NHC) — 5d(Pt)]
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character. The emission bands of 9B and 9C-11C are tentatively ascribed to transitions of
monomeric species derived from 3ILCT [m(NHC) — m*(NHC)]/3LL'CT [x(NHC) — =*(L")]
excited states. It is worth noting that the LE absorption (S1) of 11C was attributed in the
UV-Vis Section to mixed transitions L'LCT [n*(MMI) —» m*(NHC)]/L’'MCT [m*(MMI) —
5d(Pt)]. However, the emission features are identical with those observed for 9B, 9C and
10C, which correspond to the assignment of the S;-calculated absorption. In fact, if
assuming the lowest energy absorption (S1) as the emissive state, the geometry of the first
excited state (T1) should show a decrease of the Pt-S bond distance with respect to that of
the ground state (So) (see Table S11 in SI-2.4) because an electron would be promoted
from a dm*[Pt/S(MMI)] antibonding orbital in the excitation process (see the HOMO in
Figure 2.9).

—9A, 1 _=355nm
ex

1.0+ — 9B, =315nm
ex
11 9C, A= 314 nm
0.8 —10C, A= 320 nm
— 10C, A= 355 nm
S
S‘; 0.6
2
‘»
c 0.4 4
g
£
0.2 4
0.0 /Jl T J T T T T T T
300 350 450 500 550 600

A (nm)

Figure 2.10. Normalized excitation (—) and emission (==) spectra in rigid matrix of

CH,Cl, (10-5 M) at 77 K.

However, this is not observed, and the Pt-S distance remains invariable (A= 0.01).
Nonetheless, there is a shortening of the Pt-C6 and Pt-C1 distances in the T; structure
compared to those of the So one, which may be attributed to promoting an electron from a
dr*(Pt/NHC) antibonding orbital (see the HOMO-1 in Figure 2.9) in the excitation process.
This same shortening is also detected in the T structures of 9B and 9C. Thus, the emissive
behavior of 9B, 9C, and 11C is practically identical and seems to arise from the S1 (9B and

9C) and Sz (11C) low-lying absorptions.

At higher concentration (103 M), the pyridine complexes 9A-9C display the same

emission profiles and lifetimes than those obtained in diluted solution (10-5> M), whereas
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for 10C and 11C, the emission profile depends on the excitation wavelength. In complex
10C, upon monitoring the spectra at Aex = 400 nm, an unstructured (LE) band at 545 nm
becomes the predominant one, while one emission at 615 nm can be selectively tuned by
exciting at Aex= 450 nm. In complex 11C, a LE emission band at 558 nm is observed upon
excitation at 450 nm (see Figure S16 in SI-2.4). The excitation maxima of these LE bands
appearing in the LE spectral region (~ 400 and 450 nm) and their lifetime decays (in the
order of 2—4 ps) are shorter than those of the monomer emissions. As a result of taking all
of this into consideration, we tentatively ascribe these LE bands to 3nn* transitions from
aggregates formed by intermolecular interactions. This wavelength-dependent behavior

was formerly observed in some of the isocyanide derivatives [Pt(C*C*)(CNR)2]PF.30

The spectra of poly(methyl methacrylate) (PMMA) films of all of these complexes perfectly
match with those in rigid matrix of CH,Cl; (see Figure 2.11 and Table 2.4). Thus, the origin
of the emissions for all complexes in PMMA seems to be the same as those in rigid matrix.
Quantum yield (QY) measurements revealed that all complexes are very good blue-
emitters at room temperature. To the best of our knowledge, the QY values (®em : 68% —

93%) are among the highest ones for blue emitters of platinum (II).26e 28a b, 41-42

1.0
——PMMA film
powder
0.8 CH.CL,, 77K
: \
0.6
< f ~ \
2 ‘ 4
2 o4
g
£
0.2
0.0 T T T T T T T T T T T 1
400 450 500 550 600 650 700

A (nm)
Figure 2.11. Normalized emission spectra of 9C. Picture taken under UV light (Aex = 365

nm).

Experiments with pure powders showed that, at 298 K and 77 K, complexes 9B, 9C, and
11C exhibit a phosphorescent blue emission (see Figure 2.12) with patterns and lifetimes
very similar to those in rigid matrix of CH;Cl,. Hence, their emissions most likely originate
from the same excited states. However, the naphthyl derivative, 94, shows an orange
emission with maximum at ca. 600 nm either at 298 K or at 77 K (see Figures 2.12 and S17
in SI-2.4) instead of the blue one displayed in PMMA and rigid matrix of CH:Cl,. Its

apparent vibronic spacings (1286 cm-1), which match the skeletal vibrational frequency of
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the NHC ligand, and the lifetime values allow it to be ascribed to 3nn* transitions from

aggregates formed by intermolecular 7---7 interactions among the “Naph”C*“ moieties.2%

30,42a

—0O9A, Ko, = 368 NM

1.0
0.8 - —9B, %,,=360 nm
9B 064 — 9C, Agy = 350 nm

0.4 1

0.2

A

0.4

—9C, ko= 350 NM

Intensity (a.u.)

—10C, Aoy = 450 nm
11C, »_=370 nm
ex

0.2 1

0.0 B T T T T T T T T T T T T 1
400 450 500 550 600 650 700 750
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Figure 2.12. Normalized emission spectra in solid state at 298 K. Pictures under UV light

(Aex = 365 nm).

Complex 10C shows at 298 K an unstructured broad band with a maximum at 590 nm that
fits a short monoexponential decay (t= 1.2us). Upon cooling to 77 K, the emissive behavior
resembles to the wavelength-dependent one registered in a rigid matrix of CH,Cl; (10-3 M)
(see Figure S18 in SI-2.4). QY measurements carried out on neat solid powders (6% —
35%) revealed that the emissions are generally quenched because of the presence of
dioxygen in the measuring chamber. The QY value results particularly low for complex 9A,

which could be attributed to the low efficiency of the emissive 3nn* excited states.
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Chapter 3. New NHC cycloplatinated complexes with cyanide and isocyanide ligands

As inferred from Chapter 2, the synthesis of heteroleptic compounds [Pt(R-C*C*)LL"|PFsis
very challenging, since cis- and trans-(C*L) isomers can be obtained. To avoid this
problem, we have carried out the synthesis of several complexes with general formula
[Pt(R-CAC*)L2]*/~. In this Chapter we describe those with L being strong-field monodentate
ligands, such as cyanide (CN-) or isocyanides (CNR’).

3.1 ISOCYANIDE COMPOUNDS
3.1.1. Synthesis and Characterization of [Pt(R-C”*C*)(CNR’);]PF¢ (R’ = tBu, Xyl)

The reaction of a suspension of the dichloro-bridge complexes [{Pt(u-Cl)(R-C*C*)}.] (R-C
= Naph (4A); R = -COzEt (4B), -CN (4C)) with 2 equiv of KPF¢ and 4 equiv of CNR' in
acetone rendered compounds [Pt(R-CAC*)(CNR");]PFs (R" = tert-butyl (:Bu) (13A-13C),
2,6-dimethylphenyl (Xyl) (14A-14C))t (see Scheme 3.1). After removing the KCI, all
compounds were obtained from their corresponding solutions as pure solids in good

yields (77-88%). All the information can be seen in SI-3.1 and SI-3.2.

S
| / +4 CNR' ’ |

F Cly 2 +2KPF
p N2 2R

N Pt\ PFg
<\/w/ N Acetone ) <\/~7 f CNR'
N\ ) N\
CH; B JCHz |
4A (R-C = Naph) R-C = Naph; R' = ‘Bu (13A), Xyl (14A)
4B (R = -CO,Et) R =-CO,Et; R'=‘Bu (13B), Xyl (14B)
4C (R=-CN) R=-CN; R'='Bu(13C),Xyl (14C)

Scheme 3.1. Synthesis of compounds 13A-13C and 14A-14C.

Their IR spectra showed two absorptions at ~2200 cm-! due to v(C=N) assignable to
terminal isocyanide ligands.27d 33a b 43 The MALDI(+) mass spectra showed the
corresponding [Pt(R-CAC*)(CNR');]* peaks and the conductivity measurements confirmed
their behavior as 1:1 electrolytes. The 1H NMR spectra of 13A-13C and 14A-14C showed
the expected signals for the NHC moieties, with the resonance of H7 flanked by platinum
satellites (3/pe.u7 ca. 60 Hz), and two inequivalent isocyanide ligands, with intensity ratios
corresponding to the proposed stoichiometry (see Figure 3.1 left for 14C, and SI-3.2 for
13B and 14B).

T1In SI-3.1 and 3.2 these compounds appear labeled as 5 (13B), 6 (14B), 7 (13C), 8 (14C), 9 (134),
and 10 (14A).
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13A
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Figure 3.1.1H NMR spectrum of 14C (left) and 195Pt{'H} spectra of 13A-13C and 14A-14C
(right) in CD2Cl,.

195Pt{1H} NMR spectra of 13A-13C and 14A-14C exhibit the corresponding singlets at
about -4600 ppm with those of the Xyl derivatives (14A-14C) being less shielded (~ 80
ppm) than those of the tBu ones (13A-13C) (Figure 3.1 right). This may be related to the
presence of the electron withdrawing Xyl ring.27¢ Also, as inferred from the 195Pt chemical
shifts of 13A-13C (or 14A-14C) the CN and CO:Et groups present electronic features
rather similar, while the larger m system due to the extra aromatic ring in the naphthyl
derivatives withdraw more electron density from the platinum center causing the
downfield shift (~ 40 ppm) of the 195Pt NMR signals for 13A and 14A when compared to
those of 13B, 13C, 14B and 14C. The molecular structures, as determined by single crystal
X-ray crystallography of 13A and 14A-14C (Figures 3.2 and S5-S8 in SI-3.2) confirmed the
structures proposed for these compounds on the basis of the spectroscopic data discussed

above. Full data and discussion for them can be found in SI 3.1 and 3.2.
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(@) (b)
Figure 3.2. Molecular structures of the cations of 13A-Me;CO (a) and 14B (b). Thermal

ellipsoids are drawn at the 50% probability level. Hydrogen atoms, PFs anions and solvent

molecules have been omitted for clarity.

3.1.2. Optical properties and DFT/TD-DFT calculations of [Pt(R-C*C*)(CNR’).]PFs (R’
= tBu, Xyl) .

Absorption Spectra and DFT/TD-DFT Calculations. UV-vis spectra data of compounds 13A-
13C and 14A-14C are summarized in Table S3 (SI-3.2). As shown in Figure 3.3, they all
display strong absorption bands at ~ 260 (13B-13C and 14B-14C) and 290 nm (13A and
14A) (e > 10* M-lcm~1) which are normally attributed to the !IL or metal-perturbed IL
transitions of the NHC ligand. Complexes 13B-13C and 14B-14C also show less intense (&
~ 103 M-1cm-1) lowest energy absorption bands at A around 320 nm. The similitude of the
UV-vis spectra of compounds 13B and 14B with those of 13C and 14C, indicates that the
electronic features of the R-groups (CN and COzEt) of the CAC* ligands are rather similar.
For complexes 13A and 14A, the lowest energy absorption band appears at A > 360 nm,
which may be due to the presence of a more extended conjugation in the R-C*C* ligand.
The LE absorptions (A > 300 nm) appear slightly shifted to the red when R’ is Xyl with
respect to those when R’ = tBu, thus suggesting a certain contribution of the ancillary
ligands to the FOs. UV-vis spectra of 13A-13C and 14A-14C present a moderate negative
solvatochromism (see Figure S9 in SI-3.2) in the lower energy spectral region (A > 350
nm), which is characteristic of charge transfer (CT) transitions.!52 The solid-state diffuse
reflectance UV-vis spectra (Figure S10 in SI-3.2) show no particular differences with

respect to those observed in dichloromethane solution.

For a correct assignment of the absorption bands and to better analyze the effect of the R
and R’-substituents on the photophysical properties, we have carried out DFT and TD-DFT
calculations in CHzCl; solution for 13A and 14A-14C (Tables 3.1 and 3.2 and Figure 3.4,
and also Tables S4-S7 and Figures S11-S13 in SI-3.2).
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Figure 3.3. Absorption spectra of 13A-13C and 14A-14C in CHxCI; (5 x 10-5 M).

The highest occupied molecular orbitals HOMOs are mainly constructed from m-orbitals of
the CAC* ligand (85-96%) with a small contribution of the platinum (dm) (3-12%) and the
isocyanide ligands (1-4%). In particular, in 13A and 14A, the HOMO is almost entirely
localized on the naphthyl fragment (>90%). By contrast, the LUMOs are distributed over
the platinum center (23-30%), the CAC* (37-49%) and CNR' (26-35%) ligands. The
calculated allowed transitions are in good agreement with the experimentally observed
absorption maxima (Figures 3.4 and S13 in SI-3.2). The major contribution (>94%) to the
lowest energy calculated absorptions (Si) for 13A and 14A-14C is the HOMO—LUMO
transition (Table 3.2). Therefore, they can be attributed to mixed LL'CT [n(NHC) —
T*(CNR')]/LMCT [m(NHC) — 5d(Pt)] transitions, with an important ILCT [(NHC)]

character for complexes 13A and 14A.

The major contribution (>91%) to the S; excited state for 13A and 14A-14C is the H-
1—LUMO transition which has a mixed L'MCT [rnt(CNR") — 5d(Pt)]/L'LCT [r(CNR") — m*
(NHC)] character for 14B and 14C while LMCT [n(NHC) — 5d(Pt)]/LL'CT [nt(NHC) —
m*(CNR")] for 13A and 14A. From these data it is also evident that the electronic features
of the R-groups (CN and CO;Et) of the C*C* ligands are rather similar and quite different
from the Naph”C* one, in which the presence of a more extended conjugation in the R-
C~C* ligand increases the contribution of R-C fragment to the HOMO and H-1 at the
expense of the imidazole fragment and the isocyanide ligands. Because of that, the
HOMO-LUMO and H-1-LUMO energy gaps result smaller for complexes 13A and 14A with
respect to those of 14B and 14C.
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Figure 3.4. (a) UV-vis absorption spectrum of 13A in CH;Cl;, calculated transitions in

CH2Cl; (bars); (b) Calculated molecular orbitals for 13A.

Additionally, calculations for complexes 13A and 14A also show the red shift of the
lowest-lying absorption when R’ is Xyl with respect to that when R’ = ‘Bu in line with the

experimental UV-vis data.

Emission Spectra. Emission data for 13A-13C and 14A-14C are summarized in Table 3.3.
All complexes do not display phosphorescence in solution of CH2Cl; (10-5 M) under Ar
atmosphere at rt, which may be due to the thermal quenching by solvent molecules.*!
However, in a rigid matrix (CH2Cl; solution at 77 K), these molecules show bright and long
life luminescence. Compounds 13B-13C and 14B-14C show highly structured emissions
with maxima at A ~ 460 nm (see Figure 3.5) and apparent vibronic spacings [1345-1401
cm-1] corresponding to the C=C/C=N stretches of the cyclometalated NHC ligand. The
excitation spectra exhibit identical profiles to the corresponding UV-vis absorption

spectra. Lifetime measurements fit to one component (14-26 ps).

Therefore, from these data and considering the TD-DFT calculations, these
phosphorescent emissions can be assigned to mixed 3LL'CT [m(NHC) — *(CNR")]/3LMCT
[Tt(NHC) — 5d(Pt)] transitions of monomeric species. As stated in the UV-vis and TD-DFT
sections, the emission bands of the Xyl derivatives (14B, 14C) are red-shifted with respect
to those of the tBu ones (13B, 13C).

At higher concentration (10-3 M) complexes 13B, 14B, and 14C, show an additional
unstructured LE band when exciting at longer wavelengths Aex > 450 nm (see Figure S14
in SI-3.2), although it is rather weak for complex 13B. The excitation maxima of this LE
band appear red-shifted, and their lifetime decays (in the order of 2-4 ps) are shorter than

those of the monomer emissions. Thus, taking into account all this and their crystal
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packing, we tentatively ascribe this LE band to 3nm* transitions from aggregates formed by

intermolecular interactions.

Neat solid samples of 13B-13C and 14B-14C display bright blue emissions (see Figure
3.6) with band profiles and lifetimes that resemble those obtained in rigid matrix of

CH:Cl,, which can be assigned to the same excited states.

Table 3.3. Photophysical Data for complexes 13A-13C and 14A-14C.

Comp Media(T/K) Aex(nm)  Aem (nm) T (us)ec ¢
13A Solid (298) 360 540max, 586, 635 75.0 0.40
Solid (77) 360 540max, 586, 635 86.0
CH:Cleb(77) 365 481max, 518,553,597, 6525 296 (481, 518)
52 (553,597)
14A  Solid (298) 383 481max, 513,561,609, 6614, 88.0 0.17
440 481, 514, 565max, 609, 6615, 79.0
Solid (77) 402 476max, 511,559, 607, 6641 173.0
CH2Clye (77) 360 479max, 517,557, 601 178.0
CH2Cl2? (77) 360 478max, 515,563, 609
450 564max, 612 30.0
13B Solid (298) 365 455, 483max, 513, 5504, 19.5 0.41
465 643 2.6
Solid (77) 365 454,472,487 max, 502,520,  21.5
CH:Cl2e (77) 326 455max, 486,520 26.5
CH2Cl2? (77) 340,365  454max, 486, 520, 5385 26.6
485 665 4.0
14B Solid (298) 370 464, 492max, 528, 567 5.1 0.15
475 620 2.1
Solid (77) 370 462, 492max, 528, 567 16.8
CH:Cl2e (77) 325 464max, 495, 531, 6005 14.5
CH2Cl2? (77) 370 464y, 495, 531, 625 16.4
450 464, 495, 531, 625max 2.5
13C Solid (298) 360 449, 477 max, 510, 5504, 590 4.5 0.17
450 477,510, 550, 590max 3.8
Solid (77) 360 454, 487 max, 510, 5384 30.0
CH2Clze0(77) 320 451,482,517 25.0
14C  Solid (298) 375 458, 488ax, 520,570sn 2.3 0.21
Solid (77) 375 463, 495,05, 530, 57051 14.8
CHCla (77) 323 461 max, 494, 528, 5691 20.0
CH:Cl2? (77) 365 461max, 494, 529, 5694, 609,  18.0
450 494, 529, 569sh, 609 max 2.0

a =105M; b = 10-3M; c = Lifetime measured at the Amaxif not specified
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Figure 3.5. Normalized excitation and emission spectra of 13B, 13C, 14B, and 14C at 77 K
in rigid matrix of CH2Cl; (10-5 M).
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Figure 3.6. Normalized emission spectra of 13B, 13C, 14B, and 14C in solid state at 298 K.
Picture of 13B under UV light (Aex = 365 nm).

For complexes 13B, 14B and 13(, the LE band (Amax = 643 nm 13B, 620 nm 14B, 590 nm
13C) attributable to 3mm* transitions can be selectively obtained upon excitation at Aex >
450 nm (see Figure S15 in SI-3.2). Complexes 13A and 14A exhibit a rather different
emissive behavior to that observed for complexes 13B-13C and 14B-14C. In the solid
state, compound 13A displays a yellow emission band with maximum at 540 nm (see
Figure 3.7) either at 298 or at 77 K. However, in rigid matrix of CH2Cl; (10-3and 105 M, 77

K), a highly structured band is observed at 481 nm. The intricate emission profile is not

dependent on the excitation wavelength.
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Figure 3.7. Normalized excitation and emission spectra of 13A in solid state and in rigid

matrix of CH,Cl, (10-5 M, 77 K).

The decay lifetimes suggest the contribution of two different bands: HE band (481 and 518
nm) and LE band (553 and 597 nm). As shown in Figures S16 and S17 in SI-3.2, this
emissive pattern was also observed in 14A but in this case, the emission spectrum can be
tuned by using different excitation wavelengths. In rigid matrix of CH:Cl; (10-3 M, 77K),
the HE band completely disappears when exciting upon 450 nm. In the light of its long
lifetime and DFT calculations, the HE band can be assigned to 3ILCT [(NHC)] transitions
with some, if any, 3LL'CT [t(NHC) — m*(CNR')]/3LMCT [rn(NHC) — 5d(Pt)] character. On
the other hand, the structured LE band which exhibits shorter decay lifetime and red-
shifted excitation profile compared to those of the HE band can be tentatively assigned to a
mixed LL'CT [m(NHC) — 1*(CNR")]/LMCT [rn(NHC) — 5d(Pt)] transition with some 3mm*
character. The LE emission band of 14A does appear 11 nm (352 cm-1) shifted to the red
when compared to that of 134, suggesting the participation of the ancillary ligand (CNR’)

in the excited state.

Quantum yield (¢) measurements carried out on neat solid samples of 13A-13C and 14A-
14C reveal that complexes 13A, 13B, and 14C are very good emitters at r.t. with values of
40%, 41% and 21%, respectively (see Table 3.3).

51



Chapter 3. New NHC cycloplatinated complexes with cyanide and isocyanide ligands

3.2 CYANIDE COMPOUNDS
3.2.1. Synthesis and Characterization of Complexes NBu4 [Pt(R-C*C*)(CN)z]

KCN was added to a freshly prepared suspension of [Pt(R-C*C*)(NCCH3)2]Cl04 in
methanol in a molar ratio (2:1) (see Scheme 3.2 paths a and b). After 2 hours of reaction,
the solvent was removed under reduced pressure and an exchange of the cation was
accomplished by reaction of the residue with 1 equiv. of NBusClO4 in acetone (see Scheme
3.2 path c). The solvent was evaporated to dryness and the residue was washed with
water. Then, it was recrystallized from CH>Cl,/Et;0 to give the corresponding compound
NBu4[Pt(R-C*C*)(CN)2] (R-C = Naph (15A); R = COzEt (15B), CN (15C); R’ = Cl (15D)) as
pure solids in good yields (45-67%) (see details of synthesis and characterization in SI-3.3,

Figures S1-S4).

R — R - ~ R - = R B
. 8 g , 8 .
R N : R R R R R' R 5 - R
10 ¢ | CN 6 CN
I 2 +2Agci0, NCCHg +4 KCN N 2 NBu,ClO, 10 /
’ Pt/ —2 ol clo,———=2K i ——————=2NBu, 5 p
Na < CHsCN N N MeOH N, N Acetone N Nen
5 &’; 1 -2 AgCI \// NCCH; -2 KCIO, > CN | -2KCIO, 2 & 1
N a) N b) 4 <) N
3 Ny N N S N
48 L CHjy _ L CHj L s
4A (R-C = Naph) 15A (R-C = Naph)
4B (R = COEt, R' = H) 15B (R = CO,Et, R' = H)
4C (R=CN,R'= H) 15C (R = CN. R'= H)
4D (R = H, R =Cl) 15D (R = H, R' = Cl)

Scheme 3.2. Synthetic route for compounds 15A-15D.

Two absorptions in the range of 2125-2107 cm! were observed in the IR spectra of
compounds 15A-15D, as expected from the cis configuration of two inequivalent cyanide
ligands.27= 44 Compound 15B presents an additional absorption at 1696 cm-! attributed to
the (C=0) bond in the ethoxycarbonyl fragment, while the nitrile group in 15C is
responsible of an absorption band at 2218 cm-. The MALDI(-) spectra of 15A-15D
showed peaks corresponding to [Pt(R-C*C*)(CN)z]- and their *H NMR spectra showed the
expected resonances for the NHC moiety and the NBus* cation, according to the proposed
stoichiometry. Compounds NBu4[Pt(R-C*C*)(13CN);] (15A’-15D’) were prepared
following the same method but using K!3CN and their 13C{tH} NMR spectra showed two
doublets for the two inequivalent cyanides flanked by platinum satellites (see Figure 3.8
for 15A, 15A" and Table 3.4). The Ypi.13c values for trans-(Car/13CN) are of the same order
than those corresponding to trans-(Ca/13CN) for [Pt(C*N)(CN);]- (CN =
phenylpyridinate, benzoquinolate).2’¢ 44 The !Jp.13¢ values in trans-(C*/13CN) are just a
little bigger than those of trans-(Ca-/!3CN) but clearly smaller than those of the trans-
(N/13CN) in complexes [Pt(C*N)(CN):]- (C*N = phenylpyridinate, benzoquinolate),*4 in

agreement with the high trans influence of the carbenic atom.
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Figure 3.8. 13C{1H} NMR of 15A and 15A’ (inset).
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The YYpi.13c value for the trans-(C*/CN) in all four compounds 15A-15D undergoes small
variations of no more than 18 Hz, while the coupling constant in the trans-(Car/CN)
arrangement present greater differences (up to 64 Hz) depending on the substituents at
the cyclometalated (Ar) fragment.195Pt{1H} NMR spectrum of each of 15A-15D shows a
singlet at ca. -4500 ppm (see Figure 3.9). The similarity of 6 in compounds 15B and 15C
confirmed, once again, the rather similar electronic properties of the cyclometalated NHC

ligands B and C.30.32.45

Table 3.4. Significant NMR data for compounds 15A-15Da

A 15A 15B 15C 15D
\H | H7 8.56 (57.8) |8.74(55.7) |8.40(548) |-
(Jren) | H4 415 4.16 413 4.05
c1 172.7 1722 172.0 170.2
BC [ C7 139.3(60.8) | 141.5 (64.8) | 143.4(65.7) |-
Urec) | 3CNyansc- | 135.2 (1043) | 134.5 (1037)b | 133.9 (1044) | 131.8 (1025)
B3CNganscar | 136.9 (828) | 136.4 (840) | 135.4(850) | 130.7 (892)
195pt -4501.3 -4543.6 -4539.6 -4498.5

a§ (ppm), ] (Hz), CD2Cly; b performed at 193K
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JL 15A

........................

Figure 3.9. 195Pt{1H} NMR spectra of 15A-15D in CD,Cl,.

X-ray diffraction studies were performed on a single-crystal of 15B, 15C and 15D. In the
mononuclear anionic complexes the Pt atom shows a distorted square-planar
environment, because of the small bite angle of the cyclometalated ligand [C(1)-Pt-C(6)
angle of ca.799] (Figure 3.10, Table 3.5 and Tables S1 and S2).

a) b) c)
Figure 3.10. Molecular structure of the anion in compounds 15B (a), 15C (b) and 15D (c).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms, NBus* cations

and solvent molecules have been omitted for clarity.

Bond distances and angles in the Pt(C*C*) metalocycle are similar to those found in other
cyclometalated NHC complexes.2% 30-32,45 The Pt-C and C-N bond lengths of the two CN
ligands, are similar one to another, as expected from the not so different trans influence of
the two carbon atoms of the CAC* ligand, already observed in compounds [Pt(R-
C"*C*)(CNR’)2]PF6.30 They are also similar to those observed in the bis-cyanide complex in

the double salt [Pt(bzq)(CNXyl).][Pt(bzq)(CN):] (bzq = benzoquinolate).4*
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Table 3.5. Selected bond lengths (&) and angles (°) for 15B-15D

15B-CH:Cl,? 15C-CHCls 15D-0.5H,0
Pt-C(1) 2.034(13) 2.010(4) 2.022(4)
Pt-C(6) 2.072(11) 2.043(4) 2.073(4)
Pt-C(11) 2.031(12) 2.013(4) 2.003(5)
Pt-C(12) 1.947(12) 1.992(4) 1.997(4)
C(11)-N(3) 1.147(15) 1.150(6) 1.158(6)
C(12)-N(4) 1.171(15) 1.153(5) 1.139(5)
C(1)-Pt-C(6) | 78.8(5) 79.34(16) 79.67(16)
C(1)-Pt-C(11) | 100.8(5) 98.54(16) 98.08(18)
C(6)-Pt-C(12) | 91.4(5) 92.23(17) 97.79(16)
C(11)-Pt-C(12) | 89.0(4) 89.88(17) 84.65(18)
Pt-C(11)-N(3) | 176.3(10) 176.0(4) 176.4(5)
Pt-C(12)-N(4) | 177.3(11) 177.9(4) 172.4(4)

aCompound 15B exhibits two molecules of complex and two molecules of

CH2Cl; in the asymmetric unit (see SI-3.3, Table S2).

The complex anions of 15B and 15C adopt a zig-zag arrangement in a layer, with the
NBus4* cations intercalated between each two layers, thus avoiding m---m and Pt---Pt
interactions among them (see Figure 3.11). In compound 15D, the presence of water
molecules from the crystallization solvent allow the formation of hydrogen interactions
between one molecule of water and four complex anions through two 0-H--NC (ca. 2.2 A)
and two C-H---O interactions (ca. 2.4 A) (see Figure 3.12 a). On the other hand, the chlorine
atoms in the phenyl ring allow the molecules to arrange themselves in pairs via C-H-:-Cl
interactions (Figure 3.12 b), yielding chains separated by intercalation of the NBus*

counterions, as in 15B and 15C.

(a) (b)
Figure 3.11. Molecular packing view of 15B (a) and 15C (b).
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Figure 3.12. Intermolecular interactions in the crystal structure of 15D.

3.2.2. Optical properties and DFT/TD-DFT calculations of NBus[Pt(R-C"C*)(CN):]

Absorption spectra and DFT/TD-DFT calculations. Absorption data are summarized in
Table 3.6, Figures 3.13 and 3.14, and Figures S5 and S6 in SI-3.3). As observed in Figure
3.13, solutions (10-4 M) of all four compounds 15A-15D in dichloromethane show strong
absorption bands in the high energy (HE) region at A < 300 nm (¢ > 104 M1 cm),
commonly assigned to singlet intraligand (!IL) transitions of the cyclometalated NHC
ligand. As inferred from the similar absorption spectra, 15B and 15C are a new example of
the similarities of the electronic features of B and C, as previously reported in Pt(II)
complexes with these two cyclometalated NHC ligands.30.32.45 All three compounds 15B-
15D show an intense low-energy absorption at A ~ 320 nm (g = 10* M- cm!) and their
lowest-energy one at ca. 340 nm (¢ ® 103 M1 cm1), with just little blue-shift of the
absorption bands of 15D with respect to those of 15B and 15C; this behavior was already
observed in compounds [Pt(R-C*C*)(acac)]32 which will be discussed in Chapter 4.2. On
the other hand compound 15A presents a different spectrum profile, with the lowest-

energy absorption band located at A ~ 356 nm (g 103 M-1 cm-1).

1,01

— 15A

15B
—15C
—— 15D

0,84

0,6 4

Absoprtion

0,4

0,24

0,0 T T
250 300 350 400

A (nm)

Figure 3.13. Absorption spectra of compounds 15A-15B in CH:CI, (10-4M).
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In all the four compounds 15A-15D, the lowest energy absorption obey Beer’s Law,
suggesting that in each case it corresponds to a transition in the molecular species with no
significant aggregation in concentration up to 5-10-*M (see Figure S6 in SI-3.3). The UV-vis
spectra of powdery solid samples (Figure 3.14) show no significant differences with those

in dichloromethane solution.

Table 3.6. Absorption Data in 10-4 M solution for compounds 15A-15D at rt

Comp A abs / nm (103 M-1cm1)

15A 232 (35.2), 262 (25.0), 278 (39.3), 294 (23.7), 318 (11.6), 334 (4.6), 356 (2.2) CH:Cl:

226 (36.7), 252 (22.6), 260 (24.9), 274 (38.3), 292 (22.8), 313 (10.0), 336 (3.6), 354 (2.7) MeOH
238 (26.4), 262 (22.1), 276 (33.6), 296 (18.1), 320 (9.9), 334 (4.3), 356 (1.5) THF

228,276, 284, 292, 313,337, 355 Solid

15B 245 (24.0), 252 (28.0), 258 (31.6), 275 (17.0), 293 (10.3), 305 (7.5), 324 (7.7), 342 (3.1) CHzCl:
240 (16.3), 256 (24.3), 273 (14.6), 290 (7.9), 303 (5.5), 320 (5.8), 338 (2.1) MeOH

245 (11.6), 252 (13.1), 259 (15.0), 277 (7.0), 294 (4.2), 305 (3.3), 326 (3.3), 344 (1.7) THF
259,274, 321, 362 Solid

15C 249 (29.1), 255 (32.9), 273 (15.7), 291 (10.9), 304 (7.2), 323 (7.8), 342 (3.3) CHCl:
252 (31.9), 270 (15.0), 284 (10.9), 291 (9.2), 302 (6.1), 319 (7.5), 337 (2.7) MeOH
256 (29.5), 273 (19.5), 291 (13.5), 303 (8.9), 324 (7.1), 330 (5.8), 343 (3.4) THF
251,273, 289, 321 Solid

15D 246 (19.9), 253 (24.5), 265 (15.3), 286 (8.8), 309 (5.6), 320 (6.5), CHzCl2

251 (22.6), 264 (18.4), 282 (14.5), 305 (5.3), 317 (4.7) MeOH

246 (17.9), 252 (21.1), 265 (12.7), 287 (6.9), 293 (6.2), 306 (5.0), 319 (5.6), 326 (5.2), 335 (3.7) THF
257,286, 321, 400 Solid

Absorption

T T T T
200 250 300 350 400 450
% (nm)

Figure 3.14. Solid-state diffuse reflectance UV-vis spectra of 15A-15D.

DFT and TD-DFT calculations for compounds 15C and 15D were carried out in CH2Cl,
solution for a correct assignment of the transitions (see Figure 3.15, Tables 3.7 and 3.8,

and Tables S3 and S4 in SI-3.3).
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Since B and C have already demonstrated similar features, we assumed the same behavior

for 15B as for 15C. The highest occupied molecular orbitals (HOMOs) are mainly built

from m orbitals of the NHC ligand and dm orbitals of the platinum center in all cases, with a

very small contribution of 1 orbitals of the CN-ligands (5-6%).

15C
Figure 3.15. FOs of compounds 15C and 15D calculated in CH:Cl; solution.

LUMO

HOMO

15D

Table 3.7. Population Analysis (%) of Frontier MOs in the Ground State for 15C and 15D

in solution of CH,Cl;

MO eV Pt c* R-C CN
15C 15D 15C 15D 15C 15D | 15C 15D | 15C 15D
L+1 -042  -0.32 20 5 13 14 60 79 7 2
L -1.32 -1.06 14 26 25 31 56 34 5 9
H -5.71  -5.69 32 30 23 20 40 44 6 5
H-1 -6.08  -6.02 45 37 24 22 17 29 14 12
H-2 -6.09 -6.01 96 97 0 1 2 1 2 1
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The lowest unoccupied molecular orbitals (LUMOSs) still show a small contribution of the
ancillary ligands (5-9%) but differ from the HOMOs in the distribution of the electronic
density between Pt and both halves of the NHC ligand. The lowest-energy absorption
calculated (Si) in dichloromethane solution show that, for both the two compounds it
corresponds mainly to the HOMO to LUMO transitions (>95%) and it can be attributed to
IMLCT [5d(Pt) —» m*(NHC)] in compound 15C ( and 15B) and !ILCT [rt(NHC) — m*(NHC)]
with some !MLCT [5d(Pt) —» m*(NHC)] character for 15D. In case of 15A, the lowest
energy absorption band (A ~ 356 nm) match well with that for compound [Pt(Naph-
C*)(acac)]?9¢and a similar origin can be presumed, that is !LL'CT [r(NHC) — =n*(CN)] with
some IML'CT [5d(Pt) — =n*(CN)] character.

Table 3.8. Selected singlet excited states calculated by TD-DFT for 15C and 15D in
solution of CHzCl;

States | Aexc (calc.)/nm 0.S. Transition Assignment
(% contribution)*
[(NC-CAC*)Pt(CN):] (15C)
S1 342.50 0.0031 | H—> L (95%) IMLCT
S2 315.56 0.0275 | H-2— L (98%)
S3 303.06 0.1746 | H-1- L (94%)
[(CI-CAC*)Pt(CN)2)] (15D)
S1 327.33 0.0133 | H—> L (97%) 1ILCT/MLCT
S2 298.98 0.0431 | H-2—> L (99%)
S3 293.42 0.1705 | H-1-> L (92%)

*Transitions with contributions < 10% were not included

Emission Spectra. Compounds 15A-15C are emissive in solid state, in PMMA films and in
CH:Cl; glassy solutions, while 15D is barely emissive even at low temperatures. Emission
data for 15A-15C are summarized in Table 3.9. As can be seen in Figure 3.16 upon
excitation in the low-lying absorption region (A:320-350 nm) compounds 15B and 15C
display a phosphorescent high energy (HE) structured emission band with maxima at Amax
~ 470 nm in solid state and 5% (w/w) PMMA films which undergo a blue shift to Amax ~
445 nm in glassy CH2Cl; solution due to the change in the relative intensity of the emission
maxima. This phosphorescent HE emission, assigned as 3MLCT [5d(Pt) — m*(NHC)] on the
light of the theoretical calculations and absorption data aforementioned, reaches a high

PLQY (® =0.62) in a 5% (w/w) PMMA film for 15C.
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Some differences can be observed in the emissive behavior of 15A. In diluted solution of
CH2Cl; (10-5 M) at 77 K it displays a phosphorescent structured emission in the blue region
of the spectrum. This HE emission with long decay lifetimes (ca. 460 ps) can been
explained by a high contribution of 3ILCT [m(NHC) — m*(NHC)] transitions in the

monomeric species.

101 — Solid 298 K 2, =350 nm —— Solid 208 K 2_ =340
——10°M CH,CI, 77 K 1 =350 nm —— 10°M CH,CI, 77K 2,__=340 nm
084 —— 5% PMMA 2,_=340 nm 08 —— 5% PMMA 3__=340 nm
3 5
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= >
2 06 B 08
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< £
o Ee
.g 0,44 _g 0,4
© ©
E E
2 2
0,2 0,2 4
0,0 T T T T 1 0,04 T T T T 1
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A (nm) A (nm)
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Figure 3.16. Normalized emission spectra of 15B (a) and 15C (b)

As observed in other compounds containing the Naph”C* moiety, higher concentrations of
them lead to the formation of aggregates through m---m stacking.2%: 30.45 This is reflected in
the emission features of compound 15A even in CH:Cl; solution at 10-3 M, where an
additional low energy (LE) emission band with maxima at 531, 577 and 627 nm and decay
lifetime of ca. 80 ps is observed (see Figure 3.17 a). Powdery samples of 15A revealed the
LE band as the only contribution to the emission, regardless of the excitation wavelength
(320-400 nm). The lower energy excitation (Aex> 350 nm) and the emission lifetimes, are
in agreement with the formation of emissive aggregates through m---m interactions and has

been tentatively ascribed to excimeric m---t* transitions.30. 45

104 — Solid, 298 K 10+ —— 2%)._=340 nm
’ Solid, 77 K 5% )2“_340
—— 10°M CH,Cl,, 77K 0 2, =340 NM
. ——40% =340 nm
08 10°M CH,Cl,, 77K 0.8
S —— PMMA 5% )
s s
2z 2 6
D 0,6 4 ‘@ 0
5 s
S £
el
E 0,4 f‘_;.’ 0,4
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I <]
P4
=z 0,2 4 0,2
0.0 QJ . . ; : ; 0.0 : . . ;
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(a) (b)

Figure 3.17. Normalized emission spectra of 15A in different matrix (a) and in PMMA at

different doping concentrations (b).
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Table 3.9. Emission Data for Complexes 15A-15C.

Medium (T/K) | Aex Aem (Nm) T (us)e | ¢
(nm)
15A | PMMA (298) 2% | 340 474 max, 510, 549, 5944, 0.36
5% | 340 474,513, 530max, 574, 622, 6771 0.83
40% | 340 474,511, 532, 548, 573 max, 590, 6191, 0.58
Solid (298) 350 530, 541, 573 max, 620, 6775 78.2
Solid (77) 350 526,541, 571max, 619, 6745, 84.3
CH:Cl2 (77) ¢ 350 472max, 509, 531, 548, 576
CH:Cl; (77) 4 350 474max, 509, 546, 5924, 466.1
15B | PMMA (298) 340 448, 474 max, 505 0.10
Solid (298) 350 454, 478max, 507, 5375 11.3
Solid (77) 350 449, 478max, 510, 539 13.7
CH:Clz(77) ¢ 350 449 ax, 480, 513, 543sn 15.7
15C | PMMA (298) 340 444,47 2max, 500, 532, 0.62
Solid (298) 340 446,47 1max, 501, 5304, 12.9
Solid (77) 340 442, 471max, 501, 5305 16.0
CH:Cl2 (77) ¢ 340 445max, 475, 509, 535 19.9

a = Lifetime measured at the Amax. b = measured under argon. c = 10-3 M. For 15B and 15C

the same results at 10-5 M were found. d = 10-5 M.

A PMMA film doped with 5% (w/w) of complex 15A showed an efficient yellow

phosphorescence (®= 0.83), similar to that found in solid samples, but still with some

contribution of the HE band due to monomeric species.

