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Abstract

Abstract
This thesis work is focused on fundamental investigations into new classes of luminescent organometallic small molecules and polymers with potential applications in organic light emitting diodes (OLEDs).
In the past few decades, extensive research has been carried out with transition metal complexes,
especially because of their potential for a four-fold increase in energy conversion compared to organic
molecules. The pursuit of high efficiency, in order to create sustainable display and lighting devices,
drives the search for new materials to replace the inefficient incandescent light bulbs and the toxic
mercury-based fluorescent tubes. Also, with smart phones and television displays and other digital
devices, playing a crucial role in our daily lives, OLEDs are nowadays widely used. With increasing population, the global demand of electricity is rising, which can only be lowered by optimizing the energy
consumption.
The general demand for deep blue and white emissive materials is tremendously increasing. For an
efficient full color display with good color purity, a pure blue emitter is essential. Transition metal
complexes have been thoroughly investigated in the past few decades, covering the entire visible spectrum, showing efficiencies suitable for applications in OLEDs, excluding the deep blue region. Indeed,
blue is essential for full color displays, not only as a stand-alone color, but also in the fabrication of
white light devices. For a wide range of applications, such as sensing devices or medical device technologies, the near-infrared (NIR) region is also of great importance. In this context the focus has shifted
towards the two edges of the visible spectrum, the high energy blue and the low energy NIR emission.
In this work two different types of molecular systems are investigated. Firstly, the small molecule systems that emit in the deep blue and the NIR that are suitable for vapor deposition due to high thermal
stability and the possibility of sublimation onto a substrate were investigated. Since, this technique is
limited to the application on small areas due to the vacuum sublimation chamber, organometallic
main-chain polymers were developed as another class of systems. They are a promising alternative to
their small molecule analogues, due to the possibility of solution deposition. This technique allows to
fabricate large area devices, analogous to inkjet printing. It would be of great importance for the production of large panel lighting substitutions on an industrial scale, to replace the inefficient incandescent light bulbs or the toxic mercury tubes. In this context, a new class of organometallic polymers that
showed tunable emission properties at ambient temperature in solution was investigated.
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Kurzfassung

Kurzfassung
Diese Doktorarbeit beschäftigt sich mit der fundamentalen Erforschung einer neuen Klasse von organometallischen Verbindungen, kleinen Molekülen sowie Polymeren, für mögliche Anwendungen in organischen Leuchtdioden (OLEDs).
Aufgrund einer theoretisch vierfach höheren Energieumwandlung im Vergleich zu organischen Molekülen, wurde in den vergangenen Jahrzehnten umfangreich an den Eigenschaften von Übergangsmetall basierten Komplexen geforscht. Das Streben nach höherer Effizienz, um nachhaltige Bildschirme
und Beleuchtungsvorrichtungen herzustellen, treibt die Suche nach neuen Materialien voran, welche
die ineffizienten Glühbirnen und die giftigen Quecksilber-basierten Leuchtstoffröhren ersetzen könnten. OLEDs spielen auch eine starke Rolle in unserem täglichen Leben, wie zum Beispiel in Smartphones, Fernsehbildschirmen und anderen digitalen Geräten. Mit zunehmender Bevölkerung steigt auch
der globale Energieverbrauch, welcher nur verringert werden kann, indem die Energieeffizienz solcher
Geräte gesteigert wird.
Die Nachfrage für tiefblau und weiss emittierende Materialien nimmt enorm zu. Für einen Vollfarbbildschirm mit hoher Farbreinheit und hoher Energieeffizienz ist ein rein blauer Emitter eine notwendige Voraussetzung. Organometallische Komplexe, welche das gesamte sichtbare Farbspektrum mit
ihrer Emission abdecken und einen hohen Wirkungsgrad, geeignet für OLED Applikationen, aufweisen,
wurden in den vergangenen Jahren ausgiebig erforscht. Eine Ausnahme bilden jedoch Moleküle, welche im tiefblauen Spektrum emittieren. Diese sind allerdings notwendig für Farbbildschirme, nicht nur
als eigenständige Farbe, sondern auch für die Darstellung von weissem Licht. Des Weiteren steigt auch
die Nachfrage nach nahinfrarot (NIR) Emittern. Dies beispielsweise für Sensor Anwendungen oder Applikationen im medizinischen Bereich. Aus diesem Grund hat sich der allgemeine Fokus in Richtung der
beiden Grenzregionen des sichtbaren Farbspektrums verlagert, dem hoch energetischen blauen und
dem tiefenergetischen nahinfrarot Bereich.
In der folgenden Arbeit werden zwei verschiedene Typen von molekularen Systemen untersucht. Zum
einen sind dies kleine Moleküle, welche im blauen Farbspektrum oder in der NIR-Region emittieren.
Solche Moleküle sind für die Aufdampfbeschichtung geeignet, da sie eine hohe thermische Stabilität
aufweisen und dadurch für die Sublimation auf eine Oberfläche verwendet werden können. Da dieses
Verfahren jedoch auf die Herstellung von OLEDs mit einer kleinen Oberfläche beschränkt ist, wurden
andererseits auch organometallische Hauptketten-Polymere entwickelt. Sie sind eine vielversprechende Alternative zu den kleinen Molekülen, da sie in der Lösungsbeschichtung verwendet werden
können. Diese Technik ermöglicht die Herstellung von grossflächigen Anwendungen, analog zum Tintenstrahldruckverfahren. Dies ist von grosser Bedeutung in der industriellen Produktion von grossflächigen Beleuchtungsmitteln, welche somit die Glühbirnen und die giftigen Leuchtstoffröhren ersetzen
könnten. In diesem Zusammenhang wurde in dieser Arbeit eine neue Klasse von organometallischen
Polymeren entwickelt und untersucht, welche eine steuerbare Emission in Lösung bei Raumtemperatur aufweist.
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Introduction
1

Photophysics

1.1

Characterization of Electronic Transitions

The following diagram illustrates the different deactivation processes taking place after energy absorption by means of a photon (Figure 1). In this work the focus mainly lies on the intramolecular processes
followed by radiative deactivation, with the exception of excimer formation, which is subject of an
intermolecular process (see section 1.6).
Fluorescence

Radiative

Phosphorescence

Delayed Fluorescence
Intramolecular
Internal conversion

Non-radiative

Intersystem crossing

Vibrational relaxation

Quenching

Excited state deactivation

Energy transfer (Förster
resonance energy transfer)

Intermolecular

Electron transfer (Dexter
energy transfer)

Figure 1. Photophysical deactivation processes.

The fundamental transitions in an intramolecular deactivation path are illustrated on the basis of the
Jablonski diagram, firstly described by its eponym Aleksander Jabłoński in 1933 (Figure 2).[1] After a
molecule is excited by a photon with a certain energy (hυ), an electron is promoted from the singlet
ground state (S0) to a singlet excited state (Sn, n > 0). Depending on the excitation energy, the electron
will not necessarily populate the vibrational ground state (v = 0) but can also occupy an excited vibrational level (v > 0). Once excited, the electron strives naturally for its energetic minimum S0, which is
possible via different pathways briefly discussed hereinafter. Generally, relaxation processes are distinguished by whether a photon is released (radiative) or not (non-radiative). Generally, non-radiative
deactivations to the lowest excited electronic state of same multiplicity, S1, take place in the first instance. These are the vibronic transitions, called internal conversions (IC), and the collision-induced
vibrational relaxations which occur on a time scale of picoseconds. From S1, further relaxation progressions are either directly to the ground state or indirectly via T1 to S0. The radiative process from S1 to
S0 is called fluorescence and is a spin allowed transition, meaning the relaxation occurs under conservation of the spin multiplicity. The lifetime of fluorescence is generally on a timescale of 1–100 ns.
Another radiative transition is phosphorescence, which is a spin forbidden process, meaning a multiplicity change (spin flip) needs to occur from T1 to S0 via a process called intersystem crossing (ISC),
1
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leading to longer lifetimes (lower μs–s). Compared to fluorescence (S1S0), the phosphorescence
emission energy is lower, because the transition takes place from the energetically lower T1 state. The
multiplicity change from a singlet to a triplet state or vice versa can be greatly enhanced by introduction of heavy atoms such as transition metals. These atoms possess a large spin-orbit coupling (SOC,
see section 1.4) constant enhancing the probability of ISC. If the energy gap between T1 and S1 is sufficiently small (<kBT), a reverse intersystem crossing (rISC) from T1 back to S1 can take place. The radiative
process to the ground state (S1  S0) is then called delayed fluorescence owing to the increased lifetime
due to the ISC/rISC processes absent in fluorescence.
From both lowest excited states (S1 and T1), likewise non-radiative relaxation pathways can occur
through e.g. geometrical distortions or heat dissipation. In the event of a deactivation from T1S0 an
additional progression is possible, called triplet-triplet annihilation, between two molecules being in
their triplet excited state. One molecule transfers its excited state energy to the other molecule via
Dexter energy transfer returning to S0, whereas the other molecule is promoted to a higher excited
singlet state. A prominent example is quenching with oxygen, which naturally exists in its energetically
most stable triplet state.

Figure 2. Jablonski diagram, which is a simplified representation of the basic electronic transitions taking place after irradiation of a molecule with light.

Absorption and emission spectra often display a certain structural pattern. This observation originates
from the Born-Oppenheimer approximation which states that electrons move much faster in comparison to the nucleus owing to their much lower mass and hence negligible inertia. As a result of the
distortion of excited state structures compared to their ground state structures, the intermolecular
distances change, resulting in a horizontal shift of the potential energy surface (PES). Due to the comparatively superior velocity of the electrons, the electronic transitions are treated as “vertical transitions” (Figure 3).

2
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Figure 3. Depiction of the PES of the ground state (S0) and the first excited state (represented as S1). Vertical excitation from
the lowest vibrational state (S0, v = 0) to a higher vibrational state of the excited state (S1, v > 1) is indicated by the blue arrow.
The red arrow shows the vertical emission from S1 (v = 0) to a vibrational state (v > 0) of S0 (left); Simplified absorption (blue)
and emission (red) spectra, displaying the intensities according to the transition probabilities. The Stokes shift (green) is indicated as the difference between the lowest energy absorption band and the highest energy emission band (right).

According to the Franck-Condon principle the arrow representing the absorption is drawn as a vertical
line from S0 to S1 based on the aforementioned approximation that the transition occurs without a
change of the nuclear position. The extent of overlap of the vibrational wave functions (ψv(R)) of the
ground state and the excited state determines the probability of a transition to occur and is reflected
in the intensity in a spectrum. This probability can be expressed by the Franck-Condon factor (FCF)
named after Franck and Condon, who described this phenomenon in 1926.[2-4]
S

S

FCF = |∫ ψνi0 (R) ∙ ψνk1 (R) ∙ dR|

2

Equation 1

As can be seen in Figure 3, there is always an energy loss associated with the emission. The difference
in energy between the absorption energy and the emission energy is called Stokes shift and is one of
the characteristic measure to distinguish between fluorescence (a few nm) and phosphorescence
(>100 nm), respectively.[5, 6]
In 1950, Michael Kasha discovered that the emission of a photon takes place only from the lowest
vibrational level of the lowest electronic excited states with the same multiplicity, S1(v = 0) or T1(v = 0),
referred to as Kasha’s rule. This is a result of the congestion of higher electronic states, bringing the
vibronic levels closer together, hence these transitions occur faster than between the large energy gap
of S1/T1 and S0. Consequently, fluorescence and phosphorescence are generally excitation energy independent.[7]

1.2

Excited State Lifetimes, Rate Constants and Photoluminescence Quantum Yield

As already mentioned in section 1.1, all these transitions of electrons in a molecule are connected to
measures such as excited state lifetime. The excited state lifetime indicated by the Greek letter τ, is
defined by the time the electron resides in an excited state (e.g. S1 or T1) prior to returning to S0. Following first order kinetics, the decay from the excited state e.g. T1 is:
−

dT1
= k tot [T1 ]
t
3

Equation 2
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where ktot is the sum of all radiative and non-radiative deactivation processes:
k tot = k r + k nr

Equation 3

The excited state lifetime is simply the reciprocal of the rate constant:
τ=

1
1
=
k tot k r + k nr

Equation 4

The lifetime is a characteristic measure to distinguish between fluorescence and phosphorescence. For
phosphorescence, a spin forbidden ISC from S1 to T1 and additionally from T1 to S0 prolongs the lifetime
drastically by a few orders of magnitude (see section 1.4).
An additional important measure is the photoluminescence quantum yield (PLQY or φem). It resembles
the ratio of emitted photons to absorbed photons which can be expressed in terms of rate constants
as shown below:
QY =

# of emitted photons
kr
=
= kr ∙ τ
# of absorbed photons k r + k nr

Equation 5

by the ratio of radiative transitions to the sum of all possible transitions. It is evident that for an efficient phosphor knr has to be reduced to a minimum and kr needs to be maximized.[7-14] For applications
in OLED applications, τ values in the sub-microsecond time range are required, hence according to
Equation 5, kr values of 105 to 106 s-1 will be ideally suited (see section 2).[15]

1.3

Excited State Charge Transfers

Electronic transitions in molecules largely occur at their frontier orbitals. These comprise of the highest
occupied molecular orbitals (HOMO, HOMO-1, HOMO-2, etc.), representing the electronic ground
state, and the lowest unoccupied molecular orbitals (LUMO, LUMO+1, LUMO+2, etc.), embodying the
electronic excited states. Figure 4 depicts the commonly observed transitions, briefly discussed below.

Figure 4. General diagram depicting the electronic transitions from ligand (subscript L) and metal (subscript M) molecular
orbitals. Blue arrows represent absorption/excitation transitions and red arrows the emission transition accordingly.

Ligand-centered (LC) transitions generally comprise of charge transfers (CT) between π-orbitals
(HOMO) and their unoccupied π*-orbitals (LUMO), specifically π  π* or π*  π. LC transitions can be
distinguished between intraligand (ILCT) and ligand-to-ligand charge transfers (LLCT), decisively if the

4
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event occurs on the same ligand (intra) or between two separate ligands. Ligand-to-metal charge transfers (LMCT) usually take place from the ligand π-orbital to the d*-orbital of the metal (absorption) or
from the π*-orbital of the ligand to the d-orbital of the metal (emission). Similarly, a metal-to-ligand
charge transfer (MLCT) d  π* and d*  π character is possible. Lastly, metal centered (MC) transitions
involve charge transfers between d-orbitals only, i.e. d  d* and d*  d, respectively. They occur
either on a single metal center or they can involve two spatially close metal centers in a dinuclear
complex (intramolecular) or between two separate molecules (intermolecular) which is then assigned
as metal-to-metal CT (MMCT). An even more exotic case is the metal–metal-to-ligand CT (MMLCT),
where the transition happens between two metal centers d  d followed by a transition to the πorbital of the ligand (d  π*), considering the example of absorption/excitation. It is virtually a combination of a MMCT and a MLCT. Superscript in front of charge transfers denote if it is a singlet state CT,
e.g. a singlet state intraligand CT (1ILCT), or a triplet state CT, e.g. triplet state metal-to-ligand CT
(3MLCT).[12]

1.4

Spin-Orbit Coupling

According to the spin selection rule, electronic transitions involving a change in spin multiplicity are
not allowed. Meaning, transitions between singlet and triplet states are spin forbidden. This rule neglects interactions between electrons or among electrons with their nuclei. That is where spin-orbit
coupling (SOC) comes into the picture. It results from an interaction of the electron spin, which creates
a magnetic field, and its angular momentum (orbital motion) around the nucleus (Figure 5). A mixing
of singlet and triplet states starts to occur and transitions between e.g. S1T1, gain in probability. This
effect becomes more prominent with increasing atomic mass, therefore known as heavy atom effect,
where the spin selection rule diminishes in value.[6, 11, 16]
It can be distinguished between internal and external heavy atom effect. If the heavy atom is present
in the molecule, for instance a transition metal complex where the metal center is the heavy atom, it
is referred to as internal heavy atom effect. The external heavy atom effect describes the behavior of
an increased SOC induced by the solvent, bearing a heavy atom (e.g. iodobenzene vs. chlorobenzene).

Figure 5. Modified representation showing the angular momenta (gray cones) of the singlet (Σ) and the three triplet (θ) wavefunctions in the magnetic field direction Z. The vector sum (double arrow) of the spins graphically illustrates the spin quantum
number (-1, 0, 1) with a quantization (-ℏ, 0, ℏ).[17]

The present work focuses exclusively on the internal heavy atom effect, by using transition metals for
enhanced phosphorescence emission due to more prominent ISC. With increasing metal involvement,
the enhanced SOC greatly amplifies the probability of ISC, resulting in a longer excited state lifetime

5
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(τP > τF) and an increase in phosphorescent quantum yield. On the other hand, transition metal complexes exhibiting phosphorescence from an admixture of 3MLCT and 3LC, the triplet state lifetime (τP)
varies depending on the extent of the 3MLCT to 3LC contribution. Derivatives with less 3LC character
undergo a more efficient ISC from T1 to S0, due to the strong SOC of the metal, which results in a shorter
τP.

1.5

CIE 1931 Color Diagram

The CIE 1931 color diagram was invented in 1931 by the Commission Internationale de L’Eclairage (CIE,
International Commission on Illumination) to standardize the perceived color by a standard observer.[8]
It is based on experiments carried out independently by Smith and Wright in the years before, about
the human perception on colors. The primary colors red (R), green (G) and blue (B) were defined at
wavelength 700.0 nm (R), 564.1 (G) and 435.8 nm (B), based on spectral lines of mercury (G and B) and
R at a wavelength where small variations do not change the hue. By a mathematical color-matching
function these colors were transformed into a three-dimensional (tristimulus) color space (X, Y, Z)
which by projection to the two-dimensional X, Y plane yield in the chromaticity coordinates (x, y), for
a standardization of all spectral colors in the visible spectrum (Figure 6). The coordinates (X, Y, Z) of
the three stimuli had to be positive for all colors.
The main goal of the CIE 1931 color diagram was to avoid a subjective perception of a color and give it
a more scientific, but more importantly uniform numerical definition. All spectral colors are mapped
on a horse-shoe shape with the dominant wavelength at the boundary. The white triangle shows all
possible colors which can be obtained by mixing the color R, G and B with the color white in the center
on the coordinates CIEx,y (0.33, 0.33).

6
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Figure 6. Adapted CIE 1931 color diagram showing the CIEx,y plane containing the information of dominant spectral wavelength, RGB color gamut indicated as white triangle and positions of the standard illuminants A–E.[18]

The International Telecommunication Union (ITU) published in “Parameter values for the HDTV standards for production and international programme exchange” recommendations (ITU-R Rec. ITU-R
BT.709-5) for CIE-1931 chromaticity values for high-definition television (HDTV).[19] The values are
given for the general RGB (red, green, blue) color model to reproduce a wide range of colors on a
display by additive mixture (Table 1). The white point usually is set to CIEx,y (0.33, 0.33) but the CIE has
selected standard illuminants which represent light sources in daily life like incandescent bulbs and
daylight. Standard illuminant D65 (6500 Kelvin on the black body curve) should portray the average
daylight illumination and is used as standard for RGB displays. The color rendering index (CRI) is a
quantitative measure of how similar a perceived light color is to such a standard illuminant. The highest
possible CRI would be 100 and would be identical to the standard illuminant.
Table 1. Recommended CIE-1931 chromaticity values for HDTV standards according to ITU.[19]

Color
Red (R)
Green (G)
Blue (B)
White (D65)

CIEx
0.640
0.300
0.150
0.3127

7

CIEy
0.330
0.600
0.060
0.3290
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1.6

Excited State Dimer

An excited state dimer (excimer), in the case of two identical molecules, or also referred to exciplex
(excited state complex) regarding two distinct molecules, is a species of molecules which only exists in
the excited state. In the ground state these two molecules would not bind, more likely are of repulsive
nature and have a dissociative ground state potential (Figure 7). The phenomenon of fluorescent excimer emission from organic molecules was discovered in 1955 by Förster and Kasper, in concentration
dependent fluorescence studies of pyrene, although gas phase excimers of mercury were already established by Rayleigh in 1927.[20] The term itself was introduced later by Stevens and Hutton in 1960 to
distinguish from dimers which are stable in the excited state as well as in the ground state.[21] Förster
and Kasper observed that the fluorescence emission spectrum at higher concentration (20 mM)
showed an additional strong band at 478 nm, compared to the emission at low concentration (0.2 mM)
which showed maxima at 372.5, 348 and 392 nm only. However, the absorption spectra of both solutions were identical with equal extinction coefficients in the boundaries of measurement errors. It was
concluded that the excimer forms only when an excited state molecule interacts with a ground state
molecule. After emission of a photon, they immediately dissociate again. As a typical feature it was
also observed that the excimer emission is a structureless emission compared to the monomer emission which in some cases is highly structured.[20, 22-24]

Figure 7. Energy diagram according to Stevens and Ban, depicting the associative excimer formation at lower intermolecular
distance.[25] It shows the monomer emission (blue arrows) from the electronic excited state (S1 or T1) to S0, the association
enthalpy (green arrow), the red shifted excimer emission (red arrow) and the repulsion energy of the two ground state monomers (purple arrow).

Figure 7 illustrates the process of excimer formation on the basis of two PES. The lower curve indicates
S0 of the two monomers, which at short intermolecular distances is repulsive (Erepulsion). On the other
hand, the upper potential shows a local minimum in the excited state (S1 or T1) with an energy difference to the excited monomer state related to the association enthalpy ΔHassociation of the two species.
By bringing an excited molecule in close proximity to a ground state molecule, a short-lived excited
dimer can form, which radiatively deactivates (hνexcimer) to a highly repulsive ground state potential.
This process can be described as a collision induced self-quenching of the higher energy emission
(hνmonomer) elucidated in the following.
A ground state monomer (M) is promoted by energy to the excited state (M*),
8

Introduction

M + hν → M ∗

Equation 6

from where it can either deactivate radiatively to back to S0,
M ∗ → M + hνmonomer

Equation 7

or by interaction with a spatially close ground state molecule it forms a short lived excimer ([M···M]*)
under release of ΔHassociation
M ∗ + M → [M ⋯ M]∗ − ΔHassociation .

Equation 8

Deactivation from this short-lived state
[M ⋯ M]∗ → M + M + hνexcimer − Erepulsion

Equation 9

occurs again under excimer emission and another energy loss, expressed by Erepulsion. Equation 8 exemplifies that collisions with other ground state molecules is highly concentration dependent. The structureless emission profile of the low energy excimer emission can be justified by the absence of vibrational energy levels at the repulsive distance of the two monomers.
Applications of excimers can be found in excimer laser, which are up to now probably the most common application. The lasers nowadays work on noble gases (Ar, Kr, Xe) mixed with halogen gas (F2, Cl2,
Br2) to form exciplexes ArF, KrF, or XeCl. The name excimer laser dates back to the laser consisting of
Ar2, Kr2 and Xe2 as excimers .[26] Today the excimer have gained interest also in luminescent organometallic complexes which will be the focus of this work (section 4 and chapter I). Due to the square
planar geometry, platinum(II) complexes can align in a sandwich type conformation and form intermolecular interactions in the excited state (3MMLCT and 3LMMCT), without forming ground state dimers.

2
2.1

OLED
History

The field of electroluminescence started by the discovery of electroluminescence on fluorescent anthracene single crystals by Magnante and co-workers in 1963 and by Helfrich & Schneider in 1964 (Figure 8, left).[9, 27] Molecules were excited not by using a high energy light source but by applying an
electric field to the crystal. In 1987, the technology of organic light emitting diodes (OLEDs) started
with the work of VanSlyke and Tang, who introduced a green fluorescent (530 nm) tris(8-hydroxyquinolinato)aluminium (Alq3) emitter into a two-layer device using an additional hole transport layer (HTL)
(Figure 8, middle).[28] A new area of research was opened and much effort was put into the design of
new materials and optimized device structure for better efficiency. The device structure was improved
by introducing more layers between the anode and the cathode such as for example electron transport
layer (ETL) and hole blocking layer (HBL) to enhance electron and hole mobility in the device (see section 2.2).[29] In 1998 Thompson, Forrest and co-workers demonstrated the first phosphorescent OLED
(PhOLED) based on platinum octaethylporphyrin (PtOEP) as the phosphorescent dopant which emits
at 650 nm (Figure 8, right).[30]
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Figure 8. Structures of anthracene (left), Alq3 (middle) and PtOEP (right).

Due to the large commercial interest, the field of OLED technology underwent a tremendous improvement in the last few decades. Despite the fact that a maximum internal quantum efficiency of 100%
can be achieved by the utilization of phosphorescent molecules, an upper limit of 20% and higher external quantum efficiency (EQE) can be achieved.[31-33] The EQE is defined as emitted photons per injected electron into the device. This upper limit in EQE relates to the outcoupling efficiency of a device,
meaning the ratio of emitted photons compared to the generated electrons in the device. These photons are trapped in the device due to the higher refractive indices of the organic layers in the device
relative to glass substrate and particularly at the glass surface to air, hence total reflection of the photons with a too flat incident angle (Figure 9). Device optimizations involve methods like micro lenses,
grids or also orientation of transition dipole to enhance the outcoupling by more than 50%.[31, 34-36]

Figure 9. Explanation of refraction of a photon from an optical dense medium (dark gray) into an optically less dense medium
(light gray) with an incident angle α. Refraction with little reflection (left); Critical angle (middle), total reflection (right).

Up to now, research has managed to overcome many problems to make a good amount of luminescent
organometallic complexes suitable for commercial applications. Especially, a good number of green
and red emitting dopants have been reported, which have found application in commercial devices.[33,
35, 36]
Major issues are attributed to blue and white emissive devices which will be addressed in more
detail in the present work.

2.2

Working Principle

As already pointed out previously, the interest of OLEDs lies in the use of transition metal complexes
because of their much higher energy efficiency compared to fluorescent emitters. This increase in efficiency, based on the application in an electroluminescent device, will be explained with the aid of the
diagram in Figure 10.
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Figure 10. Adapted diagram showing the difference between fluorescent (organic) molecules and phosphorescent (transition
metal complex) molecules. While most organic emitters emit light as fluorescence, organometallic complexes emit light as
phosphorescence with theoretically a four times higher efficiency.[37]

In contrast to the excitation mechanism on the basis of a photophysical process mentioned in chapter
1.1, the population of the excited states in an electroluminescent device occurs via excitons and not
via photons. Excitons are electron-hole pairs formed by recombination of a hole, injected at the anode,
and an electron, injected at the cathode while application of a potential (Figure 11). Attraction by Coulombic forces of the two opposing charges leads to the formation of an exciton. Since electrons as well
as holes have a spin, quantum physics states that four possible combinations of pairs are possible. The
combination of antiparallel spins leads to one singlet state, whereas the three other possibilities with
degenerate energy levels are triplet states. This leads to a statistical ratio of 25% singlet excitons to
75% triplet excitons.[27]
When an organic emitter is excited in the device by the excitons formed in the host material, the singlet
excitons will radiatively deactivate to the ground state as fluorescence whereas the triplet excitons will
be trapped in the triplet state, also referred to as dark state, and release their energy via a non-radiative deactivation pathway (e.g. triplet-triplet annihilation or heat dissipation), since it would need to
undergo a spin-forbidden transition (Figure 10, left pathway). The maximum overall energy efficiency,
known as internal quantum efficiency (IQE), of this deactivation can therefore only be 25%. On the
other hand, considering a transition metal complex the triplet excitons will radiatively relax to the
ground state via phosphorescence whereas the singlet exciton will undergo a spin flip, due to the
strong spin orbit coupling enhancement of the metal and deactivate via ISC to T1 and likewise deactivate radiatively as phosphorescence. Consequently, a theoretical maximum efficiency of 100% is possible. The high energy conversion makes transition metal complexes suitable candidates for the application in OLED devices.
In the following section, a very basic structure of an OLED device with its most important layers is
briefly discussed (Figure 11a). Several organic layers are encapsulated between the anode and the
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cathode in a sandwich-type manner. Due to their conductive π-conjugated nature, these layers are
called organic semiconductors.
The cathode, which under application of a current is negatively charged compared to the anode, serves
as the electron injection layer (EIL). It is made of metals with low work functions, meaning easily oxidizable metals. To enhance the electron injection already several metals, such as Ca and Mg, or alloys
consisting of Al with LiF, CsF, MgO, Al2O3 or NaCl have been studied. The reason why alloys were introduced is that metals like Ca or Mg were very sensitive to moisture. At the anode (positively charged)
electrons are removed from the LUMO, thus forming a so-called hole. This hole injection layer (HIL), is
usually made of transparent indium tin oxide (ITO). Due to Coulombic attraction of these two particles
of opposite charges, they move through electron/hole transport layers (ETL and HTL) and recombine
in the emissive layer (EML). As described above, depending on the spin orientation of the electron and
hole towards each other, singlet or triplet excitons are formed. In the EML, the energy of the excitons
formed in the host material is transferred to the doped emitter molecules resulting in an emission of
light. The phosphor is usually doped into the host in low concentrations, to avoid triplet-triplet annihilation (TTA) or other intermolecular quenching processes. Additionally, in some devices, electron and
hole blocking layers (EBL and HBL) are installed working as energy barriers to confine the recombination of the charge carriers to the emissive layer (Figure 11b).

Figure 11. Schematic construction of an OLED device consisting of several organic layers with specific functions. The negative
symbol represents the electron, whereas the positive symbol stands for the hole, approaching each other due to the applied
current (left); Simplified energy diagram showing the HOMO-LUMO gap of the organic semiconducting layers illustrated by
the gray boxes (right).

Figure 11b illustrates a very simplified energy diagram, showing the bandgaps (HOMO-LUMO gaps) of
the organic semiconducting layers. Compared to the basic two-layer structure demonstrated by
VanSlyke and Tang, the use of more layers enhances the device efficiency by better charge injection,
improved conductive properties and better bandgap overlap with the emitting dopants. These small
molecule devices are usually produced by vacuum deposition to achieve a high control of the layering
structure. A major drawback is the applicability to small devices only. For large area devices this
method becomes too expensive and has technological limitations. Therefore, much effort is put into
solution processible devices for larger area devices, which are at the moment less efficient compared
to the small molecule OLEDs.[38-44]

2.3

Advantages Over Previous Technologies

The use of OLED devices brings a list of advantages over the currently known technologies on the market. The capability of fabricating thin and lightweight devices on flexible substrates like plastic or metal
panels opens many opportunities.[32] Nowadays OLEDs can be found in all possible products such as
12
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smart phones, digital cameras, televisions, etc. In 2007, the first commercial OLED TV was launched by
SONY Corporation.[45] Due to the flexibility and the possibility to produce large area flat panels, the
display technology is advancing with tremendous speed, with the first curved OLED TV commercialized
by Samsung Electronics in 2013.[46] Many leading companies launched a variety of large area TVs including curved displays with high contrast and immense color brightness. Thereupon in 2018 the Chinese company Royole commercialized the world’s first foldable smart phone based on an OLED display.[45, 47]
Also, in aviation and car industry OLED technology can bring tremendous advantages. Due to the lightweight panels, energy and fuel costs can be saved and their novel form factors can be used to design
new shapes such as rear lighting of cars.[32] The lighting industry is likewise going through large changes
from previously used incandescent bulbs, to fluorescent tubes towards OLEDs. Incandescent bulbs
were extremely inefficient, which is perceptible by their heat dissipation and are slowly phased out
around the world. A tremendous advantage of OLEDs is not only the higher efficiency but also the
absence of toxic mercury which is used in fluorescent tubes.[42]

3

N-Heterocyclic Carbenes

Carbenes have been utilized as ligands in organometallic complexes for several decades. The two most
prominent representatives are the Fischer and the Schrock carbenes (Figure 12). In 1964, Fischer isolated the first transition metal carbene complex (CO)5WC(OCH3)(CH3) by treatment of W(CO)6 with
LiCH3 followed by protonation and subsequent methylation with CH2N2.[48] This type of carbene is a
singlet carbene which features a heteroatom in α-position to the carbene-carbon, pushing electron
density into the empty p-orbital. The unoccupied p-orbital can also accept electrons from the d-orbitals
of the metal center (π-backdonation) giving a donor-acceptor interaction between the metal and the
carbene. Due to its empty p-orbital Fischer carbenes are known to be of electrophilic nature in contrast
to Schrock carbenes. Schrock reported the synthesis of Mo(CH-tBu)(NAr)(OTf)2(dme) (Ar = 2,6-Diisopropylphenyl, dme = 1,2-Dimethoxyethane) in 1990.[45] Schrock carbenes are known for their application in olefin metathesis.[47]

Figure 12. Orbital interactions in Fischer (singlet) and Schrock (triplet) carbenes (left); Further developed versions of Fischer
carbenes: Alder carbene, NHC and MIC/aNHC (right).

A further developed version of Fischer carbenes are Alder carbenes, which have two amino groups
adjacent to the carbene-carbon.[42] This type of carbene is characterized by the higher stabilization due
to a second heteroatom and enhanced σ-donation. It was then shown that the cyclic analogues,
namely N-heterocyclic carbenes (NHCs) or sometimes also called Arduengo carbenes, e.g. imidazolin2-ylidenes, are much more stable in organometallic complexes, with enhanced π-backdonation.[49] Another derivative of imidazolin-2-ylidenes is the mesoionic (MIC) or abnormal N-heterocyclic carbene
(aNHC). Both, NHC and MIC/aNHC are also referred to as persistent carbenes due to their stability and
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possibility of isolation, which was first reported on 1,3-bis-(1-adamantyl)imidazolin-2-ylidene by Arduengo in 1991.[50-53]
In the herein reported work, novel NHC complexes are prepared and studied. Due to their strong σdonating effect, NHCs are strong field ligands. Attached to a metal center this leads to a large splitting
of the crystal field resulting in a destabilization of the non-radiative 3MC(dπ–dσ*) states. This is highly
favorable in luminescent complexes since population of these states by excited electrons leads to a
non-radiative relaxation pathway. Figure 13 shows the influence of a strong field ligand on the energy
level of these non-emissive states. In transition metal complexes, the 3MC(dπ–dσ*) states are generally
close to the emissive 3MLCT and 3LC states. Thermal energy (kBT) is sufficient to populate these nonradiative states. Additionally, a contact of the repulsive 3MC(dπ–dσ*)- and the S0-PES leads to a nonradiative deactivation (Figure 13, left). A strongly σ-donating ligand is able to destabilize the 3MC(dπ–
dσ*) state to such an extent that thermal population is insufficient and phosphorescence quenching is
largely reduced (Figure 13, right). The enhanced 3MLCT contribution favors SOC from T1 to S0.[33, 45, 5457]
This reflects in the luminescent quantum efficiency of the emitter and furthermore explains a
brighter emission of complexes while cooling to 77 Kelvin.

Figure 13. Diagram showing the repulsive 3MC(dπ–dσ*) states, which after thermal population lead to non-radiative deactivation due to touching with the S0 potential energy surface (left); Introduction of a strong field ligand such as NHC destabilizes
the 3MC(dπ–dσ*) states to an energy exceeding kBT, hence favoring deactivation from T1 in terms of phosphorescence (right).

The σ-donor ability was demonstrated on transition metal complexes by means of IR studies, using
M(CO)xL (L = PR3, py, NHC) complexes and investigating the CO stretching frequencies trans to the Lligand, or by comparing crystallographic bond lengths of Pd–Cl in cis-L2PdCl2 complexes. It was demonstrated that the donor ability is strongest for NHCs, similar or slightly weaker for pyridines (py) and
weakest for phosphines (PR3).[58-60] Photoluminescent investigations demonstrated a similar trend,
more precisely QY of NHC complexes were higher than their pyridine or phosphine derivatives. In some
particular examples, the phosphine complexes showed no emission at all at ambient conditions,
whereas the NHC analogue showed strong emission.[60-70]

4

Current status

Since the report of a platinum(II)-based PhOLED in 1998, research investigations have led to the development of a number of phosphorescent transition metal complexes for applications in OLED devices.[30] Transition metals with high spin-orbit coupling constants (ζ) such as iridium (ζ = 3909 cm-1),
platinum (ζ = 4481 cm-1) and gold (ζ = 5104 cm-1) are promising candidates to enhance the emission
efficiency to 100% compared to only 25% in fluorescent molecules (see section 1.4).[17] Among the
three transition metals, iridium(III) complexes have been the most investigated, due to their good stability, high PLQY with color tuneability and their short phosphorescent lifetime.[43, 71] In general, application of luminescent materials in OLED devices can be divided into small molecules and polymers. As
small molecules are usually vapor deposited, by vacuum sublimation, the device size is restricted to
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rather small areas. For large area devices, polymers provide a promising alternative for the future, due
to the possibility to fabricate devices by solution deposition, which allows for ink printing technology
to be used. A selection of Ir(III)- and Pt(II)-based phosphorescent small molecule emitters, which were
applied in OLED devices, is depicted in Figure 14. These complexes are amongst the most efficient
iridium and platinum phosphors, respectively, in the colors ranging from blue to green and red.
FIrpic (Ir1) was published in 2001 by Thompson, Forrest and co-workers as the first blue phosphorescent emitter.[72] This complex was further developed by the same group, to obtain fac-Ir(pmp)3 (Ir2,
pmp = N-phenyl,N’-methyl-pyridoimidazol-2-yl) with improved EQE and an additional blue shift of 57
nm from sky-blue to deep blue.[73] Ir(ppy)3 (Ir3, ppy = 2-phenylpyridine), presumably the most prominent and well-studied green emitter, is unique for its PLQY of unity.[15, 74] Due to the ease of preparation
and the high efficiency, it is used as a candidate for device optimizations, regarding device structure,
and also as a co-host in other OLED devices. An example for a highly efficient red OLED (Ir4) was recently published by Zhang and co-workers.[75] A major drawback of octahedral iridium(III) compounds
is the regiocontrol resulting in the formation of fac and mer-isomers using bidentate chelates, possessing diverse photophysical properties. A good example is the mer-Ir(pmp)3 isomer of Ir2 which has
a red shifted emission maximum at 465 nm with a shorter triplet lifetime and deviating EQE. Using
platinum(II) complexes with a square planar geometry the formation of isomers is greatly reduced.

Figure 14. Selected iridium(III) and platinum(II) complexes representing EQE values, which are amongst the highest in the
respective spectral color range.[72-75]

Up to date, also a large number of platinum-based complexes have been reported covering mainly the
green and red region of the electromagnetic spectrum, but also a few in the blue part. Complexes Pt1–
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Pt3 are a selection of the reported Pt(II)-emitters which are among the most efficient blue, green and
red phosphors, with comparable EQE to the iridium complexes. Although many luminescent complexes
were developed, blue emission has always been a challenge due to its large HOMO-LUMO gap leading
to high excitation energy. Isomerization and ligand dissociation are possible consequences leading to
degradation and reduction of a device lifetime. For applications in display technology the long-term
stability of the dopant is crucial because an insufficient durability strongly affects the color purity.
A common approach in achieving deep blue luminescence comprises the modification of the ancillary
ligands of known green emitters. By incorporation of electron withdrawing or donating substituents,
the HOMO-LUMO energy gap is enlarged, which results in a blue shift of the emission wavelength.
Typically, fluorine atoms are the group of choice, due to the commercial availability of precursor fragments and the similarity to hydrogen in terms of geometry and steric demand, retaining the low number of degrees of freedom. Additionally, fluorine substituents are reasonably inert to nucleophiles
compared to functional groups with similar electron-withdrawing nature. However, it was shown that
these fluorine groups are detrimental for the application in OLED devices.[76] Based on this knowledge,
various research groups have designed fluorine-free emitters (Pt4–Pt7) which show blue and sky-blue
phosphorescence with EQE of 6.2% to 15.7% (Figure 15).[64, 77-80] It is noticeable that all these emitters
contain N-heterocyclic carbenes as neutral ligands, because NHCs are not only known to increase the
quantum efficiency but also to shift the emission wavelength to higher energy compared to the pyridine derivatives. Our group also has developed a method to obtain highly stable blue (438 nm) emitting
trans-(NHC)2Pt(C≡C–R)2 complexes, identical to Pt1, which were later on modified by Schanze and coworkers.[14, 66, 70, 81, 82] Luminescence quenching caused by increased doping concentration due to intermolecular interactions, can be substantially decreased by proper modification of the ligand scaffold to
further enhance the EQE in devices.

Figure 15. Platinum(II)-based phosphorescent emitters applied in blue and sky-blue electroluminescent devices with good
external quantum efficiencies.[64, 77-80]

A pure blue emission is also required to obtain white light (Figure 16). Generally white light can be
obtained by either mixing red, green and blue light or by mixing the colors blue and orange. The feature
of excimer formation can serve as a facile approach to obtain white light emission from a single complex. By further tuning of the electronics on the ligand scaffold, emission wavelength in the near-infrared (NIR) region can be obtained, which is of interest for applications in e.g. sensing devices.
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Figure 16. The difference between the RGB color space and the CMYK color space. The RGB (red, green, blue) color space is
used in digital applications. By mixing the spectral colors of light in an additive way, all possible hues can be obtained. The
CMYK (cyan, magenta, yellow, key/black) color space on the other hand is a subtractive model, because by mixing pigments
more light is absorbed for the perception by the eye.

