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ABSTRACT 

The research embodied in this text involves the characterization and optimization of 

novel materials and interfaces critical to the perfomiance of organic electronic devices: 

Thrust I: A scheme for elucidating the relative significance of energy vs. charge 

transfer (ET vs. CT) routes to guest dye emission in organic light-emitting diodes 

(OLEDs) was developed using near-IR emissive phthalocyanine (Pc) or 

naphthalocyanine (NPc) dopants. CT processes were obseived to occur by an oxidized 

guest mechanism, which may be predicted from the solution electrochemistry of these 

materials. 

Additionally, a new series of quinacridone(QA)"based guest dyes were 

developed/characterized, modified at the N,N' positions to form four generations of 

Fre'chet dendrimers and their t-butyl-terminated analogues. As generation number 

increases, they exhibited decreased aggregation and increased luminescence efficiencies 

in the condensed phase. In solution, sharply declining rates of heterogeneous electron 

transfei" were observed. Despite this trend, when these new molecules were doped into 

OLEDs, ET and CT routes to QA emission were not significantly inhibited. 

Thrust 2: A series of hybrid metal cluster-organic materials containing between one 

and seven [Re6(/i;rSe)8]"'*' clusters per m,olecule were electrochemically characterized. 

Dimer, trimer, and tefjamer assemblies yielded uncoupled cluster oxidations. For cluster 

7-mer dendrimers, uncoupled oxidations were observed for unconjugated linking groups, 



while coupled oxidations were observed with a conjugated linker, suggesting through-

bond electrical polarization of the interior cluster. 

Thrust 3: The first UV-Vis attenuated total reflectance (ATR) method Ibr the 

simultaneous determination of molecular lilt and azimuthal rotation for ultra-thin films of 

molecules with circularly-polarized electronic transition dipoles was developed, where a 

priori assumptions of the mean molecular orientation of either angle are not necessar}' in 

order to recover both mean angles. A model Pc-based system was evaluated, where this 

material is known to form in-plane nnolecular columns. Assuming a delta distribution in 

the orientation of each angle, it was determined that the mean tilt of the molecular plane 

away from the substrate surface is 80±3°, and the mean azimuthal rotation of the 

molecular plane away from the column direction is 56.9±().8''\ . The dependence of 

molecular orientation on environmental exposure conditions and surface premodifiers 

was also evaluated. 
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CHAPTER 1 

INTEODIJCTION 

I.l Overview of Organic Electronic Devices 

I. LI Motivation for organic vs. inorganic devices 

Electronic devices such as light-emitting diodes (LEDs), field-effect transistors 

(FETs), and photovoltaics (FYs or solar cells) have traditionally been fabricated using 

inorganic semiconductor materials such as Si. While these devices have a strong 

foothold in commercial technologies and have proven to be relatively etficient, they 

preclude some applications such as device fabrication on flexible substrates.' "^ 

Additionally, the high cost of fabrication and stringent clean-room requirements make the 

fabrication of these devices quite expensive. In the last two decades, significant research 

efforts have been directed at developing analogous technologies based on organic 

materials; '"" and the fraits of these labors ai-e beginning to establish a foothold in the 

commercial marketplace.^"^ These organic-based devices offer many potential advantages 

over inorganic-based devices. With the advent of organic-based devices, it is possible for 

electronic technologies to be prepared on flexible substrates, creating device applications 

that are not possible for inorganic materials (i.e. displays on architectural columns and 

Cttf windshields).'""' Another advantage is that the solubility of organic materials allows 

for solution processing of the device, which is generally more cost effective than the 

expensive hardware required for high-vacuum deposition of traditional inorganic 

materials. The wide variety of organic dyes available is also very attractive for LEDs, 
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where emission color may be easily tuned.'*"While the efficiencies and lifetimes of 

these materials are generally slightly inferior to their inorganic counterparts, their 

potential for lower cost production may facilitate the introduction of these devices into 

niche markets, such as displays built into credit cai'ds which indicate recent transactions. 

More expensive inorgiinic displays would not be viable for this disposable technology. 

As the efficiencies and lifetimes of these materials are developed to an even greater 

extent, they may potentially replace inorganic-based technologies. 

1.1.2 Organic light-emitting diodes (OLEDs) 

The organic light-emitting diode (OLED) technology is arguably the m,ost well-

developed of the organic electronics described here, and organic luminescent displays are 

now commercially available for such applications as car stereos, cell phones, and digital 

cameras.""^ These advances have been documented in academic literature, where a wide 

range of both single- or double-layer vacuum deposited and polymeric devices iire 

J. I 
reported with high efficiencies and reasonable lifetimes. These OLEDs are essentially 

composed of a 100-200 nm thick active organic layer, sandwiched between two 

electrodes (cathode and anode). A cross-sectional diagram for a simple single-layer 

device with a geometry of [fTO/PVK-Alqs/AI] is presented in Figure 1.1a, and a cross-

section for a two-layer device with the geometry of [ITO/TPD/Alq^/Al] is presented in 

Figure Lib. The active film in the single-layer device is generally composed of a 

solution-processable polymeric matrix, poly-vinyIcarba7,ole (PVK) here, which is 
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efficient at conducting holes through the device (hole transport material or 

HTM).*''' xhis HTM matrix is doped (typically ca. 25 wt. %) with an electron 

ransport material (ETM), aluminum tris-qidnohitc (Alqs) here, which also serves as tlie 

host emissive material. This film is typically spin-cast onto an indium-tin oxide (ITO) 

anode, selected for its conductive, yet transparent nature, thereby allowing generated 

photons to exit the device in the foi-ward direction. Following casting of the polymeric 

film, a low work function cathode, e.g. Mg, Al, or an Al cathode with a thin layer oi" LiF 

or CsF inteiposed between the metal and orgcuiic layers is deposited (ca. 100 nm) in 

vacuum. When a sufficient bias potential has been applied to the device, enough to 

overcome charge injection barriers, etc., holes are injected into the device at the anode, 

electrons at the cathode, and electrical stimulation of host emission (Alq^) is achieved. 

Ideal single-layer devices require equal (and high) rates of electron and hole injection at 

the cathode and anode, respectively, and high and equal rates of electron and hole 

transport, so that charge recombination occurs exclusively in the center of the thin-film 

device, avoiding luminescence quenching by the electrodes.'*"''''^'' 

The most successful technologies to date, however, have been devices with two 

organic layers (Figure 1.1b), where differences in electron affinity (EA) and ionization 

potential (IP) of the two layers confine mobile charges near the center of the device. Of 

these two layer devices, those based on Alqa as the electron transporting and emissive 

layer, and bis-arylaniines [(e.g. 4.4'--Bis(m-tolylphenylamino)biphen,yl (TPD')'|, PVK, or 

7 1 ^ 1C' IH related hole-transporting polymers, have been the most studied, * " with device 

geometries such as [IT0/TPD(PVK)/Alq3/Al(Mg)]. TPD(PVK) hole-transport layers are 



25 

typically deposited on ITO, followed by deposition of the Alq.i emissive and electron 

transporting layer and the low work function cathode. Two-hiyer polymer systems, such 

as poly-paraphenylenevinylene (PPV) and its di-cyano derivative, with comparable 

differences in EA/IP appear to provide similar confinement of emissive state 

production.''"'^ Current developmental challenges, necessai'y for the creation of even more 

efficient OLEDs, include decreasing charge injection barriers, increasing charge mobility, 

increasing device lifetime, and increasing the luminescence efficiency of the emissive 

material by improving its quantum yield and decreasing self-quenching. 

LL3 Organic  photovo ludcs  (OPVs)  

Organic photovoltaics (OPVs), or organic solar cells, are essentially the inverse of the 

OLED, where photons are absorbed by the device, and an electrical current is 

. - jry 

induced. '"""" Devices such as these may be used to harness the sun's energy and will 

likely be increasingly significant as the earth's fossil faels are depleted and a growing 

emphasis is placed on environmental conservation, A cross-sectional diagram for a 

simple two-layer device is presented in Figure 1.2a, along with stnictures for typical 

molecular materials in Figure 1.2b. Materials such as phthalocyanines (Pc's) are chosen 

for light absorption due to their extremely high imaginary refractive index (k) in the solid 

stale, which is manifested in solution as the molar absorptivity (>10'"' M"' cm"' for most 

Pc's). In the device, absorption of a photon by this material results in the formation of an 

exciton (a hole electron pair on the same molecule), which diffuses through the device 

until encountering the HTM/EiTM. interface, where exciton dissociation takes place: the 
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hole is captured by the HTM, Pc here, and the electron is captured by the ETM, Ceo 

herc;^""" When the appropriate bias is applied to the device, an electric field is created 

hich drives the electrons toward the cathode and the holes towml the anode where they 

exit the device and result in the production of a photo-induced current in tlie external 

circuit. Most high-efficiency OPVs employ additional layers between the electrodes and 

transport materials that vserve to block holes (at the cathode) and electrons (at the anode) 

from reaching the electrode;'''" Current developmental challenges, necessary for the 

creation of even more efficient OPVs, include decreasing charge removal baniers, 

increasing device lifetime, increasing the absoiptivity of the absorbing material, and 

increasing charge mobility. For materials with anisotropic charge mobilities, it is 

desirable to align the materials such that the axis of highest mobility is perpendicular to 

the device substrate. 

LI .4  Organic  f i e ld -e f f ec t  t rans i s tors  (OFETs)  

Fieki-eflect transistors (FETs) are logical switching components which are the 

building blocks of current microelectronics. Organic field-effect transistors (OFETs) 

may not replace these traditionally silicon-based technologies in highly-demanding 

applications, but may be viable for less-demanding applications where low-cost 

fabrication is desirable.For example, these technologies may be used in conjunction 

with OLED displays on flexible substrates, regulating pixel firing."' 

A cross-sectional diagram of an OFET is presented in Figure 1.3a, and structures for 

typical organic semiconductor materials are shown in Figure 1.3b. A transistor such as 
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this one acts as a switch, where in the "on" state current flows from the source to the 

drain. In the "off state, current does not flow between these contacts. This process is 

regulated by the applied gate voltage. When a bias voltage is not applied to the gate, 

there are not enough charge cariiers in the organic semiconductor to sustain current flow 

between the source and the drain. "C'harge carriers" refer to holes for a p-type device or 

electrons tor an «-type device. M,ost organic semiconductors are more efficient hole-

conductors and are therefore p-type devices. Applying a bias to the gate electrode results 

in the formation of charge carriers at the semiconductor/dielectric interlace. Once a 

sufficient bias voltage is applied, a substantial amount of charge carriers reside in this 

"channel region" of the device, supporting current flow between the source and the drain. 

Common organic semiconductors used in such devices (Figure 1.3b) include discotic 

meso-phase materials such as Pc's and hexabenzocoronenes.'^'"^'' These materials fomi 

columnar aggregates with their long-axis parallel to the substrate plane, where charge 

mobility is higher along the column axis than along the perpendicular axis.^''^""''^"''" 

Charge mobilities of 1 cm" V"' s"' are characteristic of silicon-based FETs,"'' while 

mobilities as high as 0,2 cm" V's"' have been reported for Pc-based devices,''^ sufficient 

90 
for supporting OLED displays."' Mobilities on the order of silicon-based FETs have 

recently been reported for hexabenzocoronene-based devices."^''' Current developmental 

challenges for improving the efficiency and applicability of devices based on materials 

such as these include designing molecular materials which have low charge injection and 

removal energies at the source/drain electrode contacts and which can be processed into 

thin films with close intennolecular spacing (to facilitate charge hopping across the fihr)). 
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where the molecular domains are ideally coherent between the source and drain contacts. 

For materials with anisotropic charge mobilities, it is additionally desirable for the 

highest charge mobilities to exist along the axis between the source and the drain. This 

directional mobility may be controlled by appropriately aligning the molecular aggregates 

in the channel region (Figure I. 3a inset);''^'"'''^''^^ as well as controlling the orientation of the 

molecules within the columnar aggregate.^'*"''' 

1.2 O verview of Research Focus 

This body of research is focused on the characterization and optimization of novel 

materials and interfaces critical to the peiforaiance of organic electronic devices, such as 

01£Ds, OPVs, and OFETs. Specific research efforts are overviewed in Figure 1.4 and 

may be logically divided into three major thrusts: (1) Development of an electrochemical 

model and materials for organic light-emitting diodes, (2) Characterization/Optimization 

of the electronic properties of supramolecular materials containing multiple, identical 

redox sites, (3) Characterization and control of molecular orientation at organic electronic 

interfaces by attenuated total reflectance UV-Vis spectroscopy. These research thrusts 

are the focus of this body of work, and resultant academic publications are cited in this 

section. 

1.2.1 Thrust 1: Development of an electrochemical model and materials for OLBDs 

The most efficient OLBDs incorporate a guest dye that harvests energy from the host 

dye by what is conventionally considered to be F<5rster energy transfer. Recent work in 
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this research group and others, however, suggests that charge transfer in the condensed 

phase, which is analogous to solution electrochemical processes, plays a significant role 

in this harvesting of energy. These charge transfer routes to guest emission have been 

proposed to occur due to either a "reduced guest" or "oxidized guest" mechanism. Here, 

a host-guest system is described in which host and guest emission are separately, and 

quantitatively, measured. By replacing conventional guest dyes with phthalocyanine (Pc) 

or naptlialocyaine (NPc) dyes, guest emission is shifted away from the visible host 

emission, into the near-IR, allowing host and guest photons to be separately quantitated. 

This allows for the first unambiguous investigation of the relative importance of either of 

these routes to guest emission in the device, fecilitating the design and screening of more 

efficient OLED materials.*^® 

In a second contribution to this research area, a series of quinacridone dendrimers 

have been synthesized and characterized in collaboration with the McGrath group 

(Department of Chemistry, University of Arizona) for their potential application as 

OLED guest dyes. By dendrimeri/ing this dye, it is thought that aggregation of the dye 

center will be inhibited, minimizing seli-quenching, and maximizing device efficiency. 

Here, the photophysical and electrochemical properties of solutions and thin films of 

these materials are described and the potential for these materials as OLED dopants is 

EVALUATED.*''^"^' 
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1.2.2 Thrust 2: Chm'acterization/Optnmzcition of the electronic properties of 

mprantolecular materials containing multiple, identical redox sites 

In collaboration with the Zheng group (Departmetit of Chemistry, University of 

Arizona), a scries of hybrid metal ckister-organic supramolecular materials containing 

between one and seven clusters per molecule have been synthesized and 

electrochemicaily characterized in an effort to develop a model relating molecular 

structure to redox activity for materials of this type.*^'""'''* Results trom Thrust I suggest 

that the development of such models is useful in predicting the perfonnance of novel 

materials in organic electronic devices. The {Re6(//3-Se)!<]"'*" cluster utilized here has a 

reversible one-electron oxidation, and the voltammetry and coulometry of cluster dimers, 

trimers, tetramers (poiphyrin core);'*' and 7-mer dendriraers (cluster core, 6 peripheral 

clusters)^"^ have been evaluated using a developed thin-layer cell electrode, which yields 

some of the highest resolution and signal to background voltammograms reported for 

materials of this type. In addition to these moleculai* architectures, a cluster-polystyrene 

copolymer has been similarly evaluated.From these measurements, it is possible to 

assess whether cluster oxidations on a given molecule are coupled, indicating electrical 

communication between the clusters, or whether the clusters are noninteracting. The 

ability to control the electronic properties of such materials through the proper design of 

the molecular staicture is accordingly evaluated. 
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1.2.3 Thrust 3: Chciracterization and control of molecular orientation at organic 

electronic interfaces by attenuated total reflectance LlV-Vis spectroscopy 

This research group has a strong interest in understanding the microscopic orientation 

of discotic (disc-shaped) phthalocyanine (Pc) molecules that form molecular columns 

{LB ITiethod) at interfaces, since the conductivity of these columns has been shown to be 

much higher along tlie column, than perpendicular to it. Such materials, designed in 

collaboration with the O'Brien group (Department of Chemistry, University of Arizona), 

may accordingly be ideal ft>r new OFET and OPV applications. The orientation of these 

molecules within the columnar aggregate, however, is anticipated to strongly influence 

the charge mobility and anisotropy in these films. In collaboration with Dr. Sergio 

Mendes and the Saavedra group (Department of Chemistry, University of Arizona), a 

method for the simultaneous determination of molecular tilt and rotation in thin 

molecular films composed of discotic materials has been developed using attenuated total 

reflectance (ATR) UV-Vis spectroscopy.^^ Previously described methods have relied on 

assuming a fixed or isotropic value for either the tilt or the rotation in order to find the 

other angle. The method presented here is the first ATR technique capable of 

simultaneously recovering both mean molecular tilt and rotation angles without assuming 

a fixed or isotropic value for either angle. This is made possible by studying the sample 

at two orientations with respect to the probe beam, at two electric field polarizations per 

sample orientation. A model system consisting of a liquid-crystalline CuPc has been 

utilized to evaluate this technique, and the ability to control the molecular orientation 

through environmental exposure or surface pretreatmenl: is additionally described. 
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1.3 Thrust 1: Developnieitt of an Electrochemical Model and Materials for Organic 

Light-B/iniitting Diodes 

! ,3.1 Development of the OLED 

light-emitting electrochemical processes have interested the scientific community for 

at least the last four decades, where initial interest arose from the fact that these processes 

provided a spectroscopic means for studying electron transfer processes in solution/''""'""'^'' 

The principle findings of these solution studies led to the creation of tlie first organic 

electroluminescent (EL) thin film 17 years ago, which exhibited near display quality 

brightness and efficiency. " This tirst OLED, developed by Tang & Van Slyke in the 

Kodak laboratory, was a two-layer device of the type shown in Figure 1.1b, consisting of 

vacuum-deposited layers of a triarylamine hole transport material (HTM) and an Alq^ 

electron transport material (ETM). Following this development, Burroughes et al. 

described a single-layer polymeric-based device (like Figure l.Ia) using poly(p-

phenylenevinylene) (PPV), which gave display-quality luminescence intensities and 

efficiencies."'^ Heeger et al. followed with light-emitting polymeric (LEPs) devices of 

similar constraction,'^' and recently won a share in the Nobel Prize in chemistiy for his 

contribution towards the development of conductive polymers (2000). Following 

Heeger's report, a two-layer LEP device with a similar device geometry to the vacuum-

deposited two layer devices was achieved by Friend et al. using a cyano-derivative of 

PPV as the second layer.,"' 

These early devices typically dealt with organic thin films that were predominantly 

insulating, requiring higti field strengths in order to create chai'ge injection and 
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recombination necessary for luminescent state formation. Following these developments, 

luminescent polymer thin films incorporating mobile ions (termed light-emitting 

electrochemical cells or LECs) were introduced as a hybrid solution-solid state device, 

exhibiting impressive electroluminescence properties.^"^' The current state of OLEDs 

are such that entry-level commercial applications are now currently available,^"' yet 

luminescence efficiencies and long-term stabilities are still in need of improvement in 

order for the technology to further penetrate the commercial marketplace/"''''^'""* It is the 

goal of many researchers in this field to further understand tlie mechanisms leading to 

luminescent state formation in these devices in order to facilitate the design of more 

efficient materials and devices. 

1.3.2 Descriptions of condensed-phase charge recombination leading to OLED emission 

The production of luminescence in devices such as these is traditionally explained 

using a combination of semiconductor band theory and frontier orbital energy diagrams."^^' 

A diagram for such a device is shown in Figure 1.5. Here, frontier orbital energy levels 

for the organic materials are presented relative to the work functions of the electrodes and 

the vacuum level, or the energy at which electrons are no longer associated with the solid 

state. The difference between the energy levels of the electrodes and the vacuum level is 

the work function (#) of the material. The highest occupied molecular orbital (HOMO) 

or conduction band (CB) and lowest unoccupied molecular orbital (LUMO) or valence 

band (VB) are indicated. The energy required to remove an electron from the H0M.0 of 

either organic material is the ionization potential (IP), and the energy required for the 
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Figure 1.5: Band diagram for a two-layer OLED. 



LUMO of the material to capture an electron from vacuum is t!i,e electron affinity (EA). 

Under potential bias, electrons are injected into the LUMO of the electron transport 

material, Alqj, and holes are injected into the HOMO of the hole transj3ort material. 

These charges migrate to the HTM/ETM interface, creating an exciton (a bound hole-

electron pair) on the emissive material, Alq.i. As this excited state of the rnolectde 

relaxes, a photon may be emitted, resulting in device electroluminescence. 

Many of the liindamental design parameters of the OLED may be predicted using this 

mode! for OLED emission. Foi* example, it is desirable to utilize a low cathode and 

high # anode in order to minimize the charge injection barrier energies.''^' Experimental 

techniques exist for the determination of many of the solid-state energy levels in the 

diagram. For example, the work timction of the electrodes may be determined from X-

ray photoelectron spectroscopy (XPS), and the HOMO levels for the organic materials 

may be determined from ultraviolet photoelectron spectroscopy (UPS).^'^'"^''^ These 

techniques, however, have the disadvantage of being extremely costly and labor 

intensive. Additionally, a simple method for the solid-state determination of the LUMO 

does not exist, and this energy level is frequently estimated relative to the HOMO using 

the optical band gap of the material.^''~^'^ Another limitation of this model is its Inability 

to describe the rate of luminescent state formation and device efficiency. From the 

standpoint of efficiently designing new materials for OLEDs, it is desirable to develop 

techniques and models which may more readily predict device performance and may be 

used to rapidly screen target materials. 
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1.3.3 Solution electrogenerated chemiiuminescence (ECL) 

Numerous recent reports suggest tliat solution electrochemical characterization of 

OLED materials may be used to predict and describe luminescent state formation for 

luminescent organic thin films with weakly interacting molecules, which is likely the 

case in doped polymeric matrices."'''^'''''" These models are based on the principles of 

solution electrogenerated chemUuminescence (ECL), a process well described in the 

literature four decades This process, shown schematically in Figure 1.6, 

involves the heterogeneous electrochemical reduction of a donor species (D) and the 

electrochemical oxidation of an acceptor species (A), typically at opposing electrodes in a 

thin-layer cell 

D + e' D ~ (1.1) 

A  A ' ^ +  e  ( 1 - 2 )  

These radical ions diffuse away from their respective electrode surfaces, and v/here they 

meet in the center of the cell, an electron is transferred from D to A, and is done so with 

enough excess free energy as to create an electronically-excited state of either of the 

materials, typically the one with the lower electronic excited state energy (donor here) 

D ^ 4- A (1.3) 

This reaction may produce either an excited state singlet or triplet and is in competition 

with the formation of the ground state donor. The rate of formation for any of these 

products (singlet, triplet, or ground) is well described by Marcus' theory for electron 

TRANSFER''''^' 

k  oc expHAG - 4)'• lU^kJ]  (1.4) 
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where k is the electron transfer rate coefficient; AG is the excess free energy in this 

reaction, which is related to the enei-gy of the final state (ground, singlet or triplet) and 

the differences in voltammetric peak potentials f'ox.A - E"r«i,d) for the oxidation 

of A to A'"^' and the reduction of D to D'"; Ar is the overall reorganization energy needed to 

reach the activated state in these reactions; kg is the Boltzniann constant; '/'is the absolute 

temperature. 

AG for the formation of the ground slate is generally so large as to place it in the 

Marcus inverted region, where the rate of this process is substantially decreased over the 

formation of an electronically excited state. When AG is large enough to create the 

excited singlet state directly, the system is temied "energy-sufficient" or "S-route", and 

statistical considerations suggest that 25% of the luminescent products will be singlets 

and 75% will be triplets. When the system is "energy-insufficient" or "T-route", AG is 

less than sufficient to create the excited singlet state directly, but may still create the 

excited singlet through triplet-triplet annihilation 

3D* + -V + D (1.5) 

Electroluminescence is then observed as the excited singlet relaxes to emit a photon 

'D —^ E) + hv (1.6) 

Alternatively, phosphorescent emission may be observed (generally at much lower 

energies and longer wavelengths than the singlet emission) by direct relaxation of the 

triplet 

^ D + hv (1.7) 
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It has been demonstrated that the relative amount of singlet and triplet products may be 

controlled by changing (decreasing promotes triplet formation)/'^ 

ECL reactions in solution have recently been studied as models of cross-reactions that 

may potentially take place in the device, using Alqa, a sulfonamide derivative of this 

metal quinolate, Al(qs)3, a solution-soluble quinacridone, N,N'-di-isoamyl-quinacridone 

(DIQA), and various substituted TPDs, with a wide range of first oxidation 

potentials' " A schematic depicting one of these experiments is presented in Figure 

1.7/" Here, an electrochemical flow cell was created, and a solution containing various 

TPDs and AJqa (the same materials used in the device described in Figure Lib) was 

passed through the cell. The working electrode was oscillated rapidly between positive 

and negative voltages, creating the radical cation of the TPD and the radical anion of Alq;? 

on opposing sweeps. Charge recombination reactions between these species, reminiscent 

of those described in Equation 1.3, resulted in luminescence from Alqa. The yield of 

Alq^*, or related luminescent states in DIQA, was shown to be exponentially related to 

AE°m these recombination reactions, as predicted by Marcus' theory above. 

1.3.4 Electrochemical models for OLED emission 

Based on observations such as these, it has been proposed that in both single-layer 

and two-layer Alq.i-based OLEDs, two options exist for formation of the metal quinolate 

luminescent state, i) holes (the cation radical state TPD"*"' or PVK *') are 

transported to the HTM/Alq^ interface, followed by diffusion/migration of this hole state 
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lo the Alq3 layer (formation of Alq;i^'") followed by a recombination reaction in the Alqi 

layer with the electron-rich form, Alq;} "', 

Alq,,""' + Alq;,"' -> Alqs* + Alq, (1.8) 

ii) the cation radical state of the hole-transporting moJeciiles, TPD"^' (or PVK'''), reacts 

directly with Alqa' according to: 

TPi/.( PYK^-)+ Alq/- Aiqa* +TPD(PVK) (1.9) 

For purposes of mechanistic studies aimed at relating these processes to device 

performance, such as those studies presented here, it is convenient to create OUBDs using 

only one doped polymer layer, e.g. Alq.-? doped into PVK at ca. 25 % w/w (Figure 1.1a), 

even though these devices typically do not produce electroluininescence efficiencies as 

high as two-layer, vacuum deposited devices. In single-layer Alqs- or AUqsjj-doped-

PVK devices only Equation 1.9 is therefore likely to lead to formation of Alq.-?* 

luminescent states. 

1.3.5 OLED guest dopant dyes 

Doping organic light-emitting diodes (OLEDs) with highly luminescent guest 

dopants, which harvest energy from the device, is a well-proven strategy for improving 

device efficiency, brightness, and stability.^"'''''Energy harvesting is usually 

attributed to Forster energy transfer^^''"' (ET) from the host emissive species (H) to the 

guest (G) 

H* + G H + G* (1.10) 



The rate of this process is expected to depend strongly on the overlap between the host 

luminescence and guest absorbance spectra (developed in detail in Chapter 4). 

Recent findings suggest, however, that energy may also be harvested by charge 

transfer (CT) from the host charge transport materials.For example, the 

quinacridone dye DIQA, added in small concentrations to Alq3(H,)-PVK, single-layer 

films (device geometry = [ITO/PVK + Alq? (14 % w/w) + DIQA (0.1-10.0% w/w)/MgJ 

completely quenches the Alqa* photoluminescence (PL) response at low DIQA 

concentrations.The Alq^* electroluminescence (EL) response, however, is more 

efficiently quenched at all DIQA concentrations versus the PL response, suggesting that 

pathways other than energy transfer to the guest can contribute to guest emission in 

doped OLEDs. 

Possible reactions resulting in electroluminescence in guest-doped OLEDs tire 

summarized schematically in Figure L8. Recent ECL/voltammetric studies previously 

described by this research group,as well as those described here,'''^ suggest that 

many guest molecules (G), such as DIQA, can act as an electron-acceptor ("reduced 

guest") toward typical host electron transport materials, such as Alqs"' 

Alqs"- + G —> Alq3 + C (1.11) 

These guests also have the potential to act as an electron donor ("oxidized guest") toward 

PVK"^-

PVK'' + G PVK + G""- (1.12) 

Such CT reactions have the potential to lead to guest luminescent state formation through 

the cross reactions: 



G* + H ^ G + hVo f 
^ 

^ Energy Transfer (ET) 
G -• oc overlap 

+ ^ II* + -> H + hv, 

* 

Marcus Theory: k oc exp(zlls) ^ ^ Charge Transfer (CT) 

H*""" 

I hVQ + G ̂  
:—! 

Reduced Guest" 

+ G* <r I' I -  •  G'+ + => G=^ + H •=> G + hv.  

"Oxidized Guest" 

Figure 1.8; Scheme of possible reactions leading to electroiuminescence in guest-doped OLEDs. 

Without the Guest (G), only Host (H) emission is observed. When the Guest is present, emission 
may be observed from the Guest due to energy and charge transfer processes. Chai'ge transfer may 
occur by a "reduced" or "oxidized" guest mechanism. 

o. 
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pvr- + Cr~>G*+ PVK (1.13) 

Alq:,- + Alq., (1.14) 

The rates in reactions 1.11-1.14 are expected to be exponentially related to the excess free 

energy in the reaction, per Marcus theory,"*'"'^'Despite these observations, these 

routes remain hypothesized mechanisms, and their relative importance with respect to 

energy transfer processes has not previously been evaluated. Additionally, a predominant 

CT reaction route has not been identified for such devices. 

1.3.6 Research objectives 

It was the primary goal of this research thrust to I'uither develop this electrochemical 

model for doped OLEDs by determining the relative significance of these CT routes, with 

respect to ET routes, as well as to identify a dominant mechanism ("reduced" or 

"oxidized guest") for such CT routes in single-layer PVK-based devices, containing 

either Alq.-? or Al(qs)3 as emissive hosts. This required the development of OLED 

fabrication/characterization procedures in this laboratory. Once this was achieved, a 

system was designed to elucidate the relative importance of these reaction routes. A goal 

for the electrochemical model developed from this work was that it be capable of 

describing and predicting the relative extent of CT reactions in OLEDs of this type. 

In addition to developing this electrochemical model, it was a goal of this research 

thrust to develop advanced OLED dopant dyes based on dendrimerized quinacridones. It 

was hoped that these materials would be less aggregating than the parent quinacridone or 

DIQA. As a result, these materials would ideally exhibit decreased self-absoiption in the 
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device, while maintaining ET and CT routes to quinacridone emission. It was 

additionaily desirable to utilize these materials to reassess the electrochemical model, 

investigating the relationship between kinetic inhibition to electron transfer in solution 

and CT rates in the device. 

1.4 Thrust 2: Characterixation/Optinnlxation of the Electronic Properties of 

Supramolecuiar Materials Containing Multiple, Identical Redox Sites 

1.4.1 Motivation for studying molecules with multiple, identical redox sites 

As the studies described above and in the following chapters indicate, the proper 

design of electronic energy levels is critical for the efficient performance of materials in 

organic electronic devices. While the electrical properties of such materials have 

traditionally been controlled by changing the extent of conjugation and substitution with 

electron donating/withdrawing groups, it may also be possible to control electrical 

properties by designing organic-inorganic hybrid materials with multiple redox-active 

CENTERS.^^'^^*^'^«^-»^ 

1.4.2 Current understanding of the relationship between, molecular structure and 

electrochemical properties 

Numerous reports exist for molecules containing multiple, identical redox centers/^* 

54,80-!00 ^ jjjg case for the materials described here. Some of these reports demonstrate 

sequential, or coupled, redox aclivity of these sites, where the oxidation/reduction of the 

first center changes the energy required to oxidize/reduce subsequent, identical 



centers.®^**'*" In other cases, at! sites behave independently of each other, resulting in a 

single redox event with a total number of electrons passed equal to the number of redox 

sites per molecule.^^"^^"'®*^ Since it is difficult to predict such behavior, it Is important to 

develop models for this behavior by chai^acterizing the electrical properties of such 

materials, relating these measurements to the design of the molecular stracture. 

It has been postulated thai coupled events are due to electronic communication 

between the centers, either by through-space or through-bond mechanisms.""''"" 

Through bond mechanisms may include full electron transfer between sites or simply 

charge induction through polarizable bonds. Through-space mechanisms may involve 

purely coulombic repulsion, where the charge build up on the molecule screens the 

subsequent transfer of an electron to/from the molecule. Aliernatively, in the case of very 

proximate redox sites, molecular redox potentials may be influenced by through-space 

orbital interactions.^® 

One of the most common redox sites employed in multi-centered materials is 

ferrocene, which has a very reversible le" oxidation. It has been observed in bridged 

di ferrocene molecules that feiTocene sites are coupled for short bridges (ca. 1-8 atoms), 

resulting in split oxidation waves, yet at longer separations, they behave 

independently.^*^"''®''^'^''^'''"'^^ An exception to this rule is described by Hendrickson et al., 

where a meso-substituted tetraferrocenylporphyrin exhibits weakly coupled ferrocene 

oxidations in differential pulsed voltammetry.' When a phenyl spacer (out of plane with 

the poiphyrin) exists between the ferrocene and the meso position of the porphyrin, 

however, as described by Bruice et al., a single 4e" peak is observed, suggesting no 



communication between ferrocene sites.^''' Uncoupled redox processes also exist for 

2,9,16,23-ietraferrocenylphthalocyanine.'''^ Other reports, involving porphyrins, meso-

substituted with Rii(bpy)2^'^ or //3-oxo-Ru3 acetate'"" chisters. revealed uncoupled Ru 

oxidations. 

The redox site utilized here is a metal cluster, [Re-6(//3-08]^'*". which is depicted in 

general fashion in the ORTEP drawing in Figure j _9_5'--'"^'80~s6.92,98.ii)34,06 cluster itself 

is composed of an octahedral, interconnecting network of Re atoiBS, face-capped with 

substitutionally inert Q atoms, where Q may be S or Se, and L represents any terminal 

chelating ligand. For the specific clusters used here, [Re6(/i3-Se)8(PEt3)n(L)6.n]"^, Q is Se 

and all terminal ligands are triethylphosphine (PEt.-?), a relatively nonlabile ligand, unless 

otherwise indicated."*'^ "^'^"^"'^'^ The molecular weight of this cluster is ca. 2850 g/mol, and 

approximate molecular weights for multi-cluster assemblies may be determined by 

simply considering the total weight of the clusters. The cluster itself is known to have a 

one-electron oxidation (confirmed here as well) at ca. 0.70 V vs. Fc'^/Fc (EV = 0.46 V 

vs. SCE; 0.70 V vs. NHE), which can be attributed to the oxidation of one Re atom in the 

cluster (Re6® Rej^ke^).'® It is not well understood which specific Re atom 

undergoes the oxidation, or if this charge is freely shared/delocalized across the metal 

atoms in a given cluster. These clusters are intriguing for usage in electronic devices 

because the parent and oxidized form of the cluster exhibit drastically different 

absorption characteristics, which occurs in the UV for these materials, and both states are 

luminescent (broad emission, 600 nm - 1200 nm), suggesting that the absoiption and 
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Figure 1.9: ORTEP drawing of the [Re6(JL3-Q)8f+ cluster with terminal ligands (L). 

Q is typically Se or S, but represents Se for all materials studied here. L may be a 
multitude of chelating ligands, but generally represents triethylphosphine (PEt3) 

here. 

51 
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emission characteristics may be switched in such devices by oxidation of the cluster.'^^" 

Additionally, redox potentials for such clusters have been shown to be influenced to 

some extent by the terminal ligands, suggesting that such energy levels may be 

controlled.-''""''^ 

1.4.3 Research objectives 

The primary objective for this research thrust was to characterize the electrochemical 

properties of a series of novel [,Re6(//3-Se)8]^'^ cluster-organic supramolecular assemblies 

containing three (tripyridyl triazine core), four (poiphyrin core), and up to seven clusters 

per molecule for dendrimer-like cluster materials (cluster core, 6 linked peripheral 

clusters). Additionally, a cluster-polystyrene copolymer was to be evaluated. In order to 

obtain high resolution and high signal to background voltammograms, as well as recover 

absolute couloraetric information for these materials, a thin-layer cell electrode (TLE) 

was developed and utilized to detennine whether these materials exhibit coupled or 

uncoupled oxidations. It was additionally a goal of this research thrust that^ in the event 

electrical communication was observed between the cluster moieties, a mechanism for 

such an interaction be proposed and a model developed to predict such behavior based on 

the supramolecular stnicture. 
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1.5 Thrust 3: Characterization and Ccmtrol of Molecular Orientation at Organic 

Electronic Interfoces by Attenuated Total Reflectance IJY-Vis Spectroscopy 

L5.1 OFET/OPV materials and importance ofmalecular orientation 

Discotic (disc-shaped), liquid-crystalline organic materials that form columnar or rod

like aggregates with order in molecular tilt and azirauthal rotation (i.e. substituted 

phthalocyanines and hexabenzocorones, Figure J.3b) have received great interest lately 

for their potential usage in organic electronic devices, such as field-effect transistors 

(OFETs) and photovoltaics (OPVs), as described in Section LI above."^'^"'*"''^""'^"'' It is 

critical to the performance of such devices that the organic materials have high, and 

ideally anisotropic, charge mobility (conductivity). Liquid-crystalline discotic aggregates 

are desirable in this role because they typically exhibit much higher charge mobility 

along the column axis than perpendicular to the column.It is therefore desirable to 

fabricate devices such that these columnar aggregates run along the axis between the 

source and the drain in OFETs (parallel to substrate surface) and ran perpendicular to the 

substrate plane in OPVs. 

In addition to the order and coherence in colum,nar aggregates such as these, the 

molecular orientation within the columnar aggregate, which may vary, can have a strong 

•JM -J "J 

influence on the magnitude and anisotropy of charge mobility.' It is therefore 

necessary to characterize and control the orientation of these discs within the columnar 

assembly, and to relate these orientations to charge mobility and its anisotropy. 
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L5.2 Current methods for measuring molecular orientation 

Numerous reports exist in the literature where molecular orictitation has been 

determined for surface-confined molecules, of which, linearly-polarized infrared (IR) 

^ 40 ^'I ^ 1 1 0 1 1 3 absorbance spectroscopy;'"" ' " ultraviolet-visible (UV-Vis) absorbance 

spectroscopy (transmissioir'"^"^^''^''' or attenuated total reflection (ATR)"^"^~'), or 

fluorescence spectroscopy'^"*"'"^ are most frequently employed. In order t:o determine 

molecular orientation by these techniques, it is necessary to know the orientation of the 

electronic transition dipole of the molecule with respect to the molecular strocture. Most 

discotic liquid-crystalline materials have D4h symmetry, with two equivalent orthogonal 

electronic transition dipoles in the plane of the molecule.""*'"'''''"^'"''^' It has been 

demonstrated for a number of these materials that the electronic transition dipole is 

largely unperturbed upon aggregation or crystallization. 

For most molecular orientation studies, the treatment is greatly simplified by 

assuming a uniaxial molecular distribution, where two of the three experimental axes are 

effectively equivalent (i.e. the molecules are isotropically distributed about the sample 

plane normal). Of these reports, most involve molecules with linearly-polarized 

electronic transidon dipoles," where the theoretical treatment is simplified to 

an even greater extent. Debe has developed a technique for deteraiining the orientation 

of uniaxially-oriented surfactant molecules with linearly-polarized vibrational transition 

dipoles, on aluminum, using reflection-absorption infrared spectroscopy (RAIRS)."^ In 

other work, Allara et al. have developed a procedure capable of determining the 

orientation of uniaxially-oriented, linear!y-pokuized n-alkanoic acids and thiols on metal 
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surfaces by comparing theoretical and experimental RAIRS spectra.'"'"^ Cropek and 

Bohn have developed a method Ibr determining the molecular orientation of uniaxially-

oriented monolayers of monophenyldimethylsilanes, with electronic transition dipoles 

treated as linearly polarized using ATR UV-Vis spectroscopy."^ Despite the significance 

of these reports, the assumption of a uniaxial sample precludes the study of most liquid-

crystalline materials, where molecules are not expected to be isotropically oriented about 

the sample plane normal 

In addition to the study of linearly-polarized molecules, linearly polarized 

spectroscopic techniques have also been used to study discotic molecules. In order to 

define the orientation of a discotic molecule in space, three Euler angles are necessary. 