A study carried out at different concentrations confirmed the aforementioned assignment

of the emission bands, since at lower concentration (2% w/w in PMMA) the HE structured

band is the only one observed, while by increasing it to 40% (w/w), the HE band

disappears being the LE emissions attributed to excimeric m---m* transitions the only ones

observed (see Figure 3.17 b).
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Chapter 4. New NHC cycloplatinated complexes with diphosphine and 3-diketonate
ligands

4.1 DIPHOSPHINE COMPOUNDS
4.1.1. Synthesis and Characterization of [Pt(R-C*C*)(P"P)]PFs

Compounds [Pt(R-C*C*)(P~P)]PFs (R-C = Naph, PAP = dppm 16A, dppe 17A, dppbz 18A; R
= CN, P"P = dppm 16C, dppe 17C (see Chapter 2, compound 12C), dppbz 18C) were
prepared in high yields, 72% 16A — 93% 16C, following the procedure indicated in
Scheme 4.1t and fully characterized (see Experimental section in SI-4.1). Their IR features
corresponding to PFe, and the conductivity of their solutions agree with their ionic
formulation, but the most relevant structural information came from the multinuclear
NMR spectra (see Table 4.1 Figures 4.1 and 4.2, and Figures S1-S6 in SI-4.1) and the X-ray
diffraction study on single crystals of 16A, 184, 16C and 17C (see below Figure 4.3).

R
1 ]
/CI Ehz PFe
KPFg/ PAP
112 Pf ° > o \X
N -
}_;‘ KCl N, N
S0 '@
' j 2
N\ \ l
AN

4A R-C= Naph R-C=Naph, PAP = dppm (16A), dppe (17A) dppbz (18A)

4B R= -CO,Et R= -CO,Et, PAP = dppm (16B), dppe (17B) dppbz (18B)

4C R= -CN R= -CN, PAP = dppm (16C), dppe (17C) dppbz (18C)
. v .
oo Mo
: Hd Ha
Ph,P PPh,
PPh, dppbz !
i

Scheme 4.1. Synthetic route for the preparation of 16A-18A, 16B-18B and 16C-18C.

The 31P{1H} NMR spectra of dppm derivatives (16A and 16C) (Figure 4.1 a for 16C) exhibit
one AB system (Jpp * 40 Hz) flanked by two sets of 195Pt satellites. The larger 1Jpcp value
corresponds to the P atom located trans to the N-Heterocyclic carbene (C1), whose trans

influence is big but smaller than that of the aromatic C atom (C6).3! For dppe (174, 17Ct)

T Compounds 16B-18B were synthesized in a simultaneous undergraduate research project by
Lorenzo Arnal Vallés, under the title Compounds of Pt(II) with N-heterocyclic carbene: from
molecules to phosphors, with deposit number TAZ-TFG-2016-2095 (University of Zaragoza).

T Although compound 17C was presented in Chapter 2 as 12C, it was renamed in this chapter to
facilitate the reader the comparison of the properties.
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and dppbz (18A, 18C) derivatives, the two inequivalent P atoms (Table 4.1, Figure 4.1 b
for 17A) appear as an AX system, with the Jppvalue being quite smaller than that observed
for the dppm complexes (16A and 16C).352 In complexes 16A and 16C, the signals of the
two P atoms appear upfield shifted with respect to that of free dppm (& = -23.8 ppm),
while for 17A, 17C and 184, 18C they appear highly downfield shifted with respect to that
of the corresponding free diphosphine (dppe = -12.5 ppm, dppbz = -13.8 ppm) with
positive and quite similar chemical shifts for all the four complexes. The shielding effect of
the incorporation of phosphorus in a four-membered ring, with respect to the free
diphosphine, and the deshielding one when phosphorus takes part of a five-membered

metalocycle have been observed in many cases.36b

Table 4.1: Relevant 31P, 195Pt NMR data (6(ppm), J(Hz))

8 Pt 1]Pt,Ptrans-Cl 1]Pt,Ptrans-Cé 8Ptrans-C1 8Ptrans-C6 ]P,P
16A -4384.0 2398.6 1526.1 -36.9 (va) | -37.5(vs) 39.8
17A -4991.0 2715.1 1925.9 50.6 43.6 6.0
18A -4906.0 2671.6 1915.4 47.6 39.3 4.1
16C -4426.7 2345.3 1611.9 -38.5 (va) -39.0 (v8) 44.0
17C -4996.0 2673.8 2014.6 50.2 43.1 7.0
18C -4939.6 2634.7 2001.4 46.4 39.3 5.2

]Pt-trzmsCI ]Pt-tmnsCl

l j]’r—rl':ms‘(,‘c,.
l l ]Pr-ll‘;m\(ﬁ 6 l ‘l’ ‘l'
v

e PR
(a) (b)
Figure 4.1. 31P{1H} NMR spectra in CD,Cl; of 16C, AB system (a) and 17A (b).

[t is worth to be noticed the downfield shift of the 195Pt resonances of the dppm complexes
(16A, 16C) when compared to those of the dppe (174, 17C) and dppbz (18A, 18C)
counterparts, which can be attributed to the great strain in the 4-membered ring (see

Figures 4.2 and Table 4.1).35a 3¢b
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16A 16C
17A 17C
R J
18A l l ‘ 18C
(a) (b)

Figure 4.2. 195Pt{1H} NMR spectra of 16A-18A (a) and 16C-18C (b) in CD,Cl; atr.t.

The X-ray diffraction study on single crystals of 16A, 184, 16C and 17C (Figure 4.3 and
Table 4.2, and Figures S7-S10 and Table S1 in SI-4.1) confirmed that in these complexes
the platinum center exhibits a distorted square-planar environment as a consequence of
the small bite angles of both chelate ligands (R-C*C* and P”*P). Bond distances and angles
concerning the “Pt(C*C*)” moiety are similar to those observed for other five-membered
metalacycles of Pt(II) with the N-heterocyclic carbenes.28b. 2%, 30-32 45 Regarding the
“Pt(P*P)” fragment, the Pt-P1 bond lengths [2.3209(6) - 2.3284(9) A] are slightly longer
than those of the Pt-P2 ones [2.2787(13) - 2.2922(10) A], complying with the Ca- atom
(C6) atom having a higher trans influence than that of the C* one (C1).31 The P-Pt-P bite
angle in 16A and 16C (~71°) is smaller than that in 18A and 17C (~ 83°) and significantly
smaller than 90°, implying that the four-membered chelate ring is under great strain. In
the cationic complex of 18A the benzene ring (C38-C43) is not coplanar with the Pt (II)
coordination plane (Pt, C1, C6, P1, P2), forming a dihedral angle of 18.992.

In their crystal structure packings, there are no Pt-Pt contacts (Figures S7-S10). However,
rather weak intermolecular interactions were observed. The molecules arrange
themselves in pairs in a head-to-tail fashion (16A and 18A) supported by Ca-H:--1 (2.80 -
2.91 A) and m---m (3.35 A for 18A) intermolecular contacts between the CAC* fragments
and aromatic rings from the P/P ligand. In case of 16C and 17C, they show head-to-tail

distribution supported by m---m (3.32 - 3.37 A) intermolecular contacts between the CAC*
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fragments. Also, in all four crystal structures there are some weak C-H---F contacts (d C-F=

2.97 - 3.32 &; d H-F= 2.32 - 2.60 A) between the complex cation and the PF¢- anion 27 46

©) (d)

Figure 4.3: Molecular structures of the cation complexes 16A (a) 18A (b), 16C (c) and
17C (d). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms, PFe
and solvent molecules have been omitted for clarity. Labeling of the P atoms in 17C (d)

was changed with respect to that of 12C in Chapter 2 and SI-2 for comparison purposes.

This cation-anion association seems to occur in acetone solutions, which substantiates the
low conductivity values observed for them (Am: 62.9- 69.0 Q1 cm2 mollin a 5-104 M
acetone solution) compared with the expected ones for 1:1 electrolytes (100-120 Q-1 cm?

mol-1).47
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Table 4.2: Selected bond lengths (&) and angles (°).

16A-CH:Cl; | 18A-0.5 CH:Cl: 16C 17C- CH:Cl:
Pt(1)-C(1) 2.030(2) 2.0602(3) 2.041(3) 2.055(4)
Pt(1)-C(6) 2.047(2) 2.086(3) 2.054(3) 2.080(4)
Pt(1)-P(1) 2.3209(6) | 2.3020(11) 2.3284(9) 2.3218(13)
Pt(1)-P(2) 2.2831(6) | 2.2886(10) 2.2922(10) | 2.2787(13)
C(1)-Pt(1)-C(6) 79.66(9) 79.30(12) 79.36(11) 79.05(17)
C(6)-Pt(1)-P(2) 100.08(7) | 97.55(9) 100.25(8) 96.00(12)
C(1)-Pt(1)-P(1) 108.65(6) | 100.66(9) 109.28(8) 101.91(13)
P(1)-Pt(1)-P(2) 71.72(2) 82.83(3) 71.17(4) 83.15(5)

4.1.2. Optical properties and DFT/TD-DFT calculations of [Pt(R-C*C*)(P"P)]PF¢

Absorption spectra and DFT/TD-DFT calculations. The absorption spectra of 16A-18A and
16C-18C in CH:CI; at low concentration (5:10-> M) show the lower energy absorption
onsets at A > 350 (16A—18A) and = 320 nm (16C-18C) (see Figure 4.4 and Table S2).
These transitions obey the Beer’s law in the range 5-10+ M - 106 M (see Figure S11)

indicating the absence of significant aggregation within this concentration range.

—16C
- - 17C
18C

s(x 10°, M* cm™)
&(x 10°, M*cm™)

A (nm)

Figure 4.4. UV-vis spectra of 16A—18A (left) and 16C-18C (right) in CH2Cl (5-10-5 M).

The electronic features of the NC-CAC* derivatives (16C—18C) differ from those of the
naphthyl counterpart (16A-18A), as previously stated.30 45 Regarding the ancillary ligands
(P~P), the low energy bands of the dppm derivatives (16A and 16C) appear red shifted
with respect to the corresponding dppe and dppz ones (see insets Figure 4.4). It seems

clear that both, R-C*C* and P"P, ligands are involved in the lowest energy spin-allowed
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transition. Diffuse reflectance spectra of powdery samples of 16A-18A and 16C-18C are
quite similar to those observed in solution of CHzCl; (Figure S12). Therefore, the same

origin of the lower energy absorption can be assumed.

According to DFT and TD-DFT calculations carried out on 16A, 184, 16B and 18Bf (see SI-
4.1: full discussion, Tables S3-S8, Figures S13-S16), the origin of the lowest energy
absorption can be ascribed to mixed LL‘CT [n(NHC) — w*(P*P)] / LMCT [n(NHC) —
5d(Pt)] / ILCT [m(NHC) — m*(NHC)] transitions for the Naph”C* derivatives (16A and
18A), and mainly LL‘CT [mt(NHC) — m*(P~P)]/ ILCT [m(NHC) — m*(NHC)] for the EtO.C-
C~C* ones (16B and 18B) and therefore for 16C and 18C.

Emission spectra. Emission data for 16A-18A and 16C-18C are summarized in Table 4.3.
In rigid matrix (10-> M CH:Cl; solution at 77 K) and in PMMA films, all complexes show
blue and highly structured emissions with vibronic spacings [~ 1474 cm-!] corresponding
to the C=C / C=N stretches of the cyclometalated NHC ligands (see Figure 4.5 and S17). The
emission lifetimes fit to one rather long component for 16A-18A (286-563 ps) and
16C-18C (17-28 ps), indicating the emission from a triplet state. These values are in line
with those observed for other compounds containing these same “(R-C*C*)Pt” (R-C =

Naph, R = CN) moieties.2%30.45

1,0 4 1,0 4
\
0,8 08- \
— 5 wt% PMMA film __ \ — 5 wt% PMMA film
= -5 3 -5
3 0,6 107°M, CHZCIZ, 77K E 064 10°M, CH20|2, 77K
> 2 \
= = \
2 04 S 04
£ E
0,2 "\.\ 0.2
"
0’0 T T T M| 1 0’0 T T T T T 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700
A (nm) A (nm)
(a) (b)

Figure 4.5. Normalized emission spectra of 16A (a) and 16C (b). Picture under UV-light
(365nm).

T Given the similarities in the electronic properties of the two NHC ligands B and C, the studies
carried out for TAZ-TFG-2016-2095 have been used for a proper assignment in 16C and 18C.
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Table 4.3. Photophysical Data for complexes 16A-18A and 16C-18C.

Comp. Media(T/K) A (nm) Aem (NM) T (us) &
16A  CH.Cl.(77) 367  470may, 505, 546, 5985, 286.1
CH:Cl? (77) 380  473max 509, 556, 606, 6564 211.0
418 473,509, 560max, 608, 6581 72.5
PMMA Film 340 47 3max, 508, 547, 5924, 0.75
Solid (298) 400 560, 605max, 654, 7185 34.7 0.21
17A  CH,Cl(77) 362 471 max, 506, 547, 593, 541.0
CH2Cl2? (77) 367 475 max, 509, 552, 603n 435.3
400 475,509, 567 max, 612, 663sh 73.9
PMMA Film 340 476 max, 510, 550, 5975, 0.53
Solid (298) 361 560, 601 max, 649 474 0.24
18A  CH.Cl*(77) 363 473max 508, 548, 594, 563.9
CH2Cl2? (77) 373 475max, 510, 552, 60341 419.0
395 475,510, 570max, 617, 669:sn 110.4
PMMA Film 340 476max, 511, 551, 598 0.89
Solid (298) 375 476,510, 578max, 613 21.8 0.06
400 476,510, 582, 615max
16C CH2Clz4(77) 323 456max, 487,521, 557, 21.2
CH2Cl2? (77) 350 460max, 491, 524, 5584 17.5
PMMA Film 340 459, 487 max, 516, 554sn 0.75
Solid (298) 340 459, 489max, 520, 5554 6.5 0.15
17C  CH,Cl2(77) 317  446uma, 477,508, 5404, 28.0
CH:Cl2? (77) 340 449.y, 480, 512, 5464
PMMA Film 340 450, 478max, 503, 5445, 0.73
Solid (298) 325 460sh, 489 max, 5175n 31.3 0.20
18C CH2Cl22(77) 317 445, 475max, 507, 540sn 26.2
CH2Cl2? (77) 367 448, 470max, 505, 544, 589, 23.7
PMMA Film 340 450, 478max, 503, 5445, 0.61
Solid (298) 328 448, 476max, 504, 540sn 10.9 0.07

a=105M; b =103M; c= data at Amax; d = 5 wt% PMMA films in Ar atmosphere.

The excitation spectra corresponding to these emissions match with the UV-vis absorption
ones but contrary to what can be expected from the UV-vis and TD-DFT calculations, the
emission of 16A is not red-shifted with respect to those of 17A and 18A. This and the big
difference in the emission lifetimes of the A and C derivatives suggest that their emissions
arise from different excited states. Therefore the phosphorescent emissions have been
assigned to mainly 3ILCT [rt(NHC) — m*(NHC)] for 16A-18A and mixed 3LL‘CT [mt(NHC) —»
m*(P*P)]/ 3ILCT [m(NHC) — m*(NHC)] transitions for 16C-18C.

At higher concentration (10-3 M) in CHzCl; at 77K or in the solid state, the emissions of
compounds 16C-18C do not differ much from those obtained in diluted solution (10-5 M)
of CHzClzat 77K, and can be assigned to the same excited state (see Table 4.3). However,
compounds 16A-18A, at higher concentration (10-3 M) display wavelength-dependent
emissions, similarly to those observed in related complexes [(Naph”C*)Pt(CNR’).]PFs (R’ =

t-Bu, Xyl).30 Upon excitation at A < 380 nm, they show a high energy (HE) band identical to
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the one in diluted solution, but at longer excitation wavelengths (Aex ~ 400 nm) the
intensity of this HE band decreases and a low energy (LE) band with maximum at ca. 565
nm becomes predominant (Figure 4.6 a for 16A). This LE emission presents shorter
lifetimes (< 100 ps) but a vibronic pattern with spacings [~ 1343 cm-!] typical of the C=C /
C=N stretches of the cyclometalated NHC ligands.

The solid state spectra of compounds 16A—18A show this structured LE emission with
maximum at ~ 610 nm when exciting at 360-375 nm; just in compound 184, a significant
contribution of HE emission is also observed, but the LE band can be almost selectively
obtained if the excitation wavelength increases to 400 nm (see Figure 4.6 b). This LE band
is tentatively ascribed to 3nt* due to the formation of aggregates in the ground state, since
it appears at high concentration (103 M), as aforementioned. The excitation spectra
features (see Figure 4.6 a) and the m-m contacts described by X-ray diffraction studies
support this assignment. Quantum yield (QY) measurements in PPMA films revealed that
all complexes are very good blue and green-cyan emitters at room temperature. To the
best of our knowledge, the QY values (53% — 89%) are amongst the highest ones for blue
and green-cyan emitters of platinum(Il) in PMMA film: [Pt(C"C*)(acac)] (® = 0.86,26¢
0.9028b, [Pt(C**CAC*)CI] (D = 0.321% and [Pt(C*X-LAL")] [C*X = phenyl methyl imidazole;
L~AL" = phenoxy pyridine, ® = 0.58; L"L’ = carbazolyl pyridine, ® = 0.89; C*X = phenyl
pyrazole; LAL’ = carbazolyl pyridine, ® = 0.85].14¢

— X, 473 nm
1,0 - —L.XSBO nm 1,0 -
—1,,608 nm /’N
——2_418 nm
0,8 h 084
3 S5
;06 > 0,61
& S e | G s 17 A 18A
2 > 18A
- =
£ 04 2 o4
2 2
= £
0,2 + 0,24
0,0 T T T o T T T T 0,0 T T T T T T
300 350 400 450 500 550 600 650 700 450 500 550 600 650 700 750
A (nm) A (nm)
(a) (b)

Figure 4.6. Normalized excitation and emission spectra of 16A in rigid matrix of CH2Cl,
(103 M, 77 K) (a) and 16A—18A in solid state at r.t. (— Aex= 375 nm and ---, Aex= 400 nm,
for 18A) (b). Pictures taken with UV light (Aex = 365 nm).
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4.2 ACETYLACETONATE COMPOUNDS
4.2.1. Synthesis and Characterization of [Pt(R-C*C*)(acac)]

The [-diketonate compounds [Pt(R-C~C*)(acac)] (19B-19D) were synthesized by
reaction of the corresponding chlorine bridged compounds [{Pt(p-ClI)(R-C*C*)}.] (R =
CO2Et 4B, CN 4C, C1 4D) with Tl(acac) in a 1:2 molar ratio (see Experimental Section and
Scheme 4.2 path a),t following the same procedure than that reported previously by our

group for compound [Pt(Naph”C*)(acac)].2%

R' L R ., \\\03
X ( /IVPt‘\\
[ c/‘ Yo
= I 2 Ti(acac) TIPF,
Pt\/ — TI PFq
Ny Q a) b)
&‘7 c,| o
N Pt >
<
\CH3 ¢ Yo
4B (R = CO,Et; R', R" = H) 19B (R = CO,Et; R, R" = H) 20B (R = CO,Et; R, R" = H)
4C (R=CN;R,R"=H) 19C (R=CN; R, R"=H 20C (R =CN; R, R" = H)
4D (R = H; R, R" = Cl) 19D (R = H; R, R" = Cl) 20D (R = H; R, R" = Cl)

Scheme 4.2. Synthetic pathway for the preparation of compounds 19B-19D and 20B-
20D.

Compound 19C was already reported by Egen et al. following a different method.8 The
synthetic procedure of 19B-19D requires the availability of the dichloro bridged
complexes 4B-4D. Then, compound 4D was prepared following the step-by-step method
used previously for 4B-4C30-31 (see Supporting Information 4.3: description, Scheme S1
and Figures S1-S4). The IR spectra of compounds 19B-19D show two v(C=0) stretching
vibrations at significantly lower energies than those found for the free ligand (ca. 1720
cm-1) which are indicative of the diketonate chelation to the metal center.2% Their 'H and
13C NMR spectra show the expected signals for the cyclometalated NHC group and
evidence the nonequivalence of the two halves of the p-diketonate ligand, as correspond

for a chelate coordination (see NMR data and Figure S5 in SI-4.3).

T Compounds 19B, 19C and 19D appeared labeled as 1B, 1A and 1C respectively in SI-4.2 and 4.3.
Atom labeling for NMR purposes according to SI-4.2 and 4.3.
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The 195Pt NMR spectra show a singlet at about -3400 ppm for 19B and 19C and at -3167
ppm for 19D, which seems to suggest a less electron-donor character of the Cl-C*C* with

respect to the other R-C*C* fragments.

198

19C

19D

Figure 4.7. 195Pt {1H} NMR spectra of compounds 19B-19D in CD,Cl,.

The molecular structures of 19B and 19D (Figures 4.8 a-c), determined by single-crystal
X-ray diffraction (full description in SI-4.2), showed that in both complexes, the
platinum(II) center exhibits a distorted square-planar environment. In the solid state,
complex 19B arranges together in pairs in a head-to-tail fashion through intermolecular
Pt---Pt (3.370 A) and m-m (~3.43 A) interactions between the NHC ligand and the acac (see
Figure 4.8 b).2% However, in 19D, neither Pt:---Pt nor m---m intermolecular interactions
were observed in the crystal, although C-H---Cl short contacts were found, as can be seen

in Figure S8 in SI-4.3.

a) b) <)

Figure 4.8. Molecular structures of 19B (a) and 19D (c), and dimer-like stacking view of
19B (b).
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4.2.2. Synthesis and Characterization of the clusters [{Pt(R-C*C*)(acac)}.TI]PFs

Previous work in our research group in the field of intermetallic interactions showed that
“Pt-M” (M = Ag(1), Au(l), T1(I))* clusters are often luminescent, and also that these Pt-M
and M---M interactions can increase the emission efficiency of these species. As other
neutral Pt(II) complexes,*® compounds [Pt(R-C*C*)(acac)] (19B-19D) are expected to be
basic enough towards acid metal centers to give clusters containing Pt —» M
donor-acceptor bonds. Therefore we decided to explore the reactivity of 19B-19D

towards TIPFs.

Treatment of the B-diketonate compounds [Pt(R-C*C*)(acac)] (R = COzEt 19B, CN 19C, Cl
19D) with TIPFs (2:1 molar ratio) in CH:Cly/acetone led to the clusters [{Pt(R-
C"*C*¥)(acac)}.T1]PF¢ (R = CO2Et 20B, CN 20C, CI 20D),t which were obtained as analytical
pure solids in good yield and characterized by 'H NMR, IR, mass spectrometry (see
Scheme 4.2 path b and Supporting Information 4.3) and X-ray crystallography. Their
MALDI(+) spectra show the molecular peaks associated with [{Pt(R-C*C*)(acac)}.TI]* and
[Pt(R-CAC*)(acac)T1]*, which might suggest the integrity of the trimetallic species.
However, in solution at room and low (-80 °C) temperatures, the 'H and 195Pt{tH} NMR
spectra of 20B-20D fit those of their corresponding starting materials (see 195Pt{tH} NMR
spectra of 20C in Figure S9 in SI-4.3), indicating the breakdown of the Pt-Tl bonds. The
photophysical data (see below) of all of these compounds were investigated and are in

agreement with the rupture of the Pt-Tl bonds in solution.

The X-ray crystal structures of 20B, 20C and 20D were performed on single crystals
obtained from solutions of them in acetone (20B, 20C) or CH2Cl; (20D). As can be seen,
compounds 20B-20D display a “Pt,T1” sandwich structure (Figures 4.9 and 4.10), where
two slightly distorted square planar “Pt(R-C*C*)(acac)” subunits are bonded to a TI(I)
center through Pt-Tl bonds. In each complex, the two Pt-Tl bonds exhibit intermetallic
distances in the range of those observed in complexes containing Pt(II)-TI(I)
donor-acceptor bonds with no bridging ligands between the metal centers.5? In case of
20C and 20B, the Pt-Tl vectors are almost perpendicular to the Pt coordination planes
(angles with the normal: 18.9(1)2 Pt1A, 5.7(1)2 Pt1B, 20C; 11.4(2)2 Pt1A, 10.8(1)2 Pt1B,
20B), which reveal an almost square pyramidal environment around the platinum center
with the thallium atom being located on the apical position shared by both the two
pyramids with a Pt-T1-Pt angle of 169.813(9)2 20C and 144.512(18)2 20B.

T Compounds 20B, 20C and 20D appeared labeled as 2B, 2A and 2C respectively in SI-4.2 and 4.3
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In these compounds the platinum coordination planes are almost parallel (interplanar
angle: 14.8(1)2 20C, 34.8(2)2 20B) but lie somewhat staggered [torsion angle O1A-Pt1A-
Pt1B-01B: 40.62 20C, 90.72 20B]. In case of 20C an additional acetone molecule interacts
with the TI(I) center through a weak TI-O bond (2.7692(42) A). The TI-O separation is
comparable to those in other complexes50-51 but significantly longer than the sum of the

covalent radii (2.21 A).52

(b)

(a) (b)

Figure 4.10. Molecular structure of 20D (a) and structure view of the TI---E interactions

(b).

The trinuclear “Pt;T1” units rearrange in the crystal generating two-dimensional (2D)
networks through additional stabilizing contacts. On one hand, the “Pt;TI” units stack

through intermolecular Pt---Pt (3.340 4, 3.3104 20C; 3.401 A, 3.240A 20B) interactions27d
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53 and weak -1 contacts between the NHC and the acac ligands?2%, giving rise to almost
linear PtB-TI-PtA--PtA-TI-PtB---PtB wires in 20C [angles: PtB-Tl-PtA: 169.8132, TI-
PtA--PtA: 158.779, TI-PtB---PtB: 165.329] and zig-zag chains in 20B [angles: PtB-TI-PtA:
145.5129, TI-PtA--PtA: 177.802, TI-PtB---PtB: 160.079] (see Figure 4.9).

These chains appear linked together through two additional TI-E (E') (E, E' = N 20C, O
20B) bonds with the R substituents of the R-C*C* groups (R= CN 20C, CO:Et 20B)
belonging to the two adjacent chains (see Figure 4.9). The TI-N (NC-C”C*) and TI-O (CO:Et-
C~C*) distances are longer than expected for covalent bonds but shorter than the sum of
the covalent radii of TI(I) (1.55 A) and the van der Waals radii of N (1.55 A) and O (1.52
A).54 The TI---N separations are comparable to those found in derivatives containing TI---N
interactions, such as [PtTI(C*N)(CN):]J(C*'N = 7,8-benzoquinolinate (bzq), 2-
phenylpyridinate (ppy)) or [{PtTl(bzq)(CC-CsH4N-2);},]27> and [trans,trans,trans-
TL{Pt(CeF5)2(CN)2} (CH3COCH3)2]n.51> Then, the five-coordinated TI(I) center in 20C is
located in the middle of the base of a square-pyramid with bond angles around the TI(I)
center close to 90° [angles: Pt1A-T1-N3B: 92.0¢, Pt1B-TI-N3B: 95.02, Pt1A-TI-N3A: 81.2¢9,
Pt1B-TI-N3A: 93.39, 03-TI-N3B: 89.52, 03-TI-N3A: 101.62, Pt1A-TI-03: 86.22, Pt1B-T1-03:
86.59]. Single crystals of 20B were also obtained from an acetone solution, however in this
case the TI(I) center does not coordinate any acetone molecule and exhibits a distorted
tetrahedral coordination environment [angles: Pt1A-T1-O3A: 108.5.0¢2, Pt1A-TI-O3B:
110.8¢9, Pt1B-TI1-03A: 93.1¢, Pt1B-TI-03B: 87.82, 03A-T1-03B: 107.69].

Compound 20D, unlike 20B and 20C, is a discrete molecule and not a 2D lattice, because
of the absence of intermolecular or packing interactions (see Figure 4.10 a, Figure S10 in
S1-4.3). In compound 20D, the TI(I) in addition to the two Pt-Tl bonds (d Pt-Tl: 3.0230(2)
A, 2.9962(2) A; Pt-TI-Pt: 119.475(8)9), establishes two intramolecular Tl---Cl contacts (d
Tl---Cl = 3.3237(1) and 3.5717(4) A), one with each of the “Pt(Cl-C*C*)(acac)” fragments, a
Tl---F contact (d Tl---F = 3.063 A) with the anion and a TI---Cl contact (d TI--Cl = 3.497 A)
with a CH:Cl; molecule, to complete a distorted octahedral coordination environment
(Figure 4.10 b). All the TI-E (E = Cl, F) distances are rather long, but lower than the sum of
the van der Waals radii of TI(I) (1.96 &), and F (1.47 A) or Cl (1.754).5¢ In this molecule,
the Pt-Tl vectors are further away from the perpendicular to the Pt coordination planes
(angles: 25.2(1)2 Pt1A, 19.6(1)2 Pt1B) than in compounds 20C and 20B and the angle Pt-
T1-Pt (119.475(8)9) is far away from the ones observed in 20C and 20B, probably forced

by the existence of the two intramolecular TI---Cl contacts (Figure 4.10 b).
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It should be noted that in 19B, the molecules arrange themselves in dimers through Pt:--Pt
interactions, not giving rise to 1D wires, as observed in 20B and 20C. Presumably, the Pt-
T1 donor acceptor bond decreases the electron density on the platinum, playing a similar
role to that of m-acceptor ligands, thereby reducing electronic repulsions between the Pt

centers and favoring the 1D chain formation through Pt---Pt interactions.55

4.2.3. Optical properties and DFT/TD-DFT calculations of compounds [Pt(R-
C~C*)(acac)] and the corresponding clusters [{Pt(R-C”C*)(acac)}.T1] PFs

Absorption spectra and DFT/TD-DFT calculations. Full data and Figures can be found in SI-
4.3. UV-vis spectroscopic data of compounds 19B-19D and 20B-20D have been listed in
Table S1. The spectra of 19B-19D in CH:Cl, solution (see Figure S11) display low
intensity absorptions (¢ > 103 M-1 cm-1) at low energies (A > 290 nm). In the case of 19D,
they appear clearly shifted to higher energies with respect to those of 19B and 19C,
indicating the participation and the effect of the R-C*C* (R = CN, CO;Et, Cl) group in these
absorptions. In the case of 19C, these absorptions are very similar to those of 19B in
energy and profile, in agreement with the similar electronic features observed previously
for the R-C*C* (R = CN, COzEt) groups.*> The solid-state diffuse reflectance UV-vis spectra
(Figure S12) show additional broad bands at low energy when compared with those
observed in dichloromethane solution, which can be tentatively attributed to the existence
of intermolecular Pt-Pt interactions, on the light of the X-ray structure of 19B and those of

other related complexes.2%

DFT and TD-DFT calculations in solution of CH:Cl; for 19B and 19D have been carried out
to provide correct assignments for the UV-vis absorptions and also to evaluate the effect
of the cyclometalated R-C*C* group (see full data and discussion in SI-4.3). Considering
the composition of the frontier molecular orbitals (FOs), the calculated allowed
absorptions, which are in good agreement with the experimental UV-vis spectra (Figure
S14), and the origin of calculated S1, which arises mainly from a HOMO to LUMO transition
(79% 19B, 62% 19D), the lowest energy absorption band can be attributed basically to
L'LCT [m(acac) — m*(NHC)] transitions for 19D, and mixed L'LCT [m(acac) —
m*(NHC)]/MLCT [5d(Pt) —» m*(NHC)] transitions for 19B. Although S; arises mainly from
an H-1 to LUMO transition, it is very similar in nature to S;. Taking into account the
similarities in the electronic features of the R-C*C* (R = CN, COzEt) groups observed in the
absorption spectra of 19B and 19C, as well as in those of other compounds reported
previously,*s the nature of the lowest energy absorption of 19C is expected to be quite

similar in nature to that of 19B.
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The absorption spectra of complexes 20B-20D in 2-MeTHF solutions (10-4 M) are all
identical to those of their respective precursors, 19B-19D (see Figure S15 in SI-4.3),
which match with the rupture of the Pt-Tl bonds in solution, as deduced from their NMR
spectra. Similar behavior was previously observed in related extended structures with
M-Tl bonds [M(C”N)(CN).TI] (M = Pt27® Pd,s6 C"N = 7,8-benzoquinolinate, 2-
phenylpyridinate).

The absorption spectra of powdery solid samples of 20B-20D basically fit with those of
the starting materials (Figure S16). In the low-energy region just 20B displays an
additional absorption with respect to its precursor, with Amaxat 400 nm (see Figure 4.11).
Keeping in mind the shorter Pt-TI and Pt---Pt distances in the network of 20B compared
to those of 20C, this absorption could be attributed to metal-metal-to-ligand charge
transfer (MMLCT) [do*(Pt-Pt) — m*(NHC)] transitions likely to have been affected by the
Pt-Tl bonds.
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Figure 4.11. Normalized diffuse reflectance spectra of powdery solids samples of 19B and

20B atr.t.

Emission Spectra. Emission data are summarized in Table 4.41. In diluted glassy solutions
of 2-MeTHF (105 M, 77 K), compounds 19B-19D show blue well resolved vibronic
emissions (see Figure S17) that do not change at higher concentration (10-3 M, Figure
S18). Their vibrational spacings [1367-1406 cm-1] correspond to the C=C/C=N stretches
of the cyclometalated NHC ligand (C*C*), suggesting their involvement in the excited state.
The emissions of 19B and 19C (Amax = 440 nm) are red-shifted with respect to that of
19D (Amax = 417 nm), probably due to the participation of the R-substituent in the
stabilization of the LUMO, as revealed by the DFT studies. Emissions and lifetime decays of
19B and 19C are identical to those observed in [Pt(R-C*C*)(py)(PPhs)]PFs* and very
similar [Pt(R-C*C*)(CNR"):]PFs3° which contain the same “(R-C*C*)Pt” fragments. Thus,

taking into account all this and the TD-DFT calculations, the phosphorescent emissions of

T Figures S17-S25 can be found in SI-4.3.
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19B-19D can be mainly ascribed to transitions of monomeric species derived from 3ILCT
[(NHC)] transitions mixed with some, if any, 3L’LCT [rt(acac) — m*(NHC)]/3MLCT [5d(Pt)
— m*(NHC)] in the case of 19B and 19C and with 3L'LCT [n(acac) — m*(NHC)] for 19D.

Emission spectra for the 5 wt % films of complexes 19B-19D in (PMMA) are wavelength

dependent, as can be shown in Figure 4.12. Upon excitation at A = 330 nm, all the three

compounds show a phosphorescent emission in the blue to green region of the visible

spectrum, like in glassy 2-MeTHF, with quantum yields up to 0.93 (19B), very similar to
that of 19C (0.98), while just 0.04 for 19D (Table 4.4).

Table 4.4. Emission data for Complexes 19B-19D and 20B-20D.

C. Medium (T/K) [wt %]  Aex/nm Aem/nm T/pS [Amax]? @
19B PMMA film [5 wt %] 330 446, 474max, 502, 536sh 0.93
390 452, 484sh, 532max 0.59
PMMA film [40 wt %]P 330 452, 484sh, 532max 0.82
solid (298 K) 400 485max, 519, 550 2.1 (60%), 1.0 (40%) [485] 0.48
1.5 (83%), 2.8 (17%) [519]
solid (77 K) 400 461,495, 554max 2.6 [461], 3.8 [554]
2-MeTHF (77 K)¢ 332 442,472,502, 536sh 16.9
19C PMMA film [5 wt %]b 330 441, 470max, 503, 5365h 0.98
390 443,474, 535max 0.72
PMMA film [40 wt %] 330 443,474, 535max 0.46
solid (298 K) 400 462h, 479max, 513,555  0.28 (77%), 0.65 (23%) 0.04
solid (77 K) 400 451,477, 512max 0.78 (70%), 3.1 (30%) [451]
2-MeTHF (77 K)¢ 332 439max, 468, 500, 523sh 17.1
19D PMMA film [5 wt %] 330 425, 450max, 475 0.04
400 540 0.09
solid (298 K) 380 433,452max, 476,516 3 0.07
solid (77 K) 380 432, 456max, 482, 515sh 11.6
2-MeTHF (77 K)¢ 320 417max, 443, 472, 500sh 15.6
20B  solid (298 K) 474 580 0.31 (67%), 1.15 (33%) 0.02
solid (77 K) 474 561 0.95
2-MeTHF (77 K)¢ 332 443max, 473, 505, 534sh 16.7
20C  solid (298 K) 380 450, 478max, 506 0.64 [450] 0.17
0.43 (80%), 1.44 (20%) [478]
0.44 (77%), 1.8 (23%) [506]
solid (77 K) 380 500 1.7
2-MeTHF (77 K)¢ 330 439max, 469, 500, 524sh 16.5
20D solid (298 K) 351 425, 450max, 480, 514 1.3 (54%), 2.4 (46%) [450] 0.10
1.8 [480], 1.9 [514]
solid (77 K) 343 421h, 448sh, 494max 3.3 (44%), 8.6 (56%) [494]
2-MeTHF (77 K)¢ 320 417 max, 444, 472, 501sn 13.2

aLifetime measured at the Amax. P298 K. ¢10-5 M; at 10-3 M, the same emission and T were obtained.

However, upon excitation at A > 390 nm, there is a dramatic change in the emission

profiles whereby a low-energy (LE) structureless band with maxima at ca. 540 nm

becomes predominant, while the HE is still observed but as a low intensity shoulder.
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Intrigued by this behavior, we carried out further experiments only focused on 19B and

19C since 19D is barely emissive.
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Figure 4.12. Normalized emission spectra of 19B-19D in 5 wt % PMMA film.

Therefore, their emission spectra were registered in PMMA coated films at different
weight concentrations ranging from 0.5 wt % to 40 wt %. As can be seen in Figure 4.13
(19B) and Figure S19 (19C), pure highly structured emissions were found at a
concentration of 0.5 wt %. When increasing the weight percentage of the complex in the
PMMA film, the intensity of the LE increases and that of the HE band decreases, resulting
in a green emission as much for 20 wt % as for 40 wt % films. At 40 wt %, the green
emission shows no dependence with the Aex (see Figure S20). At 40 wt % concentration
the QY values of the green emission kept fairly high for 19B (0.82), while the emission of
19C (QY = 0.46) became slightly self-quenched. In all likelihood, the LE bands can be
attributed to metal-metal-to ligand charge transfer (3MMLCT) [do*(Pt-Pt) —» m*(NHC)]
transitions, generated by the existence of aggregates in the ground state through Pt-Pt
interactions, as observed in the X-ray structure of 19B. The excimeric nature of this LE
emission is discarded since the excitation spectrum of 19B in PMMA film at 40 wt % is
very similar to that obtained for the solid state one (see Figure S21). Therefore, the dual
emission observed in PMMA films of 19B-19D is likely due to a relatively slow internal

conversion between the two emissive states 3ILCT(NHC)/3MMLCT at 298 K.57

In the solid state, powdery samples of 19B-19D display bright blue and greenish blue
emissions (Amax = 480 nm for 19B and 19C; Amax= 452 nm for 19D) with the emission of
compound 19D located further into the blue region of the spectrum than the others
(Figure S22). Upon cooling to 77 K, the emission of 19D appears a bit more structured and
with a longer lifetime, being quite similar to the one obtained in 2-MeTHF solution (Figure

4.14).
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Figure 4.13. Normalized emission spectra of 19B at Acx = 360 nm. Pictures under UV lamp

(Aex =365 nm).

However, both 19B and 19C (see Figure 4.14), regardless the excitation wavelength (350

to 450 nm), display broad bands with Amax = 512 and 554 nm, respectively, accompanied

by high energy (HE) structured emissions at 461 (19B) nm and 451 (19C).
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Figure 4.14. Normalized excitation (-) and emission (---) spectra of 19B-19D in solid

state at 77 K.

These HE bands resemble to those obtained in PMMA films with a low doping

concentration (<5 wt %) and in solution of 2-MeTHF. Likewise, the LE bands of 19B (554

nm) and 19C (512 nm) are closely related to those obtained in PMMA films (>10 wt % and

Aex >360 nm). Therefore, these dual emissions (HE and LE bands) may come from the

excited states discussed above (3ILCT [(NHC)] and 3SMMLCT, respectively).
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The emissive behavior of the “Pt,T1” clusters, 20B-20D, was investigated to compare it
with that of 19B-19D. As expected, in glassy solutions of 2-MeTHF compounds 20B-20D
give the same emission bands and lifetime decays than 19B-19D either at diluted (10-5
M) or concentrated solutions (10-3 M), which once again, evidence the rupture of the M-TI
bonds in solution even at 77 K (Figure S23). Emission spectra of 20B-20D in 5 wt %
PMMA films closely resemble those of their corresponding precursors, (see Figure S24),
which pointed us to consider that in PMMA films the Pt-T1 bonds, if present, are negligible.
In solid state at room temperature, the “Pt,T1” complexes display vibronic bands like their
corresponding starting materials except 20B, which shows a structureless broad band
considerably shifted to lower energies (Figures 4.15 and 4.16), in line with the features

observed in the absorption spectra of powdery samples (Figures 4.11 and S16).
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Figure 4.15. Normalized excitation (-) and emission (-) spectra of 20B in the solid state.

