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ABSTRACT

Charge transfer efficiency at the organic/transparent conducting oxide (TCO) interface
is one of the key parameters controlling the overall efficiency of organic photovoltaics
(OPVs). Modification of this interface with a redox-active organic surface modifier may
further enhance the charge transfer across the interface by providing a charge-transfer
pathway between the electrode and the organic active layer. Functionalized perylene
diimide molecules (PDI) are useful for modifying metal oxide/acceptor interfaces for
inverted solar cell devices because their LUMO energy level is close to some commonly
used acceptor molecules. The effects of PDI structural parameters on the interfacial charge
transfer processes across the organic/ITO interface were investigated.
Six different PDI monolayers with different structural parameters were deposited on
ITO surfaces to investigate the relationship between molecular orientation, linker length,
aggregation and charge transfer process. The PDI orientation, degree of PDI aggregation
and charge transfer process acrosses PDI/ITO interfaces were characterized by polarized
ATR spectroscopy, PM-ATR spectroscopy and photoelectrochemistry. Both linker length
and orientation affected the tunneling distance between PDI and ITO, therefore affecting
the charge transfer rate constant across the PDI/ITO interfaces. PDI aggregation forced a
more out-of-plane orientation of PDI molecules and increased the overall measured charge
transfer rate constant. However, PDI aggregation also increased the excited state
recombination rate which ultimately led to decrease of the charge collection efficiency.
The first application of a PM-TIRF platform to characterize the electron-transfer
processes of PDI monomeric films across the organic/electrode interface is presented. The
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PM-TIRF technique provides higher sensitivity as well as the capability to measure very
fast charge transfer events, compared to other commonly used potential-modulated
spectroscopy techniques. PDI-phenyl-PA monomeric films exhibited a more in-plane
orientation compared with aggregated films and showed a smaller charge transfer rate
constant across the PDI/ITO interfaces compared with PDI films with higher degrees of
aggregation after normalizing the tunneling distance contributions.
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1. INTRODUCTION
1.1. OVERVIEW OF THE PHOTO CONVERSION MECHANISM FOR
ORGANIC PHOTOVOLTAICS (OPV)
Solar energy is one of the largest renewable energy sources with an annual potential
energy of 1575 - 49387 exajoules (EJ) as reported in World Energy Assessment.1 It is larger
than the total world energy consumption in 2012, which was 559.8 EJ. 2 However, solar
power only contributes to ~ 1 % of the global energy consumption according to Renewables
2015 Global Status Report. The high production cost of solar energy is the main reason.3
Silicon-based inorganic solar cells are currently the major photovoltaic (PV) platform
on the market. It has a power conversion efficiency of ~ 25% with very good stability.
However, silicon-based PVs suffer from high manufacturing costs and the need for heavy
and rigid modules, which limit their applications. 4 Organic photovoltaics (OPV) on the
other hand have the potential to realize the production of low-cost, large-area, flexible and
lightweight photovoltaic devices. However, the efficiency of organic solar cells are only
about 10 % for research cells.5-7 Further research on improving the power conversion
efficiency of organic solar cells is needed.
In traditional OPV devices, thin film materials are arranged in the order of transparent
conducting oxide (TCO)/donor/acceptor/metals, while in inverted devices the order of
donor and acceptor is switched.8 Compared to traditional devices, inverted devices in the
TCO/acceptor/donor/metals arrangement have recently received more attention mainly
because considering the energy level alignment of different materials, it can avoid the
usage of less stable, low work function metals such as Ca and Mg as the top layer. Instead
more stable cathode metals such as Au and Ag are used.9-12 Figure 1.1 shows the general
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architecture of a simple inverted planar heterojunction OPV. Solar energy is converted to
electric energy through a four-step mechanism13 (Figure 1.2): (1) photoexcitation and
exciton formation, (2) exciton diffusion, (3) exciton dissociation and charge transfer, and
(4) charge transport and charge collection. The internal quantum efficiency is the product
of the four step efficiencies:
𝜂𝐼𝑄𝐸 = 𝜂𝐴 × 𝜂𝐸𝐷 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶

(1.1)

where 𝜂𝐼𝑄𝐸 is the internal quantum efficiency, defined as the ratio of the number of
collected carriers to number of absorbed photons; 𝜂𝐴 is the light absorption efficiency,
which is the ratio of the number of excitons generated to the number of incident photons
on an OPV device; 𝜂𝐸𝐷 is the exciton diffusion efficiency, determined by the ratio of
excitons arrived at the acceptor/donor interface to the total number of excitons generated;
𝜂𝐶𝑇 is the charge transfer efficiency, which is the efficiency of excitons at the
acceptor/donor interface dissociating into free charge carriers; 𝜂𝐶𝐶 is the charge collection
efficiency, defined as the ratio of the number of charge carriers generated to the number of
charge carriers collected. The external quantum efficiency has the optical losses taken into
account:
𝜂𝐸𝑄𝐸 = 𝜂𝐼𝑄𝐸 × (1 − 𝑅)

(1.2)

where R is the reflectivity of substrate/air interface.
Improvement has been made for every process that happens in solar cells. Active
layers with large absorption coefficients and absorption spectra better matched with the
solar spectrum are used to increase absorption efficiency. 14 The high absorption coefficient
of organic active layers enables almost 100% light absorption efficiency with films of
thicknesses of only 100 - 200 nm. However, in a bilayer structure, there is a trade-off
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Figure 1.1 General architecture of an inverted planar heterojunction OPV.
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Figure 1.2 Four-step photo conversion processes for OPVs: (1) photoexcitation and exciton formation, (2)
exciton diffusion, (3) exciton dissociation and charge transfer, and (4) charge transport and charge collection.
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between light absorption efficiency and exciton diffusion efficiencies as the typical
diffusion length of excitons is in the order of 10 - 20 nm13, 15. The development of the bulk
heterojunction structure has overcome this problem. The blended donor and acceptor
materials in bulk heterojunction solar cells exhibit a percolating network with the size of
domains close to the exciton diffusion length. 15 Different donor and acceptor materials
have also been designed and synthesized in order to maximize the exciton dissociation
efficiency. The discovery of the conjugated polymer-fullerene system has enhanced the
exciton dissociation efficiency to almost unity.16 Charge collection efficiency is a function
of the charge carrier mobility and the charge transfer rate across the organic/electrode
interface. Various approaches including electrode modifications17-20 and adding extra
interlayers21-23 have been explored to improve the charge collection efficiency. However,
it is still one of the crucial factors that limits the solar cell efficiency. 21-24
Figure 1.3 shows the equivalent circuit model for a solar cell. It contains a photocurrent
source, a diode, a series resistor and a shunt resistor.25-26 𝐽𝑝ℎ is the photocurrent generated
by a solar cell. The diode represents the rectifying behavior of the donor/acceptor interface.
𝑅𝑠 is series resistance. It represents the bulk, interface and contact resistances inside the
solar cell. 𝑅𝑠 needs to be minimized to reduce the power losses. 𝑅𝑝 is shunt resistance. 𝑅𝑝
accounts for the leakage current of a solar cell and needs to be maximized by reducing
recombination in the device. The overall J-V behavior of a solar cell is described as:25-26
𝐽 = 𝐽0 ∙ [𝑒𝑥𝑝 (

𝑒(𝑉−𝐽𝑅𝑠 )
𝑛𝑘𝐵 𝑇

) − 1] +

𝑉−𝐽𝑅𝑠
𝑅𝑝

− 𝐽𝑝ℎ

(1.3)

where 𝐽0 is the reverse saturation current (leakage current), 𝑒 is the elementary charge, 𝑛
is the ideality factor, 𝑘𝐵 is the Boltzmann constant, 𝑇 is absolute temperature. Power
conversion efficiency (η) is another important measurement of solar cell performance. It
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Figure 1.3 The equivalent circuit model for a solar cell.
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is measured by acquiring the current-voltage (J-V) curves of a solar cell under illumination.
Figure 1.4 shows representative J-V curves of a solar cell in the dark and under illumination.
When the solar cell is illuminated, the maximum power point is found where the product
of current and voltage is at its largest. The efficiency of a solar cell is the percentage of
input power from the light source that is converted to the electric power at the maximum
power point:
𝜂=

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

× 100% =

𝐽𝑚𝑎𝑥 ×𝑉𝑚𝑎𝑥
𝐼𝐿

× 100%

(1.4)

where Pmax is the maximum output power, Pin is the input power, Jmax and Vmax are current
density and voltage respectively at the maximum power point, and IL is the irradiance of
the light source.
Short-circuit current density (JSC) is the current density when the voltage across the
solar cell is zero, and open-circuit voltage (VOC) is the voltage when the current density is
zero. Because power is the product of current and voltage and either current or voltage is
zero at both JSC and VOC, there is no power production at either of these points. However,
JSC and VOC are still very important parameters for a solar cell device as they represent the
maximum current density and voltage that can be produced by the illuminated device. The
efficiency can be rewritten using those two parameters as:
𝜂=

𝐽𝑚𝑎𝑥 ×𝑉𝑚𝑎𝑥
𝐼𝐿

× 100% = 𝐹𝐹 ×

𝐽𝑆𝐶 ×𝑉𝑂𝐶
𝐼𝐿

× 100%

(1.5)

where the fill factor (FF) is defined as (𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 )/(𝐽𝑆𝐶 × 𝑉𝑂𝐶 ). The theoretical
maximum VOC is the potential difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the
acceptor for an OPV. JSC is dependent on the driving force for exciton dissociation and
charge transfer, dictated by the potential difference between the LUMOs of the donor and
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Figure 1.4 Representative J-V curves of a solar cell.

30

acceptor. FF is affected by several interacting factors and generally accounts for the charge
recombination in a solar cell.27
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1.2. MODIFICATION OF THE ORGANIC/TCO INTERFACE
Efficient charge transfer at organic/TCO interfaces can significantly affect the
performance of organic electronic devices, including OPVs. 14, 21-22, 27 The charge transfer
process across these interfaces is determined by energy offsets of the frontier orbitals, wave
function overlap, and surface energy, which in turn depend on the structural parameters of
the interfacial layers, for example, packing and orientations. 28-30 Indium tin oxide (ITO)
substrates, as one of the widely used TCO substrates, have very good transparency and low
resistivity.17-18 Also, ITOs are easy to pattern, and available at low prices. 31 However,
despite those advantages, the hydrophilic nature of its inorganic surface is not compatible
with organic semiconducting materials. Moreover, the work function of ITOs varies from
ca. 4.2 eV to 4.9 eV, depending on the commercial source and surface treatment. 19, 32 This
work function for many materials however, is either not sufficiently high for it to function
as an efficient hole collection electrode or too high as an electron collection electrode. 19-20,
33

All these drawbacks limit the charge collection efficiency at the organic/ITO interface.

The ability to simultaneously change the wettability, tune the work function and surface
energy is desirable. Common strategies to modify ITO surfaces include surface treatments
and surface modifications.17, 27

Surface treatments of TCO electrode
Work functions for many metal oxides, including ITO, are very sensitive to the state
of the oxide surface. As mentioned above, the work function of as-received ITO electrodes
is not sufficiently high for it to function as an efficient hole collection electrode or too high
as an electron collection electrode.19-20, 33 Treating ITO surfaces with acids and bases can
shift the effective work function in different directions. Nuesch et al. showed that different
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acid treatments can increase the work function by 0.1 to 0.7 eV relative to the untreated
ITO, whereas different base treatments can cause -0.2 to -0.7 eV shifts in work function
(Figure 1.5).34-35 These shifts in work function were attributed to the formation of surface
dipole layers, initiated by adsorption of protons or hydroxyl groups on ITO surfaces. This
is followed by the attachment of the counter anions or cations, which give rise to surface
dipoles and vacuum level shifts.
Plasma treatments such as oxygen plasma and UV-ozone are also commonly used to
alter the ITO properties.17, 27, 36-37 Sugiyama et al.38 and Kahn et al.36 have observed through
X-ray photoelectron spectroscopy (XPS) and ultraviolent photoelectron spectroscopy (UPS)
that oxygen plasma or UV-ozone treatment increases ITO effective work function by
removing carbon contamination, increasing oxygen concentration, and changing the Sn/In
ratio on the ITO surface. Lu et al. 39 have also shown that both oxygen and argon plasma
can significantly increase the oxygen concentration and decrease the Sn/In ratio, which
results in an increase in work function and surface band bending.
Plasma treatment and hydrohalic acid etching can also alter the morphology and
conductivity of the ITO electrode surface. 27,
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Figure 1.6 g-i shows the AFM and

conductive-tip AFM (c-AFM) images of oxygen plasma treated ITO, while Figure 1.6 j-l
shows the AFM and c-AFM images of HCl and HI etched ITO electrode surfaces.
Compared with non-treated ITO surfaces (Figure 1.6 a-c, detergent/solvent cleaned ITO
surfaces), the morphology of the surfaces has changed with the subgrain structures clearly
resolved for oxygen plasma or acid etched surfaces. Moreover, the conductivity of oxygen
plasma and acid treated surfaces has significantly increased, shown by much larger current
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Figure 1.5 He I UPS spectrum of ITO taken with -5.000 V bias applied to the sample. The inelastic cutoff
part of the electron energy distribution curve is shown. Only the samples including an oxygen cleaning step
are presented. The different additional surface treatments as well as the corresponding work functions are
indicated in the graph. Reprinted with permission from ref. 34 Copyright 1999 AIP Publishing.
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Figure 1.6 Tapping mode height AFM (left-hand column), contact mode height AFM (middle column), and
C-AFM characterization (right-hand column) of variously pretreated ITO samples (all images 2 × 2 𝜇𝑚2).
Images for (a-c) ITO detergent/solvent-cleaned, (d-f) airplasma-etched, (g-i) oxygen-plasma-etched, (j-l)
HCl-etched, and (m-o) HI-etched. The C-AFM image in part c required a tip-to-samplebias of 2 V in order
to see detectable current. The C-AFM images in parts f, i, l, and o were obtained with a tip-to sample bias of
0.02 V. Reprinted with permission from ref. 37 Copyright 2007 American Chemical Society.
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detected from c-AFM with only 1/10 of the applied voltage bias compared with non-treated
ITO surfaces. Their electrochemistry results have also shown a higher electron transfer rate
constant of solution probe molecules for oxygen plasma and acid treated ITO surfaces.37
Organic photovoltaics fabricated with oxygen plasma and acid treated ITO have been
reported to show enhanced performance as well. MacDonald et al. reported that CuPc/C60
planar heterojunction OPV devices fabricated on oxygen plasma or acid treated ITO shows
improved device parameters, including VOC, JSC, FF, and η, relative to devices built on
non-treated ITO (detergent solvent cleaned ITO).40
Chemical modification of TCO electrodes with small molecule self-assembled
monolayers (SAMs)
Another approach to alter the property of a TCO is to modify it with a monolayer of
organic molecules.17-20, 27, 29-32, 41-44 Modifying the TCO surface by appropriate organic
molecules could result in better compatibility of the TCO electrode with an organic active
layer. Also, the dipole moment of the molecules could result in an interfacial electric field
that would either increase or decrease the work function of the TCO (Figure 1.7).41 Jones
et al. have used a series of self-assembled monolayers of chlorobenzene based small
molecules to modify ITO electrodes and successfully changed the wettability of ITO and
increased the work function of ITO by ca. 0.4 eV - 0.6 eV.41 Marder et al. have designed
and synthesized a series of fluorinated benzyl phosphonic acid molecule modifiers with
different molecular dipoles in relation to the ITO surface (Figure 1.8). Modification of ITO
surfaces using those modifiers resulted in a highly tunable work function adjustment of the
ITO electrode.19
OPVs fabricated using SAM modified ITO electrodes have also seen enhanced
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Figure 1.7 Diagram of the origin of work function shifts due to the presence of a layer of dipolar molecules
on TCO surfaces.
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performance and stability compared with non-modified ITO.18,
reported that

CuPc/C60 heterojunction OPV

devices

29, 31, 42-43

Jones et al.

fabricated on 4-chloro-

benzenesulfonyl chloride SAM modified ITO electrodes show enhanced performance with
an average PCE of 1.27% compared with 0.16 % on bare ITO electrodes.31 Tai et al. also
reported that using benzene carboxylic acid SAM modified ITO electrodes, the CuPc/C60
heterojunction OPV devices exhibit marked improvement in device stability compared
with non-modified devices. SAM modification prevents the etching of the ITO electrode
by the PEDOT:PSS layer, thus enhancing the stability of the solar cells.45
Chemical modification of TCO electrode with redox active SAMs
Recently, researchers have started exploring modification of TCO electrode using
redox-active SAMs.28-29, 42-43, 46 Redox-active SAMs provide control of the chemical and
physical interfacial compatibility and the effective work function of the contact. In addition,
redox-active SAMs may further enhance the charge collection efficiency at the metal
oxide/organic interfaces by having an organic surface modifier with a redox potential close
to the transport energy levels for charge (hole or electron) harvesting from the organic
active layers. 28 Lin et al. have reported that using redox active phthalocyanine SAM
modified ITO electrodes, CuPc/C60 planar heterojunction solar cells outperformed solar
cells prepared using non-redox active alkyl chain phosphonic acid modifiers.46 Mark et al.
even showed that ‘supersaturated’ Ar2N-(CH2)n-SiCl3 (Ar = 3,4-difluorophenyl) redoxactive SAMs on ITO can serve as the charge selective interfacial layers for bulkheterojunction OPVs. Devices constructed using Ar2 N-(CH2 )n-SiCl3 SAM modified
surfaces show slightly higher performance compared with OPVs using PEDOT:PSS as
interfacial layers.44 These results suggest that using redox active modifiers may be an
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Figure 1.8 The benzylphosphonic acids (and their abbreviations) used to modify ITO: 2,6-difluorobenzylphosphonic acid (oF2BnPA), 4-fluorobenzylphosphonic acid (pFBnPA), 3,5-difluorobenzylphosphonic acid
(mF2BnPA),

pentafluorobenzylphosphonic

acid

(F5BnPA),

3,4,5-trifluorobenzylphosphonic

acid

(mpF3BnPA), and 4-(trifluoromethyl)benzyl-phosphonic acid (pCF3BnPA). Reprinted with permission from
ref.19 Copyright 2009 WILEY-VCH.
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improved strategy in electrode modifications relative to non-redox active small molecules.
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1.3. STRUCTURAL

PARAMETERS

THAT

AFFECT

THE

CHARGE

COLLECTION EFFICIENCY AT ORGANIC/TCO INTERFACES
As mentioned above, modification of a TCO electrode with a redox active SAM may
provide a facile charge transfer pathway between electrode and organic active layer, thus
further enhancing the charge collection efficiency at the organic/TCO interface. Figure 1.9
shows a schematic diagram of redox active modifiers. The efficiency of charge transfer
across the organic/TCO interface depends on structural parameters of the modifier,
including anchoring groups, molecular orientation, molecular aggregation, linker length,
etc.28, 46-51 It is essential to optimize the structure of the modifier layer to enhance the charge
transfer process across the organic/TCO interface and ultimately improve the efficiency of
OPV devices.
1.3.1. Anchoring group
The effect of anchoring groups has been extensively studied for attachment of
sensitizing dye molecules on TiO2 surfaces used in dye-sensitized solar cells (DSSCs).5262