For the sake of a consistent discussion between previous works, the coordinate system 

used by Bos and Kleijn is adapted and is recreated in Figure I.IO.'^"'* Here, oris defined 

as a rotation of the molecule about the molecular plane, a tilt of the molecular plane 

away from the x~y (substrate) plane, and ^ as a rotation of the molecular plane with 

respect to the ̂ [-(column) axis. For most discotic molecules, high in-plane symmetry (i.e. 

D4h) results in multiple, equivalent electronic transition dipoles within the molecular 

plane. Absorbance anisotropics are then independent of rotation about a. Accordingly, 

for ensemble average orientation measurements in a lai'ge population of molecules, these 

dipoles are frequently treated as randomly distributed in the molecular plane (fl^, and an 

effective cii'cular dipole Much larger absorbance anisotropy 

is expected Ibr changes in 0. 
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Figure 1.10s Euler angles for describing molecular orientation of discotic moiecules. 
Coordincite system and schematic relating reported molecular orientation angles to their points of reference: (a) a 
represents a rotation of the electronic transition dipole in the molecular (x'-y') plane, away from the .v'-axis. For 
the case of a circular dipole, as is assumed here, an isotropic distribution of the dipole about tr exists, (b) ^is a 
pokir angle representing a tilt of the molecular (dipolar) plane away from the x-y (substrate) plane (or a tilt of the 
molecular plane normal (z') away from the substrate normal), and ^is an azimuthal angle representing a rotation of 
the molecular plane about the ;-axis, away from the .v-axis. 
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Of the reports that have treated discotic many 

have made the assumption of an isotropic distribution about ^ which greatly simplifies 

the experimental and theoretical approach for finding assumption is 

reasonable for many of these systetns, where molecules were surface adsorbed and no 

director for order about (j) existed. For example, for porphyrin-containing proteins (e.g. 

cytochrome c) adsorbed to various substrates, the tilt of the porphyrin (0) has been 

determined by ATR absorbance and fluorescence techniques.In a previous 

report from this research group, the developmeot of a IJV-Vis ATR instrument was 

discussed, where its applicability was demonstrated by studying a model system. " In 

the theoretical treatment, the assumption of an isotropic rotation about ^was made. 

While this study demonstrated the utility of the ATR instrument to determine molecular 

orientation, the assumption of a uniaxial sample is likely to be invalid for most discotic 

assemblies, where AFM, X-ray, and polarized absorbance data (IR and UV-vis) suggest 

order in A more sophisticated approach to determining molecular orientation for 

such systems is therefore wan-anted. 

When unable to make this assumption of an isotropic distribution about one of these 

angles, almost every literature report involving the determination of molecular orientation 

in discotic assemblies has relied on assuming a fixed value for ^or <9 in order to simplify 

the determination of the other In work by Wegner et al.,'thin films 

were explored which were composed of silicon phthalocyanine discs cofactally 

polymerized through -O-Si-O- bonds, forcing them to be completely upright (0- 90"). 

LB deposition of this material provided tor parallel arrays of rod-like polymers, and 



characterization provided a simple equation for determining $ iTom polarized 

transmission IR measurements. Unlike Wegner's Pc's, these angles are not inherently 

fixed for most liquid crystalline assemblies, making such a priori assumptions 

questionable. 

1.5.3 R('.search objectives 

The primary objective for this research thrast was to develop an ATR UV-Vis 

technique that provides a more thorough treatment for the measurement of molecular 

orientation in discotic assemblies. This technique was to represent the first ATR 

approach for determining mean values for (j) and 6 simultaneously, without a priori 

assumptions about the mean orientation (or of a uniaxial raoleculai* distribution) of either 

angle. It was accordingly necessary that a model system be selected and characterized in 

order to demonstrate the applicability of this technique. In an effort to provide definitive 

orientation information about this model system, and to validate the developed approach, 

this problem was to be simultaneously addressed by others in this research group, 

charged with developing a method for the measurement of these two angles by polarized 

transmission and reflection absorption (RAIRS) IR spectroscopy (vibrational transitions), 

which is briefly described here and published elsewhere.''®''" 

Following a demonstration of the applicability of this technique in nieasuring 

molecular orientation, it was additionally an objective that efforts be undertaken to 

manipulate and control the molecular orientation in order to demonstrate the ability of 

this technique to simultaneously monitor changes in the molecular lilt and rotation of 



discolic materials. The motivation for this objective resulted from the fact that such 

control of the molecular orientation will be desirable in future studies where these 

changes in molecular orientation may be related to changes in the charge mobility and 

anisotropy in the film, assisting the development of more efficient OFETs and OPVs. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Voltamraetrk/Coulometric Characterization of Solution Redox Processes 

2.1.1 Cyclic voltammetry (CV) 

Cyclic voltammograms (CVs) were acquired with an EG&G Instruments 283 

potentiostat, using a SCX) jxm diameter Pt working electrodc, a freshly prepared Ag/AgCl 

pseudoreference electrode, and a Pt counter electrode, in Nj-degassed solutions 

containing tetrabutylamnionium-hexafluorophosphate (TBAHFP) supporting electrolyte. 

Ail solvents were purified by distillation and stored over activated alumina to remove 

trace water. Prior to creating analyte solutions, the distilled solvent was run through a 

fresh column of activated alumina. Unless otherwise noted, an analyte concentration of 

ca. IraM, a scan rate (v) of 100 mV/s, and an electrolyte concentration of O.i M was 

used. A custom glass solution cell with fritted openings was used to stabilize the 

electrodes and minimize permeation of oxygen. The working electrode was cleaned 

between each experiment by polishing with 0.3 |Lim alumina paste for 1 minute, followed 

by copious solvent rinses. The reference electrode was prepared by plating a thin layer of 

AgCl onto a Ag wire from a 1 M KCl solution. After each voltammetric experiment, 

ferrocene was added (ca. 1 mM), an additional voltammogram was recorded, and the 

potential axis was calibrated against the formal poteniial for the ferroceniurn/ferrocene 

(Fc7Fc) redox, couple.' Reported redox potentials represent the half-wave potential in 

these voltammograms. 
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For the OLED materials, CH2CI2 was generally used as the solvent, except for the 

phthaiocyanine materials, where CHCI3 gave better results due to enhanced solubility. 

For the metal cluster materials, an analyte concentration was chosen to give an effective 

cluster concentration of ca. 1 niM, and acetonitrile was used as the solvent in the 

presence of 03 M supporting electrolyte, where a higher electrolyte concentration was 

necessary to minimize Ohrnic drop in subsequent thin layer cyclic voltammetry 

experiments. 

2.L2 Differential pulse vohammetry (DPV) 

Differential pulse voltammetry (DPV) experiments were carried out in the standard 

solution cell under the conditions described above. Most DPVs were acquired on a 

Cyprus Systems (model 2ra) potentiostat with the following parameters: pulse height = 

50 mV, step height = 2 mV, cycle period = 100 ms, pulse width = 40 ms, sample time = 

35 ms, current range = 140 pA. Some DPVs, including those for the metal cluster 

compounds, were acquired with the EG&G potentiostat described above with the 

following parameters: pulse height = 100 mV, scan rate = 13.3 mV/s, scan increment = 2 

mV, step time = 150 ms, pulse width = 25 ms, current range = 1-10 p.A. 

2. L3 Thin-layer cyclic voltamTnelry/coulcmtetry (TLCV) 

A thin-layer cell electrode (TLB) was designed/fabricated in order to perform 

exhaustive electrolysis on analyte solutions, yielding coulometric information for the 

relevant redox event. The development of this electrode is described in more detail in 
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Figure 2.1: Schematic of the thin-layer cell electi*ode. 

A confined volume of -0.4 }iL, with an average gap distance of 
75 is created at the tip of the electrode. Electrode is 
inserted into bulk solution and capillary action results in 
reproducible filling of the cavity. Cell contents ju'e 
exhaustively oxidized/reduced in thin-layer cyclic voltammetry 
(TLCV) experiments. 



Section 6.2, however, a schematic drawing of this electrode is presented in Figure 2.1. 

The electrode was designed such that these measurements could be made using the above 

setup for standard cyclic voltammetry, where the working electrode was simply replaced 

with the TLE. The entire electrode assembly was placcd in the solution cell, and the 

distal end was submerged 2-5 mm into the analyte solution, causing the solution to 

reproducibly fill the entire cavity created between the Pt wire and the small capillary due 

to capillary action. Relatively large electrolyte concentrations (0.3 M!) were necessary to 

minimize the potential drop in the TLE cavity. 

Thin-layer cyclic voltammograms were collected at 0.5 mV/s or 1 mV/s (where there 

was insignificant diffusion dependence on the current), and the cell volume was first 

calibrated using a 1 mM standard solution of ferrocene (Fc) in acetonitrile. Following the 

confirmation of a one-electron oxidation ibr R, the free cluster monomer, standard 

solutions of R were used for volume calibration prior to analyzing multi-cluster 

molecules. Solvent background (minimal) was subtracted from all charge measurements. 

2.1.4 Measurement of diffusion coefficients and. electron transfer kinetics 

Diffusion coefficients (Do) were measured for the materials described here from the 

peak current (//,) of the anodic potential sweep through the first oxidation of the molecule 

in cyclic voltammetry experiments, where ip for such an experiment is given by 

=  2 . 6 9 X 1 0 - ' D F  Q  ( 2 . 1 )  

where n is the number of electrons per redox, event, A is the electrode area in units of cm', 

Do is in units of cm^ s"', i-' is the sweep rate in units of V/s, Co is the bulk analyte 
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concentration in units of rnol/cm'\ and is in units of A." Electrode area was 

characterized by performing a chronoiunperometry experiment on a 4.0 mM sohition of 

K3Fe(CN)f, containing 1.0 M KCI supporting electrolyte, where Do for Fe(CN) 

known (0.763±0.t)10xlCr"'' cm" s ').' The potential vs. the Ag/AgCi pseudoreference 

electrode was held at 0.5 V for 60 s then stepped to 0 V, where Fe(CN)f," Fe(CN)f,'% 

and the current was measured between 2 and 15 seconds. The observed current ( i )  during 

this time period is given by the following formalism 

i = nFAC(^ 
r xi/2 

'^0 (2.2) 
\ . ^ f y  

where F is Faraday's constant (96485 C/mol) and t is the time after the potential step in 

'y i /y 
seconds." In order to solve Equation 2.2 for A, it ~ was first determined from the slope of 

a plot of vs. t. This electrode area (2.8 x 10''^ em') was then substituted into Equation 

2.1, which was subsequently solved for Do, values of which were comparable to those 

measured by chronoamperometry. 

Heterogeneous electron transfer rates (i'°) were measured at the first oxidation of 

subject materials (following confirmation of linear diffusion from linear plots of ip 

vs. Vv ) using the Nichelson and Shaine treatment of measuring the peak, separation (dEp) 

-y 

as a function of scan rate (v)." Here, the parameter ^is determined from the following 

formalism 



65 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

\ 

\ 

i. JL 

T—T 

' Working Curve 
•o - Experimental Curve 

o o 

X 

50 75 100 125 150 175 200 225 250 275 300 

AEp (mV) 

Figure 2.2.* Heterogeneous electron transfer kinetics: working and experimental 
curves of Fvs. AE^. 

Rates of heterogeneous electron transfer were determined by iterating a test 
value of k° until the experimental curve fit the working curve. 
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where R is the gas constant (8.31 V C rnor' K"') and T k temperature in units of K. A 

working curve was prepared based on tabulated i// vs. AEp values,' ajid k'-^ was iterated 

until the experimentally determined plot of ^//vs. AEp gave the closest fit to the working 

curve. This tabulated working curve is shown in Figure 2.2, along witli a representative 

experimental curve that has been fit to the working curve. 

2.2 Substrate Surface Preparation and Modification 

2.2.1 Glass (ATR) suhstratex 

Glass substrates Ibr use in UV-vis experiments on Pc J films (ATR or transmission) 

were prepared by first cleaning glass microscope slides with Klean AR, a commercial 

oxidizing acid, for 5 minutes. Substrates were then rinsed with deionized water (18 MO) 

and dried in a stream of nitrogen. The substrate was rendered hydrophobic by exposure 

to a 5.4% (v/v) solution of a disilazane mixture in CHCI3 at 4()±5° C for 30 minutes, with 

stirring. The disilazane mixture was composed of varying ratios of 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) and l,3-diphenyl-l,i,3,34etramethyldisilazane 

(DPTMDS), where a 50:50 ratio was generally used. Following exposure, substrates 

were rinsed with CHCI3, dried in a stream of nitrogen, and were immediately used for 

film deposition (Section 2.3.3). 

For all other films on glass or quartz, slides were cut into 1" square substrates, 

sonicated in a Triton-X detergent solution for 15 minutes, rinsed with Di water, sonicated 

in DI water for 15 minute.s, and dried in stream of nitrogen prior to film deposition. 



2.2.2 Gold sub St rat en 

All slides were cut into 1" square substrates and cleaned prior to 

modification/anaiysis by exposing the surface to a piranha solution (4:1 HaSO^^rHaO?) 

until gas ceased to evolve. The substrates were then rinsed with water and dried in a 

stream of nitrogen. Measurements on the blank substrate were made immediately 

following cleaning. For Pc 1 fihiis, Au was modified following cleaning by exposing the 

substrate to a 1 mM solution of benzyloxyethanethiol in ethano! for 24 hours, followed 

by copious rinses with ethanol and drying in a stream of nitj'ogen.' For polymeric and 

neat molecular films, films were immediately prepared on the clean Au substrate (see 

Section 2.3.1 and 2.3.2, respectively). 

2.2.3 Indium tin oxide (ITO) substrates 

Indium tin oxide (ITO), with a sheet resistance of 24 O/n, was cut into 1" square 

substrates and cleaned by scrubbing with Triton X detergent in deionized water (18 MO). 

The substrates were then sonicated in a Triton X solution for 20 minutes, rinsed with 

deionized water, sonicated in deionized water for 20 minutes, rinsed with ethanol, and 

sonicated in ethanol for 20 minutes. Substrates were transferred to an ulpa-filtered 

laminar-flow hood, where they were removed from the ethanol bath and dried io a stream 

of nitrogen. 



23 Preparation of Thin Films 

2. S. 1 Polymeric films 

In order to characterize the polymeric layer of the OLEDs studied here, polymer films 

of either PVK or PS were spin cast (typically from chlorofomi, from chtorobenzene when 

noted) onto glass, quartz, ITO, and Au substrates. Cast solutions were prepared Ibr each 

polymer with varying total solids (14 mg/niL PVK or 25 mg/mL PS when approximating 

final OLED febrication conditions), substrates were flooded with the cast solution, and 

were spin-casted at 3000 rpm for 60s, Films were prepared on Au For subsequent 

ellipsometric or AFM analysis; glass and quartz for absorbance/luminescence studies. 

2.3.2 Neat molecular films 

Neat molecular thin films were prepared, typically for the quinacridone dendrimer 

materials, in order to study solid-state absorbance/luminescence properties. Cast 

solutions were typically prepared at ca. 3 mg/mL in chloroform and spin-casted on 

prepared substrates. Cast solution concentrations were adjusted from this benchmark for 

each materia! to give films with peak absorbances greater than 0.1 and final thicknesses 

of 20-50 nm, as measured by ellipsometry (see Section 2.4.1) 

2.3.3 Pc hHavers on ATR substrates 

Bifayer films of Pe 1 were prepared on a Langmuir-Blodgett (LB) trough (Ricgler & 

Kerstein RK3) as has previously been described.'^"^' Approximately 150 {.tL of a 1 mM 

solution of Pc 1 in CHCI3 was applied on lop of the water subphase with a gas tight 



syringe. The was allowed to evaporate (20 min), the trough barriers wei-e 

compressed at a rate of 1 cmVs, and film pressure was monitored by a Wilhelrny balance 

placed in the center of the trough barriers. The film was compressed through a 

monolayer transition iti the 7C-area isotherm, ceasing just past a distinct transition 

con-esponding to the formation of a stable bilayer, where tliis material is known to form 

rigid films with highly ordered molecular columns, ninning parallel to the compression 

bamers.'^'"'' Following this compression, the water subphase was partially evacuated until 

the Pc film was lowered onto atj aluminum baffle, cutting it into discrete rectangular 

regions. This allows for depositions of a single bilayer to be made without disrupting 

subsequent depositions from the same Pc film. Prior to film deposition on ATR 

substrates, half of the substrate was tnasked (along the long axis) by clamping an 

unmodified glass slide over half of the substrate, maintaining part of the initial substrate 

suii'ace for use as a spectroscopic blank. 

Films were transfeiTed by the horizontal (Schaefer) transfer method, producing 

samples with a bilayer of Pc 1, which is schematically represented in Figure 2.3. The 

substrate was driven into the film at a rate of 0.2 cm/s, held at the interface for 10 

seconds, and lifted from the film at 0.2 coi/s. Alignment of the molecular columns with 

respect to the substrate long axis was controlled through the alignment of the substrate 

with respect to the trough barriers during depositionThis was facilitated by an 

aluminum baffle (Figure 2.4), which was machined to give rectangular deposition zones 

that were rotated 0^', 45'-', and 90° w.r.t. the trough baniers. Following film deposition, 

coated substrates were dried in a stream of nitrogen, deposition was repeated in another 



Horizontal transfer 

Figure 2.3: Schematic of Langmuir-Blodgett (LB) deposition. 

A CHC13 solution of CuPc(OC20Bz)8 is spread across the LB 
trough air-water interface and the solvent is allowed to dry. 
The barriers are compressed and the pressure is monitored with 
a Wilhelmy balance. Compression is terminated at a pressure 
corresponding to a bilayer transition, where molecular columns 
run parallel to the barriers, and films are transferred to 
substrates through horizontal (Schaefer) dipping. Figure 
courtesy of P. E. Smolenyak. 
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Figure 2.4: LB trough baffle design. 

This aluminum LB trough baffle allows for depositions to be 
made with controlled orientations (C)"', 45'% 90^') of the 
molecular columns w.r.t. the substrate long axis. Molecular 
columns run parallel to the LB trough barriers and the long axis 
of this baffle. 
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partition of the baffle for multiple-layer films, and coated substrates were stored in a 

desiccator or immediately annealed. 

Films were annealed in a vacuum oven at !()''' torr and 120" C for 3 hours in order to 

remove any residual water and move the sample through its liquid crystal transition 

temperature (ca. li¥' C), which has previously been shown to improve ordering;'' Films 

were then stored in a desiccator until further analysis. 

2.4 Ctiaracterizatictti of'Film Thickness, Roughness, and Refractive Index 

2.4. J Ellipsometric determination of film thickness 

The thickness of polymeric and neat molecular films on Au was determined in part by 

ellipsometry using a Rudolph (model 436) manual-null ellipsometer operating in a 

polarizer-compensator-saniple-analyzer configuration at 633 nm (He-Ne) with a 

reflection angle of 70.00°. Au was chosen to give high reflectivity and high contrast in 

the optica! constants of the substrate and the film. Optical constants were acquired ibr 

clean Au substrates (n = 0.256, k = 3.058), polarizer and analyzer angles were acquired 

for thin fdms on the same Au substrates, and thicknesses were calculated with the 

software (DAF IBM) provided by the manufacturer. It was determined that this 

technique could be used for films up to ca. 100 nm,, above which detection of a precise 

null point became impossible. The refractive index of PVK {n = 1.68), as provided by 

AJdiich, was used to calculate the thickness of PVK films. For PS films, a value of n = 

1.68, or that of PVK, was assumed in order to give approximate thicknesses. For neat 
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quinacridone-based molecular films, a refractive index of 1.5 was assumed in order to 

obtain approximate thicknesses. 

2.4.2 ElUpsometric determination ofPc I film refractive index 

Relxactive index («/) raeasureraents were made on 9-bilayer films of Pc 1 on modified 

gold using a Sentech 400 discrete wavelength (He-Ne, 633 nm), multiple-angle 

ellipsometer. 9-bilayer films were chosen to give target thicknesses of approximately 50 

nm, a thickness great enough to give unambiguous instrumental response. Au substrates 

were chosen to give high contrast between the refractive index of the substrate (w„y) and 

the film or layer (rii). Real (n) and imaginary (k) substrate optical constants were 

measured for unmodified Au at an incident angle of 70" with respect to the substrate 

normal (n = 0.256, k = 3.058). m was measured (treating the thiol and Pc film as a single 

layer) by collecting and A values at 70°, 65°, and 60° with the Pc columns aligned with 

the laser path, where it was anticipated that the sample would appear less anisotropic to 

the ellipsometric measurement. Using the measured substrate optical constants, k was 

calculated iteratively until the root mean square of ni for the three angles was minimized, 

and that value was reported. 

2.4.3 Atomic force microscopy (AFM) determination of film thickness and roughne.ss 

In addition to ellipsometric methods, atomic force microscopy (AFM) was 

occasionally utilized for the measurement of polymer film thickness on Au, as well as for 

the characterization of substrate and film roughness. A,FM' images were acquired with a 
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Nanoscope Ilf system (Digital Instruments, now Veeco), utilizing oxide-sharpened, 

silicon-nitride tips, with nominal force constants of 0.38 N/m. A sharp film/substrate-

bare substrate transition {< JO }im) is necessary for film thickness measurements of this 

type, and this was achieved by forcefully applying a razor blade to the film/substrate 

sample and rinsing half of the polymer away with chloroform. Thickness was then 

measured frotn the change in height in a line scan across this region. RMS roughness 

was calculated for representative sample regions using the Nanoscope software. 

2.5 OLED Fabrication/Cliaracterization 

2.5.1 Fabrication of devices 

ITO was cleaned (see Section 2.2.3) and shorting between the anode and cathode of 

the completed device was prevented by rendering nonconductive the regions of the 

substrate where electrical contact is made. This was done either by SiO deposition (Pc + 

Nc study) or chemical etching of the ITO (quinacridone dendrimer materials). For the 

SiO deposition, 200 nm of insulating SiO was deposited through an aluminum mask on 

the.se cleaned ITO substrates at a rate of 0.3 nm/s from an alumina crucible (R.D. Mathis) 

at a cfiamber pressure of IxlO''"* toiT. Alternatively, chemical etching was achieved with 

6; 1:6 HCI, HNO3, H2O at 70 "C. Following patterning, substrates were then transferred 

back to the laminar-flow hood, where they were air-plasma-etched (Harrick, Model PDC-

32G) at 60 watts for 15 minutes. 

For PVK-based devices, a chlorofonn cast solution was prepared containing PVK 

(14,2 mg/niL) to serve as a supporting hole transport material (HTM) matrix, Akjs or 



Al(qs)3 (7.62x1 (T"^ M effective concentration, 25% or 46% w/w, respectively) as the 

electron transport material (ETM) and host emissive dye, and a guest dye (up to 8 mo!%j 

of the host), which was typically quinacridone-, Pc-, or NPc-based. For PS-based 

devices, a chloroform cast solution was prepared containing PS (25 mg/ml.) as a 

supporting, non-conductive matrix, TPD (10%' w/w) as the HTM, and Alq^ (30% w/w) as 

the ETM and host emitter. Substrates were removed from the plasma-cleaner, 

immediately mounted in the spin-coater (hitegrated Technologies, Inc., Model P62C)4), 

spun at 3()(X) rpni for 5 s under a stream of filtered 100 % EtOH, flooded with the cast 

solution while static, and spun at 3000 rpm for 60 seconds. Devices were then masked 

and transferred to the cathode vacuum deposition chamber. 

In the cathode deposition chamber, 0.3 nm of CsF was deposited from an alumina 

crucible (R.D. Mathis) at a rate of 0.01 nm/s (for the Pc and NPc dopant study, but not for 

other devices), followed by 150 nm of aluminum from an alumina-coated boat (R.D. 

Mathis) at a chamber pressure of 5x10"^' torr. The cathode deposition pattern yields four 

distinct devices per substrate. The chamber was vented with nitrogen gas, and devices 

were transfeiTed to a nitrogen atmosphere glove box (Vacuum Atmospheres Company) 

that is coupled to the cathode chamber, i.e. following cathode deposition, the OLEDs 

were not exposed again to atmosphere until EL characterization was complete. 

2.5.2 Optica! and eleclricaJ characterization 

The OLED characterization equipment employed here is schematically represented 

in Figure 2.5. Device substrates were seated into a custom-built clamp, which facilitates 
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Figure 2.5: Schematic of OLED characterization equipment. 

OLEDs were tested in a nitrogen-purged glove box to preclude 
oxygen, which can quench device luminescence. A Kiethly 
SourceMeter was used to ramp the bias voltage and measure 
device current while a silicon photodiode, coupled to a current-
to-voltage converter, was used to measure device luminescence 
intensity. The control of these components was automated with 
a selt-written Lab View program. A fiber-optic 
spectrophotometer was used to measure device luminescence 
spectra. 
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electrical contact to the cathodic contacts of the four devices and the ITO anode. In 

addition, this clamp liicilitates the coupling of photodiode detectors (Hamamatsu) or a 

fiber-optic cable to couple the device emission out of the glove box to the fiber

optic/CCD-array spectrophotometer discussed in Section 2.6.2 below. Tlie photodiode 

cuiTent was passed through a current-to-voltage amplifier (Newport, Model 1815-C), and 

a Keithly 2400 SourceMeter was used to control bias voltage and measure device current. 

The entire measurement package was computer-interfaced to a Lab View program 

(National Instruments) that controls the SourceMeter and measures device cuiTent and 

intensity. 

All devices were conditioned by ramping the bias voltage from 0 V to 25 V at a rate 

of 2 V/s, two times each, prior to measuring the EL spectram. EL spectra, the shape of 

which were independent of bias voltage between 20 and 25 V, were generally collected at 

23 V. The spectrophotometer entrance slit was set to give a bandpass of 2 nm, with a 10 

second integration time, and spectra were corrected for variations in instrument efficiency 

with wavelength as described in Section 2.6.2 below. 

2.5.3 Detemiination of device guest and host concentrations 

The concentration of guest molecules in the PVK film (Co) was calculated using the 

following expression 



where dpvK is the density of PVK (1.200 g/inL), ma is the mass of the guest in the cast 

sohition, nipvK is the mass of PVK in the cast solution, and MWa is the molecular weight 

of the guest. This calculation assumes that the density of the film is not influenced by the 

presence of the host and guest, and that the mass ratio of guest to PVK is the same in the 

film as the cast solution. This relationship has been confinned by redissolving the film 

and quantitating the amount of PVK and guest by absorbance methods. For the 1,6 mol% 

devices used to compare across Pc and NPc guest molecules, this gives a Ca of 0.010 M, 

Using a similar expression for the host, the concentration of the host in the film (C/i) was 

determined to be 0.65 M. 

2.6 Absorbance/Luminescence Spectroscopy 

2.6.1 Absorbance of solutions, films, and devices 

Solution absorbance spectra were acquired by preparing known dilute solutions of 

dyes, generally in CHCI3, in quartz cuvets and subsequent analysis with a charge-

coupled-device (CCD) aray IJV-Vis spectrophotometer (Spectra! Instruments, Model 

4(X)). Molar absorptivity values were determined from Beer's law plots of the given dye. 

Transmission UV-Vis spectra were acquired for devices (ITO substrate) and thin films on 

glass or quartz using this instrument as well, where the sample plane was perpendicular 

to the probe beam. Thin film absorbance spectra for the quinacridone materials were 

baseline subtracted and normalized in order to clearly show the aggregation effects on the 

visible absorbance band. 
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Polarized transmission UV-Vis spectra for thin fihiw were acquired using a custom 

designed sampling bench attachment for the SI 400 fiber-optic spectrophotometer 

(Spectral Instruments, attachment provided by manufacturer), a photograph of which is 

shown in Figure 2.6. The attachment accommodates a polarizer and thin film holder in 

the sampling pathlength. Pc 1 films (I and 4 bilayer) on 50:5{) DPTMDS:HMDS 

modified glass were analyzed, with the sample plane perpendicular to the incident beam. 

Incident radiation was linearly polarized at various angles within the sample plane. 

Blank spectra were acquired for a clean glass substrate at each polarization and 

subtracted from film spectra. 

2.6.2 Luminescence of solutions, films, and devices 

Photoluminescence (PL) spectra for solutions, thin films (on glass or quartz), and 

devices (on ITO) were acquired on a Fluorolog-3 (Instruments, S.A., Inc.) with a xenon 

lamp source and a red-sensitive PMT (photomultiplier tube, 850 nm cutoff). In order to 

report coiTected emission spectra, spectra were corrected for variations in efficiency with 

emission wavelength using the calibration curve provided by the manufacturer (Appendix 

A). For solutions and films of quinacridone-based materials, an excitation wavelength 

(/lex) of 490 nm and 470 nm, respectively, was generally used. For device PL spectra, a 

A,ex of 390 nm was utilized, exciting Alqa only, while collecting emission from Alq.? and 

the quinacridone. Entrance and exit slits were set to a bandpass of 5 nm for solutions and 

neat films and 2 nm for devices. 



(a) 
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(b)~ 
Figure 2.6: Schematic of custom-designed transmission UV-Vis attachment. 

(a) The attachment facilitates the acquisition of polarized absorbance spectra for solutions and thin films. 
(b) Changing the polarization angle results in changes in the substrate-plane polarization angle. The film 
holder also serves as a goniometer and may be rotated. Photograph courtesy of S.I. Photonics. 00 

0 



Device electroluminescence (EL) spectra were measured with a fiber-optic/CCD 

spectrophotometer (Instruments S.A., Inc., Triax Model). The spectrophotometer was 

corrected for variations in efficiency with emission wavelength by measuring dyes with 

I c n o w n  e m i s s i o n  s p e c t r a  ( A p p e n d i x  A ) . ^  A  M  s o l u t i o n  o f  q u i n i n e  s u l f a t e  i n  O . I N  

H2SO4 was used for coirection from 375 nm to 600 nm. The solution was placed in a 

cuvet holder which was modified to allow coupling of the optical fiber. Excitation was 

achieved with the 365 nm line of a UV lamp (UVP, Model UVLS-24). A 10"'• M solution 

of 4-dimethylamino-4'-nitrostiibene (DMANS) in 1,2-dichlorobenzene was used for 

correction from 600 nm to 950 nm. Excitation was achieved with the 458 nm line of an 

Ar^ laser (Ion Laser Technology, Model 5500 ASL). 

2.6,5 Measurement of quantum yields and PL ejficiencies 

To measure fluorescence quantum yields, corrected emission spectra were collected 

for all dyes immediately following an absorbance measurement of the same solution. 

Reference spectra for molecules with known quantum yields^ were also acquired at the 

same excitation conditions. A solution of fluorescein in 0.1 M NaOH was used as a 

reference for Alq^, Al(qs)3, aibrene, and all quinacridone materials, while a solution of 

cresyl violet-perchlorate in methanol was used for the Pc and NPc guest dyes. The 

emission spectrum tbr OBNPc is past the cutoff of the fluorimeter PMT, so its spectrum 

was collected with the fiber-optic spectrophotometer, using a Hg-Xe arc kmip (Spectral 

Energy, Model LPS251SR) with a 750 nm bandpass filter as the excitation source. Since 

a significant, portion of OBNPc emission extends beyond the spectrophotometer 
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correction (950 nm), quantum yields could only be estimated in this configuration. The 

estimated value was obtained by extrapolating the correction curve, using Cresyl Violet 

as a reference dye. 

Solution fluorescence quantum yields ( Q )  were calculated according to 

/' A V I V \ 
T—I (2.5) 

\  ̂  A ' « A  . /  

where Qr is the quantum yield of a reference dye (0.95 for fluorescein, 0.54 for Cresyl 

Violet), A. is the absorbance of a dilute solution of the analyte dye at the excitation 

wavelength, Ar is the absorbance of the reference dye solution, / is the corrected, 

integrated luminescence intensity of the analyte, /« is the corrected, integrated 

luminescence intensity of the reference dye. n is the refractive index of the analyte 

solvent, and hr is the refractive index of the reference dye solvent.^ 

The relative PL efficiency for neat films of quinacridone materials was measured by 

integrating the corrected PL spectrum (A-ex = 470 nm) and dividing by the absorbance at 

470 nm. This value was then divided by the analogous value for a DIQA film. 

2.7 Attenuated Total Reflectance (ATR) Spectroscopy 

The broadband UV-visible attenuated total internal reflectance (ATR) instrument 

used here is schematically represented in Figure 2.7 and has previously been described in 

detail,'^ with only minor modifications made for these experiments. The custom-built 

instrument consists of a 450 W xenon arc lamp (Spectral Energy Corp.) as a white light 

source, which is coupled into a fused silica optical fiber (1 mrn core dia.) and collimated 



before passing through a polarizer. The light is then further collimated after passing 

through a spatial filter consisting of a 30 fira pinhole and a lOx objective lens, resulting in 

a highly-collimated probe beam with a diameter of ca. 0.8 ram. This produces a smaller 

spot diameter than previously reported with a 200 j,im pinhole./lens combination (2 m,m 

dia.), resolving a problem where small portions of the probe beam would unavoidably 

undergo m + 1 and m - 1 reflections in the substrate, the amount of which could 

potentially vary as the cell is vertically translated from the blank to the sample region. 

The probe beam is coupled into and out of the ATR cell with two 10-cm, 45" fused 

silica prisms {n,, = 1.46), spaced 39.7 mm apart on the back side (opposite of film) of the 

glass substrate = 1.51) and index matched with immersion oil (n = 1.48). An 0-ring 

and Teflon backing allow tbr solutions to be pumped into the ATR cell, where they are 

exposed to tlie front face (film side) of the substrate. The leading edge of the in-coupling 

prism is centered on a high-precision rotational stage (±0.005''), allowing the coupling 

angle to easily be changed and known to high precision. 

Out-coupled light is focused onto another 1 mm dia. optical fiber with an F-matched 

lens, recollimated onto a reflection grating (Edmund Scientific, 600 grooves/mm, blaze 

angle = 13"00'), and diffracted onto a thermoelectrically cooled, 512x512 pixel charge-

coupled device (CCD) (Tektronics model by Princeton Applied Research). The CCD 

pixels were related to wavelength by preparing a calibration cu:rve of the pixel with 

maxiraum intensity vs. the peak transmission wavelength for a range of visible band pass 

filters in the optical line. A second modification to the original instrument design 
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Figure 2.7: Schematic of UV-Vis ATR instrument. 

White light from a Xe-arc lamp is collimated into a probe beam which is totally internally 
reflected through the ATR substrate. It interacts with the subject film and is focused and 
diffracted onto a CCD. The ATR cell facilitates the study of the fiim under various gaseous 
and liquid environments. Schematic adapted from figure courtesy of W. J. DohertyK 



includes the addition of a photodiode after the reflection grating, yielding relative light 

power values felling on the grating, which was useful in maximizing the signal during 

optical alignment and detemiining where the sampling boundaries existed on the 

substrate. 

In order to analyze samples, they were first mounted into the ATR cell and the prisms 

were mounted onto the back side of the substrate. The cell was then veitically mounted 

to the translational stage, with the substrate long axis running the direction of the probe 

beam, such that blank and film portions of the substrate could be accessed by vertical 

translation. A machined square block of aluminum was used to align the cell in the 

mount, such that the cell long axis was parallel to the optical bench. For water samples, 

deionized water (18 MQ) was pumped into the cell at this point. The translational stage 

was zeroed at the angle where the back-reflected spot from the prism was aligned with 

the incoming probe beam, and the stage was rotated to give a coupling angle significantly 

past the critical angle (33.92° for air, 45.00'^ for water), resulting in substrate propagation 

angles {d^g) of 63.27" (10 reflections) for air measurements and 68.32° (8 reflections) for 

water measurements. The collection optics were aligned, optimizing the photodiode 

intensity in the blank region of the sample. Three raw transmission spectra were acquired 

in TE and TM polarization (3 s integration), equally distributed across the entire blank 

region of the sample. The cell was translated into the region of the sample covered with 

the bilayer Pc film, the collection optics were reoptimized, and spectra were acquired as 

described for the blank region. Following collection of sample spectra, a "dark" 

spectrum was acquired with the CCD shutter closed at the same integration time in order 
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to correct for the CCD dark current. This spectrum was identical to tliose spectra 

acquired with the shutter open and black stiippable paint applied to the back of the ATR 

substrate, where the probe beam is entirely quenched, suggesting that stray light effects 

are insignificant compared to the CCD dark current. Absorbance spectra were then 

calculated from these raw spectra as described in Section 7.3.2. 

2.8 Molecular Modeling 

Space-filling models for the quinacridone dendrimer materials were created using 

Cltern Draw 3D, version 5.0. Torsion angles were manually chosen to minimize steric 

repulsion and were further minimized with the routine provided by the program. 

Reported molecular volumes (V„,) represent the Connolly solvent-excluded volume and 

were calculated using the Chem Draw program. The reported volume represents the 

exclusionary volume for a 3 A diameter probe solvent molecule rolled across the surface 

created by the appropriate space-filling molecular structure. 

2.9 Materials 

Indium tin oxide (ITO) substrates on glass, with a sheet resistance of 24 O/n, were 

obtained from Colorado Concept Coatings, LLC. (optical science quality). Gold slides 

(r'x3", 1 mm thickness), with ca. !00 nm Au layered on a titanium treated float glass, 

were obtained from Evaporated Metal Films (Ithaca, NY). Glass microscope slides 

(l"x3", 1 mm thickness) were obtained from VWR, Cargilie brand immersion oil, with a 

refractive index of L48, was used for ATR experiments. 



The ibilowing materials were obtained from Aldrich and were used without further 

purification: Silicon(IV) phthalocyanine bis(trihcxylsilyloxide) (SiPc(THS)2), silicon 2,3-

naphthalocyanine bis(trihexylsilyloxide) (SiNPc(THS)2), aluminum 1,4,8,11,15,18,22,-

25-octabutoxy-29H,31H-phthalocyanine triethylsiloxide (AlOBPcTES), 1,4,8,11,15,18.-

22,25-octabutoxy-29H,31 H-phthalocyanine (OBPc), 5,9,14,18,23,27,32,36-oct:abutoxy-

2,3-naphthalocyanine (OBNPc), tetrabutylammonium hexafluorophosphate (TBAHFP, 

98%), cresyl violet perchlorate, 4-dimethylamino-4'-nitrostilbeiie (DMANS, 99.8%, 

Fluka), quinine sulfate dihydrate {99.0%, Fluka), 1,1,1,3,3,3-hexamethyldisiiazane 

(HMDS. 99.9%), l,3-diphenyM,l,3,3-tetramethyldisikiz,ane (DPTMDS, 99.9%), 1.2-

dichlorobenzene (96%). and Triton X detergent. 

The following materials were obtained elsewhere and used without further 

purification: fluorescein (99.7%, Molecular Probes), siiicon(ll) oxide (SiOa, 99.99%.', 

Alfa Aesar), aluminum wire (2.0 mm dia., 99.999%, Alfa Aesar), H2SO4 (51%, 

Mallinckrodt), HCl (38%, Jones-Hamilton), HNO3 (70%, Mallinckrodt), H2O2 (30%, J.T. 