At 77 K the emission of 20B becomes a narrow unstructured band at 561 nm (Figure
4.15). Considering that the excitation spectra match the absorption one and the short
lifetime decay, and keeping in mind the X-ray structure, the emission of 20B could be
mainly attributed to SMMLCT [do*(Pt-Pt) —» m*(NHC)] transitions somewhat disturbed by
the Pt-T1 bonds.

Upon cooling to 77 K the emission profile of 20C retains a minor contribution of the HE
band but displays a predominant unstructured LE emission band at ca. 500 nm (Figure
4.16). This LE band appears just slightly blue-shifted with respect to the LE band of 19C,
but it shows similar lifetime and excitation spectra, so the same 3MMLCT nature can be

presumed for it. [t should be stressed that even though the crystal structures obtained for
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20B and 20C show similar 2D networks, in 20C, the presence of an extended metallic
[Pt-Pt-T1-Pt-Pt-] chain is not reflected in its absorption or emissive properties at room
temperature (see Figure S25). However, at 77 K the emission of 20C also depends on the

intermolecular Pt---Pt interactions.
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Figure 4.16. Normalized excitation (left) and emission (right) spectra of 20C and 20D in
the solid state at 298 K (-) and 77 K (---). Pictures under UV light (Aex = 365 nm) at 298 K.

For 20D, consisting of “Pt;Tl” discrete molecules, the emission profile and its
biexponential decay differ from those of the starting complex as much at 298 K as at 77 K,
indicating that it is affected by the Pt-TI bonds. At 77 K the mayor LE band appears
slightly red-shifted in relation to those of other trinuclear derivatives
(NBu4)s[{Pt(CeFs)4}2T1] (450 nm, 298 K; 445 nm, 77 K),*8 [T1.Pt(CN)4] (448 nm),>® which
were attributed to a metal-centered phosphorescence process [Pt(5dz?) — TIl(6pz)]
(3MM’CT) within the trinuclear entity. The observed shift in 20D might be attributed to the
contribution of the planar and low-lying C*C* and acac ligands to the frontier orbitals,
which likely reduces the gap of the transition, more than to the existence of stronger Pt-TI
bonds, as deduced by comparing intermetallic distances (2.9962(2), 3.0230(2) A, 20D - vs
2.9777(4), 3.0434(4) A [{Pt(C¢Fs)a}2T1]3). Therefore, the emission can be tentatively
ascribed to charge transfer from the platinum fragments to the thallium [3(L+L")MM’CT],50
with some contribution of 3SMM’LCT/3IL [d/so*(Pt-T1) — m*(C"C*)] excited states. For
powdery samples of 20D at 77 K the existence of close excited states generated by small
differences in the molecular arrangement cannot be excluded, which could explain the

huge width of the emission band.
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5.1 OLEDs CONTAINING [Pt(R-C*C*)(PPhs)(L")]PFs

Lighting devices described in Sections 5.1 and 5.2 have already been published and full
information can be found in SI-2.3 and 2.4 (for Section 5.1) and SI-3.1 and 3.2 (for Section
5.2). In the supporting information, the numbering of the compounds corresponds to that
in the publications. For those devices described in Section 5.3 the corresponding

supplementary data can be found in SI-5.
5.1.1 Fabrication of devices

Compounds [Pt(NC-C*C*)(PPh3)(py)]PFs (9C) and [Pt(NC-CAC*)(PPh3)(CNXyl)]PFs (10C),
described in Chapter 2, were chosen to fabricate Organic Light Emitting Diodes (OLEDs)
with blue (9C), yellow-orange (10C) and white light (mixtures of 9C and 10C) emission.
OLEDs were fabricated by a full solution process technology with a non-doped emitting
layer (EML) thanks to the good processability of the compounds. Most of the works on Pt
based OLEDs deals with devices fabricated with vacuum evaporation techniquesi7b.60 due
to the low solubility and/or poor ability of these compounds to form thin homogeneous
films when deposited from solution. To the best of our knowledge, solution processed
devices reported so far have been obtained with emissive layer (EML) composed by host-
guest systems where the Pt emitter is blended in either polymeric or molecular hosts in
order to reduce aggregation quenching processes and to increase the film homogeneity,
both for molecular202 61 and dendrimeric emitters.62 For these reasons all the devices
reported so far with non-doped EML have been obtained by using vacuum processed
technologies.29d.63 On the other hand, non-doped devices offer many advantages, as the
higher color stability and simpler device structure. Moreover, for blue emitting devices,
the use of blends imposes strict requirements on the host triplet energy levels, whose
energy must be high enough to prevent back-transfer processes. To the best of our
knowledge, the results reported here represent the first example of solution processed Pt-
based devices obtained with non-doped EML. With this very simple approach, by mixing
two compounds at different ratios, we are able to tune the OLEDs emission from blue to
yellow-orange, passing through white. All the information can be found in SI-2.3 and 2.4.
Despite the conventional approach used for solution-processable organometallic platinum
complex, i.e., dispersion in a conjugated host matrix with proper additives to achieve good
charge-carrier balancing, we explore here a simpler bilayer structure consisting of a hole
injection layer covered with a neat compound as the EML, thanks to its good film-forming
ability. As the hole injection layer, a film of poly(vinylcarbazole) (PVK) is deposited onto
the ITO/ PEDOT:PSS-coated glass by following the procedure reported elsewhere.t
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Afterwards, a neat film of 9C or 10C is deposited by spin coating from a CHCl3 solution.
The experimental work and the corresponding discussion were made by Dr. Chiara Botta

and Umberto Giovanella at the Istituto per lo Studio delle Macromolecole (ISMAC).
5.1.2 Electroluminescence (EL) results

This simple and unconventional, for organometallic phosphors, device architecture
exhibited an unexpectedly good electrooptical performance. The EL spectra of 9C and 10C
and of four mixtures of them at different weight ratios are shown in Figure 5.1 (left). The
EL spectrum of 9C well corresponds to its photoluminescence (PL) spectrum with

structured blue emission at 452 and 478 nm (see Figure S19 in SI-2.4).

1
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Figure 5.1. EL spectra of ITO/PEDOT:PSS/PVK/EML/Ba/Al devices with an EML of spin-

coated 9C (navy blue line), 10C (orange line), and 9C/10C at different weight ratios,
driven at 5 V. The CIE 1931 chromaticity diagram is reported with the (x, y) positions of
the OLED emission (left). Picture of OLED ITO/PEDOT: PSS/PVK/2C:3C (90:10)/Ba/Al
with white light emission (right).

The EL spectrum of 10C displays the broad band at 550 nm associated with its excimer
emission (see Figure S20). The EL spectra of the 9C/10C mixtures with a 10C content of
50% or higher display mainly the emission of 10C, while a balanced emission from the two
compounds is obtained for the device with a 10C content of 10-20%, giving nearly white-
light emission (see Figure 5.1). The situation is quite different in the corresponding PL
spectra, whose dominant emission comes from the 9C compound (see Figure S22). The
different behaviors of the PL and EL spectra of the 9C/10C mixtures are mainly related to
the higher efficiency of the 10C-based device compared to the 9C one (see Table 5.1).
These observations suggest a more favorable energy barrier for carrier injection in 10C, in
agreement with the positions of their HOMO-LUMO energy levels (see Figure S23).

Despite the fact that the devices are not optimized in terms of the platinum complex layer
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thickness and charge-carrier regulation, they display encouraging good performance (see
Table 5.1 and Figure S24) and stability, considering the simple and unusual bilayer device

architecture unexplored for organometallic complexes processed by solution methods.

Table 5.1. OLEDs performances

weight ratio
g EQE (%)* Lmax (cd/m?)s  CIE 1931
9¢  10C x.y)
0 100 0.3 50 (0.39;0.53)
20 80 0.2 101 (0.38:0.51)
50 50 0.1 9 (0.36;0.50)
80 20 0.02 5 (0.31;0.44)
90 10 0.007 6 (0.27;0.37)
100 0 0.01 4 (0.21;0.29)

a = External Quantum Efficiency. b = Maximum Luminance.

This makes our devices the first example of platinum-based OLEDs fabricated by a fully
solution-processed technology with a nondoped EML. This approach allowed us to tune
the OLED emission from blue (9C) to yellow-orange (10C), passing through white
(mixtures of 9C and 10C).

5.2 REMOTE PHOSPHOR DEVICES CONTAINING [Pt(R-C*C*)(CNR’);]PFs
5.2.1 Fabrication of devices

In view of the luminescent properties of compounds described in Chapter 3.1 our goal was
to achieve white light with high CRI and reasonable CCT by using compounds [Pt(R-
C"C*)(CNR’)2]PFs (RC= Naph, R'= ‘Bu 13A; R = COzEt, R' = ‘Bu 13B; R = NC, R' Xyl, 14C)
and [Pt(bzq)(CN)(CNBu)] (R1) as phosphors, which were selected as blue (13B, 14C),
yellow (13A) and red (R1) (full information can be found in SI-3.1 and 3.2). Several
devices for remote operation were prepared by depositing the active materials on
common glass disks. The interest of the remote phosphor scheme lies in the fact that far
from the LED-dye, the emitters gain in stability and reliability. Concerning our particular
case, we have observed that placing the phosphors far from the pumping source (i.e.,
LED-dye), in a remote configuration and avoiding direct contact between them, the
degradation of the emission is notably reduced by compared to the conformal option. In
normal operation, the junction of the LED can reach temperatures in the range of 70-100
°C (depending on the operation current and dissipation strategies). In the conformal
option, phosphor is subjected to the heat generated by the junction that affects to both
phosphor efficiency and stability. Furthermore, if the phosphor’s efficiency is not high,

sizable part of the pump energy absorbed is transformed into heat, increasing even further
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the temperature of the LED-junction and the phosphor. This translates into faster
degradation of the system (see Figure S18 in SI-3.2). To combine the luminescence from
the different components and control the final chromatic properties of the device,
different slurries have been sequentially deposited. Keeping in mind the objective of high
CRI luminescence, the thickness and concentration of each individual layer have been

calculated accordingly to their respective quantum efficiencies.

The deposition of the phosphors was carried out via screen printing using suspensions of
the blue (13B, 14C), yellow (13A) and red (R1) components on a commercial transparent
terpineol based ink vehicle, on top of a glass disc of 1.6 mm thick and 27 mm diameter.
Each layer deposited contained a total weight of 1.5 mg. Complexes with different ancillary
ligands such as 13A and 14C are not compatible because ligand exchange processes have
been observed to occur and they should be deposited in different layers and with ink
vehicle layers in between to avoid the contact. However, complexes 13A and 13B
containing the same ancillary ligand, ‘BuNC, could be mixed together in the same
suspension. Besides, complex R1 was suspended together with the ink vehicle and
deposited as red layer. In practice, this was correlated to the number of sublayers of each
suspension deposited and the proportion of the platinum complexes in the suspensions. In
general, all the compounds are deposited by successive steps (multiple sublayers), except
the red one (R1) that is obtained by a single deposition. The order of the compounds on
the glass substrate has been established according to the energy of their respective
emissions, aiming to minimize the reabsorption of the light emitted by previous
phosphors. Therefore, the first layer to be deposited will be that with the shorter emission

wavelength.

After a meticulous optimization of the samples, devices DEV1-DEV3 were selected
because of their suitability for general lighting applications (CRI, CCT, etc.). Their

composition and architecture is described in SI-3.2 and summarized in Table 5.2.

Table 5.2. Composition and architecture of Devices 1-3.
Blue (B) Yellow (Y) Red (R) Composition

DEV1 13B: 28%; 13A:12% R1: 10% 15 sublayers BY, 3 sublayers
Ink Vehicle: 60% IV: 90% IV, 1 sublayer R

DEV2 13B:33% 13A: 7% R1: 10% 26 sublayers BY, 3 sublayers
Ink Vehicle: 60% IV: 90% IV, 1 sublayer R

DEV3 14C: 40% 13A:40% R1: 10% 3 sublayers B, 3 sublayers IV
IV: 60% IV:60% IV:90% 4 sublayers Y, 3 sublayers IV

1 sublayer R
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This work was performed by the pre-doctoral student Andrés Chueca Lépez at IREC under

the supervision of Dr. Mariano Peralvarez
5.2.2 Results

The phosphor disks were introduced in the holder structure shown in Figure 5.2 and

mounted with the coating facing the pump source for their study under UV illumination.

(a) ,/’ Phosphor on glass
!
\ “ o
~o E

-

365-nm LED

Spacer

Figure 5.2. (a) Explosion of the sample holder used to pump the phosphors and coupling
the resulting emission into the integrating sphere. (b) Sequence of the emission triggering.

(c) Photo of the resulting white emission from DEV2.

Luminescence spectra of the different devices are represented in Figure 5.3 left. At glance,
it is observed how the variations of the relative compositions aforementioned have a
direct influence on the luminescence spectral shape. The analysis of the spectra allowed us
to extract different photometric and chromatic parameters, which appear summarized in
Table 5.3. This chart shows that the luminous fluxes and efficiencies of the different
samples are, in general, relatively low, especially if compared to conventional devices.
However, in spite of this, the values of luminous efficacy of the radiation are very
promising, kept in all cases within the optimum range for general lighting.”’2 CRI, CCT, and
CIE (see Figure 5.3 right) parameters are also very appealing. CRI values are relatively
high, around 80, whereas the correlated color temperatures fall within the suitable range

for lighting.7b.
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Figure 5.3. Normalized emission spectra (left) and CIE coordinates of devices

DEV1-DEV3 (right).

Table 5.3. Key Performance Data of Devices.

Device LF(Im)2 WPE (%) LE(Im/W)c LER (Im/W)d CRIe CCTf  CIE [xy]e

DEV1 1.49 0.85 0.27 317.2 77.0 3477 0.4168,0.4183
DEV2 1.68 1.00 0.30 304.6 82.6 4356 0.3724,0.3988
DEV3 1.26 0.76 0.23 300.9 81.3 4897 0.3532,0.4018

aLuminous flux. PWall-plug efficiency. cLuminous efficacy. dLuminous efficacy of the

radiation. eColor rendering index. fCorrelated color temperature. sCIE coordinates.

For more details, DEV1 exhibits an emission with a CCT (3477 K) in the warm/neutral
range. The CRI is the lowest among the three samples (77.0). As previously stated, the
delivered light output is low (1.49 Im) but in consonance with the rest of the samples. In
spite of this, the spectral power distribution is compensated (LER 317.2 Im/W) turning

this sample into suitable for general lighting.

The results of DEV2 reveal that, by addition of complex 13B, with emission in the
blue/green range, the white luminescence becomes “colder” (blue-shifted) than the one
observed in DEV1 (4356 K). The CRI and total light output are the best among all the
devices (82.6 and 1.68 Im, respectively). In agreement to the LER (304.6 Im/W), also in
this case the light is suitable for general lighting applications.

Concerning DEV3, the use of compound 14C instead of 13B makes the emission more

bluish (4897K) but always within the suitable ranges. The luminous flux is the poorest
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among the three structures analyzed (1.26 Im) but, the CRI is reasonable good (81.3) and

the LER value is very promising and adequate for its implementation in lighting systems.

In light of the results, it becomes clear that the method reported here has proven to be
effective in controlling the spectral power distribution of the emitting devices and their
colorimetric properties. Nevertheless, it was observed that under a CW incident flux of
about 92 mW at 365 nm, which is equivalent to a CW irradiance of 187.4 W/m2, the
emission of all the structures rapidly decreases. Figure 5.4 shows the reduction of the
luminescence intensity of DEV3 with time. As observed, the total flux drops down to 50%
in approximately 8 min. In this case, the fastest degeneration corresponds to compound

14C (blue/green), as supported by the red-shift of the emission shown in the lower insert.

It is expected that the low light power delivered and fast degradation of the emission in
these devices could be improved by following two particular strategies: (a) implementing
a high reflectance mixing chamber (painted in barium sulfate, for example) to harvest part
of the light emitted backward by the excited phosphor (approximately 50% of the total)
and (b) the use of pulsed excitation as opposed to CW operation. With an adequate
modulation of the pump light, fast enough to not be perceived by the human eye and slow
enough to respect phosphor emission fall- and rise-times, a 50% duty-cycle square wave

would be able to roughly induce 50% degradation reduction.
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Figure 5.4. Emission spectra of the degradation studies of DEV3. Inset: Evolution of the

luminous flux (up) and evolution of the CCT (down) with time upon irradiation at 365 nm.
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5.3. LIGHTING DEVICES CONTAINING [Pt(R-C~C*)(P"P)]PFs

This work was performed by the pre-doctoral student Andrés Chueca Lopez at IREC under
the supervision of Dr. Mariano Peralvarez (5.3.1) and at ISMAC under the supervision of

Dr. Chiara Botta (5.3.2) but are still unpublished.
5.3.1 Remote phosphor devices

Complexes [Pt(R-C*C*)(P~P)]PFs (R-C = Naph, PP = dppm 16A; R = COzEt, PP = dppm
16B, dppbz 18B)t described in Chapter 4.1 were selected as blue (16B, 18B) and orange
(16A) phosphors for white-light remote-phosphor devices. As red component,
[Pt(bzq)(CN)(CNXyl)] (R2)27a was used. Several devices were prepared via screen printing
following the same procedure stated in Chapter 5.2 (see SI-5). To achieve the high quality
CCT and CRI values required in devices for indoor solid state lighting applications, as
stated in the ANSI C8-78.377-2015 for commercial light sources, combination of the
luminescence from different phosphors was required. Several remote-phosphor devices
with two-component architectures (D1-D10) were prepared by sequential deposition of
individual suspensions of the active materials. The different emitters were deposited in
separated layers, keeping in mind that the emitter with the lowest energy emission must
be the closest to the pumping source. The final parameters of the devices were controlled

by variations in the relative amount (number of layers) of each phosphor (Table 5.3).

Table 5.3. Composition of devices indicated in amount of layers of each emitter.

Devices
D1 D2 D3 D4 D5 D6 D7 D8 D9 D10
16A 3 3
16B 2 4 3 4
18B 2 4 3 4 2
R2 2 2 1 1 4 3 1 1

The phosphor stacks were studied under 365-nm UV LED light illumination. This
wavelenght provides efficient excitation of all the bands of the different compounds. To do
that, the disk was introduced in the holder structure (see Figure S2 a in SI-5) with the
coating facing the pump source (see Figure S2 b in SI-5). Photometric and colorimetric

parameters corresponding to D1-D10 can be seen in Table 5.4 and Figure 5.5.

TAlthough 16B and 18B were prepared in a different project, as previously stated, they present
really good emission quantum yields in PMMA films (® = 0.74 and 0.95 respectively) which make
them promising candidates for applications. Data of their optical properties can be found in Tables
S1 and S2 and Figure S1 in SI-5.
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Table 5.4. Performance of remote phosphor devices D1-D10.

Devices, CRI*  CCT® Do LFe LER¢ LEe WPES CIE 1931
(mlm)  (Im/W)  (Im/W) (%) (xy)e

Dlues/ieny 57.7 3292 0.019  237.2 3795 0.86 0.41  0.4431,0.4576
D2uss/16a) 624 3586  0.015 2429  360.4 0.88 0.45  0.4158,0.4313
D3(168/R) 943 2532 0.0031 1731 2398 0.63 0.56  0.4801,0.4231
D4 (188/R) 925 2570  0.0037 1972  226.7 0.72 0.52  0.4641,0.4014
D5188/R) 83.6 3706  0.0057 179.6  227.9 0.65 1.53  0.3894,0.3700
D6(188/R) 81.7 3938  0.0024 2141 2287 0.78 1.18  0.3815,0.3722
D7 (188/R) 85.7 1918  0.00097 140.6  209.9 0.51 0.46  0.5380, 0.4146
D8(188/R) 923 2176  0.0039 157.7 217.2 0.57 0.59  0.4998,0.4032
D9168/R) 93.7 3078  0.0065 183.1  249.1 0.67 0.99  0.4409, 0.4222
D10ueemy 902 3355  0.0064 168.1  247.9 0.61 1.44  0.4214,0.4138

a) Color rendering index, ® Correlated color temperature, 9 Luminous flux, 9 Luminous

efficacy of the radiation, ® Luminous efficacy, ? Wall-plug efficiency, & CIE coordinates. *

Components

Devices D1 and D2, both containing compound 16A as warm component, present rather

low CRI and non-convenient high LER values,s5 the latter attributed to the excessive

overlay of the emission bands of the cool (16B, 18B) and warm (16A) components,

resulting in an increase of the intensity at the green region of the visible spectrum (Figure

S3 in S.I.-5). Also the CIE coordinates reveal that D1 and D2 are not suitable in the current

configuration for white light applications, since they are far from the ideal Planckian locus

(|Duw|> 0.006) (Table 5.4, Figure 5.5). To solve these problems, the warm contribution was

changed to compound [Pt(bzq)(CN)(CNXyl)] (R2), with a less pronounced overlay of the

emission band with those of 16B and 18B.
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Figure 5.5. Distribution of the different devices in the CIE 1931 color space according to

their respective color coordinates D1-D10.

Comparison of devices D3 and D4, which just differ in the nature of blue phosphor (16B in
D3, 18B in D4), seems to indicate that both, 16B and 18B, combined with the R2
component in 2:1 ratio, lead to devices with very similar photometric and colorimetric
parameters; in both cases with excellent CRI values (94.3, 92.5) and CIE coordinates along
the Planckian locus (|Duw|< 0.006). The spectral shape of devices D3 and D4 resembles
that obtained from incandescent lamps (CRI 100) (Figure 5.6 a). However, when the ratio
blue:red is 3:1 or 4:1 the use of 18B as blue component lead to a much colder light (CCT =
3706 K D5, 3938 K D6) than when 16B was used (3078 K D9, 3355 K D10) and to CIE
coordinates along the Planckian locus (|Dw|< 0.006) although the CRI becomes clearly

lower (ca 83).

If we compare those devices (D4-D8) containing the same active components, 18B as blue
and R2 as red, it seems clear that modifications in the relative number of layers of each
phosphor (18B: R2 ratio: 0.5:1 D7, 0.66:1 D8, 2:1 D4, 3:1 D5, 4:1 D6) lead to a fine control
of the CCT values (Figure 5.6 b) with no dramatical change in the rest of the parameters. In
the light of the above sequence, it becomes clear the amount of R2 contributes to make the
emission warmer, being possible to achieve devices with high CRI (81.7- 92.5), CCT values
ranging from 1918 K (D7) to 3938 K (D6) and CIE coordinates along the Planckian locus
(|Duy|~ 0.00097 - 0.0057).
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Figure 5.6. Normalized emission spectra of devices D3 and D4 and a typical incandescent

lamp in the visible region of the spectrum (a) and devices D4-D8 (b).

In the case of those devices containing, 16B (see Figure 5.7) as blue and R2 as red in
different ratios (16B: R2: 2:1 D3, 3:1 D9, 4:1 D10) the increase of the R2 amount
produces warmer light (2532 K in D3) with higher CRI (94.3 in D3) and lower Dy, values
than in those devices using 18B (D4-D8).

Normalized intensity

- T T T T T T
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Figure 5.7. Normalized emission spectra of devices D3, D9 and D10

Therefore, this approach allows the fabrication of devices with optimal CRI and D., values
and a great range of nominal CCT values: 4000 K (D6), 3500 K (D5 and D10), 3000 K (D9)
and 2500 K (D3 and D4). Although only a few examples of WLEDs emitting warm light
with high CRI values have been reported.¢¢ This approach opens the gate to even very- or
ultrawarm devices as D7 and D8 operating in the “firelight” range of CCTs with values of

1918 K and 2176 K respectively,s” within optimal CRI and D,y values.
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5.3.2 OLEDs

Complexes [Pt(Naph”C*)(dppbz)]PFs (18A) and [Pt(CO.Et-CAC*)(dppm)]PFs (16B) were
chosen as yellowish-orange and blue emitters respectively for the fabrication of OLEDs,
since mixtures of the two emitters in different proportions showed to be a good approach
for the preparation of white emitting devices with tunable parameters such as CRI and
CCT. Also several materials were tested on the fabrication of solution processed OLEDs in

order to achieve the optimal configuration (see SI-5).

A common problem in the construction of efficient blue OLEDs is the choice of the
appropriate host for the doping material. The large HOMO-LUMO gap of the blue
phosphorescent emitters usually implies a deep HOMO and a high LUMO, resulting in a
poor overlap with the FOs of the matrix and an inefficient transference of the carriers to
the dopant. In addition, the host material must present a triplet state (T1) at higher
energies than those of the phosphors, thus avoiding the backwards energy transfer from
the dopant to the host.68 Taking all this into account the election of commercially available

host materials can be troublesome.

A theoretical study of the T: energy levels of the selected blue emitter for OLED
applications reveals that the commonly used hole transport layer (HTL)
poly(vinylcarbazole) (PVK, T1 ~ 2.5 eV) should not be the optimal choice for blue OLEDs
containing 16B, with a higher triplet state (T1 ~ 2.73 eV) (see Tables S3-S5 in SI-5).
However, TCTA, with T: ~ 2.83 eV, seems to be a more reasonable choice for the

optimization of monochromatic devices (see Figure 5.8).

2,9 -
2,8

2,7

2,5

2‘4 T T T
PVK 16B TCTA

Figura 5.8. Energy of the T, in selected materials.

First, we optimized those devices containing 16B in the EML. Devices D1-D3 were

prepared with a simple ITO/PEDOT:PSS/TCTA-16B-PBD/Ba/Al configuration (see Figure
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5.9 a), where a solution of the host materials and the emitter in CHCl; was deposited by
spin coating with different doping concentrations (see Table 5.5). The EL spectra of these
three devices do not match the PL of the pure Pt(II) complex in PMMA film (see Figure
5.10 a for D1). The relatively high HOMO of TCTA in comparison to that of 16B (see Figure
5.9) can result in a poor confinement of exciton at the dopant sites thus facilitating the
radiative recombination in the host materials. Taking this into account, the green emission

observed can be attributed to the electroplex of the matrix,¢® which is characterized by a

very low EQE.
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2.4 . )
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Figure 5.9. Device architectures and flatband energy levels of the different materials in

D1-D3 (a) and D4-D6 (b).

Table 5.5. Composition and EQE of D1-D6.
16B (%) HTL (%) ETL (%) EQE (%)

D1 5 47.5 47.5 0.02
D2 10 45 45 0.02
D3 20 40 40 0.02
D4 10 63 27 0.1

D5 15 59 26 <0.01
D6 20 57 23 0.02

Devices D4-D6 were prepared following the architecture shown in Figure 5.9 b, in which
TCTA was substituted by PVK. Although the T1 of PVK is much lower than the one of 16B,
the higher LUMO of PVK favors electron trapping at the dopant and, as a consequence, a
higher probability of forming excitons at the emitter sites. As a consequence, a better
transport of both holes and electrons to the doping material results in an increased EQE
(see Table 5.5). Contrary to the emission observed for D1-D3, in the case of D4-D6, as can
be observed in Figure 5.10 b, the emission arises from the dopant Pt(II) complex (16B).

However, some contribution of the blue emission of PVK to the EL is detected in the device
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with the lowest proportion of 16B (D4). The concentration study carried out in the three
devices (D4-D6) reveals that, although higher concentrations avoid the emission of PVK,
they induce a drastic reduction of the EQE. Thus, 10 w% was found to be the most

appropriate doping concentration.
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Figure 5.10. EL spectrum of D1 (a) and D4-D6(b) compared to the PL spectrum of 16B in
PMMA.

Three new devices, D7-D9, with improved architectures were prepared at the optimum

doping concentration (see Figure 5.11 and Table 5.6).
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Figure 5.11. Device architectures and flatband energy levels of the different materials in

D7 (a), D8 (b) and D9 (c).
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Table 5.6. Composition and EQE of D7-D9.
16B (%) HTL (%) ETL (%) EQE (%)

D7 10 63 27 0.1
D8 10 63 27 0.12
D9 10 63 27 0.08

Device D7 was built with TPBi as additional EIL (Figure 5.11 a), which facilitates the
injection of electrons into the system. As can be seen in Figure 5.12, the EL spectrum has a
great contribution of the PVK to the emission. This is in good agreement with the

recombination of charges taking place in the HTL, as observed in the EL spectrum of D4.

To improve the hole injection in the device, PEDOT:PSS was substituted in D8 and D9 by
MoO3, with a much lower work function (-6.69 eV). As expected, the closer match of
energy levels of MoO3z and 16B facilitate the transport of the holes into the dopant, thus
increasing the EQE of D8 (Table 5.6).

Device D9 was constructed using ZnO as EIL (Figure 5.11 c). The deep HOMO orbital (-7.0
eV) can act as a hole-blocking layer, allowing the holes to be trapped inside the emissive

layer and thus no blue emission from PVK is detected.
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Figure 5.12. EL spectra of D7-D9; picture of D8.

Since both cool (blue) and warm (orange) components are necessary for the fabrication of
white light emitting devices, 18A, showing a dual emission (see Figure 4.6 b), was studied
under the conditions aforementioned. Devices D10-D12 were prepared with the same
architectures of D7-D9, using a mixture of PVK and PBD as host material (see Table 5.7).
The Iphotodiode/V curves can be found in SI-5 (Figure S5 for D7-D9 and Figure S6 for D10-
D12).
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Table 5.7. Composition and EQE of D10-D12.
18A (%) HTL (%) ETL (%) EQE (%)

D10 10 63 27 0.3
D11 10 63 27 0.4
D12 10 63 27 0.015

Device D10 was built using the same ITO/PEDOT:PSS/PVK+Pt+PBD/TPBi/Ba/Al
configuration used for D7. As can be expected from a more favorable injection of charges
into emitters with smaller HOMO-LUMO gaps, due to a better overlap of the electrode
work functions and the MO of the dopant, the EQE of D10 is considerably higher than its
blue homologous D7. However, the EQE is still very low, which can be understood once
considered that also 18A presents a very deep HOMO (see theoretical calculations in SI-
4.1). The EL spectrum of D10 (see Figure 5.13 a) reveals three contributions to the final
spectrum: the blue emission from PVK (Anax ~ 420 nm), two small maxima (A ~ 477, 510
nm) corresponding to the HE emission band of 18A (see Chapter 4.1) and a major

contribution corresponding to the LE emission band of 18A.

In order to reduce the relative contribution of the matrix, as observed in D8, PEDOT:PSS
was substituted by Mo0Os. The same three components were still observed in the EL
spectrum of D11. However, in this case the contribution of the two blue components was
reduced by half, thus obtaining a purer orange emission with slightly higher EQE (see
Table 5.7).
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Figure 5.13. EL spectra of devices D10-D12 driven at 10 V; picture of D11 (a) and

variation of the intensity and the spectral profile of D10 with the applied voltage (b).
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As observed in the blue OLED D9, the use of ZnO as EIL increases the contribution of the
HE band arising from 18A, but severely reduces the EQE of D12. As can be seen in Figure
5.13 b for D10, the expected increment in the EL intensity with the applied voltage is

observed, but no difference in the relative contributions was detected.

Taking into account these data, we proposed the fabrication of devices containing the two
different dopants (18A and 16B) for the generation of white light with two different
architectures (see Table 5.8). Device D13 was built with the optimized
ITO/Mo0Os/PVK+Pt+PBD/TPBi/Ba/Al configuration used for D8 and D11. For the
preparation of the EML, the two emitters were dissolved at a 10 wt% each, together with

PVK and PBD.

Table 5.8. Composition, EQE and lighting parameters of D13 and D14.

18A/16B HTL (%) ETL(%) EQEmax(%)[V] CRI  CCT CIE (x,y) Duv
D13 | 10/10 57 23a 0.32[11] 658 2592  0.4697,0.4137  0.0004
D14 | 10/10 57 23b 0.2 [14] 75.7 5281  0.3408,0.4138  0.0298

a=PBD; b=0XD-7

The EL spectrum of D13 (see Figure 5.14 a) shows a major contribution corresponding to
the LE band of 18A with very small contributions of PVK and 16B. Although the white
light produced has a very appealing warm temperature of 2592 K within the Planckian
locus (see Figure 5.14 b and Table 5.8), the small contribution of the blue components
renders a rather poor CRI (65.8). Successively, for device D14, PBD was replaced by OXD-
7 (HOMO = -6.5 eV; LUMO = -2.8 eV), as a further optimization step. Thus, the final
configuration of D14 consists of ITO/Mo03/PVK+Pt+0OXD-7/TPBi/Ba/Al The EL spectrum
(see Figure 5.14 a) reveals that the blue emission arising from 16B becomes relevant,
while there is still a big contribution of the LE band of 18A. The change of the spectral
shape leads to white light with a much cooler CCT (5281 K) and an increased CRI (75.7),

both within commercial ranges.
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Figure 5.14. EL spectraat 12 V (a) and CIE 1931 diagram (b) of D13 and D14.

Both devices present a very high turn-on voltage (~11 V, Figure 5.15), probably due to the
aforementioned high potential barriers for charge injection that should be further
optimized. In addition, after achieving the maximum EQE, they undergo a roll-off (Figure
5.15, insets), a process due to triplet-triplet annihilation typical of long lived excited triplet
states, as already reported in this kind of devices.”0 Irreversible degradation of the OLEDs

was detected at high voltage (21 V for D13, 19 V for D14) (see Figure S7).
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Figure 5.15.1/V and Luminance/V (inset: EQE/]) curves of D13 (a) and D14 (b).

As observed in Figure 5.15, the maximum luminance values obtained”! in D13 and D14
are very low (~16 cd/m? for D13; ~20 cd/m? for D14), which is in good agreement with

the problems associated with a poor carrier balance.
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Conclusions

1.- We have been able to stablish a general step-by-step-pathway to prepare four dichloro-
bridge compounds containing cyclometalated N-heterocyclic carbene ligands, [{Pt(p-Cl)(R-
C*C*}2] (R-CAC*:1-(naphthalen-2-yl)-3-methyl-1H-imidazol-2-ylidene (Naph”C*, 4A); 1-
(4-ethoxycarbonylphenyl)-3-methyl-1H-imidazol-2-ylidene  (EtO.C-C~C*, 4B); 1-(4-
cyanophenyl)-3-methyl-1H-imidazol-2-ylidene (NC-C~C* 4C); 1-(3,5-dichlorophenyl)-3-
methyl-1H-imidazol-2-ylidene (Cl-C~C*, 4D)). They have been revealed as very valuable
starting materials to get new luminescent compounds of Pt(II) containing the “Pt(R-C*C*)”

moiety.

2.- Based on the NMR data of heteroleptic compounds [Pt(C*C*)LL’], it could be inferred
that the trans influence of the carbene atom (C*) is smaller than that of the metallated one
(Car), but not significantly. Also the trans influence of the ligands used seems to follow the
order PPhz > CNXyl > py ~MMI > Cl. Therefore the transphobia degree (T) of pairs of trans
ligands, resulted to be: T[Car/L] >T[C*/L] and T[Car/PPhs] >T[Car/CNXyl] >T[Car/py]
~T[Car/MMI] >T[Ca:/Cl].

The difference between T[Ca-/L] and T[C*/L] (L = py, CNXyl, MMI) is not enough to avoid
the formation of mixtures of cis/trans isomers during the splitting of the chlorine-bridge
by L to give the heteroleptic complexes [PtCI(C*C*)L]. However in all cases the trans-(C*,
L)-[PtCl(CAC*)L] isomer is the major species, especially when L is py. In this case, the
intramolecular T-shaped Ca—H:+ m (py) interaction seems to contribute to the

stabilization of this isomer, as proven by DFT calculations.

In case of complexes with PPhsthe greatest T[Car/PPhs] together with the intramolecular
T-shaped Ca—H-: ® (Ph) interactions present in the trans-(C*, PPh3)-[Pt(NC-C*C*)(PPh3)L]
complexes (L = Cl 5C, py 9C, CNXyl 10C, MMI 11C) would account for the stereo-selective

formation of this isomer in each case.

3.- Compounds with stoichiometries [Pt(R-C*C*)(CNR")2]PF¢ (R-C= Naph, R = COzEt, CN; R’
= tBu, Xyl), NBus[Pt(R-C*C*)(CN):] (R-C= Naph, R = COzEt, CN, Cl), [Pt(C*C*)(P*P)]PF¢ (R-
C= Naph, R = CN, P*P = dppm, dppe, dppbz), [Pt(R-C*C*)(acac)] (R = CO:Et, CN, CI) have
been prepared in high yield by elimination of Cl from the corresponding complex [{Pt(p-
C(R-CACH)}2].

4.- The spectroscopic data (NMR, UV-vis and luminescence) of all the compounds and
DFT/TD-DFT calculations bring to light the practically identical electronic features of the
Et 0:C-C*C* and NC-C*C* moieties.
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5.- Most compounds behave as very bright blue-emitters in PMMA films (5 wt%). That is,
compounds trans-(C*, P)-[Pt(R-C*C*)(PPh3)L]PFs (R-C = Naph, L. = py 9A; R = CN, L = py
9C, CNXyl 10C) showed QY of 87%, 93% and 87% respectively; in compounds
NBu4[Pt(C*C*¥)(CN).] the QY ranges from 62% to 83%; in compounds [Pt(C*C*)(P"P)]PFs
from 53% to 89% and for compounds [Pt(R-C*C*)(acac)](R =COzEt, CN) the QY is 93%
and 98%.

6.- In complexes containing the naphthyl moiety (R-C = Naph), the larger m system due to
the extra aromatic ring lead to a more extended assembly of the complexes through n-m
contacts. As a result, some of these compounds display bright yellow to orange
luminescence in powdery samples or high concentration. By contrast, complexes with a
less extended m system (EtO.C-C*C*, NC-C"C*) do not show, in most cases, luminescence
due to significant aggregation, being complexes [Pt(R-C*C*)(acac)] (R = COzEt 19B, CN
19C) the only examples.

7.- The mononuclear complexes [Pt(R-C*C*)(acac)] (R = COzEt 19B, CN 19C, Cl 19D)
reacted with TIPF6 in a 2:1 molar ratio to give the corresponding trinuclear cluster [{Pt(R-
C"*C*¥)(acac)}.T1]* (20B, 20C, 20D) containing donor-acceptor Pt-Tl bonds. These results
confirmed the ability of this kind of Pt(II) complexes to act as Lewis bases for this kind of
interactions. The Pt-T1 bonds present in the solid state, break down in solution even at low

temperatures (- 80 2C).

8.-The crystallographic, spectroscopic and photophysical study of 19B-19D and their
corresponding “Pt;T1” clusters discovered that electron withdrawing substituents, such as
CN and CO:Et, in the 4-position of the cyclometalated ring enable the “Pt,T1” clusters to
self-assemble in 2D extended lattice through intermolecular Pt-Pt, m-m, TI-N or TI-O
interactions. By contrast, Cl substituents in the positions 3 and 5 of the cyclometalated
ring lead to discrete “Pt,T1” cluster (20D) because it allows the Tl center to satisfy its

electronic demand through intramolecular TI-Cl contacts.

9.- Complexes 19B and 19C show in 5wt% films in PMMA dual emissions, blue (HE) and
green-yellow (LE) bands, attributed to 3ILCT and 3SMMLCT excited states, respectively. By
controlling the excitation wavelength and the concentration of the complex in the film the
blue or green emissions could be finely tuned with very high PLQY (98%-72%). The
inclusion of Tl into these systems does not improve the quantum efficiency. Instead, the
emission of 20B resulted to be quenched because of the existence of weakly emissive
SMMLCT [do*(Pt-Pt) = m*(NHC)] excited states, due to the strong Pt---Pt interactions in
the extended metallic [-Pt-Pt-T1-Pt-Pt-] chain.
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10.- Compounds trans-(C*P) [Pt(NC-CAC*)(PPh3)L]PFs (L = py 9C, CNXyl 10C) were
chosen to fabricate OLEDs. Thanks to the good processability of these compounds, this is
the first example of Pt-based devices fabricated by a full solution process technology with
a non-doped emitting layer (EML). This very simple approach allowed us to tune the
OLEDs emission from blue (9C) to yellow-orange (10C), passing through white (mixtures
of 9C: 10C).

