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1
Introduction to Luminescence and
Electron Transfer

Nature and Nature’s Laws lay Hid in Night
God said, Let Newton be, and all was Light!

-ALEXANDER POPE (1688-1744)

1.1 The influence of light

The concept of light has intrigued mankind over the ages. Presumably you, the reader, are at

this moment underlining the immense importance of light. You might be sitting near a win-

dow, in order to have good sight in this Thesis. Or otherwise you are undoubtedly using an

artificial light-source to chase away the dark. But not only vision functions by the grace of

light; since the 18th century the recognition has grown of light being the key to all life,

because it drives the photosynthetic reaction. With the growing understanding of the proper-

ties of light, we also learned to make our own artificial light other than with a fire, candle or

oil-lamp. The development of artificial light really gained momentum during the industrial

revolution, and we see its reflections in society, science and art. Already in the mid-1800’s,

a number of inventors tried to create light from electricity, however it was Thomas A. Edison

who won fame as the inventor of the electric light. In 1879, Edison invented his incandescent

lamp. It had a filament of carbonized thread.

It is important to note that there is a difference between an incandescent and a lumi-

nescent light source. Incandescence is generated in hot objects when the energy of atom col-

lisions is transferred to electrons, exciting them to higher energy levels from which light is

emitted. Incandescent light is also referred to as black body radiation, the colour of which is

related to the temperature of the body. Well-known examples are the sun (5500 K) and Edi-

son’s light-bulb (3000-4500 K). A luminescent light source absorbs energy in some form

other than heat, and its colour is in general not related to its temperature. By means of accel-

erated electrons, light of higher energy or a chemical reaction, molecules in a source (‘phos-

phors’) are excited and they release their energy again as photons. The development of

luminescent light sources did not start until the early 1900s, when engineers began to exper-
1



2 | CHAPTER 1
iment with gaseous-discharge lamps containing mercury. Their work resulted in mercury

vapour lamps and the fluorescent lamps in the 1930s. It was not until the 1960s that electro-

luminescence - light generated by direct electrical excitation - was discovered.

1.2 Electroluminescence

The developments in the field of electroluminescence (EL) are roughly divided between the

use of inorganic and organic materials. For the latter, EL was first reported in anthracene

single crystals that emitted light when a bias of 400 V was applied.1,2 Electroluminescencent

light sources based on inorganic materials (group III-V nitride semiconductors, ZnS phos-

phors) have been commercially available since the 1960s and their development has mostly

been a material science in which purity and processing play a large role.3 In this introduction

we will only focus on organic thin film electroluminescence.

1.2.1 Organic thin film electroluminescence

The discovery of an organic thin film device, using low molecular weight materials by the

group of Tang and VanSlijke4 gave a strong impulse to the progress in the field of electrolu-

minescence. The thin film devices typically consisted of a hole-transport layer (HTL) e.g. an

aromatic diamine such as N,N'-diphenyl-N,N'-bis[3-methylphenyl]1-1'biphenyl-4,4'diamine

(TPD) and an emissive layer of 8-hydroxyquinoline aluminium (Alq3) - both shown in

Figure 1-1 - sandwiched between an indiumtinoxide (ITO) and a metal electrode. The layers

are stacked in consecutive evaporation cycles. By applying a positive voltage to the ITO (and

a negative to the metal) the thin film device behaves like a light-emitting diode, displaying

conduction and light-emission under a forward bias and isolation (and absence of light) under

inverse bias. Apparently the materials that were used behave in the solid state like some sort

of semi-conductors, so that both electrons and holes can be injected from the electrodes into

the thin film. Recombination of a hole and electron produces an excited state that decays radi-

atively. After this discovery a whole range of low-molecular weight materials have been tried

as emitters in organic light-emitting diodes.5

At the same time research towards possible (semi-)conducting properties of polymers

- a strongly related field - developed rapidly. Metallic conductivities were first seen in

‘doped’ polyacetylene in 1977 and little later this was followed by the discovery of increasing

polymer conductivity with iodine doped trans-polyacetylene by Heeger, MacDiarmid and

Shirakawa, for which they were rewarded the Nobel prize in 2000. 6,7 After the discovery of

the organic electroluminescent diode (OLED) by Tang and VanSlijke it didn’t take more than

a few years before the first polymer light-emitting diodes (PLEDs) were realized by the group
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of R.H. Friend making use of a π-conjugated polymer: poly(p-phenylenevinylene) (PPV,

Figure 1-1).8

Figure 1-1. Structures of 8-hydroxyquinoline aluminium (Alq3) N,N'-diphenyl-N,N'-bis[3-
methylphenyl]1-1'biphenyl-4,4'diamine (TPD)and poly(p-phenylenevinylene) (PPV).

Generally a PLED consists of a thin layer (ca. 100 nm) of a polymer that is sandwiched

between a metallic electrode and a transparant semiconductor. The major difference between

the construction of an OLED and PLED is that the polymer film is obtained by spincoating

from solution, and that the low-molecular weight film is formed by evaporation. Figure 1-2

shows schematically a PLED, comprising a transparent glass slide structured with an indium-

tinoxide (ITO) electrode, a spincoated layer of the semiconducting polymer, and a low-work-

function metal as a counter electrode. When a DC voltage is applied to the diode (positive on

the ITO, negative on the counter electrode, like in the OLED) both electrons and holes are

injected into the film. Driven by the electric field, electrons and holes undergo charge hop-

ping and may capture one another in the film (or at an interface of layers) to form an excited

state (often referred to as exciton). If electron hole capturing is spin-independent this in prin-

ciple yields triplet and singlet states in a ratio of 3:1. The singlet state may undergo spin-

allowed radiative decay (e.g. electroluminescence).

Figure 1-2. Schematic representation of an organic light-emitting diode, that generates
electroluminescence when a DC current runs through the device.
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Electroluminescence can be observed above a certain treshold through the glass side

of the device. Typically the LEDs have a high rectification ratio - i.e. under reverse bias the

current density is low - though some devices are known to act as a photovoltaic cell when a

negative voltage is applied.9

1.2.2 Developments in the field of organic electroluminescence

Over the last years various reviews have appeared that describe the stormy developments in

the field of organic electroluminescence. 5,10-14 One of the main variables in the LEDs is the

chemical structure of the substances used as active layer, which is at the same time the power

of chemistry in a field that is dominated by material science. Through synthesis of new com-

pounds, all kinds of properties of the film can be changed readily. For the polymer diodes this

has led to an enormous amount of new (co-)polymers, the most important of which are mod-

ified PPVs, polyfluorenes 15 and polythiophenes16 (for structures, see Figure 1-3). The class

of polymer and the side-groups attached to it determine the electronic properties of the film,

thus also the colour of luminsecence. Red, green and blue (RGB) are the colours that are

required for full-colour display applications. By now, various polymers have been synthe-

sized for each of these colours. A number of research groups have used blends of two or more

polymers in order to create variable (voltage-dependent) colour devices17,18 and even white

light emission.19-21

Figure 1-3. Structures of polymers that are used for PLEDs. From left to right: a modified
PPV, a poly(dialkylfluorene), a polythiophene

Because in principle 75% of the potential electroluminescence is lost due to the spin statistics

of the electron-hole capturing process, a number of efforts were done to catch light from the

triplet as well. This implies the use of phosphorescent emitters and this was proved success-

fully with substances like benzophenone in a polymer matrix22 or systems that display strong

spin-orbit coupling such as a platinum-containing porphyrin 23 and lanthanide complexes.24

Current research in the field of organic electroluminescence (both OLEDs and

PLEDs) is strongly directed towards commercial application of the technology for displaying

purposes, and is in the hands of companies. It concerns for a great deal with optimization of

the charge-injection and charge-mobility in the film, colour optimization (getting the RGB

colours in the appropriate chromaticity25) and most importantly: stability problems (obtain-
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ing operating hours for the LEDs, suitable for commercial applications). Both the OLED and

PLED approach have advantages. The technologies share the advantage of low power con-

sumption. An additional lead they have over the liquid crystalline displays (LCD) is that they

produce light of equal intensity in all directions - something which is inherently not the case

for LCD displays (ever tried peeking at your neighbour’s laptop screen in the seat next to you

in the train?). Although the OLED technology is more expensive, it allows a facile change of

the active materials and thus many substances could be tried in the search for an optimal

material. For the OLED by now brightnesses, operating voltages and level of stability are

suitable for commercial applications.26,27 Full-colour displays based on the OLED technol-

ogy - manufactured by Pioneer - have in fact already appeared on the market.28 For the

PLEDs the future is in cheap production and in easy upscaling to large area displays, espe-

cially now that the polymer film can be processed with an ink-jet printing technique.29 A

promise, rapidly made with the development of the ‘plastic’ electronics, was that the substra-

tum could also soon be replaced by a flexible plastic material such as poly(ethylene terephta-

late) (PET) with polyaniline as hole-injecting electrode.30 However, the sealing of the

flexible displays against water and oxygen is still highly problematic.

Because there are still problems with stability of (especially) the blue light-emitting

polymers, a polymer full-colour display is not viable yet. For now this field is more focused

on (monochrome) backlighting. However, any prediction on the developments in the field of

organic light-emitting diodes will be outdated as we write, so this Thesis will refrain from

that.

1.2.3 Spectroradiometry

Development in the field of (electro)luminescent materials concerns for a great deal with the

improvement of colour and efficiency. Apart from the spectral distribution of light (the col-

our) it is possible to measure the intensity of light as it is experienced by humans. Based on

a modernized version of the perceived brightness of a candle, the units lumen [lm] and can-

dela [cd] are used to express the light flux and intensity of a light source (1 candela=

1 lumen/steradian). These units account for the different sensitivity of the eye to different

colours; the lumen is defined in such a way that every one lumen appears - irrespective of the

colour of the source - to be equally bright. The strongest response for the light-adapted eye

(photopic region) is to light of a wavelength of 555 nm.31 For a dark-adapted eye the peak

response shifts to 510 nm, which is called the scotopic response.32,33 Both luminous efficacy

curves are shown in Figure 1-4. To create a sense for the magnitude of brightness (ratio of
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luminous intensity to the area of the source) Table 1-1shows some typical levels from differ-

ent sources.

Figure 1-4. The normalized response for the light adapted (photopic region) and dark
adapted eye (scotopic region).

If the spectral distribution of a source is known the following relation can be used to convert

the light output power in Watt into that in lumen:34

Equation 1-1.

where Φv is the luminous flux (in lumen), Φ(λ) is the spectroradiometric power distribution

of the light source (expressed in Watts per unit wavelength interval), V(λ) is the relative pho-

topic luminous efficacy function (normalized at 555nm), and λ is the wavelength. The value

of 683 [lm W -1] is the absolute luminous efficacy at 555nm. When characterising light-emit-

ting devices in this Thesis, both the luminance (cd/m2) and the spectral distribution will be

measured separately. With these figures the efficiencies of the diodes can be calculated and

expressed in any desirable magnitude: a power efficiency (lm/W), a light/current efficiency

(cd/A, which is not influenced by the turn-on voltage) and a quantum efficiency (photons

Table 1-1. Typical levels of brightness.

Source cd/m2 Source cd/m2

Bright sun 3000-6000 Living rooms 3-12

Sunset 0.06-6 Office 12-18

Street lighting 1.2 TV screen 100
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/electrons). From Equation 1-1 it follows that the quantum efficiency (ηϕ.) can be calculated

as follows:35

Equation 1-2.

in which L is the luminance, J is the current density, F(λ) is the electroluminescent emission-

spectrum. Note that all these numbers for the LEDs refer to external efficiencies when the

light is measured in forward direction. The internal efficiency is always higher because part

of the light never leaves the device as it is waveguided in the film. This implies that the exter-

nal efficiency is lower than the internal efficiency by a factor of 2n2, in which n represents

the refractive index of the film (mostly in the range1.6-2.1).36,37

1.3 Photoinduced electron transfer

The research in organic electroluminescence is in many ways related to that on the funda-

mentals of photoinduced electron transfer. The history of this field goes back to the 18th cen-

tury, when A.L. Lavoisier and J. Priestley scrutinized the question of how light influences

chemical reactions. The quest to resolve that problem is for a large part driven by the chal-

lenge to understand (and later also to mimic) the photosynthetic reaction.* Photosynthesis is

a beautiful yet complex example of electron transfer induced by light. In the photosynthetic

reaction centre light (photons) is harvested (absorbed) by large areas of chromophores

(‘antenna complexes’) that ultimately transfer the absorbed energy to an electron donor site.

From this site a (fast) consecutive series of electron transfers to other redox sites is initiated,

that creates a very large charge separation. The built-up electrochemical potential drives cru-

cial chemical conversions, ultimately leading to the conversion of carbon dioxide and water

to carbohydrates. The following section will describe some of the fundamentals that lie

beneath photoinduced electron transfer.

1.3.1 Theory of photoinduced electron transfer

The most intelligible photoinduced electron transfer one can think of is that from an electron

donating species (D) to an electron accepting species (A), after either one of the components

is excited with light.

* for an excellent review on the history of photoinduced electron transfer, see ref.38
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Considering that quantities like an ionisation potential (IP) and electron affinity(EA) describe

the tendency to respectively give away and accept an electron, photoinduced electron transfer

is viable when the 0-0 electronic energy of the excited state (E00) exceeds the difference

between IP and EA. This of course only applies to molecules in the gas phase and the driving

force of ET is much better described by the Weller equation,39 which also accounts for sol-

vation energies and electrostatic effects:

Equation 1-3.

Equation 1-3 describes the free energy change (∆G) upon electron transfer from a locally

excited state (D+A)* to a charge transfer state (D+A-) in which D+ and A- form a solvent-

separated ion pair in a dielectric continuum of relative permittivity εs. In this equation Eox
D

represents the oxidation potential of the donating moiety and Ered
A the reduction potential of

the accepting moiety (measured in acetonitrile, εs=37.5). The difference between these

potentials (first term) minus the 0-0 transition energy (E00, second term) reflects the driving

force for photoinduced ET across an infinite distance in a polar solvent. The third term rep-

resents the Coulombic interactions between the two charged moieties (with effective ionic-

radii of donor and acceptor radical ions rD+ and rA-) over the separation distance (Rc). The

last term corrects for the difference in ion-pair solvation energy between the solvent for

which the driving force is calculated and the solvent in which the redox potentials were meas-

ured (acetonitrile).

Having calculated the driving force, it is also possible to determine the rate for elec-

tron transfer, for which Marcus developed the following expression:40-42

Equation 1-4.

Equation 1-4 incorporates a number of factors determining the rate of ET (ket), the first two

of which are κel, the electronic factor (only important when there is weak coupling between

donor and acceptor) and νn (the nuclear transition frequency ≈1012-1014 s-1). The exponential
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term contains the activation barrier for ET which is a result of both the driving force and the

reorganization energy (λ) of the reactant state and its surroundings to the product state in

equilibrium configuration; kB denotes the Boltzmann constant and T the temperature. The

activation barrier is described by ∆G‡=(∆G+λ)2/4λ if equal harmonic energy curves for the

reactant and product state are assumed, as can be seen Figure 1-5. In the figure the nuclear

reorganization involved in the electron transfer reaction is schematically depicted by the

potential energy curves of reactant (DA*)and product (D+A-) state.

Figure 1-5. Schematic representation of the potential energy curves for the reactant and
product state that play a role in the electron transfer reaction. The figure shows the driving
force, activation barrier and reorganization energy involved in the reaction.

It can be seen that λ represents the potential energy change throughout the nuclear reorgani-

zation as a result of going from the reactant to the product state (which is the difference

between the potential energy of the product state in the nuclear geometry of the reactant and

the potential energy of the product state at equilibrium geometry). The reorganizational

energy λ consists of two components: reorganization within the molecule (λi) and within the

surrounding medium (λs). The first can be obtained from molecular modelling and spectros-

copy.43,44 The solvent reorganization has been effectively described for spheroidal mole-

cules by the Marcus-Hush relation:45,46

Equation 1-5.

In this equation the energy of solvent reorganization is described by the donor and acceptor

ionic radii (rD+ and rA-), the centre to centre distance (Rc), the charge transferred (∆q) and the

optical (n2) and statical (εs) dielectric constant of the medium. A prediction that follows from
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Equation 1-4 is that not only the transfer is barrierless (‘optimal’) when -∆G equals λ, but

also that when -∆G becomes larger than λ, the ET rate in fact slows down again (‘inverted

region’). Thirty years after this prediction it was also proven for the first time by experi-

ments.47

1.3.2 Intramolecular charge transfer fluorescence

Most systems described in this Thesis consist of both an electron donating and an electron

accepting chromophore. The moieties are held apart by a (semi)rigid saturated bridge, which

generally provides better knowledge of the separation distance between the donor and accep-

tor. In a number of cases of the so called Donor-bridge-Acceptor (DbA) systems, the lowest

excited state has a strongly dipolar character and is considered to be a charge transfer (CT)

state.48-51 There need not be a high transition probability for direct excitation to the CT state.

As was already seen in the previous section (Equation 1-3 and Equation 1-4): the right choice

of donor, acceptor, the distance between them and the medium the system resides in, can pro-

vide sufficient driving force to make charge transfer possible after one of the chromophores

is excited to its locally excited state. The process is depicted in Figure 1-6. The DbA system

is excited (hνabs) to a locally excited state on the donor or acceptor. From this state either

radiative (local fluorescence) or non-radiative decay to the ground state occurs, or an electron

is transferred from donor to acceptor to form a dipolar state. Charge recombination from the

CT state to the ground state may have radiative character, which implies the occurrence of

charge transfer (CT) fluorescence.52,53

Figure 1-6. Simplified diagram of the radiative (straight arrows) and non-radiative (wavy
arrows) processes in a DbA system that can undergo charge transfer (CT) to a dipolar state
(+D-b-A-). Note that in this scheme direct CT absorption, that might occur when there is suf-
ficient groundstate D-A interaction, is not displayed.
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CT

Stabilization by
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One fascinating aspect of (intramolecular) charge transfer fluorescence is that it

strongly depends on the polarity and polarizability of the medium as a result of stabilization

of the CT excited and destabilization of the non-reorganized ground state (Franck-Condon

ground state). As a consequence the fluorescence colour of a number of DbA systems can be

greatly varied by simply changing the solvent. This is not only a visually attractive effect, it

can be imagined that this so-called solvatochromism can also be used for fluorescent probing

and sensing in biological systems and polymers as the colour of the fluorescence discloses

valuable information about the environment on a molecular scale.

1.4 Intramolecular charge transfer in LEDs

Regarding mechanistic aspects the electroluminescent behaviour of polymer films consti-

tutes an interesting borderline situation between that of bulk semiconductors and of molecu-

lar systems. In general terms the electroluminescence results from the recombination of

electrons and holes injected by electrodes attached to both faces of the film. Depending on

the molecular structure of the film these holes and electrons may already have a strongly

cation-radical and anion-radical like nature. Especially, however, the conversion of the

energy resulting from charge recombination into photons seems quite analogous to that

occurring during the recombination of molecular radical ions as e.g. studied by Zachariasse54

and as also known to occur in many electrochemiluminescent (ECL) processes in solution.
55,56 This mechanism implies that in most devices studied, the energy liberated upon charge

recombination is converted into the excitation of a luminescent state, that is delocalized over

a limited conjugation length in the polymer. Thus, in general it is not the charge recombina-

tion process itself that is responsible for the luminescence observed and therefore the photon

energy emitted is necessarily below the energy liberated in this charge recombination. We

considered that it should be possible to increase the energy conversion efficiency of a LED

by making use of molecular systems in which intramolecular charge recombination itself is

a radiative process. This is equivalent to what happens in the electron donor–acceptor sys-

tems (as described in Section 1.3.2) that display charge transfer (CT) fluorescence from a

state that can be considered as a radical ion pair constituted by the donor radical cation and

the acceptor radical anion.

1.5 Scope of this Thesis

With the considerations of the previous section in mind, we decided to look into the possible

electroluminescence from DbA systems. We chose to follow both approaches in the field of

organic LEDs: that of the polymer films and that of the sublimated organic films. Chapter 4
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and 5 describe how polymer light-emitting diodes are made and optimized, comprising a

composite of a polymer host and a number of DbA molecules as guest. Chapter 6 shows how

electroluminescence is obtained from the sublimated pure organic films of the same DbA

substances. Throughout this Thesis the (composite) polymer diodes will be referred to as

PLEDs, the low-molecular weight sublimated diodes as OLEDs.

It is impossible to discuss intramolecular electroluminescence without a detailed attri-

bution of the ground and excited state properties of the DbA molecules. Therefore the next

two Chapters give an overview of the photophysical properties of the DbA systems in solu-

tion (Chapter 2), and in solid matrices (Chapter 3), which includes steady state absorption

and emission spectroscopy and time-resolved fluorescence studies. In Chapter 7 a new DbA

molecule is presented which was designed to improve stability of the CT molecule in its

excited state. Although it appears that with respect to the stability one evil was replaced with

another in the new system, its rigidity offers an additional confirmation of previous presump-

tions about the absence of large conformational changes upon photoexcitation of the systems

described in the Chapters 2-6.

Finally Chapter 8 shows DbA systems that, in contrast to the systems studied in the

rest of the Thesis, display conformational changes upon photoexcitation. It provides us with

a look into the future of ‘molecular electronics’ especially concerning the Holy Grail of a

light-driven molecular motor and describes molecules that really display a directed motion

driven by light.
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2
Charge Transfer Fluorescence of Donor-
bridge-Acceptor Compounds Containing
a Tropane Bridging Unit*

Artists can color the sky red because they know it's blue. Those of us who aren't artists
must color things the way they really are or people might think we're stupid.

-JULES FEIFFER (1929)

2.1 Introduction

The systems studied throughout this Thesis consist of an electron donating and an electron

accepting moiety held apart by a (semi)rigid saturated bridge. In a number of these so called

Donor-bridge-Acceptor (DbA) systems, the lowest excited state has a strongly dipolar char-

acter and is considered to be a charge transfer (CT) state.1-4 Charge recombination from the

CT state to the ground state may have radiative character, which implies the occurrence of

charge transfer (CT) fluorescence.5,6

A fascinating and useful example of such a fluorescent DbA system was developed in

our group many years ago.7 It consists of a dialkylaniline electron donor and vinylcyano-

naphthalene electron acceptor, held apart by a piperidine moiety and has been dubbed ‘Fluor-

oprobe’ (1 in Figure 2-2). Fluoroprobe shows - in high quantum yields - this characteristic

intramolecular charge-transfer fluorescence that depends strongly on the polarity and polar-

izability of the medium; the fluorescence maximum shifts from 407 nm in a nonpolar envi-

ronment like n-hexane to 697 nm in the polar acetonitrile. The main disadvantage of the

Fluoroprobe system lies in its poor absorption characteristics. Fluoroprobe has no significant

absorption above 350 nm, which strongly reduces its applicability in e.g. polymer matrices.

* Parts of this Chapter are based on the following two publications:

Goes, M.; Lauteslager, X. Y.; Verhoeven, J. W.; Hofstraat, J. W., Eur. JOC 1998, 1, 2373-2377

Goes, M.; de Groot, M.; Koeberg, M.; Verhoeven, J. W.; Lokan, N. R.; Shephard, M. J.; Paddon-Row, M. N. J. Phys.
Chem. A 2002, in press.
15
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Enhancement of the absorption characteristics is sought here by changing the structure of the

hydrocarbon bridge connecting the electron donor and electron acceptor.

Figure 2-1. Ground state and excited state representation of the piperidine based DbA sys-
tem 1 and tropane based system 2 (Ph=phenyl; A=4-cyano-1-naphthyl).

In particular we decided to change this bridge in such a way that the phenyl ring of the donor

would be forced from its predominantly equatorial orientation in 1 towards an axial orienta-

tion. This is predicted 8-10 to enhance the through-bond interaction between donor and accep-

tor, and as a result significant long-wavelength charge-transfer absorption might be expected

to appear, thereby expanding the excitable region towards the visible. On the other hand the

fluorescent and solvatochromic properties could stay virtually unchanged, because the emis-

sive CT state will retain a planar radical cation geometry around the aniline nitrogen irrespec-

tive of whether the phenyl group is equatorial or axial in the ground state, which is shown in

Figure 2-1. In order to induce an axial orientation of the aniline phenyl group, it was decided

to change the piperidine ring of 1 to the bicyclic tropane unit, yielding structure 2, which was

nicknamed Fluorotrope.

On the analogy of this modification additional compounds with altered donors and

acceptors were synthesized, also in view of the organic light-emitting diodes that will be con-

structed with these (see later Chapters) because selective changes to the donor or acceptor

will enable us to change the emission colour and charge transport properties of devices con-

taining these compounds. Structures 3, 4 and 5 all have weaker acceptors than Fluoroprobe

(1): 2-vinylnaphthalene for 3 and 1-vinylpyrene for 4 and 5; the para-methylation of the ani-

line makes the donor in 5 somewhat stronger than in 4.

In this Chapter we take a look at the photophysical properties of the compounds 1-5

in solution. To ultimately better comprehend the behaviour of the charge transfer emission in

solid matrices we also conducted temperature dependent emission experiments. At low tem-

perature, where the solvent enters the supercooled or even glassy regime the solvent-solute

N N

N

A

A A

Ph

Ph

Ph

excitation
and

relaxation

ground state of 1
displaying weak CT absorption

ground state of 2
displaying strong CT absorption

CT emissive state
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interactions become comparable to the situation in polymer matrices which will be the sub-

ject of Chapter 3. In Section 2.3 therefore the thermochromic behaviour of 1 in a glass-form-

ing solvent is studied in more detail.

Figure 2-2. Structures of Fluoroprobe (1) and the tropane-based donor-acceptor
compounds (2-5).

2.2 Photophysical behaviour in solution

2.2.1 Electronic absorption

The UV/Vis absorption spectra of the new systems 2-4 are shown in Figure 2-3 and for com-

parison that of 1 is displayed as well. The most significant aspect is of course the dramatic

increase of absorption in the long wavelength region, displayed by 2 as compared to 1, which

is connected with the presence of a new broad absorption maximum around 350 nm. The

charge transfer (CT) character of this absorption10 is supported by the fact that it disappears

when the aniline donor is disabled by protonation (see figure 2-4: 2+TFA). From the differ-

ence in absorption between 2 and protonated 2, the molar absorption of the charge transfer

band is estimated to be ε≈4700 M-1cm-1 at 350 nm. Another indication for the much stronger

donor/acceptor interaction in 2 as compared to 1 is provided by the blue-shift and intensity

decrease of the acceptor chromophore absorption around 300 nm. This phenomenon has been

observed before in other strongly through-bond coupled D/A systems and has been shown to

emerge from significant mixing between the CT-state and locally exited states that results in

intensity transfer from local transitions to the CT transition.11

N
CN

N
CN

N

R

N

4(R=H)
5(R=CH3)
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The same pronounced CT absorption is also found in system 3 at 300 nm, completely

covering the weak absorption of the vinylnaphthalene acceptor which appears after protona-

tion around 285 nm. The extinction of ε≈12000 M-1cm-1 at 300 nm is much too high to be

due to a dimethylaniline band only (εDMA,290≈1500 M-1cm-1). In the systems 4 and 5 (the

absorption spectrum of 5 is not shown but virtually coincides with that of 4) the vinylpyrene

chromophore absorbs strongly (ε≈26000 M-1cm-1 at 344 nm). Compared to the protonated

system (see figure 2-4) the band seems somewhat broadened which might be attributed to

underlying charge transfer absorption.

