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ABSTRACT

Light generation in organic light emitting diodes (OLEDs) requires the
recombination of electron-hole pairs at a p-n junction. Radiative recombination has been
investigated with solution electrochemical studies of the principal lumophores, dopants,
and hole-transport agents of small molecule OLEDs. We have found that solution
electrogenerated chemiluminescent (ECL) reactions between radical anion and cation
states of OLED components model the spectral output and efficiency of solid-state
electroluminescence.

These studies have shown that the molecular structures of

commonly used materials in OLEDs are not optimized. ECL has been used to develop
and optimize new materials that dramatically improve device performance. The results
of the ECL experiments can be explained using commonly accepted electron transfer
theories.
Nonaqueous electrochemistry and spectroelectrochemistry have been used to study
the energetics and stability of radical cation states of new and existing biphenyl-bistriarylamines (TPDs), triphenylamines, and carbazoles, common hole-transport materials
in OLEDs. We have established that these triarylamines, upon anodic oxidation, cation
radicals with widely variable stability that react via coupling-deprotonation to form a
neutral dimer. We have quantified the decay of these reactions by following the visible
absorption decay of the cation radicals. The stability of these states to dimerization
reactions is critically dependent on molecular structure.

We speculate that these

19

dimeiization reactions could occur in the solid state, and that this reaction could lead to
OLED degradation, since it involves the loss of a proton.
Derivatives of 9,10-diphenylanthracene were synthesized for use as Forster energy
transfer dopants and stable charge traps in OLEDs. Cyclic voltammetry shows that these
compounds form stable radical cation and anion states in nonaqueous electrolytes.
Introduction of substituents to the anthracene ring can modify the HOMO - LUMO gap
of these structures. When these molecules are doped into poly(N-vinylcarbazole), they
act as Forster energy acceptors.

Photoluminescent and electroluminescent spectra of

these doped polymer composite films show that the luminescence originates from the
singlet excited state of the diphenylanthracenes. Preliminary results of single layer
OLEDs made from these materials are promising; device external quantum efficiencies
attained up to ca. 1.2 % and brightness up to 800 cd/m2 at 12 volts.

20

CHAPTER 1

INTRODUCTION

1.1. ORGANIC SEMICONDUCTOR DISPLAY MATERIALS.
Semiconductive electroluminescent (EL) materials are attractive for use in several
existing and emerging technologies, principally in flat panel displays/

3

In 1962, the first

commercially available solid-state thin film display device was produced, was a light4

emitting diode (LED) based on GaAsP. Fabrication, packaging, and lifetime problems
originally hampered development of this technology, and research was directed toward
investigating these issues. Today, HI-V semiconductor technology, such GaAs, GaP, and
GaN-based LEDs, have efficiencies and brightness in some spectral regions that exceed
those of fluorescent lamps, although, problems with these devices still persist One of the
major drawbacks of using these display materials is cost. The cost to build an inorganicbased, large scale LED fabrication facility can be 1-2 billion dollars. Additionally, m-V
based thin film devices require epitaxial growth to prevent debilitating defect density
levels, and environmental conditions needed to lattice match these materials to the single
crystal substrate require ultra-high vacuum (UHV) growth conditions. Another problem
with m-V materials is the difficulty of designing new materials with varying band gaps
that must also be compatible with the previously aforementioned film

growth

requirements. Because of these problems, traditional inorganic semiconductive materials

21

do not meet the requirements for commercially viable full color, large area displays.
One of the most promising technologies for large area displays is based on molecular and
polymeric organic semiconductive materials and their use in diode configurations.5 7
Interest in organic molecules for display materials started at about the same time the
first inorganic LEDs reached the commercial market.

In the early 1960's, many

investigators were reporting on the electroluminescent and electrochemiluminescent
behavior of organic materials. Electroluminescent behavior from millimeter-sized single
crystal anthracene was observed; however, interest in its use for display materials
subsided for many reasons. These materials had to be driven at high voltages (50-1000
volts), and the luminescence observed was weak hampering their effectiveness.8 °
Electrochemiluminescence was observed for many types of polyaromatic hydrocarbons,
such as 9,10-diphenylanthracene (DPA), dissolved in nonaqueous electrolyte solutions."
Electroluminescence from organic materials continued to be of minor interest over the
next two decades.12'13 Their use as practical display materials was not demonstrated until
1987, when Tang and Van Slyke at Kodak made a two layer organic light-emitting diode
14

(OLED) based on thin sublimed organic films (-100 nm).

The device comprised a layer

of 8-hydroxyquinoline (Alqs), an electron transport lumophore, and a layer of NJSFdiphenyI-N,N'-(3-methylphenyl)-l,l'-biphenyl-4,4'-diamine (TPD), a hole transport
agent (see Figure 1.1). With this device, they demonstrated that organic materials could
achieve display-like brightness and relatively high efficiencies at low drive voltages (~10
V) and, hence, established their potential use as viable materials in flat panel display
technology. The success of their research was principally the result of creating devices

22
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Figure 1.1. Cross sectional schematic of a two-layer organic light-emitting
diode operating under forward bias. This device is based on TPD and Al%
layers.
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that incorporated more than one very thin organic layer between the injecting electrodes
to encourage radiative recombination near the center of the device.5*15
After the initial reports of Tang et al., organic based LEDs have frequently been
shown to demonstrate many advantages over their inorganic counterparts.

Firstly,

fabrication of these devices is much less costly. Organic semiconductors used as active
materials in LEDs do not need to be deposited in UHV systems. Epitaxial growth is not a
requirement for organic materials and, in fact, amorphous materials are desired for their
superior optical and electronic properties. 15*

Another primary advantage of organic

semiconductors is the ease with which their properties can be modified by structural
changes. For instance, the band gap of organic materials can easily be modified in the
modem synthetic laboratory by incorporating property tailoring substituents into a useful
structure or by creating a completely new molecular design. 5
While molecular and polymeric semiconductors have many advantages for use in
LEDs, many material challenges still need to be overcome.6*7'16 Several organic lightemitting diode (OLED) structures still lack reasonable lifetimes and efficiencies,
particularly for the red and blue emitting devices required for commercial displays.
Furthermore, fundamental chemical and physical processes by which efficiency,
brightness, and lifetime enhancement occur in these devices are still poorly understood.
Previous research in this group has focused on understanding the energetic levels
and barriers that result when heterojunctions are formed with organic materials and how
17 18

this affects the performance of OLEDs. '

The research presented in this dissertation

arose" from this previous work; investigations were conducted to better understand the

24

fundamental processes occurring in OLEDs and to establish a set of molecular properties
necessary to create novel organic semiconductive materials for OLEDs. This work
investigates the ways molecular structure influences charge injection, transport, stability,
and radiative recombination. This is accomplished through the design and synthesis of
new materials and the detailed characterization of these materials using solution and
solid-state investigations.
This introduction serves to explain the rationale behind this work and to provide a
brief introduction to molecular and polymeric LEDs; it is by no means a comprehensive
review of organic electro-optic materials and their use in LEDs. Exhaustive reviews of
this field can be found in other sources.5*7'16

1.2. ORGANIC LIGHT-EMITTING DIODES AND RADICAL ION CHEMISTRY.

OLEDs are usually described in terms of band theory, i.e. conduction band, valence
band, traps, and free carriers. Figure 1.2 shows a schematic energy level diagram of an
ITO/TPD/AlqVAl OLED operating in forward bias. As with any solid-state bipolar
device, hole/electron injection can occur at a particular voltage. In band theory, it is
thought that holes (positive charge) from the ITO anode are injected into the valence
band of TPD, and electrons (negative charge) from A1 cathode are injected into the
conduction band of Alqg. Valence and conduction bands are depicted in Figure 1.2 a
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Alq3

Figure 1.2. Schematic energy level diagram of an OLED operating in forward bias. The
hole transport material, TPD, and electron transport material, Alqs, were chosen so that
their valence bands (solid lines) and conduction bands (segmented lines) are offset to
create energy barriers at the HTL/ETL interface. The arrows indicate tunneling and
recombination events that may occur in an operating device. The anode is assumed to be
indium-tin-oxide and the cathode is assumed to be aluminum.
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highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). Under the influence of a large electric field, these charges migrate toward the
TPD/Alqs interface, where they are blocked by energetic barriers.

Since the

luminescence originates from the singlet excited state of Alqj, the next step is thought by
many investigators to be a tunneling of holes from the TPD into Alqg's valence band.
This is followed by radiative recombination of electron rich and electron deficient forms
of Alq3 to yield the singlet state Alqs*5.14 This band model, however, only gives a
limited view of the energetic processes that may be occurring in such OLEDs and
provides little insight into the OLED stability problems observed.

1.2.1. Radical Ion Chemistry.
In organic materials, electrons and holes do not move in bands. In fact, holes and
electrons in organic materials, which are not highly conjugated polymers, are generally
19-27

found to be molecular radical ion states.

We have taken the view that charge

migration and recombination in terms of radical cation (hole) and radical anion (electron)
chemistry better describes charge transfer and recombination events in materials based on
weakly interacting molecular systems. Figure 1.3 shows a schematic view of the radical
ion chemical processes presumed to be occurring during the operation of an Alqs/TPD
bilayer OLED.
For electrical conductivity, this means that the charges are localized on individual
molecules for periods typically from 10*9 to 10"6 seconds and are not delocalized in
valence or conduction bands.22 Conduction occurs when a hole or electron hops from

<6*8

r
Aheat +

Alqf + TPD Alq3* +TPD0

WW

2.2 eV <; AE° * 3.1 eV

"O"™

Figure 1.3. Schematic of the electrochemical processes that occur in an OLED.
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one molecule to another under the influence of an electric field.

For instance, in TPD

the hole is actually the radical cation state, TPD**, of the parent neutral molecule. The
radical cation molecule does not migrate in the device; rather, the positive charge moves
by a series of simple electron transfer reactions to neighboring neutral molecules. A
series of hopping events can be shown in chemical terms as:

TPD**TPD TPD-*• TPD TPD+*TPD-* TPD TPD TPD**

[1]

This conduction process is just a series of simple self-exchange electron transfer
reactions. The driving force for directional conduction is supplied by the applied electric
field, and this process can be viewed as simple field-assisted
hopping event, a kinetic energy barrier needs to be overcome.

22

migration. With each
For charge migration in

organic materials, these barriers are approximately 0.1 eV. Thermionic excitation over
energy barriers is thought to be the primary mechanism; however, if energy barriers are
large enough, the high electric field

can cause charge to tunnel through barriers

associated with each hopping event Conduction in Alqa occurs by the same mechanism
but the majority carrier is an Alqs-* state.
hi this model, radical cations and anions diffuse toward the TPD/Alq3 interface. At
the interface, radical ions can undergo one of two electron transfer reactions. We have
hypothesized that the desired reaction would be an electron transfer reaction between the
TPD+"7Alq3-* states. Solution electrogenerated chemiluminescence (ECL) studies have
presumed that energy supplied by this cross reaction populates several different types of
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excited states; however, Alq3*s is the desired state. Other states can be generated as well.
As will be shown in Chapter 2, the following reactions are thermodynamically favorable:

Alq3*T and

TPD*t

TPD** +

Alq3~* —> TPD + Alq3*s

[2]

TPD** +

Alq3~* —> TPD + Alq3*T

[3]

TPD** +

AIq3~* -• TPD*t + Alq3

[4]

indicate the triplet states of Alq3 and

TPD,

respectively. Since the

spins of the recombining charges are uncorrected, some fraction is likely to form triplet
excited states. If one assumes statistically distributed final populations, generally been
found in solution ECL studies, 75% of recombination events will lead to the production
29

of triplets; thus, reactions [3] and [4] are more likely to occur than reaction [2].

There are many other energetic processes possible in a bilayer OLED that result
from events occurring within the bulk materials themselves or at the HTL/ETL interface.
Additional, electron transfer reactions may also occur at the TPD/Alq3 interface that are
thermodynamically unfavorable, such as:

TPD** + Alq3 -> TPD + Alq3**

[4]

TPD + Alqf* -» TPD" + Alq3

[5]

These reactions may occur in an operating OLED because the electric fields

these

charges experience at the interface are large enough for charge tunneling to occur through
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the energetic barriers. At the TPD/Alq3 interface, Schlaf et al. have estimated the barrier
to injection of holes into the AIq3 layer is ca. 0.3 eV and the barrier to injection of
electrons into the TPD layer to be ca. 0.4 eV.

Because of this, reaction [4] is more

likely to occur than reaction [5].
As previously stated, emission from the TPD/Alq3 device is only observed from
Alq3*s. While reaction [2] produces this state, other mechanisms are also possible, such
as:

Alq3~ + Alq-T -» Alq3 + AIq3*s

[6]

Alq3*T + AIq3*T

[7]

Alq3 + Alq3*s

Reaction [6] has been hypothesized to be the primary radiative recombination reaction
14

occurring in the bilayer OLED TPD/Alq3.

It should be noted that for [6] to occur [4]

must precede it. Previous studies suggest that singlet states can be populated by triplet3031

triplet annihilation processes like [7], as well.

The following radiative processe

produces the desired relaxation of Alq3*s:

Alq3*s —» Alq3 + hv

[8]

With single layer devices, where the electron transport (ET) lumophore is doped
into a hole transport (HT) polymer at ca. 30 % wt/wt (e.g. Alq3:poly(N-vinylcarbazole)),
several of the above energetic processes cannot occur. Figure 1.4 shows the energy
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PVK
Alq

Figure 1.4. Energy diagram of a single layer device composed of rTO/Alq3:PVK/Al.
The dashed lines indicate the energy levels of Alq3 and the solid lines indicate the energy
levels of the PVK.
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diagram of an OLED with this type of configuration. In such a device, previous studies
indicate that charge conduction will only occur through lowest energy HOMO and
LUMO states.19-20 This suggests that in an ITO/Alq3(30%):PVK/Al composite device,
holes can only exist as PVK** and electrons can only exist as Alqs™*. Thermodynamically
unfavorable processes like [4] and [5] cannot occur; therefore, radiative recombination
can only occur through the PVK**/ AUfc-* cross-reaction.
It is clear from this molecular chemical model that the efficiency and luminous
intensity of single and multilayer OLEDs can be limited by reactions like [2] and [6] and
32-34

that device might be improved through strategies that optimize such cross reactions.

1.2.2. Predictions and Implications of Electrochemical Model.
Band theory cannot predict or suggest ways to optimize OLED reactions like [2]
and [6]. With the use of the electron transfer model, many chemical theories and
strategies can be employed to optimize these electron transfer reactions.

Previous

solution studies of electron transfer reactions suggest optimization can be accomplished
by (a) modifying the thermodynamics to optimize the kinetics of such reactions, (b)
modifying the thermodynamics to optimize the pathway producing the emissive species,
and (c) increasing the stability of the radical cation and anion states by slight structural
35-37

changes to the molecule.
Implication A.

Marcus theories for electron transfer have been used to optimize the
thermodynamics and kinetics of cross-reactions occurring in solution. These theories are
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best depicted in terms of parabolic energy plots of the reactants and products on a
reaction coordinate axis. Figure 1.5 shows the energy wells of the products and reactants
vs. the reaction coordinate of a cross-reaction that can produce a singlet excited state.
The potential energies of reactants (Er) and products (Ep) plus their environment are
defined along a reaction coordinate. With such a system, the reaction's free-energy is
depicted as the difference in energy between the potential energy minima of the reactants
and products. The kinetic energy barrier for the forward reaction is depicted by the
difference in energy between the transition state energy, where potential energy surfaces
intersect, and the minimum of the potential energy surface of the reactants. The figure
shows three related reactions, differing in reaction potential energy (AE). For each
reaction the thermodynamics of the reaction are sufficient to populate the singlet excited
state directly. It can be easily seen that when AE is initially increased, the kinetic barrier
decreases. That barrier is seen to vanish at some AE and then to increase again. In terms
of OLEDs, this theory clearly predicts that the efficiency of cross-reactions like [2] and
[6] can be made more efficient by modifying recombination energy in order to minimize
or eliminate the reaction kinetic barrier.36
The electrochemical model also gives insight into how and what excited states are
produced in OLEDs. In addition to controlling the kinetics, the energetics of a charge
transfer reaction also determines the pathway by which the excited state is formed,

34

Reaction Coordinate
Figure 1.5. plot of the energy E vs. the reaction coordinate for reactant (R) and products
(P), for three different values of &E.
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whether directly or indirectly. Freed and Faulkner demonstrated that a critical electron
transfer enthalpy must be exceeded if radiative recombination is to be achieved.

It has

been observed that for direct formation of the singlet state, the energy released by a
reaction must be in excess of the energy of the emissive state. The equation found to
govern this concept is as follows:

AErxn > AHS - TAS

[9]

For equation [9], the enthalpy term is the energy of the emissive state and the entropy
term has been found to be about 0.1 - 0.2 eV.
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Electron-transfer reactions not meeting

this energy requirement are known as energy deficient systems, and the production of the
singlet excited state proceeds through a triplet-triplet annihilation process, such as
reaction [7],
The difference between energy-sufficient and energy-deficient situations can be
understood from Figure 1.6.36 In Figure 1.6a, the reactant curve (R*~ + R~*) and product
curves cross in such a way as to produce either a singlet excited state (R*s + R) or a
ground state (R + R) exothennically. Since the kinetic barrier for the formation of R*s
product is smaller, it is the major reaction product Under such circumstances the direct
population of the singlet excited state is possible. Figure 1.6b depicts an energy deficient
system. In this plot, the singlet state product (R*s + R) crosses the reactant curve such
that the process has a high kinetic barrier and is therefore endothermic. The triplet
product, on the other hand is accessible thermally and thermodynamically and is
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Figure 1.6. (a) Energy sufficient for direct singlet formation by radical annihilation, and
(b) energy insufficient for singlet formation, but sufficient for triplet formation by radical
ion annihilation.
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therefore most probable.

Singlet formation can occur through the triplet-triplet

annihilation pathway, known to be much less efficient at populating singlet states.

Implication B.
The electrochemical model also lets one understand the role radical ion stability in
device optimization and possibly the reason these devices are often unstable. If the
radical cation and anion states are not stable, then the device will not be stable. In order
for the charge transport material to be chemically stable, it is necessary that the radical
ion states in these materials be stable until such time as they are neutralized, either by
recombination or by exiting the opposing electrode. Decay of the radical ion state by
other mechanisms, such as reactions with impurities or ionic polymerization, may
produce products that cause device degradation.7
The time during which stability is required may be estimated from the mobility of
radical cations and anions. Estimation can be accomplished by assuming the thickness of
a device is L = 100 nm and the drift mobility of a charge is jj. = 10"6 cm2/V s at the field
of E = 106 V/cm. The drift mobility is given by:

H = L / (E t)

where t is the time it takes a charge to cross the distance L. Thus, the lifetime of the
charge would have to be in excess of 10 microseconds.
_ Since the 1960's, radical state lifetimes have been known to play a major role in the
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stability

and

efficiency

of

organic

light-emitting

cells.

Electrogenerated

chemiluminescence (ECL) was one of the first techniques developed to investigate
solution cross-reactions between organic radical anions and radical cations that create
excited states. The first experiments with this technique were usually performed on
polyaromatic hydrocarbons and ruthenium chelates in nonaqueous electrolyte solutions.
40,41

For 9,10-diphenylanthracene (DPA) the mechanism of ECL proceeds as follows

DPA —»DPA** + e"

Electro-oxidation

[10]

DPA + e" -> DPA~*

Electro-reduction

[11]

DPA** + DPA"* -» DPA + DPA*'

Electron transfer

[12]

DPA*S —> DPA + hv

Luminescence

[13]

where DPA*S is the singlet excited state, and kv is the emission with a

= 412 nm.

It has been found that the efficient production of photons by this process is
dependent on several criteria. (1) In order for the singlet emissive state of a lumophore
to be populated directly, the energy supplied by reactions like [12] must be greater than
38

the energy of the emissive state.

If the reaction supplies insufficient energy, the triplet

state will form, and singlet excited state formation must then proceed through the
inefficient mechanism of triplet-triplet annihilation. (2) The rates of reactions like [12]
must be sufficiently rapid such that the rate of photon production is detectable. The
lower the kinetic barrier the more light generated by this mechanism. Changing crossreaction energy can modify reaction rates. (3) The radical ions must be stable for the
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duration of the ECL experiment. If they undergo a side reaction, the ECL efficiency will
decrease and the products of these side reactions are known to degrade the light-emitting
cells. Radical ions are known to be reactive intermediates in organic chemistry; radical
7,42,43

cations in particular are highly reactive. '

Radical cations act as oxidizing agents,

electrophiles, and acids, while radical anions are powerful reducing agents, nucieophiles,
and bases. The reactivity of these radical ions and the type of chemistry they undergo are
dependent on their molecular structure and environmental conditions. Regarding OLED
stability, these radical ion states could be a major factor in device lifetime. Chapter 3 will
further explore the chemistry of radical ions and their potential for OLED degradation.

1.2.3. Role of the Dopant In the Optimization of Radiative Recombination.
Dopant molecules have been found to tune the spectral output of OLEDs, in some
44,45

cases even increasing their brightness, efficiency, and lifetime. '

Dopants in OLEDs

are primarily thought to be Forster energy acceptors and are typically doped into the
emissive layer. The spectral output of the device is then seen to go from that of the
singlet excited state of the host materials to that of the singlet excited state of the dopant.
Two of the most commonly used dopants in TPD/Alq3 LEDs are rubrene and
quinacradone and its analogues.
Since the luminescence quantum efficiency of emitting species is often selfquenched or is merely inherently low, many investigators have increased the device
quantum efficiency using Forster energy acceptors with high luminescence quantum
efficiencies. For instance, this is observed in the case of Alq3 devices, where Alq3's

40

luminescence quantum efficiency is known to be in the range of 0.1 to 0.3. By going to
a Forster energy dopant with a <j>L = 0.9, device efficiency could potentially be enhanced
by a factor of 3 to 9.
Dopants like rubrene and derivatives of quinacradone, on the other hand, may act as
46
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more than just Forster energy acceptor. Murata et al. and Shaheen et al. have found
evidence suggesting that dopants also function as charge traps within the emissive host
and that electron-hole recombination may also proceed at the dopant molecules to
directly populate singlet excited states. After examining the solution electrochemical
processes of these dopant and host molecules, we have hypothesized that these molecules
could also be beneficial in other ways, as can be explained with a simple electrochemical
model. Since these dopants form stable radical anion and cation states lower in energy
than those of the host's they can potentially stabilize holes and electrons from side
reactions that produce non-electroactive materials.

In addition, the new radiative

recombination pathways afforded by incorporating dopants may be kinetically more
efficient than other routes, as is predicted by Marcus' theories on electron transfer
reactions, to be further explored in Chapter 2.

13. DEVICE MATERIALS, FABRICATION, AND STRUCTURE.

Organic light-emitting diodes differ from inorganic LEDs in many ways. The first
difference has to do with the nature of charge conduction in organic materials. As

previously noted, charge conduction proceeds via a hopping mechanism, where charges
are localized on molecules instead of being delocalized in bands. Another fundamental
difference is that the materials have completely different structures.

Inorganic

semiconductors are usually doped with atoms that impart n-type or p-type characteristics
to the host material. Semiconductor devices make use of p-type and n-type materials
joined together to form p-n junctions. Organic semiconductors are typically not doped in
the same manner, because doping organic materials can lead to decreased heterojunction
stability.

Other differences already discussed arise due to differences in electrical

conduction and radiative recombination. Here follows a brief introduction into OLED
materials, existing fabrication techniques, and architecture.

13.1. Organic Semiconductor Materials.
Many types of organic materials display semiconductor behavior, that is, their
electrical conductivities increase with increasing temperature.

The electrical

conductivities of these materials fall in the range of 10"* Q^cm"1 to 102 Q"lcm"1 at room
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temperature and are dependent on the chemical structure of the material.

Figure 1.7 shows a representative set of molecular and polymeric semiconductors
being used in OLEDs today. These materials have many similarities. One similarity is
that they are all luminescent, a desired property for use in OLEDs. These materials
conduct charge due to their extended conjugated ^-electron systems.

Transport is

facilitated because charge on these structures can be stabilized and moved by
derealization in their Tt-electron systems. Organic materials used in solid-state devices

Hole Transport
Materials

Bipolar
Material

Electron Transport
Materials

PPVD

TPDQ
ft>

V1CCO

Ri

Ri

PVK
Figure 1.7. Representative molecular structures of commonly used organic semiconductor materials in OLEDs. Hole
Tranport materials: N,Nl-diphenyl-N,Nl-(3-methylphenyl)-l,ll-biphenyl-4,4'-diamine, TPD; Poly(N-vinylcarbazole), PVK.
Bipolar materials: poly(paraphenylenevinylene) derivative, PPVD; poly(fluorene)derivative, PFD. Electron Transport
materials: 5,5',6,6'-tetrapheynyl-2,2'-diquinoxaline, QUX; tris(8-hydroxyquinolate) aluminum (III), Alq;.
6
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are also classified by the polarity of their majority carrier. Unlike inorganic materials,
however, organic semiconductors are not usually doped to created p-type or n-type
materials. The density of the Tt-electron systems classifies the type of charges these
materials transport-holes, electrons, or both-which can easily be explained in structural
and chemical terms.
Hole-transport (p-type) materials, such as the triaiylamines TPD and poly(Nvinylcarbazole) (PVK), contain nitrogen atoms with nonbonding electron pairs. These
materials are easily oxidized because their charged products can be resonance stabilized
by donation of adjacent ^-electrons of the conjugated system into the vacant orbital on
nitrogen. Since positive charge can easily be formed on these materials, their majority
charge carriers are holes. On the opposite end of the conductivity spectrum, electrontransport (n-type) materials have electron-poor conjugated ^-electron systems. Common
examples of these materials include quinoxaline-containing structures, such as 5,5',6,6tetraphenyl-Z^'-diquinoxaline (TPDQ),

and

metal complexes, such as tris(8-

hydroxyquinoltate)aIuminum(III) (Alqs).

These materials transport negative charge

because they are more easily reduced and are difficult to oxidize. Few good examples of
n-type materials have been investigated; however, several researchers are investigating
structural modification of existing materials to create electron-poor conjugated electron
systems, such as poly(p-phenylenevinylene) (PPV) derivatized with cyano-substituents
that withdraw electrons from this polymer's conjugated backbone. Bipolar materials,
such as derivatives of PPV and poly(fluorene) (PFD), have intermediate density
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conjugated ^-electron systems and are easy to oxidize and reduce, therefore conducting
both positive and negative charges.
In designing materials for OLEDs, redox properties, are not the only structural
considerations. Electro-optic materials must be multifunctional. For instance, long alkyl
or alkoxy substituents are often added to increase solution processablity of materials like
PPV (otherwise insoluble in common organic solvents). Crystallization is a problem in
OLEDs because it decreases charge mobility and optical quality. Structural elements to
prevent recrystallization include polymerization (PVK) and asymmetric designs (TPD).

1.3.2. OLED Fabrication.
Thin organic single- or multi-layered devices are usually fabricated using either
solution or vacuum processing techniques, or both.
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The materials themselves, whether

polymers or small molecules, dictate the means of deposition. Solution processing
techniques are typically used to deposit polymer thin films.

Spin coating techniques are

often the method of choice to make thin films; however, researchers are developing ink
jet and stamp printing technologies to create patterned films. Small molecules can either
be vacuum deposited or solution processed when they are doped into inert, optical
polymers at concentration between 20- 50 % wt/wt

The cathodes are thermally

deposited in vacuo onto the organic layered structure.

lJJ. OLED Structure.
Figure 1.8 shows three common OLED structures. The basic architecture of an

Cathode

(a)

Cathode

n-type

bipolar

p-type

(b)

Anode
Transparent Substrate

Anode

Transparent Substrate

Bipolar Material/SPE Composite

(C)

I Au (+)|

I Au (-) I

Figure 1.8. (a) Simple single layer OLED configuration. The anode is a semitransparent material, typically indium-tin-oxide,
and the cathode is a low work function metal or metal composite. The organic layer must conduct holes and electrons as an
emitter as well, (b) Two layer OLED engineered to create carrier confinement at the pn-junction. The n-type or p-type layer is
assumed to be the emitter; however, exciplex emission may also result from recombination at the pn-junction. (c)
Electrochemical cell light-emitting diode architecture. The electroactive material is dissolved in a solid polymer electrolyte
(SPE) and the anode and cathode are typically gold finger electrodes.
S
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OLED is simple in that one or more organic layers are sandwiched between two
electrodes, one of which is transparent48 Structure 1.8(a) shows the simplest device
configuration, where in the organic layer would exhibit bipolar conduction and would
also function as the emissive material. Diode behavior, i.e. rectifying current/voltage
curves, in this type of device is dictated by the difference in work function of the cathode
and the anode. In this OLED structure, the electron-injecting electrode (cathode) is a
thermally deposited low work function metal, such as Li, Mg, Ca, or Al. Most of these
electrode materials are too reactive to be suitable electron injecting electrodes, however.
In order to overcome this reactivity, most investigators are currently using coevaporated
45,49

or Al or Al composite electrodes.