11.- Complexes [Pt(COzEt-C*C*)(CNtBu)2]PFs 13B and [Pt(NC-C~C*)(CNXyl).]PFs 14C,
were tested as blue, [Pt(Naph”C*)(CNBu):]PFs 13A as yellow and [Pt(bzq)(CN)(CN:Bu)]
(R1) as red components of remote phosphors for white light illumination. To explore that,
the phosphor stacks were constructed by depositing the higher energy emitter closer to
the glass and the stacks were placed with the red layer facing the UV-pumping source. In
this way, through the control of the composition, it is possible to control the spectral
power distribution and the colorimetric features of the light to achieve white light with

CCT, CRI and LER values within acceptable margins for general light applications.

12.- Complexes [Pt(COEt-C~C*)(P*P)]PFs (PP = dppm 16B, dppbz 18B) and
[Pt(bzq)(CN)(CNXyl)] (R2) were selected as blue and red emitters for white-light remote-
phosphor devices with two-component architectures. By changing the nature of the blue
component and the blue: red ratio we were able to fabricate devices with optimal CRI and

D.y values and a great range of nominal CCT values: 4000 K, 3500 K, 3000 K and 2500 K.

13.- Compounds [Pt(COzEt-C*C*)(dppm)]PFs (16B) and [Pt(Naph”C*)(dppbz)]PFs (18A)
were selected for the fabrication of two-component OLEDs. The optimization process
brought to light the importance of carrier balance, which was found to be problematic
since the FOs of the dopants are placed far away from those of the matrix, thus resulting in
a difficult hole and electron injection and transport. As a consequence, low EQE for the
white light emitting devices in the order of 0.3% were obtained. The problems observed
with these molecules allow us to focus on the development of emitting molecules with

more adequate FOs for future work.

However, with the development of new matrices with deeper HOMOs and higher LUMOs,
these compounds can result in perfect dopants for OLEDs since they have intrinsic
emission quantum yields close to unity and a proven ability to achieve outstanding CRI,

CCT and Duv values.
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1.- Hemos sido capaces de establecer una ruta general paso-a-paso para preparar cuatro
compuestos con cloros puente que contienen ligandos carbeno N-heterociclico, [{Pt(p-
Cl)(R-C~C*H)}2] (R-CAC*: 1-(naftalen-2-il)-3-metil-1H-imidazol-2-ilideno (Naph”C*, 4A); 1-
(4-etoxicarbonilfenil)-3-metil-1H-imidazol-2-ilideno (EtO.C-C~C*, 4B); 1-(4-cianofenil)-3-
metil-1H-imidazol-2-ilideno (NC-C~C*, 4C); 1-(3,5-diclorofenil)-3-metil-1H-imidazol-2-
ilideno (Cl;C-C~C*, 4D)), que han resultado ser valiosos materiales de partida para la

obtencién de nuevos compuestos luminiscentes de Pt(II) con el fragmento “Pt(R-C*C*)”".

2.- Basandonos en los datos de RMN de los compuestos heterolépticos [Pt(C*C*)LL’], se ha
podido deducir que la influencia trans del &tomo carbenico (C*) es menor que la del &tomo
metalado (Car), pero no excesivamente diferente. Ademas, la influencia trans de los
ligandos utilizados parece seguir el orden PPhs > CNXyl > py ~MMI > CL. Asf{ pues, el grado
de transfobia (T) de los pares de ligandos en posiciones trans result6é ser: T[Car/L] >

T[C*/L] and T[Car/PPhs] > T[Car/CNXyl] > T[Car/py] ~ T[Car/MMI] > T[Ca:/Cl].

La diferencia entre T[Car/L] y T[C*/L] (L = py, CNXyl, MMI) no es suficiente para evitar la
formacién de mezclas de isémeros cis/trans durante la ruptura del sistema de cloros
puente por L para dar los complejos heterolépticos [PtCI(C*C*)L]. Sin embargo en todos
los casos el isémero trans-(C*, L)-[Pt(R-C*C*)L] es la especie mayoritaria, especialmente
cuando L es py. En este caso, las interacciones intramoleculares T-shaped Ca—H---m (py)

parecen contribuir a la estabilizacién de este isdbmero, como demuestran los calculos DFT.

En el caso de complejos con PPhs, el mayor T[Car /PPhs] junto con las interacciones
intramoleculares T-shaped Ca—H---m (Ph) presentes en los complejos trans-(C*, PPhs)-
[Pt(NC-CAC*)(PPh3)L] (L = C1 5C, py 9C, CNXyl 10C, MMI 11C) justificarian en la formacién

estereoselectiva de este isdbmero en cada caso.

3.- Complejos con estequiometrias [Pt(R-C*C*)(CNR’)]PF¢ (R-C= Naph, R = COzEt, CN; R’ =
tBu, Xyl), NBus[Pt(R-C*C*)(CN);] (R-C= Naph, R = CO:Et, CN, Cl; [Pt(C*C*)(P"P)]PFs (R-C=
Naph, R = CO;Et, CN, P*P = dppm, dppe, dppbz), [Pt(C*C*)(acac)] (R = CO:Et, CN, CI) han
sido preparados con buen rendimiento por eliminaciéon del Cl de los correspondientes

complejos de partida [{Pt(u-Cl)(R-C*C*)}2].

4.- Los datos espectroscépicos (RMN, UV-vis y luminiscencia) de todos los compuestos y
los calculos DFT/TD-DFT demuestran las caracteristicas electronicas casi idénticas de las

unidades Et0,C-C*C* y NC-C"C*.

5.- La mayoria de los compuestos se comportan como emisores azules brillantes en

peliculas de PMMA (5 wt%). Asi, los complejos trans-(C*, P)-[Pt(R-C*C*)(PPh3)L]PFs (R-C
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= Naph, L = py 9A; R = CN, L’ = py 9C, CNXyl 10C) mostraron QY de 87%, 93% y 87%
respectivamente; en compuestos NBus[Pt(R-C*C*)(CN).] los QY van del 62% al 83%; en
compuestos [Pt(R-C*C*)(P"P)]PFs van de 53% a 89% y para compuestos [Pt(R-
C~rC*¥)(acac)] (R = COzEt, CN) el QY es de 93% y 98%.

6.- En complejos con la unidad naftilo (R-C = Naph), el sistema m de mayor tamafio debido
al anillo aromatico adicional conlleva la organizaciéon de los complejos a través de
contactos m—m. Como resultado, algunos de estos compuestos presentan una intensa
luminiscencia amarilla-naranja en muestras pulverulentas o en disoluciéon a altas
concentraciones. Por el contrario, complejos con un sistema m menor (EtO,C-C*C*, NC-
C~C* CI-C~C*) no muestran, en la mayoria de los casos, luminiscencia debido a la
formacidn de agregados, siendo los complejos [Pt(R-C*C*)(acac)] (R = CO2Et 19B, CN 19C)

los Uinicos ejemplos.

7.- Los complejos mononucleares [Pt(R-C*C*)(acac)] (R = COzEt 19B, CN 19C, Cl 19D)
reaccionaron con TIPFs en relacién molar 2:1 para dar los correspondientes clusteres
trinucleares [{Pt(R-C*C*)(acac)}.Tl]* (20B, 20C, 20D) con enlaces Pt-Tl de tipo dador-
aceptor. Estos resultados confirman la capacidad de este tipo de complejos de Pt(II) para
actuar como bases de Lewis en este tipo de interacciones. Los enlaces Pt-TI presentes en

estado sélido desaparecen en disolucidn incluso a baja temperatura (-80 2C).

8.- El estudio cristalografico, espectroscopico y fotofisico de 19B-19D y sus
correspondientes clusteres “Pt,T1” puso de manifiesto que sustituyentes electroatractores,
como CN y COzEt, en la posicion 4 del anillo ciclometalado permiten a los cldsteres “Pt,T1”
organizarse en redes extendidas 2D a través de interacciones intermoleculares Pt-Pt, m-,
TI-N o TI-O. Por el contrario, sustituyentes Cl en posiciones 3 y 5 en el anillo
ciclometalado conduce a clusteres discretos “Pt;T1” (20D) ya que permite al centro de TI

satisfacer la demanda electrdnica por contactos intramoleculares T1-CL

9.- Los complejos 19B y 19C muestran emisiones duales, azul (HE) y verde-amarilla (LE),
en peliculas de PMMA al 5 wt%, atribuidas a estados excitados 3ILCT y 3MMLCT
respectivamente. Controlando la longitud de onda de excitacién y la concentraciéon del
complejo en el film las emisiones azul y verde pueden ser reguladas con QY muy elevados
(98%-72%). La inclusion del TI en estos sistemas no mejora la eficiencia quantica. En su
lugar, la emisién de 20B queda casi anulada debido a la existencia de estados excitados
SMMLCT [do*(Pt-Pt)>m*(NHC)] poco emisores, debido a las interacciones fuertes Pt:--Pt
en la cadena metdlica [-Pt-Pt-TI-Pt-Pt-].
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10.- Los compuestos trans-(C*, P)-[Pt(NC-C*C*)(PPh3)L]PFs (L = py 9C, CNXyl 10C) fueron
elegidos para la fabricacién de OLEDs. Gracias a la buena procesabilidad de estos
compuestos, este es el primer ejemplo de dispositivos basados en Pt fabricados totalmente
mediante tecnologia de procesado de disoluciones con una capa emisora (EML) no
dopada. Esta aproximacién tan simple nos permiti6 modular la emisién de los OLEDs

desde azul (9C) hasta amarillo-naranja (10C), pasando por el blanco (mezclas 9C:10C).

11.- Los complejos [Pt(CO2Et-CAC*)(CNtBu)2]PFs 13B y [Pt(NC-C*C*)(CNXyl)2]PF¢ 14C, se
probaron como componentes azul, [Pt(Naph”C*)(CN‘Bu):]PFs 13A amarilla y
[Pt(bzq)(CN)(CNtBu)] (R1) roja en fésforos remotos para conseguir luz blanca. Para ello,
los apilamientos de emisores se prepararon depositando el emisor de mas alta energia
mas cerca del vidrio, y se colocaron con el emisor rojo mas cerca de la fuente de bombeo
UV. A través del control de la composicion, es posible controlar la distribucién espectral y
las propiedades colorimétricas de la luz y conseguir asi luz blanca con valores de CCT, CRI

y LER dentro de los estdndares para aplicaciones de iluminacién general.

12.- Se seleccionaron los complejos [Pt(R-C*C*)(P~P)]PFs (R = CO2Et, PAP = dppm 16B,
dppbz 18B) and [Pt(bzq)(CN)(CNXyl)] (R2) como emisores azules y rojo para dispositivos
emisores de luz blanca de tipo fésforo remoto con arquitectura de dos componentes.
Cambiando la naturaleza de la componente azul y la proporcién azul:rojo fuimos capaces
de fabricar dispositivos con valores 6ptimos de CRI y Dy en un gran rango de valores

nominales de CCT: 4000K, 3500K, 3000K y 2500K.

13.- Se seleccionaron los complejos [Pt(CO2Et-C*C*)(dppm)]PFs (16B) 'y
[Pt(Naph”C*)(dppbz)]PFs (18A) para la fabricacion de OLEDs de dos componentes. El
proceso de optimizaciéon puso de manifiesto la importancia de un buen balance de
transportadores de carga, que se demostré problematico ya que los Orbitales Frontera
(OF) de los dopantes estan situados demasiado lejos de los de la matriz, resultando asi en
dificil inyeccion y transporte de huecos y electrones. Como consecuencia, se obtuvieron
valores bajos de EQE del orden de 0.3% para los dispositivos emisores de luz blanca. Los
problemas observados con estas moléculas nos permiten focalizar futuros trabajos en el

desarrollo de moléculas emisoras con OF mas adecuados.

Sin embargo, con el desarrollo de nuevas matrices con HOMOs mas profundos y LUMOs
mas elevados, estos compuestos pueden llegar a ser dopantes perfectos para OLEDs, dado
su elevado QY intrinseco cercano a la unidad, y su demostrada capacidad para

proporcionar a la luz producida valores adecuados de CRI, CCT, Dw y LER.
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ABSTRACT: The synthesis of 1-(4-cyanophenyl)-1H-imidazol (1) has been TICa//L] vs T[C¥L]
carried out by an improved method. Then its corresponding imidazolium +

iodide salt, 2, has been used to prepare the N-heterocyclic carbene (NHC) Car-H -7
cycloplatinated compound [{Pt(u-Cl)(C*C*)},] (4) (HC'C*kC* = 1-(4- “F ‘ S
cyanophenyl)-3-methyl-1H-imidazol-2-ylidene) following a step-by-step pro- ™ [
tocol. The intermediate complex [PtCl(1*-2-Me-C;H,) (HC"C*-xC*)] (3) X H@ 2Car C
has also been isolated and characterized. Using 4 as precursor, several | L Nag PtN
heteroleptic complexes of stoicheometry [PtCI(C*C*)L] (L = PPh; (5), = CA'\ / <\/d
pyridine (py, 6), 2,6-dimethylphenyl isocyanide (CNXyl, 7), and 2-mercapto- N /Pt\
1-methylimidazole (MMI, 8)) and [Pt(C*C*)LL']PF; (L = PPh;, L = py (9), cf ol
CNXyl (10), and MMI (11)) have been synthesized. Complexes 6—8 were &J
obtained as a mixture of cis- and trans-(C*L) isomers, while trans-(C*,L)

isomer was the only one observed for complexes 5 and 9—11. Their

geometries have been discussed in terms of the degree of transphobia (T) of pairs of trans ligands and supported by theoretical
calculations. The trans influence of the two o Pt—C bonds present in these molecules, Pt—C,, and Pt—C* xpc), has been
compared from the Jp,_p values observed in the new complex [Pt(C"C*)(dppe)]PFy (dppe = 1, 2-bis(diphenylphosphino)-
ethane, 12).

N

B INTRODUCTION regarding the size of the 7 system have been studied to tune
their photophysical properties.'®*~ However, these preparative
methods are slightly limited in terms of reactivity and ligand
exchange reactions. Normally, ancillary ligands account for
secondary roles within the molecular complex, but they could
be determinant when modulating their emissive properties'" or
tuning their catalytic activity and selectivity.'*™™"*

In this context, as part of our previous work, we prepared and
studied the photophysical properties of many heteroleptic
complexes of Pt(II) with the 7,8-benzoquinolinate and different
monodentate auxiliary ligands."' Now, we have conducted our
ongoing research to new platinum(II) complexes with C"C*-
cyclometalated NHCs. Generic compounds, such as [{Pt(u-
Cl)(C*C*)},], are expected to be useful starting materials for
complexes containing the “Pt(C"C*)” moiety, because different
kinds of ancillary ligands can be coordinated in the vacant sites
resulting from chlorine-bridge cleavage or chlorine-atoms
elimination. We recently reported the synthesis of [{Pt(u-
ch(crc*)},] (HCMC* = 3-methyl-1-(naphthalen-2-yl)-1H-
imidazol—Z—ylidene).13 Thus, the first goal of this work, the
synthesis of the generic precursor [{Pt(u-Cl)(C"C*)},] (4)
(HC"C*-kC* = 1-(4-cyanophenyl)-3-methyl-1H-imidazol-2-

The chemistry of platinum(II) complexes has attracted much
interest in the past decade due to their phosphorescence
properties and potential use as dopants in LEDS," chemical
sensors,” or biolabeling agents,Zb’3 with particular consideration
given to C"N-cyclometalated derivatives."”* The C"C*-cyclo-
metalated N-heterocyclic carbenes (NHC) may surpass the
high ligand field splitting capacity of the conventional C"N-
cyclometalated ligands, since they present two C—o bonds.
This implies an even greater heightening of the d—d energy
levels on the metal center, enlarging the energy gap with the
emissive excited states, avoiding the thermal quenching and
improving the quantum yields.” Furthermore, as a consequence
of the strong metal—ligand binding, metal complexes of C'C*-
cyclometalated NHCs are very robust and stable which may
provide long-term functional materials.

NHCs have been widely used in organometallic chemistry
and particularly in the targeted fields of transition-metal
catalysis,® liquid crystals,” biomedicine,” and luminescent
materials.”*>’ In particular, platinum(II) compounds contain-
ing C"C*-cyclometalated NHCs ligands have received much
attention in the past decade.”'® Most of them are photo-
luminescent f-diketonates or f-ketoiminates derivatives pre-
pared straightforward in one-pot reactions. Variations regarding Received: July 23, 2015
substituents in the NHC or the fj-diketonate groups and also Published: October 8, 2015

W ACS Publications  © 2015 American Chemical Society 9885 DOI: 10.1021/acs.inorgchem.5b01655
Inorg. Chem. 2015, 54, 9885—9895


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b01655

Inorganic Chemistry

ylidene) following the same strategy, was achieved. Therefore,
the use of [{Pt(u-Cl)(17*-2-Me-C3H,)},] to accomplish the
cyclometalation of the NHCs through the intermediate carbene
complex [PtCl(1*-2-Me-C;H,) (HC*C*-xC*)] (3) endorses
the generality and viability of this step-by-step synthetic
protocol for [{Pt(u-Cl)(C"C*)},]

Then we explored the use of 4 as a precursor for the
preparation of new heteroleptic complexes such as [PtCl-
(c*C*)L] (L = PPhy (5), py (6), CNXyl (7), and 2-mercapto-
1-methylimidazole (MM], 8)) and [Pt(C"C*)LL']* (L = PPhy;
L' = py (9), CNXyl (10), and MMI (11)). Some of them were
obtained as a mixture of two isomers, cis- and trans-(C*L),
while others were obtained selectively as the trans-(C*,L) one.
The geometries observed for them have been discussed in
terms of the degree of transphobia (T) of pairs of trans
ligands,]4 which has been related with the trans influence of the
two o Pt—C bonds present in the molecule, Pt—C,, and Pt—
C*muc)- The trans influence of ¢ C,, and ¢ C* has been
evaluated from the Jp,p values observed in the new complex

[Pt(C"C*) (dppe)]” (12).

B EXPERIMENTAL SECTION

General Comments. Information describing materials, instrumen-
tal methods used for characterization and spectroscopic studies, DFT
computational details, and X-ray structures together with the
characterization data of 1—12 are contained in the Supporting
Information. All chemicals were used as supplied, and [{Pt(u-Cl)(5>-2-
Me-C;H,)},]"° was prepared following the literature procedure.

1-(4-Cyanophenyl)-1H-imidazole (1). Slight modifications of
previous synthetic methods were employed.'® To a solution of 4-
bromobenzonitrile (800.0 mg, 4.35 mmol) in degassed dimethyl
sulfoxide (12 mL), imidazole (592.5 mg, 8.70 mmol), K,CO; (1202.9
mg, 8.70 mmol), and Cul (165.8 mg, 8.70 mmol) were added in the
presence of 4 A molecular sieves (500.0 mg). After 70 h at 110 °C
under an argon atmosphere the crude was cooled down to rt, washed
with 100 mL of ethyl acetate, and then filtered through Celite. The
solution was treated with H,O (2 X 20 mL) and brine (2 X 20 mL).
The organic layer was dried using anhydrous MgSO,. Evaporation
under reduced pressure yielded a white solid which was washed with
hexane to give 1 as a white-off powder. Yield: 609.5 mg, 83%. 'H
NMR (400 MHz, DMSO-d): § = 8.46 (dd, *Jyy = 1.3, *Jyy = 09,
1H, H,), 8.09 (d, *Jxisy = 8.8, 2H, Hy), 7.99 (d, *Jiss s = 8.8, 2H, Hy),
7.98 (m, 1H, Im), 7.16 (dd, *Jy = 1.3, ¥y = 0.9, 1H, Im). *C{'H}
NMR (101 MHz, DMSO-dg): § = 140.1 (s, Cs), 135.7 (s, C;), 134.1
(s, 2C, C,), 130.5 (s, 1C, Im), 120.4 (s, 2C, C4), 1183 (s, CN), 117.6
(s, 1C, Im), 109.0 (s, Cg). IR (ATR, cm™): v = 2224 (m, CN).

1-(4-Cyanophenyl)-3-methyl-1H-imidazolium lodide (2). Methyl
iodide (0.3 mL, 4.83 mmol) was added to a solution of 1 (544.5 mg,
3.22 mmol) in dried THF (10 mL) under Ar atmosphere. The mixture
was refluxed for 48 h, and after cooling, the white precipitate was
filtered and washed with THF (S mL) and diethyl ether (S mL) and
dried under vacuum to give 2 as a pure solid. Yield: 967.9 mg, 97%.
Anal. Caled for C;H,(IN;: C, 42.46; H, 3.24; N, 13.51. Found: C,
42.03; H, 3.33; N, 13.48. "H NMR (400 MHz, DMSO-d,): 5 = 9.91 (s,
br, 1H, H,), 839 (dd, *Jin; = 1.9, i = 1.8, 1H, Hy), 821 (d,
Juen = 8.8, 2H, H), 8.02 (d, 2H, H), 8.00 (m, 1H, H;), 3.96 (s, 3H,
H,). BC{'"H} NMR plus HMBC and HSQC (101 MHz, DMSO-dj): 5
=137.9 (s, Cs), 136.5 (s, C,), 1344 (s, 2C, C,), 124.6 (s, C3), 122.5
(s, 2C, Cy), 120.7 (s, C,), 117.7 (s, CN), 112.2 (s, Cg), 36.3 (s, C,). IR
(ATR, cm™): v = 2235 (m, CN). MS (MALDI+): m/z 184.1
(HCAC*H)".

[PtCl(*-2-Me-C5H )(HC C*-xC*)] (3) (HC"C* = 1-(4-Cyanophen-
yl)-3-methyl-1H-imidazol-2-ylidene). To a suspension of 2 (893.7
mg, 2.87 mmol) in anhydrous dichloromethane (30 mL), Ag,O (332.8
mg, 1.44 mmol) was added in the absence of light under an argon
atmosphere. After 3 h of stirring at rt, [{Pt(5*-2-Me-C3H,)(u-Cl)},]
(779.1 mg, 1.36 mmol) was added and the mixture was allowed to
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react for 3 h to give a yellow precipitate (Agl), which was separated by
filtration through Celite under Ar. The resulting solution was
evaporated to dryness and treated with n-hexane (3 X 15 mL) to
afford 3 as a pale-yellow solid. Yield: 1.1222 g, 83%. Anal. Calcd for
CH,(CIN;Pt: C, 38.42; H, 3.43; N, 8.96. Found: C, 38.23; H, 3.35;
N, 8.52. '"H NMR (400 MHz, methylene chloride-d,): § = 7.95 (d,
3]H,H = 8.8, 2H, H7): 7.74 (d: 3]H,H = 8.8, 2H, Hé)! 7.26 (d; 3]1-12,1-13 =
2.1, YJupe = 13.4, 1H, H,), 7.15 (d, *Jype = 10.6, 1H, H;), 3.91 (s, 3H,
Me (NHC)), 3.64 (m, 1H,,, #°>-2-Me-C3H,), 2.63 (m, *Jyp, = 283,
1H,,,,, 17°-2-Me-C3H,), 2.37 (m, *Jygp = 34.1, 1H,,, 17°-2-Me-C;H,),
174 (s, ¥Jup, = 64.7, 3H, Me, 7°-2-Me-C3H,), 1.44 (m, 1H,, 7°-2-
Me-C;H,). BC{'H} NMR plus HMBC and HSQC (101 MHz,
methylene chloride-d,): 6 = 177.4 (s, C,), 144.1 (s, C;), 133.2 (s, 2C,
Ce), 1262 (s, 2C, C;), 123.6 (s, YJcpe = 413, C3), 120.7 (s, *Jepe =
42.4, C,), 1186 (s, CN), 118.4 (s, C¥, *-2-Me-C3H,), 112.1 (s, Cy),
58.1 (s, Jepe = 77.6, CY, n*>-2-Me-C3H,), 38.3 (s, C, (Me), NHC)),
37.1 (s, C¥, ’-2-Me-C3H,), 23.4 (s, *Jop. = 40.1, C¥ (Me), 17’-2-Me-
C;H,). Pt{'H} NMR (85.6 MHz, methylene chloride-d,): & =
—4460. IR (ATR, cm™): v = 285 (s, Pt—Cl), 2228 (w, CN).

[{Pt(u-Cl)(C"C*)},] (4). Compound 3 (500.0 mg, 1.07 mmol) was
refluxed in 2-methoxyethanol (15 mL) for 3 h, and then it was cooled
down to rt. The resulting solid was filtered and washed with
dichloromethane (10 mL) and diethyl ether (15 mL). Then it was
treated with activated carbon in hot acetonitrile (3 X 40 mL), and the
suspension was filtered through Celite. The resulting solution was
evaporated to dryness, and the residue was washed with hexane to give
a yellow solid, 4. Yield: 357.6 mg, 81%. Anal. Calcd for
C,H (CLNgPt,: C, 32.01; H, 1.95; N, 10.18. Found: C, 31.63; H,
2.33; N, 10.16. '"H NMR (400 MHz, DMSO-dg): = 8.72 (s, br, *Jyy7 ¢
=60, 1H, H,), 8.14 (d, 3]H2,H3 = 1.7, 1H, H,), 7.63 (dd, 3]H9,H10 = 8.0,
Yuonz = 1.5, 1H, Hy), 7.57 (d, 1H, Hyp), 7.53 (d, 1H, Hy), 4.14 (s, 3H,
H,). BC{'H} NMR plus HMBC and HSQC (101 MHz, DMSO-dy): 5
= 1560 (s, C,), 149.8 (s, Cy), 137.0 (s, C,), 1293 (s, Cy), 127.9 (s,
Cy), 125.5 (5, Cy), 119.6 (s, CN), 115.7 (s, C,), 112.3 (s, Cyp), 106.9
(s, Cg), 37.6 (s, C,). IR (ATR, cm™): v = 266 (s, Pt—Cl), 2250 (w,
CN), 2215 (w, CN).

trans-(C*,P)[Pt(Cl)(C"C*)(PPh3)] (5). PPh; (128.1 mg, 0.48 mmol)
was added to a suspension of 4 (177.8 mg, 0.22 mmol) in
dichloromethane (30 mL) at —8 °C (ice/brine bath). After 1 h of
reaction, the solvent was removed under reduced pressure. The
residue was treated with MeOH (S mlL), filtered, and washed with
MeOH (3 mL) to give § as a pale yellow solid. Yield: 193.5 mg, 67%.
Anal. Calcd for C,,H,;CIN;PPt: C, 51.60; H, 3.43; N, 6.22. Found: C,
51.26; H, 3.49; N, 6.18. '"H NMR (400 MHz, methylene chloride-d,):
8 = 7.72 (m, 6H, Ho (PPh,)), 7.52—7.35 (m, 10H, Hm, Hp (PPh,)
and H,), 7.24 (dd, 3]H9,H10 = 8.0, 4]H9,H7 = 1.6, 1H, Hy), 7.05 (d, 4]H10,Pt
= 142, 1H, Hy,), 6.99 (m, 1H, H;), 6.88 (m, *Jy7p, = 64.0, 1H, H,),
429 (s, 3H, H,). “C{'"H} NMR plus HMBC and HSQC (101 MHz,
methylene chloride-d,): § = 170.1 (s, C,), 150.5 (s, Cs), 141.0 (d,
Jerp = 87, Jezee = 570, Cy), 1355 (d, YJep = 11.3, Ve p = 207, 6C,
C, (PPhy)), 130.7 (s, 3C, C, (PPhy)), 130.1 (d, 'Jcp = 536, 3C, C,
(PPhy)), 128.5 (s, C4), 128.1 (d, ¥Jcp = 10.6, 6C, C,, (PPhy)), 127.8
(s, Cy), 1243 (d, ¥cp = 6.1, ¥z = 26.0, C3), 118.8 (5, CN), 113.9 (5,
4]C2,Pt =40.1, C,), 111.0 (s, 3]ClO,Pt =325, Cyp), 108.0 (s, Cg), 38.6 (s,
C,). 3'P{"H} NMR (162 MHz, methylene chloride-d,): 5 = 28.6 (s,
Yo pe = 2868.0). 'Pt{'H} NMR (85.6 MHz, methylene chloride-d,): &
= —4227.0 (d). IR (ATR, cm™): v = 279 (m, Pt—Cl), 2218 (w, CN).
MS (MALDI+): m/z 639.1 [Pt(C"C*) (PPh;)]".

cis/trans-(C*,N) [Pt(CI)(C"C*)(py)] (6). Pyridine (Py) (24.8 uL, 0.30
mmol) was added to a suspension of 4 (115.2 mg, 0.14 mmol) in
dichloromethane (30 mL) at —8 °C (ice/brine bath). After 2 h of
stirring, the solvent was removed under reduced pressure. The residue
was treated with MeOH (S mL), filtered, and washed with MeOH (3
mL) to give 6-t (92%)/6-c (8%) as a yellow solid. Yield: 99.9 mg, 73%.
Anal. Calcd for C;(H,;CIN,Pt: C, 39.07; H, 2.66; N, 11.39. Found: C,
38.67; H, 2.73; N, 11.22. 'H NMR data for 6-t (400 MHz, methylene
chloride-d,): 5 = 8.81 (dd, *Jy = 6.4,y = 1.6, *Jup = 28.0, 2H, Ho
(py)), 7.97 (tt, *Jeupr = 7.7, *Juums = 1.6, 1H, Hp (py)), 7.56 (m, 2H, Hm
(PY)); 7.38 (dd: 3]Hew,l—no =30, 4]H9,H7 =17, 1H, Hg); 7.33 (d; 3]Hz,Hs =
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2.1, 1H, Hy), 7.06 (d, *Juiope = 16.8, 1H, Hyp), 6.94 (d, “uzzpe = 9.1,
1H, Hj), 6.69 (d, *Jup = 61.8, 1H, H;), 4.24 (s, 3H, H,). '"H NMR
data for 6-c: 5 = 8.91 (dd, ¥y = 6.3, Yy = 1.6, Jup = 20.7, 2H, Ho
(PY))z 8.41 (d! 3]H7,H9 = L6, 3]H7,Pt = 55.1, 1H, H7)r 791 (tt: 3]H,H =
7.8, Tuu = 1.6, 1H, Hp (py)), 3.06 (s, 3H, H,). “C{'H} NMR plus
HMBC and HSQC for 6-t (101 MHz, methylene chloride-d,): § =
152.7 (s, Cy), 152.0 (s, e = 122, 2C, C, (py)), 150.3 (s, Cs), 138.5
(s, O (py)) 135.2 (s, ]C7pt =378, C,), 131.3 (s, Cg), 128.3 (s, Cy),
126.1 (s, Jer = 312, 2C, C,, (py)), 123.1 (s, ]C“,t_ 384, C,), 1194
(s, CN), 114.4 (s, ]cth = 472, Cy), 1107 (s, ]ClOPt = 36.1, Cy),
108.1 (s, Cg), 37.6 (s, C,). "*Pt{'"H} NMR (85.6 MHz, methylene
chloride-d,): § = —3731.9 (s, br, 6-t); — 3775.4 (s, 6-c). IR (ATR,
em™): v = 271 (m, Pt Cl), 2220 (w, CN). MS (MALDI+): m/z
456.0 [Pt(C'C*) (py

cis/trans-(C*,C) [Pt(Cl)(C’\C*)(CNXyI)] (7). 2,6-Dimethylphenyl
isocyanide (CNXyl) (35.7 mg, 0.27 mmol) was added to a suspension
of 4 (100.0 mg, 0.12 mmol) in dichloromethane (30 mL) at —8 °C
(ice/brine bath). After 2.5 h of stirring, the solvent was removed under
reduced pressure. The residue was treated with MeOH (0 °C, S mL),
filtered, and washed with MeOH (3 mL) to give 7-t (86%)/7-c (14%)
as a yellow solid. Yield: 61.8 mg, 47%. Anal. Calcd for C,oH,,CIN,Pt:
C, 44.16; H, 3.15; N, 10.30. Found: C, 44.09; H, 3.02; N, 9.92. 'H
NMR data for 7-t (400 MHz, methylene chloride-dz): 5 =797 (d,
Teopr = 17, hzpe = 77.3, 1H, Hy), 7.47 (dd, ]H9H10 = 8.0, 1H, H,),
7.36 (d, Jrops = 2.0, Yoy = 5.3, 1H, Hy), 7.33 (t, Jyappim = 7.7, 1H,
H, (Xyl)), 721 (d, 2H, H,, (Xy1)), 7.14 (d, Yope = 154, 1H, Hyy),
697 (d, Tuzpe = 7.9, 1H, H;), 428 (s, 3H, H4) 2.51 (s, 6H, Me
(Xyl)). 'H NMR data for 7-c: § = 845 (d, Juzpi0 = 1.7, Jupe = 47.2,
1H, H,), 743 (dd, *Juou10 = 8.0, 1H, Hy), 7.09 (d, 1H, H,,), 7.00 (d,
Tuzpe = 12.3, 1H, Hy), 392 (s, 3H, Hy), 245 (s, 6H, Me (Xyl)).
BC{'H} NMR plus HMBC and HSQC for 7-t (101 MHz, methylene
chloride-d,): § = 167.7 (s, C,), 149.5 (s, Cs), 140.8 (5, Jcop = 724,
C,), 1358 (s, 2C, C, (Xyl)) 1297 (s, C, (Xyl)), 128.7 (s, Cg) 128.1
(s, 2C, C,, (Xyl)) 123.9 (s, YJeape = 309, C3), 119.0 (s, CN), 114.8 (s,
C,), 111 6 (s, ]ClO,Pt =329, Clo)’ 109.5 (s, Cg), 37.3 (s, C,), 18.7 (s,
2C, Me (Xyl)). "*Pt{'H} NMR (85.6 MHz, methylene chloride-d,): 5
—4042.7 (t, Ypn = 89.7 Hz, 7-1); — 41602 (m, 7-c). IR (ATR,
em™): v = 285 (m, Pt—Cl), 2161 (s, CN, CNXyl), 2217 (w, CN,
NHC). MS (MALDI+): m/z 508.1 [Pt(C"C*) (CNXyl)]*

cis/trans-(C*,S) [Pt(C)(C "C*)(MMI)] (8). 2-Mercapto-1-methylimi-
dazole (MMI) (37 mg, 0.32 mmol) was added to a suspension of 4
(120.0 mg, 0.15 mmol) in acetone (30 mL) at —8 °C (ice/brine bath).
After 1 h of stirring, the mixture was filtered through Celite, and the
filtrated was evaporated to dryness. The residue was treated with
diethyl ether (S mL), filtered, and washed with diethyl ether (3 mL).
The resulting orange solid was recrystallized from CH,Cl,/Et,0O to
give 8-t (86%)/8-c (14%). Yield: 78.6 mg, 51%. Anal. Caled for
C,sH,,CINSPtS: C, 34.19; H, 2.68; N, 13.29; S, 6.09. Found: C, 34.57;
H, 2.97; N, 13.13; S, 6.75. '"H NMR data for 8-t (400 MHz, methylene
chloride-d,): 6 = 12.72 (s, 1H, NH, MMI), 8.27 (s, *J7p = 65.9, 1H,
H7); 741 (d; 3]Hg,mo =76, 1H, H9); 7.30 (d; 3]H2,H3 = 2.1, 1H, Hz);
7.04 (d, Yuope = 14.3, 1H, Hy,), 6.92 (d, Yz pe = 8.9, 1H, H,), 6.87
(m, 1H, H,, MMI), 6.84 (m, 1H, Hy, MMI), 4.19 (s, 3H, H,), 3.75 (s,
3H, NMe, MMI). '"H NMR data for 8-c: § = 847 (d, Jupuo = 1.1,
Jepe = 57.5, 1H, H,), 404 (s, 3H, H,), 3.68 (s, 3H, NMe, MMI).
BC{'H} NMR plus HMBC and HSQC (101 MHz, methylene
chloride-d,) for 8-t: § = 159.3 (s, C;), 156.1 (s, C=S, MMI), 149.9 (s,
Cy), 1354 (s, Jeyp = 37.1, C,), 126.7 (s, Cy), 128:4 (s, Cy), 123.6 (s,
Jespe = 37.3, C3), 1204 (s, Cy, MMI), 119.8 (s, CN), 115.1 (s, Cy,
MMI), 113.6 (s, *Jeope = 452, C,), 110.7 (s, Jcyope = 358, Cyp), 107.5
(s, Cg), 37.9 (s, C,), 34.5 (s, NMe, MMI). '>Pt{'"H} NMR (85.6
MHz, methylene chloride-d,): § = —3856.5 (s, 8-t); —3884.2 (s, 8-c).
IR (ATR, cm™): v = 268 (m, Pt—Cl), 2216 (w, CN), 3100 (w, NH).
MS (MALDI+): m/z 491.0 [Pt(C"C*) (MMI)]".

trans-(C*,P) [Pt(C"C*)(py)(PPh3)]PFs (9). Pyridine (15.8 uL, 0.20
mmol) and KPF; (36.9 mg, 0.20 mmol) were added to a pale yellow
suspension of § (132.6 mg, 0.20 mmol) in acetone (30 mL). After 1 h
of stirring at room temperature, the solvent was evaporated to dryness
and the residue treated with dichloromethane (35 mL) and filtered
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through Celite. Then the solvent was removed under reduced
pressure, and the residue was treated with diethyl ether (10 mL),
filtered, and washed with diethyl ether (S5 mL). The solid was
recrystallized from acetone (0 °C)/Et,O to give 9 as a pale yellow
solid. Yield: 88.3 mg, 49%. Anal. Calcd for C;,H,3FsN,P,Pt: C, 47.28;
H, 3.27; N, 6.49. Found: C, 46.86; H, 3.05; N, 6.47. 'H NMR (400
MHz, methylene chloride-d,): § = 8.40 (dd, 3]H,H =62, 4]H1H = 1.1,
Tupe = 23.0, 2H, Ho (py)), 7.69 (tt, *Juy = 7.7, YJuu = 1.4, 1H, Hp
(py)), 7.59 (m, 6H, Ho (PPh,)), 7.53—7.45 (m, 4H, H,, Hp (PPh,)),
7.36 (m, 6H, Hm (PPhy)), 7.31 (dd, 3]H9,H10 =81, 4]H<),H7 =17, 1H,
H,), 7.19 (m, 3H, H,o, Hm (py)), 7.03 (m, 1H, Hy), 6.85 (m, *Jyp =
58.8, 1H, H,), 2.87 (s, 3H, H,). *C{'H} NMR plus HMBC and
HSQC (101 MHz, methylene chloride-d,): § = 171.2 (d, ¥ = 1362,
Cy), 1519 (s, Jepe = 10.0, 2C, C, (py)), 1508 (s, cs), 1429 (d, ¥Jcrp
= 9.6, Jcrpe = 554, C;), 1393 (s, C, (py)), 134.7 (d, JJcp = 11.7, 6C,
C, (PPh3)), 131.7 (s, 3C, C, (PPh3§), 129.9 (s, Cy), 129.0 (d, *Jcp =
100, 6C, C,, (PPhy)), 127.5 (s, 2C, C, (py), 1246 (4 Yesp = 48,
Jespe = 31.3, Cy), 118.4 (s, CN), 115.1 (s,br, Jeape = 40.2, Cz), 1117
(s, ]ClO,Pt =292, Cy9), 108.3 (s, Cy), 35.3 (s, C,). *'P{'H} NMR (162
MHz, methylene chloride-d,): § = 282 (s, 'Jpp = 2881.6). '*Pt{'H}
NMR (85.6 MHz, methylene chloride-d,): 6 = —4274.6 (d). Ay (5 X
10™* M acetone solution) = 76.87 Q! cm® mol™". IR (ATR, cm™): v
= 2226 (w, CN). MS (MALDI+): m/z 639.1 [Pt(C"C*)(PPh,)]*.

trans-(C*P) [Pt(C"C*)(CNXyl)(PPh3)]PFs; (10). Method a. 2,6-
Dimethylphenyl isocyanide (CNXyl) (20.6 mg, 0.15 mmol) and
KPF (28.9 mg, 0.15 mmol) were added to a pale yellow suspension of
S (103.8 mg, 0.15 mmol) in acetone (30 mL). After 1 h of stirring at
room temperature, the solvent was evaporated to dryness and the
residue treated with dichloromethane (20 mL) and filtered through
Celite. Then the solvent was removed under reduced pressure, and the
residue was treated with diethyl ether (S mL), filtered, and washed
with diethyl ether (3 mL) to give 10 as a pale yellow solid. Yield: 124.9
mg, 89%.

