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INTRODUCTION AND SCOPE



Organometallic chromophores with both luminescent and second-order non linear optical
(NLO) properties are of growing interest as new molecular multifunctional materials, since
they offer additional flexibility, when compared to organic chromophores, by introducing
NLO-active electronic charge-transfer transitions between the metal and the ligand, tunable
by virtue of the nature, oxidation state and coordination sphere of the metal centre.!"!
Moreover, owing to their remarkable luminescent properties, organometallic complexes of
transition-metals have recently received considerable attention as phosphorescent emitters
for Organic Light Emitting Diodes (OLEDs)." In particular, various platinum(ll) complexes
with a cyclometallated 1,3-di(2-pyridyl)benzene ligand seem very promising in this respect
because of their intense luminescence.”

Besides, in the last decades organometallic and coordination complexes have emerged
as interesting molecular chromophores for second-order non linear optical (NLO)
applications, because they may offer a great diversity of tunable electronic properties by
virtue of the metal centre.””! For example, coordination of various organic push-pull NLO-
phores acting as ligands such as stilbazoles bearing a NR, donor group produces a
significant increase of their quadratic hyperpolarizability due to a red-shift of the intraligand
charge-transfer transition, major origin of their second order NLO response.® In particular,
the product up (u = dipole moment, B = quadratic hyperpolarizability) of
cis-[Ir(CO),Cl(4,4’-trans-NCsH,CH=CHC¢HsNMe,)], measured in solution by the Electric-Field
Induced Second Harmonic (EFISH) generation technique, is 3 times higher than that of the
free stilbazole ligand!”! and comparable to that of an important NLO-phore such as Disperse

Red One, an NLO chromophore currently used in electro-optics polymers.

The porpose of my Ph.D. work has been the synthesis of novel Pt(ll) planar complexes for
application in light emitting devices as well as the study of the effect of the coordination to a
metal centre on second order NLO properties of new highly 1T-delocalised ligands and

octupolar structures. Thus, this thesis is organised in three main sections:

1. Luminescent properties of cyclometallated Pt(Il) complexes;
2. Second order NLO properties of different organometallic chrmophores;

3. Experimental section

Section 1 begins with a short introduction on the basic concept of luminescence, focusing
in particular on Pt(Il) organometallic semiconductor for display and lighting applications. Then
the synthesis and photophysical characterisation of new cyclometallated Pt(ll) complexes
with a substituted 1,3-di(2-pyridyl)benzene ligand is presented. These compounds were

prepared to get a better understanding of the effect on luminescence properties — e.g.
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emission wavelength and efficiency - of different substituents on both terdentate and
ancyllary ligand (e.g. including the introduction of strong-field co-ligands as o-phenyl
acetylides). On account of their remarkable brightness, some of these complexes have been
applied to the manifacturing of OLEDs, exploiting excimer emission. The different
performances between vacuum-deposited and solution-processed devices are also
discussed.

After a brief introduction on non linear optics, Section 2 provides an investigation on the
NLO response of new push-pull anellated hemicyanine ligands and their related
cis-[Ir(CO),CIL] complexes. NLO properties were determined by the Electric Field Induced
Second Harmonic generation technique, working with a non-resonant incident wavelength of
1.907 um.

In this section are also presented the preliminary results for the second-order NLO response
of both known® and new members of the platinum(ll) complexes family described in
Section 1. This study was conductued by both EFISH and Hyper Light Scattering (HLS)
techniques.

Section 2 concludes by examining the Suis 1.907 Values of a tripodal octupolar ligand that has
been easily coordinated to organometallic fragments (i.e. Zn complexes of a commercial

porphyrin or phtalocyanine, respectively).

In the last section, details are given on the synthesis and characterization of all of the

complexes.

