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ABSTRACT 

 Fundamental understanding of the electronic properties, and charge transfer 

mechanism of organic semiconductors and functionalized oligoacenes in particular, is of 

great importance for the design and fabrication of organic electronic devices. This work 

is devoted to the study of the electronic properties of organic semiconductors in the gas, 

solution, and solid phases, thus providing insights into the intra- and intermolecular 

electronic interactions of these materials from the isolated-molecule level to the solid-

state device limit. The organic semiconductors investigated in this work are bis-

triisopropylsilylethynyl-substituted (TIPS) anthracene, TIPS tetracene, TIPS pentacene, 

bis-(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]-pentacene (TP-5), and 

2,2,10,10-tetraethyl-6,14-bis-(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-

dicyclopenta[b,m]pentacene (EtTP-5). This research is conducted on the basis of 

experimental and computational studies. The experimental analysis is based on the 

combination of closely-related gas-phase and solid-phase photoelectron spectroscopy 

measurements, along with electrochemical measurements in solution. The electronic 

structure quantum-mechanical computations are performed at the density functional 

theory level, and are in good agreement with experimental results.  

First, an insight into the intramolecular electronic characteristics of TIPS 

anthracene, TIPS tetracene, and TIPS pentacene is presented (chapter 3). The main goal 

of this part of my research is to analyze the valence ionization energies, intramolecular 

(vibrational) reorganization energies of these molecules, and provide an understanding of 
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the electronic effects associated with the substitution of oligoacenes by the 

triisopropylsilylethynyl groups and with the acene core size at the isolated-molecule 

level.  

 Next, the analysis of the electronic effect of the triisopropylsilylethynyl group is 

extended to the solution and solid phases. The study of this environment-dependant 

substitution effect is discussed by comparing the intra- and intermolecular electronic 

properties of pentacene and TIPS pentacene (chapter 4).  

 Further, the intermolecular electronic properties, such as ionization energies, 

charge-injection barriers, energy gaps, and polarization energies, of TIPS anthracene, 

TIPS tetracene, and TIPS pentacene (chapter 5) are discussed and compared with the 

intramolecular electronic properties presented earlier in order to gain the complete picture 

of electronic interactions in these molecules in all three phases (gas, solution, and solid).  

 Finally, the intra- and intermolecular electronic properties of TIPS, TP-5, and 

EtTP-5 pentacenes are presented in order to illustrate how different functional groups, 

when added to the pentacene core, affect the electronic structure and properties of 

pentacene in the gas, solution, and solid phases (chapter 6).  

 This dissertation reports important findings on the electronic properties of organic 

semiconductors and how these properties change between phases. The role of 

polarization effects on the electronic properties of these materials was demonstrated to be 

significant and strongly dependant on the molecular structure and electronic interactions 

at the isolated- (or single-) molecule level as well as on the molecular packing and 

electronic interactions in the solid state at the device limit. 
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CHAPTER 1 

INTRODUCTION 

The enormous progress in the technology of electronic devices has become 

possible due to the development and understanding of a new class of materials, 

commonly known as Organic Semiconductors. The development of organic 

semiconductors led to the realization of new cost-effective applications in electronics, 

such as large area organic light sources, transparent phosphorescent flexible displays, 

organic lasers, photodetectors, pressure sensors, solar cells, and electronic paper.1-7 

Although this progress in electronic device technology is new, organic semiconductors 

have been of great interest since the early 20th century. The first prototype of an organic 

semiconductor to be investigated was an anthracene crystal (Figure 1.1).8-10 Later on, 

organic molecular crystals became popular in the scientific community after the 

discovery of electroluminescence in the 1960s.11-13 Several obstacles, however, 

significantly delayed the practical applications of these early organic electroluminescent 

devices; high operating voltages due to the large crystal thickness (on the order of a 

millimeter), lack of stability, and poor contacts for charge injection.1 These obstacles 

were overcome in the 1980s with the first successful fabrication of thin-film transistors 

from oligomers,14-16 the efficient photovoltaic cells with organic p- and n-type 

heterojunction,17 and high-performance electroluminescent diodes from vacuum-

evaporated organic films.18,19  

There are two major classes of organic semiconductors: small organic molecules 

and polymers. Both of these classes are conjugated π-electron systems with typical  



 

 

19

 

 

Figure 1.1: crystal packing diagram of anthracene. 
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energy gaps of 1.5 eV – 3.0 eV, which lead to the emission or absorption of light in the 

visible energy range.1 The energy gap can be controlled by the degree of conjugation, 

thus leading to a wide range of possibilities to tune the optoelectronic properties of 

organic semiconductors. The work in this dissertation is focused on small organic 

molecules that have semiconductor properties in thin films. The classic example of 

organic molecules with easily adjustable optoelectronic properties and molecular packing 

arrangement in a solid are oligoacenes.  Oligoacenes are polycyclic aromatic 

hydrocarbons made up of linearly fused benzene rings (Figure 1.2) and are considered to 

be among the best semiconductors for organic electronics.20 The molecular packing motif 

in the crystal affects, to a large extent, the intermolecular electronic interactions between 

neighboring molecules, and thus leads to the optoelectronic properties of the material 

specific for the particular crystal packing. Precise control of the electronic properties and 

molecular ordering of oligoacenes is achieved by substitution of acenes with different 

functional groups. Significant attention was given to anthracene, tetracene, pentacene, 

and related derivatives (Figure 1.3) because of the intra- and intermolecular electronic 

properties of the molecules, along with packing motifs that are easily tunable for a 

particular device.20-37 Functionalization of these acenes not only can increase the 

solubility and processibility of the potential devices, but also (i) controls the general type 

of interaction occurring in the solid, such as herringbone arrangement vs. π-stacking 

(Figure1.4), and (ii) allows tuning the oxidation potential for charge carriers (p-type vs. 

n-type behavior). 
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Figure 1.2: oligoacenes are polycyclic aromatic hydrocarbons made up 
of linearly fused benzene rings. 
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Figure 1.3: anthracene 1, tetracene 2, pentacene 3, perfluoro pentacene 4, 
2,3,9,10-tetrachloro-6,13-bis(2′,6′-dimethylphenyl-)pentacene 5, 6,13-
bis(phenylthio)pentacene 6, aryl-substituted anthracene sandwiched between 
two pyrene units 7, rubrene 8, anthracene dimer 9, anthracene trimer 10. 
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Figure 1.4:   a. herringbone packing; b. π-stacking arrangement. 

a b 
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To improve the design and to maximize the efficiency of organic electronic 

devices it is essential to investigate the factors that control the electronic properties of 

these materials.  These investigations include the determination of valence ionization 

energies, which describe the ease of the removal of an electron from the HOMO of the 

molecule; reorganization energies, which give an insight into the geometry relaxation 

processes caused by ionization; the oxidation and reduction potentials in solution 

phase, which measure the HOMO (highest occupied molecular orbital), LUMO (lowest 

unoccupied molecular orbital), and the energy gap values, as well as provide an insight 

into the solvent effects by comparing the solution-phase oxidation potentials with the gas-

phase ionization energies: the charge-injection barriers, which illustrate how much 

energy is required to inject the charge (hole or electron) from an electrode to the organic 

molecular layer; and the polarization energies, which qualitatively describe changes in 

electronic properties going from the gas phase (single-molecule case) to the solid phase 

(many-molecule case). 

The following organic semiconductors were analyzed in this work: bis-

triisopropylsilylethynyl-substituted (TIPS) anthracene, TIPS tetracene, TIPS pentacene, 

6,14-bis-(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]-pentacene (TP-5), 

and 2,2,10,10-tetraethyl-6,14-bis-(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-

dicyclopenta[b,m]-pentacene (EtTP-5) (see Figure 1.5). These organic materials are 

potential candidates for use in electronic devices. For example, TIPS anthracene, due to 

the high fluorescence quantum yield when used in organic light-emitting diodes 

(OLEDs), leads to devices with bright blue emission21 and TIPS tetracene and TIPS  
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Figure 1.5:   TIPS group 1, TIPS anthracene 2, TIPS tetracene 3, and TIPS pentacene 
4, TP-5 pentacene 5, EtTP-5 pentacene 6. 
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pentacene, due to the two-dimensional π-stacking motif in the crystal (Figure 1.6a), are 

suitable for use in organic field effect transistors (OFETs).21,22 Highly fluorescent TP-5 

and EtTP-5 pentacenes can be used in OLEDs.22,38 TP-5 pentacene adopts a one-

dimensional π-stacking arrangement with significant π-orbital overlap in the solid (Figure 

1.6b), thus becoming also suitable for OFETs.22,39 EtTP-5 pentacene has large separation 

between π-faces in the crystal (Figure 1.6c) due to ethyl groups on dioxolane rings, which 

hinder the interaction between pentacene units in the solid.22,40 All three pentacene 

derivatives (TIPS, TP-5, and EtTP-5) were also used in organic solar cells (OSCs) as 

electron donors.3 

It is worth noting that organic molecules are bound to each other in the solid 

primarily via weak van der Waals interactions (the energy range of typical van der Waals 

intermolecular bonds is ~10-3-10-2 eV, whereas the energy range of the intramolecular 

covalent bonds in aromatic molecules is ~2-4 eV); as a consequence, there is a very weak 

delocalization of electronic wave functions among neighboring molecules. Due to this 

localized nature of electron density on the HOMO of each molecule throughout the solid, 

the charge transport in organic molecular films is described reasonably well by the 

thermally activated hopping transfer mechanism.2,41,42 According to the hopping regime, 

the charge (hole or electron) moves (or hops) from one molecule to another in the solid 

when an external field is applied. The electron/hole hopping through the organic film 

placed between two electrodes at room temperature is shown in Figure 1.7. Another 

important consequence of the localized charge density over single molecules is the 

conventional assumption that the electronic configuration of individual molecules in the  
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Figure 1.6: TIPS pentacene crystal packing a, TP-5 pentacene crystal packing b, 
EtTP-5 pentacene crystal packing c; the view along TIPS groups is on the left side, 
the view along pentacene core is on the right side. 
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Figure 1.7: Hopping transport of electrons/holes through the TIPS pentacene film 
placed between two electrodes. When an external voltage is applied to the electrodes, 
electrons start flowing from the anode to the cathode, while holes are hopping in 
opposite direction. At first, electron moves from TIPS pentacene molecule to the 
cathode, thus generating the hole on that TIPS pentacene. Further, neighboring TIPS 
pentacene (in the middle) gives off the electron to fill the gap (left by ionized 
electron) of the first molecule, thus becoming the cation itself, etc. This process of 
charge hopping continues until the anode gives off the electron to the closest 
molecule to make the film neutral again.   
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solid remains practically unchanged, thus, the gas-phase electronic properties and trends 

(isolated- or single-molecule case) should be reproduced in the solid phase (many-

molecule case). This assumption works reasonably well for many organic materials, but 

as demonstrated further in this work, there are other factors, such as polarization effects 

in the solid, which can completely change this conventional thinking.  

In this work the following energy characteristics, important for the charge transfer 

in organic semiconductors, are measured and analyzed: the adiabatic and vertical 

ionization energies in the gas and solid phases, the gas-phase reorganization energies, the 

oxidation and reduction potentials in solution phase, the charge-injection barriers of thin 

films on gold substrates, and the polarization energies in the condensed phase. The 

adiabatic and vertical ionization energies, along with reorganization energies, are shown 

schematically in Figure 1.8 in terms of potential wells that define a neutral molecule and 

its radical cation. On this potential energy surface diagram point A corresponds to the 

ground state of the neutral molecule, point B corresponds to the vibrationally-excited 

state of the cation, point C represents the ground state of the cation, and point D describes 

the excited state of the neutral molecule at the optimized geometry of the cation. The 

energy transition from A to B is called the vertical ionization energy (VIE); the transition 

from B to C gives the intramolecular radical cation (or vibrational, inner-sphere) 

reorganization energy (λ•+); the transition from A to C is defined as the adiabatic 

ionization energy (AIE); and finally, the transition from C to D is the outer-sphere 

reorganization energy of the neutral molecule (λ0). For small reorganization energies 

where the potential wells are essentially harmonic and the vibrational frequencies are  
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Figure 1.8:  Potential energy surfaces for neutral molecule (M) and 
cation (M+) that define VIE, AIE, λ•+ and λ0, where A represents the 
optimized geometry of the neutral molecule, B – the excited (upon 
ionization) geometry of the cation (which corresponds to the optimized 
geometry of the neutral molecule), C – the optimized geometry of the 
cation, D – the neutral molecule at the optimized geometry of the cation. 
• The energy transition A-B defines the vertical ionization energy 
• The energy transition B-C is the intramolecular reorganization 

energy of the cation 
• The energy transition A-C gives the adiabatic ionization energy 
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similar, λ0 is approximately the same as λ•+. These ionization and reorganization energies 

are successfully measured by gas-phase ultraviolet photoelectron spectroscopy (UPS).43-

45  

The oxidation and reduction potentials (energies required to remove an electron 

from the molecule, thus oxidizing it, and to add an electron to the molecule, thus reducing 

it, in the presence of a solvent) are measured by the electrochemistry (cyclic voltammetry 

and differential pulse voltammetry) in solution.  

The solid-phase ionization energies and the charge-injection barriers are measured 

by solid-state photoelectron spectroscopy (PES).46,47 The charge-injection barrier is the 

energy required to inject a charge (hole or electron) from the electrode to the organic 

layer, and is measured relative to the Fermi edge of the electrode (in this work it is Au).48-

52 The solid-phase ionization energies are measured relative to the photon energy (in this 

work it is 21.2 eV). The polarization energy, as defined in the literature,53,54 is the energy 

difference between the gas-phase AIE and the solid-phase AIE, and can be obtained from 

the combination of the gas- and solid-phase UPS.  

In addition to the experimental study of TIPS-substituted oligoacenes (Figure 1.5) 

by the combination of closely-related gas-phase and solid-phase photoelectron 

spectroscopy along with electrochemical measurements in solution, additional insight is 

provided by the electronic structure quantum-mechanical computations at the density 

functional theory level.55,56 This methodology allows understanding of the electronic 

properties and charge transfer mechanism of organic semiconductors from the single 

molecule level to the solid state-device limit.  
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 Chapter 2 provides the experimental details of the two main parts of this research, 

and these two parts combined provide the complete picture of the electronic interactions 

in all three phases - gas, solution, and solid: 

• Intramolecular electronic interactions (gas phase study):  

By means of gas-phase PES the vertical and adiabatic ionization energies and the 

intramolecular reorganization energies are measured at the single-molecule level (in this 

dissertation the term “single-molecule or isolated-molecule level” is used to represent the 

gas-phase intramolecular electronic interactions within the molecule without effects of 

the environment). 

• Intermolecular electronic interactions (solution and solid phase study): 

By means of electrochemistry the oxidation and reduction potentials, which are then 

converted to absolute HOMO and LUMO energy values, are measured, along with the 

HOMO-LUMO energy gaps; using the solid-phase PES the adiabatic ionization energies, 

charge-injection barriers, and polarization effects are obtained at the solid-state device 

limit. 

 The analysis of the intramolecular electronic properties and charge transfer 

parameters of bis-triisopropylsilylethynyl-substituted (TIPS) anthracene, tetracene, and 

pentacene43 is presented in chapter 3. This analysis is based on gas-phase ultraviolet 

photoelectron spectroscopy (UPS) measurements and electronic structure quantum-

mechanical calculations at the density functional theory level. The electronic effect of 

triisopropylsilylethynyl group on the acene core is presented by comparing the electronic 

properties of TIPS oligoacenes with those of unsubstituted oligoacenes.43-45 The results 
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show that (1) the ionization energies are sensitive to the acene core size; (2) the 

triisopropylsilylethynyl group destabilizes the gas-phase ionization energies of 

oligoacenes; (3) functionalization of the oligoacenes with the TIPS groups leads to the 

additional low frequency vibrations activated upon ionization; (4) the intramolecular 

reorganization energies are inversely proportional to the number of fused rings, and 

significantly larger than those of unsubstituted ones, due to the substituents providing 

additional geometry relaxations upon ionization; and (5) the contributions to the 

reorganization energy from TIPS groups and from the acene core are largely additive. 

 Chapter 4 provides an insight to the environment-dependant effect of TIPS group 

on pentacene in the gas, solution, and solid phases.57 Essentially, the electronic properties 

of pentacene and TIPS pentacene are compared in order to illustrate the importance of the 

polarization effects these organic semiconductors experience in solution and solid phases. 

In this particular case, polarization effects lead to the reversal of the ionization energy 

trend on going from the gas phase to the solution phase, and further to the solid phase. 

This reversal of the ionization energy trend changes the conventional thinking about the 

substitution effect. Usually it is assumed that in the case of organic semiconductors 

single-molecule electronic properties should be reproduced in the many-molecule case, 

because organic molecules are bound to each other in the solid via weak van der Waals 

forces, thus leading to a localized electron density on the HOMO of each molecule in the 

solid. This is not always the case, however, because when spherical insulating functional 

groups (such as the TIPS group) are substituted onto the acenes, the different polarization 
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effects for each molecule cause a reversal of the ionization energy trend between the gas 

and solid phases. 

 Chapter 5 is devoted to the extended study of the intermolecular electronic 

interactions of TIPS anthracene, TIPS tetracene, and TIPS pentacene. The intermolecular 

electronic properties are obtained from the solid-phase UPS and compared with the 

intramolecular electronic properties measured by gas-phase UPS, along with the 

electrochemical measurements in solution phase. Additional insight is provided by 

quantum-mechanical calculations at the DFT level. The results show that (1) the gas-

phase ionization energies and intramolecular reorganization energies are inversely 

proportional to the size of the acene core; (2) the substitution of oligoacenes by TIPS 

groups leads to smaller gas-phase ionization energies and larger intramolecular 

reorganization energies; (3) there is a linear correlation between the gas-phase ionization 

energies and the solution-phase oxidation potentials for TIPS oligoacenes, with the slope 

value close to unity, meaning that the solvent effect in these molecules is fairly small and 

independent on the acene core size; (4) the solid-phase ionization energies of these 

molecules are independent of the acene core size due to the different polarization effects 

these materials experience in the solid; (5) TIPS anthracene, TIPS tetracene, and TIPS 

pentacene have similar hole-injection barriers, but their electron-injection barriers are 

different and inversely proportional to the acene core size. Comparing the electronic 

properties of these molecules in three phases (gas, solution, and solid), TIPS pentacene-

based devices should have the most efficient charge transport. 
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 Chapter 6 presents the study of unique electronic characteristics of pentacene 

derivatives with triisopropylsilylethynyl functional groups: TIPS pentacene, TP-5 

pentacene, and EtTP-5 pentacene. This study is based on the gas-phase UPS, solid-phase 

UPS, and electrochemical measurements. The results show that (1) the gas-phase 

ionization energies decrease on going from TIPS to EtTP-5 pentacene due to the increase 

of the HOMO electron density with the addition of the dioxolane moieties, and upon 

these substitutions the additional vibrations, activated by ionization,  lead to the 

corresponding increase in the intramolecular reorganization energies; (2) in solution 

phase, the oxidation potentials are lowered going from TIPS to TP-5 to EtTP-5 

pentacene, thus reproducing the gas-phase ionization energy trend; the reduction 

potentials of these pentacenes change in the same direction as the oxidation potentials, 

which leads to the same energy gap value for TIPS, TP-5, and EtTP-5 pentacenes due to 

the similar degree of conjugation in these molecules; (3) in the solid phase for 20 Å films 

the ionization energy trend of these pentacenes reproduces the trend observed in the gas 

phase due to the similar polarization energies of these materials; whereas for thicker films 

(~120 Å) the solid-state ionization energies of TIPS, TP-5, and EtTP-5 pentacenes do not 

follow the gas-phase ionization energy trend because of the drastic change in polarization 

effects observed in the bulk. Comparing the electronic properties of these molecules in 

the gas, solution, and solid phases, TP-5 pentacene has the strongest intermolecular 

electronic interactions and should have the most efficient charge transport. 

 The work presented in this dissertation offers the unique approach to the detailed 

analysis of the electronic properties and charge transfer mechanism of organic 
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semiconductors in the gas, solution, and solid phases, thus leading to a full understanding 

of the electronic interactions in these materials from the single molecule level to the solid 

state device limit. 
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CHAPTER 2 

EXPERIMENTAL 

Materials 

 All functionalized oligoacenes investigated in this work were synthesized and 

provided by Dr. John E. Anthony from the University of Kentucky, Department of 

Chemistry.22,37-40,58 He also provided the electrochemistry measurements in solution (see 

details below).   

Gas-Phase Photoelectron Spectroscopy  

 Gas-phase photoelectron spectra (He I) were recorded on an instrument built 

around a 36 cm radius, 8 cm gap hemispherical analyzer59 (McPherson) using a custom-

designed photon source and gas-phase sample cell.60,61 Instrument control and electron 

counting are interfaced to a National Instruments PCIe-6259 multifunction DAQ board 

and custom software. The vacuum pressure during the data collection was 10-6 Torr. 

Samples sublimed cleanly with no evidence of decomposition. All samples were solids 

with an exception of EtTP-5 pentacene, which was an oily compound. Sublimation 

temperatures were monitored with a K-type thermocouple passed through a vacuum feed 

and attached directly to the ionization cell (10−4 Torr). All samples were sublimed under 

vacuum by heating the sample cell with a cartridge heater attached to the cell.  

Sublimation temperatures of the molecules analyzed with additional supplemental details 

are given in Table 2.1 and in corresponding chapters. An aluminum cell was used for 

samples that have sublimation temperatures below 210 °C, while a stainless steal cell was 

used for samples that sublime at temperatures above 210 °C.  
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TABLE 2.1: Gas-phase photoelectron spectroscopy supplemental data 

molecule Tsub (oC) Photon 
Sourcea

Energy Rangeb 
(eV) Cellc Date 

collected File Named Notebook 
Pages 

TIPS anthracene 

TIPS tetracene 

TIPS pentacene 

TP-5 pentacene 

EtTP-5 pentacene 

180-200 

250-270 

295–315 

265-300 

255–265 

He I 

He I 

He I 

He I 

He I 

5.0 – 15.5, 6.3 – 7.8 

5.0 – 15.5, 6.0 – 7.2 

5.0 – 15.5, 5.7 – 7.0 

5.0 – 15.5, 5.7 – 6.9 

5.0 – 15.5, 5.5 – 6.7 

Al 

SS 

SS 

SS 

SS 

11/28/2006 

11/30/2006 

12/01/2006 

05/16/2007 

05/23/2007

OL07F, OL07C 

OL08F, OL08C 

OL09F, OL09C 

TP5F, TP5C 

EtTP5F, EtTP5C 

11 

12 

13 

20 

21 

a photon energy of He I source is 21.2 eV; b first the energy range of a full energy region, then the energy range of a 
close up region; c Al – aluminum cell, SS – stainless steel cell; d “F” stands for the full valence region, “C” stands for 
the close up energy region. 
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Prior to use, the aluminum cell was taken apart and cleaned with isopropyl 

alcohol.  A fresh layer of DAG 154 ® (Acheson), a colloidal suspension of graphite, was 

applied to the portions of the cell exposed to photons or electrons in order to decrease 

electron scatter.  The cell was then heated to 210 °C (above 220 °C dag begins to 

sublime) and baked at this temperature for ~2-3 hours in the photoelectron spectrometer, 

which ensured that there was no contamination from other samples. In order to make sure 

that there was no prior sample or other contaminants (such as water) to cause ionization 

to appear, the resolution and sensitivity were checked along with the full valence 

photoelectron spectrum (no significant ionization counts lower than 8 eV should appear). 

The cell was cooled to room temperature prior to loading the sample. 

For samples with higher sublimation temperatures (above 220 °C), a stainless 

steel cell was used. In order to reduce electron scatter, the cell must be very clean (dag 

can not be used for stainless steel). The cell was taken apart and sonicated in isopropyl 

alcohol for a minimum of 30 minutes. After that the cell parts were rinsed with fresh 

solvent and scrubbed with 600 grit emery paper that has been lightly wet with solvent. 

The cell was reassembled and heated inside the spectrometer to ~410 °C (not 450 °C and 

higher!).  The cell was cooled to room temperature prior to loading the sample.  The 

resolution, sensitivity, and full valence region were checked to make sure that the cell 

was clean. No other special precautions were necessary.    

The argon 2P3/2 ionization at 15.759 eV was used as an internal calibration lock of 

the absolute ionization energy, and its difference with the CH3I 2E1/2 ionization at 9.538 

eV provided an external calibration of the energy scale.  The instrument resolution 
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(measured as the full width at half maximum (FWHM) of the argon 2P3/2 ionization) was 

0.022–0.028 eV during data collection. The intensities of the ionizations were corrected 

according to an experimentally determined analyzer sensitivity function versus electron 

kinetic energy.  The He I spectra were also corrected for the He Iβ resonance line 

emission from the source, which is about 3% of the intensity of the He Iα line emission 

and at 1.869 eV higher photon energy. 

The program WinFp version 22.09, written by Dr. Dennis L. Lichtenberger, was 

used for the analysis of all gas-phase photoelectron spectra. For the gas-phase data 

analysis the two-mode Poisson vibrational progression fitting method was used to 

determine the vertical ionization (VIE) and reorganization energies (RE) of TIPS 

anthracene, TIPS tetracene, TIPS pentacene, TP-5 pentacene, and EtTP-5 pentacene 

(Figure 1.5, chapter 1). Within this two-mode vibrational fitting method the vibrations, 

activated upon ionization, were modeled with symmetric Gaussian functions, because the 

instrumental broadening is Gaussian in nature, and unresolved vibrational progressions 

assume a skewed Gaussian contour.62 The adiabatic ionization energy (AIE) was obtained 

as the difference between the vertical ionization energy (VIE) and the reorganization 

energy (RE). The full details of the two-mode Poisson vibrational progression fitting 

method are given in chapter 3. Due to the high sublimation temperature of these 

functionalized oligoacenes, hot bands were observed on the low energy side of the 

ionization band; the formation of these hot bands is caused by the thermal population of 

excited vibrational levels in the ground state of the neutral molecule and therefore the 

onset of ionization intensity in the spectrum at this temperature does not signify the AIE. 
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The presence of these hot bands was accounted for in the determination of the values of 

VIE, RE, and AIE. The uncertainties in the reported energies are on the order of ±0.005 

eV. 