Method b. PPh; (34 mg, 0.129 mmol) and KPF, (23 mg, 0.125
mmol) were added to a yellow suspension of 7-¢/7-t (14/86%) (70
mg, 0.128 mmol) in acetone (10 mL). After 1 h of stirring at room
temperature, the solvent was evaporated to dryness and the residue
treated with dichloromethane (20 mL) and filtered through Celite.
Then the solvent was removed under reduced pressure, treated with
diethyl ether (S mL), filtered, and washed with diethyl ether (3 mL) to
give 10 as a pale yellow solid. Yield: 91.1 mg, 77%. Anal. Calcd for
CsHyFgN,P,Pt: C, 49.84; H, 3.52; N, 6.12. Found: C, 49.59; H, 3.34;
N, 6.05. '"H NMR (400 MHz, methylene chloride-d,): 5 = 7.67 (m,
6H, Ho (PPhy)), 7.56 (d, *Jupus = 2.1, 1H, H,), 7.46—7.35 (m, 10H,
Hm, Hp (PPh;)) and Hy), 7.30 (d, *Juyome = 8.8, 1H, H,y), 7.28 (d,
Moz = 2.1, 1H, Hy), 7.26 (t, >y = 7.7, 1H, Hp (Xyl)), 7.08 (d, *Juu
= 7.7, 2H, Hm (Xyl)), 7.02 (s, br, *Jyzp = 50.7, 1H, H,), 3.91 (s, 3H,
H,), 2.12 (s, 6H, Me (Xyl)). *C{'H} NMR plus HMBC and HSQC
(101 MHz, methylene chloride-d,): 6 = 169.3 (d, Y = 127.7, C)),
151.6 (s, Cs), 143.5 (d, YJerp = 9.2, Yezpe = SL1.0, C;), 138.6 (s, C),
134.8 (s, 2C, C, (Xyl)), 134.5 (d, *Jcp = 11.7, 6C, C, (PPh,)), 132.4
(s,3C,C, (PPh3)) 131.4 (s, Cg), 130.8 (s, C, (Xyl)), 129.5 (d, *Jcp =
11.0, 6C, c (PPhy)), 128.7 (d, YJep = 572, 3C C; (PPh;)), 128.6 (s,
2C, C,, (Xy1)), 125.3 (s, br, Cs), 1187 (5, CN), 116.1 (s, Cy), 1124 (s,
"’Icm,m =258, Cyy), 109.7 (s, Cg), 39.2 (s, C,), 182 (s, Me (Xyl)).
3P{'H} NMR (162 MHz, methylene chloride-d,): § = 19.3 (s, 'Jpp, =
2585.2). Pt{'H} NMR (85.6 MHz, methylene chloride-d,): § =
—4697 (dt, 2]pm = 61.7 Hz,). Ay (5 X 107* M acetone solution) =
70.63 Q7' cm? mol™". IR (ATR, cm™): v = 2231 (m, CN), 2187 (s,
C=NXyl). MS (MALDI+): m/z 770.1 [Pt(C"C*) (CNXyl)
(PPhy)]".

trans-(C*,P) [Pt(C C*)(PPh;)(MMI)]PF, (11). 2-Mercapto-1-methyl-
imidazole (MMI) (22.0 mg, 0.19 mmol) and KPF4 (34.8 mg, 0.19
mmol) were added to a pale yellow suspension of § (125.0 mg, 0.19
mmol) in acetone (30 mL). After 1.5 h of stirring at room
temperature, the solvent was evaporated to dryness and the residue
was treated with dichloromethane (7 X 10 mL) and filtered through
Celite. Then the solvent was removed under reduced pressure, and the
residue was treated with diethyl ether (10 mL), filtered, and washed
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Scheme 1. Synthesis of Compounds 1—4“
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with § mL more. The orange solid was washed with dichloromethane
(3 x4 mL) to give 11 as a pale yellow solid. Yield: $9.2 mg, 36%. Anal.
Caled for Cy3H,0FoNP,PtS: C, 44.10; H, 3.25; N, 7.79; S, 3.57.
Found: C, 43.72; H, 327; N, 7.69; S, 3.85. 'H NMR (400 MHz,
acetone-dy) § = 11.70 (s, 1H, NH (MMI)), 8.06 (d, *Ju, 3 = 1.7, 1H,
H,), 7.77 (m, 6H, Ho (PPh;)), 7.61-7.54 (m, 4H, H,, and Hp
(PPhy)), 749 (m, 7H, H; and Hm (PPhy)), 7.43 (dd, Juomio = 8.2,
Yoy = 1.6, 1H, Hy), 7.18 (m, 1H, Hy, MMI), 7.05 (m, 1H, H,,
MMLI), 6.97 (m, ¥z = 594, 1H, H,), 4.08 (s, 3H, H,), 3.32 (s, 3H,
NMe, MMI). C NMR (101 MHz, acetone-ds) 6 170.7 (d, *Jc;p =
1444, C,), 153.7 (s, C=S (MMI)), 151.8 (s, Cs), 142.6 (d, *Jcp; =
56.1,Jcrp = 8.9, C;), 136.1 (d, }Jcp = 11.2, 6C, C, (PPhy)), 132.3 (d,
Yep = 112, 3C, C, (PPhy)), 130.5 (d, 'Jcp = 54.38, 3C, C; (PPhy)),
1304 (s, Cy) 129.2 (d, ¥Jcp = 10.7, 6C, C,, (PPhy)), 126.7 (d, Jcp=
5.1, C3), 1232 (s, Cy, MMI), 1192 (s, CN), 1167 (s, C,, MMI),
116.5 (s, br, C,), 113.1 (s, Jciom = 29:2, Cyp), 109.2 (s, Cg), 38.3 (s,
C,), 34.7 (s, NMe, MMI). *'P{'"H} NMR (162 MHz, acetone-dg): 6 =
26.1 (s, Jpp = 2786.3). "*Pt{'"H} NMR (85.6 MHz, acetone-d): 5 =
—4533.7 (d). Ay (5 X 107* M acetone solution) = 84.26 Q™' cm?
mol™". IR (ATR, cm™): v = 2224 (m, CN). MS (MALDI+): m/z
753.2 [Pt(C"C*)(MMI) (PPhs)]*, 639.1 [Pt(C C*)(PPh,)]*.

[Pt(C C*)(dppe)]PFs (12). 1,2-Bis(diphenylphosphino)ethane
(dppe) (118.3 mg, 0.30 mmol) and KPF, (55.8 mg, 0.30 mmol)
were added to a suspension of 4 (122.6 mg, 0.15 mmol) in acetone
(30 mL). After 2.5 h of stirring at rt the solvent was removed in vacuo.
Dichloromethane (50 mL) was then added, and the resulting
suspension was filtered through Celite. The solvent was removed
under reduced pressure, and Et,O (20 mL) was added to the residue
to obtain 12 as a white solid. Yield: 245.3 mg, 90%. Anal. Calcd for
C;,H;,FN;P;Pt: C, 48.27; H, 3.50; N, 4.56. Found: C, 47.93; H, 3.35;
N, 4.49. "H NMR (400 MHz, methylene chloride-d,): § = [7.96—7.80]
(m, 8H, H, (dppe)), [7.69—7.54] (m, 13H, H, and H,, H, (dppe)),
743 (dd, *Jug 10 = 84, Yo = 1.7, 1H, Hy), 7.34 (m, *Jygyp, = 506, 1H,
H,), 7.31 (dd, 3]}110,9 =84, 5]1—[10,1) = 2.3, 1H, Hy), 7.05 (m, 4]H3,Pt =
9.1, 1H, H;), 3.04 (s, 3H, H,), 2.37 (m, 4H, CH, (dppe)). *C{'H}
NMR plus HMBC and HSQC (101 MHz, methylene chloride-d,): § =
172.7 (dd, Y1 prans = 126.9; YJcipas = 88, Cy), 1510 (s, Cs), 1439
(dd, Ycopuans = 1035, Feipas = 6.0, Cg), 142.5 (dd, ey peans = 99;
3]C7,Pcis =28, 2]C7,Pt = 54, C;), 134.1 (d, 2]C,P =12.1, 4C, C, (dPPe)))
133.6 (d, *Jcp = 12.3, 4C, C, (dppe)), 132.8 (s, 4C, C, (dppe)), 131.1
(s, Cy), 130.0 (d, ¥Jcp = 11.0, 4C, C,, (dppe)), 129.7 (d, *Jcp = 110,
4C, C,, (dppe)), 1249 (d, 4]C3,P = 4.0, 3]C3,Pt =290, Cy), 1185 (s,
CN); 1164 (dr 4]CZ,P =20, 3]C3,Pt =33.0, Cz)z 112.04 (5! 3]ClO,Pt =217,
Cyo), 110.7 (m, Cq), 389 (s, C,), 31.7 (dd, Ycp = 37.6, *Jcp = 10.0,
CH, (dppe)), 30.6 (dd, Jcp = 398, YJcp = 124, CH, (dppe)).
3'P{'H} NMR (162 MHz, methylene chloride-d,): § = 50.2 (d, *Jpp =
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7.0, Jpp = 2673.8, trans C*), 43.1 (d, 'Jpp, = 2014.6, trans Cy).
195pt{'"H} NMR (85.6 MHz, methylene chloride-d,): 6 = —4996 (dd).
Ay (8 X 107 M acetone solution) = 69.01 Q™ cm? mol™". IR (ATR,
em™'): v = 2223 (m, CN). MS (MALDI+): m/z 775.2 [Pt(C"C*)
(dppe)]”

B RESULTS

Improved Method of Preparation of a NHC Ligand
and Its Use in the Stepwise Synthesis of [{Pt(u-
C(C'C*)},] (HC'C*-kC*= 1-(4-Cyanophenyl)-3-methyl-
1H-imidazol-2-ylidene). The synthesis of the N-heterocyclic
carbene (NHC) 1-(4-cyanophenyl)-1H-imidazol (1) has been
previously reported.'**” However, we prepared it by a slightly
modified method (Scheme 1, path a, Experimental Section) to
avoid the use of coligands (pyrrolidinylmethylimidazole) and
the purification step by column chromatography. 4-Bromo-
benzonitrile was coupled with imidazole in DMSO at 110 °C
using copper(I) iodide and potassium carbonate in the
presence of 4 A molecular sieves. After workup, 1 was obtained
by precipitation with n-hexane in good yield (83%). Then the
addition of methyl iodide to a refluxing THF solution of 1
rendered the corresponding imidazolium salt: 1-(4-cyanophen-
yl)-3-methyl-1H-imidazolium iodide (2) (Scheme 1, path b,
and Experimental Section).

Compound 2 was reacted with silver(I) oxide for 3 h and
subsequently with [{Pt(u-Cl)(>-2-Me-C3H,)},] (17°-2-Me-
C;H, = n*-2-methylallyl) to yield the neutral complex
[PtCl(5*-2-Me-C;H,) (HC C*-xC*)] (3), which was isolated
as a pale yellow and air-stable solid in very good yield (83%, see
Experimental Section and Scheme 1, path c). Spectroscopic IR
and NMR data support the proposed structure for complex 3.
Its TR spectrum shows an absorption band at 285 cm™, which
is consistent with the presence of a terminal Pt—Cl bond in
trans disposition to a ligand with a large trans influence such as
n*-2-Me-C;H,'"*¢ and another one at 2228 cm™ due to the
cyano group of the HC"C* ligand.

The disappearance of the signal attributed to HI in the free
ligand 2 (9.91 ppm) and the presence of Pt satellites in the
signals corresponding to the H2 and H3 protons of the
imidazolyl moiety (see Figure S1 in the SI) indicate that the
imidazolium salt has been successfully anchored to the Pt
center through the C1 of the N-heterocyclic carbene (HC"C*-
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kC*). This statement was confirmed by the similarities of the
95pt{'H} resonance (§ = —4460 ppm) and the 'H and
BC{'H} ones corresponding to the imidazolyl moiety and the
methyl allyl group (7°-2-Me-C3H,) with those of [PtCl(s’-
C,H,;)(HC"C*-xC*)] (HC"C* = 3-methyl-1-(naphthalen-2-
yl)-1H-imidazol-2-ylidene)."”

A refluxing suspension of 3 in 2-methoxyethanol yielded the
precipitation of a dark-colored solid which was recrystallized in
hot acetonitrile solution (see Scheme 1, path d, and
Experimental Section) to render 4 as a pure yellow solid in
very good yield (81%). Compound 4 was not soluble in the
common organic solvents, only in DMSO. The NMR data of 4
in DMSO-ds show the absence of the allyl group and the
metalation of the 1-(4-cyanophenyl)-3-methyl-1H-imidazol-2-
ylidene) (HC"C*-xC*) through the C6 (see Experimental
Section and Figure S2 in the SI). This is evident by the lack of
the H6 resonance and by the presence of a broad singlet
corresponding to H7 at 8.72 ppm with a Pt—H coupling
constant of ca. 60 Hz. The observed C1 resonance (6 = 156.0

plpm) is in good agreement with the literature value-
§'03meebI317 for related cyclometalated platinum(II) com-
pounds.

These results embrace the feasibility of this stepwise
synthetic pathway for [{Pt(u-Cl)(C"C*)},] systems; since in
this work, we have been able to reproduce the same strategy
described by ourselves to prepare C"N'*"“ and more recently
C C*B_cyclometalated complexes of platinum(II).

Reactivity of 4. Synthesis and Characterization of
[PtCI(C"C*)L] (L = PPh; (5), py (6-t/6-c), CNXyl (7-t/7-c),
MMI (8-t/8-c)). The dinuclear complex [{Pt(u-Cl)(C"C*)},]
(4) reacts with several neutral P, N, C, and S donor ligands,
such as PPh;, py, CNXyl, and MMI in a 1:2 molar ratio at low
temperature (—8 °C) (Scheme 2 and Experimental Section) to

Scheme 2. Synthetic Pathway to Compounds 5—8

CN CN

+2L L cl
-, / /
4 LS, Pt + Pt
</ P NY cl NW/ L
\_i| & §,
N 4 AN AN
trans-(C* L) cis-(C* L)
"""""""""""" Heo  He'
5>=( 5 L = PPhg (5-f)
C=N /NYNH L = py (6-t, 92% / 6-c, 8%)
s : L = CNXyl (7-t, 86% / 7-c, 14%)
Nyl MMI L = MMI (8-t, 86% / 8-c, 14%)

give the mononuclear complexes [PtCI(C"C*)L] (L = PPh,
(5); py (6-t/6-c), CNXyl (7-t/7-c), MMI (8-t/8-c)). X-ray and
spectroscopic data discussed below indicate that compound §
was obtained as a solid with trans-(C*,L) being the only isomer
observed, while in all other cases (6—8), cleavage of the
bridging system rendered both isomers cis- and trans-(C*L)
with the trans isomer being the main one, especially when L is
py (6).

For compound 7, several reaction conditions were tested at
room temperature and also in refluxing chloroform. End results
were cis/trans mixtures with the same ratios. Analytical and
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spectroscopic data of compounds 5—8 are consistent with the
proposed stoichiometry for them (see Experimental Section in
the SI). Relevant structural information was provided by
multinuclear NMR spectra (see Experimental Section in the SI
and Table 1). It deserves to be noted that the 'H NMR
resonances corresponding to both cyanophenyl and imidazole
fragments of C"C* are clearly altered by the coordination of
the ancillary ligands (L). Especially sensitive to both the nature
of L and the geometric disposition of the ligands around the Pt
center are the H7 and H4 resonances. In all cases, as depicted
in Figure 1, the H7 resonances of the trans-(C*L) isomers
appear more shielded than those of the cis derivatives.

Within the trans isomer complexes, in particular, when L =
PPh; (5) and py (6-t), the H7 resonance undergoes an
important upfield shift comparing with that in complexes with
L = CNXyl (7-t) and MMI (8-t) (Table 1). This effect has
been associated with the anisotropic shielding effect caused by
the proximity in space of the aromatic ring current of the
phenyl (5) and pyridine (6-t) groups to the H7."*”“'® This C—
H7---7 interaction was also observed in the X-ray structure of S,
as discussed below. Likewise, in the cis-(C*L) isomers of
complexes 6—8, the H4 resonance is the one that suffers from
the anisotropic effect since it moves upfield in relation to the
trans isomers, the effect being more intense when L is pyridine
(3.06 6-¢; 4.24 6-t). In both geometric isomers, the H7 signal
appears accompanied by platinum satellites. The Pt—H7
coupling constants of the trans isomers are larger than those
of the cis derivatives, which is in agreement with the higher
trans influence of the L ligands comparing to the CL''“"*"

It is worth noting that the cis/trans isomer ratios of 6—8
from the worked up solids match with those from the crude
reaction mixtures, as proven by NMR experiments. We also
confirmed that these ratios do not change over the time.

As expected, the "Pt{'H} spectrum of § exhibits only a
doublet at —4227 ppm with a ""Pt—*'P coupling constant of
2868 Hz, while two Pt resonances were observed for each
one of the complexes 6—8, due to the existence of both isomers
(Figure 2). The main one, which corresponds to the trans
isomer, appears less shielded than the cis one in all three cases.

In agreement with its formulation, the *'P{'H} NMR
spectrum of S shows only one sharp signal at 28.6 ppm
flanked by platinum satellites. The '**Pt—>'P couplin§ constant
value is typical of a P=Pt—C trans arrangement,'””’ making
evident the strong trans influence of the carbene atom (C*).

The molecular structure of 5 (see Figure 3), obtained by X-
ray diffraction analysis of a single crystal of it, confirmed the
complex to be the isomer trans-(C*P)[PtCI(C"C*)(PPh,)].
Data analysis is discussed below.

Synthesis and Characterization of the new Cationic
“Pt(C"C*)"” Complexes: trans-(C*,P)-[Pt(C"C*)(PPh;)L']PF4
L py (9), CNXyl (10), MMI (11)) and [Pt(C"C%*)
(dppe)lPFg (12). With the aim of preparing new heteroleptic
compounds with the N-heterocyclic carbene {Pt(C*C*)LL'},
various strategies were followed (see Scheme 3). Using
different starting materials 4, S, or 7, we have been able to
prepare the first cationic complexes with the “Pt(C"C*)”
moiety. Hence, the addition of equimolecular amounts of KPF
and L’ to a solution of § in acetone rendered compounds 9—11
as pure solids (Scheme 3, path a). The formulation and
geometry proposed are in agreement with the spectroscopic
and crystallographic data discussed below. As inferred from
these data, the PPh; remains coordinated trans to the C*.
Interestingly, compound 10 can also be prepared by adding
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Table 1. Significant NMR Data for Compound Characterization®

SH (Jpym) 5C (Joec)
compd H7 H4 C1 Cc7 C3 6P (Jpp) 5Pt
st 6.88 (64.0) 429 170.1 141.0 (57.0) 124.3 (26.0) 28.6 (2868.0) —4227.0
6-t 6.69 (61.8) 424 1527 1352 (37.8) 123.1 (38.4) —37319
6-c 841 (55.1) 3.06 —3775.4
7-t 7.97 (77.3) 428 167.7 140.8 (72.4) 123.9 (30.9) —4042.7
7-c 845 (47.2) 392 —4160.2
8-t 827 (65.9) 4.19 159.3 135.4 (37.1) 123.6 (37.3) —3856.5
8-c 847 (57.5) 4.04 —3884.2
9" 6.85 (58.8) 2.87 1712 142.9 (554) 124.6 (31.3) 282 (2881.6) —4274.6
10” 7.02 (30.7) 391 169.3 143.5 (51.0) 1253 193 (2585.2) —4697.0
11° 697 (59,4) 4.08 170.7 1426 (56.1) 126.7 26.1 (2786.3) —4533.7
12 7.34 (30.6) 3.04 1727 142.5 (54.0) 124.9 (29.0) (£C*): 502 (2673.8) —4996.0
(c-C*): 43.1 (2014.6)
28 (ppm), J (Hz). btrans-(C*P) isomer is the only one observed.
oN “oN
7 7 Ha-1
‘N‘
HT-1 |
N, \ N, \ H4-c
el N1 |« G« G ol W N
J Y N 4
trans-(C*, L) cis-(cr L) 4T
H7-t Lh H4-c
H7-c L l\“ I 7
a1y | H
Ha-1
H7-1
, w } ' i Hec o
7’/,* H7-c ,.IL,, J\ /“A\Jll\* '\J 3 J“km I
H4
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| 5
JUMUL | J
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Figure 1. "H NMR spectra of 5—8 in CD,Cl,.
o trans . KPF4 and PPh; to the mixture of cis/trans isomers of complex
o s 7 (see Scheme 3, path b). Therefore, in this case, the main
° 8 fraction of this reaction does not proceed with stereoretention,
since the CNXyl ligand, which is located trans to C* in 7-t,
I migrates to the cis position by the coordination of the PPh;.
o 7 When a suspension of 4 in acetone was treated with KPF and
; “ A dppe (1:2 molar ratio) compound 12 was formed, a
. mononuclear species with the dppe acting as a chelate ligand.
| Relevant structural information arises from the multinuclear
° 6 NMR spectra (see Experimental Section, Table 1, and Figures
- S4 in the SI). The *P{'H} NMR spectra of 9—11 show a
singlet flanked by platinum satellites. The SP and '**Pt—>'P
‘ ‘ coupling constants are quite similar to those found in complex
5 5, indicating a trans-(C*PPh;) arrangement in these
complexes. In the *'P NMR spectrum of 12, the two different
-3750 -3850 -3950 -4050 -4150 -4250 P atoms appear as two doublet signals accompanied by Pt
Figure 2. "Pt{'H} spectra of 5—8 in CD,Cl, satellites. The chemical sh¥fts and the observed P—P coupling
of 7 Hz confirm the chelating arrangement of the dppe around
the platinum center.”'
9890 DOI: 10.1021/acs.inorgchem.5b01655
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Figure 3. Molecular structure of complex 5‘MeOH. Thermal ellipsoids
are drawn at the 50% probability level. Solvent molecules and
hydrogen atoms have been omitted for clarity.

Scheme 3. Synthethic Pathway to Cationic Complexes 9—12
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According to the geometry proposed (see Scheme 3), H7
resonances appear in the range of 6.80—7.30 ppm due to the
anisotropic shielding effect caused by the proximity in space of
the phenyl groups of the PPh;. When L’ is pyridine and dppe,
the H4 resonance also suffers from the anisotropic shielding
effect, since it moves upfield (2.87 9, 3.04 12) comparing with
that in complexes 10 and 11 (3.91 10, 4.08 11).

Significant are also the '**Pt{'H} spectra (see Figure 4 and
Table 1) which confirm the presence of a single isomer in each
case. They exhibit doublets for compounds 9—11 and a doublet
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\ 11

Figure 4. 'Pt{'H} spectra of 5 and 9—12 in CD,Cl,

of doublets for 12 due to the coupling with the *'P nuclei; these
chemical shifts are ranging from —4274 to —4996 ppm.

The structural information obtained from the NMR spectra
was confirmed by X-ray diffraction studies on compounds 9—
12, as can be seen in Figures S and 6 (for complexes 10 and 12)
and Figures S6 and S8 for complexes 9 and 11).

C54

C55

Figure S. Molecular structure of the complex 10:0.5 OEt,. Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms,
PF,, and solvent molecules have been omitted for clarity.

Crystal Structure Determination. Single-crystal X-ray
diffraction studies were performed on compounds 5 and 9—12
to confirm their molecular structures. Crystallographic data are
given in Table S1, and a selection of bond lengths and angles is
shown in Table 2. As shown in Figures 3, S, 6, and $5—S9 (in
the SI), the Pt center lies in a distorted square planar
coordination environment as a consequence of the small bite
angle of the NHC-cyclometalated (C"C*) ligand [79.83(11)—
78.54(13)°]. This angle together with the Pt—C6 and Pt—
C1(C*) distances are similar to those found in other five-
membered metalacycles of Pt(II) with N-heterocyclic carbene-
5.7 pphy and L (L = CI §, py 9, CNXyl 10 and MMI 11)
complete the coordination sphere of platinum(II), whereas in

12, a chelate dppe ligand does.
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Figure 6. Molecular structure of complex 12:CH,Cl,. Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms,
PFy, and solvent molecules have been omitted for clarity.

The Pt—Cl'**?* Pt—N,** Pt—C,"'“f Pt—S,** and Pt—P'***
distances are within the typical range for platinum(II)
compounds with these trans to o-bonded carbon atoms. The
Pt—C6 bond lengths are clearly altered by the ancillary ligand
coordinated at the trans position [from 2.015(3) (Cl, §) to
2.080(4) A (P, 12)], while the Pt—C1 ones are practically the
same regardless of the neutral (5) or cationic (9—12) nature of
the complexes. These are the first examples of [Pt(C*C*)-
L'L]%" heteroleptic complexes studied by X-ray diffraction.
Thus far, all crystal structures of NHC-cycloplatinated
cc;lonp}?unds have been reported with diketonate derivative-
S.

The chelating dppe ligand adopts the gauche conformation
with a P—CH,—CH,—P torsion angle of 46.7°. The Pt—P2
bond length is slightly longer than the Pt—P1 one, due to the
higher trans influence of the C,,.. Nevertheless, both distances
and the small bite angle (83.15°) are similar to those of related
compounds.”' >

The cyclometalated NHC carbene ligand itself is not
completely planar; it exhibits a small interplanar angle between
the cyanophenyl and the imidazole fragments of 2.45(10)° (5),
6.42(9)° (9), 12.35(13)° (10), 5.79(8)° (11), and 5.81(14)°
(12). As well as the molecular complexes that show dihedral
angles between the platinum coordination plane (Pt01, C1, C6,
P1, X) and the NHC ligand (N1-N3, C1-C11) of 10.7(2)°

(5), 10.9(8)° (9), 8.83(8)° (10), 10.39(3)° (11), and 10.27(5)
(12).”” The rings of the ancillary ligands are almost
perpendicular to the platinum coordination plane with dihedral
angles of 78.94(9)° (N4, C12—C16, 9), 82.48(12)° (N4, CS0—
C56, 10), and 89.18(4)° (N4, N5, C50—C53, 11).

Further inspection of the molecule packing within the crystal
structures revealed the presence of weak intra- and
intermolecular interactions (see the SI); however, no Pt---Pt
contacts were observed. In all crystal structures (Figures 3, S, 6,
and S5—S9) we find an edge-to-face, also known as T-shaped,
C—H---7 interaction: the H7 hydrogen atom is pointing to the
phenyl ring of the PPh; ligand, showing moderately short
distances (C—H--z; C7---Cy, (PPh;) = 3.22 (5), 3.28 (9), 3.35
(10), 3.15 (11) and 3.23 A (12)). Only in 9 and 12, there is a
C—H--7 interaction between the Me group (C4) and the
pyridine or phenyl rings (C4---C,, = 3.42 A (9), C4--C,, =
323 A (12)). Also in 9—11, the phenyl group of the PPh,
displays short intramolecular 77 interactions (3.11—3.58 A)
with the rings of the ancillary ligands (py, CNXyl, MMI), which
are placed almost parallel to each other [15.30(11)° (9),
5.42(16)° (10), 9.47(9)° (11)]. Additionally, compound 9
crystallizes with one water molecule, which is holding a
hydrogen bond with the CN group of the cyclometalated NHC
fragment (see Figure S6). Finally, in 9 and 12, the molecules
arrange themselves in pairs in a head-to-tail fashion supported
by -7 intermolecular contacts between the NHC fragments
(3.70 (9) and 3.32 A (12)), see Figures S6 and S9).

B DISCUSSION

As shown above, cleavage of the chlorine-bridge system in
[{Pt(u-Cl)(C"C*)},] (4) by different ancillary ligands (L) led
to the clean formation of trans-(C*,L)-[PtCl (C*C*)L] when L
is PPh, (5). If L is py, CNXy, and MMI, the bridge-splitting
reaction gave mixtures of cis/trans isomers (6-8).

In an attempt to explain this behavior we used the term
transphobia degree (T) of pairs of trans ligands, which has been
accepted by many authors to explain the geometries of stable
square-planar complexes of d® transition metals. The degree of
T has been assumed to be related to the trans influence in such
a way that the greater the trans influence of two ligands the
greater the transphobia and the cis disposition of them will be
the favored geometry. In this sense the heteroleptic complexes
[PtCI(C"N)L] (HC"N = 3,8-dinitro-6-phenylphenanthridine,
2-(4-bromophenyl)imidazol [1,2-a]pyridine; L= PPh;, tht, C=
NR (R = 'Bu, 2,6-dimethylphenyl)), and [Pt(C"P)(C=
CPh)L] (C"P = CH,CH,P(o-tolyl),xC,P; L = CO, py, tht)
exist as the trans-(C,Cl) isomer as expected on the basis of the
transphobia degree (T) of pairs of trans hgands.ma’b However,
the steric requirements of the ligands involved can also play an
important role in determining the geometries of these

Table 2. Selected Bond Lengths (Angstroms) and Angles (degrees) for 5 and 9—12

$"MeOH (X = CI(1))

Pt(1)—C(1) 2.030(3) 2.033(3)
Pt(1)—C(6) 2.015(3) 2.035(3)
Pt(1)—P(1) 2.3024(7) 2.3075(9)
Pt(1)-X 2.3860(7) 2.099(3)
C(1)-Pt(1)—C(6) 79.83(11) 78.54(13)
C(6)—Pt(1)—P(1) 96.60(8) 95.90(10)
C(1)-Pt(1)-X 95.85(8) 94.94(12)
P(1)-Pt(1)-X 88.92(2) 89.45(8)

9H,0 (X = N(4))

9892

10-0.5 Et,0 (X = C(50)) 11 (X = S(1)) 12:CH,Cl, (X = P(2))
2.035(4) 2.037(3) 2.055(4)
2.065(4) 2.047(3) 2.080(4)
2.3171(11) 2.3046(8) 2.2787(13)
1.974(4) 2.3781(13) 2.3218(13)

78.58(17) 79.54(10) 79.05(17)
93.35(12) 94.67(7) 96.00(12)
98.74(17) 97.45(8) 101.91(13)
89.39(13) 89.28(3) 83.15(5)
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complexes. In this sense, complex [Pt(C"P)(C=CPh)PPh,],
exhibits the trans-(C,C=CPh) geometry instead of the
expected one considering electronic preferences (trans-
C,PPh;), which was attributed to the crowding associated
with the cis disposition of the P(o-tolyl), and PPh, groups.'**

Therefore, we tried to explain the preferred geometry for
complexes [PtCI(C"C*)L] (5—8) and [Pt(C"C*) (PPh,)L]*
(9—11) on the basis of the transphobia effect (T). With this
purpose we studied the relative trans influences of the two ¢
Pt—C bonds present in the Pt(C"C*) unit, both expected to
have a great trans influence, and those of the auxiliary ligands
(Cl, PPh;, py, CNXyl, MMI), comparing the 'Jp.p, *Jp.c, and
Jpu values affected by the ligands located at their trans
positions.

The 'Jpp values observed for complexes trans-(C*P)
[PtCI(C"C*) (PPh;)] (5) and [Pt(C"C*) (PPh,)L’']PF, (L’
= py (9), CNXyl (10), MMI (11)) range from 2585.2 to
2881.6 Hz, which are typical of a P—Pt—C trans arrange-
ment.'”* These values are also very similar to those observed
in Q[Pt(CH,—Cg¢H,—P(o-tolyl),)(C=CPh),] (Q = Li* (2746
Hz), NBu," (2603 Hz)) with the Pt—P bond trans to a Pt—
Cacetylide one.'* In addition, the Jpep corresponding to the P
trans to C* (2673.8 Hz) in [Pt(C"C*) (dppe)]PF4 (12) was
found to be similar to that observed in complexes with
phosphine ligands located in the trans position, such as
[Pt(C*P)(dppe)]* [C"P = {(R)-1-[1-diphenylphosphino]-
ethyl}naphthyl-C,P; Jpep(uanspy = 2770 Hz,”' or [Pt(dppe)
(PAn-H)]* [PAn = 9-diphenylphosphinoanthracene; Jotp(transp)
2796],%% indicating that the C* displays a great trans
influence, similar to alkynyl or phosphine ligands.

Then we focused again on complex [Pt(C*C*) (dppe)]PFs4
(12), and we observed the 'Jp,p values for the P trans to C,,
and C* are 2014.6 and 2673.8 Hz, respectively. These values
indicate that the trans influence of C,, is slightly greater than
that of C*. The same assessment was inferred from the
3]Pt,H0(PY) in complex 6 which exhibits different values when
pyridine is facing C,, (6-c, 20.7 Hz) or C* (6-t, 28.0 Hz).
Moreover, an evaluation of the electronic effects of the different
L ligands can be undertaken by comparison of the
spectroscopic and crystallographic data of complexes with the
same stoichiometry and configuration, such as trans-(C*P)-
[Pt(C"C*) (PPh;)L]* (L = CI (5), py (9), CNXyl (10), MMI
(11)) or cis-(C*,L)-[PtCI(C*C*)L] (L = py (6-c), CNXyl (7-
¢), MMI (8-c)) (Table 1). On the basis of the observed *Jp, 7
(64.0 (5), 58.8 (9), 50.7 (10), and $9.4 Hz (11)) and *Jp,c;
(57.0 (5), 55.4 (9), 51.0 (10), and 56.1 Hz (11)) in the trans-
(C*,P) named complexes, the trans influence order seems to be
CNXyl > py & MMI > Cl. An additional comparison of the
values of 6C1 (170.1 ppm (§), 152.7 (6-t), 167.7 (7-t), 159.3
(8-t)) and *Jp,c; (26.0 Hz (5), 38.4 (6-t), 30.9 (7-t), 37.3 (8-
t)) in complexes trans-(C*L)-[PtClI(C*C*)L] (L = PPh, (5),
py (6-t), CNXyl (7-t), MMI (8-t)) indicates that the trans
influence of PPh; is even greater than that of CNXyl. Finally, X-
ray data analysis of 5 and 9—12 (Table 2) indicates that the
longest Pt—C6 distances correspond to those of 12 and 10,
with the dppe and CNXyl located at the trans position.
Therefore, the trans influence of all the used ancillary ligands
seems to follow the order PPh;/dppe > CNXyl > py &~ MMI >
ClL

Taking into account all these assumptions T[C,./L)] >
T[C*/L] and T[C,,/PPh;)] > T[C,,/CNXyl)] > T[C,./py)]
~ T[C,/MMI)] > T[C,,/Cl)]. Therefore, the T[C,,/PPh;)]
should be the greatest one, and the experimental results seem
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to indicate that the difference between T[C,,/PPh;)] and
T[C*/PPh,] is big enough to direct clean formation of trans-
(C*,PPh;) complexes 5 and 9—11.

However, the difference between T[C,,/L)] and T[C*/L]
(L = py, CNXyl, MM], Cl) is, in each case, not big enough to
avoid the formation of mixtures of isomers. On the basis of the
order of T[C,,/L] named above, the cleavage of the chlorine-
bridge system in [{Pt(u-Cl)(C"C*)},] (4) by py to give
complex 6 was expected to be no more stereoselective than that
with CNXyl or MM], but it is. Other factors to promote the
greater stability of 6-t, such as the steric hindrance between py
and the imidazol fragment of C"C* in the cis isomer, can be
excluded. Given that the H7 and H4 resonances in 6-t and 6-c
suffer a great anisotropic shielding effect, which was discussed
in the NMR section, we considered the C—H--z (py)
interactions to be involved in it. C—H---7 interactions have
been known to play a key role in the stereoselectivity of
coordination compounds among other fields in chemistry.”® It
has been widely reported that intramolecular C—H--x
hydrogen bonds can induce the formation of single linkage
isomers.” In both isomers of 6, a C—H---7 interaction could be
possible: Csp>~H4 (Me) 7z (py) in 6-c and a T-shaped Csp*—
H7 (Ar)-x (py) in 6-t. As reported before, the interaction
energy involving a T-shaped aromatic C—H is somewhat
stronger than that of the aliphatic ones.”*** Thus, we would
expect 6-t to be more stable than 6-c. DFT calculations for
models of 6-¢/-t in a solution of CH,Cl, were carried out (see
Figure 7). In effect, isomer 6-t with the C—H7 pointing at the

]
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Figure 7. DFT-computed energies for the 6-c/-t isomers (AE, kcal
mol ™).

pyridine ring is 1.01 kcal mol™" more stable than 6-c. This
subtle difference in energy added to the bigger T[C,./py)] vs
T[C*/py] results to be reasonably determining for the high
stereoselectivity of isomers in 6.

In complexes 5 and 9—11, their X-ray structures and NMR
data also show the presence of Csp’>~H7(Ar) 7 interactions,
which will contribute together with the difference of T[C,,/L)]
vs T[C*/L] to the selective formation of the trans-(C*PPh,)
isomer, as experimentally observed.

B CONCLUSIONS

The synthetic method for 1 has been greatly improved, and the
corresponding imidazolium salt, 2, has been successfully
anchored and subsequently cyclometalated to the Pt center,
which endorse the generality and viability of this step-by-step
synthetic pathway for cyclometalated NHCs complexes,
[{Pt(u-C)(C"C*)},]. The chlorine-bridge complex 4 has
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been revealed as a useful starting material for neutral and
cationic heteroleptic complexes containing the “Pt(C"C*)”
moiety, S—12.

The transphobia degree (T) of pairs of trans ligands, as
inferred from spectroscopic data, resulted was T[C,,/L)] >
T[C*/L] and T[C,/PPh;)] > T[C,/CNXyD)] > T[Cy/py)]
~ T[Csp/MMI)] > T[C,/Cl)]. The difference between
T[Cs/L)] and T[C*/L] (L = py, CNXyl, MMI) is not
enough to avoid the formation of mixtures of cis/trans isomers
during the splitting of the chlorine bridge in 4 by L, but in all
cases, the trans-(C*L)-[PtCI(C*"C*)L] isomer is the major
species, especially when L is py. In this case, the intramolecular
T-shaped C,,—H-7 (py) interaction seems to contribute to
the stabilization of this isomer, as proven by DFT calculations.
Otherwise, the greatest T[C,,/PPh;)] together with the
intramolecular T-shaped C,,—H--7 (Ph) interactions present
in the trans-(C*,PPh,)-[Pt(C"C*)(PPh;)L] complexes (L = Cl
(5), py (9), CNXyl (10), MMI (11)) would account for the
stereoselective formation of this isomer in each case, as
experimentally observed.
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ABSTRACT: New heteroleptic compounds of platinum(II)-containing
cyclometalated N-heterocyclic carbenes, [PtCI(R-CAC*)(PPh,)] [R-
CHAC*-xC* = 3-methyl-1-(naphthalen-2-yl)-1H-imidazol-2-ylidene (R-C
= Naph; 1A), 1-[4-(ethoxycarbonyl)phenyl]-3-methyl-1H-imidazol-2-
ylidene (R = CO,Et; 1B), and [Pt(R-CAC*)(py)(PPh;)]PF, (py =
pyridine; R-C = Naph, 2A; R = CO,Et, 2B], have been prepared and fully
characterized. All of them were obtained as the trans-(C*PPh;) isomer in
high yields. The selectivity of their synthesis has been explained in terms of
the degree of transphobia (T) of pairs of ligands in trans positions. X-ray
diffraction studies on both 2A and 2B revealed that only in 2A, containing
a CAC* with a more extended 7 system, do the molecules assemble
themselves into head-to-tail pairs through intermolecular 77 contacts.
The photophysical properties of 2A and 2B and those of the related
compounds [Pt(NC-CAC*)(PPh;)L]PF; [NC-CHAC*-xC* = 1-(4-
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cyanophenyl)-3-methyl-1H-imidazol-2-ylidene; L = pyridine (py; 2C), 2,6-dimethylphenylisocyanide (CNXyl; 3C), and 2-
mercapto-1-methylimidazole (MMI; 4C)] have been examined to analyze the influence of the R substituent on R-CAC* (R-C =
Naph; R = CO,Et, CN) and that of the ancillary ligands (L) on them. Experimental data and time-dependent density functional
theory calculations showed the similarity of the electronic features associated with R-CAC* (R = CN, CO,Et) and their
difference with respect to R-CAC* (R-C = Naph). All of the compounds are very efficient blue emitters in poly(methyl
methacrylate) films under an argon atmosphere, with QY values ranging from 68% (2B) to 93% (2C). In the solid state, the color
of the emission changes to yellowish-orange for compounds 2A (4, = 600 nm) and 3C (A, = 590 nm) because of the
formation of aggregates through intermolecular 77 interactions. 2C and 3C were chosen to fabricate fully solution-processed
electroluminescent devices with blue-light (2C), yellow-orange-light (3C), and white-light (mixtures of 2C and 3C) emission

from neat films of the compounds as emitting layers.