This Ph.D. thesis leds to the discovery of new organometallic complexes and coordination
compounds appealing as building blocks for molecular materials with both non linear and

luminescence properties.
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SUMMARY



Organic light-emitting diodes (OLEDs) are emerging as leading technology for the new
generation of full-color displays and solid-state lighting."? In these electroluminescent
devices the radiative deactivation of electronically excited states is formed by recombination
of charge carriers, i.e. electrons and holes, injected from the electrodes. Since this
recombination is statistically controlled, the luminous efficiency of OLEDs may potentially be
improved by up to a factor of four when phosphorescent emitters are used. It appears then
that complexes of third row transition metal ions are particularly appropriate for this
purpose®¥ since the high spin-orbit coupling constant associated with them efficiently
promotes ftriplet radiative decay. In this respect platinum(ll) derivatives have attracted
considerable attention for decades, mainly due to their unique luminescent properties and
molecular aggregations.?*"! Nevertheless untill the late ‘80s no square planar platinum(ll)
compound was known to significantly emit in solution under ambient conditions, even though
several were emissive in the solid state or at low temperature.®'® Since that time many
improvement have been made for rational design of highly efficient luminescent platinum(ll)
phosphors.?'""? |n particular, complexes of NACAN-coordinating ligands, where NACAN
refers to a ligand that binds the metal through two nitrogen atoms and a central metal-carbon

bond, seem very promising in this respect as shown by their impressively high quantum yield

values®..
Me CO,Me
| A A | A I S | AN I A
_N—Pt—N_ = _N—Pt—N_ =~ _N—Pt—N._~
Cl Cl Cl
Aem® = 491nm Aem’ = 505nm Aem® = 481nm
%= 60% ®*=68% ®?=58%

®°=58%

Figure 1: Schematic structure of cyclometallated Pt(Il) complexes based on substituted 1,3-di(2-pyridyl)benzene

ligand. Aem is the wavelenght of the first emission maximum and @ is emission quantum yield in solution. ® data

[13]. b [14]. ¢ [15]

from literature data from literature data from literature
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Furthermore in systems based on substituted 1,3-di(2-pyridyl)benzene ligands such as the
ones presented in Figure 1, the selection of substituents on both central and lateral rings
offers a good versatile method for colour tuning.!"® '

These observations prompted us to develop new Pt(ll) systems, [PtL"Y], also based on
substituted 1,3-di(2-pyridyl)benzene, L", with various Y ancillary ligands, [Y= chloride,
acetilyde, thiocyanate, phenylthiazole thiol or tetrazole thiol], in order to explore their

emission properties.

By preparing complex [PtL*CI] we first studied the effect of a fluorine atom in 4 position on

the central phenyl ring, which has never been investigated before (Fig.2).

I
Z N—Fit—N =
Cl

[PtL3CI]
Figure 2: Schematic structure of 4-F substituted 1,3-di(2-pyridyl)benzene Pt(Il) chloride complex.

Then, in analogy with cyclometallated phenylpyridine iridium complexes, we synthesized a
new ligand, which bears CF; substituent on the pyridyl rings, and its related Pt complex
[PtL*CI] (Fig.3). In fact in the case of Ir(lll) complexes, it has been reported that the presence
of CF; substituent on the cyclometallated phenylpyridines leads to a striking improvement in
luminescence efficiency (from 14% for the unsubsituted phenylpyridines to 68% for the CF;
substituted)!'"® and therefore we wondered if CF5 could have a similar effect on our platinum

systems.

CF,

[PtL*CI]

Figure 3: Schematic structure of 4-F substituted 1,3-di(2-pyridyl)benzene Pt(ll) chloride complex.
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As far as ancillary ligands are concerned we explored the effect of coordination to
platinum through sulphur since, surprisingly, it had not been previously investigated. To this
aim we started studying the effect of the substitution of Cl by sulphur donor ligands (i.e.
thiocyanate, phenylthiazole thiol, tetrazole thiol, Fig.4) in parent platinum chloride complex of
1,3-di(2-pyridyl)toluene, [PtL'CI] (Fig.5), which was reported as the brightest amongst

compounds of this class (@, =68%").

S —S—<
—S-C=N N

Figure 4: Schematic structure of sulphur donor ligands.

