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ABSTRACT: The intramolecular electronic structures and
intermolecular electronic interactions of 6,13-bis-
(triisopropylsilylethynyl)pentacene (TIPS pentacene), 6,14-bis-
(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]-
pentacene (TP-S pentacene), and 2,2,10,10-tetraethyl-6,14-bis-
(triisopropylsilylethynyl)-1,3,9,11-tetraoxa-dicyclopenta[b,m]-
pentacene (EtTP-S pentacene) have been investigated by the
combination of gas-phase and solid-phase photoelectron spec-
troscopy measurements. Further insight has been provided by
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electrochemical measurements in solution, and the principles that emerge are supported by electronic structure calculations. The
measurements show that the energies of electron transfer such as the reorganization energies, ionization energies, charge-
injection barriers, polarization energies, and HOMO—-LUMO energy gaps are strongly dependent on the particular
functionalization of the pentacene core. The ionization energy trends as a function of the substitution observed for molecules in
the gas phase are not reproduced in measurements of the molecules in the condensed phase due to polarization effects in the
solid. The electronic behavior of these materials is impacted less by the direct substituent electronic effects on the individual
molecules than by the indirect consequences of substituent effects on the intermolecular interactions. The ionization energies as a
function of film thickness give information on the relative electrical conductivity of the films, and all three molecules show
different material behavior. The stronger intermolecular interactions in TP-S pentacene films lead to better charge transfer
properties versus those in TIPS pentacene films, and EtTP-5 pentacene films have very weak intermolecular interactions and the

poorest charge transfer properties of these molecules.

1. INTRODUCTION

Pentacene derivatives have attracted attention due to their
applications as the electroactive part of organic field effect
transistors (OFETs), organic photovoltaics (OPV), and organic
light emitting diodes (OLEDs).'”'® The diversity of
applications of pentacenes is 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 1 (see
Chart 1) which adopts a 2D #-stacking arrangement in the
solid, thus making TIPS pentacene suitable for OFETs.> ™
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-S pentacene, 2),
and 2,2,10,10-tetraethyl-6,14-bis-(triisopropylsilylethynyl)-
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1,3,9,11-tetraoxa-dicyclopenta[ b,m]pentacene (EtTP-S penta-
cene, 3), which can be used in OLEDs.'%*® TP-5 pentacene 2
adopts a 1D z-stacking arrangement with significant s-orbital
overlap in the solid, thus becoming also suitable for
OFETs."®?° EtTP-5 pentacene 3 has a large separation between
m-faces in the crystal due to the ethyl groups on the dioxolane
rings, which hinders the interaction between pentacene units in
the solid.'*** All three pentacene derivatives (TIPS, TP-S, and
EtTP-5) have also been used in OPVs as electron donors.'

In this work, energy measurements of molecular electronic
structures and properties (such as ionization energies,
reorganization energies, charge-injection barriers, HOMO/
LUMO energy gaps, and polarization energies) of TIPS, TP-
5, and EtTP-5S pentacenes and how these electronic properties
are altered in the condensed phases are reported on the basis of
gas- and solid-phase photoelectron spectroscopy, along with
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Chart 1. TIPS Pentacene, 1, TP-S Pentacene, 2, and EtTP-§
Pentacene, 3

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 and polarization
effects 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 correspondingly derived HOMO/LUMO energy gaps. The
solid-phase analysis gives the ionization and polarization
energies, along with charge-injection barriers in the presence
of intermolecular interactions.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Gas-Phase Photoelectron Spectroscopy. Gas-phase
photoelectron spectra (He I photon source) were recorded on an
instrument built around a 360 mm radius, 80 mm gap hemispherical
analyzer™ (McPherson) using a custom-designed photon source and
gas-phase sample cell>*** Instrument control and electron counting
are interfaced to a National Instruments PCle-6259 multifunction
DAQ board and custom software. Samples sublimed cleanly with no
evidence of decomposition. Sublimation temperatures as monitored
with a K-type thermocouple passed through a vacuum feed and
attached directly to the ionization cell were 285—300 °C for 1, 265—
302 °C for 2, and 255—265 °C for 3. The argon P, ionization at
15.759 €V was used as an internal calibration lock of the absolute
ionization energy and its difference with the CH,I *E, , ionization at
9.538 eV provided an external calibration of the energy scale. The
instrument resolution (measured as the full width at half-maximum
(fwhm) of the argon ?P;, ionization) was 0.026—0.027 eV during data
collection. The intensity of the ionizations was corrected according to
an experimentally determined analyzer sensitivity function versus
electron kinetic energy. The He I spectra were also corrected for the
He If} resonance line emission from the source, which is about 3% of
the intensity of the He I line emission and at 1.869 eV higher photon
energy.