Baker), chlorobenzene (99.7%, Alfa Aesar), Klean AR (Mallinckrodt), EtOH (100%, 

AAPER). The carbazole monomer used for electrochemical characterization of PVK was 

provided by the Marder research group. 

The following materials were further purified after procurement as described; CHCI3 

(98%, EM Science), CH2CI2 (99.5%, EMD), and CH3CN (98%, HPLC grade, EMD) 

were purified by distillation,, poly(9-vi!iyicarbazole) (PVK, -10^', Aldrich) and 

polystyrene (PS, Mw ~i(f, Aldrich) were recrystallized from absolute ethanol, 8-

hydroxyquinoline, aluminum salt (Alq?, 98%, Aldrich), rubrene (Aldricli), ferrocene (Fc, 
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Aldrich), and iV,j¥'-djphenyI-M/V'-bis(3-methylphenyl)~1,1 "biphenyl-4,4'-diamiric (TPD, 

99%, Aldrich) were purified by vacuum sublimation. 

The synthesis of 8-hydroxy~5-piperdinylqiiinolinesulfonamide (AKqs),)) has been 

described previously,''' as has the synthesis of /V.iV'-diisoamylquinacridone (DIQA).'" 

The synthesis of copper(Il) 2,3,9,10,16,17,23,24~octakis(2-benzyloxyethoxy)--

phthalocyanine (abbreviated Pc 1) has previously been described," as has the synthesis 

of benzyloxyethanethiol;^ The synthesis of iV,iV'-dilGX]quinacridone (abbreviated 

[GX]QA) and iV,iV'-di(3,5 di-tert-butyl)[GX]quinacridone (abbreviated t-Bu[GXJQA), 

1 
where X = 0-3, will be published shortly. " as will the synthesis of N,N'-di(o-

PPV)[GYlquinacridone (abbreviated FPVfGY]QA), where Y = 0 or 1.''^ 

The synthesis of fRef,(/f,rSe)g(PEt3)5(MeCN)J(SbF6)2 or R, f [Re6(/^!3-Se)s(PEt3)5j2-

(4,4'-bpy)}(SbF6)4 or R-R, and {[Re6(/<,3-Se)8(PEt3)5]2(4,4'-py2C2H2)}(SbF6)4 or R-C=C-

R is described elsewhere,''^'''' as is tlie synthesis of {(Re6(//3-Se)8(PEt3)533(2,4,6-tri-4-

pyridyl-l,3,5-tr!azine)}(SbF6)(, or R3 and {[Re(,(/j.3-Se)8(PEt3)5]4[5,10,15,20-tetra(4-

pyridyl)-21H,23H~porphine]}(SbF6)8 or R4 and its metallated derivatives (R4-Zn, R4-CU, 

R4-C0, and The synthesis of f [Re6(/^3-Se)8][Re6(/<.3-Se)fi(PEt3)5(4,4'-

py2C2H4)]6}(SbF6),4 or RC-Cz-R)^, {[Re6(/,/3~Se)g][Re6(/i3--Se)8(PEt3)5(4,4'-py2C3H6)j6)-

(SbF6):,4 or R(-C.rR)6, and {[Re6(;(3-Se)8l[Re6(/^.3-Se)8(PEt3)5(4,4'-py2C2H2)]6}(SbF6),4 

or E(-C=C-K)f; is described elsewhere,as is the synthesis of lRe6(/«3-Se)s(PEt3)3(4-

vinylpyridine)](SbFf5)2 or RVP and the polyl [Rec(/^3-Se)8(PEt3)5(4-vinylpyridine•)|-

(SbF(,)2}-polystyrene copolymer or (RVP)„,(PS)nr" 



CHAPTER 3 

ELECTROCHEMICAL MODELS FOR OLEDS I; l)EVEI.OPMENT OF OLED 

FABRICATION/CHARACTERIZATION CAPABILITIES 

3.1 Introduction 

At the onset of this work, the large-scale hardware necessary for the production of 

OLEDs, such as a spin-coater, vacuum deposition chamber, and an environmentally-

controiled atmosphere box were available in this laboratory; however, procedures had not 

been successl'ully developed for device fabrication, and the testing equipment, such as the 

necessary hardware, electronics, and software had not been developed. The initial goal of 

this researcl) thrust, the study of electrochemical models for OLEDs, involves the 

development of device fabrication and characterization capabilities within this laboratory. 

It was expected that the developed device platfonn perform within published reports for 

similar devices, prior to caixying out novel experiments involving this base platform. 

Such fabrication and characterization procedures, however, are not trivial, and are more 

tVequently developed in laboratories Ibr optical science, where more advanced 

commercial equipment is available. 

The development of a functional, reproducible OLED platform and corresponding 

characterization capabilities was achieved in five phases of development: development of 

OLED fabrication/characterization design (Section 3.2), characterization of ITO and 

polymer thin films (>Section 3.3), development of functional, reproducible devices 

(Section 3.4), automation of device characterization (Section 3.5), and development of 
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more advanced, photometric measurement capabilities (Section 3.6), The developtnciits 

described in Sections 3.2-3.4 were achieved in partial collaboration with Chel Carter 

(Armstrong Research Group, Department of Chemistry, University of Arizona). 

Most display-quality OLEDs described in the literature are based on vacuum-

deposited devices.'''^' Many of the materials used in this process, however, are insoluble 

in most organic solvents. In order to relate the peiformance of materials to their 

electrochemical properties, as measured in solution, it is necessary to develop a solution-

processable platform. Based on literature reports of solution-processable OLEDs,"'^^ 

two molecular systems were chosen as potential device platform candidates, and 

candidate materials are presented in Figure 3.1. One system commonly employed in the 

literature is a 9-polyvinyicarbazole (PVK)-based system,"'^ in which PVK serves as the 

hole transport material and supporting matrix. Electron transport materials, such as 

aluminum quinolate (Alq3) oi* a sulfonamide derivative [Al(qs)3], are embedded in this 

matrix by spin-casting a mixture of these components onto the ITO surface. These 

materials also function as the host emissive species in the device. Guest emissive species 

such as DIQA or nibrene, which enhance luminescence properties, ^ --- |)e 

added to the cast solution and thereby doped into the device matrix. An alternative 

strategy involves using polystyrene (PS) as the supporting matrix. PS is not conductive, 

and therefore a hole transport material, such as TPD, must be added to the cast solution 

(which includes the host quinolaie and guest dyes) for its ultimate inclusion into the 

device polymer matrix. Both device types are explored here in the pursuit of 

reproducible, stable, solution-processable OLEDs which will facilitate the investigation 
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Ai Al(qs)3 

rubrene DIQA 

Figure 3.1: Structures of candidate OLED materials. 

Hole transport materials; PVK, TPD, electron transport 
matcrials/hosi emissive materials; Alq,,, Al(qs),, guest dopants; 
DIQA, rubrene. 
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of relationships between electrochemical models for electron transfer and devicc 

performance. 

3.2 Development of Ol^ED Fabrication/Characterization Design 

A device substrate design was developed with the goal of creating multiple, testable 

devices per substrate, thereby maximizing the likelihood of a iimctioning device for each 

fabrication effort. The resultant substrate design is shown to an approximate 1:1 scale in 

Figure 3.2. Using this design, a 1" x F" substrate of ITO on glass is patterned, rendering 

the edges nonconductive. This may be achieved either by masked vapor deposition of 

SiO, or by selective etching. The active layer of the device may be added by spin casting 

a solution containing varying amounts of the host polymers (PVK or PS) and emissive 

dyes (Figure 3.1). The aluminum cathode may then be vacuum deposited through the 

shadow mask shown, creating four distinct devices on this substrate, each with an active 

geometric area of ca. 0.28 cm", and each with a contact zone for making electrical 

contact to the device. Due to the nonconductive nature of the substrate in these regions, 

electrical shorts between the cathode and anode are minimized. Electrical contact can be 

made to the ITO anode by scraping away the polymer outside of the four devices, making 

direct contact. 

In addition to developing the substrate design, an "OLEID Clamp" was designed in 

order to facilitate making electrical contact and testing devices. . This apparatus is 

schematically represented in Figure 3.3, along with a photodiode apparatus for detecting 
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(a) ITO on S'iOt substrate (1" x ,1"). 

(b) ITO is masked and patterned, rendering 
edges niinconductive... 

(!) with tape and etching solution or 
(ii) with an aluminum plate and vapor 
deposition of SiO. 

(c) Polymer film, containing OLED 
materials is spin-cast over substrate. 

(d) A! cathode is vacuum deposited 
through an aluminum shadow mask. 

f V j Active area of OLED (A^ = 0.28 cm-). 

Region tbr making electrical contact with OLED anode 
(ITO, polymer scraped off before contact). 

Region for making electrical contact with OLED cathode. 

Figure 3.2: OLEiD fobrication design. 

This design gives four independent devices on a given 
fiubstrate. Substrates and masks are drawn approximately to a 
!:! scalc. 
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Figure 3.3: Design of 01..ED testing apparatus, the "01.ED Clamp." 

(a) Device substrate is flipped over and placed in the OLED clamp, where 
electrical contact is made with the ITO substrate and the individual devices, (b) 
Clamp is closed and tightened, applying subtle pressure between the substrate and 
electrical contacts. Emission spectra may be collected outside the glove box by 
attaching an optica! fiber, (c) Intensity measurements may be made by placing 
photodiode assembly over the clarap and fixing with a set screw. 



OLED emission intensity. Under this design, the clamp is constructed of a high-density, 

heat-resistant polymer and mounted onto an aluminum, electronics box. intended to house 

testing wiring. Device contacts are spring-loaded and have indium tips (soldered into 

place) in order to facilitate "soft" contact with the device and rainimixe undue electrical 

shorts. The clamp is hinged, such that subtle pressure can be increased until electrical 

contact has been made. The four holes in the top of the clamp allow for the detection of 

Ol.£D emission, either by an optical fiber or by a photodiode. 

Initial intensity measurements made with this apparatus were carried out using an 

optical fiber, coupled to a CCD spectrophotometer (Figure 3.3b). Following this initial 

measurement phase, a photodiode assembly was implemented, as shown in Figure 3.3c. 

This assembly allows for the independent testing of each device's intensity with very 

high sensitivity (due to the close proximity between the OLED and the photodiode, ca. 5 

ram), without requiring relocation of the detector for the testing of each device on the 

substrate. Additionally, the assembly can be reproducibly fixed to the "OLED Clamp" 

using a set screw. 

33 Characterization of ITO and Polymer Thin Films 

3.3.1 Film roughness 

Initial attempts at the fabrication of successful devices were made using the PS-based 

system described above; however, such devices failed to function due to extensive 

electrical shorts, which may be due to defects in the polymer film. Therefore, the quality 

of the PS films was investigated by AFM for films cast from various solvents and dried 
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according to conditions found in the literature.""' "^''-''' AFM images of the ITO substrates 

are presented in Figure 3.4, representative film iraeiges (on ITO) are presented in Figure 

3.5, and a quantitative measure (RMS) of film roughness is summarized in Table 3.1. 

The clean ITO substrate itself has an RMS roughness of 0.79 nm (Figure 3.4a), and is 

composed of repetitive, mound-like features on this size scale, in agreement with more 

extensive studies reported elsewhere.'" The rough nature of this surface may 

contribute to electrical shorts in the device, and surface roughness measurements are used 

as a crude predictor for such events. It was observed that the roughness of FFO could be 

improved by lightly polishing with a 0.3 pm alumina paste (Figure 3.4b), without 

significantly hampering its conductivity. This polishing, however, resulted in large 

"chasms" on at least the 10 nm size scale, suggesting such approaches for decreasing film 

roughness are not desirable. 

In all cases, surface roughness was decreased by spin-ca.sting a polymer film over the 

ITO suri'ace. PS-based cast solutions comparable to those used for device fabrication, 

containing 16.5 g/L total solids with 50% TPD (w/w) and 50% Al(qs)3 (w/w) were 

prepared in either chloroform (Figure 3.5a,b) or chlorobenzene (Figure 3.5c) and either 

air dried (Figure 3.5a) or dried in a vacuum oven (Figure 3.5b,c). It was observed that 

oven dried samples are in general rougher than air dried samples, and with oven dried 

samples, large defect sites were occasionally observed (Figure 3.5c). These defects 

appear as "eruptions," likely due to disruption of the film upon rapid solvent removal. 

Such sites could be sources of electrical shorts, and thus it is concluded that films should 

not be vacuum annealed. Chloroform cast solutions gave superior spin-cast films based 
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(a) Clean ITO 

(b) Polished 
ITO 

8 nm 

0 nm 

0 |iin 

Figure 3.4; AFM images of (a) clean ITO and (b) polished ITO. 
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(a) Chloroform 
Air Dried 

(b) Cliloroform 
Oven Dried 

(c) Cliloroberaene 
•Oven Dried 

3 

I 19 nm 

0 nm 

15 nm 

0 nm 

28 nm 

0 nm 

Figure 3.5; A.FM: images of PS-based device films, spin cast onto ITO and 
(a) air dried or (b,c) oven dried. AH images are 5 |,im x 5 ,um. 



Table 3.1; RMS Roughness values (by AFM) for various 
substrates and PS OLED films. 

Sampte Solvent Drying 
Condition 

RMS 
Roughness 

(nm) ^ 

ITO 0.79 

ITO (polished) 0.36 

PS device® Chlorobenzene Air 0.60 

PS device Chlorobenzene Oven 0.61 

PS device Chloroform Air 0.25 

PS device Chloroform Oven 0.58 

''Cast from a PS-based solution with 16.5 g/L total solids, TPD 
(50% w/w of PS), and Al(qs)3 (50% w/w of PS). 

Measured in an -liim- area for al! samples. 
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on visual inspection, and such observations are corroborated by the lower roughness 

value tbr the air dried chloroform film (0.25 nm). 

3.3.2 Film thickness 

Having determined that air dried chloroform gives the most idea! polymeric films for 

the device, more PS-based devices were attempted with this 16,5 g/L cast solution under 

these conditions. Despite these efforts, devices were subject to electrical shorts and did 

not produce luminescence. Subsequent efforts were thereby focused on attempting to 

develop PVK-based devices. Since PVK exhibits similar solubility in chloroform and 

has a similar average molecular weight (ca. K/') as the PS used above, device fabrication 

attempts were focused on the same film preparation conditions determined to be ideal for 

PS. 

Prior to device fabrication attempts for the PVK system, film thickness was evaluated 

in order to determine a total solids concentration in the cast solution necessary to produce 

a film in the 100 nm thickness range typically described in the literature for spin-cast 

polymeric devices. The results of this study are presented in Figure 3.6a, where 

ellipsometric film thickness measurements for PVK films, spin-cast from chloroform 

solutions and air dried, are presented as a function of cast solution total solids. Here, it is 

assumed that thicknesses on gold will be similar to those for films cast onto JTO. This 

assumption was subsequently validated by adding a dopant dye to the PVK solution, prior 

to casting films on gold and ITO under constant conditions. The films were then 

separately dissolved into known volumes of chloroform, and solutions yielded 
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Figure 3.6: Ellipsometric PVK film thicknesses (a) vs. cast solution 
conce-ntration and (b) vs. sampling position. 

(a) Film thickness vs. PVK cast solution concentration. At low 
concentrations, thickness Is independent of concentration and at high 
concentrations, a line-ar dependence is observed, (b) Film thickness vs. 
sampling position for a 9.6 g/L PVK cast solution, where films are 
slightly thicker near the edges of the .substrate. 
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comparable absorbance values at the wavelength of maximum absorbance for the dopant 

dye. 

Thickness measurements were made in the center of the substrate, and were observed 

to be relatively independent of total solids below 9.6 g/1^, with a positive linear 

dependence above 9.6 g/L for tlie range studied. Film thicknesses measured by 

ellipsoinetry were comparable to film thicknesses measured by AFM, where a film/no 

film boundary was created by applying a razor blade to the surface and rinsing away a 

portion of the film with chloroform. From this thickness study, it was determined that 

cast solutions should contain 14 g/L or more total solids in order to give thicknesses on 

the order of 100 nm. Film, thicknesses were observed to be fairly constant across a given 

substrate, as shown for a 9.6 g/L device in Figure 3.6b, where the film is only slightly 

thicker (55 nm) on the edges of the device than in the center (53 nm). 

3.4 Development of Functional, Reproducible Devices 

The first functional OLEDs produced in this laboratory were prepared fk)m a PVK 

cast solution containing 20 g/L total solids, where Alq.? was included at 20% (w/w), a 

concentration designed to give a polymer film thickness well over 100 nm. The ITO 

surface was flooded with this solution and cast as described in Section 2.5.1. These 

devices were characterized using the preliminary testing technology developed by this 

time, as described above, and resultant data is presented in Figure 3.7. In Figure 3.7a, 

electroluminescence (EL) spectra are presented at a range of bias voltages, and in Figure 

3.7b, relative luminescence intensity and device current density are presented as a 
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Figure 3.7; Functional PVK-A!% devices: EL characteristics vs. bias potential. 

Initial functional devices were prepared from cast: solutions containing Alq-, 
(20% of total solids) and PVK (80% of total solids) at a total solids 
concentration of 20 g/L. (a) EL .spectra vs. bias potential (b) Relative 
luminescence intensity (counts s"') and device current vs. bias potential. 
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function of bias voltage. Devices "turn on" around 28 V, and current properties arc 

consistent with a forward-biased diode. The luminescence spectra are consistent witli 

published reports for A!q3 and do not change in shape with bias voltage. 

Analogous devices, prepared using Al(qs)3 give nearly an identical response, with the 

exception of an EL spectrum bitie-shifted from Aiqj by ca. 12 nm. Despite the 

acceptable performance of these devices, turn-on voltages are hu-ger than what is 

typically reported for such devices (ca. 15 V or less),"''"' likely due to the filni 

thickness which is significantly greater than 100 nrn. 

This observation prompted a study of device perlbrmance vs. cast solution total solids 

in order to determine if a lower concentration (thinner film) would still yield acceptable 

devices, with lower turn-on voltages. The results of this study are presented in Figure 3.8 

for PVK-based devices prepared from a cast solution of 11, 13, 14, or 15.5 g/L total 

solids, containing 20% w/w Al(qs)3. Relative luminescence intensity is plotted vs. bias 

potential for devices of each type, and turn-on voltages (ca. 8 V, 12 V, 16 V, and 24 V, 

respectively) decrease dramatically with decreases in total solids, likely due to the 

decreased resistance associated with thinner films. This improvement in turn-on voltage, 

however, was achieved at the cost of decreasing likelihood of fabricatitig a functioning 

device, and functional devices were less stable with time. Based on these considerations, 

subsequent devices were prepared at a target total solids between 13 and 15 g/L. 

Based on the observed relationship between film thickness and tendency towards 

electrical ftiilure, another attempt was made at fabricating PS-Ak|3-TPD devices, this 

time at a total solids concentration (24 g/L) designed to give very thick films (greater 
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Figure 3.8: Influence of cast solution total solids on device turn on 

voltage. 

Luminescence intensity vs. bias potential for Al(qs)3 (20% total wt.) -
PVK (80% total wt.) devices at a range of total solids in CHCl^; plots of 
which are comparable to Alq3-hostcd devices. Turn on voltages increase 
significantly with increases in total solids, likely due to higher resistance 
across thicker films. 
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than 200 nm if the curve in Figure 3.6a is extrapolated). This effort produced the first 

functional PS-based devices in this laboraloiy, data from which are presented in Figure 

3.9. Devices performed more poorly than their literature-reported parameters, with high 

turn on voltages (38 V) and very weak luminescence, and devices based on thinner tlhns 

were not functional. Since the PVK-based device platform was found to perform within 

expected parameters and be suitable for the large-scale goals of this project, this PS 

device type was not further optimized. 

Flaving developed PVK-based, solution-processable OLEDs which function within 

published parameters,"" the reproducibility of the fabrication process was assessed. In 

Figure 3,10, representative curves of relative luminescence intensity vs. bias potential are 

presented for 13 g/L total solids PVK-Al(qs)3 (20 % w/w) devices. Devices "1" and "2" 

represent entirely independently-fabricated device substrates, while "a" and "b" denote 

separately partitioned devices on the given substrate. It is clear that reproducibility in the 

EL response of the device is superb on a given substrate. Slightly larger variations in the 

luminescence response are observed between device substrates, likely due to variations in 

film thickness in the spin-casting of each device. These devices, however, were 

considered sufficiently reproducible for studies relating device perfomiance to 

electrochemical models of electron transfer. 

Numerous literature reports describe enhancements in the luminescence intensity of 

OLEDs when doped with a luminescent guest dye at a much lower concentration than the 

host lumophore (ca. 0.5 - 2%). " Accordingly, a dopant reported to produce 
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Figure 33'. Functional PS-Alq,,-TPD devices: (a) luminescence 
intensity and (b) current density vs. bias potential. 

PS-based devices turn on at much higher voltages than the PVK-based 
devices and have lower luminescence intensities. A polymer thickness 
of ca. 200 nm (24 g/L cast solution) was necessary in order to obtain 
functional devices, where less than 100 nm was necessary Ibr PVK-
based devices. Devices have comparable Alq^ EL spectra. 
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Figure 3.10: Reproducibility of OLED juminescence intensity vs. bias potential. 

Device I and 2 represent indepeiidently-febricated, 13 g/L total solids PVK-
Al(qs)3 (20% w/w) device substrates, of which contain separately partitioned, 
independent devices (a and b). Reproducibility between devices on a given 
substrate is superb, while larger (yet acceptable) deviations are observed in the 
luminescence response (turn on voltage) across device substrates, likely due to 
variations in film thickness between the two devices. 
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such a response, was added to a 15 g/L total solids PVK cast solution, 

containing Alqa at 14% w/w, to a doping concentration of 0.5 mo!% of the host emitter 

(Alqj). EL spectra for devices prepared from this cast solution, both before and after 

dopant addition, are presented on a scale of relative intensity in Figure 3.11, where 

devices were tested under the same conditions (bias potential of 22 V and device current 

of 1.2 mA). As is demonstrated, this results in approximately an order of magnitude 

enhancement in the luminescence intensity of the device. Considering the narrower 

distribution of photon energies for the DIQA device, which are centered near the 

wavelength of greatest sensitivity for the human eye (ca. 550 nm), this device 

impressively appears more luminescent. 

3.5 Automation of Device Characterkation 

Having developed solution-processable OLEDs which function reproducibly, and 

within literature parameters, development efforts were directed toward the automated 

characterization of devices. These efforts were undertaken in order to eliminate some of 

the rudimentary, time-consuming procedures currently in place for characterizing the 

device, thereby alleviating such steps as manually changing connections in order to test 

different devices on the substrate and manually setting the bias potential and hand-

recording data at each point. 

In order to achieve this goal, it was necessary to establish more advanced testing 

electronics. The custom electronics implemented here are schematically represented in 

Figure 3.12 and are designed with the intention of giving external control (outside of the 
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Figure 3.11: Enhancement in EL response with addition of DIQA guest dopant. 

Devices were prepared tTom a 15 g/L total solids cast solution containing Aiqg 
(14% of total solids) and PVK,. In the case of the DIQA device, 0.5 mol% (vs. 
Alq,) of DIQA was added to the same cast solution before device preparation, 
and devices were tested under the same conditions (22 V bias, ca. 1.2 mA). The 
luminescence intensity of the device is dramatically enhanced and a greater 
overlap is obtained with respect to the sensitivity of the human eye. 
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nitrogen atmosphere glo\t 11 h) over which devicc number (1-4) is biased and measured. 

This was achieved with a double-throw switch in the external electronics housing, which 

not only directs which device is biased and its cuiTent monitored (via the external 

SourceMcter), but also dictates that the photocurrent for the relevant detector for that 

device be directed to the current to voltage (i-V) converter. Outputted voltages are then 

measured by the computer via a data acquisition card. Detection of device luminescence 

may either be achieved by the single, caJibrated photodiode (to be discussed further in 

Section 3.6 below) or by the proximate photodiode detectors (described in Section 3.2 

above) by switching a single, external connection. All wiring passes through the glove 

box via a shielded bundle cable that connects to an internal electronics housing, which is 

connected to the "OLED Clamp" described in Section 3.2 above. The electronics 

housings are modular, in that they may easily be disconnected for servicing or alteration. 

With this technology in place, the rapid characterization of OLEDs is greatly facilitated 

in that only minimal hardware changes must be made to test each device, and required 

access to the glove box is minimalized. Despite this development, however, the setting 

of bias potentials and data recording must still be done manually. 

In a further developmental enhancement, manual data collection was alleviated by 

creating software to automate the device bias and current/luminescence collection 

process. This development, combined with the electronics described above, effectively 

turns this testing package into a solid-state potentiostat, additionally capable of 

correlating electrical data with device luminescence. A "screen-shot" of the user 

interface for this software, created in "LabView" and titled "OLED-O-Matic," is 
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presented in Figure 3.13. This software communicates with the SourceMeter and may be 

used to control the device bias, measure the device current, and measure the device 

kuTiiiiescence intensity. In the "SourceMeter Settings" control box, the user may input 

startitig and ending potentials for a potential sweep, the step voltage (distance between 

data points), the number of scans to be acquired, the number of data readings to take at 

each data point, the dwell time between setting a bias potential and recording device data, 

the current above which the device is considered to be shorted, and the GPIB address for 

communication with the data acquisition card connected to the SourceMeter (24). In the 

"File Information" control box, the user may enter information to be appended with saved 

data in order to facilitate data organization. In the "Detector Settings" control box, the 

user may indicate the sensitivity setting on the Newport Powermeter (i-V converter), as 

well as the emissive species and the detector used (proximate or calibrated) for record 

keeping purposes. In this box, other parameters relating to the function of the data 

acquisition card may also be configured (recommended settings shown in Figure 3.13). 

Following data acquisition, collected data is presented in the user-interface graphs as 

detector photocurrent (in nA) or device current (in mA) vs. bias voltage (in V). 

Intricate details of the OLED-O-Matic software may be determined by inspection of 

the visually-oriented programming code; however, the primary logic of this software is 

summarized in the flowchart in Figure 3.14. Once activated, the software waits in a loop 

until the start button is pressed. After the start button is pressed, the software begins 

procedures for the acquisition of the requested data; the number of necessary data points 



Figure 3.13: "OLED-0-Matic" software user interface for automated characterization of OLEDs. 1--' 
1--' 
.j:::. 
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is calculated, a dark voltage measurement is made for the dctector (to be subtracted hiter), 

commands are sent to initialize the SourceMeter, and the detector sensitivity setting is 

read. Following initialization, the software begins the process of collecting each data 

point, while constantly monitoring for an abort command by the user, which causes the 

program to exit the collection routine and terminate the system (described in more detail 

below). For each data point to be collected, a command is sent to the SourceMeter to set 

the desired voltage, the software waits the desired dwell time, and then reads the device 

current from the SourceMeter. If the device current is greater than the specified short 

current, the routine is exited and the system is terminated. If the current is less than the 

short current, the software reads the detector voltage and assesses whether another data 

point must be acquired. If not, the system is terminated. If another point is required, the 

"Collect Data" loop is repeated, until this condition is satisfied. Once all points have 

been collected, the system is terminated, the detector dark voltage measurement is 

subtracted from all detector voltage measurements, and resultant values are converted to 

detector photocurrent via the set value for the detector sensitivity, detector photocurrent 

and device current data is plotted, commands are issued to shut down the SourceMeter, 

the start button is reset to its initial condition, and data is written to a file, along with the 

record keeping details described above. With these hardware and software technologies 

in place, device characterization is dramatically improved. Additionally, other device 

types, such as organic field-effect transistors and photovoltaics can also be characterized 

with virtually no modification to this system. 
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Figure 3.14; F lo wchart represc nt i ii: 
'logic in the "OLED-O-Matic" 
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3.6 Deveiopment of Radioiiietric/I^liotometrlc Measiiremeint Capabilities 

The measurement capabilities described above (using the proximate detectors) arc 

sufficient for most relative device intensity studies of the type described in subsequent 

chapters of this dissertation; however, in order to compare data to standard published 

values, it is necessary to make absolute measurements. In order to confirm tiiat the 

device platform utilized for further studies performed comparably to published values, it 

was necessary to develop a more rigorous detection scheme, where specific criteria must 

be met to guarantee an accurate measurement."^"''''^ The development of such a detection 

scheme and corresponding calculations are discussed in Appendix B. From these 

measurements, it is possible to report light emission powers as a radiometric flux, (#, in 

Watts or W), or UKire relevantly for visible LEDs, a photometric luminous flux (<!>,,, in 

lumens or Im), where the sensitivity of the human eye to the device is considered. 

Utilizing tliese capabilities, the luminance (Cd/m~, where 1 Cd = 1 Im/sr) of a PVK-

Alqj-DIQA device (13 g/L) was determined and ploued as a function of bias potential in 

Figure 3.15. The maximum luminance of ca 100 Cd/m,^ is consistent with reports for 

similar, doped polymeric devices developed in other laboratories, "" " yet 

significantly lower than typical vacuum-deposited, display quality LEDs,'^''^ with 

luminances greater than 1000 Cd/m^. PYK-Alq,?- and PVK-Al(qs)3-based devices, 

lacking a guest dopant, give much lower luminances, on the order of 10 Cd/m". 

Preliminary PS-Alqs devices, of the type described in Figure 3.9, give luminances less 

than 5 Cd/m". Having developed a doped PVK-based device platform which perfonns 

within such published parameters, these devices were considered sufficient for studying 
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Figure 3.15: Luminance vs. bias potentiai for a PVK-Alq,-D1QA device. 

Devices of this type produce a maximum lumittance of ca. 100 Cd/m-\ 
consistent with reports of other doped PVK-based devices (see text). 
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relationships between device performance and electrochemical models for electron 

transfer. 

3.7 Conclusions 

A strategy for the fabrication and characterization of functional, reproducible, 

solution-processed OLEDs has been presented. These capabilities were achieved in five 

phases of development: development of OLED fabrication/characterization design, 

characterization of ITO and polymer thin films, development of functional, reproducible 

devices, automation of device characterization, and development of more advanced, 

photometric measurement capabilities. A. platform based on a PVK device matrix was 

eventually selected and optimized, and resultant devices were observed to perform within 

published parameters when doped with DIQA. The roughness of spin-cast polymeric 

films on ITO was determined to be dependent on the cast solution and film drying 

conditions. vSmooth films, more ideal for the prevention of electrical shorts in the device 

were obtained from chloroform solutions and air-dried films. The thickness of the active 

polymeric layer of the device was determined to increase with increasing total solids in 

the cast solution, and this in turn resulted in higher turn-on voltages for devices due to 

increased resistance. Devices hosted by Alq3 or AKqs),-? resulted in similar turn-on 

voltages and luminescence properties, and the addition of dopants, such as DIQA, 

enhanced the brightness of devices by an order of magnitude. 

Because the PVK-based device platform proved viable for the study of 

electrochemical models for OU.Ds, the PS-based devices were not extensively studied. 
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The PS-based devices gave lower luminances and higher turn-on voltages than their 

PVK-based counteiparts, and were therefore rejected as a viable device platform for these 

studies. Despite this conclusion, extensive efforts were not directed toward optimizing 

the PS-based devices, which may be determined viable if given the focus received by the 

PVK-based devices in this work. Additionally, new technologies described in the 

literature could lead to improved PS-based devices. One such approach is to coat the ITO 

anode with another conductive polymer, PEDOT:PSS, prior to casting the device 

film."^This material is thought to decrease surface roughness, improve wettability of 

the active layer of the device, and decrease electrical shorts. 

In addition to the developments made in device fabrication, the device 

characterization developments described here facilitate the rapid characterization of 

device current and luminance properties, and the developed photometric measurement 

capabilities allow absolute power measurements to be made and compared to literature 

values. Having achieved the developments described in this chapter, the stage is set for 

more advanced, novel subjects such as the study of relationships between solution 

electron transfer processes and the performance of OLEDs doped with such materials of 

interest. 
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CHAFrER 4 

ELECTKOCHEMICAI. MODELS FOR OLEDS II: UTILIZATION OF NEAR-lR 

DOPANTS TO INVESTIGATE ENERGY AND CHARGE TRANSFER ROUTES 

TO GUEST EMISSION 

4.1 Introduction 

As described in more detail in Chapter 1, doping organic light-emitting diodes 

(OLEDs) with highly luminescent guest dopants, which harvest enet-gy from the device, 

is a wel!-proven strategy for improving device efficiency, brightness, and stability. 

These dopants may harvest energy from the device by either energy transfer (ET) or 

charge transfer mechanisms (CT). The possible CT reactions resulting in guest 

electroluminescence (EL) in guest-doped OLEDs were described in detail in Chapter 1 

and are summarized here: The guest molecule (G), can act as an electron-acceptor 

("reduced guest") toward typical host electron transport materials, such as Alqs' 

Alqa"' + G —s- Alqs + G~' (4.1) 

These guests also have the potential to act as an electron donor ("oxidized guest") toward 

PYK*^ 

PVK^- + G PVK + G'' (4.2) 

Such CT reactions have the potential to lead to guest luminescent state formation through 

the cross reactions: 

PVK"- + G- G* + PVK (4.3) 

Alq <" + G"^' —>• G* + Alt|3 (4.4) 
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The rates in reactions 4.1-4,4 are expected to be exponentially related to the excess free 

u I 1 
energy in the reaction, per Marcus theory (developed in detail below). " 

The goal of the work presented in this chapter is to determine the relative significance 

of these CT routes, with respect to ET routes, and to identify a dominant mechanism 

("reduced" or "oxidized guest") for such CT routes in single-layer PVK-based devices, 

containing either Alq? or Al(tis)3 as emissive hosts. Accordingly, an electrochemical 

model will be developed, capable of describing and predicting the extent of CT reactions 

in OLEDs of this type. 

It will be shown that the assessment of these reaction routes is facilitated by the 

simultaneous and separate detection of host and guest EL in the device. This has been 

achieved by selecting commercially-available, soluble phthalocyanine (Pc) and 

naphthalocyanine (NPc) guest dopants (Figure 4.1), with absorbanee and emission 

spectra in the near-infrared (near-IR). In addition to facilitating mechanistic studies, 

1 '7 
extending the emission of OLEDs into near-IR spectral regions is of interest, " and 

provides for the use of a wider range of dopants whose electrochemically-generated 

radical anion and radical cation forms have been shown to be relatively stable. Previous 

ECL studies by Bard, Kenney and coworkers showed that functionalized phthalocyanines 

and naphthalocyanines can provide near-IR emission by cross reactions involving their 

radical states (Pc^'/Pc" —> Fc* + Pc).'"'' Because of the spectral separation between the 

host and the guest in these Pc and NPc systems, relative efficiencies of host and guest 

electroluminescence can be separately quantitated in the same device. Despite this 

spectral separation, the high molar absorptivities of the Pc and NPc dopants lead to 
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Figure 4.1: Stnictures for OLED materials. 

Hole transport material (PVK), electron transport materials or 
hosts (Alq^, AiCqs),,), "typical" guests (DIQA, rubrene), 
solublized'near-IR Pc guests (SiPclTHS)^, OBPc, AlOBPcTES) 
and NPc guests (SiNPc(TIiS)2, OBNPc). 



Forster radii and relative energy transfer (ET) efficiencies comparable to values obtained 

for quinacridone or rabrene dopants, (Figure 4.1) which have been used to create intense 

green or yellow emission in Alcjj-based OLEDs. Thus, these near-IR dopants are ideal 

probe molecules for studying charge transfer processes, without significantly perturbing 

energy transfer routes to guest emission. The ability to assess and predict the efficiencies 

of these pathways by physical characterization will likely lead to the design of more 

efficient guest dopants, designed to exhibit the physical (electrochemical and 

spectroscopic) properties which are determined to drive energy harvesting in the device. 

4.2 Theoretical Background 

In these single-layer devices, it is assumed that electroluminescence leads to guest 

dye emission primarily by i) Forster energy transfer (ET) pathways''* '"^ from the host dye 

or ii) by charge trapping (CT) pathways, where hole or electron capture by the guest 

dye is followed by cross-reactions to form the emissive state of the guest dye.^"'^'"*'^ The 

relative efficiency of guest dye emission during device operation {}](}), versus host dye 

emission, is defined in terms of the separately measured electroluminescence intensities: 

= '"iQa (4 5) 

'„iQ,,+IJQa 

k/Qo antl hi^Qn are respectively the coiTccted, integrated electroluminescence intensities 

(peak areas) of both guest dye and host dye (in the presence of each other) in the PVK 

film, normalized to the fluorescence quantum yields (Qr, or {?//) foi" each species. The 

assumption is made that the relative trend In luminescence efficiency for these materials 
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in solution will be comparable lo that of PVK films doped with extremely low 

concentrations of these dyes. By including these quantum yield normalizatiotis, r/a can 

be compared between devices with different host and guest molecules. Based on the 

possible routes leading to guest emission, this relative efficiency of guest dye emission 

during electroluminescence can be written as; 

where tfo.i-T represents the relative emission of the guest dye due to ET from the host dye, 

and f^oxr represents the relative emission intensity due to hole or electron capture by the 

guest dye (CT), followed by or PVK^/G ' cross reactions. rfo,Er should be the 

same whether the host is electrically or optically excited, and it is assumed that other 

energy transfer and non-radiative energy loss pathways not accounted for in the 

normalizations are the same for all devices, allowing ?/c,ct to be determined from the 

difference between RJA and TJA ET-

Values of ET efficiency, //g.et, may be estimated for each combination of host and 

guest dyes based on their solution spectroscopic properties and their concentrations in the 

PVK matrix, assuming that relative values of determined in solution extrapolate to 

this polymer matrix. The critical parameter determining for each host-guest dye 

combination is Ro, the Forster radius. RQ represents the host-guest distance at which ET 

is 50% efficient, and may be calculated according to;'"'''" 

n<!=na.ET (4.6) 

9(XX)ln(}{))r'-e, 
(4.7) 
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is an electronic transition dipole orientation factor, which is equal to 2/3 for randomly-

I 
oriented dipoles with Brownian rotation, or 0.476 for randomly-oriented, fixed dipoles."' 

QH is the fluorescence quantum yield of the host, n is the refractive index of the medium, 

N is Avogadro's number, luiX) if^ the intensity of the corrected emission spectmm of the 

host (normalized to an area of unity) at wavelength X, and SafA.) is the magnitude of the 

absorbance spectnim of the guest at wavelength X, in units of molar absoiptivity. 