Using different anchoring groups can result in different sensitizer surface coverage,51,52,62

binding strength,58-61 and density of states (DOS) at the surface of TCO electrodes,52, 54
which will ultimately affect the charge transfer process across the interface. Detty et al.
have reported that chalcogenorhodamine dyes functionalized with carboxylic acid
anchoring groups show higher surface coverages than dyes functionalized with phosphonic
acid anchoring groups when attaching them to TiO2 surfaces. This ultimately leads to
higher average incident photon-to-current efficiency (IPCE) values for DSSCs assembled
using carboxylic acid functionalized chalcogenorhodamine dyes compared with DSSCs
using phosphonic acid functionalized dyes. 58 Moore et al. reported that surface
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Figure 1.9 Schematic diagram of redox active surface modifiers. The terminal redox center is the redox
active component of the modifier which determines the optical and electronic structure of the modifier. The
linker defines the distance between the redox center and TCO surface. It can also alter the orientation of the
redox center on the surface. The anchoring group is used to attach the modifier to the TCO surface. It can
affect the binding strength of the modifier to the TCO surface and also alter the surface composition of TCO.
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concentration of tetra-arylporphyrin dyes (TTP) with carboxylic acid anchoring groups are
twice of those obtained with phosphonic acid groups and siloxy groups.59 Carboxylic acid
anchored dye molecules also show faster charge injection into TiO2 compared with those
using other anchoring groups due to the stronger donor acceptor electronic coupling
brought by carboxylic acid groups.52-54 Watson et al.62 showed an about two-fold increase
in electron injection quantum yields from a xanthylium dye into TiO2 surfaces with
carboxylic acid anchoring groups compared to that with phosphonic acid anchoring groups.
Thos et al.54 have simulated the charge injection process of perylene molecules to TiO 2
surfaces anchored via phosphonic acid and carboxylic acid groups. Their results show a
much faster charge injection rate for carboxylic acid anchored perylene molecules. Willig
et al.52 reported that the time constant of electron transfer for carboxylic acid anchored
perylene molecules to TiO2 is 13 fs versus 28 fs for phosphonic acid anchored perylene
molecules measured by transient absorption spectroscopy.
Even though carboxylic acid anchoring groups provide higher dye molecule coverage
as well as better electronic couplings, the strength of carboxylic acid binding is relatively
weak compared with other anchoring groups as they undergo dissociation from the surface
which causes the efficiency of DSSC devices to decrease.58-59, 61 Detty et al.58 reported that
the photoelectrochemical performance of DSSCs assembled using carboxylic acid
anchored chalcogenorhodamine dyes decays significantly within 20 - 80 min of the
assembly, while the performance of phosphonic acid functionalized dyes remains stable.
Moore et al.59 reported that carboxylate-linked porphyrin dyes are readily leached from the
metal oxide surface under alkaline conditions, while phosphonic acid or siloxy linked
porphyrin dyes are more stable. Crabtree et al.61 also observed similar desorption behaviors
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for carboxylic acid linkers when soaking in water overnight.
The anchoring group effects have also been studied in the field of OPVs. Jen et al.
reported the effect of anchoring groups of C60-based SAMs on the performance of inverted
polymer solar cells.55 C60-based SAMs containing different anchoring groups (carboxylic
acid, phosphonic acid, and catechol) were deposited on a thin layer of ZnO nanoparticles
(ZnO-NPs), which was utilized as the electron selective layer in OPVs. Compared to the
device with unmodified ZnO-NPs, the P3HT heterojunction devices showed two-fold, 75%,
and 30% improvements in power conversion efficiency with C60-based SAMs anchored
with carboxylic acid, catechol, and phosphonic acid respectively. The P3HT/PCBM bulkheterojunction devices also showed an efficiency improvement of ~ 6% - 28% compared
with devices without SAM modification. The variation in device efficiencies was attributed
to the strength of the surface dipole introduced by different anchoring groups at the
interface.
1.3.2. Molecular orientation
The orientation of the SAMs will change the direction of the surface dipole and the
effective charge transfer distance which will ultimately affect the charge collection
efficiency across the organic/TCO interface.28, 46, 51, 63-64 Chen et al.63 have reported that the
orientation of non-planar titanyl phthalocyanine (TiOPc) molecules on Cu surfaces (with
oxygen atom either pointing toward or away from the substrate) will change the surface
dipole direction, thus changing the local contact potential difference (LCPD) in the
opposite direction. Wee et al.64 showed that the orientation of the copper(II) phthalocyanine
(CuPc) molecules can also change the ionization potential (IP) of the molecules themselves.
CuPc molecules were deposited onto different substrates (HOPG and C8-SAM/Au). Due
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to the different intermolecular interactions, CuPc molecules exhibited completely different
orientation on different surfaces: flat on HOPG surfaces and upright on C8-SAM/Au
surfaces. Differences in orientation result in a different local surface dipole moment which
makes the IP for upright CuPc molecules 0.4 eV lower than the IP for flat CuPc molecules.
The orientation of the molecules can also significantly affect the charge transfer
process across the organic/TCO interface. Lin et al. 28 have shown that charge transfer rate
constant of in-plane-oriented Zinc phthalocyanine aggregates across ITO surfaces is ~3
times faster than upright Zinc phthalocyanine (ZnPc) aggregates measured by potential
modulated attenuated reflectance spectroscopy (PM-ATR). This was explained by the
decreases in charge transfer distance when molecules are in-plane versus upright. Lin et
al.46 in their later report also showed that using four phosphonic acid anchoring groups,
more in-plane oriented ZnPc monolayer on ITO were generated compared with that using
one phosphonic acid anchoring group which resulted in a broader distribution of orientation.
CuPc/C60 planar heterojunction solar cells were built on both modified surfaces. Devices
fabricated using more in-plane oriented ZnPc monolayers had ~ three-fold higher power
conversion efficiency compared with those using the ZnPc monolayers with a broader
orientation distribution.
1.3.3. Molecular aggregation
Aggregation of the organic semiconductor molecules on TCO surfaces can
significantly alter the charge collection process. This has been extensively studied for
sensitizing dye molecules on TiO2 surfaces used in DSSCs.48-49, 51, 65-68 Researchers have
reported that the aggregation of the dye molecule will enhance the charge recombination
associated with the dye molecules, thus reducing the charge collection efficiency. 48-49, 51,
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Kamat et al.48 reported that adsorbing merocyanine 540 (MC540) on to TiO2

surfaces from Aerosol-OT (AOT) solutions of heptane can significantly reduce the MC540
aggregation compared with directly adsorbing from acetonitrile solution. AOT molecules
can self-organize into reverse micellar domains in nonpolar solvent with the polar head
groups forming an inner core and the long alkyl chains projecting outward into the solvent
which encapsulate the MC540 molecules to prevent the aggregation. The DSSCs
assembled using AOT encapsulated MC540 dyes showed eight times higher IPCE
efficiency compared to devices assembled using normal MC540 dyes. Sundstorm et al.49
also showed that zinc phthalocyanine dyes with tyrosine substituents (ZnPcTyr) can reduce
the surface aggregation when adsorbing on TiO2 surfaces compared with glycine
substituted zinc phthalocyanine dyes (ZnPcGly). DSSCs assembled using ZnPcTyr dyes
showed much better device performances with an IPCE of ~24% at 690 nm and an overall
power conversion efficiency of 0.54%, while devices assembled using ZnPcGly only
showed an IPCE of ~5.5% at 690 nm and an efficiency of 0.13%.
Although most literature reports state that aggregation of dye molecules reduces the
charge collection efficiency, some papers show that aggregation may improve the
efficiency.67 Waton et al.67 reported that DSSCs assembled using H-aggregated
chalcogenoxanthylium dyes show higher light-harvesting efficiencies and improved
photoelectrochemical performance compared to DSSCs using amorphous dye monolayers.
This was explained by the enhanced intermolecular charge transfer of the H-aggregated
dyes to the electrode ‘hot spots’ where charge injection is more favorable. Lin et al.28 also
showed that charge transfer rate constants of

H-aggregated ZnPc molecules across

ZnPc/ITO interfaces are 3 ~ 10 times faster than monomeric ZnPc molecules due to the
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smaller in reorganization energy of ZnPc aggregates. In summary, the literature suggests
that the effects of molecular aggregation on the charge collection process is very
complicated and needs to be studied case by case.
1.3.4. Linker length
Charge transfer theory predicts that the charge transfer rate constant decreases
exponentially with increasing distance between the redox molecule and the electrode.69-71
According to the literature, the standard electron transfer rate constant, 𝑘Γ,s varies
exponentially with the distance r:
𝑘Γ,s = (𝑘Γ,s,n=0 )𝑒 −𝛽𝑟 𝑟

(1.6)

where the 𝑘Γ,s,n=0 is the extrapolated value of rate constant for r=0 and 𝛽𝑟 is the
exponential decay coefficient.71 The effects of linker length have also been studied in the
field of DSSCs.72-73 Piotrowiak et al.72 reported the photoinduced electron injection time
constant for three rigid-rod Ru-bpy sensitizer molecules with oligo(phenyleneethynylene)
(OPE) bridges varying in length (9.6 - 23.3 Å). The anchoring group they used was
isophthalic acid. Increasing electron injection time constants (slower electron transfer rates)
were measured with increasing linker lengths for these Ru-bpy sensitizers. Galoppini et
al.72 investigated the effects of linker length on the IPCE of their DSSCs assembled using
Zn(II)-tetra(carboxyphenyl) porphyrins sensitizers. The IPCE at 420 nm decreased from
58.60 % to 25.30 % as the sensitizer linker length was increased from 3.6 Å to 9.1 Å.
However, most of the literature dealing with exponentially dependent charge transfer
rate constants is relevant to long-range electron transfer using relatively long linkers (e.g.
CnH2n, n>5).69-71 Other literature reports suggesting that when it comes to short-range
electron transfer, the rate constants will no longer depend on the distance. 74-75 The short-
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range electron transfer mechanism changes from a non-adiabatic limit to an adiabatic or
dynamically controlled limit, provided that the electron transfer process can be treated as
a single barrier-crossing event which is independent of distance.75
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1.4. PERYLENE DIIMIDE MOLECULES
The research projects described in this dissertation involve investigation of the
structure-property relationship of different perylene diimide monolayers used to modify
ITO electrodes. This section introduces the basic properties of perylene diimides. Perylene
tetracarboxylic acid diimide (bisimide) molecules (perylene diimide (bisimide) or PDI
(PBI)) have received considerable attention in academic research as well as in industry,
initially as red pigments.76-77 The common structure of a PDI molecule is shown in Figure
1.10. PDI base dyes with different substituents and packing can provide a range of colors
from red to maroon to black.78 These pigments exhibit excellent chemical, thermal, and
light stability. Moreover, paints from PDI-based materials generally show good migration
stability after coating on plastics and can be easily over coated onto other painted
surfaces.77 Today, PDI-based pigments are used predominately in fiber applications or
industrial paints, particularly in carpet fibers and in the automobile industry, where high
quality and durability of the pigments are needed.76-77, 79
However, in addition to the use as important industrial pigments, many PDI molecules
exhibit other interesting properties, such as high fluorescence quantum yields, good
photochemical stability, and strong electron-accepting properties which allow them to be
used in many other applications.80-85 To date, PDI and its derivatives have been utilized in
various electronic and optical devices, such as organic field-effect transistors (OFETs),79,
86-88

fluorescent solar collectors,89 electrophotographic devices,90 dye lasers,91 and organic

photovoltaic cells (OPVs).79, 92-94 Their unique physical, optical, and electronic properties
make PDI molecules applicable to various applications.
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Figure 1.10 Structure of perylene diimde molecules.
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1.4.1. Spectroscopic properties of perylene diimides
In the absence of aggregation effects, the absorption spectrum of typical PDIs without
substituents on the bay positions shows three strong vibronic structured absorptions with
the most intense band at ca. 525 nm and peak molar absorptivity approaching 105 M-1cm1 83, 95-98

.

Figure 1.11 shows typical absorbance and fluorescence spectra of PDI molecules.

The fluorescence spectrum usually exhibits only a small Stokes shift and appears as almost
mirror image of the absorption spectrum with quantum yield near unity.79, 99-101 The DFTcalculated HOMO and LUMO of a simple PDI molecule are shown in Figure 1.13. 79 The
symmetries of these orbitals mean that the absorption transition dipole is along the long
molecular axis.102-103 The orbitals also show that the nitrogen atoms are located on nodal
planes of both the HOMO and the LUMO. Thus the effects of imide substitution on the
frontier orbital energies are expected to be similar for both HOMO and LUMO, leading to
little change in the optical properties.79, 104 Imide substituents are therefore usually used to
tailor application-directed properties like solubility and to prevent aggregation. 77
However, bay substitutions can significantly affect both the absorption and emission
properties of PDI molecules.83, 99 As shown in Figure 1.12, there are significant HOMO
and LUMO components on the bay positions. Π-donor substituents are expected to
destabilize the HOMO orbital, leading to red shifts of both spectra. Although, in some
cases, steric effects caused by bay substituents can lead to a twisting of the PDI core,
potentially leading to blue shifts, the red shift effects often dominate.79 For example, the
absorption and emission spectra of bay 1,7-diphenoxy substituted PDIs retain some of the
vibronic features seen for non-substituted PDI but are red-shifted by 20 and 40 nm,
respectively.77 In contrast, little spectral changes are observed if electron-withdrawing
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Figure 1.11 UV-vis absorption (solid line) and emission (dashed line) spectra of a typical PDI in toluene.
Reprinted with permission from ref.79 Copyright 2011 American Chemical Society.
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Figure 1.12 Frontier orbitals of N,N’-dimethyl PDI, according to DFT calculations. Note that both frontier
orbitals exhibit nodes at the imide nitrogen atoms. Reprinted with permission from ref. 79 Copyright 2011
American Chemical Society.
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substituents are attached at the bay positions.77, 79
1.4.2. Electrochemical and spectroelectrochemical properties of perylene diimides
The electrochemical properties of perylene diimides have been investigated by several
groups.105-114 For most PDIs two reversible reduction and one reversible oxidation waves
are found in cyclic voltammetry.109 Figure 1.13 shows typical cyclic voltammograms of
PDI molecules. Substituents at the bay positions have strong effects on the redox
potentials.77, 86, 115-116 These changes in redox properties are primarily due to the inductive
effect of the substitution groups. For example, PDIs with strongly electron withdrawing
cyano or fluoro substituents in the bay positions are 0.3 - 0.4 V more easily reduced and
less readily oxidized than analogues without bay substituents.77
The optical spectra of the radical anions and dianions formed by reduction of PDIs are
also well characterized.96, 114, 117-122 This is due to the reasonable stability of these species.
PDI anions have been successfully generated using both chemical reduction96, 120 and
electrochemical reduction.117-118 Figure 1.14 shows typical spectra for PDI anion radicals
and PDI dianions. PDI anion radicals also exhibit more absorption features at longer
wavelengths which are not shown in the figure.96 Similar to neutral PDIs, imide
substitutions have limited effects on the position and shape of the anion spectra, while bay
substitutions may cause significant changes in the band shapes and peak positions. 123-124
1.4.3. Aggregation of PDI molecules
PDI molecules are prone to aggregate in both solution and the solid state due to their
π-π stacking abilities. Aggregation of PDIs is generally evidenced by a lowering of the
extinction coefficients coupled with broadening and shifting of the spectral features. PDI
molecules without bay substitutions prefer to aggregate in columnar stacks with absorption
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Figure 1.13 Typical cyclic voltammograms of PDI showing two reversible reductions and one oxidation.
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Figure 1.14 Typical absorption spectra of PDI anion radicals and PDI dianions. Reprinted with permission
from ref125. Copyright 1989 American Chemical Society.
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bands blued shifted, indicating predominant H-aggregation.99-100, 126 Figure 1.15 shows
typical concentration-dependent absorption spectra of PDI molecules which exhibit Haggregation. The apparent absorption coefficients (ε) of the 0-0 (ca. 525 nm) and 0-1 (ca.
490 nm) transitions decrease while the ε of the 0-2 (ca. 460 nm) transition increases upon
increasing concentration. The decreasing extent of the 0-0 transition is much more
appreciable than that of the 0-1 transition, and the aggregation of PDIs can be determined
by comparing the A0–0/A0–1 ratio.127-129 Li et al.127 and Liu et al.129 have reported that PDI
molecules with A0–0/A0–1 ≈ 1.6 are considered monomers. .127-129 Li et al.127 and Liu et al.129
have reported that PDI molecules with A0–0/A0–1 ≈ 1.6 are considered monomers. The
fluorescence quantum yield also decreases as the PDI concentration increases due to the
self-quenching effects of PDI aggregates. The shape of the fluorescence emission also
changes significantly upon aggregation. PDI monomers show 3 emission peaks at ca. 520
- 550 nm, 550 - 600 nm, and 600 - 650 nm depending on the solvent or substitutions78, 8183, 100

. When the molecules aggregate, these three monomer emission features decay and

new features arise in ca. 620 - 700 nm region, which have been assigned to either PDI
excimers or aggregates.81-82, 100
PDI molecules with predominant J-aggregation have also been reported by introducing
aryloxy substituents in all four bay positions.83, 98 A rather broad but red-shifted absorption
band was observed upon aggregation of PDI molecules. Face-to-face H-aggregation is less
favored in these PDIs because of their twisted 𝜋-conjugated core and the steric effects of
the substituents in the bay area.98
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Figure 1.15 Concentration-dependent absorption spectra of typical PDI molecules which exhibit Haggregation. Reprinted with permission from ref.129 Copyright 2009 WILEY-VCH.
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1.5. OVERVIEW OF EXPERIMENTS
The research described in this dissertation focuses on the investigation of the effect of
PDI structural parameters on interfacial charge transfer processes across the organic/TCO
interface. Although the influence of different aspects of structural parameters on charge
transfer has been examined by many groups, measurements of charge transfer for surfaceadsorbed PDI modifiers on TCO surfaces as a function of molecular orientation, linker
length, and aggregation have not been reported. In this dissertation, these structure-function
relationships are explored.
Chapter 2 describes the projects which demonstrated the relationship between linker
length, molecular orientation and charge transfer across perylene diimide/TCO interfaces.
Using two functionalized perylene diimide molecules (PDI-phenyl-PA and PDI-diphenylPA) combined with two modification techniques, three different PDI monolayer films were
deposited on ITO surfaces. A combination of electrochemical, spectroscopic,
spectroelectrochemical, and photoelectron spectroscopic methods was used to reveal the
relationships.
Chapter 3 describes the projects which demonstrated the relationship between
molecular aggregation and charge transfer across perylene diimide/TCO interfaces. PDI
molecules with different substitution groups were synthesized which produced different
degrees of aggregation when chemisorbed on the electrode surfaces. A combination of
electrochemical, spectroscopic, spectroelectrochemical, and photoelectron-chemical
methods was used to reveal the relationships.
Chapter 4 describes the development of a new potential modulated total internal
reflection fluorescence (PM-TIRF) instrument to measure the charge transfer process of
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isolated perylene diimides molecules on electrode surfaces. PM-TIRF enables the
measurement of very low surface coverage films as well as very fast charge transfer
processes. The orientation, degree of aggregation and electron transfer rate of PDI-phenylPA monomer films are characterized using PM-TIRF and compared with aggregate films.
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2. SURFACE MODIFICATION OF ITO ELECTRODES WITH
FUNCTIONALIZED PERYLENE DIIMIDE DYES
2.1. INTRODUCTION
As mentioned in Chapter 1, modification of TCO electrodes with redox active
modifiers can potentially improve the charge transfer efficiency at organic/transparent
conducting oxide (TCO) interfaces, thus enhancing the performance of organic
photovoltaics (OPVs).14, 21-22, 27 In Chapter 2, a series of redox active surface modifiers:
phosphonic acid functionalized perylene diimide molecules (Figure 2.1) is presented.
Perylene diimide (PDI) molecules are useful for modifying metal oxide/acceptor interfaces
for inverted solar cell devices because their LUMO energy level is close to some commonly
used acceptor molecules.109, 130-131 Also, the energy level of PDI molecules can be tailored
through bay-substitution.77, 79 The two phosphonic acid functionalized perylene diimide
modifiers (PDI-phenyl-PA and PDI-diphenyl-PA) were synthesized by the Marder Group
at Georgia Institute of Technology. These two molecules have the same PDI core structure
and the same phosphonic acid (PA) binding group. The difference is the linker group
between the PDI and PA: one has a phenyl group linker, while the other has a diphenyl
group linker. Using these two molecules combined with two modification techniques (selfassembly and spin-coating), three different PDI monolayer films on ITO were generated
with different molecular structural parameters: self-assembled PDI-diphenyl-PA films (SA
PDI-diphenyl-PA), self-assembled PDI-phenyl-PA films (SA PDI-phenyl-PA), and spincoated PDI-phenyl-PA films (SC PDI-phenyl-PA). The relationship between the structural
parameters of molecules, the charge transfer processes across the PDI/ITO interfaces, the
electronic structures of the modified ITO electrodes, and the performances of OPV devices
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fabricated using the modified electrodes have been studied.
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(A)

(B)

Figure 2.1 Structure of phosphonic acid functionalized perylene diimides: (a) PDI-phenyl-PA and (b) PDIdiphenyl-PA.
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2.2. EXPERIMENTAL
2.2.1. Preparation of PDI films on ITO
ITO on Schott BoroFloat glass with a layer thickness of ~150 nm and a sheet resistance
of 20 - 30 Ω/cm2 was purchased from Thin Film Devices. ITO electrodes were cut into
either 1 in. × 3 in. pieces for ATR measurements or 1/2 in. × 1/2 in. pieces for
electrochemical and near-edge X-ray absorption fine structure (NEXAFS) measurements.
ITO substrates were cleaned by lightly scrubbing with detergent (1% Triton X-100) for
about 1 minute, followed by successive sonication in detergent, water (Barnstead Nanopure,
measured resistivity of 18.3 MΩ·cm), and ethanol for 15 minutes each. Cleaned ITO
substrates were stored in ethanol for later use. ITO electrodes were dried under flowing N 2
and then activated by air plasma cleaning (Harrick PDC-3XG, Harrick Scientific) for 15
minutes at medium RF level immediately prior to use.
For self-assembled films, the activated ITO substrates were immersed into (a) a 20 μM
PDI-phenyl-PA solution in 90% dimethylfomamide (DMF) + 10% chloroform (CHCl3)
containing tetrabutylammonium hydroxide (TBA-OH) in an equimolar ratio with PDI at
room temperature for 1h or (b) a 20 μM PDI-diphenyl-PA solution in 50% DMF + 50%
CHCl3 containing TBA-OH in an equimolar ratio with PDI at room temperature for 2 h.
The ITO electrodes were then rinsed with a copious amount of CHCl3 and dried with either
flowing N2 (for electrochemical and NEXAFS measurements) or in air (for ATR
measurements) before characterization.
Spin-coated films were deposited by spinning 500 μM PDI-phenyl-PA solution in
CHCl3 onto ITO electrodes at 2000 RPM for 1 min at room temperature for
electrochemistry and NEXAFS measurements. For ATR experiments, only half of the ITO
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electrode (1/2 in. × 3 in.; the other half of the ITO is covered by Scotch tape) was coated
with molecules. The uncoated half of the electrode was used as the blank. Immediately
after, the ITO electrode was rinsed with a copious amount of CHCl3 and annealed at 120 ℃
for 2 min.
2.2.2. UV-Vis spectroscopy
UV-Vis spectra of dissolved PDIs were acquired using a Shimadzu UV-2401PC
spectrophotometer. The concentration of PDI solutions was 20 μM and the path length was
1 cm.
2.2.3. Cyclic voltammetry
Cyclic voltammetry (CV) measurements were performed with a standard threeelectrode configuration consisting of an ITO working electrode (electrode area = 0.754
cm2), a platinum counter electrode and a Ag/AgNO3 (0.01 M) nonaqueous reference
electrode,

controlled

by

a

CH420A

potentiostat

(CH

Instruments,

Inc.).