Solid-Phase Photoelectron Spectroscopy  

 The thin-film photoelectron spectra were collected at room temperature using a 

combined UPS-XPS Kratos Axis Ultra instrument with an average base pressure at or 

below 5x10-8 Torr.  The analyzer was operated in the constant analyzer energy (CAE) 

mode. UPS (valence) studies were performed using a gas discharge lamp (Omicron VUV 

Lamp HIS 13) producing He I (21.2 eV) photons, and the spectra were collected using a 5 

eV pass energy. An accelerating bias voltage of 9 V was applied during the UPS data 

collection to improve the transmission of electrons with very low kinetic energy. The full 

valence spectra were collected in the kinetic energy region of 12 – 34 eV, with steps of 

0.1 eV. The close-up spectra, which used steps of 0.03 eV, were collected to determine 

the HBEC (high binding energy cutoff) region, the Fermi edge region (of Au, it was 

collected for clean Au surface only), the close-up of the first ionization energy band (of 

organic film), and the close-up of the first two ionization bands (of organic film). The 

numerical values of these energy regions for each sample are given in Table 2.2. The 

valence spectrum of clean Au is shown in Figure 2.1a, where the HBEC and Fermi 

regions are illustrated. The valence spectrum of TIPS anthracene on Au is shown on 

Figure 2.1b, in order to illustrate the close-up regions.  

 XPS (core) studies were performed using a monochromatic Al Kα (1489 eV) 

excitation source, with a pass energy of 20 eV and a step energy of 0.1 eV for close-up  
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TABLE 2.2: Solid-phase photoelectron spectroscopy supplemental data: Energy Regions (in eV) 

 
Name of the 

region 

TIPS 
anthracene 

 

TIPS 
tetracene 

 

TIPS 
pentacene 

 

TP-5 
pentacene 

 

EtTP-5 
pentacene* 

 

pentacene 

XPSa 

Full  

Au 4f 

O 1s 

C 1s 

Si 2p 

0-1000 

79.9 – 93 

 

276.9 – 300 

94.9 – 108 

0-1000 

79.9 – 93 

  

276.9 – 300 

94.9 – 108 

0-1000 

79.9 – 93 

  

276.9 – 300 

94.9 – 108 

0-1000 

79.9 – 93 

524.85 – 

543.05 

276.9 – 300 

94.9 – 108 

0-1000 

79.9 – 93 

524.85 – 

543.05 

276.9 – 300 

94.9 – 108 

0-1000 

79.9 – 93 

  

276.9 – 300 

  

UPSb 

Full  

HBEC 

C1 

C2 

12 – 34 

13 – 16 

28 – 33 

26 – 33 

11 – 33 

12 – 16 

27 – 31 

22 – 31 

12 – 34 

13 – 17 

27 – 30 

25 – 30 

13 – 34 

13 – 16 

30 – 32 

28 – 32 

11 – 32 

12 – 25 

27 – 32 

23 – 32 

12 – 33 

13 – 18 

29 – 33 

24 – 33 
a XPS measurements are in binding energies; b UPS measurements are in kinetic energies; * in case of EtTP-5 
pentacene the entire valence spectrum shifted significantly for each deposition, thus the energy range for close ups is 
wide. 
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Figure 2.1: a. Full valence spectrum of clean Au with corresponding close up 
regions: HBEC and Fermi; b. full valence spectrum of 4 Å film of TIPS anthracene 
on Au with corresponding close up regions: HBEC, C1 (region C2 is 2 eV wider 
than C1); C1 region is a HOMO region; HIB is hole-injection barrier, that is the AIE 
measured relative to Ef.  
Spectra shown here were shifted so that Ef = 0 eV. 

a 

b

18 16 14 12 10 8 6 4 2 0

Ionization Energy (eV) 
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spectra.  The spectra of the Au 4f (79.9 – 93 eV), O 1s (524.85 – 543.05 eV), C 1s (276.9 

– 300 eV), and S 2p (157.9 – 172 eV) ionizations for a clean Au substrate prior to the 

organic film depositions were collected. The close up regions of O 1s (524.85 – 543.05 

eV, only for TP-5 and EtTP-5 pentacenes), C 1s (276.9 – 300 eV), and Si 2p (94.9 – 108 

eV) for TIPS anthracene, TIPS tetracene, TIPS pentacene, pentacene (for pentacene only 

C1s ionization was collected), TP-5 pentacene, and EtTP-5 pentacene (Figure 1.5, 

chapter 1) were collected. The full core spectra were collected in the binding energy 

region of 0 – 1000 eV with the step of 1 eV and pass energy 160 eV for a clean Au and 

for the organic films. 

 The HBEC of the solid-phase UPS spectra were obtained as the cross point of the 

tangent to the high binding energy side with the baseline; the adiabatic ionization energy 

was determined as the cross point of the tangent to the low energy side of the first 

ionization energy band with the baseline. Experimental error is ±0.1 eV. The instrument 

kinetic energy scale was calibrated for UPS measurements using the He I and He II 

energy sources. In order to make sure that the energy scale is linear, the kinetic energy 

difference of Au 5d orbitals measured by UPS in He II and He I modes should be equal to 

the energy difference between He II and He I energy sources, or 45.4 eV – 25.8 eV = 

40.8 eV – 21.2 eV = 19.6 eV respectively.   

Thin-Film Preparation  

The amorphous films of oligoacenes studied were prepared by vapor deposition 

on a polycrystalline gold substrate in a ultra-high vacuum (UHV) chamber connected to 

the UPS/XPS analysis chamber. The main goal was to study the electronic properties of 
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the bulk amorphous films as in most device fabrications, and therefore, there was no 

attempt to increase the crystallinity of the organic films. Surface contaminants were 

removed from the polycrystalline gold foil prior to use by sputtering the surface with an 

argon ion beam set to 10-15 mA. The solid oligoacene samples (only EtTP-5 pentacene 

was an oily compound, but it was handled as all other oligoacenes in this work) were 

placed into a boron nitride crucible and sublimed under vacuum (at or below 5.0x10-6 

Torr) using a stainless steel Knudsen cell. A tantalum sleeve was attached to the top of 

the cell to help direct the sublimed sample to the substrate. Sublimation temperatures 

were monitored using a K-type thermocouple passed through an UHV feed and attached 

directly to the sample cell. Sublimation temperatures of all samples, along with other 

supplemental information, are given in Table 2.3 and corresponding chapters. The solid-

phase PES experiments were made at least two times for each molecule, but in Table 2.3 

the data files correspond to the most successful experiments. Film thicknesses were 

determined by monitoring the change in frequency of a quartz crystal microbalance 

(QCM) mounted parallel to the gold substrate in the deposition chamber. The change in 

frequency of 15 Hz corresponded to approximately 3 Å of each sample (a monolayer 

thickness). The film thickness (tf) was determined by equation 2.1, where 

k = 4.39999*10-9 (g/(cm2*Hz)), ∆F is the change of QCM frequency (Hz), and ρ is the 

density of a sample taken from the crystal packing (from the .cif file of the sample), thus 

assuming that the density of the amorphous film should be similar to the density of the  

ρ
Fkt f

Δ⋅
=  (2.1)
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TABLE 2.3: Solid-phase photoelectron spectroscopy supplemental data 

molecule Tsub (oC) File Namea Photon 
Sourceb 

Date 
collected Notebook Pages 

TIPS anthracene 

TIPS tetracene 

TIPS pentacene 

TP-5 pentacene 

EtTP-5 pentacene 

pentacene 

165-175 

 175-185 

260-295 

250-260 

230-240 

220-240 

05-29-08.txt 

03-07-08.txt 

11-01-07.txt 

ol_04-03-08.txt 

05-08-08.txt 

10-15-08.txt 

UPS/XPS 

UPS/XPS 

UPS/XPS 

UPS/XPS 

UPS/XPS 

UPS/XPS 

05/29/2008 

03/07/2008 

11/01/2007 

04/03/2008 

05/08/2008 

10/15/2008 

25 – 27 

14 – 15 

3 – 5 

17 – 18 

22 – 24 

30 - 31 

a these data files contain both XPS and UPS measurements, and they were further analyzed in WinFp program 
to extract UPS/XPS data for the Au and each deposition of the corresponding organic material; b UPS energy 
source is He I lamp of 21.2 eV, X-ray source is monochromatic Al Kα of 1489 eV.  
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crystal. Subsequent depositions of oligoacenes on Au were made in multiple steps. The 

deposition rate was 1 Hz per 1 s for all molecules. After each deposition of the sample, 

the UPS spectra were collected, followed by the collection of XPS spectra. 

Prior to each experiment the polycrystalline Au substrate was soaked in piranha 

solution (3 parts of H3SO4 and 1 part of H2O2) for ~20 hours. Before the experiment the 

Au substrate was rinsed thoroughly with distilled water, and placed into the analyzer 

chamber of the instrument. The position of the substrate was adjusted to maximize the Au 

4f counts per second (CPS).  As mentioned above, an argon ion beam set to 10-15 mA 

was used to clean the substrate by sputtering the surface for ~60 minutes. The main 

contaminants were carbon, oxygen from exposure to air, and sulfur from the prior 

cleaning of Au with piranha solution. Between sputters, the Au 4f, C 1s, O 1s and S 2p 

ionizations were monitored until the carbon, oxygen, and sulfur were no longer present. 

The surface was considered to be “clean” and ready for use when the work function 

measured from the valence region was approximately equal to 5.1 – 5.2 eV. The work 

function is a minimum energy required to remove an electron from the Fermi level to the 

vacuum and is defined from the solid-phase UPS as the difference in the apparent 

ionization energies of the HBEC and the Fermi edge (Ef, low ionization energy) 

subtracted from the energy of the photon source: WF = photon E - (HBEC - Ef) = 21.2 

eV- (16.0 eV- 0.0 eV) = 5.2 eV (see Figure 2.1a for the definition of HBEC and Ef).{{}} 

The core solid-phase photoelectron spectra of the dirty and clean gold foil are shown in 

Figure 2.2. 
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Figure 2.2: a. Core spectrum of clean Au; b. core spectrum of dirty Au (S 2p 
ionizations are too low in intensity, thus they can not be resolved on this full 
energy region scan).  

Au 4f C 1s 
O 1s 

b 

a 
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The program WinFp version 22.09, written by Dr. Dennis L. Lichtenberger, was 

also used for the analysis of all solid-phase photoelectron spectra. The original .txt data 

files for each molecule were opened in the WinFp program in order to extract UPS and 

XPS data for the Au and for each deposition of a corresponding organic material. This 

program automatically converts the UPS kinetic energy scale to the binding (or 

ionization) energy scale. Since this conversion does not include the difference between 

vacuum energy levels in the gas and solid phases (see more details in chapters 3-5), the 

converted valence spectra must be shifted. There are two kinds of shifts for the UPS data: 

1) the shift relative to the Fermi energy (energy spectra are shifted so that the Fermi 

energy of Au was set to 0 eV in order to obtain energy parameters relative to the Au 

substrate); and 2) the shift relative to the photon energy or vacuum level (in order to 

obtain valence energy values relative to the vacuum level, the UPS spectra were shifted 

so that the HBEC was set to 21.2 eV). These two different shifts are necessary in order to 

measure the electron-injection barriers from Au to the organic film (shift relative to Ef), 

the adiabatic ionization energies (shift relative to Evac), and polarization energies (shift 

relative to Evac). More details about these energy characteristics specific to the organic 

material are given in the corresponding chapters. The XPS data did not require any 

further adjustments. 

Electrochemistry  

 Electrochemical data were measured using a BAS CV-50W voltammetric 

analyzer in a three-electrode cell configuration consisting of Ag wire pseudo reference 

electrode, platinum button as working electrode and platinum wire as counter electrode.  
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The oxidation and reduction potentials were measured relative to Fc/Fc+ couple. 

Information on the electrolyte solutions used in each experiment is given in 

corresponding chapters. Both cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) were performed for each acene. All electrochemical parameters are 

reported versus the ferrocene/ferrocenium redox couple. The optimal potential window 

for all compounds was determined using CV, then the anodic and cathodic 

electrochemical processes were studied individually using DPV. Redox potentials were 

obtained from DPV experiments because DPV provides more reliable indications of 

HOMO and LUMO energy levels. For the CV, a scan rate of 50 mV/s was used, and for 

the DPV, 20 mV/s was used. These voltammetry experiments were used to obtain 

electrochemical HOMO-LUMO values and band gaps. The accuracy of electrochemical 

measurements was ±0.05 V. 

Computational Details 

 The electronic structure computations were performed at the density functional 

theory level, using ADF2006,63 ADF2008,64 and Gaussian0365 programs using several 

functionals and basis sets (see further chapters for details on specific methods used) using 

default options unless specified otherwise in further chapters. Ionization energies were 

obtained by ΔSCF calculations (see below). Solution phase calculations were performed 

by applying the polarizable continuum model (PCM) with dichloromethane as a solvent 

and conductor-like screening model (COSMO) with dichlorobenzene as a solvent to the 

gas phase computations. In modeling the oxidation and reduction potentials, the thermal 

contributions to the differences in free energies between the neutral molecules and the 
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ions are expected to be small because there is little change in mass between the neutral 

and the ions (one electron) and the reorganization energies are small with little change in 

structures and vibrational frequencies.43 Surface plots of the HOMOs and space-filling 

models were created with program MOLEKEL.66 

ΔSCF energies: 

AIE of HOMO = SCF Energy difference between M0 and M+, 

AIE of LUMO = SCF Energy difference between M– and M0, 

where  M0 corresponds to the total SCF energy of the optimized geometry of the neutral 

molecule, 

           M+ corresponds to the total SCF energy of the optimized geometry of the cation, 

        M– corresponds to the total SCF energy of the optimized geometry of the anion. 
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CHAPTER 3 

ELECTRON TRANSFER PARAMETERS OF TRIISOPROPYLSILYLETHYNYL-

SUBSTITUTED OLIGOACENES 

Introduction  

Functionalized oligoacenes, as was mentioned in chapter 1, are currently the 

object of great interest because of their applications in optoelectronic devices such as 

field-effect transistors (FET), light-emitting diodes (LED), or photovoltaic and solar cells 

due to the advantages of easy fabrication, mechanical flexibility, and low cost.18,21,24,36,67-

72 Anthracene and its derivatives, for example, are commonly used in fabrication of 

organic LEDs due to their high oxidation potential, small π-surface, and high 

fluorescence quantum yield.21,37,58 Pentacenes are considered to be the benchmark for 

thin-film devices with high hole mobilities.21,32,33,69,73,74 Precise control of electronic 

properties and molecular ordering of oligoacenes can be achieved by substitution of 

acenes with different functional groups. In this respect the triisopropylsilylethynyl 

derivatives of oligoacenes are of specific interest. Depending on the size of these nearly 

spherical triisopropylsilylethynyl groups, hereafter referred to as TIPS, in comparison 

with the length of the acene, this particular functionalization may reduce significant 

electronic interactions between neighboring layers in the solid and thus increase the 

fluorescence properties of the acenes (TIPS-anthracene for example), which are useful for 

the design of LEDs, or may lead to two-dimensional stacking arrangements (as in TIPS-

pentacene), which is optimal for the fabrication of FETs.21,58,69,73 To improve the design 

and to maximize the efficiency of organic electronic devices it is essential to investigate 
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the electronic properties and charge transport behavior of these materials.20,75 In this 

chapter the experimental and computational analysis of the intramolecular electronic 

effects of the triisopropylsilylethynyl groups in TIPS-anthracene 1, TIPS-tetracene 2, and 

TIPS-pentacene 3 (Figure 3.1) is reported. 

There are two major parameters that determine the self-exchange electron transfer 

rate and ultimately the charge mobility in molecular semiconductors: (i) the 

reorganization energy, which consists of intramolecular (inner-sphere) and 

intermolecular (outer-sphere) contributions; and (ii) the transfer integral, which shows 

the strength of electronic coupling between adjacent molecules. For self-exchange 

electron transfer processes, the total inner-sphere reorganization energy is the sum of the 

reorganization energy of the initial neutral molecule, λ0, and the reorganization energy of 

radical cation, λ•+. These energies are illustrated in Figure 3.2 in terms of potential wells 

that define a neutral molecule and its radical cation.  Gas-phase photoelectron 

spectroscopy directly measures the transition from position A to position B as the vertical 

ionization energy.  The vibrational structure and contour of the first ionization band give 

information on the radical cation reorganization energy λ•+, indicated from point B to 

point C in Figure 3.2 (on this Figure the first ionization band of TIPS anthracene is 

shown as an example of how the vibrational structure under the band gives the 

information about cation intramolecular reorganization energy, and the features of this 

band are explained further in this chapter). For small reorganization energies where the 

potential wells are considered to be harmonic and the vibrational frequencies are similar, 

λ0 is approximately equal to λ•+.  Vibrational structure in the first ionization bands of  
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Figure 3.1. Silylethynylated oligoacenes designated as TIPS-anthracene, 1, 
TIPS-tetracene, 2, and TIPS-pentacene, 3. 

1 2 3 
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Figure 3.2: Potential energy surfaces for neutral molecule (M) and cation (M+) that 
define VIE, AIE, λ•+ and λ0, where A signifies the optimized geometry of the 
neutral molecule, B – the excited (upon ionization) geometry of the cation (which 
corresponds to the optimized geometry of the neutral molecule), C – the optimized 
geometry of the cation, D – the neutral molecule at the optimized geometry of the 
cation.  
 This Figure shows how the vibrations of the cation activated upon ionization 
contribute to the shape of the first energy band of TIPS anthracene, to the positions 
and values of the VIE, AIE, and λ•+ (the potential energy surface of a cation should 
be shifted only slightly to the right from that of a neutral molecule, but in this 
figure the shift of point C from point A along the distortion coordinate is purposely 
large in order to illustrate the correct Franck-Condon overlap intensities). 
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anthracene, tetracene, and pentacene has been addressed previously in order to obtain an 

experimental measure of the intramolecular reorganization energies.20,44,45,76,77 The main 

goal of this chapter is to measure and analyze the vertical ionization energies and the 

intramolecular (or vibrational) radical cation reorganization energies, λ•+ of TIPS-

anthracene 1, TIPS-tetracene 2, and TIPS-pentacene 3 (Figure 3.1) on the basis of a joint 

experimental and theoretical study. The high-resolution gas-phase photoelectron 

spectroscopy measurements and quantum-mechanical calculations at the density 

functional theory level have been performed. 

Methodology  

A. Experimental details.  Gas-phase photoelectron spectra (He I) were recorded 

on the same instrument with the same spectral fitting procedures as described in chapter 

2. Samples sublimed cleanly with no evidence of decomposition. Sublimation 

temperatures were 180-200 °C for 1, 250-270 °C for 2, and 295–315 °C for 3.   

B. Computations. Vertical ionization energies (VIEs) and radical cation 

reorganization energies λ•+ were calculated for molecules 1, 2, and 3 using methods 

similar to those reported earlier on other molecular systems, such as oligoacenes, 

oligothiophenes, molecular wires and zinc porphyrins.44,45,71,75-81 Details are provided in 

Appendix A. Here, calculations were carried out for each molecule at four points on the 

potential energy surfaces as shown on Figure 3.2: (A) the optimized geometry of the 

neutral molecule, (B) the cation at the optimal geometry of the neutral molecule, and (C) 

the optimized geometry of the cation, and (D) the neutral molecule at the optimized 

geometry of the cation. The energy difference between (A) and (B) gives the vertical 
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ionization energy of a molecule, the energy difference between (B) and (C) gives λ•+, and 

the energy difference between (D) and (A) gives λ0.  A variety of local density and 

gradient-corrected correlation functionals were investigated with a range of Slater-type 

and Gaussian-type basis sets.  Although some methods gave better quantitative results 

than others, all reproduced the trends in ionization and reorganization energies 

throughout the series.  According to previous studies,44,45,71,75-81 energy functionals that 

contain a mixture of Hartree-Fock exchange and DFT exchange-correlation gave the 

most reasonable values of the reorganization energies, and the same result is found here.   

The separate contributions to the total reorganization energy from the acene core 

and from the Si-based substituents in molecules 1 – 3 were calculated using the 

BHandHLYP functional. In order to calculate the reorganization energy contribution of 

the acene core alone, the geometry of the two triisopropylsilylethynyl groups was frozen, 

and only the geometry of the acene core was optimized; in the case of  the reorganization 

energy contribution of the two triisopropylsilylethynyl groups alone, the acene core 

geometry was fixed, and the geometry of the substituents was optimized. The total 

reorganization energy is the sum of these two contributions. 

Results and Discussion 

Experimental ionization energies. The gas-phase photoelectron spectra of the 

bis-triisopropylsilylethynyl(TIPS)-substituted molecules 1, 2, and 3 are shown in     

Figure 3.3 in comparison to the unsubstituted parent molecules anthracene, tetracene, and 

pentacene.44  The energy of the first ionization band strongly depends on the number of 

fused rings present in the oligoacenes as well as on the TIPS substitution.  As can be  
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Figure 3.3: He I gas-phase photoelectron spectra (black) of 
molecules 1, 2, and 3 in comparison with those (red) of 
anthracene, tetracene, and pentacene. Experimental data for 
unsubstituted oligoacenes were taken from ref. 44.44 
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seen from Figure 3.3, the first ionization band is destabilized from molecule 1 to 

molecule 3 as the number of fused rings in the molecule increases.  A similar trend was 

observed in the gas phase for unsubstituted oligoacenes: the first vertical ionization 

energy of anthracene was measured to be 7.42 eV, while for tetracene the value is 6.94 

eV, and for pentacene 6.59 eV.44,77    

Comparing the vertical ionization energies of functionalized oligoacenes with 

those of unsubstituted ones, the TIPS groups also shift the first ionization band to lower 

energy. This substitution leads to destabilization of the first band by 0.45 eV, 0.31 eV, 

and 0.20 eV for anthracene, tetracene, and pentacene respectively. The ionization energy 

shifts and their attenuation as the oligoacene gets larger are the result of the 

triisopropylsilylethynyl electronic interaction with the HOMO of the oligoacene core. 

The two highest occupied orbitals of the TIPS substituent are the π orbitals of the C≡C 

triple bond mixed with the silicon p orbitals involved in sigma bonding to the isopropyl 

groups. One of these π orbitals is the correct symmetry to overlap and interact with the π 

orbitals of the oligoacenes.  The ionization energy of this orbital for free 

triisopropylsilylethyne is centered at 9.4 eV, and the broad ionization intensity in the 

region of 9 eV in the spectra of the TIPS-oligoacenes, not seen in the spectra of the 

unsubstituted oligoacenes, likely corresponds primarily to this orbital. The filled-filled 

interaction of this TIPS orbital with the HOMO of the oligoacene core lowers the first 

ionization energy of the molecules.  As the oligoacene increases in size with additional 

fused rings from anthracene to pentacene the HOMO of the oligoacene core becomes 

increasingly delocalized, resulting in smaller overlap with the TIPS π orbital and a 
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smaller shift of the first ionization energy with substitution.  Also as the oligoacene 

becomes larger the energy of the HOMO of the oligoacene core shifts lower, increasing 

the energy separation from the TIPS π orbital and also decreasing the interaction.  This 

interaction of the TIPS π orbital with the oligoacene HOMO and the trend of decreasing 

mixing with increasing number of fused rings are important to the reorganization energy 

of the molecules with ionization as discussed next. 

Trends in experimental reorganization energies.  Like the trends in gas-phase 

ionization energies, the trends in gas-phase reorganization energies also are observed 

directly in Figure 3.3.  These trends in reorganization energies are manifested in the 

relative band widths and contours of the first ionization bands. The unsubstituted 

oligoacenes have sharp initial ionizations with vibrational progressions that tail off 

quickly as expected for small reorganization energies.  In contrast, the TIPS-substituted 

oligoacenes have broader first ionization profiles with barely discernable vibrational 

contours on the high ionization energy sides of the bands, indicating a greater 

contribution of low frequency, unresolved vibrational modes and greater reorganization 

energies than the unsubstituted molecules.  As shown in Figure 3.2, the reorganization 

energy λ•+ is essentially the energy from the vertical ionization energy to the adiabatic 

ionization energy, and can be estimated for these molecules from the energy near the 

intensity-weighted center of the ionization band (approximate vertical energy) to the 

energy of the onset of the ionization band (approximate adiabatic energy). To illustrate, 

Figure 3.4 shows the first ionization bands of molecules 1, 2, and 3 aligned to a common 

intensity-weighted center of the ionization, with the dashed vertical line representing the  
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Figure 3.4: First ionization bands aligned to their integrated 
center of ionization intensity for molecules 1 (7.08 eV), 2 (6.71 
eV), and 3 (6.44 eV).  The vertical dashed lines represent the 
approximate adiabatic ionization energies relative to the peak 
centers taking into account the hot band intensity and instrument 
resolution. 
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ionization onset of each band, taking into account the resolution of the spectrometer and 

disregarding the intensity of hot bands (shown more clearly later) for approximation of 

the adiabatic ionization energy.  For broad bands such as these with unresolved 

vibrational progressions there is some uncertainty in these estimates of the vertical and 

adiabatic ionization energies, but qualitatively it is easy to observe that the molecule with 

the greater reorganization energy has the broader first ionization band.  It is observed that 

the overall width of the first ionization band decreases from TIPS-anthracene to TIPS-

pentacene, which is consistent with the greater delocalization of the HOMO with 

increasing oligoacene size and with the decreasing contribution of the TIPS substituents 

to the HOMO as mentioned above, yielding smaller reorganization energies with 

increasing oligoacene size.   The reorganization energies estimated from Figure 3.4 for 

molecules 1, 2, and 3 are 0.18, 0.15, and 0.13 eV respectively.  As will be seen, these 

numbers systematically overestimate the reorganization energies by about 0.02 eV, but 

accurately reproduce the trend. 