B INTRODUCTION

Extensive investigations on phosphorescent transition-metal
complexes have been carried out in the past decade, driven
especially by their applicability in organic light-emitting devices
(OLEDs), particularly those of ruthenium(I1), iridium (IIT), and
platinum(II).l_5 The efficiency in the emission of visible light is
attributed to the strong spin—orbit coupling induced by the
heavy-metal atom that facilitates both fast intersystem crossing
and formally spin-forbidden triplet radiative decay, which lead
to conversion rates of up to 100%.°~°

Currently, most blue-emitting materials with high quantum
yield (QY) are based on iridium(III) as the metal ion, but the
number of platinum(II) compounds is increasingly grow-
ing.”*~'® Population of a high-energy excited state required for
an eflicient blue emission upon excitation competes with the

-4 ACS Publications  © 2017 American Chemical Society
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photo or thermal population of high-lying metal dd* states,
with the latter leading to severe geometrical distortions of the
molecules, which result in nonradiative deactivation and
degradation via bond-breaking processes.'” In the chemistry
of platinum(Il), a common approach for the design of efficient
and stable blue-phosphorescent systems is the incorporation of
strong field ligands into the metal coordination sphere, such as
C-deprotonated imines able to act as bidentate,'™" triden-
tate' """ and even tetradentate” ~** ligands. The use of
bidentate ligands has the advantage of the allowed electronic
tunability of the platinum(II) complexes by varying the
ancillary ligands. In this context, cyclometalated N-heterocyclic
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carbenes (NHCs; CAC*) may surpass the high ligand-field-
splitting capacity of the CAN ligands because they present two
C—o bonds. Another consequence of the presence of strong
carbon—metal bonds is the robustness and/or stability of the
carbene complexes, which may provide long-term functional
materials.'*~"%**?° Up to now, most platinum(II) compounds
contalmn C’\C* cyclometalated ligands contain ﬂ diketonate
ligands'***~** or two equal monodentate ligands® to complete
the coordination sphere of the platinum center, but it is a
constraining factor in the design of a variety of complexes. In a
previous work, we reported that, based on the NMR data, the
trans influence of the carbene (C*) is very high and not much
different from that of the metalated carbon atom, in such a way
that attempts to synthesize heteroleptic platinum(II) complexes
containing bidentate CAC* cyclometalated ligands, [Pt(CAC*)-
LL’], render mixtures of the trans- and cis-(C*L) isomers.*®
However, we concluded that if L = PPh; the degree of
transphobia T[CAr/PPh;)] of this pair of ligands in trans
positions is larger than T[C*/PPh;] and directs the selective
formation of the trans-(C*PPh;) isomer in such a way that the
heteroleptic complexes [PtCI(NC-CAC*)(PPh;)] (1C) and
[Pt(NC-CAC*)(PPhy)L]PF4 [L = pyridine (py; 2C), 2,6
dimethylphenylisocyanide (CNXyl; 3C), 2-mercapto-1-methyl-
imidazole (MMIL; 4C)] could be selectively obtained as the
trans-(C* PPh,) isomer, and they are the only heteroleptic
CAS:: cyclometalated compounds of platinum(II) reported so
far.

Aiming to explore the generality of this assessment, we have
expanded research to the synthesis of new related compounds
by varying the cyclometalated NHC ligands: [Pt(R-CAC*)Cl-
(PPh;)] (R-C = Naph, 1A; R = CO,Et, 1B) and [Pt(R-
CAC*)(py) (PPh,)JPF, (R-C = Naph, 2A; R = CO,Et, 2B). We
have also studied the photophysical properties of the ionic
compounds 2A—2C, 3C, and 4C, both experimentally and
theoretically, through time-dependent density functional theory
(TD-DFT) calculations, trying to compare the effect of varying
either CAC* or the L ligand on it (L = py, CNXyl, MMI).
Moreover, compounds 2C and 3C were chosen to fabricate
OLEDs with blue-light (2C), yellow-orange-light (3C), and
white-light (mixtures of 2C and 3C) emission. OLEDs were
fabricated by a fully solution-processed technology with a
nondoped emitting layer (EML) thanks to the good
processability of the compounds. Most of the work on
platinum-based OLEDs deals with devices fabricated with
vacuum evaporation techniques’’ >’ because of the low
solubility and/or poor ability of these compounds to form
thin homogeneous films when deposited from solution. To the
best of our knowledge, the solution-processed devices so far
reported have been obtained with an EML composed of host—
guest systems where the platinum emitter is blended in either
polymeric or molecular hosts in order to reduce aggregation
quenching processes and to increase the film homoégeneity, for
both molecular’®™** and dendrimeric emitters.*>** For these
reasons, all of the devices reported so far with a nondoped EML
have been obtained by using vacuum-processed technolo-
gies."”* On the other hand, nondoped devices offer many
advantages, such as higher color stability and simpler device
structure. Moreover, for blue-emitting devices, the use of blends
imposes strict requirements on the host triplet-energy levels,
whose energy must be high enough to prevent back-transfer
processes. To the best of our knowledge, the results reported in
this paper represent the first example of solution-processed
platinum-based devices obtained with a nondoped EML. With
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this very simple approach, by mixing two compounds at
different ratios, we are able to tune the OLED emission from
blue to yellow-orange, passing through white.

B EXPERIMENTAL SECTION

General Comments. Instrumental methods used for character-
ization and spectroscopic studies, DFT computational details, X-ray
structures, and details of the preparation of poly(methyl methacrylate)
(PMMA) films and the fabrication of electroluminescent devices are
contained in the Supporting Information. All chemlcals were used as
supplied, and [{Pt(u-Cl)(n3-2-Me-C;H,)}, 1,¥ [{Pt(u-Cl)-
(Naph"C¥)},] (4), [{Pt(u-C)(CO,E-CACH),] (B), [{Pe(u-
Cl)(NC-CAC*)},] (C), and 1C—4C*® were prepared following
literature procedures.

Synthesis of [PtCI(NaphAC*)(PPh;)] (1A). PPh, (158.6 mg, 0.59
mmol) was added to a suspension of A (233.4 mg, 0.27 mmol) in
dichloromethane (30 mL) at room temperature. After 1 h of reaction,
the solution was filtered through Celite and the solvent was removed
under reduced pressure. The residue was treated with methanol
(MeOH; S mL), filtered, and washed with MeOH (2 mL) to give 1A
as a pale-yellow solid. Yield: 282.2 mg, 76%. Anal. Calcd for
Cy,H,CIN,PPt-CH,CL: C, 50.49; H, 3.60; N, 3.57. Found: C, 50.82;
H, 3.39; N, 3.50. 'H NMR (400 MHZ, methylene chloride-d,): &
7.75—7.83 (m, 6H, H,(PPh,)), 7.62 (d, ¥}, = 8.1 Hz, 1H, H,,), 7.53
(m, 1H, Hz), 7.34—7.46 (m, 10H, H, (PPhs), H,(PPh;), and H,,),
724 (ddd ]11 12 = 8.1 Hz, ]11 10 = 7.0 Hz, ]119 = 1.3 Hg, 1H, Hyy),
7.08 (m, upe = 68.6 Hz, 1H, H,), 7.06 (ddd, *J,q, = 8.1 Hy, ]1011 =
7.0 Hz, Y101, = 1.2 Hz, 1H, H,y), 7.00 (m, 1H, Hj), 6.62 (d, *Jo, =
8.1 Hz, 1H, Hy), 4.31 (s, 3H, H,). “C{'H} NMR plus HMBC and
HSQC (101 MHz, methylene chloride-d,): § 171.9 (s, Cl1), 146.1 (s,
CS), 1385 (d, *Jcrp = 82 Hz, C7), 135.9 (d, YJcp = 10.9 Hg, ]CPt
19.7 Hz, 6C, C (PPh3)), 130.7 (s, 3C, C (PPh3)), 1283 (d, “Jcp =
10.1 Hz, 6C, C,,(PPh;)), 127.1, 127.0 (s, 2C, C9 and C12), 125.1,
125.0 (s, 2C, Cl11 and C10), 124.7 (d, ]CP = 5.8 Hz, C3), 114.7 (s,
C2), 107.5 (s, C14), 38.5 (s, C4) SIP{IH} NMR (162 MHz,
methylene chloride-d,): & 30.1 (s, 'Jpp= 2913.5 Hz). "*Pt{'H} NMR
(85.6 MHz, methylene chloride-d,): 6 —4210.5 (d). IR (ATR, cm™):
v 303 (m, Pt—Cl). MS (MALDI'): m/z 664.3 ([Pt(NaphrC*)-
(PPh;)]*), 700.3 (1A%).

Synthesis of [PtCI(CO,Et-CAC*)(PPh;)] (1B). It was prepared
following the method described for 1A. PPh, (84.5 mg, 0.31 mmol)
and B (130.6 mg, 0.14 mmol). Yield: 157.5 mg, 77%. Anal. Calcd for
C3,H,,CIN,0,PPt: C, 51.56; H, 3.90; N, 3.88. Found: C, 51.95; H,
3.85; N, 3.89. 'H NMR (400 MHz, methylene chloride-d,): & 7.68—
7.78 (m, 6H, HO(PPh3)), 7.61 (dd, 3]y, = 8.1 Hz, *J,, = 1.7 Hz, 1H,
H,), 7.55 (m, 3Jyp = 66.5 Hz, 1H, H7) 7.33—7.46 (m, 10H,

H,,(PPh,), H,(PPhy), and H,), 7.04 (d, ;g9 = 8.1 Hz, ]HP( =221
Hz, 1H, Hm), 6.97 (m, 1H, H3), 4.30 (s, 3H, H,), 3.94 (q, Jyp = 7.2
Hz, 2H, CH,(OEt)), 1.00 (t, *Jyyy; = 7.2 Hz, 3H, CH;(OE)). BC{'H}
NMR plus HMBC and HSQC (101 MHz, methylene chloride-d,): &
172.0 (s, C1), 166.3 (s, CO,Et), 1SL1 (s, C5), 140.9 (d, ¥Jc,p = 9.5
Hz, C7), 135.8 (d, ]CP = 11.2 Hz, ¥ p = 22.0 Hz, 6C, C (PPh3)),
131.4 (s, C6), 130.9 (d, ¥Jcp = 2.3 Hz, 3C, C,(PPh,)), 128.4 (d, *Jcp =
10.5 Hz, 6C, C,,(PPh;)), 125.9 (s, C9), 1245 (d, Ycp = 6.1 He, C3),
114.5 (d, ¥cp = 2.6 Hz, C2), 111.0 (s, C10), 60.6 (s, CH,(OEt)), 38.5
(s, C4), 144 (s, CH3(OEt)) 3p{'H} NMR (162 MHz, methylene
chloride-d,): & 29.9 (s, 'Jppe = 2910.9 Hz). “*Pt{'"H} NMR (85.6
MHz, methylene chloride-d,): § —4247.0 (d). IR (ATR, cm™): v 286
(m, Pt—Cl), 1704 (m, C=O0). MS (MALDI'): m/z 686.1
([Pt(CO,Et-CAC*)(PPh,)]*).

Synthesis of [Pt(NaphAC*)(py)(PPh3)IPFs (2A). Pyridine (16.0
4L, 0.20 mmol) and KPF (37.5 mg, 0.20 mmol) were added to a pale-
yellow suspension of 1A (139.6 mg, 0.20 mmol) in acetone (30 mL).
After 1 h of stirring at room temperature, the solvent was evaporated
to dryness and the residue treated with dichloromethane (35 mL) and
filtered through Celite. Then, the solvent was removed under reduced
pressure, and the residue was treated with diethyl ether (10 mL),
filtered, and washed with diethyl ether (S mL) to give 2A as a pale-
yellow solid. Yield: 144.6 mg, 82%. Anal. Calcd for Cs;Hj3 F¢N;P,Pt:
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C, 50.01; H, 3.52; N, 4.73. Found: C, 49.76; H, 3.28; N, 4.46. 'H
NMR (400 MHz, methylene chloride-d,): § 8.44 (d, 3]H'H = 6.6 Hz,
*Jupe = 21.7 Hz, 2H, H,(py)), 7.60~7.72 (m, 9H, H,(PPhs), Hy(py),
H,, and H,), 7.51 (s, *Jyp = 10.0 He, 1H, H,), 745 (m, 3H,
H,(PPh,), 7.30—7.37 (m, 6H, H,,(PPh;)), 7.29 (ddd, ], = 8.1 Hz,
10 = 7.0 Hz, ¥, = 1.2 Hz, 1H, Hyy), 7.19 (m, 2H, H, (py)), 7.12
(ddd, *J,09 = 8.1 Hz, *Jg, = 7.0 Hz, ¥} 1, = 1.2 Hz, 1H, H,), 7.08 (d,
*Tp = 24 Hz, ¥yyp = 61.2 Hz, 1H, H;), 7.03 (m, 1H, H;), 6.82 (d,
*Jo10 = 8.1 Hz, 1H, Hy), 2.87 (s, 3H, H,). *C{'H} NMR plus HMBC
and HSQC (101 MHz, methylene chloride-d,): 5 171.9 (d, JJcip =
137.5 Hz, C1), 1524 (s, C,(py)), 146.1 (s, CS), 141.1 (d, *Jc;p = 9.6
Hz, C7), 139.5 (s, C,(py)), 135.2 (d, *Jcp = 11.6 Hz, ’Jcp = 20.3 Hz,
6C, C,(PPh,)), 131.7 (s, 3C, C,(PPh,)), 129.1 (d, ’Jcp = 10.5 Hz, 6C,
C.,(PPhy)), 127.7 (s, Cn(py)), 127.3, 127.1 (s, 2C, C9 and C12),
126.1 (s, C11), 125.5 (s, C10), 124.8 (d, Jcp = 5.0 Hz, C3), 1214 (5,
C6), 115.0 (s, C2), 108.5 (s, Jciqp = 26.5 Hz, C14), 35.6 (s, C4).
3'P{'H} NMR (162 MHz, methylene chloride-d,): 5 29.8 (s, 'Jpp. =
2926.2 Hz). ""Pt{'"H} NMR (85.6 MHz, methylene chloride-d,): &
—4253.5 (d). IR (ATR, cm™): v 829 (s, PFy), 556 (s, PFg). MS
(MALDI'): m/z 664.3 ([Pt(NaphAC*)(PPh;)]*). Ay (5 X 107* M
acetone solution): 73.35 cm® Q™' mol ™.

Synthesis of [Pt(CO,Et-CAC*)(py)(PPh3)IPFg (2B). It was
prepared following the method described for 2A with pyridine (24.7
uL, 0.31 mmol), KPF, (28.7 mg, 0.15 mmol), and 1B (110.5 mg, 0.15
mmol). Yield: 115.2 mg, 83%. Anal. Caled for C3sH33FgN;0,P,Pt: C,
47.48; H, 3.65; N, 4.61. Found: C, 47.47; H, 3.65; N, 4.72. '"H NMR
(400 MHz, methylene chloride-d,): § 8.45 (d, ¥Jyyu = 5.0 Hz, ¥y p, =
21.7 Hz, 2H, H,(py)), 7.64—7.72 (m, 2H, H,(py) and H,), 7.56—7.64
(m, 6H, H,(PPh,)), 7.41-7.52 (m, SH, H,, H,, and H,(PPh,)), 7.33
(m, 6H, H,,(PPh;)), 7.21 (m, 2H, H,,(py)), 7.14 (d, °J,o9 = 8.2 Hg,
upe = 11.0 Hz, 1H, Hy,), 7.07 (m, 1H, H;), 3.92 (q, *Jyu = 7.1 Hz,
2H, CH,(OEt)), 2.90 (s, 3H, H,), 095 (t, *Jyu = 7.1 Hz, 3H,
CH;(OEt)). BC{’'H} NMR plus HMBC and HSQC (101 MHz,
methylene chloride-d,): 6 172.8 (d, *Jc,p = 136.2 Hz, C1), 1659 (s,
CO,Et), 1524 (s, C,(py)), 151.3 (s, CS), 1424 (d, *Jc7p = 9.7 Hz,
C7),139.8 (s, C,(py)), 1352 (d, *Jcp = 11.5 Hz, *Jc p, = 21.1 Hz, 6C,
C,(PPh,)), 132.0 (d, Jcp = 2.0 Hz, 3C, C,(PPh,)), 129.3 (d, ¥Jcp =
10.8 Hz, 6C, C,,(PPh;)), 128.0 (s, Cm(py)s, 127.8 (s, C9), 124.9 (d,
Yep = 4.8 Hz, C3), 122.9 (d, JJcp = 6.2 Hz, C6), 115.5 (d, Jcp = 2.3
Hz, C2), 111.6 (s, ¥Jcp = 29.2 Hz, C10), 60.7 (s, CH,(OEt)), 35.9 (s,
C4), 143 (s, CH;(OEt)). *P{'H} NMR (162 MHz, methylene
chloride-d,): § 29.2 (s, 'Jppe = 2930.0 Hz). '*Pt{'"H} NMR (85.6
MHz, methylene chloride-d,): § —4288.0 (d). IR (ATR, cm™): v 832
(s, PFg), 556 (s, PF¢), 1707 (m, C=0). MS (MALDI"): m/z 686.1
([Pt(CO,Et-CAC*)(PPh3)]*). Ay (5 X 107* M acetone solution):
71.84 cm® Q7! mol™!

B RESULTS AND DISCUSSION

Synthesis and characterization of [PtCI(R-CAC*)-
(PPh3)] and [Pt(R-CAC*)(py)(PPh3)]PFs. The dinuclear
complexes [{Pt(u-Cl)(R-CAC*)},] (R-C = Naph, A; R =
CO,Et, B) react with PPh; in a 1:2 molar ratio in
dichloromethane at room temperature (Scheme 1, path a,
and the Experimental Section) to give the mononuclear
complexes trans-(C*,P)[PtCI(R-CAC*)(PPh,;)] (R-C = Naph,
1A; R = CO,Et, 1B). Then, compounds [Pt(R-CAC*)(py)-
(PPh;)]JPFs (R-C = Naph, 2A; R = CO,Et, 2B) were
synthesized by treating 1A and 1B with 1 equiv of KPF4 and
an excess of pyridine in acetone at room temperature (see
Scheme 1, path b, and the Experimental Section); they were
isolated from their solutions as pure solids in high yield (ca.
83%).

All of the spectroscopic and crystallographic data discussed
below support the formulation proposed for all of these new
compounds and their trans-(C* PPh,) geometry, like in the
previously reported compounds 1C—4C.”
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Very relevant structural information was provided by
multinuclear NMR spectra. The '"H NMR spectra of 1A, 1B,
2A, and 2B show the expected signals for the CAC* group and
auxiliary ligands with intensity ratios corresponding to the
proposed stoichiometries (see the Experimental Section and
Figures S1—S4). It is worth noting that resonances
corresponding to H7, H9, and H10 protons in compounds
1A and 2A appear to be more shielded than the H14, H12, and
H11 ones because of the anisotropic effect caused by the
proximity in space of the aromatic ring current of the phenyl
group of PPh;. This same phenomenon is also observed in the
H4 resonance of complexes 2A and 2B (§ ~ 2.90 ppm), which
undergo an important upfield shift compared to those of the
corresponding chloride counterparts, 1A and 1B (§ ~ 4.30
ppm). In this case, the anisotropic shielding effect is associated
with the pyridine ring coordinated in a cis position to the
carbenic fragment.36 In agreement with their formulation, the
3'P{'"H} NMR spectra of 1A—2B show only one sharp signal at
ca. 30 ppm flanked by platinum satellites, and their '**Pt{'H}
NMR spectra exhibit the expected doublets ranging from
—4210.5 to —4288.0 ppm (see the Experimental Section and
Figure SS). The &P, 5Pt and '**Pt—>'P coupling constants are
very similar to those found in the related complexes 1C and
2C,*® with a trans-(C*,PPh,) geometry, and are in the range of
complexes with a P—Pt—C trans arrangement,so_52 making
evident the strong trans influence of the carbene atom (C*) of
the two R-CAC* groups (R-C = Naph; R = CO,Et) as well. As
inferred from the '"Pt NMR spectral data, the naphthyl
derivatives (1A and 2A) appear downfield-shifted (17—37
ppm) with respect to those of the ethoxycarbonyl (1B and 2B)
and the cyano (1C and 2C) ones, indicating that the larger 7
system induces an important withdrawal of electron density
from the platinum center. These spectral and electronic features
were also observed in related compounds [Pt(R-CAC*)-
(CNR’),]PF¢.* In addition, the *C{'H} NMR spectra of 2A
and 2B revealed the presence of a doublet at ~172 ppm with a
3P—C coupling constant value of ca. 136 Hz, corresponding
to the quaternary carbenic carbon (C1). However, those of 1A
and 1B could only be detected by 2D 'H-"C HMBC
correlation experiments (see Figures S1 and S2).

As inferred from these NMR data, cleavage of the bridging
system rendered compounds trans-(C*,PPh;)[PtCI(R-CAC*)-
(PPh;)] (R-C = Naph, 1A; R = CO,Et, 1B) as unique isomers
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and the subsequent replacement of Cl by py in the
coordination environment of platinum proceeds with stereo-
retention, giving compounds trans-(C*PPh;)[Pt(R-CAC*)-
(py)(PPh,) |PFs (R-C= Naph, 2A; R = CO,Et, 2B). These
results were expected considering the degree of transphobia
(T) of pairs of ligands in trans positions.”” >’ In our previous
work, we concluded that T[C,,/L] > T[C*/L] and T[C,,/
PPh,] > T[C,,/py] > T[C4/Cl], in such a way that T[C,,/
PPh,] should be the greatest one. The current experimental
results indicated that, as was observed in the case of
compounds 1C—4C, the difference between T[C,,/PPh,]
and T[C*/PPh,] is big enough to direct the selective formation
of trans-(C*PPh;) complexes 1A, 1B, 2A, and 2B as pure
compounds. This conclusion was confirmed by the single-
crystal X-ray diffraction analysis of 2A and 2B shown in the
following.

Crystal Structure Determination of [Pt(R-CAC*)(py)-
(PPh3)IPFs. The crystal structures of 2A and 2B were
determined by X-ray diffraction studies (see Figures 1 and

Figure 1. Molecular structure of the complex cation of 2B. Selected
bond lengths (A) and angles (deg): Pt—C1 2.031(3), Pt—C6 2.035(3),
Pt—P1 2.3031(8), Pt—N3 2.116(3); C1—-Pt—C6 79.48(13), C6—Pt—
P1 93.08(9), C1-Pt—N3 96.81(12), P1—Pt—N3 90.94(8). Solvent
molecules, PF, and hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are drawn at the 50% probability level.

S6—S8 and Table S1). The asymmetric unit of 2A contains two
molecules (Ptl and Pt2) with similar structural details (see
Figure S6). The platinum(II) center exhibits a distorted square-
planar environment due to the small bite angle of the
cyclometalated NHC ligands R-CAC* [79.48(13)—
80.09(13)°]. This C—Pt—C bite angle and both Pt—C bond
lengths are similar to those observed for other five-membered
metalacycles of platinum(Il) with NHCs.>03%3%353658760
PPh; and pyridine complete the coordination sphere of the
platinum center. The Pt—N**°""%* and Pt— P36 065-6% bond
distances are within the typical range for platinum(II)
compounds, with these trans to o-bonded carbon atoms. The
pyridine rings are placed almost perpendicular to the platinum
coordination planes (Pt, C, C, P, and N) with dihedral angles of
85.44° (Ptl, 2A), 80.20° (Pt2, 2A), and 74.89° (2B). In their
crystal structure packings, intramolecular and very weak
intermolecular interactions were observed (see Figures S7
and S8). As observed in the "H NMR spectra, there are C—
H---z intramolecular interactions between the methyl groups
(C4/C41) and the pyridine rings in 2A [d(C4--C,) = 3.267 A
and d(C41---C 2) 3.381 A], whereas in 2B, those contacts are
significantly longer [d(C4--C ) = 3.788 A, where C, are the
centroids of the pyridine rlngs] Also, there are T
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intramolecular interactions (3.11—3.59 A) between one of the
phenyl groups of the PPh; and pyridine rings.

In 2A, the molecules arrange themselves in head-to-tail pairs,
showing a clear offset stacking with rather long intermolecular
m--m contacts (~3.50 A; see Figure S7), whereas in 2B, the
molecules are located far apart with no z---7 interactions
between each other.

Additionally, in both crystal structures (2A and 2B), there
are some weak C—H:--F contacts [d(C—F) = 3.03 A; d(H-F)
= 2.30 A; see Figure $8]%~7" between the cationic complexes
and the PF¢~ anion, which is in agreement with the low
conductivity measurements.

Photophysical Properties of Compounds [Pt(R-CAC*)-
(py)(PPh;)IPF4 [R-C = Naph (2A); R = CO,Et (2B), CN (2C)]
and [Pt(NC-CAC*)(PPh;)L]PF¢ [L = CNXyl (3C), MMI (4C)].
In this section, we compare the absorption and emission
properties of two sets of compounds, 2A—2C and 2C—4C,
aiming to study how the photophysical properties of these ionic
compounds are affected by variation of the NHC group or
ancillary ligands, respectively. UV—vis spectral data of 2A—4C
are listed in Table S2. As shown in Figure 2, in a diluted
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Figure 2. Normalized absorption spectra in CH,Cl, (5 X 107> M) at
room temperature.

CH,Cl, solution, they all display strong absorption bands at A
<300 nm (¢ > 10* M™! em™"), which are normally attributed
to the singlet intraligand ('IL) transitions of the NHC ligand.

Complexes 2B and 2C show almost identical UV—vis spectra
with the lowest-energy absorption at around 315 nm (e ~ 10°
M~ ecm™), suggesting that the electronic features of the R-
CAC* (R = CO,Et, CN) ligands are comparable and quite
different from those of the naphthyl counterpart, 2A.

The latter exhibits an additional low-energy (LE) band at A ~
350 nm (¢ ~ 10° M™' ecm™), which is very similar to that
observed in complexes with the same cyclometalated NHC
ligand (NaphAC*).>**° 1t appears to be slightly shifted to
hlgher energies compared to the isocyanide derivatives

[(NaphAC*)Pt(CNR'),]PFs (R’ = t-Bu, Xyl),*® which
indicates participation of the ancillary ligands in it. The
involvement of the auxiliary ligands in the lowest-energy
absorptions can also be noticed for complexes 2C—4C. The
one corresponding to the isocyanide derivative, 3C (1 = 320
nm), is shown to be clearly red-shifted with respect to the
pyridine one, 2C (4 = 316 nm), while that of 4C becomes a less
intense shoulder (4 = 314 nm) accompanied by an additional
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Table 1. Population Analysis (%) of FOs in the Ground State for 2A—2C and 4C in a Solution of CH,Cl,

population analysis (%)

eV platinum R-CAC* PPh; L
MO 2A 2B 2C 4C 2A 2B 2C 4C 2A 2B 2C 4C 2A 2B 2C 4C 2A 2B 2C 4C
L+1 -157 -166 -172 —137 26 S S 23 34 7 4 25 14 1 1 46 26 87 90 6
L -1.72 -189 -199 -2.00 11 20 20 23 15 64 69 67 4 8 7 7 70 8 4 3
H —628 —672 —688 —6.46 9 25 24 9 90 74 75 3 1 1 1 3 0 0 0 85
H-1 -660 -7.16 -724 —6.85 18 61 56 24 80 8 4 74 1 30 39 1 1 1 1 1

band at A = 352 nm. This lowest-energy absorption of 4C (352
nm) obeys Beer’s law, suggesting that it is due to transitions in
the molecular species and that no significant aggregation occurs
within the concentration range from 107> to 107 M (see
Figure S9). UV—vis spectra of all complexes were recorded in
different solvents (Table S2), showing no significant
solvatochromism, except for compound 2A (see Figure S10).
It presents a slightly negative solvatochromism in the lower-
energy spectral region (4 > 340 nm), which indicates the
existence of charge-transfer (CT) transitions.”

Solid-state diffuse-reflectance spectra are depicted in Figure
S11. They show no particular differences compared to those
observed in a solution of CH,Cl,. Therefore, the weak
intermolecular 7—7 and C—H--F interactions observed in
their X-ray structures (at ca. 100 K) seem to have no important
effects in the absorption at room temperature.

DFT and TD-DFT calculations in a solution of CH,Cl, for
2A—-2C and 4C have been carried out to provide correct
assignments for the UV—vis absorptions and also to evaluate
the effect of both cyclometalated R—CAC* and ancillary ligands
(L) on the photophysical properties.

The optimized geometries of the ground state, Sy, and T,
(Tables S3—S10) were carried out at the M06/SDD(Pt)/6-
31G* (ligand atoms) level. The geometric parameters of the
optimized structures (S,) agree reasonably well with the
experimental values (Tables S11 and S12). Diagrams of the
frontier molecular orbitals (FOs) in the ground state are
depicted in Figure S12, and the relative compositions of the
different energy levels are reported in Table 1. Excitation
energies at the ground-state geometry were calculated by TD-
DFT in a CH,CI, solution, and selected low-lying transitions
are listed in Table S13. The composition of the FOs of 2B and
2C are practically identical, which confirms the similarities of
the electronic features of the R-CAC* (R = CN, CO,Et)
cyclometalated groups. In these cases, the highest occupied
molecular orbitals (HOMOs) are mainly constructed from 7
orbitals of the CAC* ligand (ca. 75%) and dr orbitals of the
platinum center (25%) and the lowest unoccupied molecular
orbitals (LUMOs) are similar to the HOMOs but with some
contribution of the ancillary ligands: 20% platinum, ca. 65%
CAC*, 8% PPh;, and 7% py. However, in the case of 2A, the
HOMO is almost entirely localized on the Naph*C* fragment
(90%), while the LUMO is mostly centered on the pyridine
(70%) with small contributions of Naph*C* (ca. 15%) and
platinum (ca. 10%) orbitals. By a comparison of 2C and 4C, it
can be observed that in 4C the presence of MMI instead of py
in the coordinating sphere of platinum leads to a HOMO
mainly based on the auxiliary ligand (MMI, 85%) with only a
low contribution of platinum and R-CAC* orbitals, while no
significant changes are induced in the LUMO composition with
respect to that in 2C, which is mostly centered on the R-CAC*
orbitals. Thus, by modification of both ligands, either R-C
(CAC*) or L, the nature and composition of the FOs, and
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therefore the nature of the lowest-energy singlet transition,
change considerably. The calculated S, in CH,Cl, arises from
HOMO to LUMO transitions for 2B, 2C, and 4C, while for
2A, it arises mainly from H — L (39%) and H — L+1 (36%)
transitions.

Considering that the calculated allowed absorptions are in
good qualitative agreement with the experimental UV-—vis
spectra (Figures 3 and S13—S15), the lowest-energy absorption

Absorbance
1.0+

0.8

0.6

0.4

0.2

0.0 0.0

550

—= T T T M T T T
350 400 450 500
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2%0 ' 360
Figure 3. Normalized UV—vis absorption spectrum of 4C in CH,Cl,

and calculated transitions in CH,Cl, (colored bars) with the diagrams
of the FOs.

bands can be attributed to mixed transitions: ILCT [z(NHC)
— #%(NHC)]/LL'CT [#(NHC) — #*(L')] for 2B and 2C
and LL'CT [#(NHC) — =#*(py)]/ILCT [#(NHC) —
#*(NHC)]/LMCT [#(NHC) — 5d(Pt)] for 2A and L'LCT
[7%(MMI) — 7%(NHC)]/L'MCT [z*(MMI) — 5d(Pt)] for
4C. Complex 4C shows also a very weak calculated absorption
at 336 nm (S,; see Figure 3) that implicates the H-1 — L
(95%) transition. Its energy and electronic nature are very
similar to the calculated S, transition in complexes 2B and 2C.

Emission data are summarized in Table 2. The phosphor-
escence of all complexes in CH,Cl, (1075 M, 298 K) is
quenched, even under an argon atmosphere, which may be due
to thermal nonradiative processes.”* Nonetheless, in a rigid
matrix (CH,Cl, solution at 77 K), these molecules show bright
and long-lived luminescence. All compounds show well-
resolved vibronic emissions, and their excitation profiles
mimic the corresponding UV—vis absorptions. In the case of
2A, containing a Naph"C* cyclometalated group, the
phosphorescence appears at A, ~ 474 nm with a substantially
long monoexponential decay (~480 us). The analogous
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Table 2. Photophysical Data for Complexes 2A—2C, 3C, and 4C

compd media (T/K) Jex (nm)
24 CH,CL" (77) 355
CH,CL" (77) 357
PMMA film 340
solid (298) 368
solid (77) 361
2B CH,CL" (77) 315
CH,CL" (77) 360
PMMA film 330
solid (298) 360
Solid (77) 364
2C CH,CL" (77) 314
CH,CL" (77) 355
PMMA film 320
solid (298) 350
solid (77) 355
3C CH,CL" (77) 320
CH,CL" (77) 350
400
450
PMMA film 340
solid (298) 465
solid (77) 350
390
460
4c° CH,CL" (77) 314, 355
CH,CL" (77) 320, 375
450
solid (298) 370
solid (77) 370

Aem (n112) 7 (us)” @°
474, 511, 551, 598 481
474, S11, 551, 598 478
476, 511, 600, 0.87
557, 600,,,, 650 35 0.06
S414, 552, 581y, $97may 6484 65
444,.., 475, 506, 545, 23
447, 477, 509, 545, 24
448, 476, 503, 543, 0.68
455, 474,,., SO1 26 0.19
455, 474, S0S 15
444,.., 474, 505, 538, 23
447, 477, 509, 538, 22
446, 472,,.,, 500, 540, 093
446, 472,,., 500, 540, 17 035
447, 469,.,,, 500, 540y, 25
449, 480, 513, 543 26.9
450, 483, S1S, 545, 615 24
545,00 6154 1.6
5454y 615, 2.0
453, 480,,,, 511, 5504, 0.87
590 12 0.11
465, 488, 524 20
465, 488, 545, 18
5454, 615, 22
444, 474, 506, 543, 19
449, 479, 512, 548, 14
558 4
449, 474, 505, 538, 26 0.11
444, 474, 506, 538, 127

2107 M. Y107 M. “Not soluble to prepare PMMA films in 1072 M CH,Cl,. “Measurements at 4, ‘P MMA films in an argon atmosphere.

complexes 2B and 2C, as well as 3C and 4C, all of them
containing R-CAC* (R = CN, CO,Et) cyclometalated groups,
exhibit a phosphorescent emission (A, ~ 450 nm) blue-
shifted with respect to 2A (see Figure 4) and shorter decays
(about 20 ps). Among those complexes containing the NC-
CAC* cyclometalated group, 2C—4C, the Xyl derivative (3C)
produces an emission slightly shifted to lower energies with
respect to those of 2C and 4C. The emissive behavior
(emission energy and lifetime) of 2A in a CH,Cl, rigid matrix is
very similar to that observed in other compounds containing

—_2A, Ay = 355 nm
—2B,%_=315nm
ex
2C,)._=314nm
ex
—3C,»_=320nm
ex
——4C, )._=355nm
ex

Intensity (a.u.)

T T b4 T T T T
300 350 450 500 550 600
A (nm)

0.0

Figure 4. Normalized excitation (—) and emission (thick —) spectra
in a rigid matrix of CH,Cl, (107° M) at 77 K.

the same “(NaphAC*)Pt” fragment.‘%?”35 Thus, taking into
account all of these data and the TD-DFT calculations, the
phosphorescent emission of 2A can be mainly assigned to
SILCT [#(NHC) — ##(NHC)] transitions mixed with some, if
any, ’LL'CT [#(NHC) — #*(L)]/’°LMCT [z(NHC) —
5d(Pt)] character. The emission bands of 2B and 2C—4C are
tentatively ascribed to transitions of monomeric species derived
from *ILCT [#(NHC) — #*(NHC)]/’LL'CT [#(NHC) —
7*(L’)] excited states. It is worth noting that the LE absorption
(S,) of 4C was attributed in the UV—vis section to mixed
transitions L'LCT [#*(MMI) — #*(NHC)]/L'MCT
[#*(MMI) — S5d(Pt)]. However, the emission features are
identical with those observed for 2B, 2C, and 3C, which
correspond to the assignment of the S,-calculated absorption.

In fact, if assuming the lowest-energy absorption (S;) as the
emissive state, the geometry of the first excited state (T))
should show a decrease of the Pt—S bond distance with respect
to that of the ground state (Sy; see Table S11) because an
electron would be promoted from a dz*[Pt/S(MMI)]
antibonding orbital in the excitation process (see the HOMO
in Figure 3 or S12).

However, this is not observed, and the Pt—S distance
remains invariable (A = 0.01). Nonetheless, there is a
shortening of the Pt—C6 and Pt—Cl distances in the T,
structure compared to those of the S; one, which may be
attributed to promoting an electron from a dz*(Pt/NHC)
antibonding orbital (see the HOMO-1 in Figure 3 or S12) in
the excitation process. This same shortening is also detected in
the T, structures of 2B and 2C. Thus, the emissive behavior of
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2B, 2C, and 4C is practically identical and seems to arise from
the S; (2B and 2C) and S, (4C) low-lying absorptions. At
higher concentration (107 M), the pyridine complexes 2A—2C
display the same emission profiles and lifetimes as those
obtained in diluted solution (10™> M), whereas for 3C and 4C,
the emission profile depends on the excitation wavelength. In
complex 3C, upon monitoring of the spectra at 4., = 400 nm,
an unstructured LE band at 545 nm becomes the predominant
one, while emission at 615 nm can be selectively tuned by
exciting at A, = 450 nm. In complex 4C, a LE emission band at
558 nm is observed upon excitation at 450 nm (see Figure
S$16). The excitation maxima of these LE bands appearing in
the LE spectral region (~400 and 450 nm) and their lifetime
decays (on the order of 2—4 us) are shorter than those of the
monomer emissions. As a result of taking all of this into
consideration, we tentatively ascribe these LE bands to ‘zz*
transitions from aggregates formed by intermolecular inter-
actions. This wavelength-dependent behavior was formerly
observed in some of the isocyanide derivatives [Pt(CAC*)-
(CNR),]PF. >

The spectra of the PMMA films of all of these complexes
perfectly match with those in a rigid matrix of CH,Cl, (see
Figure S and Table 2). Thus, the origin of the emissions for all
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Figure 5. Normalized emission spectra of 2C. Picture taken under UV
light (4, = 365 nm).

complexes in PMMA seems to be the same as those in a rigid
matrix. QY measurements revealed that all complexes are very
good blue emitters at room temperature. To the best of our
knowledge, the QY values (68—93%) are among the highest
ones for blue emitters of platinum(H).25’26’28_30’3 33873

Experiments with pure powders showed that, at 298 and 77
K, complexes 2B, 2C, and 4C exhibit a phosphorescent blue
emission (see Figure 6) with patterns and lifetimes very similar
to those in a rigid matrix of CH,Cl,.

Hence, their emissions most likely originate from the same
excited states. However, the naphthyl derivative, 2A, shows an
orange emission with a maximum at ca. 600 nm either at 298 K
or at 77 K (see Figures 6 and S17) instead of the blue one
displayed in PMMA and a rigid matrix of CH,Cl,. Its apparent
vibronic spacings (1286 cm™), which match the skeletal
vibrational frequency of the NHC ligand, and the lifetime
values allow it to be ascribed to *zz* transitions from
aggregates formed by intermolecular 7---7 interactions among
the “NaphAC*“ moieties.”*”*
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Figure 6. Normalized emission spectra in the solid state at 298 K.
Pictures under UV light (1., = 365 nm).

Complex 3C shows at 298 K an unstructured broad band
with a maximum at 590 nm that fits a short monoexponential
decay (7 = 1.2 us). Upon cooling to 77 K, the emissive behavior
resembles the wavelength-dependent one registered in a rigid
matrix of CH,Cl, (107> M; see Figure S18). QY measurements
carried out on neat solid powders (6—35%) revealed that the
emissions are generally quenched because of the presence of
dioxygen in the measuring chamber. The QY value is
particularly low for complex 2A, which could be attributed to
the low efficiency of the emissive *zz* excited states.

Thermogravimetric analysis of these blue emitters indicated
that under argon at 1 atm they are stable at temperatures over
200 °C [247.31 °C, 2A; 244.47 °C, 2B; 206.82 °C, 2C; 269.64
°C, 3C; 239.12 °C, 4C].

Electroluminescence (EL). 2C and 3C were chosen to
fabricate  OLEDs with blue and yellow-orange emissions,
respectively, while devices containing mixtures of the two
have been considered in order to obtain intermediate colors
(i.e., white-light emission). Despite the conventional approach
used for solution-processable organometallic platinum complex,
i.e., dispersion in a conjugated host matrix with proper additives
to achieve good charge-carrier balancing, we explore here a
simpler bilayer structure consisting of a hole injection layer
covered with a neat compound as the EML, thanks to its good
film-forming ability. As the hole injection layer, a film of
poly(vinylcarbazole) (PVK) is deposited onto the ITO/
PEDOT:PSS-coated glass by following the procedure reported
elsewhere.”* Afterward, a neat film of 2C or 3C is deposited by
spin coating from a CHCI; solution. This simple and
unconventional, for organometallic phosphors, device architec-
ture exhibited an unexpectedly good electrooptical perform-
ance.