Figure 2-3. Electronic absorption spectra of the compounds 1 to 4 in cyclohexane.

Figure 2-4. Electronic absorption spectra of the compounds 2 and 4 in cyclohexane before
and after addition of trifluoroacetic acid (TFA).

2.2.2 Steady state fluorescence

Fluorescence maxima and quantum yields of 2, 3, 4 and 5 in various solvents are compiled

in Table 2-1, which also contains data of 1 for comparison.7
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The table demonstrates the enormous red-shift upon increasing polarity so typical for the

charge transfer fluorescence of rigidly extended donor-bridge-acceptor systems. This shift

we normally analyse in terms of a dielectric continuum model, well known as the Lippert-

Mataga equation.12,13 In the equation the emission maximum in wavenumbers is correlated

with a solvent polarity parameter ∆f (Equation 2-1). It consists of the static dielectric constant

εs and the “optical” dielectric constant, which is experimentally measured as the square of

the refractive index (n2). The Lippert-Mataga equation (Equation 2-2) relates the emission

maximum wavenumber (νCT) to the emission maximum in the gas phase νCT(0), the dipole

moment of the charge transfer state, µCT (in Debye) and a cavity radius ρ (in Å, conveniently

taken as 40% of the long axis of an ellipsoidal cavity in which these extended molecules fit).

The appearance of just µCT in this equation is in fact based on the assumption that the dipole

moment of the ground state is small (close to zero) compared to µCT.

Equation 2-1.

Table 2-1. CT fluorescence maxima (103 cm-1) and quantum yields for the compounds studied.

1 2 3 4 5

Solvent ∆f νct Φ νct Φ νct Φ νct Φ νct Φ

n-hexane 0.092 24.6 0.20 23.8 0.55 27.3 0.13 25.6 0.48 25.3 0.53

cyclohexane 0.1 24.4 0.21 23.7 0.61 27.2 0.12 25.6 0.56 25.3 0.69

di-n-pentylether 0.171 21.3 0.77 25.9 0.33 24.1 0.7

di-n-butylether 0.194 21.5 0.85 21 0.74 25.8 0.29 23.8 0.84 22.5 0.70

di-n-propylether 0.213 20.4 0.78 20.7 0.72 25.4 0.24 23.7 0.58

diisopropylether 0.237 23.0 0.53 21.8 0.65

diethylether 0.251 19.5 0.58 19.7 0.71 24.3 0.39 22.5 0.64 21.1 0.64

n-butylacetate 0.267 20.6 0.59

ethylacetate 0.292 17.5 0.19 17.6 0.25 22.3 0.32 19.8 0.67 18.7 0.46

tetrahydrofuran 0.308 17.5 0.16 17.3 0.25 22.4 0.37 19.5 0.67 18.5 0.60

dichloromethane 0.319 17.3 0.21 16.9 0.42 21.5 0.49 19.3 0.76 17.9 0.53

acetone 0.374 15.4 0.21 17.1 0.23 16.0 0.04

acetonitrile 0.393 19.0 15.9 0.05 14.8 0.05

f∆
εs 1–( )

2εs 1+( )
----------------------

n
2

1–( )

4n
2

2 )+( )
-------------------------–=
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Equation 2-2.

Although the choice of an appropriate ρ value is always a bit arbitrary and influences the cal-

culated µCT value, a ρ of 5.4±0.2 Å seems reasonable for all systems. Table 2-2 shows that

the solvatochromism of all the systems is quite comparable. It can be noted though that 5 dis-

plays the strongest solvent dependence as expressed by the slope of the Lippert-Mataga plot.

The differences in the intercept, νCT(0), of the compounds reflect the influence of both donor

oxidation potential and acceptor reduction potential (see electrochemical data in Table 2-3).

In fact, according to electrochemical data, the aniline as part of a piperidine system is a

weaker donor than the aniline as part of a tropane system. The energy difference of 1200 cm-1

(0.15eV) is in range with the difference in oxidation potential of 1 and 2 (respectively

0.81V14 and 0.7V vs SCE in acetonitrile). The intercept of 5 is 500 cm-1(0.06 eV) lower than

that of 4 due to the stronger donor in the former. Compounds 3, 4 and 5 all comprise a sig-

nificantly weaker acceptor than 2. As a result the νCT(0) for these systems is 3000 to

4000 cm-1 above that for 2.

* not determined. Estimated for 4 to be approximately equal to E½(ox) of 2 and 3. For 5 it is expected to be
somewhat lower.

2.2.3 Time resolved fluorescence

For the systems 2, 4 and 5 fluorescence lifetimes were determined in a number of solvents

(system 3 was not studied further due to its low quantum yields in all solvents and its limited

availability). The results are listed in Table 2-4 and the data of 1 are added for comparison.7

Table 2-2. Results obtained by linear correlation of ∆f and νCT using equation 2-2; µCT
was calculated for ρ=5.4 Å.

1 2 3 4 5

υCT(0) (103 cm-1) 27.9 26.7 30.6 29.6 29.1

slope (103 cm-1) 33.9 29.7 28.0 32.5 34.6

µCT (D) 23 21.5 20.9 22.5 23.5

Table 2-3. Half-wave redox potentials (Volts vs. SCE) of 1-5 in acetonitrile.

1 2 3 4 5

E½(ox) 0.81 0.7 0.7 * *

E½(red) -1.85 -1.8 -2.3 -2.1 -2.1

νCT νCT 0( ) 1.007 104×
µCT

2

ρ3
----------- ∆f⋅ ⋅–=



CHARGE TRANSFER FLUORESCENCE OF DONOR-BRIDGE-ACCEPTOR COMPOUNDS CONTAINING A TROPANE BRIDGING UNIT | 21
While 2 and 1 show a clear similarity with respect to fluorescence position and quantum yield

as a function of solvent there are a few differences which deserve comment. Both 2 and 1

display their strongest fluorescence (Φ around 80%!) in solvents of moderate polarity but the

decrease in quantum yield at both higher and lower polarity appears to be less pronounced

for 2 than for 1. This is especially so in the non-polar regime. For 1 Φ drops to about 20% in

satured alkane solvents, while 2 still retains Φ≥50% in such media. It is important to note

that the fluorescence quantum yield is governed by both the rate of radiative decay (kf) and

of dark decay (kd) of the excited state according to Φ= kf /(kf+kd)=kfτ. The rather sharp

decrease of Φ for 1 in non-polar media has been attributed 11,15 to increased mixing between

the CT state and a locally excited state of the acceptor, which opens a non-radiative pathway

connected to twisting of the vinylic double bond of the acceptor. Fluorescence maxima of 2

and 1 in non-polar media indicate that in the former the CT state is at slightly lower energy

(mainly because, as explained above, the donor oxidation potential is somewhat lower) and

thus less prone to mix with locally excited states, which might explain the smaller contribu-

tion of radiationless decay in 2, evident from comparison of the φ and τ data for 1 and 2 in

saturated alkanes (see the plot of the non radiative decay rates in Figure 2-5). For the

vinylpyrene acceptor there appears to be no such non-radiative pathway, concerning the rel-

atively high Φ and τ of the systems 4 and 5 in the alkanes, even though the CT state is higher

Table 2-4. Fluorescence lifetimes (ns) for the compounds 1, 2, 4 and 5.

τ (ns)

Solvent 1 2 4 5

n-hexane 0.84 3.7

cyclohexane 1.2 3.9 7.7 4.5

di-n-pentylether 11.2

di-n-butylether 11.4 11.5 5.1 5.8

di-n-propylether 11.6 12

diisopropylether 4.6 8.5

diethylether 13.4 15.7 6.5 11.8

ethylacetate 7.3 6.7 13.5 10.4

methyltetrahydrofuran 12.6 14.4 11.5 14.9

tetrahydrofuran 8.7 8.5 14.4 15.5

dichloromethane 8.3 8.1 14.0 16.0

acetone 2.0
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up in energy as compared to 1. This is not unexpected in view of the fact that in vinylpyrene

the excitation energy should be much more delocalized than in vinylnaphthalene, which pre-

vents excited state twisting of the vinylic bond.

Figure 2-5. Radiative decay rates (kf, left) and non radiative decay rates (kd, right) for 1
(filled squares), 2 (open squares), 4 (open circles) and 5 (filled circles) as a function of the
emission energy.

A conclusion to be drawn from the kf data is that - as visualized in Figure 2-5 - for any given

position of the CT fluorescence maximum, the radiative rate constants of 1 and 2 are virtually

identical and both display a similar dependence on the energy of the emission maximum, as

expected16,17 for a situation in which intensity borrowing from higher energy local transi-

tions is dominant. In such a situation the radiative rate can be expressed by Equation 2-3.

Equation 2-3.

In this expression HDA* is the electronic coupling between the CT state and the locally

excited state (in the acceptor) from which it borrows intensity. ∆E1 represents the energy gap

between the locally excited state and the ground state and µ* refers to the transition dipole

moment of the local transition from which the CT transition borrows intensity. It was already

shown by Wegewijs18 that this model produces a reasonable description for the system 1

using ∆E1=31000 cm-1.

It may seem contradictory that 2 and 1 display similar radiative CT emission proba-

bilities, while the CT absorption is much stronger for 2 than for 1. However, as already noted

in the introduction, in contrast to their difference in ground state conformation at the aniline

nitrogen, this is expected to adopt a planar trigonal conformation in the emissive state of both
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systems, because of the radical cation character it attains. This implies that through-bond

interaction between donor and acceptor is much stronger for 2 than for 1 in the ground state,

but quite similar in the emissive state.

At first sight it is unexpected that the kf value of 4 in the non-polar solvent cyclohex-

ane is lower than in the more polar ethers, in contrast to the behaviour predicted by

Equation 2-3. However, Equation 2-3 only applies for the situation in which HDA* is (much)

smaller than the energy difference between the locally excited and CT state. Clearly for 4 in

cyclohexane the two states are so close in energy that they are nearly degenerate. This was

also found for the piperidine analogue of 4 and a significant contribution of local emission

from the vinylpyrene chromophore was inferred14 from the vibrational structure in the emis-

sion spectrum.7 Also for 4 the emission in cyclohexane is structured. However, we found no

dependence of the emission spectrum on the excitation wavelength. This implies that the

structured emission of 4 in alkane solvents either stems from a single state with mixed CT

and local character or from separate excited states that equilibrate across a very small barrier.

2.3 Photophysical behaviour at low temperature

2.3.1 Thermochromism of Fluoroprobe (1) in 2-methyltetrahydrofuran

CT fluorescence maxima (in cm-1) of Fluoroprobe

(1) in 2-methyltetrahydrofuran (MTHF) over a

77-293K temperature range are plotted in

Figure 2-7. In order to better appreciate the

extremely strong thermochromism of the CT fluo-

rescence we also have added to Figure 2-7 data for the well known solvatochromic dye

oxazine-4 (6) that has been studied earlier under these conditions by Görlach et al.19 While

Fluoroprobe and oxazine behave similarly in a qualitative sense, the amplitude of the ther-

mochromic frequency changes is an order of magnitude larger for Fluoroprobe than for

oxazine. As a result the thermochromic shift of Fluoroprobe in MTHF covers the whole vis-

ible region.

At 293K Fluoroprobe displays a strong greenish yellow fluorescence in MTHF with

a maximum located at 562 nm (17800 cm-1) and a fluorescence lifetime of τ = 12.6 ns. Upon

cooling of the MTHF solution the CT fluorescence of 1 gradually shifts to the red with an

average of 15 cm-1/K until a bright red colour is attained around 140 K. Upon further cooling

the red-shift first levels off and below 130 K changes to a very dramatic blue-shift that in the

90-120 K region amounts to -153 cm-1/K and levels off again at lower temperatures. Quali-

tatively this behaviour can be readily understood along the same lines as put forward 19 to

O

N

N+HC2H5

CH3CH3

C2H5NH

ClO4
-

Figure 2-6. Structure of oxazine-4 (6).
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describe the much less dramatic thermochromic effects displayed by oxazine in MTHF. The

excited state dipole moment of CT-fluorescent molecules induces reorientation (mainly rota-

tional) of the solvent dipoles. This stabilizes the CT excited state and at the same time desta-

bilizes the Franck-Condon ground state reached upon fluorescence. As long as the solvent

reorientation occurs on a time scale which is fast as compared to the nanosecond fluorescence

lifetime the full red-shift achievable by this process is present during most of the radiative

process and is thus reflected in the position of the fluorescence maxima measured by contin-

uous emission spectroscopy as plotted in Figure 2-7. At room temperature this condition is

easily fulfilled as shown earlier by femtosecond time resolved fluorescence measurements

and molecular dynamics calculations for 1 in various solvents.20-22 From these investigations

it was firmly established that a time dependent Stokes shift only occurs over a time window

of a few picoseconds after excitation as also expected from the typical dielectric solvent

relaxation times under these conditions. As argued by others 19 before, however, the solvent

relaxation time of MTHF increases to nanoseconds upon cooling down into the supercooled

liquid region (i.e. below the melting point of Tmp=135K) and rapidly increases further to sec-

onds upon cooling to the glass transition point Tg=91K.

Figure 2-7. Thermochromic shift of the fluorescence for Fluoroprobe (1) and oxazine-4 (6) in
MTHF.
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That below 135 K, in the temperature region where the thermochromicity levels off

(see Figure 2-7) a sizable fraction of the overall fluorescence occurs from not fully relaxed

states can easily be shown from the fact that in this region the fluorescence displays a time

dependent Stokes shift (see Figure 2-8) that extends over periods ranging from a few nano-

seconds at 130 K to way over 40 ns (the maximum time window in which fluorescence can

be detected) below 110 K.

Figure 2-8. Dynamic Stokes shift of the fluorescence maximum at low temperatures for 1 in
MTHF as observed with a streak camera after excitation at 337 nm (laser pulsewidth 600 ps
fwhm).

In the high temperature region, where virtually all fluorescence occurs after full solvent

relaxation, the thermochromic effect can in principle be described more quantitatively by the

well-proven Lippert-Mataga expression (see Section 2.2.2). While in solvatochromic studies

∆f is varied by varying the solvent, in thermochromic studies like those performed here this

parameter varies because both εs and n increase upon lowering of the temperature. This is in

part because of the increased density but also because of the increased dipolar orientation of

the solvent molecules with respect to the solute dipole as the counteracting thermal motions

diminish upon cooling.23

In Figure 2-9 the υCT values of Fluoroprobe as a function of the ∆f increase brought

about by cooling MTHF from 300 K to 150 K are plotted. For this purpose we calculated

appropriate values of the refractive index and the dielectric permittivity. We assumed a

change in refractive index by the following formula (by extrapolating known values)24:

Equation 2-4.
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The change in dielectric constant is taken from measured values in the literature.25

Fairly linear plots are obtained down to ~150

K while below this temperature strong devia-

tions start to occur because, as explained above,

the emission no longer originates from a fully

relaxed state. The slope of the thermochromic

Lippert-Mataga plot amounts to

-46000 ± 1000 cm-1 per ∆f unit. The solvato-

chromic measurements gave a slope of the

same order (i.e. -34000 cm-1, see Table 2-2).

Along the same lines as put forward in

Section 2.2.2 this then leads to µCT=26.8 D.

This value is well within the range of

µCT=27 ± 2 D reported earlier for Fluoroprobe

on the basis of various independent experimen-

tal techniques.5,6,26,27

2.3.2 Excitation energy influence on the relaxation processes

The giant thermochromic effects displayed by 1 in MTHF (see Figure 2-7) have allowed us

also to investigate further the excitation wavelength dependence of the oxazine-4 fluores-

cence reported by Görlach et al.19 These investigators found that in the low temperature

region excitation with an excess energy=1000 cm-1 above the origin leads to a significant

red-shift of the fluorescence of 6. They attributed this interesting phenomenon to local heat-

ing, caused by vibrational relaxation prior to the reorganization of the solvent shell. Because

of its much stronger thermochromicity, this mechanism should lead to even more pronounced

effects in the case of 1. However, apart from a minor ‘red edge’ effect of the opposite sign,

no significant excitation wavelength dependence of the CT fluorescence maximum for 1 is

observed over the whole temperature region investigated. We therefore are forced to con-

clude that the effect reported for 6 (and reproduced by us) must have another cause than the

‘local melting’ proposed earlier. It should be noted that 6, in contrast to 1, is a cationic dye

and that at low temperatures in MTHF it may be present in the form of variously composed

and non-interconverting ion-pairs with different excitation and emission spectra.
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2.4 Concluding remarks

The replacement of the piperidine bridging moiety of Fluoroprobe with a tropane part has

proven to be appropriate for expanding the excitable region of the probe towards the visible

region of the absorption spectrum, while leaving the emissive properties virtually unchanged.

The replacement of the acceptor side (especially with vinylpyrene) furthermore offers a

system that is even stronger fluorescent, and may prove to be beneficial for use in true blue

LEDs.

The low temperature fluorescence measurements reveal that the timescale of reorien-

tation of the dipoles surrounding the CT excited molecule is determining for an effective

polarity. Figure 2-10 shows schematically how the CT fluorescence changes in energy upon

cooling when the rate of reorientation (kr) becomes comparable or even lower than the

excited state decay (1/τ). This already reveals a little of the interactions that DbA systems will

have in a polymer matrix, in which the situation may be well comparable to the solvent in the

lowest temperature regime (right most in the figure) and the rates of dipole reorientation may

be lower than 1/τ.

2.5 Experimental details

2.5.1 Synthesis

All syntheses described in this part are known as the Wadsworth-Emmons modification28,29 of the

Wittig condensation30 of a ketone with a diethylarylphosphonate.31 As a result of the very low yields

that were obtained in reactions with other phosphonates than the diethyl[(4-cyano-1-naph-

thyl)methyl]phosphonate, the base was changed from NaH to KH.

Fluoroprobe (1). The synthesis of 1 was described elsewhere.6

N-Phenyl-3-[(4-cyano-1-naphthyl)methyl] 8-azabicyclo [3.2.1]octane, (2). 0.40 g (1.9 mmol) N-

phenyltropanone and 0.60 g (1.9 mmol) of diethyl[(4-cyano-1-naphthyl)methyl]phosphonate, were

dissolved in dry THF under N2 atmosphere. While cooling the mixture in an ice-bath 0.21 g NaH

(50-60% dispersion in oil) is added. The reaction mixture was stirred overnight. The brown suspen-

sion was poured into water, and was extracted with CHCl3. The organic layers were dried over

Na2SO4 and evaporated. The product was purified by column chromatography (silica, ethyl acetate

/ CH2Cl2 / Petroleum-Ether 1:1:1). Recrystallisation from ethanol yielded yellow needles. Yield:

0.41 g (66%); m.p.: 103-104 °C - IR (CHCl3): n = 3020 cm-1 (m), 2959 (m), 2223 (m) (CN), 1597

(s), 1567 (m), 1497 (s). - 1H-NMR (400 MHz, CDCl3): δ = 8.06 [d, J = 8.3 Hz, 1 H], 7.84 [d, J = 7.4

Hz 1 H], 7.70 [dd, J = 6.9, 8.1 Hz 1 H], 7.62 [dd, J = 6.9, 8.3 Hz, 1 H], 7.27 [m, J = 8.0, 7.5, 3.38 Hz,

3 H], 6.85 [d, J = 8.0, 2.1 Hz, 2 H], 6.77 [t, J = 7.5 Hz, 1 H], 6.75 [s, 1 H], 4.43 [m, 1 H], 4.18 [m, 1

H] 2.97 [d, J = 13.3 Hz, 1 H], 2.55 [d, J = 14 Hz, 1 H], 2.27 [d, 1 H], 2.12 [m, 2 H], 1.96 [m. 2 H],

1.57 [m, 1 H].
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Figure 2-10. Schematic representation of the interactions between the solute and the sol-
vent dipoles in three different temperature regimes.

N-phenyl-3[(2-naphthalene)methylene]-8-azabicyclo[3.2.1]octane (3). Approximately 1 ml of an

oil/KH emulsion was washed several times with pentane to remove the oil. After removal of the pen-

tane by nitrogen flushing 82 mg (2.05 mmol) KH remained. 10 ml of dry THF was added, followed

by the addition of 380 mg (1.36 mmol) of 2-methylnaphthylphosphonate. The solution turned to dark

red within a minute. Under nitrogen a solution of 282 mg (1.4 mmol) of N-phenyltropanone was

added dropwise over 2.5 hours. The mixture was kept under nitrogen atmosphere and stirred for 24

hours. The mixture was then quenched with water and extracted (6x) with CH2Cl2. The organic frac-

tion was dried over MgSO4 and evaporated. The product was purified over silica (EtOAc/cyclohex-

ane 1:1) and the fluorescing fractions were combined and the solvent was removed in vacuo.

Recrystallisation from ethanol yielded 123.8 mg (0.38 mmol, 27%) light yellow crystals. M.p. 126-

128° C. 1H-NMR (200 MHz): δ: 1.60 [mp, 1H]; 1.8-2.15 [mp, 4H]; 2.65 [q, 1H]; 2.95 [d, 1H]; 4.30

[dt, 2H]; 6.50 [s, 1H]; 6.70 [t, 1H]; 6.90 [d, 2H]; 7.25 [t, 3H]; 7.45 [mp, 2H]; 7.55 [s, 1H]; 7.75 [mp,

3H]

N-phenyl-3-[(1-pyrene)methylene]-8-azabicylco[3.2.1]octane (4). Similar to previous synthesis

using 753 mg (2.4 mmol) of diethyl[(1-pyrenyl)methyl]phosphonate, 110 mg (2.75 mmol) KH in 4
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ml dry THF and 425 mg (2.13 mmol) N- phenyltropanone in 10 ml of dry THF. The product was

purified two times over a silica column (CH2Cl2 and EtOAc/PE 40-60, 2:3) and recrystallized from

methanol to yield colourless silvershing needle shaped crystals. Yield: 334 mg (0.84 mmol, 39%).

M.p. 172-173° C. 1H-NMR (250 MHz):δ: 1.60 [mp, 1H]; 1.92 [mp, 1H]; 2.08 [mp, 2H]; 2.17 [d, 1H];

2.31 [d, 1H]; 2.58 [d, 1H]; 3.02 [d, 1H]; 4.14 [dd, 1H]; 4.46 [dd, 1H]; 6.72 [t, 1H]; 6.85 [d, 2H]; 7.06

[s, 1H]; 7.28 [d, 2H]; 7.76-8.17 [mp, 9H].

N-paramethylphenyl-3-[(1-pyrene)methylene]-8-azabicyclo[3.2.1]octane (5). Similar to the pre-

vious syntheses using 604 mg (1.5 mmol) of diethyl[(1-pyrenyl)methyl]phosphonate, 80 mg (2

mmol) KH in 5ml dry THF and 305 mg (1.5 mmol) N-(paramethyl)phenyltropanone in 10 ml of dry

THF. The product was purified over a silica column (PE 40-60/CH2Cl2 1:7) an recrystallized from

methanol. This yielded 206 mg (0.5 mmol, 33%) of pale yellow needle shaped crystals. M.p. 164-

166° C. 1H-NMR (200 MHz):δ: 1.60 [mp, 2H]; 2.15 [m, 3H]; 2.28 [s, 3H]; 2.29 [d, 1H]; 2.60 [d,

1H]; 3.05 [d, 1H]; 4.1 [m, 1H; 4.4 [m, 1H]; 6.75 [d, 2H]; 7.05 [t, 3H]; 7.25 [s, 1H[+CHCl3]]; 7.75

[d, 1H]; 7.9-8.2 [mp, 8H].

2.5.2 Photophysical measurements

Electronic Absorption. Spectra were recorded on a HP 8453 diode array spectrophotometer or a

Cary 3E spectrophotometer (Varian). The samples were prepared using spectrograde solvents and

concentrations of 10-4 -10-5 M. The samples were contained in 1-cm rectangular quartz cuvettes.

Steady state fluorescence . Spectra and quantum yields were measured on a Spex Fluorolog 3 spec-

trofluorimeter equipped with two double monochromators (excitation and emission) in a right-angle

geometry. The detector was a Peltier-cooled R636-10 (Hamamatsu) photomultiplier tube. The spec-

tra were corrected for the detector response. Samples were diluted to A(1cm)≈0.1 at the lowest

energy absorption maximum. Quantum yields were determined after deoxygenation by purging with

argon relative to quinine bisulfate (Φ=0.546) in 0.05 M H2SO4, and corrected for refractive index

differences.

Time-resolved fluorescence. Lifetimes of the fluorescence (excitation at 320 nm) were measured

by time-correlated single photon counting using a set-up described extensively elsewhere 32 after

deoxygenation by purging with argon. The decay traces were deconvoluted with a computer program

(FLD-Fit) using an algorithm developed by Marquardt for the non-linear iterative least-square fit-

ting.33 The quality of the fits was judged from the normalized residuals and the χ2 values.

Temperature dependent fluorescence measurements . Spectroscopic grade 2-methyltetrahydro-

furan (Alrich) was distilled over sodium wire and dried over molsieves. Oxazine-4 was obtained

from Radiant Dyes. All temperature dependency measurements were carried out using degassed

samples in a nitrogen cooled optical cryostat (DN1704, Oxford Instruments) with controller (ITC4,

Oxford Instruments). The 2D time resolved fluorescence measurements of 1 were performed using
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a streak camera system (Hamamatsu, details described elsewhere).34 For excitation a nitrogen laser

(MSG400, LTB, 337nm, fwhm≈0.5 ns, 10 Hz) was used. The time resolved shift of the fluorescence

maximum was obtained from the fit of the spectral information every 0.4 ns to a skewed gaussian

function35 which reproduces a bandshape indistinguishable from the spectral shape predicted for CT-

type emission bands.36

2.5.3 Cyclic voltammetry

Cyclic voltammetry measurements were performed using a potentiostat (Wenking model 73, Ger-

hard Bank Elektronik) at a scan rate of 100 mV/sec coupled to a multifunction plotter (7090A,

Hewlett-Packard). Solutions in acetonitrile (Acros, dried on activated alumina) containing 0.1 M

tetrabutylammonium hexafluorophosphate (Fluka) were measured using SCE as a reference elec-

trode. As an internal reference ferrocene was used (E½(ox)=0.44 V vs. SCE).
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3
Photophysics of Donor-bridge-Acceptor
Compounds in Solid Matrices

Time is on our side
Yes it is

-MICK JAGGER (1943)

3.1 Introduction

The work presented in the previous Chapter has provided us with a set of DbA systems that

are, at least in solution, strongly fluorescent. We have furthermore seen that the timescale on

which the solvent solute interactions take place has a crucial influence on the Stokes shift that

the fluorescence displays in a medium. Before we can focus on the electroluminescence of

the DbA systems we deem it important to look closer into the photoluminescent behaviour of

the DbA systems in solid matrices. Not only will the fluorescence of the DbA systems 1-5 of

the previous Chapter in polymers like polystyrene (PS), polymethylmethacrylate (PMMA)

and polyvinylcarbazole (PVK) be discussed, we will also see how CT emission changes with

temperature in sucrose octaacetate (SOA), a room temperature organic glass. The latter offers

the possibility to study the emission in a solid matrix at room temperature that in contrast to

polymers - in which in principle different domains can exist1 - probably provides a more uni-

form surrounding to the DbA molecules.