2.2. Solid-Phase Photoelectron Spectroscopy. The photo-
electron spectra of thin films (prepared as described below) of 1-3
were collected at room temperature using a combined UPS-XPS
Kratos Axis Ultra instrument with an average base pressure at or below
S X 107® Torr, and 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
(He Ia; 21.218 €V) photons, and the spectra were collected using a S
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. XPS (core) studies were performed using a
monochromatic Al Ka (1489 eV) excitation source, with pass energies
of 20 eV for close-up spectra of the O 1s, C 1s, and Si 2p ionizations
for 1—3. The HBEC (high binding energy cutoff of electron counts) of
solid-phase UPS spectra was taken as the highest binding energy point
at which electron counts are above the baseline (and was obtained as
the cross point of the tangent to the high binding energy side with the
baseline. The adiabatic ionization energy was determined similarly as
the onset of electron counts above the baseline on the low binding
energy side of the spectra (which was determined as the cross point of
the tangent to the low energy side of the first ionization energy band
with the baseline). The uncertainty in these energies is generally about
+0.1 eV and may be more when the signal is broadened, such as for
the first ionization of molecule 3 at higher coverages. The instrument
kinetic energy scale was calibrated for UPS measurements using the
He I and He II energy sources, such that the kinetic energy difference
of Au 5d ionizations measured by UPS in He II and He I modes is
equal to the energy difference between He II and He I energy sources,
40.8 eV — 212 eV = 19.6 eV.

2.2.1. Thin-Film Preparation. The films of substituted pentacenes
1—3 were prepared by vapor deposition on a gold foil substrate in a
UHV chamber connected to the UPS/XPS analysis chamber. We focus
on the electronic properties of the films directly as deposited. Surface
contaminants were removed from the gold foil prior to use by
sputtering the surface with an argon ion beam set to 10—15 mA. The
solid oligoacene samples were placed into a boron nitride crucible and
sublimed under vacuum (at or below § X 107 Torr) using a stainless
steel Knudsen cell. A tantalum sleeve was attached to the top of the
cell to help direct the sublimed sample for deposition on the gold
substrate. Sublimation temperatures were monitored using a K-type
thermocouple passed through an ultrahigh vacuum (UHV) feed and
attached directly to the sample cell. Successive depositions were made
at 275—295 °C for 1, 250—260 °C for 2, and 230—240 °C for 3. 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. A change in frequency of 15 Hz
was determined to correspond to approximately 3 A of each sample
(roughly a monolayer thickness), as also confirmed by attenuation of
the Au 3ds/, signal in the XPS spectrum. Subsequent depositions of
molecules 1—3 on Au were made in multiple steps with thicknesses
from 10 to 200 A for TIPS pentacene and TP-S pentacene, and from 6
to 120 A for EtTP-S 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. There was no
evidence of decomposition of the films over the course of these
measurements.

2.3. Electrochemistry. Electrochemical data were measured using
a BAS CV-50W voltammetric analyzer in a three cell configuration
consisting of a Ag wire pseudo reference electrode, a platinum button
as working electrode and a platinum wire as counter electrode.
Tetrabutylammonium hexafluorophosphate (TBAPF,) was dissolved
in dichloromethane (DCM) to produce 0.1 M supporting electrolyte
solution. Both cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed for each acene. 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. Redox potentials were obtained from
DPV experiments. For CV we use a scan rate of 50 mV/s and for DPV
20 mV/s. These voltammetry measurements were then converted to
absolute electrochemical HOMO—LUMO values and band gaps using
the absolute HOMO energy of ferrocene of 4.8 eV according to
literature methods.>>*® The uncertainty of electrochemical measure-
ments is approximately +0.05 V.

2.4. Computations. Computations were performed with the
Gaussian 03”7 and ADF2008* programs using several density
functionals and basis sets (see Supporting Information for additional
details). Because a large number of different conformations are
possible for the TIPS groups on the pentacenes, starting structures for
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the geometry optimizations were selected in two different ways. In the
first approach, the starting coordinates were taken from the crystal
structure of TIPS pentacene.'” In the second approach, the possible
gas phase conformations of TIPS pentacene were generated with
MacroModel,”® and the starting coordinates were taken from the
lowest energy conformation. Optimization of the geometries from
both sets of starting coordinates led to the same structures and
energies, which implies that crystal packing in the solid state does not
change the preferred conformation of the TIPS groups. The
substituents of the TP-5 pentacene 2 and EtTP-S pentacene 3
molecules were then added to the TIPS pentacene core structure and
the full structures were optimized in the gas phase.