The square planar geometry of four-coordinate Pt(II) complexes is a favorable molecular framework
to form intermolecular interactions. As mentioned in section 1.6, this is a prerequisite to form excited
state dimers. Although organic excimer-forming molecules, e.g. pyrene, have been intensively studied,
reports on the structural and electronic requirements for organometallic complexes are non-existent.[83] Nevertheless, a small number of excimer-forming platinum(II)-based complexes (Pt8–Pt15) can
be found in literature. Their luminescence behavior have been investigated and upon fine tuning of
the concentration, white OLEDs (WOLEDs) and NIR emitting OLEDs have been reported (Figure 17).[8492]
It is striking that all of these reported complexes contain a pyridine in the ligand scaffold. So far, no
study was published discussing the effect on this behavior.
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Figure 17. Excimer-based white light emitter and NIR emitter applied in OLEDs.[84-92]

As mentioned above, apart from the small molecule phosphors, luminescent polymers are of great
interest for a broader application in large panel devices. A high content of metal is desired, due to an
enhancement of SOC. Synthetic procedures for the preparation of platinum(II)-based main-chain polymers have already been reported in 1975 by Sonogashira, Hagihara and co-workers (Scheme 1,
top).[93-95] It consists of a dehydrohalogenation of metal halides and terminal acetylenes in a ratio of
2:1. A catalytic amount of CuX salt is needed for the activation of the acetylene proton in an aminebased solvent under inert atmosphere to obtain high molecular weights with a clean outcome and no
byproducts.[94] Another method to prepare main-chain Pt(II)-acetylene polymers involves an oxidative
coupling reaction, also known as Hay’s coupling, of two terminal alkynes (Scheme 1, bottom).[10, 95-98]
The drawback of this coupling is that they result in highly conjugated systems which makes them unsuitable for the preparation of blue emitting polymers.
Scheme 1. General polymerization reactions to obtain main chain metal-acetylide polymers.[10, 93-97]
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In general, the reports on luminescent polymers remain quite scarce. Even less is known on gold(I)based linear polymers. Only Puddephatt and co-workers published a small number of weakly emissive
polymers due to the strong Au···Au interactions.[99-103]

Figure 18. Basic structures of reported isocyanide- and phosphine-gold(I) acetylide polymers by Puddephatt and co-workers.[99-103]

5

Motivation of the Thesis

This thesis work focuses on the investigation of luminescent organometallic compounds with emphasis
on platinum(II) small molecules and main-chain organometallic polymers as well as the approach to
gold(I)-based luminescent polymers. On the one hand platinum was chosen due to the much higher
natural abundancy (0.01 ppm) in the earth crust compared to iridium (0.001 ppm) or gold (0.004 ppm),
making it more accessible and cheaper for industrial applications.[104] On the other hand the structural
difference of platinum(II) compared to iridium(III) opens up possibilities to further tune the emission.
Whereas iridium(III) is a d6-system with a six-coordinated octahedral geometry, platinum(II) is a d8system which prefers to stay in a 16-electron configuration with a four-coordinated square planar geometry. By specific ligand design essentially a flat molecule can be obtained which allows intermolecular interactions leading to excimer formation (see section 1.6). But it also implies the challenge that
by population of the axial antibonding dx2-y2 orbitals a significant distortion of the geometry occurs
which leads to non-radiative decay and possible ligand dissociation.[105]
Chapter I focuses on the synthesis of excimer-forming platinum(II) complexes. Excimers are a promising way to overcome the problem of white emitting devices, since there are some challenges accompanied with the fabrication of WOLEDs. To obtain white light, an emission spectrum which covers the
entire visible spectrum is needed. This can be achieved by mixing of the three primary colors red, green
and blue, or by mixing blue with its complementary color orange. Mixing of the three primary colors
requires three different phosphors which can be mixed either in the same layer by co-doping or in a
multilayer setup. Thompson, Forrest and co-workers fabricated a device where a blue fluorescent molecule was doped into a two layer device spatially separated from the green and red phosphorescent
Ir(III) emitters, achieving white light with an external quantum efficiency of 19%.[106] They designed the
device such that the singlet excitons transferred the energy to the fluorescent dye whereas the triplet
excitons were harvested by the phosphorescent emitters. Challenges accompanied to this method are
varying decomposition lifetimes of the dopants, which leads to an undesired color degradation. Combining a blue and an orange emission can be done by either applying two adjacent emissive layers with
two dopants or by making use of excimers. In the former case again, long-term color stability is the
major issue. Using excimers, thus single molecule emissive layers, this problem can be overcome. That
is where square planar platinum(II) complexes come into play (Figure 19). The flat geometry allows
intermolecular interactions involving Pt···Pt interactions and/or π-π interactions at high doping concentrations (see section 1.6).[15, 46, 107]
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Figure 19. An adapted molecular orbital scheme illustrating the influence of bringing two planar Pt(II) complexes in close
proximity. It gives rise to the change from 3LC or 3MLCT to a 3MMLCT by an overlap of the axial dz2 orbitals.[108]

In this respect, a series of four complexes was prepared showing a deep blue monomer emission, with
the tendency to form orange emissive excimers at higher doping concentrations in poly(methyl methacrylate) (see section 7).
Occasional excimer formation in molecules previously reported in literature seems to be largely coincidental in nature. Even though all luminescent platinum complexes are planar, only a fraction exhibits
the appearance of a second low energy emission at higher concentrations. It is still unclear what are
the structural and electronic requirements for a strategic design of excimer-forming platinum complexes. By preparing a series of eight complexes we tried to obtain more insights into the design of the
complexes (see section 8). Using the information and altering the electronics on the ancillary ligand
scaffold, we managed to push the emission wavelength into the NIR region from these molecules (see
section 9).
Chapter II addresses the challenge of deep blue emitters. Pt(II) complexes that were developed previously in the group, showed deep blue emission at room temperature in CH2Cl2 solution and doped in
PMMA thin films. Nevertheless, these complexes were not ideal for device fabrication, due to their
tendency of quenching at higher concentrations. Therefore, the aim was to prepare ligands for the
same framework with introduction of large steric demand, to inhibit quenching mechanisms without
drastically change the emission wavelength. Incorporation of a triptycene moiety, in close and distant
proximity to the metal center is expected to reveal the influence of steric bulk on the quantum efficiency at higher concentrations.
In chapter III novel phosphorescent organometallic main-chain platinum(II) polymers were prepared
and structurally as well as photophysically characterized. Reports on luminescent platinum(II) and iridium(III) polymers are scarce compared to emissive small molecules and they are mostly organic polymers with the phosphors anchored to the polymer chain, or the metal chromophores copolymerized
with organic polymers.[80, 109-123] Polymers based on poly-Pt(II)-acetylides all feature phosphines as ancillary ligands and show very poor luminescence. Therefore, we aimed for the preparation of a polyPt(II)-NHC-based polymer with acetylides as ancillary ligands. A series of five platinum(II) polymers was
synthesized showing color tuneability from deep blue to green emission in solution and as neat films
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(see section 0). Additionally, a compilation of synthetic strategies towards the preparation of novel
luminescent platinum(II) and gold(I) rigid rod type polymers is presented (see section 0).
In chapter IV a series of complexes was prepared to investigate the influence of the electronic nature
of various NHCs on the emission properties. Additionally, two ancillary ligands biphenyl and its perfluorinated derivative octafluorobiphenyl, were chosen because of their strong σ-donating effect to
enhance the quantum efficiency.
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8.1

Manuscript

8.1.1 Abstract
The present work investigates the structural and electronic requirements for the design of an excimerforming platinum(II) complex. It shows that planarity is not the only prerequisite for a metal–metal-toligand charge transfer to occur resulting in excimer emission. Contribution of electronic parameters
such as introduction of a pyridine moiety, or possibly other electron deficient aromatic N-heterocycles,
is a requisite for achieving excimers. The influence of the steric demand on the low energy emission
wavelength is examined and shows a facile strategy to modulate the emission color. Moreover, negligible changes in emission wavelengths of the monomeric species with different pyridine-NHC (N^C)
cylcometallating ligands indicate the charge transfer mainly arising from the dialkyne ligand.
8.1.2 Introduction
In the past few decades, much efforts were made in the design of new luminescent transition metal
complexes, due to the increasing demand of inexpensive display technologies and incandescent lighting devices. Phosphorescent organic light emitting diodes (PhOLEDs) provide a valuable solution to
supply the steep need because of their ability to exploit singlet excitons as well as triplet excitons due
to their strong spin-orbit coupling which leads to an efficient intersystem crossing (ISC).[1-3] Hence, it is
possible to achieve a theoretical electroluminescent internal quantum efficiency of up to 100%. Therefore, a large variety of Pt(II)-, Ir(III)-, Au(III)-, Ru(II)- as well as Os(II)-based complexes were studied as
phosphorescent emitters, which exhibit emission colors in the red, green and blue part of the electromagnetic spectrum.[4-6] Using these triplet emitters, an increasing number of OLEDs have been developed with high external quantum efficiencies (EQE). In this context triplet emitters that can form excimers are critical to achieve white OLEDs (WOLEDs) and near-infrared (NIR) OLEDs. WOLEDs remain a
major challenge since white light is crucial as backlight as well as in lighting applications. WOLEDs are
intensively investigated and can be obtained by either mixing the three colors red, green and blue or
by a combination of blue and orange light.[7] To avoid degradation based on color purity, a rational
design approach is to generate single-molecule white light emitters. One strategy is to mix monomer
emission (e.g. blue) with the emission of the corresponding excimer (e.g. orange). Since triplet excimer
transitions are ascribed to metal–metal-to-ligand charge transfer (3MMLCT) or ligand centered π–π*
charge transfers (3LCT), a square planar structure like in d8 Pt(II) complexes is desired as they are prone
to align in a stacked conformation, which is not possible in the case of octahedral (eg. Ir(III), Ru(II) and
Os(II)) and tetrahedral complexes (eg. Cu(I)).[3, 5, 7-14] The lack of near-infrared (NIR) emitting complexes
with high photoluminescence quantum efficiency (φem) is ascribed to the energy gap law. It states that
the narrower the energy gap between the excited state (S1 or T1) and the ground state (S0) is, the more
non-radiative deactivations occur. This is because vibrational states (v=0) of the first excited state can
couple with higher energy vibrational states of S0. This can be prevented by excimer formation since
the ground state potential of the excimer is repulsive and leads to dissociation to the two individual
molecules (Figure 20).[15, 16]
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Figure 20. Schematic representation of the formation of a triplet excimer. After excitation of a molecule to its singlet excited
state (exemplified as S1) an intersystem crossing to the triplet excited states occurs. The excited state molecule interacts with
a ground state molecule to form an excimer (shown as a potential energy well on the left side). The bathochromically shifted
deactivation leads to a dissociation to the two individual molecules.

A future perspective of excimers not only covers WOLEDs as an objective target but also NIR emitting
OLEDs owing to a vast field of application as for example in bioimaging, photodynamic therapy or optoelectronic switches.[16, 17] Although there is a small number of excimer-forming complexes known,
specific design strategies to promote their formation are still unclear. In the present work we investigate the influence of pyridine containing ligand frameworks since it is observed that most of the excimer-forming Pt(II)-emitters contain pyridine derivatives incorporated into their scaffold (Figure 21).[2,
3, 7, 8, 11, 13, 14, 16, 18-22]
As ancillary ligand, a chelating dianionic dialkyne moiety, which serves as a strongfield ligand, is prepared and incorporated to the scaffold to raise the non-radiative 3MC(dπ–dσ*) states
and hence increase the φem.[4] The increased rigidity compared to already known bis-alkyne complexes
is also anticipated to suppress rotational freedom of the ligands and therefore increase φem.[23-26] In
fact we demonstrate that with the avoidance of fluorine groups, which have been shown to be detrimental in device fabrication, the excimer emission can be tuned by small changes in the ligand framework without changing the monomeric emission.[27, 28]

Figure 21. Illustration of the incorporation of a pyridine (highlighted in blue) into the ligand frameworks in chelating N^C
pyridine-carbene, monodentate bis-carbene and chelating C^C dicarbene complexes and their comparison to the pyridinefree complexes.
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8.1.3 Results and Discussion
Synthesis and characterization. The synthetic protocol for complexes 1–8 is illustrated in Scheme 2.
Three different routes were used to obtain the herein reported Pt(II) compounds in yields of 32-84%
starting from the corresponding carbene salts. N,N'-diisopropyl-benzimidazolium iodide ([a][HI]) was
prepared following a modified literature procedure.[29] In order to obtain N,N'-diisopropyl-azabenzimidazolium iodide ([b][HI]), 2-isopropylamino-3-nitropyridine was initially reduced in situ and further
ring-closed in a microwave reactor with a triethylammonium formate complex and palladium on carbon forming 3-isopropylimidazo[4,5-b]pyridine in 51% yield. Afterwards, a quaternization with 2-iodopropane was performed, yielding in 50% of [b][HI]. The pyridylimidazolium salts [c][HI] and [d][HI]
as well as the pyridylbenzimidazolium salts [e][HI] and [f][HI] were prepared by quaternization of 2(1H-imidazolyl)pyridine or 1-pyridin-2-yl-1H-benzimidazole, respectively, with the corresponding iodoalkane.[26, 30, 31] Successful quaternization was monitored by the appearance of a new acidic proton
at low field, typically found between 10 ppm and 12 ppm in 1H-NMR. To obtain complexes 1–6,
(COD)Pt(tda) (COD = 1,5-cyclooctadiene, tda = tolan-2,2′-diacetylide) was freshly prepared starting
from tolan-2,2′-diacetylide (tdaH2) which was deprotonated in a NaOEt/EtOH solution and then
treated with (COD)PtCl2. This reaction was performed in a highly diluted solution (approx. 2.7 mM,
with respect to the alkyne) to avoid oligomerization. By treatment of the carbene salts [a][HI] or [b][HI]
in situ with KOtBu in the presence of (COD)Pt(tda) in THF at 90 °C, 1 and 2 were obtained in good yields
of 79% and 59%, respectively. 3 and 4 were prepared via silver transmetallation with the [NHC][HI]
salts and Ag2O in acetonitrile followed by treatment of the silver(I) carbenes with (COD)Pt(tda). The
formation of the silver(I) carbene was monitored by 1H-NMR using the characteristic NCHN proton and
the signals for the methyl or isopropyl protons. After purification, the complexes were isolated in yields
of 43% and 45%, respectively. Preparation of 5 and 6 had to be performed under harsher conditions.
Therefore, a mixture of [NHC][HI], KOtBu and (COD)Pt(tda) was reacted in THF at 90 °C for 1h. Purification of the crude mixtures by column chromatography provided good yields of 82% and 84%. Characteristic downfield shifts of the NCH(CH3)2 and NCH3 protons of approximately 1 ppm to 2 ppm were
observed between the corresponding NHC salts and the coordinated ligands.
In order to obtain the chelated di-carbene complexes 7 and 8, the two carbenes [NHC] 2[HI] were
synthesized. 1,1’-diisopropyl-3,3’-methylene-dibenzimidazolium diiodide [g]2[HI] was prepared by
quaternization of two equivalents of N-isopropylbenzimidazole with diiodomethane in THF for 12h at
120 °C, whereas 1,1’-dimethyl-3,3’-methylene-dibenzimidazolium diiodide [h]2[HI] was prepared by
quaternization of 1,1'-bis(benzimidazolyl)methane with 10 equiv. of iodomethane in CH3CN at 90 °C.
Formation of the carbene salts was verified by the characteristic singlet at 10.28 ppm and 10.18 ppm
for the later, respectively. The carbene salts were then slowly added using a syringe pump to a solution
of Pt(acac)2 in DMSO to give the (C^C)PtI2 complexes i and j. Due to the very low solubility of i and j,
only 1H-NMR and HR-ESI-MS were used to confirm the structure. Moreover, both complexes were used
without further purification and subsequently subjected to lithiated tda at -80 °C in Et2O or THF to
obtain 7 and 8 over two steps in 48% and 32% yield, respectively. All final complexes were characterized by 1H-NMR, 13C-NMR, IR, HR-ESI-MS and elemental microanalysis.
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Scheme 2. Synthetic pathways to complexes 1–8.

Conditions: i) [NHC][HX], KOtBu, THF, 24h, 80 °C; ii) [NHC][HI], Ag2O, CH3CN, 24h, 25 °C; iii) [NHC][HI], KOtBu, THF, 1h, 80 °C;
iv) Pt(acac)2, DMSO, 24h, 100 °C; v) tda, nBuLi, THF, 24h, -78 °C to 40 °C.

Crystal structure determination. Crystals for single crystal X-ray diffraction measurements were obtained for (COD)Pt(tda) and 3–6 from slow diffusion of hexane into concentrated solutions of the compounds in CH2Cl2 or DMSO. All of the obtained crystal structures for the Pt(II) complexes 3–6 exhibit a
slightly distorted square-planar geometry as the angles between the coordinating ligands differ from
90° due to the ring strain of the bidentate ligands. All L–Pt–L bond-angles, Pt···Pt distances and intermolecular distances are summarized in Table 2.
Table 2. Summary of selected single crystal X-ray diffraction data of (COD)Pt(tda) and complexes 3–6.

Im–Pt–Py [°]
Im–Pt–tda [°]
tda–Pt–tda [°]
Py–Pt–tda [°]
Pt···Pt [Å]
Intermolecular distance [Å]
a intermolecular

(COD)Pt)(tda)
85.3(1)
-

3
78.56(9)
99.8(1)
84.5(1)
97.1(1)
3.3899(4)
3.248 a

4
78.4(2)
100.2(2)
85.0(2)
96.4(2)
5.2365(4)
3.287 a

5
78.47(7)
100.97(8)
83.43(8)
97.06(8)
3.3495(5)
3.405 a

6
78.3(1)
101.4(2)
84.0(2)
96.2(2)
3.3469(4)
3.338 a

distances were calculated without taking hydrogen atoms into count, no error could be determined.
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(COD)Pt(tda)

3

4

5

6
Figure 22. X-ray crystal structures of (COD)Pt(tda) and complexes 3–6, displayed from top (left), lateral view to show Pt···Pt
distances (middle) and top view (right). Displacement ellipsoids are drawn at a 50% probability level. Hydrogen atoms and
solvent molecules are omitted for clarity.
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The σ-bound Pt–C* (C* = NHC carbon) bond lengths, ranging from 2.002(5) Å to 2.015 (6) Å, are shorter
relative to the Pt–N bond lengths (2.069(2) Å to 2.092(4) Å) of the pyridine, which is coordinated via
π-bond to the platinum center (Table S1 in the Supporting Information). The approximately 0.050 Å
longer Pt–CC* (CC* = alkyne-carbon trans to NHC) distances (1.993(5) Å to 2.005(2) Å) versus the Pt–CN
(CN = alkyne-carbon trans to pyridne) bond lengths (1.937(3) Å to 1.950(2) Å) derive from a stronger
trans-influence of the NHC compared to the pyridine.
The Pt···Pt distances are between 3.3469(4) Å (6) and 5.2365(4) Å (4). A distance of more than 3.5 Å
would be contradictive to excimer formation. Nevertheless, it is important to note that there are many
factors contributing to packing of the molecules in the crystal structure. Only 3 yielded in a solventfree crystal. In 4 and 6, CH2Cl2 molecules are present in the crystal lattice whereas in 5, DMSO molecules are found enclosed. In 4, where the largest Pt···Pt distance is observed the CH2Cl2 molecules
interfere most with the packing. The solvent molecules lie in the same plane as the complexes and are
in close proximity, which might be the cause of the strong distortion of the intermolecular packing.
However, the intermolecular distances of 3.248 Å (3) to 3.405 Å (5) indicate that the molecules can
arrange in a spacing lower than 3.5 Å and this observation further attest that the conclusions from
crystal structures need to be handled with precaution. In general, it is apparent that these kind of
complexes tend to stack in a coplanar arrangement with anti-parallel alignment with the electron rich
fragment (tda) layered on top of the more electron poor pyridine-NHC fragment (Figure 22). Additional
detailed crystallographic data is summarized in Table S2 in the Supporting Information.
Photophysical properties supported by DFT and TD-DFT calculations. Complexes bearing a pyridyl
(benz-)imidazole ligand (3–6) display their lowest energy absorption band in the range 395–398 nm
while for all the other complexes it appears in the range 360–365 nm (Figure 26, left and Table 3). A
red shift of 28 nm is observed to the previously reported monodentate Pt(II) bisalkyne complex, which
is attributed to the extended conjugation of the tda ligand.[26] Similarly the increase (approx. 5300 M-1
cm-1) in extinction coefficient is attributed to the extended conjugation and a better overlap of the
wavefunctions. These observations are in agreement with previously reported platinum(II) diimine
complexes.[32, 33] These transitions are well reproduced by the TD-DFT calculations performed on the
exemplary complexes 1, 5 and 7. The first significant band in the calculated spectrum of 5 corresponds
to the first singlet excited state S1 (oscillator strength f of 0.41) with a S0S1 wavelength of 406.8 nm
(Figure S1 in the Supporting Information). The formation of S1 is due to the transition from the highest
occupied molecular orbital to the lowest unoccupied molecular orbital (HOMOLUMO). The HOMO
is mainly localized on the tolan-diacetylide (tda) moiety while the LUMO is mainly localized on the
pyridyl benzimidazole chelate (Figure 23). A small participation of the metal center in both orbitals is
also observed. The lowest energy absorption band can thus be ascribed to a mixture of ligand-to-ligand
charge transfer 1LLCT(πtdaπN^C*) and metal-to-ligand charge transfer 1MLCT (dPtπN^C*). For compounds 1 and 7, the singlet excited states S1 (for 1) and S2 (for 7) responsible of the lowest energy band
(366.7 nm for S0S1 and 360.1 nm for S0S2) arise also from HOMOLUMO transitions. In the case
of compound 7 which contains a bridged benzimidazole chelate, the HOMO and LUMO resemble to
the ones calculated for 5 leading to a similar assumption of a mixture of ligand-to-ligand
1
LLCT(πtdaπC^N*) and metal-to-ligand 1MLCT (dPtπC^N*) charge transfers (Figure 24 and Figure 25).
In the case of 1 which contains two coordinated carbene ligands, the HOMO and LUMO are both localized on the tolan-diacetylide moiety and Pt center leading to an intra-ligand 1ILCT(πtdaπtda*) character
slightly mixed with a metal-to-ligand 1ML (dPtπtda*) character. The transition corresponding to the
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first singlet excited state S1 calculated for compound 7 showed a very weak oscillator strength of 0.03
and was neglected (in comparison with the value of 0.34 for S2).

LUMO+4

LUMO+5

LUMO

LUMO+1

LUMO+2

LUMO+3

HOMO-7

HOMO-6

HOMO-1

HOMO

Figure 23. Spatial plots of selected frontier molecular orbitals of compound 5.

The strong high energy absorption bands experimentally observed for all complexes (1–8) in the short
range of 270–272 nm can be attributed to an admixture of intraligand charge transfers within the tolan-diacetylide moiety 1ILCT(πtdaπtda*), the pyridyl benzimidazole ligand 1ILCT(πC^NπC^N*), the carbene ligands 1ILCT(πcarbπcarb*) and the bridged benzimidazole chelate 1ILCT(πC^CπC^C*) as 1IL(ππ*).
According to the TD-DFT results, the main contribution of the band comes from the tolan-diacetylide
ligand (see excited states S16 at 272.8 nm for 1, S21 at 269.7 nm for 5, and S16 at 271.4 nm for 7, Table
S3 in the Supporting Information) while the contribution of the other side is smaller and may appear
as a shoulder if the corresponding vertical excitations are significantly different in terms of wavelength.
For compounds 1 and 7 the intraligand 1ILCT(πcarbπcarb*) and 1ILCT(πC^CπC^C*) transitions appear
slightly blue shifted in comparison with 1ILCT(πtdaπtda*) by about 6 to 10 nm. For compound 5, it is
the opposite trend with the intraligand 1ILCT(πC^NπC^N*) transition slightly red shifted by about 10
nm. Additional experimental bands are observed in the region between 275 and 300 nm which correspond to a ligand-to-ligand 1LLCT(πtdaπC^N/C^C/carb*) charge transfer. In the case of compound 5, that
1
LLCT(πtdaπC^N*) absorption band overlaps with the previously mentioned red shifted intraligand
1
ILCT(πC^NπC^N*) transition and are only visible as a shoulder.
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LUMO+3
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HOMO

LUMO

LUMO+1

LUMO+2

HOMO-4

HOMO-3

HOMO-2

HOMO-1

Figure 24. Spatial plots of selected frontier molecular orbitals of compound 1.
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Figure 25. Spatial plots of selected frontier molecular orbitals of compound 7.
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All compounds exhibit another strong transition in the region 310–350 nm. For 1, 2, 7 and 8 it appears
at 317–333 nm while for 3–6 it is visible at 347–348 nm. Despite the difference of 20–30 nm, the absorption bands possess the same character, they can be described as a mixture of intraligand
1
ILCT(πtdaπtda*) and ligand-to-ligand 1LLCT(πtdaπC^N/C^C/carb*) charge transfers. Like in the experimental spectra, the calculated band for 1 and 7 is rather intense and sharp. The singlet excited state
responsible of that band is only S3 (326.4 nm) for 1 and a combination of S3 and S4 for 7 but the states
are very close in energy to each other (337.6 and 337.1 nm). The band in 5 is less intense and broader,
as a consequence of the numerous excited states involved in that wavelength range with S4, S5 and S8
(325.9, 340.7 and 355.5nm, respectively) showing comparable oscillator strength values. The more
distinct structuring of the absorption bands, compared the previously reported complexes bearing
monodentate acetylide ligands, is assigned to the enhanced rigidity introduced by the chelating tda
ligand.[23, 25]

Figure 26. UV/Vis absorption spectra (left) and photoluminescence spectra (right) of complexes 1–8 measured in CH2Cl2 at
298 K. The emission spectra are normalized to the highest intensity peak.

The emission spectra of all complexes were recorded in frozen glass at 77 K, in deaerated solution at
298 K and as thin films doped in PMMA. All eight complexes show congruent structured emission profiles at 77 K with the strongest transition at λmax = 498–503 nm (Figure S2 in the Supporting Information). Three additional dominant vibronic transitions are observed at around 531, 542 and 561 nm.
Based on the previous report by Che and co-workers, this structured emission profile is an indication
of a strong distortion of the triplet excited state towards the ground state geometry. [14] Temperature
maps nicely illustrate the excimer formation in 3–6 with the appearance of the low energy emission
band while warming the sample form 80 K to 300 K (Figure S3 in the Supporting Information). In frozen
glass at 80 K, the molecules are embedded in a rigid media, preventing diffusion of the molecules so
that they cannot interact with a spatially close molecule. An alignment allowing an 3MMLCT to occur
becomes feasible after reaching the melting point of 2-methyltetrahydrofuran (2-MeTHF, mp. 137
K[34]). A rise of the excimer band is observed shortly after thawing at 180–190 K (3), 150–160 K (4),
190–200 K (5) and 150–160 K (6), respectively. Concerning the emission properties of the studied compounds, no significant differences could be identified neither from the unrestricted optimized structures of the triplet states or from the TD-DFT calculations. The T1 excited states arise from HOMO–
LUMO (for 1 and 7) or HOMO–LUMO+1 excitations (for 5), two frontier molecular orbitals, mainly located on the tda ligand and the metal center leading to an admixture of intraligand (3ILCT) and metalto-ligand (3MLCT) charge transfers. The spin density surfaces of the lowest triplet states presented in
Figure 27 confirm the origin of the emission.

76

Chapter I: Deep Blue Emitters With Potential Excimer Formation

Figure 27. Spin density surface of the optimized triplet states of 1 (left), 5 (middle) and 7 (right).

Furthermore, the vertical excitations of the S0T1 transitions are almost identical with calculated values of 527.6, 527.4 and 527.8 nm for 1, 5 and 7, respectively. All those similarities correspond well to
the experimental observations. The interesting formation of excimers revealed by low energy emission
bands observed at 600–620 nm for some complexes would definitely deserve in-depth calculations in
the future.
The enhanced rigidity of the bidentate dialkyne in comparison with the previous work on monodentate
alkyne-ligands gives rise to the emissive nature in solution (see section 8).[26] The emission profiles in
CH2Cl2 solution display a similar shape as at 77 K (Figure 26, right). Likewise, a highest energy transition
is observed at λmax = 498–503 nm followed by two other radiative transitions at approximately 541 nm
and 561 nm. In the spectra of complexes 4–6, an additional low energy emission band appears at 600–
620 nm, which is assigned to an excimer formation.[20, 26, 27, 35, 36] All complexes were examined in CH2Cl2
solution for their ability to form excimers. Emission spectra were recorded in concentrations corresponding to 0.1, 0.5 and 1.0 optical density (OD) to investigate an emerging low energy transition. Only
complexes 3–6 demonstrated this behavior (Figure S4 in the Supporting Information). To exclude any
ground-state dimer emission, excitation spectra were recorded to verify if the emission originates from
the same ground state species as illustrated in Figure S5–Figure S8 in the Supporting Information. Additionally, the absence of an emerging lower energy metal–metal-to-ligand charge transfer (1MMLCT)
absorption band with increasing concentration give further evidence of a formed excimer rather than
a ground-state dimer.

Figure 28. Photoluminescence spectra of 3 wt% (left) and 10 wt% (right) doping concentrations of 1–8 in PMMA thin films
recorded at 298 K. The spectra are normalized to the highest intensity transitions.
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The excimeric behavior is also observed when doped into poly(methyl methacrylate) (PMMA) thin
films (Figure 28). The parent structure in all complexes is similar to the one in dilute solution and in
frozen glass at 77 K. A peak at roughly 500 nm indicates the highest energy transition in both 3 wt%
and 10 wt% doping concentrations. Molecules 1, 2, 7 and 8 show a typical monomeric shape with two
additional bands at around 541 nm and 561 nm independent of the concentrations, whereas 3–6 feature a low energy emission band appearing at 583–612 nm (3 wt%) and shifting to even lower energy
at 590–619 nm (10 wt%) with increasing doping concentration. It is also evident that the excimer emission becomes more significant, which can be observed because of the relative intensity of the monomeric peak at 500 nm compared to the low energy component at ≈600 nm. Moreover, a trend of a
strong bathochromic shift of approximately 20 nm is observed for compounds bearing methyl groups
(4 and 6) compared to isopropyl (3 and 5) substituted complexes. Another small red shift for complexes
bearing a benzimidazolium-carbene compared to the imidazolium-carbene is observed in respect to
the extended π-system on the NHCs. These red shifts in emission only apply to the excimeric emission
of 3–6 whereas the monomeric emission remains the same independent of the substitution or any
electronic changes imparted on the NHC in these complexes. The propensity of the excimer formation
was found to be increasing in the following order 3<5<4<6, which was obtained by comparing the ratio
of monomer emission intensity to the excimer intensity of the solution studies (Figure S4 in the Supporting Information). The second, low-energy emission band around 600 nm attributed to excimer
emission is absent for 1, 2, 7 and 8. In 1 and 2 the lack of this band is explained by the non-planar
conformation, preventing a coplanar alignment of the molecules with an intermolecular distance less
than 3.5 Å, which is also supported by the optimized structure obtained by the DFT calculations. It is
widely accepted that this is the maximum interplanar distance required to result in an excimer emission due to the van der Waals radius of platinum (1.8 Å).[10, 11, 14] The monodentate nature with its bulky
isopropyl substituents favors an out-of-plane rotation. Moreover, the absence of the pyridyl moiety in
7 and 8 gives rise to its importance in the formation of excimers, since previous studies have shown
that in these kind of bidentate bis-NHC complexes, the location of the HOMO (bidentate NHC) and
LUMO (alkyne) is similar to the mentioned (N^C)Pt(acetylene)2 complexes.[25, 26] Furthermore, circumstantial evidence points to necessity of the presence of a pyridyl moiety as one of the building blocks
to achieve excimer formation, since so far all reported platinum(II) complexes include a pyridine in
their scaffold.[2, 7, 8, 11, 13, 19-22, 27, 28, 37-43]
Investigations of the excited state lifetimes (τ) revealed lifetimes at 77 K in 2-MeTHF of 26 μs and 31
μs for 1 and 2, respectively and slightly higher decay times of 43–54 μs for 3–8 (Table 3). In accordance
with higher degree of freedom in amorphous and less rigid PMMA films, the lifetimes decreased to
12–34 μs. As the doping concentration increases, a further decrease observed is attributed to selfquenching due to intermolecular interactions or non-radiative decay of the excimer. Comparing 3 with
its previously reported monodentate derivative the roughly 20 times higher lifetime is in agreement
with its increased rigidity of the introduced metallacycle and hence less non-radiative decay. In solution, the molecular motions are even more prominent. Whereas the lifetimes of 1, 2, 7 and 8 decrease
to 17–24 μs, they drop by one order of magnitude to 0.2–2 μs for 3–6, which is also a consequence of
the 3MMLCT character of the emission. Surprisingly, the lifetimes of the excimer component are of
same magnitude or slightly higher than for the emission from a discrete molecule. This is in contradiction to previously reported observations where excimers are more prone to non-radiative decay processes or a faster decay due to an enhanced SOC.[2, 13, 19] Further investigations are required to unravel
this behavior.
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Table 3. Photophysical data of complexes 1–8.
Complex
1

2

3

Absorption (CH2Cl2)
λmax/nm (ε/M-1cm-1)
272 (62888), 283 (47422),
308sh (50356), 317
(59570), 363sh (5914)

Emission
Medium (T/K)

272 (74234), 285 (58177),
308 (59619), 323 (64663),
360sh (9263)

2-MeTHF (77)
CH2Cl2 (298)
PMMA (298)

270 (54924), 307sh
(22739), 348 (15930), 395
(17579)

2-MeTHF (77)
CH2Cl2 (298)

2-MeTHF (77)
CH2Cl2 (298)
PMMA (298)

PMMA (298)

4

270 (52827), 307sh
(21977), 348 (16188), 395
(17485)

2-MeTHF (77)
CH2Cl2 (298)

PMMA (298)

5

270 (60811), 300 (39598),
348 (18611), 398 (22557)

2-MeTHF (77)
CH2Cl2 (298)

PMMA (298)

6

270 (56553), 300 (37137),
347 (17460), 398 (20745)

2-MeTHF (77)
CH2Cl2 (298)

PMMA (298)

7

8

271 (52909), 281sh
(35411), 293 (32819), 309
(26290), 332 (40510),
349sh (33035), 363sh
(17852)
271 (36721), 281sh
(26610), 294 (24537),
308sh (19398), 333
(26097), 350sh (22905),
365sh (13718)

2-MeTHF (77)
CH2Cl2 (298)
PMMA (298)

2-MeTHF (77)
CH2Cl2 (298)
PMMA (298)

φem/%

kr, knr/×104 s-1

0.1 OD
0.5 OD
1.0 OD

λmax/nm (τ/μs)
503 (25.84), 534, 544, 565
503 (17.14), 542, 564
502 (21.06), 542, 565, 614
502 (19.53), 542, 565, 614
501 (31.30), 532, 542, 563
502 (17.69), 541, 564
501 (25.19), 540, 563, 614
501 (22.11), 541, 563, 614
499 (44.78), 531, 540, 560
499 (1.11), 540, 561
499 (1.08), 540, 561, 600sh
499 (1.19), 541, 600 (1.12)

0.39
1.17
0.61
0.14
0.62
0.97
0.12
0.02
0.01

3 wt%
10 wt%

501 (26.98), 543, 566sh, 583sh
501 (17.55), 590 (5.76)

1.33
4.65

0.1 OD

499 (45.59), 531, 540, 561
499 (1.21), 540, 615 (1.30)

0.13

0.5 OD

499 (0.95), 620 (1.07)

0.54

1.0 OD

499 (1.02), 620 (0.98)

1.01

3 wt%

1.32

10 wt%

501 (26.30), 544, 566sh, 599
(3.85)
501 (14.52), 605 (3.75)

0.1 OD
0.5 OD

498 (52.69), 530, 539, 558
499 (0.14), 539, 559, 601sh
499 (0.15), 541, 604 (0.47)

<0.01
<0.01

1.0 OD

499 (0.15), 605 (0.48)

0.01

3 wt%

501 (17.48), 596 (1.33)

2.86

10 wt%

501 (14.38), 598 (0.82)

1.72

0.1 OD

498 (53.79), 530, 539, 558
498 (0.23), 539, 561, 620 (0.91)

0.47

0.5 OD

498 (0.27), 625 (0.83)

0.27

1.0 OD

498 (0.27), 625 (0.77)

0.33

3 wt%

500 (12.18), 612 (1.00)

3.96

10 wt%

500 (11.79), 619 (0.77)

2.99

3 wt%
10 wt%

500 (42.66), 531, 541, 562
501 (23.51), 540, 562
502 (33.65), 541, 563, 614
503 (28.63), 541, 564, 614

11.24
0.54
0.42

0.02, 5.81
0.06, 4.69
0.03, 5.09
0.01, 5.64
0.02, 3.95
0.04, 4.48
0.11, 89.98
0.02, 92.57
0.01, 84.03 (499);
0.01, 89.28 (600)
0.05, 3.66
0.26, 5.43 (501);
0.81, 16.55 (590)
0.11, 82.54 (499);
0.10, 76.82 (615)
0.57, 104.69 (499);
0.50, 92.95 (620)
0.99, 97.05 (499);
1.03, 101.01 (620)
0.05, 3.75 (501);
0.34, 25.62 (599)
0.18, 6.71 (501);
0.70, 25.97 (605)
0.07, 714.21
0.07, 666.60 (499);
0.02, 212.74 (604)
0.07, 666.60 (499);
0.02, 208.31 (605)
0.16, 5.56 (501);
2.15, 73.04 (596)
0.12, 6.83 (501);
2.10, 119.85 (598)
2.04, 432.74 (498);
0.52, 109.37 (620)
1.00, 369.37 (498);
0.33, 120.16 (625)
1.22, 369.15 (498);
0.43, 129.44 (625)
0.33, 7.89 (500);
3.96, 96.04 (612)
0.25, 8.23 (500);
3.88, 125.99 (619)
0.48, 3.78
0.02, 2.96
0.01, 3.48

3 wt%
10 wt%

499 (46.85), 530, 539, 561
501 (24.81), 540, 561
503 (21.32), 535, 540, 563, 614
503 (24.27), 530, 541, 563, 614