Tetrabutylammonium perchlorate (TBAP) solution (0.1 M) in acetonitrile was used as the
supporting electrolyte. The supporting electrolyte was degassed with a gentle flow of argon
for 1 hour inside the fully assembled electrochemical cell in a homemade glove bag also
filled with argon. All CV measurements were performed in a homemade glove bag filled
with argon to minimize the effect of dissolved oxygen. The system was cycled at 0.5 V/s
between -0.6 V and -1.5 V with a sample interval of 1 mV and a sensitivity of 100 μA/V.
2.2.4. ATR instrumentations
Figure 2.2 shows the schematic of the custom-built ATR instrument. This set-up was
used in all ATR experiments, including polarized ATR spectroscopy, potential-dependent
ATR spectroscopy and PM-ATR spectroscopy, described in this dissertation. A Xe arc
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lamp (Newport, Model 67005) is used as light source. The light is focused into an optical
fiber and collimated by a collimating beam probe (Oriel, Model 77652). The collimated
light beam is then passed through a 25 μm pinhole and a 10X microscope objective lens.
A polarizer (Newport, 481-A series) is used to control the polarization of the probe beam.
The polarized light is then coupled into and out of an internal reflection element (IRE) in
the ATR flow cell by a pair of prisms (Thorlabs, Inc. BK-7 prisms). An ITO coated glass
slide with PDI molecules deposited on the ITO surface is used as the IRE. Figure 2.2 also
shows the design of the ATR flow cell. The out-coupled light from the ATR flow cell is
then focused into an optical fiber by a focusing lens and directed into an output
monochromator (Newport, MS260i Model 74055) equipped with a F/# matcher (Newport,
Model 77529). The F/# matcher is used to decrease stray light and increase throughput by
increasing the F/# of the light beam from the optical fiber (F/# = ~2) to match the F/# of
the monochromator (F/# for MS260i monochromator = 3.9). The light is detected using
either a CCD camera (Andor iDus420A) for polarized ATR and potential-controlled ATR
measurements or a PMT (Hamamatsu, R3896; Newport, 70680 housing and 70705 power
supply) for PM-ATR measurements. For potential-controlled ATR measurements, an
EG&G Princeton Applied Research Model 263A potentiostat/galvanostat is used to control
the potential applied to the ITO working electrode. For PM-ATR measurements, the
potential modulation setup includes a potentiostat (EG&G Princeton Applied Research
Model 263A potentiostat/ galvanostat), a function generator (Stanford Research Systems
Model DS335), and a lock-in amplifier (Stanford Research Systems Model SR830).
2.2.5. Polarized ATR spectroscopy
Two prisms (Thorlabs, Inc.) were positioned 43 mm apart on the IRE. The internal
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Figure 2.2 Schematic diagram for ATR instrumentation.
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reflection angle was 73°-74°, which gave eight total internal reflections at the ITO/solution
interface. To measure an adsorption isotherm, transverse magnetic (TM) polarized light
was used. To measure the tilt angle, both TM polarized and transverse electric (TE)
polarized light were used. A randomly oriented dextran-fluorescein film adsorbed on ITO
was used to calibrate the electric field intensities between TM and TE polarizations. A
detailed description of the tilt angle determination method is given previously. 132
2.2.6. NEXAFS spectroscopy
The NEXAFS data were recorded at the Stanford Synchrotron Radiation Lightsource
(SSRL) at Beam Line 8-2. Measurements were acquired in both the total electron yield
(TEY) and the auger electron yield (AEY). TEY was measured as the sample current by a
Keithley picoammeter, while AEY was measured by a double pass cylindrical mirror
analyzer (PHI 15-255G) operated in photon counting mode. The degree of linear
polarization is assumed to be 0.85 ± 0.05, based on recent measurements on this
beamline.133 Spectra were collected at various angles of incidence (20°, 35°, 55°, 75°, and
90°), achieved by rotating the sample relative to the incident light. Detail descriptions of
the tilt angle determination method can be found elsewhere. 134-135
2.2.7. Potential-dependent ATR spectroscopy
Two prisms were positioned 43 mm apart on the IRE. The internal reflection angle
was 73°-74°, which gave eight total internal reflections at the ITO/solution interface. TM
polarized light was used for the measurements. A platinum wire was used as the counter
electrode. A Ag/AgNO3 (0.01 M) electrode was used as the nonaqueous reference electrode.
The potential was stepped from -0.6 V to -1.6 V with a step size of 0.1 V.
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2.2.8. PM-ATR spectroscopy
Detailed descriptions of the PM-ATR instrument and the ATR spectroelectrochemical
flow cell have been provided previously.28,

136-137

Briefly, a sinusoidally modulated

potential is applied to the PDI modified ITO electrode centered around midpoint potential
for the redox couple (Edc). The in-phase (Re(Rac)) and out-of-phase (Im(Rac)) portions of
electroreflectance signal are measured as a function of modulation frequency. The charge
transfer rate constant is calculated from:
𝑘𝑠,𝑜𝑝𝑡 = 0.5𝜔2 𝑅𝑠 𝐶𝑑𝑙

(2.1)

where ω is the optical switching frequency at which the reflectance signal is completely
out of phase (Re(Rac) = 0), Rs is the solution resistance, and C dl is the double layer
capacitance. Detailed descriptions of the theory for PM-ATR and its method to determine
ks,opt for redox-active thin films are given in the previous literature.138-141 The ITO electrode
active area was 0.8 cm2 defined by a silicone gasket. Collimated TM polarized light was
coupled into/out of the ITO-coated glass slide by BK-7 prisms positioned 20 mm apart.
The internal reflection angle was 73°-74°, which gave two total internal reflections at the
ITO/solution interface. The sinusoidally modulated voltage (E ac) was 20 mVrms (0.028 V
peak-to-peak). The Edc was -0.91 V versus the Ag/AgNO3 (0.01 M) nonaqueous reference
electrode. The electroreflectance (ER) signal was recorded at 460 nm. Electrochemical
impedance spectroscopy measurements of Rs and Cdl were conducted using an EG&G
Model 263A potentiostat/galvanostat coupled with a Model 1025 frequency response
detector operated with PowerSuite software (Princeton Applied Research) with the same
ATR spectroelectrochemical flow cell set-up.
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2.2.9. Ultraviolet photoemission spectroscopy
UPS studies were performed with a Kratos Axis Ultra X-ray photoelectron
spectrometer with a He (I) excitation source (21.2 eV). A -9.00 V bias was applied to the
sample under measurement to enhance the collection of low kinetic energy electrons. The
Fermi level reference was established on a freshly evaporated Au surface.
2.2.10. Device fabrication and characterization
Bulk heterojunction OPVs were fabricated on either bare ITO or PDI modified ITO
substrates, in a N2 filled glovebox. A blend of P3HT (OS2100, Plextronics) and PCBM
(Solenne BV) (1:1 by weight, 10 mg/ml total) was dissolved in chloroform (Sigma-Aldrich,
anhydrous) by stirring at 60°C for at least 3 h in N2. The solution was then spun on the
substrates at 2000 rpm for 1 min at room temperature. The film was left in a covered Petri
dish to slow-dry for at least 3 h. The blend layer was then transferred on a hot plate to
anneal the layer at 120° C for 10 minutes. A 10 nm MoO3 (99.99%, Sigma-Aldrich)
interlayer and a 100 nm Ag (99.99%, Kurt J. Lesker) top contact were deposited
sequentially via thermal evaporation under vacuum (<10-7 Torr). A shadow mask was used
during the deposition to confine the cell area (0.101 cm2). J-V measurements were collected
under illumination from a class ACB solar simulator (Oriel 67005) with an AM1.5G filter,
and the photocurrent was measured in N2 filled glovebox using a low noise sourcemeter
(2635A, Keithley) controlled by LabView (National Instruments). The solar simulator
intensity was set to 100 mW/cm2 using a NREL-calibrated Si photodiode. The scan voltage
was swept from -2.0 V to 2.0 V with 10 mV steps.
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2.3. RESULTS AND DISCUSSION
2.3.1. Determination of adsorption condition for depositing self-assembled PDI films on
ITO
Perylene diimide molecules are prone to aggregate in solution, which could interfere
with them forming an ordered film on ITO electrode. PDI Aggregation is characterized by
broadened absorbance bands, and a decreased ratio of the 0-0/0-1 absorbance bands.83, 9899, 101, 129, 142

According to the literature, a PDI solution that produces a 0-0/0-1 ratio of ca.

1.6 is considered monomeric.127-129 In our case, different solvents, solvent mixtures and
solvent additives were tested to minimize the aggregation of PDI-phenyl-PA and PDIdiphenyl-PA in solution. Tetrabutylammonium hydroxide (TBA-OH) was used as solution
additive; we expect the large tetrabutylammonium cations will hinder PDI aggregation
which may be promoted by interacting with phosphonic acid groups in solution. The
highest 0-0/0-1 absorbance band ratio observed was 1.62 for the PDI-phenyl-PA molecules
dissolved in 90% DMF + 10% CHCl3 containing TBA-OH in an equimolar ratio with PDI.
Figure 2.3 clearly shows that using mixed solvents and adding TBA-OH significantly
prevented PDI aggregation. For the PDI-diphenyl-PA molecules, the highest ratio observed
was 1.61 using 50% DMF + 50% CHCl3, also containing equimolar TBA-OH. These
solutions were used to deposit self-assembled films on ITO surfaces.
2.3.2. Adsorption isotherms for self-assembled PDI films on ITO
The adsorption of PDIs onto ITO electrodes was monitored using ATR spectroscopy.
Figure 2.4-A shows the ATR spectra acquired as a function of time after injecting a 20 μM
solution of PDI-phenyl-PA in 90% DMF+10% CHCl3 with equimolar TBA-OH into the
ATR flow cell. The absorbance at the maximum band (460 nm) of PDI-phenyl-PA,

Absorbance
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Figure 2.3 Transmission mode absorption spectra of 20 μM PDI-phenyl-PA dissolved in CHCl3 (blue line),
90% DMF + 10% CHCl3 (green line) and 90% DMF + 10% CHCl3 containing tetrabutylammonium
hydroxide (TBA-OH) in an equimolar ratio with PDI-phenyl-PA (red line).
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plotted in Figure 2.4-B, increased and reached a plateau around 40 - 60 minutes after
injection, indicating the ITO surface was saturated. After flushing the cell with solvent to
remove the incubation solution and any weakly physisorbed molecules, the absorbance
changed very little, showing that the molecules were strongly bound to the surface. For
PDI-diphenyl-PA, it took about 70 - 90 minutes for adsorption to reach the plateau with a
slightly smaller absorbance value at saturation. For all subsequent electrochemical,
spectroscopic, and spectroelectrochemical characterizations, 1 h and 2 h adsorption time
was used for SA PDI-phenyl-PA films and SA PDI-diphenyl-PA films, respectively.
2.3.3. Molecular orientation of PDI molecules on ITO surfaces
Figure 2.5 shows the polarized ATR spectra of three PDI films in TE and TM
polarizations. The broadening of absorption bands and very small 0-0/0-1 absorbance band
ratios indicate the molecules are highly aggregated in all three films. 83, 95, 101, 129, 143 The
mo lecular orientations of the PDI molecules in three films were assessed from
measurements of the dichroic ratios of the integrated band area (450 - 550 nm) using
polarized ATR spectroscopy, given the fact that the PDI absorption transition dipole is
along the PDI long molecular axis102-103. Isotropic dextran-fluorescein films were used to
normalize the electric field intensities in TE and TM polarizations (Figure 2.6). Table 2.1
summarizes the calculated long axis tilt angles (θ, the angle between PDI long axis and
surface normal) for all three PDI films. The axis tilt angles are 31° ± 4° for SA PDIphenyl-PA film and 33° ± 4° for SA PDI-phenyl-PA films, indicating predominately outof-plane orientations, while most of the PDI films reported in literature show more inplane orientations with tilt angles larger than 45°.105, 143-146 However, those PDI orientation
studies are not using phosphonic acid as binding groups. This suggests the phosphonic
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Figure 2.4 (A) TM polarized ATR spectra (solid lines) acquired as a function of time after a 20 μM solution
of PDI-phenyl-PA was injected into an ATR flow cell with ITO-coated glass slide as the IRE. The arrows
indicate the evolution of the spectra with increasing incubation time. The dashed line is the spectrum acquired
after flushing the cell with solvent. (B) Absorbance at 460 nm of PDI-phenyl-PA before (black squares) and
after flushing (red triangle) monitored as a function of time during the adsorption from the 20 μM solution.
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Figure 2.5 (A) ATR spectra of three different PDI films (SA PDI-diphenyl-PA film (blue line), SA PDIphenyl-PA film (green line) and SC PDI-phenyl-PA film (red line)) on ITO in both TM (solid lines) and TE
(dash lines) polarizations. (B) schematic of molecular orientation parameters of PDI.
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Figure 2.6 ATR spectra of a dextran-fluorescein film adsorbed on ITO in TM (black) and TE (red)
polarizations.
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Table 2.1 Mean tilt angles between the PDI long molecular axis and surface normal of three PDI films on
ITO surfaces (n ≥ 3).
SA PDI-diphenyl-PA

SA PDI-phenyl-PA

SC PDI-phenyl-PA

Axis tilt angle (θ)

31°±4°

33°±4°

45°±2°

Plane tilt angle (α)

68°±4°

65°±5°

54°±4°

acid binding forces the molecule to a more out-of-plane orientation. Ginger, et al. have
experimentally measured the tilt angles of fluorinated and non-fluorinated octylphosphonic
acid modifiers using near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. 135,
147

They reported tilt angles between the axis of the alkyl chain and the surface normal in

the range of 30° ~ 41°. Those values are very close to the tilt angles we measured for these
two self-assembled PDI films. Also, the strong polarization dependence of the absorbance
and the fact that the θ value is far from the magic angle (θ = 54.7°, the mean tilt angle for
a completely disordered film) suggest that well-ordered PDI films are formed on ITO
electrodes through self-assembly process.
The spin-coated PDI-phenyl-PA films showed a more in-plane orientation with a mean
tilt angle of 45° ± 2°. This angle is closer to the magic angle, which may indicate a greater
degree of disorder in the spin-coated films. According to the literature, phosphonic acids
bind to ITO mainly through bidentate and tridentate modes in self-assembled films.135, 147149

However in spin-coated films, they may exhibit a different binding mode (possibly

monodentate) which could result into different molecular orientations since films are
formed differently. This result shows that different deposition methods affect the molecular
orientation of the molecule on the surface.
The plane tilt angles (α, the angle between the PDI plane normal and surface normal)
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of the three PDI films on ITO were determined using NEXAFS spectroscopy (Figure 2.7,
measurements were acquired at Beam Line 8-2 of Stanford Synchrotron Radiation
Laboratory, a national user facility operated by Stanford University on behalf of the U.S.
Department of Energy, Office of Basic Energy Sciences. The author thanks beam line 8-2
Staff Scientists: Jun-Sik Lee, Dennis Nordlund and Glen J Kerr for help with the
measurement.), and the results are also summarized in Table 2.2. Detailed descriptions of
the tilt angle determination method can be found elsewhere. 134-135 Similar to the ATR
results, the spin-coated PDI films have a more in-plane orientation compared with selfassembled PDI films. It is noteworthy that the sum of the θ and α is larger than 90°. This
indicates that PDI plane rotates around the long axis from where the short axis of PDI
molecule is parallel to the ITO surface.
2.3.4. Electroactive surface coverage of PDI films on ITO
The electroactive surface coverage of PDI films on ITO surfaces was determined by
cyclic voltammetry. Acetonitrile, a non-solvent for PDI molecules, was used in order to
prevent the desorption of PDI during the electrochemical measurement and to make a more
accurate determination of electroactive surface coverage. Figure 2.8 shows cyclic
voltammograms of three PDI films on ITO surfaces. All three films showed a typical two
step, two electron reduction process. 109, 111-112 However all reduction and re-oxidation
peaks are broader than the typical reduction peaks for dissolved PDIs, which are usually
well separated, with FWHM of each peak about 50 - 80 mV.109-110, 112 The FWHM of each
reduction in the adsorbed PDI films is in the range of 150 - 200 mV, which indicates
possible different PDI sub-populations caused by aggregation. The midpoint potentials for
all three PDI films are listed in Table 2.2. All PDI films have very similar redox

78

(A)

C=C π*

(B)

Figure 2.7 (A) Normalized TEY NEXAFS spectra of SA PDI-phenyl-PA films on ITO at different X-ray
incidence angles. C=C π* features are used to calculate the mean tilt angle of the film. (B) Peak areas of the
C=C π* peak at various incident angles for TEY NEXAFS data. The fitted angle is the angle between PDI
plane normal and the surface normal.
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Figure 2.8 Cyclic voltammograms of three different PDI films on ITO surfaces. The electrolyte was 0.1 M
TBAP in acetonitrile, and the scan rate was 0.5 V/s.
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Table 2.2 Electroactive surface coverage of three PDI films calculated from cyclic voltammograms.
SA PDI-diphenylPA

SA PDI-phenyl-PA

SC PDI-phenyl-PA

Γ (10-11 mol/cm2)

7 ±1

11 ±2

10 ±2

E1/2,1st (V vs. Ag/Ag+)

-0.88 ±0.03

-0.92 ±0.04

-0.91 ±0.04

E1/2,2nd (V vs. Ag/Ag+)

-1.15 ±0.04

-1.22 ±0.05

-1.14 ±0.07

potentials which are consistent with the literature,7, 40-41 indicating that different linkers and
deposition methods do not change the reorganization energy of PDI molecules on ITO
surfaces.
The effect of solvent additives and surface attachment on the reduction potential of
PDI has also been investigated. Figure 2.9-A shows the diffusion controlled cyclic
voltammograms of PDI dissolved in solution with/without TBA-OH additives, while
Figure 2.9-B shows the cyclic voltammograms of PDI films (SA PDI-phenyl-PA film and
SA PDI-diphenyl-PA film) on ITO surface. Chloroform is used as solvent in this case since
it dissolves PDI molecules. All voltammograms exhibit two reversible reduction steps
corresponding to the formation of PDI anion radical (PDI-·) and PDI dianion (PDI2-). Table
2.3 summarizes the first and second reduction midpoint potentials of PDI molecules on
ITO and in solution with or without additional TBA-OH. Considering that the standard
deviation of determining a redox potential is about 0.05 V, there are no major differences
between all five measurements, indicating the electrochemical properties of the PDI
molecules did not change with different linker lengths, addition of TBA-OH additives, or
when attached to the ITO surface.
Integrating over both voltammetric peaks, the electroactive surface coverage for all
three PDI films was calculated and is also listed in Table 2.2. The SA PDI-phenyl-PA
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Figure 2.9 (A) Diffusion controlled cyclic voltammograms of PDI-phenyl-PA (black line), PDI-phenyl-PA
with equimolar ratio of TBA-OH (red line) and PDI-diphenyl-PA with equimolar ratio of TBA-OH (blue
line). (B) Cyclic voltammograms of self-assembled PDI films on ITO surfaces. The electrolyte was 0.1 M
TBAP in chloroform and the scan rate was 0.5 V/s. A platinum working electrode was used.
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Table 2.3 Comparison of the redox potentials of dissolved and self-assembled PDI molecules.