To improve the solubility of the complexes, we also consider the 4-mesitylated ligand, whose
platinum(ll) chloro complex, [PtL®CI] (Fig.5), was also reported as highly luminescent
(Prum =62%"").

[PtL'Cl] R=Me
[PtLCI] R = Mesityl

Figure 5: Schematic structure of Pt(Il) chloride complexes: [PtL1CI], [PtLZCI]

This bulky aryl substituent leads to a decrease in m-stacking fenomena and therefore
reduces self-quenching of complexes. This effect is an attractive feature for practical
applications: for example in OLED technology, where local concentrations may be quite high,
self-quenching is a wasteful energy sink that decreases the device efficiency.

However, despite the many attempts, only the derivatives obtained by reaction of
[PtL'CI] and [PtL2CI] with sodium thiocyanate resulted to be stable (Fig. 6). Their
infrared spectra showed the presence of a strong sharp peak at 2096 cm™ typical of
v(SC=N) of isothiocyanate ligands. Therefore, unexpectedly on the basis of its soft
character, the Pt atom bounds the SCN" ion through the N atom, in our systems. This

coordination was confirmed by X-ray crystallography.
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[PL'S'] R=Me
[PtL’S"] R = Mesityl

NCS
[PtL"S"]

Figure 6: Schematic structure of the two isothiocyanate derivatives, [PtL1S1] and [PtL281]

Meanwhile, searching for other ancillary ligands that could promote luminescence we
investigated substituted acetylides. In fact, it is known that the strong ligand field associated
with alkyne raises the energy of d—d states making them thermally inaccessible, therefore

11218201 As expected, the complexes obtained are in most

withdrawing their deactivating effect.
of the cases quite strongly emissive in fluid solution at room temperature (®,,,, ranges from
20 - 77%). In particular this strategy proved to be very successful in the case of the
(3,5-difluorophenyl)ethynyl complex, [PtL'A'l (Fig.7), which is exceptionally bright
(Pum= 77% at room temperature in deoxygenated dichloromethane). This result encouraged
us to prepare the more soluble mesityl derivative, [PtL?A"], which again leads to an improved
emission efficiency with respect to the parent platinum chloride (®y,, =66% vs ®,,,=62% "1

at room temperature in deoxygenated dichloromethane).

[PtL'A'] R=Me
[PtLA'] R = Mesityl

Figure 7: Schematic structure of the two most luminescent acetylide derivatives,[PtL1A1] and [PtL2A1]

Although among acetylides, the compounds with L* bearing CF5 on the lateral pyridyl rings
exhibit not very remarkable quantum yields, their luminescence is essentially unique with
respect to oxygen quenching. In fact, it is known that the typically long-lived triplet excited

state lifetime of platinum complexes enables efficient quenching reactions by surrounding
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triplet molecules as dioxygen.?" We found that derivatives of [PtL*CI] are less quenched by
dissolved oxygen as shown by their bimolecular rate constants for this process, Kqo,, which
are an order of magnitude lower than those reported, for different cyclometallated platinum
systems (Kqo; calculated by Stern-Volmer equation: 102 M's™ versus 10° M's™).'" 24 Thijs
property is more immediately evident by comparing a degassed sample of [PtL*Cl], for
example, with an air saturated solution in dichlorometane: the luminescence quantum yield
decreases only by a factor of three from 53% to 16%, while in the other cases it diminishes
ten-twenty times. This appealing characteristic could be an advantage in the preparation of
devices.

The apparently controversial effect on emission of a fluorine in 4-position on the central
phenyl ring, [PtLCI], can be rationalised in terms of electron density distribution caused by
the balancement of two opposite electronic contributions of this element. In fact despite being
strongly electronegative, and therefore inductively electron-withdrawing, fluorine is also a
mesomerically electron releasing group. The result is an emission at wavelenght similar to
that of a weak electron-donor such as methyl, [PtL'CI] ([PtL3CI] Aen= 504, 542 nm Vs
[PtL'CI] Aem= 505, 539 nm).['"!