0.54
0.23
0.07

0.02, 4.01
0.01, 4.68
0.003, 4.12

3 wt%
10 wt%

3 wt%
10 wt%
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Solvent dependent absorption and emission spectra were exemplarily recorded for 1, 3, 6 and 7 (Figure
S9 in the Supporting Information). No solvatochromism was observed in the absorption spectra of 1
and 7 and for the emission spectra of all four complexes. A negative solvatochromic behavior was
found in the lowest energy absorption band for 3 in toluene (415 nm) which is blue shifted to 391 nm
in acetone (1479 cm-1). Similarly 6 showed a negative solvatochromism from 418 nm to 393 nm (1522
cm-1) which is indicative of the 1MLCT nature of this band.[26, 32, 44]
Electrochemical properties. Cyclic voltammetry measurements have been carried out for all final complexes in DMF at room temperature. No relevant reduction or oxidation event was observed for 1, 2,
7 and 8 in the solvent electrochemical window. However, 3–6 show an irreversible reduction and a less
prominent irreversible oxidation event. Peak cathodic currents were measured at potentials of -2.164
to -2.280 V corresponding to an addition of an electron to orbital localized on the pyridine. The narrow
range reflects the negligible electronic differences between the complexes. Benzimidazole-NHC-based
molecules display a slightly less negative potential (ΔV = 80–115 mV) compared to the imidazole-based
derivatives. The irreversible oxidation process was observed at 0.310 to 0.485 V relating to a removal
of an electron from the HOMO, mainly localized on the tda ligand. Absence of this event in 1, 2, 7 and
8 is maybe an indication on the larger distribution of the HOMO on the entire molecule. Further details
are provided in the Supporting Information (Table S4 and Figure S10).
8.1.4 Conclusion
A series of eight new platinum(II) complexes bearing a dianionic tda ligand and various NHC containing
ancillary ligands was prepared. They were characterized by standard analytical techniques and their
photophysical properties were studied at low temperatures, in solution at room temperature and in
different doping concentrations in PMMA.
The present work reveals that additionally to the known feature/attribute of planarity, electronic properties which are brought about by a pyridine moiety also play an important role in creating 3MMLCT
leading to excimer formation. The crystal structures of 3–6 give an indication of a possible alignment
present in the charge transfer providing an insight into the facilitated formation of an excimer. An
electrostatic attractive overlap of the electron rich alkynyl (HOMO) and the electron poor pyridyl
(LUMO) moieties with an additional positioning of the two metal centers above each other may favor
an efficient 3MMLCT leading to excimer emission. Moreover, we also showed that slight steric modifications on the ligand framework offer a facile approach to modulate the low energy emission without
altering the emission property of the discrete molecule. Changing from isopropyl groups to methyl
groups as substituents on the (benz-)imidazole moiety lead to a more dominant red shift of 15 nm to
19 nm. Similarly extending the conjugation of the NHC, i.e. imidazole to benzimidazole, also lead to a
bathochromic shift of 8 nm to 14 nm. Complexes bearing monodentate ligands (1 and 2) hinder excimer formation as a consequence of a possible out of plane rotation due to steric reasons regardless
of the presence of a pyridine moiety in the framework. Investigation of bidentate bis-NHC ligands (7
and 8) lacking a pyridine likewise do not exhibit an excimeric behavior at higher concentrations independent of the steric bulk (methyl versus isopropyl) on the benzimidazole nitrogen atom. Further insight in the structural requirement for an excimer-forming complex would be provided by the luminescent behavior and the crystal structure of the complex (C*^C*)Pt(tda), with the bis-NHC ligand C*^C*
= 1,1’-diisopropyl-3,3’-methylene-diazabenzimidazole, which is shown in Figure 21 (bottom right). Preliminary synthetic approached for its synthesis were performed, but the final complex could not yet
be obtained in a suitable amount for characterization or further studies. DFT calculations on excimers
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would be a useful tool to obtain further insight and support the influence of electronic parameters on
excimer formation.
8.1.5 Experimental Section
General procedure. All reactions were performed under standard Schlenk techniques using anhydrous
solvents under nitrogen atmosphere. All starting materials were purchased from commercial suppliers
(Sigma Aldrich, Merck, Fluorochem) and used as received. For further information regarding instrumentation please refer to the Supporting Information (SI).
Preparation. The compounds 2,2’-bis(ethynyl)diphenylacetylene (tda)[45], N,N'-diisopropyl-benzimidazolium ([a][HI])[30], N-isopropyl-N′-2-pyridyl-imidazolium iodide ([c][HI])[26], N-methyl-N′-2-pyridyl-imidazolium iodide ([d][HI])[31], N-methyl-N′-2-pyridyl-benzimidazolium iodide ([f][HI])[46] were prepared
according to reported procedures.
3-isopropylimidazo[4,5-b]pyridine. 2-isopropylamino-3-nitropyridine (0.503 g, 2.78 mmol), triethylammonium formate (5:2, 2.18 mL, 2.221 g, 25.67 mmol) and Pd/C (10%, 0.015 g, 0.14 mmol) were
added into a microwave tube and irradiated at 150 °C for 5 min. After irradiation, MeOH (30 mL) was
added and the mixture was filtered through Celite. The filtrate was neutralized with a sat. NaHCO3
solution and subsequently extracted with EtOAc. After evaporation of the solvent, the crude was purified by column chromatography (EtOAc/CH2Cl2 3:1) on neutralized silica gel. A colorless oil was obtained. Yield: 51% (0.227 g, 1.41 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 8.33 (dd, 1H, J =
4.8, 1.4, arom. CH), 8.08 (s, 1H, NCHN), 8.00 (dd, 1H, J = 8.0, 1.5, arom. CH), 7.16 (dd, 1H, J = 8.0, 4.8,
arom. CH), 4.93 (sept, 1H, J = 6.8, NCH(CH3)2), 1.57 (d, 6H, J = 6.8, NCH(CH3)2). 13C{1H}-NMR (101 MHz,
CDCl3, 298 K): δ (ppm) = 146.7, 143.9, 141.4, 135.7, 127.8, 118.2, 46.6, 22.7. (+)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for C9H12N3+ [M + H]+: m/z 162.1026, found: 162.1023.
N,N'-diisopropyl-azabenzimidazolium iodide, [b][HI]. 3-isopropylimidazo[4,5-b]pyridine (0.296 g, 1.84
mmol) was dissolved together with 2-iodopropane (0.18 mL, 0.312 g, 1.84 mmol) in THF (5 mL). The
mixture was heated to 130 °C for 22.5 h. Thereafter, the solvent was evaporated, and the residues
were washed with EtOAc (20 mL) and Et2O (20 mL). A colorless solid was obtained. Yield: 50% (0.302
g, 0.91 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 11.23 (s, 1H, NCHN), 8.76 (dd, 1H, J = 4.7,
1.4, arom. CH), 8.24 (dd, 1H, J = 8.4, 1.3, arom. CH), 7.65 (dd, 1H, J = 8.4, 4.7, arom. CH), 5.40 (sept, 1H,
J = 7.0, NCH(CH3)2), 5.39 (sept, 1H, J = 7.0, NCH(CH3)2), 1.90 (d, 6H, J = 6.9, NCH(CH3)2), 1.89 (d, 6H, J =
7.0, NCH(CH3)2). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 148.7, 143.4, 141.3, 123.8, 123.1,
122.4, 53.8, 52.3, 22.4, 22.2. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C12H18N3+ [M - I]+: m/z
204.1495, found:204.1494.
Alternative route to obtain [b][HCl]:
N,N'-diisopropyl-2,3-diaminopyridine. 2,3-Diaminopyridine (0.500 g, 4.58 mmol) was dissolved with
K2CO3 (1.583 g, 11.45 mmol) in DMSO (10 mL). 2-Iodopropane (1.01 mL, 1.713 g, 10.08 mmol) were
added and the mixture was heated to 95 °C for 23 h. The crude mixture was purified by column chromatography (EtOAc/CH2Cl2 3:1) on neutralized silica gel. A gray-brown solid was obtained. Yield: 27%
(0.235 g, 1.21 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.69 (dd, 1H, J = 5.1, 1.4, arom. CH),
6.77 (dd, 1H, J = 7.6, 1.4, arom. CH), 6.56 (dd, 1H, J = 7.6, 5.1, arom. CH), 4.20 (sept, 1H, J = 6.3,
NCH(CH3)2), 4.10 (br. s, 1H, NH), 3.51 (sept, 1H, J = 6.2, NCH(CH3)2), 2.85 (br. s, 1H, NH), 1.26 (d, 6H, J =
6.3, NCH(CH3)2), 1.22 (d, 6H, J = 6.2, NCH(CH3)2). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 149.9,
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137.0, 130.4, 118.2, 113.2, 44.4, 42.7, 23.5, 23.0. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C11H20N3+
[M + H]+: m/z 194.1652, found: 194.1652.
N,N'-diisopropyl-azabenzimidazolium chloride, [b][HCl]. N,N'-diisopropyl-2,3-diaminopyridine (0.100 g,
0.52 mmol) was added together with triethyl othoformate (3.43 mL, 3.067 g, 20.69 mmol), HCl (0.40
mL, 12 M, 5.17 mmol) and a catalytic amount of formic acid into a microwave tube. The mixture was
irradiated at 142 °C for 5 min and then slowly added into ice cold Et2O to precipitate. The solids were
collected and washed with EtOAc (20 mL). A pale beige solid was obtained. Yield: 77% (0.095 g, 0.40
mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 12.19 (s, 1H, NCHN), 8.73 (d, 1H, J = 4.6, arom. CH),
8.18 (d, 1H, J = 8.0, arom. CH), 7.62 (dd, 1H, J = 8.3, 4.7, arom. CH), 3.39 (sept, 2H, J = 6.7, NCH(CH3)2),
1.87 (d, 6H, J = 7.0, NCH(CH3)2). 1.85 (d, 6H, J = 7.7, NCH(CH3)2). 13C{1H}-NMR (101 MHz, CDCl3, 298 K):
δ (ppm) = 148.4, 143.6, 143.3, 123.7, 122.8, 122.1, 53.6, 52.0, 22.4, 22.2. (+)-HR-ESI-MS (MeOH/CHCl3
3:2): calcd for C12H18N3+ [M – Cl]+: m/z 204.1495, found: 204.1496. (-)-HR-ESI-MS (MeOH/CHCl3 3:2):
calcd for C12H18Cl2N3- [M + Cl]-: m/z 274.0883, found: 274.0882.
N-isopropyl-N′-2-pyridylbenzimidazolium iodide, [e][HI]. 1-pyridin-2-yl-1H-benzoimidazole (0.150 g,
0.77 mmol) and 2-iodopropane (4.000 g, 23.00 mmol) were added into a Young Schlenk flask. The flask
was sealed and heated to 90 °C while stirring for 18 h. A yellowish solid precipitated, which was filtered
and washed with Et2O. A yellowish product was obtained. Yield: 53% (0.150 g, 0.41 mmol). 1H-NMR
(400 MHz, DMSO-d6, 300 K): δ 10.40 (s, 1H, NCHN), 8.79 (ddd, 1H, J = 4.8, 1.8, 0.8, arom. CH), 8.52–
8.48 (m, 1H, arom. CH), 8.30 (ddd, 1H, J = 8.1, 7.6, 1.8, arom. CH), 8.27–8.25 (m, 1H, arom. CH), 8.14
(d, 1H, J = 8.2, arom. CH), 7.81–7.76 (m, 2H, arom. CH), 7.73 (ddd, 1H, J = 7.5, 4.9, 0.9, arom. CH), 5.20
(sept, 1H, J = 6.7, NCH(CH3)2), 1.72 (d, 6H, J = 6.7, NCH(CH3)2). 13C{1H}-NMR (126 MHz, DMSO-d6, 298
K): δ (ppm) = 149.3, 147.5, 140.8, 140.4, 131.0, 129.8, 127.7, 127.1, 125.0, 117.5, 116.1, 114.3, 51.3,
21.5. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C15H16N3+ [M – I]+: m/z 238.1339, found: 238.1335.
1,1’-diisopropyl-3,3’-methylene-dibenzimidazolium diiodide, [g]2[HI]. Diiodomethane (0.520 g,
0.16mL, 1.95 mmol) was added together with N-isopropyl-benzimidazole (0.300 g, 1.89 mmol) and THF
(3 mL) into a Young Schlenk flask. After 72 h the reaction mixture was filtered, and the solids were
washed with THF (50 mL). A colorless solid was obtained. Yield: 83% (0.475 g, 0.81 mmol). 1H-NMR
(400 MHz, DMSO-d6, 300 K): δ (ppm) = 10.28 (s, 2H, NCHN), 8.38 (d, 2H, J = 8.2, arom. CH), 8.21 (d, 2H,
J = 8.2, arom. CH), 7.78 (dt, 4H, J = 24.8, 7.3, arom. CH), 7.27 (s, 2H, NC), 5.13 (sept, 2H, J = 6.7,
NCH(CH3)2), 1.66 (d, 12H, J = 6.7, NCH(CH3)2). 13C{1H}-NMR (126 MHz, DMSO-d6, 298 K): δ (ppm) = 142.8,
130.8, 130.4, 127.6, 127.0, 114.5, 113.6, 55.2, 51.3, 21.4. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C21H26N42+ [M – 2I]2+: m/z 167.1073, found: 167.1072; calcd for C21H25N4+ [M – HI – I] +: m/z 333.2074,
found: 333.2071; calcd for C21H26IN4+ [M – I] +: m/z 461.1197, found: 461.1194.
1,1’-dimethyl-3,3’-methylene-dibenzimidazolium diiodide, [h]2[HI]. 1,1'-Bis(benzimidazolyl)methane
(0.500 g, 2.01 mmol) and MeI (1.25mL, 2.858 g, 20.14 mmol) were added into a Young Schlenk and
dissolved in CH3CN (5 mL). After heating to 90 °C for 17 h, EtOAc was added to the reaction mixture to
precipitate the product. The solids were washed with another portion of EtOAc (20 mL) and Et2O (20
mL). A colorless solid was obtained. Yield: 97% (1.042 g, 1.96 mmol). 1H-NMR (400 MHz, DMSO-d6, 298
K): δ (ppm) = 10.18 (s, 2H, NCHN), 8.36 (d, 2H, J = 7.7, arom. CH), 8.09 (d, 2H, J = 7.4, arom. CH), 7.82–
7.74 (m, 4H, arom. CH), 7.43 (s, 2H, NCH2N), 4.14 (s, 6H, NCH3). 13C{1H}-NMR (101 MHz, DMSO-d6, 298
K): δ (ppm) = 144.2, 131.8, 130.2, 127.5, 127.1, 114.1, 113.5, 54.9, 33.9. (+)-HR-ESI-MS (MeOH/CHCl3
3:2): calcd for C17H18N42+ [M – 2I]2+: m/z 139.0760, found: 139.0760.
Two-step synthesis to the remaining carbene salt for the complex which could not yet be obtained:
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N-isopropyl-azabenzimidazole. 2-isopropylamino-3-nitropyridine (0.503 g, 2.78 mmol), triethylammonium formate (5:2, 2.18 mL, 2.221 g, 25.67 mmol) and Pd/C (10%, 0.015 g, 0.14 mmol) were added
into a microwave tube and irradiated at 150 °C for 5 min. After irradiation, MeOH (30 mL) was added
and the mixture was filtered through Celite. The filtrate was neutralized with a sat. NaHCO3 solution
and subsequently extracted with EtOAc. After evaporation of the solvent, the crude was purified by
column chromatography (EtOAc/CH2Cl2 3:1) on neutralized silica gel. A colorless oil was obtained.
Yield: 51% (0.227 g, 1.41 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 8.33 (dd, 1H, J = 4.8, 1.4,
arom. CH), 8.08 (s, 1H, NCHN), 8.00 (dd, 1H, J = 8.0, 1.5, arom. CH), 7.16 (dd, 1H, J = 8.0, 4.8, arom. CH),
4.93 (sept, 1H, J = 6.8, NCH(CH3)2), 1.57 (d, 6H, J = 6.8, NCH(CH3)2). 13C{1H}-NMR (101 MHz, CDCl3, 298
K): δ (ppm) = 146.7, 143.9, 141.4, 135.7, 127.8, 118.2, 46.6, 22.7. (+)-HR-ESI-MS (MeOH/CHCl3 3:2):
calcd for C9H12N3+ [M + H]+: m/z 162.1026, found: 162.1023.
1,1’-diisopropyl-3,3’-methylene-diazabenzimidazolium diiodide. Diiodomethane (0.907 g, 0.27 mL,
3.39 mmol) was added together with N-isopropyl-azabenzimidazole (1.092 g, 6.77 mmol) and THF (10
mL) into a Young Schlenk flask. After 70 h the reaction mixture was filtered, and the solids were washed
with THF (50 mL). A fluffy pale-yellow solid was obtained. Yield: 97% (1.934 g, 3.28 mmol). 1H-NMR
(400 MHz, CD2Cl2, 298 K): δ (ppm) = 11.81 (s, 2H, NCHN), 9.36 (dd, 2H, J = 8.5, 1.3, arom. CH), 8.74 (dd,
2H, J = 4.7, 1.3, arom. CH), 8.34 (s, 2H, CH2), 7.70 (dd, 2H, J = 8.5, 4.8, arom. CH), 5.24 (sept, 2H, J = 6.7,
NCH(CH3)2), 1.82 (d, 12H, J = 6.8, NCH(CH3)2). 13C{1H}-NMR (101 MHz, CD2Cl2, 298 K): δ (ppm) = 149.5,
144.8, 143.1, 125.1, 123.6, 59.8, 52.7, 22.0. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C19H24N62+ [M –
2 I]2+: m/z 168.1026, found: 168.1025. (-)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for I- [M – C19H24IN6]-:
m/z 126.9050, found: 126.9049; calcd for I2Na- [M – C19H24N6 +Na]-: m/z 276.7993, found: 276.7990.
(COD)Pt(tda). Sodium (0.026 g, 1.10 mmol) was dissolved in EtOH (180 mL). 2,2’-bis(ethynyl)diphenylacetylene (0.120 mg, 0.53 mmol) was added in one batch. After 30 min the reaction mixture was cooled
to -40 °C and (COD)PtCl2 (0.199 mg, 0.53 mmol) was added while stirring. The mixture was allowed to
warm to room temperature over a period of 24 h. The solvent was evaporated, and the crude product
was purified by column chromatography (EtOAc/hexane 1:1) on silica. A beige solid was obtained. Yield
64% (0.180 g, 0.34 mmol). 1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 7.72–7.69 (m, 2H, arom. CH),
7.53–7.50 (m, 2H, arom. CH), 7.30–7.27 (m, 4H, arom. CH), 5.88–5.80 (m, 4H, CH=CH), 2.63–2.52 (m,
8H, aliph. CH2). 13C{1H}-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 131.9, 131.5, 128.5, 127.9, 127.5,
126.8, 107.9, 102.5, 101.2, 93.2, 30.5. IR (ATR, cm-1): ν(C≡C) = 2126. Elemental analysis: calcd for
C26H20Pt: C 59.20, H 3.82; found: C 59.22, H 3.79. (-)-HR-ESI-MS (MeOH): calcd for C26H19Pt– [M – H]-:
m/z 526.1140, found: 526.1147.
General procedure i) (COD)Pt(tda), the carbene salt and KOtBu were dissolved in THF (25 mL) in a Young
Schlenk flask. The reaction mixture was stirred for 24 h at 80 °C. The solvent was evaporated, and the
crude product was dissolved in CH2Cl2 and filtered through a silica plug to yield in the desired product.
General procedure ii) The carbene salt ([NHC][HI]) and Ag2O were added into a 2-necked round bottom
flask (100 mL). Under exclusion of light CH3CN (20 mL) was added and the reaction mixture was stirred
for 4 h at 25 °C. (COD)Pt(tda) was added in one batch and stirred overnight for 15 h. After filtration
over Celite with CH2Cl2, the solvent was evaporated, and the crude was purified by column chromatography (CH2Cl2/MeOH) on neutralized silica.
General procedure iii) The carbene salt ([NHC][HI]), KOtBu and (COD)Pt(tda) were added into a Young
Schlenk with THF (10 mL). The reaction mixture was heated to 80 °C and stirred for 1 h. The solvent
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was evaporated, and the crude was purified by column chromatography (CH2Cl2/EtOAc) on neutralized
silica.
General procedure iv) Pt(acac)2 was dissolved in DMSO (4 mL). The reaction mixture was degassed with
nitrogen gas for 30 min. The dicarbene salt was dissolved in DMSO (20 mL), while degassing. Afterwards it was added to the solution containing Pt(acac)2, which was heated to reflux (100 °C), by means
of a syringe pump over a period of 10 h. The reaction mixture was heated to 100 °C overnight for
additional 14 h. The DMSO was evaporated and the crude product was washed with EtOAc and used
for the next step without further purification.
General procedure v) 2,2’-bis(ethynyl)diphenylacetylene was dissolved in THF or Et2O (20 mL) in a
Schlenk flask under inert conditions. The reaction mixture was cooled to -78 °C and nBuLi (1.6 M) was
added. The reaction mixture was stirred for 1 h at -78 °C and was then allowed to warm to -30 °C. It
was then transferred via syringe to a solution containing (C^C)PtI2 in THF or Et2O (300 mL) at -78 °C and
it was allowed to slowly warm to 25 °C continued by heating to 40 °C for 13 h. After evaporation of the
solvent, the crude was purified by column chromatography (CH2Cl2) on neutralized silica.
(a)Pt(tda), 1. Compound 1 was prepared following the general procedure i) using [a][HI] (0.282 g, 0.85
mmol), KOtBu (0.096 g, 0.85 mmol) and (COD)Pt(tda) (0.150 g, 0.28 mmol). An off-white solid was obtained. Yield: 79% (0.184 g, 0.22 mmol). 1H-NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 7.91–7.90 (m,
4H, arom. CH), 7.56–7.55 (m, 2H, arom. CH), 7.33–7.31 (m, 4H, arom. CH), 7.22–7.16 (m, 6H, arom.
CH), 5.91 (sept, 4H, J = 6.8, NCH(CH3)2), 1.75 (d, 12H, J = 6.9, NCH(CH3)2), 1.26 (d, 12H, 7.1, NCH(CH3)2).
13 1
C{ H}-NMR (126 MHz, DMSO-d6, 298 K): δ (ppm) = 177.4, 132.4, 131.4, 130.3, 130.1, 127.6, 126.3,
124.7, 122.8, 113.3, 111.9, 92.6, 53.2, 20.7, 19.3. IR (ATR, cm-1): ν(C≡C) = 2111. Elemental analysis:
calcd (%) for C44H44N4Pt  1/19 CH2Cl2: C 63.86, H 5.37, N 6.76; found: C 63.46, H 5.39, N 6.80%. (+)-HRESI-MS (MeOH/CHCl3 3:2): calcd for C44H45N4Pt+ [M + H]+: m/z 824.3286, found: 824.3282; calcd for
C44H44N4NaPt+ [M + Na]+: m/z 846.3106, found: 846.3097, calcd for C45H49N4OPt+ [M + CH3OH + H]+:
m/z 856.3554, found: 856.3545.
(b)Pt(tda), 2. Compound 2 was prepared following the general procedure i) using [b][HI] (0.188 g, 0.57
mmol), KOtBu (0.064 g, 0.57 mmol) and (COD)Pt(tda) (0.100 g, 0.19 mmol). A beige solid was obtained.
Yield: 59% (0.093 g, 0.11 mmol). 1H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 8.36 (dd, 1H, J = 4.9, 1.3,
arom. CH), 8.34 (dd, 1H, J = 4.8, 1.3, arom. CH), 7.94 (dd, 1H, J = 8.2, 1.3, arom. CH), 7.90 (dd, 1H, J =
8.2, 1.3, arom. CH), 7.60–7.58 (m, 2H, arom. CH), 7.26–7.15 (m, 8H, arom. CH), 6.27 (sept, 1H, J = 7.0,
NCH(CH3)2), 6.08 (sept, 1H, J = 7.0, NCH(CH3)2), 5.97 (sept, 1H, J = 6.9, NCH(CH3)2), 5.77 (sept, 1H, J =
6.9, NCH(CH3)2), 1.92 (d, 3H, J = 6.8, NCH(CH3)2), 1.89 (d, 3H, J = 6.9, NCH(CH3)2), 1.85 (d, 3H, J = 6.9,
NCH(CH3)2), 1.81 (d, 3H, J = 7.0, NCH(CH3)2), 1.50 (d, 3H, J = 7.1, NCH(CH3)2), 1.47 (d, 3H, J = 7.0,
NCH(CH3)2), 1.33 (d, 3H, J = 7.1, NCH(CH3)2), 1.30 (d, 3H, J = 7.0, NCH(CH3)2). 13C{1H}-NMR (126 MHz,
CD2Cl2, 298 K): δ (ppm) = 181.5, 181.4, 148.0, 147.8, 143.6, 143.5, 131.9, 130.7, 130.6, 127.6, 127.6,
126.0, 125.8, 125.1, 120.3, 120.2, 118.1, 118.1,109.9, 106.4, 106.4, 93.0, 54.8, 54.7, 22.0, 21.7, 21.2,
20.9, 20.8, 20.7, 20.2, 20.1. IR (ATR, cm-1): ν(C≡C) = 2112. Elemental analysis: calcd (%) for C42H42N6Pt:
C 61.08, H 5.13, N 10.18; found: C 61.48, H 5.30, N 9.90%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C42H43N6Pt+ [M + H]+: m/z 826.3191, found: 826.3189; calcd for C42H42N6NaPt+ [M + Na]+: m/z 848.3011,
found: 848.3009; calcd for C43H47N6OPt+ [M + CH3OH + H]+: m/z 858.3459, found: 858.3447.
(c)Pt(tda), 3. Compound 3 was prepared following the general procedure ii) using [c][HI] (0.066 g, 0.21
mmol), Ag2O (0.029 g, 0.13 mmol), (COD)Pt(tda) (0.100 g, 0.19 mmol). A yellow solid was obtained.
Yield: 43% (0.050 g, 0.08 mmol). 1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 9.54 (dd, 1H, J = 5.6,
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1.1, arom. CH), 8.43–8.39 (m, 2H, arom. CH), 8.17 (d, 1H, J = 8.3, Im), 7.87 (d, 1H, J = 2.2, arom. CH),
7.67–7.64 (m, 1H, arom. CH), 7.62 (d, 2H, J = 7.7, arom. CH), 7.56 (dd, 1H, J = 7.7, 0.8, Im), 7.39–7.34
(m, 3H, arom. CH), 7.29–7.24 (m, 2H, arom. CH), 6.22 (sept, 1H, J = 6.7, NCH(CH3)2), 1.60 (d, 6H, J = 6.8,
NCH(CH3)2). 13C{1H}-NMR (126 MHz, DMSO-d6, 300 K): δ (ppm) = 172.7, 152.9, 151.1, 142.1, 131.5,
131.4, 130.9, 130.7, 130.2, 129.6, 127.8, 127.8, 126.5, 126.3, 125.2, 125.2, 123.9, 121.3, 119.7, 117.5,
112.0, 104.6, 104.0, 92.9, 92.8, 90.5, 51.8, 39.5, 22.4. IR (ATR, cm -1): ν (C≡C) = 2114, 2093. Elemental
analysis: calcd for C29H22N3Pt: C 57.42, H 3.49, N 6.93; found: C 57.36, H 3.60, N 6.75. (+)-HR-ESI-MS
(MeOH): calcd C29H22N3Pt+ [M + H]+: m/z 607.5995, found: 607.1461.
(d)Pt(tda), 4. Compound 4 was prepared following the general procedure ii) using [d][HI] (0.061 g, 0.21
mmol), Ag2O (0.029 g, 0.13 mmol), (COD)Pt(tda) (0.100 g, 0.19 mmol). An orange solid was obtained.
Yield: 45% (0.050 g, 0.09 mmol). 1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 9.54 (dd, 1H, J = 5.6,
1.1, arom. CH), 8.41 (td, 1H, J = 7.9, 1.6, arom. CH), 8.36 (d, 1H, J = 2.2, arom. CH), 8.17 (d, 1H, J = 8.2,
arom. CH), 7.68–7.61 (m, 4H, arom. CH), 7.56 (dd, 1H, J = 7.7, 0.7, Im), 7.41 (dd, 1H, J = 7.7, 0.8, Im),
7.39–7.32 (m, 2H, arom. CH), 7.26 (qd, 2H, J = 7.2, 1.3, arom. CH), 4.35 (s, 3H, NCH3). 13C{1H}-NMR (126
MHz, DMSO-d6, 300 K): δ (ppm) = 173.7, 153.0, 151.2, 142.1, 131.5, 131.4, 130.8, 130.7, 130.2, 129.6,
127.8, 127.6, 126.4, 126.4, 125.2, 125.2, 124.8, 124.0, 121.7, 116.9, 112.0, 104.9, 104.6, 92.9, 92.9,
90.8, 37.6. IR (ATR, cm-1): ν (C≡C) = 2122, 2093. Elemental analysis: calcd for C27H17N3Pt: C 56.05, H
2.96, N 7.26; found: C 55.68, H 3.01, N 7.01. (+)-HR-ESI-MS (MeOH): calcd C27H18N3Pt+ [M + H]+: m/z
579.1149, found: 579.1148.
(e)Pt(tda), 5. Compound 5 was prepared following the general procedure iii) using [e][HI] (0.076 g, 0.21
mmol), KOtBu (0.023 g, 0.21 mmol), (COD)Pt(tda) (0.100 g, 0.19 mmol). An orange solid was obtained.
Yield: 82% (0.102 g, 0.16 mmol). 1H-NMR (500 MHz, DMSO-d6, 300 K): δ (ppm) = (d, 1H, J = 5.4, arom.
CH), 8.55 (d, 1H, J = 8.5, arom. CH), 8.45 (dd, 2H, J = 17.9, 8.3, arom. CH), 8.20 (d, 1H, J = 7.9, arom.
CH), 7.71 (t, 1H, J = 6.5, arom. CH), 7.65–7.56 (m, 5H, arom. CH), 7.41 (dt, 3H, J = 17.1, 8.3, arom. CH),
7.29 (t, 2H, J = 7.5, arom. CH), 7.11 (sept, 1H, J = 6.3, NCH(CH3)2), 1.83 (d, 6H, J = 7.0, NCH(CH3)2). 13CNMR (126 MHz, DMSO): δ (ppm) = 182.0, 153.5, 151.7, 142.3, 132.7, 131.4, 131.4, 131.2, 131.1, 130.9,
130.1, 129.4, 127.9, 127.8, 126.4, 126.3, 125.5, 125.4, 125.4, 125.0, 123.6, 121.1, 114.7, 113.3, 113.3,
105.3, 105.1, 92.9, 92.8, 91.1, 53.3, 20.2. IR (ATR, cm-1): ν (C≡C) = 2111, 2105. Elemental analysis: calcd
for C33H23N3Pt  ⅕ CH2Cl2: C 58.91, H 3.49, N 6.20; found: C 58.70, H 3.57, N 6.28. (+)-HR-ESI-MS (MeOH):
calcd C33H24N3Pt+ [M + H]+: m/z 657.1618, found: 657.1615.
(f)Pt(tda), 6. Compound 6 was prepared following the general procedure iii) using [f][HI] (0.070 g, 0.21
mmol), KOtBu (0.023 g, 0.21 mmol), (COD)Pt(tda) (0.100 g, 0.19 mmol). An orange solid was obtained.
Yield: 84% (0.050 g, 0.08 mmol). 1H-NMR (500 MHz, DMSO-d6, 300 K): δ (ppm) = 9.76 (d, 1H, J = 4.5,
arom. CH), 8.56 (d, 1H, J = 8.4, arom. CH), 8.47–8.43 (m, 2H, arom. CH), 7.92–7.90 (m, 1H, arom. CH),
7.72 (t, 2H, J = 6.4, arom. CH), 7.65–7.60 (m, 4H, arom. CH), 7.47 (d, 1H, J = 7.6, arom. CH), 7.39 (dd,
2H, J = 13.9, 6.7, arom. CH), 7.29 (dd, 2H, J = 13.5, 6.7, arom. CH), 4.65 (s, 3H, NCH3). 13C{1H}-NMR (126
MHz, DMSO-d6, 300 K): δ (ppm) = 182.0, 153.5, 151.7, 142.4, 135.7, 131.4, 130.9, 130.8, 130.1, 129.9,
129.4, 127.8, 127.8, 126.4, 126.4, 125.8, 125.4, 125.4, 125.3, 123.5, 122.0, 113.0, 113.0, 112.7, 105.8,
105.5, 93.0, 92.8, 91.7, 54.9, 34.9. IR (ATR, cm-1): ν (C≡C) = 2113, 2110. Elemental analysis: calcd for
C31H19N3Pt  ⅕ CH2Cl2: C 57.76, H 3.02, N 6.47; found: C 57.45, H 3.09, N 6.45. (+)-HR-ESI-MS (MeOH):
calcd C31H20N3Pt+ [M + H]+: m/z 629.1305, found: 629.1302.
(g)PtI2, i. Compound i was prepared following the general procedure iv) using [g]2[HI] (0.159 g, 0.27
mmol) and Pt(acac)2 (0.100 g, 0.25 mmol). A colorless solid was obtained as crude (0.134 g). 1H-NMR
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(400 MHz, DMSO-d6, 300 K): δ (ppm) = 8.21 (d, 2H, J = 8.1, arom. CH), 7.88 (d, 2H, J = 8.2, arom. CH),
7.41 (t, 2H, J = 7.7, arom. CH), 7.33 (t, 2H, J = 7.8, arom. CH), 7.16 (d, 1H, J = 14.0, NCH2N), 6.47 (d, 1H,
J = 14.1, NCH2N), 5.79 (sept, 2H, J = 7.1, NCH(CH3)2), 1.76 (d, 6H, J = 7.0, NCH(CH3)2), 1.38 (d, 6H, J = 7.1,
NCH(CH3)2). (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C21H24IN4Pt+ [M – I]+: m/z 654.0688, found:
654.0684.
(h)PtI2, j. Compound j was prepared following the general procedure iv) using [h]2[HI] (0.222 g, 0.42
mmol) and Pt(acac)2 (0.145 g, 0.37 mmol). A gray solid was obtained as crude (0.166 g). 1H-NMR (500
MHz, DMSO-d6, 300 K): δ (ppm) = 8.22 (d, 2H, J = 8.1, arom. CH), 7.67 (d, 2H, J = 7.9, arom. CH), 7.45
(t, 2H, J = 6.1, arom. CH), 7.40 (t, 2H, J = 6.0, arom. CH), 7.19 (d, 1H, J = 14.1, NCH2N), 6.49 (d, 1H, J =
14.1, NCH2N), 3.99 (s, 6H, NCH3).
(g)Pt(tda), 7. Compound 7 was prepared following the general procedure v) using i (0.300 g, 0.38
mmol), nBuLi (0.52 mL, 0.82 mmol) and tda-H2 (0.090 g, 0.40 mmol). An off-white solid was obtained.
Yield 48% over 2 steps (0.198 g, 0.26 mmol). 1H-NMR (500 MHz, DMSO-d6, 300 K): δ (ppm) = 8.29 (d,
2H, J = 8.2, arom. CH), 7.97 (d, 2H, J = 8.2, arom. CH), 7.60 (d, 2H, J = 7.6, arom. CH), 7.45 (t, 2H, J = 7.7,
arom. CH), 7.38 (t, 2H, J = 7.7, arom. CH), 7.32 (d, 4H, J = 3.2, arom. CH), 7.23 (ddd, 2H, J = 7.9, 5.3, 2.9,
arom. CH), 6.34 (sept, 2H, J = 7.1, NCH(CH3)2), 5.75 (s, 2H, NCH2N), 1.96 (d, 6H, J = 6.9, NCH(CH3)2), 1.49
(d, 6H, J = 7.2, NCH(CH3)2). 13C{1H}-NMR (126 MHz, DMSO, 300 K): δ (ppm) = 177.1, 133.8, 131.4, 131.4,
130.5, 130.3, 127.7, 126.4, 124.9, 123.7, 123.4, 114.3, 113.5, 111.2, 107.5, 92.8, 69.8, 64.9, 56.5, 53.1,
20.2. IR (ATR, cm-1): ν (C≡C) = 2112. Elemental analysis: calcd for C39H32N4Pt  ⅙ CH2Cl2: C 61.24, H 4.25,
N 7.29; found: C 61.29, H 4.38, N 6.91. (+)-HR-ESI-MS (MeOH): calcd C39H33N4Pt+ [M + H]+: m/z
752.2348, found: 752.2352.
(h)Pt(tda), 8. Compound 8 was prepared following the general procedure v) using j (0.150 g, 0.21
mmol), nBuLi (0.27 mL, 0.43 mmol) and tda-H2 (0.046 g, 0.21 mmol). An off-white solid was obtained.
Yield 32% over 2 steps (0.109 g, 0.17 mmol). 1H-NMR (500 MHz, DMSO-d6, 300 K): δ (ppm) = 8.29 (d,
2H, J = 7.9, arom. CH), 7.76 (d, 2H, J = 7.9, arom. CH), 7.61 (d, 2H, J = 7.1, arom. CH), 7.50 (t, 2H, J = 7.3,
arom. CH), 7.45 (t, 2H, J = 7.3, arom. CH), 7.39 (d, 2H, J = 7.3, arom. CH), 7.31 (td, 2H, J = 7.5, 1.2, arom.
CH), 7.24 (td, 2H, J = 7.5, 1.1, arom. CH), 5.76 (s, 2H, NCH2N), 4.37 (s, 6H, NCH3). 13C{1H}
-NMR (126 MHz, DMSO-d6, 300 K): δ (ppm) = 177.1, 134.8, 132.9, 131.8, 131.1, 130.8, 128.1, 126.8,
125.4, 124.4, 124.3, 115.3, 112.2, 111.1, 108.9, 93.3, 70.3, 55.4, 22.6. IR (ATR, cm-1): ν (C≡C) = 2100.
Elemental analysis: calcd for C35H24N4Pt  CH2Cl2: C 55.39, H 3.36, N 7.18; found: C 55.50, H 3.77, N 7.17.
(+)-HR-ESI-MS (MeOH): calculated C35H25N4Pt+ [M + H]+: m/z 696.1722, found: 696.1722.
8.1.6
[1]
[2]

[3]
[4]

References
H. Yersin, in Transition Metal and Rare Earth Compounds: Excited States, Transitions,
Interactions III, Springer Berlin Heidelberg, Berlin, Heidelberg, 2004, pp. 1-26.
T. Shigehiro, S. Yagi, T. Maeda, H. Nakazumi, H. Fujiwara, Y. Sakurai, Photo- and
Electroluminescence
from
2-(Dibenzo[b,d]furan-4-yl)pyridine-Based
Heteroleptic
Cyclometalated Platinum(II) Complexes: Excimer Formation Drastically Facilitated by an
Aromatic Diketonate Ancillary Ligand. J. Phys. Chem. C 2013, 117, 532-542.
T. Fleetham, L. Huang, J. Li, Tetradentate Platinum Complexes for Efficient and Stable ExcimerBased White OLEDs. Adv. Funct. Mater. 2014, 24, 6066-6073.
J. A. Gareth Williams, S. Develay, D. L. Rochester, L. Murphy, Optimising the luminescence of
platinum(II) complexes and their application in organic light emitting devices (OLEDs). Coord.
Chem. Rev. 2008, 252, 2596-2611.

86

Chapter I: Deep Blue Emitters With Potential Excimer Formation

[5]
[6]
[7]

[8]

[9]

[10]

[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Y. Chi, P.-T. Chou, Transition-metal phosphors with cyclometalating ligands: fundamentals and
applications. Chem. Soc. Rev. 2010, 39, 638-655.
M.-C. Tang, A. K.-W. Chan, M.-Y. Chan, V. W.-W. Yam, Platinum and Gold Complexes for OLEDs.
Top. Curr. Chem. 2016, 374, 46.
D. Kim, J.-L. Brédas, Triplet Excimer Formation in Platinum-Based Phosphors: A Theoretical
Study of the Roles of Pt−Pt Bimetallic Interactions and Interligand π−π Interactions. J. Am.
Chem. Soc. 2009, 131, 11371-11380.
S. J. Farley, D. L. Rochester, A. L. Thompson, J. A. K. Howard, J. A. G. Williams, Controlling
Emission Energy, Self-Quenching, and Excimer Formation in Highly Luminescent N^C^NCoordinated Platinum(II) Complexes. Inorg. Chem. 2005, 44, 9690-9703.
L. Yang, J.-K. Feng, A.-M. Ren, M. Zhang, Y.-G. Ma, X.-D. Liu, Structures, Electronic States and
Electroluminescent Properties of a Series of CuI Complexes. Eur. J. Inorg. Chem. 2005, 2005,
1867-1879.
M. Mauro, A. Aliprandi, D. Septiadi, N. S. Kehr, L. De Cola, When self-assembly meets biology:
luminescent platinum complexes for imaging applications. Chem. Soc. Rev. 2014, 43, 41444166.
I. Stengel, C. A. Strassert, L. De Cola, P. Bäuerle, Tracking Intramolecular Interactions in Flexibly
Linked Binuclear Platinum(II) Complexes. Organometallics 2014, 33, 1345-1355.
F. Dumur, Recent advances in organic light-emitting devices comprising copper complexes: A
realistic approach for low-cost and highly emissive devices? Org. Electron. 2015, 21, 27-39.
P. Pinter, H. Mangold, I. Stengel, I. Münster, T. Strassner, Enhanced Photoluminescence
Quantum Yields through Excimer Formation of Cyclometalated Platinum(II) N-Heterocyclic
Carbene Complexes. Organometallics 2016, 35, 673-680.
K. Li, G. S. Ming Tong, Q. Wan, G. Cheng, W.-Y. Tong, W.-H. Ang, W.-L. Kwong, C.-M. Che, Highly
phosphorescent platinum(II) emitters: photophysics, materials and biological applications.
Chem. Sci. 2016, 7, 1653-1673.
in Principles of Fluorescence Spectroscopy (Ed.: J. R. Lakowicz), Springer US, Boston, MA, 2006,
pp. 675-703.
K. Tuong Ly, R.-W. Chen-Cheng, H.-W. Lin, Y.-J. Shiau, S.-H. Liu, P.-T. Chou, C.-S. Tsao, Y.-C.
Huang, Y. Chi, Near-infrared organic light-emitting diodes with very high external quantum
efficiency and radiance. Nat. Photonics 2017, 11, 63-68.
A. Zampetti, A. Minotto, B. M. Squeo, V. G. Gregoriou, S. Allard, U. Scherf, C. L. Chochos, F.
Cacialli, Highly Efficient Solid-State Near-infrared Organic Light-Emitting Diodes incorporating
A-D-A Dyes based on α,β-unsubstituted “BODIPY” Moieties. Sci. Rep. 2017, 7, 1611.
X. Yang, Z. Wang, S. Madakuni, J. Li, G. E. Jabbour, Efficient Blue- and White-Emitting
Electrophosphorescent
Devices
Based
on
Platinum(II)
[1,3-Difluoro-4,6-di(2pyridinyl)benzene] Chloride. Adv. Mater. 2008, 20, 2405-2409.
T. Kayano, S. Takayasu, K. Sato, K. Shinozaki, Luminescence Color Tuning of PtII Complexes and
a Kinetic Study of Trimer Formation in the Photoexcited State. Chem. - Eur. J. 2014, 20, 1658316589.
X. Wang, Y.-L. Chang, J.-S. Lu, T. Zhang, Z.-H. Lu, S. Wang, Bright Blue and White
Electrophosphorescent Triarylboryl-Functionalized C^N-Chelate Pt(II) Compounds: Impact of
Intramolecular Hydrogen Bonds and Ancillary Ligands. Adv. Funct. Mater. 2014, 24, 1911-1927.
M. R. R. Prabhath, J. Romanova, R. J. Curry, S. R. P. Silva, P. D. Jarowski, The Role of Substituent
Effects in Tuning Metallophilic Interactions and Emission Energy of Bis-4-(2-pyridyl)-1,2,3triazolatoplatinum(II) Complexes. Angew. Chem. Int. Ed. 2015, 54, 7949-7953.
K.-H. Kim, J.-L. Liao, S. W. Lee, B. Sim, C.-K. Moon, G.-H. Lee, H. J. Kim, Y. Chi, J.-J. Kim, Crystal
Organic Light-Emitting Diodes with Perfectly Oriented Non-Doped Pt-Based Emitting Layer.
Adv. Mater. 2016, 28, 2526-2532.
Y. Zhang, J. A. Garg, C. Michelin, T. Fox, O. Blacque, K. Venkatesan, Synthesis and Luminescent
Properties of cis Bis-N-Heterocyclic Carbene Platinum(II) Bis-Arylacetylide Complexes. Inorg.
Chem. 2011, 50, 1220-1228.
87

Chapter I: Deep Blue Emitters With Potential Excimer Formation

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]

[34]
[35]

[36]

[37]

[38]
[39]

[40]

[41]

Y. Zhang, O. Blacque, K. Venkatesan, Highly Efficient Deep-Blue Emitters Based on cis and trans
N-Heterocyclic Carbene PtII Acetylide Complexes: Synthesis, Photophysical Properties, and
Mechanistic Studies. Chem. - Eur. J. 2013, 19, 15689-15701.
Y. Zhang, J. Clavadetscher, M. Bachmann, O. Blacque, K. Venkatesan, Tuning the Luminescent
Properties of Pt(II) Acetylide Complexes through Varying the Electronic Properties of NHeterocyclic Carbene Ligands. Inorg. Chem. 2014, 53, 756-771.
M. Bachmann, D. Suter, O. Blacque, K. Venkatesan, Tunable and Efficient White Light
Phosphorescent Emission Based on Single Component N-Heterocyclic Carbene Platinum(II)
Complexes. Inorg. Chem. 2016, 55, 4733-4745.
N. Okamura, T. Maeda, H. Fujiwara, A. Soman, K. N. N. Unni, A. Ajayaghosh, S. Yagi,
Photokinetic study on remarkable excimer phosphorescence from heteroleptic
cyclometalated platinum(ii) complexes bearing a benzoylated 2-phenylpyridinate ligand. Phys.
Chem. Chem. Phys. 2018, 20, 542-552.
X. Yang, H. Guo, X. Xu, Y. Sun, G. Zhou, W. Ma, Z. Wu, Enhancing Molecular Aggregations by
Intermolecular Hydrogen Bonds to Develop Phosphorescent Emitters for High-Performance
Near-Infrared OLEDs. Adv. Sci. 2019, 6, 1801930.
W.-C. Chen, Y.-C. Lai, W.-C. Shih, M.-S. Yu, G. P. A. Yap, T.-G. Ong, Mechanistic Study of a Switch
in the Regioselectivity of Hydroheteroarylation of Styrene Catalyzed by Bimetallic Ni–Al
through C–H Activation. Chem. - Eur. J. 2014, 20, 8099-8105.
Y. Han, H. V. Huynh, L. L. Koh, Pd(II) complexes of a sterically bulky, benzannulated Nheterocyclic carbene and their catalytic activities in the Mizoroki–Heck reaction. J. Organomet.
Chem. 2007, 692, 3606-3613.
R.-T. Zhuang, W.-J. Lin, R. R. Zhuang, W.-S. Hwang, Hg(II), Ag(I) and Au(I) complexes with aniline
or pyridine-functionalized N-heterocyclic carbene. Polyhedron 2013, 51, 132-141.
F. Hua, S. Kinayyigit, J. R. Cable, F. N. Castellano, Platinum(II) Diimine Diacetylides:
Metallacyclization Enhances Photophysical Properties. Inorg. Chem. 2006, 45, 4304-4306.
F. Hua, S. Kinayyigit, A. A. Rachford, E. A. Shikhova, S. Goeb, J. R. Cable, C. J. Adams, K.
Kirschbaum, A. A. Pinkerton, F. N. Castellano, Luminescent Charge-Transfer Platinum(II)
Metallacycle. Inorg. Chem. 2007, 46, 8771-8783.
D. F. Aycock, Solvent Applications of 2-Methyltetrahydrofuran in Organometallic and Biphasic
Reactions. Org. Process Res. Dev. 2007, 11, 156-159.
L. Liu, X. Wang, N. Wang, T. Peng, S. Wang, Bright, Multi-responsive, Sky-Blue Platinum(II)
Phosphors Based on a Tetradentate Chelating Framework. Angew. Chem. Int. Ed. 2017, 56,
9160-9164.
L. Murphy, P. Brulatti, V. Fattori, M. Cocchi, J. A. G. Williams, Blue-shifting the monomer and
excimer phosphorescence of tridentate cyclometallated platinum(II) complexes for optimal
white-light OLEDs. Chem. Commun. 2012, 48, 5817-5819.
W. B. Connick, D. Geiger, R. Eisenberg, Excited-State Self-Quenching Reactions of Square
Planar Platinum(II) Diimine Complexes in Room-Temperature Fluid Solution. Inorg. Chem.
1999, 38, 3264-3265.
M. Cocchi, J. Kalinowski, D. Virgili, J. A. G. Williams, Excimer-based red/near-infrared organic
light-emitting diodes with very high quantum efficiency. Appl. Phys. Lett. 2008, 92, 113302.
J. Kalinowski, M. Cocchi, L. Murphy, J. A. G. Williams, V. Fattori, Bi-molecular emissive excited
states in platinum (II) complexes for high-performance organic light-emitting diodes. Chem.
Phys. 2010, 378, 47-57.
E. Rossi, L. Murphy, P. L. Brothwood, A. Colombo, C. Dragonetti, D. Roberto, R. Ugo, M. Cocchi,
J. A. G. Williams, Cyclometallated platinum(ii) complexes of 1,3-di(2-pyridyl)benzenes: tuning
excimer emission from red to near-infrared for NIR-OLEDs. J. Mater. Chem. 2011, 21, 1550115510.
S. C. F. Kui, P. K. Chow, G. S. M. Tong, S.-L. Lai, G. Cheng, C.-C. Kwok, K.-H. Low, M. Y. Ko, C.-M.
Che, Robust Phosphorescent Platinum(II) Complexes Containing Tetradentate O^N^C^N
Ligands: Excimeric Excited State and Application in Organic White-Light-Emitting Diodes.
Chem. - Eur. J. 2013, 19, 69-73.
88

Chapter I: Deep Blue Emitters With Potential Excimer Formation

[42]

[43]

[44]

[45]

[46]

F. Nisic, A. Colombo, C. Dragonetti, D. Roberto, A. Valore, J. M. Malicka, M. Cocchi, G. R.
Freeman, J. A. G. Williams, Platinum(II) complexes with cyclometallated 5-π-delocalizeddonor-1,3-di(2-pyridyl)benzene ligands as efficient phosphors for NIR-OLEDs. J. Mater. Chem.
C 2014, 2, 1791-1800.
G. Cheng, Q. Wan, W.-H. Ang, C.-L. Kwong, W.-P. To, P.-K. Chow, C.-C. Kwok, C.-M. Che, HighPerformance Deep-Red/Near-Infrared OLEDs with Tetradentate [Pt(O^N^C^N)] Emitters. Adv.
Opt. Mater. 2019, 7, 1801452.
S.-C. Chan, M. C. W. Chan, Y. Wang, C.-M. Che, K.-K. Cheung, N. Zhu, Organic Light-Emitting
Materials Based on Bis(arylacetylide)platinum(II) Complexes Bearing Substituted Bipyridine
and Phenanthroline Ligands: Photo- and Electroluminescence from 3MLCT Excited States.
Chem. - Eur. J. 2001, 7, 4180-4190.
I. V. Alabugin, K. Gilmore, S. Patil, M. Manoharan, S. V. Kovalenko, R. J. Clark, I. Ghiviriga,
Radical Cascade Transformations of Tris(o-aryleneethynylenes) into Substituted
Benzo[a]indeno[2,1-c]fluorenes. J. Am. Chem. Soc. 2008, 130, 11535-11545.
C. J. Stanton, C. W. Machan, J. E. Vandezande, T. Jin, G. F. Majetich, H. F. Schaefer, C. P. Kubiak,
G. Li, J. Agarwal, Re(I) NHC Complexes for Electrocatalytic Conversion of CO2. Inorg. Chem.
2016, 55, 3136-3144.

89

Chapter I: Deep Blue Emitters With Potential Excimer Formation

8.2

Supporting Information

8.2.1 Experimental Details
All manipulations requiring inert atmosphere were carried out using standard Schlenk techniques under N2 gas. 1H-, and 13C{1H}-NMR spectra were performed using Bruker 400 MHz and 500 MHz spectrometers. Chemical shifts (δ) are given in parts per million (ppm). Residual proton ( 1H-NMR experiments) and carbon (13C-NMR experiments) solvent peaks were used as internal standards referenced
to tetramethylsilane (δ 0.00 ppm). Coupling constants (J) are reported in Hertz (Hz) using the following
abbreviations for signal multiplicities: s (singlet); d (doublet); t (triplet); q (quartet); sept (septet); m
(multiplet). The assignments were done either with routine 1D or 2D NMR spectroscopies. For TLC
analysis, pre-coated Merck Silica Gel60F254 slides were used and visualization was done by luminescence quenching either at 254 nm or 365 nm. Column chromatographic purification (length 15.0 cm:
diameter 1.5 cm) of the products was accomplished with silica gel 60, 230–400 mesh. The UV/Vis absorption measurements were performed on an Agilent Technologies Cary 8454 UV/Vis spectrometer.
Emission spectra were recorded on an Edinburgh FLS920 and FLS980 spectrometer. As excitation
source, a 450 W Xenon lamp was used to excite at the lowest-energy absorption maxima with an excitation slit width of 3–5 nm and emission slit width of 5–10 nm. Absolute quantum yields φem were
measured using a F-M01 integrating sphere assembly at 298 K (estimated uncertainty ± 15 %; with
YAG:Ce powder as calibration reference: φem = 97 %). Phosphorescence lifetimes τ were measured with
the Edinburgh 60 W microsecond flashlamp (mF2), and single monochromators. Cyclic voltammetry
measurements were performed with a Methrom Autolab PGSTAT302N potentiostat using a glassy carbon electrode (d = 2mm) with platinum coated titanium rods as counter and pseudo-reference electrodes. High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a maXis QTOF-MS
instrument (Bruker Daltonics GmbH) or on a QExactive instrument (ThermoFisher Scientific) equipped
with a heated electrospray (ESI) ionization source and connected to a Dionex Ultimate 3000 UHPLC
system (ThermoFischer Scientific). IR spectra were recorded on a Nicolet iS5 FTIR Spectrometer
(Thermo Scientific) equipped with an iD5 Attenuated Total Reflectance (ATR) accessory consisting of a
black diamond/ZnSe crystal.
All starting materials were obtained from commercial suppliers and used as received unless otherwise
stated. Chemicals that were used are of reagent grade and the solvents for synthesis were of analytical
grade.
8.2.2 Crystallographic Data
Single crystal X-ray diffraction data were collected at 183(1) K on a Rigaku OD Synergy (Pilatus 200 K
detector) diffractometer for 5 and 6 and on a Rigaku OD Xcalibur (Ruby CCD detector) diffractometer
for 3, 4 and (COD)Pt(tda), both equipped with an Oxford liquid-nitrogen cryostream cooler. A single
wavelength X-ray source from a micro-focus sealed X-ray tube was used for the analyses (Mo Kα radiation, λ = 0.71073 Å; or Cu Kα radiation, λ = 1.54184 Å). Suitable single crystals were manipulated into
polybutene oil, mounted on a flexible loop fixed on a goniometer head and transferred to the diffractometer. Pre-experiments, data collections, data reductions and analytical absorption corrections[1]
were performed with the program suite CrysAlisPro.[2] Using Olex2,[3] the structures were solved with
the SHELXT small molecule structure solution program[4] and refined with the SHELXL program package[5] by full-matrix least-squares minimization on F2.
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Table S1. Selected bond length for (COD)Pt(tda) and 3–6.a

Pt–C* [Å]
Pt–N [Å]
Pt–CC* [Å]
Pt–CN [Å]
a
b

(COD)Pt(tda)
1.984(4) b
1.974(3) b

3
2.006(2)
2.075(2)
1.995(2)
1.937(3)

4
2.015(6)
2.078(5)
2.001(6)
1.949(6)

5
2.006(2)
2.069(2)
2.005(2)
1.950(2)

6
2.002(5)
2.092(4)
1.993(5)
1.942(4)

C* = NHC carbon, CC* = alkyne-carbon trans to carbene, CN = alkyne-carbon trans to pyridine
COD trans to tda carbon atoms

Table S2. Crystal data and structure refinements for (COD)Pt(tda) and 3–6.