Determination of the reorganization energy λ•+ from the gas-phase 

photoelectron band shape.   More precise determination of the reorganization energies 

requires a more detailed account of the ionization band contours and the instrument 

resolution.  The photoelectron band shape results from a mapping of the 

multidimensional potential energy surface of the neutral molecule to the 

multidimensional surface of the positive ion.  For a single vibrational mode in the Born-

Oppenheimer approximation and with harmonic potential wells, the intensity for 

transitions from the ground vibrational level of the neutral molecule to vibrational levels 
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of the positive ion is given by the Poisson distribution in equation (1), where S is the 

Huang-Rhys distortion parameter and Im is the intensity of the band in the vibrational 

progression corresponding to the mth vibrational quantum number of the positive ion.  

The ratio of the ionization intensity of the m = 1 vibrational band to the m = 0 vibrational 

band is simply S as given in equation (2), and the contribution of this vibrational mode to 

the reorganization energy λ•+ is hυS where υ is the frequency of the vibration in the 

positive ion.  Thus the reorganization energy λ•+ from a single mode is directly observed 

in the spectrum from the energy spacing between the m = 1 and m = 0 bands of the 

progression, which gives υ, and the ratio of the intensities of the m = 1 and m = 0 bands, 

which gives S.  The reorganization energy in terms of these quantities is given in equation 

(3).  For the unsubstituted oligoacenes it is observed in Figure 3.3 that the intensity of the 

m = 1 component of the vibrational progression drops relative to the m = 0 band from 

anthracene to pentacene in agreement with the decreasing reorganization energy with 

increasing size of the oligoacene, as found in previous more detailed experimental and 

computational evaluations of the ionization bands.  Similarly for the TIPS-substituted 

oligoacenes shown in more detail in Figure 3.4, the ionization intensity on the high 

ionization energy side of the first ionization bands decreases from TIPS-anthracene to 

                                                              
0

1

I
Ihυλ =+•                                                     (3) 

                                                                S
m

m e
m
SI −=

!
                                                   (1) 



 

 

64

TIPS-pentacene, indicating a lowering of the reorganization energy through this series 

also. 

Determination of the Huang-Rhys distortion parameter S for all modes allows 

determination of the total vibrational contribution to the reorganization energy, termed 

λvib, according to equation (4), where the sum is over all vibrational modes.82  In practice 

it is not possible to resolve individually all vibrational modes of such large molecules.  

However, it is only necessary to use a minimum number of vibrational modes to account 

for the contour of the band, each mode representing an envelope of overlapping 

multimode contributions. Previously, a theoretical multimode vibrational analysis was 

performed for anthracene, tetracene, and pentacene77 in order to partition the total 

reorganization energy into normal mode contributions and compare the multimode results 

with a two-mode fit of the ionization contour. The analysis illustrated how the vibrational 

profile is a consequence of the collective action of many vibrational modes, but the total 

reorganization energies were accurately described within the two-mode approximation.  

A two-mode model will be employed here. 

The contributions of the low-frequency, unresolved vibrational modes are 

accounted for semi-classically, since they are observed as a continuum within the 

resolution of the experiment. The width of the vibrational bands used to model the 

progressions in the ionization, after account for the instrument resolution, reflects these 

distortions. Such contributions to the reorganization energy can be treated semi-

classically as in equation (5), where H is the average full width of a Gaussian peak in a 
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given vibrational progression at half-maximum after correction for instrumental 

broadening (by iterative deconvolution), kB is the Boltzmann constant, and T is the cell 

temperature for sublimation of the molecule.78,79,83  The width of each peak in the 

vibrational progressions is modeled with a symmetric Gaussian function.62  The Gaussian 

peak shape is appropriate for modeling each peak of the vibrational progression both 

because the instrumental broadening is Gaussian in nature and because unresolved 

vibrational progressions assume a skewed Gaussian contour.62 The total reorganization 

energy is then the sum of the vibrational and semi-classical contributions as in equation 

(6). For these systems the semi-classical contribution is smaller than the vibrational 

contribution to the total reorganization energy because the two-mode fit is able to 

accurately account for most of the significant vibrational contributions. 

Within this model the total fit of the ionization band then has very few 

parameters.  The total band contour and reorganization energy is fully determined by a 

distortion parameter S and vibrational frequency for each vibrational mode (in this case 

two averaged modes) used in the analysis, giving the vibrational contribution λvib, along 

with the width of the vibrational components, giving the semi-classical contribution λSC.  

Thus a total of only five parameters accounts for the entire contour of the band.  The 

scaling of the band to match the number of electron counts that are collected and the shift 

of the band to the correct energy does not affect the value of the reorganization energy 
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obtained from the analysis.  The reorganization energy that is obtained also is insensitive 

to reasonable changes in any particular simulation parameters because of compensation 

that takes place in the least-squares optimization. For example, if the position of the most 

intense peak within the band is shifted by 0.005 eV to higher ionization energy and 

constrained to that position, optimization of the remaining parameters leads to a smaller 

frequency for the progression and larger S value, but since the reorganization energy is 

the product of the smaller frequency and the larger S value there is little net change in the 

reorganization energy that is obtained.  This shift of the first peak within the band is 

equivalent to half the width of the peak, but the total reorganization energy comes out the 

same within a millivolt.  

A close-up examination of the first ionization band for each molecule is shown in 

Figures 3.5 through 3.7 along with the simulation of the bands according to the model 

above. The optimized parameters from least-squares analysis are given in Table 3.1.   The 

quality of the fits shows that the 2-mode Poisson model is sufficiently valid for the small 

reorganizations of these molecules. For each TIPS-substituted oligoacene the high-

frequency vibrational progression of about 1400 cm-1 in the model accounts primarily for 

the shoulder observed on the high ionization energy side of the total ionization envelope, 

and the low-frequency vibrational component of about 600 cm-1 accounts for the skew of 

the band to high energy. The addition of more vibrational modes to this fit did not 

improve the energy contour and did not change the values of ionization and total 

reorganization energies.  In Figures 3.5-3.7 the Gaussians on the low ionization energy 

side represented by red dashed lines are due to hot bands from the m = 1 and m = 2  



 

 

67

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Close-up of the first ionization band of molecule 1 
(vertical dashes representing experimental variance) with the 
simulation (solid line) based on high and low frequency Poisson 
progressions, υhf and υlf, of symmetric Gaussian peaks.  
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Figure 3.6: Close-up of the first ionization band of molecule 2 
(vertical dashes representing experimental variance) with the 
simulation (solid line) based on high and low frequency Poisson 
progressions, υhf and υlf, of symmetric Gaussian peaks.  
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Figure 3.7: Close-up of the first ionization band of molecule 3 
(vertical dashes representing experimental variance) with the 
simulation (solid line) based on high and low frequency Poisson 
progressions, υhf and υlf, of symmetric Gaussian peaks. 
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TABLE 3.1:  Simulation parametersa for the first Ionization bands of 
molecules 1 – 3 

molecule 1 2 3 

Vertical IEb,c 6.965(4) 6.635(2) 6.388(1) 

FWHMb,d 0.109(4) 0.097(1) 0.089(2) 

υhf 
e,f 1380(30) 1410(16) 1338(12) 

Shf
g 0.45(4) 0.29(1) 0.26(2) 

υlf 
e,h 605(50) 647(22) 622(9) 

Slf
i 0.82(3) 0.72(3) 0.670(4) 

a Standard deviations in parentheses b Energies in eV.  c Defined as center of most 
intense Gaussian in analysis.  d Full width at half maximum of each Gaussian 
peak.  e Energies in cm-1.  f Spacing of high-frequency progression.  g Huang-
Rhys factor that determines the intensities in the high-frequency progression.  h 
Spacing of low-frequency progression.  i Huang-Rhys factor that determines the 
intensities in the low-frequency progression.   
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vibrational levels of the neutral molecule.  The intensities of these Gaussians assigned to 

hot bands are in agreement with the relative intensity expected from the population of 

excited vibrational levels in the ground state at the sublimation temperatures (180-315 

°C) of these molecules.  Hot band intensity to higher vibrational levels of the positive 

ions is not expected to have a major effect on the analysis of the reorganization energies 

and is not included. The vertical ionization (m = 0 for both the high and low frequency 

modes) is modeled with the first Gaussian after the hot bands for all molecules (see 

Figures 3.5-3.7).  The vibrational components are relatively sharp with half-widths of 

about 0.1 eV (see Table 3.1).  

Compared to the unsubstituted oligoacenes, the presence of the Si-based 

substituent leads to additional low frequency vibrations upon ionization, which cause the 

broadening of the first ionization band (see Figure 3.3). In the case of unsubstituted 

oligoacenes44 the high frequency vibrations of about 1400 cm-1 contributed the most to 

the shape of the first ionization bands, which have well resolved vibrational fine 

structure.  For molecules 1 – 3 the additional low frequency vibrational modes in the first 

band lie in the energy region (~600 cm-1), associated with the vibrations of the 

−C≡C−Si(iPr)3 groups, and can not be well resolved. Additional very low frequency 

vibrations associated with the Si(iPr)3 portion of the molecule are modeled semi-

classically based on the broadening of the Gaussian functions used to model the 

progressions deconvolved from the instrument resolution. Activation of these vibrations 

by ionization of the molecules is a consequence of the mixing of the HOMO of the acene 
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core with the TIPS fragment, which is delocalized across the alkyne π bond and the silyl 

substituent. 

Contributions to reorganization energies. The contributions to the 

reorganization energies for formation of a radical cation of molecules 1, 2, and 3 are 

summarized in Table 3.2.  The high frequency contributions to the reorganization 

energies are very similar to the contributions found for the unsubstituted oligoacenes.  

The high frequency contribution is about 20% larger for TIPS-anthracene than for 

anthracene, where the electronic interaction with the alkyne of the TIPS substituent is 

expected to be largest.  For tetracene and pentacene the high frequency contribution is 

found to be the same with and without the TIPS substitution within 1 meV.    For all three 

TIPS-substituted molecules the high frequency vibrational modes and the low frequency 

vibrational modes give contributions to the reorganization energies of similar 

magnitudes, whereas for the unsubstituted oligoacenes the low frequency contributions 

are much smaller.  The unsubstituted molecules do not have contributions from frequency 

modes in the range of 600 cm-1 as found here, which are attributed to the TIPS 

substituents. The semiclassical contribution is much smaller than the vibrational 

contribution, but significant enough to affect the total λ•+, as can be seen from Table 3.2.  

For comparison, in unsubstituted oligoacenes the semiclassical contribution was very 

small and therefore was neglected.44 The unresolved modes in the semiclassical 

contributions to the reorganization energies of molecules 1 through 3 also are attributed 

to the TIPS substituents as mentioned above. 
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TABLE 3.2: Reorganization energies from two-mode modeling of 
the first ionization bandsa

 

molecule 
vib
hfλ  

vib
lfλ  

vib
totalλ  SCλ  +•λ  

1 

2 

3 

77 

51 

43 

61 

58 

52 

138 

109 

95 

34 

22 

16 

172(4) 

131(2) 

111(4) 

a Energies in meV. High-frequency progression designated as hf, low-
frequency progression designated as lf. 
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As observed qualitatively, the radical cation reorganization energy decreases 

going from molecule 1 to molecule 3. The same behavior of λ•+ was observed for 

unsubstituted oligoacenes.44 But in the case of TIPS-oligoacenes 1 – 3, the radical cation 

reorganization energies are significantly larger in comparison with unfunctionalized ones: 

λ•+ of TIPS-anthracene 1 is larger than that of anthracene by about 100 meV, λ•+ of 2 is 

larger than that of tetracene by about 70 meV, and λ•+ of 3 is about 50 meV greater than 

that of pentacene. This difference in the value of λ•+ is caused by the presence of the 

triisopropylsilylethynyl group, which leads to larger geometry relaxation processes upon 

ionization. It is found that all contributions to the reorganization energies decrease as the 

size of the oligoacene increases. The decrease in the high frequency contribution is 

similar to that of the unsubstituted oligoacenes and is due primarily to the acene core.  

The decrease in the low frequency and semi-classical contributions follows from the 

decreased mixing of the TIPS substituents in the HOMO of the molecules.   The high 

frequency contribution to the reorganization energy is about 45% of the total for 

molecule 1, and about 40% of the total for molecules 2 and 3. 

 Computational results. Vertical ionization energies and radical cation 

reorganization energies of molecules 1 – 3 calculated using representative density 

functionals and different Slater and Gaussian basis sets are shown in Table 3.3. Each 

method obtains the same qualitative trend observed experimentally in vertical ionization 

energies and reorganization energies, but the quantitative agreements vary. Based on the 

comparison of experimental and computational results, the LDA VWN functional gives 

better (closer to experiment) vertical ionization energies than other functionals tested in  
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TABLE 3.3: Calculated vertical IEs (VIE, eV) and reorganization 
energies +•λ (meV) by various DFT methods 

  molecule   
1   2  3 

VIE +•λ   VIE +•λ   VIE +•λ  

experiment 

6.97 172  6.63 131  6.39 111 

LDA VWNa 

6.77 79  6.48 69  6.21 63 

GGA OPBEa 

6.48 77  6.17 66  5.91 63 

B3LYPb 

6.39 105  6.04 85  5.75 70 

6.63 103  6.28 85  5.99 70 

BHandHLYPb 

6.47 154  6.08 125  5.75 110 

6.67 151  6.28 126  5.96 111 

a TZ2P Slater basis set.  b 6-31G** basis set for numbers in first row, 6-311G** 
basis set for numbers in second row. 
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the present study, whereas better reorganization energies were obtained with the 

BHandHLYP functional. As can be seen from Table 3.3, the choice of the energy 

functional affects the value of the radical cation reorganization energy, but does not show 

a strong dependence on the choice of the basis set. In contrast, the calculated vertical 

ionization energy does show a dependence mainly upon the choice of the basis set. Note 

that the reorganization energy compares the energies of molecules with the same charge 

but different geometries, whereas the vertical ionization energy compares the energies of 

molecules with different charges but the same geometries. 

As can be seen from Figure 3.8, the electron density of the highest occupied 

molecular orbital for each molecule is delocalized mainly across the arene rings and the 

alkynyl groups, consistent with the observation that removal of an electron from each 

molecule activates vibrations of both the acene core and the TIPS substituents. Also, the 

HOMO spreads evenly across the molecule as the number of fused rings increases, thus 

decreasing the change in bonding contribution between consecutive pairs of atoms with 

ionization and decreasing the percent character of the TIPS substituents in the HOMO, 

leading to decreases in all contributions to the reorganization energies with increasing 

size of the oligoacene. The optimized geometries of the neutral and cation species are 

compared in the Appendix A. 

In order to have more understanding of the geometry modifications in molecules 1 

– 3, the separate contributions of the acene core and the two triisopropylsilylethynyl 

groups were calculated using the BHandHLYP functional (see Table 3.4). The total 

reorganization energy is approximately the sum of these two contributions calculated  
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Figure 3.8: HOMOs of molecules 1 – 3 calculated at 0.01 surface 
value.  
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TABLE 3.4: Computational reorganization energy contributions (in 
meV) of the acene core and of the TIPS substituentsa 

molecule TIPSb λ•+ acene corec λ•+ sum λ•+ 

1 

2 

3 

66 (40%) 

42 (33%) 

37 (32%) 

97 (60%) 

86 (67%) 

79 (68%) 

163 

128 

116 

a BHandHLYP functional, 6-31G** basis set.  b Coordinates of acene core 
atoms fixed at neutral molecule positions during optimization of cation.  
c Coordinates of TIPS substituent atoms fixed at neutral molecule positions 
during optimization of cation.  Values in parentheses are the percent of the 
total. 
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separately. Based on these calculations, the reorganization energy associated with the Si-

based substituents is 40% of the total reorganization energy in substituted anthracene, 

33% in substituted tetracene, and 32% in substituted pentacene. It means that the acene 

core reorganization energy increases in comparison with the reorganization energy of the 

two triisopropylsilylethynyl groups going from the molecule 1 to molecule 3, as is 

expected based on the previous discussion. The total reorganization energies (as the sum 

of these two contributions) are in a good agreement with the experimental values. 

Conclusions 

Gas-phase photoelectron spectroscopy experiments and DFT calculations provide 

combined experimental and computational information on the intramolecular vertical 

ionization energies and the vibrational reorganization energies for formation of the 

radical cations of bis-triisopropylsilylethynyl-substituted anthracene, tetracene, and 

pentacene. The results, presented in this chapter, reveal that (1) the first ionization energy 

decreases with increasing number of fused rings in these molecules; (2) the 

triisopropylsilylethynyl group destabilizes the gas-phase ionization energies of 

oligoacenes; (3) the broadening of the first ionization band is caused by the additional 

low frequency vibrations associated with the presence of the triisopropylsilylethynyl 

substituent; (4) the radical cation reorganization energies are inversely proportional to the 

number of fused rings present; (5) the vibrational reorganization energies of these 

functionalized oligoacenes 1 – 3 are significantly larger than those of unsubstituted ones, 

due to the substituents providing additional geometry relaxations upon ionization; and (6) 

the contributions are largely additive. According to computational results of the 
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investigated models, the LDA VWN energy functional gives the most reasonable values 

of VIEs, and the BHandHLYP functional provides the best description of geometry 

modifications caused by ionization in bis-triisopropylsilylethynyl-substituted oligoacenes 

1 – 3.  

The total reorganization energy for self-exchange between a cation molecule and a 

neutral molecule in a hole transport system is the sum of λ•+ and λ0.  A common 

assumption is that λ•+ and λ0 are similar in value.  As a test of this assumption, the value 

of λ0 as represented by the energy from point D to point A in Figure 3.2 was calculated 

for molecules 1 through 3 using the BHandHLYP functional.  The calculated values for 

these λ0 reorganization energies are 151, 125, and 104 meV, respectively, in comparison 

with the calculated λ•+ values of 154, 125, and 110 meV. The very similar values of λ0 

and λ•+ support the validity of the harmonic approximation incorporated in the two-mode 

fit of the first ionization energy band, and the reasonable neglect of anharmonicity 

effects. Thus the experimental measures of λ•+ obtained by gas-phase photoelectron 

spectroscopy and the analysis methods presented here, when multiplied by two, give a 

good measure of the total inner-sphere reorganization energy for electron self-exchange 

between the neutral and cation states of these molecules. 
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CHAPTER 4 

ELECTRONIC PROPERTIES OF PENTACENE VERSUS 

TRIISOPROPYLSILYLETHYNYL-SUBSTITUTED PENTACENE: ENVIRONMENT-

DEPENDENT EFFECTS OF THE SILYL SUBSTITUENT 

Introduction  

Electronic devices based on organic semiconductors represent a leading next-

generation device technology.1,24-26,32,67,70,73,84-87 Pentacenes are attractive building blocks 

for molecular devices due to their inherent electronic properties, excellent film-forming 

characteristics, and the ability to adjust the electronic behavior required for a particular 

device.20,23,27,28,30,31,33,45,48,74,88-95 The tuning of electronic properties, such as charge 

injection barriers, HOMO-LUMO gaps, charge transfer rates, and molecular ordering of 

pentacenes is accomplished by substitution with different functional groups. One of the 

most popular pentacene derivatives is triisopropylsilylethynyl-substituted (TIPS) 

pentacene (see Figure 4.1) which has properties appropriate for its use in thin-film 

transistors.35,37,43,44,58,69,85,96-100 The TIPS substituent alters the intramolecular electronic 

structure and intermolecular electronic interactions, thus leading to very different 

ionization energies, charge injection barriers, and HOMO-LUMO energy gaps. A number 

of factors can influence these properties and their measures in the solid state, including 

interfacial and intermolecular morphologies86 and molecular dipole orientations.87 

In this chapter it is shown how a direct energy measure of these intra- and 

intermolecular electronic effects in pentacene and TIPS pentacene (Figure 4.1) can be 

obtained from the combination of closely related high-resolution gas-phase and solid- 
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Figure 4.1: Pentacene, 1 and TIPS pentacene, 2. 
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phase ultraviolet photoelectron spectroscopy (UPS) measurements. It is especially 

interesting that in this case the intermolecular effects (primarily polarization effects in the 

solid state) have a greater influence on the electronic properties of the material than the 

direct intramolecular electronic interactions of these substituents on the pentacene 

building blocks. These results are further clarified by electrochemical measurements and 

electronic structure quantum-mechanical calculations. 

Results and Discussion 

Gas-phase UPS. Gas-phase UPS of pentacene, 1, and TIPS pentacene, 2, allows 

comparison of the electronic properties of these pentacenes at the single molecule level 

(intramolecular properties). Detailed analyses of the gas-phase UPS and electronic 

structures of pentacene44,45 and TIPS oligoacenes43 have been reported previously. As 

shown in Figure 4.2, the TIPS group leads to the destabilization of the first ionization 

energy band of pentacene. The onset energy of the first ionization band, which is 

approximately the adiabatic ionization energy (AIE) for removal of an electron from the 

HOMO, is shifted 0.26 eV to lower energy when pentacene is functionalized by the TIPS 

groups (see Experimental Details below). This ionization energy shift is expected from 

simple orbital considerations because of the filled-filled interaction of the ethyne π-type 

HOMO electrons of the TIPS ethynyl groups with the π-type HOMO electrons of the 

pentacene core, shown in Figure 4.3. Computations show that the π-type orbital 

distribution of the pentacene core is delocalized with the TIPS substituents and results in 

a shift of the first ionization energy band to lower energy. From this gas phase trend in 

ionization energies of pentacene and TIPS pentacene, it is expected that the substitution  
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Figure 4.2:  He I UPS: first ionization energy bands of pentacene 1 in red, and of 
TIPS pentacene 2 in black (solid lines – gas phase, dotted lines – solid phase). 
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Figure 4.3: Highest occupied molecular orbitals of pentacene 1 and TIPS pentacene 2 
(surface value ±0.025). 
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of pentacene with TIPS groups will reduce the ionization energy in the solid. However, as 

it is demonstrated further, this ionization energy trend of pentacenes 1 and 2 in the gas 

phase is reversed in the solid phase. 

Solid phase UPS. The solid phase UPS measurements provide the ionization 

energies of molecules 1 and 2 in the presence of intermolecular interactions. These 

pentacenes were vapor deposited on a polycrystalline Au substrate. The subsequent 

depositions of 5 Å to 200 Å films of pentacene and of 10 Å to 200 Å films of TIPS 

pentacene on Au were studied by solid-phase UPS. This work is focused on the 

properties of these films directly as deposited as in most device fabrications, and no 

attempts were made to increase crystallinity. The experimental setup with details is given 

below in the section “Experimental Details”. The solid-phase ultraviolet photoelectron 

spectra of pentacene and TIPS pentacene films as a function of film thickness are shown 

in Figures 4.4 and 4.5 respectively. The high energy side of the photoelectron spectrum 

gives the value of the high binding energy cutoff (HBEC) of electron counts and the low 

energy side of the spectrum gives the first ionization energy band (the valence band) of 

the material. The HBEC of solid-phase UPS spectra was obtained as the cross point of the 

tangent to the high binding energy side with the baseline; the AIE was determined as the 

cross point of the tangent to the first IE band on the low energy side with the baseline. 

Energies from this experiment are reported to ±0.1 eV. The HBEC shift (commonly 

termed the vacuum level shift) from Au to the organic layer signifies the presence of a 

strong interfacial dipole between Au and the organic layer, caused by the redistribution of 

electron density at the Au/organic layer interface.29,48-50,101,102 The solid-phase  
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Figure 4.4: Solid-phase UPS of pentacene, 1: close up of the 1st ionization 
energy band (on the right) and the high binding energy cutoff (on the left) for 
7 depositions. 
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Figure 4.5: Solid-phase UPS of TIPS pentacene, 2: close up of the 1st 
ionization energy band (on the right) and the high binding energy cutoff (on 
the left) for 9 depositions.  
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photoelectron spectra of pentacene are in agreement with previously reported 

studies.27,29,49,50,53,54,103 In the case of pentacene 1 (Figure 4.4), the HBEC shifts by 1.0 eV 

to the higher binding energy side for the first 5 Å coverage, and for thicker films the 

HBEC stays constant. In the case of TIPS pentacene 2 (Figure 4.5), the HBEC shifts from 

Au to a 10 Å film of 2 by 0.8 eV, and continues to shift slowly with increasing film 

thickness. This difference in behavior between TIPS pentacene and pentacene likely 

reflects the poorer charge transport behavior of the amorphous TIPS pentacene films 

compared to the pentacene films. The HOMO level (AIE measured with respect to the 

Fermi energy of Au) of pentacene is observable but not accurately measured for the first 

two depositions due to the strong signal from Au. For films thicker than 10 Å the signal 

from pentacene increases, thus leading to a more pronounced valence band. Monitoring 

of the HOMO level and the HBEC with the thickness increase of pentacene indicates that 

the bulk properties of the film are achieved above 60 Å. The HOMO level of TIPS 

pentacene shifts gradually to the higher binding energy region; but for depositions above 

100 Å and below 200 Å the HOMO level is stabilized with the corresponding 

stabilization of HBEC (±0.1 eV), meaning that within this thickness range the bulk 

properties of TIPS pentacene are achieved. The strong shift of the HOMO level and the 

HBEC of 2, observed for the 200 Å film, signifies a charging effect which is an indicator 

of poor electron transfer through amorphous TIPS pentacene films. 

Further discussion is focused on the bulk properties of molecules 1 and 2. 