Figure 3-1. Matrices used in this Chapter: polyvinylcarbazole (PVK), polystyrene (PS), poly-
methylmethacrylate (PMMA) and sucrose octaacetate (SOA).
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structed light-emitting diodes. The required concentrations are much too high to regard the

situation as a DbA molecule isolated in a solid solution of the polymer. Therefore in this

Chapter we will describe the influence of the concentration of DbA systems on both the

steady state and time-resolved charge-transfer fluorescence from the thin (polymer) film

doped with such systems. In some cases also the photoluminescence of a thin sublimed film

of the pure DbA system was studied.

Because PVK is a polymer that will be frequently used in the following Chapters for

the light-emitting diodes and because it displays fluorescence itself as well, the fluorescent

behaviour in this polymer is examined in more detail. Using a setup which combines femto-

second laser excitation and fast streak camera detection, we were able to study both the

energy transfer within PVK and from PVK to the DbA systems 2 and 5.

3.2 Steady state emission of DbA systems in polymer films

The photoluminescence spectra of pure and FT (2) doped polymer films were measured

employing a front face excitation at 350 nm. Under these conditions polymers such as

PMMA and PS display no fluorescence because their absorption is negligible above 300 nm,

while PVK displays the well known2,3 mixed monomer and excimer fluorescence as a broad

structureless band with a maximum at 410 nm, as can be seen from the left part of Figure 3-2

(dotted curve).

Figure 3-2. Left: steady state fluorescence spectra of PVK (dotted line), 0.5% 2 in PVK
(continuous line), the exciplex of PVK and 10% A1 acceptor model (dashed line) and subli-
mated 2 (circles). Right: fluorescence maximum (νCT) vs. the concentration of 2 (squares)
and 4 (circles) in the film.
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The fluorescence of 2 and 4 in PVK was studied as a

function of the doping concentration (see Figure 3-2).

Already at 0.5% 2 in PVK the 410 nm emission of

PVK is completely substituted by the longer wave-

length emission of 2 that undergoes a gradual

bathochromic shift with increasing concentration from

451 nm at 0.5% to 499 nm at 50%. That this fluorescence is CT emission and does not orig-

inate from an exciplex of PVK with the acceptor of 2, can also be seen in Figure 3-2, in which

the dashed line shows that the exciplex emission of PVK with 10% of a model acceptor A1

(Figure 3-3) appears at shorter wavelength, namely around 430 nm.

The position and spectral distribution of the

emission of 2 remains unchanged when the

excitation wavelength is shifted from

320 nm, where most absorption occurs by

PVK, to 380 nm, where only 2 absorbs (see

excitation spectra in Figure 3-4). It can there-

fore be concluded that efficient energy trans-

fer from PVK to 2 occurs. In Section 3.4 we

will further elucidate the energy transfer by

looking at the time-resolved emission on the

picosecond timescale.

The highest concentration of 2 investigated

in PVK is 50%, but it can be raised to 100% in a sublimated amorphous layer of 2. In such

a film the fluorescence maximum has shifted to 510 nm. The fluorescence of systems 4 and

5 is structureless in PVK and for 4 it shifts from ca. 416 nm at low concentrations to 468 nm

in the sublimated films. The concentration dependence of the CT fluorescence maximum of

our DbA systems suggests that especially at higher concentrations a certain degree of aggre-

gation of the DbA molecules in the matrices occurs. When comparing the shifts of 2 and 4

expressed in wavenumbers it is found that the difference between a doping concentration of

0.5% and 100% amounts to approximately 2600 cm-1 for both systems. When the position

of the emission maximum is plotted vs. the logarithm of the concentration, this results in a

fairly linear correlation (right part of Figure 3-2), although there is a deviation at very low

concentrations. The (nearly) logarithmic dependence of the emission maximum on the con-

centration reminds of the behaviour of donor-acceptor systems in binary solvent mixtures in

which preferential solvation occurs.4 In numerous binary mixtures of solvents with a differ-

CN
Figure 3-3. Model acceptor A1.
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ent polarity, donor-acceptor systems like the ones studied here display a fluorescence maxi-

mum that corresponds to a higher polarity of the mixture than would be expected from the

fractional average of the pure components. This has been attributed to an enrichment of the

solvent shell around the emitting state with the more polar solvent molecules. In liquid solu-

tion such an enrichment can occur already in the ground state but can also be enhanced in the

excited state by diffusion of polar solvent molecules towards the dipolar CT state. In the

present case the PVK acts as the ‘nonpolar solvent’ and the DbA itself as the polar compo-

nent. Furthermore diffusion can be neglected.

Langhals5 has provided a purely empirical two parameter description for the polarity

of binary mixtures, which appears to apply for our data as well. For the case in which the CT

fluorescence maximum is taken as a measure for the polarity the expression can be rewritten

to:

Equation 3-1.

In this equation νCT is the fluorescence maximum expressed in cm-1, cp is the concentration

of the more polar component - in this case the DbA system -, νCT(0) is the fluorescence max-

imum in the pure nonpolar component and ED and c are the parameters that make the equa-

tion fit. ED has a dimension of energy and is also expressed in cm-1, while c represents a

critical concentration that breaks the curve into two regions. In the region where cp«c there

is an almost linear correlation between νCT and cp, indicating a polarity based on the frac-

tional average. If at higher concentrations cp becomes much larger than c this results in a

purely logarithmic concentration dependence; the preferential solvation region. A larger ED

implies a stronger concentration dependence of the shift. Because it is in our systems not pos-

sible to determine the position of the fluorescence maximum in the pure nonpolar component

- for there is always an amount of the DbA compound present - νCT(0) is here also derived

from the fit.

Apparently the empirical relation found for preferential solvation also applies to a

solid film incorporating a mixture of a polymer and a DbA compound, judging from the good

conformity of the fit with the data in Figure 3-2. Because diffusion processes are unlikely to

occur in solid films on the timescale of fluorescence, there must already be preferential clus-

tering in the films before excitation. Table 3-1 shows the results for the fits through the data

points for 2 and 4. The νCT(0) values found are close to the emission maxima of very low

concentrations of 2 and 4 in the PVK film. Moreover, the values for ED of 2 and 4 are very

comparable, indicating a similar polarity difference between the nonpolar and the polar com-

νCT ED

cp

c
----- 1+ 

 ln νCT
0

+⋅=
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ponent. It furthermore follows from the critical value c that above concentrations of 1-2% in

the film, clustering of the dopant starts to play a role.

In PS the CT emission maximum of the DbA compounds is somewhat shifted to higher

energy compared to PVK due to the lower polarity or mobility of the matrix. From the fit

parameters in Table 3-1 it shows for 2 that the critical concentration is significantly higher

for PS than for PVK (9% vs. 1%). However, the value for ED is also higher.

3.3 Time-resolved fluorescence of DbA systems in solid matrices

3.3.1 Temperature dependent fluorescence of 1 in sucrose octaacetate

Upon raising the temperature of 1 in an amorphous film of sucrose octaacetate (SOA) the

steady state fluorescence shifts from 473 nm at room temperature (RT) to 537 nm at 420 K.

Further increase of the temperature results again in a blue-shift (Figure 3-5, left). In fact the

overall behaviour is similar to that in MTHF (Section 2.3), but in SOA the temperature range

in which the thermochromic effects occur, is shifted to much higher temperature, because

SOA is a glass at room temperature. In the whole temperature region studied, relaxation proc-

esses are slow and occur during the fluorescence decay time. This becomes clear when we

take a look at the time-resolved shift of the fluorescence maximum in the temperature range

300 K-400 K (Figure 3-5, right). An increasing red-shift within the time window of fluores-

cence is observed at elevated temperatures. And even at 300 K - apart from an initial blue-

shift during the laser pulse, which we cannot attribute - a significant red-shift still occurs over

the first 30 ns, which amounts to ca. 500 cm-1. This compares well to the shift that was

obtained for 1 in MTHF at 88 K, i.e. below the glass transition temperature (see Section 2.3

on page 23).

A noticeable difference between the situation in SOA and MTHF is that in SOA in the

300 K to 400 K region the shift of the steady state maximum only amounts to ca. 25 cm-1/K

whereas in the ‘undercooled liquid’ region in MTHF this shift was over 150 cm-1/K. This dif-

Table 3-1. Parameters resulting from the fit of the Langhals equation to the concentration
dependent emission maxima of 2 and 4 in PVK (and PS).

PVK PS

2 4 2

νCT(0) (103 cm-1) 22.4 ± 0.1 24.1 ± 0.1 22.6 ± 0.05

ED (102 cm-1) 5.7 ± 0.3 7.2 ± 0.8 12.1 ± 1.0

c (w/w) 0.008 ±0.003 0.025 ± 0.01 0.089 ± 0.02
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ference is probably brought about by the higher thermal energy present in the SOA matrix as

compared to the undercooled MTHF, making it harder to freeze the motion in SOA.

Figure 3-5. Left: thermochromic shift of the fluorescence of 1 in sucrose octaacetate (the
dashed line denotes the melting point). Right: dynamic Stokes shift of the fluorescence max-
imum at elevated temperatures as observed with a streak camera.

3.3.2 Temperature dependent time-resolved emission of 1 in PMMA

From the solid state SOA matrix it is but a small step to a polymer matrix like PMMA. Con-

siderable dynamic Stokes shifts are observed in the time-resolved CT fluorescence of 1 in

PMMA, which could now - with the streak camera - be studied in more detail than before.6

As was the case for 1 in SOA, the shift increases as the temperature is raised from far below

Tg to temperatures just above. Figure 3-6 shows this for a film of PMMA with a Tg=348K.

We could not observe any significantly different behaviour in another PMMA film with a Tg

of 363 K.

Figure 3-6. Dynamic Stokes shifts of the fluorescence maximum of 1 in a PMMA film at var-
ious temperatures. At 423 K it was no longer possible to attribute the emission maximum
after 26 ns.
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Mechanic dynamical7 and dielectrical 8 measurements have previously shown that

below the Tg of polymers, molecular relaxation occurs on a timescale that is much longer

than that of the fluorescence lifetime of 1. The dynamic Stokes shift observed in the room-

temperature polymer can thus not be explained by relaxation of the medium. However, one

can imagine that within the cavity in which 1 resides (free volume of the polymer), there is

still the possibility for 1 itself to undergo reorientation in order to gain energy. Another expla-

nation is found if one considers that there is also an intramolecular relaxation in 1, which in

liquid solution occurs on the timescale of molecular vibrations. The relaxation is believed to

be a conformational reorientation of both chromophores as a result of the strongly changed

charge distribution after the charge separation. In the polymer the rate of this intramolecular

relaxation (and that of the reorientation within the polymer cavity) may have sufficiently

slowed down to become comparable to the timescale of fluorescence. Other supporting evi-

dence for this assumption was previously found in the fact that the degree of polarization of

fluorescence decreases in the first 50 ns.6

Because at RT the observed Stokes shift of ca. 1000 cm-1 is very comparable to that

in SOA and in glassy MTHF, here the contribution of the microheterogeneity of the polymer

is estimated to be small. In principle different molecules of 1 can reside, on the moment of

excitation, in both more and less favourable surroundings, the latter of which brings about

emission that is of higher energy, but also much more short-lived. As a result the molecules

1 in a favourable surrounding contribute much more to the emission at later times, which

would also cause a time-dependent red-shift.

3.3.3 Concentration dependent time-resolved emission in PVK

The time-resolved fluorescence of 2 and 5 in PVK were studied as a function of the doping

concentration. From Figure 3-7 it can be seen that, similar to 1 in PMMA, during the decay

of the fluorescence the maximum displays a red-shift. The fact that this shift is larger for

higher doping concentrations (>1000 cm-1) is not surprising, because in principle in the

stronger doped films there is a larger amount of the more polar solvating molecules (namely

other 2 molecules) surrounding the dipolar molecule. That this amount can be even larger

than is expected from the fractional average of the pure components was already clear from

the steady state emission spectra in Section 3.2. In the ultimate case, in which 2 is only sur-

rounded by itself (sublimated film) the shift starts of at 20200 cm-1, and is less pronounced

(only 700 cm-1) and the maximum shift is reached faster (see right part in Figure 3-7).
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Figure 3-7. Dynamic Stokes shifts of the fluorescence maximum for three different concen-
trations of 2 in a PVK film (left); on the right side the shift in 5% 2/PVK is compared with that
in 5% 5/PVK and sublimated 2.

Comparing the shifts of 2 and 5 in PVK the main difference - for all doping concentrations

studied - is the absolute position of the maximum as a function of time (5 is blue-shifted from

2, which was already clear from the steady state emission), though 2 reaches its maximum

shift a little faster than does 5.

To assign a reasonable value to the fluorescence decay times in the films, time-

resolved streak camera images are averaged over the wavelength window of 440 to 600 nm,

which should in principle obscure the effect of the time-dependent shift of the maximum. All

decay curves obtained in this manner display - after the initial rise - a decay that can be fitted

with two exponentials. This can only be an approximation for the multiexponential decay of

the probe, trapped in a distribution of different sites of the polymer.9 Table 3-2 lists the

results for various concentrations of 2 and 5 in PVK.

It can be seen for both systems that the mean lifetime (<τ>=ΣτiQi) decreases with

increasing concentration. As the radiative rate (kf) for this type of DbA systems is known to

become smaller (see Section 2.2.3) upon lowering of the excited state (i.e. increase of the

concentration of 2 in the film) the shorter mean decay times imply a decreasing quantum

yield, knowing that Φ = kf τ. Furthermore the lifetime of 5 is shorter than that of system 2 for

all concentrations, like was found when comparing the (monoexponential) decay times of 2

and 5 in moderately polar solvents. However, because the kf for 5 is also 2 times higher than

for 2 at all concentrations, the shorter overall lifetime is compensated and the quantum yields

will be approximately the same for both systems, like is the case in solution.
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3.4 Picosecond energy transfer from PVK to 2 and 5

2D time-resolved emission spectra were obtained for PVK films, both pure and doped with

various concentrations of the systems 2 and 5, in order to study the energy transfer from the

polymer in more detail. The samples are excited using a 200 fs pulse at 350 nm. Instead of

extracting information from the streak images by making cross sections (i.e. averaging a

region of interest in one dimension) we can choose to perform principle component analysis

(PCA) on the data. In this case that is done by a technique called singular value decomposi-

tion (SVD) to analyse the number of independent components present in the 2D data. It has

been described more extensively by Werts10 how this technique is applied to streak images,

and how spectral and time information are reconstructed from the individual components.

3.4.1 Time-resolved emission of a pure PVK film

In absence of a probe it is possible to distinguish the two components in the streak image that

contribute to the mixed fluorescence of PVK (see Figure 3-8). These are the sandwich exci-

mer fluorescence (at 420 nm) and the partially overlapping monomer fluorescence (at

370 nm). The first appears to grow in from the latter, that displays a biexponential decay with

a τ1 of 0.9 ns (energy transfer to the sandwich excimer state) and a small component with τ2

of 8 ns. This latter component may be attributed to isolated monomers that are not able to

transfer their energy quickly to excimers. The excimer decays on a significantly longer times-

cale (τ≈27 ns).

Table 3-2. Fluorescence decay times (in ns) of various concentrations of 2 and 5 in PVK;
between parentheses the relative amplitude (Q) of the component is given.

Compound 1% 2% 5% 10%

2 τ1 27.0 (0.38) 19.8 (0.50) 12.5 (0.76) 12.3 (0.81)

τ2 9.2 (0.62) 7.3 (0.50) 3.8 (0.24) 2.8 (0.19)

<τ> 15.9 13.6 10.4 10.4

5 τ1 12.0 (0.41) 6.7(0.36)

τ2 3.4 (0.59) 2.1(0.64)

<τ> 6.9 3.8
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Figure 3-8. Reconstructed components (left: spectral information, right: time-evolution) from
the SVD operation on a streak image of a PVK film. N.B. the correction of the streak image
data fails below 365 nm.

3.4.2 Time-resolved emission of doped PVK films

In the time-resolved emission of a PVK film containing 1% of 2 it is possible to observe the

energy transfer from PVK to 2. Figure 3-9 shows the contour plot of a streak image obtained

after excitation. Because of the overlap in absorption spectrum between 2 and PVK it is not

possible to exclusively excite PVK, but due to the low concentration of 2 at least the major

part of the photons is absorbed by the polymer. In the first 2 ns after the laser pulse the red-

shift of the emission band - that was subjected to analysis in Section 3.3.3 - is still too small

to have a large influence on the SVD operation that is performed on the streak image, c.q. the

spectral information and time-evolution that are gained from this. It was possible to recon-

struct two components that appear to be the emission of PVK and 2, the first displaying a

decay, the latter a rise in the first 1.8 ns. Beneath the contour plot in Figure 3-9 the recon-

structed spectra and connected time evolutions are shown.

The rise time of 2 can be fitted with two exponentials, the shortest being 0.08 ns, the

longer rise time is 0.5 ns, which coincides agreeably with the decay of PVK. It is not clear

whether the fast rise can be attributed to direct excitation of 2 or that there are two energy-

transfer processes to the CT state of 2: one from the short wavelength monomer emission of

PVK, the other from the excimer emission. What we can do is plot the normalized decay of

PVK versus the normalized rise for the emission intensity of 2 (see left part of Figure 3-10).

This results for a large part in a linear correlation with a slope of -1, which suggests that

indeed the excited state of 2 is formed from the excited state of PVK. Only above 85% of the

concentration of excited 2 the plot begins to deviate from a straight line. In this representation

though, the decay of 2 is not accounted for but obviously this starts to play a role.
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Figure 3-9. Contour plot of the time-resolved emission as obtained from the streak image of
1% FT in PVK (top); reconstructed from that by SVD: two individual components with their
spectral (left) and time (right) information.

At higher doping concentrations of 2 it is impossible to reconstruct the energy transfer

because more of 2 is directly excited, and the dynamic Stokes shift becomes more pro-

nounced while also the overall decay time of 2 in PVK decreases. Nevertheless, by looking

at the rise of the CT emission (in the maximum), we can judge that the energy transfer

becomes faster as the doping concentration becomes higher (right part of Figure 3-10).

In films with system 5, the emission of the excimer of PVK and that of the probe are

so close in position during the first nanosecond that it is virtually impossible to distinguish

between them. It is, however, possible to extract the rise times in the maximum of the emis-

sion of 5 and see the differences with the rise in system 2 and the differences between the

various concentrations (left part of Figure 3-11). The right part of Figure 3-11 shows a con-

voluted fit (using the system response) to the rise and decay in the 1% layer. With some

reserve we derive a rise time of 0.15 ns and a decay time of 4.2 ns from this. The latter value
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doesn’t deviate much from the decay time that was found when studying the emission on a

longer timescale (Table 3-2). The rise time found implies that the rate of energy transfer of

PVK to 5 is higher than that of PVK to 2, which is not surprising if one considers that the

spectral overlap of PVK emission with the absorption of 5 is larger than with that of 2. As is

the case for 2, at higher concentrations of 5 in PVK the amount of direct excitation of 5

increases but also here it appears that the rate of energy transfer becomes higher.

Figure 3-10. Left: normalized intensity of PVK vs. the normalized intensity of 2. Right: rise of
the emission intensity in the CT maximum at different concentrations of 2 in PVK.

Figure 3-11. Left: time-evolution of the fluorescence intensity in the CT maximum of various
concentrations of 5 in PVK. Right: A convoluted fit to the data a 1% of 5 in PVK using the
system response, a rise time and a decay time. The inset shows the residuals.

3.5 Concluding remarks

It has become clear that it is not only the polarity of the matrix that determines the position

of the CT emission but also the amount of reorganization (and thus stabilization of the CT
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excited state) that can occur during the lifetime of CT fluorescence. A major contribution to

this stabilization is brought about by the apparent preferential solvation by nearby other DbA

molecules. It was shown that a higher degree of doping induces clustering of the dopant -

already in the ground state - which affects both the position and the quantum yield of charge

transfer emission. As it will turn out in the following Chapters that higher doping concentra-

tions are needed for a good polymer diode, this implies that a suitable concentration of DbA

molecules as dopant in a film will always be a compromise between device performance,

colour and quantum yield. It has nevertheless also become clear that energy transfer from

PVK to the DbA systems is very fast even at ≤1% doping. For PLEDs this implies that even

if the charges recombine in PVK and not on the DbA molecules to yield excited states of

PVK, this step will inevitably be followed by sub-nanosecond energy transfer to the CT state

of nearby DbA molecules. Emission will thus still be seen from the CT excited state.

For the vapour deposited OLEDs we can already anticipate that system 2 will not pro-

duce a blue emitting device, as the self-stabilization brings about a strong bathochromic shift

to yield a green emitting film. Systems 4 and 5, that display a photoluminescence around 460-

470 nm in vapour deposited films, may still have electroluminescence in the right spectral

region for a blue diode.

3.6 Experimental details

3.6.1 Materials

Poly(9-vinylcarbazole) (secondary grade Mw=69000), polystyrene (Mw=280000), and sucrose

octaacetate were all obtained from Aldrich. Two batches of polymethylmethacrylate were made

available to us by Neoresins (batch I: Mw=10400, Tg=369 K; batch II: Mw=6500, Tg=348 K.) The

syntheses or origin of the DbA systems 1 to 5 are described in Chapter 2. Polymers were dissolved

in a suitable solvent (mostly toluene) in amounts of ca. 20 mg/ml. Variable concentrations (w/w) of

the DbA compounds were added to the solution and films are spincoated (details on spincoating in

Chapter 4) on non-fluorescing glass slides. To obtain an amorphous layer of SOA, it is molten at

373 K (mp=362 K) which also makes the DbA dopant dissolve, and then a drop is applied on a glass

slide.

3.6.2 Photophysical measurements

Steady state fluorescence . Spectra of the solid samples were measured on a Spex Fluorolog 3 spec-

trofluorimeter equipped with two double monochromators (excitation and emission) employing a

front-face excitation. The detector was a Peltier-cooled R636-10 (Hamamatsu) photomultiplier tube.

The spectra were corrected for the detector response.
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Temperature dependent fluorescence. In all experiments in which the temperature is raised, a spe-

cial device is used. A solid sample was applied on a round quartz plate by spincoating (polymers) or

by a drop from the molten liquid (SOA). The quartz plate was placed in an airtight and argon flushed

sample holder with quartz windows and a heating unit. The device can be kept at constant tempera-

tures in a range from 293 K to 500 K. The device was placed in horizontal position and excited and

measured through a (dual) optical fibre which was coupled to the spectrofluorimeter described

above.

Time-resolved fluorescence. The nanosecond 2D time-resolved fluorescence measurements of the

solid samples were performed using a fibre coupled streak camera system as described in Chapter 2

and a nitrogen laser for excitation (337 nm, fwhm 600 ps, 10 Hz). The time-resolved shift of the fluo-

rescence maximum was obtained from the fit of a skewed gaussian function11 to the spectral infor-

mation per channel, which reproduces a bandshape, indistinguishable from the spectral shape

predicted for CT-type emission bands.12 To reduce the signal to noise ratio in some cases every 4

channels are combined. To measure the picosecond 2D time- resolved emission a different setup was

used (see below).

Picosecond time-resolved fluorescence. The photophysical characterisation is done with a differ-

ent streak camera set-up (Chromex 250is Polychromator 40 g/mm grating, Hamamatsu 5677 Slow

Speed Sweep Unit) in the dump mode with a temporal resolution of ca. 25 ps in the 2 ns detection

window. Appropriate filters (Schott) were used to exclude scattered light. The excitation beam was

not tightly focused on the polymer film, a spot size of ca. 1 mm² is enough to achieve a reasonable

signal (the excitation power is kept in the µW regime). The excitation is carried out at 3.6 eV (Spec-

tra Physics Millenia Xs pump laser, Spectra Physics Tsunami mode-locked Ti:sapphire laser, Spectra

Physics 3980 frequency doubler and pulse selector) tuned to 350 nm (doubling of 700 nm). Typical

measurement times are 5-10 min. depending on the sample. The sample is kept in an airtight con-

tainer in a N2 atmosphere and automatically displaced back and forth during the measurements to

prevent photo-degradation. The streak camera spectra are corrected for the spectral response of the

incoupling lenses, the polychromator, the streak tube and the shading effects due to the deflection

plates.
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4
Composite Polymer Light-emitting Diodes
Comprising Donor-bridge-Acceptor
Systems*

When Alexander the Great visited Diogenes and asked whether he could do anything
for the famed teacher, Diogenes replied:

'Only stand out of my light.'

4.1 Introduction

The understanding of the unique emissive properties of the Donor-bridge-Acceptor (DbA)

systems from the previous chapters has led us to believe that these systems may well function

as emitters in polymer light-emitting diodes (PLEDs). Examples from literature are availa-

ble,1-6 in which composite diodes are constructed using a polymer host and a strongly fluo-

rescent dye - a so-called molecularly doped device. One can argue that a conditio sine qua

non for such devices is the use of a polymer that is at least somewhat conductive. Mostly used

in this respect is a polymer that - doped with an electron acceptor - has initially been widely

applied as the photoconductor in most Xerox machines: poly(9-vinylcarbazole) (PVK). It is

believed that in this case injection of charges from the electrodes, followed by recombination

in the polymer layer, leads to excited states that are localized on a single carbazole chromo-

phore or more likely a carbazole dimer (excimer). Energy transfer to the fluorescent dye sub-

sequently opens the pathway to light emission. However, considering the charge transfer

nature of the fluorescence in the DbA systems, a more direct path towards emission of light

seems feasible: direct oxidation and reduction of donor and acceptor, ultimately leading to

the strongly fluorescent charge separated state within one molecule. If this mechanism is cor-

rect it should also be possible to generate electroluminescence in a completely non-conduct-

ing polymer such as polystyrene (PS). A convenient side effect of using the DbA compounds

is that they all more or less fluoresce blue in a polymer layer (see Chapter 3); blue being just

* A part of this Chapter was published in Bakker, B.H. ; Goes, M.; Hoebe, N.; Ramesdonk, H.J.; Verhoeven, J.W.;
Werts, M.H.V.; Hofstraat, J.W. Coord. Chem. Rev. 2000, 208, 3-16.
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the colour that is most problematic to make with polymer LEDs, but essential for developing

multi-colour displays.7

This Chapter will describe how composite diodes comprising DbA molecules were

constructed using spincoating (of the emissive layer) and vacuum deposition (of the metal

electrodes) techniques. Both PVK and PS were used as the polymer matrix for the DbA sys-

tems. Furthermore the properties of the constructed diodes are characterized by taking a

closer look at the current densities, light production (both brightness and spectral distribu-

tion), charge injection and efficiency of the devices as a function of the voltage that is applied

to them. Also the influence of the metal cathode on the device is examined. Finally the sta-

bility of these devices is studied under exclusion of water and oxygen.