These electrodes are considerably less reactive due

to protection provided by the dense aluminum oxide surface, which has excellent barrier
properties to prevent corrosion of the electrode by oxygen and water. The hole-injecting
electrodes used are either semitransparent high work function metals or conductive
oxides. Typically, indium-tin-oxide deposited on glass is used as the anode in OLEDs.
While the simplicity and easy of fabrication make structure 1.8(a) attractive, major
problems can arise due to the difference in hole and electron mobilities within the organic
layer. Organic materials are preferentially hole transport materials because of their low
electron affinities. Hole mobilities in organic solids are often orders of magnitude larger
than electron mobilities.22 One problem caused by this migration imbalance is that
radiative recombination takes place near the surface of the metal cathode, quenching the
luminescence. Additionally, charge recombination may not occur at all where only holes
migrate through the device and not electrons. Device designs addressing these issues
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incorporate the use of heterostructures, commonplace in m-V LED technology.
Essentially, a bilayer device composed of separate hole and electron transport layers, like
Structure 1.8(b), improve charge carrier confinement14,50 In this device, holes and
electrons are confined at the HT/ET interface by large injection barriers. This type of
design moves recombination away from the metal cathode. Many authors have made use
of complex multilayed structures or composite layers for tailoring the emission spectrum,
increasing quantum yield, separating transport and emission functions,5 ^ and improving
processabihty53,54 and /or stability55.
Structure 1.8 (c), another architecture studied to a lesser degree,56^8 is a hybrid
light-emitting cell (LEC) device where the electroactive material is a composite. Usually,
a PPV derivative is dissolved in a solid polymer electrolyte (SPE) and deposited onto
interdigitated array electrodes. One benefit of this design is that low work function
electrodes are not required; instead, the anode and cathode are both non-reactive Au.
When a voltage is applied, most of the ER. drop occurs at the electrode/composite
interface due to the double layer effect created by the supporting electrolyte. Devices
with this structure have been found to have external quantum efficiencies of ca. 2 %,
excellent for a single layer device. Structures of this type have lower turn-on voltages
than all solid-state structures, because carrier injection occurs through Ohmic contacts,
whereas carrier injection into solid-state diodes occurs through barrier tunneling 57 Turnon voltages observed with these devices are approximately the energy gap of the emitted
light (always < 3 V). Device brightness has been found to be in excess of 100 cd/m2 at 4
V. There are two major problems associated with these devices. The dynamic response
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time of the device (time difference between current injection and production of photons)
is slow, seconds to minutes. Investigators have also observed and reported that these
devices have short lifetimes, but have not contributed quantitative and qualitative
information on this subject.

1.4. DEVICE PERFORMANCE ISSUES.

Efficiency, drive voltage, and color tunability attained adequate levels for device
commercialization shortly after Tang and VanSlyke's original report in 1987. ^ Today,
peak brightnesses are far above that required for commercialization (100 cd/m2); some
authors have reported that devices driven with direct current souces exhibit peak
brightness in excess of 100,000 cd/m2 59 Turn on voltages have dramatically improved,
as well, and it is not uncommon for devices to yield display-like brightness when driven
between 2-5 volts.60'61 Device power and quantum efficiencies are on the order of, if not
better than, those of their inorganic counterparts, in some spectral regions.

Even

adequate lifetimes (>5000 hours) have been demonstrated for many devices.62 Lifetimes
in the range of 5000 to 35,000 hours, running at 200 cd/m2, have been reported for
vacuum deposited OLEDs and greater than 5000 hours for the best polymers.63 Stability
has been remarkably improved by encapsulation and doping, as well as by introducing
new HTMs and new hole and electron injecting contacts. The majority of OLED stability
studies, however, report lifetimes well below these values. The following subsections
review some stability issues seen in OLEDs and how they affect OLED lifetime.
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1.4.1. Chemical Stability.
The chemical stability of OLED materials affects the performance and overall
lifetime of a device. Several chemical reactivity studies have focused on the effects of
oxygen and water on device degradation.64^7

Water in particular was found

to

substantially decrease the lifetime of OLEDs, because its reaction with low woric function
64

metal cathodes, such as Ca and Mg.

This reaction is most probably describable as

follows:

2HzO + Ca-> 2HZ + Ca(OH)2

[1]

These studies found that this degradation resulted in black spots caused by water-induced
delimitation of the cathode. Today, many investigators are using A1 cathodes due to their
increased stability.
Papadimitrakopoulos et al. reported the potential of device degrading reactions of
67

Alqa in the presence of O2 and H20.

Scheme 1.1 shows the proposed degradation

mechanism. The two important features of this scheme are (1) the formation of 8hydroxyquinoline (8-Hq) by the hydrolysis of water, and (2) the oxidative polymerization
of 8-hydroxyquinoloine to form a brown, nonemissive polymer. It is not yet known if
these reactions occur in OLEDs.
Reactions involving excited states of organic materials can also lead to device
degradation. Two studies show that PPV is oxidized when triplet excited states of this
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HzO

+

Brown, Noa Emissive
Polymer

cm)
Scheme 1.1. (i) Trans-complexation of 8-Hq with water in Alq3 complex, and (2)
oxidative polymerization of 8-Hq.

Scheme 1.2. Degradation mechanism of TTA films exposed to UV-light in the presence
of air.

51

material transfer energy to singlet oxygen, which attacks the polymer.

As previously

stated, hole/electron recombination primarily results in triplet excitons (75%); therefore,
these problems could be severe.

1.4.2. Photochemical Stability.
Several conductive organic materials suffer from

photofatigue caused by

photochemical reactions. There are several literature reports of changes in conductivity
characteristics of organic conductors after light exposure. Pacansky and colleagues
observed

that

the

hole

transport

material

p-(diethyIamino)benzaldehyde

diphenylhydrazone (DEH) underwent an efficient photochemical reaction (quantum yield
of 0.4) that produced a new material with poor charge transport characteristics; however,
68

the molecular structure of the product was never determined.

Weiss et al. performed a

similar experiment, using tri(p-tolyl)amine (TTA) as the hole transport material69 and
found that, after prolonged exposure to cool-white fluorescent light, films of this material
showed poor charge transport characteristics. They proceeded to identify the molecular
structure of the major reaction product. Scheme 1.2 shows the proposed photochemical
degradation mechanism, in which, TTA undergoes a photocyclization reaction with a
quantum yield of 0.05. Product identification showed that the major product was an Narylcarbazole, an arylcarbazole product known to have a higher HOMO level, with
respect to vacuum, and therefore not a charge trap. Initially, this type of degradation
would not cause charge transport problems. It does become a problem once sufficient
TTA. is depleted to affect its ability to conduct charge. Since the authors of these
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photofatigue papers did not conduct their experiments in the absence of O2- and H2Ocontaining atmospheres, it is not clear whether the degradation modes are intrinsic.

1.4.3. Interface and Contact Stability.
Many types of chemical and physical phenomena occur at the electrode/organic and
organic/organic heterojunctions that lead to device failure as well.

Heterojunction

instability is commonly observed as a major mechanism for device failure. Device
failure is often preceded by increasing threshold voltage and is accompanied by
delamination of the metallic cathode. °'?1 While the origin of this problem is not well
understood, it is probably the result of weak bonding between the metallic and organic
materials. These junctions primarily rely on van der Waals forces to hold them together,
contributing to unreliability. The contacts can be broken by mechanical stresses. One
known cause of mechanical stress results from

crystallization of the transport and

emitting layers. Strategies to avoid these problems include developing new transport and
emitting materials that chemically bond to the electrode surfaces and the developing
materials with high glass transition temperatures.

1.4.4. Electrochemical Degradation.
A major concern with respect to OLED stability is whether it is an intrinsic or
extrinsic property. Many well-documented degradation modes are extrinsic, such as
degradation from water and molecular oxygen or other impurities. These problems have
been solved with proper encapsulation methods and materials purification. For proper
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charge transport to occur in organic materials, holes and electrons must be stable against
reaction.

If none of the above failure modes limit device Iifetimee, might other

degradation mechanisms occur? Such mechanisms have been hypothesized by a few
investigators. Tang et al. found that device degradation depends solely on the total
44

amount of charge passed and not on the intensity level,

which rules out thermal

degradation. Furthermore, device drive voltages did not change substantially during the
experiments, indicating extremely stable heterojunction contacts, which rules out contact
failure. These results suggest that either excited state reactions or electrochemical
degradation of the host are the limiting mechanism The lifetimes of devices investigated
for this study were on the order of thousands of hours, demonstrating that the degradation
mechanism was slow. It is not yet clear whether the observed degradation mode is
unavoidable. Nui et al. have proposed a mechanism for long-term OLED device failure
based on the electrochemical degradation of arylamine radical cation states.

2

This type

of degradation reaction could explain the results of Tang and Van Slyke's OLED lifetime
studies and is in line with previously hypothesized degradation reactions put forth earlier
in this chapter.

1.5. RESEARCH GOALS AND OVERALL APPROACH.
As mentioned earlier, commercialization of OLEDs is primarily limited by low
lifetimes, as well as by low efficiency and brightness for red and blue devices. Many
factors have been found to control the performance of OLEDs; however, the literature
reports conflicting data. This confusion originates from lack of basic understanding of
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the fundamental processes occurring in OLEDs.

Band theory and IQ-V materials

engineering have been used with initial success to greatly optimize device performance
by designing multilayer structures with optimized heterojunction energies.

Many

observed phenomena cannot be explained by band theory alone and a more complete
understanding is required to overcome the many materials challenges for organic electrooptic devices. This dissertation proposes an electrochemical model more encompassing
than the band model and provides a molecular understanding of OLED issues. Electron
transfer theories and electrochemical phenomena will be investigated and used to
optimize OLED performance.
The overall goal of this research will be to optimize the brightness, efficiency, and
stability of organic light-emitting diodes by focusing on understanding what molecular
properties are required for OLED materials. The hypothesis of this work will be tested
by designing and synthesizing new organic materials. These materials will be tested with
a variety of solution and solid-state studies.
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CHAPTER 2

ELECTROCHEMICAL MODELS FOR RADICAL ANNIHILATION
REACTIONS IN ORGANIC LIGHT-EMITTING DIODES

1.1. INTRODUCTION

Optimization of radiative recombination processes occurring in OLEDs has been of
major interest to many investigators.73 76

The principal approaches taken for the

optimization of light output from OLEDs require that an equal number of electrons and
holes be injected from the electrodes per unit time, and that all carriers recombine before
discharge at the exit contacts. If both these requirements are fulfilled, the efficiency of
the device will be primarily limited to (1) the percentage of recombination events leading
to singlet excitons, assumed to be 25 % in accord with statistical models, and (2) the
luminescence quantum efficiency (4»l) of the emissive species in its given environment (<j>
l has

been found to be highly dependent on temperature and number and strength of

luminescent quenching centers).7^78 This model then states that the maximum internal
quantum efficiency (<(>el) of a device would be the following relationship:
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m

where N is the number of electron-hole pairs injected into the organic materials. Many
strategies have been employed to maximize the number of recombination events in
OLEDs.

The first

strategy has been to minimize charge injection barriers at the

electrode/HTM and electrode/ETM interfaces.

Another strategy has involved using

14,73

multilayer devices, ' which introduce internal energy barriers at their center that block
or impede the flow of charges such that the probability of charge recombination
increases.

Because the charge recombination cross-section is so low, this carrier

confinement allows the holes and electrons more time to interact within the center of the
device rather than bypassing each other to be discharged at the opposing electrodes. This
model and these techniques have successfully optimized the charge recombination and
light output of OLEDs. This model, however, fails to take into account two important
factors known to affect the efficiency and outcome of electron transfer reactions in major
ways: the thermodynamic and kinetic barriers associated with charge recombination
3536

events.

The following simplified reaction scheme can be used to express the outcome of
charge recombination at the HTL/ETL interface in a TPD/Akfc bilayer OLED:
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+

*s

i
+

k.

*T

TPD

->

TPD

->

TPD + Alq3

£

->

k-r

TPD+* + Alq3

where h, At, and ka are the bimolecular electron transfer rate constants for the production
of the singlet, triplet, and ground states, respectively. The efficiency of an OLED relates
mainly to the production of the singlet state, because the triplet-triplet annihilation
34,79

process is known to be inefficient at populating singlet states.

Thus, in order to make

optimum use of the charges, one must maximize fe and minimize hr and ICQ. Instead of
Equation [1], the efficiency of the radiative recombination is more accurately expressed
with the following relationship:

AK

j.
r*'k s + 3k T + k a

PI

The factor of 3 in equation [2] is due to the fact that there are at least three times as many
triplets formed as singlets. Marcus theory says that optimization of singlet formation is a
function of the energy of the cross-reaction, AEnm, and the reorganization energy required
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for the reaction.

It is not that easy to manipulate and control the reorganization energy

in solid-state OLEDs. Instead, the kinetic barrier to the cross-reactions can be changed
and studied by altering the energetics of the organic materials themselves, i.e. changing
the energy of the radiative recombination reaction. One way to change the energetics of
an OLED is simply to change the molecular structures of the OLED materials. Another
useful strategy is to introduce substituents that modify the energetic levels of a parent
compound, thereby changing the energies of the radical ion states and the free-energy of
36

the recombination reaction.

The study of the thermodynamics and kinetics of radiative recombination in solidstate devices can be complicated by many factors. As previously discussed in Chapter 1,
many energetic processes described in the literature can affect this type of an experiment,
80

and radiative recombination can result from a variety of cross reactions.

Thus, solid

state luminescence may result from different recombination reactions and it is difficult to
determine the contribution of each.
In order to further investigate and study single electron transfer events that lead to
excited states we have employed the use of electrogenerated chemiluminescence (ECL)
in solution in collaboration with Professor Mark Wightman's group at the University of
North Carolina. The following results will begin to address the lack of experimental
information on the mechanism of radiative recombination between the principle transport
agents and lumophores of OLEDs and will provide strategies to make optimum use of
carriers once injected. In this chapter, the photophysical and electrochemical processes
thatmay occur in multilayer devices employing Akfc, or quinacradone-doped Alqs, as the
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emitting layer will be explored. Finally, we will show that efficiency and light output of
an OLED might be enhanced by optimization of charge recombination thermodynamics.
The results of this investigation will be explained using Marcus's theories on electron
transfer reactions.

2.2. EXPERIMENTAL

2.2.1. Materials.
The chemical structures of the organic materials used in this study are shown in
Figure 2.1.

4,4'-Bis(m-tolylphenylamino)biphenyl (TPD) and Tris(8-quinolinolato-

N108)a1iiminiim (Akfc) were further purified by gradient sublimation. Preparations of
tris(5-perperidinylsulfonamide-8-quinolinolato-NiOg)aluminum
fluorophenyl-3'-tolylamino)biphenyl

(m-FTPD),

(Alqsg),

4,4'-bis(3-

4,4,-bis(3,5-difluorophenyl-3'-

toly!amino)biphenyl (m-DFTPD), 4,4'-bis(4-methoxyphenyl-3'-tolylamino)biphenyl (pMeOTPD),

4,4,-bis(4,4'-/z-butoxyphenylamino)biphenyI

(p-BuOTPD),

N,N-

diisoamylquinacridone (DIQA), and NrN1-di(2-ethylpentyl)quinacridone (DEHQA) have
been

recently published.81"82

N-Ethyl-3,5-di(rerr-butyl)carbazole (ETBC) was

synthesized and supplied by Dr. Yadong Zhang at the University of Arizona, Department
of Chemistry. All other chemicals used in this study were obtained from Aldrich without
purification unless noted herein. Nitrogen-degassed anhydrous acetonitrile and benzene
from Fluka were passed through an activated basic alumina column prior to use.
Ferrocene

was

recrystallized from

ethanol.

Tetrabutylammonium

4^'
"° p-BuOTPD °"

m-DFTPD

7

09

$2?
Alq3

9

0"S»0

p-MeOTPD

w

0sS l/Os^X

TPD

m-FTPD

DEHQA

0'»

0
Alqs3

ETBC

Figure 2.1. Molecular structures of the compounds studied with eiectrogenerated chemiluminescence.
o
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hexafluorophosphate(TBAHFP) was recrystallized twice from ethanol-water and dried in

vacuo at 100 °C for 10 hours.

Tetrabutylammonium perchlorate (TBAP) was

recrystallized from ethanol and dried in vacuo at 100°C for 10 hours.

2.2.2. Optical Measurements.
In addition to electrochemical measurements, if applicable, estimates of LUMO
positions and electron affinities (EA) were made by using absorbance and fluorescence
spectroscopy of these materials as thin films.

The thin films of these materials were

either spin coated from chlorobenzene solutions, if the material was a polymer or if it
consisted of small molecules doped into a binder polymer, or were vacuum deposited, if
the material consisted only of small molecules. UV-visible spectra were recorded on thin
films

on

transparent substrates

using a Hitachi

U-2000 spectrophotometer.

Photoluminescence spectra of these same films were recorded with an ISA Fluorolog
spectrofluorimeter. The relative photoluminescence efficiencies of Alqs, Alqss, DIQA,
and DEHQA were measured in cyclohexane using 9,10-diphenylanthracene (DPA) as a
83

standard (A** = 380 n, <|)dpa = 0.90 in cyclohexane).

2.2.3. Ultraviolet Photoelectron Spectroscopy.
Ultraviolet photoelectron spectroscopy (UPS) of the pure thin film materials was
carried out using a 21.8 eV He (I) source in a VG ESCALAB MKH photoelectron
spectrometer, according to procedures developed previously for a wide range of
18 84 85

molecular systems. ' '

The sample was biased with an external power supply (-5
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volts) during data acquisition, to allow for the measurement of the low kinetic energy
cutoff region. Gas phase UPS spectra (using the same source as previously mentioned)
were obtained in a modified spectrometer with appropriate sublimation sources so as to
obtain a sufficient fluency of material to allow for adequate signal collection. Paul Lee
and Nadine Gruhn completed the solid-state and gas phase UPS of hole transport
materials at the University of Arizona, Department of Chemistry.

2.2.4. Cylic Voltammetry.
Cyclic voltammetry was performed with a Cypress Systems Model CySy 2Ra
potentiostat or an EG&G Princeton Applied Research Potentiostat/Galvanostat Model
283. The voltammetry for all compounds in this study was performed on freshly polished
Pt electrodes with a geometric area of ca. 0.32 cm2. Voltammograms were typically
recorded at a scan rate of 100 mV/sec in a three electrode one-compartment cell. All
potentials were measured with respect to a pseudo-silver reference electrode calibrated to
the ferrocene/ferrocenium redox couple by the addition of ferrocene as an internal
standard. The solutions of the redox active compounds were always 10"3 M, and the
supporting electrolyte was 0.1 M TBAHFP or 0.1 M TBAP.

2.2.5. Eiectrogenerated Chemiluminescene.
ECL reactions were characterized with a high-speed microelectrode protocol in the
laboratory of Professor Mark Wightman using a previously described apparatus.86^8
Figure 2.2 is a block diagram of the ECL experimental apparatus. The electrochemical

Multichannel
Scaler

Pre-amp
Loop
Injector

RE/
AE

Single or
Multichannel
Detector

WE

Pump
Cell

Dark Box
Waveform
Generator

Waste

Current Amp

Figure 2.2. Simplified block diagram of ECL equipment and flow cell: (A) stainless steel cell body housing and optical
window; (B) polyethylene spacer; (C) epoxy-encased microelectrodes; (D) stainless steel electrode retainer,
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cell was configured in a flow-cell geometry. A gold band electrode with a 3 nm
thickness, ca. 0.5 cm in length, was flush-mounted in an epoxy mold containing a silver
band pseudo-reference electrode and placed in the flow cell directly opposite a window
where a photomultiplier detector was positioned. Potential steps were applied to the
working electrode with a frequency of 1 kHz. The working electrode potential in these
experiments was controlled by a Hewlett-Packard function generator (HP33120A)
connected to the potentiostat To measure the spectral response of the ECL process, an
optical fiber bundle pickup (Oriel model 77538) routed the ECL emission to a JY Optical
Systems (H-20) monochromator, with a 2-nm band-pass, followed by the same PMT
detector. Light was detected in both cases with a Hammamatsu R5600P photomultiplier
tube, operated at -800 V. The PMT output was routed to an EG&G Ortec VT120A
preamplifier, connected to a multichannel scaler (EG&G Ortec MCS T-914) with a
discriminator level set at -300 mV. The working electrode was connected to a fast
cuirent-to-voltage converter with gain settings of 5 x 105 or 1.25 x 107 V/A. A digital
oscilloscope (Lecroy 9450) was used to monitor the applied potential, current, and ECL
responses.
For each ECL experiment, the solvent mixture (acetonitrile/toluene, 50/50 vol %)
was delivered by the pump to the electrochemical cell at a flow rate of 200 gl/min. A
loop injector was used to introduce the reagents to the cell from

a reservoir of

acetonitrile, 0.1 M in TBAHFP, previously degassed with nitrogen. During the ECL
experiments, the potential of the working electrode was cycled between potential limits
established to lie 100 to 200 mV beyond the potentials needed to reduce or oxidize the
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target molecules at diffusion controlled rates.

ECL efficiencies were estimated by

examining the emission achieved from a 10"3 M 9,10-diphenyIanthracene (DPA) solution,
in the same solvent, which has been previously shown to have a quantum efficiency of
34

6.3%.

The wavelength dependence of the PMT efficiency was then corrected to allow

for correlation of the ECL efficiency of DPA with the efficiency observed in these
experiments at longer wavelengths. PMT counts were binned at 100 kHz for 2 complete
cycles of the square wave and the sum of 50 or 1000 total cycles was then summed (0.1
or 2.0 s total data acquisition time). ECL spectra were obtained by setting the MCS dwell
time equal to the speed of the wavelength scan controller (200 or 1000 nm per minute),
depending upon the elctrochemical stability of the system used. ECL emission spectra
were also corrected for the wavelength dependence of PMT sensitivity.

2.2.6. Film Preparation for Energy Transfer Studies.
Films for energy transfer studies were composed of the photoactive materials
incorporated into optically transparent, nonabsorbing, binder polymers.

The typical

binder polymers used were polymethylmethacrylate (PMMA), poly(styrene), or
poly(carbonate). Films of the composite photoactive materials:binder polymer were spin
coated from chloroform solutions onto glass slides. The concentrations of the solutions
were about 100 mg of composite material to 15 ml of chloroform.
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2.2.7. OLED Fabrication and Characterization.
The fabrication and characterization of OLEDs was carried out in the Optical
Sciences Department at the University of Arizona by Sean Shaheen and Ghassan labour.
All layers of TPD and TPD-type polymers were either thermally evaporated or spin
coated from a chlorobenzene solution onto clean ITO covered glass (20 Q/ from
Donnelly Corporation). Film thickness of these materials was ca. 50 nm. An Alqg film
(50 nm) was thermally evaporated onto the TPD layers. Evaporated Al was used for the
cathode. Thermal deposition rates were ca. 3 A/s for organic materials and ca. 7 A/s for
metals. All device fabrication and characterization was done in a dry nitrogen glove box.

2.3. RESULTS AND DISCUSSION
2.3.1. Optical Characterization of Doped AIq3 Films.
The solution absorption and emission spectra for Alqs and DIQA are shown in
Figure 2.3. Alqs has a maximum absorbance at 390 nm and a maximum emission at 510
nm in cyclohexane. This particular molecule has an unusually large Stokes-shift, the
difference between the Xmax absorption and

emission peaks, and there is very little

overlap of the absorption and emission bands. A large Stokes-shift is considered to be
desirable for use as the emissive agent in OLEDs because emitted light is not appreciably
reabsorbed by the Alqs during OLED operation. The relative photoluminescence
quantum yield for this compound was found to be <|>pl = 0.2, measured in cyclohexane
with 9,10-diphenylanthracene as a standard. This photoluminescence quantum yield is
on the order of that found by other investigators to be ca. 0.3 to ca. 0.1, and is highly
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Figure 23. Solution absorption (segmented) and photoluminescent (straight) spectra of
(a) Alq3 and (b) DIQA.
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dependent on environmental conditions such as temperature and polarizability of the
environment.77 Alqs; demonstrates absorption and emission behavior similar to Alq3;
however, the maxima of the absorption and emission spectra are shifted to slightly higher
82

energies, 378 nm and 499 nm, again a large Stokes shift.

The relative

photoluminescence quantum efficiency for this compound was found to be <j>pL = 0.3. We
hypothesize that the large Stokes-shifts observed in these aluminum quinolates are the
result of large structural differences between their ground and excited states, possibly due
to large movements of the ligands, particularly the bonding nitrogen, away from the
89

aluminum metal center.

DIQA has a maximum aborbance at 524 nm and a maximum emission at 532 nm
This structural class of dye has a relatively small Stokes-shift and the singlet excited state
can be self-quenched at high concentrations. The N-alkyl structures, however, are not as
self-quenching as the parent quinacridone, attributable to the loss of hydrogen bonding at
45

the nitrogen centers.

DIQA has been found to have a relative <{>pl = 0.9 in cyclohexane

at room temperature.
In order to demonstrate Forster energy transfer from

aluminum quinolates to

quinacradone, photoluminescence (PL) spectroscopy was also used to investigate films
composed of DIQA, Alqj, and Alqs; in binding polymers spin coated onto glass
substrates. Figure 2.4 shows the photoluminescence spectra of films containing a weightto-weight concentration in polymethylmethacrylate (PMMA) of (a) 2 % DIQA, (b) 50 %
Alqs, and (c) 2 % DIQA:50 % Alqa. As can be seen from emission spectra of the films
containing just DIQA and Alqg alone, the emissive states are identical to those seen in
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Figure 2.4. Photoluminescent spectra of films of Alq3 (straight line), DIQA (dashed
line), and Alq3:DIQA(2%) (dots) in a PMMA binder.
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solution photoluminescent studies, DIQA*5 and Alq3*5.

Forster energy transfer is

observed in composite film containing relatively small concentrations of DIQA to Alq3.
When the composite film is excited on the Alq3 maximum excitation wavelength (390
nm), only emission from DIQA*5 is observed. Shaheen et al. have investigated this
transfer mechanism in greater detail and found that photoluminescence quantum
efficiencies of composite films, at low doping level, are much greater than those of
undoped films/

They also found evidence suggesting that more pathways to DIQA

emission in OLEDs than just Forster energy transfer alone and that these pathways may
involve quinacridone, which serves as the recombination center.
Many investigators have hypothesized that TPD/Alq3 OLED efficiencies increase
when quinacridone-doped Alq3 is used as the emissive layer because the Forster energy
transfer mechanism. This energy transfer process can be expressed as the following:

Alq3*5 + DIQA -» Alq3 + DIQA*'
DIQA*5

DIQA + hv

This energetic process should be more efficient because energy is initially stored in a
state of low luminescence quantum efficiency and is quickly transferred, before
nonradiative decay can occur, to a state of high luminescence quantum efficiency. Thus,
stored energy supplied by the charge recombination event is more likely to produce
photons in doped devices than the undoped devices.
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23.2. Occupied Frontier Orbital Characterization.
The occupied frontier molecular orbitals of TPD and Alq3 were probed with UPS.
Figure 2.5 shows solid-state and gas phase UPS spectra for TPD and Alq3. Estimates of
the median energy of the HOMO and ionization potential (IP) can be made from this
data. Additionally, the amount of intramolecular interaction (orbital overlap) can be
estimated by comparing the gas phase and solid-state spectra. The UPS spectrum of the
Alq3 film (Figure 2.5a) shows that the HOMO and IP occur at 6.65 eV and 5.93 eV. The
gas phase spectrum of Alq3 shows the HOMO and IP shift to higher energies by about
0.68 eV. The UPS spectrum of the TPD film (Figure 2.5b) shows that the HOMO and IP
occur at 5.72 eV and 5.38 eV, respectively. Again, the gas phase spectrum of TPD shows
a shift of the HOMO and IP by ca. 0.94 eV. The core hole created by photoemission has
a lower energy in the condensed phase than in the gas phase. This result is expected
because the core hole can be stabilized in the condensed phase by the polarization of the
surrounding molecules.

This stabilizing effect cannot take place in the gas phase;

therefore, the hole created by the photoemission will have a higher energy vs. vacuum.
The HOMO offset of a TPD/Alq3 heterojunction can be calculated from precontact
HOMO energy levels and is estimated to be ca. 0.8 eV. Schlaf et al. found, however, that
when this heterojunction is formed, the ensuing junction potential decreases the offset to
ca. 0.4 eV.17
Another important feature observable from

these spectra is the difference in

bandwidths between the gas and condensed phase HOMOs. Bandwidths were measured
as full widths at half maximum (fwhm). For Alq3, the gas and condensed fwhm are 0.6
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Figure 2.5. Condensed and gas phase UPS spectra of (a) AIq3 and (b) TPD.
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eV and 0.79 eV, respectively. For TPD, the gas and condensed fwhm are 0.28 eV and
0.44 eV, respectively.

Comparing the phases, very little solid-state broadening is

observed in the condensed phase, and the HOMOs of these materials in still have strong
90

molecular character,

a result characteristic of weakly interacting systems. Similar

results were seen for p-MeOTPD, m-FTPD, and m-DFTPD.