The B3LYP energy functional has been applied extensively to
calculations of the electronic properties of organic molecules,”*°™**
and we reported earlier that ASCF calculations for TIPS-substituted
oligoacenes using the B3LYP/6-31G** model reproduce the gas phase
experimental trends.>® Here we use the geometries optimized at the
B3LYP/6-31G** level. The calculated gas-phase ionization energies
are smaller than the corresponding experimental values by about 0.6
eV for pentacenes 1—3 by this model, and the reorganization energies
are underestimated by about 50 meV, but the computational energy
trends reproduce the experimental trends in the gas phase correctly.
The calculated ionization energies come closer to the experimental
values with the M06 functional and especially with triple-{ functions
such as cc-pTVZ and TZVP. The M06/TZVP energies at the B3LYP/
6-31G** geometries consistently underestimate the ionization
energies and absolute oxidation and reduction potentials by about
0.3 eV. Geometry optimizations at the MO06/TZVP level were
prohibitively time-consuming for this study.

3. RESULTS AND DISCUSSION

The main goal of this work is to analyze the electronic
properties of the valence states of TIPS pentacenes 1—3 in the
gas, solution, and solid phases with emphasis on the electronic
effects of the dioxolane substituents on the TIPS pentacene
core.

3.1. Gas Phase. The molecular vertical and adiabatic
ionization energies along with the intramolecular reorganization
energies of TIPS, TP-5, and EtTP-S pentacenes are obtained
from the gas-phase ultraviolet photoelectron spectroscopy
(UPS) measurements of the first ionization bands, shown in
Figure 1. The full spectra for these molecules are given in the
Supporting Information. Before proceeding to a detailed
analysis of the first ionization bands, first consider the
information that is readily apparent from visual comparison
of the ionizations. From Figure 1 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. A first approximation to the vertical
ionization energy (VIE) is simply the energy of the most
intense feature in the ionization band, because this feature
represents the transition from the most probable geometry in
the ground vibrational state of the neutral molecule to the
(vertical) vibrational state of the cation with minimal change in
geometry. The adiabatic ionization energy (AIE) is approxi-
mated by the low energy onset of the ionization band,
corresponding to the transition from the ground state of the
neutral molecule to the ground state of the cation upon
ionization, provided that the reorganization energy is
sufficiently small relative to the vibrational displacements of
the neutral molecule and that hot bands do not obscure the
adiabatic onset (vide infra). The intramolecular reorganization
energy (RE) is the energy difference from the VIE to the AIE,
and larger reorganization energies are evidenced by larger
ionization band widths. As seen in Figure 1, the first ionization
band shifts to lower ionization energy and becomes broader
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Figure 1. He I gas-phase UPS: first ionization energy bands of
molecules 1-3.

going from TIPS pentacene 1 to TP-S pentacene 2, and further
to EtTP-5 pentacene 3, reflecting decreasing vertical and
adiabatic ionization energies and increasing reorganization
energies on going from molecule 1 to molecule 3.

More precise values of the vertical ionization energies (VIE)
and the radical cation reorganization energies (RE) of
molecules 1—3 were obtained from analytical evaluation of
the ionization band contours. This analysis is based on the two-
mode Poisson vibrational progression model, which was
successfully applied earlier to analysis of the ionization energies
and reorganization ener%ies of other TIPS oligoacenes,
including TIPS pentacene, 3 and has been discussed in detail
previously in several earlier reports.*>**~*¢ Briefly, the high
frequency vibrations activated upon ionization are modeled by
vibrational components constrained to Poisson intensity
distributions, and the width of the high frequency vibrational
components is determined by the instrumental peak broad-
ening and unresolved low-frequency vibrations that give a
Gaussian peak shape. The Poisson vibrational distributions that
model the ionization energy bands for each molecule are
represented as color coded peaks under each band in Figure 1.
Although the model shown in Figure 1 has many vibrational
peaks contributing to the overall shape, there are actually few
variable parameters in modeling the data. After the Gaussian
line shape is determined and held the same for all components,
only the vibrational spacing and Huang—Rhys factor of each
progression are optimized to match the band contour.