E1/2, 1st Reduction
(V vs Ag/Ag+)
E1/2, 2nd Reduction
(V vs Ag/Ag+)

PDIphenyl-PA

PDI-phenylPA+TBA-OH

PDI-diphenylPA+TBA-OH

SA PDIphenyl-PA

SA PDIdiphenyl-PA

-0.92

-0.93

-0.93

-0.92

-0.90

-1.09

-1.11

-1.09

-1.11

-1.08

film electroactive surface coverage was estimated to be 11 × 10−11 mol/cm2, equivalent
to about 1.2 monolayers in which PDI molecules are adsorbed in an out-of-plane
orientation with a projected area of 180 Å2/molecule. This projected area was estimated
from MM2 energy minimization of a single PDI molecule on the surface with a tilt angle
of 30° (Figure 2.10) using Chembio 3D software (PerkinElmer, Inc.). It does not consider
the possibility of PDI aggregation and the alkane chain interactions. SA PDI-diphenyl-PA
films have an electroactive surface coverage equivalent to 0.95 monolayer using a
projected area of 230 Å2/molecule calculated under the same assumptions as SA PDIphenyl-PA film. The SC PDI-phenyl-PA films have an electroactive surface coverage
equivalent to 1.1 monolayers, which is essentially the same as SA PDI-phenyl-PA
considering the standard deviations of those measurements. Overall, all PDI films are
approximately one monolayer.
2.3.5. Spectroelectrochemical characterizations of PDI films on ITO
Figure 2.11 shows ATR spectra of an SA PDI-phenyl-PA film in TM polarization as
a function of potential applied to the ITO electrode. As the potential was stepped from -0.6
V to -1.1 V vs. Ag/Ag+, a decrease of the PDI absorption bands is observed, followed by
an increase of another band at around 680 nm which is the PDI -·absorption.96, 117-118 At
potentials more negative than -1.1 V, the PDI-·band decreased, while new bands (500 nm
to 600 nm) arose, corresponding to formation of PDI2-.96, 117-118 The complete bleach of the
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(A)

(B)

Figure 2.10 3D structures of PDI-phenyl-PA molecules ((A) side view and (B) top view) placed on the
surface with ca. 30°tilt angle using MM2 energy minimization calculation from Chembio 3D software.
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Figure 2.11 (A) Potential-dependent ATR spectra of a SA PDI-phenyl-PA film on ITO in TM polarization
from -0.6 V to -1.6 V versus a Ag/Ag+ reference electrode. (B) Plots of absorbance of different PDI-phenylPA charged states (neutral state (PDI) at 460 nm, dianion (PDI2-) at 569 nm and anion radical (PDI-·) at 690
nm) as a function of applied potential. Absorbance values are normalized to the most intense absorbance
values of each charged state.
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ground state absorption of all PDI films indicates that all the PDI molecules on ITO
surfaces are electroactive, which suggests the electroactive surface coverage estimated
using electrochemistry (Table 2.2) represents the entire PDI film. By plotting the
absorbance versus applied potential at different wavelengths (Figure 2.11-B, 460 nm for
PDI and 569 nm for PDI2-), the midpoint potentials for the first and second reductions were
obtained, -0.92 V and -1.18 V respectively, which are consistent with the electrochemical
data. The plot at 690 nm shows the appearance of the PDI -·at the first reduction and the
disappearance of the PDI-·at the second reduction. However, due to the overlap of the first
reduction and second reduction, the midpoint potentials cannot be extracted from this trace.
The spectroelectrochemical responses of the SA PDI-diphenyl-PA and SC PDI-phenyl-PA
films are nearly identical to those of the SA PDI-phenyl-PA films (Figure 2.12).
2.3.6. PM-ATR measurements of optically detected electron transfer rate constants (ks,opt)
The optically detected electron-transfer rate constants (ks,opt) of the first reduction for
three PDI films were measured by PM-ATR in TM polarization. Figure 2.13 shows an
example of a complex plane plot for a SA PDI-phenyl-PA film (λmax = 460 nm) in TM
polarization. R s = 14 ± 2 Ω·cm 2 and C dl = 15 ±1 μF/cm 2 were determined by
electrochemical impedance spectroscopy. R s and Cdl values for other PDI films are
summarized in Table 2.4. Table 2.5 summarizes the ks,opt for all three PDI films measured
by PM-ATR. All films have charge transfer rate constants exceeding the required value
for efficient charge collection in an OPV.28, 150 The required rate constant for PDI modifiers
in OPV devices is ~ 1700 s-1 per molecule, assuming a photocurrent density of 15 mA/cm2
in an OPV device and PDI molecule size of 180 Å2/molecule. Despite the fact that charge
transfer rate constant was measured under negative potential bias which is different from

86
0.8

(A)

E / V vs Ag/Ag
-0.6 V
-0.8 V
-0.9 V
-1.0 V
-1.1 V
-1.2 V
-1.4 V
-1.5 V
-1.6 V

0.7

Absorbance

0.6
0.5
0.4
0.3

+

0.2
0.1
0.0
350

400

450

500

550

600

650

700

600

650

700

Wavelength / nm

(B)

0.8

E / V vs Ag/Ag
-0.6 V
-0.8 V
-0.9 V
-1.0 V
-1.1 V
-1.2 V
-1.4 V
-1.5 V
-1.6 V

0.7

Absorbance

0.6
0.5
0.4
0.3

+

0.2
0.1
0.0
350

400

450

500

550

Wavelength / nm

Figure 2.12 Potential-dependent ATR spectra of a (A) SA PDI-diphenyl-PA film and (B) SC PDI-phenylPA film on ITO in TM polarization from -0.6 V to -1.6 V versus a Ag/Ag+ reference electrode.
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Figure 2.13 A complex plane plot for normalized imaginary versus real components of electroreflectance for
a SA PDI-phenyl-PA film (λmax = 460 nm) in TM polarization. The frequency where the real component
goes to zero is used to estimate ks,opt.
.
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Table 2.4 Rs and Cdl for three PDI films measured by impedance spectroscopy.
SA PDI-diphenyl-PA

SA PDI-phenyl-PA

SC PDI-phenyl-PA

Rs (Ω·cm2)

13 ± 3

14 ± 2

14 ± 2

Cdl (μF/cm2)

16 ± 2

15 ±1

14 ±2

the potential that solar cell operates, all of the PDI films have rate constants much larger
than this estimated value, indicating that they are capable of serving as the charge transfer
bridge between ITO electrode and organic active layer.
The ks,opt value for SA PDI-phenyl-PA films are about three times greater than that of
SA PDI-diphenyl-PA films which could be due to the longer linker of the PDI-diphenylPA. The ks,opt for SC PDI-phenyl-PA films is about four times greater than that of the SA
PDI-phenyl-PA films. The SC PDI-phenyl-PA films have more in-plane orientations, so
the molecules may be closer to the electrode surface, (shorter tunneling distance) which
results in greater ks,opt values. Those observations are qualitatively consistent with previous
studies in which the electron transfer rate constant decreases exponentially with increasing
distance between the redox molecule and the electrode.69-71 According to the literature, the
standard electron transfer rate constant, 𝑘Γ,s varies exponentially with the distance r:
𝑘Γ,s = 𝑘Γ,s,r=0 𝑒 −𝛽𝑟 𝑟

(2.2)

where the 𝑘Γ,s,r=0 is the extrapolated value of rate constant for r = 0. 𝛽𝑟 is the exponential
decay coefficient.71 The tunneling distance for charge transfer was estimated by calculating
the height difference between the phosphorus atom and closest nitrogen atom using
ChemBio3D software, using the mean tilt angle of the molecules on the surface. Fitting
the data to equation 2.2, the 𝛽𝑟 value obtained was 0.44 (Figure 2.14). This is quite
different from the reported values for tethered redox active molecules on electrode
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Table 2.5 Electron transfer rate constants of the first reduction of PDI molecules for 3 different PDI films on
ITO surfaces determined by PM-ATR.

ks,opt (s-1)

SA PDI-diphenyl-PA

SA PDI-phenyl-PA

SC PDI-phenyl-PA

(0.5 ±0.2) × 104

(1.4 ±0.3) × 104

(5 ±2) × 104

surfaces.69-71 The difference in the 𝛽𝑟 the may due to the fact that most of these papers
reported 𝛽𝑟 values for long alkane chain linkers (CnH2n, n>5).69-71 Smalley et al.71 reported
that electron transfer rate constants of (η5-C5H5)Fe(η5-C5H4)CO2(CH2)nSH (5 ≤ n ≤ 9)
monolayers on gold substrates vary according to 𝑘Γ,s = 𝑘Γ,s,n=0 𝑒 −𝛽𝑛 𝑛 with 𝛽𝑛 = 1.21 ±
0.05 (this equals to a 𝛽𝑟 of 1.1, assuming all-trans configuration, 30°tilt of the chain axes,
and 1.27 Å per CH2) measured by laser-induced temperature jump method. Finkea et al. 69
reported a 𝛽𝑟 of 0.98 for charge transfer processes of HS(CH2)nCONHCH2-pyRu(NH3)52+
(n = 10, 11, 15) monolayers on gold electrodes using electrochemistry. However, Niki et
al.74 and Eldik et al.75 suggest that for protein molecules when it comes to short-range
electron transfer, the rate constants will no longer depend on the distance. The short-range
electron transfer mechanism changes from non-adiabatic limit to an adiabatic or
dynamically controlled limit, provided that the electron transfer process can be treated as
a single barrier-crossing event.75 The three PDI molecules all have relatively short linkers,
so they may fall into this adiabatic region, which will result in a much smaller 𝛽𝑟 value.
Also, the tunneling distance calculations didn’t consider the surface roughness of the ITO
substrate, which is comparable to the charge transfer distance in this case (around 0.5 nm
RMS, Figure 2.15). This may also contribute to the variations in 𝛽𝑟 value, since the
tunneling distance will likely be affected by the surface roughness.
Brochsztain, et al.151 measured the charge transfer rate constant of a phosphonic acid
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Figure 2.14 Logarithmic plot of optically detected charge transfer rate constant (ks,opt) of PDI monolayers on
ITO vs. the tunneling distance of the molecule to the ITO surface. The linear fitting curve shows a βr value
of 0.44.

91

Figure 2.15 AFM height image of ITO electrode. The RMS roughness calculated is 0.518 nm.
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linked PDI self-assembled monolayer on ITO using impedance spectroscopy. They
reported a charge transfer rate constant of 41 s-1, which is quite different from the rate
constants measured in this chapter using PM-ATR. They measured the charge transfer rate
constant in aqueous solution using KCl as supporting electrolyte, while here acetonitrile
with TBAP was used as the supporting electrolyte. It is well known that different solvents
and different supporting electrolytes will change the reorganization energy of a redox
reaction which can alter the charge transfer rate constant. 152-154 To assess this effect, the
charge transfer rate constant for SA PDI-phenyl-PA films were measured in aqueous
solution with KCl as the supporting electrolyte. The rate constant was 93 ± 43 s-1, similar
to what Brochsztain, et al. measured for their PDI monolayers. This suggests that the
differences in the charge transfer rate constant between the PM-ATR data and
Brochsztain’s value are mainly due to the use of different solvent and supporting electrolyte
for the measurement.
2.3.7. Characterization of frontier orbital energies of PDI modified ITO electrodes
The electrochemical data in Figure 2.8 suggests similar redox potentials for all three
PDI films. The onset reduction potential (-0.79 V vs Ag/Ag+) was corrected to the vacuum
scale using a value of -5.1 eV vs vacuum for the midpoint potential of ferrocene/
ferricenium (Fc/Fc+) redox couple.155 The midpoint potential of Fc/Fc+ was measured to
be 0.11 V vs the Ag/Ag+ reference electrode. Therefore, the electron affinity (𝐸𝐸𝐴 ) was
estimated using 𝐸𝐸𝐴 = (𝐸𝑟𝑒𝑑 + 4.99) 𝑒𝑉, where Ered is the onset reduction potential vs
Ag/Ag+. Using an optical band gap of 2.1 eV (λ𝑜𝑛𝑠𝑒𝑡 = 580 nm for 0-0 transitions), the
ionization potential was calculated to be 6.3 eV (Figure 2.16-A). Again, there is no major
difference between all PDI films, indicating the different linkers and deposition methods
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do not change the microenvironment of PDI molecules in electrolyte solution. However,
electrochemistry does not account for the formation of a surface dipole, which is
manifested in vacuum level shifts between the electrode and PDI molecules. Also, solutionbased electrochemical measurements where molecules are solvated do not mimic the
environments of a solid-state OPV.
Ultraviolet photoemission spectroscopy (UPS) was used to determine the ionization
potential (IP) and the vacuum level shifts of the bare and modified ITO surfaces. The UPS
spectra of three PDI modified ITO surfaces as well as the bare, air plasma cleaned ITO are
shown in Figure 2.17. The left panel shows the low kinetic energy (LKE) edge and the
right panel shows the high kinetic energy (HKE) parts of the photoelectron spectra, which
are with respect to (w.r.t.) the Fermi energy; the LKE is 5x magnified in the right panel for
clarity. The value of the energetic edge is determined by linear extrapolation of the intensity
to the baseline. The work function (Φ) is determined by subtracting the He I photon energy
(21.22 eV) from the LKE, and the ionization potential (IP) is determined by adding the
HKE to the work function. Figure 2.16-B shows the resultant energy level diagrams of the
bare and PDI-modified ITO surfaces. The work function of the sample denotes the Fermi
energy (dashed line) relative to the vacuum energy (0 eV.) The IP is representative of the
occupied states (i.e., valence band and HOMO for ITO and the PDI-modified ITO surfaces,
respectively) below the Fermi energy. The LUMO of the PDI-modified surfaces is
estimated by adding the optical band gap to the HOMO energy. 156-157 The work function
of air plasma cleaned ITO was measured to be 4.9 eV, consistent with previous reports.19,
31, 157

The work function of the modified ITO substrates was found to decrease to 4.1, 4.2

and 4.3 eV for SA PDI-diphenyl-PA film, SA PDI-phenyl-PA film, and SC PDI-phenyl-
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(A)

(B)

Figure 2.16 Energy level diagrams of three different PDI films on ITO surfaces measured by (A) cyclic
voltammetry and (B) UPS combined with optical band gap calculated from ATR spectra.
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Figure 2.17 UPS spectra of air plasma cleaned ITO and three PDI modified ITO surfaces. The left panel
shows the low kinetic energy (LKE) edge and the right panel shows the high kinetic energy (HKE) parts of
the photoelectron spectra, which are with respect to (w.r.t.) the Fermi energy; the LKE is 5x magnified in the
right panel for clarity. The value of the energetic edge is determined by linear extrapolation of the intensity
to the baseline. The work function is determined by subtracting the He I photon energy (21.22 eV) from the
LKE, and the ionization potential (IP) is determined by adding the HKE to the work function.
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PA film, respectively. This decrease in work function is consistent with previous literature
on phosphonic acid linked zinc phthalocyanine molecules on ITO. 157 The decreased work
function of PDI-modified ITO may improve the electron extraction efficiency, hole
blocking ability and thus, the power conversion efficiency of an inverted OPV device. 20, 33
The electron affinity of the three PDI-modified ITO surfaces is between 3.4 eV and 3.5 eV.
The common standard deviation of the UPS measurements is about 0.1 eV; therefore, there
is no significant difference on the frontier orbital energetics when comparing these three
PDI-modified ITO surfaces, implying that all three would be suitable electron collecting
contacts in OPV devices.158-159 Despite the local vacuum level shift, the positions of PDI
LUMOs are relatively similar to those measured by electrochemistry (~4.0 eV). The slight
differences in PDI LUMO positions measured by electrochemistry and UPS are likely due
to the different dielectric environments (i.e., electrolyte solution and vacuum, respectively)
inherent to these different techniques.160
2.3.8. Performance of inverted configuration OPV devices using modified ITO electrodes
ITO/PDI-modifiers/P3HT:PCBM/MoO3/Ag bulk-heterojunction inverted OPVs were
fabricated to evaluate the influence of the molecular structure of the PDI modifiers on the
OPV performance. Figure 2.18 shows the dark and illuminated J-V responses for OPVs
with and without PDI films. Table 2.6 summarizes the device characteristics. Devices with
PDI films showed better device characteristics compared with devices fabricated using
bare ITO. PDI films decreased the work function of the ITO which resulted in an increase
of the open circuit voltage (Voc). The fill factors (FF) increased upon the PDI modifications,
indicating less recombination. This may be due to the PDI modifiers functioning as a
charge transfer bridge. Also, the larger ionization potential of the PDI modifiers (compared
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Figure 2.18 Dark (A) and illuminated (B) J-V responses for P3HT/PCBM bulk heterojunction OPVs built
on bare ITO and PDI-modified ITO.
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Table 2.6 Summary of J–V characteristics for bulk-heterojunction inverted OPVs built on ITO and PDImodified ITO (n ≥ 5).
Voc (V)

Jsc (mA/cm2)

FF (%)

PCE (%)

Bare ITO

0.12 ±0.01

3.35 ±0.03

27.5 ±0.4

0.11 ±0.01

SA PDI-diphenyl-PA

0.45 ±0.01

4.35 ±0.03

31.0 ±0.4

0.61 ±0.2

SA PDI-phenyl-PA

0.39 ±0.01

4.4 ± 0.1

40 ±2

0.68 ±0.03

SC PDI-phenyl-PA

0.35 ±0.02

4.54 ±0.07

35 ±1

0.54 ±0.02

to PCBM) may block unwanted hole collection at the PDI/ITO interface. However due to
the fact that PDI film is only one monolayer thick, this hole blocking effect may be minimal.
OPVs prepared using SC PDI-phenyl-PA-modified ITO showed a lower PCE compared to
the OPVs that using self-assembled films. Spin-coated films are probably less uniform
compared to self-assembled films, thus reducing the charge transfer bridging and hole
blocking effects. OPVs constructed using SA PDI-phenyl-PA have slightly better
performances than those constructed using SA PDI-diphenyl-PA which may be attributable
to the faster charge transfer rate constant of the SA PDI-phenyl-PA films. Also, the dark JV curves show that OPVs constructed using SA PDI-phenyl-PA also have the smallest
leakage current, which is probably because the SA PDI-phenyl-PA films have higher
surface coverage and may exhibit more uniform structure on the ITO surface.
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2.4. CONCLUSIONS
Using two phosphonic acid functionalized perylene diimide molecules combined with
different modification techniques, three different PDI monolayer films were generated with
different molecular structural parameters on ITO surfaces. SA-phenyl-PA films have
almost the same out-of-plane molecular orientation as SA-diphenyl-PA films but with
different linker length between the PDI redox center and ITO surfaces. SC-phenyl-PA films
have the same linker length but more in-plane molecular orientation compared with SAphenyl-PA films. All three PDI films have very fast charge transfer rate constants, which
exceed the required value for an efficient charge transfer process in an OPV device. The
differences in charge transfer kinetics across these three PDI films are attributable to the
differences in tunneling distance between PDI and ITO, caused by the variations in linker
length and orientation. All three PDI films have electron affinities well aligned with
commonly used acceptor molecules and also successfully decreased the work function of
ITO by 0.6 eV - 0.8 eV, which makes these small molecule-modified ITO electrodes good
candidates as electron-collection contacts in inverted OPV devices. ITO/PDI-modifier/
P3HT:PCBM/MoO3/Ag bulk-heterojunction inverted OPVs were fabricated to evaluate the
influence of the structural parameters of the PDI monolayers on OPV performances.
Devices with PDI films showed better device characteristics compared with devices
fabricated using bare ITO.
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3. INFLUENCE OF MOLECULAR AGGREGATION ON CHARGE
TRANSFER PROCESSES AT PERYLENE DIIMIDE/ITO
INTERFACES
3.1. INTRODUCTION
In Chapter 2, a series of perylene diimide (PDI) based redox active modifiers were
synthesized and explored. All three PDI modifies show relatively fast charge transfer
between PDI and ITO. Also, the relationship between orientation, linker length and the
charge transfer kinetics across PDI/ITO interface was demonstrated. However, the effects
of PDI aggregation were not studied because PDI molecules were heavily aggregated on
all modified surfaces.
In this Chapter, three new asymmetrical perylene diimide phosphonic acid modifiers
with phenyl and terphenyl substituents on one of the imide positions are compared with the
PDI-phenyl-PA molecule. Molecules were synthesized by the Marder Group at Georgia
Institute of Technology. The structure of all PDI molecules are shown in Figure 3.1. These
PDIs are designed to aggregate differently on the surface of ITO: PDIs with alkyl chains
are expected to aggregate to the largest extent, while the rest are expected to aggregate to
a smaller extent due to the spatial positioning of the phenyl and terphenyl substituents.
Substituting at the imide positions of PDIs should allow for aggregation control without
interfering in the electronics of the perylene core, since these substitutions lie on the nodal
planes of both the perylene diimide HOMO and LUMO.77 The orientation and electron
transfer process were probed as a function of the degree of PDI aggregation on ITO
surfaces.
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Figure 3.1 The four perylene diimide molecules described in this study with different imide substituents to
control the aggregation.
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3.2. EXPERIMENTAL
3.2.1. Preparation of PDI films on ITO
ITO on Schott BoroFloat glass with a layer thickness of ~150 nm and a sheet resistance
of 20 - 30 Ω/cm2 was purchased from Thin Film Devices. ITO electrodes were cut into 1
in. × 3 in. and 1/2 in. × 1/2 in. pieces for ATR and electrochemical experiments,
respectively. ITO substrates were cleaned by lightly scrubbing with detergent (1% Triton
X-100) for about 1 minute, followed by successive sonication in detergent, water
(Barnstead Nanopure, measured resistivity of 18.3 MΩ·cm), and ethanol for 15 minutes
each. Cleaned ITO substrates were stored in ethanol for later use. ITO electrodes were
dried under flowing N2 and then activated by air plasma cleaning (Harrick PDC-3XG,
Harrick Scientific) for 15 minutes at medium RF level immediately prior to use.
PDI-phenyl-PA films were deposited using the same protocol described in Chapter 2.
The other three types of PDI films were deposited by immersing activated ITO electrodes
into a 20 μM PDI solution in tetrahydrofuran (THF) at room temperature for 2 h. The ITO
substrates were then rinsed with a copious amount of THF and dried with either flowing
N2 (for electrochemical measurements) or in air (for ATR measurements) before
characterization.
3.2.2. UV-Vis spectroscopy
UV-Vis spectra of dissolved PDIs were acquired using a Shimadzu UV-2401PC
spectrophotometer. The concentration of PDI solutions was 20 μM and the path length was
1 cm.
3.2.3. Fluorescence emission spectroscopy
Fluorescence emission measurements were performed with a Fluorolog-3
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spectrometer (HORIBA Scientific Inc.). A Xe arc lamp (OSRAM, XBO 450 w/2 OFR)
was used as light source. Fluorescence emission was detected by a PMT (Hamamatsu,
R928; Products For Research Inc, TE177RF005 housing and S504 power supply).
3.2.4. Cyclic voltammetry
Cyclic voltammetry (CV) measurements were performed with a standard threeelectrode configuration consisting of an ITO working electrode (electrode area = 0.754
cm2), a platinum counter electrode and a Ag/AgNO3 (0.01 M) nonaqueous reference
electrode, controlled by a CH420A potentiostat (CH Instruments, Inc.). TBAP solution (0.1
M) in acetonitrile was used as the supporting electrolyte. The supporting electrolyte was
degassed with a gentle flow of argon for 1 hour inside the fully assembled electrochemical
cell in a homemade glove bag also filled with argon. All CV measurements were performed
immediately after degassing to minimize the effect of dissolved oxygen. The system was
cycled at 0.5 V/s between -0.6 V and -1.5 V with a sample interval of 1 mV and a sensitivity
of 100 μA/V.
3.2.5. Polarized ATR spectroscopy.
A detailed description of the custom built, broadband ATR instrument can be found in
Chapter 2. Light was coupled into and out of the ITO-coated glass slide using two BK-7
prisms positioned 43 mm apart on the IRE. The internal reflection angle was 73°-74°,
which gave eight total internal reflections at the ITO/solution interface. Both TM and TE
polarized light were used to excite the molecules in order to calculate the average tilt angle
of the molecules on the surface. A randomly oriented dextran-fluorescein film adsorbed on
ITO was used to calibrate the electric field intensities between TM and TE polarizations.
A detailed description of the tilt angle determination method is given elsewhere 132.
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3.2.6. Potential-dependent ATR spectroscopy
Two prisms were positioned 43 mm apart on the IRE. The internal reflection angle
was 73°-74°, which gave eight total internal reflections at the ITO/solution interface. TM
polarized light was used for the measurements. A platinum wire was used as the counter
electrode. A Ag/AgNO3 (0.01 M) electrode was used as the nonaqueous reference electrode.
The potential was stepped from -0.6 V to -1.3 V with a step size of 0.1 V.
3.2.7. PM-ATR spectroscopy
Detailed descriptions of the PM-ATR instrument and the ATR spectroelectrochemical
flow cell have been provided in Chapter 2 and the previous literature.28, 136-137 The ITO
electrode active area was 0.8 cm2 defined by a silicone gasket. Collimated TM polarized
light was coupled into/out of the ITO-coated glass slide by BK-7 prisms positioned 20 mm
apart. The internal reflection angle was 73°-74°, which gave two total internal reflections
at the ITO/solution interface. The E ac was 20 mVrms (0.028 V peak-to-peak). The Edc was
-0.84 V versus the Ag/AgNO3 (0.01 M) nonaqueous reference electrode. The ER signal
was recorded at 460 nm. Electrochemical impedance spectroscopy measurements of Rs and
Cdl were conducted using an EG&G Model 263A potentiostat/galvanostat coupled with a
Model 1025 frequency response detector operated with PowerSuite software (Princeton
Applied Research) with the same ATR spectroelectrochemical flow cell set-up.
3.2.8. Photoelectrochemistry
The photoelectrochemistry measurements were done using the same three-electrode
cell used for cyclic voltammetry measurements with ITO as the working electrode,
platinum wire as the counter electrode, and AgCl wire as the reference electrode. The
electrolyte solution was 0.1 M TBAP in acetonitrile with 500 μM of aluminum
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phthalocyanine hydroxide (AlOHPc) as solution electron donor. The electrochemical cell
was illuminated with either a HeNe laser (632.8 nm, Melles Griot) or an argon ion laser
(488 nm, Ion Laser Technology, ILT 5500AWC-00C). The potential-dependent
photocurrent response was acquired with a potential sweep from -0.2 to 0.7 V at a scan rate
of 10 mV/s. Light was chopped at ca. 0.5 Hz. For the incident photon-to-current efficiency
(IPCE) measurements, the electrochemical cell was held at 0.6 V to maximize the
photocurrent and minimize the background current. The IPCE was calculated according to
the following equation:
1240×𝐽