Pentacene and TIPS pentacene films of 120 Å thickness are presented in Figure 4.6. In 

the literature48-52 the hole-injection barrier (HIB) is defined as the AIE measured for the 
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Figure 4.6: Solid phase He I UPS: on the right panel - first ionization energy 
bands of pentacene 1 (red), and of TIPS pentacene 2 (black), Fermi edge of Au 
(blue); on the left panel – high binding energy cutoffs of Au (blue), pentacene 1 
(red), and TIPS pentacene 2 (black).  
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bulk sample with respect to the Fermi edge of clean Au, Ef. As can be seen from Figure 

4.6, the HIB of pentacene 1 is 0.6 eV and that of TIPS pentacene 2 is 1.7 eV. The AIE 

measured with respect to the vacuum energy level, Evac (discussed below), is 4.8 eV for 1 

and 5.8 eV for 2. By either method of energy referencing in the solid phase, the 

ionization energy and the hole-injection barrier of TIPS pentacene is greater than that of 

pentacene by 1.0 eV, which is a significant reversal of the order observed in the gas phase 

ionizations. 

  Figure 4.2 shows the relative ionization energies of both molecules in the gas 

phase and in the solid phase with the ionizations in both phases calibrated to the point of 

an electron with zero eV kinetic energy in vacuum, which corresponds by definition to 

ionization of an electron with a binding energy equal to the photon energy. It should be 

noted that the vacuum energy levels for the two experiments do not coincide exactly.48 

The vacuum level in the gas phase experiments corresponds to an absolute vacuum with 

the energies referenced to optical threshold ionizations,104 in this case the argon 2P3/2 

ionization. The vacuum level in the solid phase experiments corresponds to the point of 

zero electron kinetic energy inside the instrument, identified in the experiment as the 

point of the high binding electron energy cutoff (HBEC) in Figure 4.6.48 The similarity of 

the high binding energy cutoff values for the two molecules indicates that their surface 

dipoles and vacuum level reference energies are close to the same in the instrument. 

Figure 4.2 shows that on these scales the AIE of TIPS pentacene shifts 0.4 eV to lower 

ionization energy from the gas phase to the solid phase, while the AIE of pentacene shifts 

1.7 eV to lower ionization energy. The lowering of the ionization energies from the gas 
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phase to the solid phase is primarily due to the stabilization of the cations by polarization 

of the surrounding medium. The polarization energy has been defined in other papers as 

the difference of AIE between the gas and solid phases,53,54 but it should be remembered 

that this does not take into account the different vacuum levels mentioned above and 

other direct intermolecular interactions. The important point is that in going from the gas 

phase to the solid phase, the ionization energy of pentacene is lowered 1.3 eV more in 

energy than that of TIPS pentacene, and reverses the ionization order.  

The relative stabilization of TIPS pentacene compared to pentacene with respect 

to electron loss follows from the different intermolecular electronic interactions in the 

solid phase. The situation is similar to the classic “anomalous” trend in the basicity of 

alkylamines from the gas phase to solution phase,105-108 except that in this case the 

property is a spectroscopic energy on the fast vertical time scale of ionization rather than 

a thermodynamic free energy that includes thermal and entropic effects and is on the 

slower time scale that allows molecular relaxation.108 The difference in polarization of 

surrounding molecules in the bulk stabilizes the cation of pentacene more than the cation 

of TIPS pentacene, so that the ionization energy of pentacene is less than that of TIPS 

pentacene in the solid despite the fact that the HOMO of pentacene is more stable than 

the HOMO of TIPS pentacene in the neutral ground states of these molecules.  

The origin of this difference in polarization can be understood from the structures 

of molecules 1 and 2 shown in Figure 4.7. Pentacene is significantly smaller in size than 

TIPS pentacene and allows closer contact of neighboring molecules to the acene core,  
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Figure 4.7:  Space-filling models of pentacene 1 and TIPS pentacene 2. 

1 2 
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even in a roughly amorphous state. TIPS pentacene on the other hand has the bulky TIPS 

groups, the triisopropylsilyl part of which already provides some polarization 

stabilization to the hole in the HOMO of the molecule cation in the gas phase (where the 

hole is delocalized with the ethynyl portion of the TIPS substituent, see Figure 4.3), and 

partially insulates the acene core from further interactions with neighboring molecules in 

the solid state. Thus the change in polarization stabilization of the positively-charged 

acene core from the gas phase to the solid phase is expected to be less for TIPS pentacene 

than for pentacene. Also significant is the observation that the packing density of 

pentacene109 (1.314 g/cm3) is much greater than that of TIPS pentacene73 (1.104 g/cm3) 

despite the much heavier Si atoms in the latter molecule. Thus, the bulky TIPS groups in 

amorphous films significantly hinder tight three-dimensional packing, leading in turn to 

smaller polarization energy. Another indication of greater polarization effects in the 

pentacene films comes from the broader first ionization energy band of pentacene (by 

~0.3 eV) compared to that of TIPS pentacene. The larger polarization of the surrounding 

medium leads to larger intermolecular reorganization energy, which contributes to the 

width of the first IE band. The exact value of the intermolecular reorganization energy 

can not be extracted from the width of the band due to other solid-state broadening 

effects,54 but the trend in width of the ionization energy bands reflects the trend in 

intermolecular reorganization energies and in turn polarization energies. 

As an aside, the single crystal structures of pentacene109 and TIPS pentacene73 are 

known to have different morphologies. The crystal structure of pentacene is characterized 

as a “herringbone” arrangement whereas the crystal structure of TIPS pentacene is 
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characterized by π-stacking in two dimensions with the TIPS groups separating the π 

stacks.96 However, extensive π stacking in the amorphous TIPS pentacene films of this 

study is not expected as evidenced by the difference of optical-absorption spectra of 

amorphous and crystalline samples of TIPS pentacene.34 The amorphous samples of TIPS 

pentacene do not show a red-shift in the absorption spectrum, whereas for crystalline 

films there is a > 70 nm red-shift attributed to extensive π-stacking. But even if the 

amorphous TIPS pentacene films adopt some π-stacking arrangement on a small scale, 

the polarization stabilization that the TIPS pentacene cation experiences in the solid are 

still expected to be smaller than those of the pentacene cation.  These molecules are not 

expected to be as polarizable in the π direction perpendicular to the plane of the molecule 

as in the longitudinal direction within the plane of the molecule. Therefore, the close 

contacts with edge-on orientations in the herringbone structure of pentacene are more 

conducive to polarization effects, and the TIPS group insulates from these interactions. 

Further experimental and theoretical study of crystalline films is warranted, but the trends 

observed for these amorphous films of TIPS pentacene are also expected to be observed 

for crystalline films. 

Solution Electrochemistry. Additional insight into the factors controlling the 

electronic properties of these molecules comes from measurement of the oxidation and 

reduction potentials of these molecules in solution. As mentioned above, an uncertainty 

in the solid thin film studies is in the exact intermolecular arrangements around each 

molecule, and particularly the question of whether some local order around the molecules 

in the solid state is critical to the results. Such order does not exist in solution. In 
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addition, the electrochemical measurements are thermodynamic quantities on a slower 

time scale compared to the spectroscopic UPS measurements on a fast time scale, so it is 

of interest to determine to what extent the trends observed in the solid carry over to the 

solution electrochemistry. The results are collected in Table 4.1 (see Experimental 

Details below). The similarity of oxidation potentials of 1 and 2 as well as the drastic 

difference of reduction potentials of these molecules are supported by a previous study.98 

Similar to the results from the solid phase UPS measurements, the stabilization of the 

pentacene cation in solution is greater than that of the TIPS pentacene cation in solution. 

In this case the difference is about 0.3 eV, such that the potential for removal of an 

electron becomes about the same for these two molecules in solution, rather than the 

reversal observed in the solid phase study. The trend of greater stabilization of the 

pentacene cation compared to the TIPS pentacene cation in solution is the same as 

observed in the solid phase UPS, but to a smaller extent. It is not surprising that these 

molecules experience less different polarization effects in the solution phase compared 

with the solid state because both are in similar contact with the same solvent; the primary 

difference comes from the difference in the cavitation of the large TIPS pentacene versus 

the smaller unsubstituted pentacene. This result also suggests that the primary factor 

controlling the trend in relative stabilization is not the detailed explicit structure of the 

molecular environment, which is very different between the two phases, but depends to 

first order on the general properties of the environment, in this case the polarizability.  
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TABLE 4.1: Measured adiabatic ionization energies (eV) and 
electrochemical HOMO and LUMO (eV) values of pentacene (1) and TIPS 
pentacene (2).  Values from electronic structure calculationsa are in 
parentheses 

gas phase solution phaseb solid phasec 
molecule 

AIE HOMO LUMO Gap AIE Δp
d 

1 6.54 
(6.41) 

-5.1 
(-5.1) 

-3.0 
(-3.3) 

2.1 
(1.8) 

4.81 
 

1.73 
 

2 6.28 
(6.15) 

-5.1 
(-5.3) 

-3.4 
(-3.8) 

1.7 
(1.5) 

5.84 
 

0.44 
 

shift +0.26 
(0.26) 

0.0 
(0.2) 

0.4 
(0.5) 

0.4 
(0.3) 

-1.0 
 

1.3 
 

a See Appendix B for computational details and uncertainties in measured values, 
b HOMO and LUMO values are obtained from redox potentials in 
o-dichlorobenzene relative to the absolute potential of Fc/Fc+; c relative to 
instrument vacuum energy level; d polarization energy defined as difference in 
gas and condensed phase AIEs. 
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The shift in energy from the gas phase to the solution phase for removal of an 

electron from pentacene is 1.44 eV, and this value increases slightly to 1.7 eV from the 

gas phase to the solid. This supports the effective packing density and polarizability 

properties of the pentacene films discussed above. In contrast, the shift in energy from the 

gas phase to the solution phase from removal of an electron from TIPS pentacene is 1.18 

eV, and this value decreases substantially to only 0.38 eV from gas phase to the solid. 

The amorphous TIPS pentacene films can not achieve the packing density of the 

pentacene films and the polarizability properties are much less effective at stabilizing the 

cations. Nonetheless, in both solution and solid, the cations of TIPS pentacene experience 

less stabilization than the cations of pentacene. 

Computations. Electronic structure computations support the principles revealed 

by these experiments. Explicit theoretical modeling of the solid state, which for 

polarization effects would require assumptions of intermolecular structures across many 

molecular dimensions, is beyond the scope of this contribution. However, the results 

above suggest that detailed structure is secondary to the governing principle of 

polarization stabilization, and implicit modeling of the trends in polarization effects is 

readily available with standard continuum solvation models. Emphasis is in modeling the 

solution oxidation potentials using methods that have been successful previously.110,111 

For the values reported here calculations were performed as in the previous gas phase 

studies of these molecules43 with the Amsterdam Density Functional program (see 

Appendix B).63,112,113 Ionization energies were obtained by ΔSCF calculations (see 

chapter 2) using the LDA VWN/TZ2P method. It has been reported previously that ΔSCF 
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calculations for functionalized oligoacenes using the LDA VWN/TZ2P model reproduce 

the gas phase experimental results and trends very well.43 Solution phase calculations 

were performed by applying the COSMO solvation model with dichlorobenzene as a 

solvent to the gas phase computations. In modeling the oxidation and reduction 

potentials, the thermal contributions to the differences in free energies between the 

neutral molecules and the ions are expected to be small because there is little change in 

mass between the neutral and the ions (one electron) and the reorganization energies are 

small with little change in structures and vibrational frequencies.43 The sensitivity of the 

results to different density functionals, different Gaussian- and Slater-type basis sets, 

different solvation models, and different computational packages have been tested, and 

found similar trends in the ionization shifts and HOMO/LUMO gaps (see Appendix B for 

details). As can be seen in Table 4.1, even the very basic implicit continuum model of 

electronic structure and polarization is able to account reasonably well for the trends in 

gas phase ionization energies and the relative shifts in solution phase oxidation potentials 

from the gas phase, in which the shift for pentacene is greater than that for TIPS 

pentacene, without explicit consideration of the structure of the molecular environment.  

Energy Level Diagrams.  Taking this information together allows construction 

of an approximate solid phase energy level diagram shown in Figure 4.8. The HOMO 

ionization energy levels are estimated from the AIEs measured in the solid state with 

respect to the Fermi level, Ef, of gold. In the solid phase the HOMO ionization energy of 

pentacene is smaller than that of TIPS pentacene by 1.1 eV. The LUMO energy levels 

with respect to the HOMO ionization energies are estimated in this diagram from the  



 

 

100

 

Figure 4.8: Solid phase energy level diagram of pentacene 1 and TIPS 
pentacene 2 with respect to a Au substrate.  

Evac 

Ef 

Au Pentacene TIPS Pentacene

5.2 eV 
4.8 eV

5.8 eV 

1.0 eV 

0.6 eV

1.1 eV 

2.1 eV

1.7 eV 
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electrochemically measured HOMO-LUMO energy gaps.114,115 The gap between the 

oxidation and reduction potentials of pentacene is measured to be 2.1 eV and that of TIPS 

pentacene is 1.7 eV (0.4 eV smaller, Table 4.1). This electrochemical estimate of the 

energy gap does not include the actual electronic interactions between molecules in the 

solid state and is considered an upper bound to the actual value. The solid-phase HOMO-

LUMO energy gap also can be approximated by the optical energy gap, but in this case 

the exciton binding energy of the molecules is not accounted for.50 The optical energy 

gap of pentacene is 1.8 eV50,116 and that of TIPS pentacene is 1.6 eV34 (0.2 eV smaller). 

According to both estimates, the energy gap of TIPS pentacene is smaller than that of 

pentacene. The smaller observed energy gap of TIPS pentacene is expected because of 

the greater conjugation in the TIPS pentacene molecule. As a consequence of both the 

trend in HOMO levels and the trend HOMO-LUMO energy gaps seen in Figure 4.8, the 

LUMO energy level of TIPS pentacene is lower than the LUMO energy level of 

pentacene, thus leading to the smaller electron-injection barrier for TIPS pentacene vs. 

that of pentacene (electron-injection barrier is defined as the position of LUMO level of 

the bulk sample with respect to the Fermi energy of clean gold48-52). 

Conclusions 

The combination of the gas-phase UPS, solid-phase UPS, and electrochemical 

measurements on these molecules illustrates an approach to the study of intra- and 

intermolecular electronic interactions. Each technique provides an energy measure of 

related processes, the removal of an electron from a molecule in the sample, under 

different circumstances. The relationships between the measures allow the detailed 
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understanding of electronic structure that is possible from experiments on molecules in 

the gas phase to be extended to the electronic properties in solution and the solid state. In 

the case of pentacene and TIPS pentacene, the electronic effects of the TIPS substituents 

on the ionization energies in the solid state are greater and in the opposite direction from 

the electronic effects on the ionization energies of the individual molecules in the gas 

phase. The change in polarization energy is likely to be a general factor for any material 

altered by the addition of insulating solubilizing substituents. 

Experimental Details 

Electrochemistry.  Electrochemical data were provided by Dr. John E. Anthony 

from the University of Kentucky, Department of Chemistry using the same instrument 

setup as described in chapter 2. Tetrabutylammonium hexafluorophosphate (TBAPF6) 

was dissolved in anhydrous ortho-dichlorobenzene (ODCB) to produce 0.1 M supporting 

electrolyte solution. The system was calibrated versus the ferrocene/ferrocenium redox 

couple. To obtain the reductive electrochemistry of pentacene, the solutions were sparged 

with nitrogen for five minutes immediately prior to the analysis.  A nitrogen blanket was 

also maintained above the solutions during the experiments. After the initial experiment, 

the solution was heated to encourage further dissolution of the pentacene analyte. The 

optimal potential window for both compounds was determined using CV, then the anodic 

and cathodic electrochemical processes were studied individually using DPV. The 

reduction and oxidation potentials of pentacene are -1.8 V and 0.3 V respectively with 

respect to Fc/Fc+. In the case of TIPS pentacene, the reduction potential is -1.4 V and the 

oxidation potential is 0.3 V. These voltammetry experiments were used to obtain 
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electrochemical HOMO-LUMO values and band gaps. Energies from electrochemistry 

measurements are reported to ±0.05 eV. The observed potential values were then 

converted to vacuum energy levels according to literature methods.117,118 

Gas-Phase Photoelectron Spectroscopy. The experiment setup details are given 

in chapter 2. For the gas phase data analysis the two-mode Poisson vibrational 

progression fitting method was used to determine the vertical ionization (VIE) and 

reorganization energies (RE) of pentacene45 and TIPS pentacene.43 The AIE was obtained 

as the difference between the VIE and the RE. Due to the high sublimation temperature 

of both pentacenes hot bands were observed on the low energy side of the ionization 

band; the formation of these hot bands is caused by the thermal population of excited 

vibrational levels in the ground state of the neutral molecule and therefore the onset of 

ionization intensity in the spectrum at this temperature does not signify the AIE. The 

presence of these hot bands was accounted for in the determination of the values of VIE, 

RE, and AIE. The arrows on Figure 4.2 are an approximate representation of the AIEs 

from this more detailed analysis.  The uncertainties in the reported energies are on the 

order of ±0.005 eV. 

Solid-Phase Photoelectron Spectroscopy. The thin-film photoelectron spectra 

were collected at room temperature using the same instrumentation as reported in chapter 

2. An accelerating bias voltage of 9 V was applied during the UPS data collection to 

improve the transmission of electrons with very low kinetic energy. XPS (core) studies 

were performed using a monochromatic Al Kα (1489 eV) excitation source, with pass 
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energies of 20 eV for close-up spectra of the C 1s ionizations for 1, and C 1s, Si 2p 

ionizations for 2.  

Thin-Film Preparation. Thin films of pentacene and TIPS pentacene were 

prepared by vapor deposition on a gold substrate in a UHV chamber connected to the 

UPS/XPS analysis chamber (see chapter 2 for more details). Successive depositions were 

made at 220-240 °C for 1 and 275-295 °C for 2. The change in frequency of 15 Hz 

corresponds to approximately 3 Å of each sample (a monolayer thickness. There were 

seven subsequent depositions of pentacene on Au made with thicknesses from 5 Å to 200 

Å; there were nine depositions made of TIPS pentacene on Au with thicknesses from 10 

Å to 200 Å. The deposition rate was 1 Hz per 1 s for both molecules. After each 

deposition of the sample, the UPS spectra were collected followed by the collection of 

XPS spectra. The film thickness of 120 Å was chosen for each sample for presentation in 

the discussion. At this film thickness there was insignificant interfacial dipole formation 

observed, and also there was insignificant charging of the sample, as evidenced by the 

near constant position of the first ionization peak from 120-160 Å thicknesses for both 

samples. Above 160 Å thickness the entire spectrum of the TIPS pentacene sample 

shifted substantially to higher energy with slight broadening of the first ionization band. 

However, for both samples the AIE remained constant within ±0.1 eV relative to the high 

binding energy cutoff at all thicknesses. 
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CHAPTER 5 

INTERMOLECULAR ELECTRONIC PROPERTIES OF 

TRIISOPROPYLSILYLETHYNYL-SUBSTITUTED OLIGOACENES 

Introduction  

As was mentioned earlier, oligoacenes are suitable for organic electronics because 

their electronic properties are tunable by substitution with different functional groups for 

a particular device. Among the most popular derivatives are triisopropylsilylethynyl-

substituted oligoacenes.31,37,43,58,69 The triisopropylsilylethynyl (TIPS) group is a bulky, 

nearly spherical insulating functional group, substitution by which has the potential for 

enhanced π-orbital overlap in the solid and improved solubility and oxidative stability of 

the material.96,119 The TIPS substituent alters the intramolecular electronic structure and 

intermolecular electronic interactions, thus leading to different ionization energies, 

charge injection barriers, and HOMO-LUMO energy gaps.57  

In this chapter, intermolecular electronic properties are probed through 

measurement of valence ionizations of bis-triisopropylsilylethynyl-substituted (TIPS) 

anthracene, tetracene, and pentacene (Figure 5.1) as obtained from the solid-phase 

ultraviolet photoelectron spectroscopy (UPS) and compared with valence ionization 

energies measured by the gas-phase UPS, along with electrochemical measurements of 

oxidation potentials in the solution phase. Additional support of the principles revealed 

by this work is provided by quantum-mechanical calculations at the density functional 

theory level. The comprehensive valence ionization study of TIPS oligoacenes 1-3 in the  
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Figure 5.1.   TIPS-anthracene, 1, TIPS-tetracene, 2, and TIPS-pentacene, 3. 

1 2 3 
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gas phase is reported in chapter 3.43 In this chapter the electronic structure analysis of 

molecules 1-3 is propagated to the solution and solid phases. The principles revealed by 

this study cannot be obtained from either technique alone. The focus here is on how the 

TIPS group’s functionality and the acene core’s size in molecules 1-3 influence the 

electronic properties of these compounds in the gas, solution, and solid phases. 

Experimental Details  

 Solid-phase photoelectron spectroscopy. The thin-film photoelectron spectra 

were collected at room temperature using the same instrumentation as reported in chapter 

2. An accelerating bias voltage of 9 V was applied during the UPS data collection to 

improve the transmission of electrons with very low kinetic energy. XPS (core) studies 

were performed using a monochromatic Al Kα (1489 eV) excitation source, with pass 

energies of 20 eV for close-up spectra of the C 1s, Si 2p ionizations for 1-3. Experimental 

error is ±0.1 eV.   

Thin-Film Preparation. The amorphous films of TIPS oligoacenes 1-3 were 

prepared by vapor deposition on a polycrystalline gold substrate in a UHV chamber 

connected to the UPS/XPS analysis chamber (see chapter 2 for more details). The 

deposition temperatures of amorphous organic films were 165-175 °C for 1, 175-185 °C 

for 2, and 260-270 °C for 3. Subsequent depositions of molecules 1-3 on Au were made 

in multiple steps with thicknesses from 4 Å to 262 Å for TIPS anthracene, from 40 Å to 

326 Å for TIPS tetracene, from 10 Å to 200 Å for TIPS pentacene. The deposition rate 

was 1 Hz per 1 s for all molecules. After each deposition of the sample, the UPS spectra 

were collected followed by the collection of XPS spectra.  
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  Electrochemistry. Electrochemical data were provided by Dr. John E. Anthony 

from the University of Kentucky, Department of Chemistry using the same instrument 

setup as described in chapter 2. Tetrabutylammonium hexafluorophosphate (TBAPF6) 

was dissolved in dichloromethane (DCM) to produce 0.1 M supporting electrolyte 

solution. The system was calibrated versus the ferrocene/ferrocenium redox couple. The 

optimal potential window for all compounds was determined using CV, then the anodic 

and cathodic electrochemical processes were studied individually using DPV. These 

voltammetry experiments were used to obtain electrochemical HOMO-LUMO values and 

band gaps. The accuracy of electrochemical measurements is ±0.05 V. The observed 

potential values were then converted to vacuum energy levels according to literature 

methods.117,118 

Results and Discussion 

In order to gain an insight into the intermolecular electronic properties of TIPS 

oligoacenes 1-3, the electronic analysis of these organic molecules in this chapter is 

extended from the previously published and described in chapter 3 gas-phase study43 to 

the solution and solid phases.   

Gas phase. Before discussing the ionizations of these molecules in the solid 

phase, it is helpful to briefly summarize the information from the valence ionizations of 

these molecules in the gas phase obtained previously.43 Comparison of the condensed 

phase and gas phase ionizations gives information on the intermolecular electronic 

interactions. Experimental details of the gas-phase UPS are given in chapters 2 and 3.  
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Figure 5.2: He I gas-phase UPS: first ionization energy bands of 1-3 
(in black) in comparison with those of anthracene, tetracene, and 
pentacene (in blue). 
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The first ionization energy bands of TIPS oligoacenes 1-3 measured by the gas-phase 

UPS are shown in Figure 5.2 (lines in black). These spectra are compared to the 

photoelectron spectra of unsubstituted oligoacenes:44,45 anthracene, tetracene, and 

pentacene (Figure 5.2, lines in blue) in order to illustrate the electronic effects of TIPS 

groups and of the acene core size at a single molecule level (intramolecular properties). 

The vertical ionization energies (VIE) and the reorganization energies (RE) of molecules 

1-3 were obtained from the two-mode Poisson vibrational progression fitting method of 

photoelectron spectra.43-45 The adiabatic ionization energy (AIE) was determined as the 

difference between the VIE and the RE. The measured adiabatic ionization energies of 1-

3 are shown in Table 5.1. The uncertainties in the reported energies are on the order of 

±0.005 eV. As shown in Figure 5.2, the TIPS group leads to the destabilization of the first 

ionization energy band going from unsubstituted oligoacene to TIPS oligoacene. The 

onset energy of the first ionization band, which is approximately the AIE for removal of 

an electron from the HOMO, is shifted 0.55 eV to lower energy when anthracene is 

functionalized by the TIPS groups. The AIE shift between tetracene and TIPS tetracene is 

0.38 eV and between pentacene and TIPS pentacene is 0.26 eV. Also, the substitution by 

the TIPS groups resulted in the broadening of the first energy band compared to 

unsubstituted oligoacenes, which means the REs of TIPS oligoacenes are greater than the 

REs of unsubstituted oligoacenes. Another important trend illustrated in Figure 5.2 is the 

AIE trend going from TIPS anthracene 1 to TIPS pentacene 3. This AIE trend shows that 

the position of the first ionization band is destabilized upon the increase in number of the 

fused rings in the acene core of molecules 1-3. In addition, the width of the first  
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TABLE 5.1: Measured adiabatic ionization energies (eV) and electrochemical 
HOMO and LUMO (eV) values of molecules 1-3. Values from electronic structure 
calculationsa are in parentheses 

gas phase solution phase solid phase 
molecule 

AIE HOMO LUMO Gap AIE b HIB c Δp d 

1 6.80 
(6.67) 

-5.6 
(-5.74) 

-2.9 
(-3.28) 

2.7 
(2.46) 5.8 1.8 1.0 

2 6.50 
(6.41) 

-5.4 
(-5.48) 

-3.1 
(-3.52) 

2.3 
(1.97) 5.8 1.7 0.7 

shift e 0.30 
(0.26) 

-0.2 
(-0.26) 

0.2 
(0.24) 

0.4 
(0.49) 0.0 0.1 0.3 

3 6.28 
(6.15) 

-5.2 
(-5.26) 

-3.3 
(-3.74) 

1.9 
(1.51) 5.8 1.7 0.5 

shift f 0.22 
(0.26) 

-0.2 
(-0.22) 

0.2 
(0.22) 

0.4 
(0.46) 0.0 0.0 0.2 

a LDA VWN/TZ2P; b relative to instrument vacuum energy level; c relative to Fermi edge 
of Au; d polarization energy defined as difference in gas and solid phase AIEs; e energy 
shift from molecule 1 to 2; f energy shift from molecule 2 to 3. 
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ionization energy band of TIPS oligoacenes 1-3 decreases with increasing size of the 

acene core, thus leading to the decrease in REs going from molecule 1 to molecule 3. 