The coordinative unsaturation of square-planar platinum(ll) complexes gives rise to ground-
and excited-state interactions that are not possible in octahedral and tetrahedral metal
complexes. Such axial interactions are also responsible for self-quenching and cross-
quenching, including excimer and exciplex formation.”” % 241 The strong inclination to self
aggregation of this class of complexes is proved by the high self-quenching constant values
obtained (of the order of magnitude of 10°). This renders the most emissive complexes of
interest for use in optoelectronics. For example, [PtL*CI] has been used as single dopant in
prototype devices with reasonable efficiency. In these displays colour variation was realised
by mixing of molecular exciton and excimer phosphorescent emissions from the phosphor, a
technique which has been previously used with similar system in order to obtain white light
by means of a single dopant.!"”!

Also complexes [PtL'CI], [PtL*CI] and [PtL'S'] have been used for the manufacturing of
white organic light-emitting diodes (WOLEDs), where a double layer system was deposited
by spin coating. This new approach leads to lower efficiencies, (external quantum efficiency
for [PtL1CI] @, 0.23%), than those reported for thermal-evaporation depositions (@ =8.5%
for [PtL'CI]).” However, the spin coating techique has the appealing advantage of being

cheaper and simpler.

The second topic of my Ph.D. research work has been the study of the second order Non
Linear Optical (NLO) response of push-pull ANellated hemicyaNINE (ANNINE) ligands
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(L" = L® and L%, Fig.8), and their related [IrL"] complexes. These new NLO-phores are of
particular interest because of their photostability in contrast to corresponding non-
anellated chromophores. In fact styryl-type molecules are subjected to cis-trans
photoisomerism around the C=C double bond and photorotamerism of the aromatic rings,
thus reducing the chromophore NLO activity.*® Moreover, the isolated double bond may
be easily oxidized, thus interrupting the Ttr-conjugation between the donor and the
acceptor groups. These problems have been overcome by including the double bond in a
rigid polyaromatic system, which, together with stability, ensures highly electronic

delocalization.

HQC4\N/C4H9

|
CI—lr—CO
Cco

L3 L* [IriL?] [IrL4]
Figure 8: Schematic structure of annine ligands and their related iridium complexes.

These new NLO-phores are of particular interest because of their photostability in
contrast to corresponding non-anellated chromophores. In fact styryl-type molecules are
subjected to cis-frans photoisomerism around the C=C double bond and photorotamerism
of the aromatic rings, thus reducing the chromophore NLO activity.*®! Moreover, the
isolated double bond may be easily oxidized, thus interrupting the 1-conjugation between
the donor and the acceptor groups. These problems have been overcome by including
the double bond in a rigid polyaromatic system, which, together with stability, ensures
highly electronic delocalization.

The experimental absorption data are reported in Tab. 1, along with the upq.go7 values
measured with the Electric Field Induced Second Harmonic generation (EFISH)
technique.®"’ Unexpectedly coordination of L' to the “Ir(CO),CI” moiety leads to a
decrease in  value which even becomes negative when L? is coordinated (Tab. 1)
indicating that u of the excited state is lower than p of the ground state. This fact can be

reasonably attributed to the sum of two opposite contribution: ILCT transition (f > 0) and
-10 -



MLCT transition (B <0). This behaviour is in contrast with that observed upon
coordination of the correspondent not anellated compound,
N-methyl-N-hexadecylaminostilbazole, to the same Ir(l) moiety where up, 47 is enhanced
but remains positive, being dominated by an ILCT transition.®® The increasing NLO
response when an ANNINE substituted with a withdrawing group —CN is coordinated to
the Ir fragment would be in agreement with the importance of the MLCT. Remarkably, an
increase of the B-conjugation of the free ligand leads to a huge positive effect on the
second order NLO response with an enhancement factor of 4.4 on going from L* to L*
reaching a upi.07 value much higher than that of the related stilbazole (up;.407 = 60 x 10

esu).l®

Table 1: Absorption data , EFISH uf1.907 and p values of L', L? and related compounds.