2-3.3. Electrochemical Energy Measurements of Radical Ion States in Solution.
Nonaqueous cyclic voltammetry was used to probe the redox behavior of the
compounds presented in Figure 2.1.

Figure 2.6 summarizes the representative

voltammetric behavior of ca. 10~3 M solutions of Alqs, Alqsg, TPD, m-FTPD, and DIQA.
Table 2.1 summarizes the voltammetric and spectroscopic behavior of all compounds
studied. The species studied typically have limited solubility in acetonitrile, so a solvent
mixture of benzene and acetonitrile (1:1) was employed. Solutions prepared for analysis
had ca. 1 mM concentrations of the redox active species. The number of electrons (n)
associated with each redox process was estimated by comparing the peak current at a
fixed sweep rate with that seen for a 10"3 M solution of 9,10-diphenylanthracene, where it
86

is known that n = 1 for both the oxidative and reductive processes.

In order to account

for differences in molecular structure, peak currents were then adjusted for small
differences in diffusion coefficient.
Alqg (Figure 2.6a) undergoes a one-electron reduction and a one-electron oxidation
where the peak current for these processes are -2.30 V and 0.7 V vs. the
ferrocene/ferrocenium redox couple (Fc/Fc1), respectively. Both processes are shown to

74

1000

800
600

Alqs
g 400
o

200

-200

1000

0

-1000

-2000

-3000

Potential vs. Fc/Fc* (mV)
Figure 2.6. Cyclic voltammograms for (a) Alqs, both oxidation and reduction processes
shown in the main voltammogram, the inset above shows the voltammetric behavior on a
gold microband electrode at a sweep rate of2000 V/s; (b) Alqsa (only reduction shown)
and TPD and m-FTPD (oxidations shown); and (c) DIQA. Solution concentrations were
ca. 10"3 M; sweep rates were 100 mV/s. The scans in (a) and (b) have been offset by 300
and 700 MA, respectively.
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Compound
Alq3
Alqs3
DIQA
VEHQA
p-BuOTFD
p-MeOTFD
TFD
m-Fl'PD
m-unri)
EBTC

(V vs. fc/fc*-)

•J(V vs. fc/fc*-)

0.71*
1.21*
0.68
0.68
0.14
0.24
0.34
0.44
0.54
0.66

-2.30*
-1.93
-1.81
-1.81
NA
NA
NA
NA
NA
NA

X^Abs.)
(eV)
3.17
3.26
2.35
2.34
3.42
3.47
3.38
3.53
3.56
3.73

(eV)
2.40
2.47
2.32
2.32
3.05
3.05
3.10
3.08
3.13
3.08

Table 2.1.
Electrochemical and optical data of OLED compounds.
The
electrochemical potentials Eox and E^ are the half-wave potentials of the radical cation
states and radical anion states, respectively, taken with cyclic voltammetry. All
voltammetry was recorded Pt at a scan rate of 100 mV/sec and all potentials are
reported vs. the ferrocene equilibrium oxidation potential. NA - the compound does not
reduce within the utilized electrolyte system. * - the oxidation or reduction potential is
not reversible and these potentials are reported at the peak anodic or cathodic potentials.
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be chemically irreversible when recorded at 100 mV/sec in electrolyte solutions; hence,
the lifetimes of radical cation and anion states of Alq3 are not stable within the
experimental time frame. At fast scan rates (2000 V/sec), however, the reduction process
of Alq3 shows complete reversibility. The HOMO-LUMO gap of Alq3 was estimated by
taking the difference in energy between the oxidation and reduction peak potentials from
a voltammogram recorded at 100 mV/sec.
The voltammogram of Alqss (Figure 2.6b) shows three successive one-electron
reductions of this molecule recorded at 100 mV/sec. The equilibrium potentials for the
reduction states were calculated to be -1.98 V (anion), -2.23 V (dianion), and -2.53 V
(trianion) vs Fc/Fc1". The three electron reductions are attributed to electron transfers to
each of the three ligands on Alqss. It can also be seen that by incorporating the
sulfonamide electron-withdrawing substituent, the first reduction potential of the Alq3
structure has been shifted by ca. 0.3 V positive from that of the parent compound. The
enhanced stability of this structure can be attributed to the ability of the substituent to aid
in resonance stabilization of the radical anion state of this structure class. Alqss also
undergoes an oxidation within the solvent window that is chemically irreversible (not
shown in Figure 2.3b). The peak potential of this oxidative process was found to be 1.21
V vs. Fc/Fc+.
As can be seen by the representative cyclic voltammograms of TPD and m-FTPD
(Figure 2.6b), these structures undergo two successive one-electron oxidations, both of
which are reversible when recorded at 100 mV/sec, as do p-BuOTPD, p-MeOTPD, and
m-DFTPD. These structures did not display reduction behavior within the electrolyte
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potential window. The first equilibrium oxidation potentials of these molecules are
reported in Table 2.1 vs. Fc/Fc+. Their first oxidation potential can be modified by the
introduction of a substituent. Electron donating substituents in the para position of the
phenyl moiety, such as methoxy and h-butoxy, add electron density to the conjugated tcelectron system lowering the oxidation potential.

Fluoro substituents can decrease

electron density from the conjugated system by the inductive effect, which shifts
91-93

oxidation in the positive direction.

It has been found that the change in oxidation

potential of these analogues is highly dependent on (1) the type of substituent, and (2) its
geometric position vs. the nitrogen atom, i.e. meta or para. The redox behavior of these
TPD analogues will be discussed more completely in Chapter 3.
The cyclic voltammograms of DIQA (Figure 2.6c) and DEHQA (not shown but
identical to DIQA) illustrate two reduction and two oxidation features within the
electrolyte potential window. The cyclic voltammograms of each of these compounds
are virtually identical with respect to currents and potentials. Both undergo reductions at
-1.81 V vs. Fc/Fc+ and again at -2.28 V vs. FcZFc+ to generate the anion and dianion,
respectively. Oxidation of the neutral compound to the radical cation and dication occurs
at potentials of 0.68 and 1.19 V vs. Fc/Fc"1", respectively. All peak separations compare
reasonably well to those of added ferrocene under the same conditions. As judged by the
symmetry of the voltammetric waves, the redox processes appear chemically reversible
for both anion states and the first cation state, indicating that these charged species are
stable under the experimental conditions employed.

Judging from

the chemical

nonreversibility of the cathodic and anodic waves associated with the dication state, it
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appears that this species is not stable when recording the voltammogram at 100 mV/sec.
94

Dications of organic molecules tend to be less stable than their cation states.

The

dications for DIQA and DEHQA show increased reversibility at higher scan rates, with
reactions such as deprotonation and polymerization most probably occurring at slower
95

rates. The charged states of these structures are stable because they contain heteroatoms
and incorporate alkyl substituents on the nitrogen. While cyclic voltammetry of the Nhydrogen quinacridone has not been assessed, due to its low solubility, it can be inferred
from structure-reactivity studies of similar structures that the radical cation state would
not be chemically stable due to deprotonation/dimerization reactions that can occur
through the unsubstituted nitrogen atoms.96*97
The cyclic voltammetry of ETBC is presented in Chapter 3 (Figure 3.5d).

It

undergoes a one-electron oxidation with an equilibrium potential of 0.66 V vs. Fc/Fc+.
This molecule could not be reduced within the solvent potential window. The radical
cation state of EBTC has a relatively long lifetime, unlike most carbazole analogues,96'97
due to the fert-butyl and N-ethyl substituents that block dimerization reactions occurring
among many radical cation carbazoies. This particular molecule was synthesized because
of the chemical stability of its radical cation state and its one electron oxidation
electrochemistry.
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23.4.

Modeling TPD/Alqs and Qninacradone-Doped TPD/Alq3 OLEDs with

Electrogenerated Chemiluminescence.
In order to model and investigate recombination processes occurring in TPD/Alqj
and quinacradone-doped TPD/Alqs devices, a high-speed solution electrogenerated
chemiluminescent technique was employed.

As previously seen from

the cyclic

voltammetry of the compounds studied, these materials are prime candidates for high
speed electrogenerated chemiluminescence because all radical ions formed can be stable,
or at least relatively stable throughout the experiment. In the high-speed ECL flow
apparatus used (Figure 2.2), the experiment

results in diffusion controlled

electrochemistry, and the typical spectral response is observd in time-gated pulses of
luminescence. An advantage of employing rapid potential steps is that there is less
opportunity for the electrogenerated reagents to diffuse far from the electrode surface, to
86

undergo side reactions with impurities or themselves.

Figure 2.7a shows the ECL spectral response produced by a series of TPD^/Alqsg-*
cross-reactions.

The electrogenerated reagents are produced by rapidly pulsing a

platinum-band-working electrode between the first oxidation potential of TPD and the
first reduction potential of Alqsj. Also shown in Figure 2.7a is the electroluminescent
spectrum generated from a single layer OLED composed of Alqss dissolved in poly(Nvinylcarbazole) (PVK). The PVKT*/Alqsg-* cross reaction in such devices is assumed to
be the only recombination event possible because only the lowest energy charged states
are known to be occupied.19,20 In both the condensed and solution experiments the
emission is identical to that seen in solution PL measurements, where Alqss*5 is known to

80

ECL

EL

1
c

500

400

600

Wavelength (nm)

ECL

400

450

EL

500

550

600

650

700

Wavelength (nm)
Figure 2.7. ^a) ECL response for a typical double potential step experiment involving
Alqsa /TPD and the electroemissive spectral response for a TPD/Alqs OLED. (b)
ECLresponse of DIAQ /DIQA and the electro-emissive spectral response form a
TPD/Alq3:DIAQ(l%) OLED.
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be the emissive state. The ECL spectral response is blue-shifted by about 5 ran from that
of the OLED response. Several other cross-reaction experiments produced the excited
state of Alq3 or AlqS). These reactions are as follows:

TPD+* + Alqss"* -> TPD + Alqs3*s

[2]

Alqsg* + Alqsg™* -> Alqs; + Alqs3*s

[3]

Alqs-" + Alq3~* -*• Alq3 + Alq3*s

[4]

TPD"* + Alq3~" -4- TPD + Alq3*s

[5]

The efficiencies of these ECL processes were determined by comparing the photons
of light produced per coulomb passed with a standard whose ECL efficiency (<|>ecl) is
known. Using DPA (<(>ec:l = 0.068) as a standard, and after correcting for the spectral
response of the PMT and for diffusion coefficients differences between these molecules,
we obtained the efficiency of these ECL processes.34 Table 2.2 summarizes ECL data
generated from cross-reactions [2]-[5]. The energy released by reactions, AEnm, were
measured with cyclic voltammetry, where they are the differences in the half wave
potentials of the radical anion and cation species. The maximum energies of the ECL
spectral response (E = hv (ECL)), were measured with a PMT based spectrometer
coupled to the ECL cell with a fiber optic. While most of the cross-reactions, except
TPD*7Alqs3-\ were sufficient to populate the singlet excited states, had relatively high
ECL efficiencies,37 for which there may be many reasons. Firstly, as previously shown,
aluminum quinolate complexes do not exhibit large luminescent quantum efficiencies
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Cross Reaction

TPD^/Alqs"*
Alqs^/Alqs"*
TPD^/Alqss"*
Alqss^/Alqsa-*
TPD+7DIQA-*
DIQA^/Alqss"*
DIQA^/DIQA-

AErxn
(eV)
2.64
3.01
228
3.14
2.14
2.61
2.54

E = hv
(ECL)
(eV)
2.40
2.40
2.47
2.47
2.27
2.27
2.27

0.0009
0.0003
0.0007
0.005
0.004

Table 2.2. Summary of the energetics and efficiencies of ECL processes that model
radiative recombination events in undoped and quinacradone-doped bilayer OLEDs
composed of TPD and Alqs.
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(ca. 0.3 - 0.1).

Singlet excited states generated are more likely to decay nonradiatively

than to emit photons, which could reduce the ECL efficiency. Another phenomena that
may result in lower efficiency is that the radical states Alqs-", Alq3~*, and Alqsg-" are not
stable, as seen from the cyclic voltammograms, and may be susceptible to reactions with
electrophiles and nucleophiles, or may undergo other processes like dimerization or
43

electron-transfer induced bond cleavage.

Even though the working electrode is pulsed

at high speeds, these types of electrochemical degradation pathways may have
sufficiently high rates to compete with the time scale of the experiment.

While

degradation pathways for these states are not known for the electrolyte solutions in which
they were investigated, it is clear from previous work that degradation of these states can
decrease the ECL efficiency, as is probably the case in these experiments.37
The efficiency, brightness, and lifetime of TPD/Alqg devices have been shown to
improve with the incorporation of quinacridone and its N-alkyl analogues. A variety of
cross-reactions were studied that incorporated the solution soluble analogue of
quinacradone, DIQA. Figure 2.7b shows the spectral response of the cross-reaction
DIQA**/DIQA-* generated from an ECL experiment. The electroluminescent spectrum
of a TPD/AIqs:DIQA(1% w/w) OLED is illustrated in the same figure.

Both spectral

responses are identical to DIQA solution and thin film photoluminescent spectra (Figures
2.3 and 2.4), where the emission originates from the singlet excited state of DIQA (%max =
523 nm). From previous investigation of doped OLEDs, several other radiative cross80

reactions have been hypothesized to occur in these devices.
hypothesized reactions with ECL, as follows:

We further studied these
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DIQA" + DIQA-* -> DIQA + DIQA*5

[6]

TPD" + DIQA"* -> TPD + DIQA*5

[7]

Alqs3 + DIQA*5

[8]

DIQA" + Alqs3~*

As expected, reactions [6]-[8] generated the singlet excited state of DIQA. The relative
ECL efficiencies of these reactions were estimated by using DPA as the standard, as
previously described, and are reported with the reaction and spectroscopic energetics in
Table 22.
Reactions [6]-[8] were generally much more efficient at generating photons than
reactions [2]-[5]. The highest ECL efficiency was seen for the DIQA"/Alqs3~* crossreaction, which had a thermodynamic driving force of AE^n = 2.61 V and an efficiency of
<j>Ect

= 0.005, about 6 times greater than for the most efficient cross-reaction without

DIQA. The lowest ECL efficiency for the DIQA systems was seen for TPD~*/DIQA~*
(<(>ecl =

0.0007), which had a driving force of AE^ = 2.27 V. The energy (AH$) needed

to populate the singlet excited state of DIQA, as calculated from the maximum emission
peak, is 2.27 eV. The equation governing the relationship between reaction energetics
and singlet energy for reactions through a singlet-route system is as follows:86

AEno, > AHs — TAS « AHS + 0.1 eV

[9]
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The entropy approximation is for a common system where the products are aromatic
compounds and the reaction occurs at room temperature. Thus, in order for crossreactions involving DIQA as the emissive species to proceed through a singlet-route
system, the energy of reaction must be at least 2.37 eV. In accord with this equation,
reaction [7] probably lacks sufficient energy to populate the singlet state efficiently, and
triplet-triplet annihilation is an expected pathway to produce the DIQA*5.37 This pathway
is known to be much less efficient at populating the singlet state, and it is not surprising
to see a decrease in ECL efficiency relative to the other DIQA systems. Reactions [6]
and [8] meet the energetics requirement to proceed through the singlet-route system, and
their relative ECL efficiencies follow the expected energetics versus efficiency trend.35

23.5.

Kinetic Investigations of Related Cross-Reactions that Model OLED

Radiative Recombination Events.
The previous cross-reaction studies are useful in modeling radiative recombination
events in OLEDs. Moreover, they suggest that efficient population of excited states may
be a function of cross-reaction thermodynamics. Electron transfer theories predict that in
"normal" electron transfer reactions, the relative efficiency of populating singlet excited
states should increase with the charge recombination energy.36

Electrogenerated

chemiluminescence reactions between radical anion and cation states of a homologous
series of hole-transport agents and an electron transport lumophore were performed to
investigate this phenomenon. The energy difference between the relevant redox couples
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was changed by modifying the oxidation couple of the hole-transport class of materials
by substituent effects.
As previously stated, the efficiency of populating the singlet excited state in an
electron transfer reaction is a function of the free energy released in the reaction and the
reorganization energy required for the reaction to occur.35 To further investigate the
energetics of these processes, a series of acceptor materials similar in structure but
differing in oxidation strength were developed. The acceptor materials investigated here
are of the TPD structure (TPDX), and include p-BuOTPD, p-MeOTPD, TPD, m-FTPD,
and m-DFTPD (Figure 2.1). All of these materials have the core TPD structure, but the
electron density of the conjugated electron systems is changed by the incorporation of
electron donating or withdrawing substituents.

Figure 2.8 shows the cyclic

voltammograms of the oxidative processes of the TPDX analogues and reductive
processes of Alqs3. Also shown is that the first and second oxidation potentials of TPD
analogues can be modified by introducing substituents that impart inductive and/or
resonance effects. The first oxidation potential of the materials studied expands to a
range of ca. 0.4 eV; p-BuOTPD is not shown but has a first oxidation potential ca. 0.1 eV
lower than that of p-MeOTPD. Thus, for this series of TPDX"/Alqss™* cross-reactions,
the AErxn has been modified by increments of 0.1 eV over a 0.4 eV range.
Table 2.3 shows the efficiency of the cross-reactions studied (<(>ecl) along with
reaction energies (AEnm). The energetic data (AErxn) was obtained by measuring the first
oxidation potential of the TPDX analogue and the first reduction potential of Alqss and
taking their differences (Figure 2.8). The relative ECL efficiency was measured by
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Figure 2.8. Cyclic voltammograms of the oxidative processes of (a) p-MeOTPD, (b) TPD, (c) m-FTPD, and (d) m,m-DFTPD
and the reductive processes of (e) Alqsa. The vertical lines indicate the relative energy of the radical cation states of (a), (b),
(c), and (d) and the radical anion state of Alqsa. The horizontal lines are a measure of the energy that could be released if a
simple electron transfer reaction were to occur between the radical cation and anion states.
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Cross Reaction

AErxn

3>ECL

p-BuOTPD**/Alqss-"
p-MeOTPD+7Alqs3~*
TPD"/Alqs3m-FTPD"/Alqs3"
m-DFTPD+*/Alqs3-e

(eV)
2.08
2.18
2.28
2.38
2.48

6.03 x 10"
1.70 x 10"J
1.21 x 10'3
4.10 x 10"J
9.90 x 10"4

Table 23. Cross-reactions studied vs. the reaction potential energy. The conditions of
these reactions were identical, but varied in the energy of reaction, AEnm.
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comparing ECL emission intensity to that of DPA. In all cross-reactions studied, only
emission from Alqss*5 was observed. Using equation [9] as an approximation, one can see
that none of these reactions supplies enough energy to populate the singlet excited state
directly, which would require a AE^m » 2.57 eV. It is not yet clear whether the systems
go through a triplet route, a direct singlet routes, or a combined triplet-singlet mechanism
(Figure 1.6).
Figure 2.9(1) shows a plot of ECL efficiency vs. AErxn- The plot does follow the
"normal" electron transfer behavior35 of reactions involving (a) p-BuOTPD, (b) pMeOTPD, (c) TPD, and (d) m-FTPD, in that the bimolecular electron transfer constants
ks and kx for this series of reactions appear to be increasing as the energy of reaction
increases. However, this result is complicated by not knowing whether these reactions
proceed through singlet or triplet-routes or both. In any case, these points do follow
Arrhenius type behavior with respect to potential energy and the energy barrier for the
reaction does appear to decrease with increasing AErxn- Since ks is a function of <|>ecl,
equation [2], a plot of (RT/F) ln(|)ECL vs. AE^n should be linear in the "normal" region of
electron transfer behavior.

According to Marcus theory, this plot should have a

theoretical slope of 0.5,98'" assuming that the slopes on either side of the transition state
in a reaction coordinate plot are equal and opposite of sign. Figure 2.9(2) shows this plot
of the data points demonstrating a normal trend. The slope was calculated using a linear
least squares fit and is 0.75, a result slightly greater than expected, where slopes usually
fall into 0.5 ± 0.2. Deviations from ideal behavior result from large structural changes
100

occurring when the reactants go to products.

TPD and Alqsg are known to undergo
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Figure 2.9. (1) The efficiency of the reaction vs. reaction potential energy. The reaction
potential energy was modified by changing the structure of the TPD analogue. The
TPDXs were as follows: (a) p-BuOTPD, (b) p-MeOTPD, (c) TPD, (d) m-FTPD, (e) m,mDFTPD. (2) Plot ofRT/F ln^ncL vs. AEnm for the lowest energy cross reactions.
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large structural changes in this type of reaction, which could explain a deviation from the
expected result. Another interesting result of this study is observed in the decreased <|>ecl
at the high AE for m-DFTPD (see (d) in Figure 2.9). This is probably not due to the
Marcus "inverted region" but probably the result of the chemical instability of mDFTPD+*.
Marcus theory predicts that the same relative trends in cross-reaction efficiency
versus cross-reaction free

energy in the solution should be the same in different

environments, such as condensed state.35 This prediction was tested by fabricating a
series of TPDX/Alqs bilayer OLEDs, where TPDX = p-MeOTPD, TPD, and m-FTPD.
The charge recombination energy at the TPDX/Alqs interface is thought to be modified
by changing the oxidation energy of the hole transporting material.

The charge

recombination energy for the OLEDs studied has the following trend: p-MeOTPD/Alq3 <
TPD/Alqj < m-FTPD/Alq3.

Figure 2.10 shows external quantum efficiency and

luminance versus applied voltage for bilayer OLEDs using p-MeOTPD, TPD, and mFTPD as the HTL. Figure 2(a) shows that the external quantum efficiency increases as
the oxidation potential of the hole transport material increases. These same trends were
also seen in optimized devices, which included doping the Alqs layer with quinacridone.
It should be noted that the efficiency trend is the same as that from the ECL studies.
Figure 2(b) shows the luminance versus applied voltage for the devices studied and
demonstrates that the luminance at a given voltage increases as the oxidation state of the
hole transport material increases, particularly at voltages greater than 4 V. These trends
can_all be explained using an electrochemical model as described in Chapter 1; however,
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Figure 2.10. (a) External quantum efficiency vs. applied voltage of p-MeOTPD/Alqa (triangles), p-MeOTPD/Alqs (circles),
and p-MeOTPD/Alqa (squares), (b) Light output vs. applied voltage for the device in described in (a).
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the increased trends in efficiency and light output may not be the result of increasing the
recombination energy at the HTL/ETL interface. These experiments are complicated by
the fact that many energetic processes populating molecular excited states can occur in
go
bilayer devices, and many other phenomena can explain the trends, as well.
The trends seen in the solid state devices could be caused by the movement of the
recombination zone away from the luminescent quenching cathode, a direct consequence
if the hole mobilities in the materials followed the trend p-MeOTPD > TPD > m-FTPD.
The hole mobilities in these materials were not measured and it is not known whether
hole mobilities in these materials follow this trend or whether they even vary
significantly.

2.4. CONCLUSION.
In summary, solid-state and solution techniques were used to study the energetics of
the principle principal lumophores, dopants, and hole transport agents of OLEDs.
Absorbance and photoluminescence spectroscopic techniques were used to probe the
photophysical behavior of these systems. UPS investigations of these materials give the
energy of the occupied states and show that the condensed films of TPD and Alq3 are
weakly interacting molecular systems. Cyclic voltammetry has been used to measure the
energy levels of the occupied and unoccupied states of these materials, and the estimates
86

of these energy levels are thought to be lower than those of the condensed state.

ECL

was used to model and investigate radiative recombination pathways in undoped
TPD/Alq3 and TPD/quinacradone-doped Alq3 bilayer OLED devices. For the undoped
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devices, a variety of reaction pathways were found to produce the singlet excited state of
Akfc, and including the TPD^/Alqs-* and Alqs^/Alqs-* cross-reactions. While many
investigators believe the latter reaction is the dominant pathway to production of the Alqs
exciton, these experiments show that the former pathway also produces the desired
emissive state and probably preferable, because the TPD radical cation state is much
more stable than that of the Akfc. DIQA, a solution soluble quinacridone derivative, was
used for ECL experiments to model quinacradone-doped Alqs OLEDs. While many
investigators believe that quinacridone acts only as a Forster energy acceptor, we have
found that it can act as a recombination center in OLEDs, which also supports the work
of Kafafie et al. and Shaheen et al.4680 Solution cyclic voltammetry with solid-state UPS
investigations indicate that DIQA can trap holes and electrons within the Alq3 layer. A
variety of homogeneous and heterogeneous cross-reactions with DIQA can produce its
singlet excited state. It has also been demonstrated that these solution cross-reactions
produce light much more efficiently than the undoped model systems.
The thermodynamic driving force of the cross-reactions was found to affect
population of singlet excited states. The ECL efficiency was found to be changed by four
orders of magnitude over a 0.3 eV window, hi terms of electron transfer theorys, it is
thought that modifying the free energy released in a series of cross-reactions changes the
kinetic barriers to formation of molecular excited states. It is unclear at this time whether
the increase is the result of changing from a singlet or triplet route pathway to the
production of excited states. The same trend in solution is also seen in OLEDs. As the
oxidizing power of the TPD radical cations increase, so does the efficiency and
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brightness of OLEDs.

Current investigations of OLED results focus on other

explanations for the increase in efficiency observed with this series of materials. Some
evidence suggests that the increase in oxidation state may lead to better charge injection
balance in the device, which is known to be beneficial for device performance.
Future work in this group should focus on developing solid state electroluminescent
studies that better mimic phenomena occuring in solution ECL studies. The OLEDs
investigated here were bilayer structures, which complicated interpretation of the results,
due to not knowing the radiative recombination mechanism, i.e. TPDX"/Alq3~* or
Alqa^/Alqs-* and not knowing whether the recombination zone profile was identical in
each device. In order to factor out these unknowns, single layer devices incorporating
TPDX and Alq3 in an inert polymer binder (polystyrene or PMMA) should be fabricated
and studied.

By employing single layer configurations, one will know the radiative

recombination mechanism.

Previous investigators have shown direct and indirect

evidence that only the lowest energy radical ion states are occupied in molecular and
polymeric electronic materials while they are passing electrical current;19*20 therefore, for
the proposed single layer devices, only the TPDX":Alq3~* cross-reaction can occur and
populate the singlet excited state of Alq3 (see energy diagram in Figure 1.4). Controlling
the distance between the recombination zone relative and the cathode will be a more
difficult challenge, since hole mobilities are most likely different in the TPDX
22

materials.

Molecular dilution of the transporting compound (TPDX) through blending

with the polymer matrix can solve this potential problem.101 In effect, hole mobilities are
a function of the concentration of TPDX in the binding polymer. Thus, hole mobilities

96

and recombination zone distance from the cathode in TPDX:Alq3 devices can be marie
constant from device to device by judicious control of TPDX concentrations. Further
exploration would contribute greatly to the solution and solid-state studies previously
performed on these types of materials.
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CHAPTER 3

ENERGETICS AND STABILITY OF HOLE TRANSPORT AGENTS
USED IN ORGANIC LIGHT-EMITTING DIODES

3.1. INTRODUCTION
Because of their relative ease of oxidation, arylamines have been extensively
investigated within the last 40 years for use as hole transport materials.22 Originally,
molecular and polymeric forms of these materials were studied and developed for use as
hole transport agents in xerographic systems. In 1987, Tang et al. established that these
materials could greatly improve the performance of thin film multilayer OLEDs by
improving carrier injection and introducing internal energy barriers to impede the flow of
holes and electrons at the center of the device, improveing the efficiency of the radiative
14

recombination process.

Ideally these materials should also possess good thermal

stability, photostability, good film-forming

properties, electrochemical stability and

reversible redox behavior.43'102
Many investigators have been optimizing the structures of arylamines for use in
OLEDs. Much research in this area has focused on developing of high glass transition
temperature (Tg) and high recrystallization temperature materials to prevent durability
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problems associated with joule heating produced at the electrode/organic interface.102 105
High Tg molecular hole transport agents have been developed and polymeric hole
transport materials synthesized to incorporate arylamines. Thelakat et al. synthesized and
investigated a series of molecular and polymeric hole transport agents for OLEDs based
on the triphenylamines with varying HOMO energetic levels and

TgS. °2

The authors

suggest that OLEDs made with polymeric triarlyamines were brighter and more efficient
because of greater thermal stability; however, they neglected to observed that efficiency
and brightness of the OLEDs also scaled with increasing ionization potentials of the
various materials studied.
Another important area of consideration for these materials is the energy levels of
their occupied and unoccupied frontier

molecular orbitals. Many investigators have

demonstrated that device stability and efficiency can be enhanced by lowering the hole
106-108

injection barrier at the anode/HTL interface.

The enhancement has been argued to

be a result of improved hole injection into the device and of diminished joule heating,
which prevents thermal mechanical degradation.