(𝐴⁄𝑐𝑚 2 )

𝐼𝑃𝐶𝐸 (𝜆) = 𝑃(𝑊⁄𝑐𝑚𝑝ℎ2)×𝜆(𝑛𝑚) × 100%

(3.1)

where Jph is the photocurrent density and P is the power of incident radiation per unit area.
No correction was made for absorption and reflection of the substrate. For the absorbed
photon-to-current efficiency (APCE) measurements, the absorption spectrum of the film
was taken to calculate the light harvesting efficiency (LHE) using the following equations:
𝐿𝐻𝐸(𝜆) = 1 − 10−𝐴

(3.2)

where A is the absorbance of the film at a specific wavelength. The APCE was then
calculated by:
𝐴𝑃𝐶𝐸 (𝜆) =

𝐼𝑃𝐶𝐸(𝜆)
𝐿𝐻𝐸(𝜆)

× 100%

(3.3)
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3.3. RESULTS AND DISCUSSION
3.3.1. Electroactive surface coverage of PDI films on ITO
PDI molecules were deposited on ITO surfaces by chemisorption. Detailed
descriptions of the deposition method are in the experimental section. Electrochemistry
measurements were used to characterize the electroactive surface coverage and redox
properties. Acetonitrile, a non-solvent for PDI molecules, was used as the solvent of the
supporting electrolyte (0.1M TBAP) in order to prevent any possible desorption of PDI
during the electrochemical measurements. Figure 3.2 shows cyclic voltammograms of four
PDI molecules adsorbed on ITO surfaces. All films showed a typical two step, two electron
reduction process as observed previously by Lee et al. 109 and Fukuzumi et al.112 The
midpoint potentials for all PDI films are listed in Table 3.1. All PDI films have very similar
redox midpoint potentials which are consistent with the literature, 7, 40-41 indicating the
bulky substituents do not change the change the reorganization energy of PDI molecules
on ITO surfaces.
The electroactive surface coverage (Γ) was estimated by integrating both voltammetric
peaks and assuming a total two-electron reduction process for all PDI films. Table 3.1
shows the comparison of electroactive surface coverage for the PDI films. As more bulky
substituents are introduced to PDI, Γ decreases which is caused by the increased size of
the PDI molecule and decreased degree of aggregation (characterized in sections 3.3.2 and
3.3.3). The monolayer percentages of the PDI films on ITO were also calculated and listed
in Table 3.1. The projected area of each PDI was estimated from MM2 energy
minimization of a single molecule on the surface with its corresponding tilt angle calculated
by polarized ATR spectroscopy (Table 3.2) using Chembio 3D software (PerkinElmer,
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Figure 3.2 Cyclic voltammograms of four types of PDI films on ITO surfaces. The electrolyte was 0.1 M
TBAP in acetonitrile, and the scan rate was 0.5 V/s.
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Table 3.1 Reduction midpoint potentials and electroactive surface coverage of four PDI films calculated
from cyclic voltammograms (n ≥ 4).

PDI-phenyl-PA

L-PDI-phenylPA

XL-PDI-phenylPA

XL-PDIIPphenyl-PA

Γ (x10-11 mol/cm2)

11 ± 2

4.2 ± 0.3

3.1 ± 0.4

3.2 ± 0.2

Monolayer percentage

120 ± 22 %

80 ± 6 %

78 ± 10 %

81 ± 5 %

E1/2, 1st (V vs. Ag/Ag+)

-0.91 ± 0.04 V

-0.86 ± 0.02 V

-0.84 ± 0.03 V

-0.84 ± 0.01 V

E1/2, 2nd(V vs. Ag/Ag+)

-1.15 ± 0.05 V

-1.14 ± 0.04 V

-1.12 ± 0.04 V

-1.13 ± 0.03 V

Inc.). The projected areas are: 180 Å2/molecule for PDI-phenyl-PA, 315 Å2/molecule for
L-PDI-phenyl-PA, 418 Å2/molecule for XL-PDI-phenyl-PA, and 420 Å2/molecule for XLPDI-IPphenyl-PA. It is noteworthy that these estimates do not consider the possibility of
PDI aggregation and side chain interactions. Given the uncertainty in estimating projected
areas, the monolayer percentages of all PDI films are approximately one monolayer.
3.3.2. Degree of aggregation of PDI molecules on ITO surfaces
Fluorescence measurements were used to compare the degree of aggregation of four
types of PDI films. Figure 3.3 shows the fluorescence spectra of all PDI films adsorbed on
ITO surfaces. None of the PDI films show monomeric-like emission, with three wellresolved vibronic bands at 500 - 650 nm regime.78, 81-83, 100 The broad band at 550 - 800 nm
indicates all PDIs aggregate on the surface. However, as more bulky substituents are added
on PDI (from PDI-phenyl-PA to L-PDI-phenyl-PA to XL-PDI-phenyl-PA to XL-PDIIPphenyl-PA), the emission peaks shift from 640 nm to 593 nm. Armstrong82, Wurthner100,
and Ghiggino161 have all observed that as aggregation of perylene diimide molecule
increases, the emission peak red-shifts. Our observations indicate decreasing aggregation
of PDI molecules as bulkier substituents are introduced.
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Figure 3.3 Fluorescence spectra of 4 different PDI molecules adsorbed on ITO surfaces.
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Aggregation of PDIs can also be characterized by broadened absorbance bands and a
decreased ratio of the 0-0 (525 nm)/0-1 (488 nm) absorbance bands.83, 98-99, 101, 129, 142
According to the literature, a PDI solution that produces a 0-0/0-1 ratio close to 1.6 is
considered monomeric.127-129 Here a 0-0/0-1 absorbance ratio of 1.6 (Figure 3.4) was
measured for all the PDIs in solution, indicating they are likely to be monomeric in solution.
However, different degrees of aggregation were observed when these PDI molecules were
adsorbed on ITO surfaces. Figure 3.5 shows the polarized ATR spectra of four PDI films
on ITO surface in both TE and TM polarizations. The 0-0/0-1 absorbance ratios in TM
polarization are listed in Table 3.2. TM absorbance was used instead of TE because it has
much better signal to noise ratio. The absorbance ratio data exhibit a clear trend that as
bulkier substituents are introduced to PDI molecules, the absorbance ratio decreases
gradually, indicating the decrease of aggregation. This result is also consistent with the
trend observed by fluorescence measurements.
3.3.3. Orientation of PDI molecules on ITO surfaces
The mean tilt angles of PDI films on ITO were calculated using the absorbance
dichroic ratio (ρ = 𝐴 𝑇𝐸 /𝐴 𝑇𝑀 ). Isotropic dextran-fluorescein films were used to normalize
the electric field intensities in TE and TM polarizations (Figure 3.6). 46, 132 Table 3.2
summarizes the mean tilt angles between the PDI long molecular axis and surface normal
for four types of PDI films. All PDI films have relatively similar out-of-plane orientation
(range of 9 degrees) with mean tilt angles smaller than 45 degrees. This orientation control
is desired since orientation can have significant effects on the charge transfer process
across the organic/TCO interface.28, 46 With uniform orientation, it is more likely that
charge transfer process differences that may be observed in later experiments are due to
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Figure 3.4 UV-Vis spectra of all PDI molecules in solution.

650

700

750

112

PDI-phenyl-PA TM
L-PDI-phenyl-PA TM
XL-PDI-phenyl-PA TM
XL-PDI-IPphenyl-PA TM
PDI-phenyl-PA TE
L-PDI-phenyl-PA TE
XL-PDI-phenyl-PA TE
XL-PDI-IPphenyl-PA TE

Absorbance

0.4

0.3

0.06

0.04

Absorbance

0.5

0.2
0.02
0.1

0.0

0.00
450

500

550

600

650

Wavelength /nm

Figure 3.5 ATR spectra of four different PDI films (PDI-phenyl-PA (black line), L-PDI-phenyl-PA film
(red line), XL-PDI-phenyl-PA (blue line), and XL-PDI-IPphenyl-PA (green line)) on ITO in both TM
(solid lines) and TE (dashed lines) polarizations.
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Figure 3.6 Polarized-ATR spectra of a dextran-fluorescein film adsorbed on ITO surface in TM (solid line)
and TE (dashed line) polarizations.
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Table 3.2 Absorbance ratios of 0-0/0-1 absorbance bands, tilt angles, and charge transfer rate constants (ks,opt)
determined from polarized ATR and PM-ATR for all PDI films on ITOs (n ≥ 4).
PDI-phenyl-PA

L-PDI-phenyl-PA

XL-PDI-phenyl-PA

XL-PDI-IPphenyl-PA

A0-0/A0-1 (TM)

0.36 ±0.02

0.62 ±0.04

0.85 ±0.05

0.98 ±0.03

Tilt Angle (°)

33 ±4

38 ±2

41 ±3

42 ±2

Ks,opt (s-1)

(1.4 ±0.3) × 104

(1.9 ±0.7) × 103

(1.2 ±0.1) × 103

(1.0 ±0.3) × 103

the aggregation of PDI molecules.
In addition, Table 3.2 shows that the measured tilt angle decreases with decreasing
PDI aggregation. This is probably because PDI aggregation forces a more out-of-plane
orientation. The PDI aggregation resulted in a hypsochromic shift of the absorption bands
(Figure 3.5), which indicates cofacial H-aggregation.126, 162-164 Since PDI molecules are
bound to the ITO surface through phosphonic acid groups, cofacial π − π interactions will
force the molecules to a more out-of-plane orientation.
3.3.4. Spectroelectrochemical characterizations of PDI films on ITO
Figure 3.7 shows the ATR-spectra of three phenyl and terphenyl substituted PDI films
in TM polarization as a function of potential applied to the ITO electrode. These PDIs
exhibit very similar potential-dependent behaviors compared with the PDI-phenyl-PA film
shown in Chapter 2. PDI anion radical absorption bands appeared at ca. 680 nm when the
potential was stepped from -0.6 V to -1.1 V vs. Ag/Ag+, while PDI dianion absorption
bands arose in 500 nm to 600 nm region when a more negative potential was applied. The
complete bleach of the ground state absorption indicates that all PDI molecules on ITO
surface are electroactive, thus suggesting the electroactive surface coverage estimated
using electrochemistry (Table 3.1) represents the entire PDI film. By plotting the
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Figure 3.7 Potential-dependent ATR spectra of a (a) L-PDI-phenyl-PA, (b) XL-PDI-phenyl-PA, and (c) XLPDI-IPphenyl-PA films on ITO in TM polarization from -0.6 V to -1.3 V. Corresponding plots ((b) L-PDIphenyl-PA, (d) XL-PDI-phenyl-PA, and (f) XL-PDI-IPphenyl-PA) of absorbance of different PDI charged
states (neutral state (PDI) at 460 nm and dianion (PDI2-) at 569 nm) as a function of applied potential.
Absorbance values are normalized to the most intense absorbance value of each charged state.

116
Table 3.3 Reduction midpoint potentials of four PDI films calculated by potential-dependent ATR
spectroscopy.

E1/2, 1st (V vs.
Ag/Ag+)
E1/2, 2nd(V vs.
Ag/Ag+)

PDI-phenyl-PA

L-PDI-phenyl-PA

XL-PDI-phenyl-PA

XL-PDI-IPphenyl-PA

-0.92 V

-0.83 V

-0.85 V

-0.84 V

-1.18 V

-1.12 V

-1.12 V

1.16 V

absorbance versus the applied potential at different wavelengths (460 nm for PDI and 569
nm for PDI2-), the midpoint potentials for the first and second reductions were obtained
and are listed in Table 3.3. Due to the spectra overlap between the PDI ground state
absorption and PDI dianion absorption, absorbance values from -0.6 V to -1.05 V were
used to extract the midpoint potential for the PDI first reduction. The midpoint potentials
obtained from potential-dependent ATR spectroscopy are consistent with the values
determined by cyclic voltammetry.
3.3.5. PM-ATR measurements of optically detected electron transfer rate constants (ks,opt)
The optically detected electron-transfer rate constants (ks,opt) of the first reduction for
three phenyl and terphenyl substituted PDI films were measured by PM-ATR in TM
polarization and compared with PDI-phenyl-PA films. Rs and Cdl for the PDI films were
determined by impedance spectroscopy and listed in Table 3.4. Table 3.2 shows the
comparison of ks,opt values measured for all PDI films on ITO. The measured rate constants
exhibit a clear trend that a higher degree of PDI aggregation results in a faster charge
transfer process. This could be explained by the reduced reorganization energies caused
by extended π conjugation.28, 100, 165-166 The reduced reorganization energy usually results
in a change in redox potential as well, making the molecule thermodynamically easier to
oxidize/reduce.28 However, the redox potentials for four types of PDI molecules are
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Table 3.4 Rs and Cdl for three new PDI films measured by impedance spectroscopy (n ≥ 3).
PDI-phenyl-PA

L-PDI-phenyl-PA

XL-PDI-phenyl-PA

XL-PDI-IPphenyl-PA

Rs (Ω·cm2)

14 ±2

22 ±1

18 ±2

13 ±2

Cdl (μF/cm2)

15 ±1

12 ±1

13 ±1

17 ±2

statistically equivalent, indicating any change in reorganization is not significant.
This aggregation-dependent charge transfer process is likely due to the enhanced
electron self-exchange between PDI molecules. It is shown from previous literature that
the conductivity of air-plasma etched ITO surfaces is very heterogeneous and electrical
‘hot spots’ are discernible.37 MacDonald et al. further showed that electrical ‘hot spots’
also exist at the CuPc/ITO interface when 20 nm of copper phthalocyanine (CuPc) was
deposited on ITO.40 The existence of ITO ‘hotspots’ suggests that charge transfer at the
PDI/ITO interface may involve electron self-exchange between molecules followed by
transfer through those ‘hotspots’. Under this hypothesis, the intermolecular electron selfexchange rate may be the limiting factor that governs the rate constant measured by PMATR. Forster, et al.167 have showed, using horizontal touch voltammetry, that the electron
self-exchange rate of a [Os(dpp)2Qbpy](ClO4)2 monolayer at the air/water interface
increases as average area per molecule decreases. Similar behavior was observed here - the
charge transfer rate constant increases as PDI aggregation increases, providing support for
this hypothesis.
Moreover, it has been widely reported that charge transporting within a monolayer of
redox molecules often exhibits classical percolation behavior, where the charge transport
percolation threshold is observed as a function of average intermolecular interactions (e.g.
average area per molecule or monolayer density). 167-173 In a plot of the measured charge
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transfer rate constant as a function of degree of aggregation (0-0/0-1 absorbance ratio,
Figure 3.8), the similar percolation behavior was observed where the charge transfer rate
constant increases dramatically when the degree of aggregation passed a certain threshold.
This provides additional evidence that the electron self-exchange between PDI molecules
may be the rate limiting step for the charge transfer process across the interface.
3.3.6. Photoelectrochemical measurements of PDI films on ITO
Fast heterogeneous charge transfer rate constant does not necessary equate to high
charge collection efficiency at interfaces. In order to assess and compare the charge
collection efficiency across the PDI/ITO interfaces, photoelectrochemical measurements
were performed. Aluminum phthalocyanine hydroxide (AlOHPc) was chosen as the
solution electron donor. Figure 3.9 shows the electrochemistry and UV-Vis absorption data
of AlOHPc molecules from which the HOMO and LUMO energy levels were estimated.
To estimate the HOMO, the onset oxidation potential was corrected to the vacuum scale
using a value of -5.1 eV vs vacuum for the midpoint potential of ferrocene/ferricenium
(Fc/Fc+) redox couple.155 The midpoint potential of Fc/Fc+ was measured to be 0.49 V vs
the AgCl reference electrode. Therefore, the E HOMO was estimated from 𝐸𝐻𝑂𝑀𝑂 =
−(𝐸𝑜𝑥 + 4.61) 𝑒𝑉, where Eox is the onset oxidation potential versus AgCl. The ELUMO was
estimated by adding the optical band gap of the molecule obtained from UV-Vis spectra.
Figure 3.10 shows the complete energy diagram of the photoelectrochemical cell. The
solution donor is chosen in such a way that it allows for selective excitation of PDI
molecules (488 nm) on the surface or AlOHPc molecules (623 nm) in solution using
different excitation wavelengths. When exciting the PDI molecules, charge transfer
efficiency across PDI/ITO interfaces can be assessed, assuming the electron donation from
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Figure 3.8 Plot of measured charge transfer rate vs. absorbance ratio of 525 nm to 488 nm. The red line is
the sigmoidal fit of the data showing the possible percolation behavior of the system.
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Figure 3.9 (A) Diffusion controlled cyclic voltammogram of AlOHPc solution in 1:1 ratio acetonitrile:
pyridine. The supporting electrolyte was 0.1M TBAP, and the scan rate was 100 mV/s. The onset of the
oxidation was estimated by extrapolation (dashed lines) of the current to the baseline and used to estimate
the HOMO of AlOHPc. (B) UV-Vis absorbance spectrum of AlOHPc solution in 1:1 ratio acetonitrile:
pyridine. The onset of the absorption was estimated by extrapolation (dashed lines) of the absorbance to the
baseline and used to estimate the band gap of AlOHPc.
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Figure 3.10 Energy level alignment of the photo electrochemical cell.
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AlOHPc to PDI is rapid for all films. When exciting dissolved AlOHPc, PDI’s ability to
facilitate the charge collection at the organic/ITO interfaces can be assessed. Figure 3.11
shows an example of the photocurrent as a function of applied potential for a XL-PDIphenyl-PA-modified ITO electrode when exciting at 488 nm. The negative sign of the
photocurrent indicated that the photo generated electrons were collected by the ITO
electrode. The ITO electrode was held at -0.6 V vs. AgCl for all the photocurrent
measurements to calculate photon to current efficiency, due to the relatively high
photocurrent and low background current at this potential.
Figure 3.12-A shows the APCE values for all PDI-modified ITO electrodes as well as
bare ITO electrodes when exciting at 488 nm. Even though the standard deviations of
measurements overlap with each other, there is still a clear trend showing that the
aggregation of PDI reduces the APCE value. This could be attributed to an enhanced
recombination of charges caused by the PDI aggregation. During the PM-ATR
measurement, electrons are transferred into and out of the PDI LUMO and there is no
recombination/decay process happening. So, even though the charge transfer rate constant
is larger when PDIs aggregate on the surface, it is possible the excited state recombination
rate also increases which ultimately leads to the decrease of charge collection efficiency
from PDI to ITO. Previous publications on dye sensitized solar cells also support this
hypothesis, showing when sensitizer molecules are aggregated on TiO 2 surface, the APCE
decreased mainly due to the enhanced recombination.48-49, 51
Figure 3.12-B shows the IPCE values of all PDI modified electrode as well as bare
ITO when exciting dissolved AlOHPc solution donors. The overall low IPCE values for
all measurements are mainly because only excited AlOHPc molecules that are near the
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Figure 3.11 Example of photochemical cell response as a function of potential for a XL-PDI-phenyl-PAmodified ITO surface. The negative photocurrent states that electrons were collected by the ITO electrode
after photoexcitation.
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Figure 3.12 (A) Absorbed photon to current efficiencies (APCE) obtained from the photoelectrochemical
cell using different PDI-modified surfaces by exciting PDI at 488 nm. (B) Incident photon to current
efficiency (IPCE) obtained from the photoelectrochemical cell using different PDI-modified surfaces by
exciting AlOHPc at 632.8 nm.
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electrode surface can transfer electrons to the PDI-modified electrode. The majority of the
excited AlOHPc decayed after excitation. However comparing the IPCE result of PDImodified ITO electrodes with non-modified electrodes, it is very clear that having a redoxactive PDI monolayer on ITO surface enhances the electron collection efficiency across
the AlOHPc/ITO interfaces. Also, since AlOHPc molecules are in solution, the
packing/templating effect of different PDI modifiers on AlOHPc molecules is minimized
compared with directly depositing a thin film of AlOHPc molecules onto modified
electrodes. Thus, the overall enhancement of the charge collection efficiency can be largely
attributed to the ‘electron transfer bridging’ effect of the redox-active PDI modifiers
described in Chapter 1.
When comparing four types of PDI-modified electrodes, it is observed that aggregation
of PDI modifiers increases the charge collection efficiency across the AlOHPc/ITO
interfaces, although L-PDI-phenyl-PA-modified electrodes have similar efficiency to PDIphenyl-PA-modified electrodes. This may be explained by the trade-off between charge
transfer from AlOHPc to PDI modifiers and charge injection from PDI modifiers to ITO
electrodes. The APCE results collected by exciting PDI molecules clearly indicates that as
the degree of PDI aggregation increases, the charge collection efficiency across PDI/ITO
interfaces decreases. However, as the degree of PDI aggregation increases, the PDI surface
coverage increases which will enhance the charge transfer efficiency from AlOHPc to PDI.
It is possible that there is a ‘sweet spot’ of PDI aggregation where the charge collection
efficiency is maximized due to a balance between charge transfer from AlOHPc to PDI
modifiers and charge injection from PDI modifiers to ITO electrodes.
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3.4. CONCLUSIONS
The effects of molecular aggregation in PDI films on ITO on the charge transfer
processes across PDI/ITO interfaces were investigated. By introducing bulky substitution
groups in the imide position of PDI, the aggregation of PDI is gradually reduced without
changing their electronic structures or significantly altering their orientations on the surface.
The charge transfer rate constant also decreases as the degree of PDI aggregation is reduced,
which may be caused by the reduced electron self-exchange rate between PDI molecules.
Photoelectrochemical measurements suggest that the photoinduced charge transfer
efficiency from PDI to ITO actually increases as the degree of PDI aggregation is reduced.
In terms of the ability to facilitate the charge collection across organic/ITO interfaces, our
results suggests that modification of ITO electrodes with redox-active PDI modifiers does
enhance the charge collection efficiency. Aggregation of PDI reduces the charge collection
efficiency from PDI to ITO but enhances the charge transfer efficiency from adjacent
organic molecules to PDI. For the potential applications of these PDI modifiers, a balance
between charge transfer from an organic acceptor layer to the PDI film and charge injection
from the film to ITO must be considered.
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4. CHARGE TRANSFER PROCESSES OF ISOLATED PERYLENE
DIIMIDE MOLECULES AT ELECTRODE/PERYLENE DIIMIDE
INTERFACES: AN APPLICATION OF POTENTIALMODULATED TOTAL INTERNAL REFLECTION
FLUORESCENCE SPECTROSCOPY
4.1. INTRODUCTION
Charge transfer kinetics at electrode/organic interfaces have very important impacts
on organic electronic devices including OPVs, DSSCs as well as perovskite solar cells. 22,
27, 174-175