4.2 Experimental methods

In the course of this research increasingly refined methods of constructing and measuring the

diodes were applied. As always in an unexplored field the first experiments were done in a

prelusive way. However, for proof of principle the first efforts already proved adequate:

under ambient conditions we were able to show blue electroluminescence from DbA com-

pounds in polymer diodes!8 Later on the conditions of fabrication and also the materials used

were optimized. The procedure for the fabrication of diodes that is described in Section 4.2.3

is the manner in which ultimately the diodes were reproducibly constructed, so that they can

be used for characterisation.

4.2.1 Materials for the diodes

The synthesis of the DbA compounds used has already been described in Chapter 2. Poly(9-

vinylcarbazole) (secondary grade Mw=69000) and polystyrene (Mw=280000) were obtained

from Aldrich. Glass substrata of 30x30 mm2 containing an ITO layer were obtained from

Balzers and patterned at Philips Research.

4.2.2 Spincoating of thin films

The technique of spincoating has found widespread use as a fast and versatile method to

obtain thin homogenous films. Basically the technique comes down to spinning a concen-

trated solution of the polymer on a substratum which results in fast evaporation of the solvent

and yields a thin (50-200 nm) amorphous polymer film. In this case solutions are made of

approximately 15 mg/ml polymer in solvents like tetrahydrofuran, toluene and dioxane. The

luminescent probe is also added to the solution in concentrations of 1-20% (weight/weight

of the polymer). A number of principles apply to this technique: a more concentrated solution
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yields a thicker film; faster spincoating yields a thinner film; spinning at too low speed yields

non-homogenous films. Given a certain temperature the reproducibility of film thickness is

within 5 nm. With this in mind the procedure for a new combination of a polymer and a sol-

vent is to collect a so-called spin-curve, in which the measured film thickness is plotted vs.

the applied spinning speed. All films were spincoated for 10 s at different speeds, determin-

ing the film thickness, followed by 25 s of spinning at 500 RPM for drying.

Figure 4-1. Spincurves of various concentrations of PVK in THF; without (left) and with 2.

Upon closer inspection of Figure 4-1, that shows typical spincurves for PVK, it becomes

clear that the concentration of 2 also has an influence on the thickness. This is somewhat unu-

sual as mostly the thickness is determined by the highest molecular weight compound (con-

sidering it is only doped to a 10% maximum). Presumably 2 has some interaction with the

carbazole unit in the polymer. Remarkably no influence of the addition of dopant was found

when toluene was used for spincoating. From spincurves it was determined that 70 nm films

could be obtained when using a 15 mg/ml solution that is spinned at 1500 rpm for 10 s fol-

lowed by 30 s spinning at 500 rpm for drying. The optimal film thickness for our diodes is

around 70 nm. The first devices, however, were constructed with layers over 100 nm thick to

avoid short-circuiting.

4.2.3 Fabrication of diodes

The complete fabrication of LEDs is done under cleanroom conditions, starting with the

cleaning of ITO patterned substrata (successive rinsing in soap, demiwater and isopropanol

in a sonic bath). Prior to utilisation the ITO is irradiated with UV in an ozone atmosphere.

The substrata and solutions or compounds are transferred to a nitrogen purged glovebox

(MB150B-G, MBraun). The composite LEDs are constructed by spincoating from filtered
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polymer solutions using a programmable spincoater (Delta 20, BLE). The spincoated sub-

strata are transferred to another compartment of the glovebox where metals can be evapo-

rated to complete the devices. The deposition of the metal electrodes occurs through a mask,

creating 4 square overlaps with the ITO anode, 0.075, 0.133, 0.316, 0.95 cm2 in size.

Evaporation occurs in a vacuum chamber controlled by a

gauge (series 307, Granville-Phillips) with Pyrani element

at pressures below 2×10-6 torr. The concentration of the

elements in the atmosphere of the chamber under high

vacuum is monitored using a masspectrometer (Quadstar

422, Balzers). The chamber contains 2 sources (Inficon

XTC, Leybold Hereaus) for metal evaporation. The layer

thickness (and rate of evaporation) is monitored via the

change in resonance frequency of a quartz crystal posi-

tioned next to the samples, and can be varied. For aluminium the best results were obtained

with a rate of 5 Å/s (at 10 Å/s a lot of devices exhibited short-circuiting), with a final thick-

ness of 100 nm. For barium the rate was set at 3 Å/s with a final thickness of 50 Å.

4.2.4 Device characterisation

The best way to characterize any diode in a pre-

liminary stage is by just looking at the diode

and raise the voltage and hopefully see some

light. The LEDs were characterized by attach-

ing a computer controlled source (Keithley

2400, Keithley Instruments), a low noise single

channel DC power source that can act both as a

voltage source or current source and a voltage

meter or current meter. In a typical characteri-

sation of a LED the voltage is increased step-

wise from zero to a preset positive voltage

(mostly 20 V but higher voltages are needed

when the turn-on voltage is high), back to low voltage and ultimately to negative voltage.

Light from the diode in forward direction is coupled into a photodiode and read out by an

electrometer/high resistance meter (Keithley 6517, Keithley Instruments). The output of both

meters is redirected to the computer. The control and the collection of the data is handled by

a Labview (National Instruments) based program. Calibration of the photodiode is done at a

fixed current with a luminance meter (LS-110, Minolta). For every diode with a different

Figure 4-2. An example of a sub-
stratum containing 4 diodes.

Figure 4-3. Setup for characterization
of a diode.

Computer
Voltage/Current
supply

trigger

read out
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Voltage supply

read out

LED



COMPOSITE POLYMER LIGHT-EMITTING DIODES COMPRISING DONOR-BRIDGE-ACCEPTOR SYSTEMS | 53
spectral distribution of light, the photocurrent as measured by the photodiode has to be cor-

related to the light output in cd/m2.

A property of diodes that is used to characterize a device is the turn-on voltage. By

definition this is the voltage at which a measurable current (above noise) starts running

through the diode (turn-on voltage for current). If it were to be a perfect LED at this point it

would also start emitting light (turn-on voltage for light), but this is not necessarily the case.

Single carrier current can already flow through the device in absence of injection of charge

carriers on the opposite side: the LED remains devoid of light. In the set-up we used, light

can be detected above a level of ca. 0.05 cd/m2. For recording the electroluminescence spec-

tra outside the glovebox, a fibre coupled spectograph (Spectra 150, Acton) connected to a

Peltier cooled CCD camera (TEA/CCD-1024-EM1, Princeton Instruments) was used. When

recording an EL spectrum inside the glovebox another (less sophisticated) fibre coupled

spectrograph/CCD camera combination (S2000, Ocean Optics) was used. The emission is

afterwards corrected for the wavelength dependence of the spectrometer.

4.3 Influence of the metal cathode

One of the major improvements that can be done on a diode is to change the low workfunc-

tion metal that acts as the cathode in the diode. Whereas the preliminary devices were con-

structed using aluminium, the diodes with the best performance all contained barium as the

electron injecting electrode. On top of the barium, also for protective reasons, again a layer

of aluminium is evaporated. Figure 4-4 shows the large improvement that is attained by

changing the cathode: it shows two devices both containing a PVK film doped with 5% of 2;

one diode is equipped with aluminium, the other with barium. The diode containing only alu-

minium does start conducting above a treshold of 8 V but it takes a voltage of over 20 V to

induce light in the diode (notice that the I-V curve also starts running steeper above 20 V). It

can be seen that the addition of barium results in higher currents through and considerably

more light from the diode (the efficiency goes up from approximately 0.03 cd/A to

0.15 cd/A). Moreover the turn-on voltage for light drops drastically to 6.5 V. The explanation

for the increased performance is the strongly reduced barrier for electron-injection into the

polymer film as the work function of Ba is much lower than that of Al (respectively -2.2 V

and -4.4 V vs. vacuum). Clearly Ba is an ideal injecting cathode for our system and hence-

forth it is used in the diodes.
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Figure 4-4. Comparing the current density (left) and brightness (right) of two (5% 2/PVK)
diodes with barium (Ba, open squares) and aluminium (Al, filled squares).

4.4 DbA doped Polystyrene diodes

Spincoating of a 20 mg/ml co-solution of polystyrene (PS) and a DbA compound in toluene

at 2000 rpm yielded 110 nm films. All diodes were covered with a barium electrode (and alu-

minium on top of the barium). Under forward bias the devices produce blue light! Figure 4-5

shows that the prepared devices behave more or less like a diode and that the observed blue

light can be measured. Notice that under reversed voltage there is little current and no light

at all.

Figure 4-5. Current density (left) and brightness (right) vs. the voltage over a polystyrene
diode comprising 10% of 2; under negative bias no light and little current is observed.

As can be seen from Figure 4-6 the concentration of the DbA compound is crucial for the per-

formance of the diode. Upon increasing the concentration from 5% to 10% of 2 the turn-on
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voltage for light shifts from circa 25 V to 22 V. This might be a result of the fact that the light

of the diode containing 10% of 2 is detected in an earlier stage (the photodiode is more sen-

sitive towards red-shifted electroluminescence). It appears as if the turn-on for current is at

about the same voltage. More light is produced at lower voltages upon increasing concentra-

tion of 2, and also the maximum efficiency goes up from 0.25 cd/A to 0.5 cd/A. Because the

voltages needed for conduction are so high the power efficiency is only 25×10-3 lm/W for the

5% diode and 50×10-3 lm/W for the 10% diode.

That the loading concentration has to be raised in PS to obtain reasonable currents is

typical for percolation behaviour,9 and was previously found for PS films containing a p-phe-

nylene vinylene trimer as well.1 However, with that system Frederiksen et al. had to increase

the loading concentration to over 15% to obtain diode-like behaviour with a turn-on voltage

of over 30 V (light-output was not quantitatively measured). Because the PS matrix in which

2 resides is strongly insulating, all migration of holes and electrons must occur via the DbA

molecules, which suggests a hopping mechanism for conduction. Increasing the concentra-

tion of 2 directly leads to higher currents through the layer as the mean molecular separation

of the DbA molecules gets smaller.10 The increase in efficiency, going from 5% to 10% load-

ing concentration, is only partly due to the red-shifted luminescence (see below) and thus a

larger overlap of the emission with the eye sensitivity curve (Chapter 1) - because still the

efficiency expressed in photons/electrons goes up from 0.15% to 0.25% - but also because

there are more recombination centres present.

.

Figure 4-6. Current density (left) and brightness (right) of PS diodes containing 5% of 2
(open squares), 10% 2 (open circles) and 10% 5 (crosses).

The diode containing 10% of 5 displays a lower turn-on voltage for light (circa 20 V) than

the diode with 10% of 2, however the maximum efficiency of 0.6 cd/A is very comparable
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to that of 2, as are the photoluminescent quantum yields of both systems. The brightness and

efficiency (especially the power efficiency, due to the high turn-on voltage) that are reached

in these diodes are still very low, even for a blue diode.11

The spectral distribution of the electro-

luminescence is voltage independent and closely

matches the photoluminescence of the films,

showing that indeed emission occurs from the CT

state. The diode containing 10% of 5 displays

emission with a maximum positioned at 451 nm,

the one containing 5% of 2 at 456 nm and 10%

at 464 nm. The concentration dependence of the

CT emission maximum is a direct result of the

aggregation of the molecules in the matrices, as

was already discussed in Section 3.2 (Chapter 3).

Although all devices degrade visibly, the shape

of the electroluminescent spectrum remains

unchanged during operation. Typically the brightness reduces drastically during operation of

a few minutes (more details on device degradation in Section 4.5.4).

4.5 DbA doped Poly(9-vinylcarbazole) diodes

Although from the previous section it appeared that there is no need for a semiconducting

matrix, the polymer may still play an active role in the diodes, for example to lower the turn-

on voltage of the diode by facilitating charge-injection and/or charge-transport. Indeed sub-

stitution of polystyrene by the well known hole-conducting material poly(9-vinylcarbazole)

(PVK)12 substantially increased the device performance. Films of PVK were prepared by

spincoating 15 mg/ml toluene solutions at a speed of 1500 RPM to yield 70 nm films. In all

diodes barium was used as the cathode which lowers the turn-on voltage of the devices sub-

stantially (see Section 4.3).

4.5.1 Diodes based on pure PVK films

It was already shown in Section 3.2 that PVK itself displays fluorescence with a maximum

positioned at 410 nm. It is therefore not remarkable that a diode constructed with a pure layer

of PVK shows (UV) electroluminescence under an applied bias. Figure 4-7 shows both spec-

tral and electronic characterisation of such a diode.
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Figure 4-8. Electroluminescence from a pure PVK diode. Left: EL spectrum (contin. line)
and PL spectrum (dotted). Right: current density (circles) and brightness (squares) vs. the
voltage.

The luminescence turns on above 18-19 V and the brightness is very low (only 6 cd/m2 at

25 V). It can also be seen that the turn-on for current is at lower voltage (8 V). This is not

surprising as PVK is only a hole-conductor;13,14 thus from 8 V to 18 V only holes flow

through the device. The mobility for electrons in PVK is practically zero, so even when the

voltage is high enough to inject electrons, the recombination-zone is still very close to the

cathode. The cathode is known to be a quencher of electroluminescence, which would thus

seriously reduce the amount of light coming from the device.15

The EL-emission peaks around 410 nm and resembles the photoluminescence spec-

trum, though it is somewhat broadened to the red-edge (which might be due to a hard-to-

remove impurity in the polymer that fluoresces at longer wavelength). Furthermore it appears

that also in the electroluminescence spectrum the 380 nm monomer emission is present as a

shoulder.

4.5.2 PVK diodes comprising DbA systems 2, 4 and 5

PVK diodes that were doped with one of the DbA compounds display bright blue to greenish

electroluminescence depending on the concentration and compound used. In Table 4-1 the

EL maxima are listed for diodes containing 5% and 10% of 2, 4 and 5. It shows that espe-

cially for 10% of 2 the position of the maximum has red-shifted so much that this diode

appears green to the eye.

When looking at the initial performance (Figure 4-10) it can be said that the turn-on

voltages for light of the blue DbA/PVK diodes (approx. 6.5 V) are significantly lower than

for the diodes with PS (above 20 V) and than the turn-on voltage for light in a diode contain-
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ing only PVK (18 V). Especially the comparison with the PVK-only diodes indicates that the

doping with the DbA substances seriously enhances the electron transport in the device (i.e.

by electron-hopping via the DbA molecules).

Figure 4-9. Electroluminescence of PVK diodes containing the DbA systems 5 (contin. line),
4 (dotted line) and 2 (dashed lines).

Figure 4-10. Current density (left) and brightness (right) of PVK diodes containing 2 (5%), 4
(10%) and 5 (10%).

Furthermore it shows from Figure 4-10 that for a blue diode, system 5 displays by far the best

performance in terms of light output. The same holds true for the maximum power efficiency,

which is reached at 10 V in all diodes and amounts to 0.06 lm/W for 5, 0.03 lm/W for 4 and

0.01 lm/W for 2. Though the absolute amount of light coming from the PVK diodes is sub-

stantially higher than from the PS diodes, the power efficiencies are very comparable. This

is a result of the efficiencies expressed in cd/A or photons/electrons being about a factor 3

lower in PVK diodes, whereas the turn-on voltage is about a factor 3 higher in polystyrene.

A reason for the lower cd/A efficiency might be that due to the charge-transporting properties

of PVK (mobility for holes but not for electrons)13,14 the recombination of charges occurs

Table 4-1. Position of the electroluminescence
maxima (in nm) of PVK diodes containing 5% or
10% 2, 4 or 5.

2 4 5

5% 475 450 455

10% 485 455 460
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much closer to the cathode in the PVK diodes than in the PS diodes, and thus the lumines-

cence is more strongly quenched in the PVK diodes.

In Figure 4-11 the relative positions are shown of the redox levels of the compounds

used. The work functions of the metals, of ITO and of PVK are taken from literature,16 the

other levels (Table 2-3 on page 20) are indirectly placed vs. the vacuum level by positioning

them relative to the oxidation potential of ferrocene (-4.8 V vs. vacuum), which also corre-

sponds to the statement of de Leeuw et al.17 that the solid state ionisation potential equals the

electrochemical potential (vs. SCE) +4.4 V. From the band scheme in Figure 4-11 it becomes

immediately clear that barium is a better electron injecting electrode for the devices. It

remains questionable to compare the levels of PVK with that of the DbA systems - they were

not obtained by the same method - especially regarding the position of the LUMO. We

believe that vinylpyrene is a better electron acceptor than N-vinylcarbazole, which is not

reflected by the relative position of the unoccupied levels of PVK and 4/5 in the scheme. The

relative positions of the HOMOs are better reproduced in the scheme, considering that the

oxidation potential of N-methylcarbazole is around 1-1.1 V 18 as compared to 0.7 V (in ace-

tonitrile vs SCE) for the N,N-dialkylaniline donor in the DbA systems used. Hence, the pos-

itive charge will not remain trapped on PVK but will be transferred to the DbA donor.19

Figure 4-11. band scheme showing the relative levels (in V vs. vacuum) of the compounds
involved in the PVK diodes.

The difference that arises between the efficiency of 5 and 4 can again only partially be attrib-

uted to the fact that the emission of 5 overlaps more strongly with the photopic efficacy curve

as it is somewhat red-shifted as compared to 4. In addition, however, the fact that 5 contains

a relatively stronger donor than 4 may allow it to act as more efficient hole trap with respect

to PVK, thus also leading to light emission occuring closer to the ITO electrode where the
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quenching action of the metal electrode is not felt. The main cause for the relatively poor per-

formance of 2 lies in the lower doping concentration that is used with this compound in order

to maintain a blue emission from the diode. As a result there are less recombination centres

present that can act as a charge trap.

4.5.3 Hole-only devices of PVK and 2 and 5

A number of devices were constructed that contain gold as the cathode instead of barium/alu-

minium. In this way a so-called ‘hole-only’ device is formed that does not emit light but only

allows holes to flow through the device. The thickness of the PVK film is the same in both

the diodes and the hole-only devices. It can be seen in Figure 4-12 (left) that the current den-

sities in the LEDs (thus with Ba/Al, referred to as double carrier) are considerably higher than

in the ‘hole-only’ devices, because in the double carrier devices also electrons - injected in

the diode - that capture holes contribute to the current (recombination current). From the cur-

rent density in the hole-only devices an estimation can be made of the barrier height for hole-

injection using the Fowler-Nordheim field-emission tunnelling theory.20 For this it is

assumed that the ‘hole’ tunnels through a triangular barrier from the electrode into the film.

Equation 4-1.

In Equation 4-1, J represents the current density, F the field, m* the effective mass of the

charge carrier and φB the height of the barrier. If a plot is made of the logarithm of the current

density divided by the squared field vs. the reciprocal field, a fairly linear curve is found

above the turn-on field (right side of Figure 4-12). From the slope then follows the barrier

height if we take for m* the free electron mass. For the devices with 2 and 5 the slopes yield

a barrier of respectively 0.51 eV and 0.49 eV, very comparable to the barrier found for the

non-doped (PVK) hole-only device (0.46 eV), which itself is in range with the barrier

between ITO and PVK, estimated from the band scheme (0.7 eV, see Figure 4-11). This

implies that the addition of the DbA dopant does not significantly change the barrier for hole-

injection from the ITO and that also in the DbA doped devices the major part of the holes is

primarily injected into PVK. That direct injection into the DbA molecule is not feasible also

receives support from the fact that the current does not display space-charge limited behav-

iour.21 This behaviour would have occurred when there is no barrier for charge injection

(which is implied by the small difference between the levels of ITO and the DbA systems)
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and would have resulted in a quadratic dependence of the current density on the voltage. This

was not the case for any of the hole-only devices measured.

Figure 4-12. Left: comparison of hole-only devices (squares) and double carrier devices
(circles) of 2 (filled) and 5 (open) in PVK. Right: Fowler-Nordheim plots for hole-only
devices.

4.5.4 Device (in)stability

Although much effort was put in the exclusion of water and air from the diodes during the

measurements, which generally enhances the lifetime of the LEDs,22 it still turned out that

the devices are prone to fast degradation. It is already seen during the scan cycle

(Figure 4-13) while characterising the diodes’ properties. On the back scan (from high to low

positive voltage) both the current through the device - and as a result the amount of light -

have drastically decreased. Also the efficiency of the device goes down severely and the posi-

tion of the maximum efficiency appears to shift somewhat to higher voltage too. In subse-

quent cycles after the first one the light output gradually decreases further.

It can be seen from Figure 4-14 that especially during the first 2 minutes of operation

at a constant low voltage (10 V), the decrease in light intensity is large. During longer oper-

ation of the diode, the decline of the intensity diminishes. This initial decay is common to

PLEDs. Various degradation mechanisms have been proposed for PLEDs which include: a

reaction with traces of oxygen, a reaction with both cathode and anode, and migration of the

low molecular weight components.23,24 It cannot be excluded that the replacement of the alu-

minium cathode by barium has resulted in a more efficient device, but also enhanced the reac-

tivity at the metal electrode. Another explanation for the fast degradation in these systems

may be the reactivity of the donor radical cation (N,N-dialkylaniline in all systems studied).
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In cyclic voltammetry studies of 2 (Chapter 2) it shows that the one electron oxidation of the

donor in the system is irreversible, indicating that the donor radical cation is susceptible to

degradation. In fact, degradation of the radical cations of tertiary amines and N,N-dialkylar-

ylamines is well documented. It involves a series of events that in general starts with proton

loss from an α-C atom, but ultimately also leads to C-N fission (i.e. dealkylation).25-27

Figure 4-13. The degradation of a DbA/PVK diode as visualized by the decrease in current
density, brightness and efficiency during one operation cycle (typically one minute).

Figure 4-14. Decay of the electroluminescence intensity during continuous operation of a
2/PVK diode at 10 V.

4.6 Concluding remarks

Electrogeneration of the intramolecular CT fluorescence of the donor-bridge-acceptor sys-

tems 2, 4 and 5 occurs readily in polymer films. This is not only the case in a hole conducting

polymer like PVK but even in a strongly insulating polymer like PS. In the PVK diodes the
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hole-injection occurs primarily into PVK. However the positive charge will be trapped on the

DbA molecule, as was seen from the band scheme (Figure 4-11). From the substantially

lower turn-on voltage as compared to the non-doped PVK LED, we are forced to conclude

that electron-injection at the cathode side occurs into the DbA molecules. In PS it appears

that hole-injection and electron-injection occurs directly in the DbA molecules residing close

to the anode and the cathode respectively. Either way - be it via the polymer or via direct

injection - eventually oxidation of the DbA donor moiety (step [1], see Scheme 4-1) and

reduction of the acceptor moiety (step [2]) takes place. Degenerate charge hopping between

neighbouring molecules then occurs until a 'hole' and 'electron' reside on the same molecule

(step [3A]), which is equivalent to formation of the CT excited state, that finally relaxes by

intramolecular charge recombination under the emission of CT fluorescence, hυCT, (step

[4]). In PS such charge hopping requires that a closed pathway of DbA molecules exists

between the electrodes. The percolation limit condition is apparently easier fulfilled for 10%

2 in PS than for 5%. In PVK this closed pathway of DbA molecules is not necessary because

here the polymer can act as a transport medium for holes (but not for electrons). Because the

quantum efficiency drops, due to the recombination taking place closer to the cathode, the

PVK diodes do not perform better than the PS diodes in terms of power efficiency.

Scheme 4-1.Electron transfer processes in the diode

D-b-A - e- → D+-b-A [1]

D-b-A + e-→ D-b-A- [2]

D+-b-A + D-b-A- → D-b-A + D+-b-A- [3A]

D+-b-A + D-b-A- → 2 (D-b-A) + heat [3B]

D+-b-A- → D-b-A + hυCT [4]

Clearly the formation of the CT excited state in step [3A] is most crucial since it has to com-

pete with the "dark" intermolecular charge recombination [3B]. It should be noted that the

electron transfer process [3B] is much more exergonic than [3A], the difference being the

energy of the CT excited state, which is in the order of 2.7 - 2.1 eV as judged by the energy

of the CT emission maximum. This implies that [3B] occurs far in the Marcus inverted

region,28,29 which may slow it down sufficiently to make [3A] the favoured mode of electron

exchange when 'hole' and 'electron' meet. That the energy of charge recombination can be

deposited largely in the relatively high energy CT excited state, and the fact that the CT state

itself is the emitter without the need for further energy wastage to populate a lower energy

emissive state of localized nature, is probably the reason why blue emission can readily be

produced in these LEDs. It must be noted, however, that the stability of the diodes is unsat-

isfying. The fact that the devices degrade so fast also makes it hard to compare diodes. In the
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next Chapter a number of methods will be discussed that aim to improve both the device per-

formance as well as the stability.
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5
Modified Diodes with Donor-bridge-
Acceptor Systems

There is no law of progress. Our future is in our own hands, to make or to mar. It will
be an uphill fight to the end, and would we have it otherwise? Let no one suppose that
evolution will ever exempt us from struggles. 'You forget,' said the Devil, with a
chuckle, 'that I have been evolving too.'

-WILLIAM RALPH INGE (1860-1954)

5.1 Introduction

As both the stability and the performance of PLEDs containing the DbA systems (Chapter 4)

proved far from optimal, a number of modifications were done that in principle can improve

the diodes. Especially regarding the stability it is known for PPV-based PLEDs that substan-

tial enhancement is achieved when a specific hole-injection layer is applied between the ITO

and the emissive layer.1,2 This injection layer is a thin film of poly(dioxyethylene

thienylene), which is doped with polystyrenesulphonic acid (see structures in Figure 5-1);

though the exact composition may vary and is never revealed, the doped polymer is mostly

referred to as PEDOT. It is applied to reduce the barrier for hole-injection into the emissive

polymer and also to prevent short-circuiting of the diode. In this Chapter we study the influ-

ence of the application of a PEDOT layer to a DbA PLED. Another hole-injection layer that

is studied is a monolayer of a perfluorinated carboxylic acid (CxFyCOOH).

Figure 5-1. Structures of poly(dioxyethylene thienylene) (PEDOT), polystyrenesulphonic
acid (PSS) and 2,5-Bi(2-naphthyl)-1,3,4-oxadiodazole (BND).
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In other PLEDs that contain PVK as a host to a fluorescent probe, electron transport-

ing materials - mostly oxadiazole derivatives - have been added, which increase the effi-

ciency of these devices by an order of magnitude (a factor <20).3-6 Such electron transport

materials can be applied as an additional layer or can be blended into the PVK film. The main

reason for the device enhancement is thought to be an increased recombination of holes and

electrons, because the injection of holes and electrons is more balanced. When the material

is blended into the layer, the mobility for electrons is considered to increase substantially

(stronger percolation), which moves the charge recombination zone away from the quench-

ing metal cathode. Here we study whether this applies to the PVK/DbA systems as well using

2,5-bi(2-naphthyl)-1,3,4-oxadiodazole (BND, see structure in Figure 5-1). In our setup it was

not possible to deposit BND on top of the PVK film, hence various concentrations of the

material were blended into the polymer film.