Very little effort has been made to

investigate relative energy levels at the HTL/ETL interface of two-layer devices. A few
publications have suggested that the relative energy levels at this interface may be an
important factor in improving device efficiency and brightness; however, these studies
are based on empirical findings and are ambiguous. ^ ^ In the previous chapter it was
demonstrated through the use of ECL studies that the energetics of the radiative
recombination process play an important role in the kinetics and efficiency of the
bimelecular recombination process in solution. We believe that these studies model
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charge recombination reactions at the HTL/ETL interface in TPD/AIqs and many other
OLED devices.
As previously mentioned, electrochemical stability and reversible redox behavior
have been identified as key properties of materials to be used in OLEDs. Tang and Van
Slyke observed in their studies that OLED lifetime (>5000 hours) appeared to be limited
by electrochemical or excited state reactions.5 The degradation of these devices took
place in the absence of molecular oxygen and water. Moreover, their was not dependent
on current density, but rather on the amount of charge passed. The question remained
whether these hypothesized electrochemical degradation pathways were intrinsic or
extrinsic in nature. As discussed earlier, the electrochemical model of OLEDs allows for
understanding possible of degradation reactions and their prvention. Since holes and
electrons are actually radical ion states in OLEDs, we may hypothesize existing
degradation pathways, because these charges are known to be reactive intermediates in
organic chemistry.43'112 More recently, Niu et al. have proposed that device degradation
may be explained by this radical ion chemistry concept.72

Their studies suggest that

arylamine radical cation chemistry (polymerization reactions) may be related to the
instability and failure of OLED devices.
In this chapter, the redox reaction energies and chemical stability of arlyamime hole
transport agents are further studied. A series of hole transport agents has been developed
based on the TPD structure. Originally, these materials were developed for frontier
orbital optimization, but after modification of their structure, it was thought they could
provide information concerning the relative reactivity of their radical cation states and
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how it changes with structure. Other commonly used and investigated arylamine hole
transport agents were also synthesized and investigated for comparison purposes.

3.2. EXPERIMENTAL

3.2.1. Materials.
All chemicals and solvents were obtained from Aldrich without further purification
unless noted herein. Figures 3.1 and 3.2 show the molecular structures of the hole
transport materials, both polymer and small molecules. Triphenylamine (TPA) and 4,4*bis(m-tolylphenylamino)biphenyl (TPD) were obtained from Aldrich. Substituted TPDs,
4,4'-bis(3-fluorophenyl-3,-tolylamino)biphenyl (m-FTPD), 4,4'-bis(3,5-difluorophenyl-3'tolylamino)biphenyl (m-DFTPD), 4,4'-bis(3,4,5-trifluorophenyI-3,-tolylamino)biphenyl
(m,p-TFTPD), 4,4,-bis(4-methoxyphenyl-3'-tolylamino)biphenyl (p-MeOTPD), and 4,4'bis(3-methoxyphenyl-3'-tolyIamino)biphenyl (m-MeOTPD), 4,4,-bis(4-fluorophenyl-3'tolylamino)biphenyI (p-FTPD), 4,4'-bis(3-(trifIuoromethyl)phenyl-3,-tolyIamino)biphenyl
(m-TFMTPD), 4,4'-bis(3-cyanophenyl-3'-tolylamino)biphenyl (m-CNTPD), 4,4'-bis(4cyanophenyl-3'-tolylamino)biphenyl
tolylamino)biphenyl

(NPD),

(p-CNTPD),

4,4'-bis(1-naphthyl-3-

4,4'-bis(l-naphthyl-4-fluorophenylamino)biphenyl

(p-

FNPD), and 4,4,-bis(4,4,-zz-butoxyphenylamino)biphenyl (p-BOTPD) were synthesized,
81

as described in a recent publication.

Figure 3.2 shows the vinyl polymers of TPD, m-

FTPD, p-MeOTPD, and m-DFTPD, provided and synthesized by R. Grubbs et al. NEthyl-3,6-di-ferf-butylcarbazole (ETBC) was provided and synthesized by the Dr.
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Figure 3.1. Molecular structures of TPD analogues. Substituents modify the frontier molecular orbital of this class of
materials.

—o—(x />—N

K

x>b

xv .N,

O—
poly-p-MeOTPD

poIy-TPD

poly-m-FTPD

poly-m-DFTPD

TPDD

o

O
TAPC

TTA

6

ETBC

TPA

Figure 3.2. Molecular structures of vinyl-TPD polymers, common triphenylamines, and electrochemically stable carbazole.

8

103

Yadong Zhang at the University of Arizona, Department of Chemistry. l,l-Bis(4,4'ditolylaminophenyI)cyclohexane (TAPC) and tri(p-tolyl)amine (TTA) were obtained
from Kodak. The phenyl-phenyl dimer of TPD (TPDD) was synthesized and provided by
S. Thayumanavan at the Beckman Institute. All aiylamines were used without further
purification.

TetrabutyIammonium hexafluorophosphate (TBAHFP), electrochemical

grade, was obtained from Fluka. TetrabutyIammonium perchlorate was obtained from
Aldrich and purified by recrystalization from an ethanol solution and the filter solid was
then dried invacuo at 100° C for 24 hours. The solvent system used in voltammetry and
oculometry was a (1:1) mixture by volume of acetonitrile and benzene, HPLC grade. The
solvents were mixed, degassed with dry nitrogen, and stored over activated basic alumina
for 24 hours before use.

3.2.2. Ultraviolet Photoelectron Spectroscopy.
Ultraviolet photoelectron spectroscopy (UPS) of the pure thin film materials was
carried out using a 21.8 eV He (I) source in a VG EXCALAB MKII photoelectron
spectrometer, according to procedures developed previously for a wide range of
molecular systems.18*84'85 The sample was biased with an external power supply during
data acquisition to allow for measurement of the low kinetic energy cutoff region. Gas
phase UPS spectra (using the same source as previously mentioned) were obtained in a
modified spectrometer with appropriate sublimation sources to obtain sufficient fluency
of material to allow for adequate signal collection.

Paul Lee and Nadine Gruhn
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completed the solid-state and gas phase UPS of hole transport materials at the University
of Arizona, Department of Chemistry.

3.23. Optical Measurements.

In addition to electrochemical measurements, if applicable, estimates of LUMO
positions and electron affinities (EA) were made by using absorbance and fluorescence
spectroscopy of these materials as thin films.

The thin films of these materials were

either spin coated from chlorobenzene solutions, if a polymer, or vacuum deposited, if
small molecules.

UV-visible spectra were recorded on thin films

on transparent

substrates using a Hitachi U-2000 spectrophotometer. Photoluminescence spectra of
these same films were recorded with an ISA Fluorolog spectrofluorimeter.

3.2.4. Cyclic Voltammetry.
Cyclic voltammetry was performed with a Cypress Systems Model CySy 2Ra
potentiostat or an EG&G Princeton Applied Research Potentiostat/Galvanostat Model
283. The voltammetry for all compounds in this study was performed on ITO (16-17
Q/ ) or freshly polish Pt electrodes with a geometric area of 0.32 cm2. Voltammograms
were recorded at a scan rate of 100 mV/sec in a three electrode one-compartment cell.
All potentials were measured with respect to a pseudo-silver electrode calibrated to the
ferrocene/ferrocenium redox couple. The solutions of redox active compounds were
always between 10"4 and 10"3 M, and the supporting electrolyte was 0.1 M TBAHFP or
0.1 MTBAP.
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3.2.5. Conlometry.
Generation of the triphenylamine radical cations was also performed by oculometry
with an EG&G Princeton Applied Research Potentiostat/Galvanostat Model 283 in a
modified 2 electrode H-type cell, which separated the anodic and cathodic compartments
with a salt bridge. Solvent and supporting electrolytes as above. Dry argon was bubbled
in the cell to degas and homogenize the solution.

3.2.6. Spectroelectrochemistry.
The absorbance spectra of the triphenylamine radical cations were obtained with a
Spectral Instruments CCD Array UV-VIS spectrometer equipped with an optical fiber
probe. The electrochemical cell was equipped with two parallel ITO electrodes and a
Ag/AgCl pseudo-reference electrode prepared by anodizing silver wire in saturated KC1.
Potential control of the cell was maintained with a Cypress Systems potentiostat
described above. The absorbance spectra were recorded in the reflectance mode where
the light beam enters at the working ITO electrode, probes the solution, exits at the ITO
counter electrode, and is reflected back into the cell by an aluminum mirror to probe the
solution a second time before being collected and measured.

3.2.7. Reaction Product Analysis.
Reaction product analyses of the radical cation states of TPD, p-MeOTPD, and TPA
were performed. The radical cation states were generated chemically with the addition of
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an equivalent amount of antimony (V) pentachloride to solutions of these compounds.
The effects of surfaces and bases on the chemistry of radical cation states were also
investigated.
Work-up of the reaction mixtures consisted of separating soluble reactants and
products by preparative scale thin-layer chromatography (TLC) on silica gel coated glass.
The mobile phase used for separation was a 5% ethylacetate in hexanes mixture.
Individual zones after separation were scraped off the TLC plates and isolated in glass
vials for further analysis. HPLC grade benzene was used to extract the compounds from
the silica gel. The solutions were filtered and collected for further analysis.

3.2.8. OLED Fabrication and Characterization.
All thin

films of

TPD and TPD-type polymers were either thermally evaporated or

spin coated from a chlorobenzene solution onto clean ITO covered glass (20 Q/ from
Donnelly Corporation). Film thicknesses of these materials were ca. 50 nm. An Alq3
film (50 nm) was thermally evaporated onto the TPD layers. Evaporated A1 was used for
the cathode. Thermal deposition rates were ca. 3 A/s for organic materials and ca. 7

A/s

for metals. All device fabrication and characterization was performed in a dry nitrogen
glove box.
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3.3. RESULTS AND DISCUSSION

33.1. Ultra-Violet Photoelectron Spectroscopy of TPD Analogues.
The occupied frontier molecular orbitals of the TPD analogues were probed with gas
phase and condensed phase UPS.

Figure 2.5(b) shows solid-state and gas phase UPS

spectra for TPD. Estimates of the median energy of the HOMO and ionization potential
(I?) can be made from this data. Additionally, the amount of intermolecular orbital
overlap can be made by comparing the gas phase and solid-state spectra. Table 3.1
summarizes the Ip and HOMO values obtained from the condensed phase and gas phase
UPS spectra of the TPD-analogues. The energy levels are expressed in eV vs. vacuum.
The gas phase spectra show a shift of the HOMO and Ip by up to ca. 1.0 eV from that of
the condensed phase spectra. The core hole created by the photoemission has a lower
energy in the condensed phase versus that in the gas phase. This is an expected result
because in the condensed phase the core hole can be stabilized by the polarization of the
surrounding molecules.113 This stabilizing effect cannot take place in the gas phase and
therefore, the ionization potential is generally higher. A plot of the condensed HOMO
levels versus the gas phase HOMO levels of the TPD analogues shows a linear
relationship between these two values (not shown). This correlation implies that the
difference in energy between the condensed and gas phase measurements is dependent on
solvation energies are reasonably constant or vary in an approximately linear manner
., _

_

. , H4.115

with the potentials.

HOMO

IP

HOMO

Ip

Condensed

Condensed

Gas

Gas

(eV)

(eV)

(eV)

(eV)

p-MeOTPD

5.53

5.06

6.59

TPD

5.73

5.38

6.69

m-MeOTPD

5.67

5.24

6.75

p-FTPD

5.90

5.56

6.89

5.46

NPD

5.63

5.18

6.56

6.15

p-FNPD

5.62

5.18

m-FTPD

5.99

5.56

6.89

5.46

m,p-TFTPD

6.29

5.88

7.14

6.70

m-TFMTPD

6.29

5.86

m-DFTPD

6.11

5.62

7.08

6.58

Compound

p-BOTPD
623

m-CNTPD

p-CNTPD
Table 3.1. Summary of occupied energetic levels vs. vacuum of the TPD
from solid state and gas phase UPS spectra.
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Another important feature observable from these spectra is that differences exist in
bandwidths of the gas and condensed phase HOMOs. As previously stated in Chapter 2,
small differences in the fwhm of the occupied frontier molecular orbital in the solid
relative to the gas phase are indicative of weakly interacting molecular materials; thus, no
valence and conduction band formation occurs in the condensed materials.90
As can be observed in the estimated occupied energetic levels, the energy of the core
hole formed by the photoionization process has been modified by introducing
substituents that increase or decrease the electron density of the frontier
orbitals.

molecular

In general, electron-donating substituents, such as methoxy substituents,

increase electron density and the core holes formed by the photoemission process have
lower energy states vs. vacuum than those of , TPD, the parent structure. Electron
withdrawing substituents, such as fluorine,

trifluoromethyl, and cyano substituents,

remove electron density from the conjugated ^-electron system, and the holes created
tend to have larger HOMO and ionization potentials vs. vacuum than those of the parent
structure.

3.3.2. Cyclic Voltammetry.
The redox behavior of arylamine compounds was probed with nonaqueous solution
cyclic voltammetry, and representative voltammograms are shown in Figure 3.3, Figure
3.4, and Figure 3.5. Since the arylamine compounds studied have limited solubility in
acetonitrile, a mixture of benzene and acetonitrile (1:1) was employed. All arylamines
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studied, except TPA, displayed reversible oxidation behavior when recorded at 100
mV/sec. The relative oxidation potentials of the arylamine analogues and are expressed
in volts vs. the ferrocene/ferrocenium redox couple (Fc/Fc^) in Table 3.2. Table 3.2
includes the first and second oxidation potentials reported at half-wave potentials,

Eqi

and Eoz respectively, and the first anodic peak potential, Ep.oxv
Figure 3.3 represents the voltammograms of m-MeOTPD (a), TPD (b), m-FTPD (c),
and m-DFTPD (d) recorded on an ITO working electrode at a scan rate of 100 mV/sec.
These voltammograms are typical of TPD analogues (see Figure 3.1), where they
undergo two successive one-electron oxidations, consistent with each having two
triphenylamine redox moieties. The first and second oxidation processes are judged to be
one-electron by comparing the magnitude of the peak current of the triarylamine with the
peak current of a molecule of comparable size (diphenylanthracene) and normalizing to
comparable concentrations.

Previous electrochemical studies of comparable

triarylamines have also shown that these initial oxidations are one-electron processes.116
The peak potential separations, AEp, for all the TPD analogue voltammograms are
larger on ITO than on platinum electrodes. The apparent heterogeneous electron transfer
rate constant is therefore less for ITO. This may be observed for instance for TPD and
m-FTPD in Figure 3.3, where the potential difference AEp =113 millivolts, while on Pt
this same AEp = 89 millivolts.
It can be seen in Figure 3.3 that Ep,oxi, and Ep,ox2, are well separated for TPD and pMeOTPD, and the half-wave potentials, Eqi and Eoz, are easy to determine for the lower
potential energy state molecules. For TPD-type compounds, the separation between

Ill

I

100 nA

100 \iA

100 H-A

100 ^lA

1000

800

600

400

200

0

Pdtential vs. Fc/Fc+ (mV)

Figure 33. Cyclic voltammograms showing the substituent effect on oxidation
potentials of triaiylamines (a) p-MeOTPD, 0.9 mM; (b) TPD, 0.43 mM; (c) m-FTPD,
0.29 mM; and (d) m-DFTPD, 0.32 mM. All voltammagrams were recorded an ITO
working electrode with a geometric area 0.32 cm2 and at a scan rate of 100 mV/sec. All
the TPD derivatives undergo two successive one-electron oxidations, which was
confirmed with spectroelectrochemical analysis.

Compound

Ep.oxi

E01

E02

(V)

(V)

(V)

p-BOTPDT

0.21

0.14

0.32

p-MeOTPD*

0.36

0.24

0.45

TPD*

0.39

0.34

0.50

m-MeOTPD

0.39

0.34

0.50

p-FTPDT

0.42

0.36

0.51

NPDT

0.42

0.36

0.52

p-FNPDT

0.45

0.39

0.54

m-FTPD*

0.50

0.44

0.56

m-CNTPD

0.53

0.48

0.58

mp-TFTPD*

0.54

0.48

0.56

m-TFMTPDT

0.50

0.48

0.55

m-DFTPD*

0.60

0.55

0.62

p-CNTPDT

0.59

0.55

0.62

TPDDT

0.36

0.30

0.41

TAPC*

0.42

0.37

0.43

TTA*

0.46

0.38

TPA*

0.68

EDTBC

0.73

0.66

Table 3.2. Oxidation states of triphenylamines and carbazole materials. All
potentials are reported in volts vs. the fenocene/fenocenium redox couple
(Fc/Fc*). ^Voltammetry recorded on Pt at a scan rate of 100 mV/sec.
*Voltammetry recorded on ITO at a scan rate of 100 mV/sec; however, Pt was
also used as a working electrode. Eqxi of the materials varies with the working
electrode used, Pt or ITO, but Eqi and E02 are the same for both working
electrodes.
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equilibrium potentials decreases as the first oxidation potential increases until the energy
of these two oxidation processes is not resolvable using cyclic voltammetry alone. In mDFTPD and mp-TFTPD it is assumed that the difference between the anodic and
cathodic peak currents for these compounds is the same as for TPD and m-FTPD, 113
mV, which allowed us to find the potentials, Eqi and Eoa, for all nonresolvable oxidation
state materials. The values of Eoxi, Eqi, and E02, if applicable, are reported in Table 3.1
for all TPDs studied. As can be seen from the tabulated results, the first oxidation
potential of these materials has been modified by the introduction of substituents that
alter the frontier molecular orbitals of the TPD analogues.
Figure 3.4 presents the redox behavior of TPDD, a dimer of TPD. As can be seen
from the structure of TPDD, this structure has four redox moieties, previous studies have
suggested that this molecule can lose up to four electrons.25 This voltammogram shows
the oxidation processes of this compound. Spectroelectrochemistry was employed to
help elucidate the complicated voltammetry. The absorbance spectra taken at potentials
(1) and (2) are characteristic of the monocation radical state of the TPD analogues. These
processes most likely represent the first and second oxidation states of this molecule,
where the two positive charges are localized predominantly around the terminal nitrogen
atoms of the molecule. When the potential of the working electrode is held at potential
(3),

absorbance spectra show a contribution of the benzidene quinoidal structure, as

would be expected of the third and fourth oxidation states of this molecule. Table 3.2
shows that the first oxidation state of this molecule is ca.

0.30 V

vs. Fc/Fc+, and shows

that TPDD slightly easier to oxidize than that of TPD (Eqi

=

0.34

V).

100

50

2 -50

5
-100

-150
800

700

600

500

400

300

200

100

Potential vs. Fc/Fc+ (mV)

Figure 3.4. Cyclic voltammogram showing the redox behavior of TPDD. The label oxidation processes are (1) first oxidation
state, (2) second oxidation state, and (3) third and fourth oxidation states. These processes were confirmed using
spectroelectrochemistry, where the absorbance spectra at potentials (1) and (2) had the characterestic radical cation absorption
band with a Xmax» 480 nm. The absorption band at potential (3) was characteristic of the dication band with a Xmax» 650 nm
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Figure 3.5. Cyclic voltammagrams of (a) TAPC, 0.3 mM; (b) TTA, 0.7 mM; (c) TPA,
0.8 mM (all recorded on ITO); and (d) EDTBC, 1 mM (recorded on Pt). Both the ITO
and Pt electrodes were disks and had geometric areas of 0.32 cm2. All measurements
were recorded at 100 mV/sec.
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Figure 3.5 presents the voltammograms of TAPC (a), TTA (b), TPA (c) recorded on
ITO, and ETBC (d), recorded on Pt at a scan rate of 100 mV/sec. TAPC undergoes two
successive one-electron oxidations, as it has two redox active moieties. The separation
between the first and second oxidation state of TAPC is a result of the electrostatic
repulsion between the two charged states. TTA, TPA, and ETBC each undergo a oneelectron oxidation. As previously stated, the radical cation state of TPA is not stable
throughout the experiment, whereas the radical cation states of TTA and ETBC are
stable. Introducing alkyl substituents para to the nitrogn is known to result in incrased
stability of the TTA and ETBC. In effect, they block dimerization chemistry that can
occur through the unsubstituted para positions of the triphenylamine and carbazole
molecules.96'112*117 Table 3.2 summarizes the values of Eoxi, Eqi, and Eq2, obtained from
cyclic voltammetry, if applicable.
For the triarylamine compounds of this study known to be hole transport agents,22
cyclic voltammetry of these molecules allows determination of Eqi (or Ep,oxi when not
possible to determine Eoi, as for TPA) on an electrode like ITO that will be used to inject
holes into the hole transport materials of OLEDs. It is possible to use Eoi or EP,oxi to
obtain an estimate of the ionization potential (Ip) of the molecule in the solid state.118123
Figure 3.6 shows that the solid-state UPS HOMO measurements correlate well with the
solution oxidations potentials. This linear correlation implies that solvation energy for
the positive charged species formed by these two processes is reasonably constant or
varies

in

a

manner

approximately

linear

with

the

potentials."
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Figure 3.6. Correlation between condensed HOMO level vs. vacuum of some TPD analogues and their half-wave oxidation
potentials: 1, p-MeOTPD; 2, TPD; 3, m-MeOTPD; 4, p-FTPD; 5, m-FTPD; 6, m-TFMTPD; 7, mp-TFTPD.
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Linear Free-Energy Relationships of Substituents
The relative energetic levels of arylamine analogues and are expressed are
summarized in Table 3.2 (volts vs. the ferrocene/ferrocenium redox couple, Fc/Fc*). The
values of Eqi for the various compounds studied are reported in order of increasing EoiIn electrolyte solutions, ions such as the cation radicals of these arylamines are stabilized
by solvation effects and, to a much lesser extent, by van der Walls interactions. Cyclic
voltammetry tends to underestimate absolute values of ionization potentials in the solid
124

state.

The relative positions of ionization potential in the series of molecules studied in

this work should be correct, since they have all been measured on the same electrodes
and electrolyte solution. Also the half-wave oxidation potentials with respect to the
Fc/Fc+ redox couple do not change going from ITO to Pt working electrodes. From
Table 3.2 it can be seen that the oxidation potential of TPD analogues can be modified
from the parent compound by introducing substituents that impart resonance and/or
inductive (field) effects.
Changing the reaction conditions (e.g. electronegativity of substituents on the
substrate) will usually change the rate of a chemical reaction or cause a shift in the
91,93

chemical equilibrium.

If the same series of condition changes affects the equilibrium

of a second reaction in exactly the same way as it affected the first, except that it is
attenuated by an amount dependant on the second substrate, there exists a linear freeenergy relationship between the two sets of effects. Hammett introduced the substituent
relationship for elucidating reaction mechanisms of aromatic compounds. 125 As can be
seen_in Figure 3.7 and Table 3.3, such a substituent relationship exists for the first
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Figure 3.7. Plot of Log(KTPDxVK-TPD) vs. a showing linear free-energy relationship between the oxidation of the TPD
analogues and the ionization constant of benzoic acid.
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arp,raM

MeOTPD

TPD

FTPD

CNTPD

TFMTPD

0.12

0.00

0.34

0.56

0.43

-0.27

0.00

0.06

0.66

0.00

0.00

-1.7

-3.2

1.7

0.00

-0.34

-3.5

-3.2

Log(KrPDx/KTPD)meU
Log(KxPDs/KxPD)p»r*
Table 33. cr and calculated Hanxmett values for the substituents: methoxy
(MeO), fluoro (F), and cyano (CN).
a

Values are those given by Richie, CD.; Sager, W.F. Prog. Phys. Org. Chem.
1964,2, 323.
b Values are those given by Hanshch, C.; Leo, A.; Unger, S.; Kim, K.H.;
Nikaitani, D.; Liem, EJ. J. Med. Chem. 1973,16,1207.
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oxidation constants of TPD analogues and the ionization constant of benzoic acid
derivatives. A plot of the Log(KTPDx/KrPD) versus the accepted <r values126*127 for the
corresponding geometric substituent effect is seen to be linear. Hammett defined as
follows:
(Fmeta = Log (Kx-meta/Ko)

or
Opara

Log (Kx-paia/Ko)

and Kx-mcta and Kx1Bra are the ionization constants for the meta or para substituted
benzoic acid derivatives. Ko is the ionization constant of benzoic acid. The following
relationship is used to compare the substituent effect of a particular reaction to that of the
ionization of benzoic acid derivatives:
Log(K'x/K'0) = per
where p is the slope of the line. Plots of these values indicate the mechanism of reaction
and allow one to predict reaction rates and reaction equilibrium constants when new
substituents are added to the structure.

A straight line indicates that the reaction

mechanism does not change with respect to the introduction of substituents.

The

magnitude and sign of the line indicate how substituents affect the reaction, in this case
oxidation reaction, of the substrate. The slope p of the plot seen in Figure 3.7 is -5.8.
The negative sign indicates that electron donating substituents increase the oxidation
reaction constant, and the magnitude (greater than l) shows that the substituent effect on
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oxidation of the TPD substrate is large with respect to the ionization of benzoic acid
derivatives.91
Fluoro substituted TPD materials are in general more difficult to oxidize than the
parent structure. It appears that when fluorine atoms are introduced onto phenyl rings,
they impart inductive effects that make them more difficult to oxidize, by withdrawing
electrons from the occupied frontier

molecular orbitals.

This can be observed by

comparing the Eoi values obtained from p-FTPD (Eqi = 0.36 V), m-FTPD (Eqi = 0.46
V), mp-TFTPD (Eqi = 0.48 V), and m-DFTPD

(Eoi =

0.55 V). As can be seen, the

positional substitution of the fluorine atom can affect the oxidation potential of the TPD
structure. When fluorine is added to the para position, as in the case of p-FTPD, there is
little change in Eoi from that of TPD; however, when fluorine atoms are substituted in
the meta position, as with m-FTPD and m-DFTPD, it can be seen that the oxidation
potential increases by about 0.1 V per fluorine added to the redox moiety. This type of
91

substituent imparts a purely inductive effect.

Other electron withdrawing substituents

investigated include trifluoromethyl and cyano functionalities. It can be seen that the
trifluormethyl substituent in m-TFMTPD (Eoi = 0.48 V) increases the oxidation potential
by ca. 0.14 V vs. TPD. The cyano substituent as in p-CNTPD (Eoi = 0.55 V) and mCNTPD (Eqi = 0.48 V), appears to impart both resonance and inductive effects when
91

substituted onto the redox moieties.

Alkoxy substituted TPD analogues appear to impart resonance effects that stabilize
the radical cation states when in the para positions and therefore, lower Eoi- This can be
seen_by comparing the alkoxy substitution position vs. Eoi of p-MeOTPD (Eqi = 0.24 V)
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and m-MeOTPD (Eoi = 0.34 V). Adding the alkoxy substituent to the para position
lowers the Eoi of the structure, whereas adding the alkoxy to the meta position has no
effect on Eoi from that of the parent structure. This substitution pattern is in accord with
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resonance type stabilization.

By adding additional alkoxy substituents to all para

positions of the redox moieties as in the case of p-BuOTPD (Eoi = 0.14 V) decreases the
oxidation potential by 0.2 V vs. TPD. A linear relationship is noted here for the alkoxy
substitution of a -0.1 V for every two alkoxy substituents added in the para position of
the TPD structure.

333. Spectroelectrochemistry of Mono and Dications of Triarylamine Compounds.

The structure of the TPD molecule is given in Figure 3.1. This type of benzidine
diamine structure can undergo two one-electron oxidations. The monocation radical is

resonance stabilized and can have the following structure:

Electrochemically or chemically produced TPD cation radicals have absorption spectra
similar to those seen in Figure 3.8(a), with a Xmax at ca. 480 nm, and an additional
absorbance band in the near-IR region, as well (not shown). The neutral form of TPD

0.25 r

0.00

\
600

700

Wavelength (nm)
Figure 3.8. Absorption spectra of the (a) radical cation state of TPD, and (b) neutral state of TPD.
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has no absorption in the visible region, as seen in Figure 3.8(b). The dication of TPD
has the following structure:

This resonance form of the dication is most stable due to formation of the quinodal
128

structure when the radical electrons pair.

Figures 3.9(a) and (b) show the broad

absorption of the dication bands labeled (2) of TPD and m-DFTPD. All dication bands
for the structures studied have a Xmax in the 600-700 nm region This red shift from the
monocation band is consistent with the formation of the quinodal structure with a longer
conjugated ^-electron

system.

Dications can

be produced

chemically or

electrochemically. The spectra of electrochemically produced dications always showed a
monocation contribution, since both species are produced together at potentials able to
generate dications, and dications quickly react through reproportionation with the neutral
42,43

parent molecule to produce two monocation radicals.

The spectrum of the radical cation of TTA is presented in Figure 3.9(c). It has a
maximum at about 675 nm and a shoulder at about 590 nm. TAPC contains two TTAlike moieties held together by a cyclohexyl functionality. It is possible to oxidize
separately each unit of this molecule, where the absorption spectra of the first and second
oxidation states of TAPC are the same as that of the TTA**. There is no difference
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Figure 3.9. Solution absorbance spectra showing mixtures of the monocation and
dication states of (a) TPD, and (b) m-DFTPD. Absorption bands labeled (1) represent the
monocation, and bands labeled (2) represent the dication Solution absorbance of the
radical cation state of (c) TTA; the same curve is also observed for the absorbance of the
mono and dication radicals of TAPC.
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between absorption spectra of the first and second oxidation states of TAPC because
there is no possibility of conjugation of the two redox moieties through the cyclohexane
ring, unlike that of the benzadine functionality in the TPD structures. The votammogram
of TAPC in Figure 3.5(a) shows that there is a small interaction between the two halves
of the molecule due to the proximity of the two charges. It is indeed possible to see Eqxi
separated from Eqx2, because of electrostatic interaction created by the close proximity of
the two closely spaced positive charges.