From these gas-phase trends in ionization and reorganization energies of molecules 1-3, it 

is expected that the substitution of oligoacenes with TIPS groups will reduce the 

ionization energies in the solid. The energy difference from the Fermi level of the 

substrate to the ionization energy of the bulk solid film is termed the hole-injection 

barrier from the substrate to the film. A smaller energy for the hole-injection barrier is 

one factor that contributes to faster charge transfer to the solid from the substrate. 

However, as it is demonstrated further, this ionization energy trend of functionalized 

oligoacenes 1-3 is different in the solid phase from that in the gas phase. 

Solution phase. An insight into the solvation effects on TIPS oligoacenes 1-3 is 

obtained from the correlation of the gas-phase ionization energies with the 

electrochemically measured oxidation potentials. Even though photoelectron 

spectroscopy and electrochemistry are significantly different techniques, there is close 

correlation between the gas-phase ionization energies and oxidation potentials as reported 

previously.120-124 Based on electrochemical measurements in dichloromethane solution, 

the oxidation potentials of TIPS anthracene 1, TIPS tetracene 2 and TIPS pentacene 3 

with respect to Fc/Fc+ are 0.8 V, 0.6 V, and 0.4 V respectively; and the corresponding 

reduction potentials of molecules 1, 2, and 3 are.-1.9 V, -1.7 V, and -1.5 V Energies from 

electrochemistry measurements are reported to ±0.05 V. The correlation between the gas-

phase ionization energies and solution-phase oxidation potentials of molecules 1-3 is 

linear (see Figure 5.3). This linear correlation with the slope close to unity means that the  
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Figure 5.3: Electrochemical HOMO/LUMO energy level diagram of 
molecules 1-3; the HOMO electron density plots of molecules 1-3 were 
calculated at 0.01 surface value. 
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solvent effects are fairly small and similar for each molecule (solvation energy does not 

change significantly with the acene core size).120 Therefore, the ionization energy trend of 

TIPS oligoacenes 1-3 observed in the gas phase is reproduced in the trend of oxidation 

potentials in solution phase. The observed reduction and oxidation potentials were then 

converted to HOMO and LUMO energy levels relative to vacuum (see Table 5.1) 

according to literature methods.117,118 As can be seen in Table 5.1, the HOMO energies 

change by +0.2 eV with each addition of a fused ring to the acene core while the LUMO 

energies change by -0.2 eV. As a consequence, the energy gap decreases by 0.4 eV going 

from molecule 1 to 2 to 3. This trend in the HOMO-LUMO energy gap is expected and 

can be explained by the increasing conjugation with increasing number of fused rings. 

Essentially, conjugation increases with acene core size, leading to the largest conjugation 

and the smallest energy gap in TIPS pentacene (Figure 5.4). 

The principles, revealed from these experiments, are supported by the quantum-

mechanical computations at the DFT level (see Table 5.1) taking account of solvation 

effects at a simple level (see Appendix C).43 In order to model the electrochemical 

experiments measured in solution of dichloromethane, solution phase calculations were 

performed by applying a continuum solvation model with dichloromethane as a solvent to 

the gas phase computations. As illustrated in Table 5.1, calculated gas phase AIEs and 

solution phase HOMO values by this model are smaller than corresponding experimental 

values by ~0.1 eV, the calculated solution phase LUMO values are smaller than 

experimental ones by ~0.4 eV, thus leading to ~0.3 eV difference between calculated and 

experimental energy gaps. These deviations are independent of the molecule, and they do  
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Figure 5.4: Correlation between the experimental oxidation potential and the 
gas-phase adiabatic ionization energy for molecules 1-3. 
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not affect the computational trends in comparison to experimental trends. Interestingly, as 

can be seen from Table 5.1, the experimental as well as computational energy changes in 

HOMO, LUMO, and gap values going from molecule 1 to 3 are symmetrical with respect 

to a change of the acene core size by one fused ring.  

Solid phase. Solid-phase UPS measures the ionization energies and the hole-

injection barriers of a material relative to a substrate, gives information about polarization 

effects in the solid, and thus provides an insight into the intermolecular electronic 

properties. In this chapter, the amorphous films of TIPS oligoacenes were made by vapor 

deposition incrementally onto a polycrystalline Au substrate; each step-by-step 

deposition was measured by solid-phase UPS (see Figures 5.5-5.7). The main focus of 

this study is on the bulk electronic properties of amorphous films without consideration 

of the exact surface structure because usually in electronic devices made by vapor 

deposition the organic semiconductor layers are amorphous (taking into account the fast 

deposition rates and thickness of the deposition of ~30 nm, which exhibits the bulk 

properties). Energies from these experiments are reported to ±0.1 eV. Figures 5.5-5.7 

show the spectra of the HOMO region (first IE band, on the right) and the high binding 

energy cutoff region (on the left) for molecules 1-3. The Fermi edge, Ef of clean Au was 

set to 0 eV, the high binding energy cutoff (HBEC) of clean Au was measured to be 16.0 

eV, therefore, giving the work function (WF)102 of 5.2 eV (WF = photon E - (HBEC - Ef) 

= 21.2 eV- (16.0 eV- 0.0 eV) = 5.2 eV). In the case of TIPS anthracene 1 (Figure 5.5), the 

high binding energy cutoff shifts by 1.1 eV from Au to the first deposited layer of 4 Å. 

The HBEC shift corresponds to the vacuum energy level (Evac) shift between gold and the 
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Figure 5.5: Solid-phase UPS of TIPS anthracene 1 as a function of film 
thickness: HBEC region spectra on the left, HOMO region spectra on the 
right.  
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Figure 5.6: Solid-phase UPS of TIPS tetracene 2 as a function of film 
thickness: HBEC region spectra on the left, HOMO region spectra on the 
right.  
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Figure 5.7:  Solid-phase UPS of TIPS pentacene 3 as a function of film 
thickness: HBEC region spectra on the left, HOMO region spectra on the right. 
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organic film caused by the change in the surface dipole.27,29,49 With further subsequent 

depositions of the molecule 1, the HBEC continues shifting to higher energy, but these 

shifts are small (±0.1 eV for up to ~200 Å and 0.2 eV for each deposition above ~200 Å), 

meaning that the surface dipole changes only slightly going from the monolayer to the 

bulk of TIPS anthracene. The AIE measured relative to the Fermi energy (Ef) of Au gives 

the energy value of the hole-injection barrier from the substrate to the film (HIB, see 

definition above).48-52 As can be seen from Figure 5.5, the measured energy of the HIB 

changes slowly from a monolayer up to 260 Å of 1. The differences between the 

positions of the HOMO peak and HBEC, which represent the ionization energies of the 

molecules in the films relative to the vacuum level, are nearly constant (within the 

experimental error of ±0.1 eV) from about 60 Å to 140 Å thicknesses of TIPS anthracene, 

signifying that the bulk properties of 1 were achieved without evidence of charging 

effects of thicker films.  

In the case of TIPS tetracene 2 (Figure 5.6), the depositions were made up to 326 

Å but with larger increments in comparison to TIPS anthracene in order to see how much 

film charging is observed with thickness. As can be seen from Figure 5.6, HBEC shifts 

by 1.1 eV from Au to TIPS tetracene of up to 122 Å thick, similar to TIPS anthracene 1. 

From about 200 Å of 2 and continuing to thicker films the HBEC experiences a large 

shift towards higher energy, showing that at thicknesses above 200 Å additional charging 

of films is observed. The energy value of the HIB of TIPS tetracene shifts by the same 

amount as HBEC for each deposition to the higher IE region. Essentially, the bulk 

properties of TIPS tetracene are achieved for the films from about 40 Å to 120 Å.  
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The solid-phase photoelectron spectra of TIPS pentacene 3 (Figure 5.7) were 

measured for films from 10 Å to 200 Å. For the first three depositions (up to 40 Å) the 

HBEC shift from Au was measured to be 0.8 eV, for thicker films (up to 160 Å) the shift 

of HBEC is insignificant taking into account the experimental error, and for 200 Å film 

the HBEC shifts to the higher IE region. The trend in HIB shifts for all depositions is 

correlated to the trend in HBEC shifts. Therefore, the bulk properties of TIPS pentacene 

are achieved for 100 Å - 160 Å films (without influence of charging effects). 

Further, in order to compare the ionization energies of TIPS oligoacenes 1-3, the 

HBEC and HOMO ionizations of 100-120 Å film thicknesses of these materials on gold 

are shown in Figure 5.8. At these film thicknesses (as was mentioned earlier) the bulk 

properties of molecules 1-3 were observed without evidence of sample decomposition 

and charging effects of thicker films. As can be seen from Figure 5.8, the total vacuum 

energy level shift from Au to the organic layer for all three samples is about 1.1 eV, 

meaning that molecules 1-3 experience similar interfacial interactions with the Au 

substrate. The hole-injection barrier is measured to be 1.8 eV for 1, 1.7 eV for 2, and 1.7 

eV for 3. Essentially, all three molecules have the same HIB (within the experimental 

error of ±0.1 eV). A similar trend is observed in the AIEs measured relative to the 

vacuum energy level (see Table 5.1). These solid-phase trends in hole-injection barriers 

and ionization energies of TIPS oligoacenes 1-3 are very different from the AIE trend in 

the gas phase. It is commonly assumed that the molecular electronic properties of the 

organic solid are similar to those of a single organic molecule due to weak van der Waals 

interactions between organic molecules in the film, which in turn lead to localized  
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Figure 5.8: Solid-phase UPS of molecules 1-3 for ~120 Å films: HBEC 
region spectra on the left, HOMO region spectra on the right.  
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HOMO (top of the valence band) and LUMO (bottom of the conduction band) states on 

each molecule.1,48 Therefore, it is expected that the trends observed in the gas phase 

(single molecule case) should be reproduced in the solid phase (many molecule case). But 

there are solid state factors, such as polarization effects of the surrounding medium,125 

which can lead to deviations from the conventional trend. In the case of TIPS oligoacenes 

1-3 these solid state polarization effects play a significant role in the intermolecular 

electronic structure of these materials, thus leading to the difference in the ionization 

energy trends between the gas and solid phases. According to the analysis of the solid-

state effects reported in chapter 4, the polarization effects, observed in the amorphous 

films of pentacene and TIPS pentacene, led to the reversal of the gas-phase ionization 

energy trend in the solution phase and even more so in the solid phase going from 

pentacene to TIPS pentacene. This reported work illustrates well how the intermolecular 

electronic interactions dominate over the intramolecular electronic properties due to the 

strong polarization effects caused by the functionalization of pentacene with the 

insulating TIPS groups. 

In general, the polarization of surrounding molecules in the bulk stabilizes the 

ground state of a cation much more than that of the neutral molecule in the solid. Thus 

the ionization energy (which is the energy of transition from the neutral molecule to the 

cation) measured in the gas phase is generally larger than the ionization energy measured 

in the solid phase.121 The lowered energy of the first ionization band going from the gas 

phase to the solid phase is observed for molecules 1-3 (see Figure 5.9), but the amount of 

this lowering is different for each molecule. The shift in adiabatic ionization energy  
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Figure 5.9: He I UPS: first ionization energy bands of 1 in green, of 2 in 
blue, and of 3 in black (solid lines – gas phase, dotted lines – solid 
phase).  
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measured relative to the vacuum energy level from the gas to the solid phases is 

previously defined in the literature as polarization energy.53,54 It should be noted that the 

direct comparison of ionization energies in the gas and solid phases, strictly speaking, can 

not be made due to the fact that the vacuum energy levels for both experiments do not 

coincide exactly.48,126 In the gas-phase UPS the vacuum level corresponds to a free 

electron at an infinite distance from the system, which is an absolute vacuum level. The 

invariance of this vacuum energy level is achieved in the gas-phase experiment by energy 

referencing to the optical threshold ionizations (the argon 2P3/2 ionization in our 

experiments).104 In the solid-phase UPS, the vacuum level corresponds to a free electron 

just outside the solid and inside the instrument, where this free electron is still under the 

influence of the surface potential.48 But the difference between these vacuum levels is 

fairly independent of molecular systems in this study, as evidenced by the similar HBEC 

values for these films at thicknesses around 120 Å, and should be fairly small. Thus, the 

energy trends obtained in the gas phase can be reasonably compared with the trends 

measured in the solid phase.  

As can be seen from Figure 5.9 the polarization energy (shift from the gas phase 

to the condensed phase) decreases with the increase of the acene core size. Interestingly, 

the change in polarization energy of 0.3 eV (within the experimental error of ±0.1 eV) 

corresponds to a change in the acene core size by one fused ring (see Table 5.1). The 

greater polarization effects in TIPS anthracene 1 vs. TIPS tetracene 2 and TIPS pentacene 

3 films are observed from the broader first ionization energy band of 1 compared to that 

of 2 and 3; namely, the width of the first energy band is decreasing by 0.2 eV going from 
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TIPS anthracene to TIPS tetracene, and by another 0.2 eV going to TIPS pentacene. The 

larger polarization of the surrounding medium leads to larger intermolecular 

reorganization energy, which contributes to the width of the first IE band. The exact 

value of the intermolecular reorganization energy can not be extracted from the width of 

the band due to other solid-state broadening effects,54 but the trend in width of the 

ionization energy bands reflects the trend in intermolecular reorganization energies and, 

in turn, polarization energies. 

Since the gas-phase ionization energies of TIPS oligoacenes 1-3 are inversely 

proportional to the acene core size, and these materials experience solid-state polarization 

effects which are also inversely proportional to the size of the acene core, their solid-

phase ionization energies turn out to be the same (see Figure 5.10). 

Based on the results of these experiments an approximate solid-phase energy level 

diagram was constructed (see Figure 5.11). The hole-injection barrier between Au and the 

organic layer was measured by solid-phase UPS as presented above. The electron-

injection barrier (EIB)48-52 was estimated from the electrochemically measured energy 

gap and the solid-phase HIB. The actual electronic interactions between molecules in the 

solid phase are not included in this electrochemical estimate of the energy gap which is 

considered an upper bound to the actual value. The solid-phase HOMO-LUMO energy 

gap also can be approximated by the optical energy gap, but in this case the exciton 

binding energy of the molecules is not taken into account.50 The electrochemical 

approximation of the solid-state energy gap yields the correct trend of EIBs. All three 

TIPS oligoacenes are ambipolar semiconductors, which can exhibit both p-type and n-  
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Figure 5.10: HOMO ionization energy level diagram of molecules 1-3 
(the HOMO electron density plots were calculated at 0.01 surface 
value).  
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Figure 5.11: Solid-phase energy level diagram of molecules 1-3. 
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type properties.73,127 As can be seen from Figure 5.11, TIPS anthracene 1, TIPS tetracene 

2, and TIPS pentacene 3 have similar values of the hole-injection barriers and the 

adiabatic ionization energies measured with respect to the vacuum level. The electron-

injection barriers of TIPS oligoacenes 1-3 are smaller than their hole-injection barriers; 

the value of EIB is inversely proportional to the size of the acene core, leading to the 

smallest EIB for TIPS pentacene. 

Conclusions 

The energies required to remove electrons from bis-triisopropylsilylethynyl-

substituted (TIPS) anthracene 1, tetracene 2, and pentacene 3 are obtained from the 

combination of closely related gas phase and solid phase ultraviolet photoelectron 

spectroscopy along with electrochemical measurements in solution phase. Electronic 

structure computations support the experimental results and conclusions. The results of 

these experiments show that (a) the gas-phase ionization energies and intramolecular 

reorganization energies are inversely proportional to the size of the acene core; (b) the 

substitution of oligoacenes by TIPS groups leads to smaller gas-phase ionization energies 

and larger intramolecular reorganization energies; (c) there is a linear correlation 

between the gas-phase ionization energies and the solution-phase oxidation potentials for 

TIPS oligoacenes 1-3 with the slope value close to unity, meaning that the solvent effects 

on the cation relative to the neutral of these molecules are fairly constant with increasing 

acene core size; (d) the solid-phase ionization energies of molecules 1-3 are independent 

of the acene core size, meaning that the polarization effects these materials experience in 

the solid decrease with increasing acene core size; and (e) TIPS oligoacenes 1-3 have 
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similar hole-injection barriers, but their electron-injection barriers decrease with 

increasing acene core size. Comparing the electronic properties of molecules 1-3 in three 

phases (gas, solution, and solid), TIPS pentacene based devices should have the most 

efficient charge transport. 
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CHAPTER 6 

UNIQUE ELECTRONIC CHARACTERISTICS OF DIOXOLANE-SUBSTITUTED 

PENTACENE DERIVATIVES WITH TRIISOPROPYLSILYLETHYNYL 

FUNCTIONAL GROUPS FOR ORGANIC ELECTRONIC DEVICES 

Introduction  

Pentacene derivatives have attracted significant attention due to their applications 

as the electroactive part of organic field effect transistors (OFETs), organic solar cells 

(OSC), and organic light emitting diodes (OLEDs).3,4,18,21,32,33,35,38,69,85,91,128-130 These 

applications of pentacenes are possible because the electronic and optical properties of 

these materials are tunable for a particular device by adding different functional groups to 

the pentacene backbone. For example, the addition of the triisopropylsilylethynyl groups 

to the 6 and 13 positions of pentacene leads to a soluble and stable 6,13-

bis(triisopropylsilylethynyl) (TIPS) pentacene compound, which adopts a 2D π-stacking 

arrangement in the solid, thus making TIPS pentacene suitable for the OFETs.22,58,73,96 

Further functionalization of TIPS pentacene by dioxolane substituents added to the 

terminal fused rings leads to the highly fluorescent 6,14-bis-(triisopropylsilylethynyl)-

1,3,9,11-tetraoxa-dicyclopenta[b,m]-pentacene (TP-5), and 2,2,10,10-tetraethyl-6,14-bis-

(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]pentacene (EtTP-5), which 

can be used in OLEDs.22,38 TP-5 pentacene adopts a 1D π-stacking arrangement with 

significant π-orbital overlap in the solid, thus becoming also suitable for OFETs.22,39 

EtTP-5 pentacene has a large separation between π-faces in the crystal due to the ethyl 

groups on dioxolane rings, which hinder the interaction between pentacene units in the 
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solid.22,40 All three pentacene derivatives (TIPS, TP-5, and EtTP-5) have also been used 

in OSC as electron donors.3 

In this work, energy measures of the intra- and intermolecular interactions of 

TIPS, TP-5, and EtTP-5 pentacenes (see Figure 6.1) are reported on the basis of the gas- 

and solid-phase photoelectron spectroscopy, along with electrochemistry experiments. 

The experimental results are further supported by quantum-mechanical calculations at the 

density functional theory level. The main focus of this study is to understand how the 

electronic properties of TIPS-substituted pentacenes are affected by substitutions of the 

pentacene core with dioxolane-containing groups at the terminal positions in all three 

phases: gas, solution, and solid. From the gas-phase analysis, the values of the vertical 

and adiabatic ionization energies, as well as the intramolecular reorganization energies 

are obtained; solution phase study provides the oxidation and reduction potentials and an 

indication of the HOMO/LUMO energy gaps. The solid-phase analysis gives the 

ionization and polarization energies in the presence of the intermolecular interactions. 

Experimental Details 

 Gas-phase photoelectron spectroscopy. Gas-phase photoelectron spectra (He I) 

were recorded on the same instrument with the same spectral fitting procedures as 

described in chapters 2 and 3. For the gas phase data analysis the two-mode Poisson 

vibrational progression fitting method was used to determine the vertical ionization (VIE) 

and reorganization energies (RE) of TIPS pentacene,43 TP-5 pentacene, and EtTP-5 

pentacene. Samples sublimed cleanly with no evidence of decomposition. Sublimation 

temperatures were 295-315 °C for 1, 265-300 °C for 2, and 255–265 °C for 3. The AIE  
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Figure 6.1: TIPS pentacene 1, TP-5 pentacene 2, and EtTP-5 pentacene 3. 

1 2 3 
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was obtained as the difference between the VIE and the RE. Due to the high sublimation 

temperature of all three pentacenes, hot bands were observed on the low energy side of 

the ionization band; the formation of these hot bands is caused by the thermal population 

of excited vibrational levels in the ground state of the neutral molecule, and therefore the 

onset of ionization intensity in the spectrum at this temperature does not signify the AIE. 

The presence of these hot bands did not affect the values of VIE, RE, and AIE. The 

uncertainties in the reported energies are on the order of ±0.005 eV.  

 Solid-phase photoelectron spectroscopy. The thin-film photoelectron spectra 

were collected at room temperature using the same instrumentation as reported in chapter 

2. An accelerating bias voltage of 9 V was applied during the UPS data collection to 

improve the transmission of electrons with very low kinetic energy. XPS (core) studies 

were performed using a monochromatic Al Kα (1489 eV) excitation source, with pass 

energies of 20 eV for close-up spectra of the C 1s, O 1s (only for 2 and 3), Si 2p 

ionizations for 1-3. Experimental error is ±0.1 eV.   

Thin-Film Preparation. The amorphous films of TIPS pentacenes 1-3 were 

prepared by vapor deposition on a polycrystalline gold substrate in a UHV chamber 

connected to the UPS/XPS analysis chamber (see chapter 2 for more details). The 

deposition temperatures of amorphous organic films were 275-295 °C for 1, 250-260 °C 

for 2, and 230-240 °C for 3. Subsequent depositions of molecules 1-3 on Au were made 

in multiple steps with thicknesses from 10 Å to 200 Å for TIPS pentacene, from 30 Å to 

140 Å for TP-5 pentacene, from 6 Å to 120 Å for EtTP-5 pentacene. The deposition rate 
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was 1 Hz per 1 s for all molecules. After each deposition of the sample, the UPS spectra 

were collected followed by the collection of XPS spectra.  

  Electrochemistry. Electrochemical data were provided by Dr. John E. Anthony 

from the University of Kentucky, Department of Chemistry using the same instrument 

setup as described in chapter 2. Tetrabutylammonium hexafluorophosphate (TBAPF6) 

was dissolved in dichloromethane (DCM) to produce 0.1 M supporting electrolyte 

solution. The system was calibrated versus the ferrocene/ferrocenium redox couple. The 

optimal potential window for all compounds was determined using CV, then the anodic 

and cathodic electrochemical processes were studied individually using DPV. These 

voltammetry experiments were used to obtain electrochemical HOMO-LUMO values and 

band gaps. The accuracy of electrochemical measurements is ±0.05 V. The observed 

potential values were then converted to vacuum energy levels according to literature 

methods.117,118 

Results and Discussion 

The main goal of this chapter is to analyze the electronic properties of the valence 

states of TIPS pentacenes 1-3 in the gas, solution, and solid phases with the emphasis on 

the electronic effect of the dioxolane substituents on the TIPS pentacene core. 

Gas phase. The intramolecular electronic properties, such as vertical and 

adiabatic ionization energies along with the intramolecular reorganization energies, of 

TIPS, TP-5, and EtTP-5 pentacenes are obtained from the gas-phase ultraviolet 

photoelectron spectroscopy (UPS) measurements. The gas-phase photoelectron spectra  
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Figure 6.2: He I gas-phase UPS: first ionization energy 
bands of molecules 1-3. 
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(the close ups of the first ionization energy bands, which give the information about the 

HOMO of each molecule) of pentacenes 1-3 are shown in Figure 6.2. The full spectra for 

each molecule are given in Appendix D. From Figure 6.2 one can see that the position 

and width of the first ionization energy band strongly depends on the particular 

substitution of the pentacene backbone at the terminal positions. Namely, the first 

ionization band is becoming destabilized and broader going from TIPS pentacene 1 to 

TP-5 pentacene 2, and further to EtTP-5 pentacene 3. The observed trend in position of 

the first energy band reflects the trend in vertical and adiabatic ionization energies, and 

the trend in width of the band corresponds to the trend in the radical cation (or 

intramolecular) reorganization energies. Qualitatively, the VIE corresponds to the highest 

feature of the first ionization energy band, because it describes the most probable 

transition, which is caused by the removal of an electron from the ground state of the 

neutral molecule to the vibrationally excited state of the cation; the AIE is represented as 

the low energy onset of the first energy band and corresponds to the transition from the 

ground state of the neutral molecule to the ground state of the cation upon ionization. The 

RE corresponds to the energy difference between approximately the center of the band 

and the low-energy onset, and describes the energy associated with geometry 

modifications caused by ionization. The exact values of the vertical ionization energies 

(VIE) and the radical cation reorganization energies (RE) of molecules 1-3 were obtained 

from the data analysis of the gas-phase ultraviolet photoelectron spectra. This data 

analysis is based on the two-mode Poisson vibrational progression fitting method, which 

was successfully applied earlier to the electronic structure analysis of TIPS oligoacenes, 
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including TIPS pentacene,43 and  was discussed in detail previously.44,45,62,78 The 

vibrational fits of the ionization energy bands for each molecule are represented as color 

coded Gaussian peaks (vibrations activated upon ionization are modeled by Gaussians in 

this fitting method) under each band in Figure 6.2. Due to the high sublimation 

temperature of pentacenes 1-3 (265 – 315 0C), the low-lying vibrationally excited levels 

in the ground state of these molecules were thermally populated, what in turn resulted in 

the presence of the, so called, hot bands43,45 on the low energy side of the first ionization 

band. These hot bands are shown in Figure 6.2 by the red dashed lines, and their presence 

was taken into account when determining the VIE, AIE, and RE, but did not affect these 

ionization and reorganization energy values. According to this vibrational analysis,43 the 

VIE is obtained as the energy of the highest intensity Gaussian peak under the ionization 

band; the RE consists of two contributions: quantum-mechanical and semiclassical, 

where the quantum-mechanical portion of the RE takes into account the number of 

Gaussians within each vibrational progression, the energy separation between them 

(which is a frequency of the progression), and the relative intensity of each peak (the 

intensity pattern of each vibrational progression follows the Poisson distribution), 

whereas the semiclassical part of the RE takes into account the width of the Gaussians 

within each progression and the sublimation temperature of each sample. The adiabatic 

ionization energy (AIE) was determined as the difference between the vertical ionization 

energy and the intramolecular reorganization energy. The main energy parameters 

obtained from this two-mode fit are presented in Table 6.1. The uncertainties in the  
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TABLE 6.1: Energy values from two-mode modeling of the first 
ionization bandsa  

molecule νhf, cm-1 νlf, cm-1 RE, meV VIE, eV AIE, eV 

1 1338 622 111 6.39 6.28 

2 1383 694 135 6.20 6.06 

3 1333 665 141 6.01 5.87 

a full set of parameters for each vibrational fit is given in Appendix D 
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reported energies are on the order of ±0.005 eV. The detailed information about the 

vibrational fit with the complete list of the fitting parameters for each molecule is given 

in Appendix D. As can be seen from Table 6.1, there are two vibrational progressions 

which were used to fit the photoelectron spectra: the high frequency progression and the 

low frequency one. The high frequency vibrational progression (νhf) describes vibrations 

of about 1300-1400 cm-1 originating mainly from the vibrations of the pentacene core 

activated upon ionization, whereas the low frequency progression (νlf) corresponds to the 

vibrations of about 600-700 cm-1 caused primarily by the vibrations of the TIPS groups 

for all three molecules. Qualitatively, the observed shoulder on the high energy side of 

the first ionization band for each molecule signifies the presence of the high frequency 

vibrational mode, and the high energy skew of the band reflects the presence of the low 

frequency mode. The addition of more vibrational progressions did not improve the fit of 

the energy band and did not affect the energy values obtained from this two-mode fit.  