As an alternative for PVK and PS a blue-emitting semi-conducting spiro-copolymer

was also used in combination with the DbA system 2 to see if it was possible to lower the

turn-on voltage of the devices. The Chapter will be concluded with some ideas on the future

of DbA- based polymer light-emitting diodes.

5.2 Diodes containing a hole transport layer

5.2.1 Diodes with PEDOT

That indeed the addition of PEDOT can lead to a device improvement was reproduced by us

for a standard-type ‘green’ PPV-diode by comparing its behaviour with and without a

150 nm layer of PEDOT. From Figure 5-2 it can be seen that the turn-on voltage drops from

approximately 5 V to 2 V, which may be a direct effect of a lower barrier for hole-injection.

As the device equipped with PEDOT not only produces more light at lower current but also

at lower voltages the efficiency in both cd/A and lm/W is doubled. Also the stability is influ-

enced. Whereas in the single-layer device there is already a little degradation of the bright-

ness during the backscan, the double layer device shows even a little increase in brightness

during the first cycle followed by a stable perfomance when operated for longer period of

time. The emission colour is hardly influenced by the addition of the PEDOT layer and both

devices appear green to the eye.

Regrettably, for devices with our DbA systems, the inclusion of PEDOT does not lead

to any improvement. A series of diodes was made by spincoating a solution of PVK and 2 on

ITO, covered with 150 nm of PEDOT as hole-injection layer. For the cathode barium is used.

In Figure 5-3 (left) it can be seen that although the device shows typical diode I-V behaviour,

no electroluminescence is measured at all! On closer inspection it turned out that also the
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photoluminescence of 2 is quenched on PEDOT. The strong fluorescence of 2 in a thin PVK

film is completely replaced by the weak PVK fluorescence at 410 nm when the same film is

spincoated on PEDOT. This can be seen in the right-hand side of Figure 5-3, that shows the

photoluminescence spectra on PEDOT compared to clean substrata. Only when appreciably

thicker films are spincoated (140 nm), a part of the fluorescence of 2 is regained.

Figure 5-2. Current density and brightness vs. voltage of both an ITO/PPV/Ba/Al (squares)
and ITO/PEDOT/PPV/Ba/Al (crosses) diode. The arrows denote the scan direction of the
voltage.

Figure 5-3. Left: Current density (circles) and brightness (crosses) vs. the driving voltage
over a ITO/PEDOT/PVK:2/Ba diode. Right: Photoluminescence spectra of a 70 nm PVK film
containing 2 spincoated on a clean substratum (continuous line) and of 70 nm (dotted) and
140 nm (dashed) of the same film on PEDOT.

The nature of the fluorescence quenching remains ambiguous, as in principle the PEDOT is

separated in space (at least nanometers) from 2. It may be that during the process of spincoat-

ing the PVK/2 film, some (low molecular weight) components are extracted from the

PEDOT layer, which have a strong quenching influence on the CT emission (e.g. alcohols

and acids). This assumption is supported by the fact that the quenching of the fluorescence is
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stronger when dioxane in stead of toluene is used for spincoating the PVK film. Using

PEDOT as a hole-injecting material thus is no option for the DbA based LEDs, because the

only solution to the quenching - spincoating thicker films (at least 140 nm) - hampers a good

diode performance.

5.2.2 Diodes with a monolayer of perfluorinated carboxylic acid

In view of the inappropriateness of PEDOT, also another hole-injection layer was studied: a

self-assembled monolayer of a perfluorinated carboxylic acid (CxFy-COOH).7,8 The addition

of this monolayer has for other devices resulted in a lowering of the turn-on voltage as a result

of an increase in the ITO workfunction and a reduction of the leakage currents and shorts.9

In contrast to the DbA diodes with PEDOT the DbA devices with the monolayer do display

electroluminescence (with the same spectrum as the single-layer device). When comparing

the performance of a diode with and without the hole-injection layer (Figure 5-4), it can be

seen that there is some improvement as a result of the addition of the monolayer. Contrary to

the effect found for most polymer diodes, the turn-on voltage is not lowered (still around

7 V), but there is a minor increase in device efficiency (from 0.21 cd/A to 0.28 cd/A) and also

the stability appears to improve. At least there is virtually no difference in brightness between

the forward and backward scan of the voltage. Upon longer operation however - even apply-

ing a low voltage - the devices still degrade visibly to the eye within minutes.

Figure 5-4. Current densities (left) and brightnesses (right) vs. the driving voltage over a
ITO/PVK:5/Ba diode with (crosses) and without (circles) a monolayer of perfluorinated car-
boxylic acid (HTL).

5.3 Diodes containing PVK blended with an electron-transport material

The frequently used3-6 electron-transport material 2,5-bi(2-naphthyl)-1,3,4-oxadiazole
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(10%) and a higher concentration (30%). The addition of BND does not improve the per-

formance for the DbA diode at all, in contrast to LEDs that contain the strongly fluorescent

laser dye coumarin-6 as luminescent material in PVK.5 A higher amount of doping (30%)

even seriously reduces the brightness of the diode. Also the turn-on voltage shifts to higher

voltage (see Figure 5-5); part of this might be due to the increase of film thickness in the 30%

doped diode. An additional disadvantage of the addition of BND is the effect it has on the

polarity of the film. Both the photoluminescence and the electroluminescence spectrum dis-

play a considerable bathochromic shift upon increasing the concentration of BND in the film

from 460 nm (0%) to 535 nm (30%).

Figure 5-5. Current densities (left) and brightnesses (right) vs. the driving voltage over
ITO/PVK:5/Ba diodes blended with 0% (squares) 10%(triangles) and 30% (circles) BND.

Figure 5-6. Left: efficiencies of the diodes in Figure 5-5. Right: electroluminescence spectra
of the diodes.

The slightly higher efficiency in cd/A for the 10 % BND doped diode is thus only due to the
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in this case results in 30% more candelas per photon); both devices yield approximately the

same amount of photons per injected electrons.

Electrochemical data provide a clue for the reasons

why addition of BND does not lead to an improvement

of the diode. The reduction potential of BND (-1.85 V

vs. Ag/AgCl in acetonitrile,5 which equals

approximately -1.9 V vs. SCE) is less negative than

that of 5 (ca. -2.1 V vs. SCE) making the first a

stronger electron acceptor. Negative charges are thus

more likely to be trapped by BND than by the acceptor

of 5 (see Figure 5-7). This would only increase the

amount of light from the diode when the energy

released upon recombination of the radical anion of

BND with the radical cation on PVK or 5 is sufficiently

high to yield the CT excited state. Clearly this is not the

case here. It thus only makes sense to append an electron transport material - which can be

added in a large concentration to enhance the percolation - that has a reduction potential

which is higher (more negative) than that of the DbA acceptor. The relatively low concentra-

tion of DbA molecules then can function as the light-emitting trap. The effective polarity of

the film - as experienced by the DbA molecules - should however not be increased too much

by the addition of the electron transporting material, as this will distinctly shift the emission

colour. Up till now a substance that fulfils both prerequisites has not been found.

5.4 A blue emitting polymer as a host for 2

The only way in which we succeeded to substantially lower the turn-on voltage of a PLED

containing a DbA substance was by using a blue emitting spiro-copolymer (incorporating a

triphenylamine hole conductor) as a host: hb1307. Usually this conductive polymer is spin-

coated on top of PEDOT and used as a blue emitter. Now we compared diodes using only

this polymer (we omitted PEDOT to avoid possible quenching of the CT-luminescence, see

Section 5.2.1) with and without the addition of 10 % of the DbA substance 2. It can be seen

in Figure 5-8 that a diode with only the polymer displays hysteresis, something which is nor-

mally prevented by using a PEDOT injection layer. Addition of 2 shifts the initial turn-on to

somewhat higher voltage (4.5 V) as compared to the non-doped device (circa 3.5 V), but this

is still appreciably lower than the turn-on voltage for 2 in PVK (6.5-7 V). Both the current

density and the brightness are lower in the doped device as compared to the non-doped
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Figure 5-7. Schematic diagram
showing relative electrochemical
potentials of the compounds.
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device, but as the hysteresis has become much smaller, the efficiency (Figure 5-9, left) is

already higher during the back scan from 12 V down to 5 V, amounting to approximately

0.2 lm/W at 9 V and 0.6 cd/A at 10 V. The position of the electroluminescence maximum

shifts from 450 nm to 456 nm upon addition of 10% of 2 to the polymer, and the band also

broadens, which is similar to what happens in the PL spectrum upon addition of 10% of 2.

The luminescence of the doped device is still well in the blue part of the spectrum and yields

about 30% more candelas per photon as compared to the non-doped device.

Figure 5-8. Current densities (left) and brightnesses (right) vs. the driving voltage over a
ITO/hb1307/Ba diode with (continuous line) and without (dashed) the addition of 2.

Figure 5-9. Left: efficiencies related to the diodes shown in Figure 5-8. Right: EL spectra
from the devices.

The HOMO level of hb1307 is measured (cyclic voltammetry) to be at -5.3 V vs. vacuum,

and the LUMO at -2.4 eV which implies that the donor moiety of 2 can still act as a hole trap

and the acceptor as an electron trap - if we remember the levels for 2 vs. vacuum depicted in
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Figure 5-7 on page 72, which were derived from cyclic voltammetry as well. The fact that

there is virtually no spectral overlap of the hb1307 emission and the absorption of 2 makes it

unlikely that the emission in the doped device originates from energy transfer from the

excited state of hb1307 to 2. The mechanism leading to the (red)shifted electroluminescence

thus probably involves charge hopping steps, eventually to D+-b-A and D-b-A-, followed by

charge recombination (=light) within one DbA molecule. Furthermore it appears that

although in the hb1307 matrix 2 is still prone to degradation, it is at least more stable - in this

device, i.e. in absence of PEDOT - than the emitter hb1307 itself.

5.5 Some notions on the future of DbA based PLEDs

5.5.1 A copolymer incorporating a DbA moiety

None of all the devices tested showed a constant performance when operated for a longer

period of time. We already discussed the possible role of the radical cation of the DbA donor

in the observed instability (Section 4.6). Another possible degradation that comes to mind in

diodes of this kind, is migration of the low molecular weight DbA substance. It is not

unthinkable that, under the large fields applied, the more or less uniform distribution of the

DbA molecules is disturbed by diffusion, hence the percolation is seriously reduced. A way

to prevent this migration would be to incorporate the DbA moiety into a polymer chain. It

went beyond the scope of this Thesis to study whether this is a solution to the stability prob-

lem, however we did put some effort in trying to prove that it is possible to make such a poly-

mer and use it for a PLED.

Previously Otsu et al. performed thermal radical copolymerization of N-phenyl male-

imides with vinyl monomers.10,11 As is shown in Figure 5-10, N-vinylcarbazole was co-

polymerized with M-FT, a fluorogenic maleimide derivative of 2 (FT)12 - i.e. it is non-fluo-

rescent but it regains all its fluorescence properties when the double bond of the maleimide

unit is saturated by an addition reaction.12,13 The polymerization yielded a substance (PVFK)

that could be dissolved in dioxane. Spincoating from this solution yielded a film that displays

blue-ish fluorescence (maximum centred around 475 nm).

The polymer was successfully spincoated on an ITO substratum and covered with alu-

minium. The created device appears to behave like a diode and under forward bias greenish-

blue electroluminescence was observed of which we were able to take an EL spectrum. (see

IV curve and spectra in Figure 5-11). The electroluminescence largely coincides with the

photoluminescence of the film and the maximum is positioned at 478 nm.
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Figure 5-10. Polymerization of N-vinylcarbazole with maleimidofluorotrope (M-FT) to the
copolymer PFVK.

Figure 5-11. Left: current vs. the voltage of a diode with PVFK. Right:fluorescence (dotted)
and electroluminescence from the diode (operated at 18 V).

The stability of the copolymer devices under ambient conditions did not appear very much

different from that of the comparable DbA doped polymer diodes made in that (early) stage

of the research. No further efforts to enhance the copolymer-based devices were undertaken

as we later realized that the stability problem is mainly related to the electrochemical break-

down of the chromophores involved.

5.5.2 A vapochromic DbA LED

There is one aspect of charge transfer luminescence that has not really been exploited in the

DbA diodes: the solvatochromic character of CT luminescence. The extreme sensitivity of

the CT fluorescence for the molecular environment enables an enormous tuning of the elec-

troluminescent wavelength of a single PLED by agents that change the solvating power of

the polymer matrix. As a dramatic example we show in Figure 5-12 the tuning of a

2(5%)/PVK PLED from blue (475 nm) to green (520 nm) upon exposure to the vapour of an

organic solvent (i.e. methyltetrahydrofuran) which rapidly penetrates the thin polymer film.

A similar but much more limited 'vapochromic' effect was reported for a red emitting OLED

based on a luminescent organometallic complex.14
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Figure 5-12. Electroluminescence from an ITO/2:PVK/Al PLED before and after exposure to
methyltetrahydrofuran vapor.

The shift of the photoluminescence of systems like 2 in a polymer matrix by 'swelling' with

various low molecular weight solvents has been described extensively.15 The shift of the

electroluminescence is followed by an inevitable breakdown of the diode as the polymer film

degrades visibly by prolonged contact with the solvent vapor, while simultaneously the alu-

minum electrode shows increasing pinhole formation. It is nevertheless a nice example of

how microsolvation provides a straightforward method to tune the emission of a LED

towards the red due to the stabilization of the CT excited state.

5.6 Concluding remarks

Incorporation of a hole-injection layer has in general been found to be crucial for the per-

formance of organic LEDs. Although a self-assembled monolayer of a perfluorinated carbox-

ylic acid was found to be an alternative way to realize such a layer - instead of the clearly

ineligible PEDOT for the DbA diodes - the monolayer does not bring the amount of improve-

ment that is found for PPV’s with PEDOT. The use of the latter material is still worth con-

sidering though, when the production proces is changed in such a way that it is not possible

for contaminations from the PEDOT layer to enter into the PVK/DbA layer.

With regard to the electron-transporting properties in the PVK/DbA it may seem wiser

to substantially increase the concentration of the DbA substance itself than to find another

electron transport material that in contrast to for example BND does not change the polarity

of the film and also has a more negative reduction potential. For the DbA systems 4 and 5 the

emission may still be kept well in the blue region (at least if we consider the position of the

photoluminescence spectrum at higher concentrations). In the next Chapter we will go as far
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as to increase the concentration to 100% of the total, namely by sublimating a pure film of

the DbA emitter.

5.7 Experimental

5.7.1 Materials

The origin and synthesis of PVK and the DbA systems have been described in the previous Chapters.

The synthesis of M-FT is described elsewhere.12 PEDOT was obtained from Bayer. 2,5-Bi(2-naph-

thyl)-1,3,4-oxadiodazole (BND) and N-vinylcarbazole were obtained from Aldrich. Perfluorinated

carboxylicacid was obtained from ABCR. The copolymer PFVK was synthesized by heating under

nitrogen atmosphere a mixture of 150 mg N-vinylcarbazole and 7 mg of M-FT just above the m.p.

of N-vinylcarbazole (65°C) so that M-FT dissolves to yield a yellow solution. On addition of a spu-

rious amount of azobisisobutyronitrile (AIBN) and further heating a yellow solid develops. The fluo-

rescence is an indication that (at least a part of) the M-FT has reacted.

5.7.2 Diode construction and characterisation

PEDOT. To apply a film of PEDOT, an ITO substratum is rotated on the spincoater at a speed of

100 RPM so that a thick solution of PEDOT can be dispensed on it. This is followed by 30 s of spin-

coating at 3500 RPM. The substratum is transferred to a hot-plate, where it is heated at 150° C for 2

minutes. This yields a PEDOT film of 150 nm. After cooling the prepared sample can be used for

further diode construction as was described in the previous Chapter.

Self-assembled monolayer. The monolayer is assembled by leaving the cleaned ITO substratum in

a 0.1% solution of the perfluorinated carboxylic in ethanol for 10 minutes, followed by heating of

the substratum on a hotplate (110° C) for 2 minutes (COOH chemisorbs to the ITO surface). Before

the polymer is spincoated first the substratum is rinsed on the spincoater with isopropanol.

BND. To add the electron-transport material to the device, the same procedure as described in the

previous Chapter was used, only now using a co-solution of PVK, 5 and BND in various concentra-

tions. Only when the concentration of BND is raised to 30% the thickness of the film increases to

80 nm (vs. 55 nm for the 0% and 10%)

HB1307. The hb1307 diodes were constructed by spincoating from a 17 mg/ml solution of the poly-

mer in xylene for 10 s at 800 rpm and 60 s at 200 rpm on an ITO patterned substratum to yield 70 nm

films. The diodes were supplied with barium cathodes.

Characterization. Spectroscopic and electronic characterisation of the diodes was done in the same

way as described in the previous Chapter. Cyclic voltammetry on hb1307 was performed with a com-

puter controlled potentiostat (Solatron XX) at different scan rates. Measurements were performed in

an electrolyte solution of 0.1 M tetrabutyl-ammonium hexafluorophosphate (TBAPF6) dissolved in

acetonitrile. In the three electrode configuration in the cell (Eg&G) the reference electrode was a sec-

ondary Ag/AgNO3-electrode which was separated by a diaphragm. A platinum wire functioned as
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counter electrode and as working electrode glassy carbon or platinum disc electrodes (2mm) were

used.
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6
Organic Light Emitting Diodes by
Sublimation of Donor-bridge-Acceptor
Systems

-FROM “BLUE IN GREEN”
APPEARED ON “KIND OF BLUE”, MILES DAVIS (1926-1991)

6.1 Introduction

Whereas in the polymer diodes of the previous chapters the role of the matrix can never be

fully excluded with regard to the mechanism behind the generation of light, this can be done

when the emissive layer solely consists of the Donor-bridge-Acceptor molecules. One would

expect that if electroluminescence can be produced in a layer of the pure DbA compound, no

other possibility remains than a mechanism in which charges are transported by means of the

radical cation and anion of the donor and acceptor; moreover that ultimately both hole and

electron end up at the same molecule. Because spincoating low molecular weight compounds

in most cases only yields crystalline films, the best technique to construct amorphous and

pure layers is sublimation deposition. In a very controlled way various layers of compounds

can be sublimated on top of each other with a thickness precision of a few Ångstroms. The

first organic thin film devices that were constructed in this way (OLEDs), were made by

C.W. Tang and coworkers.1 A drawback of using sublimated layers of DbA compounds

instead of polymer blends, apart from stability complications that might arise, is the self-sta-

bilization of the CT state in a pure layer. The latter induces a considerable red-shift of the
79
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luminescence compared to polymer films with a low concentration of DbA (already dis-

cussed in Chapter 3).

In this Chapter it is now shown that in an elegantly simple way OLEDs can be con-

structed by sublimation of a DbA compound on a spincoated layer of polyvinylcarbazole on

ITO. Moreover, a set of diodes were fabricated in a more sophisticated setup, using only the

sublimation deposition technique, to create well-defined stacked layers of several low-

molecular weight materials. The emissive layer is formed by sandwiching a layer of one of

the DbA compounds (2, 4 or 5, structures in Figure 2-2 on page 17) between a hole and elec-

tron transporting material of which the redox properties are known. We used copper phthalo-

cyanine (CuPc)2,3 and N,N'-diphenyl-N,N'-bis[3-methylphenyl]1-1'biphenyl-4,4'diamine

(TPD)4 as hole injecting and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproin)

as electron injecting materials (structures in Figure 6-1). TPD is also extensively used in pho-

tocopying machines and laser printers as a hole-transport material.1,5

Figure 6-1. Structures of copper phthalocyanine (CuPc), N,N'-diphenyl-N,N'-bis[3-methyl-
phenyl]1-1'biphenyl-4,4'diamine (TPD) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(bathocuproin).

6.2 Experimental

Two different types of OLEDs have been fabricated and are referred to as type I and type II.

Type I typically consists of a spincoated hole-transport layer (polyvinylcarbazole) and a

vacuum sublimated emissive layer. Type II OLEDs are completely constructed by sublima-

tion using the hole- and electron-injecting low molecular weight materials that are mentioned

above.
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6.2.1 Materials

The syntheses of 2, 4 and 5 are described in Chapter 2 of this Thesis. Polyvinylcarbazole (PVK,

Mw=69000, Mn=32000, secondary grade) and bathocuproin were obtained from Aldrich, CuPc and

TPD were obtained from Syntec. The ITO substrata (Balzers) were cleaned by rinsing with soap and

water followed by rinsing in isopropanol or ethanol in a sonic bath for 10 minutes. Finally pulling

the substrata slowly from the alcohol bath yields spotless clean plates.

6.2.2 Fluorescence of sublimated films

To measure fluorescence in a thin film, the pure compounds were sublimated on a thin microscope

glass slide (vacuum: oil pump, 10-3 mbar). Steady state fluorescence of the films was recorded in a

front-face setup in the Spex Fluorolog spectrometer (details in Chapter 2).

6.2.3 Construction of the diodes

Type I: From a 10 mg/ml dioxane solution, PVK was spin-

coated on a substratum (25×60) mm covered with ITO at

2000 rpm to produce a homogeneous, transparent film.

Prior to that over the full length of one rime of 0.5 cm of the

ITO was etched off in an acid solution (HCl:HNO3:H2O,

1:2:2) in order to prevent a direct ITO to aluminium contact

at the point where the negative electrode is attached. The

emissive material (4) was sublimated in a vacuum evapora-

tion unit (1880, Edwards Instruments) through a shadow

mask from the crystalline solid in a tungsten container, to

yield blue fluorescing films.

Under the fluorescence microscope, the films appear to be

'pinhole-free', and consist of very small equal-sized

domains. The device is completed by evaporation of alumin-

ium electrodes through the same mask (at a pressure of ca.

2×10-5 torr), to yield six diodes on one substratum, a detail

of which is seen in Figure 6-2. As these diodes were only

meant for proof of principle, no optimization (e.g. by adding

a lower workfunction metal such as barium) was performed

on the devices.

Type II: On a cleaned 50×50 mm2 prepatterned ITO sub-

stratum subsequently a number of compounds were evapo-

rated through a shadow mask (see Figure 6-3). This is

followed by evaporation of the metals through a second

mask which is smaller: it covers only the ITO circles, but it

has also a protrusion extending over the organic part. This results on one substratum in 16 separate

Figure 6-2. A row of 4 type I
diodes (out of the six, deposited
on a substratum). Contact with the
Al is made at the lower rim.

Figure 6-3. A patterned
ITO substratum with the
organic layers (light) on
top (type II device.)
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circular diodes of 5 mm diameter, the centres of which are 10 mm apart. Each diode has an effective

area of ca. 0.2 cm2. The evaporation is carried out in a vacuum chamber (Univex 300, Leybold) at a

pressure of 8×10-6 mbar using a high current deposition source (Radak, Kurt J. Lesker); for evapo-

ration details see Table 6-1. In all diodes the same sequence of materials was employed: CuPc (lev-

elling the ITO surface, to prevent short-cuts), TPD, DbA emitter (2,4 or 5), bathocuproin, calcium

and finally aluminium. Instead of barium calcium was used - which also has a lower workfunction

than aluminium - because it was more convenient to use in this set-up.

6.2.4 Characterisation of the devices

By definition forward bias is applied when the positive electrode is connected to the ITO contacts

and the negative electrode to the aluminium contact. In none of the devices light was observed under

inverse bias. Diodes of type I and II were characterized in a different way:

Type I: Current/Voltage characteristics were determined under ambient conditions, using a voltage-

confined current supply (225, Keithley Instruments) as a source, a digital multimeter (9010,

Dynatek) to measure the voltage and a multimeter (2480, DPC) to measure the current. The spectra

were measured using a fibre coupled spectograph (Spectra 150, Acton) connected to a Peltier cooled

CCD camera (TEA/CCD-1024-EM1, Princeton Instruments). The emission is afterwards corrected

for the wavelength dependence of the detector.

Type II: A computer driven voltage supply (Universal source 3245, Hewlett Packard) is connected

to the ITO and aluminium contacts. The samples are measured under nitrogen flow. The current of

an operated device is measured by an omnimeter (Keithley Instruments), and at the same time the

light output is obtained from a calibrated luminance meter (L1006, LMT); the focused measuring

spot is smaller than the size of a diode. All measured data are redirected to the computer. The spectra

were measured via a fibre coupled spectrograph connected to an intensified diode array (1208,

EG&G Princeton). The emission is corrected for the detector response.

Table 6-1. Details of the evaporation process.

Sequence Substance Temp. (°C) Rate (Å/s)
Pressure
(mbar)

Thickness
(Å)

1 CuPc 400 1 8.3e-6 200

2 TPD 150 2.5 8.3e-6 640

3 2/4/5 140 0.7 8.3e-6 150

4 Bathocuproin 170-180 0.7-0.3 7.8e-6 540

5 Ca (5 ampere)# 0.2 1.2e-5 16

6 Al (5 ampere)# 10/20 1.2e-5 2000

# Monitored by the current through the deposition source
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6.3 Results and discussion

6.3.1 Photoluminescence of sublimated films of 2 and 4

Figure 6-4 shows the photoluminescence of sublimated films of 2 and 4, their emission

maxima centred around respectively 510 nm and 468 nm. It was already shown in Chapter 3

that the CT states of sublimated 2 and 4 are positioned at considerably lower energy than in

polymer matrices such as PMMA, PS and PVK, because the DbA molecules provide them-

selves a moderately polar surrounding to the CT state. Judging from the position of the pho-

toluminescence spectra it is assumed that the electroluminescence of 2 OLEDs will be green

and that of 4 OLEDs blue.

Figure 6-4. Photoluminescence of sublimated films of 2 (dashed line) and 4 (continuous
line).

6.3.2 Electroluminescence of a type I OLED

Under an applied bias of 10 V over a type I diode (ITO/PVK/4/Al) blue light is easily seen

under dim room light conditions. The electroluminescence spectrum (Figure 6-5, left) is very

similar to the photoluminescence of the film, though the EL spectrum is somewhat broadened

at the blue edge. This is more likely to be due to the less accurate correction of the CCD

camera in the blue part of the spectrum than a contribution of PVK emission. It does not seem

feasible that the holes would remain on PVK - the N,N-dialkylaniline being a stronger elec-

tron donor than N-vinylcarbazole - thus probably charge recombination only occurs in the

layer of 4. We were not able to characterize quantitatively the amount of light. But the diode-

like behaviour (Figure 6-5) and electroluminescence spectrum indicate that it is possible to

make a blue LED with a pure layer of the DbA substance 4.
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Figure 6-5. Left: electroluminescence of a type I OLED with 4 (dashed line) compared to it’s
photoluminescence (continuous line). Right current vs. voltage of the LED.

Analogous to the composite diodes with a blend of PVK and 4, these diodes are prone to rapid

degradation. This might in part be a consequence of the oxygen and water present in the air,

however it was already found that more degradation mechanisms apply, as the polymer

diodes also degrade - albeit slower - under nitrogen atmosphere in the glovebox.