Once a value for Ro is detennined, the relative efficiency of ET, can be 

calculated for the case of a solution or film containing randomly-distributed host and 

guest molecules.It is first necessai^, however, to define the critical concentration 

(Co), which is the concentration of guest dyes necessary to quench 76% of the host 

luminescence: 

Q (4.8) 

^G.ETts then given by; 

%,EY = exp(r'- )[l - erf(r)l (4.9) 

where /= Ca ICo and Cc, is the effective concentration of the guest in the solution/film 

and the error function is defined as 

2 ^ 
erfiy) = fexp(~"x' )dx (4.10) 

•V'T 0 

Co may easily be calculated, as shown in Section 2.5.3, assumhig that the density of the 

film is not influenced by the presence of the host and guest, and that the mass ratio of 

guest to PVK is the same in the film as the spin-cast solution. 
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Having accounted for jJqm in the device, rfc.a- may be determined from experimental 

measurements of the host and guest emission intensity in the device electroluraine.scencc 

by substituting ijo from Equation 4.5 into Equation 4,6 and solving for tjcicr- f'la.CT is 

expected to be linearly dependant on the rate of charge transfer (k") for the rate limiting 

step of the dominant CT mechanism ("oxidized guest" or "reduced guest"). Marcus 

theory for electron transfer in solution suggests that this rate has a logarithmic 

0"!> 
dependence on the free energy in the charge transfer step;'"""' 

k « expHAG - Zfi r /U„kJ] (4.11) 

where AG is the excess free energy in this reaction, A.R is the overall reorganization 

energy needed to reach the activated state in these reactions, /cg is the Boltzmann 

constant, and T is the absolute temperature. Thus, f)acr is expected to increase 

logarithmically with increases in AG, which may be estimated from the differences in 

voltammetric peak potentials iAE°) for the reacting species. Marcus theory also suggests 

that at very high reaction energies, an inverted regime may exist, where reaction rates 

actually decrease with driving force. This possibility is ruled out here since solution-

based electron transfer reactions for species with similar reaction energies to those used 

I ̂  ^4-here show no evidence of an inverted region. By correlating this expected trend in 

tjG.cr with the free energies in the possible CT reactions for either an "oxidized guest" 

(reactions 4,2 and 4.4) or "reduced guest" (Equations 4.1 and 4.3) mechanism, a 

dominant reaction route and rate-limiting step may be identified. 
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4.3 Abs«)rbaiice/Ijinniiiesceiice Characterkatioii of OLED Materials 

The dramatic difference in the spectroscopic energies for these near-IR dopants, over 

typical visible dopants, is demonstrated in Figure 4.2. Spectroscopic values for all host 

and guest dyes in CHCl.? are summarized in Table 4.1, including wavelength of 

maximum absorbance (Amax, AIM) and maximum fluorescence intensity ( ft) and molar 

absorptivity at maximum absorbance {£>;««,,>). Normalized absorbance (solid lines) and 

normalized, corrected fluorescence spectra (dashed lines) are shown for all OLEI) guest 

dyes in CHCI3, along with the fluorescence spectra for the host dyes (first panel). The 

spectra have been corrected for instrumental efficiency, and are normalized to a peak 

value of unity. Spectroscopic data for Alqa and Al(qs)3 are consistent with what has 

previously been reported."^ These materials are ideal host emitters, in that their emission 

is centered at ca. 500 nm, roughly where the human eye is the most sensitive. Typical 

guest dopants, such as DIQA or rubrene, are spectrally positioned to absorb and emit in 

this region as well. It is clear that the Q-band of the Pc and NPc dopants is dramatically 

red-shifted from these "typical" guests, with A,NAX. ABS and A.„,AX, PL between 650 and 900 

nm. Pc and NPc dyes also have a less intense Soret band in the IJV, which has been 

ncglectcd here because it should not play a significant role in the capture of energy from 

the visible hosts (energetically uphill) and only Q-band emission is observed from these 

guests in OLEDs. Spectroscopic data for SiPc(THS)2 and SiNPc(THS)2 are consistent 

witii what has previously been reported.^''' Tiiese near-IR dopants are additionally 

distinguished from their visible counterparts by their SAUOX* which is nearly an order of 

4  1 1  magnitude larger (ca 10" vs. 10" iVl ' cnf). 
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Figure 4.2; Solution absorbance and photoluminescence spectra for OLED dyes. 

Normalized solution ab.sorbance (solid iinc.s) and correctcd fluorescence (PL) 
spectra (dashed lines) of the host and guest dyes in CHCI3. Spectra are 
normalized to a maximum, value of unity. The PL spectra for the hosts are 
presented in the first panel. The other panels contain the absorbance and PL 

spectra for each guest, ranked in order of increasing X ^. 
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Table 4.1: Spectroscopic properties of host and guest dyes. 

Dye ^max, Abs 
(nm) (M ' cm ') 

•Ama*. PL 
inm) 

Q ^max, t'L 
inmf 

^Oi Alq3 
(Af 

Ro, Al(qs)3 
(Af 

Alqa 387 7.0x10'^ 525 0.29 517 .. .. 

Al(qs)3 380 1.6x10'' 487 0.35 510 - -

DIQA 523 3.1x10'* 538 1.00 525 31.4 37.1 

Rubrene 529 5.5x10® 559 0.54 553 29.9 35.3 

SiNPc(THS)2 773 4.9x10'^ 775 0.59 789 29.8 24.7 

SiPc(THS)2 669 3.8x10® 671 0.45 677 34.7 28.0 

AlOBPcTES 772 1.9x10® 788 0.19 796 28.9 23.8 

OBPc 775 1.4x10® 789 0.13 795 30.1 24.6 

OBNPc 869 2.3x10*'' 882 0.17*= 879 24.0 18.8 

CHCI3 is the solvent tbr all solution measurements. "Host dye values are for 
host-only devices. Guest dye values are for Alq^-1.6 mol% guest devices. 
''Calculated using the refractive index of PVK. '^An estimated value, based 
on an extrapolated correction curve. 



Absorbance and luminescence spectra for these dopants in PVK, at t!ie low 

concentrations studied, are nearly identical to dilute solution spectra, and the spectra do 

not indicate any aggregation or phase separation of the dopant. This is supported by the 

identical shape of the solution PL and device EL spectra for these materials. This 

observation is discussed in further detail below by comparing luminescence spectra, 

where ijitermolecular interactions may be detected at lower dopant concentrations than 

absorbance spectra. 

Solution fluorescence quanttun yields for each host and guest dye (Q) were 

determined and are also listed in Table 4.1. A value of O = 0.29 for Alqs is comparable 

to that found in the solid state (0.30, 0.25).'^'^'' Fluorescence quantum yields for the near-

TR dopants (0.17 to 0.59) are generally lower than the visible dopants, DIQA and rubrene 

(1 .(X) and 0.54, respectively). It is likely that quantum yields for these dyes in the PVK 

film will differ slightly from solution values, however, it is anticipated that their relative 

efficiencies will not be altered versus solution measurements. Although these Pc and 

NPc molecules have triplet quantum yields of ca. 0.2,"^'"^ phosphorescence measurements 

are neglected here, as well as in the EL spectra, because the singlet to triplet ratio should 

be constant for a given guest molecule at a fixed concentration in the device.^ One would 

expect the same trends in relative guest emission efficiency to be observed in such 

measurements as those described here. 

This molecular system of near-IR dopants was initially chosen for studying charge 

transfer processes in OLEDs because it was thought that energy transfer to these dopants 

would be insignificant, because of the large spectral separation between their absorbance 
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spectra and the luminescence spectra of these host emissive species. Thus, rjaM in 

Equation 4.6 would go to zero, and a direct measurement of ijaa- could be made. As 

Equation 4.7 suggests, however, the spectral overlap is based on the absolute molar 

absorptivity spectrum of the guest, not a normalized absorbance spectrum. In Figure 4.3, 

this spectra! overlap is graphically presented for a visible guest dopant, DIQA, and a 

near-IR dopant, OBPc. Due to the much higher molar absorptivity of these near-IR 

dopants, the spectral overlap between host emission and guests absorbance is comparable 

to those for the visible guest dopants studied. As a result, the elficiency of energy 

transfer from one of the host emitters to these dopants is theoretically comparable to that 

for the visible guests, and such processes must be considered in order to extract the 

efficiency of charge transfer routes to guest emission. 

4.4 Voltammetric Characterization of OLE!) Materials 

In order to estimate the free energies in reactions 4.1-4.4 from differences in redox 

potentials, cyclic voltammograms (CVs) were acquired for the OLED materials under 

study; including the hole transport material (PVK), emissive/electron transport hosts Alqi 

and A1{qs)3, visible guest dopants (rubrene and DIQA), and the Pc and NPc near-IR guest 

dopants. Redox potentials can then be determined from the half-wave potential (E//2) for 

the cathodic and anodic peaks in the voltammogram,. The 1''' and 2'"' oxidation {E° ox) 

and reduction potentials for these materials are summarized in Table 4,2, 

referenced to the FCVFC redox couple (IP » 0.46 volts vs. S.C.E.; 0.70 volts vs. N.H.E.), 

and voltammograms are presented on the following pages. 
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Figure 43: Spectral overlap of Alq-, PL and DIQA or OBPc absorbance spectra. 

Despite the fact that the near-IR guest dopants, such as OBPc, emit in the 
near-IR, their spectral overlap with the visible Alq., luminescence is 
comparable to "typical" visible guest dopants, such as DIQA, because the 
molar absoriJtivity of fhese materials is nearly an order of magnitude larger. 
ResuUantly, energy transfer is theorized to be just as efficient to these 
materials as most visible guests. 



Table 4.2; Redox potentials (V) of OLED materials vs. FcWc. 

Material ^ Ox,1 ^ Ox,2 

PVK 0.71 - - -

Alqs 0.71 - -2.30 -

Al(qs)3 1.04 - -1.98 -2.17 

OIQA 0.68 1.19 -1.81 -2.27 

Rubrene 0.41 - -1,98 -

SiNPc{THS)2 0.16 0.83 -1.60 -

S!PC(THS)2 0.54 - -1.47 -

AlOBPcTES 0.05 0.46 -1.44 -

OBPc 0.02 0.35 -1.43 -

OBNPc -0.17 0.13 -1.40 -



Since the possible OLED reactions that iuclude PVK involve electron tratisfcr to the 

radical cation of PVK (PVK'"'), the first oxidation ox.i) ol' PVK is the relevant energy 

level to be considered. Cyclic voltammograms for PVK (saturated in CHCI3) and a 

soluble carbazole-based monomer (1,5 mM in CHjCh, courtesy of the Marder group) are 

presented in Figure 4.4. Because of slow kinetics and adsorption to the electrode surface 

upon oxidation, it is difficult to obtain a reliable E1/3 for the polymer itself. Therefore, a 

soluble carbazole moiety (structure shown in Figure 4.4) was also studied, yielding 

highly reversible cyclic voltammetry £ind a E1/2 for the first oxidation of 0.76 V. A 

slightly lower potential was adapted for PVK (0.71 V), as the onset of the anodic peak of 

PVK is slightly lower than that for the carbttzole moiety. 

Voltammograms for the Pc dopants, OBPc, SiPc(THS)2. and AlOBPcTES, and NPc 

dopants, OBNPc and SiNPc(THS)2, in CHCI3 are presented in Figure 4.5 and Figure 4.6, 

respectively. Since OLED dopants, visible and near-IR, may emit following hole or 

electron capture, E° ox.i and £'° Kedj i^re the relevant energy levels that must be considered. 

CHCI3 is typically not an ideal solvent for electrochemistry due to its very narrow solvent 

window (ca. 0.75 V to --1.75 V vs. Fc"^/l"c). The solubility of these Pc and NPc 

molecules, however, is much better in this solvent than in solvents better suited for 

electrochemistry, such as CHiCh- Despite this small potential window, for materials 

such as Pc's and NPc's that have a small band gap, the relevant peaks are observed. 

In general, the first oxidation and reduction processes for all dyes explored here were 

chemically reversible, and in some cases, reversible secondary redox processes were 
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observed (e.g. OBNPc), although for some of these dyes (e.g. SiNPc(THS)2 and OBPc) 

there were slow chemical reactions (halt-life of ca. 0,5 seconds) occurring to the first 

reduction or oxidation products, which made the voltammograms appear only partially 

reversible. On shorter time scales relevant to the formation and recombinat ion of charges 

in an OLED, the first oxidation and reduction processes for all dyes explored here 

produce stable products and symmetric voltammograms (for example, see 500 mV/s scan 

shown for SiNPc(TH.S)2). In some cases, reversible voltammetry was obtained simply by 

scanning through the relevant redox event only, as opposed to acquiring a full 

voltammogram (see solid lines in the SiPc(THS)2 voltammogram). 

The voltammograms for SiPc(THS)2 and SiNPc(THS)2 are consistent with previously 

reported voltarnmetric studies of silicon phthalocyanines and naphthalocyanines where 

the central silicon is "end-capped" with solubilizing substituents.''^'"''' It was shown by 

Bard and coworkers that for such dye solutions the working electrode could be cycled 

quickly between potentials for the first reduction and first oxidation of these species, and 

that cation radical/anion radical recombination reactions, Pc'^VPc"' or NPc'^7NPc"', in the 

adjacent diffusion layer led to formation of Pc* or NPc* states, with subsequent emission 

1 
at wavelengths close to those summarized below in these thin film OLEDs. ' 

These Pc and NPc voltammograms are shown in context with the host OLED 

materials and visible guest dopants in Figure 4.7. To simplify the presentation, the E'^ 

values for some redox couples, estimated from the peak potentials iti their 

voltammograms, are shown as tick marks. For the host electron transport materials (Alq^ 

and A!(qs)3), the first reduction process, Redj, is the relevimt energy level to be 
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considered for the possible OLED reactions above (4.1-4.4). As has previously been 

reported, ttris process is chemically reversible on the microsecond time scale for Alq.-? 

(-2.30 V), while the first reduction process for AU'qs);? occurs at ca. 0.3 volts more 

positive and is cherrrically reversible on at least the 1-2 second time scale.'" The first 

oxidation process for both quinolates is not chemically reversible on any time scale 

explored, which lias a significant impact on device stability and the role of dopants in 

these technologies.'^'"''^' The visible dopants, DIQA and rubrene, have reversible 

oxidation and reduction products on this time scale, with smaller absolute values of these 

energy levels than the host electron and hole (PVK) transport materials, yet larger values 

than the near-IR dopants. 

This electrochemical data indicates that DIQA and all of the Pc and NPc dyes are 

electron acceptors versus either Alq-/ or AKqs)?" , per Equation 4.1, with excess free 

energies in such electron transfer processes varying from 0.17 to 0.90 eV. Rubrene is an 

electron acceptor versus Alq^ (0.30 eV), but has a comparable first reduction potential to 

Al(qs)3. The data in Figure 4.7 also suggest that each of these dyes can act as electron 

donors to the oxidized form of PVK, per Equation 4.2, with excess free energies ranging 

from 0.03 eV to 0.88 eV for such processes. This suggests that guest emission may be 

produced by either the "oxidized guest" (reactions 4.2 and 4.4) or "reduced guest" 

(reactions 4.1 and 4.3) mechanism, yet one must also consider the effective concentration 

of these initial reactancts in the device. In devices such as these, where Alq? or AKqsb 

and the guest dyes are surrounded by excess caibazole moieties from the PVK matrix (a 

hole conducting polymer), it can be anticipated that hole capture by the guest dye will be 
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a favored first step in the creation of emitting Pc* or NPc* stales, simply based on 

concentration effects. 

4.5 Device Electroluminescence Spectra 

As described in Chapter 3, all OLEDs showed current/voltage behavior typical of 

forward biased diodes, with turn-on voltages of ca. 15 V, and maximum luminance of ca. 

100 cd/m' for Alqa/PVK devices doped with guest dyes, typical for otlier reports of PVK-

based single-layer OLEDs.'""^' in Figure 4.8, relative luminescence intensity and device 

current are plotted versus device bias voltage for a representative OBNPc-doped (1,6 

mol%) Alqs -based device. The current/voltage behavior for these Pc and NPc-doped 

devices was essentially unchanged by the addition of the guest dyes, with the exception 

of slightly increasing turn-on voltages with guest concentration, consistent with other 

observations of charge trapping.'" OBNFc is the strongest hole/electron trap of the 

various near-IR dopants, and results in a shift of tum on voltages to ca. 19 V. Turn on 

voltages varied slightly from device to device and in general were comparable for 

Al(qs)3-hosted and Alq^-hosted devices, as reported in Chapter 3. 

The relative amount of guest emission was initially studied by evaluating device EL 

spectra at various concentrations of guest dopant. Representative EL spectra for Alqs-

hosted devices, doped with 0.5 8 niol% OBPc, are presesited in Figure 4.9, As with all 

EL spectra presented here, spectra were corrected for variations in spectrophotometer 

efficiency with emission wavelength. Spectra have been normalized to the intensity of 

the guest emission peak, demonstrating the shift in EL emission to the guest dye (relative 
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Figure 4.9: EL spectra of OBPc-doped OLEDs as a flinction of guest concentration. 

Corrected, normalized (to the guest peak) EL spectra for a series of PVK-Akjj-OBPc 
single-layer devices with varying concentration of OBPc (mol% of Alqj). Host and 
guest emission is spectrally separated in these Pc- and NPc-doped devices, allowing 
the relative efficiency of guest emission (w.r. t. the host) to be measured. Increasing 
the concentration of the guest has a quenching effect on the host. Most of the device 
emission is converted to the guest by 0.5 mol%, and between 1.6 mol% and 7.9 
mol%, host emission is no longer detected. 
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decrease in host emission) with an increase in the guest concentration. For all the Pc and 

NPc devices, host emiSvSion fell below detection limits between 1.6 mol% and 7.9 mol% 

guest concentrations. As presented in Section 3.4, comparably constructed devices doped 

with DIQA also totally quench the EL response of the host within this dopant 

concentration range, an observation consistent with most visible guest dopants."'"*""'"^' 

Thus, Pc and NPc guest dyes quench host emission during device operation with 

comparable efficiencies as visible dopants, even though the spectra! separation between 

the host emission and guest absorbance is substantially greater foi' the Pc and NPc dyes. 

Quantitative device comparisons were made at guest dye concentrations of 1.6 mol%, 

where the host and guest emission could be separately measured, and where loss of 

emission due to guest dye self-absorption is minimized, allowing the relative efficiency 

of guest dye emission (with respect to the host), fjo, to be measured. Corrected EL 

spectra for Alqa-based devices, individually doped at 1.6 mol% with the Pc and NPc 

dopants of study, are presented in Figure 4.10, and the wavelength of maximum EL 

intensity (Imm-, EL) for all materials is summarized in Table 4. i. l^uminescence spectra jwe 

normalized to the host emission peak, and relative areas of the guest peaks are indicative 

of varying efficiencies of energy harvesting (by ET and CT) and quantum yields of the 

dopant. Host and guest emission are well separated for all dopants studied. In general, 

the EL spectra are reminiscent of solution fluorescence (PL) spectra (as in Figure 4,2), 

suggesting the dopant is not aggregated or phase separated in the device. 
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In order to determine the ideal testing parameters for a quantitative comparison 

between guest dopant devices, and to ensure that all variables which might influence 

these results were properly controlled, the ratio of guest:host emission (peak areas) was 

evaluated as a function of external variables which were anticipated to influence this 

ratio. In Figure 4.11, the ratio of guest;host emission for a representative 1.6 mol%-

doped SiNPc(THS):2 device is plotted as a function of (a) bias voltage and (b) time. At 

bias voltages comparable to the turn on voltage, guest emission is strongly favored over 

host emission (ca. 12x). This is not clearly understood, but suggests that at low device 

bias energies, it is easier to create the lower energy excited state of the guest, versus the 

higher energy excited state of the host. It is hypothesized that this is due to "trap" filling. 

With the corresponding low flux of holes/electrons into the device at this low bias 

potential, it is likely that most of the holes/electrons are "trapped" by, or reside on the 

more energetically stable guest dyes, as opposed to PVK/Alq?. This serves to increase the 

likelihood of guest luminescence, versus the host, via Equations 4.4/4.3. As the bias 

potential is increased, and the hole/electron flux into the device is increased, these traps 

are filled and a greater fraction of holes/electrons begin to reside on PVK/Alq3 sites, 

increasing host luminescence pathways. This "trap-filling" model then explains the 

asymptotic decay in the guestrhost luminescence ratio with increasing bias potential to a 

fairly constant value by ca. 5 volts past the turn on voltage. 

As the potential is held here (Figure 4.11b), the guest:host emission ratio increases 

approximately linearly as a function of time, with a slope of ca. 0.8 min"'. 
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Figure 4.11; Dependence of guesf.host EL intensity ratio on 
bias voltage and time. 

Ratio of guest emission intensity to host emission intensity in Alq^-hosted 
devices, doped with 1.6 rao!% SiNPcCTHS),, as a function of bias voltage and 
time, (a) This sensitivity to bias voltage at low potentials is explained by a 
"trap-filling" model Following a turn-on voltage regime, ratios are fairly 
constant, (b) They then increase steadily with time (held at 25 V), suggesting 
that near~lR guest molecules are more stable than host molecules in the device. 
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This suggests that the guest molecules are more stable than the host molecules, which is 

supported by their lower electronic energy levels (redox potentials), which make the 

radical ions of these species inherently less reactive. This enhanced stability of the 

dopant has also been observed and reported elsewhere."^' Although these observations 

were not further investigated, they suggest that bias potential and time must be controlled 

in order to make comparable measurements across devices. EL spectra used for 

quantitative determination of guest efficiency were accordingly collected at a bias voltage 

of 25 V, immediately following a device conditioning potential sweep. 

4.6 Efficiencies of Energy and Charge Transfer Routes to Guest Emission 

In previous quinacridone- and nibrene-doped Alq;rbased OLEDs, a relative 

measure of ET could be determined by photo-excitation of the host dye in the polyrner 

OLED film at a wavelength which did not overlap the absorbance spectrum of the guest 

dye. The loss of emission intensity of the host dye could be monitored at a wavelength 

which did not overlap the emission of the guest dye.^' Direct determination of ET 

efficiency for Alq3 or Al(qs)3 in these Pc- or NPc-doped thin films, however, was not 

possible since the Soret absorbance bands for these guest dyes significantly overlap the 

absorbance bands for both Alqs and Al(qs)3 hosts. Excitation at the host AmxAhs 

inevitably results in Pc or NPc Soret excitation, which in turn transfers energy to the host, 

resulting in extra host emission. Therefore, two competitive processes influence the host 

emission intensity as guest concentration is increased (quenching by guest Q-band and 
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amplification by ET from guest Sorct band), invalidating standard methods for measuring 

the energy transfer efficiency.' 

Due to this limitation, the efficiency of energy transfer from the hosts to the guest 

dopants was calculated using Forster's equations,'"''''''^"" treating the active layer of the 

OLED as a solution, where host and guest molecules are randomly distributed in a PVK 

matrix (solvent). The validity of this model in describing exciton diffusion and ET in 

doped organic solids has previously been demonstraied.''*^ Because of the poor spectral 

overlap between Alqs emission and absorbance, the rate of ET to the guest is likely to be 

much higher thiin the rate of exciton diffusion across Alq? molecules. 

Ro was calculated according to Equation 4.7 using the refractive index of PVK {n ~ 

1.68), Qii values from Table 4.1, and assuming rmdomly-oriented, fixed electronic 

transition dipoles. Spectral overlaps used in this calculation were computed using the 

spectra in Figure 4.2 (with absorbance spectra ratioed by their eji,„ax values listed in Table 

4.1). Resultant Ro values, versus Alqa or Al(qs)3, are listed for each dye in Table 4.1. It 

is interesting to note that values for the Pc and NPc dyes are comparable to those 

calculated for both DIQA and rubrene guest dyes, even though the peak absorbance of 

these dyes is substantially red-shifted from the peak luminescence of the host. The 

higher molar absorptivities of these dyes compensates for this, providing for comparable 

efficiencies of ET. 

The concentration of the guest dyes in the PVK matrix, Ca, was calculated to be 

0.010 M for these 1.6 mol% devices, per methods described in Section 2.5.3. Similarly, 

the concentration of the host in the film (C;/) was determined to be 0.65 M.. Based on 
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effective concentrations in the PVK matrix and geometrical considerations, characteristic 

intermolecuhir distances for the host and guesl molecules were determined. Molecules 

were treated as spheres, assumed to be equally spaced in the film at a distance regulated 

by its concentration. For this model, the average distance between guest molecules (Ra. 

a) is 67 A, the average distance between host molecules {Rfin) is 17 A, t:he average 

distance from a guest molecule to the nearest host molecule (Rfui) 12 A, and the 

average distance from a host molecule to the nearest guest molecule (RH-G) is 22 A, 

which is generally smaller than RQ .  

TJG.ET values were calculated from these values of RQ and CO per Equations 4.8 - 4.10 

and ai^e listed in Table 4.3, Resultant values for Alq.-?- and Al(qs);rhosted devices range 

from 0.39 to 0.81 and are always larger for the Alqa devices since the emission peak 

maximum for Al(qs)3 is blue-shifted -40 nm Ixom that of Alq3, decreasing the spectral 

overlap with the guest dyes. Observed overall relative efficiencies of guest dye 

emission,are also listed in Table 4.3, and values range from 0.80 to 0.97 for both 

hosts, with uncertainties on the order of ±0.01. Values were always larger for the Akj3-

based devices than the Ai(qs)3 devices, likely due to more efficient ET, as predicted 

above. 

Relative efficiencies of guest dye emission due to charge transfer processes, %,cr, 

were calculated per Equation 4.6 using the above -fjcMT 'W'd ?Jg values and are also listed 

in Table 4.3. For devices made from either host dye, TJOXT values ranged from 0.07 to 

0.52, which suggests that CT mechanisms play a significant role in guest emission for all 

device types. In some cases, more emission was observed from the guest due to CT than 



Table 4.3: Reaction energies and relative guest efficiencies for devices. 

Guest Dye ^ 
(V) 

-diS-'t/V/.vK"-
fV) (V) 

Ali"n Ve' 
(V) 

„ tji 
VG nG.ST riG,CT 

SiPc(THS)a 0.17 2.18 2,84/2.52 0.83/0.51 0.87/0.86 D.B1 /0.58 0.07 / 0.28 

SiNPc(THS)? 0.55 2.31 2.46/2.14 0.70 / 0.38 0.85/0,80 0.65/0.45 0,20 / 0.35 

AlOBPcTES 0.66 2,15 2.34/2.03 0.86 / 0.54 0.90/0.83 0.61 /0.39 0.28/0,44 

OBPc 0.69 2.14 2.32/2.00 0,86/0.55 0-97/0.93 0.62 / 0.44 0.35/0.49 

OBNPc 0.88 2.11 2.13/1.81 0.90/0.58 0,93/0.90 0.40/0.40 0.52/0.49 

t first entry for devices made with Alqg; second entry for devices made with Al(qs)j 
= E"(PVK-"-/PVK) - F'(G+-/G) (hole capture by guest) 

= FAGIG-) ~ F'(PVK+-/PVK) (cross reaction) 
///• = E"{G*-IG) - F'(H/H-) (cross reaction) 

~ £"(G/G"-) - £"(H/H'') (electron capture by guest) 
"Standard deviations are approximately 0.01 for all device types. 
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ET processes. For example, in OBNPc-doped Alqs devices, a value of rjacr - 0.52 was 

obtained, where rjo^r = 0.40. OBNPc is the strongest hole and electron trap of the 

dopants evaluated, based on solution redox potentials, and large Tjacr values would be 

expected fc>r either an "oxidized" or "reduced guest" CT mechanism. 

The relative importance of a "reduced guest" or "oxidized guest" mechanism was 

probed by creating plots of log(//o.cr) versus the reaction energies (/i£°) for the possible 

OLED CT reactions (4.1-4.4), values of which are listed in Table 4.3. A positive linear 

correlation (per Marcus theory) was established only for log(?7ac7') vs. /^PVK*'/ G\ a 

plot of which is shown in Figure 4.12 for the Alqj (square data points) and AKqs);? 

(triangular data points) hosted devices. This strong correlation suggests that the 

"oxidized guest" mechanism is the dominant CT route to guest emission in single-layer 

devices of this type. For some of the devices with a large AE°I>VK*'/ (Alq3-0BNPc, 

Al(qs)3-AI0BPcTES, OBPc, OBNPc), rjacr is larger than tjas-r, as discussed above. As 

M°PVK'/ a ' approaches zero, rja.cr goes approximately to zero for the Alqj-hosted 

devices, suggesting that other CT processes are negligible. For the Al(qs)3 devices, 7]G,cr 

approaches 0.25 as /1£'° pva-'Vc'approaches zero, suggesting two possibilities: a) another 

CT mechanism ("reduced guest") is responsible for this excess efficiency over the ET 

value in these devices, b) the estimated value of '//f,may be low. 

rja could not be measured for DIQA and rubrene devices due to their overlapping 

emission with the host. This value was approximated for Alq;rDIQA devices, however, 

by subtracting an assumed host spectrum, based on those of the type shown for Aiq;ron!y 
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devices in Section 3.4, and the EL intensity of the host-guest device at 490 nm, where the 

guest does not emit. Relative uncertainties in ilacr were substantially higher than for the 

Pc and NPc guests due to the approximations involved. Despite this uncertainty, the 

DIQA data fits the trend in //acr (0.04±0.()5) vs. AE^pvk*'/a'''' (0.03 V) defined by the 

near-lR Pc and NPc guest molecules. 

The data presented here suggests that, in these type of thin films, hole capture by the 

guest dye (PVK'^7G PVK/G^', as in Equation 4.2) is the process which controls the 

rate of excited state formation in the guest ("oxidized guest" mechanism), not arising 

from energy transfer steps. Once is created, this data suggests that the cation radical 

is stable, and the excess free energy in the reaction G^/Alq3'(Al(qs)3"' 

G*/Alq3(Al(qs)3 (as in Equation 4.4) is more than sufficient to produce G*. This is 

reasonable, since the guest dye is present at low concentrations both with respect to PVK 

and the host dye, and since the excess free energy for the G^'/AlqB'tAllqs):,') cross 

reactions is between 1.81 and 2.84 eV. A detemiination of an "oxidized guest" 

mechanism is supported, over a "reduced guest" mechanism, by the fact that the guest is 

in intimate contact with the supporting matrix, which is predominantly composed of PVK 

(a hole transport material). 

These results have been combined with those presented in Chapter 3 to give an 

overall electrochemical model for luminescence in single-layer OLEDs, as presented In 

Figure 4.13. in the absence of a guest dye (a), hole injection and migration in the PVK 

matrix (i), and electron injection and migration across host dyes Alq^ or Al(qs)3 («) is 

followed by PVK'^'/Alqj'' recombination reactions (iii), leading to Alq^* emissive states 
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Schematic view of the charge transport, charge trapping, and recombination steps 
that lead to host or guest dye emission in undoped (A) or guest-doped (B) PVK-

based, single layer OLEDs. 
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(jv). As discussed here, with guest dyes present ( h ) ,  step {/) can be followed by capture 

of a hole by the guest dye (/", Equation 4.2) and Aiq3"'(Al(qs)3 'VC/''' recombination {Hi', 

Equation 4.4), leading to emissive state production in the guest dye (iv'). This process 

occurs in addition to ET, which may be predicted using the above methods, and is 

strongly dependent on the distance of an excited host molecule to the nearest guest 

molecule (ca. 22 A here, as calculated above). 

4.7 Conclusions 

The energetics of hole capture by a guest dye in these doped PVK-based OLEDs 

appear to control pathways leading to cross-reaction/emissive state production. Clearly, 

any OLED guest emissive state production by ET mechanisms would be preferable if 

Forster radii for the host/guest combination could be made as large as possible, and if 

charge capture by the guest dye could be avoided entirely. From the electrochemical 

data shown here and elsewhere,*^""'''' however, it is clear that charge capture by guest 

dyes from hosts such as Alq.?, and various light-emitting polymers is likely, and with 

significant driving forces. For vacuum deposited two layer OLEDs based on Alqa or 

comparable lumophores, where the guest dye is doped into the host dye layer, hole 

capture by the guest dye is less hkely. For these devices it is more likely that electron 

capture by the guest dye, and cross-reactions near the organic/organic' heterojunction 

will be the most significant pathway for non-ET emissive state production. In either 

event, it is clear that by optimizing CT reactions by guest dyes, light intensities can be 

increased. Consideration of the excess free energies in the possible cross-reactions 
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occurring in these condensed phase organic materials may be appropriate for design of 

optimized device structures, and certainly will play a role in extending the emission of 

these devices to the near-lR. For redox states of host dyes which are unstable, charge 

capture by the guest dye may also be desirable as a means of enhancing chemical stability 

of the device. 
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CHAPTER 5 

ELECTROCHEMICAL MODELS FOR OLEDS 111: 

DEVELOPMENT/IJTIUZATION OF QllINACRiDONE DENDRIMEES TO 

PREVENT GUEST AGGREGATION AND INVESTIGATE DEVICE 

DEPENDENCE ON RATES OF HETEROGENEOUS ELECTRON TRANSFER, 

5.1 Introduction 

Single-layer OLEDs are generally problematic in that hole and electron transport rates 

are not equal, and thus charge recombination and luminescence state formation occur 

netir the cathode or anode surface, which generally quench luminescence. Some of the 

most efficient device formats to-date involve multiple-layer structures, with separate hole 

and electron transport layers, where luminescence formation is shifted to the center of the 

device.'"'" In addition to this concern, solution-processable devices are extremely 

attractive due to lower production costs. A promising device type that is in keeping with 

these ideals involves "sandwiching" a very thin film (ca. < 20 nm) of a solution-

processable dopant dye between hole transpott and electron transport (host emissive) 

layers." In a neat thin film, however, the guest dye is typically subject to extensive 

aggregation, which results in strong self-absorption and a dramatic decreases in the 

luminescence efficiency of the material. 

To avoid this requires significant modification to isolate the guest chromophores. 

Alkylation at the N,N' positions of quinacridone (QA) dyes was shown by Shi and Tang 

to inhibit aggregation of the dopant dye in aluminum quinolate-bascd (Alqs) Ol.EDs;' 
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Recent work from this research group has focused on MiV'-di-isoamylquinacridone 

(DIQA — Figure 5.1 - See Chapters 3 and 4), solutions and thin films of which are even 

less aggregating.*'''^''" Forming dendrimers of such dopant dyes is a route to liirther 

isolation of the chroraophores to solution processable OLEDs. 

A new class of quinacridone dyes is presented here (Figure 5.1 and Figure 5.2), 

modified at the NrN' positions to form up to four different generations of each dendiimer 

type. In Figure 5.1, structures for a Frechel-like"® dendriraer series ([GX]QA, where X = 

1, 2, or 3) are presented, and in Figure 5.2, structures for a t-butyl-terminated Frechet 

series (t-Bur,GX:iQA, where X = 0, 1, 2, or 3) are presented. This t-butyl-terminated 

series is intended to further enhance solution processing of thin films and site isolation of 

the quinacridone dye over traditional Fr^chet-like dendrimers. 

Although these materials are promising in their ability to prevent quinacridone 

aggregation in OLEDs, energy harvesting routes (ET and CT) must remain facile in order 

to maintain device efficiency. As described in more detail in Chapter 4, ET processes are 

well described by Forster energy transfer theory. The tendency for a host molecule to 

transfer energy to a guest molecule is quantitatively described by the Forster radius, Ro, 

which is strongly dependent on the spectral overlap between the host emission spectrum 

and the guest absorbance spectrum, representing the host-guest distance (R) at which ET 

is 50% efficient. ET efficiency increases with the inverse of rapidly giving an 

efficiency of unity at distances less than RQ and efficiencies of zero at distances greater 

than RQ. Therefore, in designing OLEDs with guest dopants, modified to be less 

aggregating, it will be desirable not to extend host-guest distances beyond this value. 
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Figure 5.1; Structures of DIQA (parent) and Frecliet-type quinacridone dendriraers. 
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Figure 5.2: Structures of t-Bu-terminated quinacridone dendriniers. 
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In addition to maintaining ET routes to guest emission, it will be desirable to maintain 

guest emission by CT processes. Recent vol tarn metric/UPS studies from this research 

group ' "•*- ••• - show that quinacridone(QA)-based dopants, as determined Ibr DIQA, can 

act as an clectron-acceptor toward Alq.f' 

Akjs'' + QA Alq? + QA"' (5.1) 

and have the potential to act as an electron donor (hole trap) toward PVK'*' 

PVK"'- + QA PVK + QA-"- (5.2) 

Such CT reactions by this dopant have the potential to lead to luminescent state formation 

through the cross reactions; 

PVK''- + QA- PVK + QA* (5.3) 

Alqs"' + QA'^' Alq3 + QA* (5.4) 

In both cases, the yield of the luminescent state, QA*, is expected to be exponentially 

related to the excess free energy in these reactions, as Marcus theoiy^^"'"^ for electron 

transfer predicts. In Chapter 4, it was demonstrated that CT occurs predominantly by a 

hole trapping ("oxidized guest") mechanism in PVK-based OLEDs, based on data for 

DIQA and other phthalocyanine and naphthalocyanine-based dopants, and that the rate-

limiting step is the charge trapping step, or that shown in Equation 5.2.'" 

Significant changes in QA energy levels are not anticipated for changes in the extent 

of dendrimerization, based on similar redox-active core dendrimers;''^'''"'^' Theretbre, from 

a thermodynamics standpoint, rates of CT are not predicted to be influenced by the extent 

of dendrimerization. Studies showing rapidly declining rates of solution heterogeneous 

electron transfer for similar dendrimers'^"''"''' suggest, however, that increasing dendrimer 
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size might be detrimental to energy harvesting by CT pathways, a study of which has not 

been reported previously. This observed kinetic inhibition is likely due to increased 

spacing between the redox-active core and the electrode surface, and it is not clear if the 

dendrons will provide similar site isolation of the quinacridone core with respect to the 

small molecules and polymer chains participating in the bimoleciilar electron transfer 

processes that occur in the device. 

The novel quinacridone dendrimers described here have been assessed for their ability 

to undergo these energy harvesting reactions (ET and CT) in single-layer OLEDs, in an 

effort to predict their ultimate utility in solution-processed, multiple-layer devices. 

Additionally, their aggregation, photophysical, and electrochemical properties have been 

evaluated, since such properties have already been demonstrated to predict device 

peiformance (Chapters 3 and 4). Preliminary characterization of "next-generation" 

quinacridone dendrimers, which posses more robust properties desirable for the ultimate 

inclusion in multiple-layer OLEDs, is presented in companion to this chapter in 

Appendix C. 

5.2 Theoretical Background 

The theory of Forster energy transfer'^^''' '' and models for solid-state charge transfer 

(based on Marcus theory^'"^"'"") have been outlined in Chapter 4. Although it was shown 

that guest energy harvesting by CT routes is dependent on the excess free energy in 

reaction 5.2, it may also be anticipated that kinetic inhibition to electron tnmsfer, due 

here to the site isolation of the guest by extensive dendrimerization, may decrease the 
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efficiency of CT processes over that: predicted from purely thermodynaiDic 

considerations. 

Electron transfer in the device is a bimolecitlar process, and the rates for such 

processes in solution have been related to those measured at an electrodc surface 

(homogeneous electron transfer, A'") by Marcus.The rate of the bimolecular electron 

transfer in reaction 5.2 ( ) is accordingly described by the following equation 

where and arc the rates of electron self-exchange for PVK and QA, 

respectively, is the etjuillbrium constant, or exp(-AG/R'n, and fpyK-QA a 

constant, typically approximated as unityThe self-exchange rates ) are related to 

the homogeneous electron transfer rates {A"), or those measured between the molecule 

and an electrode surface, by the following equation 

where a is either PVK or QA, Z,v/„ and Z^./ are the collision frequencies between like 

molecules in solution and between the molecule and the electrode surface, respectively. 