Characterizing and understanding the charge transfer processes occurring at

interfaces are critical for developing optimized devices. The determination of chargetransfer rate constant by cyclic voltammetry, ac impedance spectroscopy and
chronoamperometry has been extensively reported in literature. 74-75, 151, 176-180 However,
these conventional electrochemical determinations of rate constant may be complicated by
the difficulties in discriminating the faradaic current from the non-faradaic component.138,
141

Electroreflectance (ER) spectroscopy138, 181-182 developed by Niki and Sagara measures
the reflectance signal changes when an ac-modulated electric potential is applied to the
system. From the measurements of the ac reflectance signals at different modulation
frequencies, the electron transfer rate constant of a redox active molecular film is
determined.138 Since only the pure faradaic component is monitored in the ER spectroscopy,
it can achieve higher sensitivity, better stability and an improved signal to noise (S/N)
ratio.181

128

Saavedra and co-workers28,

139-141

have further enhanced the sensitivity of ER

spectroscopy by using an ATR geometry. Using the PM-ATR spectroelectrochemistry
technique, Saavedra and co-workers have successfully measured charge-transfer rate
constants (ks) for proteins,140 nanoparticles,141 conducting polymers139 and organic
semiconductor molecules28 adsorbed on electrode surfaces with monolayer to
submonolayer surface coverage. However, a limitation of the PM-ATR technique is the
trade-off between the upper limit of the measurable rate constant ( 𝑘𝑠,𝑚𝑎𝑥 ) and the
sensitivity. According to the ER and PM-ATR theory, the upper limit of 𝑘𝑠,𝑚𝑎𝑥 is
determined by the RC time constant of the PM-ATR flow cell (𝑘𝑠,𝑚𝑎𝑥 < 50⁄𝑅𝑠 𝐶𝑑𝑙 ).138-139
In order to measure very fast 𝑘𝑠 , a very small flow cell with small RC time constant is
needed. Nonetheless, a small flow cell will result in fewer total reflections in a PM-ATR
experiment, thus leading to decreased sensitivity. This issue limits the application of PMATR to measure rate constant of either very fast charge transfer kinetics or very low surface
coverage films. Techniques that detect fluorescence signals are intrinsically more sensitive
than those based on absorbance (reflectance) signals. 183 A fluorescence version of the PMATR system can address this issue. In fact potential-modulated fluorescence (PMF) or
potential-modulated total internal reflection fluorescence (PM-TIRF) platform has already
been applied to study the ion transfer or adsorption process at liquid/liquid interfaces. 181,
184-188

However to our knowledge, its application to characterize charge transfer processes

at organic/electrode interfaces has not been reported.
In this chapter, the first application of a PM-TIRF platform for characterization of
electron-transfer process across the organic/electrode interfaces is presented. Results
shown in Chapter 2 suggest that PDI-phenyl-PA (Figure 4.1) monolayer films on ITO
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surfaces have very fast charge transfer process which makes PDI-phenyl-PA molecules
very promising as redox-active electrode modifiers. To further understand what affects and
controls the charge-transfer process, Lower surface coverage PDI-phenyl-PA films that are
mostly monomers on ITO were generated. The orientation, degree of aggregation and
electron transfer rate constant of the monomeric films are characterized and compared with
those of aggregated films.
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Figure 4.1 Structure of PDI-phenyl-PA.
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4.2. EXPERIMENTAL
4.2.1. Instrumental diagram of the PM-TIRF instrument
The schematic of the custom-built PM-TIRF instrument is shown in Figure 4.2. The
optical setup (Figure 4.2-A) is employed to couple light into and out of the PM-TIRF flow
cell and to measure fluorescence emission in polarized TIRF experiments, including steady
state and spectroelectrochemical measurements. The potential modulation setup shown in
Figure 4.2-B is used for the PM-TIRF measurement. An argon ion laser with 488 nm line
(Ion Laser Technology, ILT 5500AWC-00C) is used as the excitation light source. The laser
is passed through a polarizer (Newport, 481-A series) to generate linearly polarized light.
A half wave fresnel rhomb (Karl Lambrecht Corporation, MFRC-10-UN-580,) is used to
rotate the polarization of the laser. The polarized light is then coupled into the internal
reflection element (IRE) of the TIRF flow cell by a prism. An ITO-coated glass slide with
PDI molecules adsorbed on the surface is used as the IRE. A fluorescence microscope
(Nikon Diaphot with 10x objective) is used to collect the fluorescence emission of PDI
molecules. A 620 ± 90 nm bandpass filter (Omega Optical Inc.) is used to remove scattered
excitation light. Fluorescence emission is coupled out of the microscope through either the
side port or the bottom port controlled by a moveable mirror. For polarized TIRF and
potential-dependent TIRF measurements, the fluorescence signal is coupled out through
the side port and coupled into the monochromator (Acton Research Corporation, Spectra
Pro 275) by a focusing lens and detected by a PMT (ET Enterprises, 9816B; Products For
Research Inc, TE104RF housing and S504 power supply) with a photon counter (Stanford
Research System, SR400). For PM-TIRF measurements, the fluorescence signal is coupled
out through the bottom port and directly detected by a PMT (Hamamatsu, R2257; Products
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Figure 4.2 Schematic of PM-TIRF instrument that includes both (A) optical setup and (B) potential
modulation setup.
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For Research Inc, TE104RF housing and S504 power supply). Current measured by the
PMT is then connected to the potential modulation setup to extract the signal. The potential
modulation setup (described in Chapter 2) includes a potentiostat (EG&G Princeton
Applied Research Model 263A potentiostat/galvanostat), a function generator (Stanford
Research Systems Model DS335), and a lock-in amplifier (Stanford Research Systems
Model SR830).
4.2.2. Preparation of PDI films on ITO
ITO on Schott BoroFloat glass with a layer thickness of ~150 nm and a sheet resistance
of 20 - 30 Ω/cm2 was purchased from Thin Film Devices. ITO electrodes were cut into 1
in. × 3 in. and 1/2 in. × 1/2 in. pieces for TIRF and electrochemical experiments,
respectively. ITO substrates were cleaned by lightly scrubbing with detergent (1% Triton
X-100) for about 1 minute, followed by successive sonication in detergent, water
(Barnstead Nanopure, measured resistivity of 18.3 MΩ·cm), and ethanol for 15 minutes
each. Cleaned ITO substrates were stored in ethanol for later use. ITO electrodes were
dried under flowing N2 and then activated by air plasma cleaning (Harrick PDC-3XG,
Harrick Scientific) for 15 minutes at medium RF level immediately prior to use.
PDI-phenyl-PA aggregated films were deposited using the same method as the SA
PDI-phenyl-PA films described in Chapter 2. For PDI-phenyl-PA monomeric films, the
activated ITO substrate was immersed into a 0.5 μM PDI-phenyl-PA solution in 90%
dimethylfomamide (DMF) + 10% chloroform (CHCl3) containing tetrabutylammonium
hydroxide (TBA-OH) in an equimolar ratio with PDI at room temperature for 1 h. ITO
electrodes were then rinsed with a copious amount of CHCl3 and dried with flowing N2
before characterization.
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4.2.3. Fluorescence emission spectroscopy
Fluorescence emission measurements were performed with Fluorolog-3 spectrometer
(HORIBA Scientific Inc.). A Xe arc lamp (OSRAM, XBO 450 w/2 OFR) was used as the
light source. Fluorescence emission was detected by a PMT (Hamamatsu, R928; Products
For Research Inc, TE177RF005 housing and S504 power supply).
4.2.4. Cyclic voltammetry
Cyclic voltammetry (CV) measurements were performed with a standard threeelectrode configuration (ITO working electrode, electrode area = 0.754 cm2; platinum
counter electrode; Ag/AgNO3 (0.01 M) nonaqueous reference electrode) using a CH420A
potentiostat (CH Instruments, Inc.). TBAP solution (0.1 M) in acetonitrile was used as the
supporting electrolyte. The supporting electrolyte was degassed with a gentle flow of argon
for 1 hour inside the fully assembled electrochemical cell in a homemade glove bag also
filled with argon. All CV measurements were performed in a homebuilt glove bag filled
with argon to minimize the effect of dissolved oxygen. The system was cycled at 0.5 V/s
between -0.6 V and -1.05 V with a sample interval of 1 mV and a sensitivity of 100 μA/V.
4.2.5. Polarized TIRF spectroscopy
A detailed description of the custom built, polarized TIRF instrument is shown in the
previous section. The PDI film was first deposited on ITO-coated glass slide using the
deposition protocols described above. The TIRF flow cell was then assembled. Light was
coupled into the ITO electrode using a BK-7 prism (Thorlabs, Inc.). The internal reflection
angle was 73.6°. The objective was focused on one of the total internal reflection spots at
the ITO/air interface. PMT voltage was -1.8 kV. To measure the tilt angle, both TM and TE
polarized light were used. A randomly oriented dextran-fluorescein film on ITO was used
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to calibrate the electric field intensities of TM and TE polarizations. The tilt angle
determination method is essentially the same as the method used in the PM-ATR
technique.132
4.2.6. Potential-dependent TIRF spectroscopy
The TIRF flow cell was assembled using a PDI-modified ITO electrode and filled with
0.1 M TBAP solution in CH3CN. A platinum wire was used as the counter electrode. The
reference electrode was a Ag/AgNO3 (0.01 M) nonaqueous reference electrode. The
potential was stepped from -0.6 V to -1.2 V with a step size of 0.1 V.
4.2.7. PM-TIRF spectroscopy
The theory and experimental methodology of the PM-TIRF is the same as those of
PM-ATR which have been described previously.28, 138-141 The only significant distinction is
that in PM-TIRF, the fluorescence emission of PDI molecules is measured instead of the
reflectance signal. The TIRF flow cell was assembled using a PDI-modified ITO electrode
and filled with 0.1 M TBAP solution in CH3CN. The ITO electrode active area was 0.8 cm2
defined by a silicone gasket. Collimated TM polarized light was coupled into the ITOcoated glass slide using a BK-7 prism. The internal reflection angle was 73.6°. The
objective was focused on one of the total internal reflection spots at the ITO/solution
interfaces. The PMT voltage was -1.8 kV. The Eac was 20 mVrms (0.028 V peak-to-peak).
The Edc applied was -0.87 V versus the Ag/AgNO3 (0.01 M) nonaqueous reference
electrode. Electrochemical impedance spectroscopy measurements of R s and Cdl were
conducted using an EG&G Model 263A potentiostat/galvanostat coupled with a Model
1025 frequency response detector operated with PowerSuite software (Princeton Applied
Research) with the same PM-TIRF flow cell set-up.
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4.3. RESULTS AND DISCUSSION
4.3.1. Fluorescence emission of PDI monomer and aggregate films
Fluorescence measurements were used to characterize the degree of aggregation for
both films. Previous literature78, 81-83, 100 shows that PDI monomer molecules usually show
three emission peaks at ca. 520 - 550 nm, 550 - 600 nm and 600 - 650 nm, respectively.
Peak positions may vary with different bay substitutions or solvents. 78, 81, 83 Depositing the
molecules on to solid substrates may also cause slightly shifts in peak positions. 82 When
molecules aggregate, the three monomer emission features decay and new features arise in
ca. 620 - 700 nm region, which have been assigned to PDI excimers or aggregates. 81-82, 100
As shown in Figure 4.3-A and 4.3-B, PDI-phenyl-PA monomeric films clearly show
monomer-like emission features with peaks at 534 nm, 580 nm, and a shoulder peak at 616
nm, while PDI-phenyl-PA aggregated films show aggregate-like emission features with
only one broad peak at 640 nm. These observations suggest that PDI monomers are present
in PDI-phenyl-PA monomeric films and aggregates are present in PDI-phenyl-PA
aggregated films.
4.3.2. Electroactive surface coverage of PDI monomeric films
Electrochemistry was used to characterize the electroactive surface coverage for both
PDI monomeric and aggregated films. Figure 4.3-C and 4.3-D shows the respective cyclic
voltammograms. For PDI-phenyl-PA aggregated films, as shown in Chapter 2, the potential
was scanned from -0.6 V to -1.6 V (vs. Ag/Ag +) to observed two step, two electron
reduction process. The reduction midpoint potentials are -0.91 ± 0.04 V and -1.15 ± 0.05
V (Table 4.1). For PDI-phenyl-PA monomeric films, the potential was only scanned from
-0.6 V to -1.05 V (vs. Ag/Ag+) to observe the first reduction of PDI due to the fact that
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Figure 4.3 Normalized fluorescence emission spectra of (A) a PDI-phenyl-PA monomeric film and (B) a
PDI-phenyl-PA aggregated film. (C) and (D) are the Cylic voltammograms of the PDI monomeric and
aggregated films respectively. The electrolyte was 0.1 M TBAP in acetonitrile, and the scan rate was 500
mV/s.
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Table 4.1 The midpoint potential (E0’) (n ≥ 3) determined by electrochemistry and spectroelectrochemistry
for PDI-phenyl-PA monomeric films and aggregated films adsorbed on ITO.
PDI-phenyl-PA monomeric film

PDI-phenyl-PA aggregated film

1st reduction

1st reduction

2nd reduction

E0 (vs. Ag/Ag+) by
electrochemistry

-0.87 ± 0.05 V

-0.91 ± 0.04 V

-1.15 ± 0.05 V

E0 (vs. Ag/Ag+) by TIRF
spectroelectrochemistry

-0.86 V

NA

NA

repeated scanning to a more negative potential cause a progressive decrease in current. This
indicates possible desorption of PDI molecules from the ITO surface, which suggests that
monomeric films may have different phosphonic acid binding geometry to ITO compared
with aggregated films. The midpoint potential for the first reduction of the PDI-phenyl-PA
monomeric films is -0.87 ± 0.05 V, which is equivalent to that of the PDI-phenyl-PA
aggregated film, indicating PDI aggregation does not change the reorganization energy of
PDI molecules on ITO surfaces.
Integrating the voltammetric peaks for PDI-phenyl-PA monomeric films (integrating
from -0.6 V to -1.05 V, assuming one electron reduction), the electroactive surface
coverage for monomeric films was calculated and compared with that of aggregated films
in Chapter 2. PDI-phenyl-PA aggregated films have a surface coverage of 11 ×
10−11 mol/cm2 which is equivalent to about 1.2 monolayers (ML) assuming PDI
molecules are adsorbed in an out-of-plane orientation with a projected area of 180
Å2/molecule. PDI-phenyl-PA monomeric films have a surface coverage of 0.2 ×
10−11 mol/cm2 , which is equivalent to about 0.02 ML under the same assumption.
Electron transfer kinetics are impossible to measure for such low surface coverage films
using the PM-ATR set-up described in previous chapters.
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4.3.3. Molecular orientation of PDI films on ITO
Figure 4.4 shows the TIRF spectra of PDI-phenyl-PA monomeric films in TE and TM
polarizations. The molecular orientation of the PDI molecules was assessed from
measurements of the dichroic ratio of the integrated peak area from 520 nm to 660 nm.
Figure 4.5 shows the emission spectra of an isotropic dextran-fluorescein film adsorbed on
ITO which were used to normalize the electric field intensities in TE and TM polarizations.
Table 4.2 shows a comparison between the mean tilt angles for PDI monomeric films
measured by polarized TIRF spectroscopy and aggregated films measured by polarized
ATR spectroscopy (calculated in Chapter 2).
Unlike the aggregated films, which have a more out-of-plane orientation with a 33°
mean tilt angle, PDI-phenyl-PA monomeric films have a more in-plane orientation with
mean tilt angle of 58.4°. Since adsorbed PDI molecules are monomeric on the surface,
there are minimal π-π interactions between molecules to force a more out-of-plane
orientation. This is consistent with the trend observed in Chapter 3 that PDI films with
lower degree of aggregation exhibit a more in-plane orientation (Table 4.2). Phosphonic
acids have been reported to bind to ITO with predominately bidentate and tridentate modes
when the surface coverage is about one monolayer. 135, 148-149 However, Ojmae et al.189 and
Costa et al.190 have reported that the preferred binding mode of alkyl phosphonic acids on
anatase TiO2 changes from bidentate to monodentate when the surface coverage of the
molecules is reduced from 1 ML to 0.25 ML. The PDI-phenyl-PA monomeric film has a
surface coverage of 0.02 ML. It is possible binding in these films occurs through a
monodentate mode rather bidentate or tridentate mode. The fact that PDI-phenyl-PA
monomeric films exhibit different electrochemical stability compared with aggregated
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Figure 4.4 TIRF spectra of PDI-phenyl-PA monomeric film in both TM (solid line) and TE (dotted line)
polarizations.
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Figure 4.5 TIRF spectra of a dextran-fluorescein film adsorbed on ITO in TM (red) and TE (black)
polarizations.
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Table 4.2 Mean tilt angles, electron transfer rate constants (ks,opt), tunneling distance and normalized electron
transfer rate constants (ks,opt,norm) of PDI films on ITO (n ≥ 4).
PDI-phenyl-PA
aggregated

L-PDI-phenylPA

XL-PDIphenyl-PA

XL-PDIIPphenyl-PA

PDI-phenyl-PA
monomeric

ks,opt (s-1)