3.3.4. Reaction Kinetics of TPD Analogue Dications.
Monocation and dications were generated on ITO, in the three electrode onecompartment electrochemical cell, by setting the potential at ca. 60 mV on the positive
side of

Eqx2-

The cell was disconnected after it was estimated that enough cations had

been generated. The absorbance spectra of the cations were recorded directly in the cell.
The rates of reaction of the dications states of p-MeOTPD, TPD, m-FTPD, and mDFTPD were followed using this technique.
Decay in absorbance of the dications of all TPDs is fast, with half-lives of less than
1-2 minutes at the concentrations we studied, compared to decay of the monocation
radicals, which have half-lives of several minutes to days under the experiment
conditions employed. Figure 3.10 shows the spectra for the dication of m-FTPD as a
function of time after cessation of formation. From the early spectra, one can see that the
dication band at 674 nm decreases as the monocation band at 486 nm increases,
consistent with well established reproportionation reactions for the dications with their
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Vtevdength(nm|
Figure 3.10. Absorbance changes due to fast decay of m-FTPD dications at times (a) 0
seconds, (b) 32 seconds, and (c) 1340 seconds.

129

42,72

neutral parent compounds.

For instance, the proposed electron transfer reaction

resulting in decay of the dication state of TPD is as follows:

TPD"" + TPD <-> 2 TPD**

[1]

All of the dications studied followed first order decay kinetics, similar to the decay
plot shown in Figure 3.11(a) for mp-DFTPD. It is assumed that this reaction follows
pseudo-first order kinetics, since the concentration of the dication is always much lower
than the neutral TPD concentration for the experimental conditions used in this study.
Since each dication produces two monocation radicals and since the disappearance of the
monocations is much slower than that of the dications, the monocation absorbance
increases as the result of reaction [1].
Experimentally determined rate constants are a function of TPD analogue
concentration and are not the actual bimolecular rate constants for the proposed
reaction[l]. Estimates of the actual bimolecular rate constant, kz, for these reactions can
be calculated, since the concentrations of excess TPD analogues are known
approximately. The k% values for electron transfer reactions for the TPD-type compounds
investigated are reported in Table 3.4, as is the potential energy difference AE^m between
the half-wave potentials of the first and second oxidation states. It can be seen that ki
increases with the potential difference between these two states. As expected, the kinetic
barrier is a function of the free energy difference between these two states and the
reorganizational energy required for the reaction to occur.35 This trend falls in the
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Figure 3.11. (a) Psuedo-first order decay mp-DFTPD dications electrochemically
generated in solution that contained ca. 0.5 mM of the parent molecules, (b) Linear
relationship exists between RT/Fln(k2) vs. ^E, the cross reaction potential of the dication
and parent molecule.
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Compound

AEnoi

*2

(electrochem)

(Mr1 s l )

(mV)
p-MeOTPDA

200

TPD

160

175

m-FTPD

120

110

m,p-TFTPD

80

70

Table 3.4. Energetic and kinetic values obtained from the decay of the dication states
of some of the TPD analogues.
A Too fast to monitor the decay of this reaction.
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Marcus "normal region" of electron transfer behavior. For a homologous series of
reactions where all experimental conditions are essentially constant (solvent system,
interatomic distance and force constant of the reactants and products), a plot of RT/F
ln(kz) vs. AEntn, seen in Figure 3.10(b), should be linear.

98,99

The theoretical slope for an

adiabatic series of electron transfer reactions plotted in this fashion should be 0.5, which
assumes that the slopes on either side of the transition state in a plot of potential energy
vs. reaction coordinate are equal but opposite in value. Deviations from this value result
from large structural changes that occur between the reactants and products. Since this is
100

rarely the case, real values for the slope are usually 0.5 ± 0.2.

The experimentally

determined value of the slope is 0.31 for this series of reactions and is within the lower
limit of accepted values. The deviation in this experiment may be explained by the large
structural change that occurs in the dication state, going from a largely quinodal planar
structure to the non-planar structure of the radical cation state.112
We have studied herein the rates of decay of dication radicals in non-aqueous
electrolyte solutions and found that dication radicals decay with pseudo-first order
kinetics and react with unoxidized triarylamine (ArN) molecules to produce two radical
cation states (ArN**). We believe that the same reaction will occur in OLEDs and that
monocation radicals are the only carriers that have to be considered for the transport of
holes in ArN films and not the bipolaron states. It is easy to show that, even when high
current densities are injected into an ArN layer in the OLED, the majority of ArN
molecules are still in the unoxidized state.
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This can be demonstrated for a 100 nm TPD layer passing a current density of 0.1
A/cm2 with an electric field value of 106 V/cm across it/'118 The room temperature
density of TPD is assumed to be 0.8 g/cm3, similar to that of TPA (0.774 g/cm3 [V]), and
the room temperature mobility of holes in pure TPD is 1.5 x 10"3 cm2/V s at 106 V/cm.
With these values, we can estimate that a 1 cm2 film has 9.3 x 1015 molecules of TPD, the
drift rate of holes in the film will be 1.5 cm/s, and the number of hole injected into the
material sec"1 is 6.2 xlO17 holes/(cm2*s). *U8

To obtain this current, it is necessary to

inject 4.2 x 109 holes every 6.7 x 10"* s. The holes will have time to cross the film before
another pulse of 4.2 x 10* holes will be injected 6.7 x 10*9 s later. If the generation of
holes results in the generation of dications, there will be 2.1 x 10"9 dications in the film.
Hence, the ratio of the number of neutral molecules to the number of dications will be 4.4
xlO6.
Since there are at least three orders of magnitude more TPD molecules than dication
radicals in the film, reaction [1] will always proceed, even in a thin film.

These results

and calculations also support the work of Redecker et al., Wegner et al., and Charra et al.,
who succeeded in spectroscopically obtaining the absorbance of the species carrying
holes in operating organic electronic devices, finding that only the first oxidation state of
_

, , _

_

,

,

• i 1920,118,130

the hole transport molecules was occupied.

3-3.5. Extinction Coefficients and Kinetics of the Monocation Radicals.
By measuring the number of coulombs used for the generation of radical cations, or
by measuring the number of moles of SbCls used to oxidize an excess of TPD in a known
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volume of solution, it is possible to estimate the molar extinction coefficient of radical
cations. These calculations assume that radical cations do not decay during the time of
the analysis, generally a good estimate since the radical cation states of most of the
materials studied have relatively long lifetimes under given experimental conditions. The
extinction coefficient of TPA*" could not be measured due to the extreme reactivity of
this species. Electrochemical and chemical oxidation methods were in good agreement
with each other. These values are reported in Table 3.5 and all are on the order of 104
Abs.cm"1 M"1, consistent with previously measured molar absorptivities.118

4.3.6. Stability and Kinetics of Radical Cation States.
Since the radical cation states of the TPD analogues had unique absorption bands in
the visible region, and since the decay of these states was relatively slow, absorption
spectroscopy was employed to monitor and elucidate the degradation of arylamine radical
cations. The radical cations were produced electrochemically under coulometric
conditions in a modified H-type cell or by chemical oxidation with SbClg. The solution
containing the radical cations was transferred into a sealed quartz cuvette so that their
disappearance could be monitored by absorption spectrometry.
The order of reaction for decay of the radical cations was inconclusive. Of the
acceptable decay curves, the order of reaction was not consistent within the series of
compounds studied. Some decays were first order, others second order. In order to
distinguish between first and second order kinetics it is necessary to follow the absorption
deca^ over an order of magnitude with respect to time. Some radical cation states, such
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Compound

6 (electrochem)

X. max

e (chemical)

X max

(x 10"4 M"1 cm1)

(nm)

(x 10"4 M"1 cm"1)

(nm)

2.0

482

2.1

486

-

483

0.5

482

m-DFTPD

1.5

479

m,p-TFTPD

1.3

478

TAPC

0.9

678

TTA

0.7

674

TPD
m-FTPD

TPA
Table 3.5. Molar extinction coefficients* of triarylamine monocation radical salts
generated electrochemically or chemically in benzene + acetonitrile + TBAPb or
SbCl5c.
A The molar extinction coefficients have been calculated assuming that the radical
concentration did not decay during the preparation step.
B For the electrochemical generation, TBAHFP.
c SbCls was used for the chemical generation.
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as p-MeOTPD and TPD, decayed so slowly that only 5-30% decay was noted after two
weeks. Due to time and equipment use constraints, kinetic runs were stopped after 14
days.
The primary reaction pathway for the decomposition of triarylamine radical cations
is presumed to occur through carbon-carbon coupling, particularly in the unsubstituted
para positions to the nitrogen atom.117 While para-para coupling is known to be the
dominant product of such reactions, coupling can occur through combinations of ortho
and para sites.117 Another potential dimerization pathway of the radical cation states of
arylamines with alkyl substituents is known to form through the benzyl positions.l

7

In

order for this to happen the benzyl position must be a primary or secondary carbon atom.
If TPD** follows a dimerization scheme, it is expected to disappear according to
reaction [2].

2 TPD** -» TPD-TPD + 2 H*

[2]

Previous studies have suggested that some triarylamine radical cations dimerize and best
follow a second order process. Two consecutive reactions such as those in [3] and [4], as
follows, might be more acceptable:

TPD** <-»• TPD* +H*

[3]

2 TPD* -» TPD-TPD

[4]
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These consecutive reactions will follow second order kinetics if the rate-limiting step is
[4], whereas reaction [3] will probably be at equilibrium (in other words, TPD** functions
as a "weak" acid).
Figure 3.12 shows raw decay curves for the radical cation states of p-MeOTPD (a),
TPD (b), mp-TFTPD (c), and m-DFTPD (d) from which relative stabilities can be
ascertained. As could be predicted from previous studies, p-MeOTPD** would be the
most stable because para-substituted triphenyl amines are generally known to undergo
chemically reversible electron transfer reactions, especially when the para-subsituents are
electron donors.117 If coupling occurs through the para positions of the phenyl moieties,
the relative stability of TPD**, however, should be less than that of mp-TFTPD because
fluorine atoms block the para position This trend is not seen in Figure 3.12(b) and (c);
the results are the opposite of those expected.
Of the TPD analogues studied, only the radical cation states of m-DFTPD and mpTFTPD decayed enough to obtain meaningful information about the order of reaction.
When decay of these two radical cation species was plotted by second and first order
kinetics, the overall reaction adhered more closely to first than second order kinetics.
The first order decay plots for m-DFTPD** and mp-TFTPD** can be seen in Figure 3.13.
The decay results of the radical cations studied was inconclusive and a detailed molecular
picture of the decay reaction mechanism was not possible to elucidate, perhaps for
several reasons, among them that cation radical states may undergo other reactions with
impurities or may undergo several types of degradation reactions with similar rates.
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Figure 3.12. Raw decay curves showing the decrease in absorption of the radical cation states (a) p-MeOTPD, (b) TPD, (c)
m,p-TFTPD, and (d) m-DFTPD.
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Figure 3.13. First order decay plots of the radical cation states of (a) m,p-TFTPD, and (b) m-DFTPD.
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The primary goal of these kinetic studies was to elucidate the degradation
mechanism of the radical cation states of TPD analogues and to conclude whether the
degradation reaction could be prevented by introducing substituents that impede
degradation chemistry. The spectroscopic investigations being inconsistent and not in
line with what was hypothesized to happen, other nonkinetic methods were employed to
investigate the major degradation pathway of the radical cation states of TPD analogues.
Reaction product analysis was performed to further examine major degradation pathways
of TPD analogue radical cations in benzene/acetonitrile mixtures. Figure 3.14 shows the
general method employed to create radical cation states and the results typical of the
major products analyzed. Radical cation states of TPDs were generated chemically with
SbCls, and the reaction mixture was stirred for 12-24 hours. Thin-layer chromatography
of the reaction mixture resulted in the separation of four zones, three zones having a blue
photoluminescence (using excitation from a UV lamp) and one having the orange color
absorbance of the radical cation state of TPD.

Isolation of the three blue

photoluminescent zones was completed by using preparative scale thin layer
chromatography, and the reaction products were analyzed with mass spectroscopy that
used either fast atom bombardment (FAB) or matrix assisted laser desorption ionization
(MALDI) techniques. The results of the HRMS indicated that the three blue luminescent
zones were a) the starting material (calculated = 516.2566 m/z, observed = 516.2565
m/z), b) a dimer (calculated = 1030.49 m/z, observed = 1030.41 m/z) and, c) a trimer
(calculated — 1544.74, observed — 1544.76 m/z) of TPD.

Prolonged reaction times

/A

. 2n H^s

^

L

Dimer

II. Trimer
III. Insoluble Polymer

Figure 3.14. Generation and degradation pathway of TPD radical cation states.
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Figure 3.15. Mid-infrared absorption spectra of TPD (top) and insoluble product (bottom) from a reaction mixture of
chemically generated TPD radical cations. Both spectra have the same characteristic vibrational bands, and it is thought that
the insoluble product is a cross-linked polymer of TPD.
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(greater than 24 hours) resulted in the formation of a blue photoluminescent film on the
sides of the reaction vessel along with the isolation of a white insoluble solid. Although
the film was immersed in chlorobenzene and sonicated for 30 minutes, it did not dissolve.
Figure 3.15 shows the mid-infrared absorption spectra of TPD and the insoluble polymer
film. It can be seen that the film has the same characteristic infrared bands as TPD,
indicating that the film

is a cross-linked polymer of TPD.

Dimerization of these

analogues does occur;26 however, the coupling position is not yet known.
Previous chemical studies of degradation pathways have indicated that coupling is
most likely through the para-positions, though coupling through ortho- positions is also
known to occur to a lesser extent because of stenic influences. Figure 3.16 shows the
probable coupling products. The phenyl-phenyl dimer was initially thought to be the
product formed from degradation of radical cation states because the para-position on the
tolyl substituent is sterically hindered. Thus, the phenyl-phenyl dimer was synthesized
by S. Thayumanavan (see Figure 3.2, TPDD) for comparison with the major dimer
product isolated from the reaction product analysis. After performing HPLC-MS on both
the synthesized dimer and the dimer isolated from the reaction product analysis, it was
found that both were dimers of TPD, but with slightly different retention times. This
result clearly demonstrates that the reaction product is not phenyl-phenyl coupled, but is
rather another closely related structural isomer, such as one in Figure 3.16.
As with the reactions of substituted TPA** analogues,

the chemical reactivity of

TPD radical cation states may be understood in terms of their substituents. It is well
known that para-alkyl-triphenylamines provide an excellent example of another possible

M

%

r-O-Q-".

P
Tolyl Phenyl Dimer

Phenyl-Phenyl Dimer

y-Q-Q-"-

KX>:
4

9
Tolyl-Tolyl Dimer

Methyl-Methyl Dimer

Figure 3,16. Possible reaction products of decay of the radical cation states of TPD analogues.
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type of dimer. For instance, in the case of tri(p-tolyl)amine radical cations (TTA+e) the
major decay pathway is known to be as follows:

2

where coupling of the radical cation states occurs through methyl substituents. Thus, the
spectrosocopic and chromatographic results presented here, in combination with previous
reactivity studies of alkyl-substituted triphenylamines, suggest that a likely dimerized
96.97

product results from methyl-methyl coupling (See Figure 3.16, methyl-methyl dimer).

Figure 3.17 shows a proposed degradation scheme for the radical cation states of TPD
analogues. The first step involves loss of a proton from the methyl substituent to form a
benzyl radical, and the second step results from the coupling of the benzyl radicals to
form the methyl-methyl dimer. This reaction mechanism is consistent with the relative
rates of decay as determined spectroscopically, because decomposition has nothing to do
with blocking of the chemistry at the para-positions by various substituents. Moreover,
this reaction releases protons, which if these reactions occur in an operating OLED would
accelerate device degradation.

iMr-

"§ w >?" +h+

2

pno
Figure 3.17. Proposed degradation mechanism of the radical cation state of TPD.

a

147

Relatively inert solutions and conditions were employed for the species of this study,
except for the highly reactive TPA"1. Additional reactivity studies were completed to
better understand the chemistry of these states in other environments. The stability of
monocation radicals was also tested by exposing them to polar solids and bases in order
to mimic their fate in OLEDs. A solution of TPD** was generated chemically in a
benzene and acetonitrile mixture and put into contact with basic alumina, acidic alumina,
and SnOz powders. Within seconds, all TPD** disappeared from the solution and was
adsorbed on alumina powders that turned brown, most likely due to the absorption of
TPD**, before decoloration. The color of SnOz, did not change before the solution
decolored. The strong interaction of polar TPD** species with polar solids suggests that
this interaction will also occur in TPD films in contact with ITO.
Additional reactivity studies were completed to investigate how bases effect the
reactivity of radical cation states. In these studies, reaction mixtures were stirred over a
0.1 M NaOH aqueous layer or 2,6-di-ferf-butlypyridine, a non-nucleophilic base, was
added to the mixture until the disappearance of color was noted. For TPD** solutions,
complete decoloration occurred in about 30 minutes. Reaction product analysis of all the
reactive solutions studied resulted in the isolation and identification of the monomer,
dimer and trimer of TPD.
Does the reaction observed for monocation radicals in solution also occurr in
amorphous films of pure triarylamines or in amorphous films

of triarylamines in a

polymer binder such as polycarbonate? Previous studies suggest that if the monocation
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radicals of triarylamines dimerize in amorphous films, the reaction will be extremely
9!

slow.

However, measurements of the rate constants for these studies were carried out

under fairly facile conditions. Our study indicates that the coupling rate constants for
TPDs are relatively slow in benezene/acetonitrile solutions. These reactions, however,
can be accelerated by adding of bases and polar surfaces. These destabilizing conditions
may better mimic operating OLEDs, especially at the ITO/TPD and TPD/ETL interfaces.
The solid-state reaction would be expected to occur at rates orders of magnitude slower
than those in solution; however, these reactions would be expected to degrade devices
after many hours of operation.
If reactions like [2] occur in operating OLEDs, a few predication can be made. Both
proton and dimer products could cause problems for the long-term performance of
OLEDs. If the protons released in reactions are not mobile, they will contribute to space
charge buildup on the anode side of the device. If they are mobile, they would migrate
toward the electron transport material and/or the cathode. There they would be expected
to react with radical anions or the cathode to further corrode the device (and possibly to
evolve hydrogen). Reaction [2] might also create coupled products that have lower
ionization potentials than the parent materials as determined by cyclic voltammetry (see
Table 3.2 TPD and TPDD). This would introduce shallow hole traps (ca. 0.04 eV)
known to decrease hole mobility through the material.22
The hole trap theory is not supported in the organic conductive material literature,
however. Indeed, hole mobilities have been measured in photoconductors, such as TPA
(25 to 40% w/w) in polycarbonate (TPA** is the fastest reacting monocation radical in
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solution among those studied in this work). If there were a fast dimerization of TPA**
generated in amorphous film during mobility measurements, trapping of holes in a
growing number of deep traps would have been noticed and reported.
Dimers resulting from the reaction of TPA** will indeed be traps in TPA, as can be
concluded from our own measurements, since there is about 0.3 eV difference between
Eqxi

of TP A and Eoxi of TPD (the molecule obtained from the dimerization of TPA"

will have a structure close to that of TPD). It is known that deep traps in a hole transport
material have a drastic effect on hole mobility.131 For instance, it has been demonstrated
that the addition of as little as 0.05 wt% of TPD in poly-N-vinylcarbazole (PVK) reduces
the hole mobility in PVK by two orders of magnitude for a trap depth of about 0.4 eV. If
the number of deep traps were growing in a TPA layer under investigation, it would not
have been possible to obtain reproducible values for hole mobilities in that material.
These studies, however, may not have examined the long-term effects of hole moblities
in these films.

In the case of TPD and its dimer, TPDD (see Figure 3.2), cyclic

voltammetry indicates that formation of the para-coupled product would create shallow
traps with a depth of ca. 0.04 eV.
As previously mentioned, even a very slow reaction may have an effect on the longterm stability of these devices, and there are some OLED behaviors reported in the
literature that might be explained by the slow decay of triarylamine radicals, as reported
below.
In their first publication, Tang and Van Slyke reported an OLED made of the
following sequence:14
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ITO/TPD/Alqs /Mg:Ag

where TPD and Alqs are respectively the hole and the electron transport materials. That
device sustained a current of 5 mA/cm2 during lOOh before losing half its initial
luminance. The steady degradation was accompanied by a concomitant increase in drive
voltage from an initial 6-7 V to about 14 V. This voltage increase could be the result of
TPD** dimerization, as explained below, but other causes of degradation are also possible
and have been described in the literature to support this type of behavior, such as material
recrystallization, heterojunction instability, and so forth. These degradation mechanisms
probably result from joule heating.

However, in another study, Tang and Van Slyke

investigated devices with the lifetimes (>5000 hrs) seemingly limited only by the amount
of charge that passed through the device,62 ruling out joule heating as the degradation
mechanism and implying that slow electrochemical reactions limited device lifetimes.
The dimerization reactions reported here may contribute to the slow degradation seen by
Tang et al.
In solution, protons resulting from the decay of monocation radicals are always
compensated for by the presence of an equivalent concentration of anions that initially
neutralize the monocation radicals. Such is the case in OLEDs, where an excess of
positive charge exists in the hole transport layer when holes are injected at the ITO
anode. Holes are mobile charges. They are able to hop from one hole transport molecule
to another. An excess of positive charge in the hole transport layer will be neutralized at
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or near the TAPC/AIqg interface by an excess of negative charge injected in the electron
transport layer.
If dimerization of triarylamine monocation radicals occurs in OLEDs, this reaction
will convert a mobile positive charge (hole) into an immobile one (H*). In that case,
neutralization will require the diffusion toward the TAPC / Alq3 interface of an ion, an
event certainly much slower in an amorphous film than the hole electronic current. A
built-in field will therefore be generated in the hole transport layer by the accumulation of
an excess of immobile positive ions that will oppose the injection of new holes in the hole
transport material. The hole current will decrease if the external injecting field remains
the same. Under constant current conditions, an increase of the drive voltage is therefore
necessary. Also, no light will be produced at the interface when H* is neutralized by
reaction with an injected electron, and the reaction product might be further involved in
secondary reactions that degrade the chemical integrity of the interface region.
Reaction [2] may not play an important role in the degradation of all solid-state
OLEDs where there are very few mobile ions to facilitate this reaction. However,
reactions like [2] may contribute greatly to lack of stability in the light-emitting
57,58

electrochemical cells reported by Heeger et al.

hi these devices, the electroactive

polymer is dissolved in a solid polymer electrolyte. It has been reported that the devices
have low tum-on voltages and high efficiency, but that their stability is very poor, very
possibly the result of electrochemical reactions like [2] in which counter ions are readily
available to support protons or other ions. This study suggests that by stabilizing the
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charges in such a device one may dramatically improve the performance of the lightemitting electrochemical cells.

3.3.7. Does TPD Remain an Optimal OLED Hole Transport Material?

While TPD has a number of mechanical, optical, chemical, and electronic properties
desirable for excellent hole transport in OLEDs, could these properties be improved
upon? hi this work, we have investigated the electronic and electrochemical properties of
seven triarylamine derivatives. With the results of this study and the complement of
information available in the literature, it is possible to determine whether TPD remains an
optimal choice within the triarylamine class of molecules for transport holes in OLEDs.
Table 3.6 reports the published room temperature mobility values for TPD, TAPC,
TTA, and TPA at three electric fields (if data is available). Hole mobilities for pure
compounds could only be obtained for TPD and TAPC. They are both within the same
order of magnitude at the same applied field.

Hole mobilities at 105V/cm of 40% w/w

TPD, TAPC, TTA, and TPA in polycarbonate matrices are also within the same order of
magnitude (2-28 x 10"6 cm2/V s) but are three orders of magnitude lower than mobilities
measured at the same field in the corresponding pure compounds. Furthermore, there
seems to be no difference in mobility whether the hole transport molecule is dispersed in
a polymer binder or is incorporated into a polymer backbone; the room temperature
mobility of tetraphenylbenzidine incorporated in a polycarbonate backbone at 72 wt%
shows about the same mobility as TPD at 40 wt% in polycarbonate (see Table 3.6). It is
therefore more appropriate to use pure molecular materials in molecular OLEDs, which

|(J.

in Pure Hole Transport Films

|i

in Films Containing 40% of Hole
Transport in Polycarbonate

Compound|

Field ( V / c m )

Ref

Field ( V / c m )

Ref

10"

103

10°

118

1.9x10°

4.0x10°

-

-

119

-

-

-

-

1.7x10°

2.8x10°

9x10°

121,122

-

-

-

-

2.2x10-'

2.0x10°

-

123

-

-

-

-

2.0x10°

4.2x10°

5.0x10°

27

10"

103

10"

TPD

6.5x10-"

1.0x10°

-

TAPC

7.0x10°

7.2x10°

TTA

-

TPA
PTPB"

5.6x10°

A

4.1x10°

118
A

120

Table 3.6. Reported hole mobility, fj (in cm2 /V s), at room temperature in some of the hole transport compounds
used in this study.
A Calculated from Hole Transport Parameters Reported in Table 1 and Eq.[l] in ZC
B Polytetraphenylbenzidine (Content of Tetraphenylbenzidine: 72 wt %)
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restricts the choice to TPD and TAPC of the four hole transport molecules in Table 3.6.
However, in pure TPD or TAPC, larger mobility is obtained at the expense of lower
processability, since TPD and TAPC must be vacuum-sublimed rather than spin coated
when dissolved in a polymer binder or made part of a polymer backbone. In pure TPD or
TAPC, larger mobility is also obtained at the expense of lower Tg, since Tg for TPD is
63°C,31 while polymers with much higher Tg (up to several hundreds of °C) may be used
as binders even in a solution of triarylamines in these polymers will somewhat lower their
Tg.
Mobility, however, is only one of many properties required for hole transport in
OLEDs. In Chapter 1 it was demonstrated that the fluorinated structure m-FTPD, gave
OLEDs that out-performed those made with TPD. As confirmed by the ECL results, it
appears that the energy of the hole formed on TPD has not been optimized for use in
OLEDs, while fluorinated TPD is better optimized energetically but maintain many of the
same beneficial mechanical, chemical, and photophysical properties of TPD. The hole
transport mobilities of the three fluoro-substituted TPDs or this sutdy have not been
measured but are certainly lower than for TPD, since it is known that any dipolar
interaction with the moving charge lowers the mobility of charge transport in amorphous
solids.

However, lowering the mobility of the hole might better move the

recombination zone toward the center of the device, which is thought to improve device
performance. Recent systematic studies in our group to investigate the effects of
ionization potential of the hole transport layer of OLEDs indicate that this may be an
advantage in the absence of large hole injection bairiers. Indeed, it has been found that
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the EL efficiency can be dramatically improved by increasing the ionization potential of
the materials. These results indicate that the recombination energy at the HTA/ETL
interface in aluminum quinolate and other types of devices may play an important role in
the population of aluminum quinolate singlet states. It was found that over a 0.4 eV
difference in ionization potentials, the higher the recombination energy at the HTL/ETL
interface, the higher the device external quantum efficiency.
The values of ionization potential estimated from the present voltammetric study
(see Table 3.7) indicate that there is an energy barrier to hole injection from ITO into the
hole transport layer, and the barrier will be higher for higher ionization potential or Eqi
values. The height of the barrier depends, of course, on the work function accepted for
ITO. A value of 4.4-4.5 eV obtained by UPS has recently been reported, although recent
estimates seem to converge into the range 4.6-4.7 eV. Therefore, the lower the oxidation
potential in Table 3.2, the lower the energy barrier for hole injection, which helps prevent
resistive heating of the organic materials. This joule heating problem resulting from large
hole injection barriers has been overcome, however, by incorporating more than one HTL
with stepped ionization potentials that increase going away from the anode.

3.5. CONCLUSION

Several new and existing triarylamines have been investigated by probing their
electrochemical and spectroelectrochemical properties in solution.

The ionization

potentials of these materials were inferred from cyclic voltammetry measurements of first
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Compound

Ip(eV)

TPD

5.52

TAPC

5.56

TTA

5.57

m-FTPD

5.63

mp-TFTPD

5.67

m-DFTPD

5.74

TPA

5.87"

no

4.6-4.7°

Table 3.7. Estimated Ionization Potential, Ip, from Voltammetric Measurements for
Triarylamine Compounds.

A:

4.5 + Eqxi instead of 4.5 + Eqi for the other compounds

B:

Recent estimates seem to converge into that range:
-Parker, I. C. J. Appl. Phys. 1994, 75, 1656
-Bakasybramanian, N.; Subrahananyam, A. J. Electrochem. Soc. 1991, 138,
322.