Because of the high sublimation temperature of pentacenes
1-3 (265-315 °C), the low-lying vibrationally excited levels in
the ground state of these molecules were thermally populated,
which in turn resulted in the presence of the so-called hot
bands**** on the low energy side of the first ionization band.
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These hot bands are shown in Figure 1 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,>® the RE consists of
two contributions: quantum-mechanical and semiclassical. The
quantum-mechanical portion of the RE takes into account the
Poisson intensity distribution in each vibrational progression
(defined by the Huang—Rhys factor) and the energy separation
between peaks (that is, the vibrational frequency of the
progression). The uncertainty in the determination of RE turns
out to be less than the individual uncertainties in the vibrational
frequency and the Huang—Rhys factor, because the RE is a
function of the product of the two, and in the modeling of
ionization intensity an overestimate of the vibrational frequency
is accompanied by an underestimate of the Huang—Rhys factor.
The semiclassical part of the RE takes into account the width of
the Gaussians within each progression (after allowance for the
instrumental broadening) and the sublimation temperature of
each sample. The adiabatic ionization energy (AIE) is then
determined as the difference between the vertical ionization
energy and the intramolecular reorganization energy rather
than trying to observe the ionization to the ground vibrational
state of the radical cation. Previous theoretical studies of
pentacene have shown that the overall ionization band contour
is a complex manifold of overlapping vibrational progressions,”
but the reorganization energy obtained from the multimode
analysis is the same as obtained from the two-mode analysis,
which essentially integrates the multimode intensity. 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.

The main energy parameters obtained from this two-mode fit
are presented in Table 1. The uncertainties in the reported

Table 1. Energy Values from Two-Mode Modeling of the
First Ionization Bands”

molecule Upp cm™! Vg cm™ 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

“Full set of parameters for each two-mode Poisson analysis of the band
profiles is given in Supporting Information. z4¢ and v are the high and
low frequency vibrational modes respectively; RE is the reorganization
energy; VIE and AIE are the vertical and adiabatic ionization energies
respectively.

energies are on the order of +0.005 eV. The detailed
information about the vibrational analysis with the complete
list of parameters for each molecule is given in the Supporting
Information. The higher frequency vibrational progression (2,5
describes vibrations of about 1300—1400 cm™' originating
mainly from the vibrations of the pentacene core activated
upon ionization, whereas the lower frequency progression (1)
corresponds to the vibrations of about 600—700 cm™" 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.

14188

On the basis of both visual inspection of the ionizations and
more precise analysis, the addition of dioxolane substituents
leads to lower ionization energy in the gas phase and larger
reorganization energy for TIPS pentacenes. Even though the
oxygen atoms are more electronegative than carbon atoms
(what causes stabilization of the HOMO energy levels by an
inductive effect), the pi conjugation increases upon dioxolane
substitution of the acene core and causes the destabilization of
the HOMO by an overlap effect, thus opposing and dominating
over the electronegativity effect. This effect of dioxolane groups
was also observed for benzene and naphthalene: the VIE
change on going from benzene (9.24 eV)** to 1,3-benzodioxole
(8.18 eV)** is 1.06 €V and from naphthalene (8.15 eV)*® to
2,3-(methylenedioxy)naphthalene (7.88 eV)***' is 027 eV;
and for the sake of comparison, in this work the VIE shift on
going from TIPS pentacene to TP-S pentacene is 0.19 eV. The
dioxolane substitutions of TIPS pentacene contribute toward
the high vibrational frequency mode due to increased pi
conjugation on going from molecule 1 to 3, thus leading to
larger reorganization energy.

3.2. Solution Phase. The solution oxidation and reduction
electronic properties of pentacenes 1—3 are evaluated electro-
chemically. Comparison of the solution-phase oxidation
potentials with the gas-phase ionization energies provides a
better understanding of the change in the electronic properties
of these pentacenes going from the gas to the condensed phase,
taking into account the differences between the electrochemical
free energy measure in solution and the photoelectron
spectroscopic energy measure in the gas phase (see Section
3.3).%7% 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-S pentacene 2 is
0.24 V, and that of EtTP-5 pentacene 3 is 0.18 V; the reduction
potentials are —1.47, —1.55, and —1.66 V for molecules 1, 2,
and 3, respectively. The decreasing oxidation potentials and
more negative reduction potentials through the series reflect
the same trend of decreasing gas-phase ionization energies. The
correlation between the solution-phase oxidation potentials and
the gas-phase ionization energies, with a slope of 0.47, is shown
in Figure 2. The slope of this correlation is noticeably less than
unity meaning that the solvent effects on these pentacenes
cause an attenuated change in oxidation potentials versus the
change in ionization energies for molecules 1—3, but the
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Figure 2. Correlation between the experimental oxidation potentials
(vs Fc/Fc*) and the gas-phase adiabatic ionization energies for
molecules 1-3.
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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
are obtained according to the common literature method?>?°
(see Experimental and Computational Details section) of
adjusting the measured oxidation and reduction potentials to
the absolute reference potential. These values along with the
energy gap in dichloromethane solution are reported in Table
2. As can be seen from Table 2, the shifts in HOMO and

Table 2. Absolute Energy Levels in eV of Molecules 1-3
Based on Adjusted Experimental Oxidation and Reduction
Potentials”

molecule HOMO LUMO Gap
1 —5.16 -3.33 1.83
2 —5.04 —3.26 1.78
3 —4.98 -3.14 1.84

“Measured in dichloromethane and adjusted as explained in the
Experimental and Computational Details section.