6.3.3 Electroluminescence of type II OLEDs

In all the measured devices the spot to spot variation in quality (one substratum contains 16

diode spots) is very limited and the reproducibility of the current and brightness vs. voltage

is good. Applying a voltage to the type II OLED containing 2 prompts blue-ish green lumi-

nescence which appears to be somewhat bluer than predicted by looking at the photolumi-

nescence of sublimated 2. The turn-on voltage of the device is around 6 V. This points to an

unbalanced charge-injection, probably caused by poor electron-injection.* As can be seen

from Figure 6-6 the device power efficiency for light goes to its maximum at 11 V (as is the

case for the polymer diodes) to ca. 0.5 lm/W. The maximum efficiency expressed in cd/A is

positioned at somewhat higher voltage compared to the maximum power efficiency, which

is also found to occur in the polymer diodes. The initial efficiency amounts to ca. 2.1 cd/A

which for this EL spectrum (see below) comes down to an external (photons/electrons) effi-

ciency of 0.8%.

In Figure 6-7 the EL spectrum is shown of the device during its first operation, and

also after 4 and 8 minutes of operation. Notice that there is a clear red-shift of the lumines-

cence maximum during the device operation from 492 nm to 510 nm. After the initial shift

* by comparing it to turn-on voltages of devices using the same materials but with a different emitter that has about the
same oxidation potential, personal communication, dr. H Boerner.
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no further colour change is measured, neither a back shift when the bias is inverted or the

diode is not operated for some time. The nature of this red-shift is not clear (this behaviour

is not found in polymer diodes containing 2) but it was already surprising at first that the ini-

tial EL spectrum was found at shorter wavelength compared to the previously collected PL

spectrum of a sublimated thin film of 2 (see Figure 6-4). Once the EL spectrum has shifted

(after 8 minutes of operation), it strongly resembles again the PL spectrum. It might be that

initially the molecules were ‘unfavourably’ packed, and that the molecules reorient during

operation to provide a more favourable surrounding. The degradation of the diode is studied

in some more detail in Section 6.3.4.

Figure 6-6. Left: current density (circles) and brightness (crosses) in a 2 OLED of type II
plotted vs. the voltage. Right: efficiency of the device in cd/A (contin. line) and lm/W (dashed
line).

Figure 6-7. : Electroluminescence spectra of 2 after 0 (dotted line), 4 (dashed line) and 8
(continuous line) minutes.

The OLED that contains 4 as the emissive material shows “true” blue light when operated

under positive bias, as does the OLED with 5. In contrast to the polymer diodes, the turn-on
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voltage in the 4/5 devices is higher than in the 2 device. For 4 the turn-on for current and light

is around 9 V, for 5 it is ca. 7.5 V. The device characteristics are shown in Figure 6-8. The

difference between the turn-on voltages of 5 and 4 is not only due to the higher luminescence

quantum yield of 5 (the critical brightness of 0.1 cd/m is reached at a lower voltage); the turn-

on voltage for current is also lower for 5 than for 4. Apparently the stronger donor in 5 allows

for better hole-injection from TPD than the donor in 4. The difference is reflected in a higher

power efficiency of the 5 device (0.55 lm/W vs. 0.4 lm/W, see Figure 6-8c).

Figure 6-8. : Current density (A), brightness (B) and efficiency (C) of an OLED containing 5
(continuous line) and 4 (dashed line).

Especially the efficiency of the diode with 5

(2.4 cd/A, 1.6% photons/electrons) is reasonably

high for a blue diode.6-9 Because the currents are

very low, the relatively high efficiency does not

lead to an exceptional brightness: only 75 cd/m2

at the maximum efficiency, whereas the power

efficiency has already decreased significantly to

0.4 lm/W at this point. To obtain even higher

brightnesses, a price has to be paid in terms of a

drastic decrease in efficiency. This can be seen in

Figure 6-9, which shows the efficiency of a diode

with 5 plotted vs. the brightness; above 75 cd/m2 not only the power efficiency but also the

cd/A efficiency decreases.

The colour of the electroluminescence of 4 and 5 - in contrast to the 2 OLED - does

not change at all during operation, and the emission maximum is found to be at 465 nm for

0.01

0.1

1

10

100

B
rig

ht
ne

ss
 (

cd
/m

2 )

252015105
Voltage (V)

10
-5

10
-4

10
-3

10
-2

C
ur

re
nt

 d
en

si
ty

 (
A

/c
m

2 )

252015105
Voltage (V)

0.6

0.5

0.4

0.3

0.2
ef

fic
ie

nc
y 

(lm
/W

)
24201612

Voltage (V)

A B C

2.4

2.0

1.6

1.2

0.8

E
ffi

ci
en

cy
 (

cd
/A

)

0.1 1 10 100
Brightness (cd/m

2
)

0.60

0.50

0.40

0.30

E
fficiency (lm

/W
)

Figure 6-9. Efficiency of a diode
with 5 vs. its brightness.



ORGANIC LIGHT EMITTING DIODES BY SUBLIMATION OF DONOR-BRIDGE-ACCEPTOR SYSTEMS | 87
4 and 468 nm for 5 (see figure 6-10). The EL spectra look a little structured, but it has to be

noticed that the correction file (for teh detector response) runs fairly steep in the blue part of

the spectrum. The observed structure in the band might be a result of overcorrection. The

electroluminescence spectrum of 4 agrees very well with the fluorescence spectrum of sub-

limated 4 and the electroluminescence spectrum of the OLED of type I.

Figure 6-10. : Corrected electroluminescence spectra of 4 (dashed line) and 5 (continuous
line).

6.3.4 Device stability

Despite the nitrogen flow over the type II diodes during operation, the devices break down

gradually. In Figure 6-11 (left) we show how the brightness of an OLED containing 2 drops

during consecutive operating cycles. From this we deducted the decay of the brightness at

16 V - as seen on the right side in Figure 6-11 - which is indicative for the degradation (in

spite of the fact that the diode suffers from the continuous accessions of the voltage up to

20 V). Not only the brightness decreases to one third of its original value in the first 10 min-

utes, also the maximum efficiency diminishes proportionally. Furthermore the point at which

the device turns on and the point at which maximum efficiency is reached, also gradually

shift to higher voltage. The breakdown is even worse if one considers that in the diode with

2 during these first minutes the EL spectrum displays a red-shift as well, which could in prin-

ciple increase the amount of candelas per emitted photon with 10%.

Also in the devices with 4 and 5 a similar degradation is observed, and the brightness

and efficiency reduce to one third of their initial value within the first 10 minutes of opera-

tion. However, it also shows that the initial intensity drop is much larger than the decrease on

a longer timescale.
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Figure 6-11. : Sequential cycles of operating a diode with 2 (left). Deducted from that: the
decay in luminescence intensity (at 16V) during operation of the device (right).

6.4 Concluding remarks

In the same way as was done in Chapter 4 it is possible to translate the redox potentials of the

involved materials into a band scheme.10 With some reserve it is possible to scale the redox

properties of our DbA systems to those of the other compounds, as taken from literature. This

results in the band scheme depicted in Figure 6-12, that shows all the relevant levels of the

used layers. The HOMO energy level of CuPc is just 0.2 eV lower than the workfunction of

ITO, facilitating good hole-injection. In order to prevent charge-recombination, however, in

the CuPc layer (because the LUMO of CuPc is positioned lower than that of the DbA mate-

rials 2,4 and 5) also the additional hole-injection layer of TPD was added to block the elec-

trons. The oxidation potential of TPD (0.8 V vs. SCE) indicates that it still is a weaker donor

than the N,N-dialkylaniline (0.7 V vs SCE) in the DbA systems, thus still providing hole-

injection. Although the applied bathocuproin (marked as batho in the scheme) is a good hole-

blocker, it creates quite a large barrier for electron-injection in the CT compounds. Clearly it

takes even more effort to get the electron onto the vinylpyrene acceptor of 4 and 5 than on

vinylcyanonaphthalene in 2, which explains the much lower turn-on voltage for 2 as com-

pared to 4 and 5 (although there remains discussion about the relationship between the solid

state redox potentials and the turn-on voltage in a device).11

The most important conclusion to be made is that Donor-bridge-Acceptor compounds can be

used in OLEDs. Moreover, these data do not contradict the proposed mechanism in Chapter 4

for the polymer diodes that in fact the CT state can be directly generated by injecting charges

into the material. The quantum efficiencies of the type II devices (up to 1.6 % photons/elec-
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trons) are quite high, especially if one considers that the theoretical maximum of the external

efficiency is limited to a few percent. This follows from the following equation:

Equation 6-1.

Figure 6-12. : Scheme of the energy levels (in V vs. vacuum) of the relevant compounds in
the OLED of type II.

In Equation 6-1 ηϕ(max) is the maximum external quantum efficiency (photons/electrons),

0.25 follows from the spin statistics (for small molecules the charge recombination is spin

independent and thus yields 3 triplets and 1 singlet CT states12), Φ(PL) is the photolumines-

cence quantum yield and 1/2n2 is the light extraction factor (which comes down to approxi-

mately 0.2-0.3 in these devices) that converts the internal in an external efficiency. This

implies for a system with a Φ(PL) of approximately 0.5, an external efficiency of 3-4% pho-

tons/electrons.

Nevertheless, the brightnesses are not so high, because the current densities are very

low. It is hard to say whether the performance will strongly increase when the charge injec-

tion would be better balanced. Clearly an alternative for the bathocuproin has to be used.

Simply letting out this layer would not suffice (though it may seem feasible from the band

scheme), because we want to concentrate the charge recombination in the emissive layer and

protect it from the quenching influence of a nearby metal cathode. In other cases a successful
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approach to this problem was found by adding a CaF or LiF layer between the cathode and

the organic material, 13,14 but we haven’t been able to do that.

Of course the observed instability (the spectral shift of the 2 device and the degrada-

tion of brightness during operation of all devices) doesn’t give rise to great expectations,

though it should not be forgotten that air and water were not fully excluded in these experi-

ments. What becomes even more clear now is that - having excluded the polymer matrix from

the experiment and with the knowledge that the other substances involved in the OLEDs are

very stable - there seems to be an intrinsic instability in the DbA systems that were used up

till now. In the following Chapter we will describe a new DbA system in which the N,N-

dialkylaniline donor - which we suspect to be ‘the weakest link’ - will be replaced by another

donor.
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7
Charge-Transfer Luminescence from a
Rigidified Donor-bridge-Acceptor system*

The pure and simple truth is rarely pure and never simple

-OSCAR WILDE (1854 - 1900)

7.1 Introduction

Stimulated by the conviction that the short operational lifetime of the DbA diodes described

up till now is caused by the instability of the donor radical cation, a modification of this part

of the system was sought. Through previous research in the field of ET we already were

familiar with the stability of the 1,4-dimethoxynaphthalene (DMN) radical cation.1-3 An ele-

gant way to make a system that connects the stable donor DMN to a bridge with all-trans-

situated C-C sigma bonds is the successfully proven use of norbornane units by Paddon-Row

and coworkers.4 In order to retain a CT radiative rate constant, similar to that of systems

based on the dialkylaniline donor, the D-A distance should be limited to only three bonds.

This led us to construct a bridge of only one norbornane unit fused with a cyclobutane at the

acceptor side. Because the donor oxidation potential of DMN (1.1 V vs. SCE) is about 0.3 V

higher than that of the dimethylaniline donor in the systems 2-5 from Chapter 2 5 we should

in principal combine it with an acceptor that is stronger than the well-performing vinylpyrene

acceptor in 4 and 5, in order to still have a blue emission in PVK. The vinylcyanonaphthalene

acceptor seemed suitable for this purpose, because the CT emission of e.g. Fluoroprobe (sys-

tem 1 in Chapter 2, FP) is red-shifted with respect to that of system 4 by 2000-3000 cm-1

(0.24-0.37 eV) in moderately polar media (see Table 2-1 on page 19).

This Chapter describes the synthesis and photophysical properties of a system that

meets all the above mentioned prerequisites, DMN[3]VCN (which in principle can be

* A part of this Chapter was published in: Goes, M.; de Groot, M.; Koeberg, M.; Verhoeven, J. W.; Lokan, N. R.; Shep-
hard, M. J.; Paddon-Row, M. N. J. Phys. Chem. A 2002, in press.
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obtained in two isomeric forms), and its possible application in polymer diodes. Furthermore

we will show how this system can be used to confirm the conformational uniformity and

extended nature of the CT fluorescent state of FP (=1) by comparing the CT-fluorescence of

FP and DMN[3]VCN over a wide temperature range in a glass forming solvent.

In both FP and DMN[3]VCN a π-electron donor /accep-

tor pair is held in an extended orientation by a saturated

bridge providing a through-bond coupling path with an

effective minimum length of three sigma bonds. How-

ever, the bridge structure of DMN[3]VCN is fully rigid

and prohibits changes in the D/A distance upon charge

separation, which could in principle occur in FP by e.g. a chair to (twist) boat ring flip of the

central piperidine bridging unit.

7.2 Synthesis

7.2.1 Synthetic route to DMN[3]VCN

The complete synthetic route to DMN[3]VCN is depicted in Figure 7-2. For the donor/bridge

side of the molecule cyclopentadiene was Diels-Alder coupled to naphthoquinone to give D1

as described earlier by Patney and coworkers,6 followed by reductive methylation to produce

D2. In order to extend the bridge and to add a ketone functionality which can be converted

to the acceptor, we decided to perform a ketene addition to the double bond on the nor-

bornene side of D2, followed by dechlorination to give D4.7-10 Although the ketene addition

has a low yield (13%, and very dependent on the quality of the Zn-Cu couple) it is selective

and yields the cyclobutanone in an exo-orientation.

As discussed in Chapter 2 the vinylcyanonaphthalene can be conveniently coupled to

a ketone via a Wittig-Horner condensation.11-13 Thus condensation of D4 with A1 gave

DMN[3]VCN as a mixture of the Z and E isomers shown in Figure 7-2. From both NMR and

HPLC (C18 column, water:acetonitrile 1:1) it was established that the ratio E:Z is about

70:30. These isomers are very difficult to separate using column chromatography and only

the E isomer was obtained in pure form. Interestingly NMR samples (CDCl3) of the pure E

isomer were found to contain a mixture of isomers after a few days, probably due to the slight

acidity of the solution. In all photophysical experiments the samples were prepared using the

pure E isomer.

OMe

OMe
CN

Figure 7-1. Structure of DMN[3]VCN.
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Figure 7-2. Synthesis of DMN[3]VCN.

7.2.2 Structure determination

Ketone of the donor (D4). Difference 1H-NOE spectra (500 MHz in CDCl3) were run of D4

in order to ascertain the exo orientation of the cyclobutane and to assign the various 1H res-

onances observed. The resulting assignments are given in Table 7-1. Here we only briefly

describe the NOE results. (I) First we saturate the signal at 1.85 ppm. From the chemical shift

we knew this must be either proton 9 or 10. We see three NOE signals: a doublet (35%, 2.04

ppm) which must be the geminal proton and two singlets (4%, 3.94 ppm and 6% 3.98 ppm),

this must be protons 7 and 8. (II) When the doublet at 2.04 ppm is saturated we again see a

geminal proton (55%, 1.85 ppm), we also see proton 7 and 8 and we see a multiplet (10%,

2.70 ppm) that can only be 13. We now also know that 9 is the doublet at 1.85 ppm and that

10 lies at 2.04 ppm. (III) When the signal at 2.70 ppm (13) is saturated we of course see the

NOE signal of 10 at 2.04 ppm. Furthermore there is a very strong signal (m, 42%, 3.12 ppm)

which must be 14. We also see proton 7. (IV) When 14 is saturated NOE signals of 13 (m,

38%, 2.70 ppm) and 11 (m, 14%, 2.60 ppm) are found. (V) The saturation of 11 gives NOE
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Figure 7-3. The numbering of D4 and DMN[3]VCN.

.

Table 7-1. 1H-NMR data of D4 (500 MHz, CDCl3); see Figure 7-3 for numbering.

δ (ppm) Multiplicity Proton δ(ppm) Multiplicity Proton

8.09 dd 3 and 4 3.38 m 12

7.47 dd 1 and 2 3.12 m 14

4.02 s 5 2.70 m 13

3.98 s 6 2.60 m 11

3.98 s 8 2.04 d 10

3.94 s 7 1.85 d 9

Table 7-2. 1H-NMR data of the E isomer of DMN[3]VCN (500 MHz, CDCl3).

δ (ppm) Mult. Proton δ(ppm) Mult. Proton

8.28 d 19 4.01 s 5

8.24 d 18 3.88 s 8

8.11 m 3 and 4 3.76 s 7

7.89 d 17 3.28 (3.37) m 12

7.72 AB 21 3.11 m 14

7.66 AB 20 2.68 m 13

7.52 d 16 2.61 m 11

7.47 m 1 and 2 2.33 d 10

7.06 (6.95) d 15 1.85 (1.70) d 9

4.08 (3.80) s 6

*numbers in parentheses refer to signals of the Z isomer that are significantly shifted
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signals for 14, 12 (m, 6%, 3.38 ppm), 7 (s, 4%, 3.94 ppm) and 5 (s, 3%, 4.02 ppm). (VI) NOE

signals of 11 and 8 (s, 7%, 3.98 ppm) are found when 12 is saturated. (VII) The only signal

in the normal spectrum that does not give a NOE signal is that of 6 but because we already

know all other signals we can be sure that 6 is the singlet at 3.98 ppm overlapping with 8. If

the cyclobutane was in an endo configuration there could not be a NOE signal of 10 on 13

(and vice versa). Therefore our assumption that the exo isomer is formed must be right-

DMN[3]VCN.

Both isomers (Z and E around the double bond) are formed. From the NOE signals

that arise when 15 (Figure 7-3) is saturated we can immediately conclude which one is the

main product. The signals that arise are the signals of 8 (s, 5%, 3.88 ppm) and 12 (m, 5%,

3.28 ppm), thus the main product is the E-isomer. There are two other important signals.

These are the signals in the aromatic region (d, 0.5%, 7.52 ppm) and (d, 20%, 8.24 ppm)

which must be due to respectively 16 and 18. In combination with NMR data obtained earlier

for FP14 a full assignment of the spectrum could be made. Table 7-2 summarizes this assign-

ment for the E isomer. The protons that have a pronouncedly different shift in the Z isomer

are: 15 (upfield to 6.95 ppm), 12 (downfield to 3.37 ppm), 9 (upfield to 1.7 ppm). Finally the

methoxy protons 6 have shifted very considerably upfield from 4.08 ppm in E to 3.8 ppm in

Z! The main cause for the latter large upfield shift appears to be the ring current effect of the

cyanonaphthalene that faces the nearby methoxy group in the Z isomer. This conformation

was found in an MM2 optimized structure of the Z isomer (see Figure 7-4).

Figure 7-4. MM2 calculated structures of the Z isomer (left) and E isomer (right).
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7.3 Photophysical and electrochemical behaviour of DMN[3]VCN in
solution

7.3.1 Electronic absorption

Figure 7-5 shows the absorption spectrum of DMN[3]VCN (E isomer) compared to the spec-

tra of model systems for the donor2 and acceptor.15 Apparently the model used for the accep-

tor is not very suitable. The first absorption of DMN[3]VCN has a much higher molar

absorption coefficient and is red-shifted as compared to the sum of donor and acceptor. Fur-

thermore a clear shoulder appears at the red edge. If this were caused by a charge-transfer

absorption this would imply a molar absorption coefficient for this charge-transfer absorption

of ≥10000 M-1cm-1 around 350 nm which is much higher than expected.

Figure 7-5. Electronic absorption spectra of DMN[3]VCN and the model donor and acceptor
in cyclohexane.

In order to investigate this (unlikely) possibility we also converted ketone D4 to

DMN[3]DCV that contains the considerably stronger 1,1-dicyanovinyl acceptor which is

devoid of near UV absorption. The absorption spectrum of DMN[3]DCV is shown in

Figure 7-6. It resembles largely the absorption spectrum of the 4-bond system DMN[4]DCV

(structure depicted in Figure 7-6), which was studied thoroughly before.16 In the 4-bond

system two absorptions were found in addition to the sum spectrum of donor and acceptor

that were attributed to the first and second CT transition. The second transition

(ε=22000 M-1cm-1 at 256 nm) is very strong and borrows its intensity from the transition at

330 nm - which has decreased from 75000 M-1cm-1 to 40000 M-1cm-1 - whereas the first CT

transition is very weak at 320 nm (ε≈800 M-1cm-1) not only because it is symmetry forbid-

den but also because it is positioned at much lower energy than the transition it can borrow

intensity from.
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In DMN[3]DCV both CT absorptions are present as well, be it shifted to somewhat

longer wavelength as a result of the reduced distance between donor and acceptor. As a result

the second CT transition is positioned at 272 nm and has less transition probabillity

(ε≈10000 M-1 cm-1). The first CT absorption appears as a minor extra shoulder at the red

edge. Its position (328 nm) and weakness (<1500 M-1 cm-1) exclude the possibility that the

strong red-edge shoulder in the absorption spectrum of DMN[3]VCN is also due to such CT

absorption. Rather it appears that the local (π→π*) absorption of the VCN acceptor is

strongly enhanced and red-shifted by the fusion of its vinylic end into a strained cyclobutane

moiety instead of into a six membered ring like in the model acceptor.

Figure 7-6. Electronic absorption spectrum of DMN[3]DCV and the structures of
DMN[3]DCV and DMN[4]DCV.

The absorption maximum of DMN[3]VCN shifts approximately 10 nm to the red going from

cyclohexane to dichloromethane, suggesting that the compound already has a dipole moment

in the ground state, and a larger dipole moment in the same direction in the excited state. Due

to the ground state dipole moment polar solvents are already partially oriented which yields

some stabilization of the excited state, hence the red-shift.

It is interesting to compare the absorption spectra of

the E and Z isomers (obtained with the diode-array

detector operational in the HPLC setup). Only the

molar absorption coefficient of the E isomer is deter-

mined with certainty. The spectrum of the Z isomer

was calculated from that of a 30:70 Z/E mixture by

substraction of the contribution of the E isomer and is

therefore less accurate. Nevertheless the results in

Figure 7-7 show that the long wavelength absorption

of the Z isomer is considerably weakened and some-
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what blue- shifted as compared to the E isomer. This may be attributed to the fact that in the

Z isomer the cyanonaphthalene system is strongly twisted out of conjugation with the vinylic

πbond (see Figure 7-4).

7.3.2 Steady state and time-resolved fluorescence

The fluorescence spectra of the E isomer and of a mixture of E and Z isomers do not show

any significant difference. This could indicate that in the excited state the donor-acceptor

coupling is approximately the same for both isomers. All further experiments were carried

out with the E isomer, for only this isomer could be obtained pure in quantities.

Figure 7-8. Fluorescence of DMN[3]VCN in moderately polar solvents (left) and in nonpolar
solvents (right).

The fluorescence spectra of DMN[3]VCN in various solvents are depicted in Figure 7-8.

Table 7-3 lists the fluorescence maxima, quantum yields and the decay times. The behaviour

is very much like that of the systems that were described in Chapter 2. The general trend is

that the fluorescence maximum strongly shifts to the red for more polar solvents. Above a

certain polarity the quantum yield and the lifetime start to drop sharply apparently because

the overlap of charge-separated state vibrational levels with ground state vibrational levels

leads to a sharp increase in the non-radiative rate of decay.In benzene and more strongly sol-

vating media the emission has the typical broad and structureless nature expected for CT

fluorescence. The behaviour is different however in saturated alkane solvents (right part of

Figure 7-8). Here the fluorescence can not be described as pure CT fluorescence. The struc-

ture of the band is very much like that of a local fluorescence band overlapping with a strong

CT band that shifts to the red for more polar solvents. In these nonpolar compounds the sta-

bilization of the CT state is so weak that its energy is only very slightly below that of the

locally excited state and the fluorescence pathways become competitive.
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That this assumption is valid was found from measuring the time-resolved spectra with our

streak camera set-up. Upon excitation at 356 nm in the listed nonpolar solvents it could be

reconstructed* that the fluorescence consists of two components, each with a different decay

time. In Figure 7-9 the components are transformed to a presumed local and CT fluorescence.

The maxima of these two bands are estimated to be around 425-430 nm for what appears to

be the CT-emission and 380 nm for the local emission (the decay times are approximately 10

ns for the long wavelength emission and circa 1 ns for the short wavelength emission). In

other words, emission is seen from two states and not - as was the case for compound 4 in

Chapter 2 - from one state with strongly localized character. Apparently equilibration

between the locally excited and CT states is not fast enough on the time scale of fluorescence,

which would have led to only one decay.

If the CT maxima of DMN[3]VCN were to be analysed in terms of a Lippert-Mataga

plot18,19 the values for the solvents benzene, dioxane and toluene would show the same devi-

ation that is found for e.g. FP. Previously Koeberg20 has shown that for Donor-bridge-Accep-

tor systems it may prove just as worthwhile to plot the fluorescence maxima of a compound

Table 7-3. Fluorescence maxima (λCT), quantum yields and fluorescence decay times of
DMN[3]VCN in various solvents. The number in parentheses relates to the solvent data points in
Figure 7-10

Solvent ∆f λct (nm) Φ τ (ns)

cyclohexane (1) 0.10 425/380# 0.12 ##

methyl cyclohexane 0.107 0.20

trans-decaline (2) 0.110 431/383# 0.27 ##

benzene (3) 0.116 475 0.22 10.9

1,4-dioxane (4) 0.122 507 0.15 13.7

toluene (5) 0.126 470 0.21 20.7

di-n-butylether (6) 0.194 458 0.21 22

diethylether (7) 0.251 496 0.08 9.4

ethyl acetate (8) 0.292 573 0.03 3.0

2-methyltetrahydrofuran (9) 0.301 550 0.06 6.5

# In the nonpolar solvents the first value is the reconstructed CT fluorescence maximum from
the analysis of the time-resolved spectra, the second value refers to the local fluorescence
maximum; ## As a result the decays in the saturated alkanes are not mono-expontial (see text)

* Applying the Singular Value Decomposition technique to the streak-image data, as was described by dr. M.H.V.
Werts17 (and used in Chapter 3).
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vs. the emission maxima of the well-characterized FP14,21 in the same solvents. This is done

in Figure 7-10 and results in a strongly correlated (r2=0.99) line through all solvent data

points excluding saturated alkanes. It appears that in saturated alkanes the CT fluorescence

of DMN[3]VCN occurs at somewhat lower energy than expected from the comparison with

FP. On the one hand it must of course be realized that the CT maxima in alkane solvents have

been determined by deconvolution of the contribution of the (structured) local acceptor fluo-

rescence occurring in such solvents (see above) and are therefore less accurate. On the other

hand the contribution of local fluorescence also implies that in saturated alkanes the locally

excited state of the acceptor and the CT state are very close in energy. This is bound to lead

to significant state mixing which depresses the energy of the lower state even if it retains

largely its CT character.22,23

Figure 7-9. Reconstructed components (left: spectral information, right: time information)
from the SVD operation on a streak image of DMN[3]VCN in cyclohexane. The two compo-
nents were attributed to local and CT fluorescence. The right part also shows the instrumen-
tal response (dashed). Note that the vibrational fine structure in the local emission is not
resolved here because of the signal to noise ratio of the streak camera measurement.