(COD)Pt(tda)
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°C
β/°C
γ/°C
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°C
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e
Å-3

3

4

5

6

C33H23N3Pt 
(CH3)2SO
734.76
183(1)
monoclinic
P21/c
9.1381(3)
14.0865(4)
22.2849(5)
90
92.782(2)
90
2865.22(14)
4
1.703
5.004
1448.0
0.1 × 0.07 ×
0.05
MoKα
(λ = 0.71073)
3.66 to 61.014

(C26H20Pt)4 
(CH2Cl2)8
2789.44
183(1)
monoclinic
P21/n
14.8091(6)
9.8022(4)
18.1700(6)
90
105.705(4)
90
2539.12(17)
1
1.824
5.963
1352.0
0.43 × 0.28 ×
0.05
MoKα
(λ = 0.71073)
4.658 to 61.01

C29H21N3Pt
606.58
183(1)
monoclinic
P21/c
12.7322(5)
15.9414(4)
12.5779(5)
90
118.497(5)
90
2243.61(16)
4
1.796
6.277
1176.0
0.27 × 0.20 ×
0.02
MoKα
(λ = 0.71073)
4.448 to 61.016

C27H17N3Pt 
CH2Cl2
663.45
183(1)
monoclinic
P21/c
12.2234(7)
20.2249(8)
9.8943(4)
90
100.123(5)
90
2408.0(2)
4
1.830
6.071
1280.0
0.1 × 0.08 ×
0.03
MoKα
(λ = 0.71073)
4.642 to 52.74

-21 ≤ h ≤ 21,
-13 ≤ k ≤ 14,
-25 ≤ l ≤ 25
30004
7733
[Rint = 0.0427,
Rsigma = 0.0372]
7733/52/335

-18 ≤ h ≤ 18,
-22 ≤ k ≤ 22,
-17 ≤ l ≤ 17
31743
6839
[Rint = 0.0506,
Rsigma = 0.0333]
6839/0/300

-15 ≤ h ≤ 15,
-25 ≤ k ≤ 25,
-12 ≤ l ≤ 12
31362
4925
[Rint = 0.0877,
Rsigma = 0.0611]
4925/0/308

-13 ≤ h ≤ 12,
-20 ≤ k ≤ 18,
-24 ≤ l ≤ 31
36008
8692
[Rint = 0.0356,
Rsigma = 0.0335]
8692/0/374

C31H19N3Pt 
CH2Cl2
713.51
183(1)
monoclinic
P21/c
8.35611(6)
18.10318(13)
17.69214(11)
90
94.8031(6)
90
2666.93(3)
4
1.777
11.892
1384.0
0.11 × 0.09 ×
0.04
Cu Kα
(λ = 1.54184)
6.998 to
136.496
-10 ≤ h ≤ 10,
-21 ≤ k ≤ 21,
-21 ≤ l ≤ 17
26870
4877
[Rint = 0.0301,
Rsigma = 0.0215]
4877/0/344

1.097
R1 = 0.0280,
wR2 = 0.0631
R1 = 0.0392,
wR2 = 0.0673
1.36/-1.25

1.060
R1 = 0.0248,
wR2 = 0.0595
R1 = 0.0298,
wR2 = 0.0625
1.31/-1.04

1.019
R1 = 0.0387,
wR2 = 0.0702
R1 = 0.0595,
wR2 = 0.0791
1.10/-0.88

1.040
R1 = 0.0225,
wR2 = 0.0441
R1 = 0.0319,
wR2 = 0.0460
0.42/-0.55

1.095
R1 = 0.0293,
wR2 = 0.0689
R1 = 0.0307,
wR2 = 0.0696
2.70/-1.45
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8.2.3 DFT Calculations
Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were carried out to
study the luminescent properties of the selected compounds 1, 5 and 7. The Gaussian 09 program
package[6] was used for all calculations. The hybrid functional PBE1PBE[7] was associated with the
Stuttgart/Dresden effective core potentials (SDD) basis set[8] for the Pt center augmented with one fpolarization function (α = 0.993) and the standard 6-31+G(d) basis set[9] for the remaining atoms. The
solvent effects (CH2Cl2) were taken into account using the conductive polarizable continuum model
(CPCM).[10, 11] The geometry of the ground state structures were optimized by restricted DFT calculations while the geometry of the triplet state structures were optimized by unrestricted DFT calculations. Vibrational frequency calculations at the same level of theory were performed on all final geometries to confirm that they correspond well to potential energy minima (no imaginary - negative - frequency). TD-DFT calculations[12-14] were carried out on the DFT-optimized ground state S0 geometries
to produce the first 25 lowest singlet–singlet vertical excitations, the first 3 lowest singlet–triplet vertical excitations, and their corresponding energies, transition coefficients and oscillator strengths.
were created by on The Gaussian 09 formatted checkpoint output files were read by Gaussview[15] to
create the frontier molecular orbital surfaces and spin density plots with isovalues set to 0.02 and
0.004, respectively.

Figure S1. TD-DFT calculated UV/Vis absorption spectra of complexes 1, 5 and 7.

92

Chapter I: Deep Blue Emitters With Potential Excimer Formation

Table S3. Selected singlet (S1, and Sn with oscillator strength f > 0.1) and triplet T1 excited states calculated with TD-DFT/CPCM
(in CH2Cl2): vertical excitation energies (nm), transition coefficients (c > 0.2), orbitals involved in the transitions, and oscillator
strengths f for compounds 1, 5 and 7.

1
S0–Sna

5

n=1
366.7 (f = 0.12)
HOMOLUMO (c = 0.68)

n=1
406.8 (f = 0.41)
HOMOLUMO (c = 0.68)

n=3
326.4 (0.85)
H-1L (0.38)
HOMOL+1 (0.57)
n=5
316.0 (0.17)
H-4LUMO (0.33)
H-1L+1 (0.52)
n=8
295.0 (0.16)
H-4LUMO (0.34)
H-2L+1 (0.56)
n=9
293.1 (0.31)
H-3LUMO (0.41)
HOMOL+2 (0.39)
HOMOL+4 (0.27)
n = 11
285.8 (0.25)
HOMOL+3 (0.47)

n=4
355.5 (0.23)
HOMOL+1 (0.67)

n=1
367.1 (f = 0.03)
HOMOL+1 (c = 0.61)
H-1LUMO (0.34)
n=2
360.1 (0.34)
HOMOLUMO (0.66)

n=5
340.7 (0.36)
H-1L+1 (0.64)

n=3
337.6 (0.45)
H-1LUMO (0.60)

n=8
325.9 (0.17)
HOMOL+2 (0.66)

n=4
337.1 (0.64)
H-1L+1 (0.64)
HOMOLUMO (0.20)
n = 11
291.2 (0.31)
HOMOL+2 (0.61)

n = 16
272.8 (0.65)
H-1L+3 (0.37)
HOMOL+4 (0.44)
n = 18
263.2 (0.14)
H-6LUMO (0.21)
H-2L+2 (0.40)
H-1L+4 (0.36)
n = 19
262.7 (0.33)
H-6L+1 (0.30)
H-2L+3 (0.53)

n = 16
286.1 (0.36)
H-1L+3 (0.58)

n = 14
296.1 (0.10)
HOMOL+3 (0.54)

n = 15
293.6 (0.19)
H-6LUMO (0.49)

n = 18
280.8 (0.17)
H-7LUMO (0.51)
HOMOL+4 (0.41)
n = 19
276.5 (0.30)
HOMOL+4 (0.47)
n = 21
269.7 (0.61)
H-3L+1 (0.33)
HOMOL+5 (0.48)

S0–T1

7

527.6
HOMOLUMO (0.58)
a
H = HOMO, L = LUMO.

527.4
HOMOL+1 (0.53)
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n = 13
282.8 (0.28)
H-1L+2 (0.31)
HOMOL+3 (0.48)
n = 16
271.4 (0.63)
H-3L+1 (0.34)
HOMOL+4 (0.50)
n = 18
265.3 (0.10)
H-6LUMO (0.61)

n = 19
262.2 (0.16)
H-8LUMO (0.22)
H-1L+4 (0.50)
n = 24
252.5 (0.10)
H-7LUMO (0.66)

527.8
HOMOLUMO (0.63)
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8.2.4

Photophysical Data

Figure S2. Normalized emission spectra of complexes 1–8 recorded in 2-Methyl-THF at 77 K.
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Figure S3. Temperature maps of 1–8 (A-H), recorded in 2-MeTHF from 80 K (blue) to 300 K (red).
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Figure S4. Concentration dependent photoluminescence measurements of 3 (top left), 4 (top right), 5 (bottom left) and 6
(bottom right) recorded in CH2Cl2 at 298 K. The spectra were normalized to the highest intensity peak and the optical density
(OD) corresponds to the lowest energy absorption peak.
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Figure S5 Excitation spectra of the corresponding emission maxima of complex 3 in CH2Cl2. Top left: 0.1 OD, top right: 0.5 OD,
bottom middle: 1.0 OD.
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Figure S6 Excitation spectra of the corresponding emission maxima of complex 4 in CH2Cl2. Top left: 0.1 OD, top right: 0.5 OD,
bottom middle: 1.0 OD.
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Figure S7 Excitation spectra of the corresponding emission maxima of complex 5 in CH2Cl2. Top left: 0.1 OD, top right: 0.5 OD,
bottom middle: 1.0 OD.
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Figure S8 Excitation spectra of the corresponding emission maxima of complex 6 in CH2Cl2. Top left: 0.1 OD, top right: 0.5 OD,
bottom middle: 1.0 OD.
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Figure S9. Solvatochromic studies of complex 1 (top left), 3 (top right), 6 (bottom left) and 7 (bottom right) were recorded at
298 K. Each plot consists of both the UV/Vis (dashed line) and emission (solid line) spectra measured in the corresponding
solvents. The spectra were normalized to the peak amplitude.

8.2.5 Electrochemical Studies
Cyclic voltammetry measurements were performed at concentrations of 1 mM in argon purged DMF
with 0.1 M [nBu4N][PF6] as electrolyte, using a glassy carbon working electrode. The scan rate was 100
mV and voltammograms (E0) were referenced versus Fc+/ Fc.
Table S4. Cathodic (Ered) and anodic (Eox) peak potentials of 3–6.

Complex
3
4
5
6

Ered, irrev (V)
-2.249
-2.280
-2.164
-2.166
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Eox, irrev (V)
+0.418
+0.310
+0.485
+0.221, +0.399
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Figure S10. Cyclic voltammograms of 1–8 were recorded in DMF.
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9.1

Manuscript

9.1.1 Abstract
The present work demonstrates a series of phosphorescent (N^C*)Pt(tda) complexes (N^C* = 3-methyl-1-(4-methyl-2-pyridyl)imidazol-2-ylidene (1), 3-methyl-1-(2-pyridyl)-imidazol-2-ylidene (2), 3-methyl-1-(4-trifluoromethyl-2-pyridyl)imidazol-2-ylidene (3); tda = tolan-2,2′-diacetylide) with a strong
tendency to form excimers. Furthermore, 3 shows an additional excited state species at higher concentrations and in the solid state, assigned to an excited state trimer, resulting in a near-infrared (NIR)
emission at 775 nm.
9.1.2 Introduction
The field of organic light emitting diodes (OLEDs) is largely dominated by iridium(III) complexes but
platinum(II)-based emitters gained more attention due to the square planar geometry allowing intermolecular interactions to occur, which are limited in the case of octahedral Ir(III) complexes. Dimeric
and excimeric emissions lead to a red shift compared to the respective monomer emission, which by
sophisticated tuning can lead to near-infrared (NIR) emission. NIR emitters used to be predominantly
obtained from highly conjugated low band gap organic polymers or lanthanide-based complexes.[1-7]
Despite very sharp emission profiles, the problems particularly attributed to lanthanide complexes are
low quantum efficiencies. Introduction of a metal core favors intersystem crossing due to its high spinorbit coupling (SOC) leading to higher efficiency.
The major challenge to achieve NIR emission with high efficiency arises due to the increased probability
of non-radiative decay pathways. The energy gap law, which can be simplified to an exponential dependency of the non-radiative decay constant (knr) to the energy gap between the ground state and
the triplet excited state (ΔET1S0), becomes more dominant with decreasing HOMO-LUMO gap leading
to an intrinsic quenching:
𝑘𝑛𝑟 ∝ 𝑒 −∆𝐸𝑇1 →𝑆0 .
An overlap of the lowest vibrational level of the excited state, i.e. S1 or T1 with the higher vibrational
level of the ground state facilitate non-radiative deactivation and diminish the ratio of kr/knr.[6, 8-10] Nevertheless, a number of Pt(II)-based complexes showing excimer emission in the NIR region have been
reported with tridentate N^C^N (N^C^N = 1,3-di(2-pyridyl)benzene) type ligands by Williams and coworkers. By tuning the electronics on the chelating ligand, the excimer emission wavelength could be
shifted from originally 691 nm to 756 nm.[11-14] Forrest, Thompson and co-workers also reported a series of porphyrin complexes showing narrow NIR emission (λmax = 756 nm) with high EQE (>8%) due to
the introduction of a Pt(II) metal center into the system.[15, 16] However, these molecules are unstable.
Also, the groups of Reynolds and Schanze reported a series of Pt(II) porphyrin complexes with emission
maxima of up to 1000 nm by extending the π-conjugation of the porphyrins.[1, 2] Recently, Chi and coworkers reported a series of 2-pyrazinyl pyrazolate platinum(II) complexes showing emissions in the
NIR region. These complexes were not emissive in solution but showed a high intense emission at 703–
740 nm with EQE of up to 24% applied as neat thin films.[17]
Herein we demonstrate a new class of bis-bidentate platinum(II) complexes exhibiting emissions in the
red and NIR region attributed to excimer and excited-state trimer formation. The series was designed
to investigate the impact on photoluminescence behavior by installation of an electron donating and
an electron withdrawing group in para position to the coordinating nitrogen. Previous studies have
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shown the ease in tuning the emission wavelength by incorporation of electron withdrawing and/or
donating groups on the ligand moieties determining the frontier orbitals.[5, 18, 19]
9.1.3 Results and Discussion
Synthesis and characterization. Compounds 1–3 were prepared following a straight-forward synthetic
procedure summarized in Scheme 3. In a first step, imidazole was coupled to the bromo-pyridine derivatives in an Ullman-type reaction using K2CO3, CuI and L-proline as ligand to form A1–A3 in good
yields (71–85%). Quaternization of the 2-(1H-imidazol-1-yl)-pyridines with methyl iodide resulted in
the carbene salts [B1–3][HI] at near quantitative yields of 98%. In situ deprotonation of the carbene
salt in the presence of KOtBu and (COD)Pt(tda) (COD = 1,5-cyclooctadiene, tda = tolan-2,2′-diacetylide)
yielded the final complexes 1–3 in moderate to good yields of 43–71%. All intermediates and the three
platinum(II) complexes were characterized by 1H-, 13C-, 19F-NMR and HR-ESI-MS. Furthermore, elemental micro analyses were performed of the organometallic complexes 1–3 to confirm the bulk purity. 1H-NMR studies showed some characteristic trends: The α-proton of the pyridine experiences a
downfield shift of approximately 0.18–0.28 ppm after quaternization of the imidazole and a further
downfield shift of 0.82–0.84 ppm after complexation of the pyridine to the platinum(II) center which
is in agreement with the electron-withdrawing nature of the metal core. The three methyl protons on
the imidazole-moiety are equally downfield shifted by 0.33 ppm after complexation.
Scheme 3. Synthetic procedure for the Pt(II) complexes.

Conditions: i) Imidazole, 2-bromo-pyridine derivative, K2CO3, CuI, L-proline, DMSO, 19h, 110 °C; ii) 2-(1H-imidazol-1-yl)-pyridine derivative (A1–3), MeI, THF, 19h, 50 °C; iii) Carbene salt ([B1–3][HI]), KOtBu, (COD)Pt(tda), THF, 1h, 80 °C.

X-ray diffraction studies were performed on crystals of 2 and 3, obtained by layering hexane on a concentrated solution of the complex in CH2Cl2 (Figure 29). The ligands are arranged in a near square planar geometry with pyridine-Pt-carbene bite angles of 78.4(2) (2) and 78.39(13) (3) degrees, respectively, due the ring strain of the five-membered ring which ideally would be 72 degrees (Table 4). The
acetylide-Pt-acetylide bite angles on the other hand (85.0(2) (2) and 84.77(15) (3), respectively), reveal
only a slight deviation from 90 degrees. Moreover, the bond distances are similar for both complexes
with the shortest distance between platinum and the acetylide-carbon trans to pyridine and the longest distance to the platinum-pyridine bond. The complexes are arranged as head-to-tail dimers with
smallest intermolecular Pt···Pt distances of 5.2365(4) Å for 2 and 3.3278(3) Å for 3, respectively. In 2
the two molecules experience a lateral shift with an anti-parallel stacking whereas in 3 the dimer is
stacked on top of each other in an anti-parallel. The adjacent dimers in both cases are slightly horizontally shifted with Pt···Pt distances between the dimers of 5.3206(4) Å (2) and 5.5509(3) Å (3). Further
crystallographic details can be found in the Supporting Information (Table S5).
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Table 4. Selected crystallographic data of 2 and 3.

Angle / deg a
Im–Pt–Py
tda–Pt–tda

Pt–N

Pt–C*

Distance / Å b
Pt–CN
Pt–CC*

2

78.4(2)

85.0(2)

2.078(5)

2.015(6)

1.949(6)

2.001(6)

3

78.39(13)

84.77(15)

2.083(3)

2.006(4)

1.954(4)

1.997(4)

a
b

Pt···Pt
5.2365(4)
5.3206(4)
3.3278(3)
5.5509(3)

Im = imidazole, Py = pyridine
N = nitrogen of pyridine, C* = NHC carbon, CN = carbon trans to pyridine, CC* = carbon trans to NHC

A major difference of the two structures is observed when comparing the geometry of the tda ligand.
Whereas the parallel packing of two independent molecules shows two nearly planar molecules in 2,
the tda ligand in 3 is strongly tilted out of plane away from the CF3 group of the neighboring parallel
stacked molecule (Figure 29, bottom).

2

3

Figure 29. Molecular structures of 2 and 3 obtained from X-ray diffraction studies with views onto (top) and along the (C^C)platinum-(N^C*) axis of stacked molecules with indicated Pt···Pt distances (bottom). Displacement ellipsoids are drawn at a
50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity.

Electrochemical properties. Cyclic voltammetry (CV) studies performed for all three compounds, at a
concentration of 1 mM in a dimethylformamide (DMF) solution with (NBu4)PF6 (0.1 M) as electrolyte,
revealed irreversible processes for both, reduction and oxidation events. The cathodic peak potentials
are determined to be -2.334 V (1), -2.226 V (2) and -1.812 V (3) whereas the anodic peak potentials are
0.339 V (1), 0.365 V (2) and 0.405 V (3) using a scan rate of 100 mV/s and the ferrocene couple (Fc+/Fc)
as reference. The trend is in agreement with the electron withdrawing nature of the CF3 group which
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facilitates a reduction by stabilizing the LUMO and hampers an oxidation of the less electron rich
HOMO.
Photophysical properties. The electronic absorption spectra were recorded in CH2Cl2 solutions at concentrations of 1.70–2.77 x 10-5 M (Figure 30, left). The lowest energy absorption band was observed at
390 nm (1), 395 nm (2) and 422 nm (3), respectively with decreasing extinction coefficients (ε) of
20’801, 17’485 and 12’350 M-1cm-1 from 1 to 3 assigned to a 1MLCT (dπN^C*) transition in accordance
with the trend of decreasing electron density, stabilizing the LUMO. The higher energy bands at approximately 270 nm and 350 nm are assigned to an admixture of intraligand charge transfers within
the tolan-diacetylide moiety 1ILCT(πtdaπtda*) and the pyridyl benzimidazole ligand 1ILCT(πC^NπC^N*)
(see section 8.1.3). The emission spectra recorded at 77 K in 2-methyltetrahydrofuran display wellstructured profiles showing the vibronic transitions for all three complexes (Figure S11 in the Supporting Information). A strong higher energy emission band is observed at 500 nm with less intense but
distinct transitions at 530, 540 and 560 nm. Temperature dependent emission spectra from 80–300 K
nicely reveal an excimer-based emission band appearing at temperatures close to the melting point
(110–140 K) of the solvent (Figure S12 in the Supporting Information). The excimeric bands are also
observed in dilute CH2Cl2 solutions, despite very low (∼10-6 M) concentrations (Figure 30, right). 1 and
2, both show the narrow monomeric emission at 500 nm together with the corresponding featureless
excimer emission at 598 nm and 615 nm, respectively. On the contrary, 3 shows exclusively excimer
dominated emission, centered at 571 nm. With increasing concentration in CH2Cl2 the excimer band in
1 and 2 becomes more dominant, whereas the monomeric band significantly decreases in intensity
(Figure S13 in the Supporting Information). The emission band of 3 on the other hand remains constant. Evidence for excimer emissions, in lieu of dimeric emissions was supported by excitation scans
from both, monomer and excimer emission maxima, which were consistent with no additional low
energy maxima compared to the UV/Vis spectra (Figure S14–Figure S16 in the Supporting Information).
Furthermore, the previously mentioned temperature dependent emission scans give strong evidence
for an excimer emission, rather than a dimer emission. Due to the restricted diffusion in frozen matrix,
excimer formation is prevented until melting of the media occurs. The low energy emission peak of 2
is blue shifted to the band of 1 deriving from the electron donating methyl group on the pyridine ring,
representing the location of the LUMO. Surprisingly, 3 features the strongest hypsochromic shift despite the electron withdrawing trifluoromethyl group.

Figure 30. Electronic absorption spectra (left) and normalized photoluminescent emission spectra (right) of 1–3 recorded at
298 K in CH2Cl2. Absorption spectra were recorded at concentrations of 1.93 × 10-5 M (1), 1.70 × 10-5 M (2) and 2.77 × 10-5 M
(3), respectively.
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The appearance of the three compounds as dried powders evoke a unique property of 3. Whereas 1
and 2 are present as yellow to orange solids, which is evident from the absorption of the compounds,
3 exists as a dark green powder. The aggregation behavior of the complex was simulated by gradually
increasing the ratio of a non-polar solvent, i.e. cyclohexane in which 3 is insoluble, in CH2Cl2 (Figure
31). By increasing the ratio of cyclohexane/CH2Cl2 a further red shifted emission band appears, without
the appearance of a low energy absorption band. With increasing cyclohexane amount the emission
maximum shifts to more than 735 nm. At volume percentages of cyclohexane in CH 2Cl2 higher than
87.5 %, a precipitation of 3 was observed, therefore no further shift could be monitored. The observation provides evidence for the formation of an excited state trimer, which could originate from excimer
interacting with another ground state monomer.

Figure 31. Absorption spectra (left) and corresponding normalized photoluminescence spectra (right) of 3 in solutions
(c = 1.98 × 10-4 M) containing varying ratios of cyclohexane/CH2Cl2.

Concentration dependent emission studies from 4.30 x 10-9 M to 1.38 x 10-3 M (12 times doubling of
concentration) revealed a similar trend (Figure 32). At lower concentrations, up to ≈ 10-4 M, only the
excimer emission at 570 nm is observed. Further concentration of the solution leads to an excited state
trimer emission appearing at λmax = 709 nm. After a concentration of 1.38 x 10-3 M is exceeded, precipitation of 3 is observed. Consequently, the emission behavior in the solid state is investigated. The
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photoluminescence spectrum recorded of a finely ground powder of 3 shows a bathochromic shift of
the structureless emission peak to 775 nm.

Figure 32. Photoluminescence spectra of 3 at increasing concentrations starting from 4.30 x 10-9 M to 1.38 x 10-3 M (left) and
emission of the neat powder (right).

Concomitant with the bathochromic shift from the monomer (77 K) to excimer (in CH2Cl2) and excited
state trimer (neat) emission, a decrease of the excited state lifetime by three orders of magnitude is
observed (Table 5).
Table 5. Photophysical details of 1–3.
Complex
1

2

3

Absorption
λmax/nm (ε/M-1cm-1)
308sh (22341), 346
(19043), 390 (20801)

307sh (21977), 348
(16188), 395 (17485)

285 (38172), 308 sh
(18123), 326 (15898),
346sh (12959), 422
(12350)

Emission
Medium (T/K)
2-MeTHF (77)
CH2Cl2 (298)

2-MeTHF (77)
CH2Cl2 (298)

2-MeTHF (77)
CH2Cl2 (298)

Neat (298)

φem/%

kr, knr/×104 s-1

0.1 OD

λmax/nm (τ/μs)
501 (35.27), 533, 542, 562
499 (2.19), 541, 565, 598 (1.94)

0.22

0.5 OD

500 (1.47), 600 (1.37)

7.4

1.0 OD

500 (1.25), 600 (1.49)

26.7

0.1 OD

499 (45.50), 531, 541, 561
499 (1.21), 540, 615 (1.30)

0.13

0.5 OD

499 (0.95), 620 (1.07)

0.54

1.0 OD

499 (1.02), 620 (0.98)

1.01

0.1 OD
0.5 OD
1.0 OD

500 (34.64), 542, 560
571 (2.60)
571 (1.94)
571 (1.62)
775 (0.07)

9.69
4.71
4.45
71.78

0.10, 45.56 (499);
0.11, 51.43 (598)
5.03, 62.99 (500);
5.40, 67.59 (600)
21.36, 58.64 (500);
17.92, 49.19 (600)
0.11, 82.54 (499);
0.10, 76.82 (615)
0.57, 104.69 (499);
0.50, 92.95 (620)
0.99, 97.05 (499);
1.03, 101.01 (620)
3.73, 34.73
2.43, 49.12
2.75, 58.98
1025.43, 403.14

9.1.4 Conclusion
The photophysics of complexes 1–3, prepared following a straightforward synthetic procedure, show
a strong tendency to form excimer. The monomer emission is centered at around 500 nm whereas the
excimer emission is red shifted to approximately 600 to 620 nm. Furthermore, 3 displays an additional
higher order aggregate at higher concentrations and as neat powder, assigned to an excited state trimer. The behavior could be demonstrated by concentration dependent studies in pure CH2Cl2, with an
additional appearing emission band at wavelength up to 709 nm. Also, by inducing aggregation with a
solvent mixture of CH2Cl2/cyclohexane in different ratios, this behavior can be simulated due to the
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insolubility of 3 in non-polar solvents. In this case, the lowest energy emission maximum appeared at
wavelengths of more than 735 nm. As neat solid, solely an emission maximum at 775 nm could be
observed, assigned to the excited state trimer.
Device fabrication and testing for electroluminescence properties (TU Dresden) and further kinetic
studies (KAUST) for the formation of the excimer and the excited state trimer were envisaged but due
to the worldwide COVID-19 situation the experiments were interrupted, and the results are still pending.
9.1.5 Experimental Section
All reactions were performed with dry solvents under standard Schlenk techniques. Dry solvents were
obtained from Sigma Aldrich or were dried using a solvent purification system (SPS) and stored over
3.5 Å sieves. Commercial chemicals were purchased from Sigma Aldrich or Combi-Blocks and used
without further purification. N-methyl-N′-2-pyridyl-imidazolium iodide (A2) was prepared according to
a reported procedure.[20] Further details on methods can be found in the Supporting Information.
General procedure i) Imidazole (1 equiv.), 2-bromo-pyridine derivative (1.1 equiv.), K2CO3 (2 equiv.),
CuI (0.1 equiv.) and L-proline (0.2 equiv.) were added into a Young Schlenk together with DMSO (20
mL). After stirring for 19 h at 110 °C, the mixture was poured into H2O (approx. 300 mL) and extracted
with EtOAc (3 x 200 mL). After evaporation of the solvent, the crude was purified by column chromatography on neutralized silica.
General procedure ii) 2-(1H-imidazol-1-yl)-pyridine derivative (1 equiv.) was added together with MeI
(5 equiv.) into a Young Schlenk with THF (10 mL). Heating to 50 °C for 19 h afforded the crude product
as a colorless precipitate. The crude was purified by addition of EtOAc (20 mL), filtration and further
washing of the solids with EtOAc (3 x 20 mL) and Et2O (3 x 20 mL).
General procedure iii) The carbene salt (1.1 equiv.) was added together with KOtBu (1.1 equiv.) and
(COD)Pt(tda) (1 equiv.) into a Young Schlenk. THF (10 mL) was added and the mixture was heated to
80 °C for 1 h. After cooling to room temperature and evaporation of the solvent, the crude was purified
by column chromatography on neutralized silica.
2-(1H-imidazol-1-yl)-4-methylpyridine, A1. Compound A1 was prepared following the general procedure i) using imidazole (0.715 g, 10.51 mmol), 2-bromo-4-methylpyridine (2.000 g, 11.56 mmol), K2CO3
(2.915 g, 21.14 mmol), CuI (0.201 g, 1.06 mmol) and L-proline (0.243 g, 2.11 mmol). A colorless solid
was obtained. Yield: 85% (1.579 g, 9.92 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 8.34 (br. s,
1H, Im), 8.31 (d, 1H, J = 5.1, arom. CH), 7.63 (br. s, 1H, Im), 7.19 (br. s, 1H, Im) 7.17 (s, 1H, arom. CH),
7.05 (d, 1H, J = 5.1, arom. CH), 2.42 (s, 3H, CH3). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 150.7,
149.4, 148.9, 135.1, 130.6, 123.2, 116.4, 113.1, 21.4. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C9H10N3+ [M + H]+: m/z 160.0869, found: 160.0870.
2-(1H-imidazol-1-yl)-4-(trifluoromethyl)pyridine, A3. Compound A3 was prepared following the general procedure i) using imidazole (0.548 g, 8.05 mmol), 2-bromo-4-(trifluoromethyl)pyridine (2.000 g,
8.85 mmol), K2CO3 (2.219 g, 16.09 mmol), CuI (0.153 g, 0.80 mmol) and L-proline (0.185 g, 1.61 mmol).
A colorless solid was obtained. Yield: 78% (1.469 g, 6.89 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ
(ppm) = 8.66 (d, 1H, J = 5.1, arom. CH), 8.41 (s, 1H, Im), 7.66 (m, 1H, Im), 7.53 (s, 1H, arom. CH), 7.45
(d, 1H, J = 5.1, arom. CH), 7.22 (s, 1H, Im). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 150.6, 150.0,
141.6 (q, 2JCF = 34.6, CCF3), 135.2, 131.5, 185.6 (q, 1JCF = 274.5, CF3), 117.7 (q, 3JCF = 3.4, CHCCF3), 116.1,
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108.3 (q, 3JCF = 3.8, CHCCF3). 19F-NMR (376 MHz, CDCl3, 300 K): δ (ppm) = -64.9. (+)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for C9H7F3N3+ [M + H]+: m/z 214.0587, found: 214.0588.
3-methyl-1-(4-methyl-2-pyridyl)imidazolium iodide, [B1][HI]. Compound [B1][HI] was prepared following the general procedure ii) using A1 (0.250 g, 1.57 mmol) and MeI (1.115 g, 0.49 mL, 7.85 mmol). A
colorless solid was obtained. Yield: 98% (0.465 g, 1.54 mmol). 1H-NMR (400 MHz, DMSO-d6, 298 K): δ
(ppm) = 10.02 (s, 1H, NCHN), 8.49 (m, 2H, arom. CH & Im), 7.97 (m, 1H, Im), 7.92 (s, 1H, arom. CH),
7.48 (d, 1H, J = 5.0, arom. CH), 3.98 (s, 3H, CH3), 2.48 (s, 3H, CH3). 13C{1H}-NMR (101 MHz, DMSO-d6,
298 K): δ (ppm) = 152.0, 148.8, 146.4, 135.4, 125.9, 124.8, 118.9, 114.5, 36.4, 20.7. (+)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for C10H12N3+ [M – I]+: m/z 174.1026, found: 174.1026. (-)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for I- [M – C10H12N3]-: m/z 126.9050, found: 126.9050.
3-methyl-1-(4-trifluoromethyl-2-pyridyl)imidazolium iodide, [B3][HI]. Compound [B3][HI] was prepared
following the general procedure ii) using A3 (0.500 g, 2.35 mmol) and MeI (1.665 g, 0.73 mL, 11.73
mmol). A colorless solid was obtained. Yield: 98% (0.8.19 g, 2.31 mmol). 1H-NMR (400 MHz, DMSO-d6,
298 K): δ (ppm) = 10.17 (s, 1H, NCHN), 8.94 (d, 1H, J = 5.1, arom. CH), 8.62 (m, 1H, Im), 8.49 (s, 1H,
arom. CH), 8.05 (d, 1H, J = 5.1, arom. CH), 8.00 (m, 1H, Im), 4.00 (s, 3H, CH3). 13C{1H}-NMR (101 MHz,
DMSO-d6, 298 K): δ (ppm) = 151.1, 147.4, 140.19 (q, 2JCF = 34.3, CCF3), 136.2, 124.8, 122.3 (q, 1JCF =
273.8, CF3), 120.8 (q, 3JCF = 3.2, CHCCF3), 119.2, 110.8 (q, 3JCF = 3.6, CHCCF3), 36.5. 19F-NMR (376 MHz,
DMSO-d6, 300 K): δ (ppm) = -63.2. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C10H9F3N3+ [M - I]+: m/z
228.0743, found: 228.0741.
(COD)Pt(tda). Sodium (0.026 g, 1.10 mmol) was dissolved in EtOH (180 mL). 2,2’-bis(ethynyl)diphenylacetylene (0.120 mg, 0.53 mmol) was added in one batch. After 30 min the reaction mixture was cooled
to -40 °C and (COD)PtCl2 (0.199 mg, 0.53 mmol) was added while stirring. The mixture was allowed to
warm to room temperature over a period of 24 h. The solvent was evaporated and the crude product
was purified by column chromatography (EtOAc/hexane 1:1) on silica. A beige solid was obtained. Yield
64% (0.180 g, 0.34 mmol). 1H-NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 7.72–7.69 (m, 2H, arom. CH),
7.53–7.50 (m, 2H, arom. CH), 7.30–7.27 (m, 4H, arom. CH), 5.88–5.80 (m, 4H, CH=CH), 2.63–2.52 (m,
8H, aliph. CH2). 13C{1H}-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 131.9, 131.5, 128.5, 127.9, 127.5,
126.8, 107.9, 102.5, 101.2, 93.2, 30.5. IR (ATR, cm-1): ν(C≡C) = 2126. Elemental analysis: calcd for
C26H20Pt: C 59.20, H 3.82; found: C 59.22, H 3.79. (-)-HR-ESI-MS (MeOH): calcd for C26H19Pt– [M – H]-:
m/z 526.1140, found: 526.1147.
(B1)Pt(tda), 1. Compound 1 was prepared following the general procedure iii) using [B1][HI] (0.094 g,
0.31 mmol), KOtBu (0.035 g, 0.31 mmol), (COD)Pt(tda) (0.150 g, 0.28 mmol). A dark yellow solid was
obtained. Yield: 45% (0.075 g, 0.13 mmol). 1H-NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 9.33 (d, 1H,
J = 5.8, arom. CH), 8.29 (d, 1H, J = 1.9, arom. CH), 8.07 (s, 1H, arom. CH), 7.61 (m, 3H, arom. CH), 7.53
(d, 1H, J = 7.7, arom. CH), 7.50 (d, 1H, J = 5.6, arom. CH), 7.36 (m, 3H, arom. CH), 7.25 (m, 2H, arom.
CH), 4.31 (s, 3H, CH3), 2.52 (s, 3H, CH3). 13C{1H}-NMR (126 MHz, DMSO-d6, 298 K): δ (ppm) = 173.8,
154.3, 152.8, 150.3, 131.4, 131.3, 130.7, 130.7, 130.3, 129.6, 127.7, 127.6, 126.4, 126.3, 125.1, 124.8,
124.6, 121.5, 116.6, 112.3, 104.6, 104.5, 92.9, 92.8, 91.1, 37.5, 21.5. IR (ATR, cm-1): ν (C≡C) = 2112,
2097. Elemental analysis: calcd (%) for C28H19N3Pt: C 56.75, H 3.15, N 6.90; found: C 56.25, H 3.15, N
6.90%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C28H20N3Pt+ [M + H]+: m/z 593.1300, found:
593.1304.
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(B2)Pt(tda), 2. Compound 2 was prepared following the general procedure iii) using [B2][HI] (0.030 g,
0.10 mmol), KOtBu (0.012 g, 0.10 mmol), (COD)Pt(tda) (0.050 g, 0.09 mmol). An orange solid was obtained. Yield: 46% (0.025 g, 0.04 mmol). 1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 9.54 (dd, 1H,
J = 5.6, 1.1, arom. CH), 8.41 (td, 1H, J = 7.9, 1.6, arom. CH), 8.36 (d, 1H, J = 2.2, arom. CH), 8.17 (d, 1H,
J = 8.2, arom. CH), 7.68–7.61 (m, 4H, arom. CH), 7.56 (dd, 1H, J = 7.7, 0.7, Im), 7.41 (dd, 1H, J = 7.7, 0.8,
Im), 7.39–7.32 (m, 2H, arom. CH), 7.26 (qd, 2H, J = 7.2, 1.3, arom. CH), 4.35 (s, 3H, CH3). 13C{1H}-NMR
(126 MHz, DMSO-d6, 300 K): δ (ppm) = 173.8, 152.9, 151.0, 141.9, 131.3, 131.2, 130.6, 130.5, 130.1,
129.6, 127.6, 127.5, 126.4, 126.3, 125.0, 125.0, 124.6, 123.8, 121.6, 116.8, 111.8, 104.8, 104.5, 92.8,
92.8, 90.6, 37.5. IR (ATR, cm-1): ν (C≡C) = 2122, 2094. Elemental analysis: calcd for C27H17N3Pt: C 56.05,
H 2.96, N 7.26; found: C 55.68, H 3.01, N 7.01. (+)-HR-ESI-MS (MeOH): calcd C27H18N3Pt+ [M + H]+: m/z
579.1149, found: 579.1148.
(B3)Pt(tda), 3. Compound 3 was prepared following the general procedure iii) using [B3][HI] (0.185 g,
0.52 mmol), KOtBu (0.058 g, 0.52 mmol), (COD)Pt(tda) (0.250 g, 0.47 mmol). A dark green solid was
obtained. Yield: 71% (0.219 g, 0.34 mmol). 1H-NMR (500 MHz, DMSO-d6, 298 K): δ (ppm) = 9.76 (d, 1H,
J = 5.8, arom. CH), 8.60 (s, 1H, arom. CH), 8.43 (d, 1H, J = 2.2, arom. CH), 7.97 (d, 1H, J = 5.9, arom. CH),
7.63 (d, 2H, J = 7.7, arom. CH), 7.61 (d, 1H, J = 0.7, arom. CH), 7.54 (d, 1H, J = 7.6, arom. CH), 7.38 (m,
3H, arom. CH), 7.27 (m, 2H, arom. CH), 4.33 (s, 3H, CH3). 13C{1H}-NMR (126 MHz, DMSO-d6, 298 K): δ
(ppm) = 174.1, 154.4, 152.8, 140.5 (q, 2JCF = 34.5, CCF3), 131.5, 131.4, 130.8, 130.6, 130.0, 129.5, 127.8,
127.6, 126.5, 126.3,125.3, 125.2, 124.9, 122.4 (q, 1JCF = 273.6, CF3), 121.2, 119.8 (q, 3JCF = 2.1, CHCCF3),
117.4, 109.2 (q, 3JCF = 3.6, CHCCF3), 105.5, 104.8, 92.9, 92.9, 89.8, 37.6. 19F-NMR (376 MHz, CDCl3, 300
K): δ (ppm) = -64.4. IR (ATR, cm-1): ν (C≡C) = 2112, 2106. Elemental analysis: calcd (%) for C28H16F3N3Pt:
C 52.02, H 2.49, N 6.50; found: C 52.03, H 2.58, N 6.42%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C28H17F3N3Pt+ [M + H]+: m/z 647.1017, found: 647.1022; calcd for C56H33F6N6Pt2+ [M2 + H]+: m/z
1293.1961, found: 1293.1977.
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9.2

Supporting Information

9.2.1 Crystallographic Data
Single crystal X-ray diffraction data were collected at 160 K on a Rigaku OD Synergy (Pilatus 200 K
Hybrid Pixel Array detector) diffractometer equipped with an Oxford liquid-nitrogen cryostream
cooler. A single wavelength X-ray source from a micro-focus sealed X-ray tube was used for the analyses (Cu Kα radiation, λ = 1.54184 Å). Suitable single crystals were manipulated into polybutene oil,
mounted on a flexible loop fixed on a goniometer head and transferred to the diffractometer. Preexperiments, data collections, data reductions and analytical absorption corrections[1] were performed
with the program suite CrysAlisPro.[2] Using Olex2,[3] the structures were solved with the SHELXT small
molecule structure solution program[4] and refined with the SHELXL program package[5] by full-matrix
least-squares minimization on F2.
Table S5. Crystal data and structure refinements for 2 and 3.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°C
β/°C
γ/°C
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°C
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

2
C27H17N3Pt  CH2Cl2
663.45
183(1)
monoclinic
P21/c
12.2234(7)
20.2249(8)
9.8943(4)
90
100.123(5)
90
2408.0(2)
4
1.830
6.071
1280.0
0.1 × 0.08 × 0.03
MoKα
(λ = 0.71073)
4.642 to 52.74
-15 ≤ h ≤ 15,
-25 ≤ k ≤ 25,
-12 ≤ l ≤ 12
31362
4925
[Rint = 0.0877, Rsigma = 0.0611]
4925/0/308
1.019
R1 = 0.0387, wR2 = 0.0702
R1 = 0.0595, wR2 = 0.0791
1.10/-0.88
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3
C28H16F3N3Pt  CH2Cl2
731.45
160(1)
monoclinic
P21/n
8.04712(6)
16.34972(13)
19.33117(12)
90
90.1581(6)
90
2543.36(3)
4
1.910
12.662
1408.0
0.25 × 0.05 × 0.03
CuKα
(λ = 1.54184)
7.082 to 149.004
-10 ≤ h ≤ 9,
-20 ≤ k ≤ 20,
-21 ≤ l ≤ 24
28631
5210
[Rint = 0.0237, Rsigma = 0.0154]
5210/0/344
1.146
R1 = 0.0261, wR2 = 0.0594
R1 = 0.0264, wR2 = 0.0595
0.77/-0.94
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9.2.2

Photophysical Data

Figure S11. Photoluminescence emission spectra of 1–3 recorded at 77 K in 2-MeTHF.

Figure S12. Temperature dependent photoluminescence spectra of 1 (top left), 2 (top right) and 3 (bottom middle) recorded
in 2-MeTHF.
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Figure S13. Concentration dependent emission spectra recorded in CH2Cl2 at 298 K of 1 (top left), 2 (top right) and 3 (bottom).
The spectra were normalized to the highest intensity peak and the optical density (OD) corresponds to the lowest energy
absorption peak.
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Figure S14. Excitation spectra of 1 recorded in CH2Cl2 at concentrations corresponding to 0.1 OD (top left), 0.5 OD (top right)
and 1.0 OD (bottom) of the absorption maximum at 390 nm. The emission was fixed to the indicated wavelengths.
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Figure S15. Excitation spectra of 2 recorded in CH2Cl2 at concentrations corresponding to 0.1 OD (top left), 0.5 OD (top right)
and 1.0 OD (bottom) of the absorption maximum at 395 nm. The emission was fixed to the indicated wavelengths.

120

Chapter I: Deep Blue Emitters With Potential Excimer Formation

Figure S16. Excitation spectra of 3 recorded in CH2Cl2 at 298 K concentrations corresponding to 0.1 OD (top left), 0.5 OD (top
right) and 1.0 OD (bottom) of the absorption maximum at 422 nm. The emission was fixed to the indicated wavelengths.