From these equations, it can be shown that in solution the rate of electron transfer 

from one of the dendrimer materials (GX) to PVK relative to the rate of 

electron transfer from DIQA to PVK linearly proportional to A-" for the 

quinacridone material This is demonstrated by substituting the unique equations 

' 'PVK- PVK (5.5) 

(5.6) 
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obtained from Ekjuation 5.6 (for PVK and the given QA) into unique expressiotiN for 

Equation 5.5 (for DIQA and GX), and ratioing the resultant expressions: 

"•PVK-GX 
'PVK-DIQA 

i^pvK-i'VK '^Gx cx '^n'K-ax 'JpvK-Gx) 

{^PVK-PVK ' ̂DIQA-'}IQ''> " ^'PVK-DJQA • f PVK- DIQA ) 
(5.7) 

^pvK-<i: 
^PVK-l'VK .•tef 

f 7 
'•'sin 

* ^^I'VK ax • -f pvK~ax 
V t'l Jcx 

k f PVK-DIQA 
PVK -PVK • {^niQA ) 

Assuming f a J PVK-ax • f p V K  PVK~ntQA 
viii 

Z: 

''7 ^ 

7" V JIHQA 

t J \ 

\  1 / 2  
(5.8) 

' ^ PVK-inOA ' / DiQA J PVK-DIQA 

z. 
, and K PVK-GX ^PVK-MQA 

\ ^•'cl JGX V J DIQA 

(reasonable when oxidation potentials of GX and DIQA are similar); 

^PVK-GX /c" '^GX 
k A" PVK'DIQA '^DIQA 

(5.9) 

Therefore, to a first approximation, these equations for bimolecular electron transfer in 

solution suggest that changes in the rate of bimolecular electron transfer between the 

quinacridone material and PVK are linearly proportional to the heterogeneous electron 

transfer rate (fe°) for that quinacridone material at the electrode surface. This model may 

or may not be directly applicable to the solid state for device films of the type described 

here, with weakly interacting redox species embedded in a polymer matrix,. For example, 

there is no real collision frequency in the solid state, yet there must certainly be some 

analogous reaction probability. This model is applied to the solid here, however, in an 

effort to develop an understanding of any correlation between solution models for kinetic 

inhibition of electron transfer and luminescence properties of the device.^' "" It is 
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therefore investigated here whether rates of guest energy harvesting by CT processes are 

linearly proporfJonal to changes in A*" for devices of this type. 

53 Syfithesis/Structural Confirmation 

The quinaciidone dendrimer materials presented here were synthesized by Adrian 

Ortiz, undei- the guidance of CjeniTOa D. D'Ambruoso and supervision of Prof. Dominic 

V. McGrath (University of Arizona). Complete synthesis/structural characterization 

details are .published elsewhere.'^'^ Briefly, dendrimer materials were synthesized 

convergently, using dendron precursors prepared following previously published 

work."^'"'^ Precursor dendrons were coupled to quinacridone through an N-alkylation 

(NaOH, t-Bu4NI, and toluene at 80°C for 32-72 hrs) and products were purified by flash 

chromatography. Structural confirmation was achieved by gel-pemieation 

chromatography (GPC) and nuclear magnetic resonance spectroscopy (NMR). 

5.4 Photophyskal Characterization 

5.4.1 Solution properties 

vSolution absorbance and PL (fluorescence) spectra for the parent molecule, DIQA, 

and all of the quinacridone dendrimers are presented in Figure 5.3, and relevant 

photophysica! constants, along with molecular weiglits (MW), are summarized in Table 

5.1. Absorbance spectra are plotted on a scale of molar absorptivity and have not been 

normalized. Line shapes are nearly identical for all materials, and variations in the 

maximum intensity are indicative of varying molar absorf)tivities (Ehnax) at the 
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materials. 

oc. 



Table 5.1; Photophysical constants for quinacridone dendrimer materials. 

MW lifis &im.t 
n 

^-max. I'l. 
Rn,Alq.!l (A)' Dopant (g/niol) (mm) (10" M"' cm-') (nm) Q/' Rn,Alq.!l (A)' 

DIQA 452.6 524 1.79 537 0,85 29.0 

[GllQA 917.1 512 1.70 527 0.88 18.9 
[G2IQA 1766.1 513 1.38 528 0.84 17.2 
[G3:iOA 3464.0 513 1.63 528 0.91 18.6 

t-Bu[GO]QA 717.1 514 1.67 529 1.00 20.8 
t-Bii[Gi:|QA 1366.0 512 1.65 527 0.97 22.3 
t-Bu[G2]QA 2663.8 512 1.59 526 0.99 21.4 
t-Bu[G3]QA 5259.5 513 1.78 526 1.00 28.4 

•' All spectroscopic values are for dilute concentrations in CHCI3 at 
293° K. 

^ Fluorescence quantum yield ± ca. 0.06. 

Forster radius for energy transfer from Alq-,, using refractive index 
ofPVK(l.68). 
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wavelength of maximum absorbance (Amax, ai^}- A,mx. Abs for DIQA is 524 nm, and the 

dendrimer materials are blue-shifted fi'om this value by ca. 10 nm. £x,„ax values for all 

deedrimer materials are comparable to that of DIQA (1.79 x 10'* M"' cm '), with the 

exception of IG2|QA, which is slightly lower (1.38 x 10'^ M"' cm"'). 

As will be discussed through out this text, [G21QA behaves quite differently from the 

rest of the materials; however, its structure has been rigorously confirmed by GPC and 

NMR. It is not clear if this is due to aggregation effects, instability, or some other 

complication. 

PL spectra are presented in a normalized (to peak intensity) form, and dendrimer 

spectra tire blue shifted ca. 10 nm from DIQA, which has a wavelength of maximum PL 

intensity (YHNAX, PL) of 537 nm. All materials have Stokes shifts of ca. 14 nm. On this 

normalized scale, noticeable differences in the height of the shoulder band exist between 

these materials. For the Frechet series, the intensity of this band is fairly constant, yet 

more intense than DIQA. For the t-Bu-terminated series, this band is generally 

comparable to DIQA, but is significiuilly lower for t-Bii[G3]QA. The source of these 

deviations is not well understood; however, a likely possibility is that the changes in this 

band are due to vaiying extents of weak aggregation, even in these very dilute solutions 

(ca. iO'' M), where these intermolecular interactions typically result in a red-shifted 

excimer emission.'*^' Luminescence spectra are generally more sensitive to weak 

intermolecular interactions than absorbance spectra due to the long-range nature of self-

absorption (ca. 25 A). Solubility of the Frechet-series was generally much poorer than 

any of the other materials, and may be more subject to some weak intermolccular 



171 

association at these concentrations. Both DIQA and the t-Bu-terminated dendrimers have 

solubiliziiig hydrocarbon chains, which are known to inhibit quinacrklone 

-Ji Q Q 
aggregation." ' t-Bu[G3]QA, with its lower shoulder band, may be even less aggregated 

due to its immense dendron shell. Regardless of any weak intermolecular interactions. 

Beer's law plots were linear ibr all materials up to concentrations of ca. 10"" M, 

suggesting no extensive solution aggregation in this concentration regime. 

This difference in the PL properties of the Frechet and t-Bu-terminated dendrimers is 

also manifested in the fluorescence quantum yields for these materials (Qf). Values for 

the Frechet scries are comparable to DIQA (0.85), yet values for the t-Bu series are 

consistently higher (ca 1.00). Quantum yields were observed to decrease slightly with 

increases in concentration, even within this low concentration range (KT^'-IO"'^ M), 

supporting the determination of some weak intcrmolecular interactions. 

In order to assess the ability of these novel materials to participate in ET from the 

host emissive material, Alqa, the Forster radii for these host-guest dye pairs (RoAkis) were 

calculated (as described in Section 4.2) and are summaiized in Table 5.1. A value of 29.0 

A was obtained for DIQA. Values are slightly lower for the Frechet series (ca. 18 A) and 

the t-Bu scries (ca. 21 A), with the exception of t-Bu[G31QA, which has a comparable 

value (28.4 A) to that of DIQA. The lower values ai'e anticipated for the dendrimer 

materials because of the blue shift in their absorbance spectrum vs. DIQA, which has a 

Anm Aim (524 nm) nearly identical to the PL for Alq? (525 nm). This results in 

slightly decreased spectra! overlaps with Alqs emission. RoAiq3 values are generally 

slightly lower for the Frechet series than the t-Bu series due to slightly lower molar 
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absorptivities and subtle differences in the line shapes of the absorbance spectra. The 

slightly larger e^nm value for t-BiilG3,|QA, over the other dendrimer materials, results in 

the slightly larger value. 

5.4.2 Thin-film properties: imesligation of solid-state aggregation 

Of more importance to the performance of these quinacridone materials as guest 

dopants in Ol.EDs is their aggregation and photophysica! properties in the solid-state. 

Due to the enhanced solubility of the t-Bu-terminated series, these materials are much 

better candidates for solution-processed OLEDs, and are thus the focus of further 

discussion. 

The tendency of these materials to form crystalline aggregates on a glass surface was 

qualitatively assed by allowing 1 mg/raL solutions (fixed total volume) of each material 

to evaporate in a glass scintillation vial, and the results were compared to DIQA. A 

photograph of the vials, after complete solvent evaporation, is presented in Figure 5.4. 

DIQA begins to deposit on the glass at the initial solvent level (beft)re evaporation), and 

aggregates are distinctively crystalline. For t-Bu[G©]QA and t-Bu[Gl]QA, deposition 

on the glass surface occurs at subsequently lower solvent levels (higher total solid 

concentration), and aggregates appem* less crystalline. For t-Bii[G2|QA and t-

Bu[G3]QA, no deposition was observed along the vial walls during solvent evaporation, 

and amorphous material remains at the bottom of the vial. These results qualitatively 

suggest that between t-B«|GlJQA and t-Bii[G2'JQA, the quinacridone core is 

sufficiently isolated by the surrounding dendrons, as to prevent strong interaction 
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w^mi ^m. 

Figure 5,4: Crystallization study of DIQA and t-Bu-terminated quinacridone dendrimers. 

Photograph is of scintillatton vials, initially filled with equal volumes of ca. 1 mg/niL CHjCli 
solutions of the various materials. Solutions were allowed to evaporate, and crystallization 
on a glass surface was assessed. Proceeding from DIQA to t-Bu[Gl|QA, crystallization 
becomes less significant. For t-B«[G2]QA and t-Bu[G3]QA, only amorphous-like material 
is recovered. Ca 

UJ 
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between quinacridone moieties and/or between tiie quinacridone moiety and the glass 

surface. These intermoleciilar forces are likely due to dipole-dipole interactions between 

quinacridone moieties (i.e. between partially positive N atoms and partially negative O 

atoms). In the case of the glass surface, electrostatic interactions are likely, in addition to 

dipole-di pole i n teractio ns. 

This inhibition of aggregation by the dendritic arms on these molecules is more 

quantitatively assessed in the absorbance and luminescence spectra (X«x« 490 nm) of neat 

thin films (ca. 40 nm thickness) of these materials on glass, as shown in Figure 5.5. 

Relevant photophysical properties are summarized in Table 5.2. In Figure 5.5a, 

normalized absorbance and FL spectra are presented for the t-Bu series in panels "ii", and 

reference spectra for a dilute, unaggregated solution of t-Bu[G2]QA is presented in panel 

"i". In Figure 5.5b, normalized absorbance spectra for neat thin films of the Fr&het 

materials are presented. Aggregation in the solid-state is typically manifested as a blue-

shift and broadening of the absorbance band, due to interactions between the electronic 

transition dipoles of adjacent dyes in the aggregate, and a red-shift and broadening of the 

luminescence spectrum, due to excimer emission.''^' Therefore, Stokes shifts (AJl„ua) are 

generally increased as a result of aggregation. From the spectra in Figure 5.5a, it is clear 

that the quinacridone moieties are extensively aggregated in films of DIQA, t-

Bii[GO]QA, and t-Bu[Gl]QA » 110 nm). Between t-Bii[Gl]QA and t-

Bii|G21QA. a dram,atic change is observed (as was qualitatively above), and spectra 

begin to approach those of the unaggregated dilute solutions (AA„aj = 55 nm). 

Bu[G3]QA is even less aggregated (Mmax = 50 nm), and luminescence is less subject to 
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Figure 5.5: Absorbance and luminescence spectra for neat thin films. 

(a) t-Bu series: (i) reference solution spectra for G2, («) normalized absorbance and 
luminescence for neiit thin films (including DIQA). (b) Frechet series: normalized 

absorbance spectra for neat thin films (including DIQA). Overall, spectra approach 
solution monomer spectra and aggregation and self-absorption decrease with increases in 

generation, more quickly for the t-Bu series. Thin-film absorbance spectra have been 
baseline subtracted to emphasize visible band. 



Table 5.2: Physical constants for neat thin films of t-Bu-
terminated detidrimers and DIQA. 

Dopant 
MW 

(g/mol) {niB^) (10^ M) 
^MAX, AH 
(nm) 

PI 
(nm) (nm) En: 

DIQA 452.6 0.48 35 498 595 97 1.0 
t.Bu[GO]QA 717.1 1.0 17 495 616 121 1.4 
t-Bui:Gl]QA 1366,0 2.1 7.8 496 616 120 2,5 
t.Bu[G2]QA 2663.8 4.2 4.0 .515 570 55 4.3 
t-BulG3]QA 5259.5 8.6 1.9 516 566 50 6.8 

^ Connolly solvent-excluded volume for space filling models of the 
type shown in Figure 5.6, using a 5 A diameter probe molecule. 
^ Effective concentration of quinacridone moieties in neat film, based 

on V„, 
Photoluminescence efficiency of neat thin films, relative to DIQA. 
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self-absorption; however, some residua! excirner (red-shifted) emission exists in these 

highly-concentrated moleculai* films and JA„iar is still significantly larger than in solution 

(14 nm). 

The changes in the PL spectra with generation are consistent with qualitative 

observations of the luminescence of bulk powders of the t-Bii series under UV 

illumination (365 nm), a photograph of which is presented in Figure 5.6, along with 

space-filling models of the molecules. Here, it was observed that luminescence intensity 

becomes greatly enhanced as generation (MW) is increased, and emission goes ixom red 

(t-Bu[GO|QA) to green (t-Bu[G3]QA) across the series. In solution, however, it was 

observed that all materials have similar green emission. 

These qualitative observations were further investigated by measuring the PL 

efficiency (Epi) for neat thin films of the t~Bu series, with respect to DIQA, as presented 

in Figure 5.7 and summarized in Table 5.2. As generation number increases, the relative 

PL efficiency of the neat films increases logarithmically, up to a value 6.8 times that of 

DIQA for t-Bu[G3]QA, which is consistent with the qualitative observations above. 

Annealing the films generally results in Epi values decreased by ca. 40% over unannealed 

films, likely due to molecular movement at elevated temperatures and formation of more 

extensive quinacridone aggregates upon cooling. These enhancements in luminescence 

with increasing dendrimer generation are attributed to the increased spacing between 

quinacridone moieties, provided by the dendrons themselves. As the quinacridone 

moieties are spaced farther apart (decreasing effective concentration), the efficiency of 



Flgiire S.6t Space tilling models and luminescence of bulk powders of t-Bu-teraiinated quinacridone dendriniers. 

Under UV illumination (365 nm), powders become dramatically more luminescent, and emission goes from red to green. 
-OC' 
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PL efficiency increases dramatically with generation (MW of 
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self-absorption decreases, less excimer (red-shifted) emission is observed, and the 

material becomes more luminescent. 

5.43 Molecular modeling 1: quinacridone concentration in neat films 

This determination is supported by calculations from the space-filling models of these 

molecules (Figure 5.6), where large differences in the effective concentration of 

quinacridone moieties in the neat thin film (C) are anticipated. A rough estimate of 

concentration was determined from the Connolly solvent-excluded volume (V,,,) for these 

molecules, as calculated by methods described in Section 2.8. Briefly, this volume 

represents the excluded volume for a 5 A probe molecule rolled over the surface created 

by the space-filling models for these materials. The choice of a somewhat large probe 

"solvent molecule" diameter (water is 1.4 A) was intended to give an approximate, 

effective exclusionary volume for the molecule in the solid-state. Resultant values for 

this calculation are presented in Table 5.2, and they increase over an order of magnitude 

from DIQA (0.48 nm"^) to t-Bii[G3]QA (8.6 nm^). C was then calculated from these 

values using the following equation 

where NA is Avogadro's number (6.022 x 10^"' m.o]"'), and resultant values are listed in 

Table 5.2. The molecular structure chosen for this calculation represents a vei7 extended 

tertiary confirmation of the molecule, and therefore, concentrations calculated likely 

represent lower limits. This is sufficient, however, to demonstrate the relative trend in C 
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with dendrimer generation. The concentration of quinacridone moieties in the neat tliin 

fihn decreases more than an order of magnitude from DIQA (3.5 X lO' M) to t-

ByfG31QA (1.9 x 10" M), explaining the dramadc increase in the observed luminescence 

intensity. These findings are of extreme importance for the potential application of these 

materials as a neat, emissive thin film, sandwiched between hole and electron transport 

materials in OLEDs. The findings suggest that luminescence from the quinacridone in 

the biased device will be greatly enhanced, as long as rates of guest energy harvesting, by 

ET and CT processes, are not significantly inhibited. 

5.5 Electrochemical Characterization 

5.5. / Determination of redox potentials 

It has been shown in Chapter 4, and elsewhere,'that the determination of redox 

potentials by cyclic voltammetry (CV) can be useful in predicting the performance of 

target guest dyes for OLEDs. Accordingly, CVs for DIQA and the t-Bu series are 

presented in Figure 5.8, CVs for the Frechet series are presented in Figure 5.9, with the 

same DIQA reference CV, and relevant electrochemical constants are summarized in 

Table 5.3. All voltammograms were acquired in CHiCb, where DIQA has two reversible 

oxidations and reductions, which have been shown to be completely reversible in 

acetonitrile on this time scale (100 mV/s).'^^"" Dashed CVs represent scans of the first 

oxidation only^ demonstrating the reversibility of this wave alone. 

The formal potentials of the first and second one-electron oxidation and reduction 

processes of all quinacridone dendrimers are not significantly changed from DIQA, 
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Figure 5.8: Cyclic voltammograms for DIQA and i-Bu-ierminated 
quinacridone dendrimers in CHjCl^,-

As dendrimer generation increases, redox potentials are not 
significantly shifted, but diffusion coefficients and heterogeneous 
e.lectron transfer rates are decreased. Dashed lines represent CVs 
for the first oxidation process only. 
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Figure S.9: Cyclic voltaniniogram.s for DIQA and Frechet-series quinacridone 
dendrimcrs in CH,CU 

As dendrimer generation increases, redox potentials are not significantly 
shifted, but diffusion coefficients and heterogeneous electron transfer rates 
are decreased. Dashed lines represent CVs for the first oxidation process 
only. Solubility is poorer than for the t~Bu series. Extremely limited 
solubility of IG21QA required analysis of supersaturated (sonicating in heat) 
solutions, inhibiting kinetics studies. Oxidation of [G3]QA is observed, 
where it was not for t-Bu[G3:iQA. Reversible reductions could not be 
obtained for (G2JQA and |G3]QA. 



Table 5.3: Electrochemical properties of quinacridone dencirimer materials. 

Dopant 
M W  

(g/mol) 
E°'ox,> (V) 
vs. Fc"/I c 

if''"' Meil,l (V) 
VS. Fc'^/Fc 

Da 
(10"'' cin^ s"') 

k" 
(H)"'' cm s'') 

DIQA 452.6 0.73 -1.72 14 11 
[G1]QA 917.1 0.78 -1.75 2.7 3.4 
(G2]QA 1766.1 0.76 - ~2.1 " -2.9 '' 
[G31QA 3464.0 0.75 - 1.5 1.5 

t-Bu[G«;iQA 717.1 0.76 -1.78 5.7 4.8 
t-BiilGl]QA 1366.0 0.79 -1.75 2.6 2.9 
t-Bu[G2.|QA 2663.8 0.83 -1.70 1.7 1.2 
t.Bii[G3]QA 5259.5 -0.80' - -0.8 •= -0.6' 

'^Electrochemical measurements were made in CH.,Cl,at 293° K, in the 
presence of 0.1 M TBAHFP supporting electrolyte. 

For [G2]QA: and k° were estimated by interpolating the data for 
the rest of the Frechet series. 
^ For t-Bu[G3]QA: Potential is approximate, and were e8tim,ated 
by extrapolating the data for the rest of the t-Bu series. 



consistent with previous studies of other dendrimers with redox-active cores, where no 

electrochemical interaction exists between the core and the dendrons.'"''"*' Although 

redox potentials are roughly the same, the enhanced solubility of the t-Bu series (Figure 

5.8) leads to greatly enhanced CVs over the Frechet series (Figure 5.9). t-Bu[G01QA, t-

BuIGllQA, and t-Bu|G2jQA have reversible first oxidations and reductions; however, 

second oxidation and reduction peaks rapidly become irreversible at larger generations. 

By t-Bu[G31QA, no oxidation or reduction processes can be observed by CV. For the 

Fr&het series, [GlIQA has reversible first oxidations and reductions; however, by 

[G2]QA, reduction waves and second oxidations become irreversible on this time scale 

(100 mV/s). Although [G31QA has poorer solubility than t-Bii[G3]QA, its first 

oxidation could be observed by CV. This suggests that bulky peripheral groups, such as 

the t-Bu groups here, play a significant role in site isolation of the dendrimer core. 

Differential pulse techniques, which provide much higher signal to background, were 

additionally employed in an attempt to recover an oxidation potential for t-Bu(G3]QA. 

In Figure 5.10, a differential pulse voltaramogram (DFV) is presented for a solution, 

supersaturated with t-Bu[G3JQA (sonication and heat) to an approximate concentration 

of 1 mM. The solution also contains an internal standard of 1 mM ferrocene (Fc). 

Despite the fact that a very prominent Fc oxidation peak is observed, no oxidation of t-

BufG3]QA is observed. This observation is likely due to extremely slow rates of 

diffusion and heterogeneous electron transfer for t-Bu|G3]QA. 
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No observable peak for t-Bu[G3]QA 

-10 
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Figure 5.10: Differential pulse voltammogram (DPV) of t-
Bu[G3]QA and ferrocenc internal standard. 

DPV is for a solution, super saturated (sonication in heat) 
with t- Bu[G3:iQA to a concentration of ca. 1 mM. Solution also 
contains ferrocene (Fc) as an internal standard at the same 
concentration. 
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5.5.2 Rates ofdijfumm and helerogeneom electron transfer 

Despite the feet that the dendrimer materials have similar redox potentials to DIQA, it 

was anticipated that kinetic inhibition to electron transfer, due to the isolation of the 

quinacridone core by the dendrons, may also influence the harvesting of energy (CT 

routes) by the guest dopant in OLEDs. Thus, diffusion coefficients, Do, and standard 

rates for heterogeneous electron transfer, k'\ were measured for these materials from the 

first one-electron oxidation wave. Resultant values are listed in Table 5.3, and 

representative supporting data is presented in Figure 5.11. In Figure 5.1 la, representative 

cyclic voltammograms are presented for t-Bii[G2JQA at a I'ange of scan rates (v = 100 -

800 mV/s). As described in Section 2.1.4, Do was determined from the peak current (ip) 

of the anodic peak (oxidative, lower) for each v and averaged using the determined 

electrode area of 2.8 x 10"^ cm", k" was determined from the separation in the cathodic 

and anodic peaks, AEp, as a function of v. Linear diffusion, a criterion for the validity of 

these kinetic measurements, was confirmed for all materials from linear plots of ip vs. 

v''", as shown in Figure 5.1 lb for the largest molecule that kinetic measurements could be 

made for, t- Bu[G2]QA. 

Both Do and k° decrease an order of magnitude from DIQA (k° = 1.1 x 10 ~ cm s^') to 

t-Bu[G2]QA (/c® = 1.2 X 10'^ cm s^') or [G3|QA (k" = 1.5 x lO"'' cm s"'). Kinetic 

measurements could not be made tor t.Bu[G3|QA because of even slower rates. 

Additionally, kinetic measurements could not be made for l'G2JQA because of 

extremely-limited solubility. In order to recover redox potentials for this material, it was 

necessary to prepare supersaturated solutions, where this approach to determine is 
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Figure 5.11: (a) Cyclic volraramograms of t-Eii[G21QA as a'function of 
scan rate (v). (b) Peak current (/^,) vs. for these CVs. 

As scan rate increases, peak separation and ip increase. Linear diffusion is 
confirmed by the linearity of vs. v"", shown here for the largest 
dendrimer used for kinetics studies (t-B«[G2]QA). 



invalid. Although these values could not be measured directly for these materials, 

estimated values are reported (Table 5.3) based on extrapolation or interpolation of the 

data for the rest of the given series to the MW of the material of interest, k'' is up to 2.5x 

slower at each dendrimer generation for the t-Bu series, vs. the Frechet series, suggesting 

that these t-butyl groups play a significant role in core isolation. 

5.5.3 Molecular modeling If: quinacridone core isolation 

This complete electrochemical encapsulation in solution (especially by DPV), as was 

observed for t-Bui:G3]QA, is quite rare for redox-active core dendrimers.^^"" This 

concept of efficient encapsulation of the dendrimer core is further conceptualized in 

Figure 5.12, where space filling models are presented for t-Bu[G3]QA and [G3]QA, the 

latter of which did not show complete isolation of the core in CVs. Structures are shown 

along with their solvent-excluded surfaces for a 5 A probe molecule. The structures 

represent an entirely extended tertiary confmnation of the molecules, and they are 

identical, with the exception of the addition of t-Bii groups on the periphery of t-

Bu[G3]QA. It is clear that the bulkiness of the t-Bu groups creates a more isolating 

surface for the quinacridone core in this con,firmation, and likely in most other 

confirmations as well. 

A measure of this encapsulating effect is determined for these two materials by 

calculating their (Connolly) solvent-excluded volumes (V,,,) for this molecular 

confirmation, resulting in values twice as large for t-Bu[G3|QA (8.6 nm'') than [G3]<|A 

(4.6 nm"'). V,,, values were listed previously for DIQA and the rest of the t-Bu series in 



Figure 5.12: t-Bu[G3]QA and [G3JQA space filling models and relationship to solvent excluded volume. 

Torsion angles were chosen manually and minor energy minimization was performed on the t-
Bu|G3]QA structure, tlien t-Bu groups were removed to create the [G3]QA stnicture. Highlighted 
volume indicates the solvent excluded volume for a 5 A probe molecule 
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Table 5.2. Although exposure of the quinacridone core to the electrode surface, not to a 

solvent molecule, is the critical factor for homogeneous electron transfer, these structures 

and measurements provide a pseudoquantitative measure of the difficulty these molecules 

experience in exposing the quinacridone core to the electrode surface. It is interesting to 

note that based on the limited study here, it appears that k" values scale approximately 

inversely with the molecular volumes reported in Table 5.2 and Figure 5.1, suggesting 

that such theoretical calculations may be useful in predicting solution heterogeneous 

electron transfer rates for redox-active core dendrimers. Tlie influence of k'^ on the 

efficiency of energy harvesting in OLEDs, however, has not been studied previously and 

is the tbcus of further discussion. 

5.6 Efficiencies of Energy Harvesting in OLEDs 

5.6.1 Observed efficiencies 

In order to assess any correlation between the physical properties measured for these 

novel materials and their performance in OLEDs, iTO/PVK-Alqi/A! single-layer devices, 

doped with varying concentrations of DIQA or any of the t-Bu~series materials (0 - 8 mo! 

% of Alqs), were prepared and evaluated. The enhanced solubility and misci,bility of the 

t-Bu series, over the Frechet series, results in superior solution-processed OLED films; 

and thus, OLEDs composed of Frechet-series dendrimers were not extensively evaluated. 

OLEDs containing the t-Bu-terminaied quinacridone dendrimers as dopants give current-

voltage and luminescence intensity-voltage properties comparable to the DIQA devices 

presented in Section 3.4. As shown in Figure 5.13, OLEDs behave as typical forward-
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Figure 5.13: Device cun-ent density and relative EL intensity vs. bias voltage for 
a t-Bu[G3JQA-doped (0.1 %) PVK-Alqj OLED. 

OLEDs composed of the quinacridone dendrimer dopants function as 
standard forward-bias diodes, with compai'able turn on voltages (ca. 15 
V) and current-voltage properties to Alq3~only or DIQA-doped Alq, 
devices, even when doped with the largest dendrimer studied (t-
BII|:G3|QA). 
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bias diodes, with turn on voltages of ca. 15 V, even for the largest dendrimer studied, t« 

Bu|G3]QA. 

Representative photoluminescence (PL) and electroluminescence (EL) spectra are 

shorn' in Figure 5.14 for t- Bii[G2:iQA devices with a range of doping concentrations (0 -

8 mol %), and spectra have been normalized to give a peak intensity of unity. For the PL 

spectra, optical excitation was achieved at 390 nm, where only Alq.-i absorbs significantly. 

At a doping concentration of 0 %, PL and EL spectra are consistent with those shown in 

Chapter 3 for Alq3(host)-only devices. As the dopant concentration is increased, host 

emission is quenched, and spectra are identical to those obtained for DIQA devices 

(Chapter 3). Spectra show virtually no evidence of quinacridone aggregation (even at 8 

mol %), reminiscent of the solution PL spectra for these materials (Figure 5.3). 

The emission intensity at 490 nm in plots such as these, Im), arises only from Alq^ 

emission in either PL {Uwjh} or EL ihm.EL) operalion, and decreases in Im) are used as a 

relative measure of the energy harvesting efficiency of the quinacridone dye. These 

values are plotted against dopant concentration in Figure 5.14c for the t-Buf€s2]QA 

spectra, and in Figure 5.15 for DIQA through t-Bu[G2JQA at all concentrations studied. 

This value is approximately 0.85 in EL and PL for Alq.ronly (0 % guest) devices. In PL, 

Lm decreases from this value only by Forster energy transfer (ET) from Alqs to the guest 

quinacridone.'' This decrease is approximately the same for all of the QA dyes at any 

given concentration, suggesting that ET efficiency does not change with increasing 

dendrimer size; i.e. the Forster radii of these dyes are nearly constarst (as in Table 5.1), 

and host-guest separation is not significantly perturbed by dendrimer size, hm is always 
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Figure 5.14; Photoliiminescence (PL) and electroluminescence (EL) spectra of 
t-Bui,G21QA doped devices. 

(a) PL spectra; = 390 irm and (b) EL spectra for PVK-Alq3 OLEDs at 
various concentrations of (mole % vs. Alq,) (solid line = Alcj3 
only); (c) (PL and EL), due to Alq3 emission only, as a function of t-
Bu[G2|QA doping concentration. Alq< host emission is quenched with 
increased guest dye concentration, always more efficient in EiL than PL for all 
quinacridone dyes studied. 
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Figure 5 .15: Intensity at 490 nm (l^go) in normalized (a) PL and (b) EL spectra of 
doped OLED thin films as a litnction of dopant concentration. 

In PL and EL spectra, normalized to a maximum intensity of unity, is inversely 
related to the efficiency of guest energy harvesting, is larger (poorer 
harvesting) in PL than in EL for all dopants and concentrations studied. 
Differences between dopaiitK are more subtle and require further statistical analysis 
to determine significance. 
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lower in EL than in PL for all QA concentrations, in DIQA-doped" and dendrimer-doped 

OLEDs (Figure 5,14 and Figure 5.15). It has been postulated that this enhancement in 

Alq3*-quenching efficiency (I490.PL ~ J-TW.EI) arises in EL devices because it is 

eiiergetically favorable for quinacridone dyes to trap charges, which results in 

0 1 "? 'Ii Q '*) 
luminescence upon charge recombination, per Equations 5.1 - 5.4. ' 

Despite the dramatic differences between Im.pL and l49aEL for a given quinacridone 

dopant, changes in either of these values across dopants are more subtle, and further 

statistical analysis is necessary in order to discern any trends in the data. A more 

thorough study (n = 3) was carried out at a fixed dopant concentration of 0.1 mol%, 

where the largest differences between PL and EL were observed and where differences 

between 14W,EL values for the various dopants were the greatest. The results of this study 

are plotted in Figure 5.16b, along with a summary of other important physical parameters 

in Figure 5.16a. As would be predicted based on their calculated RQ values (Table 5.1), 

all quinacridone materials studied quench Alqj PL by ET with roughly the same 

efficiency, yielding comparable l-miPi values. With the given uncertainties it is difficult 

to discern, but it is possible that more efficient quenching (lower l49(u>i values) is 

observed for DIQA, and slightly less efficient quenching (lower 149o,pl values) is 

observed for t-B«[G3]QA. This is expected for DIQA, which has a slightly higher RQ 

value than most of the other materials, but it would have been predicted that t-

IM[G3:iQA would have a similar I-IQO.PL value to DIQA. This slightly larger observed 

value may be indicative of a subtle increase in the average Alq3™QA distance in the PVK 

matrix, as induced by the dendrons. Experimentally observed LmiEi values are 



197 

t"Bu Dendrimers: 

(a) 

10''" 

"•f'li f'r 
G3A 

G2 
A 

CO 

E 
o 

G1 

1 0 "  

GO 
A 

DIQA 
A 

(b)t 
 ̂0.6 

-1 1 i I i I |- "I"'"' 

Oi 

£ 0.5 
c 
o 
§ 0.4 

"S 
 ̂0.3 

'co 
c 
© 

} 

in PVK-Alqg Films 

* * i 
o 

0.2 

300 

} i 
1000 

i 

8 

1 

0.8 

>. 
o 
c 
2 
'o 
kz 
LU 

© 
cr 

I 
LJL 

CO 

Z 

• PL 
• EL 

i 

O EL 
obs. 

calc. 

8000 
Quinacridone Dopant MW 

Figure 5.16: Summary of photophysical, eJectrocheniicaJ, and OLED energy 
harvesting properties of the t-Bu-temunated quinacridone de-ndrimers and DiQA. 

Data is presented as a function of QA dopant moiecular weight (MW), (a) 
Solution heterogeneous electron transfer rate (k'\ estimated for t-Bii|Ci3|QA, 
see text) and neat thin lilm PL efficiency relative to DIQA. (b) PL and EL 
(experiraentaJ and theoretical based on k'-') behavior for ITO/PVK-Alq^/Al 
single layer OLEDs doped with the subject quinacridones at 0.1 mol%. 
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significantly less than Im,PL values for all dopants, indicative of extra CT routes to guest 

emission io the biased device. A subtle increase in Lmuu. values is observed with 

increases in generation, suggesting some increasing inhibition of CT routes; however, it 

is useful to consider theoretical ImM. values in determining any correlation in this trend 

with 

5.6.2 Calculated efficiencies and relationship to observed values 

In order to determine any relationship between k° and the energy harvesting 

capabilities of the quinacridone dendrimers in the OLED, anticipated values of Imm. 

were estimated. Assuming that I490.PL - hmM, in these thin film formats will be directly 

proportional to the solution heterogeneous rate coefficient, k", as discussed in Section 5.2 

above: 

~ h9(Uii ~ ')  

where Car is a proportionality constant for the charge-trapping step. Using 

experimentally measured DIQA values for If (Table 5.3, l.l x 10"" cm/sec) and I49(),el and 

hw.i'i (Figure 5.16b, 0.57 and 0.16, respectively), Ccr was determined to be 37.3. 

Anticipated values for I49O,EL were then derived from Eqn. 1 for the other QA dendrimers 

using the If and Lm,n. data tbr each material reported in Table 5.3 and Figure 5,16b, 

respectively. As seen in Figure 5.16b, Im.Ei is expected to converge with t490.p1 by the 

time the dendrirner reaches generation 3. 

The measured values of imuii, however, increase by only a factor of 2x from DIQA 

to t»Bii[G3]QA, suggesting that CT routes to QA emission are only slightly inhibited 
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with increasing MW of the dendrimer, in contrast to the dramatic decreases seen in 

solution /c" values (summarized in Figure 5.16a). These obsei"vations suggest that charge 

trapping/recombination reactions in dendiimer-doped OLEDs are relatively facile and 

that PVK and/or A!q3 cannot be fully excluded from the quinacridone core in these spin-

cast devices, allowing these short-range (<8 A) CT reactions to take place. 

5.7 Concluskms 

The key findings of this chapter were presented in Figure 5.16. In summary, a series 

of novel quinacridone dendrimer materials have been evaluated as candidates for guest 

dopants in OLEDs. From solution electrochemical and photophysical studies, it has been 

determined that the molar absorptivity, quantum yield, peak absorbance wavelength, peak 

luminescent wavelength, and redox potentials do not change significantly with dendrimer 

generation. Diffusion coefficients and rates of heterogeneous electron transfer decrease 

dramatically with generation, as has previously been observed for other redox-active core 

dendrimers. Neat thin films of these materials show decreasing tendency towards 

aggregation of the quinacridone core with increases in generation, as evidenced by 

absorbance and luminescence spectra, and therefore become more luminescent. Single 

layer OLEDs, of the type rrO/PVK-Alqirquinacridone dopant/Al, were constructed and 

characterized. Comparisons between PL and EL spectra of these devices demonstrate the 

presence of quinacridone energy harvesting routes that exist in addition to Fdrster energy 

transfer, namely charge transfer/recombination reactions. The efficiency of these 
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processes is largely independent of dendrimer generation for the range studied here, 

despite the rapidly declining rates of heterogeneous electron transfer. 

Overall, these results suggest that dendrimerization of highly luminescent dopants is a 

sound strategy Ibr inhibiting aggregation of the core, which will lead to enhanced 

luminescence efficiency in multi-layer OI.EDs containing a neat thin film of tlie 

quinacridone dopant. By careful design of the dendrimer side chains, this prevention of 

core aggregation can be achieved while maintaining the efficiency of energy and charge 

transfer reactions to and from the core. 

Future work will involve the investigation of "next-generation" materials of the type 

shown in Figure 5.17. A series of quinacridone dendrimers with p-phenylenevinylene 

(PPV) dendrons are currently in a stage of preparation (Gemma D'Ambruoso, McGrath 

Group, Department of Chemistry, University of Arizona) and early characterization. 

These peripheral groups may serve as a hole transport material and additionally donate 

energy/charge to the quinacridone core. Allyl-terminated and cinamyl-terminated 

dendrons, also currently in development, are polymerizable and may be used to create a 

cross-linked film of quinacridone moieties with a regulated intermolecular distance. 

These materials would be ideal for solution-based fabrication of multilayer OLEDs 

(which are generally more efficient than single-layer devices), where cross-linking is a 

critical step in order to prevent film dissolution upon casting of subsequent layers, a topic 

discussed in further detail in Chapter 8. Preliminary characterization of some "next-

generation" quinacridone dendrimer materials is presented in Appendix C. 
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,PPV[G1]QA 

Figure 5.17.* "Next-generation" quinacridone dendrimer materials. 

Para-phenylenevinylene (PPV) deiidrons may serve as a hole 
transport material and additionally donate energy/charge to the 
quinacridone core in "next-generation" OLEDs. Allyl-terrainated 
dendrons are polymerizable, and may be used to create a cross-
linked film of isolated quinacridone moieties, facilitating 
solution-based ftibricalion of multiple-layer OLEDs. 
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CHAWER6 

CHARACTEMIZATION/OPTIMIZATION OF THE ELECTRONIC 

PROPERTIES OF SIJPRAMOLECULAR MATERIALS CONTAINING 

MULTIPI.E, IDENTICAL REDOX SITES 

6.1 Introduction 

As the studies in the previous chapters have indicated, the proper design of 

electronic energy levels is critical for the efficient performance of materials in organic 

electronic devices. While the electrical properties of such materials have traditionally 

been controlled by changing the extent of conjugation and substitution with electron 

donating/withdrawing groups, it may also be possible to control electrical properties by 

designing organic-inorganic hybrid materials with multiple redox-active centcrs.'"' 