From the slope of the regression line in Figure 7-10 we can estimate the slope for a virtual

Lippert-Mataga (L-M) plot of DMN[3]VCN (1.05 times the slope of an L-M plot of FP),

which yields 35.6×103 cm-1 corresponding to a dipole moment of 23.6 D (for a cavity radius

of 5.4 Å, see Chapter 2).

7.3.3 Electrochemical properties

While the similar CT fluorescence solvatochromism of FP and DMN[3]VCN comes as no

surprise, we were quite amazed to find that in each solvent also the absolute position of the

fluorescence maximum is nearly the same for these two systems. As mentioned earlier, the

oxidation potential of the DMN donor (1.1 V) fused to a norbornane unit like in

DMN[3]VCN is about 0.3 V more positive than that of the donor in FP. Since we initially
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assumed that the VCN acceptor would display similar properties in both systems a blue-shift

of the CT fluorescence in DMN[3]VCN relative to FP of ca. 0.3 eV or 2400 cm-1 was

expected. Of course differences in internal reorganisation energy may modify this situation,

but to compensate fully the difference in donor oxidation potential, the reorganisation energy

in DMN[3]VCN should be 0.3 eV higher than in FP. We therefore decided to investigate the

electrochemical properties of DMN[3]VCN by cyclic voltammetry, which led to some

revealing results. As evident from the data compiled in Table 7-4, the first oxidation potential

of DMN[3]VCN is found at the expected position of +1.1 V vs. SCE in acetonitrile, which is

0.3 V more positive than that of FP. However, while the electrochemical oxidation of other

norbornyl fused DMN derivatives has been reported to be fully reversible, that of

DMN[3]VCN was found to behave almost irreversible and in the cyclic voltamogram the

anodic oxidation is hardly accompanied by a cathodic wave.

Figure 7-10. Correlation of the charge transfer fluorescence maxima of DMN[3]VCN and FP
in a series of solvents. The line is a linear fit through the data points except for cyclohexane
(1) and trans-decaline (2).

Even more unexpected is the reductive behaviour of DMN[3]VCN as compared to that of FP.

While the latter displays a reversible reduction of the acceptor moiety with a midpoint poten-

tial of E½=-2.0 V, the VCN moiety in DMN[3]VCN undergoes a virtually irreversible reduc-

tion which is positioned 0.15 V less negative as compared to the reduction in FP. This proves

that the VCN acceptor in FP is at least 0.15 eV stronger than in FP, which thus compensates,

at least in part, the weaker donor strength of the DMN unit as compared to the aniline unit in

FP and thereby contributes to the closely identical CT fluorescence energies of both systems.

Regrettably, however, the electrochemical behaviour indicates that contrary to expectation
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DMN[3]VCN does not represent a system in which both the donor and acceptor radical ions

display a stability which allows survival on the timescale of electrochemical experiments.

Since this applies to both donor and acceptor moieties that are known to behave reversibly in

other systems, we suspect that the relatively high strain in the bridge unit of DMN[3]VCN

plays a role in destabilising the oxidized and reduced forms of this molecule.

7.4 Thermochromism of DMN[3]VCN as compared to FP

In Figure 7-11 the temperature dependent fluorescence is shown for DMN[3]VCN in com-

parison with FP, both in 2-methyltetrahydrofuran (MTHF). For DMN[3]VCN deviation from

a linear plot starts to occur below ca. 160 K. As explained in Section 2.3, this deviation indi-

cates that the emission no longer originates from a fully relaxed state. This becomes apparent

for DMN[3]VCN at somewhat higher temperature (i.e. at lower solvent viscosity) than for

FP simply because FP has a longer fluorescence lifetime than DMN[3]VCN in methyltetra-

hydrofuran (respectively 12.6 ns and 6.5 ns).

Figure 7-11. Temperature dependent fluorescence of DMN[3]VCN and FP in 2-methyl-
tetrahydrofuran.

Table 7-4. Electrochemical data (Volts vs. SCE) of FP and DMN[3]VCN in
acetonitrile.
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The slopes of thermochromic Lippert-Mataga plots - according to Equation 2-2 on

page 20 - are very similar for FP and DMN[3]VCN, amounting to –46000 ± 1000 cm-1 per

∆f unit (∆f values are generated in the same way as in Chapter 2). The slope of the Lippert-

Mataga plot is governed by the excited state dipole moment and the effective radius of the

solvent cavity. Since the molecular dimensions of FP and DMN[3]VCN are very comparable

so must be the volume of the effective solvent cavity they occupy. Taking ρ = 5.4 Å leads to

µCT = 26.8 Debije for both FP and DMN[3]VCN. Regardless of the fact that the rather arbi-

trary choice of ρ has an influence on the calculated µCT, we like to stress that the comparison

as presented here of the thermochromic shifts for FP with those of the fully rigidly bridged

DMN[3]VCN provides a very strong argument that FP maintains its extended ground-state

conformation also in the CT-fluorescent state at least in MTHF over the full temperature

range investigated.

7.5 Light-emitting diodes with DMN[3]VCN

7.5.1 Fluorescence of DMN[3]VCN in the solid state

By sublimation of DMN[3]VCN on a glass substrate a thin film of solid was formed. The

fluorescence maximum of this film lies at 490nm resulting in a green colour; therefore this

material can not be used in the creation of a blue OLED.

Figure 7-12 shows the fluorescence spectra of 10% DMN[3]VCN in polyvinylcarba-

zole. No fluorescence of the PVK is observed implying fast and full energy transfer from

PVK to DMN[3]VCN. The maximum lies at 453 nm and is red-shifted from the 5% layer,

which has its maximum around 446 nm. As was stated before, this small difference is caused

by the additional stabilization of the charge-separated state in the more polar 10% layer. The

colour of the fluorescence is blue in this environment which indicates it is possible to use this

solid solution as the light-emitting species in a blue PLED.

7.5.2 Electroluminescence of DMN[3]VCN in polyvinylcarbazole

Of the devices tested, only the ones containing 10% DMN[3]VCN in polyvinylcarbazole

performed like diodes. The electroluminescence spectrum of a working PLED is shown in

Figure 7-12. The maximum lies at 460 nm which is a little shifted to the red as compared to

the photoluminescence. The right part of Figure 7-12 shows the brightness of the electrolu-

minescence of DMN[3]VCN vs. the voltage applied. In the same graph the current density

through the device is plotted logarithmically as a function of the voltage. The brightness is

already less on the back-scan (this was one of the best devices we measured - in terms of sta-

bility). Figure 7-13 shows the efficiency of the device (in both cd/A and lm/W) as a function
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of the voltage. As can be concluded from these graphs the turn-on voltage of the device is

approximately 6 V and the maximum efficiency occurs at approximately 7.5 V. The fact that

the device is at its maximum efficiency at a light output which is around visibility threshold

is of course not very promising. Furthermore, the maximum efficiency (in cd/A) amounts to

only 15% of the efficiency of comparable blue LEDs (with system 5) described in Chapter 4;

this is even much lower than expected based on the ratio of photoluminescence quantum

yields in solvents in which both systems emit around 460 nm.

Figure 7-12. Left: Photoluminescence (dashed line) and electroluminescence (continuous
line) of 10% DMN[3]VCN in polyvinylcarbazole. Right: Current density (crosses) and bright-
ness (circles) vs. the voltage over the diode.

Figure 7-13. Left: efficiency in cd/A (circles) and lm/W (squares) vs. the voltage of a 10%
DMN[3]VCN diode.Right: the decay of light intensity during operation (at 12V). See
Figure 4-14 for the behaviour of a similar diode comprising 2 as the emitter.

The decay of the brightness as a function of time at a potential of 12 Volts is shown in the

right part of Figure 7-13. The decay is very rapid with a lifetime of less than one minute,

which is much too short for use in a real device, even though this is just the initial perform-

ance of the diode.
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7.5.3 Bleaching of DMN[3]VCN and FP

In order to gain a better understanding of the instability of the device described above, photo-

bleaching experiments of the fluorescence of polymer films containing DMN[3]VCN were

performed by irradiation in the spectrofluorimeter (Fluorolog 3, Spex), employing the exci-

tation light which is produced by a 450 W Xe arc lamp via a double monochromator (spectral

slitwidth 2 nm) and set at 330 nm. The films are comparable in thickness to the polymer

layers in the diode. Both the bleaching in polyvinylcarbazole and polystyrene was studied

and compared to the photobleaching of FP. Figure 7-14 shows the bleaching for both systems

in the two polymers as measured by the intensity of the fluorescence (intensity is scaled to an

initial value of 1). It is clear that the polymer matrix has a strong influence on the bleaching

process. Both systems are bleached significantly faster in PVK than in PS. It is even more

uncomforting to observe that DMN[3]VCN is bleached faster than FP. In polyvinylcarba-

zole, after 1800 seconds, the intensity of fluorescence has decreased to 21% of its original

value as opposed to 43% for FP. This underlines once more what was already found in the

device performance and inferred from the cyclic voltammetry measurements: DMN[3]VCN

is significantly less stable than the DbA systems used in the Chapters 2-6.

Figure 7-14. Photobleaching of the fluorescence of DMN[3]VCN (left) and FP (right) in poly-
vinylcarbazole (PVK) and polystyrene (PS).

7.6 Concluding remarks

The investigations in this Chapter have shown that the DMN[3]VCN system is more prone

to degradation via its CT state than the other DbA systems that were used and of which FP is

the prototype. The electrochemical experiments described in Section 7.5.2 show that both

one electron reduction and one electron oxidation of DMN[3]VCN are able to induce its

degradation notwithstanding the reversible electrochemical behaviour of the DMN and VCN

moieties in other molecules. It thus appears likely that the redox instability of DMN[3]VCN
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is directly induced by the strained nature of the bridging unit it contains. This prevented the

use of DMN[3]VCN for producing a more stable blue PLED. Nevertheless, the complete

rigidity of the bridge allowed us to deduce from the similarity of its fluorescence thermo-

chromism with that of FP, that the latter retains its extended conformation in the CT state

between 77 and 300 K in MTHF.

7.7 Experimental

7.7.1 Spectroscopy

Electronic absorption and emission spectra were recorded in the same way as was already described

in Chapter 2. Time resolved fluorescence measurements were done using a nitrogen laser and streak

camera, of which the setup is also described in Chapter 2. To measure the absorption spectra of the

separate E and Z isomers of DMN[3]VCN a diode-array spectrometer coupled to a HPLC (Shi-

madzu) was used.

7.7.2 Cyclic voltammetry

Cyclic voltammetry measurements were performed using a potentiostat (Wenking model 73, Ger-

hard Bank Elektronik) at a scan rate of 100 mV/sec coupled to a multifunction plotter (7090A,

Hewlett-Packard). Solutions in acetonitrile (Acros, dried on activated alumina) containing 0.1 M

tetrabutylammonium hexafluorophosphate (Fluka) were measured using SCE as a reference elec-

trode. As an internal reference ferrocene is used (E½(ox)=0.44 V vs. SCE).

7.7.3 Diodes

The PLEDS were constructed and characterized in the same manner as described in Chapter 4, using

a solution of 15 mg PVK per ml toluene (containing 5% or 10% DMN[3]VCN) and spin-coating at

1500 RPM. For the cathodes the combination of barium and aluminium was used.

7.7.4 Synthesis

D1, cycloadduct of 1,4-naphthoquinone with cyclopentadiene.6 To a solution of naphthoquinone (20

g, 126 mmol) in dichloromethane (700 ml) at 0 °C freshly cracked cyclopentadiene (20 g, 303 mmol)

was added dropwise. The solution was stirred at room temperature for 16 hours. The reaction mixture

was concentrated in vacuo. Dichloromethane (10 ml) and petroleum ether (200 ml, 60-80) were

added. The solid precipitate was filtered and washed twice with 200 ml petroleum ether. The product

was recrystallized from acetone to yield D1 as white crystals (20 g, 89 mmol, 71%). 1H-NMR (400

MHz, CDCl3): δ (ppm) = 8.02 [dd, 2H]; 7.68 [dd, 2H]; 5.97 [dd, 2H]; 3.65 [m, 2H]; 3.45 [m, 2H];

1.54 [m, 2H].
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D2.24 To a stirred solution of D1 (20 g, 89 mmol) in dry tetrahydrofuran (150 ml) at 0 °C sodium

hydride (20 g, 833 mmol) was added. The mixture was stirred for 30 minutes after which methylio-

dide (50 ml, 806 mmol) was added dropwise. The mixture was allowed to warm to room temperature

while stirring overnight. The reaction was quenched with ice-water (100 ml). The mixture was

extracted with diethylether (6 x 50 ml) where after the combined organic layers were dried on mag-

nesium sulphate. The solvent was evaporated in vacuo until the first crystals precipitated. Pentane

(50 ml) was added and after 30 minutes at –20 °C the solvent was decanted. After evaporation of the

remaining solvent the product was recrystallized from ethanol (50 ml) and washed with pentane (50

ml) to yield D2 (white crystals, 15.2 g, 60 mmol, 68%). 1H-NMR (400 MHz, CDCl3): δ (ppm) =

8.02 [dd, 2H]; 7.43 [dd, 2H]; 6.77 [dd, 2H]; 4.32 [m, 2H]; 3.98 [s, 6H]; 2.19 [d, 1H]; 2.29 [d, 1H].

D3. A mixture of the obtained D2 (15.2 g, 60 mmol) and zinc-copper couple (25 g, 194 mmol) in dry

tetrahydrofuran (300 ml) was irradiated for 30 minutes in an ultrasonic bath. To the stirred mixture

trichloroacetyl chloride (20 ml, 175 mmol) in dry THF (100 ml) was added very slowly. The reaction

mixture was stirred for 15 hours, filtered over hi-flow and concentrated to 100 ml. Petroleum ether

(200 ml) was added and the mixture was passed down a silica column (diameter: 2 cm, height: 10

cm). The solvent was evaporated in vacuo and the product was recrystallized from ethanol (50 ml)

to give D3 (white crystals, 2.8 g, 7.7 mmol, 13%). 1H-NMR (400 MHz, CDCl3): δ (ppm)= 8.09 [m,

2H]; 7.50 [m, 2H]; 4.21 [s, 1H]; 4.16 [s, 1H]; 4.05 [s, 3H]; 4.00 [s, 3H]; 3.88 [m, 1H]; 3.13 [d, 1H];

2.12 [d, 1H]; 1.93 [d, 1H].

D4. A mixture of D3 (2.8 g, 7.7 mmol), zinc powder (5g, 77 mmol) and glacial acetic acid (75 ml)

was refluxed for 21 hours. The cooled mixture was filtered over hi-flow and dichloromethane (100

ml) was added. The organic phase was washed subsequently with water (6 x 100 ml), saturated

NaHCO3 (1 x 100 ml) and saturated brine (1 x 100 ml). Evaporation of the solvent yielded the

dechlorinated ketone, D4, as white crystals (1.4 g, 4.8 mmol, 62%). 1H-NMR (500 MHz, CDCl3): δ
(ppm) = 8.09 [m, 2H]; 7.48 [m, 2H]; 4.02 [s, 3H]; 3.98 [s, 4H]; 3.94 [s, 1H]; 3.38 [m, 1H]; 3.12 [m,

1H]; 2.71 [m, 1H]; 2.60 [m, 1H]; 2.05 [d, 1H]; 1.87 [d, 1H].

DMN[3]VCN. A solution of the ketone D4 (588 mg, 1.9 mmol) in dry THF (50 ml) was added drop-

wise to a stirred mixture of granulated potassium hydride (285 mg, 35%, 2.5 mmol) and the die-

thyl(arylmethyl)phosphonate25 A1 (578 mg, 2.0 mmol) in dry THF (100 ml) at 0 °C. The mixture

was allowed to warm to room temperature.The reaction was followed on TLC (TBME/PE = 1/1).

After 45 minutes the reaction was almost complete. The mixture was poured into ice water (500 ml)

and extracted with dichloromethane (6 x 100 ml). The combined organic layers were dried (MgSO4)

and the solvent evaporated in vacuo. The solid was purified using column chromatography (silica;

TBME/PE = 1/2; Rf product = 0.3). This yields a mixture of the Z and E isomers of which the E

isomer can be fractionally recrystallized from boiling ethanol. Yield: pure E isomer = 170 mg, total

of both isomers = 380 mg (0.85 mmol, 45%). The pure E isomer consists of small yellowish-white
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crystals. The mixture of isomers is yellow (probably caused by an intermolecular CT absorption).
1H-NMR of the E isomer (500 MHz, CDCl3): δ (ppm) = 8.28 [d, 1H]; 8.24 [d, 1H]; 8.11 [m, 2H];

7.89 [d, 1H]; 7.69 [m A-B, 2H]; 7.51 [d, 1H]; 7.48 [m, 2H]; 7.06 [d, 1H]; 4.07 [s, 3H]; 4.01 [s, 3H];

3.87 [s, 1H]; 3.76 [s, 1H]; 3.28 [m, 1H]; 3.12 [ddd, 1H]; 2.67 [dd, 1H]; 2.60 [m, 1H]; 2.33 [d, 1H];

1.86 [d, 1H].

DMN[3]DCV. A solution of 260 mg (0.88 mmol) of the ketone D4, 180 mg ammonium acetate, 90.0

mg (1.3 mmol) malonitrile, 0.15 ml acetic acid in 5 ml of toluene was stirred and refluxed in a Dean-

Stark apparatus for 2 hours. After cooling, the clear light yellow solution was washed with water,

saturated sodium bicarbonate and brine. The organic solution was dried over MgSO4, filtered and

evaporated to dryness. The yellow solid was recrystallized from ethanol to yield 120 mg (0.36 mmol,

41%) lightly yellow crystals. IR (KBr): 2233.2 cm-1 (-CN). 1H-NMR (400 MHz, CDCl3): δ (ppm)

= 8.11 [m, 2H]; 7.49 [m, 2H]; 4.07 [d, 2H]; 4.04 [s, 3H]; 3.99 [s, 3H]; 3.85 [s, 1H]; 3.38 [br.s, 1H];

3.26 [dd, 1H]; 2.85 [dd, 1H]; 2.72 [m ,1H]; 1.98 [dd, 2H].
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8
Light-driven Directed Motion in
Donor-bridge-Acceptor Systems

Hij greep een groote, gele
En slingerde ze de zon in’t gezicht
Deze bloosde - een schicht
Spleet haar in tweeën
Eén stuk viel naar beneden
Het andere sprong in zijn zwellend hoofd
Hij stierf, hij had de Grootste gekloofd
En strekte zich uit, moe van zijn macht
Het was volbracht....
Hij nam zich voor met de zonnestelsels te gaan keeglen
En ‘t heelal voortaan van zijn navel uit te reeglen.

-FROM: DE ZONNESTEEK, J. SLAUERHOFF (1898-1936)

8.1 Introduction

There has been a growing interest to use molecular systems as switches, rotors, motors, and

machines on the nanoscopic scale.1 The central quest in this is the conversion of chemical

energy into mechanical energy, in order to bring about directed motion. As is the case for

photosynthesis, scientist can only marvel at the complexity and diversity of systems nature

has produced (e.g. linear motion in the skeletal muscle2 and rotary motion by the enzyme

ATP synthase3) but they are strongly inspired to mimic it. Especially light-driven machines

are interesting in this respect. There are, however, only a few examples known in which there

has been accomplished true light-driven unidirectional motion. One of them is a system that

behaves like a light-driven rotor by Feringa et al.4,5 Movement in response to photochemical

stimuli has also been shown in rotaxanes.6,7 One alluring example makes use of a system that

displays photoinduced changes in hydrogen-bonding strengths to produce a reversible shut-

tling motion.8

In our group a class of Donor-bridge-Acceptor systems was synthesized that display

directed motion, driven by light excitation and of which BW1r (structure in Figure 8-1) is a

well studied example. On closer inspection it shows that BW1r is in fact a hydrogenated form

of the system 1 in Chapter 2. For semi-flexible systems like BW1r it was shown that the
111
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charge separation that follows upon photo-excitation, provides a strong Coulombic driving

force for conformational changes.9-11 These changes include an interconversion from the

preferred (ground state) chair conformation of the piperidine bridging moiety to the (twist)

boat form. A schematic representation of this so called harpooning process is depicted in

Figure 8-1. The mechanism implies that an intermediate extended charge transfer state (ECT)

with a separation distance of ca. 5 Å is formed prior to the conformational changes. The

chair-boat flip and rotation around the bonds linking the acceptor reduces the D-A distance

to approximately 3 Å and yields the exciplex-like compact charge transfer (CCT) state. Evi-

dence for this was found by time-resolved and temperature dependent measurements of the

CT fluorescence that typically emerges from the ECT state at significantly higher frequency

(hν in Figure 8-1) than from the CCT state (hν’ in Figure 8-1).

Figure 8-1. Schematic representation of the harpooning mechanism (ECT=extended
charge transfer, CCT=compact charge transfer). BW1r is an example of a harpooning DbA
system.

In this Chapter another way is presented to prove the occurrence of the harpooning mecha-

nism as it was described above. By replacing the piperidine bridge of the BW1r system by a

tropane bridge (by changing the precursor from 1 to 2), the system is changed in such a way

that there are two isomeric forms possible (see Figure 8-2).

Figure 8-2. Structures of the two isomeric (exo and endo) forms of RFT.
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One isomer in which the acceptor projects out of the cavity on the concave side of the

bicyclic ring (named RFTexo), is expected to be able to undergo harpooning as is the case in

BW1r. For the other isomer, RFTendo, it is anticipated that chair to (twist) boat ring flip of the

central tropane bridging unit does not result in a large reduction of the donor-acceptor dis-

tance, which is the driving (Coulombic) force for the folding process. The endo form is thus

expected to be devoid of harpooning and will only fluoresce from the extended charge trans-

fer state.

We will furthermore, in part B, study the U-shaped DbA system DPN[8cy]DCV

(Figure 8-3) by looking at its temperature dependent behaviour in a glass forming solvent.

DPN[8cy]DCV was recently found 12 to display detectable CT fluorescence over a wide sol-

vent polarity range, albeit with a quantum yield of only about 1%. For the solvent we have

chosen methylcyclohexane (MCH) because of its well established13 glass forming behaviour

(Tg=85 K, Tm=146 K).

From steady state fluorescence data, it was proposed that,

upon photoinduced charge separation, the electrostatic

forces in the CT state enforce a considerable reduction of

the centre-to-centre D/A distance, which was also sup-

ported by preliminary ab-initio calculations on a model of

DPN[8cy]DCV.12,14 This conformational collapse is

largely brought about by pyramidalisation of the acceptor

radical anion, with additional bending in the other parts

(donor radical cation and bridge) of the molecule. If pho-

toinduced bending indeed occurs in this system, this is de

facto also a harpooning process.

PART A HARPOONING IN EXTENDED DBA SYSTEMS

8.2 Synthesis

8.2.1 Catalytic hydrogenation of 2 to RFT

At first sight the synthesis of RFT may appear to be rather straightforward knowing that its

precursor, the DbA system 2 (Chapter 2), is available. However, numerous attempts to cata-

lytically hydrogenate the exocyclic double bond at moderate pressures (3 bar) in a Parr appa-

ratus failed. We were eventually able to perform the reduction of only a small amount under

CN
NC

Ph

Ph

Figure 8-3. Structure of
the 8-bond U-shaped DbA
system.
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high pressure (80 bar) in an autoclave using Pd/C as the catalyst and ethylacetate as solvent.

However, this result was not reproducible. In a more inert solvent such as tetrahydrofuran the

reduction is not limited to the double bond: from infrared spectroscopy it was concluded that

also the nitrile on the acceptor is reduced. Apart from the limited yield of RFT, it also proved

troublesome to separate both isomers. We were only able to obtain the one isomer (A) in pure

form. The purest fraction of isomer B still contained 15% of isomer A.

Figure 8-4. Synthesis of RFT, starting from system 2 using a catalytic hydrogenation.

8.2.2 Exo/endo assignment of isomers A and B

From both reversed phase HPLC (CH3CN:H2O 1:1) and 1H-NMR data (400 MHz, CDCl3,

listed in Table 8-1) we were able to determine that the isomers have been formed in a 7:3

(A:B) ratio. Difference 1H-NOE experiments were done on isomer A to assign the signals

and to distinguish between the isomers (see for numbering: Figure 8-5). From the chemical

shifts, multiplicities and intensities we were immediately able to attribute the multiplet at

4.23 ppm to the bridgehead protons 6 and 7, the doublet at 3.28 ppm to the CH2 at the accep-

tor side (13) and the multiplet at 2.10 ppm to proton 12. This leaves four signals with an

intensity of 2Hs each in the aliphatic region to be assigned at 2.28, 2.20, 2.00 and 1.34 ppm

(see Table 8-1). From the coupling patterns and the NOE results it is clear that the signals at

2.28 and 1.34 ppm respectively at 2.20 and 2.00 ppm belong to protons with geminal inter-

actions i.e. either those at C8/9 or at C10/11. Irradiating H6/7 causes strong NOE effects on

three of these signals but not on that at 2.00 ppm. The latter can therefore be assigned to

H8/9endo and as a consequence the signal at 2.20 ppm is assigned to H8/9exo.

Saturating the CH2 (13) only has an effect - in the alifatic part - on 2.10 ppm (12), the

signal at 1.34 ppm, and the signal at 2.00 ppm - which we now know to be H8/9endo. This can

only be the case if isomer A is in fact the endo isomer. In combination with NMR data

obtained earlier for 215 a full assignment of the spectrum of this endo isomer could be made.

N

CN

N

CN

 Pd/C, ethylacetate
80 bar, 303 K

H2

2 RFT
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Figure 8-5. Numbering of RFT in its endo and exo form. The protons 8+9 that are directed
towards the nitrogen are exo (8x and 9x)

Table 8-1. 1H-NMR data of isomer A and B of RFT (400 MHz, CDCl3).

A (endo) B (exo)

δ (ppm) Relative
intensity

Multipl. Proton δ (ppm) Relative
intensity

Multipl. Proton

8.25 1H d 17 8.28 1H d 17

7.95 1H d 16 8.04 (7.95) 1H d 16

7.83 1H d 15 7.80 (7.83) 1H d 15

7.62 2H AB 18 & 19 7.69 (7.62) 2H AB 18 & 19

7.32 1H m 14 7.26 2H br. t 2 & 3

7.17 2H t 2 & 3 7.25 1H s 14

6.73 2H d 4 & 5 6.78 (6.73) 2H d 4 & 5

6.65 1H t 1 6.73 1H t 1

4.23 2H m 6 & 7 4.22 2H m 6 & 7

3.28 2H d 13 2.87 2H d 13

2.28 2H dt 10 & 11 (ax) 2.35 1H m 12

2.20 2H m 8 & 9 (exo) 2.00 2H dd *

2.10 1H m 12 1.73 2H t 10 & 11 (ax)

2.00 2H dd 8 & 9 (endo) 1.65 2H d *

1.34 2H br.d 10 & 11 (eq) 1.36 2H br.d. 10 & 11 (eq)

* No assignment could be made
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8.3 Photophysical measurements

8.3.1 Electronic absorption

The absorption spectra of the endo isomer of

RFT and a 15:85 endo:exo mixture are shown in

Figure 8-6. Due to the extremely small quantities

of the available fractions it was not possible to

determine the molar absorption coefficients. It

can be seen that the spectra largely coincide,

showing the typical structured absorption at

300 nm of the cyanonaphthalene acceptor and

aniline absorption at 257 nm. Allthough there

appears to be a (very) small difference in the ratio

between the 300 nm and 257 nm absorption, it is

very unlikely that this is caused by ground state

interaction between donor and acceptor, in a system where they are separated by five sigma

bonds.