Solution phase. The solvent effect on the electronic properties of pentacenes 1-3 

is evaluated from the electrochemical experiments. Further comparison of the solution-

phase oxidation potentials with the gas-phase ionization energies provides a better 

understanding of the change in the electronic interactions of these pentacenes going from 

the gas to the solution phase (despite the significant differences between the 

electrochemistry and photoelectron spectroscopy techniques).120-124 According to the 

electrochemical measurements in dichloromethane solution with respect to Fc/Fc+, the 

oxidation potential of TIPS pentacene 1 is 0.37 V, of TP-5 pentacene 2 is 0.24 V, and that 

of EtTP-5 pentacene 3 is 0.18 V; the reduction potentials are -1.47 V, -1.55 V, and -1.66 
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V for molecules 1, 2, and 3 respectively. Measured energies are reported to ±0.05 V. The 

linear correlation between the solution-phase oxidation potentials and the gas-phase 

ionization energies with an approximate slope of 0.46 is observed for pentacenes 1-3 (see 

Figure 6.3). The correlation signifies that the gas-phase ionization energy trend is 

reproduced in the solution phase by the oxidation potential trend. The slope of this 

correlation is noticeably smaller than unity meaning that the solvent effects on these 

pentacenes lead to slower change in oxidation potentials versus the change in ionization 

energies of molecules 1-3, but the solvent effects are not strong enough to drastically 

change the oxidation potential trend from the ionization energy trend. The absolute 

values of the HOMO and LUMO energy levels along with the energy gap in 

dichloromethane solution, converted from the measured oxidation and reduction 

potentials according to the literature methods,117,118 are reported in Table 6.2. As can be 

seen from Table 6.2, the shifts in HOMO and LUMO energy levels between molecules 1-

3 are small and in the same direction; these pentacenes have the same (within the 

experimental error) energy gap values, signifying that the degree of conjugation in these 

materials is very similar. Interestingly, the gas-phase ionization energy trend of 

molecules 1-3 is reproduced in solution phase, this can be seen from the HOMO/LUMO 

energy level diagram (see Figure 6.4), meaning that the HOMO level is getting 

destabilized going from molecule 1 to 3, as was observed in the gas phase, but the 

amount of the destabilization is much smaller in solution phase than in the gas phase.  
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Figure 6.3: Correlation between the experimental oxidation 
potentials and the gas-phase adiabatic ionization energies for 
molecules 1-3. 
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TABLE 6.2: Electrochemical energy valuesa in eV of 
molecules 1-3. 

molecule HOMO LUMO Gap 

1 -5.16 -3.33 1.84 

2 -5.04 -3.26 1.78 

3 -4.98 -3.14 1.84 
a absolute energy values measured in dichloromethane 
solution 
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Figure 6.4: Solution phase HOMO/LUMO energy level diagram of molecules 1-3; the 
HOMO electron density plots were calculated at 0.015 surface value. 
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Table 6.3: Calculateda gas and solution phase energy values of molecules 1-3 

Gas phaseb Solution phaseb,c 
molecule 

VIE, eV AIE, eV RE, meV HOMO, eV LUMO, eV Gap, eV 

1 5.75 (6.39) 5.68 (6.28) 70 (111) -4.71 (-5.16) -2.90 (-3.33) 1.80 (1.83) 

∆d 0.64 0.60 41 -0.45 -0.43 0.03 

2 5.57 (6.20) 5.49 (6.06) 86 (135) -4.63 (-5.04) -2.73(-3.26) 1.90 (1.79) 

∆d 0.63 0.57 49 -0.41 -0.53 -0.11 

3 5.42 (6.01) 5.33 (5.87) 96 (141) -4.59 (-4.98) -2.68 (-3.14) 1.91 (1.84) 

∆d 0.59 0.54 45 -0.39 -0.46 -0.07 

a Gaussian03 B3LYP/6-31G** method; b experimental values are in parentheses; c using PCM in dichloromethane; d ∆ = 
experimental value – calculated value. 
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  Computations. The solution experimental results are supported by the electronic 

structure computations at the DFT level (see Table 6.3). Calculations were performed 

with the Gaussian 0365 and ADF200864 programs using several functionals and basis sets 

(see Appendix D for details). Here we report ionization and reorganization energies 

obtained by ΔSCF calculations (see chapter 2) using the B3LYP/6-31G** method in the 

gas phase. The B3LYP energy functional was successfully applied previously to the 

calculations of the electronic properties of organic molecules.23,31,44,57,129 We reported 

earlier that ΔSCF calculations for TIPS-substituted oligoacenes using the B3LYP/6-

31G** model reproduce the gas phase experimental results and trends.43 Solution phase 

calculations were performed by applying the PCM solvation model with dichloromethane 

as a solvent to the gas phase computations. As illustrated in Table 6.3, calculated gas-

phase ionization energies are smaller than the corresponding experimental values by 

about 0.6 eV for pentacenes 1-3, the reorganization energies are underestimated by about 

50 meV, but the computational energy trends reproduce the experimental trends in the 

gas phase correctly. In solution phase, the calculated HOMO and LUMO energy values 

of TIPS pentacene were shifted from the corresponding experimental values by the same 

amount, thus leading to the calculated energy gap value equal to the experimental one; 

but in the case of TP-5 and EtTP-5 pentacenes the calculated HOMO energy is larger 

than the experimental one by ~0.4 eV, whereas the calculated LUMO energy is larger 

than the experimental value by ~0.5 eV, thus leading to the overestimated energy gap 

values by ~0.1 eV for both molecules. Nonetheless, the computational HOMO/LUMO 

energy levels are found to be destabilized going from molecule 1 to 3, thus reproducing 
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the experimental energy trends. The electron density plots of the highest occupied 

molecular orbitals of pentacenes 1-3 are shown in Figure 6.4; as can be seen from this 

figure, the electron density is delocalized mainly across the pentacene core for all three 

molecules, thus supporting the similarity of the energy gap values for the TIPS, TP-5, and 

EtTP-5 pentacenes. The use of other computational models (see Appendix D) did not 

improve the agreement between experimental and computational energy values.   

Solid phase. An insight into the intermolecular electronic properties, such as 

ionization and polarization energies, of molecules 1-3 is provided by the solid-phase UPS 

measurements. The films of these pentacenes were made by vapor deposition on a 

polycrystalline Au substrate. The subsequent depositions of films with thicknesses from 

10 Å to 200 Å for TIPS pentacene 1, from 30 Å to 140 Å for TP-5 pentacene 2, and from 

6 Å to 120 Å for EtTP-5 pentacene 3 were studied by the solid-phase photoelectron 

spectroscopy. We are interested in the electronic properties of the amorphous films 

because as in most electronic devices made by vapor deposition the organic 

semiconductor layers are amorphous, and therefore, we did not attempt to increase the 

crystallinity of the organic films. The photoelectron spectra of pentacenes 1-3 as a 

function of film thickness are presented in Figures 6.5-6.7, respectively. The solid-phase 

UPS of TIPS pentacene was discussed previously57 in relation to the electronic effect of 

the triisopropylsilylethynyl group on the pentacene backbone. In this chapter the 

discussion is focused on the electronic effect of dioxolane functional groups on TIPS 

pentacene by comparing the electronic properties of TP-5 and EtTP-5 pentacenes with 

those of TIPS pentacene. In Figures 6.5-6.7 we are showing the high and low binding  
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Figure 6.5:  Solid-phase UPS of TIPS pentacene 1 as a function of film 
thickness: HBEC region spectra on the left, HOMO region spectra on the right. 
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Figure 6.6: Solid-phase UPS of TP-5 pentacene 2 as a function of film 
thickness: HBEC region spectra on the left, HOMO region spectra on the 
right.  
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Figure 6.7: Solid-phase UPS of EtTP-5 pentacene 3 as a function of film thickness: 
HBEC region spectra on the left, HOMO region spectra on the right. 
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energy sides of the photoelectron spectra. The high binding energy cutoff (HBEC, which 

corresponds to the vacuum level of the material) was obtained as the cross point of the 

tangent to the high energy side with the baseline. The adiabatic ionization energy was 

measured as the cross point of the tangent to the low energy side of the first ionization 

band with the baseline. Energy values are reported to ±0.1 eV. The work function102 of 

clean Au{{}} was measured to be 5.2 eV. As can be seen from Figures 6.5-6.7, the 

HBEC shifts towards the higher energy by about 1 eV from Au to the first deposition for 

each organic molecule, this shift is caused by the strong surface dipole at the Au/organic 

layer interface.27,29,48,49,102 In the case of TIPS pentacene 1 (Figure 6.5),  the HBEC 

continues to shift slowly to the higher energy region with further depositions up to 160 Å, 

and the strong shift of HBEC is observed for 200 Å film. This strong HBEC shift above 

160 Å indicates the poor electron transfer through the amorphous TIPS pentacene film 

due to the film thickness. The HOMO level (the top of the valence band) of TIPS 

pentacene, which is represented by the AIE relative to the Fermi edge (Ef) of Au, shifts 

slowly to the higher energy region from 10 Å film to 80 Å film due to the charging of the 

TIPS pentacene sample;48 for the films of 100 - 160 Å the HOMO level does not change 

(within ±0.1 eV), and for the 200 Å film the HOMO level shifts significantly to the 

higher energy side. Based on these observations, the bulk properties of TIPS pentacene 

are achieved for the film thicknesses of 100 – 160 Å because the HBEC and the HOMO 

level of this material are stabilized within this thickness range. In the case of TP-5 

pentacene 2 (Figure 6.6), for all depositions (30 – 140 Å) the HBEC and the HOMO level 

positions are constant (within the experimental error), meaning that the electron transfer 
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through the TP-5 pentacene film is not affected by the thickness of the film (no charging 

effects) and the bulk properties are observed for up to 140 Å. In the case of EtTP-5 

pentacene 3 (Figure 6.7), the HBEC and the HOMO level are stable only for up to 22 Å, 

and with further increase of film thickness the HBEC and the HOMO level experience 

strong shifts towards the higher binding energy region. Based on these results, the 

evolution of HBEC and HOMO level with film thickness is strongly affected by the 

presence of dioxolane containing substituents on the pentacene backbone. Namely, the 

functionalization of TIPS pentacene with the dioxolane rings leads to better electron 

transfer through TP-5 pentacene films due to lack of the charging effects in comparison 

to that in TIPS pentacene films. Further functionalization of TP-5 pentacene with ethyl 

groups on dioxolane rings causes constant charging of EtTP-5 pentacene films above 20 

Å, which is reflected in the strong observed energy shifts of the HOMO and HBEC. 

Essentially, the presence of the ethyl groups in EtTP-5 pentacene provides additional 

insulation in the solid, and thus hinders the intermolecular electronic interactions in this 

material. Therefore, in EtTP-5 pentacene films the ionized electrons can not be fully 

replenished from the Au substrate leading to the charging effects observed for depositions 

above 20 Å. This in turn illustrates very poor electron transfer through the EtTP-5 

pentacene films, compared to that in TIPS, and even more so in TP-5 pentacene films.  

In order to further analyze and compare the intermolecular electronic interactions 

of pentacenes 1-3, the focus should be on the polarization effects in these materials. 

Earlier (see chapter 4) it was demonstrated how the polarization effects can drastically 

affect the intermolecular electronic interactions, so that they dominate over the 
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intramolecular electronic properties, on going from pentacene to TIPS pentacene.57 This 

reported work illustrated the electronic effect of the triisopropylsilylethynyl groups on the 

pentacene core, whereas in the present chapter the electronic effects of the dioxolane 

substituents on the TIPS pentacene core are shown. The polarization energy (PE), as 

defined in the literature,53,54 is the difference in the AIE measured in the gas phase (AIEg) 

and the AIE measured in the solid phase, relative to the vacuum energy level (AIEv). The 

vacuum energy levels in the gas and solid phases do not coincide exactly,48,102 and thus it 

is difficult to directly compare the gas and solid phase ionization energies. The vacuum 

level in the gas phase corresponds to an absolute vacuum (free electron at an infinite 

distance from the system), and the ionization energies are calibrated to the optical 

threshold ionizations,104 in this experimental setup the argon 2P3/2 ionization. On the other 

hand in the solid phase, the ionization energies are calibrated to the point of zero kinetic 

energy (which is the HBEC) of a free electron just outside the solid and inside the 

instrument, where it is still under the influence of the surface potential.48 Although the 

definition of the polarization energy mentioned above does not take into account the 

difference in vacuum energy levels between the gas and solid phases, the energy trends 

obtained in the gas phase can be correctly compared with the trends measured in the solid 

phase, because the difference between these vacuum levels is independent of molecular 

systems, and should be fairly small. For better understanding of polarization effects, we 

consider the electronic properties of pentacenes 1-3 measured for thin films of ~20 Å and 

thicker films of ~120 Å. The solid state adiabatic ionization energies of molecules 1-3 

measured with respect to the vacuum level, and corresponding polarization energies for  
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TABLE 6.4: Experimental solid-phase energy values in eV of 
molecules 1-3 

~20 Å films ~120 Å films 
molecule 

AIEva PE
b
 AIEv PE 

1 5.6 0.7 5.8 0.4 

2 5.2 0.8 5.3 0.8 

3 5.0 0.9 5.5 0.4 

a AIEv – AIE measured relative to the vacuum level;  b PE – polarization 
energy = AIEg – AIEv, where AIEg is AIE measured in the gas phase. 
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two film thicknesses are shown in Table 6.4. As can be seen from this table, in the case of 

20 Å films the solid-state ionization energy trend between TIPS, TP-5, and EtTP-5 

pentacenes reproduces the ionization energy trend observed in the gas phase; that should 

be expected, considering the weak van der Waals interactions between organic molecules 

in the solid, which in turn lead to localized HOMO states on each molecule.1 But going 

further to the bulk films of pentacenes 1-3 (120 Å), the solid-state AIE trend is changing, 

and is no longer in agreement with the gas-phase trend. This change of the solid-state 

ionization energy trend between molecules 1-3 can be explained by the change in 

polarization energies on going from thin films into the bulk of these materials (see Figure 

6.8). As can be seen from Figure 6.8, the first ionization energy band is destabilized on 

going from the gas to the solid phase for all molecules and all film thicknesses. This 

destabilization occurs because the ground state of the cation is stabilized by the 

polarization of the surrounding molecules much more than that of the neutral molecule in 

the solid, thus leading to the smaller ionization energy in the solid phase versus the gas 

phase; the amount of this destabilization depends strongly on the material. For thin films 

of ~20 Å, the polarization energies of TIPS, TP-5, and EtTP-5 pentacenes are similar (see 

Table 6.4), within 0.1 eV from each other. But going into the bulk of these materials, 

TIPS and EtTP-5 pentacenes experience charging effects, which stop for TIPS pentacene 

above 80 Å, up to 160 Å. For EtTP-5 pentacene the position of the first energy band 

shifts consistently for all depositions to higher ionization energy, thus leading to smaller 

polarization energy with film thickness. There is no charging observed for TP-5 

pentacene films with an increase of thickness; thus the polarization energy remains  
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Figure 6.8: He I UPS: first ionization energy bands of 1 in black, of 2 in 
blue, and of 3 in green (solid lines – gas phase, dotted and dash dotted lines 
– solid phase).  Solid-phase ionization bands are reported here relative to 
the vacuum energy level. 
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constant (within experimental error) for all depositions.  Based on these results, TP-5 

pentacene films experience the strongest intermolecular electronic interactions in the bulk 

(~120 Å) versus TIPS and EtTP-5 pentacene films due to the largest polarization energy 

and the stable positions of the HBEC and the first energy band without evidence of 

charging effects.  

The results of this chapter are summarized in the solid-state energy level diagram 

(see Figure 6.9). This diagram shows the vacuum level shift from that of Au to 

pentacenes 1-3, the evolution of the ionization energies relative to Ef and to the vacuum 

level of Au with the thickness of these organic layers. Originally, TIPS pentacene was 

functionalized with dioxolane moieties to make TP-5 and EtTP-5 derivatives in order to 

lower the oxidation and reduction potentials without changing the energy gap; the  charge 

injection properties of TP-5 pentacene (such as charge injection barriers) from Au 

electrodes were expected to be improved, whereas further modification of dioxolane rings 

with the ethyl groups to make EtTP-5 pentacene was implemented in order to reduce 

significantly the intermolecular interactions.38-40 This original goal is fully supported by 

the results of our study, namely, TP-5 pentacene has smaller ionization energies relative 

to the Fermi edge of Au (which is defined in the literature48-52 as the hole-injection 

barrier) and to the vacuum energy level, as well as larger polarization energy than TIPS 

pentacene, meaning that the intermolecular interactions in TP-5 pentacene films are 

stronger versus those in TIPS pentacene films. The evolution of the ionization and 

polarization energies with the thickness of EtTP-5 pentacene films, discussed above,  
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Figure 6.9: Solid-phase energy level diagram of molecules 1-3. 
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serves as evidence of the weak-to-none intermolecular interactions in this material. Also, 

in solution (as shown above), TP-5 and EtTP-5 derivatives indeed have lower oxidation 

and reduction potentials versus those of TIPS pentacene, and all three pentacenes have 

the same energy gap. 

Conclusions 

The intramolecular and intermolecular energy measures of TIPS, TP-5, and EtTP-

5 pentacenes were investigated based on the combination of gas-phase and solid-phase 

photoelectron spectroscopy measurements, along with electrochemical measurements in 

solution, and the principles that emerge are supported by the electronic structure 

calculations.  The results show that (1) the gas-phase ionization energies decrease on 

going from molecule 1 to 3 due to the increase of the HOMO electron density with the 

addition of the dioxolane moieties, and upon these substitutions the additional vibrations,  

activated by ionization, lead to the corresponding increase in the intramolecular 

reorganization energies; (2) in solution phase, the oxidation potentials are lowered on 

going from TIPS to TP-5 to EtTP-5 pentacene, thus reproducing the gas-phase ionization 

energy trend; the reduction potentials of these pentacenes change in the same direction as 

do the oxidation potentials, leading to the same energy gap value for TIPS, TP-5, and 

EtTP-5 pentacenes, because of the similar degree of conjugation in these molecules; (3) 

in the solid phase for 20 Å films, the ionization energy trend of molecules 1-3 reproduces 

the trend observed in the gas phase, because of the similar polarization energies of these 

materials, whereas for thicker films (~120 Å), the solid-state ionization energies of 

pentacenes 1-3 do not follow the gas-phase ionization energy trend because of the drastic 
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change in polarization effects observed in the bulk; (4) the intermolecular interactions in 

TP-5 pentacene films are stronger versus those in TIPS pentacene films; EtTP-5 

pentacene films have weak-to-no intermolecular interactions. When the electronic 

properties of molecules 1-3 in the gas, solution, and solid phases are compared, TP-5 

pentacene has the strongest intermolecular electronic interactions and should have the 

most efficient charge transport. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions  

This work shows how the intra- and intermolecular electronic interactions in 

organic semiconductors (such as functionalized oligoacenes, see Figure 1.5 in chapter1) 

can be successfully studied from the single-molecule level to the solid-state device limit 

by means of the closely related gas- and solid-phase photoelectron spectroscopy.  

Electrochemical experiments were used to further the understanding of these molecules 

in solution. This three-phase (gas, solution, and solid) study was supported by the 

electronic structure quantum-mechanical calculations at the density functional theory 

level. 

Gas-phase photoelectron spectroscopy was used to provide an insight into the 

intramolecular electronic properties such as the vertical and adiabatic ionization energies 

along with the reorganization energies. As was mentioned earlier in this dissertation, the 

ionization energy describes the ease of the removal of an electron from the HOMO of the 

molecule, and the reorganization energy gives an insight into the geometry relaxation 

processes caused by ionization.  

The solution-phase electrochemistry was utilized to measure the oxidation and 

reduction potentials.  The measured potentials were further converted to the absolute 

HOMO and LUMO energy values and the HOMO-LUMO energy gaps were derived 

from these values. The solvent effect was evaluated by comparison of the gas-phase 

ionization energies with the corresponding oxidation potentials. 
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Solid-phase photoelectron spectroscopy was used to obtain the valence ionization 

energies, charge-injection barriers, and polarization energies, here the charge-injection 

barrier illustrates how much energy is required to inject the charge (hole or electron) from 

the Au electrode to the organic thin film, and the polarization energy qualitatively 

describes changes in the electronic properties on going from the gas phase to the solid 

phase. The principles revealed by this work cannot be obtained from any one technique 

alone.  

The computational analysis was in a good agreement with the experimental 

results. It supported the validity of the harmonic approximation incorporated in the two-

mode fit of the first ionization energy band of the gas-phase UPS, and the reasonable 

neglect of anharmonicity effects. The use of different computational methods, such as 

B3LYP, BHandHLYP, LDA VWN, GGA OPBE, led to similar energy trends. For all 

functionalized oligoacenes investigated in this work, the use of B3LYP functional 

provided the most reasonable description of the gas- and solution-phase electronic 

effects.   

(1) TIPS anthracene, TIPS tetracene, TIPS pentacene:  

The intramolecular and intermolecular electronic interactions along with the 

electronic effects of the acene core size and the TIPS functional groups were investigated. 

The results reveal that the ionization energies in the gas phase and the intramolecular 

reorganization energies are sensitive to the number of fused rings and substitution by the 

triisopropylsilylethynyl group. Namely, upon substitution of the acene with the TIPS 

groups, the corresponding ionization energy decreases while the reorganization energy 
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increases, which means, that because of this particular substitution it is easier to remove 

an electron from the HOMO of the TIPS acene in comparison to the unsubstituted acene. 

And this functionalization leads to larger geometry relaxation processes. The contribution 

of the TIPS groups to the total reorganization energy was smaller than the contribution of 

the acene core, and the acene core contribution increases with the corresponding increase 

of the acene core size. The correlation between the gas-phase ionization energies and 

solution-phase oxidation potentials of these molecules was measured to be linear (see 

Figure 5.3, chapter 5), with the slope close to unity, meaning that the solvent effects are 

fairly small and similar for each molecule. This means that the solvent effects on the 

cation, relative to the neutral state of these molecules, are fairly constant with increasing 

acene core size. The solid phase electronic properties, such as charge injection barriers, 

ionization energies, and HOMO-LUMO energy gaps, are greatly affected by the 

polarization effects of the surrounding molecules in the solid state, which dominate over 

the single-molecule effects in the gas phase. The results reveal that the solid-phase 

ionization energies of TIPS oligoacenes are independent of the acene core size due to the 

different polarization effects these materials experience in the solid. Essentially, the 

polarization energies of these molecules are inversely proportional to the acene core size 

as well as the gas-phase ionization energies, which thus leads to the same solid-phase 

ionization energies. TIPS oligoacenes have similar hole-injection barriers, but their 

electron-injection barriers (EIB) are different and inversely proportional to the acene core 

size, leading to the smallest EIB for TIPS pentacene. 



 

 

164

(2) pentacene, TIPS pentacene: 

Energy measures of the intermolecular electronic effects of 

triisopropylsilylethynyl substitution on pentacene have been obtained and further 

compared with the intramolecular electronic effects. In the case of pentacene and TIPS 

pentacene, the electronic effects of the TIPS substituents on the ionization energies in the 

solid state are greater and in the opposite direction from the electronic effects on the 

ionization energies of the individual molecules in the gas phase. The results show that the 

gas-phase ionization energy decreases going from pentacene to TIPS pentacene, but in 

the solid-phase this ionization energy trend is reversed leading to smaller solid-phase 

ionization energy of pentacene versus TIPS pentacene with the concomitant changes in 

charge injection barriers, HOMO-LUMO energy gaps, and charge transport behaviors. 

The relative stabilization of TIPS pentacene compared to pentacene, with respect to 

electron loss, follows from the different intermolecular electronic interactions in the solid 

phase, which are reflected in different polarization energies of these molecules in the 

film. Namely, the polarization energy of pentacene is almost four times larger than that of 

TIPS pentacene. Thus, on going from the gas phase to the solid phase, the ionization 

energy of pentacene is lowered 1.3 eV more in energy than that of TIPS pentacene, and 

reverses the ionization order.   