9.2.3 Experimental Details
All manipulations requiring inert atmosphere were carried out using standard Schlenk techniques under N2 gas. 1H-, 13C{1H}- and 19F-NMR spectra were performed using Bruker 400 MHz and 500 MHz
spectrometers. Chemical shifts (δ) are given in parts per million (ppm). Residual proton (1H-NMR experiments) and carbon (13C-NMR experiments) solvent peaks were used as internal standards referenced to tetramethylsilane (δ 0.00 ppm). Coupling constants (J) are reported in Hertz (Hz) using the
following abbreviations for signal multiplicities: s (singlet); d (doublet); t (triplet); q (quartet); m (multiplet). The assignments were done either with routine 1D or 2D NMR spectroscopies. For TLC analysis,
pre-coated Merck Silica Gel60F254 slides were used and visualization was done by luminescence
quenching either at 254 nm or 365 nm. Column chromatographic purification (length 15.0 cm: diameter 1.5 cm) of the products was accomplished with silica gel 60, 230–400 mesh. The UV/Vis absorption
measurements were performed on an Agilent Technologies Cary 8454 UV/Vis spectrometer. Emission
spectra were recorded on an Edinburgh FLS980 spectrometer. As excitation source, a 450 W Xenon
lamp was used to excite at the lowest-energy absorption maxima with an excitation slit width of 3–5
nm and emission slit width of 5–10 nm. Absolute quantum yields φem were measured using a F-M01
integrating sphere assembly at 298 K (estimated uncertainty ± 15 %; with YAG:Ce powder as calibration
reference: φem = 97 %). Phosphorescence lifetimes τ were measured with the Edinburgh 60 W microsecond flashlamp (mF2), and single monochromators or with a pulsed diode laser (EPL375). Cyclic voltammetry measurements were performed with a Methrom Autolab PGSTAT302N potentiostat using a
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glassy carbon electrode (d = 2mm) with platinum coated titanium rods as counter and pseudo-reference electrodes. The measurements were performed at concentrations of 1 mM in argon purged DMF
with 0.1 M [nBu4N][PF6] as electrolyte, using a glassy carbon working electrode. The scan rate was 100
mV and voltammograms (E0) were referenced versus Fc+/ Fc. High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a maXis QTOF-MS instrument (Bruker Daltonics GmbH) or on a
QExactive instrument (ThermoFisher Scientific) equipped with a heated electrospray (ESI) ionization
source and connected to a Dionex Ultimate 3000 UHPLC system (ThermoFischer Scientific). IR spectra
were recorded on a Nicolet iS5 FTIR Spectrometer (Thermo Scientific) equipped with an iD5 Attenuated
Total Reflectance (ATR) accessory consisting of a black diamond/ZnSe crystal.
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10.1 Manuscript
10.1.1 Abstract
Five complexes of the general formula trans-(NHC)2Pt(C≡C-Ar)2 (NHC = N-heterocyclic carbene, Ar =
phenyl, triptycene-2-yl) were prepared and exhibit deep blue phosphorescence with emission maxima
between 438 nm and 450 nm doped in PMMA thin films. Investigations of the steric bulk to the distal
and proximal positions with respect to the metal center are performed to suppress luminescence
quenching, due to reduced metal-metal interactions leading to non-radiative decay processes, using a
triptycene moiety as a sterically demanding framework. An increase of the doping concentration in
thin films results in a decline in the PLQY, but the ratio between the non-radiative decay constant and
radiative constant provides a better understanding of a suitable candidate for the application in organic light emitting diode (OLED) devices.
10.1.2 Introduction
The field of luminescent platinum(II) and iridium(III) OLED devices is strongly dominated by green and
red phosphors. There is still a lack of efficient and robust deep blue emitters even though they are
essential for the fabrication of full color RGB displays as well as to produce white light emitting devices.
Commercial devices currently circumvent this problem by applying a color filter narrowing down the
original electroluminescence spectrum of a dopant to the blue part only.[1] Needless to say, this is accompanied by drastic decrease of energy efficiency. Additionally, most of the existing (deep) blue emitters contain fluorine groups which are detrimental for device fabrication and lifetime. A detailed study
by Kreyenschmidt and co-workers has identified the cleavage of fluorine groups while vacuum depositing the dopant onto the substrate as well as formation of isomers as a result of a degradation products in aged devices.[2] Three major problems are attributed to blue OLED devices in general: Firstly,
the number of true blue (λmax 435 nm, CIEx,y 0.14, 0.08) organometallic complexes is rather low. This
affects the color purity of a full color RGB device. Secondly, quantum yields of blue phosphors are much
lower compared to green and red emitting compounds, assumingly to the narrower gap between the
emissive states and the non-emissive metal centered d-d states. Consequently, obtaining white light,
crucial for backlight and lighting applications, is rather difficult, especially cold white light which has a
greater amount of blue, becomes a determining factor.[3] The third challenge of blue emitting devices
is to increase device lifetimes. The reduced lifetime of the blue PhOLEDs is attributed to the formation
of hot excited states. These hot excited states form by annihilation of a triplet state molecule (approx.
3 eV for blue emitter) with another triplet state molecule or with the exciton of equal triplet energy
(slightly more than 3 eV), creating a higher energy triplet state Tn (n > 1) which is called hot state
possessing an energy of >6eV. This energy is higher than the bond dissociation energy in most organic
bonds, hence breaking bonds which often manifests in ligand dissociation, forming radicals which degrade the device on long term.[4-7] In green (approx. 2.4 eV) or red (approx. 2 eV) devices the hot state
energy naturally is much lower (<5 eV), therefore falling back to T1 and not affecting ligand dissociation.
Using platinum(II) as a metal core has a major drawback compared to the iridium(III) complexes. Due
to its square planar geometry it is prone to intermolecular interactions arising from its unsaturated
coordination scaffold in the axial positions. These unoccupied sites tend to cause metal-metal, metalπ or π-π interactions leading to excimer formation or non-emissive deactivation processes, hence decreasing the internal quantum efficiency.[8-10] As a consequence, the majority of blue phosphors reported in literature are based on iridium(III) complexes.[4, 6, 11-17] Despite the vast variety of luminescent
Pt(II) complexes, there is still the fundamental issue of a limited number of deep blue emitters.[18] The
majority of the known blue phosphors emits at 442 nm or at lower energy.[19-25]
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In 2001, Thompson, Forrest an co-workers pioneered the field of blue phosphorescent organometallic
compounds with the work on iridium(III)bis(4,6-di-fluorophenyl)-pyridinato-N,C2′)picolinate which is
commonly known as FIrpic (Figure 33, left).[26] Also, modulating the electronics on the HOMO (with
electron withdrawing groups on the phenyl ring) and LUMO (with electron donating groups on pyridine) of Ir(ppy)3, or exchanging the pyridine with an imidazole moiety led to a hypsochromic shift (Figure 33, middle).[17, 27] A major drawback was the drastic decline in efficiency due to an increase in nonradiative rate (knr) with the radiative rate (kr) remaining unchanged.[28] The brightest deep blue phosphorescent emitting device so far was reported by Thompson, Forrest an co-workers in 2015 using facIr(pmp)3 as blue phosphor (Figure 33, right).[29]

Figure 33. FIrpic (left), three general modifications derived from Ir(ppy)3 (middle), fac-Ir(pmp)3 (right).

As aforementioned, a major challenge of blue Pt(II) emitters is posed by the strong tendency to undergo intermolecular quenching processes as a result of high doping concentrations in the device. The
current study focusses on the design of sterically demanding alkyne and N-heterocyclic carbene (NHC)
ligands in a molecular framework based on a previously published work by Venkatesan and co-workers,
which showed emission in the deep blue part of electromagnetic spectrum.[30] On this occasion, a triptycene moiety is installed on different positions in the framework to study the influence of stacking
behavior on the emission properties and more specifically on the photoluminescent quantum yield
(PLQY) (Figure 34). Keeping the balance of steric bulk around the metal center and prevention of a
severe distortion of the square planar framework is important in order to avoid quenching of the emission.[31] Alkynes and NHCs were chosen due to their strong σ-donation, separating the metal centered
(MC) non-radiative d-d states from the emissive triplet excited states to higher energies. Thermal population of the former become less probable which results in a high PLQY.[6, 11, 32, 33] Furthermore, the
stronger σ-donation compared to pyridine or phosphine ligands strengthens the M–L bond and arranged in trans conformation they suppress reductive elimination of the alkyne ligands.

Figure 34. General structure of the complexes. The circles indicate possible positions for the installation of a bulky triptycene
unit.

10.1.3 Results and Discussion
Synthesis and characterization. To obtain the ligands, several different procedures were followed. 1,3diisopropyl-benzimidazolium iodide ([a][HI]) and (COD)Pt(C≡C-Ph)2 (A) were prepared according to
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previously reported protocols.[34, 35] 1,3-diisopropyl-triptyceneimidazolium iodide ([b][HI]) was prepared as illustrated in Scheme 5. Starting from 2,3-diaminotriptycene (Tript(NH2)2), which was synthesized by a modified literature protocol beginning from triptycene, using tin(II) chloride as reducing
agent instead of Raney Nickel and hydrazine.[36] In a subsequent step, a ring closure was performed
using formic acid to obtain the imidazole derivative (TIm), which was then treated with 2-iodopropane
and K2CO3 in acetonitrile to result in the carbene salt ([b][HI]). 2-Ethynyl-triptycene (Tript-C≡C-H) was
prepared starting from 2-aminotriptycene (Tript-NH2) which was obtained from the same synthetic
protocol as 2,3-diaminotriptycene (Tript(NH2)2) (Scheme 6).[36] As a first step, a diazotization-iodination
reaction, known as the Sandmeyer reaction, of Tript-NH2 was performed using p-toluenesulfonic acid,
NaNO2 and KI in acetonitrile.[37] This reaction forms a nitrosonium ion (NO+) in situ under acidic conditions from NO2-, which is attacked by the aromatic amine to form the triptycene-diazonium ion (TriptN2+). This is an extremely reactive species which undergoes a radical assisted substitution with KI under
release of nitrogen gas. In the original Sandmeyer reaction, copper(I) salts (CuX) are used in a catalytic
amount to assist the radical substitution, which is not necessary when using KI. With the obtained aryl
iodide (Tript-I), a Sonogashira coupling with trimethylsilyl acetylene was performed to yield in the trimethylsilyl (TMS) protected aryl-acetylide. With tetra-n-butylammonium fluoride (TBAF) the TMSgroup was deprotected forming Tript-C≡C-H.
To prepare 1,3-di-triptycen-2-yl-benzimidazolium chloride ([c][HCl]), a two-step protocol was followed
(Scheme 7). First a Buchwald-Hartwig cross-coupling reaction was performed starting from 2-bromoiodobenzene and 2-aminotriptycene (Tript-NH2). In a second step a ring closure of the phenylenediamine (Ph(NHTript)2) was performed in the microwave (MW) using triethyl orthoformate under acidic
conditions yielding [c][HCl]. (COD)Pt(C≡C-Tript)2 (B) was synthesized following a well-established synthetic procedure by in situ formation of NaOEt using elemental sodium (Na0) in EtOH followed by
deprotonation/metalation with (COD)PtCl2 (Scheme 8).[8] Since the focus of this study lies on the thermally stable trans compounds only, the cis isomers were neglected and not isolated. All Pt(II) complexes 1–5 were synthesized following the general protocol previously reported by Venkatesan and
co-workers using the [NHC][HX] salts and the (COD)Pt(acetylide)2 precursors at 75 °C in THF in the
presence of KOtBu as base (Scheme 4).
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Scheme 4. Generalized reaction protocol for the preparation of the trans-(NHC)2Pt(C≡C-Ar)2 complexes.

Conditions: i) KOtBu, THF, 75 °C, 24 h.

Crystal structure determination. Slow evaporation at -18 °C of a concentrated CD2Cl2 solution containing the complex 4 afforded brownish crystals, suitable for X-ray diffraction measurements (Figure 35).
The Pt–CNHC (2.030(2) Å) and the Pt–Cacetylide (2.002(2) Å) bond distances are very similar to the previously reported values for 1 (2.027(2) Å and 2.008(2) Å, respectively).[30] Furthermore, the CNHC–Pt–Cacetylide bond angle of 86.24(7) degrees, with an almost square planar coordination geometry around the
platinum center is in agreement with the previously reported value for 1 (86.97(8) degrees). A slightly
larger out of plane rotation of the benzimidazole moiety could be observed for 4 (71.32 degrees) compared to 1 (70.51 degrees), assuming to arise from the steric demand of the triptycene moiety. This
torsion angle was determined by the angle between the plane containing the nine benzimidazole atoms, and the plane covering the four coordinating carbon atoms and the platinum atom. Further crystal data can be found in the Supporting Information (Table S6).
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Figure 35. Molecular structure of 4 obtained by single crystal X-ray diffraction. Displacement ellipsoids are drawn at a 50%
probability level. Hydrogen atoms and solvent molecules are omitted for clarity.

Photophysical properties. UV/Vis absorption studies in CH2Cl2 solutions display two intense transitions
for all complexes (Figure 36). A high energy band at 279–290 nm with molar extinction coefficients (ɛ)
of 3.8 × 104 to 4.7 × 104 M-1cm-1 and a lower energy absorption shoulder at 316–325 nm (ɛ = 2.2 × 104
to 3.0 × 104 M-1cm-1). This is in agreement with previously reported work on trans-(NHC)2Pt(C≡C-Ar)2
by Venkatesan and co-workers and more recently also by Schanze and co-workers.[30, 38-41] Consequently, based on their density functional theory (DFT) calculations both bands are assigned as primarily ligand centered (LC) transitions (ππ*) with only a minor contribution of the metal center. The high
energy transition is assigned to a predominantly intraligand charge transfer (1ILCT) event on the alkyne
ligands (πalkyneπalkyne*). The low energy absorption band on the other hand consists of a ligand-toligand charge transfer (1LLCT) from the alkyne to the NHC (πalkyneπNHC*) with minor metal-to-ligand
charge transfer (1MLCT) contribution from the 5d orbitals to the carbene (dPtπNHC*).

Figure 36. Electronic absorption spectrum of 1–5 recorded in CH2Cl2 at 298 K.

The photoluminescence spectra recorded in deaerated CH2Cl2 solutions showed the characteristic profile with a λmax at 438–453 nm and an adjacent shoulder red shifted by approximately 20 nm (Figure
37 and Table 6). The lifetimes (τ) which are in the range of microseconds, in combination with the large
Stokes shift (>100 nm) and the sensitivity to oxygen quenching are a strong evidence for the phosphorescent nature of the emissions. The bathochromic shift of the λmax (14–15 nm) in 4 and 5 is assigned
to the electronic nature of the triptycene moiety which is pushing more electron density onto the
acetylide, comparable with two methyl groups in meta and para position on a phenyl ring. PLQY measurements of the solutions gave very low quantum yields and no further discussions will be made since
it is not of interest for the present work.
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Figure 37. Normalized emission spectra of 1–5 in CH2Cl2 (left) and in PMMA thin films at a doping concentration of 1 wt%
(right), recorded at 298 K.

The photoluminescence spectra recorded of doped poly(methyl methacrylate) (PMMA) thin films do
not vary from the solution emissions (Figure 37 and Figure S17 in the Supporting Information). Only a
hypsochromic shift of 3–5 nm is observed which is consistent throughout all the complexes. The lifetimes increase by two orders of magnitude to 18–53 microseconds, arising from the enhanced rigidity
in the film matrix compared to the greater degree of freedom in solution. Likewise, when increasing
the doping concentration in thin films, no change of the emission pattern is observed, which is evident
for absence of intermolecular interactions such as e.g. excimer formation. Nevertheless, a luminescence quenching was observed in all complexes, expected to arise from intermolecular interactions
leading to non-radiative deactivations such as triplet-triplet annihilation or fast non-radiative metal–
metal-to-ligand charge transfers (3MMLCT) between spatially close molecules (Figure S18 in the Supporting Information). This effect of decreasing PLQY with higher doping concentration shows varying
behaviors in the five complexes. Whereas in 1 the PLQY increases from 75.3% (1 wt%) to 87.3% (5 wt%)
followed by a decrease to 65.4% (10 wt%), the general trend for 2–5 is decreasing. Complex 2 shows
only a minimal quenching from 1wt% (48.7%) to 5 wt% (46.2%) which then drastically drops to 27.4%
at a doping concentration of 10 wt%. The decrease in PLQY of 3–5 follows an exponential decay which
is strongest in 3 and weakest in 5.
Commission International de L’Eclairage (CIE) x,y-coordinates were obtained for 1 (0.160, 0.130) at a
doping concentration of 5 wt%, which is well in the deep blue range suitable for OLEDs, possessing a y
coordinate < 0.15 and the sum of x + y < 0.30.[42]
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Table 6. Photoluminescence data of the Pt(II) complexes recorded at 298 K.

1

Absorption
λmax / nm (ε / M-1cm-1)
283sh (47053), 289sh
(46868), 316sh (21926)

Emission
Medium
CH2Cl2
1 wt%
5 wt%
10 wt%

PMMA
2

308 (70963),
(24772)

326sh

CH2Cl2
1 wt%
5 wt%
10 wt%

PMMA
3

279 (52324),
(13759)

319sh

CH2Cl2
1 wt%
5 wt%
10 wt%

PMMA
4

290 (43360), 311sh
(34878), 325sh (31350)

CH2Cl2
1 wt%
5 wt%
10 wt%

PMMA
5

308 (67432),
(35082)

333sh

CH2Cl2
1 wt%
5 wt%
10 wt%

PMMA

λmax / nm (τ / μs)
438 (0.74), 459sh
435 (48.58)
435 (48.25)
435 (44.36)
439 (0.98), 459sh
436 (38.70)
436 (38.02)
436 (31.55)
442 (1.42), 461sh
439 (30.77)
439 (21.29)
439 (17.92)
452 (2.42), 474sh
448 (53.45)
448 (43.62)
448 (33.24)
453 (7.50), 474sh
450 (35.86)
450 (27.08)
450 (25.18)

φem / %

kr, knr × 104 / s-1

(CIEx, CIEy)

75.3
87.3
65.4
48.7
46.2
27.4
23.2
6.3
3.5
31.9
19.4
11.0
11.4
7.8
5.6

1.55, 0.51
1.81, 0.26
1.47, 0.78
1.26, 1.33
1.22, 1.42
0.87, 2.30
0.75, 2.50
0.30, 4.40
0.20, 5.39
0.60, 1.27
0.44, 1.85
0.33, 2.68
0.32, 2.47
0.29, 3.40
0.22, 3.75

(0.162, 0.144)
(0.163, 0.144)
(0.160, 0.130)
(0.161, 0.138)
(0.161, 0.132)
(0.162, 0.139)
(0.161, 0.137)
(0.166, 0.155)
(0.162, 0.142)
(0.167, 0.161)
(0.173, 0.175)
(0.181, 0.194)
(0.169, 0.217)
(0.176, 0.223)
(0.186, 0.247)
(0.202, 0.266)
(0.173, 0.220)
(0.174, 0.213)
(0.215, 0.273)
(0.199, 0.240)

A closer inspection of the two rate constants kr and knr shows that with increasing the bulk or electron
density from 1 to 3, knr becomes more dominant since the ratio of kr/knr decreases from 1 wt% to 10
wt % by only a factor of 1.6 in 1 and 8.3 in 3 (Table 7 and Figure S18 in the Supporting Information).
While there is a drastic increase of this ratio from 1  2  3 with the change of the NHC, only a small
increase can be found from 1  4 where the phenyl group in the acetylide was substituted with a
triptycene moiety. In the case of 2  5 the non-radiative portion only marginally changes, rendering
both, 2 and 5 as promising candidates for the application in OLED devices.
Table 7. Analysis of the rate constants of 1–5 at different doping concentrations in PMMA thin films.

1

1 wt%
5 wt%
10 wt%

2
3
4
Ratio kr/knr
3.05
0.95
0.30
0.47
6.87
0.86
0.07
0.24
1.89
0.38
0.04
0.12
Decrease factor from 1 wt% to 10 wt%
1.61
2.52
8.33
3.79

5
0.13
0.08
0.06
2.17

Electrochemical properties. Cyclic voltammetry (CV) experiments of complexes 1–5 were recorded in
CH2Cl2 with [nBu4N][PF6] (0.1 M) as a supporting electrolyte. All complexes only show an irreversible
oxidation peak which is consistent with previous studies on similar molecules (Table 8).[30] Hence, evidence of a similar HOMO/LUMO distribution on the molecule is provided, with the HOMO mainly located on the acetylide with a small contribution of the platinum center.

132

Chapter II: Sterically Demanding Platinum(II) Frameworks to Reduce Luminescence Quenching

Table 8. Anodic (Eox) peak potentials of 1–5.

Complex
1
2
3
4
5

Eox, irrev (V)
+0.72
+0.66
+0.58
+0.64
+0.52

A clear trend of decreasing oxidation potential could be observed from 1 to 3 as well as from 4 to 5,
assigned to an increasing effect of the NHC pushing electron density (a < b < c) onto the metal and into
the π-backdonation to the acetylide. Furthermore, when comparing complexes 1 vs. 4 (ΔV = 0.08 V)
and 2 vs. 5 (ΔV = 0.14 V), respectively, the effect of the enhanced electron density of the triptycene-2yl compared to the phenyl group is reflected in the oxidation potentials.
10.1.4 Conclusion
It could be demonstrated that an increased steric bulk on the carbene ligand in complexes with the
general formula trans-(NHC)2Pt(C≡C-Ar)2 does not have an impact on the emission wavelength. Substitution of phenylacetylide with the triptycene-2-yl-acetylide on the other hand shifts the emission maximum by 15 nm to lower energy. In all five complexes the PLQY were overall decreasing with increasing
doping concentrations in PMMA thin films, but the impact of the position of triptycene on the luminescence quenching manifested in a varying degree. On the other hand, a clear trend on the NHCsubstitution could be drawn concerning the ratio of kr/knr. Higher electron density and/or bulk on the
carbene (1–3) leads to a lower ratio with increasing doping concentration whereas in 5 the non-radiative portion is less affected, similar to 2. In this regard, 2 and 5 seem to be promising candidates for
efficient OLEDs with a non-radiative rate constant virtually independent of the doping concentration.
The next step would involve the fabrication of devices using the two complexes 2 and 5 as emitter and
investigate the electroluminescent properties.
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10.1.5 Experimental Section
General remarks. All reactions were performed under nitrogen (N2) atmosphere, using standard
Schlenk techniques. Solvents used in the reactions were dried using a solvent purification system (SPS)
and kept over 3.5 Å molecular sieves obtained from Sigma Aldrich. Commercially available chemicals
were purchased from Sigma Aldrich or Fluorochem and used without further purification.
Scheme 5. Preparation of carbene precursor [b][HI].

Conditions: i) HCOOH, 90 °C, 4.5 h, 99%; ii) K2CO3, 2-iodopropane, CH3CN, 90 °C, 44 h, 99%.

Triptyceneimidazole, TIm. 2,3-Diaminotriptycene (0.250 g, 0.88 mmol) was added into a Schlenk flask
with formic acid (10 mL, 95%). After degassing for 5 min with N2, the mixture was refluxed for 4.5 h
and then cooled to room temperature. A saturated solution of NaHCO3 was added until neutralization
(pH = 7) and the precipitate was filtered off. After additional washing with H2O (20 mL) the solids were
dried under high vacuum. A colorless solid was obtained. Yield: 99% (0.258 g, 0.88 mmol). 1H-NMR
(400 MHz, DMSO-d6, 298 K): δ (ppm) = 12.30 (s, 1H, NCHN), 8.09 (s, 1H, arom. CH), 7.67 (br. s, 1H,
arom. CH), 7.58 (br. s, 1H, arom. CH), 7.43 (m, 4H, arom. CH), 6.98 (m, 4H, arom. CH), 5.67 (s, 1H,
bridgehead), 5.64 (s, 1H, bridgehead). 13C{1H}-NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 145.8, 145.6,
141.8, 140.2, 139.8, 138.7, 130.4, 124.9, 123.5, 114.2, 107.3, 52.7. (+)-HR-ESI-MS (MeOH/CHCl3 3:2):
calcd for C21H15N2+ [M + H]+: m/z 295.1230, found: 295.1227.
1,3-Diisopropyl-triptyceneimidazolium iodide, [b][HI]. Triptyceneimidazole (0.500 g, 1.70 mmol) was
added together with K2CO3 (0.258 g, 1.87 mmol) into a Young Schlenk with CH3CN (5 mL). The mixture
was heated to 90 °C for 1 h after which 2-iodopropane (0.51 mL, 0.866 g, 5.10 mmol) was added and
heating was continued. After 19 h additional 3 equivalents of 2-iodopropane (0.51 mL, 0.866 g, 5.10
mmol) were added and heating was continued for 24 h. The solvent was evaporated and CH2Cl2 (20
mL) was added. After filtration, the solvent was again evaporated, and the solids were washed with
EtOAc (3 x 20 mL) and Et2O (3 x 20 mL). A colorless solid was obtained. Yield: 99% (0. 851 g, 1.68 mmol).
1
H-NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 9.68 (s, 1H, NCHN), 8.20 (s, 2H, arom. CH), 7.52 (m, 4H,
arom. CH), 7.06 (m, 4H, arom. CH), 5.89 (s, 2H, bridgehead), 4.98 (sept, 2H, J = 6.7, NCH(CH3)2), 1.59
(d, 12H, J = 6.7, NCH(CH3)2). 13C{1H}-NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 144.4, 144.2, 138.3,
128.2, 125.5, 124.0, 109.2, 52.4, 50.6, 21.6. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C27H27N2+ [M –
I]+: m/z 379.2169, found: 379.2163. (-)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for I- [M – C27H27N2]-: m/z
126.9050, found: 126.9050.
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Scheme 6. Synthetic protocol for Tript-C≡C-H.

Conditions: i) pTsOHH2O, NaNO2, KI, CH3CN, 0 °C to 25 °C, 1.5 h, 85%; ii) TMS-acetylene, Pd(PPh3)2Cl2, CuI, PPh3, (iPr)2NH/toluene, 40 °C, 16 h, 85%; iii) TBAF, CH2Cl2, -78 °C to 25 °C, 1 h, 99%.

2-Iodotriptycene, Tript-I. 2-aminotriptycene (1.000 g, 3.71 mmol) was dissolved together with p-toluenesulfonic acid monohydrate (2.119 g, 11.14 mmol) in CH3CN (25 mL). The solution was cooled to 0
°C and NaNO2 (0.512 g, 7.43 mmol) and KI (1.541 g, 9.28 mmol) as a solution in H2O (4 mL) were added
dropwise under vigorous stirring. The cooling bath was slowly let warm to room temperature and the
reaction was quenched with H2O (10 mL), a saturated solution of NaHCO3 (until pH = 9–10). The mixture was extracted with an aqueous solution of Na2S2O3 (10 mL, 2M) and EtOAc (3 x 100 mL), dried
over MgSO4 and purified by column chromatography (CH2Cl2/hexane 1:5) on silica gel. A colorless solid
was obtained. Yield: 85% (1.205 g, 3.17 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.74 (d, 1H,
J = 1.6, arom. CH), 7.38 (dd, J = 5.3, 3.2, 4H, arom. CH), 7.33 (dd, 1H, J = 7.7, 1.7, arom. CH), 7.14 (d, 1H,
J = 7.7, arom. CH), 7.01 (dd, J = 5.3, 3.2, 4H, arom. CH), 5.38 (s, 1H, bridgehead), 5.37 (s, 1H, bridgehead). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 148.0, 145.4, 144.9, 144.6, 134.2, 132.7, 125.6,
125.5, 123.9, 90.0, 53.7. HR-EI-MS: calcd for C20H13I+ [M]+: m/z 380.0056, found: 380.0061.
2-(Trimethylsilylethynyl)-triptycene, Tript-C≡C-TMS. In a, with nitrogen gas, degassed mixture of diisopropylamine/toluene (12 mL, 1:5 v/v) 2-iodotriptycene (0.500 g, 1.31 mmol), Pd(PPh3)2Cl2 (0.046 g,
0.07 mmol), CuI (0.025 g, 0.13 mmol) and PPh3 (0.034 g, 0.13 mmol) were dissolved in a Young Schlenk.
Trimethylsilylacetylene (0.55 mL, 0.387 g, 3.94 mmol) was added and the solution was heated to 40 °C
for 16 h. Thereafter, the solvent was evaporated, and the crude was purified by column chromatography (CH2Cl2/hexane 1:10) on silica gel. A colorless solid was obtained. Yield: 85% (0.390 g, 1.11
mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.58 (d, 1H, J = 0.9, arom. CH), 7.42 (m, 4H, arom.
CH), 7.35 (d, 1H, J = 7.6, arom. CH), 7.18 (dd, 1H, J = 7.6, 1.4, arom. CH), 7.04 (m, 4H, arom. CH), 5.46
(s, 1H, bridgehead), 5.44 (s, 1H, bridgehead), 0.29 (s, 9H, CH3). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ
(ppm) = 145.9, 145.5, 144.9, 144.8, 129.2, 127.2, 125.4, 123.8, 123.6, 119.9, 105.5, 93.2, 54.0, 53.9,
0.2. IR (ATR, cm-1): ν(C≡C) = 2147. HR-EI-MS: calcd for C24H19Si+ [M – CH3]+: m/z 335.1251, found:
335.1252; calcd for C25H22Si+ [M]+: m/z 350.1491, found: 350.1478.
2-Ethynyl-triptycene, Tript-C≡C-H. 2-(Trimethylsilylethynyl)triptycene (0.500 g, 1.43 mmol) was dissolved in CH2Cl2 (25 mL). The solution was cooled to -78 °C and tetra-n-butylammonium fluoride (TBAF,
1.71 mL, 1.71 mmol, 1.0 M in THF) was dropwise added. After warming to room temperature, the
reaction was quenched with a saturated solution of NH4Cl (25 mL) and extracted with CH2Cl2 (3 x 50
mL). The crude was purified by column chromatography (CH2Cl2/hexane 1:5) on silica gel. A colorless
solid was obtained. Yield: 99% (0.393 g, 1.41 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.52
(d, 1H, J = 1.4, arom. CH), 7.40–7.38 (m, 4H, arom. CH), 7.33 (d, 1H, J = 7.6, arom. CH), 7.16 (dd, 1H, J =
7.6, 1.5, arom. CH), 7.02–7.00 (m, 4H, arom. CH), 5.43 (s, 1H, bridgehead), 5.41 (s, 1H, bridgehead),
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2.96 (s, 1H, terminal CH). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 146.3, 145.6, 144.9, 144.8,
129.5, 127.3, 125.5, 125.5, 123.9, 123.8, 123.7, 84.0, 76.3, 54.1, 53.9. IR (ATR, cm -1): ν(C≡C) = 2096. HREI-MS: calcd for C22H14+ [M]+: m/z 278.1090, found: 278.1080.
Scheme 7. Preparation of carbene precursor [c][HI].

Conditions: i) 2-aminotriptycene, Pd(OAc)2, NaOtBu, 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride, toluene, 120 °C, 22
h, 82%; ii) 1. HCl, Et2O, 25 °C, 10 min, 2. triethyl orthoformate, MW, 142 °C, 5 min, 93%.

N,N'-di-triptycen-2-yl-1,2-phenylenediamine, Ph(NHTript)2. Pd(OAc)2 (0.016 g, 0.07 mmol) was added
with NaOtBu (0.020 g, 0.21 mmol) and 1,3-bis(2,6-diisopropylphenyl)-imidazolium chloride (0.060 g,
0.14 mmol) into a Young Schlenk with, with nitrogen gas, degassed toluene (2 mL). After heating to 80
°C for a period of 1 h, 2-bromoiodobenzene (0.09 mL, 0.200 g, 0.71 mmol), 2-aminotriptycene (0.571
g, 2.12 mmol) and another portion of NaOtBu (0.238 g, 2.47 mmol) with degassed toluene (6 mL) was
added. The mixture was then heated to 120 °C and stirred for 22 h. After cooling to room temperature,
the crude was purified by column chromatography (hexane/EtOAc 3:1) on neutralized silica gel. A colorless solid was obtained. Yield: 82% (0.356 g, 0.58 mmol). 1H-NMR (400 MHz, DMSO-d6, 298 K): δ
(ppm) = 7.38, (dd, 4H, J = 6.7, 1.6, arom. CH), 7.29 (dd, 4H, J = 6.8, 1.6, arom. CH), 7.16 (d, 2H, J = 7.9,
arom. CH), 7.11 (dd, 2H, J = 5.9, 3.6, arom. CH), 7.04 (dd, 4H, J = 12.9, 2.2, arom. CH), 6.94 (pd, 8H, J =
7.2, 2.0, arom. CH), 6.87 (dd, 2H, J = 5.9, 3.5, arom. CH), 6.47 (dd, 2H, J = 7.9, 2.2, arom. CH), 5.45 (s,
1H, bridgehead), 5.40 (s, 1H, bridgehead). 13C{1H}-NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 146.1,
145.9, 145.3, 141.7, 135.9, 134.8, 124.8, 124.6, 123.8, 123.5, 123.2, 122.1, 120.5, 112.3, 111.7, 52.8,
51.8. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C46H33N2+ [M + H]+: m/z 613.2638, found: 613.2632.
1,3-Di-triptycen-2-yl-benzimidazolium chloride, [c][HCl]. N,N'-di-triptycen-2-yl-1,2-phenylenediamine
(0.317g, 0.52 mmol) was dissolved in Et2O (10 mL) and subsequently HCl gas was bubbled through the
solution for 10 min. The formed colorless precipitate was decanted and added into a microwave tube
together with triethyl orthoformate (1.72 mL, 1.533g, 10.35 mmol). The mixture was irradiated at 142
°C for 5 min. Cold Et2O (5 mL) was added to the resulting mixture and the obtained precipitate was
washed with additional portions of Et2O (3 x 20 mL). A colorless solid was obtained. Yield: 93% (0.318
g, 0.48 mmol). 1H-NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 10.32 (s, 1H, NCHN), 7.97 (d, 2H, J = 2.1,
arom. CH), 7.87 (m, 2H, arom. CH), 7.82 (d, 2H, J = 7.9, arom. CH), 7.70 (m, 2H, arom. CH), 7.53 (m,
10H, arom. CH), 7.06 (m, 8H, arom. CH), 5.89 (s, 2H, bridgehead), 5.86 (s, 2H, bridgehead). 13C{1H}-NMR
(101 MHz, DMSO-d6, 298 K): δ (ppm) = 147.9, 147.4, 144.6, 144.5, 142.9, 131.1, 129.7, 127.6, 125.4,
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125.4, 125.1, 124.0, 122.2, 120.8, 113.9, 52.3, 52.2. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C47H31N2+ [M – Cl]+: m/z 623.2482, found: 623.2484.
Scheme 8. Preparation of platinum precursor B.

Conditions: i) 2-Ehynyl-triptycene, Na0, EtOH, -30 °C to 25 °C, 3 h, 70%.

(COD)Pt(Tript-C≡C-H)2, B. Sodium (0.051 g, 2.21 mmol) was dissolved in EtOH (40 mL) under strong
evolution of H2 gas. 2-ethynyl-triptycene (0.700 g, 2.51 mmol) was then added and after 20 min, the
solution was cooled to -30 °C. (COD)PtCl2 (0.376 g, 1.00 mmol) was added to the cold solution and
slowly let it warm to room temperature. The crude was purified by column chromatography
(CH2Cl2/hexane 4:1) on silica gel. A pale-yellow solid was obtained. Yield: 70% (0.605 g, 0.69 mmol).
1
H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.39–7.36 (m, 10H, arom. CH), 7.27 (d, 2H, J = 7.6, arom.
CH), 7.01–6.99 (m, 10H, arom. CH), 5.57 (s, 4H, COD-CH), 5.40 (s, 2H, bridgehead), 5.37 (s, 2H, bridgehead), 2.50 (s, 8H, COD-CH2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 145.5, 145.5, 145.4,
144.1, 128.8, 127.4, 125.6, 124.0, 123.9, 123.6, 123.6, 108.0, 104.9, 95.4, 54.1, 30.7. Elemental analysis: calcd (%) for C52H38Pt: C 72.80, H 4.46; found: C 72.84, H 4.09%. IR (ATR, cm -1): ν(C≡C) = 2116. (+)HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C52H39Pt+ [M + H]+: m/z 858.2694, found: 858.2691; calcd for
C52H38NaPt+ [M + Na]+: m/z 880.2513, found: 880.2514.
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General procedure for the synthesis of trans-(NHC)2Pt(alkyne)2.
1 equiv. of the corresponding (COD)Pt(alkyne)2 was added together with 2 equiv. of carbene salt
[NHC][HX] and 2 equiv. of KOtBu into a Young Schlenk. After addition of THF (approx. 15 mM) the
reaction mixture was heated to 75 °C for 24 h. After cooling the crude products were purified by column chromatography on silica.
trans-(a)2Pt(C≡C-Ph)2, 1. An off-white solid was obtained. Yield: 24% (0.097 g, 0.12 mmol). 1H-NMR
(500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.65 (m, 4H, arom. CH), 7.23 (m, 4H, arom. CH), 7.01–6.91 (m, 10H,
arom. CH), 6.31 (sept, 4H, J = 7.0, NCH(CH3)2), 1.83 (d, 24H, J = 7.1, NCH(CH3)2). 13C{1H}-NMR (126 MHz,
CD2Cl2, 298 K): δ (ppm) = 180.5, 134.0, 131.2, 129.7, 128.0, 124.5, 122.1, 112.9, 105.8, 104.9, 53.6,
21.0. IR (ATR, cm-1): ν(C≡C) = 2099. Elemental analysis: calcd (%) for C42H46N4Pt: C 62.91, H 5.78, N 6.99;
found: C 63.17, H 5.75, N 6.90%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C42H47N4Pt+ [M + H]+: m/z
802.3443, found: 802.3448.
trans-(b)2Pt(C≡C-Ph)2, 2. An off-white solid was obtained. Yield: 13% (0.074 g, 0.06 mmol). 1H-NMR
(500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.67 (s, 4H, arom. CH), 7.43 (m, 8H, arom. CH), 7.02 (m, 8H, arom.
CH), 6.89 (m, 10H, arom. CH), 6.18 (sept, 4H, J = 7.0, NCH(CH3)2), 5.51 (s, 4H, bridgehead), 1.75 (d, 24H,
J = 7.1, NCH(CH3)2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 180.3, 145.6, 139.8, 131.3, 129.8,
127.8, 125.7, 124.3, 124.0, 108.6, 105.5, 104.8, 54.3, 53.7, 21.0. IR (ATR, cm -1): ν(C≡C) = 2101. Elemental analysis: calcd (%) for C70H62N4Pt  1/18 CH2Cl2: C 72.58, H 5.40, N 4.83; found: C 72.18, H 5.24,
N 4.71%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C70H63N4Pt+ [M + H]+: m/z 1154.4695, found:
1154.4699.
trans-(c)2Pt(C≡C-Ph)2, 3. An off-white solid was obtained. Yield: 9% (0.046 g, 0.03 mmol). 1H-NMR (500
MHz, CD2Cl2, 298 K): δ (ppm) = 7.89–6.84 (m, 66H, arom. CH), 5.55 (s, 1H, bridgehead), 5.54 (s, 1H,
bridgehead), 5.42 (s, 2H, bridgehead). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 147.3, 145.8,
145.8, 145.6, 145.5, 145.4, 145.3, 144.8, 135.8, 135.1, 131.9, 131.2, 130.1, 128.1, 125.8, 125.8, 125.7,
125.0, 124.8, 124.3, 124.2, 124.1, 124.0, 123.9, 123.4, 123.3, 122.2, 122.2, 111.5, 109.1, 54.2, 54.2. IR
(ATR, cm-1): ν(C≡C) = 2095. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C110H71N4Pt+ [M + H]+: m/z
1642.5321, found: 1642.5338; calcd for C111H75ON4Pt+ [M + H]+: m/z 1674.5583, found: 1674.5599.
trans-(a)2Pt(C≡C-Tript)2, 4. An off-white solid was obtained. Yield: 25% (0.085 g, 0.07 mmol). 1H-NMR
(500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.62 (m, 4H, arom. CH), 7.27 (m, 8H, arom. CH), 7.21 (m, 4H, arom.
CH), 7.02 (m, 4H, arom. CH), 6.92 (m, 8H, arom. CH), 6.63 (dd, 2H, J = 7.7, 1.3, arom. CH), 6.24 (sept,
4H, J = 7.1, NCH(CH3)2), 5.24 (s, 2H, bridgehead), 5.18 (s, 2H, bridgehead), 1.77 (d, 24H, J = 7.1,
NCH(CH3)2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 180.7, 145.8, 145.7, 144.9, 141.4, 134.0,
127.9, 126.6, 126.5, 125.4, 125.3, 123.8, 123.6, 123.1, 122.0, 112.9, 105.7, 103.6, 53.9, 53.8, 21.0. IR
(ATR, cm-1): ν(C≡C) = 2093. Elemental analysis: calcd (%) for C70H62N4Pt: C 72.83, H 5.41, N 4.85; found:
C 72.48, H 5.63, N 4.64%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C70H63N4Pt+ [M + H]+: m/z
1154.4695, found: 1154.4705.
trans-(b)2Pt(C≡C-Tript)2, 5. An off-white solid was obtained. Yield: 21% (0.055 g, 0.04 mmol). 1H-NMR
(500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.66 (s, 4H, arom. CH), 7.45 (m, 8H, arom. CH), 7.25 (dd, 4H, J =
6.3, 2.0, arom. CH), 7.19 (dd, 4H, J = 6.3, 2.0, arom. CH), 7.05 (m, 8H, arom. CH), 6.93– 6.87 (m, 12H,
arom. CH), 6.51 (dd, 2H, J = 7.7, 1.5, arom. CH), 6.12 (sept, 4H, J = 7.1, CH(CH3)2), 5.53 (s, 4H, bridgehead), 5.19 (s, 2H, bridgehead), 5.09 (s, 2H, bridgehead), 1.69 (d, 24H, J = 7.1, CH(CH3)2). 13C{1H}-NMR
(126 MHz, CD2Cl2, 298 K): δ (ppm) = 180.5, 145.8, 145.7, 145.7, 144.7, 141.2, 139.7, 131.4, 128.0, 126.9,
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126.6, 125.7, 125.3, 125.2, 124.0, 123.8, 123.6, 123.0, 108.6, 105.4, 103.5, 103.4, 54.3, 53.9, 53.9, 53.7,
21.0. IR (ATR, cm-1): ν(C≡C) = 2094. Elemental analysis: calcd (%) for C98H78N4Pt  ⅙ CH2Cl2: C 77.40, H
5.19, N 3.68; found: C 77.05, H 5.06, N 3.41%.
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10.2 Supporting Information
10.2.1 Crystallographic Data
10.2.1.1 Experimental
Single crystal X-ray diffraction data were collected at 160(1) K on a Rigaku OD SuperNova/Atlas areadetector diffractometer using Cu Kα radiation (λ = 1.54184 Å) from a micro-focus X-ray source and an
Oxford Instruments Cryojet XL cooler. The selected suitable single crystal was mounted using polybutene oil on a flexible loop fixed on a goniometer head and immediately transferred to the diffractometer. Pre-experiment, data collection, data reduction and analytical absorption correction[1] were
performed with the program suite CrysAlisPro.[2] Using Olex2,[3] the structure was solved with the
SHELXT[4] small molecule structure solution program and refined with the SHELXL2018/3 program
package[5] by full-matrix least-squares minimization on F2. PLATON[6] was used to check the result of
the X-ray analysis. For more details about the data collection and refinement parameters, see the CIF
file.
10.2.1.2 Special features
The molecule lies on a center of inversion.
Table S6. Crystal data and structure refinements for 4.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°C
β/°C
γ/°C
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°C
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

4
C70H62N4Pt  2 CH2Cl2
1324.17
160(1)
monoclinic
P21/c
19.0620(2)
8.10260(10)
20.9470(2)
90
104.5320(10)
90
3131.80(6)
2
1.404
6.103
1344.0
0.1 × 0.08 × 0.02
CuKα (λ = 1.54184)
8.722 to 148.964
-23 ≤ h ≤ 23, -10 ≤ k ≤ 9, -18 ≤ l ≤ 26
32584
6393 [Rint = 0.0186, Rsigma = 0.0126]
6393/18/390
1.040
R1 = 0.0195, wR2 = 0.0487
R1 = 0.0223, wR2 = 0.0509
1.06/-0.49
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10.2.2 Photophysical Data

Figure S17. Normalized emission spectra of 1–5 in PMMA thin films at doping concentrations of 5 wt% (left) and 10 wt%
(right), recorded at 298 K.

Figure S18. Impact of increasing doping concentration in PMMA thin films on kr (top left), knr (top right), kr/knr (bottom left)
and on the PLQY (bottom right), recorded at 298 K.