8.3.2 Steady state fluorescence of the RFT isomers

Whereas the electronic absorption of the endo and exo isomer is thus very similar, their fluo-

rescence spectra are quite different. Steady state fluorescence spectra of different exo/endo

mixtures were measured in cyclohexane upon excitation at 300 nm and are shown in

Figure 8-7. The solution of pure endo isomer displays a fluorescence with a maximum posi-

tioned at 385 nm. From the different mixtures it was also possible to reconstruct the fluores-

cence spectrum of the exo isomer and this has its maximum at 438 nm (see right side of

Figure 8-7). Both the excitation spectra of the emission at 385 nm and of the emission at

438 nm coincide with the absorption spectra shown above, which rules out the possibility of

fluorescing impurities.

The fluorescence of the exo isomer at 438 nm is considerably red-shifted from that of

2 in the same solvent (420 nm) even though the acceptor is weaker than in 2, and in fact it

more resembles the fluorescence of the intermolecular exciplex between 1-cyano-4-methyl-

naphthalene and N,N-diethylaniline in the same solvent.16 It thus appears that, similar to

BW1r, RFTexo is subject to harpooning in a non polar solvent like cyclohexane leading to

fluorescence from a compact charge transfer state (CCT). The fluorescence at 385 nm of the
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A
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350300250200
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 100:0
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Figure 8-6. Absorption spectra of the
endo isomer (contin. line) and a mix-
ture of both isomers (dashed line).
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endo isomer is not local fluorescence, which is expected at 340 nm17, but it closely matches

the short wavelength emission that was obtained when BW1r was cooled in methylcyclohex-

ane and folding was suppressed11 - and can thus be attributed to emission from an extended

charge transfer state (ECT). In other words: no harpooning takes place in RFTendo because

not much Coulombic energy can be gained by conformational changes in this compound. The

hypsochromic shift of 3150 cm-1 of the CCT emission compared to the ECT emission in

cyclohexane implies for a point charge model that the distance between donor and acceptor

is reduced by: 1/RCCT -1/RECT = 3150×εs/115.7×103, in which RCCT refers to the distance

between the charges in the CCT state and RECT the distance in the ECT state. If we assume

a distance in the ECT state of 4.8 Å, this comes down to a distance of 3.8 Å in the ECT state.

From the relative intensities of the ECT and CCT emission we furthermore infer that

the quantum yield of CCT fluorescence in RFTexo is about 4 times lower than that of the ECT

fluorescence in RFTendo.

Figure 8-7. Left: steady state fluorescence spectra of several fractions containing a different
ratio of RFTendo and RFTexo. Right: the deduced contributions of the separate isomers; the
endo displaying fluorescence from an ECT state, the exo from a CCT state.

PART B BENDING IN A U SHAPED DBA SYSTEM

8.4 Impeding the conformational collapse in MCH by cooling

The U-shaped DbA system DPN[8cy]DCV (Figure 8-3) was recently18 found to display sol-

vatochromic CT-fluorescence with a small quantum yield (see Table 8-2). If the same Lip-

pert-Mataga analysis is applied as in Section 7.3.2 (page 99) by comparing the data with the

solvatochromic behaviour of 1 (=FP), it is found that νCT (DPN[8cy]DCV)=
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0.55×νCT (FP)+9025 [cm-1]. This leads to an estimation for the excited state dipole moment

of µCT=20 D and circa 4.2 Å for the charge separation distance, which is certainly smaller

than the 5.8 Å predicted for the D-A distance by molecular modelling of the ground state con-

formation. The data furthermore imply that this reduced distance applies to the geometry in

non-polar as well as polar solvents, notwithstanding the fact that electrostatic interactions are

reduced in the latter.

In Figure 8-8 we compare the thermochromic behaviour of DPN[8cy]DCV with that of 1

(Chapter 2) in MCH over the 77-293 K temperature range. In contrast to the situation in

MTHF (see Section 2.3.1) system 1 displays only a very minor thermochromism in MCH.

This is, of course, fully in line with the explanation given for the huge thermochromic effects

observed in MTHF in terms of rotational relaxation of the solvent dipoles around the giant

dipolar CT state of 1. The molecular dipole moment of MCH (calculated in AM1 to be

0.01 D) is negligible, compared to that of MTHF (calculated in AM1 to be 1.67 D, and

measured13 to be 1.38 D), while also the molecular polarizability tensor of MCH is expected

to be close to spherical. As a result, the maximum amplitude of the thermochromic effect for

1 over the temperature range studied amounts only to 520 cm-1 in MCH, compared to

6720 cm-1 in MTHF. The lack of significant thermochromism for 1 in MCH again indicates

that also in MCH 1 retains its extended conformation in the CT fluorescent state (see

Chapter 7) even though the electrostatic forces that try to reduce the D/A distance are

stronger in MCH than in MTHF. More convincing evidence for this arises by comparison

with the thermochromic behaviour of DPN[8cy]DCV in MCH (see Figure 8-8). Upon cool-

ing down from 293 K the CT fluorescence of DPN[8cy]DCV initially undergoes a modest

red-shift of a magnitude comparable to that observed for 1. As explained Chapter 2, this can

readily be attributed to the (in this case slight) increase of the solvent ∆f value, mainly as a

result of the increased density. For 1 this modest red-shift pertains down to temperatures at

which we enter the super-cooled liquid regime (TM=146 K)19 and is then substituted by an

equally modest blue-shift upon further cooling into the glass forming region (TG=85 K).

Table 8-2. CT fluorescence maxima (103 cm-1) and quantum yields for DPN[8cy]DCV. (reprinted
from 18); values between parentheses refer to νct of 1

solvent νct Φ(%) solvent νct Φ(%)

n-hexane (24.6) 22.4 0.97 diethylether (19.5) 20.2 0.89

cyclohexane (24.4) 22.2 0.80 ethylacetate (17.5) 19.0 0.70

benzene (20.9) 20.6 1.14 tetrahydrofuran (17.5) 19.1 0.89

di-n-pentylether 21.1 1.26 dichloromethane (17.3) 18.1 1.13

di-n-butylether (21.5) 20.6 1.09 acetonitrile (14.4) 16.4 0.20
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However, in the 190-170 K region the CT fluorescence of DPN[8cy]DCV undergoes a sharp

(reversible) blue-shift of about 2100 cm-1 and then levels off again. This sudden jump in the

emission frequency can be understood if we assume that it is related to a (partial) freezing-

out of the electrostatically driven conformational change that diminishes the D/A distance in

the CT state of DPN[8cy]DCV. It is important to point out that at 170 K MCH is still an

(undercooled) liquid and that at first sight it is quite amazing that the barrierless conforma-

tional collapse of the CT state can be impeded at all under these conditions. That implies that

around 180 K the rate of the conformational change takes place on a time scale comparable

with the fluorescence lifetime τf which is about 25 ns. If the rate would be determined by an

internal conformational barrier, and shows Arrhenius type behaviour, the activation energy

to cross that barrier should amount to about 3.5 kcal/mole to reach a crossing time of 25 ns

at 180 K. However, the thermochromic jump observed occurs in a much too narrow temper-

ature region to be explained by an Arrhenius type behaviour, that is also depicted in

Figure 8-8 (dotted line). It therefore is relevant to note that below 208 K the viscosity of

MCH is known20 to increase in a non-Arrhenius fashion. This has been interpreted to imply

that the rotational freedom of the solvent becomes restricted to rotation around a single axis,

which may imply that pushing aside MCH solvent molecules by e.g. rotation around their

short axis during the conformational collapse of the CT state in DPN[8cy]DCV also becomes

impossible below a sharply defined temperature in the region in which MCH displays such

non-Arrhenius viscosity behaviour.

Figure 8-8. Thermochromic shift of the CT fluorescence for 1 and DPN[8cy]DCV in MCH.
Note the sharp and excitation wavelength independent blue-shift of DPN[8cy]DCV upon
cooling below 190 K. The dotted line describes the theoretical position of the fluorescence
maximum when the temperature dependence for folding displays an Arrhenius-type behav-
iour (using an activation energy of 3.5 kcal/mol, a τf of 25 ns and a pre-exponential factor of
5x1012 s-1).
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That the origin of the hypsochromic shift of 2100 cm-1 is probably due to the CT state

of DPN[8cy]DCV adopting different geometries in MCH depending on the temperature

receives support from a combination of gas phase UHF and DFT calculations on a closely

related model DMN[8cy]DCV.22 This model (see Figure 8-9) contains the same 1,1-dicy-

anovinyl (DCV) acceptor as DPN[8cy]DCV and the same 8-bond bridge but the 1,4-diphe-

nylnaphthalene donor unit of DPN[8cy]DCV is substituted by a 1,4-dimethoxynaphthalene

(DMN) donor unit. It has been demonstrated that the UHF/3-21G level of theory gives satis-

factory optimized geometries of CT states.14,21 In the ground state of DMN[8cy]DCV both

the DMN moiety and the DCV group are essentially planar. This is not the case, however, in

the CT state, +DMN[8cy]DCV-: The DCV- group is quite strongly pyramidalized about C7,

with a pyramidalization angle, θ, of 34.6°. The +DMN radical cation group and the norbor-

nylogous bridge are also slightly distorted, compared to their ground state geometries. The

distortions experienced in the CT state combine to bring the +DMN and DCV- groups into

close proximity, the driving force being electrostatic stabilization in origin.

Figure 8-9. Calculated equilibrium conformations of DMN[8cy]DCV in the ground state (top)
and in the CT state (bottom).

A measure of the extent of contraction of the DMN-DCV distance, brought about by charge

separation, is the change in the magnitude of the distance between the centroid of the two

nitrogen atoms in the DCV group, and the centroid of the DMN ring. In the ground state, this

distance is 6.15 Å, whereas in the CT state, it shortens to only 3.94 Å. If the DCV- group in

the CT state were forced to be planar, then the centroid-centroid distance is 5.63 Å. In a point

charge model an increase of the D/A distance in the fluorescent CT state from 4 Å at temper-

atures above 190 K to 5.6 Å below 170 K corresponds to a decrease in the Coulomb stabili-
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zation of the CT state of 115.7×103 (1/4 - 1/5.6) = 8264/εs cm-1. In the temperature region

where the thermochromic jump occurs the dielectric permittivity of MCH is estimated to be

around εs=2.2 which implies that full prevention of the conformational collapse in

DPN[8cy]DCV would lead to a blue-shift of 3756 cm-1 of the CT fluorescence. Because the

effective permittivity across which the electrostatic attraction within the CT state of

DPN[8cy]DCV acts can only be approximated by that of the bulk MCH medium, we con-

clude that the disagreement between the observed thermochromic jump and that calculated

for the CT emission frequency difference between the two conformations depicted in

Figure 8-9 is acceptable.

The absence of local softening of the solvent shell in the low-temperature region by

excess excitation energy - which was already noted for 1 in MTHF (Section 2.3.2 on page 26)

- is further supported by the behaviour of DPN[8cy]DCV. Notwithstanding the extremely

sharply defined temperature range in which “switching” between CT emission of

DPN[8cy]DCV in MCH from two conformations occurs, no significant effects of the excita-

tion wavelength on this are observed (see Figure 8-8). In fact, excitation at 300 nm instead of

at 250 nm, which implies a decrease of the excess energy from about 0.83 eV to nearly zero,

induces a very small red-shift (i.e. a typical “red-edge” effect) instead of a blue-shift in the

low-temperature region, that could have been expected when the excess energy had been

employed in melting of the solvent shell.

8.5 Concluding remarks

Both RFT isomers presented in Part A are evidently extremely suitable for comparative stud-

ies including temperature-dependent, time-resolved and solvatochromic analysis to elucidate

further on the processes and intermediates involved in the harpooning proces. However, the

complications that arose in the synthesis, separation and purification have hampered us to do

such experiments. Two solutions to this problem come to mind: 1. preparative HPLC,

because it was possible to separate the isomers by reversed phase liquid chromatography; 2.

performing the reduction on a large scale so that the separation of both isomers can be done

by consecutive recrystallization steps.

In part B the thermochromicity data for DPN[8cy]DCV in MCH show that it is possi-

ble to restrict, at least in part, the electrostatically driven conformational collapse depicted in

Figure 8-9. An eventual conformational collapse of the extended CT state in 1 requires much

larger motions and especially also involves internal barriers related to a chair to (twist) boat

ring flip of the central piperidine bridge, that has only been found to occur when also the exo-

cyclic double bond is reduced (BW1r). Although DbA systems such as BW1r, RFTexo and
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DPN[8cy]DCV can be driven to display a directed motion in reaction to a light stimulus in

solution it must be noted that an actual application as ‘molecular switch’ in a device seems

not so feasible. Definitely if one considers that most devices require a solid state system,

making it unlikely that the reorientational changes still can take place on a timescale which

is short compared to the fluorescence lifetime.

8.6 Experimental

8.6.1 Synthesis

RFTendo/exo. 310 mg of 2 (synthesis in Section 2.5.1 on page 27) was dissolved in 20 ml of ethyl

acetate and a few miligrams of Pd/C were added to the solution. The solution was stirred and heated

to 40 °C in an autoclave under 80 bars of H2 pressure for 1 night. The solution was filtered to remove

the catalyst and the solvent was removed in vacuo. From NMR it was found that 2 was almost com-

pletely reduced. The product was purified by (flash)column chromatography (silica, THF) and

recrystalized from methanol to yield an off-white solid. The solid contains a 70:30 mixture of iso-

mers. Partial separation (into fractions of different ratios endo to exo) was performed by column

chromatography (silica) using pentane/t-butylmethylether (3:1) as eluent.

The synthesis of DPN[8cy]DCV was described previously.12

8.6.2 Spectroscopy

Electronic absorption and emission spectra were recorded in the same way as was already described

in Chapter 2. All temperature dependent measurements were carried out using degassed samples in

a nitrogen cooled optical cryostat (DN1704, Oxford Instruments) with controller (ITC4, Oxford

Instruments). In order to separate the rather weak fluorescence of DPN[8cy]DCV from impurity

luminescence of the MCH solvent at low temperatures as well as from the phosphorescence of

DPN[8cy]DCV itself, that set on when the solvent rigidifies, time-gated fluorescence detection was

used. For excitation a Q-switched Nd-YAG laser (Infinity, Coherent) at 10 Hz was employed. In this

system the frequency tripled output (355 nm) of the YAG laser pumps a broad-band optical paramet-

ric oscillator and the signal beam of this is frequency doubled to obtain tunable pulses in the near UV

(~1.5 mJ/pulse, 2 ns fwhm, 220 - 350 nm). The fluorescence emerging from the sample is collected

via a spectrograph (SpectraPro-150, Acton) which disperses it on a gated intensified CCD camera

(ICCD-576-G/RB-EM, Princeton Instruments). A gatewidth of 30 ns was used, starting 25 ns after

the laser pulse. Thereby prompt local fluorescence and the long lived phosphorescence were

excluded from the signal.
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Summary

Electron Donor-bridge-Acceptor (DbA) systems have been studied extensively - especially in

solution - by our research group. Some of these DbA systems have been found earlier to dis-

play strong charge-transfer (CT) fluorescence in solution and to retain these photolumines-

cent properties in solid matrices. In this Thesis we look deeper not only into the

photoluminescence but especially also into the electroluminescence of DbA systems in solid

matrices. The insight we obtain with regard to the electroluminescent processes in such sys-

tems, may be of importance for the production of an efficient organic (blue-) light-emitting

diode. Extra efficiency is thought to be brought about by the specific CT character of the lumi-

nescence from DbA systems. The basis for this presumption is explained in Chapter 1, which

also introduces the history of research in the field of electroluminescence and the develop-

ment of the organic light-emitting diode on the one side, and the background of photoinduced

electron transfer and the phenomenon of CT fluorescence on the other.

Chapter 2 describes a number of synthetic modifications that were made to the already

highly CT fluorescent Donor-bridge-Acceptor system Fluoroprobe. These include replace-

ment of the piperidine bridging moiety by a tropane unit and replacement of the vinylcyano-

naphthalene by the weaker electron acceptor vinylpyrene. Photophysical measurements

demonstrate that not only the ground state (through bond) donor-acceptor interaction

increases but also that the radiative properties, especially in nonpolar media, are augmented.

The first is mainly due to the altered conformational preference of the donor with respect to

the bridge, the latter is a result of the strongly diminished radiationless decay which is con-

nected to suppresion of excited state twisting of the vinylic bond in the acceptor. Furthermore,

temperature dependent fluorescence measurements in methyltetrahydrofuran reveal that if

reorientation of the solvent dipoles surrounding the CT excited molecule starts to take place

on a longer timescale than the excited state decay, fluorescence will occur from not fully

relaxed states. This leads to an unprecedented thermochromic shift of the fluorescence.

Chapter 3 shows the consequences of the latter for CT emission in solid media like pol-

ymers and a room temperature glass: the position and quantum yield of the fluorescence are

governed by both the polarity and the amount of reorganisation achievable in the time-

window of fluorescence. For higher concentrations of the DbA dopant stabilization of the CT

excited state is partly brought about by preferential solvation from other DbA molecules. Sub-

sequently it is shown that in polyvinylcarbazole energy transfer from the polymer to the DbA

molecule occurs on a sub-nanosecond timescale for various low dopant concentrations.

In Chapter 4 we see how CT electroluminescence is obtained by making light-emitting

diodes with our DbA systems in a thin film of polystyrene or polyvinylcarbazole (PVK) sand-
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wiched between a transparent anode (ITO) and a metal (Ba/Al) cathode. While PVK provides

for an additional pathway for holes to flow through the device, eventually in both polymers a

radical cation (created at the anode by hole injection) and anion (created at the cathode by

electron injection) are captured within one DbA molecule to yield the luminescent CT excited

state. Even though brightnesses for blue light up to 1000 cd/m2 are achieved, the relatively

high current and turn-on voltage make the performance in terms of (power) efficiency poor.

Notwithstanding the fact that water and air were excluded from the devices, the diodes are

prone to rapid degradation, probably as a result of reactivity of the radical ions created.

Adding a hole-transport layer - that is widely used in most polymer diodes - to our devices

has a dramatic quenching effect on the light-output of the diodes (Chapter 5). Also other mod-

ifications to the composition of the diode fail to seriously improve the device performance or

stability.

Chapter 6 proves that with regard to diode efficiency the best results are obtained by

raising the concentration of the DbA molecules to 100%, i.e. by vacuum deposition of the

compounds. In a so-called OLED - without specific optimization steps taken - an external effi-

ciency of 1.6% photons/electrons can be reached, which is a reasonable initial performance

for a blue diode. Also in these diodes degradation is observed, which urges us to look for

another DbA system that is expected to be more stable in the CT excited state. The synthesis

and photophysical characterisation of such an alternative DbA compound is subject of Chap-

ter 7. As the instability in our DbA compounds was inferred to stem mainly from the dialkyl-

aniline radical cation, the donor is replaced by dimethoxynaphthalene, which also requires the

use of another bridging moiety in order to connect to the acceptor with three sigma bonds. It

turns out that in spite of the choice of a presumably inert donor (and acceptor), the compound

is not stable enough to survive on the timescale of electrochemical experiments which is evi-

dently needed for enduring performance in a light-emitting diode. However, the newly syn-

thesised compound does prove worthwhile - as a result of its rigidity - to confirm previous

assumptions about the absence of large conformational changes in other DbA systems pre-

sented in this Thesis upon excitation to the CT state. Chapter 8 finally describes two semi-

flexible DbA systems that display conformational changes upon photoinduced charge separa-

tion. For the first system there are two isomers available, only one of which undergoes a chair

to boat ring conversion in its bridge as a result of the Coulombic attraction between the radical

ions on donor and acceptor. The other isomer is devoid of such harpooning behaviour. For the

second (U-shaped) system it is shown that bending within the molecule upon charge separa-

tion can be effectively stopped by cooling down the medium. From the small temperature

domain in which the bending comes to a halt we infer a non-Arrhenius type bending process.



Samenvatting

In onze onderzoeksgroep is uitgebreid onderzoek gedaan naar elektron Donor-brug-Acceptor

(DbA) verbindingen, in het bijzonder in oplossing. In een eerder stadium werd reeds

gevonden dat bepaalde DbA systemen een sterke fluorescentie ten gevolge van

ladingsoverdracht (charge transfer=CT) vertonen in oplossing, en dat deze eigenschap

behouden blijft in een vaste matrix. In dit proefschrift wordt niet alleen de fotoluminescentie

maar ook de elektroluminescentie van DbA systemen in vaste matrices verder bestudeerd. De

inzichten die we verkrijgen met betrekking tot de elektroluminescente processen in zulke

systemen kunnen belangrijk zijn voor de ontwikkeling van efficiënte (blauw) licht-

emitterende diodes (LEDs). Het concept waarop dit gebaseerd is, wordt gepresenteerd in

hoofdstuk 1, waarin tevens de geschiedenis van zowel het onderzoek op het gebied van

elektroluminescentie en de organische LED als de theoretische achtergrond van foto-

geïnduceerde ladingsoverdracht en het verschijnsel van CT fluorescentie worden beschreven.

Hoofdstuk 2 beschrijft een aantal synthetische aanpassingen die zijn gemaakt op een

sterk CT-fluorescerend DbA systeem, Fluoroprobe. De veranderingen omvatten onder andere

een vervanging van de piperidine brug door een tropaan eenheid en de vervanging van de

vinylcyanonaftaleen door de zwakkere elektron acceptor vinylpyreen. Fotofysische metingen

tonen aan dat hierdoor niet alleen de donor-acceptor interactie in de grondtoestand versterkt

wordt, maar ook dat de fluorescerende eigenschappen, vooral in apolaire media, verbeteren.

Het eerste is vooral een gevolg van de veranderde voorkeursconformatie van de donor ten

opzichte van de brug; het tweede wordt veroorzaakt door een verminderd stralingsloos verval,

teweeg gebracht door onderdrukking van torsie in de aangeslagen toestand van de dubbele

binding in de acceptor. Verder blijkt uit temperatuursafhankelijke metingen dat de

fluorescentie wordt uitgezonden vanuit niet-volledig gerelaxeerde toestanden, wanneer de

oriëntatie van de oplosmiddeldipolen om het geëxciteerde CT molecuul plaats vindt op een

langere tijdschaal dan het verval van de aangeslagen toestand. Dit leidt tot een niet eerder

vertoonde thermochrome verschuiving van de fluorescentie.

Hoofdstuk 3 laat de gevolgen van dit laatste zien voor CT emissie in vaste media zoals

polymeren en een glas bij kamertemperatuur: de positie van het maximum en de fluorescentie

quantumopbrengst worden bepaald door zowel de polariteit als de graad van reorganisatie die

mogelijk is binnen het tijdsdomein van fluorescentie. Bij hogere DbA dopingconcentraties

wordt de stabilisatie van de CT toestand gedeeltelijk veroorzaakt door andere DbA

moleculen. Vervolgens wordt getoond hoe in polyvinylcarbazol bij verschillende lage

dopingconcentraties energieoverdracht plaats vindt van polymeer naar DbA molecuul op een

subnanoseconde tijdschaal. In hoofdstuk 4 zien we hoe met onze systemen CT elektrolumi-
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nescentie wordt gemaakt in licht-emitterende diodes bestaande uit een dunne DbA gedoopte

polymeerfilm van polystyreen of polyvinylcarbazol (PVK) tussen een transparante anode

(ITO) en een metaalkathode (Ba/Al). Het PVK zelf voorziet het systeem van een extra pad

voor gaten om door de laag te gaan, maar uiteindelijk worden in beide polymeren het radikaal

kation (gevormd aan de anode door gateninjectie) en het radikaal anion (gevormd aan de

anode door elektroninjectie) gevangen binnen één DbA molecuul, waarbij de luminescente

CT toestand tot stand komt. Ook al worden lichtsterktes tot 1000 cd/m2 gehaald, door de

relatief hoge stroom en “turn-on” spanning is de efficiëntie van de diode laag. Ondanks het

feit dat de diodes beschermd zijn tegen invloeden van water en lucht, vertonen zij een snelle

degradatie, waarschijnlijk als gevolg van de reactiviteit van de gevormde radicaal ionen. De

toevoeging van een gatengeleidende laag - die in de meeste polymere diodes wordt gebruikt

- heeft een dramatisch lichtdovend effect voor onze diodes. Ook andere aanpassingen aan de

diode leiden niet tot een serieuze verbetering in de prestatie of stabiliteit.

In hoofdstuk 6 blijkt dat de efficiëntste diodes worden gemaakt door de concentratie

van DbA moleculen te verhogen tot 100%, d.w.z. door gebruik te maken van pure DbA lagen,

verkregen via sublimatie. In een zogenoemde OLED wordt, zonder een specifieke

optimalisatie, een externe efficiëntie van 1.6% fotonen/elektronen gehaald, wat een redelijke

initiële prestatie is voor een blauwe diode. Ook nu wordt echter degradatie waargenomen, wat

ons er toe heeft aangezet een ander DbA systeem te ontwikkelen dat mogelijk stabieler is in

de CT toestand. De synthese en fotofysische karakterisatie van zo’n alternatief is onderwerp

van hoofdstuk 7. Omdat vermoedelijk de instabiliteit in onze DbA systemen wordt

veroorzaakt door het dialkylaniline radikaal kation, wordt de donor vervangen door

dimethoxynaftaleen. Dit vereist ook een andere brug om nog met drie sigma bindingen

verbonden te zijn met de acceptor. Het blijkt dat ondanks de keuze voor een vermoedelijk

inerte donor (en acceptor) de verbinding niet stabiel genoeg is om de duur van

elektrochemische experimenten te overleven, iets wat duidelijk nodig is om langer te kunnen

werken in een diode. Wel is de nieuwe verbinding nuttig - vanwege z’n rigiditeit - om eerdere

aannames te kunnen staven met betrekking tot het uitblijven van grote conformationele

veranderingen, na fotoëxcitatie naar de CT toestand, in de andere DbA systemen uit dit

proefschrift. Hoofdstuk 8 tenslotte beschrijft twee semi-flexibele DbA systemen die wel

fotogeïnduceerde conformationele veranderingen ten toon spreiden. Van het eerste systeem

zijn twee isomeren gemaakt, waarvan slechts één een stoel-boot conversie in de brug

ondergaat als gevolg van de Coulomb aantrekking tussen de radikaal ionen op donor en

acceptor. In het andere isomeer is dit zogenoemde “harpoeneer” gedrag afwezig. Voor het

tweede (U-vormige) systeem wordt aangetoond dat een buigproces in het molecuul na

ladingsscheiding effectief kan worden stilgelegd door het medium af te koelen. Uit het smalle

temperatuursdomein waarbinnen dit gebeurt leiden we af dat het buigproces niet Arrhenius-

achtig verloopt.
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