(3) TIPS pentacene, TP-5 pentacene, and EtTP-5 pentacene: 

The intramolecular and intermolecular electronic properties have been 

investigated. The experimental results show that the electronic parameters such as radical 

cation reorganization energies, valence ionization energies, charge-injection barriers, and 
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HOMO-LUMO energy gaps are strongly dependant upon the particular functionalization 

of the pentacene core. The energy trends measured in the gas phase (single-molecule 

case) are not reproduced in the solid phase (many-molecule case), meaning that the 

polarization effects in the solid have a significant impact on the electronic behavior of 

these materials, and they are larger than single-molecule electronic characteristics. The 

results show that in the gas phase, the ionization energy decreases on going from TIPS to 

TP-5, and further to EtTP-5 pentacene, whereas the reorganization energy increases in 

this direction. These gas-phase energy trends signify that the dioxolane substituents on 

the pentacene core lead to the destabilization of the HOMO of TIPS pentacene, thus 

reducing the ionization energy. The addition of dioxolane moieties to TIPS pentacene to 

make TP-5 and EtTP-5 pentacenes bring additional vibrational progressions which are 

activated upon ionization, thus leading to an increase of the reorganization energy. The 

linear correlation between the gas-phase ionization energy trend and the solution-phase 

oxidation potential trend, with the slope noticeably smaller than unity, signifies that the 

solvent effects on these pentacenes lead to slower change in oxidation potentials versus 

the change in ionization energies, but the solvent effects are not strong enough to 

drastically change the oxidation potential trend from the gas-phase ionization energy 

trend. In the solid phase the polarization energies of these pentacenes depend strongly on 

the film thickness. For the film thickness of a few monolayers (~20 Å) these pentacenes 

experience similar polarization effects, what is reflected in nearly the same polarization 

energy values. Thus, because of the similar polarization energies, the solid-phase 

ionization energy trend reproduces the gas-phase ionization energy trend. But going 



 

 

166

deeper to the bulk of these materials, the intermolecular electronic interactions in TIPS, 

TP-5, and EtTP-5 pentacenes become prominently different: TP-5 pentacene has the 

strongest electronic interactions in the solid, TIPS pentacene has significantly weaker 

intermolecular interactions, and EtTP-5 pentacene has weak-to-no electronic interactions, 

as is reflected in the polarization energy trend as well as in the shifts of the photoelectron 

spectra with film thickness. Therefore, the solid-phase ionization energy trend in the bulk 

does not reproduce the gas-phase ionization energy trend. Comparing the electronic 

properties of these materials, TP-5 pentacene should have the most efficient charge 

transport. 

This dissertation reports important findings on the electronic properties of organic 

semiconductors and how these properties change between phases. The role of 

polarization effects on the electronic properties of these materials was demonstrated to be 

significant and strongly dependant on the molecular structure and electronic interactions 

at the single molecule level as well as on the molecular packing and electronic 

interactions in the solid state at the device limit. The methodology developed in this work 

should serve as a great tool for designing better, more efficient organic materials for 

electronic devices.  

Future directions 

 This work offers the unique approach (based on the gas- and solid-phase PES, 

electrochemistry, and computations) to the comprehensive analysis of the intra- and 

intermolecular electronic properties and charge transfer mechanism of organic 

semiconductors, thus leading to the detailed understanding of the electronic interactions 
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in these materials from the single molecule level to the solid state device limit. However, 

in order to gain a deeper understanding of the electronic properties of organic materials 

further work is warranted. 

 As discussed in this work, polarization effects play a significant role in the 

intermolecular electronic interactions in amorphous organic films. With this respect, a 

further study of the dependence of the polarization effects on the degree of crystallinity 

and different solid-state packing motifs in organic films is of great interest. This can be 

achieved experimentally by growing solution-processed crystalline films with different 

packing arrangements. Also, more explicit theoretical modeling of the structures and the 

intermolecular electronic interactions of organic films should shed more light on the 

solid-state effects. 

 Another interesting development of this work is the study of “dirty” amorphous 

films, because in some device fabrications the organic layers are exposed to air. Thus it 

would be useful to measure the changes in the electronic properties of organic materials 

caused by exposure to air.  

 Further study of the organic films deposited on different substrates, such as silver, 

copper, and silicon wafers, would be useful, because these substrates are used as the 

electrode materials in electronic devices. Also, it would be interesting to analyze how the 

top of the valence band (HOMO) and the bottom of the conduction band (LUMO) of 

organic films are compared to the Fermi level of the different substrates.  

 Lastly, in this work the solid-phase analysis was performed at the Au/organic 

layer interface, which is useful in organic field effect transistors and organic light-
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emitting diodes. With respect to applications in organic solar cells, it would be interesting 

to study the interface between the electron donor and the electron acceptor layers 

(organic/organic layer interface), for example, the interface between C60 (electron 

acceptor) and TP-5 pentacene (electron donor). 

 Further extension of this dissertation should lead to a more exhaustive 

understanding of the intermolecular electronic interactions in organic semiconductors. It 

is worth noting that the methodology (three-phase analysis) developed in this work can 

be used not only in the area of organic semiconductors, but also in such areas as 

inorganic and organometallic chemistry. 
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APPENDIX A 

SUPPLEMENTAL DATA FOR CHAPTER 3 

 

Computational details 

1) ADF program  
 
- Energy functionals used in this investigation: 
GGA OPBE, GGA BLYP, GGA OLYP; LDA VWN, LDA VWN STOLL;  
 
- Basis sets used: 
 TZP, TZ2P, TZ2P + rel.ZORA; 
 
- Geometry convergence criteria used: 
 
geometry 
  converge E=0.0005 
  converge grad=0.001 
  converge Rad=0.001 
  converge Angle=0.1 
end 
 
- SCF convergence criteria used: 
Default; 
 
2) Gaussian program 
 
- Energy functionals used: 
B3LYP, BHandHLYP; 
 
- Basis sets used: 
 6-31G**, 6-311G**; 
 
- Geometry convergence criteria used: 
Default; 
 
- SCF convergence criteria used: 
Default. 
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Table A1: DFT optimized (LDA VWN/TZ2P) geometry of molecule 1 (88 atoms) 

Bond Energy LDA is -550.7984972 eV  
(the total energy of the neutral optimized molecule which is taken from the end of the output file)

Si -3.7241 3.651254 7.067777 
Si 5.552678 4.324948 0.095002 
C 0.03464 3.640462 4.713098 
C 0.507224 4.86467 4.200188 
C -0.11096 6.086866 4.535033 
H -0.96795 6.053295 5.21567 
C 0.34622 7.265967 4.025389 
H -0.14325 8.20499 4.295701 
C 1.447512 7.280073 3.150459 
H 1.806914 8.229429 2.745439 
C 2.066813 6.115303 2.806351 
H 2.925137 6.106328 2.126844 
C 1.621266 4.878671 3.316787 
C 2.251218 3.667404 2.962601 
C 1.782571 2.445865 3.480101 
C 2.392455 1.222628 3.135255 
H 3.250636 1.255303 2.456194 
C 1.922202 0.042709 3.630889 
H 2.404077 -0.89807 3.353253 
C 0.814762 0.028677 4.498984 
H 0.443878 -0.92252 4.88906 
C 0.203608 1.194671 4.853169 
H -0.66043 1.206272 5.525178 
C 0.665024 2.431829 4.359713 
C -1.08771 3.625937 5.550217 
C -2.08952 3.62111 6.250627 
C -4.66472 2.169297 6.379402 
H -4.04826 1.314857 6.730549 
C -4.70772 2.121398 4.866014 
H -3.70273 2.222806 4.422353 
H -5.33064 2.93656 4.45789 
H -5.14455 1.170224 4.511711 
C -6.04729 2.040587 6.988905 
H -6.02718 2.056006 8.092635 
H -6.53361 1.098883 6.675884 
H -6.70354 2.866149 6.659096 
C -3.51484 3.437355 8.924941 
H -4.54107 3.471804 9.346186 
C -2.89517 2.095925 9.256916 
H -3.51246 1.251139 8.90738 
H -2.75465 1.979004 10.34657 
H -1.9005 1.999257 8.784884 
C -2.70907 4.58084 9.506466 
H -3.18541 5.560592 9.331553 

H -1.70239 4.616618 9.052133 
H -2.57538 4.46291 10.59684 
C -4.42935 5.368708 6.733604 
H -3.62506 6.035328 7.11027 
C -5.68584 5.641926 7.537727 
H -5.53644 5.482022 8.619706 
H -6.51534 4.98524 7.21974 
H -6.02693 6.683801 7.397829 
C -4.62923 5.65873 5.26022 
H -3.72274 5.443785 4.668296 
H -4.90286 6.716784 5.095772 
H -5.44747 5.045406 4.842715 
C 3.335915 3.706104 2.077994 
C 4.262666 3.832111 1.290777 
C 5.937235 2.895105 -1.06738 
H 6.730012 3.278173 -1.7441 
C 4.734389 2.500807 -1.90141 
H 4.383353 3.321053 -2.54996 
H 3.88676 2.204586 -1.25727 
H 4.973078 1.638826 -2.55146 
C 6.484255 1.70136 -0.30932 
H 7.420932 1.93241 0.225293 
H 6.688574 0.859276 -0.9959 
H 5.75579 1.345178 0.441751 
C 7.08662 4.841034 1.071228 
H 6.861935 5.876495 1.399593 
C 7.32532 3.996953 2.307263 
H 6.443105 3.972299 2.967383 
H 8.182928 4.382997 2.887018 
H 7.55954 2.95205 2.038904 
C 8.318672 4.87189 0.186431 
H 8.196219 5.519632 -0.69782 
H 8.565396 3.859322 -0.18127 
H 9.198343 5.236191 0.747035 
C 4.850354 5.822192 -0.82455 
H 4.993689 6.663368 -0.11494 
C 5.646268 6.115243 -2.08275 
H 6.718623 6.277241 -1.88261 
H 5.262343 7.017919 -2.59161 
H 5.568158 5.280021 -2.80244 
C 3.370587 5.710301 -1.13269 
H 2.768268 5.519162 -0.22892 
H 3.168774 4.8818 -1.83363 
H 2.998033 6.63567 -1.60763 
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Table A2: DFT optimized (LDA VWN/TZ2P) geometry of molecule 2 (94 atoms) 

Bond Energy LDA is -597.6130805 eV
Si 12.49359 11.3312 10.08354
Si 3.642378 4.380775 6.992737
C 9.39964 8.393262 8.846104
C 8.524355 7.882439 9.834634
C 8.683958 8.202708 11.17944
H 9.506522 8.870773 11.46096
C 7.844626 7.694019 12.15495
C 8.013272 7.999118 13.52665
H 8.831047 8.66898 13.8115 
C 7.182511 7.469896 14.46538
H 7.325963 7.709482 15.52202
C 6.129361 6.606329 14.08602
H 5.474974 6.187255 14.85474
C 5.929719 6.295686 12.77647
H 5.117117 5.627889 12.47357
C 6.773342 6.822667 11.76955
C 6.600112 6.517688 10.43066
H 5.779559 5.859225 10.12172
C 7.450751 7.018705 9.449252
C 7.273435 6.691147 8.082622
C 8.165974 7.175598 7.114861
C 8.023747 6.836538 5.751637
H 7.1933 6.178111 5.476444
C 8.895517 7.308292 4.818366
H 8.775302 7.030471 3.768226
C 9.957135 8.154381 5.199097
H 10.6519 8.525651 4.441514
C 10.11973 8.507782 6.503763
H 10.93657 9.165201 6.820163
C 9.238745 8.032252 7.499649
C 10.41823 9.276435 9.216756
C 11.28569 10.07021 9.550556
C 12.82962 12.45349 8.611804
H 13.59977 13.17652 8.951792
C 13.37761 11.67568 7.432517
H 14.33482 11.17796 7.662712
H 13.54254 12.33627 6.561919
H 12.66504 10.8897 7.119932
C 11.57374 13.21162 8.23193 
H 11.19581 13.84063 9.055939
H 10.76482 12.51125 7.954271
H 11.75374 13.86947 7.362354
C 14.06261 10.47544 10.68886
H 13.85748 10.20794 11.74601

C 14.3679 9.20077 9.926907
H 13.52801 8.487762 9.957007
H 15.2643 8.701257 10.33667
H 14.57263 9.413493 8.862512
C 15.24211 11.4304 10.64893
H 15.0641 12.35802 11.2187 
H 15.47321 11.72522 9.608871
H 16.15058 10.95324 11.05889
C 11.65423 12.30256 11.46155
H 10.71129 12.66866 11.00906
C 12.48569 13.49383 11.89402
H 12.73665 14.16008 11.05044
H 13.43675 13.16842 12.35284
H 11.95524 14.09847 12.65129
C 11.3081 11.40806 12.63303
H 10.68318 10.55183 12.32381
H 10.76015 11.96363 13.41498
H 12.22054 10.99956 13.10421
C 6.184565 5.898262 7.707401
C 5.199589 5.242771 7.399873
C 3.528992 4.302145 5.116688
H 4.440957 3.755545 4.803428
C 3.558791 5.685588 4.502279
H 4.449346 6.257585 4.813804
H 2.671667 6.271606 4.804688
H 3.550384 5.636039 3.3986 
C 2.311738 3.51791 4.668059
H 2.274033 2.506565 5.109315
H 2.289662 3.405668 3.569202
H 1.38024 4.03896 4.954603
C 3.735352 2.64421 7.709913
H 2.737368 2.19018 7.53901 
C 4.781562 1.828578 6.977747
H 4.555327 1.724769 5.902824
H 4.864049 0.812053 7.403106
H 5.776277 2.30252 7.063523
C 4.008291 2.680643 9.200382
H 3.216011 3.207406 9.759426
H 4.962024 3.20013 9.407472
H 4.090996 1.66025 9.616274
C 2.21427 5.366594 7.742657
H 1.982979 6.152034 6.993593
C 0.990085 4.485723 7.91827 
H 0.679291 3.989276 6.983507
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H 0.130529 5.073563 8.28794 
H 1.182139 3.690653 8.661939
C 2.581339 6.04933 9.04595 

H 3.454327 6.713688 8.937363
H 2.830356 5.306898 9.825959
H 1.735552 6.648588 9.428705
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Table A3: DFT optimized (LDA VWN/TZ2P) geometry of molecule 3 (100 atoms) 

Bond Energy LDA is -644.276982 eV
Si 3.583408 5.430686 5.290971 
C 4.432524 7.165336 1.292905 
C 3.453417 8.001308 0.714212 
C 2.278571 8.319611 1.393332 
H 2.12969 7.903421 2.396231 
C 1.312842 9.135673 0.836284 
C 0.120576 9.467894 1.525631 
H -0.02381 9.062625 2.53295 
C -0.81597 10.26887 0.951205 
H -1.73078 10.51868 1.493078 
C -0.61637 10.78581 -0.35096 
H -1.3823 11.42595 -0.79753 
C 0.516382 10.49327 -1.04448 
H 0.678425 10.89127 -2.05148 
C 1.518238 9.665984 -0.48168 
C 2.682581 9.35711 -1.1583 
H 2.854569 9.756895 -2.16419 
C 3.663979 8.539878 -0.59771 
C 4.210257 6.627751 2.561958 
C 3.99577 6.149098 3.665813 
C 3.911898 3.578847 5.18814 
H 3.664974 3.165371 6.187038 
C 3.022888 2.928006 4.149235 
H 3.193269 3.379194 3.154215 
H 1.950865 3.040727 4.382842 
H 3.234645 1.847016 4.06209 
C 5.37617 3.322721 4.900146 
H 5.586111 2.241994 4.819901 
H 6.037917 3.737075 5.681945 
H 5.667367 3.7861 3.938511 
C 4.761009 6.188308 6.55244 
H 5.75534 5.99155 6.102073 
C 4.696229 5.47923 7.892335 
H 5.459694 5.874418 8.585548 
H 4.856045 4.391824 7.80204 
H 3.712776 5.628141 8.376104 
C 4.601087 7.687072 6.697787 
H 3.639958 7.940477 7.179429 
H 4.629275 8.202195 5.721129 
H 5.40115 8.112755 7.329264 
C 1.738989 5.73664 5.525508 
H 1.300701 5.196001 4.661179 
C 1.211679 5.105261 6.799973 
H 1.474292 4.037099 6.879259 

H 0.110689 5.184096 6.857753 
H 1.618529 5.612741 7.693365 
C 1.341696 7.194437 5.412269 
H 1.738873 7.660377 4.493793 
H 1.722472 7.782305 6.264791 
H 0.241512 7.306041 5.404861 
Si 5.700592 9.975251 -5.29104 
C 4.852457 8.23564 -1.29386 
C 5.829979 7.400707 -0.71464 
C 7.004719 7.082935 -1.3937 
H 7.154124 7.499121 -2.39799 
C 7.971671 6.267681 -0.8366 
C 9.164328 5.936274 -1.52601 
H 9.308217 6.340975 -2.53334 
C 10.10148 5.136809 -0.95094 
H 11.01649 4.887521 -1.49231 
C 9.902157 4.620692 0.351777 
H 10.66897 3.981574 0.798983 
C 8.768999 4.912435 1.045 
H 8.607346 4.514987 2.052141 
C 7.766638 5.738143 0.481338 
C 6.601639 6.046735 1.15702 
H 6.429867 5.646609 2.164463 
C 5.620094 6.863017 0.5955 
C 5.072412 8.776074 -2.56258 
C 5.287037 9.255905 -3.66597 
C 5.373415 11.82478 -5.18773 
H 5.620668 12.24018 -6.18797 
C 6.262435 12.47644 -4.14858 
H 6.091799 12.02538 -3.15483 
H 7.334501 12.36361 -4.38273 
H 6.051044 13.55781 -4.06172 
C 3.908699 12.08211 -4.90021 
H 3.699149 13.16362 -4.82005 
H 3.247507 11.66837 -5.68204 
H 3.618094 11.6193 -3.93906 
C 4.524469 9.216736 -6.55308 
H 3.5297 9.413628 -6.1034 
C 4.590268 9.926467 -7.89278 
H 3.826806 9.530924 -8.58691 
H 4.430615 11.01308 -7.8027 
H 5.573847 9.776763 -8.37616 
C 4.684126 7.717761 -6.69881 
H 5.645474 7.464547 -7.17966 
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H 4.655403 7.2027 -5.72194 
H 3.884559 7.292411 -7.33047 
C 7.546105 9.667865 -5.52324 
H 7.983128 10.20739 -4.65876 
C 8.074786 10.30039 -6.79677 
H 7.811307 11.36843 -6.87582 

H 9.174561 10.22152 -6.85398 
H 7.667835 9.793165 -7.69158 
C 7.9426 8.20943 -5.41152 
H 7.545313 7.742976 -4.49392 
H 7.56272 7.622831 -6.26476 
H 9.043203 8.09814 -5.40371 
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APPENDIX B 

SUPPLEMENTAL DATA FOR CHAPTER 4 

 

Computational details 

Calculations reported in chapter 4 were performed with the ADF2008 program 

using default options unless specified otherwise below.64 Ionization energies were 

obtained by ΔSCF calculations (see chapter 2). Values reported in chapter 4 were 

obtained using the LDA VWN/TZ2P model. It has been reported previously that ΔSCF 

calculations for functionalized oligoacenes using the LDA VWN/TZ2P model reproduce 

the gas phase experimental results and trends very well.43 The sensitivity of the calculated 

ionization energy shifts to different functionals, different Gaussian- and Slater-type basis 

sets, different solvation models, and different computational packages has been tested 

(Gaussian and ADF). The bottom line is that all yield the same trends in ionization shifts, 

and B3LYP gives values particularly close to those reported (HOMO shift 0.15 eV 

compared to 0.18 eV, LUMO shift 0.46 eV compared to 0.44 eV, HOMO-LUMO gaps 

within 0.04 eV for both molecules, and shift of the gap 0.28 eV compared to 0.26 eV). 

Because the important quantity is the shifts there is substantial cancellation of errors in 

the models. Solution phase calculations were performed by applying the COSMO 

solvation model with dichlorobenzene as a solvent to the gas phase computations. In 

modeling the oxidation and reduction potentials, the thermal contributions to the 

differences in free energies between the neutral molecules and the ions are expected to be 

small because there is little change in mass between the neutral and the ions (one 



 

 

176

electron) and the reorganization energies are small with little change in structures and 

vibrational frequencies.43 Surface plots of the HOMOs and space-filling models were 

created with program MOLEKEL.66 

Additional computations were performed using Gaussian0365 in order to see the 

effects of assumptions in the density functionals and basis sets.  To model the solution 

phase HOMO, LUMO and energy gap values, we used B3LYP/6-31** optimized 

geometries of neutral and cation states of pentacene and TIPS pentacene as a start, but 

then applied  COSMO in dichlorobenzene (DCB) using hybrid B3LYP/TZ2P method (in 

ADF08). The COSMO in ADF (not PCM in G03) was used because the 

“dichlorobenzene” solvent is not available in Gaussian03. The reason to do so was to see 

how the use of B3LYP functional will affect the solution HOMO and LUMO values vs. 

those obtained using LDA VWN. The results are as follows: 

Gas Phase in DCB 
B3LYP 

AIE, eV HOMO, eV LUMO, eV gap, eV 

Pentacene 5.82 (6.54) -4.76 (-5.10) -2.91 (-2.95) 1.82 (2.15) 
TIPS 

pentacene 5.64 (6.28) -4.91 (-5.10) -3.37 (-3.40) 1.54 (1.70) 

Shift 0.18 (0.26) -0.16 (0.0) -0.46 (-0.45) -0.28 (-0.45) 

experimental values are given in parentheses 

  

Based on these results, the use of B3LYP functional gave similar energy trends in the 

gas and solution phases as the use of the LDA VWN functional. 
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Also, the PCM model in G03 using dichloromethane (DCM) as a solvent (B3LYP/6-

31G**) was used in order to see the effect of the solvent on solution phase 

HOMO/LUMO energy levels. The results are presented in the following table: 

 
Gas Phase in DCM 

B3LYP 
AIE, eV HOMO, eV LUMO, eV gap, eV 

Pentacene 5.82 (6.54) -4.57  -2.48  2.09  
TIPS 

pentacene 5.64 (6.28) -4.71 (-5.16) -2.90 (-3.33) 1.80 (1.83) 

Shift 0.18 (0.26) -0.14 -0.42 -0.29 

experimental values are given in parentheses 

 

As can be seen from these results, the choice of a solvent does not greatly affect 

the solution phase energy trends from pentacene to TIPS pentacene, leading to a smaller 

energy gap for TIPS pentacene vs. pentacene. 
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Table B1: DFT optimized (LDA VWN/TZ2P) geometry of molecule 1 (36 atoms) 

Bond Energy LDA:* -267.701026 eV 
C 3.643684 0.719559 0.000000 
H 2.441337 2.491047 0.000000 
C 2.440875 1.395391 0.000000 
C 2.440875 -1.395391 0.000000 
C 1.214921 0.721328 0.000000 
C 3.643684 -0.719559 0.000000 
C 1.214921 -0.721328 0.000000 
C 0.000000 1.396111 0.000000 
H 2.441337 -2.491047 0.000000 
C -1.214921 0.721328 0.000000 
C -2.440875 1.395391 0.000000 
C -1.214921 -0.721328 0.000000 
H -2.441337 -2.491047 0.000000 
C 0.000000 -1.396111 0.000000 
C -3.643684 0.719559 0.000000 
H -2.441337 2.491047 0.000000 
C -3.643684 -0.719559 0.000000 
C -2.440875 -1.395391 0.000000 
C 4.888776 1.396802 0.000000 
H 4.880654 2.491325 0.000000 
C 4.888776 -1.396802 0.000000 
H 4.880654 -2.491325 0.000000 
C 6.059821 0.708162 0.000000 
C 6.059821 -0.708162 0.000000 
H 7.012177 -1.244453 0.000000 
H 7.012177 1.244453 0.000000 
C -4.888776 1.396802 0.000000 
H -4.880654 2.491325 0.000000 
C -4.888776 -1.396802 0.000000 
H -4.880654 -2.491325 0.000000 
C -6.059821 -0.708162 0.000000 
H -7.012177 -1.244453 0.000000 
C -6.059821 0.708162 0.000000 
H -7.012177 1.244453 0.000000 
H 0.000000 2.491462 0.000000 
H 0.000000 -2.491462 0.000000 

 

* Bond Energy LDA is the total energy of the neutral optimized molecule which is taken 

from the end of the output file. 
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Table B2: DFT optimized (LDA VWN/TZ2P) geometry of molecule 2 (100 atoms) 

Bond Energy 
LDA: -644.27698 eV 
Si 3.582671 5.428685 5.290793 
C 4.430249 7.161354 1.290866 
C 3.452668 7.998872 0.713527 
C 2.276434 8.314005 1.392022 
H 2.125438 7.892514 2.392653 
C 1.311593 9.132687 0.837523 
C 0.118031 9.460839 1.525759 
H -0.029137 9.049795 2.529869 
C -0.816892 10.265187 0.953300 
H -1.733713 10.512013 1.494501 
C -0.614475 10.789896 -0.345434 
H -1.378910 11.432423 -0.789590 
C 0.519623 10.501057 -1.037729 
H 0.684424 10.904233 -2.041800 
C 1.520325 9.670112 -0.477161 
C 2.685601 9.362976 -1.153519 
H 2.858913 9.767618 -2.157430 
C 3.665015 8.542506 -0.595269 
C 4.209330 6.619686 2.557981 
C 3.993193 6.141588 3.661830 
C 3.911544 3.578295 5.194314 
H 3.665639 3.167047 6.195067 
C 3.023818 2.922044 4.157351 
H 3.193694 3.370112 3.161474 
H 1.951588 3.034274 4.390893 
H 3.236897 1.841195 4.074191 
C 5.377381 3.323718 4.907444 
H 5.588679 2.242153 4.830305 
H 6.037244 3.741055 5.686953 
H 5.666694 3.783883 3.944122 
C 4.759240 6.192241 6.548608 
H 5.754089 6.002940 6.094169 
C 4.703104 5.482139 7.887312 
H 5.466240 5.881884 8.579520 
H 4.872343 4.395216 7.795316 
H 3.721122 5.621842 8.373823 
C 4.590591 7.690484 6.696044 
H 3.630772 7.936011 7.184225 
H 4.609706 8.206543 5.721213 
H 5.391398 8.120689 7.324294 
C 1.737917 5.736989 5.524051 
H 1.299171 5.191812 4.662245 
C 1.211069 5.112778 6.801634 
H 1.472662 4.043562 6.885754 