Numerous reports exist for molecules containing multiple identical redox centers,'"^^ as is 

the case for the materials described in this chapter. Some of these reports demonstrate 

sequential, or coupled, redox activity of these sites, where the oxidation/reduction of the 

first center changes the energy required to oxidize/reduce subsequent, identical 

centers.®"""''^ In other cases, all sites behave independently of each other, resulting in a 

single redox event with a total number of electrons passed equal to the number of redox 

sites per molecule.'^'Since it is difficult to predict such behavior, it is important to 

develop models for it by characterizing the electrical properties of such materials, relating 

these measurements to the design of the molecular structure. 
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The redox site utilized here, which was described in more detail in Chapter I, is a 

metal cluster, rRe6(//3-Se)8f'^, which has a single, reversible oxidation.'"'*''''""""'' If the 

cluster is prepared such that it contains at least one terminal ligand that is labile, such as 

MeCN, these clusters can be coupled to organic molecules and organic-based, multi-

cluster assemblies may be fabricated.'""' For example, the organic-bridged dicluster 

assemblies shown in Figure 6.1, R-R and R-C=C-R, may be prepared by reacting two 

equivalents of the parent cluster, fRe6(//3-Se)8(PEt3)5(NCMe)]^"*' or R (Figure 6.1), with 

one equivalent of the bidentate iigands 4,4'-bipyridine (4,4'-bpy) or (ii)-1,2"bis(4-

pyridyl)ethene, respectively.^' In addition to these sttiictures, linear cluster trimers have 

been prepared by connecting the clusters with two 4,4'-bpy Iigands, and square-shaped 

tetramers have been assembled with 4,4'-bpy, l,2-bis{4-pyridyl)ethane, or (£>l,2-bis(4-

pyridyl)ethene linking Iigands, respectively.'' 

Numerous materials containing the [Re6(//3-Se)s]"'^ cluster used here have previously 

been characterized electrochemically, where the ability of these clusters to facilitate 

electronic communication between multiple redox-active Iigands,and between like 

I R 0 cluster moieties on the same molecule'* have been assessed. The organic-bridged 

diclusters, bridged linear tricluster assemblies, and square-shaped tetramer assemblies 

described above (and in Figure 6.1) have been shown to give uncoupled cluster 

oxidations by standard cyclic and differential pulse vohammetries.'^'*'' Despite these 

observations for the cluster, coupled redox activity has been observed for 

other Co and Ru-based clusters with short, aromatic organic bridges such as these 

Iigands.Strongly-coupled cluster oxidations have been observed, however, for 
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Figure 6.1: Structures of cluster monomer (R) and dimers (R-R and M-C=C-R). 
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[Re6(/i3'Se)«]"''• diclusters bridged by Re and Se metal atoms,® suggesting that redox 

coupling (electrical communication) may be less likely at larger intercluster distances and 

across organic linkers. Yoshimura et a!., in studying [Re6(//3-S)8]"^' clusters containitig 

two A^-heterocyclic ligands (essentially the structural inverse of the dimers described 

above and shown in Figure 6.1) observed splitting of ligand reduction processes, 

suggesting electronic communication across the cluster is possible.'^' In another study, it 

was shown that for a [Rec)(//;rSe)8]^''' cluster with 6 porphyrin ligands (essentially the 

inverse stnicture of the R4 series described later in this chapter), porphyrin reductions 

were not coupled, suggesting that larger ligands may be capable of stabilizing the excess 

charge incuiTed upon oxidation/reduction, without significantly polarizing neighboring 

ligand moieties through the cluster,"" 

Described in this chapter is the effort to characterize the electrochemical 

properties of a series of novel [RefX/ArSe)^]"'^ cluster-organic supramolecular assemblies 

containing three (tripyridyl triiizine core), four (porphyrin core), and up to seven clusters 

per molecule for dendrimer-like cluster materials (cluster core, 6 linked peripheral 

clusters). Additionally, a cluster-polystyrene copolymer is evaluated. In order to obtain 

high resolution and high signal to background voltammograms, as well as recover 

absolute coulometric information for these materials, a thin-layer cell electrode (TL£) 

was developed and utilized for such characterization studies. Based on the literature 

reports described above and in Section 1.4, it was anticipated that the materials described 

here would likely have uncoupled oxidations; however, previous reports on multiple 

[Re6(//3-Se)8]'^ cluster materials have not included data at the high resolution obtainable 
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with the TLB technique described here, where superior resolution is typically obtained 

over standard cyclic or differential pulsed voltainmelry in this laboratory. Additionally, 

the architecture of the multiple-cluster macromolecules described here i.s novel for such 

clusters, and the role this may play in coupling of redox sites was not known. With these 

considerations in mind, detection of coupled oxidations for these materials was deemed 

possible, warranting such investigation. Also based on these reports, it was anticipated 

that any coupling between clusters would occur by a through-bond polarization, the 

additive effect of which was considered to potentially be quite substantial for the 

dendrimer-like materials described here, which contain seven clusters per molecule. 

6.2 Development of the Thin-Layer Cell Electrode (TLE) 

6.2. / Motivation and electrode design 

A thin-layer cell electrode (TLE), a schematic of which is presented in Figure 6.2, 

was designed/fabricated by modifying a design previously-reported from this research 

group." ' This electrode was developed in order to enhance voltammetric resolution and 

perform exhaustive electrolysis on analyte solutions, yielding coulometric information for 

the relevant redox event. The electrode was designed such that these measurements 

could be made using the setup described in Section 2.1.! iw standard cyclic voltammetry, 

where the working electrode is simply replaced with the TLE. In order to construct the 

TLE, a 0.25 mm dia. Pt wire was threaded through a 0.7 mm ID glas.s capillary tube and 

the distal end was fused, such that 6 mm of Pt wire extended beyond the distal end of the 

capillary. A 0.4 mm glass capillary tube was cut to 7 mm and was used to sheath the 
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Fritted glass holder 

Pt wire 
0.25 nim dia. 

NMR Septum 

Small glass capillary tube sheath 
0.4 mm ID 

Vf,,, = 0.40 ML 

Large glass capillary tube 
Sealed on distal end 

0.7 ram ID 

/ 6 mm 

Figure 6.2: Schematic of thin-layer cell electrode. 

A confined volume of -0.4 |iL, with an average gap distance of 
75 pm is created at the tip of the electrode. Electrode is 
inserted into bulk solution and capillary action results in 
reproducible filling of the cavity. Cei! contents are 
exkiustively oxidized/reduced in thin-layer cyclic voltammetry 
(TLC V) exper i me n t s. 
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exposed Pt wire. A small kink in the wire near the distal end of the larger capillary was 

sufficient to hold the sheath in place, producing a thin open layer surrounding the wire 

with a theoretical gap (/) of ca. 75 }.im and volume (V) of ca. 0.4 jiL. The TLE was 

stabilized by threading the entire assembly through a fritted glass holder with an NMR 

septum cap. In a TLE experiment, this entire assembly is placed in the solution cell, and 

the distal end is submerged (2-5 mm) into the analyte solution, causing the solution to 

reproducibly fill the entire cavity created between the Pt wire and the small capillary as a 

result of capillary action. Relatively large electrolyte concentrations (0.3 M) are 

necessary to minimize the potential drop in the TLE cavity. The advantage of this thin-

layer cell electrode, over most other thin-cells used for coulometry is that it may easily 

be self-fabricated in the laboratory, at virtually the cost of the Pt wire itself, while 

maintaining design requirements of an / of ca. 2-100 fim and a cell volume of a few fiL or 

less.^'^ Such an electrode would additionally be ideal for a teaching laboratory, where the 

student could easily fabricate the electrode and utilize it for the coulometric 

determination of unknown compounds. 

6.2.2 Thin-layer voltammetiy and advantages/disadvantages over standard voltammetry 

Coulometric measurements using a thin-layer cell electrode are made possible by the 

confinement of the redox species provided by the thin layer. For such a case, at 

sufficiently slow scan rates (v, developed below), the current measured in a voltammetric 

experiment has no dependence on mass transfer in the cell, and it is therefore not 

necessary to know the diffusion coefficient {Do) of the redox species in order to 
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determine the number of electrons transferred per redox event While the peak 

current in such a voltammograni is directly proportional to v, the total amount of charge 

passed ((?) in exhaustively oxidizing/reducing the contents of such a thin layer is 

independent of v and can be related to n by the following formalism 

Q = nFCV (6.1) 

where F is Faraday's constant, C is the bulk imalyte concentration, and V is the cell 

volume.''^ In addition to allowing for couloraetric measurements to be made, this 

confinement of the redox species creates sharper peaks in the cyclic voitammetry, 

because at potentials substantially past the redox potential (£°') Ibr the redox couple, all 

redox species in the cell are oxidized/reduced, and the current returns to the baseline. In 

standard voitammetry experiments this is not the case due to diffusion of bulk redox 

species to the electrode surface, where the current decays with time (t) at a rate of 

Thin-layer voitammetry is additionally superior to standard voitammetry in that 

background charging current is decreased without significantly decreasing the Faradaic 

current (signal) by utilizing slower sweep rates. 

These enhancements are demonstrated tor this TLE in Figure 6.3, where standard and 

thin-layer voltammograms are presented for the same 0.188 mM solution of a cluster 

tetramer with a Ni-centered porphyrin core, a material to be described in more 

detail below. With a standard (0.5 mm dia.) Pt-disc electrode, the first (and more 

dominant) oxidation is clearly visible, with enough signal to background to make an 

accurate measurement of its redox potential The second (and less dominant) oxidation is 

poorly resolved from the background charging cuaent and the more dominant 
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Figure 6.3; Enhancement of cyclic voltammograms upon using 
the thin-layer cell electrode (TLE). 

Cyclic voltammograms arc for the same 0.188 mM solution of 
R4-NI (material discussed in more detail later in this chapter) in 
acetonitrile. With a standard Pt disc (0.5 mm dia.) electrode, it is 
difficult to resolve the second oxidation of this material from the 

background and neighboring, dominant first oxidation. With the 
TLE (1 mV/s), however, the signal to background is dramatically 
enhanced, allov^'ing the second oxidation to be resolved. At faster 
scan rates (10 mV/s), this second oxidation is reversible. 
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neighboring first oxidation peak. In the J mV/s TLCV of this same solution, this second 

peak is clearly resolved, yet due to the longer scan time, is no longer reversible. At 

higher scan rates (10 mV/s) with the same TLE and solution, absolute coulometric 

measurements are likely invalid for this large of a molecule, yet the reversibility of this 

peak is demonstrated with high signal to background, while maintaining resolution from 

the first oxidation. In analogous studies, this TLE approach consistently yielded superior 

signal to background and resolution over diftierential pulse voltammetry techniques as 

well. 

Despite these enhancements, there is a significant disadvantage associated with this 

technique: acquisition of volttimmograms requires a substantially larger amount of time 

due to scan rates which must be much slower than for standard cyclic (100 mV/s) or 

differential pulse (20 mV/s) voltammetry. For Equatioii 6.1 to be valid for a thin-layer 

experiment, the scan time (t) must be significantly larger than the amount of time 

required to exhaustively oxidize/reduce the entire contents of the cell when the electrode 

is poised at a potential past E°' for the redox couple, which is described by the following 

30 
equation 

For the thin-layer cell described above, with an I value of ca. 75 |jni, and for a small 

organic molecule with a typical Do (lO"'*^ cn-f/s), this translates to an equality between the 

left and right hand sides of Eqiiation 6.2 when i is equal to 2.8 s. Scan time may be 

related to scan rate using the following equation 



where AE is the difference between the initial and final potentials of the potential sweep 

through the redox event. A typical oxidation/reduction peak is ca. 500 mV wide under 

ideal thin-layer conditions with this TLE, giving a v of 178 mV/s which corresponds to an 

equality between the left and right hand sides of Equation 6.2 for this molecule. A scan 

rate of 18 niV/s (order of magnitude) or lower is advisable for this electrode/molecule 

combination in order to produce a voltammogram that is predominantly free of diffusion-

limited current behavior and which facilitates accurate coulometric measurements. For 

large, dendriraer-iike organic molecules (i.e. MW > 1500), with diffusion coefficients on 

the order of 10'^' cm~/s, analogous calculations translate into an advisable scan rate of 2 

mV/s; for extremely large supramolecular materials such as those described in this 

chapter (i.e. MW > 10,000), with diffusion coefficients possibly as low as 10"^ cm"/s, 

scan rates of 0.2 ~ 1 mV/s are advisable. 

These requirements dictate that a voltammogram for the materials studied here may 

take as-long as 20 minutes to acquire, which is substantially longer than the 15 s required 

for a standard voltammogram of the same oxidation event. Despite the intentions of the 

most patient investigator, if the oxidized/reduced analyte is not stable on these extremely 

long time scales, reversible electrochemistry will not be obtained. This may be remedied 

to some extent, however, by designing the electrode with a smaller gap distance, allowing 

for faster scan rates. It is fortunate for the sake of the studies described here, however, 

that the single oxidation products for the [Re6(//3"Se)g]""'' metal clusters are impressively 
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stable on these time scales. Thin-layer cyclic voltammograms (TLCVs) for the materials 

described here were accordingly collected at I mV/s (up to tetramers) or 0.5 mV/s (7-mer 

dendrimers). 

6.2.3 Electrode qualificatUm/characlerization 

Proper function of the TLE was verified by performing TLCV experiments on a 1 

mM standard solution of feiTocene (Fc) in acetonitrile, a representative TLCV (10 mV/s) 

of which is presented in Figure 6.4. The shape of the Fc TLCV suggests that the TLE 

performs properly, where the current has no dependence on rates of diffusion (i.e. current 

returns to zero after exhaustively oxidizing the cell contents). In a theoretically ideal 

TLCV, the potential separation between the cathodic and anodic peaks {AEp) is 0 mV, but 

it is typically ca. 40-100 mV here due to the potential gradient created inside the TLE 

cavity. Smaller values may be obtained at decreased scan rates and increased 

electrolyte concentrations, however, the modest AE,, values here bear no significance on 

the coulometric measurement. 

The TLE volume was initially calibrated from these Fc voltammograms. The overall 

charge passed (Q) was measured by integrating the area underneath the anodic sweep of 

the oxidation of fen'ocene to the ferrocenium ion (a well known one electron process) and 

dividing by the scan rale, yielding a value of 45.0 |iC. V was then calculated from 

Equation 6.1, yielding cell volumes (0.47 p.L) comparable to the theoretical volume based 

on geometrical arguments. Uncertainties in the filled volume of Ihe TLE cavity were 

consistently on the order of 0.01 |iL (2 % rel. std. dev. for n = 3) for such electrodes, 
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Figure 6.4: Thin-layer cyclic voltammogram for 1 niM ferrocene in acetonitrile, 

CVs such as this one were initially used to calibrate the vohime of the TLB by 
integrating the anodic peak (45 jiC). This specific TLE was determined to 
have a volume of 0.47 }iL. Uncertainties in the filled volume of the TLE 
cavity were consistently on the order of 0.01 pL (2 % rel std. dev. for n = 3) 
for such electrodes, yielding nearly identical voltammograms for repeated 
filling/analysis. Because of the small size (fast diffusion) of Fc, scan rates of 
10 mV/s were sufficiently slow for the cuirent response to be characteristic of 
exhaustive electrolysis (no diffusion dependence, current returns to zero). The 
peak separation (100 mV/s) is due to the potential gradient inside the TLEi 
cavity and can be decreased to some extent with increasing electrolyte 
concentration. 
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yielding nearly identical voltammograms upon repeated filling/analysis. Following the 

confirmation of a one-electron oxidation for R, the free cluster monomer, standard 

solutions of R were used for volume calibration prior to analyzing multi-cluster 

molecules. Electrode volumes varied from experiment to experiment because the 

electrode was frequently cleaned and refabricated. 

6.3 Electroclieinkal Characterization of Cluster Monomer to Tetramers 

6 J. I Motivation, Structural design, and Synthesis 

In addition to the study of the cluster monomer (R) and dimer (R-E and R-C=C-R) 

materials presented in Figure 6.1, which have previously been studied by standard cyclic 

and differential pulse voltammetry,'' the novel cluster trimers (R?) and tetramers (R4, R4-

Cu, R4-C0, R4-Ni, and R^Zn) presented in Figure 6.5 were evaluated following 

synthesis and structural confirmation by the Zheng laboratory (Bryan Roland et al., 

Department of Chemistry, University of Arizona). Cluster trimers were prepared as 

described elsewhere;'''"''""' by reacting three equivalents of R with one equivalent of 2,4,6-

tri-4-pyridyl-l,3,5-triazine, a tridentate ligand. Cluster tetramers, with their porphyrin 

core, were prepared by reacting four equivalents of R with one equivalent of 5.10,15,20-

tetra(4-pyridy1)-21jf/,23W-porphine, a tetradentate ligand, followed by the appropriate 

reaction to metallate the porphyrin core.-'"^"'® These trimers and tetramers represent the 

first level of molecular building blocks, which may potentially be extended by liirther 

reaction at the five remaining ligand sites for each of the [Reftt'/./rSels]'^''' clusters, yielding 

nearly an infinite number of possible macro-scale structures.''"'''^" 
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Figure 6.5: Structures of cluster trimer (Ej) and 

tetramers (R4, E4«Cii, R4-C0, E4-Ni, E4-E11). 
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6.3.2 Deterniinatum of duster oxidation potentials 

Cluster oxidation potentials for the compounds under study are presented in Table 

6.1. Potentials represent the half-wave potential from cyclic voltamnictry (CV) 

experiments in acetonitrile at a Pt disc electrode (100 mV/s), referenced to the ferrocene 

redox couple, FCVFC {E° = 0.46 V vs. SCE; 0.70 V vs. NHE). Oxidation potentials are 

not significantly changed (ca. 0.70 V) in going from the free cluster (R) to assemblies of 

up to 4 clusters per molecule (i.e. R4 series), and all materials give highly reversible CVs 

on this time scale with AEp values of ca. 70 mV, which is comparable to those observed 

for ferrocene in this cell, under the same conditions. 

6.3.3 Thin-layer voUammetry and coulornetry 

TLCVs and coulometry measurements were made in the same solution cell as the 

standard voltammetric measurements, exhaustively oxidizing the anaiytes in the confined 

volume defined by the TLE. TLCVs (1 mV/s) of select subject compounds (R, R-R, R3, 

and R4-Zn), containing between one and four clusters per molecule, are presented in 

Figure 6.6. The current axis in this plot has been normalized to the number of molecules 

in the confined volume, and on this scale, the peak areas are proportional to the amount 

of charge passed (number of electrons) per molecule. Q/C vakies were generally 

calculated by integrating the anodic peak in the original current vs. voltage plots and 

dividing by scan rate and concentration. These values are listed in Table 6.1 for all 

materials, along with the calibrated cell volume for that measurement. The number of 

electrons transferred per molecule for the cluster oxidation event, n, was then calculated 



218 

Table 6.1; Oxidation potentials and number of electrons transferred for cluster 
nnonomer to tetramers. 

Compound Eoxi vs. FcVFc (V) Electrode Vol. (p,L) Q/C (nC/mM) n 

R 0.69 0.47 40 0.9 
R-R 0.72 0.37 79 2.2 
R-C=C-R 0.69 0.37 72 2.0 
Rs 0.71 0.42 119 3.0 

R4 0.68 0.42 153 3.8 
R4-Zn 0.71 0.47 184 4.1 

R4-Ni 0.72 0.37 134 3.7 

R4-CU 0.70 0.37 137 3.8 
R4-C0 0.71 0.39 142 3.7 

Electrochemical measurements were made at 293" K in acetonitrile solutions 
containing subject compounds at -ImM effective cluster concentration, in addition to 
0.3 mM TBAH^FP supporting electrolyte. 
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Figure 6.6: Normalized thin-layer cyclic voltammograras (1 mV/s) for representative monomers to tetraraers. 

On this scale, peak area is proportional to the relative number of electrons transferred per molecule. AM clustei*s 

on a given moiecule oxidize at the same potential, without influencing each other, yielding a measured value for 
n thai is approximateiy equal to the number of clusters per molecule for all compounds up to tetraraers. 
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using Equation 6.1 and is also reported in Table 6.1. It was determined that for every 

compound studied, all clusters on a given molecule oxidize at the same potential, without 

influencing each other (i.e. these are "non-interacting" redox couples), yielding a 

measured value of n that is approximately equivalent to the number of clusters per 

molecule (4). Based on this detemiination of n, ditfusion coefficients for the tetraraer 

series were calculated to be approximately 5x10"'' (cm" s"') from standard 

voltamniograms for these materials, placing this determination (at v = I mV/s) within the 

valid working range of the TLB. 

R4 and R4-C0 give nearly identical CVs to that shown for R4-Zn in Figure 6.6. jR4-Ni 

and R4-CU also exhibit a 4e cluster oxidation, but additional oxidations are observed in 

this potential window, as was shown for R4-Ni in Figure 6.3 above. These extra peaks 

are attributable to core metal oxidations, which are not reversible on this very slow (1 

mV/s) time scale. The return sweep (cathodic or top peak) of the cluster oxidation was 

used for cluster coulometry measurements on these materials (4e"), as there was no 

interference from the irreversible core oxidation. AEp values (<100 mV) for all materials 

are comparable to those of ferrocene (Figure 6.4) and are the result of uncompensated 

cell resistance within the TLB capillary. 

At faster time scales (10 mV/s), where the voltammetric response resides between 

thin-layer and diffusion-limited behavior for molecules of this size, the core metal 

oxidations observed for R4-CU and R4-INI are reversible, as shown in Figure 6.7. At this 

sweep rate, absolute coulometric measurements are invalid, yet superior resolution and 

Faradaic current response is achieved over a typical Pt disc electrode, where core melal 
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oxidations for E4-CU were not detectable. Relative pealc, areas for fieparate redox 

processes of the same molecule, however, are still expected to be proportional to the 

number of electrons passed per redox event. Using peak fitting, area ratios were 

determined to be ca. 1:1:4 (core:core:clu8ter) for R4-CU and 1:2 (core;cluster) for R4-NI. 

Based on the previous determination of a 4e" oxidation for the cluster petik of both 

species at slow scan rates, the stoichiometry for core oxidation can be infeiTed: two le 

oxidations are obtained for R4-CU (Cu" Cu'" Cu'^) and one 2e oxidation is 

obtained for ILi-Ni (Ni" -> Ni'^), which is in agreement with other coulornetric studies on 

Cu and Ni-core substituted porphyrins.It appears that the multiple cluster oxidations on 

these molecules ai'e not influenced by each other, or by rnetal core oxidations, and remain 

uncoupled. Additionally, these R4-series compounds were observed to have varying 

reduction energies, attributable to the porphyrin core or metal, which have no influence 

on the cluster oxidation. 
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Figure 6.7; "Fast'" thin-layer cyclic voltammograms for R4-CU and R4-Ni. 

At this sweep rate (10 mV/s). absolute coulometric measurements are invalid (relative 
peak areas within a voltammograin can be compared), yet superior resolution and 
Faradaic current response is achieved over typical Pt disc electrodes. Reversible metal 
core oxidations with the indicated approximate area ratios are observed, which do not 
appear to perturb cluster oxidation. Core oxidations were not reversible on longer time 
scales (slower sweep rates), while cluster oxidations remain reversible on these scales. 
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6.4 Electrocliemkal CIiaracterlEalioii of Cluster 7-mer Dendrimers 

6.4,1 Motivation, Structural design, and Synthesis 

The above observation of uncoupled oxidations for dinier, trimer, and tetramer 

assemblies of these [Re6(//3-G)Hl''^^ clusters is consistent with other standard cyclic 

voltammetric reports for these diniers/^ as well as for square-shaped assemblies (with a 

cluster in each corner), where each side of the square is identical to these dimers.^ To 

date, however, all reported electrochemical studies for multiple assemblies of these 

clusters have involved perfectly symmetric architectures, such that all clusters are in 

equivalent environments within the molecule?"^"''''^ Additionally, these assemblies have 

been fairly small (up to tetramers), where any potential additive influences on the cluster 

oxidation iire minimal. In an effort to further investigate these redox properties for 

molecules without this symmetry and small assembly number, and to design unique 

molecular building blocks, a series of cluster dendrimers containing 7 clusters per 

molecule were developed in the Zheng laboratory (Bryan Roland et al, Department of 

Chemistry, University of Arizona).'**^''" 

I 
For each material, six peripheral [Re6(//3-Se)8]"" clusters connect to a central [Re6(//3-

Se)g]"'*' cluster via various bidentate ligands, producing the structures shown in Figure 6.8 

for R(-C,rR)(„ R(-C2-R)<i, and R(-C=C-R)6. The connecting ligands are dipyridyl-based 

ligands with various linking groups, abbreviated as a black rectangle in the figure. For 

R(-C3-R)6, a propane linking group was created using 1,2-bis(4-pyridyl)propane m a 

connecting Mgand; for RC-Cj-R)^, an ethane linker was created using l,2-bis(4-

pyridyl)ethane; and for R(-CwC-R)«, an ethene linker was created using (£)-1,2-bis(4-
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Figure 6.8: Structures of cluster dendrimer (7-mer) 

materials; R(-C3.R)<„ RC-Cj-R)^, E(-C=C>R)(,. 
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pyridyl)ethene as a connecting ligand. It is anticipaled that through-bond coupling of the 

cluster oxidations will not be possible (or extremely minimal) for R(-C.rM)6 and M(-C2-

R)f, due to the broken conjugation between clusters introduced by the connecting linkers. 

Conjugation is maintained, however, for M(-C=C-R)6, and the possibility of through-

bond cluster oxidation coupling remains. 

Materials were prepared as described elsewhere.Briefly, starting materials were 

prepared by reacting one equivalent of R with one equivalent of the connecting ligand 

(structures shown later in Figure 6.14) and final products were prepared by reacting 6 

equivalents of this starting material with one equivalent of [Re6(//3-Se)8(NCMe)(,j^^, a 

fully labile version of the cluster. 

6.4.2 Thin-layer voltammetry and coulometry 

Thin-layer cyclic voltanmiograms for ca. 0.2 mM solutions of the cluster 7~mer 

dendrimers are presented in Figure 6.9. Cluster oxidation potentials, which are listed in 

Table 6.2, were determined from the lialf-wave potentials in these voltammograms. All 

three materials show primary oxidations at ca. 0.70 V vs. FcVFc. R(-C3-R)6, with its 

nonconjugated propyl linkers, gives a response comparable to the trimer and tetramer 

materials described above, where all clusters on the molecule (even the core cluster) 

oxidize rapidly at the same potential, yielding a measured n value of 7.1 e". Based on this 

determination of n, diffusion coefficients were calculated to be approximately 10'"^ (cm* s~ 

') from standard voltanmiograms for this material (comparable to those below), placing 

this determination (at i-' = 0.5 mV/s) within the valid working range of the TL.E. 
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Figure 6.9: Thin-layer cyclic voltarnmograms for the cluster 7-mer dendrimers. 

All of the clusters (including interior) for KC-Cj-E),., oxidize at the same potential, 
without influencing each other. As the non-conjugated linker is shortened for K(-'C2-

all clusters oxidize at the same potential, but oxidation of the last clusters is 
slower than the first clusters due to the high charge density created on the molecule. 
When this linker is repUiced with a conjugated linker of the same spacing for R{«C=C-
m,, electrical communication occurs between the peripheral and interior clusters, 

positively shifting the oxidation potential of the interior cluster and facilitating the 
oxidation of all peripheral clusters. 
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Table 6.2: Oxidation potentials and number of electrons transfeiTcd for cluster 7-mer 
dendrimers. 

Compound Eqxi vs. Fc7Fc (¥) Electrode Vol. (jiL) Q/C (fxC/mP) n 

R{-C3-R)6 069 037 Ss 7A 

R(-C2-R|6 0.71 0.37 237 6.6 (cathodic) 

R(-C=C-R)6 0.73, 0.88 0.37 207, 39 5.8, 1,1 

Electrochemical measurements were made at 293° K in acetonitrile solutions 
containing subject compounds at -ImM effective cluster concentration, in addition to 
0.3 mM TBAHFP supporting electrolyte. 
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For R(-C2-M)6, where the nonconjugated linker is a bond-length shorter, cluster 

oxidation becoiTies somewhat impeded, in that the ciuTent fails to immediately return 

back to the baseline, indicative of slow oxidation of the final clusters on the molecule and 

charging at the electrode surface. Upon the reverse sweep, however, a single wave, free 

from the apparent hindrances of the oxidative sweep is observed. The size and shape of 

this peak suggests that all clusters on the molecule (6.6 e ) are rapidly reduced back to 

their initial 2^ state at the same potential. This difference between the oxidative (adding 

positive charge) and reductive (rettioving positive charge) sweeps may be explained by 

considering that excess positive charge built up on the peripheral clusters in the oxidative 

sweep likely screens the oxidation of final peripheral and interior clusters, kinetically 

inhibiting such processes. During the reductive sweep, however, each removal of charge 

(reduction) decreases screening for the removal of subsequent charges, resulting in 

uninhibited reduction. This is likely observed for this material, and not for M(-1VR)6 

above, due to the tighter confinement of the clusters on the periphery (higher charge 

density) of the molecule. 

In going from RC-Cz-R)^ to R(-C=C-R)6, it is clear that the oxidative sweep is no 

longer hindered, and a split oxidation is observed, where the areas correspond to an 

oxidation of 5.8 e" for the first oxidation and 1.1 e" for the second oxidation at 0.88 V. 

This is more clearly demonstrated in Figure 6.10, where the same R(-C=C-R)ft TLCV is 

shown in a more expanded form. Both peaks remain separated on the reverse sweep and 

are equally reversible. This observation suggests that the core cluster oxidation potential 

(energy level) is truly higher than the peripheral clusters for this material, and the shift 
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Figure 6.10: Thin-layer cyclic voltammogram for M(-C=C-E)ft. 

The TLCV of KC-OC-R)^ from the previous figure is shown 

here in expanded form to clearly demonstrate the separate 
oxidation of the core (interior) cluster. Ail six peripheral 
clusters oxidize first, followed by the core. 
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observed in the oxidative sweep is not due to slower kinetics (screening). These concepts 

are further developed below using hypothetical models which rationalize the variations in 

the voltammetry of these maleriais. Due to the poorer resolution of standard cyclic 

voltammetric techniques and the relatively low signal associated with the second 

oxidation of this material, vs. the first oxidation, this second oxidation was not observed 

in standard cyclic voltammetiy experiments on the same solution. Differential pulsed 

voltammetry (DPV) typically provides enhanced resolution over standard cyclic 

voltammetry, yet the technique could not reveal this second oxidation, likely due to the 

lower resolution than the thin-layer technique and the faster sweep rates required (10-20 

mV/s vs. 0.5 mV/s tor the TLCV here), which result in a substantially higher background 

cuirent. 

6.4.3 Models for cluster dendrimer (7-nier) oxidation processes 

The above voltammetric observations are discussed in further detail here in the 

context of hypothetical models which attempt to explain these results. A model 

describing the oxidative processes for M(-C:r-R)6 is presented in Figure 6.11, where the 

specific linker group (propyl) is implied by the black rectangle in the molecular structure. 

It is important to note that each lRe6{//3-Se)81"'*" cluster has an inherent charge of 2'*, 

giving all of the native cluster 7-mers an overall charge of 14''. In solution, 

electroneutrality must be maintained, and these charges are balanced with counter ions 

from the supporting electrolyte. In the case of the tetrabutylammonium 

hexafluorophosphate (TBAHFP) electrolyte used here, the positive charges on these 
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clusters are balanced with PFg" anions (two for each chister). At potentials below 0.5 V, 

as shown in Figure 6.11a, 14 anions are associated with the 7-racr. As the potential is 

increased to the E°' for the cluster oxidation (0.7 V, Figure 6.1 lb), all of the clusters on 

the R(-C3-R)«; molecule, including the core cluster, are oxidized nearly simultaneously. 

In order to balance the additional T charge incurred upon the removal of an electron 

from each cluster (Re"' Re'^'), 7 counter ions must diffuse into close contact with the 

clusters, despite their small separation distance. Based on the 'FLCV of this material, 

however, this process is not significantly hindered. Past the ' for the cluster oxidation 

(E > 0.9 V, Figure 6.11c), this process is completed for all molecules in close proximity 

to the electrode surface, yielding a molecule with a 21^ charge and 21 associated counter 

ions. Analogous processes must occur for the other cluster dimer, trimer, and tetramer 

materials described above based on their voltammetry. 

A model which describes the oxidation processes for R(-C2-M)6 is presented in Figure 

6.12. The specific linker group (ethyl) is implied by the black rectangle in the molecular 

straeture. The initial state of this molecule, at potentials below (Figure 6.12a), is 

identical to R(.C3.R),. As the potential is increased to E°' (0.7 V, Figure 6.12b), most of 

the clusters are immediately oxidized, and counter ions diffuse into close contact to 

balance the increased positive charge. Because of the decreased length of the linker 

group (one bond length), the clusters on this molecule are closer together than in £(-€3-

R)#. This decreased spacing is substantial enough that diffusion of all 7 counter ions 

needed for the electroneutral oxidation of all clusters may be somewhat impeded and/or 

coulombic/steric screening of some clusters may takes place. Either or both of these 
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factors contribute to the kineticully hhidered oxidation of the final chjsters on the 

molecule, which eventually are oxidized after enough time has passed (Figure 6.! 2c). As 

the potential is increased past E°' (E > 0.9 V, Figure 6.12d), this process is completed for 

all molecules and the cluster is fully oxidized. 

Although the difference in one bond length of the linker may not immediately suggest 

sufficient cause for such a dramatic effect, it is important to consider that the charge 

density of the molecule (large values of which may impede liurther oxidation) is inversely 

proportional to the molecular volume, which for a sphere, is a function of r. This 

difference in bond length was substantial enough to result in a more difficult synthesis of 

this mateiial, over R(-C3-R)(>, presumably due to increased coulombic and steric 

repulsion, in competition with the convergent synthesis.'^'"' Additionally, efforts to create 

such molecular architectures as these cluster 7-mer dendrimers were not successful with 

linking bidentate ligands shorter than those used in R(-C2-R)6.'''" With these 

considerations in mind, it is quite reasonable that such observations were noted and 

impressive that RC-Ca-R)^ was so readily oxidized to completion. 

The oxidative processes of R(-C=C-R)6 are modeled in Figure 6.13, where the linker 

group (ethene) is implied by the black rectangle in the molecular structure. The overall 

length of the bidentate linking ligand for this material is expected to be fairly comparable 

to the ligand length for R(-C2-R)f, above. The initial state of the R(~C=C-R)& molecule 

at potentials below E°' (Figure 6,13a) is comparable to the other maleritils. Once the 

potential approaches (Figure 6.13b), the more accessible peripheral clusters begin to 

oxidize. Because of the complete conjugation of this linking ligand (which the previous 
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two materials lack), the exccss positive charge of this nioleculc is somewhat delocalized 

across the organic ligands. The creation of oxidized clusters, with a local charge of 3^ 

results in some through-bond polarization of the core cluster, imparting a partial positive 

charge which increases with each cluster oxidized on the periphery. Due to this electrical 

communication between the peripheral and core clusters, the core cluster becomes more 

difficult to oxidize and is not oxidized at the £"'' for the oxidation of the peripheral 

clusters. As the potential is increased to the second E®' for the molecule (0.9 V, Figure 

6.13c), the core cluster is oxidized, and by potentials greater than 0.9 V (Figure 6.13d), 

all molecules are completely oxidized. 

The unique electrical properties of R(-C=C-R)6, over the other dendrimers, iu^e 

additionally observed in the electronic absorption spectra (Bryan Roland, Department of 

Chemisii7, University of Arizona) of these materials. These spectra, along with those for 

the cluster-ligand starting materials, are presented in Figure 6.14. The cluster-ligand 

starting materials (Figure 6.14a) all show similar featureless absorbances in the UV, 

attributable to metal-ligand charge transfer bands.'"^''" The cluster dendrimers M(-C3-R)6 

and R(-C2-R)6 have nearly identical absorbance spectra to the cluster-ligand starting 

materials for these assemblies, suggesting that attachment of these cluster-ligand arms to 

a central cluster has virtually no impact on the electronic energies of the cluster-ligand 

pairs. R(-C=C-R)6, however, exhibits a substantial new/"red-shifted" band in the UV, 

presumably due to delocalization of the conjugated ligand system, which decreases the 

energy (longer wavelengths) of the excited electronic state.*'''^' Such delocalization across 
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at least the central cluster supports the possibility of electrical communication between 

the peripheral and core clusters. 

This observation of coupled cluster oxidations is completely novel for these cluster 

types, where coupled oxidations have not been observed for clusters connected by 

organic ligands?"'**'^'''' Coupled oxidations have only been observed for diclusters directly 

linked by metal atoms.^ As described above, a cluster dimer that is identical to a single 

arm of this R(»C=:C-R)6 dendrimer, namely R-C=:C-K, showed no evidence of coupled 

cluster oxidations or an increased/decreased oxidation potential. It is therefore concluded 

that the lRef:>(//3-Se)8]~^ cluster is predominantly capable of sustaining the charge 

associated with this oxidized state, without substantially polarizing neighboring 

moieties/clusters, even when conjugated linkers exist. The cluster is not, however, 

entirely efficient in doing this, and the additive effect of this may result in substantial 

polarization of neighboring moieties/clusters. In the R(-C=C-R)f, cluster dendrimer, 

there are six peripheral clusters which each partially polarize the central cluster. This 

additive effect is substantial enough to observe a split oxidation (0.2 V separation) for 

this material with techniques exhibiting very high resolution and signal to background, 

such as thin-layer cyclic voltammetry. Since this split oxidation was not observed for R(-

C3-R)f, and R(-C2-R)<», it is concluded that it occurs by a through-bond mechanism, 

facilitated by the presence of conjugated linkers, and such polarization does not occur by 

a through-space mechanism at these cluster-cluster distances. 
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6.5 Electrochemical Characterization of a Cluster-Polystyrene Copoly mer 

6.5. / Motivation, Stnictural design, and Synthetiis 

The cluster tliniers, trimers. tetramers, and especially the 7-mer dendrimers described 

above have unique electrical and optical properties, making them potential candidates for 

organic electronic devices. For such applications, it is necessary to fabricate the highly 

crystalline cluster complexes into high-quality thin films, a criterion that may be met by 

combining these clusters with polymers, which generally provide ease of Ihin-tllni 

preparation. Simply mixing or doping the clusters may lead to phase separation and 

aggregation of the clusters within the polymeric matrix, with subsequent compi'omises of 

device performance. This potential complication may be avoided by the formation of 

hybrid composites, wherein dissimilar and inherently incompatible inorganic and orgjinic 

components are covalently organized into spatially controlled domains within a single, 

high molecular weight molecule.''" 

In order to facilitate the development of the cluster assemblies described above into 

functional device applications, the first polymerizable [Re6(//:r0)8j"'*' cluster-based 

materia! has been developed in the Zheng laboratory (Bryan Roland et al, Department of 

Chemsitry, University of Arizona).*" This was achieved by substituting the [Ref,(//3-

Se)^]'"'' cluster with a polymerizable 4-vinylpyridine Hgand, yielding [Re6(//3-

Se)8(PEt3)s(4-vinylpyridine)]'^'" or MVP, a structure of which is presented in Figure 6.15. 

[Re6(//3-Se)8]~"'' clusters were successfully incorporated into polymeric materials by cross 

linking RVP with polystyrene (PS) to give tlie hybrid material (RVP),„(PS)„, the 

t f\ 
structure of which is additionally shown in Figure 6.15."" The clusterrstyrene ratio for 
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this material was estimated to be 1:26 on the basis of 'H NMR integration of the hybrid, 

correspondifig to a cluster loading of 51.8 wt%, which correlates to an essentially 

quantitative incorporation of the cluster. Its molecular weight was determined by gel-

permeation chromatography using polystyrene as the standard to be M„ = 344,388 Da, 

with a polydispersity index of 1.33, corresponding to an average of 70 repeating units of 

1 cluster combined with 26 styrene units."'"' 