LUMO energy levels between molecules 1—3 are in the same
direction by about the same amount, such that these
pentacenes have the same (within experimental error) energy
gap values.

3.3. Computations. Two caveats should be kept in mind
when discussing the HOMO and LUMO energy levels and the
energy band gap. First, the precise meaning of the reported
energy values depends on the experimental method by which
they are measured and the theory by which they are
interpreted. In this case, the experimental definition of the
HOMO and LUMO energy levels based on absolute oxidation
and reduction potentials is not the same as the precisely defined
HOMO and LUMO orbital energies in Hartree—Fock theory.
However, these two definitions (as well as other experimental
measures and theoretical definitions of the HOMO and LUMO
energies) share the concept of electronic states related by loss
and gain of electrons and often trend similarly. The energies are
directly linked as shown computationally in this section. Second
and most important to the results of this study, the discussion
in terms of HOMO and LUMO energy levels can be misleading
because it implies that these energy levels are intrinsic
properties of the neutral molecules that control the energies
of electron transfer. As will be shown in Section 3.4,
consideration must be given to the particular nature of the
cation and anion electronic states rather than the electronic
structure of the neutral molecules, and the influence of the
molecular environment on these ionic electronic states.

The trends in the measured gas-phase photoelectron
ionization energies and solution electrochemical oxidation
and reduction potentials are compared to the electronic
structure computations at the DFT level in Figure 3. The
gas-phase ionization energies are calculated as the AEgcg
electronic energy from the neutral molecule to the cation at
the neutral molecule optimized geometry (VIE) and to the
cation at cation optimized geometry (AIE). The VIE contains
the electron relaxation energy and change in correlation energy
according to the DFT model, and the AIE adds the
reorganization energy.

Calculation of the free energies (AG) of the solution
oxidation and reduction potentials starts from the gas-phase
adiabatic ionizations energies and electron affinities respectively
and proceeds to inclusion of the changes in thermal and
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Figure 3. Experimental (solid lines) and computational (dashed lines)
energy comparisons for molecules 1—3. VIE and AIE are the gas-phase
vertical and adiabatic ionization energies, respectively. HOMO and
LUMO are the absolute solution oxidation and reduction potentials,
respectively.

solvation free energies with removal and addition of an electron
to the molecule. It was anticipated that changes in zero-point
energies and thermal free energies would be small because the
reorganization energies are relatively small and there is
relatively little change in the vibrational energies and shapes
of the molecules. As a check of this expectation, the vibrational
frequencies of the neutral and cation states of pentacene and
TIPS pentacene were calculated and the gas-phase translational,
rotational, and vibrational contributions to the free energies
were determined. The net contribution to the free energy for
oxidation amounted to less than 0.01 eV, which is much less
than the uncertainty of other approximations in the model.
Solvation stabilization energies were estimated by applying the
PCM solvation model with dichloromethane as a solvent to the
gas phase structures (assuming little change in structure from
the gas phase to the condensed phase, as supported by the
analysis above).

The computational energy levels are found to track the
experimental values fairly consistently, showing destabilization
from molecule 1 to 2 to 3 as discussed previously. The
consistency between the calculated and experimental gas-phase
energies shown in Figure 3 supports the models for calculation
of the electronic energies AE. The calculated energy gap
between the HOMO and LUMO energies is equal to the
experimental value within about 5%. The shift from the gas-
phase energies to the solution-phase energies shown in Figure 3
is dominated by the solvation energy, and the similar
differences between calculated and experimental energies in
both phases indicates that the solvation model and the
conversion of the electrochemical potentials to an absolute
free energy scale are reasonable.

3.4. Solid Phase. Insight into the intermolecular electronic
properties of molecules 1-3 is provided by the solid-phase
UPS measurements. The solid—};hase UPS of TIPS pentacene
has been discussed previously*” in relation to the electronic
effect of the triisopropylsilylethynyl group on the pentacene
backbone. In this work we focus on the electronic effect of
dioxolane functional groups on TIPS pentacene by comparing
the electronic properties of TP-S and EtTP-5 pentacenes with
those of TIPS pentacene. Figures 4—6 show the high and low
binding energy sides of the photoelectron spectra of pentacenes
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Figure 4. Solid-phase UPS of TIPS pentacene 1 on Au: high binding
energy region spectra on the left with HBEC energy indicated, valence
region spectra on the right with the ionization onset indicated.
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Figure S. Solid-phase UPS of TP-S pentacene 2 on Au: high binding
energy region spectra on the left with HBEC energy indicated, valence
region spectra on the right with the ionization onset indicated.