H 0.110414 5.192691 6.860237 
H 1.619675 5.623366 7.692160 
C 1.340242 7.193923 5.403422 
H 1.739683 7.656345 4.483562 
H 1.719913 7.785847 6.254239 
H 0.240669 7.305704 5.393344 
Si 5.701810 9.976273 -5.290547 
C 4.853473 8.240864 -1.291953 
C 5.831040 7.403329 -0.714548 
C 7.007524 7.088644 -1.392882 
H 7.158284 7.510005 -2.393619 
C 7.972853 6.270880 -0.837946 
C 9.166873 5.943581 -1.525853 
H 9.313672 6.354236 -2.530169 
C 10.102497 5.140483 -0.952815 
H 11.019628 4.894340 -1.493872 
C 9.900402 4.616136 0.346127 
H 10.665487 3.974823 0.790929 
C 8.765921 4.904135 1.038136 
H 8.601332 4.501465 2.042418 
C 7.764427 5.733840 0.477008 
C 6.598601 6.039895 1.152915 
H 6.425358 5.635675 2.156993 
C 5.618742 6.859704 0.594250 
C 5.074577 8.783290 -2.558724 
C 5.290540 9.262837 -3.661973 
C 5.373314 11.826656 -5.194086 
H 5.619209 12.237915 -6.194773 
C 6.261273 12.482707 -4.157153 
H 6.091589 12.034471 -3.161309 
H 7.333437 12.370415 -4.390955 
H 6.048284 13.563531 -4.073803 
C 3.907530 12.081537 -4.907116 
H 3.696458 13.163131 -4.829957 
H 3.247546 11.664322 -5.686578 
H 3.618189 11.621409 -3.943767 
C 4.525977 9.213135 -6.549285 
H 3.530813 9.402639 -6.095493 
C 4.583117 9.923417 -7.887848 
H 3.820340 9.523910 -8.580613 
H 4.413993 11.010373 -7.795844 
H 5.565373 9.783610 -8.373763 
C 4.694330 7.714914 -6.696843 
H 5.654380 7.469198 -7.184484 
H 4.674497 7.198676 -5.722096 
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H 3.893784 7.284982 -7.325641 
C 7.546764 9.667831 -5.522594 
H 7.984811 10.212399 -4.660072 
C 8.074555 10.292981 -6.799331 
H 7.813059 11.362268 -6.882796 
H 9.175244 10.213075 -6.857221 
H 7.666548 9.783098 -7.690529 
C 7.944284 8.210829 -5.402679 
H 7.544148 7.747795 -4.483426 
H 7.565249 7.619460 -6.254176 
H 9.043848 8.099008 -5.391819 



 

 

181

 

APPENDIX C 

SUPPLEMENTAL DATA FOR CHAPTER 5 

 

Computational details 

Calculations reported in chapter 5 were performed with the ADF2008 program 

using default options unless specified otherwise below.64 Ionization energies were 

obtained by ΔSCF calculations (see chapter 2). Values reported in chapter 5 were 

obtained using the LDA VWN/TZ2P model. It has been reported previously that ΔSCF 

calculations for functionalized oligoacenes using the LDA VWN/TZ2P model reproduce 

the gas phase experimental results and trends very well, and the use of other 

computational methods, such as B3LYP or BHandHLYP (in Gaussian03), did show the 

same energy trends.43,57 Because the important quantity is the shifts, there is a substantial 

cancellation of errors in the computational models. Solution phase calculations were 

performed by applying the COSMO solvation model with dichloromethane as a solvent 

to the gas phase computations. In modeling the oxidation and reduction potentials, the 

thermal contributions to the differences in free energies between the neutral molecules 

and the ions are expected to be small because there is little change in mass between the 

neutral and the ions (one electron) and the reorganization energies are small with little 

change in structures and vibrational frequencies.43 Surface plots of the HOMOs and 

space-filling models were created with program MOLEKEL.66 
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Computational Specifications: 

1) Reported calculations: LDA VWN functional and TZ2P basis set; 

2) Solution phase: COSMO solvation model, dichloromethane is the solvent as in the 

electrochemical measurements with the default parameters in ADF. 

3) Geometry convergence: the starting geometry for each molecule was constructed 

in C1 symmetry based on the crystal structure. Converged to E=0.0005, 

grad=0.001, Rad=0.001, Angle=0.1’ 
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 APPENDIX D 

SUPPLEMENTAL DATA FOR CHAPTER 6 

 

Full Gas-phase UV Photoelectron Spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D1: Full He I gas-phase UPS of molecules 1-3. 
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Vibrational fit details  

 
where 

fwhm – full width at half-maximum of each Gaussian peak; 

υhf – spacing of high-frequency progression; 

υlf – spacing of low-frequency progression; 

Shf – Huang-Rhys factor that determines the intensities in 
the high-frequency progression; 

Slf – Huang- Rhys factor that determines the intensities in 
the low-frequency progression; 

λhf – high-frequency vibrational contribution to the 
quantum-mechanical reorganization energy; 

λlf – low-frequency vibrational contribution to the 
quantum-mechanical reorganization energy; 

λQM – quantum-mechanical reorganization energy; 

λSC – semiclassical reorganization energy; 

λ•+ - total reorganization energy = λQM + λSC. 

TABLE D1: Fitting parameters for the first ionization energy bands of molecules 1-3 

molecule VIE a fwhm a υhf 
b Shf 

a λhf 
c υlf 

b Slf 
a λlf 

c λQM c λSC c λ•+ c 

1 6.388 0.089 1338 0.26 43 622 0.67 52 95 16 111 

2 6.200 0.120 1383 0.46 79 694 0.52 45 124 11 135 

3 6.013 0.100 1333 0.50 86 665 0.60 49 135 6 141 

a vertical ionization energies are in eV; b frequencies are in cm-1; c reorganization energies are in meV. 
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The detailed explanation of the two-mode vibrational fitting method, used in this work, 

was published earlier.44,45,62,78 

Computational Details  

Calculations were performed with the Gaussian 0365 and ADF200864 programs using 

several functionals and basis sets using default options unless specified otherwise below. 

Ionization energies were obtained by ΔSCF calculations (see chapter 2). Values reported 

in chapter 6 were obtained using the B3LYP/6-31** model. It has been reported 

previously that ΔSCF calculations for functionalized oligoacenes using the B3LYP/6-

31** model reproduce the gas phase experimental results and trends reasonably well, and 

the use of other computational methods, such as BHandHLYP (in Gaussian03) and LDA 

VWN (in ADF2008), did show the similar energy trends.43,57 Solution phase calculations 

were performed by applying the PCM solvation model with dichloromethane as a solvent 

to the gas phase computations. In modeling the oxidation and reduction potentials, the 

thermal contributions to the differences in free energies between the neutral molecules 

and the ions are expected to be small because there is little change in mass between the 

neutral and the ions (one electron) and the reorganization energies are small with little 

change in structures and vibrational frequencies.43 Surface plots of the HOMOs and 

space-filling models were created with program MOLEKEL.66 

Computational Specifications: 

4) Reported calculations: B3LYP functional and 6-31** basis set; 

5) Solution phase: PCM solvation model, dichloromethane is the solvent as in the 
electrochemical measurements with the default parameters in Gaussian. 
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6) Geometry convergence: the starting geometry for each molecule was constructed 
in C1 symmetry based on the crystal structure.  

Additional computations were performed using LDA VWN/TZ2P in ADF200864 

and BHandHLYP/6-31G** in Gaussian0365  in order to see the effects of assumptions in 

the density functionals and basis sets.  In modeling the solution phase HOMO, LUMO 

and energy gap values, we show here the results with BHandHLYP/6-31** optimized 

geometries of neutral and cation states of pentacenes 1-3 as a start, and then applied PCM 

in dichloromethane (DCM). The results are as follows: 

Gas Phase in DCM 
BHandHLYP 

AIE, eV HOMO, eV LUMO, eV gap, eV 
TIPS 

Pentacene, 1 5.64 (6.28) -4.68 (-5.16) -2.79 (-3.33) 1.89 (1.83) 

TP-5 
pentacene, 2 5.52 (6.06) -4.67 (-5.04) -2.64 (-3.26) 2.03 (1.79) 

EtTP-5 
pentacene, 3 5.38 (5.87) -4.61 (-4.98) -2.62 (-3.14) 1.99 (1.84) 

Experimental values are given in parentheses. 

  

Based on these results, the use of BHandHLYP functional gave similar energy trends 

in the gas and solution phases as the use of the B3LYP functional. 

Also, we tested the COSMO model in ADF2008 using dichloromethane (DCM) as a 

solvent (LDA VWN/TZ2P) in order to see the effect of the different solvation model and 

energy functional on solution phase HOMO/LUMO energy levels. The results are 

presented in the following table: 
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Gas Phase in DCM 

LDA VWN 
AIE, eV HOMO, eV LUMO, eV gap, eV 

TIPS 
Pentacene, 1 6.15 (6.28) -5.26 (-5.16) -3.74 (-3.33) 1.51 (1.83) 

TP-5 
pentacene, 2 5.87 (6.06) -5.02 (-5.04) -3.42 (-3.26) 1.61 (1.79) 

EtTP-5 
pentacene, 3 5.68 (5.87) -5.03 (-4.98) -3.41 (-3.14) 1.62 (1.84) 

Experimental values are given in parentheses.   

 

As can be seen from these results, the choice of a solvation model and energy 

functional does not greatly affect the solution phase energy trends from molecule 1-3, 

leading to the similar energy gap values for these molecules. 
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Table D1: Optimized (B3LYP/6-31G**) geometry of molecule 1 (100 atoms) 

E(RB+HF-LYP):* -62267.0089 eV 
Si -5.92377 0.00263 0.10268 
C -1.43230 0.00095 0.02899 
C -0.72628 -1.23642 0.01432 
C -1.40385 -2.47409 0.02828 
H -2.48862 -2.46940 0.05168 
C -0.72708 -3.68859 0.01365 
C -1.41358 -4.94770 0.02789 
H -2.49996 -4.94387 0.05116 
C -0.71980 -6.12461 0.01241 
H -1.25106 -7.07170 0.02338 
C 0.71157 -6.12556 -0.01842 
H 1.24155 -7.07336 -0.03029 
C 1.40695 -4.94957 -0.03278 
H 2.49333 -4.94719 -0.05604 
C 0.72215 -3.68955 -0.01732 
C 1.40055 -2.47595 -0.03082 
H 2.48532 -2.47270 -0.05452 
C 0.72464 -1.23738 -0.01557 
C -2.85240 0.00186 0.05590 
C -4.07717 0.00252 0.07620 
C -6.48439 0.00186 1.93611 
H -7.58515 -0.00001 1.91461 
C -6.02807 -1.26343 2.68728 
H -4.93495 -1.33886 2.70733 
H -6.41590 -2.18070 2.23225 
H -6.37368 -1.24397 3.72851 
C -6.03250 1.26767 2.68894 
H -6.37642 1.24459 3.73066 
H -6.42537 2.18400 2.23639 
H -4.93970 1.34809 2.70758 
C -6.48017 1.63662 -0.73455 
H -6.00944 2.40647 -0.10391 
C -8.00195 1.87496 -0.68568 
H -8.24909 2.87811 -1.05541 
H -8.40721 1.79227 0.32839 
H -8.54190 1.16004 -1.31626 
C -5.93821 1.83598 -2.16225 
H -6.40863 1.14713 -2.87183 
H -4.85655 1.67889 -2.21535 
H -6.14640 2.85354 -2.51666 
C -6.47923 -1.63166 -0.73471 
H -5.98490 -2.40045 -0.12104 
C -7.99636 -1.89045 -0.65458 
H -8.37920 -1.82596 0.36941 

H -8.23861 -2.89218 -1.03136 
H -8.56028 -1.17511 -1.26327 
C -5.96653 -1.81166 -2.17568 
H -4.88874 -1.63809 -2.25193 
H -6.46343 -1.12421 -2.86846 
H -6.16756 -2.82926 -2.53405 
Si 5.92377 -0.00263 -0.10267 
C 1.43230 -0.00094 -0.02901 
C 0.72628 1.23644 -0.01434 
C 1.40385 2.47411 -0.02830 
H 2.48862 2.46942 -0.05170 
C 0.72708 3.68861 -0.01366 
C 1.41358 4.94772 -0.02790 
H 2.49996 4.94389 -0.05118 
C 0.71980 6.12463 -0.01242 
H 1.25106 7.07172 -0.02339 
C -0.71157 6.12558 0.01841 
H -1.24155 7.07338 0.03028 
C -1.40695 4.94959 0.03277 
H -2.49333 4.94721 0.05603 
C -0.72215 3.68957 0.01730 
C -1.40055 2.47597 0.03081 
H -2.48532 2.47272 0.05451 
C -0.72464 1.23740 0.01555 
C 2.85240 -0.00184 -0.05591 
C 4.07717 -0.00250 -0.07621 
C 6.48441 -0.00190 -1.93609 
H 7.58517 -0.00008 -1.91458 
C 6.02815 1.26339 -2.68729 
H 4.93503 1.33887 -2.70735 
H 6.41601 2.18065 -2.23229 
H 6.37375 1.24389 -3.72852 
C 6.03248 -1.26771 -2.68890 
H 6.37643 -1.24467 -3.73062 
H 6.42530 -2.18404 -2.23632 
H 4.93967 -1.34809 -2.70757 
C 6.48013 -1.63663 0.73459 
H 6.00923 -2.40647 0.10407 
C 8.00188 -1.87513 0.68550 
H 8.24897 -2.87827 1.05530 
H 8.40699 -1.79260 -0.32864 
H 8.54201 -1.16021 1.31592 
C 5.93836 -1.83582 2.16238 
H 6.40899 -1.14699 2.87184 
H 4.85674 -1.67859 2.21564 
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H 6.14648 -2.85339 2.51682 
C 6.47925 1.63165 0.73470 
H 5.98509 2.40046 0.12090 
C 7.99642 1.89029 0.65479 
H 8.37942 1.82565 -0.36912 
H 8.23871 2.89204 1.03152 

H 8.56016 1.17495 1.26365 
C 5.96633 1.81182 2.17558 
H 4.88851 1.63837 2.25166 
H 6.46303 1.12436 2.86849 
H 6.16742 2.82942 2.53391 

 

* E(RB+HF-LYP) is the total energy of the neutral optimized molecule taken from the 

end of the output file.
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Table D2: Optimized (B3LYP/6-31G**) geometry of molecule 2 (106 atoms) 

E(RB+HF-LYP): -72527.40097 eV 
Si 0.89635 -1.56967 5.63756 
O 7.24705 -1.75775 -0.44573 
O 6.88915 -1.14845 -2.65131 
C 0.22021 -0.38016 1.36138 
C 1.29561 -0.43558 0.42946 
C 2.58810 -0.85742 0.81288 
H 2.75157 -1.14048 1.84734 
C 3.64832 -0.91945 -0.08137 
C 4.95733 -1.35459 0.33815 
H 5.13768 -1.64312 1.36730 
C 5.93763 -1.38737 -0.59752 
C 7.86724 -1.63199 -1.72756 
H 8.69457 -0.91586 -1.66402 
H 8.22711 -2.61388 -2.05725 
C 5.71708 -1.01192 -1.95680 
C 4.51085 -0.59459 -2.41334 
H 4.35683 -0.31163 -3.44831 
C 3.42325 -0.53597 -1.46861 
C 2.15587 -0.11911 -1.85261 
H 1.98279 0.16575 -2.88506 
C 1.07247 -0.05197 -0.94870 
C 0.43839 -0.76111 2.71262 
C 0.62641 -1.09390 3.87644 
C -0.84675 -1.79315 6.40646 
H -1.34052 -0.82351 6.24425 
C -1.68391 -2.86068 5.67752 
H -1.26227 -3.86384 5.81243 
H -1.74309 -2.66977 4.60143 
H -2.70848 -2.88929 6.06979 
C -0.82828 -2.05594 7.92445 
H -1.84813 -2.07282 8.32924 
H -0.27089 -1.29102 8.47574 
H -0.37756 -3.02736 8.15801 
C 1.81831 -0.12765 6.49920 
H 2.00871 -0.46567 7.52914 
C 0.95576 1.14696 6.57281 
H 1.49858 1.95469 7.07991 
H 0.02156 0.98709 7.12081 
H 0.69564 1.50740 5.57107 
C 3.17926 0.18394 5.84770 
H 3.05657 0.48631 4.80169 
H 3.85717 -0.67540 5.86721 
H 3.68125 1.00815 6.37030 
C 1.89056 -3.21466 5.69220 

H 1.12560 -3.99876 5.58860 
C 2.59971 -3.44012 7.04341 
H 3.06622 -4.43284 7.07426 
H 1.91549 -3.37534 7.89549 
H 3.39655 -2.70575 7.20659 
C 2.87949 -3.39626 4.52510 
H 2.38365 -3.30669 3.55455 
H 3.35448 -4.38465 4.57104 
H 3.68313 -2.65146 4.55622 
Si -0.89635 1.56967 -5.63756 
O -7.24705 1.75775 0.44573 
O -6.88915 1.14845 2.65131 
C -0.22021 0.38016 -1.36138 
C -1.29561 0.43558 -0.42946 
C -2.58810 0.85742 -0.81288 
H -2.75157 1.14048 -1.84734 
C -3.64832 0.91945 0.08137 
C -4.95733 1.35459 -0.33815 
H -5.13768 1.64312 -1.36730 
C -5.93763 1.38737 0.59752 
C -7.86724 1.63199 1.72756 
H -8.69457 0.91586 1.66402 
H -8.22711 2.61388 2.05725 
C -5.71708 1.01192 1.95680 
C -4.51085 0.59459 2.41334 
H -4.35683 0.31163 3.44831 
C -3.42325 0.53597 1.46861 
C -2.15587 0.11911 1.85261 
H -1.98279 -0.16575 2.88506 
C -1.07247 0.05197 0.94870 
C -0.43839 0.76111 -2.71262 
C -0.62641 1.09390 -3.87644 
C 0.84675 1.79315 -6.40646 
H 1.34052 0.82351 -6.24425 
C 1.68391 2.86068 -5.67752 
H 1.26227 3.86384 -5.81243 
H 1.74309 2.66977 -4.60143 
H 2.70848 2.88929 -6.06979 
C 0.82828 2.05594 -7.92445 
H 1.84813 2.07282 -8.32924 
H 0.27089 1.29102 -8.47574 
H 0.37756 3.02736 -8.15801 
C -1.81831 0.12765 -6.49920 
H -2.00871 0.46567 -7.52914 
C -0.95576 -1.14696 -6.57281 
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H -1.49858 -1.95469 -7.07991 
H -0.02156 -0.98709 -7.12081 
H -0.69564 -1.50740 -5.57107 
C -3.17926 -0.18394 -5.84770 
H -3.05657 -0.48631 -4.80169 
H -3.85717 0.67540 -5.86721 
H -3.68125 -1.00815 -6.37030 
C -1.89056 3.21466 -5.69220 
H -1.12560 3.99876 -5.58860 

C -2.59971 3.44012 -7.04341 
H -3.06622 4.43284 -7.07426 
H -1.91549 3.37534 -7.89549 
H -3.39655 2.70575 -7.20659 
C -2.87949 3.39626 -4.52510 
H -2.38365 3.30669 -3.55455 
H -3.35448 4.38465 -4.57104 
H -3.68313 2.65146 -4.55622 
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Table D3: Optimized (B3LYP/6-31G**) geometry of molecule 3 (130 atoms) 

E(RB+HF-LYP): -81087.22105 eV 
Si 4.93933 -2.66578 -1.88362 
O -0.31308 2.00045 -7.18982 
O -2.24917 3.03022 -6.44630 
C 1.19333 -0.64026 -0.46077 
C 0.39014 0.09933 -1.37513 
C 0.73936 0.22259 -2.73826 
H 1.64583 -0.26391 -3.08271 
C -0.03015 0.93870 -3.64536 
C 0.35282 1.05031 -5.03054 
H 1.25506 0.56954 -5.39134 
C -0.45249 1.76909 -5.85218 
C -1.64596 2.40631 -5.39249 
C -2.05841 2.33921 -4.10202 
H -2.96707 2.82579 -3.76597 
C -1.24636 1.58951 -3.17658 
C -1.59600 1.47359 -1.83781 
H -2.50039 1.95755 -1.48439 
C -0.81807 0.74717 -0.90895 
C 2.37860 -1.27737 -0.91748 
C 3.40055 -1.82961 -1.30639 
C 6.39768 -1.89653 -0.90065 
H 6.39618 -0.84911 -1.23817 
C 6.19596 -1.86989 0.62590 
H 6.22002 -2.87695 1.05633 
H 5.24132 -1.41150 0.90087 
H 6.99400 -1.29361 1.11133 
C 7.77229 -2.49179 -1.26300 
H 8.58039 -1.91600 -0.79431 
H 7.95772 -2.49420 -2.34267 
H 7.86880 -3.52427 -0.90920 
C 4.66309 -4.55272 -1.66131 
H 3.72277 -4.72895 -2.20511 
C 4.42368 -4.98500 -0.20301 
H 4.11714 -6.03777 -0.15536 
H 3.63897 -4.39063 0.27558 
H 5.33312 -4.88812 0.40026 
C 5.74507 -5.42929 -2.32201 
H 6.71376 -5.32388 -1.82159 
H 5.89280 -5.18578 -3.37935 
H 5.46922 -6.49010 -2.26700 
C 5.15617 -2.27608 -3.74851 
H 6.08042 -2.78802 -4.05765 
C 4.00327 -2.84123 -4.60017 
H 3.04198 -2.40184 -4.30994 

H 3.90841 -3.92768 -4.50446 
H 4.15790 -2.61866 -5.66366 
C 5.34368 -0.77189 -4.02238 
H 5.46372 -0.58326 -5.09687 
H 6.22681 -0.36465 -3.51973 
H 4.47663 -0.19354 -3.68304 
C -1.35260 2.93452 -7.58484 
C -2.11248 2.36487 -8.77996 
H -1.41605 2.33854 -9.62620 
H -2.90159 3.07750 -9.04095 
C -2.71372 0.97887 -8.53856 
H -1.93547 0.24689 -8.30831 
H -3.24785 0.63702 -9.42972 
H -3.42320 0.99912 -7.70704 
C -0.69368 4.29759 -7.82200 
H -0.13419 4.54006 -6.91139 
H 0.04529 4.17280 -8.62154 
C -1.66670 5.43303 -8.15354 
H -2.15959 5.28445 -9.11905 
H -1.13150 6.38570 -8.20265 
H -2.43999 5.51923 -7.38523 
Si -4.93933 2.66578 1.88362 
O 0.31308 -2.00045 7.18982 
O 2.24917 -3.03022 6.44630 
C -1.19333 0.64026 0.46077 
C -0.39014 -0.09933 1.37513 
C -0.73936 -0.22259 2.73826 
H -1.64583 0.26391 3.08271 
C 0.03015 -0.93870 3.64536 
C -0.35282 -1.05031 5.03054 
H -1.25506 -0.56954 5.39134 
C 0.45249 -1.76909 5.85218 
C 1.64596 -2.40631 5.39249 
C 2.05841 -2.33921 4.10202 
H 2.96707 -2.82579 3.76597 
C 1.24636 -1.58951 3.17658 
C 1.59600 -1.47359 1.83781 
H 2.50039 -1.95755 1.48439 
C 0.81807 -0.74717 0.90895 
C -2.37860 1.27737 0.91748 
C -3.40055 1.82961 1.30639 
C -6.39768 1.89653 0.90065 
H -6.39618 0.84911 1.23817 
C -6.19596 1.86989 -0.62590 
H -6.22002 2.87695 -1.05633 
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H -5.24132 1.41150 -0.90087 
H -6.99400 1.29361 -1.11133 
C -7.77229 2.49179 1.26300 
H -8.58039 1.91600 0.79431 
H -7.95772 2.49420 2.34267 
H -7.86880 3.52427 0.90920 
C -4.66309 4.55272 1.66131 
H -3.72277 4.72895 2.20511 
C -4.42368 4.98500 0.20301 
H -4.11714 6.03777 0.15536 
H -3.63897 4.39063 -0.27558 
H -5.33312 4.88812 -0.40026 
C -5.74507 5.42929 2.32201 
H -6.71376 5.32388 1.82159 
H -5.89280 5.18578 3.37935 
H -5.46922 6.49010 2.26700 
C -5.15617 2.27608 3.74851 
H -6.08042 2.78802 4.05765 
C -4.00327 2.84123 4.60017 
H -3.04198 2.40184 4.30994 
H -3.90841 3.92768 4.50446 

H -4.15790 2.61866 5.66366 
C -5.34368 0.77189 4.02238 
H -5.46372 0.58326 5.09687 
H -6.22681 0.36465 3.51973 
H -4.47663 0.19354 3.68304 
C 1.35260 -2.93452 7.58484 
C 2.11248 -2.36487 8.77996 
H 1.41605 -2.33854 9.62620 
H 2.90159 -3.07750 9.04095 
C 2.71372 -0.97887 8.53856 
H 1.93547 -0.24689 8.30831 
H 3.24785 -0.63702 9.42972 
H 3.42320 -0.99912 7.70704 
C 0.69368 -4.29759 7.82200 
H 0.13419 -4.54006 6.91139 
H -0.04529 -4.17280 8.62154 
C 1.66670 -5.43303 8.15354 
H 2.15959 -5.28445 9.11905 
H 1.13150 -6.38570 8.20265 
H 2.43999 -5.51923 7.38523 
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