6.5.2 Cyclic voUammetry 

Although the large moleculai' weight of this hybrid material prohibits coulometric 

study by TLCV, standard Pt-disc cyclic voltammograms were acquired for RVP and 

(RVP),n(PS)„, which are presented in a normalized form in Figure 6.16. Cyclic 

voltammograms are for 3 mg/mL of each compound in CIH2CI2. The RVP CV has been 

normalized (multiplied by 0.518) such that the voltammograms may be compared at the 

same effective cluster concentration (i.e. 51.8% of the polymer mass is due to the 

incorporated clusters). The CVs reveal only one chemically reversible oxidation step at 

E//2= 0.77 V {AEp^lQO mV) vs. the FcVFc redox couple for (KVP),„(PS)„, comparable to 

the value of 0.76 V observed for the starting cluster, EVP. The observation of a single 

oxidation event lor the hybrid at the same potential as the free cluster suggests that the 

clusters are unperturbed by the polymerization, ooninteracting, and effectively in the 

same environment/'* in agreement with the conclusion reached by the comparative NMR 

 ̂ 1 A 
studies for these materials described elsewhere.'"' The smaller peak current for the 

hybrid, when compared to that of a solution of free clusters with an equivalent cluster 
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Figure 6.16; Normalized standard cyclic voltammograms for RVP and (RVP)^(PS)„. 

Cyclic voltammograms are for 3 mg/mL of each compound in CHiCI,. The 
concentration of cluster units found in the hybrid is ca. 50% by weight. The MVP 
CV has been tiormaiized (multiplied by 0.5) to an overall effective cluster 
concentration equivalent to that found in the polymer hybrid solution. The 
observation of a single oxidation event at the same potential as the free cluster 
suggests that the incorporated clusters are effectively in the same environment and 
are unperturbed by the polymerization. 
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concentration, is indicative of slower diffusion when incorporated into the high molecular 

weight polymer. Additionally, any masking of buried cluster units would contribute to 

this decrease. These preliminary results suggest, however, that this is a viable strategy 

for incorporating these clusters, as well as the supramolecular assemblies of these clusters 

describe above, into organic polymeric materials and eventually polymeric thin filtns for 

device applications. 

6.6 Conclusions 

A series of novel materials based on supramolecular assemblies of the [Re6(//3-Se)Hl"^ 

cluster have been developed in the Zheng laboratory and their electrociiemistry 

characterized here. The unique electrical and optical properties of these materials suggest 

that they may be of potential interest in organic-based electronic devices. The [Re6(//3-

Se)a]~'^ cluster has an extremely reversible oxidation, the product of which was 

determined to be stable in solution for as long as 20 minutes in TLCV experiments. 

Novel trimer and tetramer assemblies, based on a tripyridyl triazine and porphyrin core, 

respectively, demonstrated oxidative properties consistent with other reports for 

assemblies involving this cluster type; oxidations of multiple clusters on a given molecule 

are uncoupled, suggesting minimal electrical comrmmication between cluster sites (i.e. all 

clusters oxidize at the same potential). 

For cluster 7-mer dendrimers, however, coupled oxidations were observed for R{" 

OC-M)a due to the additive effect of the polarization of the core cluster by the oxidized 

peripheral clusters. It is hypottiesized that the asymiiietry of rtiese materials, where all 
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clusters are not in the same effective environment, is necessary for this to occur. This 

polarization of the interior cluster was determined to occur by a through-bond 

mechanism, which only exists to an appreciable extent for fully-conjugated linking 

ligands. Based on the response of this material, it is theorized that sequential increases in 

dendrimer generation will result in further splitting of the oxidative waves (i.e. 

completely fiinctionalizing the peripheral clusters of R(-C=C-RV, with more cluster units 

may produce voltammograms with three oxidation waves). 

In addition to these supramolecular assemblies, the first polyraerizable version of the 

[Re<,(//3-G)8j"^ cluster type was developed and incorporated into organic polymeric 

materials by copolymerizing with polystyrene. VoUammetry of these materials suggests 

that the incorporated clusters are unperturbed by the polymerization, noninteracting, and 

effectively in the same environment. This synthetic platform shows great promise for 

processing the materials developed in this chapter into polymeric thin films suitable for 

use in organic-based electronic devices. 



CHACTER 7 

CHAMACTERIZATION/CONTEOL OF MOI.ECIILAM ORIENTATION AT 

ORGANIC ELECTRONIC INTERFACES BY ATTENUATED TOTAL 

REFLECTANCE UV-VIS SPECTROSCOPY 

7.1 Introdwction 

As discussed in Chapter i, discotic (disc-shaped), liquid-crystalline organic materials 

that form columnar or rod-like aggregates with order in molecular tilt and azimuthal 

rotation have received great interest lately for their potential usage in orgiinic electronic 

devices, such as field-effect transistors (OFETs) and photovoltaics (OPVs).'"'^' One class 

of such discotic materials are the octasubstituted phthalocyanines (Pc's).'''" Of these 

materials, 2,3,9,10,16,17,23,24-octakis (2-benzyloxyethoxy) phthalocyaninato copperCIl) 

(abbreviated Pc 1),'^"'^' has shown great promise, the structure of which is shown in 

Figure 7.1a. When compressed on a Langmuir-Biodgett (LB) trough, this material has 

been shown to fbrm rigid bilayers of columnar aggregates, which run parallel to tlie 

compression barriers (ideal for OFETs). These films can then be transferred to a 

substrate by horizontal dipping, maintaining the alignment of the molecular columns. 

The AFM image in Figure 7.1b demonstrates the alignment and coherence of these 

columns, where coherence lengths as long as 20()"300 nm have been observed for single 

molecular columns.'"""'"'' This bilayer configuration is modeled in the diagram in Figure 

y I 1 1 ^ 
7.1b based on previously published work,' '"' ' where the alignment and slacking of the 

columns has been demonstrated, but the specific tilt and rotation of the discs within the 
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Figure 7.1: Structure and AFM image of bilayer film of Pc 1. 

(a) Molecular structure of Pc 1 and assumed general orientation of electronic 
transition dipoles with respect to the oiolecular structure based oo cited 
refereoces. fb) AFM image of a bilayer of this molecule on hydrophobized 
silicon, demonstrating the fbrmation of molecular columns, which can have 
coherence lengths over 200 nm long. Also shown is a model for such a bilayer, 
where the column alignment and stacking are known from previous reports, but 
the specific tilt or rotation of the discs within the column is in question. 
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column is still under quCvStion. This aggregation produces a blue-shifted Q-band 

absorbaiice at ca. 625 nm (relative to the monomer absorbance at ca. 690 nm), with 

considerable anisotropy.'''' 

In addition to the order and coherence in columnar aggregates such as these, the 

molecular orientation within the columnar aggregate, which may vary, can have a strong 

influence on the magnitude and anisotropy of charge mobility.'"^ It is therefore necessary 

to characterize and control the molecular orientation of these discs within cohminar 

assemblies such as these, eventually relating these orientations to charge mobility and its 

anisotropy. 

In order to determine molecular orientation by polarized spectroscopy, it is necessary 

to know the orientation of the transition dipole of the molecule with respect to the 

molecular structure. For Pc 1, and for most metallated Pc's, introduction of the central 

metal (Cu) gives the molecule D4h symmetry, with two equivalent orthogonal electronic 

transition dipoles in the plane of the molecule, as shown generally in Figure 7.1.'^""'^ It 

has been demonstrated for a number of Pc's that the electronic transition dipole is largely 

unperturbed upon aggregation or crystallization."'""'' 

In order to define the orientation of a discotic molecule in space, three Euler angles 

are necessary. Here, the coordinate system used by Bos and Kleijn is adapted,^'' where a 

is defined as a rotation of the molecule about the molecufstr plane, B as a tilt of the 

molecuiar plane away from the x-v (substrate) plane, and ^as a rotation oi' the molecular 

plane with respect to the jf-(column) axis, which is depicted in Figure 7.2. For most 

discotic molecules, high in-plane symmetry (i.e. D4h) results in multiple, equivalent 
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Figure 7.2; Euler angles for describing moiecuiar orientation of discotic molecules. 

Coordinate system and schematic relating reported molecular orientation angles to their points of reference; (a) a 
represents a rotation of the electronic transition dipole in the molecular (x'-y') plane, away from the x'-axis. For 
the case of a circular dipole, as is assumed here, an isotropic distribution of the dipole about a exists. (b) e is a 
polar angle representing a tilt of the molecular (dipolar) plane away from the .¥-v (substrate) plane (or a tilt of the 
molecular plane normal (?.') away from the substrate normal), and 4> is an azimuthal angle representing a rotation of 
the molecular plane about the s-axis, away from the .r-axis. 



249 

electronic transition dipoles within the inolecuhir plane. Absorbance anisotropics are 

then independent of rotation about a. Accordingly, for ensemble average orientation 

measurements in a large population of molecules, these dipoles are frequently treated as 

randomly distributed in the molecular plane (a), and an effective circular dipole exists;^ 

7,i.->.i8.!9.2.->-28 larger absorbance anisotropy is expected for changes in ^or 6. 

For most molecular orientation studies of discotic molecules, the treatment has been 

greatly simplified by assuming a uniaxial molecular distribution, where two of the three 

experimental axes are effectively equivalent (i.e. the molecules are isotropically 

distributed about the sample plane normal). ' in a previous report from this 

research group, the development of a UV-Vis ATR instrument was discussed, where its 

applicability was demonstrated by studying the molecular orientation for the same Pc 1 

films used here as a model system. In the theoretical treatment, the assumption of an 

isotropic rotation about <zJwas made, resulting in the determination of a value of 45''. 

While this study demonstrated the utility of the ATR approach to determine molecular 

orientation, the assumption of a uniaxial sample is likely to be invalid for these films, 

where AFM, X~ray, and polarized absorbance data (IR and UV-vis) suggest order in (j)P^ 

When unable to make this assumption of an isotropic distribution about one of these 

angles, almost evei^ literature report involving the determination of molecular orientation 

in discotic assemblies has relied on assuming a fixed value for ipot O'm order to simplify 

the determination of the other In liquid-crystalline films such as these, 

however, the mean orientation of either of these angles is not generally known. 
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Based on original equations by Yoneyama et al.,"^ some investigators have 

simultaneously measured 6'and ^ for LB films of other CuPc derivatives from polarized 

transmission UV-vis spectroscopy measurements at varying incident angles with respect 

to the su,bstrate planed"-''' Valli et al. report values of 62±5° and 64±5° for $ and 

respectively, for an 80 bilaycr film of Cu(}I)-tetrak!s(3,3--dimethylbutoxycarbonyl)-

phthalocyanine/ 

The method presented here^ is more spectrally sensitive (sub monolayer coverages of 

the Pc can be characterized) and is intended to be a thorough treatment tor the 

measurement of molecular orientation in discotic assemblies. For the first time, a 

technique is presented for determining ^and $ simultaneously from polarized ATR UV-

vis measurements, without a priori assumptions about the mean orientation (or of a 

uniaxial molecular distribution) of either angle. In an effort: to provide detinitive 

orientation information about this model system, and to validate the approach developed 

here, this problem has simultaneously been addressed by others in this research group by 

developing a method for the measurement of these two angles by polarized transmission 

and reflection absorption (RAIRS) IR spectroscopy (vibrational transitions), which is 

discussed briefly here and published elsewhere."''" 

7.2 Theoretical Background 

The fundamental principles describing the phenomenon of attenuated total internal 

reflectance (ATR) have been thoroughly described by Harrick;'^ A schematic of this 

phenomenon is included in Figure 7.3, however, in order to demonstrate the relationship 
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Figure 7.3: ATR measurement design. 

The laboratory coordinate system is defined such that the probe beam propagates in the , T -direction. Tlie recovery of 
molecular tilt and rotation is made possible by studying the sample at two orientations with respect to the probe beam, 
at two different electric field polarizations. In TE polarizationj the field is polarized in the >'-directioii, and in TM 
polarization, a dominant component exists in the 2-direction, as well as a smaller component in the .\--direction. The 
two sample orientations were selected such that the angle between the molecular column direction and the probe beam 

is 0^' and 90°, respectively. Larger absorbances are anticipated when the molecular plane and the electrical field 
are in parallel alignment (see text). 
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between these principles and the laboratory coordinate system defined here. The 

absorbance (A) of a molecular film in such a geometry is given 

a = {|(/7.£)'^l (7.1) 

where // is the electronic transition dipole vector of the molecule, E is the electric field 

vector, L is the path length, and the brackets represent the ensemble average of the 

individual molecular dipole orientations. By developing a model relating the transition 

dipole to the molecular structure, one can determine the mean molecular orientation from 

the absorbance of the film at various electric field polarizations. 

Pc I is treated as circularly-polarized (see Introduction), any interactions between 

molecules are neglected, and it is assumed that molecular in-plane absorption is the only 

source for light attenuation in the sample. At this point, no assumption is made of a 

particular molecular orientation distribution. Meaningful orientational parameters can be 

determined without making this assumption, while at the end of the treatment, values for 

the relevant angles can be extracted, based on an assumption of a particular orientational 

distribution. 

We define the laboratory coordinate system such that the columnar aggregates exist in 

the x-y plane, and the ATR probe beam propagates down the Jf-axis. The Cartesian 

components of the electronic transition dipole vector for a circularly polarizxd molecule 

in this coordinate system can be described by:'^*^' 

My 

1! sin^ cos0 0 

0 0 a 

1 0 0 

0 cos $ ~ sin 0 

0 coh0 

cos a -sin£tf OY// 

sin«r cos a 0 

0 0 1 

0 (7.2) 



where each matrix component represents a. sequential operation on //, the magnitude of an 

initial transition dipole vector oriented along the .r-axis of the laboratory and the .r'-axis 

of the molecular plane. Adapting the coordinate system used by Bos and Kleijn (Figure 

12)}^ each Cartesian component is given by 

>,v' " COS acos^~ sin acos <9sin ^' 

My cos a sin ̂ +sin orcos i9cos ̂  (7.3) 

^ sinasin6' 

These angles are described in the polar coordinate system, 

\"i / fiir f?r flu , > V/.H) 
Jo daN{d,<l)) 

where//;' is the square of the dipolar components from Equation 7.3 along their 

respective Cartesian axes, the brackets represent an ensemble average over all individual 

orientations, N{0,(f) is an unknown distribution function for the molecular orientation 

(which is not a function of a because of the assumption of a circular dipole), and the 

denominator of Equation 7.4 represents a normalization of N{d,(f) to unity. 

Squaring the terms in Equation 7.3 and integrating aover 0 to 2n, since rotation 

about a is isotropic for a circular dipole, the following expressions are obtained for the 

ensemble average of the squared dipolar components along the laboratory (Cartesian) 

axes 

(/4} = ̂  {(cos' ̂ )+ (siir" (cos'^ 6?)} (7.5) 
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( / ^ ; )  =  / r  {(sin- ( p ) +  (cos- (!>) (cos^ ^)} (7.6) 

(7.7) 

Absorbance along these axes can then be calculated from Equation 7.1. As shown in 

Figure 7.3, for a light beam that propagates i,n the ,t-direction, transverse electric (TE or 

5'-) polarized light has an electric field component only along the y-axis, and transverse 

magnetic (TM or p-) polarized light has an electric field predominantly along the <:-axis, 

with a smaller component along the I'-axis. 

To detemiine the ensemble average orientationa! parameters, <cos'p> and <c()s 0>, 

without knowing the inherent strength of the dipole (//) and the strength of the electric 

field componets (Ei), a procedure of acquiring absorbance measurements in TE and TM 

polarizations at two different sample orientations is implemented (see Figure 7.3). An 

initial sample orientation is defined where i//, the angle between the molecular columns 

and the ATR probe beam (x-axis, substrate long axis) is 0°. For the second sample 

orientation, the columns run peipendicular to the probe beam (^=90°). By defining 

where is the molecular rotation angle in the y/ = 0" sample, unique expressions for 

Equations 7.5-7.7 can be obtained for both sample orientations and molecular 

orietitational angles remain referenced to the = 0° sample, where the molecular 

colunnis run in the j:-direction. 

(7.8) 



Expressions can then be written for the TE absorbance (And for the yf ~ 0" sample 

orientation (a) 

A, 
TEAT a ~ 
L. 

^ ^^.)+ {cos' ^)}£; (7.9) 
0* 

and the y/ = 90° sample orientation [h) 

~ {(cos' 4) + («in vo) (cos' 6>}}£; 
w " 

where Ey is the magnitude of the electric field along the _y-axis and and are the 

path lengths for the yr = 0° and the yr = 90° samples, respectively. By defining a ratio 

for the TE absorbance between the two sample orientations {), and thereby taking the 

ratio of Equation 7.9 to Equation 7.!0, an expression is obtained which is independent of 

and Ey 

a (sin' 4) + (cos' 4) (cos' B) 

" h ""(cos^^4)+(sin^4)(cos^^) ^ ^ 

Similarly, expressions can be given for the TM absorbance for the ^ = 0° sample 

orientation (p) 

<>•' (7.12) 

I {(cos' 4)+ (sin - 4} (cos^ ^)}e; + | //^(sin' <?)£; 

and the = 90" sample orientation ( q )  
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(7_13) 

o ju' l^sin" + (co$^ ^0^ ^cos'" &^]E', + //"'^siti* 

Equations 7.12 and 7.13 cannot be directly ratioed to remove the electric field intensities 

(Ex and E.), as was the case for the TE measurements. and E^, however, can be 

related to each other by the square of the magnetic field intensity {H^) through the 

foMowing relationships"^^ 

„ (/Vf„ 
E : = ^  ( 7 . 1 4 )  

/  \ r 2  

e: 
\ 'h J 

N n , H "  
(7.15) 

k e f  

where «r is the refractive index of the cladding or superstrate (1.00 for air, 1.33 for 

water), m is the refractive index of the film layer, is the dielectric constant of the 

cladding, c is the speed of light in vacuum, and Ntm, the effective index of the 

waveguide, is given by 

Nn, = sin (7.16) 

where ri^vg is the refractive index of the ATR substrate waveguide (1.51 for glass) and 

is the propagation angle of the probe beam in the substrate with respect to the substrate 

normal (as shown in Figure 7,3). Substituting Equations 7.14 and 7.15 into Eiquations 

7.12 and 7.13, and taking the ratio of these resultant expressions, an expression is 
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oblained for tlie ratio of the TM absorbance for the two .sample orientations ), which 

is independent of £',, E,, and ju 

/ \ 4 

{(cos'-#„)+ (sin™(cos' -K)+ (sin' $) (/V^„) 

'm 
<1 

{(sin"4)+ (cos" (cm' ^"')+ 4in^ 0 

v«/ 

n.. 

v « / /  

{7,17) 

fe) 

Analytical solutions for <cos~^ and <cos~$>, containing only the measured 

ahsorbances (a, h, p, q), Ntm, and «/, can then be obtained by combining Equations 7.11 

and 7.17 and solving for and <<:os^ 0> 

N TM 

(cos" ^0 

f n, 

\'h J 
( -  a  p - ] r h  p - \ - a q ~ - b q )  +  { h  q  ~ a p )  -n^:^^}q-ap} 

(7.J 8) 

(cos- &) = 

A/^ . 
( \ 4 

(a p  +  h  p - a q " b q )  +  { a  p ~ h q )  ' - n : { a p - h q }  

( \ 

[ / h  J  

4 

{ a  p  +  b  p ~ - a q ~ b q ) ~ { a  p - h q )  •  +  n ; { a p - b q }  

(7.19) 

By keeping these expressions in tenns of the absorbance values, as opposed to the 

defined ratios, valid solutions can be oblained for the case of an absorbance value of zero. 

The defined ratios are beneficial, however, in determining the closcst solution when an 

analytical sohition can not be obtained, which is further developed in wSection 7.3.2. If 

one assumes a delta distribution in the angular orientation, the brackets can be removed, 

and mean tilt Jind rotation angles of the molecular plane (as seen in Figure 7.2) can be 

determined from the values for <co.f'tp' and <co.s~$>. 
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7.3 Measured ATR Absorbance Spectra and Molecular Orientation 

7.3.1 ATR absorbance spectra for Pc I model system 

ATR absorbance spectra for a single annealed bilayer of Pc 1 on modified (50:50 

DPTMDSrHMDS) glass in air are presented in Figure 7.4 for the two sample 

orientations, where the shape and position of the spectra are consistent with transmission 

measurements on multiple bilayers of the same material.''' Qualitative information about 

the molecular orientation in this sample may be inferred by relating the various polaized 

absorbance spectra to the measurement geometries defined in Section 7.2 and Figure 7.3 

above. For the TE spectra, (he absorbance is much higher for the y/ = 0° sample 

orientation than the y/ - 90° sample orientation, suggesting the molecular discs are 

rotated closer to perpendiculai; rather than parallel, to the molecular column direction. 

For the TM spectra, a slightly larger absorbance is observed for the if/ = 90° sample 

orientation. Theoretically, the dilTerences in TM absorbance must be due to the a-

component of the polarization, as the z-component of the dipoles should not change with 

sample rotation about the z-axis. This measurement, then, is also consistent with the 

conclusions drawn from the TE absorbance. The overall magnitudes of the TM 

absorbance, however, may be strongly influenced by the absorption of the z-component, 

which is strongly dependent on the molecular tilt { &). 

In order to make qualitative comparisons across sample sets, the absorbance ratios, 

fj-p and , were calculated from the experimental peak absorbances (>-625 nm), as 

defined in Equations 7.11 and 7.17, respectively. The sample set described above was 
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Figyre 7.4; ATR absorbance spectra for a single annealed bilayer of Pc 1 on 
modified (50:50 DPTMDS:HMDS) glass in air for two sample orientations. 

The observed absorbances suggest the molecules in the film are ordered, with 
their molecular plane more likely rotated perpendicular, rather than parallel, to 
the column axis. 
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fabricated and analyzed three times, resulting in the following mean ratios and 

corresponding standard deviations, which represent the convolution of the imprecision of 

the film fabrication process and the analysis technique: %= 2.5±0.2 and 

0.63±{).05. Ratios and orientational parameters for all samples studied are presented in 

Table 1, along with expected values for an entirely random sample. For a random 

sample, the alisorbance ratios become equivalent to unity. 

7.3.2 Treatment of raw ATR data 

Each set of three acquired raw transmission spectra was averaged to give one 

representative raw spectmm in TE and TM modes for the blank and the film regions of 

the substrate. Absorbance spectra were then calculated from the dark subtracted blank 

and film transmission spectra, and peak absorbances were recorded (-625 nm). 

N-jni values were calculated according to Equation 7.16 using the nn-^jand values from 

Section 2.7. Values for <cos^^ and <cos^d> were calculated from Equations 7.18 and 

7.19, respectively, using the measured peak absorbance and values described here, 

the Hp values from Section 2.7, the appropriate n,- value (1.00 for air, 1.33 for water), and 

the measured «/ value. The refractive index for these Pc 1 bilayers («/) was delermined to 

be 1.66; a value comparable to that reported for LB films of a similarly-substituted CuPc 

(1.7).^ 

In some cases, however, an analytical solution could not be recovered from Equations 

7.18 and 7.19. When this occurred, a graph of <cos^$> vs. <cos^^> was created in 

Mathematica, and two curves were plotted, as shown in Figure 7.5. The curve was 



Table l,li Absorbance Ratios and Orientational Parameters, 

Sample Set® r T E  <COS^ <COS^ 0>^ 0' 

Standard Sample Set (average for n = 3) 

Random Orientation'' 

2.5±0.2 0.63±0.05 0.299±0.012 0.03±0.02 56.9±0.8° 80±3= 

1 1 1/2 1/3 45= 54.7° 

Environmental Expoaire 
not annealed > air 
annealed > air 
annealed > water 
annealed > water > air 
annealed > water > air > annealed > air 

2.26 0.49 0.008 0.42 84.^ 50= 
- Same as "Standard Sample" -

1.99 1.00 0.340 0.00 54.3' 90' 
2.38 0.66 0.313 0,02 56.0' 83° 
2.66 0.74 0.330 0.04 54,9" 78° 

Surface Pretreatment (% Diphenyl modifier) 
0 2.51 0.51 0.122 0.27 @9.5° 58= 
25 2.40 0.52 0.084 0.34 73.2' 55° 
50 - Same as "Standard Sample" -

100 2.99 0.53 0.252 0.03 59.9=' 80° 

® Sample is I bl Pc 1 on 50:50 hmds;dptmds niodified glass, annealed, in air. unless otherwise indicated. 
^ Per Equation 7.11, using raw absorbance values. 

Per Equation 7.17, using raw absorbance values. 
Orientational parameter for moieculai" azimuthai rotation that makes no assumption as to the orientation distribution, per 

Equation 7.18. 
Orientational parameter for molecular tilt that makes no assumption as to the orientation distribution, per Equation 7.19. 

^The mean rotation of the molecular plane with respect to molecular column direction, assuming a delta distribution. 
® The mean tilt of the molecular plane with respect to substrate plane, assuming a delta distribution. 
•' Theoretical values for a sample where the ensemble orientation is totally randomized. 
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Figure 7.5: Plots of <cos'^d> vs. <cos'^ used for fitting data when an analytical soiution is not obtained. 

Data is for two distinct samples of the same type; a single annealed bi layer of Pc 1 on modified (50:50 -y -y 
DFTMDS:HMDS) glass in air. The curves represent possible <cos~$> and <cos'$> values which yield 
the measured r-m and r-m values, per Equations 7.11 and 7.17, respectively, (a) The first set of data 
results in the intersection of the two curves and analytical solutions are therefore obtained for <coi'&> 
and ccos'^. (b) For the second sample, tlie lines do not quite intersect, and a solution was choscn that 
represents the half-way point of the shortest line that can be drawn connecting the two curves. o. w 
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created from Equation 7.11, where the curve values represent possible <cox"0> and 

<cos^^ combinations lhal result in an equality between the right hand side of the 

equation and the left hand side of the equation, or the experimentally measured value. 

The "%/" curve was created from Equation 7.17, where the curve values represent 

possible <cos'''(h- and combinations that result in an equality between the right 

hand side of the equation and the left hand side of the equation, or the experimentally 

measured value. For samples where analytical solutions could be obtained, these 

curves intersect, as shown in Figure 7.5a. When this was not the case, as shown for an 

identical sample in Figure 7.5b, a line represendng the shortest distance between the two 

curves was drawn, and <cos'0> and <a)s''p> values were recorded at the midpoint. In 

genera], these curves clearly converged on a solution, with only a slight offset leading to 

the lack of an analytical solution, as is demonstrated in comparing Figure 7.5b to Figure 

7.5a. 

7.33 Orientatkmal parameters and angles 

'> 7 
Orientational parameters, <cos''(fr> and <cos &>, were calculated as described above. 

When each sample set for this model system was solved independently, an a:verage value 

of 0.299±C).012 and 0.03±0.02 was obtained for <cos^^ and <cos''&>, respectively. For 

an entirely random sample, these parameters are theoretically equal to ^ and ^14. 

respectively. 
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These determined values can then be substituted baciv into Equations 7,5-7.7, along 

with their complimentary <sm^> values, and one can calculate the fractional component 

of the ensemble average electronic transition dipole along each Cartesian axis: 

Without making an assumption for the orientation distribution, these recovered 

parameters suggest that: a) the Pc discs are oriented such that the plane of the molecule is 

rotated closer to the column perpendicular (.v-) axis than the parallel (x-) axis, and b) the 

molecular plane is close to perpendicular to the substrate surfece (.k-j plane) (0.50 would 

be the expected fractional dipole component in the ^-direction for a perfectly upright 

disc). If one mtikes the assumption of a narrow width (delta function) in the orientation 

distribution, and solves independently for the three sample sets described above, an 

average value of 56.9±0.8° and 80±3° is obtained for ip and $, respectively. For a 

randomly oriented sample, values of 45'' and 54.7° are expected, respectively. 

The angles determined for this film suggest that the molecules are sitting nearly 

upright, with a mean iizimuthal rotation away from the column (A-) axis of 56.9°. These 

values ai"e consistent with results for the companion approach described above, where 

transmission and reflection-absorption FT-IR measurements were carried out for samples 

consisting of 4-bilayers of annealed Pc 1 on comparably-modified silicon and gold,""'"' 

In this IR approach, a value of 66° and 87" was obtained for #and $, respeciiveiy, also 

assuming a narrow distribution of angles. These two approaches involve different 

transition dipoles (electronic vs. vibrational) of the molecule, and the close agreement 
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brings support to the assumptions involved, a« well as the utilized models for how these 

transition dipoles are oriented with respect to the moleeule. It should be noted that these 

values for ^are greater than previously reported by this research group (ca. 50-60°) for 

this material when making an a priori assumption for the mean value of or assuming 

an isotropic distribution in this angle. ' The value for ^measured here is fairly close 

to the value this research group has previously reported (63") by other IR methods,'" 

where it was assutned that the molecules are completely upright, an approximation that is 

now supported. 

73.4 Qualitatively-inferred distribution widths 

Calculated angles represent mean orientations, and no specific information is 

obtained as to how wide the orientational distribution about that mean is. Total internal 

reflectance fluorescence (TIRF) can be used to recover distribution information,' but 

the approach is invalid here, where the molecules lu'e so close together that the 

fluorescence polarization is scrambled due to energy transfer.""^"'"'' Some qualitative 

distribution information, however, can be infeiTed from the recovered mean angles. 

If a measured angle is close to that obtained in an isotropic, or randomly-oriented 

system, one cannot distinguish between the following two cases: 1) a narrow distribution 

about the mean angle exists, which happens to be near the angle expected for an isotropic 

system, 2) a very broad distribution about some other angle exists, which significantly 

shifts the absorbance ratios (%- and away from their expected value for that mean 

orientation, towards unity, resulting in the determination of a mean angle near that 
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expected for an isotropic system. Conversely, if the measured angle is far from the angle 

for an isotropic system (i.e. near 0" or 90"), one can infer that there is a very narrow 

distribution about that angle. Because the s'alue for 0 measured here is so close to 90", it 

is inferred that that a nairow distribution exists in the tilt of these molecules. The 

measured value for f (57°) is larger than that for an isotropic system, suggesting 

preferential alignment of the molecular plane away from the column direction, however, 

the distribution width for the azimuthal rotation can not be inferred. 

7.3.5 Passible film structures for measured angles 

Considering that the molecular discs are sitting nearly upright ((9= 80°) with a small 

distribution in tilt, a few different extremes exist for the ensemble azimuthal molecular 

rotation. In Figure 7.6, these possibilities are illustrated in a simplified form, where only 

one layer of the Pc bilayer is shown, and the second layer is implied to be identical. Each 

ellipsoid represents the combination of the Pc core and its eight side chains. For the 

"fixed rotation" case (a), all molecules are azimuthally rotated 57° with respect to the 

column axis. A second possibility includes a "herringbone" pattern (b), where there is a 

repeating structure of columns of molecules rotated 57° and 123" (180° ~ 57") in the 

adjacent column. A third "extreme case" involves a "90°-centered distribution" (c), 

where the apparent mean rotation is 90°, but a large distribution width about this mean 

results in lower absorbance ratios (%, and %,) and the determination of an angle that is 

le.ss than 90°. This can occur because identical absorbance values are obtained if a 

molecule is rotated (90 ± away from the jc-axis, where ffm any angular value. As the 
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Figure 7.6; Diagram of possible "extreme" cases foi' the ensemble 
molecular orientation and distribution based on measured angles. 

The molecular tilt is nearly upright with a minimal distribution. For the 
ensemble azimuthal rotation, a "fixed rotation", "herringbone", "90"-
centered distribution," or something in-between these cases are all possible 
based on. the ATR results alone. 
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distribution about this mean angle increases, the measured value for ^ decreases, 

approaching the angle obtained for an isotropic sample (45°). Of course real samples are 

much more complicated, but the cases presented here demonstrate the wide possibilities 

for the ensemble orientation and distribution that may be inferred from the measured (p 

and 6 values. 

In an, attempt to rule out any of these possibilities for the ensemble, polarized 

transmission UV-Vis experiments were carried out on 1- and 4-biiayer films. A diagram 

demonstrating how this measurement was made is presented in the inset of Figure 7.7, 

Peak absorbances were measured as a function of polarization angle (in sample plane, 

referenced to moleeular column direction) and are accordingly plotted in Figure 7.7. 

Unlike the ATR experiment, this measurement is capable of distinguishing between a 

rotation, (j), of (90 + or (90 - f3)° away from the column (x-) axis. The largest 

absorbance measured, which is theoretically independent of 6, was observed at a 

polarization of ca. 90° for the two smnples, or perpendicular to the column direction. 

Signal to noise in the J~bilayer sample was poor, yet large enough to determine a 

polarization of maximum absorbance of 93±10°. The 4-bilayer sample demonstrates this 

principal at greater signal to noise (90±5°), where it is necessary to assume that 

subsequent layers have the same orientation as the first bilayer. These results suggests 

that the mean rotation of the Pc discs is centered about the column perpendicular (3'-) 

axis. One can then rule out the "fixed rotation" case (a) presented in Figure 7.6, where 

one would ha,ve expected to find an absorbance maximum at a polarization angle of 57", 

even if an appreciable distribution width existed about that mean rotation angle. One 
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axis (see inset cartoon). The largest absorbance was measured at a 
polarization of ca, 90'', or perpendicular to the column direction, for 
both samples. This suggests that the mean rotation is truly centered 
about the column perpendicular, ruling out a "fixed rotation" case. 
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cannot distinguish, however, between the "herringbone" (b), "W-cenlered distribution" 

(c), or any ensemble orientation resembling a combination of the two cases. 

7.4 Controlling Molecular Orientation and Further Applications 

7.4.1 Molecular orientation as a function of environmental exposure 

Having developed a technique and theoretical treatment for the simultaneous 

measurement of disc tilt and rotation, two additional applications were chosen to 

demonstrate how this approach can be used to monitor molecular orientation as a 

function of a controlled parameter. Results for the first study, where ^and ^ for a Pc 1 

bilayer on modified (50:50 DPTMDS:HMDS) glass were monitored as the sample 

underwent exposure to various environments, are listed in Table I and summarized in 

Figure 7.8. The sample set was analyzed as deposited, after annealing (above the 

temperature for the crystalline to liquid-crystalline mesophase transitioti ibr this 

material), and with the film under water (ATR cell filled with water). The sample 

was then dried in a desiccator and analyzed again in air. Finally, it was annealed again 

and analyzed in air. Error bars are shown for the analysis at the first annealing step, the 

model system described above, where the convolution of sample fabrication and 

instrumental uncertainties was determined. 

Unannealed films, versus annealed films, give very different disc orientations, where 

$•= 49.6'' and 84.9°. These values suggest that the molecules are almost exclusively 

rotated peipendicular to the column direction and are substantially tilted over towards the 

substrate plane. Upon annealing, the case described in greater detail above, the 
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Figure 7.8; Molecular orientation as a function of environmental exposure. 

Molecular tilt {0) and rotation (^) vs. chronological environmental exposures to 
the same sample. A large change is observed in the orientation (molecules 
become upright) upon annealing, which is not significantly changed with water 
exposure and further annealing steps. 
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molecules become almost exclusively upright ( 0 ~  80'"'), wilh a value ol' ^ ~ 56®. During 

the annealing process it is believed that enough kinetic freedom is given to the molecules 

in order for them to reorient into more stable, ordered conformations. 

Raw ATR data for the v^^ater exposure data point in Figure 7.8 is presented in Figure 

7.9 belovi'. The most notable difference between this data and that for air samples of the 

type presented in Figure 7.4 is that TM spectra are nearly identical for each sample 

orientation in water, where there was a more pronounced difference between the sample 

orientations in air. Additionally, the ititensity difference between the two sample 

orientations in TE polarization is diminished in the water samples, over the air samples. 

Due to changes in the refractive index of the cladding and coupling angles when studying 

water samples, electric field intensities may be dramatically different, and it is difficult to 

directly extract more extensive inforniation from the raw ATR data. When orientational 

parameters and resultant molecular orientational angles are calculated from this data, 

however, it is clear that exposure to water following annealing has a minimal impact on 

the molecular orientation {6 = 90°, ^ = 54.3°), resulting in a slightly more upright 

molecular disc. The observed molecular orientation for this sample remains resistant to 

significant change following the initial annealing step, even when cycled from air to 

w-ater and reannealed (Figure 7.8). 

It is possible that changes in the refractive index of the film (nt) upon these 

environmental exposures will perturb the calculated angles if not accounted for; however, 

it can be shown that angles only vary ca. 1° per 0.1 change in ni, suggesting that 

perturbations are minimal ft)r reasonable changes in /?/. The dramatic changes in 
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Figure 73: ATR absorbance spectra for a single annealed bilayer of Pc 1 on 
modified (50:50 DPTMDSrHMDS) glass in water for two sample orientations. 

The most notable differences between these spectra and those spectra for the 
same samples studied in air are that the TM spectra are nearly identical for each 
sample orientation and the intensity difference between the two sample 
orientations, as measured in TE polarization, is slightly diminished. Absolute 
intensity comparisons and TE to TM intensity comparisons may not directly be 
made to the air samples due to changes in the electric field intensilres and 
coupling angles in changing the cladding from air to water. 
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orientation npon annealing are certainly well outside of this range; and accorditigly, the rn 

value measured for an annealed film was used in calculating the orientation for each 

environmental exposure condition. 

7.4.2 Molecular orientation as a function of surface premocUfication 

In a second study, the orientation of a single annealed bilayer of Pc 1 in air was 

evaluated as a function of the pre-deposition suiface modifier. Such modifications have 

previously been shown to change tlie polarized IR absorbance anisotropy (along vs. 

perpendicular to column axis) for this material,'" but have not been correlated to changes 

in mean orientational angles. Glass surfaces were modified with a mixture of varying 

fractions of diphenyltetramethyldisikizane (DPTMDS) and hexamethyldisilazane 

(HMDS), producing substrates with various relative surface phenyl concentrations, as 

shown in Figure 7.10. Resultant absorbance ratios and orientational parameters for these 

samples are presented in Table 1, while resultant orientation angles are plotted in Figure 

7.11. These results suggest that there is some critical surface concentration of phenyl 

groups, which is achieved between 25% and 50% DPTMDS in the silane modifier 

mixture. Below this concentration, 0 values of ca. 57" are obtained, and above this 

concentration, values are ca. 80''. 

Based on these two studies, it is hypothesized that these Pc molecules do not sit 

upright upon initial LB deposition (i.e. 6 ~ 57°), but their molecular plane is nearly 

perpendicular to the column direction (i.e. 85°)- Once annealed, if the proper surface 

modification is present (i.e. large surface phenyl concentration), these molecules adapt a 
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more upright, narrowly-distributed orientation (i.e. 0 = 80") and exhibit substantially 

decreased ^ values (i.e. 57-60"). Stable interactions, such as n-n overlap between the 

phenyl groups at the Pc periphery and the sutface phenyls may facilitate this orientation 

change upon annealing, especially at high surface phenyl concentrations where the 

additive effect of these interactions is great. Once annealed, this new molecular 

orientation is relatively stable with regjird to the environmental exposures studied. These 

applications demonstrate the applicability of this technique in studying changes in 

molecular tilt and azimuthal rotation for suri'jice-confmed discotic molecules. Arguably, 

these specific observations could be investigated in more detail using this technique, and 

others, in order to further develop the above hypotheses. 