1-3 as a function of film thickness. The high binding energy
cutoff of ionization intensity (HBEC, which corresponds to the
point of electrons with zero kinetic energy from the surface and
is used with the photon energy of the source to define the
vacuum level of the material) is indicated by the position of the
vertical black lines on the left side of the figures. Similarly, the
onset of ionization intensity relative to the Fermi level of Au
(which corresponds closely to the adiabatic ionization energy
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Figure 6. Solid-phase UPS of EtTP-S pentacene 3 on Au: high binding
energy region spectra on the left with HBEC energy indicated, valence
region spectra on the right with the ionization onset indicated.: HBEC
region spectra on the left, HOMO region spectra on the right.

from the HOMO) is indicated by the vertical black lines on the
right side of the figures. The energies of these points are
reported to 0.1 eV. The Fermi level Ef of Au was set to 0.0 eV
and the work function of Au for the experiment was the He I
photon energy of 21.2 eV minus the HBEC energy.*®

As can be seen from Figures 4—6, the first deposition of each
organic molecule 1—3 shifts the HBEC to higher energy on the
order of 1 eV from Au. This shift in the vacuum level is caused
primarily by the change in the strong surface dipole from the
clean gold substrate to the organic surface overlayer.**~>* In the
case of TIPS pentacene 1 (Figure 4), the HBEC continues to
shift slowly to higher energy with further depositions up to 160
A, and a strong shift of HBEC is observed for the 200 A thick
film. This strong HBEC shift for thicknesses above 160 A
indicates insufficient electron transfer through the TIPS
pentacene film to compensate charging at the surface. The
HOMO AIE level (the top of the valence band) of TIPS
pentacene shifts to higher energy slightly more rapidly than the
HBEC from the 10 A film to the 40 A film due to decreasing
stabilization of the TIPS pentacene cation by polarization of the
gold substrate.”> For the films of 40—160 A, the HOMO and
HBEC levels shift similarly (within +0.1 eV), and for the 200 A
film, the HOMO and HBEC levels shift significantly to higher
energy side with the HOMO energy shifting more rapidly due
to the charging effects mentioned above. On the basis of these
observations, the bulk properties of TIPS pentacene are
achieved for the film thicknesses of 100—160 A because the
HBEC and the HOMO level of this material are stabilized
within this thickness range.

In the case of TP-S pentacene 2 (Figure S), for all
depositions from 20 to 200 A, the HBEC and the HOMO
level positions are constant (within the experimental error),
meaning that the electron transfer 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 the complete
range of thicknesses that were examined.

In contrast, for EtTP-S pentacene 3 (Figure 6), the HBEC
and the HOMO level are never stable. With each increase of
film thickness the HBEC and the HOMO level experience
strong shifts toward the higher binding energy region, with the
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HOMO level shifting most rapidly along with a broadening of
the peak, indicative of an early onset of charging effects.

On the basis of these results, the evolution of HBEC and
HOMO energies with film thickness is strongly affected by the
presence of dioxolane-containing substituents on the pentacene
backbone, showing different behavior in all three cases. Table 3

Table 3. Experimental Solid-Phase Energy Values in eV of
Molecules 1-3

1 2 3
Zone A range <60 A <60 A <60 A
AIE* ~5.6 ~5.0 ~S.0
PE” ~0.7 ~11 ~0.9
Zone B range 60—160 A 60—200 A —
AIE? 5.8 5.1 —
PE” 0.5 1.0 —
Zone C range >200 A — >60 A
AIE” >5.9 — >5.0
A€ <04 — <0.9

“Adiabatic ionization energy of the solid (AIEg) measured relative to
the vacuum level = photon energy — HBEC energy + ionization onset
energy. bPolarization energy (PE) = AIE; — AIEg, where AlEg is the
adiabatic ionization energy measured in the gas phase. “Shift of the
adiabatic ionization energy from the gas phase in the presence of
surface charging.

compares the ionization characteristics of thin films of these
molecules as a function of the film thickness, and identifies
three different zones. Zone A corresponds to the initial
coverage of the surface for these molecules. This zone is
characterized by the initial shift of the vacuum level and
relatively rapid shifting of the HBEC and the ionization onset
energies. Zone B is a region characterized by fairly stable HBEC
and adiabatic ionization energies, and is taken to be
characteristic of the bulk material removed from the Au
substrate interface. The thickness of this zone is different for
each molecule. For TIPS pentacene 1, it ranges from about 40
to 160 A after which shifting of both the HBEC and the
ionization onset is observed; for TP-5 pentacene 2, the HBEC
and HOMO energies are stable from 40 A to the thickest
coverage studied (200 A), but for EtTP-S pentacene 3, there is
no region of stable HBEC and HOMO energies that can be
characterized as zone B. Zone C occurs at higher coverage and
is characterized by substantial shifts of the HBEC and HOMO
to higher energies as a consequence of surface charging and
may be accompanied by broadening of the first ionization peak
and a less discernible adiabatic ionization onset. The thickness
at which this occurs also is different for each molecule. It begins
at very low coverage for EtTP-5S pentacene 3.