In Figure 7, the EL spectra of 2C and 3C and of four
mixtures of them at different weight ratios are reported. The EL
spectrum of 2C well corresponds to its photoluminescence
(PL) spectrum with structured blue emission at 452 and 478
nm (see Figure S19). The EL spectrum of 3C displays the
broad band at 550 nm associated with its excimer emission (see
Figure $20). The EL spectra of the 2C/3C mixtures with a 3C
content of 50% or higher display mainly the emission of 3C,
while a balanced emission from the two compounds is obtained
for the device with a 3C content of 10—20%, giving nearly
white-light emission (see Figures 7 and S21). The situation is
quite different in the corresponding PL spectra, whose
dominant emission comes from the 2C compound (see Figure
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Figure 7. EL spectra of ITO/PEDOT:PSS/PVK/EML/Ba/Al devices
with an EML of spin-coated 2C, 3C, and 2C/3C at different weight
ratios, driven at S V. The CIE 1931 chromaticity diagram is reported
with the (x, y) positions of the OLED emission.

§22). The different behaviors of the PL and EL spectra of the
2C/3C mixtures are mainly related to the higher efliciency of
the 3C-based device compared to the 2C one (see Table 3).

Table 3. OLED Performances

weight ratio
2C 3C EQE (%) Lyax (cd m™) CIE 1931 (x, y)

0 100 0.3 50 (0.39, 0.53)
20 80 02 101 (0.38, 0.51)
50 50 0.1 9 (036, 0.50)
80 20 0.02 5 (0.31, 0.44)
90 10 0.007 6 (027, 0.37)
100 0 0.01 4 (0.21, 0.29)

These observations suggest a more favorable energy barrier for
carrier injection in 3C, in agreement with the positions of their
HOMO-LUMO energy levels (see Figure S23). Despite the
fact that the devices are not optimized in terms of the platinum
complex layer thickness and charge-carrier regulation, they
display encouraging good performance (see Table 3 and Figure
S24) and stability, considering the simple and unusual bilayer
device architecture unexplored for organometallic complexes
processed by solution methods.

B CONCLUSIONS

In this work, we report the selective synthesis of new
heteroleptic cycloplatinated NHC compounds [PtCI(R-CAC*)-
(PPh;)] (R-C = Naph, 1A; R = CO,Et, 1B) and [Pt(R-
CAC*)(py)(PPh;)]PF, (R-C = Naph, 2A; R = CO,Et, 2B) as a
sole isomer, the trans-(C*,PPh,) one. As previously observed in
the synthesis of compounds [PtCI(NC-CAC*)(PPh,)] (1C)
and [Pt(NC-CAC*)(PPh,)L]PF (L = py, 2C; CNXyl, 3C;
MM, 4C), the difference between T[CAr/PPh;] and T[C*/
PPh;] was large enough to direct the clean formation of the
trans-(C* PPh,) isomer, in such a way that this feature seems to
be of general application.

Compounds 2A—2C, 3C, and 4C prove to be among the
most efficient platinum(II) blue or greenish-blue emitters in
PMMA films with QY values, measured under an argon
atmosphere, ranging from 68% 2B to 93% 2C. The emission
properties of all of them match those in a rigid matrix of
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CH,Cl,. In these conditions, no significant changes in the
emission properties of compounds 2C—4C, differing only in
the nature of one ancillary ligand, were observed. A comparison
of the emission properties of compounds 2A—2C differing only
in the R-CAC* group shows that in 2A the larger 7 system
induces an important withdrawal of the electron density from
the platinum center, resulting in a bathochromic shift of its
emission (ca. 30 nm) with respect to those of the analogous 2B
and 2C and in a much slower emissive decay because of the
predominant ILCT character of its emission. Both the
experimental data and TD-DFT calculations bring to light the
practically identical electronic features of the R-CAC* moiety
(R = CN, CO,Et). In the solid state, as much 2A as 3C shows a
weak yellowish-orange emission attributable to 7—z* excited
states of aggregates formed by intermolecular 7---7 interactions.
Compounds 2C and 3C were chosen to fabricate OLEDs.
Thanks to the good processability of the compounds, this is the
first example of platinum-based devices fabricated by a fully
solution-processed technology with a nondoped EML. This
very simple approach allowed us to tune the OLED emission
from blue (2C) to yellow-orange (3C), passing through white
(mixtures of 2C and 3C).
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ABSTRACT: We report on the generation of bright white luminescence
through solid-state illumination of remote phosphors based on novel
cycloplatinated N-heterocyclic carbene (NHC) compounds. Following a
stepwise protocol we got the new NHC compound [{Pt(u-Cl)(C"C*)},]
(4) (HC*C*xC* = 1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-
2-ylidene), which was used together with the related ones 4a (HC"C*-
kC*= 1-(4-cyanophenyl)-3-methyl-1H-imidazol-2-ylidene) and 4b
(HC C*-xC*= 3-methyl-1-(naphthalen-2-yl)-1H-imidazol-2-ylidene) as
starting materials for the synthesis of the new ionic derivatives [Pt(R-
C"C*) (CNR'),]PF, (R = —COOEt, R’ = t-Bu (5), Xyl (6); R = —CN,
R’ = t-Bu (7), Xyl (8); R*C = Naph, R’ = t-Bu (9), Xyl (10)). The X-ray
structures of 6 and 8—10 have been determined. The photophysical
properties of these cationic compounds have been studied and supported by

3
s
2
2
s
£

the time-dependent-density functional theory (TD-DFT) calculations. The compounds 5, 8, and 9 have been revealed as the
most efficient emitters in the solid state with quantum yields of 41%, 21%, and 40%, respectively. White-light remote-phosphors
have been prepared just by stacking different combinations of these compounds and [Pt(bzq) (CN) (CN'Bu)] (R1) as blue
(8, 8), yellow (9), and red (R1) components onto the same substrate. The CCT (correlated color temperature) and the CRI
(color rendering index) of the emitted white-light have been tuned by accurately controlling the individual contributions.

KEYWORDS: N-heterocyclic carbenes, metalacycles, platinum, remote-phosphors, white light

B INTRODUCTION

General lighting accounts for around 15% of the world’s
electricity consumption, and it is expected that demand will rise
50% by 2030. In light of this, it is widely accepted that cor-
rective measures to minimize energy consumption have to be
taken. One of these measures is the massive deployment of
solid-state lighting (SSL) technology in the general lighting
arena.’ LEDs, with outstanding energy-conversion efficiency
(up to S0%) together with their significant durability (around
25000 h) and sustainability, have the potential for inducing
important energy savings. Given the inherently narrow emission
from conventional p—n junctions, the achieving white light
emission requires the implementation of additional strategies.
At present, the technology provides two options: The first
approach is implementing a RGB (red, green, and blue)
multichip in which the three emitters are closely packaged for-
ming a chromaticity-tunable light source. The second approach
is based on the use of phosphor materials. Such compounds
are used to transmit and down-convert the UV or blue light
delivered from a LED pumping source into longer wavelengths,

-4 ACS Publications  © 2016 American Chemical Society

which are combined to create white light. Of course, under
this approach, chromaticity is no longer dynamically tunable
but can be established by monitoring fabrication parameters.
Today, most general lighting applications are based on this
option because of the uneven efliciency observed across the
visible range in direct-emission LEDs. In addition, the emission
properties of LEDs based on phosphor conversion are far less
sensitive to temperature than direct-emission LEDs, allowing
simpler (and less expensive) control strategies to maintain
chromaticity than in the case RGB multichip option. Regarding
the structure of these phosphor-based white LEDs, the majority
is based on integrating the active powder on the LED chip, that
is, into the package (PC-LEDs, phosphor-converted LEDs).
In this configuration, the phosphor is subjected to the heat
generated at the p—n junction. Relatively high temperatures can
affect the phosphor performance and an efficiency drop can be
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observed. A second strategy to get white light is the remote
configuration. This concept, existing for more than ten years, is
current drawing renewed attention due to the sizable gains with
respect to systems based on PC-LEDs.” The phosphor is now
applied as a separate 2D or 3D component optically pumped by
an UV or blue LED rather than being included as a part of the
package. Under this scheme, the phosphor blocks the line-of-
sight to the LEDs, reducing the glare and improving user visual
comfort. Moreover, placing the emitting centers far from the
LED-dye pump-source its operating temperature is lower and
more stable thus providing improved lifetime (lower thermal
degradation) and color stability. Apart from this, the remote
phosphor, placed far away from the LED dye and incorporated
into a highly efficient reflector system, reduces the chances of
chip reabsorption as well as harvests a notably percentage of the
light emitted backward, increasing the total output power,
especially if compared to white PC-LEDs.

Concerning the chemical composition of these phosphors,
those used in the SSL industry are generally based on rare-
earth-doped inorganic compounds. Materials like aluminates,
silicates, garnets or nitrides incorporate rare-earth elements,
typically Ce®" and Eu*", as activator ions. However, despite the
extraordinary quantum efficiency of these compounds, some
logistic problems are foreseen on the horizon. One of them is
the dependency on China policies, responsible of about 85% of
the global production. The other is the relative scarcity of rare
earth elements that unavoidable leads to a long-term price rise.’
In this framework, it becomes clear that new approaches are
needed in order to minimize the dependence of the lighting
market on rare-earth availability. The work presented here
represents our approach to face this issue. The strategy basically
consists in using, organometallic compounds as phosphor
converters, in particular in a remote configuration, taking
advantage of the aforementioned benefits associated with these
systems. The idea arose from the very appealing properties
exhibited by this kind of compounds when incorporated as
phosphorescent dyes for PHOLEDs (phosphorescent-OLEDs)
and WOLEDs (white-OLEDs).*”” In our first work in this
application field,"” we showed, by the first time, the potential of
NHC cycloplatinated complexes to provide white light when
combined with blue LED pump. In that case, the phosphor
was introduced within the LED package by mixing it with a
conventional transparent encapsulant. Unfortunately, fast
decrease of the emission was observed, probably related to
both heat degradation, due to the proximity to the LED junc-
tion, and photon-induced degradation linked to the intense
pump flux. The remote phosphor configuration presented here
eliminates the former.

From the point of view of chemical science, the use of NHCs
as cyclometalated ligands with two C-o bonds implicates an
even greater heightening of the d-d energy levels on the metal
center, enlarging the energy gap with the emissive excited
states, avoiding the thermal quenching and improving the
quantum yields."" Examples of phosphorescent compounds of
platinum(II) containing C*C*-cyclometalated NHCs ligands
are still fairly limited."”™>*

Heteroleptic square planar platinum(II) complexes with
different kinds of ancillary ligands show significant scope for
tuning their emissive properties over the entire visible spectra
by modification of the cyclometalated and/or the ancillary
ligands.”* >

Keeping on with our stepwise protocol to prepare C/N-*
and C C*-'% cyclometalated platinum(II) complexes, we report

here the synthesis of the new NHC compound [{Pt(u-Cl)-
(c*Cc*)},] (4) (HC C*-kC* = 1-(4-(ethoxycarbonyl)phenyl)-
3-methyl-1H-imidazol-2-ylidene), which was used together
with the related ones 4a (HC"C*-xC*= 1-(4-cyanophenyl)-
3-methyl-1H-imidazol-2-ylidene) and 4b (HC"C*-xC*=
3-methyl-1-(naphthalen-2-yl)-1H-imidazol-2-ylidene) as start-
ing materials for the synthesis of a series of ionic derivatives
[Pt(R-C"C*) (CNR'),]PF, (R = —COOEt, R’ = t-Bu (5), Xyl
(6); R=—CN, R’ = t-Bu (7), Xyl (8); R*C = Naph, R’ = t-Bu
(9), Xyl (10)). The effects of the R and R’ substituents on
the photophysical properties have been studied. Moreover, we
have prepared the first optical devices using C"C*- and C"N-
cyclometalated platinum(1I) complexes as blue (S, 8), yellow
(9) and red ([Pt(bzq) (CN) (CN'Bu)], bzq = benzo[h]-
quinoline; R1) emitters in the implementation of remote-
phosphors for white light illumination.

B EXPERIMENTAL SECTION

General Comments. Instrumental methods used for character-
ization and spectroscopic studies, DFT computational details and
X-ray structures together with the synthetic procedures and character-
ization data are contained in the Supporting Information. All chemicals
were used as supplied and [{Pt(u-Cl) (*-2-Me-C;H,)},],** [{Pt(1-Cl)
(NC-C"C*)},] (4a),”® [{Pt(u-Cl) (Naph-C"C*)},] (4b)" and
[Pt(bzq) (CN) (CN'Bu)] (R1)*° were prepared following the litera-
ture procedures. Slight modifications of previous synthetic methods
were employed to prepare 1.7

Remote-phosphor fabrication. The deposition of the phosphors
was carried out via screen printing using suspensions of complexes S,
8,9 and [Pt(bzq) (CN) (CN'Bu)] (R1) as blue (5, 8), yellow (9) and
red (R1) components on a commercial transparent terpineol based ink
vehicle (fuel cell materials 311006), on top of a glass disc of 1.6 mm
thick and 27 mm diameter. Each layer deposited contained a total
weight of 1.5 mg. Complexes with different ancillary ligands such as
8 and 9 are not compatible because ligand exchange processes have
been observed to occur and they should be deposited in different
layers and with ink vehicle layers in between to avoid the contact.
However, complexes § and 9 containing the same ancillary ligand,
‘BuNC, could be mixed together in the same suspension. Besides,
complex R1 was suspended together with the ink vehicle and deposited
as red layer. To control the final chromatic properties of the device, the
amount of each phosphor was determined by their individual spectra
and their respective quantum efficiency. In practice, this was correlated
to the number of sublayers of each suspension deposited and the
proportion of the platinum complexes in the suspensions. In general, all
the compounds are deposited by successive steps (multiple sublayers),
except the red one (R1) that is obtained by a single deposition. The
order of the compounds on the glass substrate has been established
according to energy of their respective emissions, aiming at avoiding
(or minimizing) the reabsorption of the light emitted by previous
phosphors. Therefore, the first layer to be deposited will be that with
the shorter emission wavelength.

Device 1 (DEV1). A suspension of 40% (5 + 9) w/w was prepared
by mixing 9 (30.0 mg, 0.042 mmol) and 5 (68.0 mg, 0.092 mmol) with
147 mg of ink vehicle. Compound R1 was mixed with the ink vehicle
to give a 10% w/w suspension. The final composition was set as
15 sublayers of (5 + 9), 3 sublayers of ink vehicle and 1 layer of RI.

Device 2 (DEV2). A suspension of 40% (5 +9) w/w was prepared
by mixing 9 (12.2 mg, 0.017 mmol) and 5 (56.5 mg, 0.077 mmol) with
103 mg of ink vehicle. Compound R1 was mixed with the ink vehicle
to give a 10% w/w suspension. The final composition was set as
26 sublayers of (5 + 9), 3 sublayers of ink vehicle and 1 layer of RI.

Device 3 (DEV3). Suspensions of 8 (40% w/w) (50.0 mg,
0.064 mmol), 9 (40% w/w) (46.5 mg, 0.065 mmol), and R1 (10% w/w)
were prepared and supported on the glass disc separately. The final
composition was set as 3 sublayers of 8, 3 sublayers of ink vehicle,
4 sublayers of 9, 3 sublayers of ink vehicle, and 1 layer of R1.
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B RESULTS AND DISCUSSION

Stepwise Synthesis of the C"C*-Cyclometalated
N-Heterocyclic Carbene Complex [{Pt(u-CI)(C"C*)},] (4)
(HC"C*-xC*= 1-(4-(Ethoxycarbonyl)phenyl)-3-methyl)-
1H-imidazol-2-ylidene). The N-heterocyclic carbene pre-
cursor 1, the corresponding imidazolium salt, 1-(4-ethoxycar-
bonylphenyl)-3-methyl-1H-imidazolium iodide 2, the carbene
complex [PtCl(1*-2-Me-C3H,) (HC"C*-xC*)] (3) (HC"C*-
kC*= 1-(4-ethoxycarbonylphenyl)-3-methyl)-1H-imidazol-2-
ylidene) and the C"C*-cyclometalated N-heterocyclic carbene
complex [{Pt(u-Cl)(C"C*)},] 4 were achieved following our
previously reported stepwise protocol for C"C*-cyclometalated
complexes of platinum(II),'"”** see Scheme S1. NMR and IR
spectroscopic data (see SI) are consistent with the proposed
structures for species 1—4 and similar to the observed ones
for analogous compounds with different C*C*groups.'”*’
The new complex, 4, and the related [{Pt(u-Cl)(R-C"C*)},]
(R = CN (4a); R—C = Naph (4b)) were used as starting
materials for the synthesis of new phosphorescent Pt(II) deri-
vatives to compare their emitting properties.

Synthesis and Characterization of [Pt(R—C"C¥)
(CNR'),]PFg (R’ = t-Bu, Xyl). Compounds 5—10 were pre-
pared by treatment of a suspension of the corresponding dinuclear
chloride compound [{Pt(u-CI)(R-C*C*)},] (R = COOEt (4),
CN (4a); R—C = Naph (4b)) with 2 equiv of KPF, and 4 equiv
of CNR' (R’ = tert-butyl (‘Bu), 2,6-dimethylphenyl (Xyl)) in
acetone. After removing the KCI, all compounds 5-10
were obtained from their corresponding solutions as pure
solids in good yields (77—88%) (see Scheme 1 and Experimental
Section).

Scheme 1. Reactions and Numerical Scheme for NMR
Purposes

R _‘ PFs
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R-C = Naph (4b) R-C = Naph; R'= t-Bu (9), Xyl (10)

"(R-CAC*)Pt"

Their IR spectra show two absorptions at ~2200 cm ™" due to
v(C=N) assignable to terminal isocyanide ligands.””*"****
The MALDI(+) mass spectra show the corresponding [Pt(R—
C"C*) (CNR’),]* peaks and the conductivity measurements
confirm their behavior as 1:1 electrolytes. The 'H NMR spectra
of 5—10 show the expected signals for the R—C"C* and the
CNR'’ ligands with intensity ratios corresponding to the pro-
posed stoichiometry (NMR spectra of 5§ and 6 are shown as
examples in Figures S3 and S4). As depicted in Figure 1, the
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Figure 1. "Pt{"H} NMR spectra of 5—10 in CD,CL,.

9Pt NMR spectra of 5—10 exhibit the corresponding singlets
at about —4600 ppm with those of the Xyl derivatives (6, 8, and
10) being less shielded (~80 ppm) than those of the ‘Bu ones
(5,7, and 9).

This may be related to the presence of the electron-
withdrawing Xyl ring”” Also, as inferred from the Pt
chemical shifts of 5, 7, 9 (or 6, 8, 10) the CN and COOEt
groups present electronic features rather similar, while the
larger 7 system due to the extra aromatic ring in the naphthyl
derivatives withdraw more electron density from the platinum
center causing the downfield shift (~40 ppm) of the '*°Pt
NMR signals for 9 and 10 when compared to those of 5—8.

Single crystals of 6 and 8—10 were studied by X-ray
crystallography (Figures 2 and S5—S8 and Tables S1 and S2).
In all these complexes the platinum(II) center exhibits a dis-
torted square-planar environment because of the the small bite
angle of the cyclometalated ligand (R—C"C*) [78.8(12)—
79.9(6)°].

This angle and the Pt—Cl and Pt—C6 bond lengths are
similar to those observed for other 2platinum compounds with
cyclometalated NHCs.'”'>7*****'=** Two isocyanide ligands
complete the coordination sphere of platinum(II). The Pt—
C(CNR’) and C=N bond lengths are comparable to those
observed in other Pt(II) isocyanide complexes.””*"****~* The
distances Pt—C20 and Pt—C30 are almost identical, in agree-
ment with the rather similar trans influence of both carbon
atoms (C1, C6).*

The CNR' ligands show the expected linear arrangement. In
complexes 6, 8, and 10, one of the Xyl rings (C31—C36) is not
coplanar with the Pt coordination plane (Ptl, C1, C6, C20,
C30), forming dihedral angles of 52.3(11)° 6, 67.09(3)° 8,
68.13(18)°, and 70.53(19) 10.*

The cation complexes in 6 arrange themselves in head-to-tail
pairs supported by 7w, C—H:-xm, and C—H--O intermo-
lecular contacts. Figure SS illustrates how the Xyl ring of
the coplanar group overlaps with the NHC ligand (3.30 A)
while the other one is pointing to the ester group, assisted by
the C—H--O contacts (C37—02 = 3.43 A). Also, neighbor

DOI: 10.1021/acsami.6b03288
ACS Appl. Mater. Interfaces 2016, 8, 16160—16169


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://dx.doi.org/10.1021/acsami.6b03288

ACS Applied Materials & Interfaces

Research Article

64 . :
U /&

@ ©

C11/ \\

(b)

Figure 2. Molecular structures of the cations of 6 (a) and 9-Me,CO (b). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms

and solvent molecules have been omitted for clarity.

molecular pairs are packed in a head-to-tail fashion through
offset 7—x interactions between the NHC fragments 3.29 A
(see Figure SSb). There are no Pt---Pt interactions within the
pairs (5.28 A) or between adjacent pairs (7.64 A). A similar
arrangement is observed for complexes 8 and 10 (Figures S6b
and S8b). While in complex 9, the molecules arrange in a head-
to-tail fashion and assemble themselves into 1D chains via
77 interactions between the NHC fragments (~3.5 A) and
C—H-x contacts between the Me (NHC) and NHC groups
(C4—C10 = 3.62 A) (see Figure S7). No metallophilic contacts
are observed (Pt--Pt 5.60 A).

Absorption Spectra and DFT Calculations. UV—vis
spectra data of compounds 5—10 are summarized in Table S3.
As shown in Figure 3, they all display strong absorption bands

1.0

0.5+

Intensity (a.u.)

0.0

T T T T T T T T
225 250 275 300 325 350 375 400
A (nm)

Figure 3. Normalized absorption spectra of 5—10 in CH,Cl,
(5§ X 1075 M).

at ~260 (5—8) and 290 nm (9 and 10) (¢ > 10* M~'cm™)
which are normally attributed to the 'IL or metal-perturbed IL
transitions of the NHC ligand. Complexes 5—8 also show less
intense (¢ ~ 10> M'cm™') lowest energy absorption bands
at A around 320 nm. The similitude of the UV—vis spectra of
compounds $ and 6 with those of 7 and 8, indicates that the

16163

electronic features of the R-groups (CN and COOEt) of the
C"C* ligands are rather similar.

For complexes 9 and 10, the lowest energy absorption band
appears at 4 > 360 nm, which may be due to the presence of
a more extended conjugation in the R—C"C* ligand. The low-
energy absorptions (4 > 300 nm) appear slightly shifted to the
red when R’ is Xyl with respect to those when R’ = ‘Bu, thus
suggesting a certain contribution of the ancillary ligands to the
frontier orbitals (FOs). UV—vis spectra of 5—10 present a
moderate negative solvatochromism (see Figure S9) in the
lower energy spectral region (4 > 350 nm), which is charac-
teristic of charge transfer (CT) transitions.”* The solid-sate diffuse
reflectance UV—vis spectra (Figure S10) show no particular dif-
ferences with respect to those observed in dichloromethane
solution.

For a correct assignment of the absorption bands and to
better analyze the effect of the R and R’-substituents on the
photophysical properties, we have carried out DFT and TD-DFT
calculations in CH,Cl, solution for 6 and 8—10 (Tables S4—S9
and Figures 4 and S11—S13). The highest occupied molecular
orbitals HOMOs are mainly constructed from z-orbitals of
the C"C* ligand (85—96%) with a small contribution of the
platinum (dz) (3—12%) and the isocyanide ligands (1—4%).
In particular, in 9 and 10, the HOMO is almost entirely
localized on the naphthyl fragment (>90%). By contrast, the
lowest unoccupied molecular orbitals LUMOs are distributed
over the platinum center (23—30%), the C"C* (37—49%) and
CNR’ (26—35%) ligands. The calculated allowed transitions are
in good agreement with the experimentally observed absorption
maxima (Figures 4, S12, and S13). The major contribution
(>94%) to the lowest energy calculated absorptions (S;) for
6 and 8—10 is the HOMO — LUMO transition. Therefore,
they can be attributed to mixed LL'CT [#(NHC)
7*(CNR’)]/LMCT [#(NHC) — 5d(Pt)] transitions, with an
important ILCT [(NHC)] character for complexes 9 and 10.
The major contribution (>91%) to the S, excited state for
6 and 8—10 is the H-1 - LUMO transition which has a mixed
L'MCT [#(CNR’) — 5d(Pt)]/L'LCT [#(CNR’) - =* (NHC)]

DOI: 10.1021/acsami.6b03288
ACS Appl. Mater. Interfaces 2016, 8, 16160—16169


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b03288/suppl_file/am6b03288_si_002.pdf
http://dx.doi.org/10.1021/acsami.6b03288

ACS Applied Materials & Interfaces

Research Article

1.0+ r1.0

0.8+ 0.8

0.6+ 0.6

0.4 0.4

Absorbance (a.u.)

0.2 0.2

00 ‘ . L . 00
200 250 300 350 400

A (nm)

E(eV)

(b)

Figure 4. (a) Normalized UV—vis absorption spectrum of 9 in
CH,Cl,, calculated transitions in CH,Cl, (bars); (b) Calculated
molecular orbitals for 9.

character for 6 and 8 while LMCT [#(NHC) — 5d(Pt)]/
LL'CT [#(NHC) — #*(CNR’)] for 9 and 10. From these data
it is also evident that the electronic features of the R-groups
(CN and COOEt) of the CC* ligands are rather similar
and quite different from the Naph-C"C* one, in which the
presence of a more extended conjugation in the R-C*C* ligand
increases the contribution of R-C fragment to the HOMO
and H-1 at the expense of the imidazole fragment and the
isocyanide ligands. Because of that, the HOMO—LUMO and
H-1-LUMO energy gaps result smaller for complexes 9 and 10
with respect to those of 6 and 8.

Additionally, calculations for complexes 9 and 10 also show
the red shift of the lowest-lying absorption when R’ is Xyl with
respect to that when R’ = ‘Bu in line with the experimental
UV—vis data.

Emission Spectra. Emission data for 5—10 are summarized
in Table S10. All complexes do not display phosphorescence
in solution of CH,Cl, (107 M) under Ar atmosphere at rt,
which may be due to the thermal quenching by solvent
molecules.”” However, in a rigid matrix (CH,Cl, solution at
77 K), these molecules show bright and long live luminescence.
Compounds 5—8 show highly structured emissions with
maxima at A ~ 460 nm (see Figure S) and apparent vibronic

—5,1,,=326 nm
----- 5,2, =455 nm
—6,2,=325nm

Intensity (a.u.)

0.2 it

Z2e°®
b3

0.0
250 300 350 450 500 550 600 650

A (nm)

Figure 5. Normalized excitation and emission spectra of 5—8 at 77 K
in rigid matrix of CH,Cl, (107° M).

spacings [1345—1401 cm™"] corresponding to the C=C/C=N
stretches of the cyclometalated NHC ligand. The excitation
spectra exhibit identical profiles to the corresponding UV—vis
absorption spectra. Lifetime measurements fit to one component
(14—26 us). Therefore, from these data and considering the
TD-DFT calculations, these phosphorescent emissions can be
assigned to mixed *LL'CT [#(NHC) — #*(CNR’)]/’LMCT
[#(NHC) — Sd(Pt)] transitions of monomeric species. As
stated in the UV—vis and TD-DFT sections, the emission
bands of the Xyl derivatives (6, 8) are red-shifted with respect
to those of the ‘Bu ones (5, 7).

At higher concentration (107> M) complexes $, 6, and 8,
show an additional unstructured low energy (LE) band when
exciting at longer wavelengths dex >450 nm (see Figure S14),
although it is rather weak for complex 5. The excitation maxima
of this LE band appear red-shifted, and their lifetime decays
(in the order of 2—4 ys) are shorter than those of the monomer
emissions. Thus, taking into account all this and their crystal
packing, we tentatively ascribe this LE band to *zz* transitions
from aggregates formed by intermolecular interactions.

Neat solid samples of 5—8 display bright blue emissions (see
Figure 6) with band profiles and lifetimes that resemble those

1.0

5, %= 365 nm
6, 2,=370nm
0.8 ——7,1,=360nm
——8,1,=375nm
s
L“— 0.6
2
2 o4
5 041
£
0.2
0.0 T T T T T
400 450 500 550 600 650

A (nm)

Figure 6. Normalized emission spectra of 5—8 in solid state at 298 K.
Picture of § under UV light (4., = 365 nm).

obtained in rigid matrix of CH,Cl,, which can be assigned
to the same excited states. For complexes 5—7, the LE band
(Amax = 643 nm 5, 620 nm 6, 590 nm 7) attributable to *zz*
transitions can be selectively obtained upon excitation at dex
>450 nm (see Figure S15). Complexes 9 and 10 exhibit a rather
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different emissive behavior to that observed for complexes
5—8. In the solid state, compound 9 displays a yellow emission
band with maximum at 540 nm (see Figure 7) either at 298 or
at 77 K. However, in rigid matrix of CH,Cl, (10~ and 107> M,
77 K), a highly structured band is observed at 481 nm. The

——=solid, %_= 360 nm
—— solid, & =540 nm

~==CH,Cl,, 1 =360 nm
—CHCI, 2, =481 nm
3
&
2
7]
c
[]
=
£
0.0 T — T & T T T T 1
300 350 400 450 500 550 600 650 700
A (nm)

Figure 7. Normalized excitation and emission spectra of 9 in solid
state and in rigid matrix of CH,Cl, (107> M, 77 K). Picture of 9 under
UV light (4. = 365 nm).

intricate emission profile is not dependent on the excitation
wavelength.

The decay lifetimes suggest the contribution of two different
bands: HE band (481 and 518 nm) and LE band (553 and
597 nm). As shown in Figures S16 and S17, this emissive
pattern was also observed in 10. In this case, the emission spec-
trum can be tuned by using different excitation wavelengths.
In rigid matrix of CH,Cl, (107 M, 77K), the HE band com-
pletely disappears when exciting upon 450 nm. In the light
of its long lifetime and DFT calculations, the HE band can
be assigned to *ILCT [(NHC)] transitions with some, if any,
SLL'CT [#(NHC) — #*(CNR')]/’LMCT [z(NHC) —
5d(Pt)] character. Besides, the HE band of the Xyl derivative
(10) is not red-shifted with respect to that of the ‘Bu one (9),
which is in agreement with the IL character of the excited state.
In the other hand, the structured LE band which exhibits
shorter decay lifetime and red-shifted excitation profile
compared to those of the HE band can be tentatively
assigned to a mixed LL'CT [#(NHC) — z*(CNR’)]/LMCT
[#(NHC) — 5d(Pt)] transition with some 3zz* character.
In this case, the emission band of 10 does appear 11 nm
(352 cm™) shifted to the red when compared to that of 9,
suggesting the participation of the ancillary ligand (CNR') in the
excited state. Quantum yield (®) measurements were carried
out on neat solid samples of 5—10. Complexes 5, 8, and 9 are

365-nm LED

~

o

Figure 8. (a) Exploded view of the sample holder used to pump the phosphors and coupling the resulting emission into the integrating sphere.
(b) Schematic drawing of the phosphor stacks of DEV1 and DEV2. The difference between them is the number of layers of the mix “S + 9” (1S and
26, respectively). (c) Structure of DEV3. (d) Real image of the resulting white emission from DEV2.
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very good emitters at r.t. with values of 41%, 21% and 40%,
respectively (see Table S10).

To obtain intense and high CRI white light at reasonable
CCT values, complexes 5, 8, 9 and [Pt(bzq) (CN) (CN'Bu)]
(R1) have been selected as blue (5, 8), vellow (9), and red
(R1) basic components. Several devices for remote operation
were prepared by depositing the active materials on common
glass disks. It is important to underline that the interest of
the remote phosphor scheme lies in the fact that, far from the
LED—dye, the emitters gain in stability and reliability.
Concerning our particular case, we have observed that placing
the phosphors far from the pumping source (i.e., LED—dye), in
a remote configuration and avoiding direct contact between
them, the degradation of the emission is notably reduced by
compared to the conformal option. In normal operation, the
junction of the LED can reach temperatures in the range of
70—100 °C (depending on the operation current and dis-
sipation strategies). In the conformal option, phosphor is
subjected to the heat generated by the junction that affects to
both emission efliciency and phosphor stability. Furthermore, if
the phosphor’s efficiency is not very high, sizable part of the
pump energy absorbed is transformed into heat, increasing
even further the temperature of the LED-junction and the
phosphor. This translates into faster degradation of the system
(see Figure S18). To combine the luminescence from the dif-
ferent components and tailor the overall spectral shape, dif-
ferent slurries have been sequentially deposited. Keeping in
mind the objective of high CRI luminescence, the thickness and
concentration of each individual layer have been calculated
accordingly to their respective quantum efficiencies.

After a meticulous optimization of the samples, devices
DEV1-DEV3 were selected because of their suitability for
general lighting applications (CRI, CCT, etc.). Once a phos-
phor disk has been prepared, it is ready to be studied under UV
illumination. To do that, the disk has been introduced in the
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Figure 9. Normalized emission spectra of devices DEV1-DEV3.

holder structure shown in Figure 8a. The phosphor plate has
been mounted with the coating facing the pump source. Since
commercial disks used are not UV grade, sizable absorption of
the UV pump is expected. In this configuration, we ensure that
the visible light coming from the phosphor stack is efficiently
transmitted to the analysis stage. On the other hand, it is worth
noticing that phosphor stacks have been constructed by
placing the phosphor with the higher energy close to the
glass, so the reabsorption of light emitted by previous phos-
phors within the stacks with lower energy emission is avoided
(see Figure 8b and 8c). Luminescence spectra of the different
devices are represented in Figure 9. At glance, it is observed
how the variations of the relative compositions aforementioned
have direct influence on the luminescence spectral shape.

The spectra represented in Figure 9 have been exploited to
extract different photometric and chromatic parameters. The
results of this analysis are summarized in Table 1. This chart
shows that the luminous fluxes and efficiencies of the different
samples are, in general, relatively low, especially if compared to
conventional devices. However, in spite of this, the values of
luminous efficacy of the radiation are very promising, kept in all
cases within the optimum range for general lighting.**

CR], CCT, and CIE (see Figure 10) parameters are also very
appealing. CRI values are relatively high, around 80, whereas

CIE 1931
0.9

0.8

Figure 10. CIE coordinates of devices DEV1-DEV3.

the correlated color temperatures fall within the suitable range
for lighting.%’47

For more details, DEV1 exhibits an emission with a CCT
(3477 K) in the warm/neutral range. The CRI is the lowest
among the three samples (77.0). As previously stated, the
delivered light output is low (1.49 Im) but in consonance with
the rest of the samples. In spite of this, the spectral power
distribution is compensated (LER 317.2 Im/W) turning this

Table 1. Key Performance Data of Devices

device LF (Im)“ wall-plug efficiency (%)° LE (Im/W)*
DEV1 1.49 0.85 0.27
DEV2 1.68 1.00 0.30
DEV3 1.26 0.76 0.23

LER (Im/W)“ CRI® ccr/ CIE [xy]¢
3172 77.0 3477 0.4168, 0.4183
304.6 82.6 4356 0.3724, 0.3988
300.9 813 4897 03532, 0.4018

“Luminous flux. bWall—plug efficiency. “Luminous efficacy. “Luminous efficacy of the radiation. “Color rendering index. JCorrelated color

temperature. CIE coordinates.
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sample into suitable for general lighting. The results of DEV2
reveal that, by addition of complex S, with emission in the
blue/green range, the white luminescence becomes “colder”
(blue-shifted) than the one observed in DEV1 (4356 K). The
CRI and total light output are the best among all the devices
(82.6 and 1.68 Im, respectively). In agreement to the LER
(304.6 Im/W), also in this case the light is suitable for general
lighting applications. Concerning DEV3, the use of compound
8 instead of 5 makes the emission more bluish (4897K) but
always within the suitable ranges. The luminous flux is the
poorest among the three structures analyzed (1.26 Im) but, in
compensation, the CRI is reasonable good (81.3). Finally, also
in this case, the LER vale is very promising and adequate for its
implementation in lighting systems.

In light of the results, it becomes clear that the method
reported here has proven to be effective in controlling the spec-
tral power distribution of the emitting devices and, subsequently,
their colorimetric properties. Nevertheless, a common feature
has been observed in all the samples under test. Under a CW
incident flux of about 92 mW at 365 nm, which is equivalent
to a CW irradiance of 187.4 W/m? the emission of all the
structures rapidly decreases. Figure 11 shows, as an example,

Im
1.4
1.2
1
—t=0" 0.8
" —t=T 0.6
2.5¢10° t=5 o
0 L1000 20
20c10° Time (min)
> 15x10°
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5.0x10° - . ’ '
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Figure 11. Emission spectra of the degradation studies of DEV3. Inset:
Evolution of the luminous flux (up) and evolution of the CCT (down)
with time upon irradiation at 365 nm.

the reduction of the luminescence intensity of DEV3 with time.
As observed, the total flux drops down to 50% in approximately
8 min. In this particular case, the fastest degeneration corre-
sponds to compound 8 (blue/green range), as supported by the
red—shift of the emission shown in the lower insert.

It is expected that the low light power delivered and fast
degradation of the emission in these devices could be improved
by following two particular strategies: (a) implementing a high-
reflectance mixing chamber (painted in barium sulfate, for
example) to harvest part of the light emitted backward by the
excited phosphor (approximately 50% of the total) and (b) the
use of pulsed excitation as opposed to CW operation. With an
adequate modulation of the pump light, fast enough to not be
perceived by the human eye and slow enough to respect phos-
phor emission fall- and rise-times, a 50% duty-cycle square wave
would be able to roughly induce 50% degradation reduction.

Bl CONCLUSIONS

The C"C*-cyclometalated N-heterocyclic carbene complex
[{Pt(u-CI)(R-C"C*)},] (R = COOEt (4)) was available by

following the same stepwise protocol than that for the related
compounds 4a (R= CN) and 4b (R—C= Naph) and all of them
were used to prepare the ionic derivatives [Pt(R-C"C*)
(CNR'),]JPF (R = —COOEt, CN; R*C= Naph; R’ = t-Bu,
Xyl (5-10)). As concluded from the spectroscopic and
theoretical data, the CN and COOEt substituents in the
C*C* group display similar electronic features and compounds
5—8 exhibit all of them blue luminescence in the solid state.
However, in the naphthyl complexes the larger 7 system due to
the extra aromatic ring lead to the lowering of the HOMO—
LUMO gap and to a more extended assembly of the complexes
through 7---7 contacts in compound 9 in such a way that it
displays a bright yellow luminescence in the solid state. Also,
the electron-withdrawing Xyl ring produces red shifts in the
absorption and emission bands as well as downfield shifts of the
9Pt NMR signals when compared to those of the of the ‘Bu
ones. Complexes §, 8, 9, and R1 have been tested as blue (S, 8),
yellow (9), and red (R1) components of remote-phosphors for
white light illumination. White light with CCT, CRI, and LER
values within acceptable margins for general light applications
has been achieved through the compositional optimization
of three different devices, demonstrating the suitability of the
method reported here for controlling colorimetric features.
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ABSTRACT: The f-diketonate compounds of Pt(Il), [Pt(R-CAC*)(acac)]
(acacH = acetylacetone, R-CHAC* = 1-(4-cyanophenyl)-3-methyl-1H-
imidazol-2-ylidene (NC—CHAC*) 1A, 1-(4-(ethoxycarbonyl)phenyl)-3-
methyl-1H-imidazol-2-ylidene (CO,Et-CHAC*) 1B, 1-(3,5-dichlorophen-
yl)-3-methyl-1H-imidazol-2-ylidene (Cl-CHAC*) 1C) containing cyclo-
metalated N-heterocyclic carbenes were synthesized from compounds
[{Pt(u-CI)(R-C~C*)},] (R = CN A, CO,Et B, Cl C). Compound C was
prepared for the first time following a step-by-step protocol used to
synthesize A and B. The X-ray structures of complexes 1B and 1C show that
only in 1B the molecules stack in pairs through intermolecular Pt---Pt (3.370
A) and 7—x (~3.43 A) interactions between the NHC ligand and the acac.
The reaction of compounds 1A—1C with TIPF, (2:1 molar ratio) leads to
the clusters [{Pt(R-CAC*)(acac)},TI]* (R = CN 2A, CO,Et 2B, Cl 2C),

which exhibit a “Pt,T1” sandwich structure, where two slightly distorted square planar “Pt(R-CAC*)(acac)” subunits are bonded
to a TI(I) center through donor—acceptor Pt—TI1 bonds. Compounds 2A and 2B show an extended two-dimensional lattice in
the solid state through intermolecular Pt--Pt and TI-E (E = N, O) interactions; meanwhile 2C forms discrete molecules without
any kind of intermolecular interaction among them. The effects of the R substituent and the Pt—T1I interactions on the crystal
structures and the photophysical properties have been investigated.