(1.4 ±0.3) × 104

(1.9 ±0.7) × 103

(1.2 ±0.1) × 103

(1.0 ±0.3) × 103

(3.8 ± 1.4) × 103

Tilt angle (°)

33 ± 4

38 ± 2

41 ± 3

42 ± 2

58.4 ± 0.8

5.2

4.7

4.5

4.5

3.1

(1.4 ±0.3) × 105

(1.5 ±0.6) × 104

(0.8 ±0.1) × 104

(0.7 ±0.2) × 104

(1.5 ± 0.5) × 104

(2.5 ±0.5) × 106

(2.1 ±0.8) × 105

(1.1 ±0.1) × 105

(0.9 ±0.3) × 105

(0.8 ± 0.3) × 105

Tunneling
distance (Å)
ks,opt, r=0 (s-1)
(𝜷𝒓 = 𝟎. 𝟒𝟒)
ks,opt, r=0 (s-1)
(𝜷𝒓 = 𝟏. 𝟎)

films also suggests that these two films may have different phosphonic acid binding modes.
Different binding modes would likely produce different orientations on ITO for PDIphenyl-PA monomeric and aggregated films.
4.3.4. Potential-dependent TIRF spectroelectrochemistry
Potential-dependent TIRF spectroelectrochemistry was used to characterize the
fluorescence changes with respect to the applied potential for PDI-phenyl-PA monomeric
films. Figure 4.6-A show TIRF spectra of a PDI-phenyl-PA monomeric film in TM
polarization as a function of the potential applied to the ITO electrode. As the potential was
stepped from -0.5 V to -1.2 V vs. Ag/Ag+, a decrease of the PDI emission bands is observed.
Fluorescence emission is quenched after the first reduction which is consistent with
previously reported literature.84 Figure 4.6-B shows the emission intensity at 536 nm versus
applied potential. The midpoint potential of the PDI first reduction was obtained by
differentiating the sigmoidal fit to the experimental data and is listed in Table 4.1. The
midpoint potential measured from spectroelectrochemistry is consistent with that using
electrochemistry.
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Figure 4.6 (A) Potential-dependent TIRF spectra of a PDI-phenyl-PA monomeric film on ITO in TM
polarization from -0.5 V to -1.2 V versus a Ag/Ag+ reference electrode. (B) Plot of fluorescence intensity at
536 nm of the same film as a function of applied potential (n = 3).
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4.3.5. PM-TIRF measurements of optically detected electron transfer rate constants (ks,opt)
PM-TIRF was used to determine the ks,opt of the first reduction for the PDI monomeric
films. Figure 4.7 shows an example of a complex plane plot for a PDI-phenyl-PA
monomeric film. Rs and Cdl were determined by electrochemical impedance spectroscopy
and were 16.3 ± 0.6 Ω·cm2 and 18.7 ± 1.7 μF/cm2, respectively. Table 4.2 shows a
comparison between ks,opt for monomer films measured by PM-TIRF and ks,opt for
aggregate films measured by PM-ATR (from Chapter 2). The electron transfer rate constant
of PDI-phenyl-PA aggregated films measured by PM-ATR was used in this comparison
because the PM-TIRF measurement is not a useful method to measure the rate constant for
PDI aggregated films. PDI aggregates have been reported to have extremely low
fluorescence quantum efficiency99, 101; thus the rate constant measured using PM-TIRF will
likely reflect a unique and small subpopulation of the PDI molecules on the surface while
the PM-ATR measures the entire population of PDI molecules. However, the rate constant
measured by PM-TIRF for monomeric films is likely representative of the majority of the
PDI molecules, since PDI monomers usually have a fluorescence quantum efficiency close
to 1.83, 99, 101 Similar fluorescence intensities were also measured here for PDI monomeric
and aggregated films, even though the surface coverage of aggregated films is over 50
times larger than that of monomeric films. This observation further supports the argument.
PDI-phenyl-PA monomeric films show ks,opt value smaller than that of the PDI-phenylPA aggregated films, but larger than those of L-PDI-phenyl-PA, XL-PDI-phenyl-PA and
XL-PDI-IPphenyl-PA films. As hypothesized in Chapter 3, the existence of ITO ‘hotspots’
37, 40

indicates the possible charge transfer mechanism at PDI/ITO interfaces may involve

electron self-exchange between molecules followed by transfer through those ‘hotspots’.
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Figure 4.7 Complex plane plots for normalized imaginary versus real components of fluorescence emission
from a PDI-phenyl-PA monomeric film in TM polarization. The frequency where the real component goes to
zero is used to estimate ks,opt.

146

Under this hypothesis, the intermolecular electron self-exchange rate is the limiting rate of
charge transfer and PDI aggregation will increase the electron self-exchange rate. The
overall measured rate constant is therefore increased. However, PDI-phenyl-PA monomeric
films which have the lowest degree of aggregation exhibit a larger rate constant than three
PDI films with higher degrees of aggregation.
This may be caused by the differences in PDI orientation. In Chapter 2, it is shown that
orientation of PDI molecules affects the tunneling distance for charge transfer, hence
affecting the measured rate constants. The standard electron transfer rate constant, 𝑘Γ,s ,
varies exponentially with the distance r: 𝑘Γ,s = 𝑘Γ,s,r=0 𝑒 −𝛽𝑟 𝑟 , where the 𝑘Γ,s,r=0 is the
extrapolated value of rate constant for r = 0 and 𝛽𝑟 is the exponential decay coefficient. 71
In order to normalize the tunneling distance contributions, the extrapolated value of the
rate constant at r = 0, 𝑘s,opt,r=0 , for all PDI films were calculated. The tunneling distances
for charge transfer for all five PDI films were estimated by calculating the height
differences between the phosphorus atom and closest nitrogen atom using ChemBio3D
software and the mean tilt angle of the molecules (Figure 4.8). The 𝑘s,opt,r=0 values were
calculated using two different 𝛽𝑟 values: 0.44 which is the value obtained in Chapter 2 and
1.0 which is the value reported in literature for long alkane chain linked redox molecules.
69-71

Table 4.2 shows the calculated tunneling distances as well as the 𝑘s,opt,r=0 values.

When using the 𝛽𝑟 of 0.44, the 𝑘s,opt,r=0 for PDI-phenyl-PA monomeric films became
similar to that of L-PDI-phenyl-PA films. When using the 𝛽𝑟 of 1.0, the 𝑘s,opt,r=0 for PDIphenyl-PA monomeric films became the smallest rate constant, which matched the
predicted trend.
Another important consideration is that ITO surfaces are both chemically and
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Figure 4.8 Schematic of the tunneling distance estimation.
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electrically heterogeneous.18, 20, 27, 37, 40, 149 Paramonov et al. showed through theoretical
calculations that different phosphonic acid binding sties exist on ITO surfaces. 149 PDI
molecules will likely bind first to the binding sites of highest affinity during the selfassembly processes. For PDI-phenyl-PA monomeric films, only the highest affinity
binding sites were occupied because of the low surface coverage; while for the other PDI
films described in previous chapters, most of the binding sites were occupied. It is possible
that the highest affinity binding sites are more electroactive than the lower affinity sites,
which will enhance the charge transfer processes. This would produce a relatively higher
charge transfer rate constant for PDI-phenyl-PA monomeric films.
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4.4. CONCLUSIONS
In conclusion, the first application of PM-TIRF to measure the electron transfer rate
constant of PDI-phenyl-PA monomeric films at electrode/organic interfaces is presented.
The PM-TIRF technique provides higher sensitivity as well as the capability to measure
very fast charge transfer events, compared to other commonly used potential-modulated
spectroscopy techniques (e.g. ER, PM-ATR). The experimental results show that PDIphenyl-PA monomeric films have a more in-plane orientation compared with aggregated
films, which is possibly due to minimal π-π interactions in PDI monomers and differences
in phosphonic acid binding modes. PDI-phenyl-PA monomeric films also show a smaller
charge transfer rate constant across the PDI/ITO interfaces compared with the rate
constants for PDI films with higher degrees of aggregation after normalizing the tunneling
distance contributions. This is attributable to the lack of electron self-exchange between
monomeric PDI molecules.
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5. CONCLUSIONS AND FUTURE DIRECTIONS
5.1. DISSERTATION CONCLUSIONS
The research described in this dissertation focuses on understanding the effect of
molecular structural parameters of perylene diimide modifiers on the interfacial charge
transfer process across organic/electrode interfaces, which may contribute to the
development of more efficient OPV devices. Modification of TCO electrodes with redoxactive perylene diimide modifiers provides control of the chemical and physical interfacial
compatibility and the effective work function of the TCO. In addition, redox-active
modifiers may further enhance the charge collection efficiency at the metal oxide/organic
interfaces by having an organic surface modifier with a redox potential close to the
transport energy levels for charge (hole or electron) harvesting from the organic active
layers.
In Chapter 2, we have demonstrated the relationship between molecular orientation,
linker length and charge transfer process across the PDI/ITO interfaces, using two
phosphonic acid functionalized perylene diimide molecules. Three different PDI
monolayer films were generated on ITO surfaces with different molecular structural
parameters using different modification techniques. SA PDI-phenyl-PA films and SA PDIdiphenyl-PA films have almost the same out-of-plane orientation but exhibit different
linker length between the PDI redox center and ITO surfaces. SC PDI-phenyl-PA films
and SA PDI-phenyl-PA films have the same linker length while SC PDI-phenyl-PA films
exhibit a more in-plane orientation. All three PDI films have very large charge transfer rate
constants, which exceed the required value for an efficient charge transfer process in an
OPV device. The differences in charge transfer kinetics for the three PDI films are
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attributable to the differences in tunneling distance between PDI and ITO, caused by the
variations in linker length and orientation. All three PDI films have electron affinities well
aligned with commonly used acceptor molecules and also successfully decrease the work
function of ITO by 0.6 eV - 0.8 eV, which makes these modified ITO electrodes good
candidates as electron-collection contacts in inverted OPV devices. ITO/PDI-modifier
/P3HT:PCBM/ MoO3/Ag bulk-heterojunction inverted OPVs were fabricated to evaluate
the influence of the structural parameters of the PDI monolayers on OPV performances.
Devices with PDI films showed better device characteristics compared with devices
fabricated using bare ITO.
However, the effects of molecular aggregation on the charge transfer process were not
assessed because PDI molecules in all modified surfaces were heavily aggregated. In
Chapter 3, three new asymmetrical perylene diimide phosphonic acid modifiers with
phenyl and terphenyl substituents on one of the imide position were synthesized and
compared with the PDI-phenyl-PA molecule. These PDIs are designed to aggregate
differently on the surface of ITO: PDIs with alkyl chains are expected to aggregate to the
largest extent, while the rest are expected to aggregate to a smaller extent due to the spatial
positioning of the phenyl and terphenyl substituents. Fluorescence and ATR absorption
spectra clearly show that by introducing bulky substitution groups in the imide position of
PDI, the aggregation of PDI molecules on the ITO surface is gradually reduced without
changing their electronic structures as well as their orientations on the surface. The charge
transfer rate constant also decreases as the degree of PDI aggregation is reduced, which
may be caused by a decrease in the electron self-exchange rate between PDI molecules.
However, photoelectrochemical measurements suggest that the photoinduced charge
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transfer efficiency from PDI to ITO actually increases as the degree of PDI aggregation is
reduced. This is attributable to the reduced charge recombination in less aggregated films.
In terms of the ability to facilitate the charge collection across organic/ITO interfaces,
results suggest that modification of ITO electrodes with redox active PDI modifiers
enhances the charge collection efficiency across organic/ITO interfaces. Aggregation of
PDI molecules reduces the charge collection efficiency from PDI to ITO but enhances the
charge transfer efficiency from adjacent organic molecules to PDI. For the potential
applications of these PDI modifiers, a balance between charge transfer from the organic
layer to the PDI film and charge injection from the PDI film to ITO must be considered.
Chapter 4 presents the first application of a PM-TIRF platform to characterize the
electron-transfer processes of PDI-phenyl-PA monomers across organic/electrode
interfaces. PDI molecules are prone to aggregate. As described in Chapter 3, introducing
bulky substituents in the PDI imide position reduced the PDI aggregation but failed to
produce monomers. PDI-phenyl-PA films with only 2% monolayer coverage were
prepared to produce monomers on ITO surfaces. Fluorescence spectra confirm that PDI
molecules in these extremely low surface coverage films are monomeric. PDI-phenyl-PA
monomeric films have a more in-plane orientation compared with aggregated films, which
is possibly due to minimal π - π interactions in PDI monomers and differences in
phosphonic acid binding modes. PDI-phenyl-PA monomeric films show a smaller charge
transfer rate constant than that of PDI aggregates, which is attributable to the lack of
electron self-exchange between PDI molecules.
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5.2. FUTURE DIRECTIONS
5.2.1. Application of PDI modifiers to OPV devices
The results in Chapter 2 show that the charge transfer rate constants of the PDI films
exceed the required rate constant for efficient charge collection in OPV devices. However,
the initial attempt at building OPV devices using PDI-modified electrodes was not very
successful. The PCE values of the bulk-heterojunction OPV devices were very low. This
is attributable to the lack of hole blocking by PDI films, since they are only one monolayer
thick and may have a lot of pinholes.
Introducing an additional hole blocking interlayer such as chemical vapor deposited
(CVD) TiO2 layer may address this issue. The schematic diagram of the OPV device is
shown is Figure 5.1. CVD TiO2 layers have been shown in literature to have excellent hole
blocking properties.156 However, a TiO2 layer will still have the interfacial compatibility
and work function mismatch issues with the organic active layer, similar to an ITO
electrode. Modification of the TiO2 layer with PDI modifiers can potentially address these
issues and may further improve the charge collection efficiency at the TiO 2/organic
interfaces by having the PDI LUMO close to the transport energy levels for electron
harvesting from the organic active layers.
Modifying the ITO electrode with a ‘supersaturated’ PDI layer using PDI modifiers
with different linker length may be an alternative method. Mark et al. 44 showed that
‘supersaturated’ Ar 2N-(CH 2) n-SiCl3 (Ar = 3,4-difluorophenyl) redox-active SAMs
consisting of a mixture of Ar2N-(CH2)3-SiCl3 and Ar2N-(CH2)6-SiCl3 molecules can serve
as charge selective interfacial layers on ITO electrodes for bulk-heterojunction OPVs.
Devices constructed using these ‘supersaturated’ SAM modified surfaces even show
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Figure 5.1 Schematic diagram of the proposed OPV device using PDI modified TiO2 layer.
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Figure 5.2 (A) Structures of proposed PDI modifiers to form a ‘supersaturated’ PDI layer. The ideal R group
will be a short alkyl chain. (B) Schematic diagram of the OPV device using a ‘supersaturated’ PDI layer.

156

slightly higher performance compared with OPVs using PEDOT:PSS as interfacial
layers.44 Figure 5.2-A shows the proposed structures of two PDI modifiers with different
linker length. In order to achieve a densely packed PDI layer, a relatively short alkyl chain
group is desired as the R group. Figure 5.2-B shows the schematic diagram of the OPV
device. It is possible this ‘supersaturated’ PDI layer can reduce the pinhole density, thus
blocking the unwanted hole transfer from active layer to ITO.
5.2.2. Understanding the charge recombination at PDI/ITO interfaces
The PM-ATR and photoelectrochemical measurements in Chapter 3 show a very
interesting behavior. PDI aggregation increases the charge transfer rate constant across
PDI/ITO interfaces, but reduces the photoexcited charge collection efficiency. It is
hypothesized that PDI aggregation increases both the charge transfer rate and the excited
state recombination rate across PDI/ITO interfaces, which ultimately leads to a decrease in
photoexcited

charge

collection

efficiency.

However,

both

PM-ATR

and

photoelectrochemical techniques lack the ability to determine the charge recombination
rate of the excited PDI molecules. Understanding the charge recombination or decay
occurring at PDI/ITO interfaces is desired and may provide support for this hypothesis.
Transient absorption (TA) spectroscopy has been widely used to probe the excited state
decay of molecules after photoexcitation. 191-193 Spectroelectrochemistry measurements of
PDI films clearly show that PDI anion radicals have unique absorption features which are
ideal for TA studies. Models can be fitted to the decay of the excited state and recovery of
the ground state which would allow estimation of both charge transfer and excited state
decay time constants. According to the hypothesis, it is expected that aggregation would
reduce both charge transfer and excited state decay time constants. TA studies of PDI films
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with

different

degrees

of

aggregation

combining

with

the

PM-ATR

and

photoelectrochemical studies would give a more complete picture of the processes
happening at PDI/ITO interfaces.
Measuring the normalized fluorescence intensity (normalized to the surface coverage
of the film) or fluorescence quantum yield of the PDI films with different degrees of
aggregation would be an alternative way to probe the excited state recombination at
PDI/ITO interfaces, since a faster PDI excited state recombination will result in a lower
normalized fluorescence intensity. It is expected that PDI aggregation will reduce the
normalized fluorescence intensity of PDI films. More importantly, the normalized
fluorescence intensity of the PDI film can be measured as a function of the potential
applied to ITO electrode. According to Marcus theory,
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the charge transfer rate

constant is dependent on the ‘driving force’, which is the energy difference between the
PDI LUMO and the Fermi level of ITO. In the Marcus normal region, the rate constant
will increase as the ‘driving force’ increases. The maximum should occur when the ‘driving
force’ matches the total reorganization energy. After that, it enters into the Marcus inverted
region, where the rate constant starts to decrease as the driving force continues to increase.
The work of Miller et al. shows an example. They have designed eight dyad molecules,
which systematically change the ‘driving force’ of electron transfer from the donor
component to acceptor component. The charge transfer rate constants were measured as a
function of the ‘driving force’ and the observation matches the Marcus theory (Figure 5.3).
Since the decay pathways of the PDI excited state include charge transfer from PDI to ITO,
the changes in charge transfer rate constant will likely affect the measured fluorescence
intensity as well. A transition from Marcus inverted region to Marcus non-inverted region
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Figure 5.3 Intramolecular electron-transfer rate constants as a function of free energy change in 2methyltetrahydrofuran solution at 296 K. Electrons transferred from biphenyl ions to the eight different
acceptor groups. The general structure of eight dyads is shown in the center of the figure with different A
groups labeled at different points. Reprinted with permission from ref. 194 Copyright 1984 American Chemical
Society.
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may also be observed for the normalized fluorescence intensities, when the potential is
stepped from the HOMO of the PDI to the LUMO of the PDI. The curve for each PDI film
will provide very important and unique information in optimizing the ‘driving force’ for
the charge transfer process at PDI/ITO interfaces. Comparing the curves between PDI films
with different degrees of aggregation will provide an insight into how PDI aggregation
affects the reorganization energy of the charge transfer process.
5.2.3. Mapping the charge transfer rate constants across the electrode area by PM-TIRF
The first application of PM-TIRF technique to characterize the electron-transfer
process across the electrode/organic interfaces is presented in Chapter 4. Further
development of the instrument to enable charge transfer rate constant mapping across the
electrode area is desirable, since the conductivity of air-plasma etched ITO electrodes is
very heterogeneous and electrical ‘hot spots’ are discernible. 37 The rate constant mapping
will provide a better understanding of the heterogeneity of the organic semiconductor films
as well as the charge transfer process across organic/ITO interfaces. One interesting
experiment would be to compare the rate constant maps between films with weak
intermolecular interactions and films with strong intermolecular interactions. In Chapter 3,
it is hypothesized that the charge transfer at the PDI/ITO interface may involve electron
self-exchange between molecules and then transfer through those ‘hotspots’. Under this
hypothesis, it is expected that more homogenous rate constant maps will be observed for
films with strong intermolecular interactions, since molecules are transferring the electrons
through a few ‘hotspots’. In contrast, more heterogeneous maps should be observed for
films with weak intermolecular interactions. However, PDI molecules are not the ideal
molecules for this studied due to their extremely low fluorescence quantum efficiency
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when aggregated. Molecules with high fluorescence quantum efficiency in environments
with both weak and strong intermolecular interactions are desired.
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APPENDIX A. SPECTROSCOPIC AND
SPECTROELECTROCHEMICAL CHARACTERIZATION OF
PHOSPHONIC ACID FUNCTIONALIZED PC-PDI DYAD
MOLECULES TETHERED TO TRANSPARENT CONDUCTING
OXIDE SURFACES
A.1. INTRODUCTION
Photo-induced electron transfer from the donor layer to the acceptor layer is one of the
crucial processes happening inside OPVs.13, 25, 195 A molecular level heterojunction can
provide a better insight into the parameters that control this interfacial charge transfer
process. Donor-acceptor dyad molecules, which are covalently linked donor and acceptor
molecules, have been widely studied to mimic the donor/acceptor interfaces. 192, 196-198
Attaching the dyad molecules to electrode surface can facilitate understanding of the
interfacial charge separation at donor/acceptor interfaces as well as interfaces between
organic active layers and TCOs.
Pc and PDI molecules are commonly used as organic donor and acceptor
semiconductor materials in optoelectronic devices. 79, 90 Due to the desired properties such
as high thermal stability and intense absorption in the visible light region, 77, 98 Pcs and PDIs
have been widely used in various applications including organic photovoltaics, 13, 79 organic
field effect transistors,199 and electrochromic devices.19 Recently, Sastre-Santos et al.
reported a Pc-PDI dyad with a charge-separated state lifetime of 72 μs.192 In this dyad, the
charge-separated state of the dyad has lower energy than the triplet state of both Pc and
PDI components. This was achieved by a well-rationalized choice of substituents on both
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Pc and PDI subunits. Electron-rich phenoxy substituent at peripherals of Pc, together with
electron-poor sulfonyl substituent at bay positions of PDI, reduce the transition energy
between the ground state and the charge-separated state.
To understand the factors that affect charge separation at donor/acceptor interfaces as
well as electron injection at the organic/TCO interface, a series of phosphonic acid
functionalized Pc-PDI dyads were synthesized by the McGrath group at the University of
Arizona, taking the advantage of the Sastre-Santos design (Figure A.1). Pc and PDI
subunits were joined by an alkyl linker, while a phosphonic acid anchor group was attached
on the PDI imide end to enable surface attachment to TCO substrates. The Pc moiety will
have electron donating phenoxy groups on its peripheral positions, same as the SastreSantos dyad. Three different bay substituents were added to the PDI subunit, including the
sulfonyl group explored by Sastre-Santos. However, this electron withdrawing group is
expected to excessively decrease the LUMO level of the PDI which may potentially block
electron injection from PDI to some of the metal oxide electrodes such as TiO2 and ZnO.2122