7.4.3 Further applicaliom and advantages over companion reflection/transmission !R 

method 

Although this technique was targeted at discotic liquid crystals, it is not limited to 

such systems, and may be directly applied to any film up to ca. 20 nra, composed of 

molecules with circularly-polarized electronic transition dipoles. With minor 

modification to include modeling of the evanescent field decay, thicker films may be 

studied. IR regions of the electromagnetic spectrum may be accessible, as opposed to 

UV -vis, through the proper choice of optical components, allowing this approach to be 

applied to vibrational transitions as well. Although a bilayer is studied here because of 

the enhanced rigidity of this film, ample signal to noise exists to make these 

measurements on sub-monolayer films. 
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This approach^ was developed in compariion with a teciinique for making the same 

molecular orientation determinations based on transmission and reflection-absorption 

infrared spectroscopy (IR) measurements,"''^ which yielded comparable results for tliis 

same model system. Although the ability to probe various vibrational transitions of the 

molecule by IR techniques may potentially lead to more detailed orientation infonnation, 

the IJV-Vis ATR approach described here offers some distinct advantages over this 

technique, as published. It is not necessary to change the substrate and surface modifier 

(AuA^enzyloxyethanethiol for reflection and Si/disilazane for transmission IR) to get 4 

and d, and make the assumption that doing so does not change the molecular orientation. 

The primaiy advantage of the technique described here, however, is the substantially 

higher sensitivity inherent to multiple-bounce ATR spectroscopy over transmission and 

single reflection measurements. It is estimated that the limit of detection is 0.003 

absorbance units,'^" or 0.05 monolayers for molecules like Pc's, with high molar 

absorptivities (>10"^ M"' cm '), facilitating the unambiguous study of interfacial layers, in 

addition to bulk analysis. An additional advantage is that it is not necessary to make the 

assumption of a delta distribution at the beginning of the theoretical treatment for the 

ATR approach, allowing meaningfull orientational parameters to be recovered regardless 

of such assumptions. 

7.5 Conclusions 

Most previous reports of techniques Ibr measuring molecular tilt or azimuthal rotation 

have relied on making a priori assumptions as to the mean value (or isotropic nature) of 
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one of these angles, in order to determine the other. Here, the first report of an ATR 

method for the simultaneous determination of molecular tilt and azimuthal rotation of 

supported discolic molecules has been presented, where it is not necessary to make such 

assumptions. 

This approach was targeted at such materials as liquid-crystals, where appreciable 

ordei' is expected in the molecular tilt and azimuthal rotation within columnar aggregates. 

A model system was studied, composed of an annealed bilayer of an octasubstituted Cu 

phthalocyanine, which forms molecular columns in a fixed, in-plane direction. Assuming 

a narrow (delta function) distribution in the orientation, it was determined that the mean 

tilt of the molecular plane away from the substrate surface is 80±3" and the mean 

azimuthal rotation of the molecular plane away from the column direction is 56.9dt0.8°. 

This value for the tilt suggests the molecules are naiTowly distributed in this angle and sit 

nearly upright, more so than previous reports on these films (ca. 55°), where assumptions 

were made for the rotation in order to deteraiine the tilt. The molecular orientation tor 

this model system was additionally studied as a function of environmental exposure and 

predeposition surface modifier, revealing novel information regarding methods of 

controlling the orientation of such systems. 

The theoretical approach described here represents a first-order attempt at describing 

aggregate systems. Future studies should involve more detailed considerations of sources 

for absorbance anisolropy in the sample, such as birefringence and inductive conductivity 

effects. Additionally, the accuracy of this technique may be improved by considering 

interactions between adjacent molecules. 
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(JHAPTEE 8 

CONCLUSIONS AND FUTURE DIRECTIONS 

This dissertation was focused on the characterization and optimization of novel 

materials and interftices critical to the performance of organic electronic devices, such as 

OLEDs, OPVs, and OFEiTs. Research efforts in this field were logically divisible into 

three nicijor thrusts: (1) Development of an electrochemical model and materials for 

organic light-emitting diodes, (2) Characterization/Optimization of the electronic 

properties of supramolecular materials containing multiple, identical redox sites, (3) 

Characterization and control of molecular orientation at organic electronic interfaces by 

attenuated total reflectance UV~Vis spectroscopy. The primary conclusions drawn from 

these studies are highlighted here, as well as potential future directions for these research 

thrusts. 

8.1 Thrust 1; Electrochemical Models and Materials for OLEDs 

8.1.1 OLEDfabricxition/characterization development 

At the onset of these studies, OLED fabrication and characterization capabilities had 

not been developed in this laboratory. As a result of the efforts described in Chapter 3, 

functional, reproducible, solution-processed OLEDs may routinely be fabricated and 

characterized in this laboratory. This advancement was achieved in five phases of 

development; development of OLED fabrication/characterization design, characterization 

of ITO and polymer thin films, development of functional, reproducible devices. 
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automation of device characterization, and devclopmenl of more advanced, photometric 

measurement capabilities. An OLED fabrication design was adapted which resulted in 

four distinct devices on a given substrate, facilitating statistical evaluation of these 

devices. A device platform based on a PVK polymeric matrix was eventually selected 

and optimized, and resultant devices were observed to perform within published 

parameters when doped with DIQA. The thickness of the active polymeric layer was 

determined to increase with increasing total solids in the cast solution, and this in turn 

resulted in higher turn-on voltages for devices due to increased resistance. Devices 

hosted by Alq^ or Al(qs)3 resulted in similar tuni-on voltages and luminescence 

properties, and the addition of dopants, such as DIQA, enhanced the brightness of devices 

by an order of magnitude. In addition to the developments made in device fabrication, 

the device characterization developments described in Chapter 3 facilitate the rapid 

characterization of device current and luminance properties. Having achieved these 

developments, the stage was set for more advanced, novel subjects such as the study of 

relationships between solution electron transfer processes and the performance of guest-

doped OLEDs. 

8.1.2 Near-IR dopants to elucidate guest emission mechanisms 

Previous studies referenced in Chapter 4 suggest that luminescent state production in 

guest-doped OLEDs with weakly interacting molecules may be modeled based on 

solution electrogenerated chemiluminescence (ECL) processes. These reactions were 

previously described for undoped devices, and in guest-doped devices, two charge 



282 

transfer (CT) reaction routes to guest emission bad been proposed to explain the extra 

harvesting of energy by the guest over that by energy transfer (ET) processes alone: an 

"oxidized guest" or a "reduced guest" mechanism. In die studies deseribed in Chapter 4, 

a host-guest system was designed in order to elucidate the relative significance of these 

potential pathways with respect to ET pathways. By choosing to dope Alq^- or Al{qs)3-

hosted PVK devices with phthalocyanine (Pc) or naphthalocyantne (NPc) guest dyes, 

guest emission was shifted away from the host quinolate ( visible), into the near-lR, such 

that host and guest emission could be separately measured and their relative efficiencies 

(with respect to each other) determined. This was not done at the expense of deci'easing 

the probability of ET because these materials have comparable spectral overlaps with the 

quinolate emission as the visible dopants (DIQA) due to the substantially larger molar 

absorptivity of the Pc's and NPc's. 

Using this device configuration, it was demonstrated that the energetics of hole 

capture by a guest dye ("oxidized guest" mechanism) in these doped PVK-based OLEDs 

appears to control pathways leading to cross-reaction/emissive state production. The 

relative amount of guest emission, with respect to the host (after instrumental and 

quantum yield corrections) was determined to scale exponentially with the difference in 

redox potentials (free energy) for these reactants, as is well described tbr solution 

processes by Marcus theory. These observations suggest that not only is it desirable to 

maximize the probability of ET to guest dopants in the device, but that these CT 

mechanisms must be considered and may be exploited in order to enliance device 

luminescence efficiency. 
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8.1.3 Quinacridane ihmdrimer f^uesi dopants 

Having further developed the electrochemical model for OLEDs to include guest-

doped devices, further research efforts within this thrust were directed towards 

developuig OLED dopants. A series of novel quinacridone dendrimer materials were 

accordingly evaluated as candidates. From solution electrochemical and photophysical 

studies, it was determined that the molar absorptivity, quantum yield, peak absorbance 

wavelength, peak luminescence wavelength, and redox potentials do not change 

significantly with dendrimer generation. Diffusion coefficients and rates of 

heterogeneous electron transfer, however, decreased dramatically with generation. Neat 

thin films of these materials showed decreasing tendency towards aggregation of the 

quinacridone core with increases in generation, as evidenced by the absorbance and 

luminescence spectra, and therefore became more luminescent. Single-layer OLEDs, of 

the type ITO/PVK-Alq.i-quinacridone dopant/Al, were constructed and characterized. 

Comparisons between photoluminescence and electroluminescence spectra of these 

devices demonstrated the presence of quinacridone energy harvesting routes that exist in 

addition to ET routes, namely CT routes. The efficiency of these processes was 

determined to be largely independent of dendrimer generation for the range studied here, 

despite the rapidly declining rates of heterogeneous electron transfer. 

From these studies, it was concluded that dendrimerization of highly luminescent 

dopants is a sound strategy for inhibiting aggregation of the core. By careful design of 

the dendrimer side chains, this prevention of core aggregation can be achieved wliile 

maintaining the efficiency of energy and charge transfer reactions to and from the core. 
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It is believed that this is made possible by the relative permeability of the dendrirner 

periphery to small molecules aod polymer chains during film casting, while aggregation 

between like quinacridone dendrirner cores is still blocked. 

8J.4 Future directions 

The enhanced luminescence properties of neat films of these materials suggest that 

they may be utilized in OLEDs as neat thin films (as opposed to doping them into a 

supporting matrix). Multilayer devices are generally more efficient than single-layer 

devices, as described in Chapter 1, yet such devices are not frequently fabricated with 

neat films of the highly luminescent dopant because these materials tend to self-aggregate 

and self-absorb, decreasing luminescence efficiency. The observed lack of aggregation 

and enhanced luminescence responses of neat thin films of the quinacridone dendrimers, 

however, suggest that they will lead to enhanced luminescence efficiency in multi-layer 

OLEDs containing a neat thin film of the quinacridone dopant sandwiched between hole 

transport and electron transport; materials. 

This proposed device geometry is shown in Figure 8.1. Multilayer devices tur 

frequently fabricated in vacuum, but may be solution processed if film casting does not 

result in dissolution of previously cast layers. One strategy for preventing this is to cross

link layers before casting of subsequent layers. A series of photo-polymerizable TPD 

hole transport materials have been prepared by Marder et al'*" and may be used in 

conjunction with neat quinacridone dendrirner films to solution process a significant 

portion of the device. As briefly discussed in Chapter 5 and summarized in Appendix C, 
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Figure 8.1: "Next-generation" (a) materials an,d (b) devices. 

Para-phenylenevinylene (PPV) dendrons may serve as a hole 
transport materia! and additionaliy donate charge/energy to the 
quinacridone core in "next-generation" OLIiDs. Allyl-
terminated dendrons are polymerizable, and may be used to 
create a cross-linked film of isolated quinacridone moieties, 
facilitating solution-based fabrication of multiple-layer OLEDs. 
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"next-generatioo" quioacridone dendrimer rnaleriais of the type shown in F'tgure 8.1a, 

currently in a stage of developm,ent and preliminary characterization (Gemma 

D'Ambruoso, McGrath CJroup, Department of Chetnistry, University of Arizxina), may be 

even more ideal in such devices; peripheral p~phcnylenevitiylene (PPV) groups may help 

transport charge/energy to the quinacridone core and polymerizable allyl groups may 

provide for cross-linking of the dopant film itself. 

In a unique combination of the ideas discussed in Chapter 4 and Chapter 5 for near-lR 

Pc dopants and dendrimerized dopants, respectively, Pc dendrimers may present a 

superior probe for studying relationships between solution kinetic inhibition to electron 

transfer and device performance. The near-IR emission of Pc-based guest dopants 

facilitates the study of charge transfer process, as described above and in Chapter 4. For 

the studies described in Chapter 5, where kinetic inhibition to electron transfer in solution 

was compared to device CT processes, substantial uncertainties were encountered 

because of the poor separation between the host (quinolate) and guest (quinacridone) 

emission. If Pc~based dendrimers of the type shown in Figure 8.2 (or solubilized versions 

there of), which have previously been prepared in the McGrath laboratory (Department of 

Chemistry, University of Arizona), were utilized for such studies, the relationship 

between solution and device inhibition to CT could more precisely be iirvestigated. 
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Figure 8.2: Phthalocyanine dendrimers. 
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8.2 Thrust 2: Electrochemical Properties of Molecules with Myltiple, Identical 

Redox Sites 

As the preceding discussion suggests, controlling the electrical properties of target 

materials for electronic devices is a viable strategy for enhancing the performance of such 

materials in the device. In order to invesiigate how supramolecular structure and 

multiple, identical redox sites on a given molecule influence its electrical properties, a 

series of novel materials, based on supramolecular assemblies of the [Re6{//3-Se)8]''''" 

cluster, were developed in the Zheng laboratory and their electrochemistry characterized 

as described in Chapter 6. The |Re6(/i:5-Se)8]^"^ cluster has an extremely reversible 

oxidation, the product of which was determined to be stable in solution for as long as 20 

minutes. Novel trimer and tetramer assemblies, based on a tripyridyl triazine and 

porphyrin core, respectively, demonstrated oxidative properties consistent with other 

reports for assemblies involving this cluster type: oxidations of multiple clusters on a 

given molecule are uncoupled, suggesting minimal electrical communication between 

cluster sites. 

For cluster 7-mer dendrimers, however, coupled oxidations were observed for R(-

C=C-Ek due to the additive effect of the polarization of the core cluster by the oxidized 

peripheral clusters. It is hypothesized that the asymmetry of these materials, where all 

clusters are not in the same effective environment, is necessary for this to occur. This 

polarization of the interior cluster was determined to occur by a through-bond 

mechanism, which only exists to an appreciable extent for fully-conjugated linking 

ligands. 
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In addition to these supramolecular assemblies, the first polymerizable version of the 

[Re6{//3-C3)!5]~'^ cluster type was developed by the Zheng laboratory and incorporated into 

organic polymeric materials by copolymerizing with polystyrene. Voltammett^ of these 

materials suggested that the incorporated clusters are unperturbed by the polymerization, 

noninteracting, and effectively in the same environment. This synthetic platform, shows 

great promise for processing these materials into polymeric thin films suitable for use in 

organic-inorganic hybrid electronic devices. 

8.2.1 Future directions 

Based on the electrochemical response of these materials, it is theorized that 

sequential increases in dendrimer generation will result in further splitting of the 

oxidative waves for higher generation dendrimers of the M(-C=C-R)6 family (i.e. 

completely/partially functionalizing the peripheral clusters of R(-C=C-R)6 with more 

linked cluster units may produce voltammograms with three oxidation waves). If this 

strategy is viable, it would suggest that the electrochemical properties of these materials 

may readily be controlled by controlling the supramolecular structure. 

The potential usage of these materials in electronic devices was not evaluated here, 

and may be the focus of future studies. Specific usages, where these materials would be 

superior to current technologies are not fully understood. The electrochromic natu.re of 

these materials, however, may be exploitable, and the phosphorescent emission fro,m 

these clusters (ca. 700 nm) may be useful for OLEDs. Another potential application is 

the usage of these materials in data storage devices. The extremely stable oxidation of 
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this cluster, along with its ability to be copolymerized with polystyrene, suggest that a 

film of this material could be solution-processed and data written to it by selectively 

oxidizing clusters with a sharp metal tip (i.e. of the type used in scanning tunneling 

microscopy). In these polymeric materials, the clusters were determined to be 

noninteracting, and would therefore isolate this extra charge associated with the "on-

state" without perturbing neighboring clusters, an ideal situation for these types of 

applications. Data could then be read from the film by delecting this excess charge with 

the same tip. Efforts to balance tlie additional charge incurred upon oxidation would 

undoubtedly be required. 

8.3 Thrust 3: Molecular Orientation by ATR IJV-Vis 

In addition to the physical properties of organic materials, their molecular orientation 

in the organic electronic device may be critical to its performance. Discotic liquid-

crystalline organic materials such as phthalocyanines and hexabenzocoronenes show 

great potential for usage in OFETs and OPVs because of their high charge mobility and 

anisotropy. These materials generally form columnar aggregates when appropriately 

prepared by Langmuir-Blodgett (LB) or other techniques, where enhanced conductivity 

along the column axis is generally observed. It is important for the function of devices 

prepared with these materials that these columns be appropriately aligned (between the 

source and the drain for OFETs and perpendicular to the substrate axis for OPVs). 

Additionally, the molecular orientation within these columns is anticipated to strongly 

influence charge mobility and anisotropy. It is therefore necessary to characterize the 
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molecular orientation in assemblies of this type, and to eventually control orientation In 

order to maximize these properties. 

Most previous reports of techniques for measuring molecular tilt or azimuthal rotation 

have relied on making a priori assumptions as to the mean value (or isotropic nature) of 

one of these angles, in order to determine the other. In Chapter 7, the first report of an 

ATR method for the simultaneous determination of molecular tilt and azimuthal rotation 

of supported discotic molecules was presented, where it was not necessary to make such 

assumptions. This was made possible by studying the sample at two orientations with 

respect to the probe beam, at two different electric field polarizations. 

A model system was studied, composed of an annealed bilayer of an octasubstituted 

Cu phthalocyanine, which forms molecular columns in a fixed, in-plane direction. 

Assuming a naiTow (delta function) distribution in the orientation, it was determined that 

the mean tilt of the molecular plane away from the substrate surface was 80±3" and the 

mean azimuthal rotation of the molecular plane away from the column direction was 

56.9±0.8°. This value for the tilt suggests the molecules are narrowly distributed in this 

angle and sit nearly upright, more so than previous reports on these films. The molecular 

orientation for this model system was additionally studied as a function of environmental 

exposure and predeposition surface modifier, revealing novel information regarding 

methods of controlling the orientation of such systems. 
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8.3.1 Future direetiom 

The theoretical approach described here represents a first-order attempt at describing 

aggregate systems. Future studies should involve more detailed considerations of sources 

for absorbance anisotropy in the sample, such as bireftingence and inductive conductivity 

effects. Additionally, further consideration should be given to interactions between 

adjacent molecules. Despite these considerations, which may improve the accuracy of 

this technique, the close agreement between these results and those obtained witti the 

companion IR technique for the same model films suppoits the validity of this method 

"as is" for determining molecular orientation in films containing discotic molecules. 

In order to further demonstrate the significance and capabilities of this technique, it 

would be desirable to study molecular orientation changes in-situ, as opposed to 

preparing separate films for each data point or removing the sample for environmental 

exposure, as was the case for the further applications presented in Chapter 7. A unique 

model system which may be suitable for such a study is based on a polymerizable version 

of the CuPc studied here, namely 2,3,9,10,16,17,23,24-octakis(2-cinnarayloxy-

ethoxy)phthalocyaninatocopper(Il) or CuPc(0CH2CH20CH2CH=CHPh)s, the molecular 

structure of which is shown in Figure 8.3a, It has been demonstrated that LB films of this 

material may he cross-linked by UV radiation." Subtle changes in polarized IJV-Vis and 

IR anisotropics were observed as this occurred, suggesting molecular orientation changes 

occur in the film during photopolymerization. These orientational changes may be 

measured in-sim using this technique as shown in Figure 8.3b. The ATR cell may be 

purged with Ar to eliminate oxygen, which will terminate the polymerization. By 
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Figure 8.3: (a)Molecular stmcture of 2,3,9.10,16,17,23,24--
octakis(2-cinnamyloxyethoxy)phthalocyaninat:ocopper(Il) 
or CuPc(OCH2CH,pCH2CH=CHPh)s and (b) Proposed 
situ ATR polymerization/measurement configuration. 
Future ATR studies could include the in-situ study oF 
orientational changes for CuPcCOCH^CHjOCH^CH^CHPhj^ 
films during polymerization by UV exposure. 
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replacing the glass ATR substrate with a quartz substrate, the film may be irradiated from 

the back (external) side of the ATR substrate. Initial absorbance measurements would be 

acquired, the sample would be exposed to the UV radiation for a fixed arnoimt of time, 

the UV pen lamp shut off, anotber set of absorbance measurements acquired, and this 

procedure repeated for each data point. Such in-situ measurements could eventually be 

used to fine tune molecular orientation such that the peiformance of electronic devices 

composed of such films is optimized. 

8.4 Concluding Remarks 

The research etTorts described in this dissertation have been directed at the further 

development of organic electronic devices. With the perspective that a chemist brings to 

such an endeavor, these developments have been addressed at the molecular level. A 

greater understanding of the considerations necessaiy for designing more efficient OLED 

dopants have been realized, and models set forth for predicting the peilbrmance of these 

materials in OLEDs based on solution photophysical and electrochemical 

characterization. These considerations will likely result in the advancement of OLEDs 

into new technological applications as their efficiencies are further improved. 

fn addition to considerations of molecular physical properties in designing better 

devices, the ability to measure and control molecular orientation will likely be of great 

importance. The method described here for measuring such molecular orientation will 

not only be of itnportance to the organic electronics community, but to the field of 

analytical chemistry in general. The technique is in no way limited to organic electronic 
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materials, and may find usage in studying biological or bioanalytical systems where 

molecular orientation is important. 



APPENDIX A 

CORRECTION OF FIllER-OPTIC SPECTROPHOTOMETER AND 

FLUORIMETER, EFFICIENCY WITH RESPECT TO WAVEI.ENGTH 

For nearly all luminescence measurements in this work, it was necessai^ to acquire an 

emission spectrum, corrected for instrumental efficiency changes with respect to 

wavelength. Using the methods described in Section 2.6.2, the fiber-optic spectro

photometer was corrected as such. In Figure A.la, measured and tabulated' spectra are 

presented for a 10 '^ M solution of quinine sulfate in 0.1 N H.2SO4, along with the 

determined correction curve. The correction curve represents the necessary values for the 

experimental data to be scaled by in order to result in a match to the published spectrum. 

This curve reveals the inefficiency of the instrument in the blue regime, and data at the 

very extremes of the curve are considered invalid due to a very low emission intensity of 

the dye at that wavelength. Most of the irregulai" features in the raw data and the 

calibration curve are due to reflections within the CCD, caused by the lack of an anti-

rellection coating on the chip. Such features observed in subsequent spectra were 

reliably corrected using the calibration curves described here, 

A comparable set of data is presented in Figure A. lb for a dilute {ca. 10"'' M) solution 

of 4.4'-DMANS in 1,2-dichlorbenzene,' which yields calibration data for the red and 

near-IR portions of the electromagnetic spectrum. These curves were combined to give 

the overall correction curve presented in Figure A.2. It is clear from inspection of this 

curve that the instrumental response is relatively flat in the 500-650 nrn regime, but 
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strongly influenced by the transmitlable wavelengths for the silica optical fiber. It is 

clear that when using this instrument to determine corrected emission spectra, especially 

in the near-lR and blue wavelength regimes, correction is imperative. For the correction 

of photoluminescence spectra, the correction curve provided by the tluorimeter 

manufacturer (Figure A.3) was utilized. 



APPENDIX B 

DEVEIX)PMIMT OINMBIOMETRIC/PHOTOMETRIC MEASUREMENT 

CAPABILITIES AND RELATED CALCULATIONS 

B.l Measurement design 

The measurement capabilities described in Chapter 3 (using the proximate detectors) 

are sufficient for most relative device intensity studies; however, in order to make 

absolute rtieasurements and compare data to standard published vakjes, it is necessarj' to 

develop a more rigorous detection scheme, where specific criteria must be met to 

guarantee an accurate measurement.''" First, a light power measurement must be made, 

which is typically achieved with a calibrated photodiode. Such a detector, along with its 

corresponding i-dependant calibration, may be obtained commercially (Hamamatsu). 

The design for the calibrated detector used here is schematically represented in Figure 

B.l. A black box, composed of foam board, is constructed with black gaffer's tape. The 

detector box has an opening on one side and a calibrated photodiode (Hamamatsu S1336-

5BQ, 5.7 mm" active area) surface-mounted on the inside of the opposite side, such that 

the box may be placed over the "OLED Clamp," and intensity measurements made 

without sensitivity to ambient lighting. The box is designed to give a distance between 

the LED device (source) and the detector, c/,.,/, of 13.8 cm, or greater than 5x the diameter 

of the entire active area of the substrate (2 mm, including all four devices). As will be 

developed in further detail below, placing the detector at such a distance allows the 

device to be treated as a point source, greatly simplifying the measurement calculations. 



302 

/ 
calibrated photodiode 

= 5.7 mm-) 

U 

•'A,r-- 13.H cji! 

A. ! 
J "'1 

Black foam board 
box, constructed 
with gaffer's tape 

Side view of OLED clamp 

Figiire BJ; Design of photometric detector. 

Customized black box assembly with calibrated photodiode 
allows for quantitative photometric measurements to be made. 
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Additionally, this alleviates the need to reposition the detector when testing each device 

on the substrate. 

In addition to making an accurate power measurement, the corrected emission 

spectrum of the device, must be known. This implies thai the spectrophotometer 

used for the measurement be con'ected for efficiency variations with wavelength (or an 

appropriate calibration be provided by the manufacturer). In order to meet this 

requirement, a correction curve for the fiber-optic spectrophotometer was accordingly 

determined, as presented in Appendix A. 

B.Ll Radiometric measurements/calculatiom 

Standard light emission power is measured as a radiometric flux (<!», in Watts or W). 

The photodiode calibration provided by the manufacturer relates the induced 

photocurrent of the detector (in Amps) to an incident power (in W) at the given 

wavelength of emission. The sensitivity of a typical Si-based photodiode increases with 

/I through the visible regime and into the near-lR before declining, as shown in Figure 

B.2 for the photodiode used in the specific detector described above. This effective 

sensitivity of the photodiode detector (Seff) with respect to must therefore be factored 

into the absolute power measurement in the form of the following expression' 

where S(A.) is the detector sensitivity (in units of AAV) at the given X and has been 

normalized to an area of unity 

(B.l) 
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FigHre B.2; CIE curve and calibration curve for photodicxie in calibrated OLED detector (Hamamalsu S1336-5BQ). 
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£ (l){X) dX = I (B .2 )  

For the case of a ds^ at least 5x greater than the diameter of the device and the 

detector, the device may be treated as a point source and the observed photocurrent of the 

detector {Id) can easily be related to a radiometric quantity describing the observed 

intensity of the device, the radiance {R, in units of W/m'Vsr), by the following 

relationship''" 

where A.v is the emissive area of the device (source) and A,i is the active area of the 

detector. Alternatively, if one wishes to determine <I>, it may be recovered from R by the 

following expression 

B.L2 Photometric measurements/calculations 

More frequently, however, LEDs used for display applications are described in 

photometric units, where the sensitivity of the human eye to the device is considered. 

Power is then reported in terms of a photometric luminous flux , in kimens or im). 

The luminous flux conversion factor (Cv, in Im/W) is used to relate a radiometric 

measurement to a photometric parameter, more suitable for describing the apparent 

brightness of visible LEDs,' 

(B.3) 

A, (B.4) 

f750 ran , » 
f-;, = L vaxKMdA (B.5) 



306 

where V(A-) is the spectral luminous efficiency (in Im/W) at wavelength A, given by the 

CIE curve shown in Figure B.2 (peak sensitivity at 555 nm). The perceived brightness of 

the LED, or the luminance (L, in candelas/m' or Cd/m^), is then given by,'"^ 

/ d *' C 
L  =  R C y =  (B.6) 

A^ j  A, 

where 1 Cd = 1 lin/sr. Alternatively, if one wishes to determine 4),,, it may be recovered 

from L by the following expression 

(!>,,= (B.7) 

Photometric intensity values are typically accompanied by average photon energies 

(E, in eV), which describe the energy or color of the LED device. These values may 

easily be estimated from the wavelength of peak intensity, a more.typical parameter used 

to describe emission from organic materials, using the Ibllowing relationship''^ 

P42 
£(eV)«-—-- (B.8) 

A (nm) 

E.13 Measured photometric parameters for developed devices 

Photometric parameters, measured as described, m'e presented in Table B.l for some 

of the emissive materials discussed in this dissertation (Alq3, Al(qs)3, and DIQA). All 

materials emit in the green, near the CIE maximum sensitivity at 555 nm. C,- Is fairly 

comparable between Alq^ and Al(qs)3 (367 hn/W and 375 Ini/W, respectively), but is 

significantly larger for DIQA (527 Im/W) due to its sharper emission spectrum, which 



Table B.'l: Measured/calculated photometric parameters tor 
OLED emitters. 

Parameter Alqg Al(qs)3 DiQA 

Ap (nm) 522 511 525 

E i e V )  2.38 2.43 2.37 
Cv(lm/W) 367 375 527 

SeffimA/W) 285 286 284 
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focuses more photons at energies the human eye is extremely sensitive to. Despite this 

difference, however, Sejj values are nearly identical for all materials (ca. 285 mA/W), due 

to the linear slope of the photodiode in this v^'avelength regime. The quinolates have 

more relative photons at energies the detector is more sensitive to than DIQA, yet also 

more photons at which the detector is less sensitive, thereby giving a similar efficiency to 

DIQA. 

Using the detector, calculations, and parameters described above, the luminance of a 

PVK-Alqj-DIQA device (13 g/L) was determined and was plotted as a function of bias 

potential in Figure 3.15. At 15 V, the brightest intensity measured, a photocurrent of 

0.455 nA was observed at the calibrated detector. Using this value for I^, the 

measurement geometry values listed above and in Figure B.l, and the DlQA-specific 

photometric parameters listed in Table B.l, L was calculated using Equation B.6. The 

measured value of 99 Cd/m' is consistent with reports for similar, doped polymeric 

devices developed in other laboratories.'^"'^ 

B.l.4 Photometric measurements at proximate detectors 

Bccause of the large separation between the device and the calibrated detector, the 

signal to noise ratio is much lower than measurements made for the same device at the 

proximate detectors. Calculating radiances or luminances based on measurements made 

at the distance scale of the proximate detectors (ca. 5 mm), however,, becomes extremely 

c o m p l i c a t e d  b e c a u s e  t h e  s o u r c e  c a n  n o t  b e  t r e a t e d  a s  a  p o i n t  o r  a n  i n f i n i t e  p l a n e . I n  

order to achieve higher signal to noise ratios for standard radiometric/photometric 
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measurements, a quantitative relationship between the intensity measured at the 

calibrated and proximate detectors was determined. In other words, an empirical scalar 

factor was detennined, relating the response of the proximate detector to the calibrated 

detector. 

This empirical scalar fiictor, Ff.,,, was determined by measuring the photocuiTent 

induced at the proximate detectors (#1-4) and the calibrated detector for the same PVK-

AlqirDlQA device and ratioing the response of the calibrated detector to the proximate 

detector. These responses, along with F,..,, values, are plotted in Figure B.3 for proximate 

detector #1 (see Figure 3.3) as a function of bias potential. The raw response of the 

calibrated detector is presented, and the raw response of the proximate detector has been 

scaled by 7.2x10''^ in order to place it on the same scale. Plotted F,..,p values, however, 

represent the ratio between the raw data points. Here, the improved signal to noise ratio 

of the proximate measurement, vs. the calibrated measurement, is readily observed. As 

the device becomes brighter with increases in bias voltage, the signal to noise at the 

calibrated detector becomes small enough to give values which approach a constant 

of 7.2x10'"', the value selected for scaling the proximate data. This empirical constant 

was determined to be nearly identical for all four detectors, and is not anticipated to 

change with the emission spectrum of the device, since the proximate detectors are 

simply smaller Si photodiodes of the same type as the calibrated detector, with similarly-

shaped response curves (as in Figure B.2). Approximate calibrated measurements can 

then be made by multiplying the photocurrent response of the proximate detectors by this 
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Figure B.3: Quantitative relationship between photometric and proximate detectors. 

The luminescence intensity of a PVK-Alqj-DIQA device is presented in terrm of 
the induced photocurrent at either the calibrated (raw data) or proximate (scaled by 
7.2x10*^) detector. Also shown is the ratio of the raw response of the calibrated 
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achieved to give a constant ratio of ca. 7-2,x,10"-\ 
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APPENDIX C 

PRELIMINARY CHARACTERIZATION OF "NEXT-GENERATION" 

QIJINACMDONE DENDRIMERS 

A series of "next-generation" quinacridone dendrimers were at various stages of 

synthetic development and initial characterization at the time of this writing (in 

collaboration with Gemma D'Ambrouso, McGrath Research Group, Department of 

Chemistry, University of Arizona). Presented here is a summary of preliminary data 

collected Ibr some of these materials, namely a series of quiEacridonefQA)-based 

dendrimers with oligo(para-phenylenevinylene) (o-PPV) side chains, potentially capable 

of transferring chtu-ge and energy to the quinacridone core. Additionally, these o-PPV 

units may function as the hole transport material for "next-generation" devices. 

Structures for zero (PPV[GO]QA) and first {PPV[G1]QA) generation molecules of this 

type, as well as an end-capped o-PPV oligomer (o-PPV) are presented in Figure C!. 1. 

Preliminary electrochemical and photophysical properties for these materials, as well 

as reference values for DIQA, are listed in Table C.l and are supported by the data 

presented in the following figures. In general, first oxidation and reduction potentials for 

the quinacridone moieties in these materials are comparable to DIQA (ca. 0.75 V tmd -

1.7 V, respectively), with a possible trend of slightly increasing oxidation potentials and 

decreasing reduction potentials with increases in generation. Cyclic voltammetric (CV) 

and differential pulse voltammetric (DPV) techniques revealed pseudo-reversible first 

oxidations and reductions for o-PPV (0.75 V and -2.23 V, respectively), with irreversible 
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PPV[GO]QA 

PPV[G1]QA 

0-PPV 

Figure C.l: Structures of "next-generation" PPV-quinacridone dendrimers. 

Poly-phenylenevinylene (PPV) dendrons may serve as a hole transport 
material and additionally donate energy to the quinacridone core in "next-
generation" OLEDs. 



Table C.l; "Nest-generation" PPV-QA dendrimer physical constants. 

MW(g/mol) Oxt (Vf (Vf •^max, Abs (nfFl) ^Ima* (W cm AmaM,PLinm) Q'' 

DIQA 452.6 0.73 -1.72 524 1.79x10^ 537 0.85 

o-PPV® 582.9 0.75 -2.37 - - - -

[QOIPPV-QA*^ 1412.9 0.75 -1,76 511 1.44 xio" 526 0.88 

[G1|PPV-QA® 3181.9 0.80 -1.80 511 1.54 x lO^ 525 0.67 

® For QA core when present, otherwise for PPV, vs. Fc'/Fc. 

° Fluorescence quantum yield of quinacridone moiety. 

' Additional oxidations; 1.01 V (PPV Oxg). 1.20 V (PPV 0x3). 

° Additional oxidations; 1,07 V (PPV Ox,), Additional reductions: -2.25 V (QA Redg). -2.59 V (PPV Red,). 

® Additional OMdations: 0.67 V (PPV Oxi), 1.15 V (PPV Oxg), Additional reductions: -2.59 V (PPV Redt). 
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second and third oxidations (1.01 V and 1.20 V, respectively), as demonstrated in Figure 

C.2. Subsequeiil potential sweeps through the llrst oxidation yielded decreased current 

responses (Figure C.2d). indicative of electrode passivation by polymerization or 

adsoiption of the analyte at the clectrode surface, an observation consistent with the PPV 

dendriniers. For PPVIGOJQA (Figure C.3), the first PPV-based oxidation is shifted to 

ca. 1.07 V, and is irreversible. The irreversibility of this oxidation decreases the 

reversibility of the first QA oxidation, and the material appears to be polymerizing at the 

electrode surface at this potential, based on the voltarametry. For PPV[G1]QA (Figure 

C.4), the first PPV oxidation is substantially decreased, to a value of 0.67 V, and second 

and third PPV oxidations were observed at 0.80 V and 1.15 V, respectively. It is not 

completely clear why the PPV oxidations Ibr PPV1G0]QA were observed at substantially 

increased potentials than tbr o-PPV and PPV[G1]QA, but such differences may be due 

in part to differences in the terminal substitution of each o-PPV unit. 

These redox potentials suggest that the QA core will capture electrons from the PPV 

periphery in biased OLEDs containing either PPV[GCI]QA or PPV|G1]QA and will trap 

holes for OLEDs containing PPV[GO|QA. For PPV[G1]QA, however, the first PPV 

oxidation occurs at a lower potential than the first QA oxidiition, suggesting that the QA 

core will not efficiently capture holes from the periphery. Since such hole-trapping 

routes may result in QA electroluminescence in the biased device (see Chapters 4 and 5), 

it may be desirable to introduce substituents on the o-PPV units, or spacer groups 

between the benzyl ether dendrons and the o-PPV units, with more electron-withdrawing 

character. 
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Figure C.4: PPVl'GIJQA electrochemistry. 
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In addition to electrochemical characterization, preliminary photophysical 

characterization was carried out for these materials, as presented in Figure C.5 and 

summarized in Table C.l. Wavelengths of maximum, absorbance and luminescence for 

the QA core are blue-shifted from those of DIQA by ca. 10 nm, consistent with the other 

quinacridone dendrimers described in Chapter 5, while molar absorptivities are slightly 

lower (1.5 x 10"^ vs. 1.7 x lO"* M"' cm"'). The fluorescence quantum yield (0 tor the QA 

core of PPV[G01QA is comparable to DIQA (0.85), while a slightly lower value was 

observed tor PPVfGl|QA (0.67). The PPV periphery of these materials results in a 

strong absorbance with a peak wavelength of 363 nm (Figure C.Sa), which is 

approximately twice the magnitude in PPVIGIIQA as PPVJGOIQA due to the increased 

number of PPV units (4 vs. 2). 

The spectra presented in plots h~d of Figure C.5 demonstrate the differences in the 

kiminescence response of dilute solutions (ca. 10' M) of PPVIGOIQA and 

PPV|G1|QA. When tlie QA core is excited (490 nm) and QA emission is collected 

(Figure C.Sb), the relative emission intensity (when normalized to concentration) is ca. 

0.77 times lower for PPV|G1JQA than PPV|GO|QA due to its decreased Q. When the 

PPV units are excited (363 nm) and QA emission is collected (Figure C.5c), the relative 

emission intensity (when normalized to concentration) is ca. 1.7 times larger for 

PPVIGIIQA than PFVIGOjQA due to its increased number of PPV units (4 vs. 2), and 

when this value is corrected tor the difference in Q_ for these two materials, a value of 2.2 

is obtained, suggesting that the QA core of PPVIGIIQA captures twice as much energy 

from the PPV periphery as PPVlG-ttjQA. When the PPV units are excited (363 nm) and 
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Figure C.5: PPVlGOfQA and PPVIGI|QA 
absorbance/luminescence spectra for CHjClj solutions (1.8 x 

10"'^ and 1.6 X lO"' respectively) and neat thin, films on glass. 
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the entire emission spectrum is collected and nonwalized (Figure C.5d), it is demonstrated 

that nearly all of the emission results from the QA core due to efficient energy transfer 

firom the PPV periphery. This process is slightly less efficient for each PPV unit on 

PPVfGllQA due to tlie increased spacing between PPV and QA units, resulting in a 

detectable peak for PPV emission. 

Absorbance and luminescence spectra for neat thin films of these materials arc 

presented in Figure C.5e. Hie large Stokes shifl obser\'ed for PPVIGOJQA (ca. 100 ran) 

is indicative of aggregation and excimer emission. While still substantially aggregated, 

tlie spectra for PPV{GljQA suggest that the QA core is less aggregated in neat thin films 

of this material. 
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