COMPOUND A" ] HB1sor ** W (aneor) Brsor
(€ [M* em™)) [10*esu] [D] [10*%esu]
L’ 278 (28626), 347 (14397) 430 3.5(7.6) 123 (56)°
cis-[IrL’] 279 (35420), 390 (25670) 620 (16.2) (38)°
L 305 (41462), 361 (17179) 1800 4.2(8.0) 129%220)"
cis-[IrL"] 272(34541), 421 (12737) 2310 (16.9) (137)°

2ln CHClI3 at 10™*M with an incident radiation of 1.907um. "The error on EFISH measurements is + 10%.
°Experimental p obtained in CHCI; by the Guggenheim method;®"*? the error is + 1 D. “Obtained by using

experimental . *Obtained by using theoretical p.

Our third target has been the synthesis and characterisation of octupolar chromophores with
potential NLO properties which can be easily coordinated to an organometallic fragment such
as a Zn-porphyrin or Zn-Phtalocyanine. We investigated the second order NLO properties of
both free and coordinated octupolar core, as well as free Zn-porphyrin and
Zn-phtalocyanine, by Harmonic Light Scattering (HLS) technique. The B,,s values obtained
are quite high (free octupolar core fyis 1907 = 667 X 10 esu at a concentration of 107 M),
suggesting the great potentiality of this class of chromophores. From data also emerges that,
unfortunately, the coordination of the organometallic fragments to our octupolar core, O'Zn'
(Fig. 9) and 0'Zn? (Fig. 10) did not lead to a substantial change in fus 1007 Value. However,
this study allows to put in evidence the remarkably high fus 1907 value displayed by the
Zn-porphyrine itself (Bus.1907 = 1003 x 10°%°) which, interestingly, is significantly higher than

that of other more structurelly sofisticated Zn-porphyrines (for comparison see ref. [34]).
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0'Zn’

Figure 9: Schematic structure of the coordination compound an octupolar core with a Zn-porphyrin, o'zn'.

0'Zn?

Figure 10: Schematic structure of the coordination compound of octupolar core with a Zn Phtalocyanine, 0'zn
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Luminescent Platinum Compounds. Introduction

1. Basic Principles of Luminescence

Luminescence is the photophysical phenomenon related to the emission of light from a
substance originated by the decay of an electronically excited specie. Depending on the
nature of excitation different kind of luminescence are distinguished. For example,
photoluminescence occurrs on account of absorption of high-energy light (photons), whereas
electroluminescence is due to electrical excitation. Once a molecule is excited, the energy
absorbed can be released through different processes - i.e. emission of light or other
deactivation pathways - which may compete if they take place on a comparable time-scale.
The key radiative and non-radiative processes involved are typically represented by
Jablonski diagram as illustrated in Fig. 1. There are only two pathways for the emissive
decay of excited-state electrons and these are fluorescence and phosphorescence. The
former is the result of a spin-allowed electronic transition (AS=0), for example from the first
excited state of an aromatic molecule to the ground state, So—S; whereas the latter is the
forbidden relaxation of an excited state with spin symmetry different from the ground state
(AS=0), typically from the first triplet excited state to the singlet ground state, T1— S,. At
room temperature phosphorescence is rarely observed in organic molecules solutions. In
fact, in these conditions the phosphorescent process is so slow - lifetimes are of the order of
1s - that faster processes of non-radiative decay of triplet state normally predominates. Only
by cooling the sample down to low temperatures and rigidifying it to inhibit such processes,
the phosphorescent light is observable.