157

oxidation potentials. It has been found that the energy levels of TPD analogues can be
modified by adding substituents that exhibit either resonance and/or inductive effects.
For the TPD class of materials presented here, the ionization potential has been modified
by ca. 0.4 eV. The spectra of the monocation radicals, and in most instances the
dications, of triarylamines were recorded and used to follow the kinetics of their decay
processes. The disappearance of dications in a large excess of its neutral form results
from a simple electron transfer reaction to produce monocation radicals. The major
decomposition reaction of the monocations in solution is due to the coupling of radical
cation species. This reaction results in the release of protons to produce dimers, timers,
and polymers of the parent molecules.
In OLEDs, injecting holes at the ITO electrode can form dication and monocation
radicals of these triarylamines. One can obtain information concerning the energetics and
the stability of the hole transport molecules used in OLEDs from electrochemical and
spectroelectrochemical studies. By measuring the oxidation potential, information on
injection and blocking barriers and recombination energies in OLEDs can be obtained. It
is possible to demonstrate that at the typical current densities and electric fields used in
OLEDs, there will be an excess of unoxidized molecules that will quickly react with
dications, that is if the dications are generated by hole injection in OLEDs. It is difficult
to prove that the reaction observed in solution for the monocation radical occurs also in
solid-state OLEDs. This reaction would, however, be in line with some observations
published concerning the long-term stability of OLEDs.
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CHAPTER 4

SYNTHESIS AND CHARATERIZATION OF DEPHENYLANTHRACENES AND
ANTHRONE FOR USE AS DOPANTS IN OLEDs

4.1. INTRODUCTION

As described hitherto, much can be done to improve the performance of OLEDs. In
one of the most widely used strategies, highly fluorescent dyes are doped into the
electron or hole-transporting luminescent layers, which improves many important
properties of OLEDs, such as brightness, efficiency, and lifetime.7'16'45

Tang and

VanSlyke at Kodak noted that in the bilayer device ITO/TPD/Alqs/M, the dye
quinacradone (QAD) and its N-alkyl derivatives can be used to dope the Alq3 layer.
They found that the spectral output of the doped device shifted from the Alq3* singlet
state to the QAD* singlet state. Moreover, they noted that these devices showed better
efficiency, brightness, and stability over that of the parent TPD/Alq3 device. Other
investigators have demonstrated the same results with a variety of guest-host materials.
Many mechanisms have been employed to explain these results. The two most widely
accepted and demonstrated explanations employ charge carrier trapping and Forster
. , 7j2.45.46.132

energy transfer models.
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Kafafi et al. found that in TPD/Alqs devices, where the TPD layer was doped with
rubrene, the trapping mechanism seemed to be the dominant factor, resulting in increased
46

external quantum yields relative to the undoped device.

The dominant emission

mechanism in rubrene-doped TPD was attributed to electron-hole recombination
occurring at the dopant molecule. As with all doped devices, they found that emission
shifted to the rubrene singlet excited state.
As previously stated, Forster energy transfer may also explain the increased
efficiency and brightness seen in doped OLEDs. Forster energy transfer occurs in guesthost materials where electronically excited host material transfers energy nonradiatively
to the guest fluorescent dye through dipole-dipole coupling.133 135 We believe that dopant
molecules must fulfill a variety of requirements to be useful in OLEDs, and that these
center around the work of Tang et al. and of Kafafia on QAD and rubrene doped devices.
For the Forster energy transfer mechanism to be important, the dopant molecule
must be a suitable energy acceptor for the energy donor host. This means that the energy
transfer is a function of the overlap of the donor's luminescence spectrum and the
acceptor's absorption spectrum. Generally, if these two species are within the critical
Forster energy transfer distance, and the overlap of the spectral distributions is large, then
efficient energy transfer results. Finally, the Forster energy transfer model relies on the
fact that the dopant molecule has a higher luminescent quantum efficiency than the donor
material. This means that efficiency increases because the emissive species is more
likely to decay radiatively than the inefficient host donor material.
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When dopants serve as recombination centers, as Kafafi et al. have suggested,
additional considerations may be important for this model, including thermodynamics,
kinetics, and stability. From the results shown in Chapter 1 and other investigations of
ECL reactions of organic aromatic materials, the thermodynamics and kinetics of charge
recombination reactions play an important role in efficient population of molecular
excited states. For dopant molecules to function as recombination centers, the energy
difference between the HOMO and LUMO positions of the dopant must be optimized to
have enough energy to populate its singlet excited state directly and must be optimized
with respect to this energy difference to minimize the charge recombination barrier in
accordance with Marcus Theory.

Finally, stability may also be an issue for the

recombination center model.
In previous investigations in this lab it has been shown that effective dopants appear
to form both stable radical cation and anion states in solution. Figure 4.1 shows the redox
behavior of two common classes of dopant materials, rubrene (b) and DIQA (c), and
another potential dopant material, 9,10-diphenylanthracene (DPA) (a). As can be seen
from the symmetry of the anodic and cathodic waves of the redox processes of rubrene
and the DIQA, these materials form relatively stable charged states.

We feel that

reversible redox behavior is an important property for materials used in OLEDs.
DPA, a blue emitting material, fulfills many of these hypothesized requirements.
83

DPA has a luminescent quantum efficiency close to unity, and thus could function as a
Forster energy transfer acceptor in an appropriate donor matrix.

Another potential

advantage of using DPA is its superior effeciency when undergoing homogeneous
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Figure 4.1. Molecular structures and cyclic voltammograms of the oxidation and
reduction processes for (a) 9,10-diphenylanthracene, (b) rubrene, and (c) N,N*-<li(lisoamyl)quinacradone. All voltammograms were recorded at 100 mV/sec and the
concentrations of the redox active compounds were ca. 1 mM. The scans of (a) and (b)
have been offset by 300 and 700 (xA, respectively, to improve clarity of presentation.
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electrogenerated chemiluminescence, hypothetically useful were DPA to function as a
recombination center in an OLED. Essentially, the ECL of DPA is known to go through
a singlet-route where the energy of reaction between the radical cation and anion states of
DPA supplies enough energy to populate the singlet excited state directly. The kinetic
barrier for recombination of DPA**/DPA-* is known to be relatively small, and the crossreaction is fast37 Finally, as can be seen in Figure 4.1(a), the radical cation and anion
states of DPA are highly stable in deoxygenated, nonaqueous electrolyte solutions. Thus,
charge may be stabilized in a device where the HOMO and LUMO of DPA have energy
levels with respect to the host lumophore such that DPA functions as both an electron
trap and a hole trap.
This chapter presents the investigations of new blue emitting dopants based on
anthracene and anthrone derivatives, to further development of materials that increase the
lifetime, brightness, and efficiency of OLEDs.

Furthermore, the challenges of

developing new blue electroemissive organic materials will be explored, particularly for
materials that emit in the region of the electromagnetic spectrum near 400 nm

4.2. EXPERIMENTAL
4.2.1. General Methods.

All materials were obtained from Aldrich unless noted herein. Diethylether and THF
were_distilled over sodium and stored under an argon atmosphere prior to use. All
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reactions were run under an argon atmosphere. NMR spectra were recorded on a Varian
Unity 300 NMR spectrometer at 300 MHz or a Varian Gemini 200 NMR at 200 MHz.
Melting points were measured using a Thomas-Hoover capillary melting point apparatus.
Elemental analyses were performed by Desert Analytics, Tucson, AZ.

The IR spectra

(KBr pellets) were taken with a Nicolet Impact 410 infrared spectrophotometer. High
resolution mass spectra were obtained at the Mass Spectroscopy Facility, University of
Arizona.

4.2.2. Compounds Synthesized.

The compounds presented in Figure 4.2 were synthesized according to the following
procedures. The general procedure for synthesis of symmetric 9,10-diphenylantracene
derivatives is shown in Scheme 4.1. The synthesis comprises three steps: formation of
the organometallic intermediate, formation of

the formation of

the

9,10-

dihydroxyanthracenes, and reduction of the diol to form the 9,10-diphenylanthracene
derivative. Figure 4.2 shows the molecular structure of the synthesized compounds,
which also includes functionalized anthraquinones.

9,10-DiphenyIanthracene (1).

Bromobenzene was used to prepare the

organolithium compound or phenylmagnesium bromide.

The reduction of the diol

occurred spontaneously at 50 °C. The crude product was purified by recrystallized from
pyridine followed by vacuum sublimation. Melting point: found, 245-247 °C. lH-NMR 5

0

OR

QyU Q^)
F

0

R=CH3 or(CH2)7CH3

OR 0

Figure 4.2. Molecular structures of the compounds synthesized and studied as dopants and active materials in OLEDs.
2
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KI/NaH2P02

Scheme 4.1. General synthesis of 9,10-diphenylanthracene derivatives.
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(CDC13) 7.1-7.8 (m, 18H).

13C-NMR

8 (CDC13) 124.9, 126.9, 127.4, 128.4, 129.8,

131.3, 137.1,139.1. Elemental analysis, calcd: C, 93.8; h, 6.2. found: C, 93.7; H, 6.2.

9,10-B!s(4-methylphenyI)anthracene (2). 4-Bromotoluene was used to prepare the

organolithium compound. The reduction of the diol occurred spontaneously at 50 °C.
The crude product was purified by recrystallized from pyridine followed by vacuum
sublimation. Melting point: found, 269-272 °C. lH-NMR 5 (CDCI3) 2.48 (s, 6H), 7.457.77 (m, 16H).

l3C-NMR

8 (CDC13) 141.0, 137.1, 131.3, 129.4, 128.6, 127.4, 126.9,

124.9,21.0. Elem. Anal. Calcd: C, 94.5; h, 5.49. Found: C, 94.6; H, 5.47.

9,10-Bis(methylphenyl)anthracene (3).

One molar equiv of 2, 3, and 4-

bromotoluene compounds were mixed with the metal lithium in dry ether to make the
organolithium mixture. The reduction of the diol occurred spontaneously at 50 °C. The
crude product was purified by recrystallization from glacial acetic acid/benzene mixture
followed by vacuum sublimation. Melting point: found, 207-230 °C. Elemental analysis
calculated: C, 93.8; H, 6.2. Found: C, 93.7; H, 6.1.

9,10-Bis(3-trifluoromethylphenyI)anthracene

(4).

3-(trifluoromethyl)-

bromobenzene was used for the formation of the organolithium compound.

The

reduction of the diol occurred spontaneously at 60 °C. Melting point: found, 151-154 °C.
'H-NMR 8

(CDCI3)

7.5-7.9 (m, 16H). High-resolution mass spectral analysis: theory =

466.-H56 g/mol, observed = 466.1152 g/mol.
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9,10-Bis(4-methoxyphenyl)anthracene (5). 4-methoxybromobenzene was used for

the formation of the organolithium compound. The reduction of the diol occurred
spontaneously at 60 °C. Melting point: found, 273-276 °C. 'H-NMR 8 (CDC13) 3.82 (s,
6H), 6.90-6.99 (d, 4H), 7.30-7.51 (m, 12H).

l3C-NMR

5 (CDC13) 158.6, 135.4, 131.2,

129.8, 128.6, 127.5, 124.4, 114.2, 55.3. High-resolution mass spectral analysis: theory =
390.1619 g/mol, observed = 390.1620 g/mol.

9-PhenyH0-(4-methylphenyI)anthracene (6).

Two

molar equiv

of

4-

tolylmagnesium bromide was added to 1 molar equiv of 9-phenylanthrano1. The reaction
mixture was allowed to stir for 4 hours at which time it was poured over crushed ice and
acidified with 6 M HC1. The reduction of the diol occurred spontaneously at 70 °C.
Melting point: found, 269-272 °C. lH-NMR 8 (CDC13) 2.55 (s, 3H), 7.31-7.81 (m, 17H).
l3C-NMR 8 (CDCI3)

141.2, 139.3, 138.1, 131.3, 129.8, 128.2, 127.3, 127.0, 124.8, 21.2.

High-resolution mass spectral analysis: theory = 344.1565 g/mol, observed =
344.1560g/mol.

9,lQ-Bis(4-/I-butyIphenyl)anthrancene (7). 4-(/i-butyI)bromobenzene was used to

prepare the organolithium compound. The reduction of the diol occurred spontaneously
at 70 °C. The crude product was purified by recrystallized from pyridine followed by
vacuum sublimation. Melting point: found, 279-281 °C. lH-NMR 8 (CDCI3) 0.89 (t,
6H),_L31 (m, 4H), 1.60 (p, 4H), 5.58 (t, 4H), 7.11-7.65 (m, 16H).

l3C-NMR

8 (CDCI3)
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14.0, 22.6, 31.2, 35.9, 125.5, 126.9, 128.2, 128.4, 129.8, 131.4, 137.1, 142.7. Highresolution mass spectral analysis: theory = 442.2656 g/mol, observed = 442.2643g/mol.

1,5-Dichloro-9,l O-diphenylanthracene (8). Three molar equiv of phenyl lithium
and one molar equiv of 1,5-dichloroanthraquinone were added to dry ether to form the
diol. The reduction of the diol occurred spontaneously at 50 °C. The crude product was
purified by recrystallization from pyridine followed by sublimation. Melting point: found,
221-226 °C.

lH-NMR

5 (CDCI3) 7.23-7.62 (m, 16H). High-resolution mass spectral

analysis: theory = 398.0629 g/mol, observed = 398.0630 g/mol.

9,10-Bis(4-tert-batylphenyl)anthracene (9). 4-Bromo-ferf-butylbenzene was used

to prepare the organolithium compound.

The reduction of the diol occurred

spontaneously at 50 °C. The insoluble white product that precipitated from the glacial
acetic acid solution was filtered and washed with THF. Melting point: decomposes
above 330 °C. Elemental analysis: calc. C, 92.3%; H, 7.77%. Found: C, 92.15%; H,
7.80. MS: calculated molecular ion = 442 m/z, observed molecular ion = 442. Could not
measure !H and 13C NMR spectra due to insolubility in common solvents.

9,10-Bis(4-ethylphenyl)anthracene (10).

One molar equivalents of 2, and 4-

bromoethylbenzene were mixed with metal lithium in dry ether to yeild the organlithium
mixture. The reduction of the diol occurred spontaneously at 50 °C. The crude product
was_purified by recrystallization from a mixture of glacial acetic acid and pyridine
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followed by vacuum sublimation. !H-NMR 8 (CDC13) 1.23 (t, 6H), 2.68 (q, 4H), 7.227.87 (m, 16H).

I3C-NMR 8

(CDC13) 15.5, 28.5, 125.3, 126.9, 127.0, 128.2, 129.8, 131.6,

136.9,139.1. Elem. Anal. Calcd: C, 93.2; H, 6.8. Found: C, 93.4; H, 6.74.

1,5-Di(2-methoxyethoxy)-9,l0-diphenylanthracene (11). Phenyllithium solution
was added dropwise to a solution of l,5-Di(2-methoxyethoxy)anthraquinone.

This

reaction mixture was stirred for 3 hours. The diol was reduced spontaneously at 60 °C.
The crude product was purified by preparation scale thin-layer chromatography where the
stationary phase was 10% ethylacetate in hexanes. 'H-NMR 8 (CDCI3) 3.55 (s, 6H), 3.89
(t, 4H), 4.35 (t, 4H), 7.28-7.91 (m, 16H). High resolution mass spectral analysis: theory
= 478.2144; observed = 478.2150.

10,10-Bis(4-dimethylaminophenyl)anthrone (12). 4-Bromo-NrN-dimethylaniline

was used to make the organolithium compound. The organolithium compound was
added to the anthraquinone by cannulation and stirring for 4 hours. The reaction was
then quenched over crushed ice and 1 M HC1. The white powdered diol was isolated by
precipitation from diethylether. Infrared analysis showed the free O-H stretch that is a
characteristic of all 9,10-diol structures. The diol should then have been reduced to the
anthracene product; however, at 50 °C this reaction did not produce the desired product,
which was determined after characterization by FTIR, MS, elemental, and crystal
structure determination. The work-up of this molecule consisted of adding 20% NaOH to
the aqueous solution until pH 10 to form the free amine. The basic aqueous mixture was
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extracted with toluene. The organic extract was dried over anhydrous magnesium sulfate
and the solvent was evaporated. The crude product was purified by recrystallization from
pyridine followed by sublimation.

Melting point: found, 271-273 °C. lH-NMR 8

(CDC13) 2.8 (s, 12H), 6.6 (d, 4H), 6.8 (d, 4H), 7.2 (d, 2H), 7.5 (m, 4H), 8.2 (d, 2H).
Elemental analysis: calcd: C, 83.3; H, 6.5; N, 6.5; O, 3.7. Found: C, 88.3; H, 6.5; N,
6.6; O, 3.25. Mass spectrum (electron impact ionization) found a molecular ion peak at
432 m/z, actual: 432 m/z. Infrared absorption spectroscopy of a KBr pellet of this
material was carried out and a strong anthrone carbonyl stretch was noted at 1646 cm"'. A
yellowish crystal of this material was isolated and submitted to the X-ray facility for
crystal structure determination; the report is included in Appendix A.

1,5-difluoroanthraquinone (13). 1,5-Dichloroanthraquinone (0.02 mol, 5.68 g) and
CsF (0.088 mol, 13.32 g) were pulverized and heated in a vacuum oven for 36 hours.
The solid mixture was transferred to a round-bottom flask and sealed. The flask was
heated to 245 °C in a sand bath for 25 hr. The purple-black material was pulverized and
sublimed to form a crystalline-like yellow solid. Melting point: literature, 240-241 °C;
found, 240-214 °C. lH NMR (CDCI3) 8 8.14 (d, 2H), 7.77 (m, 2H).

13C

NMR (CDC13) 5

122.6, 123.0, 123.6, 123.7, 135.7, 135.9. IR (KBr) 1679 cm-1 (CO). High-resolution
mass spectroscopy: theory = 244.0336 g/mol, observed = 244.0332 g/mol.

1,5-Dimethoxyanthraquinone (14).

Methyl iodide (33.2 mmol) was added

dropwise to a stirred mixture of 1,5-dihydroxyanthraquinone (8.3 mmol) and potassium
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fluoride on alumina (40%, 166 mmol) in DMSO at 35°C for lOh. The product was
precipitated form cold water, isolated by filtration and washed with 200 ml of water.
Column chromatrography on silica gel using CHCI3 as eluent gave the product as a bright
yellow solid. Melting point: literature, 236-237°C; found, 236-237°C.
(CD2CI2) 4.00 (s, 6H), 7.3

'H-NMR 8

(d, 2H), 7.7 (t, 2H), 7.91 (d, 2H).

1,5-Di(octyIoxyanthraquinone) (14).

Octyl iodide (103.2 mmol) was added

dropwise to a stirred mixture of 1,5-dihydroxyanthraquinone (25.8 mmol) and potassium
fluoride on alumina (40%, 0.512 mol) in DMSO at 35 °C for 10 hours. The reaction
mixture was then filtered and extracted with 200 ml of CHCI3, then washed with 5x100
ml of basic water followed by 2x50 ml of neutral water and dried over MgSO^. The
solvent was removed in vacuo yeilding the crude product Repeated recrystallization
from hexanes gave the product as a bright yellow crystalline solid. Melting point: found,
89-91 °C. 'H-NMR 8 (CDC13) 0.88 (t, 6H), 1.34 (m, 16H), 1.56 (p, 4H), 7.22 (d, 2H),
7.66 (t, 2H), 7.89 (d, 2H).

l3C-NMR

8 (CDC13) 14.1, 22.6, 25.9, 29.1, 29.5, 31.8, 69.6,

112.6, 119.5, 134.8, 137.5, 159.3, 182.5, 197.8.

Elemental analysis calculated for

C30H40O4: C, 77.55%, H, 8.68%, Found C, 77.56%; H, 8.67%.

9-phenyIanthranol (IS). 1 M phenylmagnesium bromide in THF (Aldrich) was

used as the organometallic in place of the lithium reagent

One molar equiv of

phenylmagnesim bromide was added to two molar equiv of anthraquinone in
diethylether. The reaction turned green and was stirred at room temperature for 2 hours,
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after which it was quenched over ice and 1 M HC1. The insoluble anthraquinone was
removed with a combination of filtration and chemical extraction. The filtration step
required dissolving the soluble product in diethylether, where the insoluble anthraquinone
could be removed. The filtrate was collected and rotary evaporated and a pale-white
powder was collected. The semicrude product was dissolved in diethylether. The
organic layer was then washed with a NazSzC^ aqueous solution made alkaline with
NaOH. Upon shaking, the aqueous layer turned blood red. This procedure was repeated
several times until the aqueous layer would not colorize and TLC of the mixture in 10 %
ethylacetate in hexanes showed one zone. Infrared absorption spectroscopy of a KBr
pellet of the purified material showed a free O-H stretch at 3420 cm*1 and a carbonyl
stretch at 1646 cm"1. Melting point: literature, 213-215 °C, found, 213-215 °C.

l,5-Di(2-methoxyethoxy)anthraquinone (not shown in Figure 4.2).

2-

Methoxyethanol (9.9 mmol, 0.75 g) was added dropwise to a stirred slurry of sodium
hydride (9.9 mmol, 0.23 g) in 25 ml of THF, and heated in an oil bath at 65 °C for 45
min. 1,5-Dichloroanthraquinone (4.12 mmol, 1.14 g) was added all at once. The reaction
mixture was allowed to stir for 12 hours. The reaction mixture was cooled and the THF
was removed in vacuo. The resulting solids were then redissolved in 75 ml of methylene
chloride, washed with water, and then dried over anhydrous MgS04. The crude product
was obtained by removing the methylene chloride in vacuo. Recrystallization from
diethylether gave the product as a bright yellow solid. 'H-NMR 8 (CDCb) 3.53 (s, 6H),
3.91_(t, 4H), 4.30 (t, 4H), 7.28 (d, 2H), 7.66 (t, 2H), 7.91 (d, 2H).

13C-NMR 8

(CDC13)
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197.7, 182.1, 158.9, 1372, 134.6, 121.2, 119.9, 118.4, 70.7, 69.1, 59.3. High-resolution
mass spectral analysis: theory = 356.1259 g/mol, observed = 356.1254 g/mol.

4.23. Optical Measurements.

In addition to electrochemical measurements LUMO positions and electron affinities
(EA) were estimated where applicable using absorbance and fluorescence spectroscopy
of these materials as thin films,

which were either spin coated from chlorobenzene

solutions, if polymers, or vacuum deposited, if small molecules. UV-visible spectra were
recorded on thin films

on transparent substrates using a Hitachi

U-2000

spectrophotometer. Photoluminescence spectra of these same films were recorded with
an ISA Fluorolog spectrofluorimeter.

4.2.4. Cyclic Voltammetry.

Cyclic voltammetry was performed with a Cypress Systems Model CySy 2Ra
potentiostat or an EG&G Princeton Applied Research Potentiostat/Galvanostat Model
283. The voltammetry for all compounds in this study was performed on freshly polished
Pt electrodes with a geometric area of ca. 0.32 cm2. Voltammograms were recorded at
scan rates that ranged from 25 to 1000 mV/sec in a three electrode one-compartment cell.
All potentials were measured with respect to a pseudo-silver reference electrode
calibrated to the ferrocene/ferrocinium redox couple by the addition of ferrocene as an
internal standard. Solutions of the redox active compounds were always 10"3 M and the
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supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP)
or 0.1 M tetrabutylammonium perchlorate (TBAP).

4.2.5. Spectroelectrochemistry.

The absorbance spectra of radical ion states were obtained with a Spectral
Instruments CCD Array LTV-VIS spectrometer equipped with an optical fiber probe. The
electrochemical cell was equipped with two parallel ITO electrodes and a Ag/AgCl
pseudo-reference electrode prepared by anodizing silver wire in saturated KC1. Potential
control of the cell was maintained with the Cypress Systems potentiostat described
above. The absorbance spectra were recorded in the reflectance mode where the light
beam enters at the working ITO electrode, probes the solution, exits at the ITO counter
electrode and is reflected back into the cell by an aluminum mirror to probe the solution a
second time before being collected and measured.

4.2.6. OLED Fabrication and Characterization.

Fabrication and characterization of OLEDs was carried out in the Optical Sciences
Department at the University of Arizona by Sean Shaheen and Ghassan labour. Films of
2% to 20% (wt/wt) of the DPA in PVK were prepared by spin coating from a
chlorobenzene solution, previously passed through a 0.1 |im HPLC filter, onto clean ITO
covered glass (20 Q/ from Donnelly Corporation). Film thicknesses of these materials
were ca. SO nm. Evaporated A1 or Ca was used for the cathodes. Thermal deposition
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rates were ca. 7 A/s for metals. All device fabrication and characterization was done in a
dry nitrogen glove box.

43. RESULTS AND DISCUSSION
43.1. Synthesis.

The general procedure for the synthesis of symmetric 9,10-diphenylantracene
derivatives is shown in Scheme 4.1, and involves three steps: formation of the
organometallic intermediate, formation of the 9,10-dihydroxyanthracenes, and reduction
of the diol to form the 9,10-diphenylanthracene derivatives. Figure 4.2 shows the
molecular structure of the compounds synthesized, which also includes functionalized
anthraquinones.
The organometallic compounds were prepared by modification of a procedure
outlined in Vogel. 3

One molar equiv of lithium with 1% Na and 1 molar equiv of

bromo-compounds were added to dry diethylether or THF under argon and sonicated
until the reaction was finished, as indicated by the disappearance of the metal lithium.
Gringard reagents were prepared in a similar fashion, but magnesium was used as the
metal reagent rather than lithium.
The 9,10-dihydroxyanthracenes were prepared by modifying a procedure developed
by Meyer.137 In the first step, one molar equiv of anthraquinone in dry ether or THF and
3 molar equiv of the organolithium compound mixture were added under argon and
stirred for 6 hours, the reaction mixture is generally orange-red, transparent or slurry,
depending on the R substituent of the phenyl group. After pouring the formed mixture
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over ice and acidification with 6 M HC1, the aqueous mixture was extracted with an
appropriate solvent The collected extract was dried over anhydrous magnesium sulfate
and filtered.

The solvent was evaporated, and the crude product was purified as

described for each reaction.
Reduction of the diols were completed by modification of a procedure developed by
Meyer. 3 The 9,10-dihydroxyanthracenes were reduced with one molar equivalent of the
diol, 3 molar equivalent of sodium hypophosphite, and 5 molar equivalent of potassium
iodide in glacial acetic acid after heating to 50 °C for 6 hours. After working up the
solution by dilution with water, extraction with an appropriate solvent, and evaporation of
the solvent, the 9,10-diphenyl-substituted-anthracenes were obtained. The crude product
was purified as described for each reaction.
The anthrone, compound 12, was synthesized by mistake during an attempt to
synthesize a different molecule, 9,10-Bis(N,N-dimehtylaminophenyl)anthracene. The
procedure for making the lithium compound p-NJ^-dimethylaminophenyllithium and the
diol was as outlined above. The white powder diol had the characteristic free O-H
stretch. The diol was then reduced according to the procedure previously described.
After letting the reaction stir for 24 hours, work-up of the reaction mixture resulted in
isolation of pale yellow crystals. Characterization of the crystals by EI-MS, 13C-NMR,
lH-NMR, elemental analysis, Infrared

absorption spectroscopy, melting point, and X-ray

crystal analysis showed that the structure was consistent with 12 in Figure 4.2. Appendix
A shows the crystal structure data for this compound. In addition to the interest in the
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redox behavior of 12, this structure also has anisotropic symmetry with a dipole
moment, making it a good candidate for a second order nonlinear optical dye.
1,5-Difluoroanthraquinone, compound 13, was easily synthesized by modifying a
138

literature procedure developed by Krapcho et al.
dichloroanthraquinone and cesium fluoride.

It was obtained by reacting 1,5-

Purification of the compound was

accomplished by sublimation. The 9,10-diphenylanthracene analogue of this substituted
anthraquinone was attempted twice, according to the previously outlined procedures, with
less than satisfactory results. No further attempts to work out the synthetic details of the
formation of the diphenylanthracene analogue were tried.
1,5-Dimethoxyanthraquinone and 1,5-dioctyloxyanthraquinone were synthesized
using a method described by Preston et al. from 1,5-dihydroxyanthraquinone (structure
139

14 in Figure 4.2).

Attempts to form the diphenylanthracene analogues of this

anthraquinone were less than satisfactory.
Compound 6, an asymmetric 9,10-substituted anthracene, was synthesized by
140

modifying a procedure described by Haller et al.

Scheme 4.2 shows the first step in the

reaction which results in the formation of 10-hydroxy-10-phenylanthrone. The resulting
anthrone was formed using a classical Grinard reaction with phenylmagnesium bromide
by adding 1 molar equivalent to 2 molar equivalents of anthraquinone.

Excess

anthraquinone was separated from the 10-hydroxy-10-phenylanthrone using a chemical
separation

that

reduced

the

anthraquinone

to

the

acidic

product

9,10-

dihydroxyanthracene, which could be removed from the organic layer by an aqueous
alkaline extraction. Asymmetric products could then be made by reacting a substituted

+
0

1) Alkaline NaaSaOa

Scheme 4.2. Synthesis of 10-hydroxy-10-phenylanthrone for asymmetric 9,10-diphenylanthracenes.
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phenyl organometalic with 10-hydroxy-10-phenylanthrone, followed by reduction of the
diol. Attempts to synthesize asymmetric 9-phenyl-l O-styrylanthracerie were less than
satisfactory because of the highly reactive styrene functionality.

43.2. Cyclic Voltammetry.

Nonaqueous cyclic voltammetry was used to probe the redox behavior of the
compounds presented in Figure 4.2.