B INTRODUCTION

The Lewis basic properties of transition metals play an important
role for catalytic cycles' ™ and also lead to metal clusters through
the formation of metal-metal dative bonds."”” The high
electron density of Pt(II) in square-planar complexes has been
demonstrated many times by their role as the Lewis base unit in
unsupported metal-only Lewis pair (MOLP) compounds.
Among Pt(II) - M (M = Cu', Ag!, Ad, Cd", Hg", TI', Sn",
Pb") MOLP corr_lplexes,s’9 the silver-containing ones are still the
most numerous,” but examples of Pt(I) (d*) — TI(I) (d'%s?)
clusters'>"" are increasing since A. L. Balch published [TIL,Pt-
(CN),], the first blue-luminescent columnar compound
containing Pt—TI bonds."” In this field luminescent Pt"—TI"
MOLP clusters have been reported showing diverse structural
configurations, including dinuclear (PtT1),"””~"® trinuclear
(Pt,TL'"' PtTL'>'7~"), tetranuclear (Pt,T1, (PtTL),)," ">
hexanuclear clusters (Pt,Tl,, Pt;T1;),°"** or infinite net-
works,' '3 many of them containing C,N-cycloplatinated
compounds as the Lewis base unit.'”'>">** In many cases their
luminescent properties have been demonstrated to depend on
the Pt—T1 interactions.'”'**' Moreover, the formation of the
metal—metal bond affects the crystal packing allowing or
hindering the molecular assembly through z—x interactions,
with the subsequent effect on the emitting properties.' "’

-4 ACS Publications  ©2017 American Chemical Society
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The use of N-heterocyclic carbenes (NHCs) as cyclometalated
ligands has been revealed as a key to get stable and very efficient
Pt(1I) phosphorescent emitters.”*™>" Compared to C,N-cyclo-
platinated compounds, the even greater heightening of the d-d
energy levels on the metal center, enlarging the energy gap with
the emissive excited states, avoids the thermal quenching and
improves the emission quantum yields. Examples of phosphor-
escent compounds of platinum(II) containing CAC*-cyclo-
metalated NHCs ligands are still fairly limited, and the effect of
metallophilic interactions on the emission properties have been
barely investigated.”® Because of that, our task in this work was to
prepare unsupported Pt'—TI' MOLP structures, containing
cyclometalated N-heterocyclic carbene complexes of Pt(I) as
Lewis base units to gauge for the first time the ability of this kind
of Pt(II) complex to act as Lewis bases for these kinds of
interactions, the stability of these interactions, and the effect of
them in the photophysical properties of the mononuclear Pt(II)
complexes.

With this purpose we prepared the f-diketonate compounds
[Pt(R-CAC*)(acac)] (acacH = acetylacetone, R-CHAC* = 1-(4-
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Scheme 1. Synthesis of Compounds and Numerical Scheme for NMR Purposes

) )
7 7
R' B ' ' — —
& XER R6 /\B/R (C m, o O>
| o Pt =
9 9 C"’ Ty o
5N A /Cl Ti(acac) SN A s |
4 Pt 2 4 Pt
N K a) N \ . TI PFS
3 W1/ 2 3 w1/ o
\ N \ l'\l (C ”’u,,, Pt “‘\\\\\\ O}
2 2 Pt
New, Nen, Lo o]

R=-CN,R'=H (A)
R = -CO,EtR' = H (B)
R=H,R =CI(C)

R=-CN,R'=H (1A)
R = -COEtR'
R=H,R'=Cl (1C)

H (1B)

R=-CN, R = H (2A)
R =-CO,EtR' = H (2B)
R=H,R'=Cl (2C)

cyanophenyl)-3-methyl-1H-imidazol-2-ylidene (CN—CHAC*)
1A, 1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-yli-
dene (CO,Et-CHAC*) 1B, 1-(3,5-dichlorophenyl)-3-methyl-
1H-imidazol-2-ylidene (CI-CHAC*) 1C) and the Pt,TI clusters
derived from them. In this way we have been able to compare first
the effect of the R-CAC group on the luminescent properties of
the mononuclear Pt(II) complexes and in their ability to form
Pt,T]1 clusters. The luminescence of these mononuclear
compounds has been explained considering the time-dependent
density functional theory (TD-DFT) calculations and X-ray
diffraction studies.

The synthesis of 1A—1C was carried out using compounds
[{Pt(u-Cl)(CrC*)},] (CN-CAC* A, CO,Et-CAC* B, Cl-
CAC* C) as starting materials, like in a previous work.”®
Compound C was prepared for the first time following our
stepwise protocol for this kind of complex and has been fully
described in the Supporting Information.

B EXPERIMENTAL SECTION

General Comments. Instrumental methods used for character-
ization and spectroscopic studies, density functional theory (DFT)
computational details, X-ray structures, stepwise synthesis of compound
[{Pt(u-Cl)(Cl-C*C*)},] (C), and spectroscopic data for 1A—1C and
2A—2C are contained in the Supporting Information. All chemicals were
used as supplied and [{Pt(u-Cl)(NC-CAC*)},] (A)? and [{Pt(u-
C1)(EtO,C-C~C*)},] (B)*® were prepared following the literature
procedures.

Synthesis and Characterization. [Pt(NC-CAC*)(acac)] (1A).
Tlacac (146.2 mg, 0.48 mmol) was added to a yellow suspension of A
(207.2 mg, 0.25 mmol) in dichloromethane (40 mL) at r.t. After being
stirred for 4 h, the resulting mixture was filtered through Celite, washed
with dichloromethane (120 mL), and evaporated to dryness. Addition of
methanol (3 X S mL) to the residue rendered a solid which was
recrystallized by redissolving in 15 mL of dichloromethane/diethyl ether
(3:1), filtering through Celite and evaporating to dryness. Addition of
methanol (3 X $ mL) to the residue rendered 1A as a pure white solid.
Yield: 178.2 mg, 78%. Elemental analysis calcd (%) for C,¢H;sN;O,Pt:
C 40.34, H 3.17, N 8.82; found: C 40.20, H 3.43, N 8.78. MS MALDI
(+): m/z: 476.1 [M]*.

[Pt(EtO,C—CAC*)(acac)] (1B). It was prepared following the method
described for 1A. Tlacac (63.4 mg, 0.21 mmol) and B (100.1 mg, 0.11
mmol). 1B: white solid, yield: 80.4 mg, 71%. Elemental analysis calcd
(%) for C,sH,,N,0,Pt: C 41.30, H 3.85, N 5.35; found: C 41.04, H 3.90,
N 5.32. MS MALDI (+): m/z: 5232 [M]".

[Pt(CI-CAC*)(acac)] (1C). It was prepared following the method
described for 1A. Tlacac (98.2 mg, 0.32 mmol) and C (153.9 mg, 0.17
mmol). 1C: white solid, yield: 120.2 mg, 72%. Elemental analysis calcd
(%) for C,sH4N,CL,0,Pt: C 34.63, H 2.71, N 5.39; found: C 34.29, H
2.70, N 5.36. MS MALDI (+): m/z: 520.1 [M]".

4337

[{Pt(NC-CAC*)(acac)},TIIPF, (2A). TIPF, (26.6 mg, 0.074 mmol) was
added to a solution of 1A (70.3 mg, 0.15 mmol) in a mixture of
dichloromethane and acetone (20 mL/S mL). After 2.5 h stirring in the
dark, the solvent was removed under reduced pressure, and the residue
was treated with diethyl ether (20 mL) and filtered, to give 2A as a
yellow solid. Yield: 73.4 mg, 76%. Elemental analysis calcd (%) for
C,HyoFeNgO,PP, TI: C 29.52, H 2.32, N 6.45; found: C 29.63, H 2.43,
N 6.60. MS MALDI (+): m/z: 680.2 [Pt(NC-CAC*)(acac)TI]*.

[{Pt(EtO,C—CAC*)(acac)},TIIPF, (2B). It was prepared following the
method described for 2A. TIPF4 (27.7 mg, 0.077 mmol) and 1B (80.4
mg, 0.15 mmol). 2B: bright yellow solid, yield: 84.1 mg, 78%. Elemental
analysis caled (%) for Cy4H,0F¢N,OgPPt,TI: C 30.97, H 2.89, N 4.01;
found: C 30.64, H 2.71, N 4.21MS MALDI (+): m/z: 1251.6 [M]*;
727.2 [Pt(EtO,C—CAC*)(acac)TI1]".

[{Pt(CI-CAC*)(acac)},TIIPFs (2C). 1t was prepared following the
method described for 2A. TIPF, (29.7 mg, 0.083 mmol) and 1C (86.0
mg, 0.17 mmol). 2C: pale yellow solid, yield: 85.8 mg, 75%. Elemental
analysis Caled (%) for C30H,3CLFN,O,PP,TI: C 25.92, H 2.03, N
4.03; found: C 25.66, H 1.82, N 4.21. MS MALDI (+): m/z: 1245.2
[M]*, 725.0 [Pt(Cl—-CAC*)(acac)T1]".

B RESULTS AND DISCUSSION

Stepwise Synthesis of Compounds [Pt(R-CAC*)(acac)]
(R=CN 1A, CO,Et 1B, Cl 1C). The f-diketonate compounds
[Pt(R-CAC*)(acac)] (1A—1C) were synthesized by reaction of
the corresponding chlorine bridged compounds [{Pt(u-Cl)(R-
crC*)},] (R = CN A, CO,Et B, ClI C) with Tl(acac) in a 1:2
molar ratio (see Experimental Section and Scheme 1, path a),
which led to the precipitation of TICl and formation of the
neutral complexes 1A—1C. This procedure was reported by us
for the synthesis of the analogous compound derived from 3-
methyl-1-(naphthalen-2-y1)-1H-imidazol-2-ylidene,”® although
compound 1A was already reported and prepared by Egen et
al. following a different procedure.”

The synthetic procedure of 1A—1C requires the availability of
the dichloro bridged complexes A—C. Then, the new compound
C was prepared following the step-by-step method used
previously for A and B’ (see Supporting Information:
description, Scheme S1 and Figures S1—S4). The IR spectra of
compounds 1A—1C show two v(C=0) stretching vibrations at
significantly lower energies than those found for the free ligand
(ca. 1720 cm™") which are indicative of the diketonate chelation
to the metal center.*®

Their 'H and *C NMR spectra show the expected signals for
the cyclometalated NHC group and evidence the non-
equivalence of the two halves of the fS-diketonate ligand, as
correspondence for a chelate coordination (see NMR data and
Figure SS in the Supporting Information). The '**Pt NMR
spectra exhibit the corresponding singlets at about —3400 ppm
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for 1A and 1B and at —3167 ppm for 1C. As shown in Figure S6,
the platinum signal is less shielded in 1C (downfield shift of ~300
ppm) when compared with the others, probably due to the more
electron-withdrawing character of the ClI-CAC* ligand.

The molecular structures of 1B and 1C were determined by
single-crystal X-ray diffraction (Figures 1 and S7). In both the

()

(@

Figure 1. (a) Molecular structure of 1B. Selected bond lengths (A) and
angles (deg): Pt01—C(1) 1.945(6); Pt01—C(6) 1.976(S); Pt01—O(1)
2.046(4); Pt01—0(2) 2.075(4); C(1)—Pt01—-C(6) 80.4(2); O(1)—
Pt01—-0(2) 91.39(16); C(1)—Pt01-0(2) 97.1(2); C(6)—Pt01—0O(1)
90.98(19). (b) Dimer-like stacking view of 1B (d Pt—Pt = 3.370 A).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms have been omitted for clarity.

two complexes, the platinum(II) center exhibits a distorted
square-planar environment due to the small bite angle of the
NHC cyclometalated ligand (CAC*) [ca. 80.0°]. A chelate
diketonate ligand, with the O—Pt—O angle close to 90°,
completes the coordination sphere of Pt(II). The Pt—C* bond
length [1.945(6) 1B, 1.946(3) A 1C] is shorter than the Pt—Cp,
one [1.976(5) A 1B,2.015(3) A 1C], as usual in compounds with
cyclometalated NHCs groups.””****'~** Also, the Pt—O
distances are similar to those found in related complexes.”**’
In the solid state, complex 1B arranges together in pairs, in a
head-to-tail fashion through intermolecular Pt--Pt (3.370 A) and
n—n (~3.43 A) interactions between the NHC ligand and the
acac (see Figure 1b).”° However, in 1C, neither Pt--Pt nor 77
intermolecular interactions were observed in the crystal, but C—
H---Cl short contacts, as can be seen in Supporting Information
(Figure S8).

Synthesis and Characterization of the Clusters [{Pt(R-
CAC*acac)l,TII(PFs) (R = CN 2A, CO,Et 2B, ClI 20Q).
Treatment of the -diketonate compounds [Pt(R-CAC*)(acac)]
(R = CN 1A, CO,Et 1B, CI 1C) with TIPF (2:1 molar ratio) in
CH,Cl,/acetone led to the clusters [{Pt(R-CAC*)(acac)},T1]-
PF; (R = CN 2A, CO,Et 2B, Cl 2C), which were obtained as
analytical pure solids in good yield and characterized by 'H
NMR, IR, mass spectrometry (see Experimental Section, Scheme
1 (path b) and Supporting Information) and X-ray crystallog-
raphy. Their MALDI(+) spectra show the molecular peaks
associated with [{Pt(R-CAC*)(acac)},TI]* and [Pt(R-CAC*)-
(acac)T1]*, which might suggest the integrity of the trimetallic
species. However, in solution at room and low (—80 °C)
temperatures, the 'H and '**Pt{'H} NMR spectra of 2A—2C fit
those of their corresponding starting materials (see '*Pt{'H}
NMR spectra of 2A in Figure S9), indicating the breakdown of
the Pt—T1 bonds. The photophysical data (see below) of all of
these compounds were investigated and are in agreement with
the rupture of the Pt—TI bonds in solution.

The X-ray crystal structures of 2A, 2B, and 2C were performed
on single crystals obtained from solutions of them in acetone
(24, 2B) or CH,Cl, (2C) (Table 1 and Figures 2—4). As can be
seen, compounds 2A—2C show a “Pt,TI” sandwich structure,

4338

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Complexes 2A—-2C

2A 2B 2C
Pt(1A)—C(1A) 1.947(5) 1.953(9) 1.958(5)
Pt(1A)—C(6A) 1.979(5) 1.994(8) 2.023(4)
Pt(1A)—O(1A) 2.050(3) 2.059(5) 2.042(3)
Pt(1A)—O0(2A) 2.069(4) 2.073(6) 2.051(4)
Pt(1B)—C(1B) 1.939(5) 1.956(8) 1.951(4)
Pt(1B)—C(6B) 1.988(5) 1.993(8) 2.010(4)
Pt(1B)—O(1B) 2.058(3) 2.069(6) 2.052(3)
Pt(1B)—O(2B) 2.075(3) 2.063(6) 2.054(3)
Pt(1A)-TI 3.2164(3) 3.0758(4) 3.0230(2)
Pt(1B)—TI 3.0499(3) 2.9431(4) 2.9962(2)
TI-E 2.8970(51) 2.7715(67) 3.3237(1)

(E =N3A) (E = 03A) (E = Cl1A)
TI-E’ 2.9942(48) 2.8419(77) 3.5717(4)

(E'=N3B) (E'=03B) (E' = ClIB)
TI-E” 2.7692(42) 3.0633(4)

(E"=03) (E” = F4)
TI-E” 3.497(4)

(E" =Cl4)

Pt(1A)--Pt(1A") 3.340(1) 3.401(1)
Pt(1B)---Pt(1B") 3.310(1) 3.240(1)
Pt(1A)—TI-Pt(1B) 169.813(9) 144.512(18)  119.475(8)
C(1A)-Pt(1A)—C(6A)  80.0(2) 80.2(3) 80.04(19)
O(1A)—Pt(2A)—0(2A)  90.20(14) 90.5(2) 89.34(15)
C(1B)—Pt(1B)—C(6B)  79.8(2) 80.6(3) 80.07(18)
O(1B)-Pt(2B)-0O(2B)  91.04(13) 91.2(2) 89.09(13)

where two slightly distorted square planar “Pt(R-CAC*)(acac)”
subunits are bonded to a TI(I) center through Pt—T1 bonds. In
each complex, the two Pt — TI bonds exhibit intermetallic
distances slightly different from one to another (3.0499(3) A,
3.2164(3) A 2A; 2.9431(4) A, 3.0758(3) A 2B; 2.9962(2) A,
3.0230(2) A 2C), but all of them are in the range of those
observed in complexes containing Pt(II)—TI(I) donor—acceptor
bonds with no bridging ligands between the metal centers.'”

In the case of 2A and 2B, the Pt—TI vectors are almost
perpendicular to the Pt coordination planes (angles with the
normal: 189(1)° PtlA, 5.7(1)° Pt1B, 2A; 11.4(2)° PtlA,
10.8(1)° Pt1B, 2B), which reveal an almost square pyramidal
environment around the platinum center with the thallium atom
being located on the apical position shared by both the two
pyramids with a Pt—TI-Pt angle of 169.813(9)° 2A and
144.512(18)° 2B.

In these compounds the platinum coordination planes are
almost parallel (interplanar angle: 14.8(1)° 24, 34.8(2)° 2B) but
lie somewhat staggered [torsion angle O1A—Pt1A—Pt1B—O1B:
40.6° 2A, 90.7° 2B]. In the case of 2A an additional acetone
molecule interacts with the TI(I) center through a weak T1-O
bond (2.7692(42) A). The TI—O separation is comparable to
those in other complexes'”"*'¥*° but significantly longer than
the sum of the covalent radii (2.21 A).*

The trinuclear “Pt,T1” units rearrange in the crystal generating
two-dimensional (2D) networks through additional stabilizing
contacts. On one hand, the “Pt,T1” units stack through
intermolecular Pt---Pt (3.340 A, 3.310 A 2A; 3.401 A, 3.240 A
2B) interactions® ~* and weak 7—7 contacts between the NHC
and the acac ligands*® (the shortest atomic separation between
two neighboring units is 3.467 A 2A; 3.429 A 2B, see Figures 2b
and 3b), giving rise to almost linear PtB—TI—PtA--PtA—TI—
PtB---PtB wires in 2A [angles: PtB—TI—PtA: 169.813°, TI-PtA--
PtA: 158.77°, TI-PtB---PtB: 165.32°] and zigzag chains in 2B
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Figure 2. (a) Molecular structure of 2A. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms and PF4 have been omitted for

clarity. (b, c) Supramolecular structure views.

[angles: PtB—TI—PtA: 145.512°, TI-PtA--PtA: 177.80°, Tl—
PtB---PtB: 160.07°]. These chains appear linked together
through two additional TI-E (E’) (E, E' = N 2A, O 2B)
bonds with the R substituents of the R—CAC* groups (R= CN
2A, CO,Et 2B) belonging to the two adjacent chains (see Figures
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2¢ and 3c). The TI-N (NC-CAC*) and TI-O (CO,Et-CAC*)
distances are longer than expected for covalent bonds but shorter
than the sum of the covalent radii of TI' (1.55 A) and the van der
Waals radii of N (1.55 A) and O (1.52 A).** The TI--N
separations are comparable to those found in derivatives
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Figure 3. (a) Molecular structure of 2B. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms and PF4 have been omitted for

clarity. (b and c) Supramolecular structure views.

containing Tl---N interactions, such as [PtTI(CAN)(CN),]-
(CAN = 7,8-benzoquinolinate (bzq), 2-phenylpyridinate (ppy))
or [{PtTl(bzq)(CC-CsH,N-2),},]1"° and [trans,trans,trans-
TL{Pt(CF;),(CN),} (CH,COCH,),],."” Then, the five-
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coordinated TI(I) center in 2A is located in the middle of the
base of a square-pyramid with bond angles around the TI(I)
center close to 90° [angles: Pt1IA—TI-N3B: 92.0°, Pt1B—TI—
N3B: 95.0° Pt1A—TI-N3A: 81.2°, Pt1B—TI-N3A: 93.3°, 03—
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(b)

Figure 4. (a) Molecular structure of 2C. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been omitted for clarity. (b)

Structure view of the TI---E interactions.

TI-N3B: 89.5°, O3—TI-N3A: 101.6°, Pt1A—TIl-03: 86.2°,
Pt1B—T1-03:86.5°]. Single crystals of 2B were also obtained
from an acetone solution; however in this case the TI(I) center
does not coordinate any acetone molecule and exhibits a
distorted tetrahedral coordination environment [angles: Pt1A—
T1-03A: 108.5.0°, Pt1A—T1-0O3B: 110.8°, Pt1B—TI-03A:
93.1°, Pt1B—TI1-03B: 87.8°, O3A—TI1-03B: 107.6°].

Compound 2C, unlike 2A and 2B, is a discrete molecule and
not a 2D lattice, because of the absence of intermolecular or
packing interactions (see Figure S10). In compound 2C, the
TI(I) in addition to the two Pt—TI bonds (d Pt—TI: 3.0230(2) A,
2.9962(2) A; Pt—TI-Pt: 119.475(8)°) establishes two intra-
molecular T1--Cl contacts (d TI---Cl = 3.3237(1) and 3.5717(4)
A), one with each of the “Pt(Cl—CAC*)(acac)” fragments, a T1-+-
F contact (d Tl---F = 3.063 A) with the anion and a TI---Cl
contact (d T1-Cl = 3.497 A) with a CH,Cl, molecule, to
complete a distorted octahedral coordination environment
(Figure 4b). All the TI-E (E = Cl, F) distances are rather
long, but lower than the sum of the van der Waals radii of TI(I)
(1.96 A), and F (1.47 A) or Cl (1.75 A).** In this molecule, the
Pt—T1 vectors are further away from the perpendicular to the Pt
coordination planes (angles: 25.2(1)° Pt1A, 19.6(1)° Pt1B) than
in compounds 2A and 2B, and the angle Pt—TI-Pt
(119.475(8)°) is far away from the ones observed in 2A and
2B, probably forced by the existence of the two intramolecular
T1---Cl contacts.

It should be noted that in 1B, the molecules arrange
themselves in dimers through Pt---Pt interactions, not giving
rise to 1D wires, as observed in 2B and 2A. Presumably, the Pt—
T1 donor—acceptor bond decreases the electron density on the
platinum, playing a similar role to that of m-acceptor ligands,
thereby reducing electronic repulsions between the Pt centers
and favoring the 1D chain formation through Pt---Pt
interactions.” ™"

Photophysical Properties of Compounds [Pt(R-CAC*)-
(acac)] (R CN 1A, CO,Et 1B, ClI 1C) and the
Corresponding Clusters [{Pt(R-CAC*)(acac)},TIIPFg (2A—
2C). The photophysical properties of 1A were previously
described by Da Como et al,,** but we have included them in
this discussion with comparative purposes.

Absorption Spectra. UV—vis spectroscopic data of com-
pounds 1A—1C and 2A—2C have been listed in Table S1. The
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spectra of 1A—1C in solution of CH,Cl, (see Figure S11) display
low intensity absorptions (¢ > 10° M~ cm™) at low energies (4
>290 nm). In the case of 1C, they appear clearly shifted to higher
energies with respect to those of 1A and 1B, indicating the
participation and the effect of the R-CAC* (R = CN, CO,Et, CI)
group in these absorptions. In the case of 1A, these absorptions
are very similar to those of 1B in energy and profile, in agreement
with the similar electronic features observed previously for the R-
CAC* (R = CN, CO,Et) groups.™

The solid-sate diffuse reflectance UV—vis spectra (Figure $12)
show additional broad bands at low energy when compared with
those observed in dichloromethane solution, which can be
tentatively attributed to the existence of intermolecular Pt—Pt
interactions, on the light of the X-ray structure of 1B and those of
other related complexes.*®

DFT and TD-DFT calculations in solution of CH,Cl, for 1B
and 1C have been carried out to provide correct assignments for
the UV—vis absorptions and also to evaluate the effect of the
cyclometalated R-CAC* group (see full data and discussion in
Supporting Information). Considering the composition of the
frontier molecular orbitals (FOs), the calculated allowed
absorptions, which are in good agreement with the experimental
UV—vis spectra (Figure S14), and the origin of calculated S,
which arises mainly from a HOMO to LUMO transition (79%
1B, 62% 1C), the lowest energy absorption band can be
attributed basically to L'LCT [z(acac) — #*(NHC)] transitions
for 1C, and mixed L'LCT [z(acac) — »*(NHC)]/MLCT
[5d(Pt) — #*(NHC)] transitions for 1B. Although S, arises
mainly from an H-1 to LUMO transition, it is very similar in
nature to S,. Taking into account the similarities in the electronic
features of the R-CAC* (R = CN, CO,Et) groups observed in the
absorption spectra of 1A and 1B as well as in those of other
compounds reported previously,24 the nature of the lowest
energy absorptions of 1A is expected to be quite similar in nature
to those of 1B.

The absorption spectra of complexes 2A—2C in 2-MeTHF
solutions (10™* M) are all identical to those of their respective
precursors, 1A—1C (see Figure S15), which match with the
rupture of the Pt—TI bonds in solution, as deduced from their
NMR spectra. Similar behavior was previously observed in
related extended structures with M—TI bonds [M(CAN)-
(CN),TI] (M = Pt,"* Pd,*° CAN = 7,8-benzoquinolinate, 2-
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phenylpyridinate). The absorption spectra of powdery solid
samples of 2A—2C basically fit with those of the starting
materials (Figure $16). In the low-energy region just 2B displays
an additional absorption with respect to its precursor, with A, at
400 nm (see Figure 5). Keeping in mind the shorter Pt—T1 and

1.0
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Intensity (a.u.)
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350 400
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Figure S. Normalized diffuse reflectance spectra of powdery solid
samples of 1B and 2B at r.t.

Pt---Pt distances in the network of 2B compared to those of 2A,
this absorption could be attributed to metal—metal-to-ligand
charge transfer ('"MMLCT) [do*(Pt—Pt) — =*(NHC)]
transitions likely to have been affected by the Pt—TI bonds.

Emission Spectra. Emission data are summarized in Table 2.
In diluted glassy solutions of 2-MeTHF (10™° M, 77 K),
compounds 1A—1C show blue well resolved vibronic emissions
(see Figure S17) that do not change at higher concentration
(107 M, Figure S18). Their vibrational spacings [1367—1406
cm™'] correspond to the C=C/C=N stretches of the
cyclometalated NHC ligand (CAC*), suggesting their involve-
ment in the excited state. The emissions of 1A and 1B (4,,,, ~
440 nm) are red-shifted with respect to that of 1C (4, = 417
nm), probably due to the participation of the R-substituent in the
stabilization of the LUMO, as revealed by the DFT studies.
Emissions and lifetime decays of 1A and 1B are identical to those
observed in [Pt(R-CAC*)(py)(PPh;)]PFs** and very similar
[Pt(R-CAC*)(CNR’),]PF*® which contain the same “(R-
CAC*)Pt” fragments. Thus, taking into account all this and the
TD-DFT calculations, the phosphorescent emissions of 1A—1C
can be mainly ascribed to transitions of monomeric species
derived from *ILCT [(NHC)] transitions mixed with some, if
any, ’L'LCT [z(acac) — #*(NHC)]/*MLCT [5d(Pt) —
#*(NHC)] in the case of 1A and 1B and with *L’LCT [#(acac)
— 7*(NHC)] for 1C.

Emission spectra for the 5 wt % films of complexes 1A—1C in
poly(methyl methacrylate) (PMMA) are wavelength dependent,
as can be shown in Figure 6. Upon excitation at A = 330 nm, all
the three compounds show a phosphorescent emission in the
blue to green region of the visible spectrum, like in glassy 2-
MeTHF, with quantum yields up to 0.93 (1B), very similar to
that of 1A (0.98), while just 0.04 for 1C (Table 2). However,
upon excitation at 4 > 390 nm, there is a dramatic change in the
emission profiles whereby a low-energy (LE) structureless band
with maxima at ca. 540 nm becomes predominant, while the HE
is still observed but as a low intensity shoulder.

Intrigued by this behavior, we carried out further experiments
only focused on 1A and 1B since 1C is barely emissive.
Therefore, their emission spectra were registered in PMMA
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Table 2. Emission Data for Complexes 1A—2C

medium
C.  (T/K) [wt %] Ao/nm Aem/nM 7/ [Aman)” ¢
1A PMMA film 330 441,470, 0.98
[5wt %]" 503, 5364,
390 443,474, 0.72
535 max
PMMA film 330 443, 474, 0.46
[40 wt %] 53 max
solid (298 K) 400 4624, 479, 028 (77%),0.65  0.04
513, 555 (23%)
solid (77 K) 400 451,477, 0.78 (70%), 3.1
512, (30%) [451],
0.35 (55%), 1.2
(45%) [512]
2-Me-THF 332 439, 468, 17.1
(77 K)* 500, 523,
1B PMMA film 330 446, 474,40 0.93
[5wt%]" 502, 536,
390 452,484y, 0.59
532,
PMMA film 330 452,484y, 0.82
[40 wt %]" 532,
solid (298 K) 400 485,519, 2.1 (60%), 1.0 0.48
550 (40%) [485]
1.5 (83%), 2.8
(17%) [519]
solid (77 K) 400 461, 495, 2.6 [461], 3.8
554 max [554]
2-Me-THF 332 442,472, 169
(77 K)° 502, 5364,
1C  PMMA film 330 425,450, 0.04
(5wt %]” 475
400 540 0.09
solid (298 K) 380 433,452, 3 0.07
476, 516
solid (77 K) 380 432,456, 11.6
482, 515,
2-Me-THF 320 417,.,443, 156
(77 K)* 472, 500,
2A  solid (298 K) 380  450,478,.,  0.64 [450] 0.17
506
0.43(80%), 1.44
(20%) [478]
0.44 (77%), 1.8
(23%) [506]
solid (77 K) 380 500 1.7
2-Me-THF 330 439,469, 165
(77 K)* 500, 524y,
2B solid (298 K) 474 580 0.31 (67%), 1.15  0.02
(33%)
solid (77 K) 474 561 0.95
2-Me-THF 332 443,473, 167
(77 K)° 505, 534y,
2C  solid (298 K) 351 425,450, 1.3 (54%),2.4 0.10
480, 514 (46%) [450]
1.8 [480], 1.9
[514]
solid (77 K) 343 421,448, 3.3 (44%), 8.6
494, (56%) [494]
2-Me-THF 320 417,444, 132
(77 K)* 472, 501,

“Lifetime measured at the 4,,,. 298 K. €107 M; at 10~ M, the same
emission and 7 were obtained.

coated films at different weight concentrations ranging from 0.5
wt % to 40 wt %. As can be seen in Figure 7 (1B) and Figure S19
(1A), pure highly structured emissions were found at a
concentration of 0.5 wt %. When increasing the weight
percentage of the complex in the PMMA film, the intensity of

DOI: 10.1021/acs.cgd.7b00662
Cryst. Growth Des. 2017, 17, 4336—4346


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.7b00662/suppl_file/cg7b00662_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.7b00662/suppl_file/cg7b00662_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.7b00662/suppl_file/cg7b00662_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.7b00662/suppl_file/cg7b00662_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.7b00662

Crystal Growth & Design

1.0- —1A, A= 330 nm

P - = 1A,A_=390nm
g1 “\\‘ \ ——1B,,=330nm
0.8 4/ WA - = 1B,A_ =390 nm
w —1C, =330 nm
= 3 wh — — 1C,A_=400 nm
T 0.6 2 \ A\ b
8 4 \ W\
ET -~ -’I / \ \
‘D Y4 W \
S 04- Jr AR
= RAK A
£ W\
0.2 /RS / \‘ NG
- I
/] o \\
\ (] \:\ -
o
0.0 T T T T T al
450 500 550 600 650 700
A (nm)

Figure 6. Normalized emission spectra of 1A—1C in 5 wt % PMMA film.
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Figure 7. Normalized emission spectra of 1B at 4., = 360 nm. Pictures
under UV light (4, = 365 nm).

the LE increases and that of the HE band decreases, resulting in a
green emission as much for 20 wt % as for 40 wt % films. At 40 wt
%, the green emission shows no dependence with the A, (see
Figure S20).

At 40 wt % concentration the QY values of the green emission
kept fairly high for 1B (0.82), while the emission of 1A (QY =
0.46) became slightly self-quenched. In all likelihood, the LE
bands can be attributed to metal—metal-to ligand charge transfer
(*MMLCT) [do*(Pt—Pt) — 7*(NHC)] transitions, generated
by the existence of aggregates in the ground state through Pt—Pt
interactions, as observed in the X-ray structure of 1B. The
excimeric nature of this LE emission is discarded since the
excitation spectrum of 1B in PMMA film at 40 wt % is very
similar to that obtained for the solid state one (see Figure S21).
Therefore, the dual emission observed in PMMA films of 1A—1C
is likely due to a relatively slow internal conversion between the
two emissive states *ILCT(NHC)/>MMLCT at 298 K."!

In the solid state, powdery samples of 1A—1C display bright
blue and greenish blue emissions (4, & 480 nm for 1A and 1B;
Amax=452 nm for 1C) with the emission of compound 1C located
further into the blue region of the spectrum than the others
(Figure S22). Upon cooling to 77 K, the emission of 1C appears a
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bit more structured and with a longer lifetime, being quite similar
to the one obtained in 2-MeTHF solution (Figure 8).

1.0 —1A, % _=512nm
—1A, kex= 400 nm
0.8 — 1B, A, =554 nm
—1B, A= 400 nm
’;-‘ ——1C, A_ =480 nm
> 0.6 o
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Figure 8. Normalized excitation (—) and emission (—) spectra of 1A—
1C in solid state at 77 K.

However, both 1A and 1B (see Figure 8), regardless the
excitation wavelength (350 to 450 nm), display broad bands with
Amax = 512 and 554 nm, respectively, accompanied by high energy
(HE) structured emissions at 451 (1A) and 461 (1B) nm. These
HE bands resemble to those obtained in PMMA films with a low
doping concentration (<S5 wt %) and in solution of 2-MeTHF.
Likewise, the LE bands of 1A (512 nm) and 1B (554 nm) are
closely related to those obtained in PMMA films (>10 wt % and
Aex >360 nm). Therefore, these dual emissions (HE and LE
bands) may come from the excited states discussed above
(ILCT [(NHC)] and *MMLCT, respectively).

The emissive behavior of the Pt,TI clusters, 2A—2C, was
investigated to compare it with that of 1A—1C. As expected, in
glassy solutions of 2-MeTHF compounds 2A—2C give the same
emission bands and lifetime decays than 1A—1C either at diluted
(107° M) or concentrated solutions (10~ M), which once again,
evidence the rupture of the M—TI bonds in solution even at 77 K
(Figure $23). Emission spectra of 2A—2C in S wt % PMMA films
closely resemble those of their corresponding precursors, 1A—
1C (see Figure S24), which pointed us to consider that in PMMA
films the Pt—T1 bonds, if present, are negligible.

In solid state at room temperature, the Pt, Tl complexes display
vibronic bands like their corresponding starting materials except
2B, which shows a structureless broad band considerably shifted
to lower energies (Figures 9 and 10), in line with the features
observed in the absorption spectra of powdery samples of them
(Figures S and S16). At 77 K the emission of 2B becomes a
narrow unstructured band at 561 nm (Figure 9).

Considering that the excitation spectra match the absorption
one, the short lifetime decay and the X-ray structure, the
emission of 2B could be mainly attributed to *MMLCT
[do*(Pt—Pt) — #*(NHC)] transitions somewhat disturbed
by the Pt—TI1 bonds.

Upon cooling to 77 K the emission profile of 2A retains a
minor contribution of the HE band but displays a predominant
unstructured LE emission band at ca. 500 nm (Figure 10). This
LE band appears just slightly blue-shifted with respect to the LE
band of 1A, but it shows similar lifetime and excitation spectra, so
the same *MMLCT nature can be presumed for it. It should be
stressed that even though the crystal structures obtained for 2A
and 2B show similar 2D networks, in 2A, the presence of an
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Figure 9. Normalized excitation (—) and emission (—) spectra of 2B in
the solid state. Picture under UV light (4., = 365 nm) at 298 K.

extended metallic [Pt—Pt—TI—Pt—Pt—] chain is not reflected in
its absorption or emissive properties at room temperature (see
Figure S25). However, at 77 K the emission of 2A also depends
on the intermolecular Pt---Pt interactions.

For 2C, consisting of Pt,T1 discrete molecules, the emission
profile and its biexponential decay differ from those of the
starting complex as much at 298 K as at 77 K, indicating that it is
affected by the Pt—T1 bonds. At 77 K the mayor LE band appears
slightly red-shifted in relation to those of other trinuclear
derivatives (NBuy);[{Pt(C4F),},T1] (450 nm, 298 K; 445 nm,
77 K),'® [TL,Pt(CN),] (448 nm),"* which were attributed to a
metal-centered phosphorescence process [Pt(5dz*) — T1(6pz)]
(®MM'CT) within the trinuclear entity. The observed shift in 2C
might be attributed to the contribution of the planar and low-
lying CAC* and acac ligands to the frontier orbitals, which likely
reduces the gap of the transition, more than to the existence of
stronger Pt—TI bonds, as deduced by comparing intermetallic

distances (2.9962(2), 3.0230(2) A, 2C — vs 2.9777(4),
3.0434(4) A [{Pt(CFs),},T1]5,]). Therefore, the emission can
be tentatively ascribed to charge transfer from the platinum
fragments to the thallium B(L+L)MM'CT],"® with some
contribution of SMM'LCT/’IL [d/sc*(Pt—T1) — ##(CAC*)]
excited states. For powdery samples of 2C at 77 K the existence
of close excited states generated by small differences in the
molecular arrangement cannot be excluded, which could explain
the huge width of the emission band.

Bl CONCLUSIONS

The new cyclometalated NHC compound [{Pt(u-Cl)(R-
CrC*)},] (R = Cl, C) was successfully prepared following our
stepwise protocol. From C and the related ones A (R = CN) and
B (R = CO,Et) the mononuclear complexes [Pt(R-CAC*)-
(acac)] (R = CN 1A, CO,Et 1B, Cl 1C) were obtained. They
reacted with TIPF in a 2:1 molar ratio to give the corresponding
hetero-trinuclear cluster [{Pt(R-CAC*)(acac)},TI1]* (2A, 2B,
2C) which are held together by donor—acceptor Pt—TI bonds,
confirming the ability of this kind of Pt(II) complex to act as a
Lewis base for this kind of interaction. These metal—metal bonds
present in the solid state break down in solution even at low
temperatures (—80 °C).

The crystallographic, spectroscopic, and photophysical study
of 1A—1C and their corresponding Pt,TI clusters discovered that
electron withdrawing substituents, such as CN and CO,Et, in the
4-position of the cyclometalated ring confer very high PLQY to
the mononuclear complexes and enable the Pt,T1 clusters to self-
assemble in a 2D extended lattice through intermolecular Pt—Pt,
7w—n, TI-N, or TI-O interactions. By contrast, the presence of
two Cl substituents in positions 3 and 5 of the cyclometalated
ring severely reduces the emission efficiency of the mononuclear
1C compared to those of 1A and 1B and also leads to a discrete
Pt,TI cluster (2C) because it allows the T1 center to satisfy its
electronic demand through intramolecular T1-ClI contacts.

Complexes 1A and 1B show in § wt % films in PMMA dual
emissions, blue (HE) and green-yellow (LE) bands, attributed to
ILCT and *MMLCT excited states, respectively. By controlling
the excitation wavelength and the concentration of the complex

Intensity (a.u.)

Intensity (a.u.)

1.0 4 ——2A,) =478 nm .y —2A, 2 =380nm 1.0
————— 2A, 2= 500 nm N \ - — 2A,) =380 nm
——2C,»_ =450 nm —2C, . =351 nm
0.8 em ex - 0.8
----- 2C, 1, =494 nm = = 2C,} =343 nm
0.6 - 0.6
0.4 - 0.4
0.2 4 - 0.2
0.0 ; . ; . . ; ; . 0.0
250 300 350 400 450 400 450 500 550 600 650
nm
A (nm) A (nm)

Figure 10. Normalized excitation (right) and emission (left) spectra of 2A and 2C in the solid state at 298 K (—) and 77 K (---). Pictures under UV light

(Aex = 365 nm) at 298 K.
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in the film the blue or green emissions could be finely tuned with
very high PLQY (0.98—0.72). The inclusion of TI into these
systems does not improve the quantum efficiency; instead, the
emission of 2B resulted to be quenched because of the existence
of weakly emissive MMLCT [do*(Pt—Pt) — z*(NHC)]
excited states, due to the strong Pt---Pt interactions in the
extended metallic [Pt—Pt—TI1—Pt—Pt—] chain.
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