These ionization characteristics are evidence that function-
alization of TIPS pentacene with the dioxolane rings leads to
better electron transfer through TP-5 pentacene films in
comparison to that in TIPS pentacene films. However, further
functionalization of TP-S pentacene with ethyl groups on
dioxolane rings leads to substantial charging of EtTP-S
pentacene films at low coverage, which is reflected in the
strong observed energy shifts of the HOMO and HBEC.
Apparently, the presence of the ethyl groups in EtTP-5
pentacene provides additional insulation between the molecules
in the solid and, thus, hinders the intermolecular electronic
interactions in this material. It is interesting to note that EtTP-5
was found in the gas-phase photoelectron studies to have the
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lowest sublimation temperature of the three molecules, despite
having the highest mass, consistent with the weakest
intermolecular interactions for this molecule. Therefore, in
EtTP-S pentacene films the ionized electrons can not be fully
replenished from the Au substrate, which leads to the charging
effects that are observed. This, in turn, illustrates very poor
electron transfer through the EtTP-5 pentacene films,
compared to that in TIPS pentacene and TP-5 pentacene films.

Estimation of the polarization energies in these materials
provides further clarification of the intermolecular electronic
interactions of pentacenes 1-—3. In previous works, we
demonstrated how the polarization effects can drastically affect
the electronic energy levels in molecules of this type, so that
they dominate over the intramolecular electronic structure
trends on going from pentacene to TIPS pentacene.”” We also
showed the electronic effect of increasing the number of fused
rings in TIPS oligoacenes.® The present work shows the
electronic effects of the dioxolane substituents on the TIPS
pentacene core. The polarization energy (PE), as defined in the
literature,>**° is the difference in the AIE measured in the gas
phase (AIE;) and the AIE measured in the solid phase (AIEg)
relative to the vacuum energy level. The vacuum energy levels
in the gas and solid phase experiments are not defined
equivalently, but are sufficiently close in these experiments to
allow this comparison.**>* To be specific, the vacuum level in
the gas phase corresponds to an absolute vacuum (free electron
with zero kinetic energy at an infinite distance from the
system), and the ionization energies are calibrated to the optical
threshold ionizations,” in this experimental setup the argon
*P,, ionization. The vacuum level in the solid phase
corresponds to the zero kinetic energy of a free electron just
outside the solid and inside the instrument, calibrated to the
HBEC, where it is still under the influence of the surface
dipoles and potentials.>> 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, and therefore adds some uncertainty to
the absolute energy values, for these molecular systems, the
surface dipoles are similar and small, so the vacuum levels in the
solid phase for the different molecules are similar and the
energy trends obtained in the gas phase can be compared with
the trends measured in the solid phase.

Table 3 includes the polarization energies (PE) for each
molecule 1-3 in zones A and B. The polarization energies are
on the order of 1 eV or less, and very similar to the solvent
stabilization energies discussed in Section 3.3 and shown in
Figure 3. The energy shifts in zone C are partly due to charging
effects and cannot be ascribed solely to polarization energies.
The solid phase adiabatic energies relative to the vacuum level
as a function of coverage are compared to the adiabatic gas
phase ionization energies in Figure 7. As can be seen from
Figure 7, the first ionization energy band is shifted to lower
ionization energy 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. This thus leads to the
smaller ionization energy in the solid phase versus the gas
phase; the amount of this destabilization depends strongly on
the material. The arrows indicate the polarization energies that
stabilize the cations relative to the neutral molecules in the solid
phase and shift the ionizations to lower energies compared to
the gas phase. The polarization energy shift for pentacene is
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Figure 7. Adiabatic ionization energies measured in the solid phase
relative to the vacuum level (AIEg, solid lines) for pentacene and
molecules 1—3 as a function of film thickness. The adiabatic ionization
energies measured in the gas phase (AIE;) are shown by the
horizontal dashed lines for comparison. The arrows indicate the
polarization energies in the solid that stabilize the cations relative to
the neutral molecules and shift the ionizations to lower energies.