Figure 4.3 summarizes the representative

voltammetric behavior of ca. 10"3 M solutions of (a) 9,10-bis(4-methylphenyl)anthracene,
2; (b)

9,10-bis(3-trifluoromethylphenyl)anthracene,

4; and

(c)

10,10-bis(4-

dimethylaminophenyl)anthrone, 12. All species studied typically have limited solubility
in acetonitrile; therefore, a solvent mixture of benzene and acetonitrile (1:1) was
employed for electrochemical studies. The number of electrons (n) associated with each
redox process was estimated by comparing the peak current at a fixed sweep rate with
that seen for a 10"3 M solution of 9,10-diphenylanthracene, where it is known that n = 1
for both the oxidative and reductive processes.
Compounds 2 and 4 (Figure 4.3a and b) undergo one electron reductions and one
electron oxidations, where the half-wave potentials for these processes are ca. 0.78 V
) and -2.53 V (Eri)

(Eqi

. the ferrocene/ferrocenium redox couple (Fc/Fc*),

vs

respectively. Both processes are shown to be reversible when recorded at 100 mV/sec in
electrolyte solution and therefore, the lifetimes of radical cation and anion states of these
compounds are stable within the experimental time frame. The HOMO-LUMO gap of
the diphenylanthracenes can be estimated by taking the difference in energy between
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Figure 43. Cyclic voltammograms of (a) 9,10-Bis(p-tolyl)anthracene (2); (b) 9,10Bis(3-trifluoromethylphenyl)anthracene (4); and (c) anthrone (12). Voltammograms (a)
and (b) were recorded at 100 mV/sec, while that of (c) was recorded at 500 mV/sec on a
Pt working electrode with a geometric surface area of ca. 032 cm2.
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these two states, Eqi

.

— ERI

Table 4.1 summarizes energetic data of the compounds in

Figure 4.2. As can be seen in this table, the diphenylanthracenes measurable with cyclic
voltammetry have similar half-wave oxidation and reduction potentials within ca. ±0.06
V of the median energetic levels of 0.77 and —2.26 V vs. Fc/Fc+, respectively. The
majority of diphenylanthracenes synthesized and analyzed had structural modifications to
the phenyl substituents. Phenyl substituents were added for their ability to modify
solubility and their mechanical properties, and to test whether electron donating or
withdrawing substituents could change the frontier molecular orbitals of this class of
materials. While the solubility properties of these materials varied greatly, the frontier
molecular orbitals, as measured by cyclic voltammetry, did not. Hence, addition of
electron withdrawing substituents, such as trifluoromethyl in compound 4, showed no
effect on the modification of redox processes. The introduction of alkyl or alkoxy
substituents in the phenyl position had no effect on the redox processes either. Therefore,
frontier molecular orbitals are probably localized on the anthracene ring and the phenyl
substituents do not communicate electronically with anthracene functionality, indicating
91.93

that the phenyl substituents are twisted out of the plane of the anthracene ring.

The radical cation and anion states of the diphenylanthracenes were relatively stable
in the deoxygenated, nonaqueous electrolyte solutions in which they were measured. A
decrease in relative stability of the radical cation states was found for compounds 7 and
10, where both these compounds have alkyl substituents. The decrease in stability of
these materials is most likely the result of these alkyl substituents. Previous investigators
have shown that when the benzyl carbon is secondary or tertiary, the radical cations are
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Compound
1
2
3
4
5
6
7
8
9
10
11
12

Eoi
(V vs. Fc/Fc*)
0.78
0.78
0.78
0.76
0.72

ERI
(V vs. Fc/Fc1)
-2.47
-2.53
-2.47
-2.45
-2.49

0.76
0.78
0.85*

-2.49
-2.47
-2.27*

Eoi — Eri
(V)
3.25
3.33
3.25
3.21
3.21
3.25
3.25
3.12*

0.82

-2.47

329

0.46

-2.15

2.61

Table 4.1. The half-wave first oxidation and reduction potentials of the compounds
studied and the difference in energy between these two states. *The potentials,
reported are based on peak current potentials because these states were not chemically
reversible.
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destabilized due to easy loss of protons from these positions to form the more stable
benzyl radical. The benzyl radicals formed by deprotonation have been shown to decay
further by undergoing radical-radical coupling to form the benzyl-benzyl dimer.96*97
Methyl and tert-butyl substituents have been shown by other investigators to form much
more stable radical cation states on similar types of structures,^7 because primary
radicals are not as stable as secondary or tertiary. In the case of ferf-butyl, the benzyl
radical cannot even be formed because the benzyl carbon atom has no hydrogen to loss.
As is the case with most radicals undergoing this type of degradation, the electrochemical
94

reversibility of the oxdiation process tends to increase with increasing sweep rates.
This trend was also seen for compounds 7 and 10.

The only synthesized compounds that had modifications to the anthracene ring were
8 and 11. The half-wave redox potentials of compound 8 could not be measured due to
the instability of the charged states of this molecule. Only the first peak oxidation and
reduction potentials could be measured for this compound from the voltammogram
recorded at 100 mV/sec.

From these measurements along with the optical

characterization, it is observed that the frontier molecular orbitals are slightly modified
energetically, unlike the case where electron donating or withdrawing substituents are
added to the phenyl rings. The voltammetry of compound 11 could not be completed due
to the limited amount of synthesized material; however, the absorbance and fluorescence
of this compound demonstrated that the frontier molecular orbitals were energetically
modified by the introduction of the electron donating substituent.
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Figure 4.3c shows the redox behavior of compound 12, the asymmetric anthrone
material. Compound 12 undergoes two successive one-electron oxidations and a one
electron reduction.

The half-wave potentials for the first oxidation and reduction

processes are ca. 0.46 V

(Eoi)

and -2.15 V (ERI)

. the ferrocene/ferrocenium redox

vs

couple (Fc/Fc*), respectively. The two-electron oxidation of this molecule is consistent
with its having two oxidizable amine moieties. ^ The oxidation of compound 12 is
shown in Figure 4.4 to be quasi reversible. In this figure it can be seen that the
reversibility of the electrochemistry is highly dependent on the potential sweep rate. At
the low sweep rate, 25 mV/sec, reversibility is poor and the radical cation states undergo
a degradation reaction before they can be reduced back to the neutral state. At faster
sweep rates it is shown that reversibility increases, and the radical cation states can be
reduced before undergoing the degradation reaction. The reduction of this molecule is
shown be reversible when recorded at 500 mV/sec in the electrolyte.

The

electrochemically measured HOMO-LUMO gap for this molecule is 2.61 V and is
consistent with its solution fluorescence measurement of 2.47 eV (See Table 4.2).
Diphenylanthracenes are believed to be the most efficient compounds in
electrogenterated chemiluminescence processes.37 This is due to three factors: 1) charge
recombination directly produces the singlet excited state of DPA, 2) high luminescene
quantum efficiencies are obtained from the excited singlet states of diphenylanthracenes,
and 3) the charged (reduced and oxidized) states of diphenylanthracene molecules are
chemically stable in aprotic solvents.37 Indeed, easily visible light was produced at the
electrode surface in the electrolyte solutions containing 1 and 2, when the potential was
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Figure 4.4. Scan rate dependence of cathodic wave of oxidative processes of 12: (a) raw
current scale, and (b) current scale normalized for clarity of presentation. The
voltammograms were recorded at 25, 50, 100,200, 500, and 1000 mV/sec. This series of
voltammograms shows that the oxidative processes of 12 increase with increasing scan
rate—
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pulsed between the first reduction potential, ca. -2.5 V vs. Fc/Fc"1", and the first oxidation
potential, ca. 0.78 V vs. Fc/Fc+, of the compounds. The blue light created by the charge
annihiliation reaction was bright enough to see in a lit room. The electrogenerated
chemiluminescence of the other compounds will be studied in greater detail by Wightman
et al. at the University of North Carolina.

433. Solution Absorption and Emission.

The solution absorption and emission spectra of compounds 1-12 were taken in
ethylalcohol. The photolmninescence spectra of compounds 2,11, and 12 are shown in
Figure 4.5. Table 4.2 summarizes the highest energy maximum emission [Xma%(PL)] and
lowest energy maximum absorption [Xmax(Abs.)] wavelengths of compounds 1-12.
Compounds 1-11 exhibit blue fluorescence, with two emission bands in the range of
405 to 475 nm. Figure 4.5 shows the photolmninescence spectra of DPAs 2 and 11where
the Xmax(PL) for these compounds are 411 and 430 nm, respectively. The absorption
spectra (not shown) of the DP As exhibit four bands between ca. 325 and 420 nm where
the ?vmax(Abs.) for compounds 2 and 11 are 292 and 413 nm, respectively. As previously
stated the energetic data for the DP As is summarized in Table 4.2. As can be seen by the
energetic values in this table, the DPAs have relatively small Stokes-shifts, that is the
value of Xmax(PL) - XmaxCAbs.) in nm. For the DPAs, this value lies in the range of 10 —
20 nm. Shifts in the absorption and emission bands to those of the parent compound, 1,
are observed when substituents are added to the molecules. These shifts are most
dramatic when substituents are introduced onto anthracene rings, as is the case with 8 and
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Figure 4.5. Solution photoluminescence of diphenylanthracenes (2) and (11), and
anthrone (12).
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Compound

1
2
3
4
5
6
7
8
9
10
11
12

Xmax(Abs.)
nm/eV
392/3.14
392 / 3.14
394/3.13
394/3.13
396/3.12
392/3.14

396/3.12
405 / 3.05
396/3.12
394/3.13
413/2.99
397/3.11

Xmax(PL)
nm/eV
405 / 3.05
411/3.00
406/3.04
406 / 3.04
411/3.00
408/3.02
411/3.00
425/2.90
412/3.00
407/3.03
430 / 2.87
499/2.47

Table 4.2. Absoibance and and photoluminescence of diphenylanthracenes and
anthrone.
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11, where the emission spectra for these compounds are red shifted by 20 and 25 nm,
respectively.

Diphenylanthracene materials are known to have high luminescence
83

quantum efficiencies that approach unity.

This type of behavior, along with the bipolar

properties of this class of molecules and their ability to form relatively stable radical
cation and anion states, make them candidates as blue emitting dopants.
Compound 12 exhibits a blue-green fluorescence,

with a broad emission band

centered at 499 nm and a higher energy shoulder at ca. 400 nm (see Figure 4.5). The
absorption spectrum of 12 exhibits a single band between 325 and 400 nm with a
maximum at 397. This molecule has a relatively large Stokes-shift, with a value of ca.
100 nm, which along with its ability to transport electrons, as determined by cyclic
voltammetry, would make this structural class a suitable electron transport luminescent
material in OLEDs, like Alqs. The large Stokes-shift in this type of material is thought to
be advantageous because the emitted light is not likely to be reabsorbed by the emitting
89

material, an attribute not found in emissive materials with small Stokes-shifts.

4.3.4. Composite Film Absorption and Emission.
Since compounds 1-12 are candidates for OLED dopants, a suitable host material
was required to act as a Forster energy donor and possible charge donor. In the Forster
mechanism, dipole-dipole coupling between the donor and acceptor materials results in a
nonradiative transfer of the singlet excited state energy. ^ 135 PVK was chosen to act as
the donor material due to its hole transporting properties and high energy blue-violet
emission that overlapped well with those of the absorption bands of compounds 1-12. To
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investigate this possibility further, 2:PVK, 4:PVK, and 12:PVK composite films were
prepared and probed with absorption and emission spectroscopy. Figure 4.6 shows the
excitation and emission spectra of a PVK film and composite films that incorporate 2 and
12

at 5% (wt/wt) concentrations in PVK. The PVK film alone shows an excitation

spectrum (monitored at the maximum emission wavelength), almost identical to its
absorption spectrum. PVK is shown to emit primarily in the violet and blue regions of
the spectrum and has a maximum emission at 405 nm. When the diphenylanthracenes
and the enthrone materials are doped into the PVK films at concentrations of 1 % to 20 %
(wt/wt), the excitation spectra, monitored at the maximum emission wavelength of the
dopants, are virtually identical to those of the PVK alone. While the excitation spectra
are characteristic of PVK, the emission spectra are characteristic of the emission of
thedopant materials, as can be seen in the films doped with 2 and 12 (Figure 4.6 middle
and bottom spectra). The relative photoluminescence efficiency of the doped materials is
several times larger when exciting the PVK at ca. 345 nm than when exciting the dopant
molecule at ca. 390 nm. These results are characteristic of a Forster energy transfer
process, where the dopant molecules serve as the energy acceptors.133 135

43.5. Electroluminscence of Composite Materials.
For electroluminescent (EL) studies, single layer OLEDs consisting of DPA 2:PVK,
4:PVK, and 12:PVK were fabricated and driven in forward bias. The concentrations of
the DPA analogues and anthrone were varied from about 2-20 % (wt/wt) in PVK. Some
experimental data obtained for the higher concentrations (15-20%) of the DPAs and
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Figure 4.6. Representative photo excitation (dots) and emission (solid line) spectra of
spin coated films on glass. Top: PVK; middle: 5 % (2) in PVK; bottom: 5% (12) in PVK.
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anthrone OLEDs can be seen in Figure 4.7. With these high concentration devices, the
small molecules are probably not functioning just as dopants, but rather as electron
transport lumophores, as well. G. Jabbour at the University of Arizona, Department of
Optical Sciences, observed that when the dopant molecules were in lower concentrations
(1-10%), the devices did not produce sufficiently detectable light levels, probably
because they function mainly as hole transport and not as bipolar devices.7 S. Shaheen
observed that in higher DPA concentrations (ca. 20 % wt/wt), detectable light was
produced. In these higher concentrations the diphenylanthracenes can function both as
the electron transport material22 and as the luminescent species.
The IV curves for devices containing 2 and 12 are shown in Figure 4.7a. As can be
approximated from these curves, the tum-on voltages for these devices were typically
from ca. 5-6 V. Figure 4.7(b) shows the light output vs. applied voltage curves of devices
that contained molecules 2, 4, and 12. The devices containing molecules 2 and 4 did not
perform well. Typically, light output of 100 cd/m2 was not achieved until biases greater
than 9 V were used. As can be seen from the EL spectrum of the device that incorporated
2 (Figure 4.7c), the spectral response is devoid of the low energy emission band seen in
low concentration PL studies (see Figures 4.5 and 4.6b). This is most likely due to the
self-quenching effects of diphenylanthracenes.

Devices composed of 12 showed EL

spectra characteristic of the singlet excited state of 12; moreover, they were much
brighter and more efficient than DPA analogue devices. The anthrone device exhibited
100 cd/m2 at ca. 6 Volts. Additionally, the measured external quantum efficiency for this
device was ca. 1.3 % (photons out/electron-hole pairs injected).
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of DPA 2:PVK device.
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4.4. CONCLUSION

The synthesis and characterization of blue and green emitting materials was
investigated. Synthesis of the diphenylanthracenes can generally be carried out in 2 to 3
steps with good overall yields. The electrochemistry of the compounds studied in this
chapter indicates that all materials exhibited bipolar properties and the charged states of
these materials were chemically stable in deoxygenated nonaqueous environments.
Optical characterization demonstrated that the spectral emissive response of
diphenylanthracenes could be modified by the introduction of substituents on the
anthracene ring. It was observed that introducing substituents on the phenyl rings had
little or no effect for changing the optical properties of the materials, data which supports
previous work showing that phenyl rings do not he in the same plane as the anthracene
ring.

OLEDs made with diphenylanthracene materials show relatively poor

performance, and it is hypothesized that a new electron transporting material with lower
electron affinity is needed to improve the performance of diphenylanthracene doped
materials.
The synthesis of these materials, while good, still needs to be improved. The main
challenge for synthesis of new diphenylanthracene materials will be to work out synthetic
and purification methods to produce derivatives that incorporate electron withdrawing
and donating substituents on the anthracene ring. These substituted diphenylanthracenes
will probably have slightly modified band gaps and energetic levels relative to the parent
structure, as can be seen in the electrochemical and/or optical measurements of
compounds 8 and 11. New simplified synthetic strategies may be beneficial, such as the
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use of coupling methods to produce the diphenylanthracenes in a single step instead of
the multiple steps employed in this work.
The device made from compounds 1-12 that performed best incorporated the
anthrone molecule, 12. This device had a broad spectral output that emitted primarily in
the green region.

While green light is not particularly interesting, the fact that

nonoptimized single layer devices made with this material had high external quantum
efficiencies (>1%) and high brightness at relatively low voltages (100 cd/m2 at 6 V)
makes this material a viable candidate for further investigation.

Additionally, the

asymmetry of this molecule may be of interest for possible nonlinear optical properties,
such as a photorefractive dye, and further investigation of second order optical properties
is warranted.
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CHAPTERS

CONCLUSIONS AND FUTURE DIRECTIONS

5.1. SUMMARY

The accomplishments of this research are several-fold and may lead to important
discoveries and advancements for the use of organic materials in electro-optic devices.
This research has led to a better understanding of how to make optimum use of charge
carriers once injected into OLEDs, accomplished by tuning the charge recombination
energetics through the use of new molecular designs to most efficiently populate the
desired molecular excited state.

We have also focused on understanding and

investigating structure-reactivity relationships of radical ion states. We hypothesize that
the lifetime of OLEDs is a function of the radical ion reactivity.

Elucidating the

reactivity of radical ions in OLEDs allows the chemist to redesign molecules by
introducing substituents that stabilize charge earners in OLEDs. These accomplishments
were achieved by developing and modifying new and existing semiconductive organic
materials with tuned frontier orbital energy levels and radical ion stabilities. Finally, new
materials have been designed and synthesized that combine both optimal energy levels
and radical ion state stability's.
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5.1.1. Optimization of Charge Recombination.

The development of new materials with varying relative energetic levels, in
conjunction with solid state and electrochemical studies, has demonstrated the
importance optimizing the energetics of radiative recombination processes occurring in
OLEDs. Electrogenerated chemiluminescence (ECL) has been found to be particularly
useful as an investigative tool because it allows the analyst to precisely control the
chemistry of the charge recombination process. We have found that the ECL of new and
existing organic components of OLEDs models the light output of single and multilayer
devices. Additionally, it has been observed in both OLED and ECL experiments that the
relative efficiency of the EL and ECL processes scales with increasing radiative
recombination driving force.

This is thought to be the result of tuning the

thermodynamics of the charge recombination process to (1) populate singlet excited
states directly and not indirectly through a triplet route process and (2) minimizing or
eliminating

the kinetic barrier to the recombination process. The results of these studies

can be explained with the use of Marcus theory. Electrogenerated chemiluminescent
reactions between the radical cations of the TPD analogues and the radical anion of
Alqss, a derivative of aluminum quinolate, generate the emissive state Alqsg*. Also, as
the oxidation couple of the relevant radical states increase, so does the luminescent
intensity. These cross-reaction studies indicate that increasing the recombination energy
at the rectifying junction can more efficiently populate excited states in OLEDs.
One interesting and potentially significant observation in the ECL experiments can
be seen in Figure 2.9(1). In this plot, the ECL quantum efficiency versus the cross
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reaction potential energy is seen to increase with increasing free energy. This type of
observation is consistent with previous ECL studies that found "normal" electron transfer
behavior, to be as Marcus theory states, that the kinetic barrier to electron transfer
forming electronically excited states (Alqss*5 and Alqss*1) decreases with increased
recombination energy.35,36 This plot is interesting because efficiency decreases with
highest cross-reaction energy [point (e)], which is potentially in the Marcus "inverted"
region of electron transfer behavior, where the cross-reaction energy increases as the
formation of electronically excited states decreases. "Inverted" behavior has never before
been demonstrated with the ECL technique.35 One possible reason for the "inverted"
behavior could be the lumophore's (Alqsj's) large Stokes-shift. The large Stokes-shift
allows for the use of radical cations with more oxidizing power to populate electronically
excited states rather than lumophores with very small Stokes-shift. Further investigation
of electron transfer behavior using new arylamines, such as EDTC (see Figure 3.2), and
the Alqsj lumophore, is warranted.
Future work in this group should also focus on developing solid state
electroluminescent studies that better mimic the phenomena that occur in solution ECL
studies. The OLEDs investigated here were bilayer structures, which complicated the
interpretation of results. This was due to (1) not knowing the mechanism of the radiative
recombination, i.e. TPDX^/Akfc-* or Alqs^/Alqs"* and (2) not knowing whether the
recombination zone profile was identical in each device. In order to factor out these
unknowns, single layer devices that incorporate TPDX and Alqg in an inert polymer
binder (polystyrene or PMMA) should be fabricated and studied.

By going to these
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single layer configurations, one will know the radiative recombination mechanism.
Previous investigators have shown direct and indirect evidence that only the lowest
energy radical ion states are occupied in molecular and polymeric electronic materials
while they are passing electrical current

19,20

Therefore, for the proposed single layer

devices, only the TPDX":Alq3~* cross-reaction can occur and populate the singlet excited
state of Alqg (see energy diagram in Figure 1.4). Controlling the distance of the
recombination zone relative to the cathode will be a more difficult challenge to overcome
22

since the hole mobilities are probably different in the TPDX materials.

One can use

molecular dilution of the transporting compound (TPDX) via blending with the polymer
101

matrix to overcome this potential problem.

In effect, the hole mobilities are a function

of the concentration of the TPDX compound in the binding polymer.

Thus, hole

mobilities and the recombination zone distance from the cathode in the TPDX:Alqa
devices can be made constant from device to device by judicious control of TPDX
concentrations. A study of this nature would contribute greatly to the solution and solidstate studies previously performed on these materials.
Finally, perhaps one of the most important observations and hypotheses of this study
was that device stability can be improved by controlling the stability of the electrons and
holes once injected into the organic layers.72*116'141 Increasing charge stability is thought
to be accomplished through the use of dopants that form stable radical ion states in
solution,116'141 and the use of mixed layer recombination zone devices where the electrons
and holes reside on the most stable sites before radiative recombination results. 16

41
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While the ECL work shows convincing evidence to suggest increasing device stability,
the EL work is somewhat lacking in supporting the stability hypothesis. Further work
should focus on more direct evidence of increasing device stability through these
strategies. Monitoring solid-state radical ion chemistry through the use of transient
absorption (TS) spectroscopic techniques should be explored. 9*20 With this technique,
the electron and hole carriers can be monitored and identified in situ. Coupled with trace
product analysis techniques, TS spectroscopy should be of great value to further
exploration and optimization of device stability.

5.1.2. Energy Level Tuning of Frontier Molecular Orbitals.

The development of new materials with precisely controlled energy levels was
critical to investigations of energetic processes occurring in OLEDs. Solution
electrochemical studies have been performed on new and existing organic hole transport
materials belonging to the N,N'-bis(m-tolyl)-[1,1'-bipheny1]-4,4'-diamine (TPD) class.
Cyclic voltammetry of these materials shows that they all undergo two one-electron
oxidations in benzene/acetonitrile electrolyte solutions. Also shown is that the first and
second oxidation potentials of this class of materials can be modified by introducing
substituents that impart inductive and/or resonance effects. The first oxidation potential
of the materials studied expands a range of ca. 0.4 eV.
Further work in the energy level tuning of TPD structures should focus on
development of more electron-poor structures. This can be accomplished by introduction
of electron-withdrawing substituents onto the phenyl rings.

Figure 5.1 shows two

Figure 5.1. Potential future hole transport materials for solution and solid state investigations.
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potential electron-poor TPD analogues (1 and 2) that could be synthesized for further
investigation. If the TPD analogue linear free-energy relationship shown in Figure 3.7
holds for structures 1 and 2, they should have first half-wave oxidation potentials of ca.
0.68 V and 0.76 V versus Fc/Fc+, respectively. The trifluoromethyl substituents in the
meta position replace the methyls to maintain asymmetry and provide powerful electron

withdrawing capabilities.

Structures of this type will probably be required to

manufacture devices that emit in the low 400 nm region.
Functionalized carbazoles should also be developed further for use as hole transport
materials. EDTC (see Figure 3.2) was a first attempt for this type of modification within
the CAMP organization.

Substituent effects on oxidation potential and OLED

performance should be worked out for this structural class of materials as was done for
the TPD analogue. Figure 5.1 shows three potential structures (3, 4, and 5) that could be
synthesized for solution and solid state OLED investigations. Molecule 5, however, may
need to be further optimized for stability. One strategy to accomplish this could involve
the introduction of methyl substituents in the 3 and 6 positions of the carbazole structure,
which would in effect slow down dimerization reactions occuurring though the 3 and 6
carbon atoms of the radical cation state.96,97
Finally, more effort should be put into the development and modification of the
energetic levels of electron transport materials.

Traditionally, hole transport

materialshave been more thoroughly developed because organic semiconductive
materials principally display hole transport behavior.7'16

Much more work will be

required to synthesize and analyze novel electron transport materials to develop structure-
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function relationships for this class of semiconductive organic materials. Such studies
will enable the device engineer to develop full-color and efficient OLEDs.

5.13. Solution Stability Studies of Radical Cation States.

Spectroelectrochemical investigations of the first and second oxidation states of
these materials show that they have characteristic visible absorption bands. The decrease
in absorption of these states can be monitored to elucidate decomposition reactions. We
speculate that these decomposition reactions may occur in solid-state OLEDs at very
slow rates, probably in organic light-emitting electrochemical cells; moreover, this type
of degradation reaction can lead to products that would degrade device performance and
limit the life-time of OLED devices. Recently, this degradation mechanism has gained
more acceptance within the OLED community, and several investigator are now
,

.

.

72,141

exploring this area.

Further work is required to determine if the solution radical ion chemistry, such as
that shown in Chapter 3 and by Niu et al., occurs in all solid-state devices. Studies that
mimic exhaustive solution electrolysis investigations should be attempted on solid-state
light-emitting diodes. The major challenge here will be in the use of trace analysis and
separation techniques to verify the molecular structure of degradation products. These
types of studies could benefit the development of new materials for OLEDs by
determining whether solid state electrochemical degradation mechanisms are intrinsic or
extrinsic in nature.7 The solution investigations studied in Chapter 3 suggest that certain
types^ of degradation reactions can be prevented or greatly slowed down by the
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introduction of substituents that block or impede chemical degradation reactions
occurring at reactive sites on the material. Therefore, the development of new materials
to prevent the degradation of radical ions may be warranted. Figure 5.2 shows two types
of substitutions that might prevent these reactions and lead to OLED device stabilization
and increased lifetimes. In addition to the prevention of dimerization reactions that can
occur between the radical cation states of these structures, they should also have energy
levels approximating that of m-FTPD, the best performing TPD analogue in the ECL and
OLED studies. Again, if the free-energy relationship holds for structure 6 and 7, then the
first half-wave oxidation potentials of these molecules should be 0.38 V and 0.45 V
versus Fc/Fc+, where m-FTPD is 0.44 V versus Fc/Fc+. Hopefully, with such a strategy
both the stability and energetic level of OLED materials can be optimized
simultaneously.

5.1.4. Development of Blue Emitting Dopants.

Development of blue emitting materials in the low 400 ran region continues to be
problematic.

Many materials challenges need to be overcome to develop high

performance blue emitting OLEDs.

New hole and electron transporting organic

materials, as well as cathode and anode development, will be required to further develop
these materials.

In particular, new, stable, low-work-function cathodes to improve

electron injection could have an extremely large impact on the development of these
devices and should be a continued line of OLED investigation. The diphenylanthracenes

Figure 5.2. TPD analogues that may have improved radical cation state stability with optimized HOMO level.
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and composite materials developed and studied in this work could dramatically impact
the performance of blue emitting diodes.
Further development of diphenylanthracene doped devices should focus on
developing new hole transport agents, such as those in Figure 5.1, and electron transport
materials. These materials should have large band gaps so that the diphenylanthracenes
function as hole and electron acceptors in a composite material. Even if these new large
band gap electron and hole transport materials are developed, many other challenges
must be overcome, including the need for efficient charge injection and charge transport
within the materials themselves.

5.2. CONCLUDING REMARKS

The research in this dissertation has prepared groundwork for further investigations
to develop the electrochemical model and implications presented in Chapter 1. While the
results of this dissertation are provocative and present a new line of thought regarding
development of new materials and device architectures, they are by no means conclusive.
Much more work is needed to establish these solid-state electrochemical concepts, and
particularly how they relate to thermodynamic, kinetic, and stability issues. These
studies will help to overcome the many challenges that exist for development and
commercialization of organic electric electro-optic materials.

APPENDIX A
X-RAY CRYSTAL STRUCTURAL PAPAMETERS FOR
10,10-BIS(4-DIMETHYLAMINOPHENYL)ANTHRONE

Experimental Details
Crystal Data

C30H28N2O
F.W. = 432.57 F(000) = 920
Crystal dimensions: 0.28 X 0.30 X 0.33 mm
Peak width at half-height = 0.46°
Mo Ka radiation (X = 0.71073 A)
Temperature = 23±1°
Monoclinic space group P2i/c
A = 12.242(1) A b = 9.114(1) A c = 21.250 (2) A
(5 = 97.95 (1)°
V = 2348.2(4) A3
Z = 4 p = 1.22 g/cm3
H = 0.7 cm"1
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EXPERIMENTAL

A greenish yellow block of C% H28 N2 O having approximate dimensions of 0.28 x
0.30 x 0.33 mm was mounted on a glass fiber in a random orientation.
Examination of the crystal on an Enraf Nonius turboCAD4 at 293K and a power
setting of 50KV, 32mA showed measurable diffraction to at least theta = 20deg.
Data were collected using graphite monochromated Mo Ka radiation (A.
=0.71073A).