Changing PDI bay substituents to either neutral (protons) or electron donating (thioether)

groups can potentially tune the PDI LUMO levels. The molecular orientation and the
spectroscopic features of the radical species were characterized for all three dyad molecules
on TCO surfaces.
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Figure A.1 Structure of the Pc-PDI dyad molecules.
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A.2. EXPERIMENTAL
A.2.1. UV-Vis spectroscopy
UV-Vis spectra of dissolved PDIs were acquired using a Shimadzu UV-2401PC
spectrophotometer. The concentration of dyad solution was 200 μM and the path length
was 1 cm.
A.2.2. Preparation of dyad films on ITO/TiO2 electrodes
ITO electrodes were purchased from Thin Film Devices. TiO 2 electrodes were
deposited onto ITO surfaces by chemical vapor deposition (CVD). A detailed description
of the CVD deposition process can be found in the literature. 156 ITO and TiO2 electrodes
were cut into 1 in. × 1 in. pieces and cleaned using the same method described in Chapter
2. Dyad molecules were deposited on both ITO and TiO2 surfaces by immersing the
substrates into 200 μM dyad solutions in 50% acetonitrile (ACN) + 50% pyridine (PY) for
2 hours. The films were then rinsed with a copious amount of 50% ACN + 50% PY solvent
and dried in air before characterization.
A.2.3. Polarized ATR spectroscopy.
Light was coupled into and out of the ITO-coated glass slide using two BK-7 prisms
positioned 5 mm apart on the IRE. The internal reflection angle was 73°-74°, which gave
a single total internal reflection at the electrode/solution interfaces. To measure the tilt
angle, both TM polarized and TE polarized light were used. A mixture of 2 mM methylene
and 2 mM rhodamine 6G dissolved in 50% ACN + 50% PY was used to calibrate the
electric field intensities in TM and TE polarizations. A detailed description of the tilt angle
determination method is given elsewhere. 132
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A.2.4. Potential-dependent ATR spectroscopy
Two prisms were positioned 5 mm apart on the IRE. The internal reflection angle was
73°-74°, which gave a single total internal reflection at the ITO/solution interface. TM
polarized light was used for the measurements. A platinum wire was used as the counter
electrode. A Ag/AgNO3 (0.01 M) electrode was used as the nonaqueous reference electrode.
The potential was stepped from -0.6 V to -1.1 V with a step size of 0.1 V.
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A.3. RESULTS AND DISCUSSION
A.3.1. UV-Vis absorption spectra of dyad molecules in solution
Figure A.2 shows the absorption spectra of three dyad molecules in pyridine. All dyad
molecules show only the absorption features of both PDI and Pc molecules, indicating no
electronic coupling between Pc and PDI subunits. 28, 77 The absorption shoulder peak at ca.
630 nm indicates the existence of a small portion of Pc H-aggregates in solution.28, 46 For
H-dyad and X-dyad molecules, the PDI subunit absorption features show three peaks at ca.
460 nm, 490 nm, and 525 nm, which is similar to non-substituted PDI molecules.85 S-dyad
molecules have very red shifted PDI absorption features, with two broad peaks at around
525 nm and 575 nm. This is probably due to the electron donating effects of the thioether
groups.99-100
A.3.2. Molecular orientation of dyad molecules on ITO and TiO2 surface
Polarized ATR spectroscopy was used to characterize the orientation of the dyad
molecules on both ITO and TiO2 electrodes. Figure A.3 shows the polarized ATR spectra
of three dyad films on both (A) ITO electrodes and (B) TiO 2 electrodes in TE and TM
polarizations. Unlike absorption spectra of dissolved dyad molecules, S-dyad and X-dyad
films on ITO surfaces show higher Pc aggregate absorbance (~630 nm) than Pc monomer
absorbance (~670 nm) in TM polarization, indicating a higher degree of Pc aggregation on
ITO surfaces than in solutions. On TiO2 surfaces, all three dyad molecules show a higher
degree of Pc aggregation since in all three cases, Pc aggregate peak absorbance in TM
polarization is higher than its respective monomer peak absorbance. For the PDI subunits,
broadening of the spectra and loss of the fine structures were observed when deposited
onto both ITO and TiO 2 surfaces. The blue shift of the PDI absorption features also
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Figure A.2 Absorption spectra of dyad molecules in solution.
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indicates H-type aggregation.
The molecular orientation of the PDI, Pc aggregate and Pc monomer in all dyad films
was assessed from the measurements of dichroic ratios of the integrated peak area of their
corresponding absorption bands (450 nm - 550 nm for PDI, 570 nm - 650 nm for Pc
aggregates, and 650 nm - 750 nm for Pc monomer) using polarized ATR spectroscopy. A
solution containing methylene blue and rhodamine 6G was used to normalize the electric
field intensities in different polarizations. Figure A.4 shows the spectra of the dye solution
used to calibrate the electric field intensities. Table A.1 summarizes the calculated mean
tilt angles for all dyad molecules on ITO and TiO2 surfaces. For PDI subunits, the tilt angles
measured are between the long molecular axis of PDI and surface normal. For Pc aggregate
and monomer subunits, the tilt angles are between the Pc plane normal and surface normal.
The tilt angles of PDI subunits on both ITO and TiO 2 surfaces range from 42.9°to 50.5°.
The common standard deviation of the ATR measurements is around 3°to 4°; therefore
there is no significant difference in PDI tilt angles despite the differences in bay
substitution. Pc molecules also have similar orientations with the Pc monomer tilted at ca.
50°and Pc aggregates tilted at ca. 63°. The fact that Pc aggregates have a more out-ofplane orientation than Pc monomers for all dyad films is attributable to the nature of Pc Htype aggregation. H-type aggregation requires Pc planes to have cofacial π − π
interactions which will force molecules to have a more out-of-plane orientation.
A.3.3. Spectroelectrochemical characterization of the radical species of dyad molecules.
Spectroelectrochemistry was used to characterize the radical species of dyad molecules.
Figure A.5 shows the ATR spectra of three dyad molecules adsorbed on ITO in TM
polarization as a function of the applied potential. Despite the differences in degree of
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Figure A.3 ATR spectra of H-dyad (red), S-dyad (green), and X-dyad (blue) films in TE (solid line) and
TM (dashed line) polarizations on both (A) ITO and (B) TiO2 electrode surfaces.
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Figure A.4 Polarized ATR spectra of a solution of methylene blue and rhodamine 6G using (A) ITO and
(B) TiO2 electrodes as internal reflection element (IRE).
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Table A.1 Calculated mean tilt angles of PDI, Pc aggregate, and Pc monomer subunits of dyad molecules
adsorbed on ITO and TiO2 surfaces. Figure on the right shows the schematic of the measured tilt angle for
PDI and Pc subunits.

Pc aggregation, which result in peak ratio differences between Pc aggregate bands (ca. 630
nm) and Pc monomer bands (ca. 670 nm), all dyad molecules showed similar behavior
upon oxidation of Pc subunits. Bleaching of Pc ground state absorption was observed.
Broad absorption features arose at 400 nm - 550 nm region which can be attributed to the
absorption of Pc radical cations. This observation is also consistent with previous
literature.192,
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Upon reduction of PDI subunits, bleaching of the PDI ground state

absorption was also observed, followed by an increase of broad absorption bands from 600
nm to 800 nm which is due to PDI anion radicals. 96, 117-118 The spectral shape of PDI anion
radicals are dissimilar between dyad molecules which is probably due to different bay
substituents and the degree of PDI aggregation.
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Figure A.5 ATR Absorbance difference spectra as a function of potential in both (A, C, E) Pc-oxidation
and (B, D, F) PDI-reduction region for (A, B) H-dyad, (C, D) S-dyad, and (E, F) X-dyad films on ITO in
TM polarization.
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A.4. CONCLUSIONS
We successfully characterized the orientation and radical species of three Pc-PDI dyad
molecules with different PDI bay substituents on electrode surfaces. All dyad molecules
show relatively similar orientation on both ITO and TiO 2 surfaces with strong aggregation
of both PDI and Pc subunits, despite the differences in PDI bay substitutions. The radical
species of dyad molecules also have similar spectroscopic features. The Pc cation radicals
absorb in the 400 - 550 nm region and the PDI anion radicals absorb in the 600 - 800 nm
region.
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APPENDIX B. CHARACTERIZATION OF THE FRONTIER
ORBITAL ENERGIES OF PEROVSKITE FILMS ON ITO
SURFACES USING SPECTROELECTROCHEMISTRY

B.1. INTRODUCTION
The organic-inorganic hybrid perovskite structures such as CH3NH3PbI3 are of great
interest for their potential applications in photovoltaic (PV) devices. 200-206 This material
begins to attract people’s attention in 2009 when Miyasaka et al. first used it as a
photosensitizer in DSSCs.207 In 2012, Etgar et al. reported the first photovoltaic device
using CH3NH3PbI3 perovskite materials as light absorbers with a PCE of 5.5 %.208 To date,
the PCE of perovskite-based solar cells has already reached as high as 20.1%.209 Different
organic cations,193, 210-213 halides193, 201, 204, 214 and deposition methods200-201, 215-218 have
been explored to improve the performance of perovskite solar cells. However, despite the
rapid progress of perovskite-based solar cell technology, the fundamental properties of
these materials, such as electronic structures, are still largely unknown. Understanding and
controlling the electronic structure of perovskite materials, especially the conduction band
edge energies (ECB) and valance band edge energies (EVB), are crucial to the optimization
of PV device structures.214, 218
Spectroelectrochemistry is a highly suitable method to probe the electronic structure
of semiconductor materials. At potentials sufficiently negative for electron injection into
the conduction band of the semiconductor material, the ground state absorbance bands of
the material are bleached. Correcting the electrode potential to the vacuum scale provides
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for an estimate of ECB. Combining this result with an optically determined band gap, E VB
can then be calculated.
In this appendix, frontier orbital energies of perovskite films on ITO surfaces deposited
using different organic cations (CH3NH3I (MAI) and HC(NH2)2I (FAI)) and deposition
methods (single-step deposition (MIX), dipping (DIP) and solvent vapor annealing (SVA))
are characterized and compared, using spectroelectrochemistry.
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B.2. EXPERIMENTAL
B.2.1. Preparation of perovskite films on ITO surfaces
All perovskite films were prepared by the Armstrong Group at the University of
Arizona. ITO on glass with a layer thickness of ∼100 nm and a sheet resistance of ∼15
Ω/cm2 was purchased from Colorado Concept Coating, LLC. ITO slides were cut into 1/2
in. ×1/2 in. pieces and then cleaned by lightly scrubbing with detergent (1% Triton X-100)
for about 1 minute, followed by successive sonication in detergent, water and ethanol for
10 minutes each. Cleaned ITO substrates were stored in ethanol for later use. ITO
electrodes were dried under flowing N2 and then activated by oxygen plasma cleaning
(Harrick PDC-3XG, Harrick Scientific) for 10 minutes at medium RF level immediately
prior to use.
All perovskite films are prepared in a N2 filled glovebox unless otherwise specified.
MAI_MIX films were prepared by spin coating a 400 mg/mL precursor solution (MAI and
PbI2, 1:1 molar ratio, in dry N,N-dimethylformamide (DMF)) at 6000 rpm for 20 s,
followed by drying at room temperature for 30 min and annealing at 120 °C for 15 min.
For

solvent

vapor

annealed

(SVA)

films,

including

MAI_SVA

films,

10%MAI_FAI_SVA films and 20%MAI_FAI_SVA films, a 400 mg/mL PbI 2 solution in
DMF was first spun on ITO substrates at 6000 rpm for 20 s, followed by immediately
annealing at 70 °C for 5 min. A 40 mg/mL organic cation solution in isopropanol (100%
MAI, 10% w/w MAI in FAI and 20% w/w MAI in FAI for MAI_SVA films,
10%MAI_FAI_SVA films and 20%MAI_FAI_SVA films, respectively) was then spun on
top of the dried PbI2 film at 6000 rpm for 20 s. The films were dried for 30 min at room
temperature. Then films were transferred to a petri dish with a small crucible in the center
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filled with 20 μL dimethyl sulfoxide (DMSO). The petri dish was covered with a lid and
placed on a preheated hot plate at 140 °C for 60 min. The films were transferred out of the
glovebox for the final annealing step at 170 °C in air for ca. 10 min.
15%MAI_SVA_DIP films were prepared by first spin coating a 400 mg/mL PbI2
solution in DMF on ITO substrates at 6000 rpm for 20 s, followed by immediately
annealing at 70 °C for 5 min. After films were cooled down to room temperature, they were
dipped in a 40 mg/mL organic cation solution in isopropanol (15% w/w MAI in FAI) for
20 s, then rinsed with isopropanol and dried at 70 °C for 30 min.
B.2.2. UV-Vis spectroscopy
UV-Vis spectra of perovskite films were acquired using a Cary Model 5000
spectrophotometer. The spectrometer was set at 1 nm sample interval with 100 ms
integration time.
B.2.3. Cyclic voltammetry
Cyclic voltammetry (CV) measurements were performed with a standard threeelectrode configuration consisting of an ITO working electrode (electrode area = 0.754
cm2), a platinum counter electrode and a AgCl reference electrode controlled by a CH420A
potentiostat (CH Instruments, Inc.). Tetrabutylammonium hexafluorophosphate (TBAPF 6)
dissolved at 0.1 M in dichloromethane was used as the supporting electrolyte. The
supporting electrolyte was degassed with a gentle flow of argon for 1 hour inside the fully
assembled electrochemical cell in a homemade glove bag also filled with argon. All CV
measurements were performed immediately after degassing to minimize the effect of
dissolved oxygen. The system was cycled at 10 mV/s between -0.3 and -1.1 V with a
sample interval of 1 mV and a sensitivity of 500 μA/V.
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B.2.4. Spectroelectrochemistry
Spectroelectrochemistry was performed using the same electrochemical cell as the
cyclic voltammetry measurements. UV-Vis spectra were taken using a Cary Model 5000
spectrophotometer. The spectrometer was set at 1 nm sample interval with 100 ms
integration time. The potential was stepped using a CH660c potentiostat from CH
Instruments.
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B.3. RESULTS AND DISCUSSION
B.3.1. Absorption spectra of the perovskite films
Figure B.1 shows the absorption spectra of different perovskite films on ITO
electrodes. Perovskite films using MAI as cations show typical spectra shapes as reported
in the literature with an absorption edge at ca. 770 nm.200-201, 203, 206, 210, 219-220 Using mixed
MAI and FAI cations cause the absorption edge of the film to red shift to ca. 820 nm.
However, the relative concentration of MAI cations seems to not affect the absorption edge
of the films. This is also consistent with literature, indicating that a small percentage of
MAI will not affect the absorption spectra of the perovskite films. 213
B.3.2. Stability of perovskite films in different electrolyte solutions
Perovskite films are known to have stability issues. 201, 204, 211-213, 215-216, 221-225 In order
to utilize spectroelectrochemistry to study these films, their stability in electrolyte solution
needs to be studied first. MAI_MIX films were used in this study. Four different potential
electrolyt e solvents were tested: acetonitrile (ACN), tetrahydrofuran (THF),
dichloromethane (DCM) and chlorobenzene (ClBz). Figure B.2 shows the UV-Vis spectra
of perovskite films before and after soaking in solvents for 2 hours. MAI_MIX films were
completely dissolved after soaking in ACN and THF for 2 hours. However, the UV-Vis
spectra are almost unchanged after soaking in DCM or ClBz for 2 hours. This observation
indicates that films are stable in DCM and ClBz for at least 2 hours. DCM was chosen as
the solvent for supporting electrolyte due to its relatively large potential window. 226 Figure
B.3 shows the UV-Vis spectra of a MAI_MIX film before and after soaking in 0.1 M
TBAPF6 solution in DCM. The MAI_MIX film was still stable after soaking in the solution
for 2 hours. 0.1 M TBAPF6 solution in DCM was used as the electrolyte solution for all
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Figure B.1 Absorption spectra of different perovskite films.
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Figure B.2 UV-Vis spectra of MAI_MIX perovskite films before and after soaking in (A) ACN, (B) THF,
(C) DCM and (D) ClBz for 2 hours.
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further electrochemistry and spectroelectrochemistry measurements.
B.3.3. Electrochemistry measurements of perovskite films
Figure B.4 shows the cyclic voltammogram of a MAI_MIX perovskite film. It is very
clear that the current was decreasing during repeated scans. Also, the re-oxidation current
is much smaller than the reduction current. Both observations are indicative of film
desorption from the ITO working electrode during the reduction process. This desorption
behavior was observed for all perovskite films studied, indicating all perovskite films are
unstable after reduction.
B.3.4. Spectroelectrochemistry measurements of perovskite films
Spectroelectrochemistry was used to characterize the ECB of different perovskite films.
Figure B.5 (A to E) shows the difference absorption spectra of perovskite films as a
function of potential applied to the ITO electrode referenced to spectra measured at open
circuit. All perovskite films exhibit similar behaviors. As the potential was stepped from 0.5 V to -0.9 V, absorption bands of perovskite films were bleached. However, the bleach
was not reversible if the potential was stepped back to -0.5 V, which indicates possible
reductive desorption of perovskite films.
In Figures B.5 (F to J), the difference absorbance at the λmax of the shoulder band (750
nm for MAI_MIX films and MAI_SVA films, 785 nm for 15%MAI_FAI_DIP films,
10%MAI_FAI_SVA films and 20%MAI_FAI_SVA films) is plotted as a function of
applied potential, along with sigmoidal fits to the data. The apparent onset potential for
bleaching at λmax was obtained by linear extrapolation of the sigmoidal curve to the
asymptote corresponding to the neutral perovskite film. To estimate the onset E CB for
perovskite films, the onset reduction potential was corrected to the vacuum scale using a

185
Table B.1 Estimated ECB, reduction first derivative FWHM and EVB of different perovskite films
ECB (eV)

1st derivative FWHM (mV)

EVB (eV)

MAI_MIX

4.02

143

2.41

MAI_SVA

4.09

164

2.48

15%MAI_FAI_DIP

4.03

29

2.52

10%MAI_FAI_SVA

4.03

56

2.52

20%MAI_FAI_SVA

3.98

40

2.47

value of -5.1 eV vs vacuum for the midpoint potential of ferrocene/ferricenium (Fc/Fc +)
redox couple.155 The midpoint potential of Fc/Fc+ was measured to be 0.44 V vs the AgCl
reference electrode. Therefore, ECB was estimated from 𝐸𝐶𝐵 = −(𝐸𝑟𝑒𝑑 + 4.66) 𝑒𝑉, where
Ered is the onset reduction potential versus AgCl.
The onset ECB of different perovskite films are estimated and listed in Table B.1 along
with the full width half maxima (FWHM) of the first derivative plot of the sigmoidal curve.
The onset EVB was estimated by subtracting the optical band gap which is also listed in
Table B.1. All perovskite films have very similar ECB and EVB considering that the standard
deviation of the measurements is 0.05 - 0.10 eV. However, perovskite films containing
only MAI as cations have significantly larger FWHM of the first derivative curve compared
with those containing mixed cations. This is indicative of more ordered perovskite films
using mixed cations.227
Interestingly, a bi-sigmoidal shape was observed in the spectroelectrochemical
reduction curves (i.e., absorbance measured as a function of potential). This behavior
begins well positive of the conduction band edge of the perovskite film. An example is
shown in Figure B.6. The small bleach in absorbance that occurs before the major
bleaching event (about 0.25 eV below the conduction band) may be indicative of
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defect/trap states in these perovskite films. More experiments are needed to explore this
observation.
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Figure B.5 (A-E) Potential-controlled difference absorption spectra of different perovskite films. (F-G)
Difference absorbance as a function of potential at 750 nm or 785 nm plotted from the spectral data shown
in A-E. Red lines are the sigmoidal fitting of the data. Green lines are the first derivative plots of the sigmoidal
curves.
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Figure B.6 Plot of difference absorbance at 785 nm as a function of applied potential for a perovskite film
where bi-sigmoidal decay was observed.
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B.4. CONCLUSIONS
The band energies of different perovskite films prepared using different organic
cations and deposition methods were characterized using spectroelectrochemistry and UVVis spectroscopy. All perovskite films exhibit very similar band energies despite the
differences in organic cations and/or deposition method. Perovskite films prepared using
FAI and MAI mixed organic cations show narrower distribution of the conduction band
edge energies compared with those using only MAI as organic cations, which is indicative
of more ordered perovskite films.
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