much larger than that of TIPS pentacene 1, as discussed in
previous work,*” such that although pentacene has the largest
adiabatic ionization energy in the gas phase, it has the lowest
adiabatic ionization energy in the solid phase for all film
thicknesses. This holds true for pentacene in comparison to
TP-S pentacene 2 and EtTP-5 pentacene 3 also. In the region
of 40—60 A coverage, the solid-state ionization energy trend
between TIPS, TP-S, and EtTP-S pentacenes reproduces the
ionization energy trend observed in the gas phase and the
oxidation potentials observed in solution; as should be
expected, considering similar polarization stabilization of the
cations of these molecules with the gold substrate at such low
coverages and the weak van der Waals interactions between
organic molecules in the solid, which in turn lead to localized
HOMO states on each molecule.”” But going further to the

bulk films of pentacenes 1—3 (120 A), the relative shifts in AIE
change in different ways. The polarization energy for TIPS
pentacene reduces and then stabilizes between 80 and 160 A.
The polarization energy for TP-5 does not reduce as the film
thickens, indicating stronger intermolecular interactions, greater
polarization energy in the bulk, and less charging. For EtTP-5
pentacene the position of the first energy band shifts
consistently to the higher ionization energy for all depositions
shortly after the first deposition, thus indicating smaller
intermolecular interactions and greater charging. Essentially,
the EtTP-5—Au interactions dominate significantly over the
EtTP-S—EtTP-S interactions for thinner layers (up to SO A),
and when the influence of Au is not observed (70 A and up),
the charging effects start to dominate, indicating overall poor
conductivity of EtTP-S pentacene films. On the basis of these
results, TP-5 pentacene films experience the strongest
intermolecular electronic interactions in the bulk versus TIPS
and EtTP-5 pentacene films. The better conductivity in turn
leads to the largest polarization energy and the stable positions
of the HBEC and the first energy band without evidence of
charging effects.

4. CONCLUSIONS

The results show that (1) the gas-phase ionization energies
decrease on going from molecule 1 to 3 due to the addition of
oxygen pz overlap conjugation with acene 7 orbitals; (2) with
these substitutions, the additional vibrations which are activated
by ionization lead to a corresponding increase in the
intramolecular reorganization energies; (3) in the solution
phase, the absolute oxidation potentials are lowered relative to
the gas phase fairly uniformly by about 1 eV, primarily by the
polarization solvent stabilization of the cations, such that the
gas phase trend of lower ionization energy from TIPS to TP-5
to EtTP-S pentacene is maintained; (4) the reduction
potentials of these pentacenes change in paralle]l with the
oxidation potentials, leading to the same energy gap value for
TIPS, TP-5, and EtTP-S pentacenes, because of the similar
degree of conjugation in these molecules; (S) the slope of the
linear correlation between the solution-phase oxidation
potentials and the gas-phase ionization energies is noticeably

vac

5.2eV

Au
(TIPS pentacene)

R

Figure 8. Solid phase energy level diagram of molecules 1-3.
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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; (6)
in the solid phase for ~40 A 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 A), the solid-state
ionization energies of pentacenes 1—3 do not follow the gas-
phase ionization energy trend because of the drastic change in
polarization effects observed in the bulk and surface charging of
the EtTP-S films; (7) the intermolecular interactions in TP-5
pentacene films are stronger versus those in TIPS pentacene
films; EtTP-5 pentacene films have the weakest intermolecular
interactions.

The results of this work are summarized in the solid-state
energy level diagram Figure 8. This diagram shows the vacuum
level shift from that of Au to pentacenes 1—3, the evolution of
the ionization energies relative to the Fermi level 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-S 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-S
pentacene was implemented in order to reduce significantly
the intermolecular interactions.'®***" This original goal is fully
supported by the results of this study, namely, TP-S pentacene
has smaller ionization energies relative to the Fermi edge of Au
(which is defined in the literature*”***% a5 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-S pentacene films are
stronger versus those in TIPS pentacene films. The evolution
of the ionization and polarization energies with the thickness of
EtTP-S pentacene films, discussed above, serves as evidence of
the weaker intermolecular interactions in this material. Also, in
solution (as shown above), TP-S and EtTP-S derivatives indeed
have lower oxidation and reduction potentials versus those of
TIPS pentacene, and all three pentacenes have the same energy
gap.

Abbreviations. TIPS, triisopropylsilylethynyl; AIE, adia-
batic ionization energy; VIE, vertical ionization energy; HBEC,
high binding energy cutoff; RE, reorganization energy; PE,
polarization energy; HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied molecular orbital; UPS,
ultraviolet photoelectron spectroscopy; XPS, X-ray photo-
electron spectroscopy
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