10.2.3 Experimental Details
All manipulations requiring inert atmosphere were carried out using standard Schlenk techniques under N2 gas. 1H-, and 13C{1H}-NMR spectra were performed using Bruker 400 MHz and 500 MHz spectrometers. Chemical shifts (δ) are given in parts per million (ppm). Residual proton ( 1H-NMR experiments) and carbon (13C-NMR experiments) solvent peaks were used as internal standards referenced
to tetramethylsilane (δ 0.00 ppm). Coupling constants (J) are reported in Hertz (Hz) using the following
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abbreviations for signal multiplicities: s (singlet); d (doublet); sept (septet); m (multiplet). The assignments were done either with routine 1D or 2D NMR spectroscopies. For TLC analysis, pre-coated Merck
Silica Gel60F254 slides were used and visualization was done by luminescence quenching either at 254
nm or 365 nm. Column chromatographic purification (length 15.0 cm: diameter 1.5 cm) of the products
was accomplished with silica gel 60, 230–400 mesh. The UV/Vis absorption measurements were performed on an Agilent Technologies Cary 8454 UV/Vis spectrometer. Emission spectra were recorded
on an Edinburgh FLS980 spectrometer. As excitation source, a 450 W Xenon lamp was used to excite
at the lowest-energy absorption maxima with an excitation slit width of 3–5 nm and emission slit width
of 5–10 nm. Absolute quantum yields φem were measured using a F-M01 integrating sphere assembly
at 298 K (estimated uncertainty ± 15 %; with YAG:Ce powder as calibration reference: φem = 97 %).
Phosphorescence lifetimes τ were measured with the Edinburgh 60 W microsecond flashlamp (mF2),
and single monochromators. Cyclic voltammetry measurements were performed with a Methrom Autolab PGSTAT302N potentiostat using a glassy carbon electrode (d = 2mm) with platinum coated titanium rods as counter and pseudo-reference electrodes. The measurements were performed at concentrations of 1 mM in argon purged DMF with 0.1 M [nBu4N][PF6] as electrolyte, using a glassy carbon
working electrode. The scan rate was 100 mV and voltammograms (E0) were referenced versus Fc+/ Fc.
HR-EI-MS: High-resolution mass spectrometry was performed on a DFS double-focusing (BE geometry)
magnetic sector mass spectrometer (ThermoFisher Scientific). Perfluorokerosene (PFK, Fluorochem,
Derbyshire, UK) served for calibration. High-resolution electrospray mass spectra (HR-ESI-MS) were
recorded on a maXis QTOF-MS instrument (Bruker Daltonics GmbH) or on a QExactive instrument
(ThermoFisher Scientific) equipped with a heated electrospray (ESI) ionization source and connected
to a Dionex Ultimate 3000 UHPLC system (ThermoFischer Scientific). IR spectra were recorded on a
Nicolet iS5 FTIR Spectrometer (Thermo Scientific) equipped with an iD5 Attenuated Total Reflectance
(ATR) accessory consisting of a black diamond/ZnSe crystal.
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11.1 Manuscript
11.1.1 Abstract
Five novel luminescent trans-N-heterocyclic carbene platinum(II) bis-acetylide main-chain polymers
are synthesized. Variations of the aryl-acetylide (–C≡C–R; R = phenyl (2a), triptycen-2-yl (2b), 3,6bis(trifluoromethyl)phenyl (2c), 9,9-dimethyl-9H-fluoren-2-yl (2d), dibenzofuran-3-yl (2e)) ancillary ligands allow emission wavelength tuneability. 2a shows a deep blue (432 nm) emission, which is the first
deep blue phosphorescent polymer. The small-angle neutron scattering (SANS) experiments performed on the polymers identified the structure of the polymers to resemble a rigid-rod cylinder in the
case of shorter chains and a long flexible cylinder for the polymers with longer chain lengths.
11.1.2 Introduction
The discovery of electroluminescence from conjugated polymers has led to the development of intense interest in the field of polymer optoelectronics. Luminescent conjugated polymers are promising
active materials for applications in organic light-emitting diode (OLED) devices, organic photovoltaics
(OPV) and sensor devices. In comparison to the vast number of fluorescent conjugated polymers with
high luminescence efficiencies with a myriad of applications, the applications of polymers possessing
emission resulting from the triplet excited state have been considerably lagging behind. This can be
attributed to the deleterious properties of the polymers resulting from the presence of a metal center
leading to poor solubility in organic solvents, low emission efficiencies and non-emissive nature in thin
films.[1-3] Owing to the emission from the triplet state, the metallopolymers can have applications in
light emitting devices offering solution processable and flexible devices. Previous investigations of
phosphorescent materials include phosphors as pendant groups on both traditional vinyl[4-7] and conjugated polymer with a small percentage of cyclometalated Ir(III)[8, 9] and Pt(II)[10-13] complexes in the
backbone as well as the detailed photophysical study of several different π-conjugated oligo(arylene
ethynylene)s containing transition metal complexes[14-17] (Figure 38).
N-Heterocyclic carbenes (NHC) have been previously utilized to make main chain conjugated organometallic polymers (COMPs), however there are no reports of luminescent polymers based on N-heterocyclic carbenes. The benefit of these type of NHC-based COMPs is the high metal content with its
strong spin-orbit coupling (SOC) which facilitates efficient intersystem-crossing (ISC) hence favoring
theoretical internal quantum efficiency of up to 100%.[18, 19] Studies by Swager and co-workers also
have shown that conjugation can enhance the exciton migration efficiency over the polymer, leading
to an increased quantum efficiency via Dexter energy transfer occurring through bonds.[20] Moreover,
the luminescent metallopolymers reported until now predominantly emit in the green or red part of
the electromagnetic spectrum.[7, 9, 17, 21] Owing to the good σ-donor properties of NHCs, the carbene
ligands play a significant role by effectively preventing the thermal access to metal-centered d-d states
by pushing these to higher energies than the non-emissive d-d states.
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Figure 38. General structures of known phosphorescent organometallic polymers (black) and the structure of the discussed
polymers in this work (blue).

We hypothesized that polymers of the type bearing ditopic bis-N-heterocyclic carbene (Janus-type)
and various trans-platinum(II) bisalkynes will allow for tuning the emission properties across the visible
spectrum. In this study we report the preparation of the first NHC containing, emission color tunable,
phosphorescent platinum(II) acetylide polymers that exhibit phosphorescence at 77 K, in solution at
room temperature and in blade coated thin films (Scheme 9). To the best of our knowledge this work
represents the first example of a deep blue emitting phosphorescent polymer at room temperature in
solution and thin films. The widely tunable phosphorescence emission properties from deep blue to
green emission of the polymers in solution and in thin films highlights the potential for utilization of
these class of phosphorescent polymers of OLEDs, OPVs and sensor applications.
Scheme 9. Preparation of the polymers 2a–2e.

Conditions: i) 1. NaH, toluene, 110 °C, 1h. 2. 1-iodododecane, 110 °C, 19 h. 3. DMF, 110 °C, 5 h, 72%. ii) NaOtBu, A, THF,
90 °C, 21 h.

149

Chapter III: Luminescent Platinum(II) and Gold(I) Main-Chain Polymers

11.1.3 Results & Discussion
Synthesis and characterization. The carbene precursor A was prepared by a proton substitution, followed by a quaternization on the four nitrogen atoms of benzo-bis(imidazole) with an excess of 1iodododecane. A characteristic downfield shift of the aromatic CH protons of the benzo-bis(imidazole)
in combination with a strong shift of the NCHN proton in 1H-NMR gives evidence for the formation of
A. The aryl-acetylene ligands were prepared by Sonogashira cross-coupling reactions of the aryl-halides and trimethylsilylacetylene, followed by a TMS-deprotection to obtain the terminal alkynes (see
Scheme S1–Scheme S3 in the Supporting Information). The platinum precursors 1a–1e were prepared
following a well-established substitution reaction of the chloride at the (COD)PtCl2 (COD = 1,5-cyclooctadiene) with the corresponding sodium-acetylide (see Scheme S4 in the Supporting Information). Extensive characterization was done by 1H-NMR, 13C-NMR, 19F-NMR, IR and HR-ESI-MS. A downfield shift
of the platinum-bound acetylide carbon signals of approximately 20–30 ppm was observed in comparison to the free ligands. The IR stretching frequencies of the C≡C bond show a shift of approximately
10-20 cm-1 from the free ligands (approx. 2100 cm-1) to the platinum complexes (approx. 2115 cm-1).
Furthermore, bulk purity of the complexes was confirmed by elemental analysis and a single crystal
suitable for X-ray diffraction was obtained for 1d by slow diffusion of hexane into a concentrated solution of the complex in CH2Cl2 (see Figure S19 and Table S7 for further information).
Polymerization was carried out according to a previously reported procedure for mononuclear complexes by our group, modified using the Janus-type NHC A with the corresponding platinum precursor
(1a–e) in the presence of NaOtBu in THF at 90 °C (Scheme 9).[22] After precipitating the polymers 2a–e
in MeOH, they were characterized by gel permeation chromatography (GPC). Number average molecular weights (Mn) of 6544 to 8340 g mol-1 were obtained with polydispersity indices (PDI) of 1.56 to
1.77 (Table 9). Using the molecular weights per repeat units (M0) the degree of polymerization (DPn)
of 2a–e was determined to be ≈5–6. For further control of the molecular weight, a chain transfer agent
(CTA) was used. As shown in Scheme S5 (in the Supporting Information), platinum precursor 1a was
reacted in the same manner with A but in a ratio of 1:10 with 1,3-dibenzyl-1H-benzimidazol-3-ium
bromide to form 3a. GPC estimates showed Mn of only 4116 with a DPn of 3.3.
Table 9. Physical properties of polymers 2a–2e and 3a.

Polymer

Mn a (Da)

PDI a

Td (°C)

2a
7249
1.77
273
2b
7225
1.56
260
2c
8340
1.64
249
2d
6544
1.61
248
2e
8159
1.66
252
3a
4116
1.39
273
a
referenced against a polystyrene standard

1

77 K
432
443
452
483
500
431

λmax (nm)
CH2Cl2
439
452
457
489
505
438

Neat film
438, 633
451, 625
455
488, 630
505, 635
438, 614

H-NMR studies of the polymers show broad signals, indicative for polymeric structures. What is striking is that the aliphatic protons show a much larger integration compared to the aryl protons. One
explanation could be the formation of certain degree of carbene homocoupling in the main-chain
which would separate the neighboring metal centers and reduce the amount of platinum in the polymer (Figure 39). Furthermore, a conclusive end-capping unit determination is not possible. It can be
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assumed, that neutral MeOH molecules complete the four-fold coordination environment at the platinum centers, as a result of termination of the polymerization. Further structural and chemical composition investigations need to be performed to confirm the absolute structures.

Figure 39. Proposed general structure of the obtained polymers, involving a certain number of homocoupled NHC bridging
the two adjacent platinum centers.

Photophysical properties. Detailed optical characteristics of bis N-heterocyclic carbene platinum(II)
bisalkyne polymers were studied at 77 K frozen glass, in deaerated CH2Cl2 solution at 298 K and as
amorphous films on glass substrates (Table S8 in the Supporting Information). Strong absorption maxima were observed in the range of 330–337 nm assigned as metal-perturbated ligand-to-ligand (1LLCT)
πalkyne-πNHC* with metal-to-ligand (1MLCT) 5d-πNHC* transition participation, which are bathochromically shifted compared to the parent mononuclear compound (315 nm), trans-(dbim)2Pt(C≡C-Ph)2, previously reported by Venkatesan and co-workers (Figure 40 and Figure S20 in the Supporting Information).[22]

Figure 40. Previously reported mononuclear complex used as a model compound.[22]

The red shift could be a result of a more conjugated NHC system, mentioned above, due to the homocoupling during the course of the polymerization. Additionally, a higher energy absorption band with
a lower intensity was observed in the range of 275–285 nm. These bands are ascribed to metal perturbed intraligand (1ILCT) πalkyne-πalkyne* transitions of the acetylide chromophore. The photoluminescence spectra in deaerated CH2Cl2 and in amorphous thin films are depicted in Figure 41. The emission
profiles of 2a and 3a are both at 77 K in frozen 2-MeTHF glass and in CH2Cl2 solution identical to the
monomer previously reported by our group (Figure S21 in the Supporting Information).[22] They show
a strong and narrow deep blue emission peak at 438 nm in CH2Cl2 followed by a rapidly decreasing
shoulder (Figure 41, left). The emission profile shape is typical for this kind of trans-(NHC)2Pt(acetylide)2 complexes, comprising of a high energy 0-0 transition, followed by a weaker 0-1 vibronic band.
To the best of our knowledge this is the first report of a deep blue emitting trans-(NHC)2Pt(II) bisalkyne
COMP. A major improvement towards known bluish phosphorescent polymers is the absence of F atoms, which can be detrimental for device stabilities.[9] By varying the electronic nature of the acetylide
from a phenyl group to more electron rich phenyl-derivatives, the emission color could be shifted to a
maximum at 505 nm in the case of 9,9-dimethylfluorene (2e). Despite the electron withdrawing CF3
groups in 2c, the emission maximum is bathochromically shifted compared to 2a, which is opposite in
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trend to previously reported 3,5-bis(trifluoromethyl)phenylacetylide substituted Pt(II) complexes.[23, 24]
It can be anticipated that by further designing more donating aryl-alkynyl systems a precise control of
emission color can be achieved. For poly(phenyleneethynylene)-based COMPs, tuneability towards
higher energy emission implicate major difficulties due to their extended conjugation of the chromophore unit in the polymer. Amorphous films coated on a glass substrate also show a narrow peak followed by a more dominating shoulder compared to the CH2Cl2 solution measurements (Figure 41, right
and Figure S22 Supporting Information).

Figure 41. Normalized photoluminescence spectra of 2a–e and 3a in deaerated CH2Cl2 recorded at 298 K (left); Normalized
emission spectra of 2a–c of amorphous films, prepared by evaporation of CHCl3 of a polymer solution on a glass substrate
(right).

Depending on the steric and electronic nature of the acetylide a second low-energy emission maximum
appears at 625–635 nm. In the case of polymer 2b this dual emission as a neat film yields in a white
light emission with CIE chromaticity coordinates of (0.33, 0.32) (Figure 42 and Table S9 in the Supporting Information). This band is postulated to arise from the π-stacking nature of the alkyne ligands,
hence possessing the ability of forming interchain interactions which lead to aggregates or excimerlike behavior in the solid as already previously reported by Schanze and co-workers as well as by Tsuji
and co-workers.[14, 15] Nevertheless, the additional red shifted emission band originates from the same
ground state species as the peak appearing at higher energy, which was confirmed by excitation spectra recorded at the two emission maxima (λem) (Figure S23 in the Supporting Information).

Figure 42. CIE plots of 2a–2e and 3a at 77 K in 2-MeTHF (left), in CH2Cl2 solution at 298 K (middle) and as neat films (right).
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Previously reported white light emitting polymers consist of a mixture of different chromophores such
as blue and yellow, or blue green and red in the backbone or as pendant groups in a vinyl type polymer.[25-28] Comparison of the steric demand of the alkyne in 2a and 2b indicates that this effect is relatively severe and can be reduced by introduction of a more bulky triptycene moiety. In the case of 2c,
the electronic nature accompanied with the steric demand of a CF3 group might be sufficient to lead
to a stronger repulsion of the individual polymer chains leading to the absence of a second low energy
emission peak. Evidence for the assignment of the emissions to be of phosphorescent nature is confirmed from 1) a Stokes-shift of more than 100 nm, 2) lifetimes in the lower microsecond region and
3) the absence of emission in aerated solution, due to triplet oxygen quenching. The lifetimes measured in CH2Cl2 solution (1–28 μs) are in the typical lower microsecond time range as already reported
for similar mononuclear Pt(II) frameworks.[22, 29] These polymers also show a lower lifetime in the solid
state (0.17–0.39 μs) which is assumed to arise from the interchain aggregation and/or possible triplettriplet annihilation.[14, 15]
Electrochemical properties. Furthermore, electrochemical studies were performed by cyclic voltammetry (Table 10 and Figure S24 in the Supporting Information). The voltammograms were recorded in
a CH2Cl2 solution containing 0.1 M [nBu4][PF6] as supporting electrolyte. All polymers showed an irreversible reduction at -1.38 V to -1.53 V and an irreversible oxidation event at +0.54 V to +0.73 V. A
decrease in ΔE = Eox-Ered could be observed from 2a (+2.14 V) to 2e (+2.00 V) consistent with the shrinking HOMO-LUMO gap observed in the luminescence studies. The oxidation potentials of 2a (+0.71 V)
and 3a (+0.73 V) are in the same range as the parent trans-(dbim)2Pt(C≡C-Ph)2 (+0.77 V[22]), providing
evidence for the structural conformation at the platinum center. In contrast to the results obtained in
this study, the parent compound and its derivatives, show only an oxidation, located on the electron
rich acetylide ligand, whereas a reduction event is absent. The observed supplementary reduction
event in the polymers is tentatively assigned to the ditopic ligand. Further studies are required to confirm this assignment.
Table 10. Cathodic (Ered) and anodic (Eox) peak potentials of 2a–2e and 3a.

Polymer
2a
2b
2c
2d
2e
3a

Ered, irrev (V)
-1.43
-1.53
-1.49
-1.41
-1.38
-1.45

Eox, irrev (V)
+0.71
+0.54
+0.56
+0.64
+0.62
+0.73

ΔE = Eox-Ered (V)
+2.14
+2.07
+2.05
+2.04
+2.00
+2.18

SANS experiments. Small-angle neutron scattering (SANS) is a powerful technique used for studying
the sizes and structures of materials on the nanoscale domain. This technique is ideal for investigating
the structural properties of polymers in solution primarily due to the highly penetrating nature of neutrons, good contrast and the use of the contrast variation method.[30] In order to explore the solution
structures of the six polymers, SANS measurements were performed on 10 mg/mL and 5 mg/mL solutions in CD2Cl2. Figure 43 (left) shows the overlaid plots of the SANS measurements.
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Figure 43. SANS data of 10 mg/mL Pt polymers in CD2Cl2 (left), plotted offset and including fits (right).

It is evident that there are significant differences in intensity and shape in the Guinier region at low
scattering vectors (q). Since the contrast between the different polymers and the solvent is similar, an
increased intensity signifies larger structures, where 3a forms the smallest structures, followed by 2b
and 2c, then 2a, 2e and finally the largest structure is formed by 2d.
To quantify the structural differences, the SANS curves were fitted to the cylinder model. This model
describes a rigid circular cylinder with uniform scattering length density and provides a measure of the
radius (R) and contour length (L) of the polymer chain.[31] Most of the polymer data are well described
by this model, see fitted curves in Figure 43 (right), except for 2d and 2e. These two samples with the
largest structures did not meet the characteristics of a simple rigid cylinder, however, the two datasets
were well described by the flexible cylinder model.[32, 33] This model provides the form factor of a semiflexible Gaussian chain with a non-negligible circular cross section which accounts for excluded volume interactions. Based on this model, the radius (R), contour length (L) and Kuhn length (b) of the
polymer chain are listed in Table 11. The fit parameters for the 5 mg/mL solutions were identical within
error bars, which confirms that the 10 mg/mL solutions were dilute enough not to show any interparticle interaction effects in the scattering curves.
Table 11. Parameters obtained by fitting the SANS data to the cylinder or flexible cylinder model.

Polymer
2a
2b
2c
2d
2e
3a

Radius [Å]
14.7 ± 0.1
15.2 ± 0.1
15.2 ± 0.1
15.1 ± 0.1
14.0 ± 0.1
13.1 ± 0.1

Contour Length [Å]
238 ± 2
166 ± 2
169 ± 2
613 ± 6
281 ± 2
70 ± 1

Kuhn Length [Å]
70 ± 2
127 ± 4
-

Chi2
4.2
1.8
1.5
6.4
2.5
1.5

The molecular weight of each polymer was then calculated according to the method described Glatter
and co-workers using Equation 10, where M is the molecular weight,

dΣ(0)
dΩ

(cm-1) is the extrapolated

forward intensity at q = 0, c (g cm-3) is the concentration, NA is Avogadro’s number, Δ𝜌𝑀 = ∆𝜌𝜈̅ (cm g1
) is the scattering length density difference and 𝜈̅ (cm3 g-1) is the specific volume of the polymer.[34]
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𝑀=

dΣ(0) 𝑁𝐴
(
2)
dΩ 𝑐 Δ𝜌𝑀

Equation 10

Under the assumption that the partial specific volume 𝜈̅ is close to 1 (density 1.00 ± 0.05 g cm-3) for all
polymers, the (intensity weighted) average molecular weight per polymer was calculated, and the degree of polymerization for each polymer was obtained by dividing the total molecular weight by that
of the corresponding monomer unit. The polymer chain length was obtained based on the degree of
polymerization and an estimated monomer length of 10.0 Å. The molecular weight data is summarized
in Table 12. There is good agreement between the obtained estimated contour lengths using this approach with those obtained by the model fit, which confirms that these polymers in solution are indeed
well described by rigid cylinders for the shorter polymers, and flexible cylinders for the two longest
polymers. It should be noted that although the molecular weight has been determined, there is a discrepancy to the results obtained by GPC. Usually, it is not estimated by SANS measurements.
Table 12. Molecular weights, polymerization degree and estimated contour lengths of each polymer estimated by SANS.

Polymer
2a
2b
2c
2d
2e
3a

Molecular weight [103 g mol-1]
35.7 ± 4.3
21.9 ± 3.0
22.0 ± 3.0
88.2 ± 11.6
40.4 ± 5.1
7.1 ± 0.8

Polymerization degree
29.0 ± 3.5
13.9 ± 1.9
14.6 ± 2.0
62.5 ± 8.2
27.6 ± 3.5
5.8 ± 0.7

Estimated Contour Length [Å]
290 ± 35
139 ± 19
146 ± 20
625 ± 82
276 ± 35
58 ± 7

11.1.4 Conclusion
By combination of a previously reported procedure of Venkatesan and co-workers, to form trans(NHC)2Pt(acetylide)2 and a polymerization method developed by Bielawski and co-workers, to obtain
NHC-based organometallic polymers, five new luminescent platinum(II) main-chain polymers were
prepared. Investigation of the emissive properties revealed a strong correlation to previously reported
small molecules. This opens the possibility to fine tune the luminescence properties, which could be
demonstrated by modification of the ancillary acetylide ligands. Polymer 2a showed an emission wavelength of 439 nm in solution, which represents to the best of our knowledge the first deep blue phosphorescent. Moreover, all polymers displayed emission from blade coated samples on quartz substrate. The emission peaks remained the same, but except for 2c all complexes exhibited a low energy
emission band attributed to interchain aggregates. This was also confirmed by a decrease in excited
state lifetime, assumed to arise from a more dominant contribution of metal–metal-to-ligand charge
transfer. The SANS experiments performed on the different polymers identified the structure of the
polymers to resemble a rigid-rod cylinder in the case of shorter chains and a long flexible cylinder for
the polymers with longer chain lengths.
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11.2 Supporting Information
11.2.1 Experimental Details
All manipulations requiring inert atmosphere were carried out using standard Schlenk techniques under N2 gas. 1H-, 13C{1H}- and 19F-NMR spectra were performed using Bruker 400 MHz and 500 MHz
spectrometers. Chemical shifts (δ) are given in parts per million (ppm). Residual proton (1H-NMR experiments) and carbon (13C-NMR experiments) solvent peaks were used as internal standards referenced to tetramethylsilane (δ 0.00 ppm). Fluorine (19F-NMR experiments) spectra were referenced to
CFCl3 (δ 0.00 ppm). Coupling constants (J) are reported in Hertz (Hz) using the following abbreviations
for signal multiplicities: s (singlet); d (doublet); t (triplet); m (multiplet). The assignments were done
either with routine 1D or 2D NMR spectroscopies. For TLC analysis, pre-coated Merck Silica Gel60F254
slides were used and visualization was done by luminescence quenching either at 254 nm or 365 nm.
Column chromatographic purification (length 15.0 cm: diameter 1.5 cm) of the products was accomplished with silica gel 60, 230–400 mesh. The UV/Vis absorption measurements were performed on an
Agilent Technologies Cary 8454 UV/Vis spectrometer. Emission spectra were recorded on an Edinburgh
FLS980 spectrometer. As excitation source, a 450 W Xenon lamp was used to excite at the lowestenergy absorption maxima with an excitation slit width of 3–5 nm and emission slit width of 5–10 nm.
Absolute quantum yields em were measured using a F-M01 integrating sphere assembly at 298 K (estimated uncertainty ± 15 %; with YAG:Ce powder as calibration reference: em = 97 %). Phosphorescence lifetimes  were measured with an Edinburgh 60 W microsecond flashlamp (mF2), and single
monochromators. Cyclic voltammetry measurements were performed with a Methrom Autolab
PGSTAT302N potentiostat using a glassy carbon electrode (d = 2mm) with platinum coated titanium
rods as counter and pseudo-reference electrodes. Thermo gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were done using a NETZSCH STA 449 F3 Jupiter® instrument and samples
with known heat of fusion (In: ΔH = 28.6 J/g, Bi: ΔH = 53.1 J/g, Sn: ΔH = 60.5 J/g, Au: ΔH = 63.7 J/g, Ag:
ΔH = 104.6 J/g, Al: ΔH = 397.0 J/g). HR-EI-MS: High-resolution mass spectrometry was performed on a
DFS double-focusing (BE geometry) magnetic sector mass spectrometer (ThermoFisher Scientific). Perfluorokerosene (PFK, Fluorochem, Derbyshire, UK) served for calibration. High-resolution electrospray
mass spectra (HR-ESI-MS) were recorded on a maXis QTOF-MS instrument (Bruker Daltonics GmbH) or
on a QExactive instrument (ThermoFisher Scientific) equipped with a heated electrospray (ESI) ionization source and connected to a Dionex Ultimate 3000 UHPLC system (ThermoFischer Scientific). IR spectra were recorded on a Nicolet iS5 FTIR Spectrometer (Thermo Scientific) equipped with an iD5 Attenuated Total Reflectance (ATR) accessory consisting of a black diamond/ZnSe crystal. The GPC data was
recorded using a Hewlett-Packard series 1100 setup, equipped with an Agilent 1100 Series refractive
index detector (RID) detector. The column used was a PLgel 5μm MIXED-C with polystyrene standards
in THF.

All starting materials were obtained from commercial suppliers and used as received unless otherwise
stated. Chemicals that were used are of reagent grade and the solvents for synthesis were of analytical
grade.
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11.2.2 Experimental Section
Scheme S1. Preparation of ligand b-1.

2-Iodotriptycene, b-3. 2-aminotriptycene (1.000 g, 3.71 mmol) was dissolved together with p-toluenesulfonic acid monohydrate (2.119 g, 11.14 mmol) in CH3CN (25 mL). The solution was cooled to 0
°C and a solution containing NaNO2 (0.512 g, 7.43 mmol) and KI (1.541 g, 9.28 mmol) in H2O (4 mL) was
added dropwise under vigorous stirring. The cooling bath was slowly let to warm to room temperature
and the reaction was quenched with H2O (10 mL) and followed it with a saturated solution of NaHCO3
(until pH = 9–10). The mixture was extracted with Na2S2O3 (10 mL, 2M) and EtOAc (3 x 100 mL), dried
over MgSO4 and purified by column chromatography (CH2Cl2/hexane 1:5) on silica gel. A colorless solid
was obtained. Yield: 43% (1.521 g, 4.00 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.74 (d, 1H,
J = 1.6, arom. CH), 7.38 (dd, J = 5.3, 3.2, 4H, arom. CH), 7.33 (dd, 1H, J = 7.7, 1.7, arom. CH), 7.14 (d, 1H,
J = 7.7, arom. CH), 7.01 (dd, J = 5.3, 3.2, 4H, arom. CH), 5.38 (s, 1H, bridgehead), 5.37 (s, 1H, bridgehead). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 148.0, 145.4, 144.9, 144.6, 134.2, 132.7, 125.6,
125.5, 123.9, 90.0, 53.7. HR-EI-MS: calcd for C20H13I+ [M]+: m/z 380.0056, found: 380.0061.
2-(Trimethylsilylethynyl)-triptycene, b-2. In a, with nitrogen gas, degassed mixture of diisopropylamine/toluene (12 mL, 1:5 v/v) b-3 (0.500 g, 1.31 mmol), Pd(PPh3)2Cl2 (0.046 g, 0.07 mmol), CuI (0.025
g, 0.13 mmol) and PPh3 (0.034 g, 0.13 mmol) were dissolved in a Young Schlenk. Trimethylsilylacetylene
(0.55 mL, 0.387 g, 3.94 mmol) was added and the solution was heated to 40 °C for 16 h. Thereafter,
the solvent was evaporated, and the crude was purified by column chromatography (CH2Cl2/hexane
1:10) on silica gel. A colorless solid was obtained. Yield: 85% (0.390 g, 1.11 mmol). 1H-NMR (400 MHz,
CDCl3, 298 K): δ (ppm) = 7.58 (d, 1H, J = 0.9, arom. CH), 7.42 (m, 4H, arom. CH), 7.35 (d, 1H, J = 7.6,
arom. CH), 7.18 (dd, 1H, J = 7.6, 1.4, arom. CH), 7.04 (m, 4H, arom. CH), 5.46 (s, 1H, bridgehead), 5.44
(s, 1H, bridgehead), 0.29 (s, 9H, CH3). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 145.9, 145.5,
144.9, 144.8, 129.2, 127.2, 125.4, 123.8, 123.6, 119.9, 105.5, 93.2, 54.0, 53.9, 0.2. IR (ATR, cm-1): ν(C≡C)
= 2147. HR-EI-MS: calcd for C24H19Si+ [M – CH3]+: m/z 335.1251, found: 335.1252; calcd for C25H22Si+
[M]+: m/z 350.1491, found: 350.1478.
2-Acetylene-triptycene, b-1. b-2 (0.500 g, 1.43 mmol) was dissolved in CH2Cl2 (25 mL). The solution was
cooled to -78 °C and tetra-n-butylammonium fluoride (TBAF, 1.71 mL, 1.71 mmol, 1.0 M in THF) was
dropwise added. After warming the reaction mixture to room temperature, it was quenched with a
saturated solution of NH4Cl (25 mL) and extracted with CH2Cl2 (3 x 50 mL). The crude was purified by
column chromatography (CH2Cl2/hexane 1:5) on silica gel. A colorless solid was obtained. Yield: 99%
(0.393 g, 1.41 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.52 (d, 1H, J = 1.4, arom. CH), 7.40–
7.38 (m, 4H, arom. CH), 7.33 (d, 1H, J = 7.6, arom. CH), 7.16 (dd, 1H, J = 7.6, 1.5, arom. CH), 7.02–7.00
(m, 4H, arom. CH), 5.43 (s, 1H, bridgehead), 5.41 (s, 1H, bridgehead), 2.96 (s, 1H, terminal CH). 13C{1H}NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 146.3, 145.6, 144.9, 144.8, 129.5, 127.3, 125.5, 125.5, 123.9,
123.8, 123.7, 84.0, 76.3, 54.1, 53.9. IR (ATR, cm-1): ν(C≡C) = 2096. HR-EI-MS: calcd for C22H14+ [M]+: m/z
278.1090, found: 278.1080.
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Scheme S2. Preparation of ligand d-1.

3-(Trimethylsilylethynyl)-dibenzofuran, d-2. 3-bromo-dibenzofuran (1.000 g, 4.05 mmol), Pd(PPh3)2Cl2
(0.142 g, 0.20 mmol) and CuI (0.077 g, 0.40 mmol) were into a Young Schlenk together with, with nitrogen gas, degassed NEt3 (10 mL). Trimethylsilylacetylene (0.69 mL, 0.477 g, 4.86 mmol) was added
and the mixture was heated to 80 °C for 18 h. After evaporation of the solvent the crude was purified
by column chromatography (hexane) on silica gel. A colorless solid was obtained. Yield: 95% (1.012 g,
3.83 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.93 (dq, 1H, J = 7.7, 0.6, arom. CH), 7.86 (dd,
1H, J = 8.0, 0.4, arom. CH), 7.67 (br. s, 1H, arom. CH), 7.57 (d, 1H, J = 8.2, arom. CH), 7.49–7.45 (td, 1H,
J = 7.3, 1.3, arom. CH), 7.35 (td, 1H, J = 7.5, 1.0, arom. CH), 0.29 (s, 9H, Si(CH3)3). 13C{1H}-NMR (101
MHz, CDCl3, 298 K): δ (ppm) = 156.9, 155.8, 127.8, 127.1, 124.8, 123.9, 123.1, 121.8, 121.0, 120.5,
115.3, 111.9, 105.3, 95.0, 0.1. IR (ATR, cm-1): ν(C≡C) = 2143. HR-EI-MS: calcd for C16H13OSi+ [M – CH3]+:
m/z 249.0730, found: 249.0729; calcd for C17H16OSi+ [M]+: m/z 264.0965, found: 264.0964.
3-Acetylene-dibenzofuran, d-1. d-2 (0.350 g, 1.32 mmol) was dissolved in CH2Cl2 (10 mL) and dropwise
added to a solution of KOH (0.743 g, 13.24 mmol) in MeOH (10 mL). The solution was stirred at ambient
temperature for 17 h. HCl (0.1 M) was then added to adjust to a pH = 7. The mixture was extracted
with CH2Cl2 (3 x 20 mL) and dried over MgSO4. After evaporation of the solvent, the crude was purified
by column chromatography (hexane/CH2Cl2 9:1) on silica gel. A colorless solid was obtained. Yield: 98%
(0.250 g, 1.30 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.94 (dd, 1H, J = 7.7, 0.5, arom. CH),
7.89 (d, 1H, J = 8.0, arom. CH), 7.70 (br. s, 1H, arom. CH), 7.58 (d, 1H, J = 8.3, arom. CH), 7.50–7.46 (m,
2H, arom. CH), 7.36 (td, 1H, J = 7.5, 0.8, arom. CH), 3.17 (s, 1H, CCH). 13C{1H}-NMR (101 MHz, CDCl3,
298 K): δ (ppm) = 156.9, 155.7, 127.9, 127.1, 125.1, 123.8, 123.2, 121.1, 120.7, 120.6, 115.5, 112.0,
83.9, 77.8. IR (ATR, cm-1): ν(C≡C) = 2102. HR-EI-MS: calcd for C14H8O+ [M]+: m/z 192.0570, found:
192.0570.
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Scheme S3. Preparation of ligand e-1.

2-(Trimethylsilylethynyl)-9,9-dimethyl-9H-fluorene, e-2. 2-bromo-9,9-dimethyl-9H-fluorene (3.000 g,
10.98 mmol), Pd(PPh3)2Cl2 (0.385 g, 0.55 mmol) and CuI (0.209 g, 1.10 mmol) were added into a Young
Schlenk together with, with nitrogen gas, degassed NEt3 (20 mL). Trimethylsilylacetylene (1.86 mL,
1.294 g, 13.18 mmol) was added and the mixture was heated to 80 °C for 18 h. After evaporation of
the solvent the crude was purified by column chromatography (hexane) on silica gel. A yellowish-orange oil was obtained. Yield: 98% (3.142 g, 10.82 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) =
7.74–7.70 (m, 1H, arom. CH), 7.67 (d, 1H, J = 7.8, arom. CH), 7.58 (br. s, 1H, arom. CH), 7.49 (dd, 1H, J
= 7.8, 1.4, arom. CH), 7.47–7.43 (m, 1H, arom. CH), 7.38–7.32 (m, 2H, arom. CH), 1.50 (s, 6H, CH3), 0.32
(s, 9H, Si(CH3)3). 13C{1H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 154.1, 153.6, 139.8, 138.6, 131.3,
127.9, 127.2, 126.5, 122.8, 121.6, 120.5, 119.9, 106.1, 94.1, 47.0, 27.1, 0.2. IR (ATR, cm -1): ν(C≡C) =
2148. HR-EI-MS: calcd for C20H22Si+ [M]+: m/z 290.1491, found: 290.1482.
2-Acetylene-9,9-dimethyl-9H-fluorene, e-1. e-2 (0.350 g, 1.20 mmol) was dissolved in CH2Cl2 (10 mL)
and dropwise added to a solution of KOH (0.676 g, 12.05 mmol) in MeOH (10 mL). The solution was
stirred at ambient temperature for 17 h. HCl (0.1 M) was then added to adjust to a pH = 7. The mixture
was extracted with CH2Cl2 (3 x 20 mL) and dried over MgSO4. After evaporation of the solvent, the
crude was purified by column chromatography (hexane/CH2Cl2 9:1) on silica gel. A yellowish oil was
obtained. Yield: 92% (0.243 g, 1.11 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.74–7.72 (m,
1H, arom. CH), 7.68 (d, 1H, J = 7.7, arom. CH), 7.58 (br. s, 1H, arom. CH), 7.50 (dd, 1H, J = 7.8, 1.4, arom.
CH), 7.46–7.44 (m, 1H, arom. CH), 7.38–7.32 (m, 2H, arom. CH), 3.14 (s, 1H, CCH), 1.50 (s, 6H, CH3).
13 1
C{ H}-NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 154.1, 153.7, 140.1, 138.5, 131.4, 128.0, 127.3, 126.6,
122.8, 120.6, 120.5, 120.0, 84.6, 47.0, 27.1. IR (ATR, cm -1): ν(C≡C) = 2102. HR-EI-MS: calcd for C17H14+
[M]+: m/z 218.1090, found: 218.1088.
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General procedure for 1a–1e. Sodium (2.0 equiv.) was dissolved in EtOH under strong evolution of H2
gas. The corresponding acetylene (2.0 equiv.) was then added and after 20 min, the solution was
cooled to -30 °C. (COD)PtCl2 (1.0 equiv.) was added to the cold solution and slowly let it warm to room
temperature. The crude was purified by column chromatography (CH2Cl2/hexane) on silica gel.
Scheme S4. Preparation of Pt(II) precursors 1a–1e.

(COD)Pt(C≡C–b)2, 1b. A pale-yellow solid was obtained. Yield: 70% (0.605 g, 0.69 mmol). 1H-NMR (500
MHz, CD2Cl2, 298 K): δ (ppm) = 7.39–7.36 (m, 10H, arom. CH), 7.27 (d, 2H, J = 7.6, arom. CH), 7.01–6.99
(m, 10H, arom. CH), 5.57 (s, 4H, COD-CH), 5.40 (s, 2H, bridgehead), 5.37 (s, 2H, bridgehead), 2.50 (s,
8H, COD-CH2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 145.5, 145.5, 145.4, 144.1, 128.8,
127.4, 125.6, 124.0, 123.9, 123.6, 123.6, 108.0, 104.9, 95.4, 54.1, 30.7. IR (ATR, cm-1): ν(C≡C) = 2116.
Elemental analysis: calcd (%) for C52H38Pt: C 72.80, H 4.46; found: C 72.84, H 4.09%. (+)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for C52H39Pt+ [M + H]+: m/z 858.2694, found: 858.2691; calcd for C52H38NaPt+
[M + Na]+: m/z 880.2513, found: 880.2514.
(COD)Pt(C≡C–d)2, 1d. A pale beige solid was obtained. Yield: 79% (0.284 g, 0.41 mmol). 1H-NMR (500
MHz, CD2Cl2, 298 K): δ (ppm) = 7.94 (d, 2H, J = 7.5, arom. CH), 7.86 (d, 2H, J = 8.0, arom. CH), 7.58 (br.
s, 2H, arom. CH), 7.55 (d, 2H, J = 8.3, arom. CH), 7.44 (td, 2H, J = 7.8, 1.3, arom. CH), 7.39 (dd, 2H, J =
8.0, 1.3, arom. CH), 7.34 (td, 2H, J = 7.5, 0.8), 5.73 (s, 4H, COD-CH), 2.62 (s, 8H, COD-CH2). 13C{1H}-NMR
(126 MHz, CD2Cl2, 298 K): δ (ppm) = 157.0, 156.4, 127.5, 127.3, 125.8, 124.5, 123.2, 121.0, 120.5, 114.8,
111.9, 108.2, 105.4, 97.3, 30.8. IR (ATR, cm-1): ν(C≡C) = 2112. Elemental analysis: calcd (%) for
C36H26O2Pt  ⅙ CH2Cl2: C 61.88, H 3.79; found: C 61.66, H 3.63%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd
for C36H27O2Pt+ [M + H]+: m/z 686.1653, found: 686.1651.
(COD)Pt(C≡C–e)2, 1e. A pale-yellow solid was obtained. Yield: 50% (0.169 g, 0.23 mmol). 1H-NMR (500
MHz, CD2Cl2, 298 K): δ (ppm) = 7.69–7.68 (m, 2H, arom. CH), 7.63 (d, 2H, J = 8.2, arom. CH), 7.49–7.48
(m, 2H, arom. CH), 7.44–7.42 (m, 2H, arom. CH), 7.36 (d, 2H, J = 7.8, 1.5, arom. CH), 7.34–7.27 (m, 4H,
arom. CH), 5.71 (s, 4H, COD-CH), 2.60 (s, 8H, COD-CH2), 1.46 (s, 12H, CH3). 13C{1H}-NMR (126 MHz,
CD2Cl2, 298 K): δ (ppm) = 154.3, 153.9, 139.3, 138.1, 131.0, 127.6, 127.3, 126.4, 125.5, 123.0, 120.3,
119.9, 108.9, 105.1, 96.5, 47.1, 30.8, 27.3. IR (ATR, cm-1): ν(C≡C) = 2115. Elemental analysis: calcd (%)
for C42H38Pt: C 68.37, H 5.19; found: C 68.74, H 4.89%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for
C42H39Pt+ [M + H]+: m/z 738.2694, found: 738.2692.
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General procedure for the polymerization reaction. A (1.0 equiv.), NaOtBu (2.0 equiv.) and the corresponding precursor (COD)Pt(C≡C–R)2 (1.0 equiv.) were added into a Young Schlenk. THF (ca. 0.1 M) was
then added and the mixture was heated to 90 °C over a period of 21 h. The resulting cooled solution
was then precipitated with MeOH. The solids were collected, further washed with MeOH and dried
under vacuum.
2a: A light brown solid was obtained. Mn = 7249 Da; PDI = 1.77; Td = 273 °C. 1H-NMR (500 MHz, CDCl3,
300 K): δ (ppm) = 7.50–6.84 (m, 10H), 4.90 (br. s, 4H), 2.31–0.88 (m, 100H).
2b: A light brown solid was obtained. Mn = 7225 Da; PDI = 1.56; Td = 260 °C. 1H-NMR (500 MHz, CDCl3,
300 K): δ (ppm) = 7.49–6.88 (m, 24H), 5.42–4.82 (m, 7H), 2.22–0.90 (m, 99H).
2c: A dark brown solid was obtained. Mn = 8340 Da; PDI = 1.64; Td = 249 °C. 1H-NMR (500 MHz, CDCl3,
300 K): δ (ppm) = 7.67–7.16 (m, 6H), 4.88–4.35 (m, 6H), 2.27–0.87 (m, 96H).
2d: A light brown solid was obtained. Mn = 6544 Da; PDI = 1.61; Td = 248 °C. 1H-NMR (500 MHz, CDCl3,
300 K): δ (ppm) = 7.97–6.97 (m, 13H), 5.13–4.99 (m, 1H), 2.30–0.86 (m, 103H).
2e: A light brown solid was obtained. Mn = 8159 Da; PDI = 1.66; Td = 252 °C. 1H-NMR (500 MHz, CDCl3,
300 K): δ (ppm) = 7.73–7.01 (m, 13H), 4.96 (br. s, 2H), 2.37–0.85 (m, 94H).

Procedure for the polymerization reaction with end-capping. A (0.205 g, 0.19 mmol), 1,3-dibenzyl-1Hbenzimidazol-3-ium bromide (0.007 g, 0.02 mmol), NaOtBu (0.038 g, 0.40 mmol) and 1a (0.100 g, 0.20
mmol) were added into a Young Schlenk. THF (2 mL, ca. 0.1 M) was then added and the mixture was
heated to 90 °C over a period of 21 h. The resulting cooled solution was then precipitated into MeOH.
The solids were collected, further washed with MeOH and dried under vacuum.
Scheme S5. Preparation of end-capped polymer 3a.

3a: A light brown solid was obtained. Mn = 4116 Da; PDI = 1.39; Td = 273 °C.
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11.2.3 Crystallographic Data
Experimental
Single crystal X-ray diffraction data were collected at 160(1) K on a Rigaku OD SuperNova/Atlas areadetector diffractometer using Cu Kα radiation (λ = 1.54184 Å) from a micro-focus X-ray source and an
Oxford Instruments Cryojet XL cooler. The selected suitable single crystal was mounted using polybutene oil on a flexible loop fixed on a goniometer head and immediately transferred to the diffractometer. Pre-experiment, data collection, data reduction and analytical absorption correction[1] were
performed with the program suite CrysAlisPro[2]. Using Olex2,[3] the structure was solved with the
SHELXT[4] small molecule structure solution program and refined with the SHELXL2018/3 program
package[5] by full-matrix least-squares minimization on F2. PLATON[6] was used to check the result of
the X-ray analysis.
Special features
The molecule lies on mirror plane passing through the metal center.

Figure S19. Molecular structure of 1d. The thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms and
solvent molecules are omitted for clarity.
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Table S7. Crystal data and structure refinements for 1d.