In the case of photoluminescence the proportion of triplet and singlet formed depends upon
the relative magnitude of raditive rate constant of singlet state, k3, and rate constant for a
non-radiatively relaxation patways from S;— T, called interystem crossing, kgc-
Irrespectively of the triplet yield, once formed, the radiative rate constant of the triplet state,
kT, is normally low. If a heavy atom — such as a third transition metal ion — is brought close to
the 1r-system of the molecule, in such a way that there is significant mixing of the orbitals,
then kI can be greatly increased due to the large spin-orbit coupling associated with heavy
atom. Radiative emission can now compete with deactivating processes allowing

phosphorescence to be observed at room temperature.
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Fig. 1. A simplified Jabloski diagram representing the absorption and emission of energy in an organic molecule
such as anthracene. Thick arrow represents absorption of light; dashed ones indicate vibrational relaxation and
non-radiative decay. ‘IC’ represents Internal Conversion (an isoenergetic process) followed by vibrational
relaxation; similarly ‘ISC’ represents Inter System Crossing followed by vibrational relaxation. The rate constant

for key processes are defined in the text.

2. Electroluminescence and OLEDS

Luminescent materials can be found in a broad range of every-day applications such as
cathode ray tubes (CRTSs), projection televisions (PTVs), fluorescent tubes, and X-ray
detectors, to name just few.!"! Besides classical areas of application, the demand for new
materials for the vant guard field of light generation — i.e. displays and illumination - has
generated significant activity in the last decade. Probably the most revolutionary technology
for generating light is the direct excitation of organic semiconductors by electrical current in
LEDs. The rapidly growing market for this technology is driving both academic and industrial
research towards the development of new materials and advanced manufacturing
technology. In particular, the demand for novel luminescent materials capable of both
withstanding the manufacturing process and exhibiting the desired photophysical properties
has generated significant activity in the last decade. Indeed Organic Ligth-Emitting Diodes
(OLEDs) has been receiving a lot of attention over the world and are already replacing
conventional display technologies.® In fact, OLEDs offers many appealing advantages such

as, for example, selfluminescence which eliminates the requirement for backlighting and
18
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allows thinner, lighter and more efficient displays than liquid crystal (LC). Besides in OLED
light is emitted only from the required pixels rather than the entire panel, thus reducing the
overall power consumption to 20 — 80% of that of LCDs.”! Finally, OLED displays are

aesthetically superior to LCDs providing truer colours, higher contrast and wider viewing

angles.
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Figure 2. Schematic diagram of an electroluminescent device. Bottom: magnified illustration of the key process of

light generation in the device.

Although electroluminescence for organic compound had already been observed by Pope et
al. in 1963 the development of devices that can exploit this phenomenum was rather slow
because of the high voltage required and the low efficiency.” In 1987 Tang and Van Slyke of
Eastman Kodak Company presented what is considered the first organic light-emitting
devices.”! It was fabricated by vapour deposition of tris(8-hydroxyquinolate)aluminum, Algs,
and a diamine (Fig. 3) in a double layer structure. Three years later Friend’s group at
Cambridge University develop a LED based on polymer (PLED) whose efficiency reached
0.05%."°! A recent breakthrough using phosphorescent luminophores has demonstrated the

possibility to make highly efficient organic electroluminescent devices.!”
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Figure 3. Schematic structure of tris(8-hydroxyquinolate)aluminum (Algs) e 1,1-bis(4-di-p-tolylaminophenyl)

cyclohexane (Diamine)

Briefly OLEDs consist of a thin layer of emissive material incorporated between two
electrodes. The anode is typically a transparent blend as indium tin oxide (ITO) while the
metallic cathode is usually made of Mg—Ag or Li—Al. Fig. 2 illustrates a typical multilayered
OLED. In these devices, holes and electrons are injected from the electrodes into opposite
surfaces of a planar multilayer organic thin film. Under the influence of an electric field, holes
and electrons migrate through the thin film, to a material interface, where they recombine to
form neutral bound excited states, or excitons, whose relaxation to the ground state results in
the emission of light.

The organic layers typically comprise a hole transport layer (HTL) that transport holes from
the anode to the emitting layer; an electron transport layer (ETL) which is used to transport
electrons from the methal catode to the emitting layer; and, in state-of-the-art devices, an
exciton blocking layer, such as 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), which
confines excitons within the organic emitting layer improving the electroluminescence
quantum efficiency.®®! The organic emitter is either deposited directly between the conducting
layers or more commonly doped into the ETL,