A total of 3243 reflections were integrated and corrected for

Lorentz and

polarization effects by the Process module of MSC's Texsan package, of which
3074 were unique (<redundancy> = 1.05, Rint = 2.4%, Rsig = 6.0% ). Of the
unique reflections, 1824 (59%) were observed >2sigma(l). The final Monoclinic
cell parameters of a = 12.2420(10)A, b = 9.1140(10)A, c = 21.250(2)A, alpha =
90°, beta = 97.950(10)°, gamma = 90°A, volume = 2348.2(4)

A3

are based on

the refinement of the setting angles of 25 reflections with I > 20 sigma(l) covering
the range of 10.0 < theta < 15.0. Absorption and decay corrections were not
applied. The absorption coefficient is 0.074 mm'1. For Z = 4 and F.W. = 432.54
the calculated density is 1.224g/cm3. Systematic absences and intensity statistics
indicate the space group to be P 2,/c (#14) which was consistent with refinement.
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The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0)
software package[1]. Refinements were performed using SHELXL and
illustrations were made using XP. Solution was achieved utilizing direct methods
followed by Fourier synthesis.

Hydrogen atoms were added at idealized

positions, constrained to ride on the atom to which they are bonded and given
thermal parameters equal to 1.2 or 1.5 times

Uiso of that bonded atom.

Hydrogens on the methyl groups were further constrained to half occupied
idealized positions related by a 60 deg rotation. The final anisotropic full-matrix
least squares refinement based on F2 of all reflections converged (maximum
shift/esd < 0.0001) at R1 = 0.1157, wR2 = 0.1501 and goodness-of-fit = 1.018.
"Conventional" refinement indices using the 1824 reflections with F > 4 sigma(F)
are R1 = 0.0543, wR2 = 0.1259. The model consisted of 298 variable
parameters, 0 constraints and 0 restraints. There were no correlation coefficients
greater than 0.50. The highest peak on the final difference map was 0.178 e/AA3
located 0.47 A from H2A2. The lowest peak on the final difference map was 0.196 e/AA3 located 1.20 A from C19. Scattering Factors and anomalous
dispersion were taken from International Tables Vol C Tables 4.2.6.8 and 6.1.1.4.

STRUCTURE
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The structure is comprised of discrete molecular units of the title compound. The
molecule has a bend in the three fused six membered ring unit with the outside
rings making an angle of 27.9°.

FIGURES

Figure JA01 An ORTEP rendering of the molecule with 50% probability
ellipsoids. Hydrogens have been omitted for clarity.
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EQUATIONS

Rint = E|Fo2-(Fo2>|/E[Fo2]
Rsig = EtaCFO^l/XFo2]
Ri=2||Fo|-|Fc||/£|Fo|

WR2 = {E[w(Fo2-Fc2)2]/£[w(Fo2)2]}1/2
W=1/[O2(FO2)+(0.0.0342P)2+0.0932P] where P=(Fo2+2Fc2)/3
GOF = S = {£[w(Fo2-Fc2)2I/(n-p)}iy2

REFERENCES
[1]Sheldrick, G. (1997) SHELXTL versionS.O, Bruker Analytical X-ray Inst. Inc., Madison Wl,
U.SA
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Table 1. Crystal data and structure refinement for ja01.
ja01
Identification code
Empirical formula
C30 H28 N2 O
Formula weight
432.54
Temperature
293(2) K

Wavelength

0.71073 A

Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for utilized data
Limiting Indices
Reflections utilized
Independent reflections
Completeness to theta = 22.50°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F%
Final R indices [l>2sigma(l)]
R indices (all data)
Largest diff. peak and hole
RMS difference density

Monoclinic
P21/c
a = 12.2420(10) A
a= 90°.
b = 9.1140(10) A
b= 97.950(10)°.
c = 21.250(2) A
g = 90°.
2348.2(4) A3
4
1.224 Mg/m3
0.074 mm-1
920
0.33 x 0.30 x 0.28 mm3
1.68 to 22.50°.
0<=h<=13, 0<=k<=9, -22<=l<=22
3243
3074 [R(int) = 0.0238]

100.0 %
None
0.9796 and 0.9760
Full-matrix least-squares on p2
3074 / 0 / 298
1.018
R1 = 0.0543, wR2 = 0.1259
R1 =0.1157, wR2 = 0.1501
0.178 and -0.196 e.A~3
0.036eA"3
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Table 2. Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters
(A2x 1(P) for jaOl. U(eq) is defined as one third of the trace of the orthogonalized UU
tensor.
X

o
N(l)
N(2)
C(1B)
C(1A)
C(l)
C(2B)
C(2A)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)

cell)
C(12)
C(13)
C(14)
C(15)

C(16)
C(17)

C(18)
C(19)

C(20)
C(21)
C(22)
C(23)
C(24)
C(25)

C(26)

9341(2)
6860(3)
3497(3)
7727(3)
5869(4)
7036(3)
3310(3)
2582(3)
8029(3)
8182(3)
7374(2)
6385(3)
6224(3)
7571(2)
8494(3)
8700(3)
9438(3)
9992(3)
9834(3)
9100(3)
8994(3)
8508(3)
8733(3)
8343(4)
7706(4)
7466(3)
7869(3)
6514(3)
6320(3)
5349(3)
4489(3)
4681(3)
5658(3)

y
-2128(3)
4433(4)
563(5)
4676(5)
5268(5)
3591(4)
1506(5)
-204(6)
2854(4)
1991(4)
1787(4)
2517(4)
3399(4)
744(4)
1322(4)
2818(4)
3328(5)
2357(6)
882(5)
349(4)
-1258(4)
-1737(4)
-3160(4)
-3645(5)
-2727(5)
-1321(4)
-794(4)
619(4)
1521(4)
1512(4)
585(4)
-338(5)
-316(4)

z

8366(1)
11442(2)
7618(2)
11958(2)
11429(2)
10926(2)
7077(2)
7797(2)
10901(2)
10390(2)
9881(1)
9899(2)
10405(2)
9337(1)
8987(1)
8929(2)
8543(2)
8209(2)
8268(2)
8659(2)
8736(2)
9294(2)
9517(2)
10046(2)
10359(2)
10143(2)
9604(2)
8846(2)
8320(2)
7913(2)
8015(2)
8534(2)
8934(2)

U(eq)
84(1)
84(1)
98(1)
96(1)
105(2)
60(1)
109(2)
122(2)
60(1)
57(1)
48(1)
61(1)
65(1)
49(1)
50(1)
61(1)
74(1)
80(1)
71(1)
54(1)
60(1)
56(1)
80(1)
96(2)
89(1)

71(1)
53(1)
50(1)
60(1)
64(1)
63(1)
74(1)
67(1)
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Table 3. Bond lengths [A] and angles [°] for jaOl.

0-C(14)
N(l)-C(l)
N(1)-C(1A)
N(1)-C(1B)
N(2>C(24)
N(2)-C(2A)
N(2)-C(2B)
C(1B)-H(1BI)
C(1B>H(1B2)
C(1B)-H(1B3)
C(1B)-H(1B4)
C(1B>H(1B5)
C(1B)-H(1B6)
C(1A)-H(1A1)
C(1A)-H(1A2)
C(1A)-H(1A3)
C(1A)-H(1A4)
C(1A)-H(1A5)
C(1A)-H(1A6)
C(1>C(6)
C(1>C(2)
C(2B)-H(2B1)
C(2B)-H(2B2)
C(2B)-H(2B3)
C(2B)-H(2B4)
C(2B)-H(2B5)
C(2B)-H(2B6)
C(2A)-H(2A1)
C(2A)-H(2A2)
C(2A)-H(2A3)
C(2A>H(2A4)
C(2A)-H(2A5)
C(2A)-H(2A6)
C(2)-C(3)
C(2>H(2A)
C(3)-C(4)
C(3)-H(3A)
C(4>C(5)
C(4)-C(7)
C(5)-C(6)
C(5)-H(5A)
C(6)=H(6A)

1.233(4)
1.380(4)
1.429(5)
1.433(5)
1.379(4)
1.417(5)
1.428(5)
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.393(5)
1.396(4)
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600
1.374(4)
0.9300
1.374(4)
0.9300
1.387(4)
1.541(4)
1.377(4)
0.9300
0.9300

C(7>C(8)
C(7>C(20)
C(7>C(21)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(9)-H(9A)
C(10)-C(ll)
C(10)-H(10A)
C(ll)-C(12)
C(11)-H(11A)
C(12)-C(13)
C(12)-H(12A)
C(13>C(14)
C(14)-C(15)
C(15)-C(20)
C(15)-C(16)
C(16>C(17)
C(16)-H(16A)
C(17)-C(18)
C(17)-H(17A)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(20)
C(19)-H(19A)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(22)-H(22A)
C(23)-C(24)
C(23)-H(23A)
C(24)-C(25)
C(25)-C(26)
C(25)-H(25A)
C(26>H(26A)
C(1)-N(1)-C(1A)
C(1>N(1)-C(1B)
C(1A)-N(l )-C(lB)
C(24)-N(2)-C(2A)
C(24)-N(2)-C(2B)
C(2A)-N(2)-C(2B)

1.530(4)
1.537(4)
1.550(4)
1.395(4)
1.402(4)
1.383(4)
0.9300
1.372(5)
0.9300
1.366(5)
0.9300
1.393(5)
0.9300
1.482(5)
1.464(5)
1.388(4)
1.396(5)
1.354(5)
0.9300
1.376(6)
0.9300
1.380(5)
0.9300
1.394(4)
0.9300
1.381(4)
1.383(4)
1.370(4)
0.9300
1.390(5)
0.9300
1.381(5)
1.369(4)
0.9300
0.9300
120.4(3)
120.9(3)
118.0(3)
120.3(4)
120.9(4)
117.9(3)
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N(1)-C(1B>H(1B1)
N(1)-C(1B)-H(1B2)
H(1B1)-C(1B)-H(1B2)
N(1)-C(1B)-H(1B3)
H(1B1>C(1B)-H(1B3)
H(1B2)-C(1B)-H(1B3)
N(1>C(1B)-H(1B4)
H(1B1)-C(1B)-H(1B4)
H(1B2)-C(1B)-H(1B4)
H(1B3)-C(1B)-H(1B4)
N(1)-C(1B)-H(1B5)
H(1B1>C(1B)-H(1B5)
H(1B2>C(1B)-H(1B5)
H(1B3>C(1B)-H(1B5)
H(1B4)-C(1B)-H(1B5)
N(1)-C(1B)-H(1B6)
H(1B1)-C(1B)-H(1B6)
H(1B2>C(1B)-H(1B6)
H(1B3>C(1B)-H(1B6)
H(1B4)-C(1B)-H(1B6)
H(1B5)-C(1B)-H(1B6)
N(1)-C(1A)-H(1A1)
N(1>C(1A)-H(1A2)
H(1A1)-C(1A)-H(1A2)
N(1)-C(1A)-H(1A3)
H(1A1)-C(1A)-H(1A3)
H(1A2)-C(1A>H(1A3)
N(1)-C(1A)-H(1A4)
H(1A1)-C(1A)-H(1A4)
H(1A2)-C(1A)-H(1A4)
H(1A3)-C(1A)-H(1A4)
N(1)-C(1A)-H(1A5)
H(1A1>C(1A)-H(1A5)
H(1A2)-C(1A)-H(1A5)
H(1A3)-C(1A)-H(1A5)
H(1A4)-C(1A)-H(1A5)
N(1)-C(1A)-H(1A6)
H(1A1)-C(1A)-H(1A6)
H(1A2)-C(1A)-H(1A6)
H(1A3)-C(1A>H(1A6)
H(1A4>C(1A)-H(1A6)
H(1A5>C(1A)-H(1A6)
N(1>C(1)-C(6)
N(1)=C(1)-C(2)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
141.1
56.3
109.5
109.5
56.3
56.3
141.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
141.1
56.3
109.5
109.5
56.3
56.3
141.1
109.5
109.5
121.9(3)
122.1(3)

C(6>C(1>C(2)
N(2)-C(2B)-H(2B1)
N(2)-C(2B)-H(2B2)
H(2B1>C(2B)-H(2B2)
N(2)-C(2B)-H(2B3)
H(2B1>C(2B>H(2B3)
H(2B2>C(2B)-H(2B3)
N(2)-C(2B)-H(2B4)
H(2B1>C(2B)-H(2B4)
H(2B2>C(2B)-H(2B4)
H(2B3>C(2B)-H(2B4)
N(2>C(2B)-H(2B5)
H(2B1)-C(2B)-H(2B5)
H(2B2>C(2B)-H(2B5)
H(2B3>C(2B)-H(2B5)
H(2B4>C(2B)-H(2B5)
N(2)-C(2B)-H(2B6)
H(2B1>C(2B)-H(2B6)
H(2B2)-C(2B)-H(2B6)
H(2B3)-C(2B)-H(2B6)
H(2B4>C(2B)-H(2B6)
H(2B5)-C(2B)-H(2B6)
N(2)-C(2A)-H(2A1)
N(2)-C(2A>H(2A2)
H(2A1)-C(2A>H(2A2)
N(2)-C(2A>H(2A3)
H(2A1)-C(2A)-H(2A3)
H(2A2)-C(2A)-H(2A3)
N(2)-C(2A)-H(2A4)
H(2A1)-C(2A)-H(2A4)
H(2A2)-C(2A)-H(2A4)
H(2A3)-C(2A)-H(2A4)
N(2>C(2A>H(2A5)
H(2A1)-C(2A)-H(2A5)
H(2A2>C(2A)-H(2A5)
H(2A3)-C(2A)-H(2A5)
H(2A4)-C(2A)-H(2A5)
N(2)-C(2A)-H(2A6)
H(2A1)-C(2A)-H(2A6)
H(2A2>C(2A)-H(2A6)
H(2A3>C(2A)-H(2A6)
H(2A4>C(2A>H(2A6)
H(2A5>C(2A)-H(2A6)
C(3>C(2>C(1)

116.0(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
141.1
56.3
109.5
109.5
56.3
56.3
141.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
141.1
56.3
56.3
109.5
56.3
141.1
56.3
109.5
109.5
56.3
56.3
141.1
109.5
109.5
121.4(3)
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C(3)-C(2)-H(2A)
C(1)-C(2>H(2A)
C(2)-C(3)-C(4)
C(2>C(3)-H(3A)
C(4>C(3>H(3A)
C(3)-C(4)-C(5)
C(3)-C(4>C(7)
C(5)-C(4>C(7)
C(6)-C(5>C(4)
C(6>C(5>H(5A)
C(4>C(5>H(5A)
C(5>C(6)-C(1)
C(5)-C(6)-H(6A)
C(1)-C(6>H(6A)
C(8)-C(7>C(20)
C(8)-C(7>C(4)
C(20)-C(7)-C(4)
C(8)-C(7)-C(21)
C(20)-C(7)-C(21)
C(4)-C(7>C(21)
C(9)-C(8>C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(11>C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(l 0)-H(1OA)
C(12)-C(l l)-C(lO)
C(12)-C(l1)-H(11A)
C(10)-C(l 1)-H(11A)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12A)
C(12)-C(13)-C(8)
C(12)-C(13)-C(14)
C(8>C(13>C(14)
0-C(14>C(15)
0-C(14>C(13)
C(15)-C(14)-C(13)
C(20>C(15)-C(16)
C(20>C(15)-C(14)
C(16K(15)-C(14)

119.3
119.3
122.5(3)
118.8
118.8
116.7(3)
120.3(3)
123.0(3)
121.5(3)
119.3
119.3
122.0(3)
119.0
119.0
109.8(3)
110.8(3)
109.9(3)
107.6(2)
108.4(3)
110.4(3)
117.4(3)
122.3(3)
120.1(3)
121.5(4)
119.3
119.3
120.0(4)
120.0
120.0
120.1(4)
120.0
120.0
120.6(4)
119.7
119.7
120.4(4)
119.0(3)
120.6(3)
122.6(4)
121.5(3)
115.8(3)
120.8(4)
121.2(3)
118.0(4)

C(17)-C(16)-C(15)
C(17>C(16)-H(16A)
C(15)-C(16)-H(16A)
C(16>C(17)-C(18)
C(16)-C(17)-H(17A)
C(18>C(17)-H(17A)
C(17>C(18)-C(19)
C(17>C(18)-H(18A)
C(19)-C(18)-H(18A)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19A)
C(20>C(19)-H(19A)
C(15>C(20)-C(19)
C(15>C(20)-C(7)
C(19>C(20>C(7)
C(22>C(21)-C(26)
C(22)-C(21>C(7)
C(26)-C(21)-C(7)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22A)
C(21)-C(22)-H(22A)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23A)
N(2)-C(24)-C(25)
N(2)-C(24)-C(23)
C(25>C(24>C(23)
C(26)-C(25)-C(24)
C(26)-C(25>H(25A)
C(24)-C(25>H(25A)
C(25)-C(26>C(21)
C(25>C(26>H(26A)
C(21)-C(26>H(26A)

120.6(4)
119.7
119.7
119.5(4)
120.3
120.3
120.8(4)
119.6
119.6
120.7(4)
119.7
119.7
117.6(3)
120.6(3)
121.6(3)
115.3(3)
122.4(3)
122.1(3)
122.9(3)
118.5
118.5
121.1(3)
119.5
119.5
121.2(4)
122.3(4)
116.4(3)
121.6(3)
119.2
119.2
122.6(3)
118.7
118.7

Symmetry transformations used to
generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A^x 10-3) for jaOl. The anisotropic
displacement factor exponent takes the form: -2n^[ h.2 a*2%jll +... + 2 h k a* b* U*2 ]

un
o
77(2)
N(l)
96(3)
N(2)
53(2)
C(1B) 105(3)
C(1A) 118(4)
C(l)
68(2)
C(2B) 74(3)
C(2A) 59(3)
C(2)
58(2)
C(3)
53(2)
C(4)
41(2)
C(5)
53(2)
C(6)
60(2)
C(7)
45(2)
C(8)
44(2)
C(9)
58(2)
C(10) 71(3)
C(ll) 66(3)
C(12) 53(2)
C(13) 42(2)
C(14) 43(2)
C(15) 54(2)
C(16) 83(3)
C(17) 117(4)
C(18) 120(4)
C(19) 82(3)
C(20) 51(2)
C(21) 47(2)
C(22) 52(2)
C(23) 51(2)
C(24) 46(2)
C(25) 52(2)
C(26) 60(2)

U22

Ij33

U23

Ul3

Ul2

84(2)
91(3)
155(4)
114(4)
114(4)
63(2)
149(5)
201(6)
70(3)
63(2)
56(2)
76(3)
73(3)
52(2)
57(2)
64(3)
79(3)
106(4)
95(3)
66(3)
72(3)
48(2)
62(3)
62(3)
71(3)
67(3)
57(2)
57(2)
76(3)
89(3)
86(3)
92(3)
70(3)

94(2)
63(2)
80(2)
70(3)
89(3)
51(2)
92(3)
102(4)
49(2)
55(2)
46(2)
53(2)
62(2)
50(2)
48(2)
61(2)
73(3)
72(3)
68(3)
53(2)
65(2)
63(2)
93(3)
105(4)
77(3)
64(2)
49(2)
46(2)
51(2)
51(2)
57(2)
74(3)
69(2)

-27(2)
-20(2)
13(3)
-28(3)
-21(3)
0(2)
2(3)
-1(4)
3(2)
2(2)
-2(2)
-2(2)
-4(2)
3(2)
1(2)
1(2)
12(2)
6(3)
-8(2)
-3(2)
-10(2)
2(2)
-2(3)
17(3)
29(3)
8(2)
4(2)
-2(2)
4(2)
7(2)
-9(2)
2(2)
15(2)

20(2)
9(2)
-8(2)
17(3)
33(3)
15(2)
-25(2)
-4(2)
0(2)
6(2)
5(2)
4(2)
12(2)
6(2)
2(2)
5(2)
11(2)
23(2)
18(2)
4(2)
0(2)
-3(2)
3(2)
-3(3)
15(3)
12(2)
1(2)
9(2)
8(2)
0(2)
2(2)
-1(2)
4(2)

7(2)
17(2)
-10(2)
-29(3)
18(3)
-2(2)
19(3)
-29(3)
-4(2)
0(2)
-2(2)
3(2)
13(2)
-4(2)
-3(2)
-4(2)
-20(2)
-23(3)
-10(2)
-2(2)
-2(2)
0(2)
2(2)
-5(3)
-14(3)
-6(2)
-6(2)
-3(2)
-10(2)
0(2)
1(2)
-22(2)
-15(2)
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Table 5. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A^x
10 3) forjaOl.

H(1B1)
H(1B2)
H(1B3)
H(1B4)
H(1B5)
H(1B6)
H(1A1)
H(1A2)
H(1A3)
H(1A4)
H(1A5)
H(1A6)
H(2B1)
H(2B2)
H(2B3)
H(2B4)
H(2B5)
H(2B6)
H(2A1)
H(2A2)
H(2A3)
H(2A4)
H(2A5)
H(2A6)
H(2A)
H(3A)
H(5A)
H(6A)
H(9A)
H(10A)
H(11A)
H(12A)
H(16A)
H(17A)
H(18A)
H(19A)
H(22A)

x

y

z

7458
8333
7968
8382
7507
7872
5882
5245
5815
5413
6050
5480
2582
3845
3377
3954
2692
3159
1964
2394
2767
2786
2356
1983
8598
8859
5818
5553
8332
9558
10477
10219
9155
8505
7435
7032
6874

5283
5157
3752
4179
4304
5709
5786
4620
5958
5124
6289
4951
1340
1303
2510
2095
2133
925
-111
201
-1222
-644
-955
468
2948
1528
2409
3882
3487
4331
2702
227
-3782
-4589
-3060
-718
2163

12272
11802
12144
11873
12344
12002
11823
11369
11085
11028
11482
11767
6856
6798
7214
7056
7114
6698
7468
8185
7859
8207
7490
7815
11237
10389
9563
10398
9155
8509
7943
8044
9300
10196
10721
10360
8238

U(eq)
144
144
144
144
144
144
158
158
158
158
158
158
163
163
163
163
163
163
183
183
183
183
183
183
72
68
74
77
73
89
96
85
96
116
107
85
71
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H(23A)
H(25A)
H(26A)

5263
4133
5751

2136
-991
-955

7564
8614
9279

77
88
80
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Table 6. Torsion angles [°] forjaOl.

C(1A)-N(1)-C(1)-C(6)
C(1B)-N(1)-C(1)-C(6)
C(1A)-N(1)-C(1>C(2)
C(1B)-N(1)-C(1)-C(2)
N(1)-C(1>C(2)-C(3)
C(6)-C(1>C(2)-C(3)
C(1)-C(2>C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(7)
C(3)-C(4)-C(5)-C(6)
C(7)-C(4)-C(5>C(6)
C(4)-C(5)-C(6>C(1)
N(1)-C(1)-C(6)-C(5)
C(2)-C(1>C(6>C(5)
C(3)-C(4>C(7)-C(8)
C(5)-C(4>C(7)-C(8)
C(3)-C(4)-C(7>C(20)
C(5)-C(4)-C(7)-C(20)
C(3)-C(4>C(7)-C(21)
C(5)-C(4)-C(7)-C(21)
C(20>C(7)-C(8)-C(9)
C(4)-C(7)-C(8)-C(9)
C(21)-C(7>C(8)-C(9)
C(20>C(7)-C(8>C(13)
C(4)-C(7)-C(8)-C(13)
C(21>C(7)-C(8>C(13)
C(13)-C(8>C(9)-C(10)
C(7)-C(8>C(9>C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(ll)-C(12)
C(10)-C(11)-C(12>C(13)
C(11)-C(12)-C(13)-C(8)
C(11)-C(12>C(13)-C(14)
C(9)-C(8>C(13)-C(12)
C(7)-C(8)-C(13)-C(12)
C(9)-C(8)-C(13)-C(14)
C(7>C(8)-C(13)-C(14)
C(12)-C(13>C(14)-0
C(8)-C(13)-C(14>0
C(12)-C(13)-C(14)-C(15)
C(8>C(13)-C(14)-C(15)
0-Cfi4)-C(15)-C(20)

-6.6(6)
-176.7(4)
174.8(4)
4.7(6)
178.5(3)
-0.2(5)
-0.8(5)
1.0(5)
-176.8(3)
-0.2(5)
177.6(3)
-0.8(6)
-177.7(3)
1.0(5)
-64.9(4)
117.5(3)
56.7(4)
-121.0(3)
176.1(3)
-1.5(4)
-152.6(3)
-31.0(4)
89.7(4)
33.5(4)
155.1(3)
-84.2(3)
2.6(5)
-171.4(3)
-0.4(5)
-1.3(6)
0.8(6)
1.4(5)
-176.8(3)
-3.1(5)
171.1(3)
175.2(3)
-10.7(4)
-16.1(5)
165.6(3)
160.8(3)
-17.5(5)
-162.8(3)
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C(13)-C(14)-C(15)-C(20)
0-C(14)-C(15)-C(16)
C(13>C(14)-C(15)-C(16)
C(20>C(15)-C(16>C(17)
C(14)-C(15)-C(16)-C(17)
C(15>C(16)-C(17)-C(18)
C(16>C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(16)-C(15)-C(20>C(19)
C(14)-C(15)-C(20>C(19)
C(16)-C(15>C(20)-C(7)
C(14>C(15)-C(20)-C(7)
C(18>C(19>C(20)-C(15)
C(18)-C(19)-C(20)-C(7)
C(8>C(7)-C(20)-C(15)
C(4>C(7)-C(20)-C(15)
C(21)-C(7>C(20)-C(15)
C(8>C(7)-C(20)-C(19)
C(4)-C(7)-C(20)-C(19)
C(21>C(7)-C(20)-C(19)
C(8>C(7)-C(21>C(22)
C(20)-C(7)-C(21)-C(22)
C(4)-C(7)-C(21)-C(22)
C(8>C(7)-C(21)-C(26)
C(20>C(7)-C(21)-C(26)
C(4)-C(7)-C(21)-C(26)
C(26)-C(21)-C(22)-C(23)
C(7)-C(21)-C(22)-C(23)
C(21>C(22)-C(23)-C(24)
C(2A)-N(2)-C(24)-C(25)
C(2B)-N(2)-C(24)-C(25)
C(2A)-N(2>C(24)-C(23)
C(2B)-N(2)-C(24)-C(23)
C(22)-C(23)-C(24)-N(2)
C(22)-C(23)-C(24)-C(25)
N(2)-C(24)-C(25)-C(26)
C(23)-C(24)-C(25>C(26)
C(24)-C(25>C(26)-C(21)
C(22)-C(21)-C(26)-C(25)
C(7)-C(21)-C(26)-C(25)

20.4(5)
19.0(5)
-157.8(3)
-0.8(6)
177.4(4)
0.9(6)
-0.4(7)
-0.3(6)
0.1(5)
-178.0(3)
-176.7(3)
5.2(5)
0.4(5)
177.2(3)
-31.0(4)
-153.1(3)
86.3(3)
152.3(3)
30.2(4)
-90.4(4)
-29.0(4)
-147.7(3)
91.9(3)
156.7(3)
38.0(4)
-82.3(4)
0.6(5)
-174.0(3)
0.5(6)
11.8(6)
-179.1(4)
-169.0(4)
0.0(6)
179.3(3)
-1.5(5)
-179.4(4)
1.4(6)
-0.2(6)
-0.8(5)
173.9(3)

Symmetry transformations used to generate equivalent atoms:
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Table 7. Least-squares planes (x,y,z in crystal coordinates) and deviations from
them
(* indicates atom used to define plane)
8.1874 (0.0116) x + 1.5751 (0.0112) y + 13.2521 (0.0209) z = 18.9226 (0.0107)
* -0.2335 (0.0022) C7
* 0.1495 (0.0022) C8
* 0.0571 (0.0023) C13
* -0.1806 (0.0023) C14
* 0.0855 (0.0023) C15
* 0.1220 (0.0022) C20
-0.5235 (0.0045) O
Rms deviation of fitted atoms = 0.1500

6.8251 (0.0182) x - 0.1274 (0.0194) y + 15.8304 (0.0251) z = 19.9605 (0.0075)
Angle to previous plane (with approximate esd) = 13.92 (0.21 )
* -0.0220 (0.0009) C7
* 0.0466 (0.0020) 08
* -0.0474 (0.0020) 013
* 0.0228 (0.0010) 014
Rms deviation of fitted atoms = 0.0368

8.9744 (0.0129) x + 3.2655 (0.0171) y + 10.0122 (0.0415) z = 16.3959 (0.0318)
Angle to previous plane (with approximate esd) = 27.93 ( 0.22 )
* -0.0103 (0.0009) 07
* 0.0222 (0.0020) C20
* -0.0228(0.0020) 015
* 0.0109 (0.0010) 014
Rms deviation of fitted atoms - 0.0176
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