1d
Empirical formula

C36H26O2Pt  CH2Cl2

Formula weight

770.58

Temperature/K

160(1)

Crystal system

orthorhombic

Space group

Pmc21

a/Å

18.5663(3)

b/Å

6.38075(9)

c/Å

12.48012(18)

α/°

90

β/°

90

γ/°

90

Volume/Å

3

1478.48(4)

Z

2

ρcalcg/cm
μ/mm

3

1.731

-1

10.799

F(000)

756.0

Crystal size/mm3

0.35 × 0.22 × 0.03

Radiation

CuKα
(λ = 1.54184)

2Θ range for data collection/°

9.528 to 136.414

Index ranges

-22 ≤ h ≤ 22,
-7 ≤ k ≤ 7,
-14 ≤ l ≤ 15

Reflections collected

13112

Independent reflections

2704
[Rint = 0.0177,
Rsigma = 0.0116]

Data/restraints/parameters

2704/32/200

Goodness-of-fit on F

2

1.035

Final R indexes [I>=2σ (I)]

R1 = 0.0164, wR2 = 0.0415

Final R indexes [all data]
Largest diff. peak/hole / e Å

R1 = 0.0164, wR2 = 0.0415
-3

0.53/-0.67

Flack parameter

-0.029(5)
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11.2.4 Small-Angle Neutron Scattering
Small-angle neutron scattering (SANS) measurements were conducted on the Bilby beamline[7] at the
Australian Centre for Neutron Scattering (ACNS), ANSTO. Samples were dissolved in deuterated CD2Cl2,
with measurements performed at 25 °C in quartz Hellma cells (1 mm path-length for 2a–2e and 2mm
for 3a). Measurements were taken in velocity selector mode with a wavelength of 6 Å. The main detector was positioned 13 m from the samples while the four curtain detectors were 1.5 m (left and
right detectors) and 2.5 m (top and bottom detectors). Data reduction followed BILBY-specific procedures implemented in the Mantid software suite[8]. Measurements were background corrected using
a blocked beam measurement and transmission corrected, put on absolute scale using an empty beam
transmission measurement, and radially averaged to I(q) vs. q with a continuous q-range of approximately 0.0064-0.45 Å-1. The scattering vector, q, is defined as
𝑞=

4𝜋
𝜃
sin
𝜆
2

where θ is the scattering angle and λ is the wavelength of the incident neutrons.
Model fitting was performed using SasView software. The scattering length densities of the polymers
and solvent was calculated using the NCNR[9] webpage, based on an estimated density of the polymers
of 1.00 ± 0.05 g/cm3. The estimated monomer length was found using Chem3D software.
11.2.5 Photophysical Data

Figure S20. UV/Vis spectra of 2a–2e and 3a, recorded in CH2Cl2 at 298 K. The spectra were normalized to the lowest energy
absorption peak.
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Figure S21. Normalized emission spectra of 2a–2e and 3a at 77 K in 2-MeTHF.

Figure S22. Normalized emission spectra of amorphous films of 2a–e and 3a, prepared by evaporation of the solvent of a
polymer solution in CHCl3 on a glass substrate. The asterisk (*) indicates peaks arising from instrument artifacts.
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Table S8. Summarized photophysical properties of polymers 2a–2e and 3a.

2a

Absorption (CH2Cl2)
λmax/nm
334

2b

333

2c

330

2d

336

2e

337

3a

317

Emission
Medium (T/K)

(τ/μs)

φem/%

kr/×104 s-1

knr/×104 s-1

2-MeTHF (77)
CH2Cl2 (298)
Neat (298)
2-MeTHF (77)
CH2Cl2 (298)
Neat (298)
2-MeTHF (77)
CH2Cl2 (298)
Neat (298)
2-MeTHF (77)
CH2Cl2 (298)
Neat (298)
2-MeTHF (77)
CH2Cl2 (298)
Neat (298)
2-MeTHF (77)
CH2Cl2 (298)
Neat (298)

432 (46.25)
439 (0.97)
438 (0.17), 633
443 (51.41)
452 (14.69)
451 (0.38), 625
452 (95.49)
457 (16.78)
455 (0.89)
483 (210.63)
489 (28.00)
488 (0.29), 630
500 (284.34)
505 (13.54)
505 (0.39), 635
431 (63.47)
438 (0.97)
438 (0.05), 614

0.07
0.36
0.87
0.04
1.10
0.04
0.16
0.40
0.57
0.11
0.08
0.01

0.40
2.07
0.06
0.10
0.07
0.05
0.01
1.37
0.04
0.28
0.08
0.19

102.69
572.64
6.75
260.99
5.89
112.95
3.57
342.27
7.34
253.53
103.01
1922.88
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Figure S23. Normalized excitation spectra of neat polymer films on quartz glass.
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Table S9. CIE coordinates of 2a–2e and 3a in different media.

77 K
2a
2b
2c
2e
2d
3a

x
0.23
0.20
0.19
0.32
0.29
0.16

y
0.18
0.19
0.23
0.58
0.48
0.11

Solution (CH2Cl2)
x
y
0.19
0.16
0.19
0.22
0.17
0.21
0.32
0.52
0.26
0.50
0.18
0.15

Neat film
x
0.36
0.33
0.25
0.47
0.47
0.31

y
0.33
0.32
0.30
0.40
0.40
0.31

11.2.6 Electrochemical Studies
Cyclic voltammetry measurements were performed at concentrations of 2 mg/mL in argon purged in
CH2Cl2 with 0.1 M [nBu4][PF6] as electrolyte using a glassy carbon working electrode. The scan rate was
100 mV and voltammograms (E0) were referenced versus Fc+/ Fc.

Figure S24. Cyclic voltammograms of 2a–2e and 3a were recorded in CH2Cl2.
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12 Towards Highly Emissive Phosphorescent Linear Rigid-Rod Gold(I) and
Platinum(II) Polymers with N-Heterocyclic Carbenes
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12.1 Abstract
In this section, different strategies to obtain a new class of metal acetylide polymers bearing NHCs are
discussed and preliminary synthetic results of luminescent organometallic rigid-rod polymers are presented. Strategies like interruption of the conjugation or varying the extent of conjugation were employed to tune the luminescent properties. Based on the luminescent features of the small molecule
models, a deep blue to sky blue emission is expected with the possibility to shift it towards red, unless
the conjugation is extended over too many units. This would possibly lead to a luminescence quenching as a result of the energy gap law.

12.2 Introduction
As already mentioned in section 0, a number of diethynyl platinum oligomers and polymers have been
investigated since 1975.[1-20] The first report on the preparation of linear transition metal-carbon σbonded platinum(II) polymers was published by Sonogashira, Hagihara and co-workers in 1978.[2] It
was postulated that the overlap of the metal d-orbitals and the π*-orbitals of the alkynes (dπ-pπ*) leads
to interesting optical and redox properties.[3, 4] A general procedure involved the platinum halide complex (PR3)2PtCl2 and a platinum complex bearing two terminal alkynes ((PR3)2Pt(acetylene)2) which
were reacted in a basic solution such as diethylamine (Et2NH) or piperidine in the presence of copper(I)
iodide. Addition of a catalytic amount of a copper catalyst, as well as a certain activation energy, provided through heating, was crucial to obtain high molecular weight polymers.[1, 2] The structural configuration around the platinum center was confirmed by characteristic 31P-NMR signals which are
shifted upfield for the trans configuration (-3.0 to -5.0 ppm) compared to their cis isomer (2.0 to 4.0
ppm). Later on, in 1997 Raithby and co-workers reported the synthesis of similar trans-bis(σ-alkynyl)
Pt(II) polymers but replaced the commonly used phosphine ancillary ligand with a neutral pyridine
ligand, in view of altered optical and redox behavior.[4] Nevertheless, the work of this type of polymer
remained the only one of its kind.
In the past two decades more focus was laid on the investigation of the luminescence properties of
these polymers on account of their possible application in organic light emitting devices and photovoltaics. Although there is a small number of fluorescent[6, 14, 15, 17-20] and/or phosphorescent[5, 7, 8, 10, 16]
polymers reported, there is still room for significant improvements in terms of quantum efficiencies.
The thin film PLQY of all the reported polymers are lower than 7%. One reason for this might be the
previously mentioned weak σ-donating effect of phosphines (PR3) since all the investigated rigid-rod
type polymers involve phosphines as neutral ancillary ligands (see section 3). Furthermore, moving
from small molecules to polymers introduces strong intermolecular interactions which become more
pronounced with increasing chain length. This is even more evident in the solid-state, where the emissions are largely impacted by interchain aggregation leading to red shifted emission peaks and/or an
efficient quenching mechanism. Evidently, this would make them inadequate for applications in devices. Therefore, various groups have tried to solve this problem. Schanze and co-workers installed a
pentiptycene moiety into the backbone, based on previous studies on organic polymers by Swager and
co-workers, where π-stacking could be successfully suppressed.[10, 21] The intermolecular interactions
could be effectively avoided and only a single high energy emission peak was observed for the bulky
acetylide compared to the phenylene-based acetylide. Nevertheless, the effect on the reduction of
quenching processes in terms of emission quantum efficiencies was negligible. PLQYs for solid state as
well as solution samples were very low (<0.7%). A different approach was pursued by Tsuji and coworkers.[16] Instead of installing a bulky group as part of the polymer chain, a cyclodextrin-based insulator was incorporated as pendant moiety which acts as a tube encasing the polymer-rod. It was
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demonstrated that the polymers are not only protected from interchain interactions but also insulated
against oxygen quenching. It was the first report on such kind of polymers showing equal PLQY in solution and in the solid state, although still very low (approx. 5%).
Reports on similar gold(I)-based oligomers and polymers are scarce. A thorough literature search revealed only a few reports by Puddephatt and co-workers.[22-26] A series of neutral phosphine-Au(I) and
isocyanide-Au(I) acetylides was prepared and the photophysical behavior in solution and solid state
was investigated. Due to their low solubility of both, phosphine and isocyanide derivatives, in organic
solvents, chain growth was very limited. The precipitation was mainly attributed to the Au···Au interactions, forming loose aggregation polymers. Introduction of a more bulky isopropyl group compared
to the previously used methyl on the phosphine ligand could slightly enhance the solubility in chlorinated solvents.[23] The luminescence properties of the insoluble polymers in general displayed very weak
and structureless emissions at low energies (585 nm to 600 nm). They were assigned to Au···Au interactions, which were observed in the crystal structures of the model compounds with short gold–gold
distances (3.1 Å to 3.9 Å) and similar emission wavelength in the solid state. Additionally, a red shift of
the emission in general was observed when going from the model compound to longer chain length.
The trend was explained by a certain degree of conjugation over several polymer units. It was also
observed that isocyanide polymers displayed less intense emissions than their phosphine derivatives.[25]
On the basis of the limited amount of research done in this field, a strategy was pursued to synthesize
alkynyl-based polymers with extended conjugation (MP1–MP3, M = Au or Pt) as well as interrupted
conjugation (MP4). Furthermore, the photophysical properties of this new class of rigid-rod organometallic main-chain polymers was investigated (Figure 44).

Figure 44. Proposed target structures for luminescent NHC-based linear rigid-rod gold(I) and platinum(II) polymers.

The metal centers of choice were gold(I) (AuP1–AuP4) and platinum(II) (PtP1–PtP4). To enhance the
luminescent properties, especially the PLQY, a Janus-type NHC in the case of Au(I) and monodentate
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auxiliary NHC ligands in Pt(II) were introduced rather than phosphines. The polymers have been studied on two major features i) the conjugation in the polymer backbone and ii) the influence of sterically
demanding groups:
i) Conjugation and triplet delocalization
The impact of delocalization is investigated by varying the R-groups in the diacetylide unit. Analysis of
the λmax in regards of intensity changes and/or shifts in wavelengths of different chain length of the
polymers may give insights into the triplet exciton delocalization.[8, 18] Additionally, it is expected to
give access to a tuneability of the emission wavelength. The 9,9-dimethyl-fluorenyl (MP1) moiety
should result in a more extended conjugation relative to the 1,4-bis(dodecyloxy)-benzene (MP2) or the
pentiptycene (MP3). Interruption of the conjugation should be enabled by a 9,9’-bisphenyl-triptycene
(MP4), with retention of the linear geometry. Due to the disruption of the conjugation, it is postulated
that the emission spectra of AuP4 and PtP4, respectively, strongly resemble the luminescence properties of their previously reported model complexes (Figure 45).[27, 28] Consequently, a deep blue to skyblue emission is expected.

Figure 45. Previously reported complexes by our group which are used as model complexes for the organometallic mainchain polymers AuP4 and PtP4.

ii) Sterically demanding substituents
Incorporation of bulky groups or long alkyl chains are assumed to have a large impact on the solubility
of polymers. Long alkyl chains, i.e. dodecyl group (–C12H25), strongly enhance the solubility in organic
solvents, since this parameter is generally rather low for polymers and affects the chain growth in the
polymerization reaction itself. Additionally, bulky groups, e.g. pentiptycene or triptycene, are expected
to reduce π-π stacking of the aryl groups and minimize intermolecular interactions. This is of great
importance especially with regard to the photophysical behavior, due to a possible application of neat
polymer films as emitters.[7, 10, 16, 21] Strong interchain interactions lead to an efficient non-radiative
deactivation, hence resulting in poor quantum efficiencies.
A reasonable explanation for the lack of trans-NHC-based Pt(II) acetylide polymers is the difference in
the synthetic protocols compared to the palladium(II) analogues. Whereas trans-(NHC)2PdBr2 can be
prepared from readily available Pd(OAc)2, synthetic protocols for trans-(NHC)2PtX2 are very rare.[29]
Several attempts were performed in the past to prepare the platinum(II) analogue, but the yields fluctuate substantially.[30, 31] Therefore in the presented work, a new approach to obtain a trans(NHC)2PtCl2 is pursued, to similarly prepare the NHC analogue of the reported phosphine-Pt(II) acetylide polymers.
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12.3 Results and Discussion
12.3.1 Gold(I) Polymer
Scheme 10 illustrates the chemical structures of the targeted linear Au(I) main chain polymers. It consists of two strategies, having route a), analogous to the Sonogashira cross-coupling, starting from a
terminal dialkyne (A1–A4) and a dinuclear gold(I) chloride (Cl-Au-BbIm-Au-Cl) complex which together
are copolymerized under basic conditions. Contrary to the bound phosphine and thioether ligands, the
σ-bonds between the NHC and the two gold centers is of much stronger nature. Hence, it is expected
that dissociation to form a charged polymeric gold complex, (–(acetylide–Au)n–)x-, as observed when
treating (PR3)AuCl or (SR2)AuCl with an acetyldie, does not occur.[26] Route b) on the other hand starts
from a Janus-type dicarbene salt ([BbIm]2[HI]), which by in situ deprotonation is copolymerized with
a dinuclear gold(I) phosphine (Au2A1–Au2A4) compound. Hereinafter, the synthetic protocols are described and drawbacks will be discussed.
Scheme 10. Overview of two possible synthetic routes to obtain the Au(I) polymers.

Prior to polymerization of route a), the terminal alkynes and the dinuclear gold(I) complex had to be
prepared. Dialkyne A1 was prepared in a two-step reaction: A Sonogashira cross-coupling of 2,7-dibromo-9,9-dimethyl-9H-fluorene and trimethylsilylacetylene (TMS-acetylene) using Pd(PPh3)2Cl2 and
CuI as catalysts in triethylamine followed by TMS-deprotection with KOH in a MeOH/CH2Cl2 solvent
mixture resulted in an overall yield of 80% (Scheme 11, top). A2 was prepared following an existing
literature procedure.[32] Pentiptycene dialkyne A3 was synthesized in four steps according to reported
procedures by Plenio and co-workers as well as Swager and co-workers.[21, 33] The first step consists of
a [4+2] cycloaddition, commonly referred to as Diels-Alder reaction, of anthracene and 1,4-benzoquinone in acetic acid to form pentiptycene quinone A3-2 (Scheme 11, bottom). As reported by Swager
and co-workers, a Diels-Alder reaction of anthracene and 1,4-benzoquinone affords a hydroquinone
bis-adduct, which by addition of para-chloranil is in situ oxidized to the pentiptycene quinone in a good
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yield of 92%. The quinone was then treated with the lithium salt of TMS-acetylene undergoing a nucleophilic addition. Subsequent reductive aromatization by SnCl2 under acidic conditions in acetone
afforded the TMS protected dialkyne A3-1 in 78% yield.[34] Deprotection of the trimethylsilyl group by
KOH in a solvent mixture of MeOH/CH2Cl2 afforded A3. A very low yield (18%) was obtained because
the important side note about the poor solubility in organic solvents was overlooked and a large quantity of product was lost during purification by column chromatography. Therefore, an overall yield of
only 13% with respect to 1,4-benzoquinone was obtained.
Scheme 11. Preparation of dialkynes A1 and A3.

Conditions: i) TMS-acetylene, Pd(PPh3)2Cl2, CuI, NEt3, 80 °C, 18 h, 86%; ii) KOH, MeOH/CH2Cl2, 25 °C, 11 h, 93%; iii) parachloranil, acetic acid, 130 °C, 25 h, 92%; iv) 1. TMS-acetylene, nBuLi, THF, -10 to 25 °C, 16 h, 2. SnCl22H2O, acetic acid, acetone,
25 °C, 26 h, 78%; v) KOH, MeOH/CH2Cl2, 25 °C, 1 h, 18%.

Obtaining A4 poses a major challenge, because reports on substitution on the 9- and 10-position of
triptycene or other sterically hindered tertiary alkanes are scarce (Scheme 12). A new synthetic pathway had to be developed, which is adapted from a synthetic protocol forming 9,10-bisethynyl-tripticene (Tript(C≡C-R’)2) derivatives.[35]
Scheme 12. Preparation of dialkyne A4 adapted from a related method to form 9,10-disubstituted triptycene (Tript(C≡C-R’)2).

Analogously, the first retrosynthetic step would be deprotection of the (3-cyanopropyl)dimethylsilyl
protecting group on A4-1 (Scheme 13). The 9,10-disubstituted-tripticene derivative could be obtained
by a [4+2] cycloaddition of the anthracene derivative A4-2. The upstream step would consist of a Sonogashira cross-coupling reaction from 9,10-bis(4-bromophenyl)-anthracene (A4-3) and (3-cyanopropyl)dimethylsilyl-acetylene. The reason for this rather inconvenient silyl protecting group on the acetylene versus trimetylsilyl (TMS) or triisopropylsilyl (TIPS) is the difference in polarity which facilitates
purification on polar silica gel with low polarity solvents. TMS-acetylene substituted derivatives tend
to have very similar Rf values on silica as the bromo precursors.[35] For the preparation of A4-3 a similar
addition reaction with subsequent reductive aromatization, as reported for the preparation of A3, can
be performed from anthraquinone and 1-bromo-4-iodobenzene.
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Scheme 13. Retrosynthetic approach for A4.

Accordingly, a literature protocol was followed and anthraquinone was treated with 4-bromophenyllithium forming the hydroquinone, which undergoes a reductive aromatization with KI and sodium
hypophosphite.[36] After washing with H2O and MeOH, A4-3 was obtained, which was confirmed by EIMS. Due to the very poor solubility of the anthracene derivative in organic solvents, a lot of material
was lost during purification by column chromatography, and furthermore 1H-NMR studies revealed the
same impurities as prior to this purification step. The material was therefore taken without additional
purification to the next step. Attempts to perform a bis alkynylation to A4-2 by Sonogashira crosscoupling failed. Table 13 illustrates the applied conditions for the coupling reaction. All four entries
revealed three blue fluorescent spots (365 nm irradiation) on TLC (eluent: toluene/CH2Cl2 4:1), indicative of anthracene derivatives. The spot with the highest Rf value was assigned to A4-3, the second to
monosubstituted product (according to 1H-NMR and HR-EI-MS: [M]+•: m/z 557.1169, found: 557.1158)
and the third unidentified spot could not be eluted in the purification by column chromatography even
with increased polarity of the eluent. Likewise, A4-3 and the monosubstituted derivative could only be
isolated in very low yields due to the aforementioned solubility issues of anthracene derivatives.
Table 13. Different reaction conditions for the Sonogashira cross-coupling using A4-3, protected alkyne, CuI and Pd(PPh3)2Cl2.

Entry
1
2
3[37]
4[35]

Solvent
NEt3
NEt3
Toluene/iPr2NH ((5:1)
THF/Piperidine (5:4)

Temperature / °C
80
90
80
100

Time / h
14
21
24
15

Hence, a new approach was pursued performing a Diels-Alder reaction from A4-3 prior to the Sonogashira cross-coupling using reaction conditions reported in literature (Scheme 14, top).[35] In situ
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formed benzyne from 2-aminobenzoic acid reacts with the anthracene moiety to form 9,10-bis(4-bromophenyl)-triptycene. Also, in this reaction primarily A4-3 was recovered again in very low yields due
to the poor solubility.
Coincidentally a very recent article, on 9-substituted triptycene derivatives, reported a screening on
palladium catalyzed cross-couplings of 9-copper(I)-triptycene with aryl halide.[38] Therefore, a last attempt was made to obtain A4 comprised of the preparation of 9,10-dibromo-triptycene starting from
9,10-dibromo-anthracene (Scheme 14, bottom). Using the same [4+2] cycloaddition conditions as
mentioned above, A4-4 was obtained in a good yield of 88%. Applying the same conditions as reported
in the coupling of copper(I)-triptycene with a aryl halide, but using A4-4 with (4-bromophenyl)(trimethylsilyl)acetylene afforded a crude mixture containing A4-5 according to HR-EI-MS ([M – Si(Me)3]+•:
m/z 525.2033, found: 525.2033; [M]+•: m/z 598.2507, found: 598.2503). Due to time constraints A4-5
could not yet be isolated as a pure product and further optimization of the reaction conditions was not
possible. Nevertheless, this seems to be a promising approach to obtain A4 as a non-conjugated but
linear polymerization unit.
Scheme 14. Two protocols for the preparation of 9,10-disubstituted-triptycene.

Conditions: i) 2-Aminobenzoic acid, isopentyl nitrite, dimethoxyethane (DME), 95 °C, 18 h; ii) Anthranilic acid, isopentyl nitrite,
DME, reflux, 18 h, 88%; iii) 1. nBuLi, CuI, THF/toluene, -78 °C to 0 °C, 2 h, 2. Pd(OAc)2, tris(o-methoxyphenyl)phosphine, (4bromophenyl)(trimethylsilyl)acetylene, 120 °C, 16 h, traces.

Concurrently with the syntheses of the alkyne ligands, the gold(I) copolymerizing unit consisting of a
bis-N-heterocyclic carbene (BbIm) was prepared (Scheme 15). Using the standard procedure for carbene salt deprotonation, i.e. Ag2O, and subsequent transmetalation from silver(I) to the gold(I) precursor (Me2S)AuCl did not result in the Cl-Au-NHC-Au-Cl complex. Reaction monitoring by 1H-NMR
studies revealed that silver(I)oxide was not a strong enough base for deprotonation. Consequently, a
stronger base, i.e. K2CO3, was used with subsequent addition of (THT)AuCl (THT = tetrahydrothiophene), as reported.[39] Similarly no formation of a new gold(I) complex was observed. Assuming the
reaction demanded for much more harsh conditions, a mixture of carbene salt ([BbIm]2[HI]) and
(THT)AuCl in Et2O was carefully subjected to KOtBu. A new gold(I) species was formed, which by 1Hand 13C-NMR was indicative of Cl-Au-BbIm-Au-Cl, but later elemental micro analysis and HR-ESI-MS
revealed that I-Au-BbIm-Au-I was formed after halogen-exchange on the gold(I) center. Gold-iodine
bonds are known to be extremely stable as a result of the HSAB (= hard and soft acids and bases)
concept, which states that the soft iodine forms a very stable bond with the soft gold(I) center, compared to gold-chlorine.
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Scheme 15. Formation of the iodo-substituted binuclear gold(I)-NHC complex.

Conditions: i) Ag2O, (Me2S)AuCl, CH2Cl2, 25 °C, 3 h; ii) K2CO3, (THT)AuCl, CH2Cl2, 25 °C, 3 h; iii) KOtBu, (THT)AuCl, Et2O, 25 °C,
10 min, 54%.

Essentially, a gold(I)–iodine bond is a dead-end for further substitution, meaning two possible strategies can be pursued. Either the carbene precursor has to be changed to a bromine salt to avoid the
formation of a Au–I bond or the alkyne has to be initially coordinated to the gold center for a polymerization via carbene salt (Scheme 10, route b)).
The later approach was chosen, due to the ease of polymerization and additionally to make use of the
previously prepared molecules. The usual synthetic procedure to coordinate an alkyne to the metal
center consists of a metal-alkyne (metal = Li, Na, Cu, Ag) with the M-Cl (M = Pt, Au, etc.) precursor.
One possible procedure uses sodium methoxide for deprotonation, forming the Na-acetylide which is
then treated with the Au(I) precursor.[27, 40-42] Screening of different conditions revealed greater stability using triphenylphosphine as neutral ligand over dimethyl sulfide coordinated to AuCl (Scheme 16,
top). NaOMe was formed in situ from elemental sodium and MeOH. To this solution phenylacetylene
was added. The reaction with (Me2S)AuCl lead to a highly insoluble precipitate, even in CH2Cl2 which,
according to 1H-NMR, did not correspond to the desired (Me2S)Au-phenylacetylide. In contrast, the
same reaction conditions using (Ph3P)AuCl afforded the gold(I)-acetylide in a moderate yield of 62%.
Scheme 16. Establishing of the reaction conditions for Au2A1.

Conditions: i) 1. Na0, MeOH, 25 °C, 30 min, 2. (Me2S)AuCl; ii) 1. Na0, MeOH, 25 °C, 40 min, 2. (Ph3P)AuCl, 25 °C, 17 h, 62%;
iii) 1. Na0, MeOH, 25 °C, 30 min, 2. (Ph3P)AuCl, 25 °C, 14 h, yield not determined.

The same conditions were then applied to prepare Au2A1 from A1 (Scheme 16, bottom). After washing
with MeOH and Et2O, the crude product showed Au2A1 according to HR-ESI-MS ([M + H]+: m/z
1159.2166, found: 1159.2170), but a proper purification method must be developed since additionally
the cationic complex Au((PPh3)2)+ (m/z 721.1483, found: 721.1483) was detected. Stability of Au2A1 on
silica gel or aluminum oxide needs to be further investigated. Due to time constraints this project could
not be continued.
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12.3.2 Platinum(II) Polymer
12.3.2.1 Synthesis and Characterization
With the same dialkyne polymerizing units (A1–A4) as mentioned in section 12.3.1, linear Pt(II) polymers from trans-(NHC)2PtCl2 complexes (Scheme 17) were targeted. The polymerization reaction will
be performed using the same Sonogashira-type reaction conditions as previously reported for the
phosphine analogues in an amine-based solvent with a catalytic amount of a Cu(I) halide salt.
Scheme 17. Proposed method to obtain the novel NHC containing Pt(II)-acetylide polymers (PtP1–PtP4).

For that purpose, a trans-bis(NHC) complex (trans-(NHC)2PtCl2) needs to be prepared. Despite a report
on the synthesis of bis(NHC) platinum complexes by Rourke and co-workers who claimed the trans
complex to be the solely product from a reaction of the silver-carbene with K2PtCl4 in CH2Cl2, due to a
stronger trans influence of the NHC over the chloride, the same reaction with 1,3-diisopropyl-1H-benzimidazolium iodide afforded only cis-(iPr2BIm)2PtCl2 (Scheme 18).[43] Figure 46 clearly shows two distinct signals for the protons of the isopropyl groups (CH(CH3)2: doublets at 1.73 and 1.83 ppm;
CH(CH3)2: septets 5.08 and 6.57 ppm) strongly indicative of a cis conformation. Additionally, the aromatic protons of the benzimidazole moiety shows three signals with a ratio of 4:2:2 rather than two
signals with a ratio of 4:4 protons.
Scheme 18. Formation of cis and trans product, depending on substitution on the NHC.

Conditions: i) Ag2O, 1,3-diisopropyl-1H-benzimidazolium iodide, CH2Cl2, 25 °C, 48 h; ii) 1. KOtBu, 1,3-diphenyl-1H-benzimidazolium chloride, THF, 80 °C, 39 h, 15%.
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Figure 46. Crude 1H-NMR recorded in CDCl3 of cis-(iPr2BIm)2PtCl2 showing two distinct septets (6.57 ppm and 5.08 ppm) for
the inequivalent CH(CH3)2 protons of the isopropyl groups pointing either towards or away from the Pt-center.

Using readily accessible 1,3-diphenyl-1H-benzimidazolium chloride as carbene precursor in the presence of a base for 12 h resulted in the desired trans-(Ph2BIm)2PtCl2 complex, but only in a very low
yield. A thorough literature search revealed that especially benzimidazole-based carbenes with sterically less demanding substituents tend to dimerize when deprotonated. The equilibrium in these cases
is more on the right-hand side of the “Wanzlick equilibrium” postulated in 1960 (Scheme 19).[44, 45] The
dissociation from the tetraamine to the free carbene is only favored when a electrophile is present to
catalyze the back reaction.[46]
Scheme 19. Wanzlick equilibrium.

In this case, the R-group was changed to cyclohexyl, which was expected to be slightly larger. After
optimizing the reaction conditions, a synthetic procedure was developed to form the transbis(NHC)PtCl2 complex from 1,3-dicyclohexyl-1H-benzimidazolium chloride [Cy2BIm][HCl] (Scheme
20). One of the main issues was the extremely poor solubility of K2PtCl4 in any solvent except H2O. The
silver carbene was prepared in a solvent mixture of CH3CN/1,4-dioxane (v/v 1:4). K2PtCl4 was dissolved
in water, to which the maximum possible amount of 1,4-dioxane was added before precipitation of
the platinum salt occurred (v/v 1:1). This solution was then added to the silver(I) carbene which afforded the trans-(NHC)2PtCl2 (trans-(Cy2BIm)2PtCl2) complex in a good yield of 59%.
Scheme 20. Preparation of the model compound trans-(Cy2BIm)2Pt(C≡C-Ph)2.

Conditions: i) 1. Ag2O, CH3CN/1,4-dioxane, 25 °C,1 h, 2. K2PtCl4, H2O/1,4-dioxane, 25 °C, 17 h, 59%; ii) 1. Ag2O, CH2Cl2, 25 °C,
2.5 h, 2. (NBu4)2PtCl4, 25 °C, 11 h, 47%; iii) 1. Phenylacetylene, nBuLi, toluene, -78 °C, 30 min, 2. trans-(Cy2BIm)2PtCl2, -55 °C
to 80 °C, 1.5 h,40%.
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Furthermore, a new method was developed to form a PtCl42- salt which was soluble in organic solvents.
A publication by Che and co-workers reported a synthetic procedure forming (NBu4)2PtCl4 in situ from
K2PtCl4 and an excess of NBu4Cl (4.4 equiv.).[47] This procedure was modified to a stoichiometric ratio
of PtCl42- to NBu4+ of 1:2. An immediate phase transfer from H2O to CH2Cl2 occurred which was also
observed as a color change from red to colorless in the aqueous layer and from colorless to red in the
organic layer. Separation of the phases and drying of the organic phase yielded (NBu4)2PtCl4 as a slightly
pinkish solid, which was pure according to 1H-NMR. After formation of the silver(I) carbene in CH2Cl2,
(NBu4)2PtCl4 was added to the same solution yielding also in trans-(Cy2BIm)2PtCl2 (47%).
The bis-phenylacetylide complex (trans-(Cy2BIm)2Pt(C≡C-Ph)2) serving as a model compound for Pt(II)
polymers was then prepared (Scheme 20). The usual transmetalation conditions with sodium-acetylide
in EtOH did not yield in trans-(Cy2BIm)2Pt(C≡C-Ph)2 (Table 14, entry 1). Therefore, a screening of different reagents and solvents was performed. Entry 2 consist of two steps: First, a substitution of the
platinum-bound chlorides to triflate was performed using AgOTf. Reaction monitoring by 1H- and 19FNMR gave evidence for a complete conversion (Figure 47). Regardless, a subsequent treatment of the
in situ formed triflate complex with Li-acetylide was unsuccessful.

Figure 47. Stacked 1H-NMR of trans-(Cy2BIm)2PtCl2 and the crude mixture of trans-(Cy2BIm)2Pt(OTf)2 to monitor the substitution from Pt–Cl to Pt–OTf, recorded in CDCl3.

A series of copper(I) catalyzed transmetalation reactions using different bases and/or solvents were
also unsuccessful (entries 3–5). Treatment of trans-(Cy2BIm)2PtCl2 with Li-acetylide in toluene, allowed
the reaction to be heated from -78 °C to 80 °C which finally resulted in a conversion to trans(Cy2BIm)2Pt(C≡C-Ph)2 with a moderate yield of 40% (entry 6).
Table 14. Screening of reaction conditions for the transformation from trans-(Cy2BIm)2PtCl2 to trans-(Cy2BIm)2Pt(C≡C-Ph)2.

Entry
1
2
3
4
5
6

Reagents
NaOEt
1. AgOTf 2. nBuLi
Et2NH, cat. CuI
i
Pr2NH, cat. CuI
i
Pr2NH, cat. CuI
nBuLi

Solvent
EtOH
THF
CH2Cl2
CH2Cl2
THF
Toluene

Temperature / °C
-30 to 25
25
25
25
90
-78 to 80

Time / h
2.5
24
40
23
19.5
2

Yield / %
40

As mentioned above, one of the challenges to obtain luminescent polymers is interchain interactions,
which possibly lead to emission quenching. By shielding of the metal center, aggregation is assumed
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to be minimized. Therefore a related NHC salt ([Cy2TIm][HCl]), with a sterically more demanding triptycene backbone was prepared. The same reaction conditions, using (NBu4)2PtCl4 as platinum source,
were applied for the sterically more demanding triptycene-based imidazole salt resulting in a yield of
37% (Scheme 21). A first attempt of a subsequent substitution of the chloride with lithiated phenylacetylene in toluene did not result in the desired trans-(Cy2TIm)2Pt(C≡C-Ph)2 complex.
Scheme 21. Synthetic protocol to obtain trans-(Cy2TIm)2Pt(C≡C-Ph)2.

Conditions: i) 1. Ag2O, CH2Cl2, 25 °C, 18 h, 2. (NBu4)2PtCl4, 25 °C, 5 h, 37%; ii) 1. Phenylacetylene, nBuLi, toluene, -78 °C, 30
min, 2. trans-(Cy2TIm)2PtCl2, -55 °C to 80 °C, 21 h.

Using an alternative route for the formation of trans-(NHC)2Pt(acetylide)2 complexes, developed in the
group, resulted in the desired trans-(Cy2TIm)2Pt(C≡C-Ph)2 complex in a yield of 21%, which serves as a
reference for further optimization of the reaction starting from trans-(Cy2TIm)2PtCl2.[28]
Scheme 22. Alternative procedure to prepare trans-(Cy2TIm)2Pt(C≡C-Ph)2.[28]

Conditions: i) 1. KOtBu, THF, 75 °C, 15 h, 21%.

Single crystals for X-ray crystal structure determinations could be obtained by slow evaporation of
pentane into a saturated solution of the compound in CH2Cl2 (trans-(Ph2BIm)2PtCl2, trans(Cy2BIm)2PtCl2, trans-(Cy2BIm)2Pt(C≡C-Ph)2), by slow diffusion of Et2O into a saturated solution of the
carbene salt in CH2Cl2 ([Cy2BIm][HCl]) or by slow evaporation of CD2Cl2 in an NMR tube (trans(Cy2TIm)2Pt(C≡C-Ph)2). Figure 48 illustrates the molecular structures of the complexes. trans(Cy2BIm)2PtCl2 co-crystallized with two CH2Cl2 molecules and [Cy2BIm][HCl] with one H2O molecule.
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Additionally, the crystal structures of trans-(Ph2BIm)2PtCl2 and [Cy2BIm][HCl] revealed two crystallographically independent molecules per asymmetric unit, from which only one each is shown in the
representation below.

trans-(Ph2BIm)2PtCl2

[Cy2BIm][HCl]

trans-(Cy2BIm)2PtCl2

trans-(Cy2BIm)2Pt(C≡C-Ph)2

trans-(Cy2TIm)2Pt(C≡C-Ph)2
Figure 48. Crystal structures of trans-(Ph2BIm)2PtCl2, (top left) [Cy2BIm][HCl] (top right), trans-(Cy2BIm)2PtCl2 (middle left),
trans-(Cy2BIm)2Pt(C≡C-Ph)2 (middle right) and trans-(Cy2TIm)2Pt(C≡C-Ph)2 (bottom). The displacement ellipsoids are drawn
at the 50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity and only one of the two molecules
per asymmetric unit is depicted for trans-(Ph2BIm)2PtCl2 and [Cy2BIm][HCl].
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The Pt–Cl as well as Pt–CNHC bond lengths are of same order in trans-(Ph2BIm)2PtCl2 and trans(Cy2BIm)2PtCl2, respectively, with an almost square planar geometry showing bond angles between
Cl–Pt–CNHC of nearly 90 degrees (Table 15). Substitution of the chloride by an acetylide (trans(Cy2BIm)2Pt(C≡C-Ph)2) does not affect the Pt–CNHC bond length but manifests in a shorter Pt–Cacetylide
bond distance which is in the same range as in trans-(Cy2TIm)2Pt(C≡C-Ph)2. The Cl–Pt–CNHC bond angles,
in both cases, decrease, assumingly originating from the steric demand of the acetylide compared to
the chloride. The torsion angles regarding the plane comprising the benzimidazole moiety and the
plane comprising the platinum bound atoms were determined. In trans-(Ph2BIm)2PtCl2 the two planes
are almost perpendicular (89.68 or 88.11 degrees), whereas the cyclohexyl substituted analogue
(trans-(Cy2BIm)2PtCl2) exhibits an angle of 74.62 degrees. Substitution of the chlorides drastically reduces the angle to 68.74 degrees (trans-(Ph2BIm)2Pt(C≡C-Ph)2) and 63.00 degrees (trans(Ph2TIm)2Pt(C≡C-Ph)2), respectively. Additional crystallographic details and structure refinements are
summarized in Table 17 and Table 18 (see section 12.7).
Table 15. Selected bond length and angles of the trans-Pt complexes.

Distance / Å
Angle / deg
Torsion Angleb / deg
a
Pt–X
Pt–CNHC
X–Pt–CNHC
c
trans-(Ph2BIm)2PtCl2
2.3124(12) /
2.024(4) /
89.86(12) /
89.68 /
2.3156(12)
2.006(5)
89.19(14)
88.11
trans-(Cy2BIm)2PtCl2
2.3142(6)
2.030(3)
89.84(7)
74.62
trans-(Cy2BIm)2Pt(C≡C-Ph)2
2.0099(18)
2.0269(16)
88.32(7)
68.74
trans-(Cy2TIm)2Pt(C≡C-Ph)2
2.021(3)
2.038(3)
86.90(12)
63.00
a
X = Cl or platinum bound carbon of the phenyl-acetylide
b
Torsion angles are determined between the benzimidazole moiety and the coordination-plane
c
Values are given for both molecules in the asymmetric unit
a

12.3.2.2 Photophysical Investigation
Preliminary photophysical studies on trans-(Cy2BIm)2Pt(C≡C-Ph)2 were performed for further comparison with a potential polymeric structure (Figure 49 and Table 16). The UV/Vis absorption spectrum
shows an intense transition at 283 nm with a molar extinction coefficient (ε) of 4.9 × 104 M-1cm-1 and
a shoulder at 320 nm, which are in agreement with structurally related complexes reported earlier by
the group.[28] Accordingly the high energy transition is assigned to a 1ILCT (πalkyneπalkyne*), whereas the
low energy shoulder appears due to a 1LLCT (πalkyneπNHC*) from the alkyne to the NHC, as already
mentioned in section 0.
Table 16. Photophysical data of trans-(Cy2BIm)2Pt(C≡C-Ph)2.

Absorption (CH2Cl2)
λmax / nm
(ε / M-1cm-1)
283 (49093), 320sh
(18045)

Emission
Medium
(T / K)
2-MeTHF (77)
CH2Cl2 (298)
5 wt% in PMMA (298)

λmax / nm
(τ / μs)
419 (549.54)
438 (7.26)
437 (45.07)
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φem / %

kr, knr × 104 / s-1

(CIEx, CIEy)

15.12
28.87

2.08, 11.69
0.64, 1.58

(0.160, 0.099)
(0.160, 0.130)
(0.165, 0.151)
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Figure 49. Electronic absorption spectrum recorded in CH2Cl2 at 298 K (solid line with cross, left y-axis) and normalized emission spectra recorded in 2-MeTHF (77 K) and in CH2Cl2 (298 K) and doped in PMMA thin films (5 wt%, 298 K) (solid lines, right
y-axis).

The emission profiles in all media, i.e. 2-MeTHF at 77 K, as well as the two room temperature measurements in CH2Cl2 and doped in PMMA thin films, display the characteristic shape. A sharp high energy
emission peak at 419 nm (77 K) or 437 nm (298 K), is followed by a shoulder which is more structured
in the cryogenic measurement. The blue shift of the low temperature measurement is due to the rigidochromic effect which is commonly observed in these kinds of systems. It can also be observed that
the lifetimes are increasing by one order of magnitude from the solution, to thin film and low temperature measurement, explained by less thermal/vibrational population of higher lying, fast-decaying
non-radiative d-d states. Surprisingly, the PLQY are remarkably high in solution but much lower in
doped PMMA films than reported previously by Venkatesan and co-workers.[28] No explanation was
found since a lower quantum yield in thin films justified by the flexibility of the cyclohexyl would contradict the high PLQY in solution.

12.4 Conclusion
A concrete method for the preparation of linear rigid-rod gold(I) and platinum(II) polymers was established. Copolymerizing units A1–A3 were obtained and additionally it was shown that A4 can be prepared according to a similar procedure via a bis-copper(I)-triptycene intermediate. Further studies involve optimization of the reaction conditions for the C–C cross-coupling between 9,10-dibromotriptycene and (4-bromophenyl)(trimethylsilyl)acetylene and to separate it from the side-products formed
in the reaction. Based on the luminescence properties of the previously established small molecules
((IBIm)Au(C≡C-Ph) and trans-(dBIm)2Pt(C≡C-Ph)2), this ligand could then serve as an extremely promising building block to obtain a blue emissive metal-acetylide polymer. For the preparation of the
gold(I)-based polymers AuP1–AuP4, it might be worth to prepare the hydrobromide analogue of the
[BbIm]2[HI] salt for the preparation of X-Au-BbIm-Au-X (X = Cl or Br) due to the ease of polymerization
which was reported by Sonogashira, Hagihara and co-workers. This Cu(I)-catalyzed polymerization
protocol is well established and has been used extensively in the known acetylide-based metal polymers. In the case it is unsuccessful, a suitable purification method must be developed for the binuclear
Au2A1–Au2A4 intermediates since it is crucial to use highly pure reactants in a polymerization reaction.
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For the platinum(II)-based polymers, a novel method was developed to prepare the trans-(NHC)2PtCl2
precursor which resulted in a reasonably time efficient reaction with moderate yields of 47% (trans(Cy2BIm)2PtCl2) and 37% (trans-(Cy2TIm)2PtCl2). This method most certainly will be of great importance, with respect to the synthesis of trans-(NHC)2PtR2 compounds. Up to now, these compounds
needed to be prepared via cis-trans isomerization reactions or via substitution reactions of the phosphines in the trans-(R3P)2PtR’2 analogues. These reactions are non-economic in terms of reaction steps
and furthermore the cis-trans isomerization in particular is attributed to an immense loss of material.
Using this procedure, in a subsequent step, a model compound for the platinum acetylide could be
prepared using lithium-acetylide. The photophysical properties obtained are in agreement with previously published data on related compounds except the PLQY needs to be verified in order to compare
it to the reported numbers. Moreover, suitable conditions, i.e. a suitable solvent and temperature,
must be further tested for the copper(I) catalyzed preparation of the model compound which then can
be transferred to the polymerization reaction. Otherwise, a new polymerization reaction with lithiumacetylides needs to be investigated similar to the preparation of trans-(Cy2BIm)2Pt(C≡C-Ph)2.

12.5 Experimental Details
General procedure. All manipulations requiring inert atmosphere were carried out using standard
Schlenk techniques under N2 gas. 1H-, 13C{1H}- and 31P-NMR spectra were performed using Bruker 400
MHz and 500 MHz spectrometers. Chemical shifts (δ) are given in parts per million (ppm). Residual
proton (1H-NMR experiments) and carbon (13C-NMR experiments) solvent peaks were used as internal
standards referenced to tetramethylsilane (δ 0.00 ppm). Coupling constants (J) are reported in Hertz
(Hz) using the following abbreviations for signal multiplicities: s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); sept (septet); m (multiplet). The assignments were done either with routine 1D or
2D NMR spectroscopies. For TLC analysis, pre-coated Merck Silica Gel60F254 slides were used, and
visualization was done by luminescence quenching either at 254 nm or 365 nm. Column chromatographic purification (length 15.0 cm: diameter 1.5 cm) of the products was accomplished with silica gel
60, 230–400 mesh. The UV/Vis absorption measurements were performed on an Agilent Technologies
Cary 8454 UV/Vis spectrometer. Emission spectra were recorded on an Edinburgh FLS980 spectrometer. As excitation source, a 450 W Xenon lamp was used to excite at the lowest-energy absorption
maxima with an excitation slit width of 3–5 nm and emission slit width of 5–10 nm. Absolute quantum
yields em were measured using a F-M01 integrating sphere at 298 K (estimated uncertainty ± 15 %;
with YAG:Ce powder as calibration reference: em = 97 %). Phosphorescence lifetimes τ were measured
with the Edinburgh 60 W microsecond flashlamp (mF2), and single monochromators. HR-EI-MS: Highresolution mass spectrometry was performed on a DFS double-focusing (BE geometry) magnetic sector
mass spectrometer (ThermoFisher Scientific). Perfluorokerosene (PFK, Fluorochem, Derbyshire, UK)
served for calibration. High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a
maXis QTOF-MS instrument (Bruker Daltonics GmbH) or on a QExactive instrument (ThermoFisher Scientific) equipped with a heated electrospray (ESI) ionization source and connected to a Dionex Ultimate 3000 UHPLC system (ThermoFischer Scientific). IR spectra were recorded on a Nicolet iS5 FTIR
Spectrometer (Thermo Scientific) equipped with an iD5 Attenuated Total Reflectance (ATR) accessory
consisting of a black diamond/ZnSe crystal.
All starting materials were obtained from commercial suppliers and used as received unless otherwise
stated. Chemicals that were used are of reagent grade and the solvents for synthesis were of analytical
grade.
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Preparation. The compounds (THT)AuCl[48], (Ph3P)AuCl[49], 1,3-diisopropyl-1H-benzimidazolium iodide[50], 1,3-diphenyl-1H-benzimidazolium chloride[51], 2,3-dibromotriptycene[52] and (COD)Pt(C≡CPh)2[53] were prepared according to reported procedures.

12.6 Experimental Section

2,7-di(trimethylsilyl-ethynyl)-9,9-dimethyl-9H-fluorene, A1-1. 2,7-dibromo-9,9-dimethyl-9H-fluorene
(1.000 g, 2.84 mmol), Pd(PPh3)2Cl2 (0.199 g, 0.28 mmol) and CuI (0.108 g, 0.57 mmol) were added into
a Young Schlenk. After addition of NEt3 (10 mL) the mixture was degassed with nitrogen gas for 10 min.
Trimethylsilylacetylene (1.0 mL, 0.670 g, 6.82 mmol) was then added and the mixture was heated to
80 °C. Additional degassed NEt3 (10 mL) was added after 30 min because the mixture solidified. After
stirring at 80 °C for 18 h, the solvent was evaporated, and the crude was purified by column chromatography (hexane/CH2Cl2 9:1) on silica gel. A colorless solid was obtained. Yield: 86% (0.946 g, 2.45
mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.61 (d, 2H, J = 7.8, arom. CH), 7.53 (d, 2H, J = 1.3,
arom. CH), 7.45 (dd, 2H, J = 7.8, 1.3, arom. CH), 1.46 (s, 6H, CH3), 0.28 (s, 18H, Si(CH3)3). 13C{1H} -NMR
(101 MHz, CDCl3, 298 K): δ (ppm) = 153.9, 139.0, 131.4, 126.5, 122.1, 120.3, 105.9, 94.6, 47.0, 27.0,
0.2. IR (ATR, cm-1): ν(C≡C) = 2151. HR-EI-MS: calcd for C23H23Si2+ [M – CH4 – CH3]+: m/z 355.1333, found:
355.1328; calcd for C24H27Si2+ [M – CH3]+: m/z 371.1646, found: 371.1643; calcd for C25H30Si2+ [M]+:
m/z 386.1881, found: 386.1880.
2,7-diethynyl-9,9-dimethyl-9H-fluorene, A1. A solution of A1-1 (0.150 g, 0.39 mmol) in CH2Cl2 (10 mL)
was slowly added to a solution containing KOH (0.435 g, 7.76 mmol) dissolved in MeOH (10 mL). The
mixture was stirred at ambient temperature for 11 h. HCl (0.1 M) was then added to adjust to a pH =
7. The mixture was extracted with CH2Cl2 (3 x 20 mL) and dried over MgSO4. After evaporation of the
solvent, the crude was purified by column chromatography (hexane/CH2Cl2 9:1) on silica gel. A yellow
oil was obtained. Yield: 93% (0.087 g, 0.36 mmol). 1H-NMR (400 MHz, DMSO-d6, 298 K): δ (ppm) = 7.87
(d, 2H, J = 7.8, arom. CH), 7.71 (d, 2H, J = 0.9, arom. CH), 7.48 (dd, 2H, J = 7.8, 1.4, arom. CH), 4.24 (s,
2H, CCH), 1.44 (s, 6H, CH3). 13C{1H}-NMR (101 MHz, DMSO-d6, 298 K): δ (ppm) = 153.9, 138.4, 131.0,
126.3, 120.9, 84.1, 81.2, 81.1, 47.7, 26.3. IR (ATR, cm -1): ν(C≡C) = 2103. HR-EI-MS: calcd for C19H14+
[M]+: m/z 242.1096, found: 242.1091.
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Pentiptycene quinone, A3-2. Anthracene (3.298 g, 18.50 mmol), 1,4-benzoquinone (1.000 g, 9.25
mmol) and para-chloranil (4.549 g, 18.50 mmol) were refluxed in glacial acetic acid (120 mL) for 25 h.
The mixture was filtered, and the formed precipitate was extensively washed with Et2O. An orange
solid was obtained. Yield: 92% (3.926 g, 8.52 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.26
(m, 8H, arom. CH), 6.97 (m, 8H, arom. CH), 5.76 (s, 4H, bridgehead).
6,13-Di(trimethylsilyl-ethynyl)-pentiptycene, A3-1. Trimethylsilylacetylene (2.3 mL, 1.600 g, 16.29
mmol) was dissolved in THF (20 mL). After cooling to -10 °C, nBuLi (6.5 mL, 16.29 mmol, 2.5 M in hexane) was slowly added and the mixture was stirred for 15 min. The Li-acetylide was then dropwise
added at -10 °C to a solution containing A3-2 (3.000 g, 6.51 mmol) in THF (50 mL). After complete
addition, the mixture was allowed to slowly warm to ambient temperature overnight. The beige mixture was quenched with HCl (6 mL, 10%), extracted with CHCl3/H2O (3 x 100 mL) and the combined
organic phases were dried over Na2SO4. After evaporation of the solvent, hexane was added to precipitate the hydroquinone intermediate which was collected by filtration. The residues were then dissolved in acetone (80 mL) and a solution of SnCl22H2O (3.307 g, 14.66 mmol) in acetic acid (60 mL,
50%) was slowly added under continuous degassing with nitrogen gas. The mixture was stirred at ambient temperature for 25 h whereby the product precipitated from the solution. The mixture was filtered to collect the precipitate which was again dissolved in CHCl3 (100 mL) and extracted with H2O
(50 mL) and sat. NaHCO3 (50 mL). The organic phase was dried over MgSO4 and the solvent was evaporated. The residues were thoroughly washed with hexane. A colorless solid was obtained. Yield: 78%
(3.161 g, 5.07 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.33 (m, 8H, arom. CH), 6.94 (m, 8H,
arom. CH), 5.77 (s, 4H, bridgehead), 0.48 (s, 18H, Si(CH3)3).
6,13-Diethynyl-pentiptycene, A3. KOH (0.901 g, 16.05 mmol) was dissolved in MeOH (10 mL) and slowly
added to a solution containing A3-1 (0.500 g, 0.80 mmol) dissolved in CH2Cl2 (10 mL). Stirring at ambient temperature for 1 h was followed by addition of HCl (0.1 M) to adjust to a pH = 7. The mixture was
extracted with CH2Cl2 (3 x 50 mL) and dried over Na2SO4. After evaporation of the solvent, the crude
was purified by column chromatography (hexane/CH2Cl2 2:1) on silica gel. A colorless solid was obtained. Yield: 18% (0.069 g, 0.14 mmol). 1H-NMR (500 MHz, CDCl3, 298 K): δ (ppm) = 7.36 (m, 8H, arom.
CH), 6.95 (m, 8H, arom. CH), 5.82 (s, 4H, bridgehead), 3.70 (s, 2H, CCH).
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9,10-dibromo-triptycene, A4-4. 9,10-Dibromoanthracene (0.100 g, 0.30 mmol) was dissolved in DME
(2.5 mL) and the solution was heated to reflux. Anthranilic acid (0.408 g, 2.98 mmol) and isopentyl
nitrite (0.349 g, 2.98 mmol), each dissolved in DME (2.2 mL) were simultaneously added to the refluxing solution over a period of 18 h. After evaporation of the solvent, the crude was purified by column
chromatography (hexane) on silica gel. A colorless solid was obtained. Yield: 88% (0.108 g, 0.26 mmol).
1
H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 7.83 (m, 6H, arom. CH), 7.14 (m, 6H, arom. CH). 13C{1H}NMR (101 MHz, CD2Cl2, 298 K): δ (ppm) = 142.9, 126.6, 123.5, 70.8. HR-EI-MS: calcd for C20H12Br2+ [M]+:
m/z 409.9306, found: 409.9297.
9,10-di(4-(trimethylsilyl-ethynyl)-phenyl)-triptycene, A4-5. A4-4 (0.200 g, 0.49 mmol) was dissolved in
a mixture of THF (5 mL) and toluene (7.5 mL) under argon atmosphere. The solution was cooled to -78
°C and nBuLi (0.85 mL, 1.07 mmol, 1.25 M in hexane) was added dropwise. After keeping the mixture
at -78 °C for 30 min, it was allowed to slowly warm to 0 °C and CuI (0.203 g, 1.07 mmol) was added in
one batch. The reaction mixture was warmed to ambient temperature. Pd(OAc)2 (0.011 g, 0.05 mmol),
tris(o-methoxyphenyl)phosphine (0.051 g, 0.15 mmol) and (4-bromophenyl)(trimethylsilyl)acetylene
(0.270 g, 1.07 mmol) were dissolved in THF (3 mL) under argon atmosphere and added via syringe to
the solution. The reaction mixture was then heated to 120 °C for 16 h. After cooling to room temperature, the mixture was filtered through Celite and washed with EtOAc. The solution was then washed
with sat. NH4Cl and brine. The organic phase was dried over Na2SO4 and the solvent was evaporated.
No suitable purification method could be found up to this point. HR-EI-MS: calcd for C39H29Si+ [M –
SiMe3]+: m/z 525.2033, found: 525.2033; calcd for C42H38Si2+ [M]+: m/z 598.2507, found: 598.2503.
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Tetradodecyl benzo-bis(imidazolium) iodide, [BbIm]2[HI]. In a Young Schlenk benzo-bis(imidazole)
(0.100 g, 0.63 mmol) and NaH (0.031 g, 1.29 mmol) were suspended in toluene (10 mL). After 15 min
of stirring at 110 °C, 1-iodododecane (1.04 mL, 1.249 g, 4.22 mmol) was added and heating was continued for 19 h. DMF (5 mL) was then added and the reaction mixture was heated for further 5 h at
110 °C. The solvent was evaporated and CH2Cl2 (20 mL) was added. The mixture was filtered, and the
filtrate was concentrated. EtOAc was added to precipitate the product. Further washing with EtOAc (5
x 20 mL) and pentane (3 x 20 mL) was performed. A pale-yellow solid was obtained. Yield: 46% (0.330
g, 0.30 mmol). 1H-NMR (400 MHz, CDCl3, 300 K): δ (ppm) = 10.30 (s, 2H, NCHN), 9.48 (s, 2H, arom. CH),
4.97 (t, 8H, J = 6.5, NCH2), 2.00 (quint, 8H, J = 7.2, NCH2CH2), 1.41–1.23 (m, 72H, aliph. CH2), 0.87 (t,
12H, J = 6.8, CH3). 13C{1H}-NMR (126 MHz, CDCl3, 300 K): δ (ppm) = 144.0, 130.4, 101.9, 49.5, 32.1, 29.8,
29.8, 29.7, 29.6, 29.6, 29.5, 29.3, 26.7, 22.8, 14.2. Elemental analysis: calcd (%) for C56H104I2N4: C 61.86,
H 9.64, N 5.15; found: C 62.11, H 9.71, N 5.00%. (+)-HR-ESI-MS (MeOH): calcd for C56H104N42+ [M – 2I]2+:
m/z 416.4125, found: 416.4135.
I-Au-BbIm-Au-I. [BbIm]2[HI] (0.200 g, 0.18 mmol) and (THT)AuCl (0.118 g, 0.37 mmol) were suspended in Et2O (20 mL). KOtBu (0.045 g, 0.40 mmol) was slowly added. After 10 min the reaction was
quenched with H2O (5 mL). The mixture was extracted with CH2Cl2 (3 x 50 mL) and the combined organic phases were dried over Na2SO4. The solvent was evaporated, and the residues were suspended
in a CH2Cl2/hexane (1:1 v/v) mixture and filtered through an alumina plug with approximately 100 mL
of eluent. Further washing with CH2Cl2 (150 mL) and EtOAc (150 mL) was performed. The solvent of
the filtrate was evaporated and washed with pentane. A colorless solid was obtained. Yield: 54% (0.148
g, 0.10 mmol). 1H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.48, (s, 2H, arom. CH), 4.59 (t, 8H, J = 7.2,
NCH2), 2.00 (quint, 8H, J = 7.1, NCH2CH2), 1.45–1.25 (m, 72H, aliph. CH2), 0.87 (t, 12H, J = 6.9, CH3).
13 1
C{ H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 191.3, 131.7, 94.3, 53.8, 49.3, 32.3, 30.1, 30.0, 29.9,
29.8, 29.6, 27.2, 23.1, 14.3. Elemental analysis: calcd (%) for C56H102Au2I2N4: C 45.47, H 6.95, N 3.79;
found: C 45.77, H 6.76, N 3.74%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C56H102Au2IN4+ [M – I]+:
m/z 1351.6475, found: 1351.6483; calcd for C56H102Au2I2N4Na+ [M + Na]+: m/z 1501.5417, found:
1501.5428.
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(Ph3P)Au(C≡C-Ph). Na0 (0.005 g, 0.20 mmol) was dissolved in MeOH (5 mL) and phenylacetylene (22 μl,
0.021 g, 0.20 mmol) was added. After 40 min of stirring at ambient temperature, (Ph3P)AuCl (0.100 g,
0.20 mmol) was added. The reaction mixture was stirred for further 17 h. CH2Cl2 (50 mL) was added
and the mixture was filtered through a silica plug. The solvent was evaporated to obtain the product.
A colorless solid was obtained. Yield: 62% (0.070 g, 0.12 mmol). 1H-NMR (400 MHz, CD2Cl2, 298 K): δ
(ppm) = 7.60–7.46 (m, 15H, arom. CH), 7.42–7.39 (m, 2H, arom. CH), 7.27–7.20 (m, arom. CH). 13C{1H}NMR (101 MHz, CD2Cl2, 298 K): δ (ppm) = 134.8, 134.6, 132.4, 132.0, 132.0, 130.5, 130.0, 129.6, 129.5,
128.4, 127.0, 125.8. 31P-NMR (162 MHz, CD2Cl2, 298 K): δ (ppm) = 42.18 (PPh3). IR (ATR, cm-1): ν(C≡C) =
2115. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C26H21AuP+ [M + H]+: m/z 561.1041, found: 561.1038;
calcd for C26H20AuNaP+ [M + Na]+: m/z 583.0860, found: 583.0857.
(Ph3P)Au–A1–Au–(PPh3), Au2A1. Na0 (0.017 g, 0.72 mmol) was dissolved in MeOH (10 mL) whereupon
A1 (0.087 g, 0.36 mmol) as a solution in MeOH (2 mL) was added. The mixture was stirred at ambient
temperature for 30 min and then covered to protect from light. (Ph3P)AuCl (0.355 g, 0.27 mmol) was
added and stirring was continued for 14 h. The crude product was collected by centrifugation and
washed with MeOH (20 mL) and Et2O (20 mL). No purification could be performed due to stability
issues on silica and alumina. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C55H43Au2P2+ [M + H]+: m/z
1159.2166, found: 1159.2170.
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cis-(IPr2BIm)2PtCl2. Ag2O (0.070 g, 0.30 mmol) and 1,3-diisopropyl-1H-benzimidazolium iodide (0.200
g, 0.61 mmol) were dissolved in CH2Cl2 (50 mL) under exclusion of light. The solution was stirred for 1
h at ambient temperature and K2PtCl4 (0.126 g, 0.30 mmol) was then added. The reaction mixture was
stirred for another 48 h at ambient temperature. The mixture was filtered through Celite and the solvent was evaporated. The crude was used for preliminary characterization. An off-white colorless solid
was obtained. 1H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.62 (m, 4H, arom. CH), 7.37 (m, 2H, arom.
CH), 7.21 (m, 2H, arom. CH), 6.57 (sept, 2H, J = 6.9, CH(CH3)2), 5.08 (sept, 2H, J = 6.9, CH(CH3)2), 1.84
(d, 12H, J = 7.1, CH(CH3)2), 1.74 (d, 12H, J = 7.0, CH(CH3)2).
trans-(Ph2BIm)2PtCl2. K2PtCl4 (0.500 g, 1.20 mmol), KOtBu (0.270 g, 2.41 mmol) and 1,3-diphenyl-1Hbenzimidazolium chloride (0.739 g, 2.41 mmol) were dissolved in THF (50 mL). The reaction mixture
was heated to 80 °C for 39 h. The solvent was evaporated and CH2Cl2 (50 mL) was added. Filtration of
the mixture through a silica plug with thorough washing due to the poor solubility delivered the pure
product. A colorless solid was obtained. Yield: 15% (0.141 g, 0.17 mmol). 1H-NMR (400 MHz, CDCl3, 298
K): δ (ppm) = 7.55 (dq, 8H, J = 7.2, 1.0, arom. CH), 7.38 (tt, 4H, J = 7.5, 1.2, arom. CH), 7.25 (tt, 8H, J =
7.8, 1.0, arom. CH), 7.09 (m, 4H, arom. CH), 6.98 (m, 4H, arom. CH). (+)-HR-ESI-MS (MeOH/CHCl3 3:2):
calcd for C38H28Cl2N4NaPt+ [M + Na]+: m/z 828.1231, found: 828.1232.
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N,N’-dicyclohexyl-benzene-1,2-diamine, (CyNH)2Ph. 1,2-Diamino-benzene (5.000 g, 46.24 mmol), 1bromocyclohexane (30.3 mL, 45.236 g, 277.42 mmol) and K2CO3 (19.170 g, 138.71 mmol) were added
into a RB flask. DMSO (25 mL) was added and the mixture was heated to 110 °C for 15 h. Reaction
monitoring by GC-MS showed still monosubstituted product. Therefore, an additional portion of 1bromocyclohexane (15.1 mL, 22.618 g, 138.71 mmol) was added and heating to 110 °C was continued
for another 6 h. The mixture was then filtered, and the solvent was evaporated under reduced pressure. The crude was purified by column chromatography (hexane/EtOAc 5:1) on silica gel. A purple oil
was obtained. Yield: 36% (4.596 g, 16.87 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 6.76–6.72
(m, 2H, arom. CH), 6.71–6.67 (m, 2H, arom. CH), 3.21–3.15 (m, 2H, aliph. CH), 2.07–2.03 (m, 4H, aliph.
CH2), 1.79–1.74 (m, 4H, aliph. CH2), 1.68–1.63 (m, 2H, aliph. CH2), 1.40–1.32 (m, 4H, aliph. CH2), 1.29–
1.17 (m, 6H, aliph. CH2). (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C18H29N2+ [M + Hl]+: m/z 273.2325,
found: 273.2324.
N,N'-dicyclohexyl-benzimidazolium chloride, [Cy2BIm][HCl]. (CyNH)2Ph (0.269 g, 0.99 mmol) was dissolved in Et2O (40 ml) in a RB flask equipped with a septum. In a separate flask HCl gas was prepared
in situ by addition of H2SO4 on NaCl. The prepared HCl gas was bubbled through the solution. The
formation of the product could be monitored by an immediate precipitation after saturation of the
solution with HCl. The solids were decanted, dried under reduced pressure, and then added into a
microwave tube together with an excess of triethyl orthoformate (3 ml). The mixture was irradiated at
140°C for 5 min. After competition, the reaction mixture was poured into a beaker containing Et2O
placed in an ice bath, to precipitate the product. The product was centrifugated, decanted, washed
with Et2O (3 x 20 mL) and then dried under reduced pressure. A colorless solid was obtained. Yield:
87% (0.273 g, 0.86 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 11.76 (s, 1H, NCHN), 7.75 (m,
2H, arom. CH), 7.60 (m, 2H, arom. CH), 4.68 (tt, 2H, J = 12.2, 3.8, NCH), 2.37 (q, 4H, J = 12.0, aliph. CH),
2.22 (d, 4H, J = 12.5, aliph. CH2), 2.03 (d, 4H, J = 11.3, aliph. CH2), 1.79–1.46 (m, 8H, aliph. CH2). 13C{1H}NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 142.0, 131.1, 126.7, 113.8, 59.4, 32.6, 25.7, 24.8. (+)-HR-ESIMS (MeOH/CHCl3 3:2): calcd for C19H27N2+ [M – Cl]+: m/z 283.2169, found: 283.2167. (-)-HR-ESI-MS
(MeOH/CHCl3 3:2): calcd for C19H27Cl2N2- [M + Cl]-: m/z 353.1557, found: 353.1559.
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trans-(Cy2BIm)2PtCl2. In a RB flask [Cy2BIm][HCl] (0.300 g, 0.94 mmol) was dissolved in CH3CN (6 ml).
1,4-dioxane (24 ml) was added and the flask was protected from light. Ag2O (0.131 g, 0.56 mmol) was
added under exclusion of light and the mixture was stirred for 1 h at room temperature. Meanwhile
K2PtCl4 (0.195 g, 0.47 mmol) was dissolved in H2O (6 ml) and 1,4-dioxane (6 ml). This solution was then
added to the Ag-NHC solution. The reaction mixture was extracted with CH2Cl2 and washed with brine.
The organic phase was dried over MgSO4 and the crude was purified by column chromatography (pure
CH2Cl2) on silica gel. A colorless solid was obtained. Yield: 59% (0.232 g, 0.28 mmol). 1H-NMR (500 MHz,
CD2Cl2, 298 K): δ (ppm) = 7.73 (m, 4H, arom. CH), 7.23 (m, 4H, arom. CH), 6.32 (m, 4H, aliph. NCH), 2.30
(m, 16H, aliph. CH2), 2.05 (m, 8H, aliph. CH2), 1.90 (m, 4H, aliph. CH2), 1.73 (m, 8H, aliph. CH2), 1.41 (m,
8H, aliph. CH2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 177.9, 133.9, 122.2, 113.7, 61.0, 31.0,
26.6, 25.9. Elemental analysis: calcd (%) for C38H52Cl2N4Pt: C 54.93, H 6.31, N 6.74; found: C 55.02, H
5.78, N 6.53%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C38H56Cl2N5Pt+ [M + NH4]+: m/z 847.3555,
found: 847.3554; calcd for C38H52Cl2N4NaPt+ [M + Na] +: m/z 852.3109, found: 852.3163.
trans-(Cy2BIm)2Pt(C≡C-Ph)2. Phenylacetylene (0.40 ml, 0.369 g, 3.61 mmol,) was added into a RB flask
containing dry toluene (20 ml). To this solution nBuLi (2.26 ml, 3.61 mmol, 1.6 M in hexane) was added
at -78 °C and slowly allowed to warm to -55 °C. After 20 min, trans-(Cy2BIm)2PtCl2 (0.150 g, 0.18 mmol)
was added and the mixture was slowly heated to 80 °C over a period of 1 h and kept at 80 °C for
additional 14 h. The dark mixture was then cooled to room temperature and purified by column chromatography (CH2Cl2/hexane 3:2) on silica gel. A beige solid was obtained. Yield: 40% (0.067 g, 0.07
mmol). 1H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 7.73–7.70 (m, 4H, NHC arom. CH), 7.22–7.18 (m,
4H, NHC arom. CH), 7.03–6.91 (m, 10H, alkyne arom. CH), 6.04 (tt, 4H, J = 12.4, 4.2, aliph. CH), 2.39 (d,
8H, J = 9.9, aliph. CH2), 2.29 (qd, 8H, J = 12.5, 3.6, aliph. CH2), 2.03 (d, 8H, J = 13.4, aliph. CH2), 1.88 (d,
4H, J = 13.2, aliph. CH2), 1.73 (qt, 8H, J = 13.1, 3.3, aliph. CH2), 1.42 (qt, 4H, J = 13.2, 3.6, aliph. CH2).
13 1
C{ H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 180.6, 134.2, 131.1, 129.8, 128.0, 124.4, 121.8, 113.5,
105.4, 104.8, 61.5, 30.8, 26.7, 26.0. IR (ATR, cm-1): ν(C≡C) = 2101. Elemental analysis: calcd (%) for
C54H62N4Pt: C 67.41, H 6.50, N 5.82; found: C 67.06, H 6.10, N 5.72%. (+)-HR-ESI-MS (dissolved in CH2Cl2,
diluted in MeOH): calcd for C54H63N4Pt+ [M + H]+: m/z 962.4695, found: 962.4690; calcd for
C54H62N4NaPt+ [M + Na]+: m/z 984.4514, found: 984.4512.
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N,N’-dicyclohexyl-triptycene-2,3-diamine, (CyNH)2Tript. 1,3-Bis(2,6-diisopropylphenyl)imidazolium
chloride (0.103 g, 0.24 mmol), Pd(OAc)2 (0.027 g, 0.12 mmol) and NaOtBu (0.035 g, 0.36 mmol) were
added into a RB flask. Toluene (2 mL), which was thoroughly degassed with nitrogen gas was added
and the mixture was heated to 80 °C over a period of 45 min. In a separate Young Schlenk, 2,3-dibromotriptycene (0.500 g, 1.21 mmol) and NaOtBu (0.408 g, 4.25 mmol) were suspended in toluene (2
mL). Cyclohexylamine (0.36 mL, 0.361 g, 3.64 mmol) was added and the mixture was also degassed for
5 min. Next, the palladium catalyst mixture was added into the Young Schlenk and the mixture was
stirred at 120 °C for 22 h. After evaporation of the solvent, the crude was purified by column chromatography (hexane/EtOAc 7:1) on neutralized silica gel. A colorless solid was obtained. Yield: 47% (0.258
g, 0.58 mmol). 1H-NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) = 7.34 (m, 4H, arom. CH), 6.97 (m, 4H, arom.
CH), 6.80 (s, 2H, arom. CH), 5.26 (s, 2H, bridgehead), 3.11 (tt, 2H, J = 10.0, 3.7, NCH), 1.98 (m, 4H, CH2),
1.75 (dt, 4H, J = 13.2, 3.5, CH2), 1.64 (dt, 2H, J = 12.5, 3.9, CH2), 1.37 (qt, 4H, J = 12.2, 3.4, CH2), 1.20 (m,
6H, CH2). 13C{1H}-NMR (101 MHz, CD2Cl2, 298 K): δ (ppm) = 146.8, 136.3, 134.1, 125.1, 123.4, 110.9,
54.0, 52.9, 34.1, 26.5, 25.5. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C26H26N+ [M – C6H11N + H]+: m/z
352.2060, found: 352.2058, C32H37N2+ [M + H]+: m/z 449.2951, found: 449.2948.
N,N'-dicyclohexyl-triptyceneimidazolium chloride, [Cy2TIm][HCl]. (CyNH)2Tript (0.100 g, 0.22 mmol)
was dissolved in Et2O (20 ml) in a RB flask equipped with a septum. In a separate flask HCl gas was
prepared in situ by addition of H2SO4 on NaCl. The prepared HCl gas was bubbled through the solution.
The formation of the product could be monitored by an immediate precipitation after saturation of
the solution with HCl. The solids were decanted, dried under reduced pressure and then added into a
microwave tube together with an excess of triethyl orthoformate (1 ml). The mixture was irradiated at
140°C for 5 min. After competition, the reaction mixture was poured into a beaker containing Et 2O
placed in an ice bath, to precipitate the product. The product was centrifugated, decanted, washed
with Et2O (3 x 20 mL) and then dried under reduced pressure. A colorless solid was obtained. Yield:
64% (0.071 g, 0.14 mmol). 1H-NMR (500 MHz, CD2Cl2, 298 K): δ (ppm) = 11.58 (s, 1H, NCHN), 7.75 (s,
2H, arom. CH), 7.47 (m, 4H, arom. CH), 7.07 (m, 4H, arom. CH), 5.63 (s, 2H, bridgehead), 4.61 (tt, 2H, J
= 12.2, 3.8, NCH), 2.67 (qd, 4H, J = 12.0, 3.2, NCH), 2.13 (m, 4H, CH2), 2.01 (m, 4H, CH2), 1.78 (m, 2H,
CH2), 1.51 (m, 6H, CH2). 13C{1H}-NMR (126 MHz, CD2Cl2, 298 K): δ (ppm) = 145.0, 144.4, 141.7, 129.0,
126.3, 124.3, 109.1, 59.4, 54.2, 32.9, 26.0, 25.2. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C33H35ClN2+
[M – Cl]+: m/z 459.2795, found: 459.2790.
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(NBu4)2PtCl4. K2PtCl4 (0.270 g, 0.65 mmol) was dissolved in H2O (10 mL) and added to a solution containing NBu4Cl (0.361 g, 1.30 mmol) dissolved in CH2Cl2 (10 mL). The two phases were separated, and
the organic layer was dried over Na2SO4. Evaporation of the solvent delivered the product. A pink solid
was obtained. Yield: 98% (0.524 g, 0.64 mmol). 1H-NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 3.59–3.55
(m, 2H, NCH2), 1.77–1.69 (m, 2H, aliph. CH2), 1.54–1.45 (m, 2H, aliph. CH2), 0.98 (t, 3H, J = 7.3, CH3).
trans-(Cy2TIm)2PtCl2. [Cy2TIm][HCl] (0.250 g, 0.50 mmol) and Ag2O (0.070 g, 0.30 mmol) were dissolved
in CH2Cl2 (20 mL) under exclusion of light. The mixture was stirred at ambient temperature for 18 h
whereupon (NBu4)2PtCl4 (0.207 g, 0.25 mmol) was added in one batch. After 5 h of stirring the solvent
was evaporated and the crude was purified by column chromatography (pure CH2Cl2) on silica gel. A
colorless solid was obtained. Yield: 37% (0.110 g, 0.09 mmol). 1H-NMR (500 MHz, CD2Cl2, 298 K): δ
(ppm) = 8.03 (s, 4H, arom. CH), 7.46 (m, 16H, arom. CH), 7.02 (m, 16H, arom. CH), 6.11 (m, 4H, NCH),
assignments of further proton signals could not be done due to the low solubility in organic solvents.
13 1
C{ H}-NMR: assignments of carbon signals could not be done due to the low solubility in organic solvents. Elemental analysis: calcd (%) for C66H68Cl2N4Pt: C 66.99, H 5.79, N 4.73; found: C 67.12, H 5.86,
N 4.49%. (+)-HR-ESI-MS (MeOH/CHCl3 3:2): calcd for C66H68Cl2N4Pt+ [M]+: m/z 1181.4469, found:
1181.4471.
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trans-(Cy2TIm)2Pt(C≡C-Ph)2. To a Young Schlenk (COD)Pt(C≡C-Ph)2 (0.050 g, 0.10 mmol), [Cy2TIm][HCl]
(0.099 g, 0.20 mmol) and KOtBu (0.022 g, 0.20 mmol) were added followed by THF (10 mL). The mixture
was heated to 75 °C for 15 h. After evaporation of the solvent, the crude was purified by column chromatography (hexane/CH2Cl2 1:1) on silica gel. An off-white solid was obtained. Yield: 21% (0.028 g, 0.02
mmol). 1H-NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) = 7.71 (s, 4H, arom. CH), 7.44–7.42 (m, 8H, arom.
CH), 7.02–7.00 (m, 8H, arom. CH), 6.93–6.83 (m, 10H, arom. CH), 5.95–5.87 (m, 4H, NCH), 5.51 (s, 4H,
bridgehead), 2.27–2.18 (m, 16H, aliph. CH2), 1.99–1.96 (m, 8H, aliph. CH2), 1.87–1.84 (m, 4H, aliph.
CH2), 1.70–1.60 (m, 8H, aliph. CH2), 1.49–1.43 (m, 4H, aliph. CH2).
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12.7 Crystallographic Data
Single crystal X-ray diffraction data were collected at low temperature on a Rigaku OD Synergy (Pilatus
200 K detector) diffractometer for [Cy2BIm][HCl], trans-(Cy2BIm)2PtCl2 and trans-(Cy2BIm)2Pt(C≡CPh)2, on a Rigaku OD Xcalibur (Ruby CCD detector) diffractometer for trans-(Ph2BIm)2PtCl2 and on a
Rigaku OD SuperNova/Atlas areadetector diffractometer for trans-(Cy2TIm)2Pt(C≡C-Ph)2, the former
two equipped with an Oxford liquid-nitrogen cryostream cooler and the later with an
Oxford Instruments Cryojet XL cooler. A single wavelength X-ray source from a micro-focus sealed Xray tube was used for the analyses (Mo Kα radiation, λ = 0.71073 Å; or Cu Kα radiation, λ = 1.54184 Å).
Suitable single crystals were manipulated into polybutene oil, mounted on a flexible loop fixed on a
goniometer head and transferred to the diffractometer. Pre-experiments, data collections, data reductions and analytical absorption corrections[54] were performed with the program suite CrysAlisPro[55].
Using Olex2,[56] the structures were solved with the SHELXT small molecule structure solution program[57] and refined with the SHELXL program package[58] by full-matrix least-squares minimization on
F2. PLATON[59] was used to check the result of the X-ray analysis.
In the crystal structure of [Cy2BIm][HCl], there are two crystallographically independent cationic carbene molecules, two Cl-, one HCl and one isolated water molecule in the asymmetric unit. The hydrogen atoms of the water molecules are disordered over three positions (site-occupance factor of 2/3),
while the HCl and Cl- species occupy the same three positions with site-occupancy factors of 1/3 and
2/3, respectively. In the crystal structure of trans-(Cy2BIm)2PtCl2, the metal center lies on a center of
inversion. Only one part of the organometallic molecule had to be refined, the other part is reproduced
by a symmetry operation. The main compound crystallized with solvent molecules of CH2Cl2 (disordered over two sets of positions). In the crystal structure of trans-(Cy2BIm)2Pt(C≡C-Ph)2, the metal
center is located on a center of inversion, consequently only one half of the molecule had to be refined,
the second half is reproduced by a symmetry operation.
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Table 17. Crystal data and structure refinements.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°C
β/°C
γ/°C
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°C
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

trans-(Ph2BIm)2PtCl2
C38H28Cl2N4Pt
806.63
183(1)
triclinic
P-1
8.6839(3)
9.9752(5)
19.5348(8)
89.598(3)
84.613(3)
68.667(4)
1568.60(12)
2
1.708
4.678
792.0
0.13 × 0.09 × 0.04
Mo Kα (λ = 0.71073)
4.804 to 55.108
-11 ≤ h ≤ 11,
-12 ≤ k ≤ 12,
-25 ≤ l ≤ 25
25690
7247
[Rint = 0.0711,
Rsigma = 0.0694]
7247/0/409
1.017
R1 = 0.0348,
wR2 = 0.0680
R1 = 0.0565,
wR2 = 0.0792
1.83/-1.64

[Cy2BIm][HCl]
(C19H27ClN4)2(H2O)(HCl)
692.22
183(1)
triclinic
P-1
10.71777(18)
11.74933(18)
18.0880(3)
77.3793(13)
73.5073(14)
63.0495(16)
1936.07(6)
2
1.187
2.393
744.0
0.4 × 0.19 × 0.14
CuKα (λ = 1.54184)
8.49 to 149.008
-13 ≤ h ≤ 12,
-14 ≤ k ≤ 14,
-19 ≤ l ≤ 22
33062
7919
[Rint = 0.0182,
Rsigma = 0.0159]
7919/6/441
1.038
R1 = 0.0345,
wR2 = 0.0914
R1 = 0.0353,
wR2 = 0.0920
0.51/-0.33
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trans-(Cy2BIm)2PtCl2
C38H52Cl2N4Pt(CH2Cl2)2
1000.67
183(1)
monoclinic
C2/c
24.02189(18)
10.25741(7)
17.95200(12)
90
103.8128(7)
90
4295.49(5)
4
1.547
9.793
2016.0
0.24 × 0.12 × 0.03
CuKα (λ = 1.54184)
9.418 to 148.998
-30 ≤ h ≤ 27,
-12 ≤ k ≤ 12,
-15 ≤ l ≤ 22
22967
4379
[Rint = 0.0190,
Rsigma = 0.0112]
4379/25/242
1.115
R1 = 0.0238,
wR2 = 0.0529
R1 = 0.0241,
wR2 = 0.0530
1.07/-0.95
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Table 18. Crystal data and structure refinements.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°C
β/°C
γ/°C
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°C
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

trans-(Cy2BIm)2Pt(C≡C-Ph)2
C54H62N4Pt
962.16
160(1)
tetragonal
I41/a
26.22856(12)
26.22856(12)
13.85912(9)
90
90
90
9534.21(11)
8
1.341
5.789
3936.0
0.33 × 0.26 × 0.03
CuKα (λ = 1.54184)
6.74 to 149
-32 ≤ h ≤ 32,
-32 ≤ k ≤ 30,
-10 ≤ l ≤ 17
23391
4860
[Rint = 0.0230,
Rsigma = 0.0181]
4860/0/268
1.066
R1 = 0.0188,
wR2 = 0.0469
R1 = 0.0201,
wR2 = 0.0477
0.45/-0.68

trans-(Cy2TIm)2Pt(C≡C-Ph)2
C82H78N4Pt
1314.57
160(1)
monoclinic
P21/c
13.45243(18)
15.8837(2)
15.7939(3)
90
91.7708(14)
90
3373.15(9)
2
1.294
4.240
1352.0
0.2 × 0.08 × 0.02
CuKα (λ = 1.54184)
7.896 to 148.974
-16 ≤ h ≤ 16,
-19 ≤ k ≤ 19,
-19 ≤ l ≤ 17
32325
6789
[Rint = 0.0223,
Rsigma = 0.0157]
6789/0/394
1.055
R1 = 0.0274,
wR2 = 0.0677
R1 = 0.0417,
wR2 = 0.0810
0.96/-0.81
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In chapter I, section 7, four platinum(II) blue emitters (λmax = 459 to 480 nm) were synthesized which,
by increasing the doping concentration in PMMA thin films, showed a second lower energy emission
band in the orange part of the visible spectrum (λmax = 577 to 594 nm), assigned to an excimer-based
emission. The presence of an excimer rather than a dimer could be proven by performing excitation
spectra of both, the high energy and the low energy emission peak. Absence of an additional excitation
band appearing at lower energy compared to the bands observed in the UV/Vis spectra gives evidence
for the emission originating from the same ground state species, rather than from a ground state dimer
or aggregate. Calculations performed on the complexes revealed the HOMO to be located mainly on
the acetylide ligands with small contribution of the metal center and the LUMO on the N^C* (C* = NHC
carbon) ligand with a small amount on the platinum core, respectively. This leads to an efficient
3
LLCT/3MLCT emission with good PLQY of up to 59%. By tuning the doping concentration of the bisphenylacetylide complex, a white light emission was obtained at 20 wt% (Figure 50). The major drawback of these kind of complexes for an application in OLED devices is the thermal stability. At a temperature of approximately 190 °C a decomposition was observed as a result of a reductive elimination
of the two acetylide ligands in cis position, which makes vapor deposition impossible.

Figure 50. CIE diagram of the emissions at different doping concentrations in PMMA thin films.

Due to the instability, in section 8, a more stable ancillary ligand system was introduced (Figure 51).
The tda ligand serves as a much more stable ligand, due to its chelating nature with a rigidified structure owing to the inhibition of rotation around the C≡C bond. Furthermore, the ancillary ligands were
modified to investigate the influence of a pyridine moiety on the formation of excimers. All four complexes bearing the N^C* ancillary ligand showed a monomer emission and excimer emission, which
was even more pronounced compared to the complexes in section 7. The high energy emission wavelength (λmax = 500 nm) was identical within the series, whereas changes of the excimer band (λmax =
600 to 620 nm) were observed. The variations were attributed to the steric effects of the substituents
on the (benz)imidazole and the extended π-system in the carbene, respectively. The exclusively carbene-based complexes, monodentate and bidentate, displayed only a monomer emission, which was
identical to the (N^C*)Pt(tda) complexes (λmax = 500 nm). It is commonly known that the geometrical
prerequisite is planarity and additionally an interplanar distance of less than 3.5 Å between two molecules in the crystal structure is necessary. Nonetheless, a general design method seems to be unknown
and the reported complexes until now appear to be serendipitous. It was concluded that the electronics of the pyridine are an essential feature for the ability to form an excimer, supported by the fact that
all reports on excimer-forming platinum complexes in literature involve a pyridine moiety in their scaffold.
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Figure 51. Evolution of the N^C*-based platinum complexes in chapter I.

With most red shifted molecule from section 8 in hand, the goal of section 9 was to further shift the
excimer emission towards the near infrared region. Owing to the calculations performed on the molecules in section 7 and 8, similar electronics were expected for these bis-bidentate complexes with the
HOMO primarily located on the acetylide and the LUMO on the pyridyl fragment. A general approach
to narrow the HOMO-LUMO gap is to install either an electron donating group onto the fragment involving the HOMO, or by attaching an electron withdrawing group onto the framework affecting the
LUMO. The latter approach was chosen, with modification on the 4-position of the pyridine. Surprisingly, the monomer emission, recorded at 77 K, remained the same (λmax = 500 nm) for all three complexes, but more importantly, an extraordinarily strong effect of the CF3 group was observed. At room
temperature and already at extremely low concentration in CH2Cl2, only a pronounced excimer emission was present. By increasing the concentration, additionally an even more red shifted emission peak
appeared. This peak was identical to the NIR emission obtained from the neat solid (λmax = 775 nm),
which was assigned to an excited state trimer. An in-dept investigation on this complex, involving device preparation (TU Dresden) and kinetic studies on the formation of this excited state species
(KAUST) is currently ongoing but on hold due to the global COVID-19 situation.
Our group has already successfully managed to prepare deep blue emitting platinum(II) complexes.
Nevertheless, a major challenge faced in the device fabrication concerns the doping concentration.
The loss of luminescence efficiency due to intermolecular quenching was addressed by pursuing a new
strategy in chapter II to modify the ligands of the developed framework, through installation of a bulky
triptycene moiety without affecting the electronics significantly (Figure 52). The emission wavelength
of λmax = 436–439 nm could still be retained by enhancing the steric demand on the NHC ligand. Replacement of the phenyl group with triptycene on the other hand led to a slight red shift of approximately 10 nm to λmax = 448–450 nm, due to a higher electron density. Luminescence studies were
performed on PMMA thin films with increasing doping concentration of the emitter molecules. Also,
with increasing bulk around the metal center a phosphorescence quenching was observed, but analysis
of the radiative and non-radiative rate constants of the phosphorescence emission revealed a suitable
candidate for the application in an OLED device.

Figure 52. Installation of sterically demanding triptycene unit to avoid luminescence quenching due to aggregation at high
doping concentrations.
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Chapter III covers the utilization of NHC-based platinum(II) and gold(I) complexes as the backbone of
main chain organometallic polymers. In contrast to the extremely limited number of known luminescent transition metal polymers, where phosphines are utilized as neutral ancillary ligands, this work
covers polymers containing N-heterocyclic carbenes to enhance the luminescence properties. In section 0, the main chain consists of a ditopic Janus-type benzo-bisimidazolin-2-ylidene carbene coordinated to a platinum core with acetylide ligands as ancillary ligands (Figure 53). Variations of the electronics allowed tuning of the emission wavelength from deep blue (λmax = 438 nm) to green (λmax = 505
nm) in CH2Cl2. The common challenge in luminescent polymers concerning quenching due to interchain
interactions and aggregation effects could not be overcome. Neat polymer films, blade coated onto a
quartz plate, showed an additional emission band appearing at lower energy due to interchain interactions resulting in white light emission from the polymer. Nevertheless, a luminescent polymer could
be prepared which showed a deep blue emission not only at cryogenic temperatures, but also at ambient temperature in solution.

Figure 53. General structures of the organometallic polymers presented in chapter III.

Section 0 covers design approaches for the NHC analogues of previously developed phosphine-based
COMPs. Due to the stronger σ-donation, introduction of the carbene should enhance the quantum
efficiency, making them also luminescent at ambient temperature. In addition to the change from
phosphine to NHC, also a new linear dialkyne was prepared which breaks the conjugation between the
monomer units in the polymer, and should therefore resemble the emissive properties of the model
compound, in particular the ability to show a deep blue emission. For this purpose, a new synthetic
protocol was developed to prepare trans-(NHC)2PtCl2 copolymerization units which resulted in a time
efficient procedure with moderate yields.
In chapter IV, the influence of the electronic nature of N-heterocyclic carbenes on the emissive properties was investigated. Three different monodentate NHC ligands were utilized, from electron withdrawing to electron donating, to prepare six complexes, each bearing the carbene ligands in cis-configuration and (octafluoro)biphenyl as ancillary ligand. It could be concluded that the effect on the
emission maximum was negligible within the series of same C^C ligand. The perfluorinated derivatives
showed a blue shift of the emission, which is in line with the DFT calculations, showing a predominant
3
ILCT on the chelating ligand. Additionally, TGA studies revealed an extremely high decomposition temperature of more than 300 °C with an increased thermal stability of the octafluoro complexes (Td = 374
°C) compared to the parent biphenyl analogues (Td = 309 °C) was observed. The enhanced stability is
attributed to the electron deficiency at the platinum-bound carbon atoms, which reduces the probability of reductive elimination.
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